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Abstract The detection of glucoconjugated forms of mono-
terpene alcohols in rose petals in the late 1960s opened the
new field of nonvolatile aroma precursors in flavor research. It
is now well established that odorless glycosides represent a
significant pool of aroma precursors in plants where they act
as preformed but inactivated defense or attractive chemicals.
Technical improvements in the separation and identification of
plant secondary metabolites have provided a multitude of
chemical structures, but functional characterization of glyco-
syltransferases that catalyze their formation lags behind. As
technical efforts and costs for DNA sequencing dramatically
dropped during the last decade, the number of plant genome
sequences increased significantly, thus providing opportuni-
ties to functionally characterize the glycosyltransferase gene
families in plants. These studies yielded the first glycosyl-
transferase genes that encode efficient biocatalysts for the
production of monoterpene glucosides. They have applica-
tions in the food, feed, chemical, cosmetic, and pharmaceuti-
cal industries as slow release aroma chemicals.
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Introduction

The isolation of geranyl, neryl, and citronellyl glucosides
from rose petals in 1969 opened a new area of flavor
research even though the increase in essential oil content
during storage of, e.g., peppermint, was reported decades
before (Francis and Allcock 1969). Research in the field
of monoterpene glycosides remained limited and made
insufficient progress showing that these results were not
properly appreciated by the scientists involved in essential
oil analysis. Besides, the low concentration of the plant
secondary metabolites and restricted analytical capacities
added to the low success in this area (Williams et al.
1982). However, improvements in separation and detec-
tion techniques as well as the development of novel high
sensitive analytical instruments have significantly facili-
tated the identification of low abundant glycosides
(Allwood and Goodacre 2010; Wang et al. 2000). A
plethora of terpene glycosides from plants are known,
now but the functional characterization of glycosyltrans-
ferase (GT) enzymes that catalyze their formation is lag-
ging behind partly due to several technical constraints
including availability of substrates and standards. Further-
more, their detection by mass spectrometry is challenging
by virtue of their chemical composition.

Recently, the 55th plant genome has been sequenced and is
publicly available (Michael and Jackson 2013). These genome
databases contain GT gene families comprising 15
(Physcomitrella patens) to 377 (Eucalyptus grandis) GT fam-
ily 1 members (http://supfam.cs.bris.ac.uk/SUPERFAMILYY/).
The GT families provide the unique opportunity to
systematically identify genes and their encoded proteins that
are involved in terpene glycoside formation. Metabolite
profiling analyses in combination with gene expression
experiments and biochemical characterization of
recombinant proteins resulted in the identification of the first
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monoterpene GTs (Bonisch et al. 2014a, b; Yauk et al. 2014).
This paper reviews the recent progress in research on terpene
GTs.

Glucosyltransferases

The Carbohydrate-Active EnZymes (CAZy) database pre-
sents a sequence-based classification of GTs (EC 2.4.x.y) into
over 90 families (Cantarel et al. 2009; Lombard et al. 2014;
Lao et al. 2014). GTs are found in all kingdoms of life and are
required for a wide range of metabolic processes as they
catalyze the transfer of sugar moieties from activated donor
molecules, usually uridine diphosphate (UDP) o-D-glucose to
specific acceptor molecules, such as sugars, lipids, proteins,
nucleic acids, antibiotics, and other small molecules, with
either retention or inversion of configuration at the anomeric
center (Lairson et al. 2008; Wang 2009). GTs that use sugar
nucleotides are called Leloir enzymes. The product of glyco-
syl transfer may be an O-, N-, S-, or C-glycoside.
Glucosyltransferases catalyze the formation of D-glucosides
whereas glycosyltransferases transfer any type of sugar. Orig-
inally, GTs have been classified according to their reaction
catalyzed and their substrate specificity; however, the genome
sequencing projects have revealed a large number of GT genes
with still unknown function. Therefore, a novel classification
system based on amino acid sequence similarities has been
proposed to accommodate the increasing number of GT genes
(Coutinho et al. 2003; http://www.cazy.org/
GlycosylTransferases.html). These GT families are classified
hierarchically from their 3D structures (fold GT-A, GT-B, or

Fig. 1 3D structure of a CAZy
family 1 member. VvGT1 from
Vitis vinifera has been shown to
preferentially glucosylate
anthocyanidins and flavonols,
albeit with lower efficiency than
anthocyanidins (Offen et al.
2006). It is an inverting GT of the
GT-B type; pdb accession number
2C1Z with the ligands kaempferol
(acceptor) and uridine-5'-
diphosphate-2-deoxy-2-fluoro-o-
D-glucose (substrate analogon) is
shown

donor substrate

t
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predicted GT-C) to their mechanism (inverting or retaining
GTs). The same three-dimensional fold is expected to occur
within each of the families. Leloir glycosyltransferases have
been found to possess only two different folds, termed the GT-
A and GT-B folds (Unligil and Rini 2000). The GT-A fold
consists of two dissimilar domains, one involved in nucleotide
binding and the other binding the acceptor. The GT-B fold
consists of two similar Rossmann fold subdomains (Fig. 1).
The proportion of GT genes among protein coding genes is
similar across a wide range of sequenced genomes (Yonekura-
Sakakibara and Hanada 2011; Lairson et al. 2008). However,
the proportions of GT genes in each CAZy GT family differ
among organisms. The GT1 and GT31 families contain the
majority of the GTs of an organism. Genes of the GT2, 8§, and
47 families appear to be specific to plants, while those of
GT29 are human-specific. The specificities reflect the unique
aspects of the metabolism of each organism as the GT2, 8, and
47 families comprise enzymes involved in plant cell wall
formation (Yonekura-Sakakibara and Hanada 2011).
CAZyfamily 1 GTs play important roles in the stabiliza-
tion, improvement of water solubility, and deactivation/
detoxification of natural products. They function in the regu-
lation of metabolic homeostasis, detoxification of xenobiotics,
and the biosynthesis, storage, and transport properties of sec-
ondary metabolites. In plants, they are generally localized in
the cytosol where they are involved in the glycosylation of
flavonoids, phenylpropanoids, terpenoids, steroids, steroidal
alkaloids, and in the regulation of plant hormones (Bowles
et al. 2006; Lim et al. 2003). GT1 enzymes contain a highly
conserved sequence comprising 44 amino acid residues which
is involved in binding to the UDP sugar as studies of crystal
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structures of a limited number of GTs have confirmed (Offen
et al. 2006). Interestingly, despite low sequence similarities,
all GT1 proteins contain a GT-B fold, consisting of two /c/B3
Rossmann-like domains whereas the C- and N-terminal do-
mains interact with the activated sugar and acceptor molecule,
respectively. The 3D arrangement of both domains to each
other is stabilized by a backbone which is built by two helices
(Fig. 1; shown in red; Janvary et al. 2009).

Numerous GTs with verified and/or mostly putative
functions have been identified in various plant species
(Yonekura-Sakakibara 2009). In a recent study out of four
GTs involved in formation of steroidal glycoalkaloids in
tomato and potato, three were found to be clustered on
chromosome 7 (Itkin et al. 2013). Besides, recent progress
in genome sequencing projects reveals continuously a
multitude of additional GT genes. However, the functions
of many of the GTs remain obscure. Even in Arabidopsis
thaliana, a very well-studied species, the proportion of
GTs functionally characterized in planta is less than 20 %
(Bowles 2002). Considerable progress has been made in
understanding the function and substrate preference of
GTs by biochemical assays, reverse genetics and compar-
ative genomic, transcriptomic and metabolomic analyses,
but more straightforward methods are required to speed
the functional identification of GTs. Although screening
of recombinant GT enzymes with randomly chosen sub-
strates provides valuable information about GT promiscu-
ity, it will not necessarily reveal the in planta substrates
because not all of the substrates might be available in
sufficient quantity for enzyme assays. For example, more
than 200 different volatile aglycones alone have been

Fig. 2 Targeted functional
screening of small molecule
glucosyltransferases by means of
aglycone libraries prepared from
different plant tissues
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detected in grape extracts from Vitis vinifera, and the total
number of all possible acceptors including the nonvolatile
ones will be even higher.

Only recently, a novel method based on aglycone libraries
has been reported for the identification of in vivo substrates of
GT enzymes (Bonisch et al. 2014a). In brief, glycosides were
isolated from plant tissues that showed the highest expression
levels of the target gene. An aglycone library of the tissue was
obtained by enzymatic hydrolysis of the total glycosidic ex-
tract followed by extraction of the released alcohols, acids,
amines, and thiols. This physiologic library that contained
potential natural substrates of the studied GT was screened
with the recombinant GT enzyme and either radiochemically
labeled or unlabeled UDP glucose. The formed glucosides
were separated by thin layer chromatography and visualized
by radiodetection, whereas identification was achieved by
liquid chromatography-tandem mass spectrometry (Fig. 2;
Bonisch et al. 2014a). The method has been successfully
applied in the identification of the first monoterpene GTs from
grapevine (Vitis vinifera) that are involved in the glucosylation
of volatile, small molecule secondary metabolites. The meth-
od will facilitate the functional characterization of novel GTs
in the future.

Aroma and fragrance

A chemical compound (odorant) has a smell or odor when it is
sufficiently volatile to be transported to the olfactory system in
the upper part of the nose and interacts with the olfactory
receptors (Dunkel et al. 2014; Marks et al. 2012; Rowan
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2011). Generally, molecules meeting this specification have
molecular weights of less than 300 Daltons. Flavors affect
both the sense of taste and smell, whereas fragrances and
aromas affect only smell. Flavors and aromas tend to be
naturally occurring and are used to describe all sensory prop-
erties of food whereas fragrances tend to be synthetic and are
utilized in the context of cosmetics, especially in perfumery.
Volatile compounds are biochemically produced by plant
enzymes in fruits, flowers, leaves, roots, or more specifically
differentiated organs such as glandular trichomes, oil ducts, or
cavities, are formed as by-products during fermentation pro-
cesses, or are chemically generated during food processing
(Schwab et al. 2008). Aroma compounds such as short-chain
esters, alcohols, aldehydes, ketones, lactones, thiols, amines,
phenolics, and terpenoids play a significant role in the pro-
duction of flavorants and flavorings, which are used in the
food industry to flavor, improve, and generally increase the
appeal of their products (Berger 2009; Serra et al. 2005).

Terpenes are a large and very diverse group of organic
compounds derived from the two basic C5 precursors dimeth-
yl allyl pyrophosphate and isopentenyl pyrophosphate
(Schwab et al. 2008; Bouvier et al. 2005). They are produced
by plants, though also many insects emit terpenes
(Gershenzon and Dudareva 2007). When olefinic terpenes
are chemically modified such as by oxidation or rearrange-
ment of the carbon skeleton, the resulting compounds are
generally referred to as terpenoids or isoprenoids (Bohlmann
and Keeling 2008). Terpenes and terpenoids are the primary
constituents of the essential oils of many types of plants and
are widely used as natural flavor additives for food, as fra-
grances in perfumery, and in medicine and aromatherapy
(Caputi and Aprea 2011). While the volatile hemiterpenoids
(C5), monoterpenoids (C10), and sesquiterpenoids (C15)
mainly contribute to the odor of a product, higher terpenoids
are perceived as tastants such as the steviosides, which are
sweet tasting glycosides of the diterpenoid steviol (Genus
2003)

Flavor and fragrance are dynamic and elusive. The appeal-
ing odor of fresh products can be lost in a day. It is important
to harness flavors and fragrances and incorporate them into
products to make them appear fresh, wholesome, and attrac-
tive to consumers for as long as possible. Just like some other
compounds, odorants will react and escape from products.
Once a product is on the store shelf, oxidation, hydrolysis,
and other processes may cause it to lose its desired attributes
and even develop off-flavors (Tikunov et al. 2013). Thus,
methods are required to stabilize flavor and fragrance mole-
cules. One way to limit aroma degradation or loss during
processing and storage is to encapsulate volatile ingredients
prior to use in foods or beverages (Feng et al. 2009). Flavor
encapsulation methods are spray drying, fluidized bed coat-
ing, melt extrusion, complex coacervation, aqueous diffusion,
and novel fat-coating. Alternatively, aroma chemicals can be
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stabilized by adsorption to carriers such as cyclodextrins or by
chemical derivatization to esters (Herrmann 2007). In con-
trast, glycosylation of flavor and fragrance molecules is a
unique type of aroma stabilization as it is copied from nature
(Wen et al. 2014; Vilanova et al. 2012; Rocha et al. 2004).

Application of glycosyltransferase genes

GTs have been widely used in the synthesis of the
glycoconjugates of polyketides, flavonoids, nonribosomal
peptides, and further antibiotics (Xiao et al. 2014; Song et al.
2013; Singh et al. 2012; Thibodeaux et al. 2007; Lim et al.
2004). Suitable enzymes are isolated from natural sources or
produced by heterologous expression (Gachon et al. 2005). In
addition, whole cell biotransformation systems utilizing either
endogenous glycosyl donors or containing cloned and
expressed systems for synthesis of glycosyl donors have been
developed (Lim et al. 2004; Caputi et al. 2008). In cell-free
approaches, the large-scale application of GTs for
glycoconjugate synthesis has required access to large quanti-
ties of the glycosyl donors. Nucleotide recycling systems
which allow the resynthesis of glycosyl donors, e.g., UDP
glucose from the released nucleotide, e.g., by sucrose syn-
thase, have been developed (Biilter and Elling 1999). The
recycling approach has the further benefit of reducing the
amount of nucleotide formed as second product, thereby
minimizing GT inhibition, a commonly observed feature of
the nucleotide by-product (Masada et al. 2007).

In vivo and in vitro combinatorial biosynthesis technolo-
gies using substrate tolerant GTs have been used for the
synthesis of natural product antibiotics with altered glycosyl-
ation patterns that may have efficacious bioactivities (Song
et al. 2013). Understanding the biochemical processes that are
involved in the biosynthesis of sugar moieties of natural
products and the glycosylation reactions coupled with at-
tempts to engineer GTs will play a key role in the biological
synthesis of novel glycosylated products (Singh et al. 2012;
Kubo et al. 2004).

GT enzymes which act on hormones play an important role
in regulating the hormonal activity in plants, mammals, and
insects. Gain-of-function and loss-of-function mutant analy-
ses have revealed that they play a crucial role in hormone
homeostasis and in adaptation to various abiotic stresses
(Dong and Hwang 2014). Most conjugates of plant hormones
such as auxin, brassinosteroids, cytokinin, gibberellin,
abscisic acid, jasmonates, and salicylate do not show physio-
logical activity, but rather are involved in transport, signaling,
storage, and degradation of the phytohormones (Ostrowski
and Jakubowska 2014). Thus, GTs might also find applica-
tions in plant breeding.

Enzymatic glycosylation of terpenoids is a useful tool for
synthesis due to the high selectivity and the mildness of the
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reaction conditions in comparison with chemical reactions
(Rivas et al. 2013; Toshima and Tatsuta 1993). Several types
of biocatalysts have been used in the enzymatic glycosylation
of monoterpenoids such as geraniol which plays an important
role in the flavor and fragrance industry. Geraniol has a rose-
like scent and is released from its odorless and nonvolatile
glucoside by slow enzymatic or acidic hydrolysis (Clark
1998). This controlled release of a fragrance has much poten-
tial for application. Geranyl glucoside was enzymatically pro-
duced by reverse hydrolysis in a bioreactor from geraniol and
glucose using almond B-glucosidase as a biocatalyst (de
Roode et al. 2001). Similarly, geranyl, neryl, and citronellyl
glucosides have been produced by recombinant Pichia
etchellsii B-glucosidase II (Bachhawat et al. 2004). The major
drawback of these enzymatic glycosylation reactions is the
unfavorable equilibrium state of the reverse hydrolysis reac-
tion that inescapably results in a low product yield (Desmet
et al. 2012). Hence, the use of GTs for the biocatalytic pro-
duction of monoterpenoid glucosides was tested using a
microbial-based whole cell biotransformation system capable
of regenerating the cofactor, UDP-glucose. A high cell density
3-L fermentation system was shown to produce 240 mg of
geranyl glucoside during 6 h of the production phase (Caputi
et al. 2008). The bioprocess can be readily scaled-up by using
microbial whole cell biocatalysis systems that regenerate sug-
ar donors and enable good yields of glycosides without the
requirement for cofactor addition (Arend et al. 2001).

Monoterpenoid GT genes have been rarely reported until
now. In contrast, diterpenoid and triterpenoid-specific GTs
have been well described, for example for steviosides and
glycoalkaloids such as tomatine (Itkin et al. 2013; Yang
etal. 2014). Recombinant GT proteins encoded by genes from
Eucalyptus perriniana, Rauvolfia serpentine, Sorghum
bicolor, and Medicago truncatula are multisubstrate enzymes
that glucosylate monoterpenols, although with much lower
efficiency than their putative in planta substrates (Jones et al.
1999; Hefner et al. 2002; Hansen et al. 2003; Nagashima et al.
2004; He et al. 2006). It has also been shown that 27
Arabidopsis GTs glycosylate a diversity of monoterpenes,
sesquiterpenes, and diterpenes such as geraniol, linalool, ter-
pineol, and citronellol, but kinetic data have not been present-
ed (Caputi et al. 2008). In contrast, UGT85A24 from Garde-
nia jasminoides and UGT8 from Catharanthus roseus seem to
catalyze the glucosylation of the iridoids 7-deoxyloganin and
7-deoxyloganetic acid, respectively (Nagatoshi et al. 2011;
Asada et al. 2013). Iridoids are odorless, oxygen containing,
cyclic monoterpenes derived from 10-oxogeranial and are
often intermediates in the biosynthesis of alkaloids (Hofer
etal. 2013).

Only recently, the first monoterpenol-specific GTs were
reported from grapevine (Vitis vinifera) and kiwi (Actinidia
delicosa; Bonisch et al. 2014a,b; Yauk et al. 2014). Transcript
accumulation correlated with the production of monoterpenyl

B3-D-glucosides in grape and kiwi fruit during ripening. The
recombinant proteins glucosylate a range of short chain alco-
hols, including terpenoids, but prefer geraniol as substrate.
Kinetic data confirmed the efficient transformation of mono-
terpene alcohols (Table 1), and site-specific mutagenesis iden-
tified amino acids essential for enzymatic activity and sub-
strate tolerance (Bonisch et al. 2014b). Finally, biotransforma-
tion experiments demonstrated the applicability of the novel
GTs in biocatalytic processes for the production of
monoterpenyl glucosides.

Table 1  Kinetics of VvGT14, 15a-c from Vitis vinifera and AdGT4
from Actinidia delicosa

Enzyme  Substrate Kum Keat Keat'Km
[1M] [s7] [s"' mM]
VvGT14
Citronellol (rac) 9+0.3 0.02 2.5
Geraniol 9+1.2 0.02 2.6
Nerol 10+0.7 0.02 2.0
8-Hydroxylinalool 48+2.0 0.002 0.03
Terpineol 33+44 0.003 0.1
Linalool (rac) 47+0.1 0.0003 0.01
UDP-glucose 16+0.03 0.03 1.6
VvGT15a
S-Citronellol 29+3.0 0.02 0.9
Geraniol 63+2.4 0.12 1.9
Nerol 48+1.7 0.04 0.7
8-Hydroxylinalool 32+14 0.003 0.1
UDP-glucose 49+12.0 0.18 3.7
VvGT15b
S-Citronellol 55+1.3 0.03 0.6
Geraniol 81+1.0 0.10 1.2
Nerol 40+3.7 0.03 0.8
8-Hydroxylinalool 33+1.8 0.003 0.1
UDP-glucose 43+£1.0 0.17 4.1
VvGT15¢
S-Citronellol 20+1.6 0.03 1.8
Geraniol 43+0.7 0.17 39
Nerol 28+0.9 0.06 22
8-Hydroxylinalool 17+0.2 0.004 0.3
UDP-glucose 51£1.6 0.26 5.0
AdGT4
Geraniol 76+11.1 11.05 14.5
Octan-3-ol 67+16.2 0.75 1.1
Hexanol 117+£28.1 2.72 23
(Z)-hex-3-enol 57+20.0 0.49 0.9
UDP-glucose 45+15.2 6.93 15.6

Adapted from Bonisch et al. (2014a); Yauk et al. (2014)
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Terpene glycosides
Analysis

A majority of the volatile terpenoids occur also as
glycoconjugates in plants (Winterhalter and Skouroumounis
1997). Since the first detection of geranyl glucoside in rose
petals, various methods have been developed and applied to
isolate, identify, and quantify the odorless terpenoid deriva-
tives (Mateo and Jiménez 2000). The isolation of terpene
glycosides from plant extracts by selective retention of the
metabolites on a nonpolar solid-phase adsorbent (reversed
phase RP18 or polystyrene XADS) is the most frequently
used technique. By washing the loaded adsorbent with water
following the adsorption step, free sugars and other polar
constituents (polysaccharides, amino acids, acids, proteins,
and inorganic ions) can be removed while the less polar
glycosides are retained. Finally, elution with a nonpolar or
semipolar solvents such as pentane or diethyl ether, respec-
tively, removes fatty acids and other nonpolar compounds
whereas elution with a polar organic solvent such as methanol
or acetonitrile yields a glycosidic fraction (Mateo and Jiménez
2000). Reversed phase HPLC systems in combination with
MS has emerged as the most suitable method for the detection
and identification of terpene glycosides as it offers selectivity
and specificity in both the chromatographic separation and
detection steps (Gray et al. 2010; Yang et al. 2011). Surpris-
ingly, only a very limited number of publications report on the
direct quantification of monoterpenyl glucosides using the
LC-MS approach, probably due to the lack of authentic stan-
dards that are mandatory for the proper validation of the
analytical process (Bonisch et al. 2014a, b). Thus, in most of
the publications dealing with the analysis of monoterpenol
glycosides, indirect methods are used that focus on the quan-
tification of the released aglycones by GC-MS after enzymatic
hydrolysis. However, nuclear magnetic resonance spectrosco-
py (NMR) is still the method of choice to identify novel
chemical structures (Berkov et al. 2014; Vera Saltos et al.
2014).

Physiological activities

Terpene glycosides, in particular iridoid glycoconjugates that
are derived from 10-oxogeranial, are associated with a wide
range of health benefits (Geu-Flores et al. 2012). Extensive
studies on pharmacological activities such as neuroprotective,
anti-inflammatory, immunomodulator, hepatoprotective, and
cardioprotective effects of the isolated iridoid glycosides re-
vealed that many of them are the bioactive principles of the
plants for which these plants are used in traditional medicines
(Dinda et al. 2011). Anticancer, antioxidant, antimicrobial,
hypoglycaemic, hypolipidemic, choleretic, antispasmodic,
and purgative properties were also reported (Tundis et al.
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2008). Similarly, acylated o-terpinyl glucosides preferentially
inhibit leucine transport upon which new antiprostate cancer
therapies may be based (Wang et al. 2014), and two unusual
monoterpene glycosides, cyclopside 1 and 2 from Acacia
cyclops, show cytotoxic effect in vitro against the human
breast cancer (MCF-7) and ovarian cancer (OVAR) cell lines
(Jelassi et al. 2014). Besides, monoterpene glycosides from
the root of Paeonia suffruticosa were found to function as
anti-inflammatory agents as they are active against cyclooxy-
genase 1 and 2 enzymes (Zhu and Fang 2014).

The iridoid glycosides are produced by plants primarily as
a defense against herbivores or against infection by microor-
ganisms (Biere et al. 2004). Insects also use iridoids obtained
through its diet as a defense against avian predators (Burse
etal. 2009). To humans and other mammals, iridoids are often
characterized by a deterrent bitter taste (Behrens et al. 2009).

The specific role of glycoconjugated terpenes in plants is
the subject of still on-going discussions. Terpene glycosides
have been considered as accumulation and storage forms of
aroma substances and as transport forms of aroma volatiles
(Winterhalter and Skouroumounis 1997) and may play an
important role in the mechanism of flower fragrance forma-
tion. In the absence of specific storage organs and tissues, the
glycoconjugated terpenes may protect the plant from any toxic
effect mediated by the free lipophilic aglycone (Stahl Biskup
et al. 199393).

Applications

Fragrance and flavor chemicals have been widely applied in
food, medicine, tobacco, textile, leather, papermaking, cos-
metics, and other products of human consumption. Besides
aromatic compounds such as vanillin, phenylethanol, and
benzyl acetate as well as esters of lower fatty acids, monoter-
penes such as linalool, menthol, and geraniol are among the
economically most important aroma chemicals which reach
annual consumption rates of more than 5000 tonnes (Schwab
et al. 2008).

However, fragrance and flavor substances such as mono-
terpenes are volatile and predominantly poorly water-soluble
which limits their number of industrial applications. In con-
trast, terpene glycosides show increased water solubility and
are more stable than their corresponding aglycones. Although
monoterpene glycosides are odorless, they are of interest for
flavor and fragrance industry due to the possibility of con-
trolled release of the bound aroma compound. Thus, mono-
terpene glycosides have been proposed for improving
smoking quality of cigarettes (Bai et al. 2012), inhibiting
unpleasant odor of sanitary and pet-care products (Yamada
et al. 1998), enhancement of plant fragrance emitted by cut
flowers (Iwamoto et al. 1994; Kimura and Hattori 1998), as
oral deodorant to reduce feces odor (Arakawa and Yasuda
1998), to impregnate garmets (Kimura et al. 1997a), as
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ingredients of long-lasting deodorants (Kimura et al. 1997b),
to mask perspiration-related odor in beddings (Kimura et al.
1997¢), as ingredients of massage oil (Donho and Kimura
1996) and bath preparations (Donho et al. 1996) for sustained
release of perfumes, and use in air freshener (Tanaka and
Kotsuna 1993).

The applicability of using odorless glycosidically bound
volatiles as fragrance materials was demonstrated by incubat-
ing skin microflora with various kinds of glycosides. Most
glycosidically bound volatiles, particularly B-D-glucosides,
were metabolized by the skin microbiome thereby releasing
the aglycones as fragrance materials (Ikemoto et al. 2002,
2003). Similarly, monoterpene glycosides may be hydrolyzed
by glucosidases excreted by the skin microbiome (Fig. 3).

In addition to their function as slow release aroma chemicals,
glycosides might also act as slow release antimicrobial and
antifungal compounds similar to esculin (esculetin glucoside;
Duncan et al. 2004). It was demonstrated that B-glucosidases
are produced by dermatophytes as well as members of the
dermal microbiota, and that this activity is sufficient to hydro-
lyze esculin to esuletin with concomitant antifungal activity
(Mercer et al. 2013). The antimicrobial activity of monoter-
penes is well known and documented (Schmidt et al. 2012).

Fig. 3 Monoterpene glucosides
may function as “slow release”
aroma chemicals triggered by
glycosidase that are excreted by
the skin microbiome, adapted
from Grice and Segre (2011)

Decyl glucoside is a mild nonionic surfactant used in
cosmetics and in products for individuals with a sensitive skin.
As the starting material of its synthesis is plant-derived and the
product is biodegradable, many natural personal care compa-
nies use this detergent (Rather and Mishra 2013). Since mono-
terpene glucosides have a related chemical structure and can
be biotechnologically produced from natural products, they
might be used as alternative surfactants particularly in appli-
cations where the additional function of the terpene glucoside
as slow release aroma compounds and antimicrobials is
beneficial.

Conclusion

Flavors in food and fragrances in cosmetics must be present in
an optimum concentration not only at the first moment of
consumption or release, but also for a prolonged time period.
This often cannot be accomplished with volatile flavors and
fragrances evaporating from food and cosmetic products,
respectively, not even for food during storage in the freezer.
Flavor precursors present in a nonvolatile stable form, which
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allows the release of the aroma chemical upon a trigger, are
highly favorable. Glycosides are an optimum choice, having
very low vapor pressures, are stable and water-soluble, can be
prepared in a natural, biocatalytic manner, and release only a
nontoxic anchor-molecule. Nature makes glycosides using
glycosyltransferases, but until now, they have been rarely used
in synthetic chemistry for the production of glycosidically
bound aroma and fragrance compounds. The identification
of highly reactive monoterpene GTs from grapevine and kiwi
and the availability of engineered host organisms that effi-
ciently regenerate the cosubstrate UDP glucose now enables
the biotechnological production of terpene glucosides in an
economical way.
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