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Abstract

Following a brief look at the structure and occurrence of glycosidic flavour precursors in plants and fruits, attention is given to
mechanisms of enzymatic hydrolysis, the properties of relevant glycosidases, as well as endogenous and exogenous glycosidases
affecting flavour release in plants, in fruit juice processing and in winemaking. The constraints for technological applications and

future prospects are discussed.
© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

Phytochemists have identified some 70,000 plant
chemicals, many thousands of which are glycosylated
(Williams & Harborne, 1994). From a chemical point of
view, the glycosylation invariably results in enhanced
water solubility and lower chemical reactivity. Gly-
cosylated compounds are, therefore, often considered
as transportable storage compounds or detoxification
products assumed to lack physiological activity. The
widespread occurrence of glycosylated secondary me-
tabolites, including flavonols, anthocyanins, monoter-
penes, norisoprenoidic compounds and plant hormones
shows that both glycoside hydrolases and glycoside
transferases responsible for their metabolism play a
central role in a large number of major biological pro-
cesses. The O-glycoside hydrolases (EC 3.2.1.x) are a
widespread group of enzymes of significant biological,
biomedical and industrial importance. They catalyse the
hydrolysis of the glycosidic bond between two or more
carbohydrates or between a carbohydrate and a non-
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carbohydrate moiety. A classification of the glycoside
hydrolases into 82 families, based on the amino acid
sequence similarities, has been proposed and is now
widely used (Henrissat, 1991; Henrissat & Davies, 1997).

Among the glycoside hydrolases, B-glucosidases have
been the subject of much work because of their impor-
tance: (1) in numerous biological processes: growth and
development via release of phytohormones (auxins,
gibberellins, cytokinins) from their inactive glucoconju-
gated forms (Duroux, Delmotte, Lancelin, Keravis, &
Jay-Allemand, 1998), host-parasite interactions (Osbo-
urn, 1996; Sue, Ishihara, & Iwamura, 2000), lignification
(Dharmawhardana, Ellis, & Carlson, 1999; Hosel, Sur-
holt, & Borgmann, 1978), cell wall degradation in the
endosperm during germination (Leah, Kigel, Svendsen,
& Mundy, 1995), circadian rhythm of leaf movements
(Ueda & Yamamura, 2000) and (ii) in biotechnological
applications: food detoxification (Birk, Bravdo, & Sho-
seyov, 1996), biomass conversion (Pemberton, Brown, &
Emert, 1980; Woodward & Wiseman, 1982) and, over
the past decade, flavour enhancement in beverages
(Giinata, Dugelay, Sapis, Baumes, & Bayonove, 1993).
Indeed the intensive research carried out over the past
two decades has demonstrated that, in a great number
of fruit and other plant tissues, important flavour
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compounds accumulate as non-volatile and flavourless
glycoconjugates, which make up a reserve of aroma to be
exploited (Stahl-Biskup, Intert, Holthuijzen, Stengele, &
Schulz, 1993; Winterhalter & Skouroumounis, 1997).
This review brings up to date research that has been
undertaken on the involvement of endogenous and ex-
ogenous glycosidases for the release of volatile com-
pounds in plants, fruits and beverages and future
prospects in this field. A brief presentation will be given of
the structure of glycosidically bound volatile compounds.

2. Chemical composition of glycosidic aroma precursors
and their occurrence

Glycosides of volatile compounds identified in plants
and fruits are mainly O-B-D-glucosides or O-diglycosides.

In few cases, trisaccharide glycoconjugates were observed
(Winterhalter & Skouroumounis, 1997). The aglycone
moiety is always linked to B-p-glucopyranose. In the case
of diglycosides, the glucose moiety was further substi-
tuted with one of the following monosaccharides: o-L-
arabinofuranose, o-L-arabinopyranose, o-L-rhamno-
pyranose, B-D-glucopyranose, B-D-apiofuranose and
B-p-xylopyranose (Fig. 1). Trivial names are attributed
to some disaccharidic substrates according to the plant
species from which they have been isolated: 6-O-o-L-
arabinopyranosyl-B-p-glucopyranosides (vicianosides),
6-0O-o-L-rhamnopyranosyl-B-D-glucopyranosides (ruti-
nosides), 6-O-B-D-glucopyranosyl-B-p-glucopyranosides
(gentiobiosides), 6-O-B-p-xylopyranosyl-B-p-glucopyr-
anosides (primeverosides) and 6-O-B-D-apiofuranosyl-
B-p-glucopyranosides (Guo et al., 1993; Stahl-Biskup
et al.,, 1993; Williams, Strauss, Wilson, & Massy-
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Fig. 1. Structure of glycosidic aroma precursors from plants.
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Westropp, 1982a; Winterhalter & Skouroumounis,
1997).

Malonylated-B-p-glucopyranosides of some volatiles
from fruit and plant tissues have also been reported
(Withopf, Richling, Roscher, Schwab, & Schreier,
1997). Most of the quantitative studies on glycosidic
flavour compounds in fruits and plants were performed
by the analysis of hydrolytically liberated aglycones
because the reference glycosides are not commercially
available. Analyses carried out by direct analysis of
glycosides, i.e., before hydrolysis, have shown that most
glycosides are diglycosides in grape berries (Voirin,
Baumes, Sapis, & Bayonove, 1992) and in tea leaves
(Mizutani et al., 2002). The aglycone moiety of glyco-
sides is often dominated by monoterpenes, C;3-nori-
soprenoids and benzene derivatives (Fig. 1). Some linear
alcohols have also been detected. About 200 aglycones
have been identified hitherto in 150 plant species (Stahl-
Biskup et al., 1993; Vasserot, Arnaud, & Galzy, 1995;
Winterhalter & Skouroumounis, 1997). The structures
of some abundant aglycones are given in Fig. 1.

Some liberated aglycones may already be odorous,
such as linalool, geraniol and nerol, or some may give
rise to potent flavour compounds, such as p-damasce-
none, vitispirane and theaspirane by further enzymatic
and/or chemical transformations during fruit juice
processing or leaf products processing (Winterhalter,
1992).

The techniques mainly used for the isolation of gly-
cosides of volatiles from plants and fruits involve the
selective retention of glycosides from aqueous extracts
on hydrophobic adsorbents: Cjs-reversed phase (Wil-
liams, Strauss, Wilson, & Massy-Westropp, 1982b) and
Amberlite XAD-2 (Gilinata, Bayonove, Baumes, &
Cordonnier, 1985a). Recovered glycosides were ana-
lyzed by different chromatography techniques: TLC,
HPLC and GG, either by direct analysis of glycosides or
by analysis of aglycones following enzymatic or acid
hydrolysis of glycosides. For identification purposes,
chromatographic and spectral techniques (GC-MS, GC-
FTIR, HPLC-MS/MS, and FAB-MS/MS) were per-
formed. A recent review (Winterhalter & Skouroumo-
unis, 1997) gives general approaches to the analysis of
glycosides with abundant references.

Volatiles occurring as glycosides have been detected in
several fruits, usually at concentrations from 2-8 fold
greater than the free counterparts: grape berries (Glinata
et al., 1985a, 1985b), banana (Perez, Cert, Rios, & Olias,
1997), apricot (Krammer, Winterhalter, Schwab, &
Schreier, 1991; Salles, Jallageas, Fournier, Tabet, &
Crouzet, 1991), peach (Krammer et al., 1991), nectarine
(Aubert, Glinata, Ambid, & Baumes, 2003), yellow plum
(Krammer et al., 1991), quince (Lutz & Winterhalter,
1992), sour cherry (Schwab, Scheller, & Schreier, 1990),
passion fruit (Chassagne, Crouzet, Bayonove, Brillouet,
& Baumes, 1996), kiwi (Young & Paterson, 1995),

papaya (Schwab, Mahr, & Schreier, 1989), pineapple
(Wu, Kuo, Hartman, Rosen, & Ho, 1991), mango (Sa-
kho, Chassagne, & Crouzet, 1997), lulo (Suarez, Duque,
Wintoch, & Schreier, 1991), raspberry (Pabst, Barron,
Etiévant, & Schreier, 1991), strawberry (Roscher,
Herderich, Steffen, Schreier, & Schwab, 1997) and to-
mato (Marlatt, Ho, & Chien, 1992). Furthermore, gly-
cosidic flavour precursors were detected in green parts,
roots, rhizomes and seeds in the plant kingdom (Win-
terhalter & Skouroumounis, 1997). No data are available
in the literature as regards the tissue localisation of gly-
cosidic flavour precursors. Their accumulation in vacu-
oles seems plausible due to their higher solubility than
aglycones.

3. Enzymatic release of volatiles from glycosides: Mode of
action of glycosidases

Acid or enzyme hydrolysis of glycosides leads to the
liberation of volatiles (Glnata et al., 1985a, 1985b;
Williams, 1983). The rate of acid hydrolysis is closely
dependent on the pH and temperature of the medium
and on the structure of the aglycone moiety. Glycosides
of tertiary alcohols such as linalool, linalool oxides and
a-terpineol are more readily hydrolyzed than those of
primary alcohols such as geraniol and nerol as it was
observed in wine (Giinata, Bayonove, Baumes, & Cor-
donnier, 1985b; Park & Noble, 1993). After 2 years of
storage at 10 °C, more than half of the glycosides of
geraniol were still present in a Muscat wine, while gly-
cosides of linalool were totally hydrolyzed (Park &
Noble, 1993).

The enzymatic release of volatiles, monoterpenes
(Bourquelot & Bridel, 1913) and vanillin (Goris, 1924),
from corresponding B-p-glucosides through the action
of B-glucosidase (E.C. 3.2.1.21), was already suggested
at the beginning of the 1900s. The enzymatic hydrolysis
of glucovanillin, B-p-glucoside of vanillin, stimulated
much interest since a major portion of vanillin in vanilla
beans is glycosylated (Leong, Archavlis, & Derbesy,
1989). With regard to enzymatic hydrolysis of digly-
cosidic flavour precursors, the first reports appeared
much later, in 1988 (Giinata, Bitteur, Brillouet, Bayo-
nove, & Cordonnier, 1988) and in 1997 (Ogawa et al.,
1997) and 1998 (Giinata et al., 1998) because of the
discovery of the relevant substrates in 1982 (Williams et
al., 1982a, 1982b). A two-step (sequential hydrolysis) or
one step (diglycosidase) enzyme-catalyzed reaction is
involved in the release of aglycones from diglycosides
(Fig. 2).

In sequential mode, first one of the following exo-
glycosidases: a-arabinofuranosidase, o-rhamnopyra-
nosidase, B-xylopyranosidase, a-arabinopyranosidase
or B-apiofuranosidase, make the cleavage of the inter-
sugar linkage liberating corresponding sugars and
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Fig. 2. Two-step and one-step (diglycosidase) enzymatic hydrolysis of glycosidic aroma precursors.

B-p-glucosides. In the second step, pB-glucosidase cata-
lyzes the hydrolysis of B-p-glucoside and liberates the
corresponding aglycone and glucose (Giinata etal., 1988).

In one-step mode, a diglycosidase catalyzes the
cleavage of the aglyconic linkage of diglycosides, which
results in the release of corresponding aglycone and di-
saccharide (Gtlinata et al., 1998; Ogawa et al., 1997,
Sarry et al., 2003).

The mechanism of enzymatic hydrolysis of glycosides
is presumed to proceed in a way similar to the acid-
catalyzed cleavage of glycosidic bonds, implicating a
carbocation intermediate (Sinnott, 1990). His, glu, and
asp are the amino acids thought to be involved in the
enzymatic hydrolysis.

4. Plant and microbial glycosidases
4.1. Types of enzymes
The plant and microbial enzymes presented here are

mainly those studied in relation to the hydrolysis of
glycosidic flavour precursors.

4.2. Plant glycosidases

4.2.1. Exoglycosidases and -glucosidase
Exoglycosidases mentioned here, and particularly f-

glucosidases, are widely distributed among plants
(Giinata et al., 1993; Hosel, 1981) and micro-organisms
(Leclerc, Arnaud, Ratomahenina, & Galzy, 1987,

Woodward & Wiseman, 1982). Among fruits, clear evi-
dence of glycosidic flavour precursors was first reported
in grape berry, where they constitute an important fla-
vour potential (Glinata et al., 1985a, 1985b). Conse-
quently, glycosidases from this fruit have been the
subject of several studies; B-glucosidase (Aryan, Wilson,
Strauss, & Williams, 1987; Lecas, Gunata, Sapis, &
Bayonove, 1991; Sarry et al., 2003); a-arabinofuranosi-
dase (Aryan et al., 1987; Gilinata, Biron, Sapis, & Bay-
onove, 1989) and a-rhamnopyranosidase (Aryan et al.,
1987; Giinata et al., 1989) activities were detected in
various grape varieties, but not B-apiosidase. Most of the
studies concerned B-glucosidase activity as it is a key
enzyme in flavour release. Furthermore, it is the most
abundant glycosidase activity in grape berry as well as in
vine leaves (Sarry et al., 2003). The enzyme occurs in
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multiple forms in grape berry. Among different parts of
the grape berry, the skin was the richest in activity (Sarry
et al., 2003). A histochemical study has shown that en-
zyme is localized in the hypodermic walls of grape berry
skins (Sarry et al., 2003). This assumption was further
supported by the possibility of the solubilization of the
enzyme in the presence of polyethylene glycol and at high
ionic strength. B-glucosidase activity from melon fruit
was solubilized under similar conditions (Fils-Lycaon &
Buret, 1991). In contrast, enzymes from papaya (Schreier
& Schreier, 1986), orange (Cameron, Manthey, Baker, &
Grohmann, 2001) and sweet cherry (Gerardi, Blando,
Santino, & Zacheo, 2001) fruits and from tea leaves
(Ogawa et al., 1997) were readily soluble in the extraction
medium. Sweet cherry enzyme was mainly localized in
cytosol and in the apoplast. B-glucosidase and exogly-
cosidase activities were found to increase during ripening
of grape berries (Aryan et al., 1987; Sarry et al., 2003)
and melon fruit (Fils-Lycaon & Buret, 1991).

4.2.2. Diglycosidase

Diglycosidase activity has recently been reported in
grape berry (Gilinata et al., 1998; Sarry et al., 2003), vine
leaves (Sarry et al., 2003) and tea leaves (Ogawa et al.,
1997). The enzyme, isolated from grape berry skins, was
partially characterized (Sarry et al., 2003). Although
needing confirmation, grape disaccharidase seems to
possess P-glucosidase activity, contrary to the enzyme
from tea (Guo et al., 1996; Mizutani et al., 2002).

The enzyme from tea leaves was named primeveros-
idase, after primeverosides, which are the most abun-
dant glycosidic aroma precursors in this plant. It was
quite recently sequenced and has a strong homology
with common B-glucosidases from various plants, be-
longing to the glycoside hydrolase family GH1 (Mizu-
tani et al.,, 2002). As for B-glucosidase activity, the
recovery of diglycosidase activity from grape berries and
vine leaves required the use of PEG (Sarry et al., 2003).
In contrast, primeverosidase from tea leaves was readily
soluble in the extraction medium (Guo et al., 1996).
Among different grapevine tissues, berry skins were the
richest in diglycosidase activity (Sarry et al., 2003). Ac-
tivity increased during grape berry maturation, showing
a similar tendency to changes with B-glucosidase activity
(Sarry et al., 2003). Primeverosidase activity was found
to be more abundant in young tea leaves than in old
leaves (Ogawa et al., 1995). Importantly, high quality
oolong and black tea is traditionally obtained from
young tea leaves (Mizutani et al., 2002).

4.3. Microbial glycosidases
4.3.1. Exoglycosidases and [-glucosidase

4.3.1.1. Yeasts. Saccharomyces cerevisiae is the main
yeast involved in alcoholic fermentation of grape juice.

Under fermentation conditions, this yeast displays low
levels of a-arabinofuranosidase, a-rhamnosidase and -
glucosidase activities (Delcroix, Giinata, Sapis, Salmon,
& Bayonove, 1994; Dubourdieu, Darriet, Ollivier, Boi-
dron, & Ribéreau-Gayon, 1988), the latter being the
most abundant. Consequently, non-Saccharomyces
yeast species from grape berry flora or from other
sources were studied: (i) for producing glycosidases,
mainly B-glucosidase during grape juice fermentation in
mixed culture with S. cerevisiae (Garcia et al., 2002); (ii)
for constructing recombinant S. cerevisiae strains ex-
pressing the relevant activity (Raynal & Guerineau,
1984; Sanchez-Torres, Gonzalez-Candelas, & Ramon,
1998); and (iii) for obtaining glycosidase preparations
for flavour enhancement in fruit juice processing and
winemaking (Rosi, Vinella, & Domizio, 1994; Vasserot,
Chemardin, Arnaud, & Galzy, 1989; Yani & Sato,
1999).

The yeast species from the genera Dekkera (Blondin,
Ratomahenina, Arnaud, & Galzy, 1983), Debaryomyces
(Belancic, Giinata, Vallier, & Agosin, 2003; Rosi et al.,
1994), Kloeckera (Vasserot, Chemardin, Arnaud, &
Galzy, 1990), Hansenula (Vasserot et al., 1989) and
Candida (Gondé, Ratomahenina, Arnaud, & Galzy,
1985) are able to synthesize B-glucosidase when cultured
on a suitable culture medium. Membrane and cytoplasm
localisation of the enzyme in yeasts were reported
(Kaplan, 1965; Leclerc et al., 1987). Except for Candida
and Debaryomyces species, B-glucosidases from yeasts
are often intracellular (Leclerc et al., 1987).

4.3.1.2. Filamentous fungi. Mold-contaminated grape
berries usually contain the fungus Botrytis cinerea. The
development of this fungus enriches grape juice in -
glucosidase, a-arabinofuranosidase and a-rhamnosidase
activities (Giinata et al.,, 1989). However, mold-con-
taminated juices contain glucono-8-lactone, which is a
strong inhibitor of B-glucosidase activity (Heyworth &
Walker, 1962).

Pectic and hemicellulase enzyme preparations, widely
used in fruit juice processing and winemaking, especially
to improve juice clarification and juice yield, are mainly
obtained from filamentous fungi, particularly Aspergil-
lus spp. (Pilnik & Voragen, 1991; Villettaz & Dubour-
dieu, 1991). They contain ‘“‘side activities”’, among them
glycosidases, as shown in Table 1 where only glycosid-
ases involved in the hydrolysis of grape glycosidic
flavour precursors were reported (Giinata et al., 1993).
B-glucosidase and a-arabinofuranosidase are usually the
most abundant white a-rhamnosidase, and particularly
B-apiosidase activities, are either very low or absent. 3-
apiosidase production by A. niger was found to be
inducible (Dupin et al., 1992). Among enzyme prepa-
rations, a noticeable difference in terms of glycosidase
activities was observed. Indeed, they are formulated for
their pectinase or cellulase activities.
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Table 1

Glycosidase activities (nkat/mg) involved in volatile release from some enzyme preparations

B-glucosidase

a-arabinofuranosidase

o-rhamnosidase B-apiosidase

Cellulase A 6.1 0.6
Hemicellulase 7.1 7.0
Pectinol VR 0.2 0.1
Rohament CW 33 0.7
Pectinol D5S 0.5 0.7
Pektolase 3PA 1.5 3.8
Ultrazym 100 0.5 0.1
Pectinase 263 7.2 1.4
AR 2000 5.6 9.2

0.007 nd
0.9 nd
nd nd
0.4 nd
nd nd
0.04 0.3
nd 0.03
0.3 0.2
0.32 1.08

Source: CellulaseA, Hemicellulase, Pectinase 263, AR 2000:Gist-Brocades

Pectinol VR, Rohament CW, Pectinol D5S: Rohm
Pektolase 3PA: Grinsted

Ultrazym 100: Ciba-Geigy;

nd: not detected.

4.3.1.3. Bacteria. B-Glucosidase from Bacillus poly-
myxa, which had been expressed in S. cerevisiae (Adam,
Rubio-Texeira, & Polaina, 1995), was able to hydrolyse
monoterpenic B-glucosides (Giinata et al., 1996). Re-
cent reports have shown that strains from Oenococcus
oeni involved in the malolactic fermentation of wine
possess exoglycosidase and B-glucosidase activities
(Bodio, Lloret, Medina, Carrau, & Dellacassa, 2002;
Grimaldi, McLean, & Jiranek, 2000). Hydrolysis of
glycosides during this biological process has been re-
ported. However, the levels of free aglycones did not
increase (Bodio et al., 2002). More studies are needed to
understand the implication of malolactic fermenta-
tion bacteria on the hydrolysis of glycosidic flavour
precursors.

4.3.2. Diglycosidase

To date, there is only one paper reporting a digly-
cosidase from A. niger hydrolysing geranyl-B-rutinoside.
The enzyme was induced when the fungus was cultured

on rutin as the sole carbon source (Shoseyov, Bravdo,
Ikan, & Chet, 1988).

5. Properties of glycosidases
5.1. General

Properties of glycosidases mainly in relation to their
role in flavour release are now considered.

5.2. Effects of pH and temperature

The optimum pH activities of plant (Aryan et al.,
1987; Lecas et al., 1991; Schreier & Schreier, 1986) and
microbial (Leclerc et al., 1987; Woodward & Wiseman,
1982) B-glucosidases are in general from 4.0 to 6.0. In
the pH of fruit juices (2.8-3.8), only 5-15% of the
maximum activity of most B-glucosidases is observed.

The optimum pH activity of fungal a-arabinofura-
nosidase (Gtlnata, Brillouet, Voirin, Baumes, & Cor-
donnier, 1990a; Kaji, 1984) and o-rhamnosidase
(Cordonnier, Gtinata, Baumes, & Bayonove, 1989;
Roitner, Schalkhammer, & Pittner, 1984) is close to that
of fungal B-glucosidase (Glinata, Dugelay, Vallier, Sa-
pis, & Bayonove, 1997). Both o-arabinofuranosidase
and o-rhamnosidase show more than 50% of their
maximum activities in the pH range of fruit juices.

A good stability of glycoside hydrolases at the acidic
pH of fruit juices is important for technological appli-
cations. The exoglycosidases and B-glucosidase from A.
niger (Glinata et al., 1997) and a B-glucosidase from a
mutant strain of C. molishiana (Janbon, Derancourt,
Chemardin, Arnaud, & Galzy, 1995; Vasserot, Che-
mardin, Arnaud, & Galzy, 1991) have shown very good
stability in fruit juices, contrary to the enzymes from
grape berry (Gtuinata et al., 1993) and S. cerevisiae
(Delcroix et al., 1994).

The optimum temperature activities of plant (Lecas
et al., 1991; Schreier & Schreier, 1986) and microbial
(Leclerc et al., 1987; Woodward & Wiseman, 1982)
glycosidases are generally 40-50 °C. Thermal denatur-
ation is accelerated at temperatures above 50 °C (Dek-
ker, 1986; Leclerc et al., 1987). In general, glycosidases
from filamentous fungi are more heat-resistant than
those from plants and yeasts.

5.3. Specificity

5.3.1. Exoglycosidases and -glucosidase

The activity of exoglycosidases: a-arabinofuranosi-
dase (Gilinata et al., 1988; Giinata et al., 1990a), a-ara-
binopyranosidase (Chassagne, Bayonove, Crouzet, &
Baumes, 1995), a-rhamnosidase (Giinata et al., 1988)
and B-apiofuranosidase (Dupin et al., 1992) was not
affected by the aglycone moiety of the diglycosides. This
can be explained by the fact that the orientation of the
terminal sugar of diglycosides remains the same, what-
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ever the aglycone moiety (Voirin, Baumes, Bayonove,
M’Bairaroua, & Tapiero, 1990). However, the aglycone
structure of B-p-glucosides has a great effect on the ac-
tivity of B-glucosidases. B-p-Glucosides of primary and
secondary alcohols are good substrates for plant (Aryan
et al., 1987; Giinata, Bayonove, Tapiero, & Cordonnier,
1990b) and microbial enzymes (Giinata et al., 1990a;
Gilinata, Bayonove, Cordonnier, Arnaud, & Galzy,
1990c), while tertiary alcohol B-p-glucosides are effec-
tively hydrolyzed by B-p-glucosidases from fungi,
mainly those from A. niger (Giinata et al., 1990b),
Candida (Gunata et al., 1990c) and Debaryomyces spp
(Belancic et al., 2003). The pattern of liberated agly-
cones, and therefore the sensory properties of the
products, can be influenced by the source of enzyme.

5.3.2. Diglycosidase

Diglycosidase from grape berry skin was found to
have much broader substrate specificity (Sarry et al.,
2003) than that (primeverosidase) from tea leaves
(Mizutani et al., 2002). Grape enzyme was able to cat-
alyse hydrolysis of B-rutinosides, B-primeverosides, B-
vicianosides and arabinofuranosyl-1,6-B-p-glucosides,
while tea enzyme showed a pronounced specificity for p-
primeverosides. Fungal diglycosidase from A. niger was
able to hydrolyze B-rutinosides (Shoseyov et al., 1988).
The activity of this enzyme against other diglycosidic
flavour precursors was not studied.

5.4. Inhibitors

There is no clear evidence of a cofactor requirement
for O-glycosidases. B-Glucosidase activity is inhibited by
glucose, the extent of inhibition depending on the source
of enzyme (Giinata & Vallier, 1999; Leclerc, Arnaud,
Ratomahenina, Galzy, & Nicolas, 1984; Sarry et al.,
2003). Therefore, the use of glucose-tolerant B-glucosi-
dase is important for flavour release in glucose-rich
products, such as fruit juices. Other sugars, mono or
disaccharides, at the levels encountered in fruit juices,
have no significant influence on B-glucosidase activity
(Shoseyov et al., 1988).

The inhibition by glucose is often of a competitive
type. B-Glucosidases from almond (Heyworth & Walker,
1962) and grape (Lecas et al., 1991) are resistant to glu-
cose inhibiton with Ki values of 170 and 210 mM, re-
spectively. Enzymes from yeasts S. cerevisiae (Ki=6.7
mM) (Inamdar & Kaplan, 1966), C. molischiana (Ki="7
mM) (Gondé et al., 1985) and Dekkera intermedia
(Ki=3 mM) (Blondin et al., 1983) are more sensitive to
glucose inhibition than those from yeasts C. wickerhamii
(Ki=230 mM) (Leclerc et al., 1984), C. peltata
(Ki=1400 mM) (Saha & Bothast, 1996) and D. vanriji
(439 mM) (Belancic et al., 2003). Bacterial and filamen-
tous fungal-originated B-glucosidases are generally
strongly inhibited by glucose with a Ki of 0.6-10 mM

(Dekker, 1986; Hoh, Yeoh, & Tan, 1992). A highly
glucose-resistant B-glucosidase from A. oryzae (Ki=953
mM) (Gilinata & Vallier, 1999) and A. niger (Ki= 543
mM) (Yan & Lin, 1997) was recently reported.

Fungal exoglycosidase activities, i.e., a-arabinofura-
nosidase (Le Clinche, Pinaga, Ramon, & Valles, 1997),
B-apiofuranosidase (Dupin et al., 1992) and o-rham-
nosidase (Romero, Manjon, Bastida, & Iborra, 1985),
are not significantly inhibited by glucose in the con-
centrations at which this sugar occurs in fruit juices.
Grape diglycosidase was less inhibited by glucose than
grape B-glucosidase (Sarry et al., 2003). A. niger digly-
cosidase was more strongly inhibited by glucose (Ki =40
mM) (Shoseyov et al., 1988) than grape enzyme.

Glucono-d-lactone, a transition state glucose ana-
logue, is one of the most powerful inhibitors of B-glu-
cosidases from plants (Heyworth & Walker, 1962; Lecas
et al., 1991) and micro-organisms (Dekker, 1986; Leclerc
et al., 1987) with Ki values often lower than 1 mM. The
concentration of this compound can rise up to 10 mM in
grape juices and wines obtained from mold-contami-
nated grapes (McCloskey, 1974).

In general, glycoside hydrolase activities are not sig-
nificantly influenced by ethanol (10%, v/v) (Cordonnier
et al., 1989; Leclerc et al., 1984) and sulfur dioxide (50—
200 ppm) (Sanchez-Torres, Gonzalez-Candelas, & Ra-
mon, 1996; Shoseyov et al., 1988) at the usual levels
found in fruit juice processing and in wines. Metal ions,
such as Agt, Hg?*, Cu®>", Mg?*, Ca?*, Fe?*, and Fe’',
are potent inhibitors of plant and fungal glycosidases
(Leclerc et al., 1987; Sarry et al., 2003). The strongest
inhibition often occurs with Ag*, Hg>* and Cu’>*. The
inhibition can be reversed by reducing agents. The target
of these cations on the enzyme may be the catalytic
nucleophile glutamate.

6. Flavour release by plant and microbial glycosidases
6.1. By endogenous enzymes

Although glycosidase activities increase in fruit dur-
ing the ripening process (Fils-Lycaon & Buret, 1991;
Sarry et al., 2003), no clear evidence is yet available of a
relationship with the hydrolysis of glycosidic flavour
precursors. This phenomenon may not occur, since
there is compartmentation of substrates and enzymes in
plant cells (Hosel, 1981). On the contrary, the implica-
tion of glycosidases in cell-wall degradation has been
suggested (Nunan, Davies, Robinson, & Fincher, 2001).
The floral aroma formation during the tea manufac-
turing process is attributed to the endogenous primev-
erosidase. It has been suggested that B-primeverosides
and B-primeverosidase are localized separately in tea
leaves and contact takes place during the tea manufac-
turing process when leaf tissues are stressed and
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wounded (Mizutani et al., 2002). The formation of
flower fragrance compounds in Gardenia jasmonoides
flowers was attributed to a glycosidase activity, reaching
a maximum level at the flower opening stage (Nakajima
et al., 1993).

Due to the ionically bound cell-wall localization of
glycosidases from grape berry (Sarry et al., 2003), their
solubilization during winemaking may be of little im-
portance. This may explain, among other things, the
quite low hydrolysis of glycosides during grape juice
processing (Delcroix et al., 1994; Giinata et al., 1985b).

Glycosidases from yeast S. cerevisiae, originating
from grape berry flora, have little effect on the hydro-
lysis of glycosidic flavour compounds during grape juice
fermentation because of the quite low levels of activities,
together with poor stability in the pH of grape juice
(Delcroix et al., 1994).

When a Muscat grape juice was co-fermented in a
mixed culture with S. cerevisiae and D. vanriji, able to
synthesize high levels of B-glucosidase in a synthetic
culture medium (Belancic et al., 2003), the amounts of
volatiles increased in wines compared to the control.
This could be attributed to the B-glucosidase activity of
D. vanriji. However, B-glucosidase synthesis by D. van-
riji was quite low under grape juice fermentation con-
ditions, which could explain why most of the glycosides
were still present in wines (Garcia et al., 2002).

6.2. Exogenous enzymes

Most applications of exogenous enzymes have con-
cerned wines because of the abundance of glycosidic
flavour precursors and the flavour is a wine’s most im-
portant distinguishing characteristic. Moreover, wines
originating from complete metabolism of fermentable
sugars do not contain glucose, or only minute amounts.
Alternatively, the enzymes were used in fruit juice pro-
cessing to enhance flavour.

Table 2

6.3. Wines

Commercial enzyme preparations (pectinases and
hemicellulases) containing glycosidase activities (Ber-
trand & Beloqui, 1996; Cabaroglu, Selli, Canbas, Lep-
outre, & Giinata, 2003; Giinata et al., 1993; Rogerson,
Grande, & Silva, 1995) and B-glucosidase preparations
from yeasts (Gueguen, Chemardin, Pien, Arnaud, &
Galzy, 1997; Yani & Sato, 1999), or filamentous fungi in
solution or immobilized forms, have been used to en-
hance wine flavour (Spagna et al., 1998).

Numerous studies have been published. Table 2 gives
some examples of the effect of the use of exogenous
enzymes on volatiles in winemaking, from several grape
varieties. Since the reported quantitative data were ob-
tained by different enzyme preparations, grape varieties
and analytical techniques, a direct comparison is not
feasible. Nevertheless, the general tendency is a signifi-
cant increase of volatiles, by several-fold in some cases,
corresponding to three classes of chemical compounds:
monoterpenes, norisoprenoids and benzene derivatives.
Generally, the highest increase among monoterpenes
was often observed for geraniol, nerol, linalool, linalool
oxides and some monoterpene polyols, among nori-
soprenoids for 3-hydroxy-f-damascone, 3-oxo-a-ionol
and vomifoliol, and among benzene derivatives for
benzyl alcohol, 2-phenylethanol, tyrosol and zingerone.
For the benzene derivatives, the increases of 4-vinyl-
phenol and 4-vinylguaiacol could be the consequence of
cinnamate esterase activity from enzyme preparations
(Chatonnet, Barbe, Canal-Llauberes, Dubourdicu, &
Boidron, 1992; Dugelay, Giinata, Sapis, Baumes, &
Bayonove, 1993). Glycosidase-treated wines, from
monoterpene-rich grape varieties, Muscat, Riesling and
Gewurztraminer, are often perceived to have more in-
tense floral attributes, due to the enrichment of the wines
in monoterpenes largely exceeding their perception
threshold values (Bertrand & Beloqui, 1996; Giinata

Effect of the use of glycosidase-rich pectinase preparations(!) or B-glucosidase preparations from yeasts?®) on the release of volatiles (ug/l) from

glycosides in winemaking

Monoterpenes Norisoprenoids Benzene derivatives® References

Control Treated Control Treated Control Treated
Muscat of Frontignan(® 4384 7718 9 542 101 392 Giinata et al. (1993)
Riesling() 2418 3119 nd 407 107 693 Giinata et al. (1993)
Gewurztraminer(!) 129 248 nr nr or nr Bertrand and Beloqui (1996)
Emir" 14 25 48 74 809 1105 Cabaroglu et al. (2003)
Trajadura® 100 233 nr nr nr nr Rogerson et al. (1995)
Muscat® 805 1407 nr nr nr nr Yani and Sato (1999)
Muscat of Lunel® 3916 4646 nr nr nr nr Gueguen et al. (1997)
Sauvignon® 2018 2178 nr nr 46 120 Gueguen et al. (1997)
Chardonnay®-® 2310 2500 nr nr 36 97 Gueguen et al. (1997)

nd: not detected; nr: not reported.

#4-vinylphenol and 4-vinylguaiacol, although detected were not included since their formation is often due to the other enzymatic activities.
® Increases observed for pinene and terpinene in treated sample were not included since they cannot derive from the hydrolysis of glycosides.
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Table 3
Effect of the use of yeast B-glucosidase preparations on the release of volatiles (ng/l) from glycosides in fruit juices
Monoterpenes Benzene derivatives References
Control Treated Control Treated
Peach® 350 1260 260 1350 Gueguen et al. (1996)
Cherry 480 1180 2600 3700 Gueguen et al. (1996)
Strawberry 100 770 130 1080 Gueguen et al. (1996)
Passion fruit® 180 200 250 500 Gueguen et al. (1996)
Orange 110 870 nd 200 Gueguen et al. (1996)
Papaya 1800 2200 nd nd Gueguen et al. (1996)
Apple 180 500 110 200 Gueguen et al. (1996)
Grape (Muscat of Rosada) 1492 2685 nr nr Belancic et al. (2003)

nd: not detected; nr: not reported.

#Increases observed for pinene and terpinene in treated samples were not included since they cannot derive from the hydrolysis of glycosides.

etal., 1993). For other varieties, although an increase can
be observed in monoterpene levels, a direct contribution
of these compounds to flavour of wines seems limited
because enrichment does not often exceed the perception
threshold of the monoterpenes (Cabaroglu et al., 2003;
Gilinata et al., 1993; Rogerson et al., 1995). Glycosidase-
treated wines can contain unusually high levels of citro-
nellol (citrus notes), as the consequence of yeast reduc-
tase activity on geraniol and nerol (Di Stefano,
Magiorotto, & Gianotti, 1992; Dugelay, Giinata, Sapis,
Baumes, & Bayonove, 1992).

The norisoprenoid levels liberated by exogenous en-
zymes in wines are generally quite similar among grape
varieties (Glinata et al., 1993). In some papers, these
compounds are not analyzed because the reference
compounds are not commercially available and the rel-
evant GC/MS identification library is usually not com-
plete. The liberated norisoprenoids are odourless, but
some are able to generate odour-active compounds, such
as B-damascenone, vitispirane and theaspirane by fur-
ther acid-catalyzed reactions occurring during wine
conservation (Winterhalter, 1992). Hence, the rapid
liberation of aglycones by enzymatic hydrolysis could
accelerate the formation of odorous compounds in
wines. Indeed, the aglycones are not chemically reactive
when glycosylated and the acid hydrolysis of glycosides
takes place slowly under traditional wine storage con-
ditions (Giinata et al.,, 1985b; Park & Noble, 1993).
Benzene derivatives, liberated by enzyme treatment,
may not contribute to the flavour of wine on the basis of
their perception threshold value (Cabaroglu et al., 2003;
Giinata et al., 1993).

Two parameters should be taken into consideration
in the choice of glycosidase-rich pectinase/hemicellulase
preparations for flavour increase in winemaking. First,
these preparations should not contain significant levels
of cinnamate esterase activity, which leads, in connec-
tion with a decarboxylase activity from S. cerevisiae, to
the formation of high levels of volatile phenols, im-
parting a phenolic off-flavour to wine (Chatonnet et al.,

1992; Dugelay et al., 1992). Second, B-glucosidase ac-
tivity from enzyme preparations should possess quite
low activities towards glucosylated anthocyanidins to
avoid colour loss in red wines (Le Traon-Masson &
Pellerin, 1998).

B-Glucosidase preparations from yeasts C. molischi-
ana and D. hanseni allowed increases of volatiles in
treated wines (Table 2) (Gueguen et al., 1997). In this
case, the hydrolysis of B-glycosides should mainly con-
cern B-D-glucosides because of the possible lack of
exoglycosidase and diglycosidase activities.

6.4. Fruit juices

Due to the fact that most fungal B-glucosidases are
inhibited by glucose, little work has focused the use of
exogenous enzymes for aroma enhancement in fruit
juices.

B-Glucosidase from C. molischiana significantly in-
creased the levels of linalool, benzyl alcohol and 2-
phenylethanol in the juices of several fruits, such as
peach, cherry, strawberry, passion fruit, orange, apple
and papaya (Table 3) (Gueguen et al., 1996). D. vanriji
B-glucosidase addition to a Muscat grape juice resulted
in increase of the amounts of, mainly, linalool, geraniol
and a-terpineol (Belancic et al., 2003). Diglycosidase
from A. niger increased the levels of linalool, benzyl
alcohol, and benzaldehyde in a passion fruit juice
(Shoseyov, Bravdo, Tkan, & Chet, 1990).

7. Conclusion and perspectives

It is now well established that glycoconjugated vola-
tile compounds represent an important potential for
enhancing the flavour of fruit juices and derived bever-
ages. Moreover, they constitute an interesting source of
potent odour compounds in plant tissue products. Fla-
vour enhancement in fruit juices, and particularly in
wine processing, has nowadays become possible through
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the use of exogenous glycosidases. For a better control
of flavour recovery from glycosides in plants, fruits and
derived products, new challenges are opened through
genetic engineering by constructing fungal strains, re-
combinant yeast strains or transformed plants overex-
pressing target enzymes: diglycosidases from grape berry
and tea, B-glucosidases from fungi tolerant to glucose
inhibition and B-apiosidase from fungi.
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