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A biocatalyst was prepared by immobilization of Saccharomyces cerevisiae cells on grape skins.
Repeated batch fermentations were conducted using this biocatalyst as well as free cells, at 25, 20,
15, and 10 °C. Solid phase microextraction (SPME) was used in monitoring the evolution of volatile
byproducts. The effect of immobilization and temperature on evolution patterns of volatiles was obvious.
The major part of esters was formed after consumption of 40—50% of the sugars. Similar processes
were observed for amyl alcohols and 2-phenylethanol, whereas 1-propanol and 2-methyl-1-propanol
were formed during the whole alcoholic fermentation period at an almost constant formation rate.
Acetaldehyde and acetoin were synthesized in the early stages of fermentation. Afterward, their amount
decreased. In most cases, immobilized cells exhibited higher formation rates of volatiles than free
cells. The final concentration of esters was higher in wines produced by immobilized biocatalyst.
Their amount increased with temperature decrease. The opposite was observed for higher alcohols.

KEYWORDS: Immobilization; yeast; wine; volatiles formation; esters; acetates; higher alcohols;
temperature; SPME

INTRODUCTION The aim of the present work was the investigation of the
o evolution patterns of some important volatiles during wine
Immobilized cell systems offer many prospects for enology, fermentation using immobilized cells on grape skins. The effect

such as improved performance of alcoholic and malolactic ot temperature was also examined as it is one of the most
fermentation, adaptation to continuous processes, and simplifiedif,ential factors in the formation of wine aroma.

systems for removing and reusing microbial cells in batch
processesl). Particles of various synthetic or natural materials,
organic and inorganic, have been used as supports for cell
immobilization in wine fermentations2(5). Recently, im- Yeast and Growth. The psychrophilic, alcohol-resistant yeast strain
mobilized yeast cells on grape skins were used for conducting AXAZ-1 (yeast collection of Food Biotechnology Group, University

: it of Patras, Greece) ofaccharomyces cerisiae was grown on a
repeated batch fermer_lt_altlons of grape mﬁ)stl(nmobl_llzatlon . semisynthetic medium containing 20 g of glucosé/lg ofyeast extract/
on the supports modified cell metabolism, resulting thus in L. 1 g of (NH):SQyL, 1 g of KHoPQyL, and 5 g ofMgSQu7H0/L
increased specific rates of substrate consumption and productyeyiously sterilized at 121C for 20 min. The strain was cultivated

MATERIALS AND METHODS

formation, as well as ethanol productivities. on static flasks under semiaerobic conditions at’@5for 24 h and
The modifications on yeast metabolism are accompanied by separated by centrifugation at 3000 rpm for 10 min.
a change in the concentrations of volatile byprodusts ¢9). Fermentation Medium. Concentrated grape must was used for

Ethyl and acetate esters, higher alcohols, fatty acids, ketones a/coholic fermentations after appropriate dilution with deionized water
and aldehydes constitute the most important substances thafSu9ar content= 235 g/L) and without any addition of nutrients. The
influence wine aroma 10—13). Monitoring these volatiles pH was adjusted at 3.4 using tartaric acid to obtain conditions similar

duri ine f L . . d di to those of natural must. It was sterilized at 1°Z1 for 20 min.
uring wine fermentation Is very important in understanding Immobilization. The skins of fresh grape berries were removed by

their synthesis and the factors that affect their production. expaystive pressing and used as support for immobilization. Twenty
Research papers on this subject are very scarce and focus mostlgrams of wet weight cells of th8. cerevisiae, prepared as described
on free cell fermentations (14—18). above, was spread in 1 L of treemisynthetic medium (containing
120 g of glucose/L, pH 4.8). Four hundred grams of wet grape skins
~88 g dry weight), sterilized at 12IC for 20 min, was added, and
+3%?8t285£%é”1h0m cqlrresrr])ond@e)nce Sh)OUId be addressed (telephone/faxghe brgth v¥/as Iegft t)o ferment in static flasks at &5 for 6-8 h, under
; e-mail achem@aua.gr). - . - L '
T Agricultural University of Athens. 9 semiaerobic conditions. The supernatant liquid was decanted, and the
§ University of Patras. support was washed twice with 400 mL of must. The prepared
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biocatalyst was used directly for fermentations of grape must. Deter- 120
mination of immobilized cells was carried out according to the method SUM OF ACETATES (20°C)

of Mallouchos et al.§). It was found that 4.5 1 cells (corresponding 100 4 ]
to 2.96 x 1072 g of dry weight cells) were immobilized per gram of
wet grape skins. 80 4

Fermentation Experiments. Repeated batch fermentations of 800
mL of grape must were carried out using the aforementioned biocatalyst
(400 g of wet grape skins corresponding to 1.18 g of dry weight cells)
in spherical flasks without agitation. The biocatalyst was kept sub- 40 -
merged by means of plastic netting. Experiments were performed at
temperatures of 25, 20, 15, and 10. Each experiment was carried 50 | o
out in duplicate. Free cell fermentations were used as controls. The AR
number of cells per milliliter during the fermentation with free cells PEPWYSLL" (ohinhils AL
was the same as that of the immobilized ones. Fermentation was
monitored by measuring specific gravity (SG) and stopped when SG 0 20 40 60 80
reached 0.9923 g/mL. Liquid samples were taken during fermentation FERMENTED SUGARS (%)
and kept refrigerated for further analyses.

Sugar Analysis.Glucose and fructose were determined in a Jasco 4
PU-980 HPLC using an RI detector (Jasco RI-930) and a LiChrospher ETHYL HEXANOATE (25°c)
100NH, (5 um) column (Merck LiChroCART 250-4). The eluent was
acetonitrile/water (80:20, v/v) at a flow rate of 1.0 mL/min. Column 3 mistic Lt
and detector temperatures were set af@5The fermentable sugars aondic R-1 A A
were expressed as the sum of glucose and fructose.

y
Solid Phase Microextraction (SPME). The fiber used for the ‘E” A1stFC !
4]

W1istiC
o2ndiC
A1stFC

80 -
0 A2nd FC

C (mglL)

100

absorption of volatiles was a Carbowadtivinylbenzene 65um A2ndFC
(Supelco, Bellefonte, PA). The best conditions of headspace SPME
sampling were determined after preliminary trials examining the effect 14
of incubation temperature and absorption time on volatiles’ peak area
and better resolution. The following conditions were used: H0Of

liquid sample and 5@L of internal standard (4-methyl-1-pentanol, 5.5
mg/L in final solution) were transferred into a 1.2 mL screw-capped
glass vial with a Teflon—rubber septum. The contents were stirred for 0 20 40 80 80 100
10 min at 35°C. Then, a constant length of the fiber was exposed to FERMENTED SUGARS (%)

the headspace for another 5 min, under the same conditions.

Gas Chromatography (GC). The volatile compounds were deter- 10
mined in a gas chromatograph of Fisons Instruments (GC 8000 series, ETHYL OCTANOATE (20°C)
model 8060), equipped with a split—splitless injector, FID detector,
and Chromcard software (CE Instruments, Milan, Italy). Desorption
of volatiles took place in the injection chamber in the splitless mode,
at 240°C for 4 min. Prior to the GC analysis, the fiber was exposed to
the injection port for 10 min to remove any volatile residues. The oven
temperature was programmed from ¥Dfor 5 min and then raised to
60, 200, and 250C at rates of 2.0, 5.0, and 25°G/min, respectively.

It was held at 250C for 10 min. The injector and detector temperatures
were 240 and 250C, respectively. A Chrompack WCOT fused silica 2
column was used (CP-Wax 52CB, 60:10.32 mm, DF= 0.25um).
The carrier gas used was helium at a flow rate of 2.05 mL/min. A

For the GC-MS analyses a mass spectrometer Fisons MD-800 was )
used. It was operated in the electron impact mode with the electron 20 40 60 80 100
energy set at 70 eV and mass ramgiz29—400. Source and interface FERMENTED SUGARS (%)
temperatures were set at 200 and 280 respectively. The column  Figure 1. Production of esters during repeated batch fermentations of
parameters were similar to those adapted in the GC analysis. Identifica-grape must using immobilized (IC) and free cells (FC): (squares) IC;
tion of the volatile compounds was effected by comparing the retention (triangles) FC; (solid symbols) first repeated batch; (open symbols) second

times with those of authentic compounds, by mass spectra of thesegneated hatch. Lines represent polynomial fittings through the points of
authentic compounds generated in the laboratory, and by mass spectr%e two batches in each case

obtained from Wiley and NIST libraries.

The best reproducibility of the SPME analyses was that of 3- and o . .
2-methylbutyl acetates (% RSD of 2.7) and the worst that of 2-phe- immobilization technique (fast, cheap, and free of chemicals)

nylethanol (% RSD of 14.7). Semiquantitative data were expressed in make possible the application of this process to wine-making.
milligrams per liter [(area of compound/area of internal standard)  The next step was to examine the formation of volatile

m 1stiC

g5 {02ndIC
A 1stFC
Ja2ndFC

C (mg/L)

concentration of internal standard]. byproducts and detect any differences that would play a
significant role in aroma and would affect the quality of the
RESULTS AND DISCUSSION final product.
According toa previous S’[udﬁx, faster g|ucose and fructose Evolution of Esters. Fusel alcohol acetates and fatty acid

uptake rates and ethanol productivities characterized the€thyl esters are the volatiles providing the major aroma impact
metabolism ofS. cereisiaewhen it was attached to grape skins. of freshly fermented wines. They have fruity odors and often
Thus, fermentations using this biocatalyst are advantageous ovepccur at concentrations much higher than their respective odor
those of free cells. The advantages of grape skins’ use (naturalthresholds. It has been demonstrated that there is a positive
food-grade purity, cheap, and abundant) and the ease ofcorrelation of the wine quality with the concentration of esters.
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Table 1. Relative Concentrations? (Milligrams per Liter) of Acetate Esters

ethyl acetate 3- and 2-methylbutyl acetate 2-phenylethyl acetate
25°C 20°C 15°C 10°C 25°C 20°C 15°C 10°C 25°C 20°C 15°C 10°C
20% of fermented sugars

FC 0.26 0.82 0.67 0.41 0.14 3.27 2.09 0.44 0.07 0.15 0.08 0.06

IC 2.46 455 491 5.16 6.52 18.01 19.50 20.12 0.14 0.45 0.50 0.36
40% of fermented sugars

FC 1.00 1.87 1.03 0.72 2.30 5.96 4.07 0.50 0.13 0.37 0.10 0.06

IC 3.65 6.38 6.67 8.24 10.53 24.54 27.90 30.44 0.32 0.70 0.78 0.58
60% of fermented sugars

FC 2.97 341 171 119 9.76 12.80 7.28 0.74 0.46 0.65 0.21 0.08

IC 5.79 9.76 9.22 12.86 17.11 36.92 37.97 44.46 0.42 1.03 1.12 0.94
80% of fermented sugars

FC 5.44 5.03 315 1.88 16.80 21.95 12.26 1.14 0.98 1.03 0.42 0.10

IC 8.10 14.26 14.00 18.78 23.80 54.48 58.05 65.67 0.74 1.75 1.89 1.37
100% of fermented sugars

FC 6.76 5.94 5.80 2.83 18.28 25.12 19.55 1.24 1.20 1.70 0.58 0.07

IC 8.28 19.45 20.12 23.10 31.92 76.52 93.61 88.00 1.55 3.18 341 221

2 Values have been calculated from the polynomial fittings through the points of two repeated batches in each temperature.

Table 2. Relative Concentrations? (Milligrams per Liter) of Ethyl Esters

ethyl butanoate ethyl hexanoate ethyl octanoate
25°C 20°C 15°C 10°C 25°C 20°C 15°C 10°C 25°C 20°C 15°C 10°C
20% of fermented sugars
FC 0.17 0.11 0.09 0.07 0.26 0.53 043 0.26 1.10 1.20 1.15 1.53
IC 0.17 0.17 0.23 0.27 0.22 0.39 0.62 1.20 0.07 0.06 0.59 2.40
40% of fermented sugars
FC 0.21 0.15 0.11 0.11 0.66 1.59 1.03 0.47 1.55 2.48 2.00 3.00
IC 0.24 0.24 0.32 0.39 0.43 0.89 1.35 2.37 0.20 0.60 1.37 5.35
60% of fermented sugars
FC 0.27 0.20 0.16 0.18 1.81 2.73 1.60 0.66 3.95 5.56 478 313
IC 0.34 0.30 0.39 0.54 0.99 1.61 242 4.09 0.24 0.73 2.38 6.23
80% of fermented sugars
FC 0.39 0.32 0.33 0.30 297 342 2.65 0.82 6.64 8.44 6.92 2.06
IC 0.46 0.44 0.55 0.82 1.65 2.69 3.98 6.38 0.43 1.13 312 7.03
100% of fermented sugars
FC 0.51 0.55 0.71 0.49 1.99 311 391 1.00 3.70 5.32 0.53 2.10
IC 0.60 0.75 0.94 1.29 2.36 4.26 6.18 8.78 1.01 413 9.23 14.73

2 Values have been calculated from the polynomial fittings through the points of two repeated batches in each temperature.

The only exception is ethyl acetate, which is considered to be decrease resulted in the production of increased amounts of the
undesirable if present at concentration§50—200 mg/L 12, aforementioned esters (Table 2).

13,23, 25). Ethyl octanoate followed a different evolution pattefig(ire
Acetate esters were produced in small amounts at the initial 1). FC produced this ester after the consumption of 40% of
stages of fermentation. Two-thirds of the total amount was sugars. Its concentration reached a maximum after 80% of sugars
synthesized after the consumption of-#0% of sugars. The  were fermented. After that point, it decreased dramatically. The
formation of acetate esters by immobilized cells (IC) was optimum synthesis of ethyl octanoate by IC took place after

continuous up to the end of fermentation. Stabilization in the the depletion of 80% of the sugars. After this point, its
synthesis of acetates by free cells (FC) was observed towardconcentration increased steadily. At-280 °C, FC produced
the end of fermentatiorF{gure 1). The formation rates for IC  greater amounts of this ester. The opposite was observed-at 15
were greater than those for FC. The difference between them10 °C. IC gave higher concentrations of ethyl octanoate with
increased with temperature decrease. In all cases, immobilizedtemperature decrease (Table 2).
biocatalyst favored the production of larger quantities of acetates |n S. cerevisiaeand other yeasts, the synthesis of esters is
and most notably of 3- and 2-methylbutyl acetates. These effected via an intracellular process catalyzed by an alcohol
amounts increased with temperature decrease. The maximumacyltransferase. With regard to acetate esters, these are believed
concentration was observed at 15 (Table 1). to be synthesized from alcohols and acetyl-CoA by the alcohol
The evolution patterns of ethyl butanoate and ethyl hexanoateacetyltransferase AAT (19). The AAT-encoding gene is not
were similar to those of acetates. The major part of their transcribed in the presence of oxygen or unsaturated fatty acids,
synthesis took place after the midpoint of fermentation. How- and it is expressed only during the later stages of the fermenta-
ever, a slight differentiation was observed in the formation of tion. At the beginning of fermentation, ester synthesis is very
ethyl hexanoate by FC at 25 and 20. The formation rates  slow due to the high metabolic demands of yeasts for acetyl-
were greater, but near the end of fermentation (80% of consumedCoA. During this phase of the fermentation curve, oxygen and
sugars) its concentration decreased, reaching levels lower tharacetyl-CoA are rapidly consumed to support the production of
those of IC Figure 1). At every temperature, IC produced more unsaturated fatty acids and sterols. After this, an equilibrium is
ethyl butanoate and ethyl hexanoate than FC. Temperatureestablished between acetyl-CoA consumption for fatty acid and
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Figure 2. Production of higher alcohols during repeated batch fermentations of grape must using immobilized (IC) and free cells (FC): (squares) IC;
(triangles) FC; (solid symbols) first repeated batch; (open symbols) second repeated batch. Lines represent polynomial fittings through the points of the
two batches in each case.

sterol synthesis and that for ester production. This happens neaall temperatures, with either FC or IC. However, the temperature
the midpoint of fermentation2Q). The evolution patterns of  effect on the amyl alcohol production rate was different for IC
acetate esters were in agreement with the previous findings.and FC. Thus, the final quantities of amyl alcohols in the
However, yeasts are also able to hydrolyze esters via intracellularproduced wines were different (Table 3).
ester-hydrolases EHasg9). Thus, the production of esters is 2-Phenylethanol was formed mainly after the consumption
believed to be dependent on the balance of ester synthesis byf 50—60% of the sugard={gure 2). This was more evident
AATase and ester hydrolysis by EHase. Usually, near the endfor IC. However, at 20 and 1%5C, the production of 2-phenyl-
of fermentation there is a decrease in ester concentration dueethanol by FC followed an almost linear trend with sugar
to the greater action of hydrolasgl( 22). This phenomenon  consumption. The decrease of temperature resulted in a lowering
was also observed in the fermentations using FC. On the of the amount of 2-phenylethanol in the final product. FC
contrary, similar action was not evident for IC, with the produced larger amounts of this alcoh®kple 3). The above
exception of ethyl acetate at Z%. The different evolution results are in agreement with those of Fraile et &) (
patterns of IC and FC can be attributed to the following: (i) Propanol and isobutanol followed a different formation pattern
the immobilization of cells changed the activity of the enzymes (Figure 2). Their synthesis was initiated at the beginning of
AATase and EHase (even at the genetic level), (ii) a favorable fermentation and continued until the depletion of sugars, at an
microenvironment was established for the action of acetyltrans- almost constant rate. The same was observed at every temper-
ferase due to limited diffusion of oxygen at the IC, and (iii) ature using either IC or FC. In some cases, a slight increase or
greater amounts of acetyl-CoA were available for ester synthesisdecrease of production rate appeared mainly near the last stages
due to limited growth of IC on grape skin6)( of fermentation. FC gave higher final concentrations of iso-
Evolution of Alcohols. Propanol, isobutanol, amyl alcohols, butanol than IC, whereas the opposite was observed for
and 2-phenylethanol are the most abundant higher alcoholspropanol. The amount of propanol produced was found to be
found in the aroma of wine. Their odors are rather unpleasant, nearly constant at every temperature. Isobutanol's content
and they are regarded as a negative quality factor. 2-Phenyl-increased with temperature decrease (Table 4).
ethanol is the only higher alcohol that has been described in  Higher alcohols are synthesized by yeasts in two ways: the
pleasant terms such as old rod48,25). first is via Ehrlich’s catabolism mechanism, which involves
The synthesis of amyl alcohols started from the beginning initial transamination between an amino acid anaeketoacid
of fermentation. The formation rate was slightly increased after with subsequent decarboxylation and reduction. Alternatively,
the fermentation of 40% of the sugafsidure 2). As a result higher alcohols may be synthesized from sugars utilizing part
of this, greater amounts of amyl alcohols were formed after the of the enzymatic pathways needed for the formation of amino
midpoint of fermentation. The same profile was observed for acids (10). In a typical wine fermentation, the nitrogen-
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Table 3. Relative Concentrations? (Milligrams per Liter) of Amyl Alcohols and 2-Phenylethanol

amyl alcohols 2-phenylethanol
25°C 20°C 15°C 10°C 25°C 20°C 15°C 10°C
20% of fermented sugars
FC 5.16 13.37 9.30 8.53 0.11 0.34 0.12 0.23
IC 8.85 9.72 9.50 9.05 0.12 0.36 0.18 0.17
40% of fermented sugars
FC 13.14 21.05 14.89 13,59 0.32 0.89 0.42 0.34
IC 13.50 15.15 14.88 13.63 0.35 0.42 0.26 0.25
60% of fermented sugars
FC 26.07 33.64 20.99 19.39 0.93 1.63 0.74 0.57
IC 21.34 23.39 22.85 20.62 0.55 0.81 0.57 0.47
80% of fermented sugars
FC 40.13 49.68 32.74 25.77 1.82 2.36 1.12 0.84
IC 29.34 34.96 33.85 31.26 0.84 151 1.07 0.84
100% of fermented sugars
FC 45.80 56.45 57.51 29.09 252 2.70 1.84 0.80
IC 34.02 44,04 43.65 41.49 1.59 1.83 1.37 1.14

2 Values have been calculated from the polynomial fittings through the points of two repeated batches in each temperature.

Table 4. Relative Concentrations? (Milligrams per Liter) of Propanol and Isobutanol

propanol isobutanol
25°C 20°C 15°C 10°C 25°C 20°C 15°C 10°C
20% of fermented sugars
FC 0.10 0.28 0.15 0.20 0.43 0.92 0.83 0.94
IC 0.13 0.22 0.25 0.25 0.42 0.50 0.64 0.65
40% of fermented sugars
FC 0.33 0.58 0.26 0.38 0.91 1.46 1.14 1.46
IC 0.37 0.53 0.53 0.52 0.74 0.90 1.00 0.96
60% of fermented sugars
FC 0.64 0.89 0.41 0.56 1.40 1.97 1.54 1.96
IC 0.70 0.93 0.92 0.90 1.07 129 1.45 1.40
80% of fermented sugars
FC 0.92 1.14 0.65 0.73 1.82 2.39 221 237
IC 1.07 141 1.37 1.35 1.32 1.65 1.86 1.97
100% of fermented sugars
FC 1.05 1.28 1.03 0.85 2.10 2.66 335 2.67
IC 1.43 1.93 1.76 1.85 1.27 1.96 2.09 2.28

2 Values have been calculated from the polynomial fittings through the points of two repeated batches in each temperature.

Table 5. Relative Concentrations? (Milligrams per Liter) of Acetoin, Acetaldehyde, and Acetic Acid

acetoin acetaldehyde acetic acid
25°C 20°C 15°C 10°C 25°C 20°C 15°C 10°C 25°C 20°C 15°C 10°C

20% of fermented sugars

FC 0.88 1.70 0.93 1.70 1.07 0.91 0.41 0.57 1.15 0.92 0.93 153

IC 0.30 0.40 0.52 0.29 0.60 0.91 0.52 0.81 0.35 0.12 0.18 0.21
40% of fermented sugars

FC 1.74 255 1.31 2.04 0.79 0.73 0.48 0.82 1.63 174 1.91 2.46

IC 1.23 0.96 0.65 0.42 0.83 0.89 0.36 0.69 0.61 0.41 0.27 0.47
60% of fermented sugars

FC 1.65 2.03 1.03 1.62 0.90 0.67 0.42 1.06 2.99 2.89 3.10 3.69

IC 1.79 1.18 0.54 0.36 0.66 0.88 0.30 0.51 1.22 0.83 0.46 0.74
80% of fermented sugar

FC 0.70 0.63 0.37 0.86 0.52 0.57 0.34 0.95 5.61 4.15 435 4.88

IC 1.43 0.85 0.33 0.17 0.43 0.71 0.25 0.60 2.24 1.27 0.66 0.90
100% of fermented sugars

FC 0.05 0.13 0.18 0.07 0.37 0.32 0.30 0.56 8.53 471 5.18 4.38

IC 0.13 0.06 0.10 0.05 0.17 0.16 0.15 0.27 332 1.61 0.56 0.85

2 Values have been calculated from the polynomial fittings through the points of two repeated batches in each temperature.

containing compounds of grape must are incorporated in the lism. However, it would be interesting to investigate both the
yeast cell at the early stages and fill the biosynthetic pools. After uptake of nitrogen compounds and the consumption of sugars
this, nitrogen compounds will be taken up and degraded in a and relate it to the formation of higher alcohols.

specific order of preference, which is dependent on many factors Evolution of Acetoin, Acetaldehyde, and Acetic Acid.
(environmental, physiological, and strain-specifigg). It is Acetoin is a byproduct of alcoholic fermentation. Under normal
difficult to explain the observed differences in the evolution vinification conditions, the amounts of acetoin produced do not
patterns of higher alcohols because of the complicated metabo-exceed its threshold value. However, acetoin is important as it
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16 In wine yeasts, acetoin is formed only in the presence of
14 A%ETOIN (15°C) W1stiC fermentable carbohydrates or pyruvic acid. The produced acetoin
al P A O2ndiC is reduced to 2,3-butanediol with simultaneous oxidation of
1.2 1 na 'A\,\ A1stFC NADH to NAD*. The ratio of NAD'/NADH determines the
= 10 - oh * A2ndFC extent of acetoin formation or degradatia?4j. In the early
S stages of fermentation, the need of yeasts for NADH is
£ 08 increased. Thus, significant amounts of acetoin are accumulated.
© 06 Afterward, the redox balance changes, resulting in the simul-
04 - taneous production of acetoin and NADThe different
maximum concentrations of acetoin between IC and FC reflect
0.2 4 the different needs of these biocatalysts for reducing power.
0.0 T [ T T . The major aldehyde found in the produced wines is acetal-
0 20 40 60 80 100 dehyde. At low levels, it gives a pleasant fruity aroma, but at

higher concentrations it gives a pungent irritating odor, which
is considered to be undesirable for table winds, (25).
Acetaldehyde’s content increased dramatically during the first
stages of fermentation, reaching a maximum when 20% of the
sugars were fermented or even earlieigre 3). Afterward,

the amount of acetaldehyde decreased toward the end of
fermentation. In some cases, fluctuations were observed. A
similar evolution pattern has been described by other workers
(25). The explanation is similar to that given for acetoin. It seems
that yeasts initially release certain compounds, such as acetal-
dehyde and acetoin, to the medium and later they reincorporate
them. In this way, the redox potential is balanced and the
fermentation proceeds without any problem.

02 {m1stiC o2ndiC
A1stFC A2ndFC

0.0 J ‘ . FC produced slightly greater amounts of acetaldehyde than
) 0 20 40 60 80 100 IC. These amounts were similar at 25, 20, andC5whereas
FERMENTED SUGARS (%) they increased with further decrease of temperature t6CLO
(Table 5). The amount of acetaldehyde is dependent on the
6 " activity of alcohol dehydrogenase, which reduces the aldehyde
ACETIC ACID (20°C) to alcohol. This activity seems to be greater in IC and depends

on temperature.

Acetic acid is the most important volatile acid produced
during alcoholic fermentation. It gives the note of vinegar when
it is present in high amountd8). IC were less favorable to
acetic acid production at every temperatufalfle 5). Acetic
acid was synthesized during alcoholic fermentations in a similar
manner by both biocatalysts. Its concentration increased con-
stantly until the end of fermentatiofrigure 3). The decrease
of temperature affected the production of acetic acid, lowering
its concentration in the final product.

0 20 40 60 80 100 From the finding of this investigation it is obvious that the

FERMENTED SUGARS (%) evolution patterns of the volatiles studied were similar for both

Figure 3. Production of acetoin, acetaldehyde, and acetic acid during immobilized and free cells. Significant differences were ob-

repeated batch fermentations of grape must using immobilized (IC) and served only in the formation rates, especially those of fruity
free cells (FC): (squares) IC; (triangles) FC; (solid symbols) first repeated esters. In most cases, no hydrolytic phenomena of esters were

batch; (open symbols) second repeated batch. Lines represent polynomial observed for IC. Immobilized cells, in comparison with the free
fittings through the points of the two batches in each case. ones, produced wines containing larger amounts of esters. The

difference in the amounts of esters increased with temperature

is the key compound in the biosynthesis of diacetyl, which decrease. This, in relation with the reduction of the amount of
creates an off-flavor in alcoholic beverages, even in very small higher alcohols with temperature decrease, favors low-temper-
amounts (24). ature wine-making using immobilized cells, leading thus to the

In this work, acetoin production was observed in the early production of wines of improved quality. From an economic
stages of fermentation and reached a maximum near thepoint of view, immobilized yeast cells on grape skins improved
midpoint (40-60% of fermented sugars). Afterward, its levels the rate and efficiency of transformatio6)( leading thus to
declined continuously until the end of fermentatidigure 3). reduced costs. It should be mentioned that grape skins are a
The maximum value in the evolution patterns of acetoin cheap and relatively resistant material that is not affected by
produced by IC decreased with temperature decrease. At 25 andhe fermentation environment. Their easy handling makes simple
20 °C, the maximum of acetoin concentration for IC was the design of the bioreactor. The use of grape skins as support
observed when 60% of the sugars had been consumed. At loweffor cell immobilization offers a good alternative to the wine-
temperature, this maximum value was observed when 40% of making industry, which considers and treats them as a waste
the sugars had been fermented (Table 5). byproduct.
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Finally, monitoring the evolution of volatile byproducts in
the wine production by the SPME technique is very useful

because the industrialist can determine when, how, and which

Mallouchos et al.

(13) Etievant, X. P. Wine. Involatile Compounds in Foods and
BeveragesMaarse, H., Ed.; Dekker: New York, 1991; pp 483
533.

factors influence their production. This makes easy the ma- (14) Vianna, E.; Ebeler, E. S. Monitoring ester formation in grape

nipulations before or during fermentation to produce wines of
better quality.

ABBREVIATIONS USED

SPME, solid phase microextraction; GC-MS, gas chroma-
tography-mass spectrometry; RSD, relative standard deviation;
SG, specific gravity; IC, immobilized cells; FC, free cells;

AATase, alcohol acetyltransferase; EHase, ester hydrolase;

NAD™, NADH nicotinamide adenine dinucleotide.
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