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a b s t r a c t

Geraniol produced by grape is the main precursor of terpenols which play a key role in the floral aroma of
white wines. We investigated the fate of geraniol during wine fermentation by Saccharomyces cerevisiae.
The volatile compounds produced during fermentation of a medium enriched with geraniol were
extracted by Stir-bar sorptive extraction and analysed by GCeMS. We were able to detect and quantify
geranyl acetate but also citronellyl- and neryl-acetate. The presence of these compounds partly explains
the disparition of geraniol. The amounts of terpenyl esters are strain dependant. We demonstrated both
by gene overexpression and gene-deletion the involvement of ATF1 enzyme but not ATF2 in the acety-
lation of terpenols. The affinity of ATF1 enzyme for several terpenols and for isoamyl alcohol was
compared. We also demonstrated that OYE2 is the enzyme involved in geraniol to citronellol reduction.
Fermenting strain deleted from OYE2 gene produces far less citronellol than wild type strain. Moreover
lab strain over-expressing OYE2 allows 87% geraniol to citronellol reduction in bioconversion experiment
compared to about 50% conversion with control strain.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

Consumer interest towards alcoholic beverages produced by
saccharomyces such as wine and beer is mainly linked to their
complex aroma. Many chemical components are involved in these
aromas, including volatile acetate esters and terpenoids (Francis
and Newton, 2005). Acetate esters such as isoamylacetate and
phenylethyl acetate respectively confer banana and flowery aroma
to the wines or beer. Although well known, the involvement of
acetate esters in wine aroma is difficult to fully measure because of
their additive effect (van der Merwe and van Wyk, 1981; Francis
and Newton, 2005). The synthesis of these esters and of a broad
range of other acetate esters is under the control of ATF1 gene
(Verstrepen et al., 2003).
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Another chemical family involved in aromatic profile of fer-
mented beverages is the terpenols family. Monoterpenoids are
10-carbon compounds with strong sensory properties. They are
widely found in plants and are the main constituents of essential
oils. Terpenols are found in beer (Takoi et al., 2010) and linalool has
been described as an important contributor of the floral aroma of
hops (Stucky and McDaniel, 1997). In Wines, terpenols are key
components or aromatic profiles (Schreier and Jennings, 1979) and
linalool, geraniol, nerol, citronellol and a-terpineol are found in
several wines with “floral” character, such as muscat (Ribereau-
Gayon et al., 1975), gewürztraminer (Guth, 1997), riesling
(Simpson and Miller, 1983) and chardonnay wines (Duchêne et al.,
2009). In muscat and gewürztraminer wines the total content of
linalool or geraniol can reach up to 1.5 and 4 mg/L respectively, in
contrast with the other wines cited where the content are 10e20
fold lower.

Terpenoids content of wines result from the combined effects of
must composition, fermenting yeasts metabolism and chemical
evolution. In the grape vine berries monoterpenoids are synthe-
sized from geranyl diphosphate through the DOXP/MEP pathway
(Luan and Wüst, 2002) and they can be found both free and
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glycosidically-bound. Geraniol is the main precursor of mono-
terpenoids in the must. During fermentation the primary mono-
terpenic must composition is modified by wine yeasts such as
Saccharomyces cerevisiae, Saccharomyces uvarum and hybrids
(Gamero et al., 2011; King and Dickinson, 2003). These yeasts have
only a very limited capability to produce monoterpenoids, limited
to a few mg/L amounts (Carrau et al., 2005), but they can release
bound terpenoids thanks to their glycosidase activity (Fernández-
González et al., 2003; Ugliano et al., 2006; Zoecklein et al., 1997)
or modify the free terpenoids content (Fia et al., 2005; King and
Dickinson, 2000). Adding known amounts of geraniol to must at
the beginning of fermentation has revealed that a drastic reduction
of monoterpenols level occurs at the beginning of fermentation
(Vaudano et al., 2004). This drastic reduction is partly explained by
documented reactions including the transformation of geraniol to
linalool and nerol by acid-catalysis or its reduction to citronellol by
unknownyeast enzymes (Gamero et al., 2011; Gramatica et al.,1982;
King andDickinson, 2000).However the total level ofmonoterpenols
produced and residual geraniol hardly reached 40% of the initial
geraniol amount (Vaudano et al., 2004). This loss of geraniol has been
attributed to evaporation, incorporation in yeast membranes, acet-
ylation (King and Dickinson, 2003) or metabolization into ergosterol
(Vaudano et al., 2004). Indeed, in animals and plants farnesol might
be recycled into the farnesyl diphosphate precursor of sterols
(Bentinger et al., 1998; Fitzpatrick et al., 2011). Nevertheless neither
farnesol nor geraniol has been reported to support growth of
S. cerevisiae sterol auxotrophic mutants. Finally the free terpenoids
profile can bemodified chemically, especially whilewine ageing due
to the acidic pH of wines (Simpson and Miller, 1983).

In this workwe have tried to identify the yeast enzymes involved
in the metabolization of monoterpenoids during fermentation.
Geraniol metabolization during yeast growth was analysed either
with geraniol exogenously provided or synthesized in vivo in engi-
neered yeast strains. Our results present a new global view of the
fate of geraniol metabolism during fermentation.

2. Materials and methods

2.1. Chemicals and reagents

Absolute ethanol was obtained from VWR. NaCl 99% was
purchased from Sigma. Acetonitrile, isoamylacetate, 2-methyl
butanol, 2-phenylethyl acetate, linalool, a-terpineol, citronellol,
nerol, geraniol, linalylacetate, were supplied by Fluka.

2.2. Yeast strains

S. cerevisiae strains used were S288c and the oenological strain
59a, a haploid derivative from the sequenced EC1118 wine yeast
strain (Novo et al., 2009). Strains BY4741 deleted for a single gene,
i.e. ATF1, ATF2, OYE2 and OYE3 were from Euroscarf collection.

Yeast strain overexpressing ATF1 was constructed by direct
recombination in yeast. Yeast strain Fya 1679-28c was co-
transformed with Not1-digested-pMO1 plasmid and ATF1 ORF
obtained by PCR with primers ATF1PMO1FW (CAAAAGAAA
GAAAAAAAATATACCCCAGCATGAATGAAATCGATGAGAAAAATCAG)
and ATF1PMO1RV (GCAGCCCGGGGGATCCACTAGTTCTAAGGGCCTA
AAAGGAGAGC). Fya 1679-28c bearing empty pMO1 plasmid was
used as control.

2.3. Culture conditions

Fermentations were performed either in YPD medium con-
taining 8% glucose (W/V) or in syntheticMS300medium containing
20% glucose (W/V) which approximates to a natural must as
previously described (Bely et al., 1990), with the following modi-
fication; in anaerobic factors ergosterol 15 mg/L was replaced by
sitosterol (main sterol present in grape) 7 mg/L final concentration.
All fermentations were led at 20 �C.

2.4. Bioconversion experiments

Cells were pre-grown in supplemented YNB medium, then in
200 ml YPD medium overnight at 28�. Cells were recovered in
exponential growth phase, washed twice with ice cold water then
with 50 mM phosphate buffer pH 7. Highly dense suspension of
resting cells (DO600 nm ¼ 20) were prepared in 50 ml phosphate
buffer containing 2% glucose and complemented with 200 mg/ml of
the compound tested as a bioconversion substrate. Medium was
agitated at 28�.

2.5. Volatile compounds extraction

Volatile compounds were extracted from fermentation medium
by Stir Bar Sorptive Extraction-Liquid Desorption (SBSE-LD). A stir
bar (0.5 mm thick; 10 mm long) coated with a polydimethylsiloxane
film (Twister; Gerstel, Müllheima/dRuhr; Germany) was immersed
in 20 ml of fermentation supernatant, and stirred for 180 min at
1250 rpm at room temperature. For back-extraction purposes, the
stir bars were rinsed with deionized water and gently dried then
placed into a 250 mL glass flat-bottom inserts filled with 100 mL of
acetonitrile inside a glass vial. The back-extraction was performed
by ultrasonic treatment for 30 min.

Volatile compounds were extracted from bioconversion
medium by liquideliquid extraction with 1 ml pentane. Pentane
solution was directly analysed by GC/MS.

2.6. Volatile compounds analysis

Samples were analysed by GCeMS using an Agilent 6890N
gas chromatograph equipped with an Agilent 7683 automatic
liquid sampler coupled to an Agilent 5975B inert MSD (Agilent
Technologies).

The gas chromatograph was fitted with a DB-Wax capillary
column (60 m � 0.32 mm i.d. � 0.50 mm film thickness, J&W
Scientific) and heliumwas used as carrier gas (1 ml min-1 constant
flow).

The GC oven temperature was programmed without initial hold
time at a rate of 2.7 �Cmin-1 from 70 �C to 235 �C (hold 10min). The
injector was set to 250 �C and used in pulsed splitless mode (25 psi
for 0.50 min). The temperatures of the interface, MS ion source and
quadrupole were 270 �C, 230 �C and 150 �C, respectively.

The Mass spectrometer was operated in electron impact ioni-
zation mode (EI, 70 eV) and the masses were scanned over an m/z
range of 29e300 amu.

Agilent MSD ChemStation software (G1701DA, Rev D.03.00) was
used for instrument control and data processing. The mass spectra
were compared with the Wiley’s library reference spectral bank.

In synthetic wine, quantification of geraniol, citronellol, linalool,
a-terpineol and nerol was based on calibration while terpenyl
acetates quantificationwas based on linalylacetate calibration curve.

3. Results

3.1. Formation of terpenyl acetates partly explains geraniol
disappearance

The loss of volatiles caused by CO2 stripping during alcoholic
fermentation can be significant with 20% and 40% for iso-
amylacetate and ethyl esters respectively (Morakul et al., 2012). To
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Fig. 1. Time course of terpenols and terpenyl acetates in fermentation medium.
Geraniol (panel A), terpenols (panel B) and terpenyl acetates (panel C) were quantified
along fermentation of MS300 medium þ 1 mg/L geraniol with S288c lab strain (black
line) or 59a oenological strain (grey line). Quantified terpenols included citronellol
(squares), linalool (diamonds) and nerol (triangles). Terpenyl acetates included
citronellyl-acetate (squares) and geranyl-acetate (circles).
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analyse the fate of geraniol during fermentation, we first investi-
gated the loss potentially caused by CO2 stripping during fermen-
tation. We therefore used Erlenmeyer flasks containing 6%
ethanolic water solutions supplemented with geraniol 20 or 40mg/
L final concentrations. Air was flushed through the flasks and
stopped with a C18-SPE cartridge. After 64 h at 28� with agitation,
volatiles were extracted from medium and SPE cartridge with
dichloromethane. The results showed that at 20 and 40 mg/L
geraniol, about 22% of the terpenoids were retained on the
cartridge. These figures were slightly higher than those obtained by
Ferreira et al. (1996) for octanol and linalool (9.5 and 7.5% at 27 �C
respectively) for lower terpenol concentrations (1 mg/L) and can be
seen as an upper limit. In addition, these authors also estimated
that the loss was lower than 1% at 17 �C indicating that the loss is
moderate when fermenting at 20 �C.

We next undertook fermentation process with two different
yeast strains, namely the laboratory strain S288c and a haploid
strain 59a derived from wine strain EC1118 (Novo et al., 2009).
These strains are unable to produce geraniol. To mimic the terpenic
must composition the synthetic fermentation medium (MS300)
was supplemented with geraniol at 1 mg/L. Volatile compounds
were extracted at various times from the fermentation medium by
SBSE and analysed by GCeMS. The results, Fig. 1, illustrate that for
both strains, geraniol rapidly disappeared from themedium early in
the fermentation process (Fig. 1, panel A) while citronellol, linalool
and nerol appeared in themedium after a few hours (Fig.1, Panel B),
citronellol being the main component produced. No remarkable
differences were observed between laboratory and oenological
strains concerning the terpenols levels. After about 25 h of
fermentation, geranyl- and citronellyl acetate were detected (Fig. 1,
panel C). The concentrations of these compounds were strain
dependent. The oenological 59a strain exhibited the strongest
ability to produce acetates. Nevertheless it is noteworthy that
whatever the strain, the amount of terpenyl-acetate decreased after
50 h (59a strain) or 100 h (S288c strain) suggesting a lack of
stability in the medium.

Quantification of geraniol-derived terpenols allowed us to
express the amounts of terpenols and acetates as a percentage of
added geraniol (Fig. 2). Our analysis revealed that 50% (S288c
strain) and up to 80% (59a strain) of the geraniol added at the
beginning of fermentation were recovered as terpenols or terpenyl
acetates. Presence of terpenyl acetates in fermentation media has
already been reported (King and Dickinson, 2003), but this work is
the first evidence of the importance of terpenyl acetates as a fate for
must geraniol.

Even when taking into account the presence of terpenyl
acetates, about 50% or 20% of initial geraniol amount is lost at the
end of fermentation, depending on yeast strain. It should be
mentioned that additional monoterpenes were identified, such as
myrcene and pinene for example. As we did not have established
calibration curves for these compounds they were therefore not
quantified.

3.2. ATF1 alcohol acetyltransferase is the main contributor to
terpenyl acetate synthesis

Isoamyl-acetate and phenyl-ethyl acetate, as well as other
acetates are known to be synthesized mainly by Atf1p (Verstrepen
et al., 2003). We therefore investigated the role of Atf1p and the
isoform Atf2p in the synthesis of terpenyl acetates.

The BY4741 strains deleted for ATF1 or ATF2 genes were fer-
mented in YPG 8% medium complemented with 5 mg/L geraniol.
YPG was chosen rather than synthetic must in order to favour rapid
fermentations andminimize terpenyl acetate degradation. Geraniol
amount was increased up to 5 mg/L to ease the analysis of geraniol
derived products. The concentrations of terpenols and terpenyl
acetatesmeasured at the end of fermentation (Table 1) indicate that
ATF1 deletion drastically reduced the amounts of terpenyl acetates
(66e88% reduction depending to the terpenyl acetate) while ATF2
deletion had a lower impact (up to 31% reduction). The amounts
of terpenols recovered were not significantly affected by ATF1
deletion except for citronellol.

Involvement of ATF1 in terpenyl acetate production was further
evidenced by geraniol bioconversion experiments. Fy1679 strain
transformed with empty pMO1 plasmid exhibited a basal level of
geraniol acetylation corresponding to the presence of ATF1 genomic
copy, while ATF1 over-expressing strain was more efficient in
geraniol acetylation. Geranyl acetate seemed to reach equilibrium
after 100 h (Fig. 3).
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To have a better knowledge concerning Atf11p substrate spec-
ificity, we tested Atf1p activity on different alcohols in biocon-
version experiments with the ATF1 over-expressing strain. Fig. 4
shows that, as previously described (Verstrepen et al., 2003),
isoamyl-alcohol is esterified by Atf1p. Moreover, Atf1p is able to
esterify all the terpenols tested more efficiently than isoamyl
alcohol. Nevertheless acetylation time courses vary with the
substrates and citronellol acetylation seems to happen at the
beginning of the bioconversion and then stabilize while geraniol
and nerol acetylation could be observed during all the experiment.
Geraniol and nerol acetylation was more experiment-dependent
than isoamyl- or citronellol-acetylation.

Taken together, our results provide strong evidence that acety-
lation is one of themajor processes of terpenols disappearance from
musts during fermentation and that the main enzyme involved in
this reaction is the alcohol acetyltransferase encodedbyATF1. Finally,
the differences of acetylation observed between S288c and 59a
strains during fermentation (Fig.1 panel C) could not be explained by
differences in ATF1 coding sequences (results not shown).

3.3. OYE2 is involved in geraniol to citronellol reduction during
fermentation

S. cerevisiae is known to be able to convert geraniol into
R-citronellol (Gramatica et al., 1982) but the enzyme responsible for
this transformation has not been identified.
Table 1
Concentration of geraniol derivatives produced by BY4741DATF1 and BY4741DATF2
after 48 h of fermentation on 8% glucose-YPG medium complemented with 5 mg/L
geraniol.

Conc in mg/L

BY4741 (atf1D) BY4741 (atf2D) BY4741 wt

Citronellol 1837.68 (1.47) 1162.16 (0.93) 1250.78
Geraniol 3152.09 (1.08) 2748.41 (0.94) 2925.63
Nerol 205.59 (1.15) 169.30 (0.95) 178.54
Linalool 25.33 (0.78) 30.54 (0.94) 32.43
P

terpenol 5220.69 (1.19) 4110.41 (0.94) 4387.38
Citronellylacetate 32.25 (0.12) 229.48 (0.86) 268.12
Geranylacetate 376.43 (0.33) 795.54 (0.69) 1147.83
Nerylacetate 6.5 (0.16) 36.27 (0.88) 41.01
P

terpenyl acetates 415.19 (0.28) 1061.29 (0.73) 1456.95
Isoamylalcohol 1263.91 (0.87) 1170.61 (0.80) 1459.98
Isoamylacetate 131.6 (0.13) 512.02 (0.52) 980.07

Volatile compounds were extracted by SBSE-LD and quantified by GCeMS. Results
are the averages for three independent fermentations. Values in parentheses show
the value relative to that of the wild type. Values that are significantly different from
those of the wild-type strain (a ¼ 0.05) are in bold.
In literature it was shown that OYE2 is able to reduce 3-methyl
2-buten-1-al to 3-methyl-2-butanal (Chou and Keasling, 2009).
Considering the structural homologies between these two
compounds and geranial and citronellal respectively, we hypothe-
sized that transformation of geraniol to citronellol included alde-
hyde intermediates and that Oye2p was involved in geranial to
citronellal reduction. Recently, Yuan et al. (2011) have shown that
crude extracts of Escherichia coli cells expressing Oye2p are able to
reduce geraniol into citronellol but in vivo activity has not been
evidenced. Therefore we tested Oye2p and the homologous Oye3p
for their possible involvement in geraniol to citronellol trans-
formation in fermentation experiments.

BY4741 strains deleted for OYE2 or OYE3were fermented in YPG
8% glucose containing 5 mg/L geraniol. Volatile compounds were
analysed at the end of fermentations (Fig. 5). The deletion of OYE2
resulted in a dramatic decrease of citronellol amount in fermen-
tation medium and in an increase in linalool, nerol and geraniol
concentrations. In contrast the deletion of OYE3 gene had no impact
on terpenols concentrations.

We next compared the effect of OYE2 overexpression on geraniol
reduction into citronellol in bioconversion experiments. Strain Fy
(a) was transformed with empty pMO1 vector or with pMO1 vector
Fig. 4. Time course of acetylation of various terpenols obtained during bioconversion
experiments with lab strain overexpressing ATF1. Acetate levels are expressed as molar
percentages of the sum alcohol þ acetate. Isoamyl acetate ( ), citronellyl acetate
( ), geranyl acetate ( ) and neryl acetate ( ) are extracted from cell-free
supernatant after bioconversion of the corresponding substrate and measured by
GCeMS. Results are the averages of two independent experiments. Standard errors are
represented.



Fig. 5. Terpenols amounts produced after 48 h of fermentation in YPG 8% by BY4741DOYE2 (light grey) and BY4741DOYE3 (white) relative to those produced by e wild-type BY4741
strain (dark grey). Results are the averages of three independent fermentations. *** Values significantly (a ¼ 0.05) different from the wild-type strain.
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carrying OYE2 gene under the control of the strong PMA1 promoter.
Resting cells were suspended in 50 mM phosphate buffer pH 6.9
supplemented with 2% glucose and 200 mg/ml geraniol. The results,
Fig. 6, show that for the control strain expressing the chromosomal
copy of OYE2 the levels of citronellol and geraniol tend to an
equimolar ratio after 70 h of incubation. In contrast, about 87%
geraniol is reduced to citronellol for the strain overexpressing
OYE2 gene.

These results clearly establish that Oye2p is involved in the
reduction of geraniol to citronellol during fermentation.

4. Discussion

Monoterpenols are the major components of the organoleptic
properties of aromatic wines such as muscat or gewürztraminer,
especially geraniol which enriches the wine with floral flavours.
Using the sensitive SBSE method for volatiles analysis we investi-
gated the fate of geraniol during fermentation and the role of fer-
menting yeasts in the final aromatic composition of wine. Our
results show that, beneath terpenol conversion, the high loss of
geraniol observed during fermentation is linked to esterification of
geraniol itself and the derived terpenols. The enzyme activity
involved in the esterification process is the alcohol acetyltransfer-
ase Atf1p. Several studies have revealed that among the three
alcohol acetyltransferase genes in yeast genome, ATF1, ATF2 and lg-
ATF1, Atf1p is the main contributor of ethyl acetate and isoamyl
acetate formation (Mason and Dufour, 2000; Verstrepen et al.,
2003). Here we establish that terpenic alcohols are also good
substrates for Atf1p.

Althoughesters represent the largest groupofflavour compounds
in alcoholic beverages, the importance of terpenyl acetates in alco-
holic beverages aroma has not been investigated, maybe due to the
lack of quantificationmethod. According to literature terpenyl esters
bring pleasant odour impression described as fruity, sweet floral for
geranyl acetate (HSDB) and fresh, citrus for citronellyl acetate
(Yamamoto et al., 2004). But the odour thresholds of these terpenyl
acetates reach 250 ppm (Yamamoto et al., 2004) and 9e460 ppm
(HSDB) for citronellyl acetate and geranyl acetate respectively
while the corresponding terpenols can be perceived at 50 ppm
(Yamamoto et al., 2004) and 30 ppm (Guth, 1997) respectively.
Implication of terpenyl acetates themselves in wine aroma will be
dependent of their concentrations and of possible interactions
with other esters. Moreover, the presence of these terpenyl acetates
is linked to lowered amounts of the corresponding terpenols and
most probably to the diminution of the floral character ofwines such
as muscat or gewürztraminer. Therefore esterification of terpenic
alcohols is not favourable in these wines. On the other hand, acety-
lation of geraniol prevents its reduction into citronellol, as can be
observed with the deletion of ATF1 which leads to a 50% increase of
the production of citronellol. The poor stability of terpenyl acetates
should allow further liberation of geraniol, so esterification could
also be considered as a way to preserve the geraniol potential of
wines.

The reduction of geraniol to citronellol may also change the
floral character of the wines to citrus like character. We show here
that Oye2p is the main enzyme involved in geraniol reduction. As
suggested earlier (Gramatica et al., 1982) geranial is the precursor of
R-citronellol produced by yeasts; in grape vine berries some gera-
niol is metabolized to S-citronellol (Luan and Wüst, 2002). Over-
expression of OYE2 directs in a bioconversion experiment an 84%
conversion of geraniol to citronellol revealing that the enzymes
involved first in the oxidation of geraniol to geranial, then in the
second reduction of citronellal to citronellol are not limiting in the
process. These oxido-reductases are yet unknown.

Oye2p and Oye3p are the two isoenzymes of Old Yellow Enzyme,
the first discovered flavoprotein isolated frombrewer’s bottomyeast
byWarburg and Christian,1933. Oye2p is an NADPH oxidoreductase
that contains flavin mononucleotide (FMN) as the prosthetic group.
It has been shown that a large number of a, b-unsaturated aldehydes
and ketones are able to act as electron acceptors (Vaz et al., 1995).
For examples one can cite as best substrates, 2-cyclohexanone,
N-ethyl maleimide, methyl vinyl ketone, 2-methyl and 2-ethyl
acrolein and cinnamaldehyde. Oye2p catalyses the reduction of
the double bond rather than the carboxyl group. We have not
precisely determined the turnover number for geranial, however
in vitro tests based on NADPH oxidation showed that the rate of
geranial reduction is similar to that of cinnamaldehyde, suggesting
that geranial could be one of the best substrates of Oye2p. The
physiological role of Old Yellow Enzymes in yeast may be detoxifi-
cation of unsaturatedmetabolites and reactive oxygen species (Odat
et al., 2007; Trotter et al., 2006). Geraniol is known to be cytotoxic
and to have antibacterial properties. One can hypothesize that the
strong resistance to geraniol of yeast (>250 mg/L; Oswald et al.,
2007) could be linked to its metabolization by Oye2p.
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Fig. 6. Levels of citronellol (grey line) and geraniol (black line) obtained in biocon-
version experiment with lab strain transformed with empty pMO1 plasmid (panel A)
or with pMO1 plasmid overexpressing OYE2 (panel B). Citronellol and geraniol are
expressed as a percentage of the sum of recovered citronellol and geraniol.
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In conclusion, our study shows that the high geraniol disap-
pearance during early fermentation is mainly linked to isomeriza-
tion by acid-catalysis, reduction to citronellol by Oye2p and
esterification by Atf1p. During fermentation, citronellol appears in
the medium before terpenyl-acetates, consistent with oxygen
repression of ATF1 (Mason and Dufour, 2000). Nevertheless Atf1p
and Oye2p enzymes compete to transform geraniol and these two
genes could be good targets to select or engineer wine yeasts.

We could not identify the fate of 25% of the initial geraniol.
Literature data of Ferreira et al. (1996) suggest that only few per
cents of the initial geraniol pool may be stripped into the atmo-
sphere by the carbon dioxide produced during fermentation.
However one can also suppose that part of the unexplained loss
may result from acid catalysis which produces new volatile
terpenes that we have identified but not yet quantified.
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