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Plants have a penchant for perfuming the atmo-
sphere around them. Since antiquity it has been
known that both floral and vegetative parts of many
species emit substances with distinctive smells. The
discovery of the gaseous hormone ethylene 70 years
ago brought the realization that at least some of the
compounds emitted may have physiological signifi-
cance without any distinctive smell to humans. At
present, more than 1,000 low M, organic compounds
have been reported to be emitted from plants, al-
though a comprehensive list is available only for floral
volatiles (Knudsen et al., 1993).

Our knowledge of the occurrence and distribution of
plant volatiles has been significantly extended in the
last 15 years thanks to the adoption of simple, sensitive
methods for headspace sampling and the availability of
relatively inexpensive bench-top instruments for gas
chromatography-mass spectrometry. The substances
reported are largely lipophilic products with molecular
masses under 300. Most can be assigned to the follow-
ing classes (in order of decreasing size): terpenoids,
fatty acid derivatives including lipoxygenase path-
way products, benzenoids and phenylpropanoids,
Cs-branched compounds, and various nitrogen and
sulfur containing compounds. Nearly all of these classes
are emitted from vegetative parts as well as flowers
(Knudsen et al., 1993), and some are even emitted from
roots (Steeghs et al., 2004). A major discovery of the last
decade is that plants commonly emit much greater
amounts and varieties of volatiles after herbivore damage,
and not just from the site of injury (Pare and Tumlinson,
1999).
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Major progress in plant volatile research, as in other
areas of plant biology, has come from the use of
molecular and biochemical techniques. A large number
of genes encoding enzymes of volatile biosynthesis
have recently been reported. In vitro characterization of
the heterologously expressed enzymes, especially de-
termination of their substrate and product specificity,
has helped clarify the pathways of volatile formation.
In addition, investigation of the spatial and temporal
patterns of gene expression has provided new infor-
mation on the factors regulating the emission of plant
volatile compounds. In this update, we survey the
latest advances on the biosynthesis and regulation of
plant volatiles, beginning with a brief review of the
function of these substances.

FUNCTION OF PLANT VOLATILES

Perhaps the greatest mysteries surrounding vola-
tiles concern their function in the life of the plant.
While it is generally assumed that compounds emitted
from flowers serve to attract and guide pollinators
(Reinhard et al., 2004), only scattered attempts have
been made to demonstrate the ability of individual
substances to attract specific pollinators. Many floral
volatiles have anti-microbial or anti-herbivore activity
(DeMoraes et al., 2001; Friedman et al., 2002; Hammer
et al., 2003), and so could also act to protect valuable
reproductive parts of plants from enemies.

Among vegetative volatiles, the most intensively
studied substance is isoprene, a simple five-carbon
terpene emitted from the foliage of many woody spe-
cies (Sharkey and Yeh, 2001b). The function of isoprene
is still controversial, and this compound may act to
increase the tolerance of photosynthesis to high tem-
peratures by stabilizing the thylakoid membranes
(Sharkey et al., 2001a) or by quenching reactive oxygen
species (Loreto and Velikova, 2001). The release of
volatiles from vegetative organs following herbivore
damage seems to be a general property of plant spe-
cies. Contributions to this special issue cover herbivore-
induced volatiles from cabbage (Brassica oleracea;
Vuorinen et al., 2004b), cucumber (Cucumis sativus;
Mercke et al., 2004), Lotus japonicus (Arimura et al.,
2004b), and maize (Zea mays; Degen et al., 2004). These
substances have been demonstrated to serve as indirect
plant defenses. That is, they attract arthropods that
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prey upon or parasitize herbivores, thus minimizing
further damage to plant tissue (Pare and Tumlinson,
1999; Dicke and Van Loon, 2000). In some cases,
herbivore-induced volatiles may also act as direct
defenses, repelling (DeMoraes et al., 2001; Kessler and
Baldwin, 2001) or intoxicating (Vancanneyt et al., 2001)
herbivores and pathogens (Andersen et al., 1994). The
possibility that these substances also act in plant-plant
communication has been discussed (Arimura et al.,
2000; Dicke and Bruin, 2001; Engelberth et al., 2004).

Herbivore-induced volatiles could additionally
have physiological roles within the plant, with their
release being a consequence of their volatility and
membrane solubility. Like isoprene, some herbivore-
induced monoterpenes and sesquiterpenes have the
potential to combine with various reactive oxygen
species (Hoffmann et al., 1997; Bonn and Moortgat,
2003), and so could protect against internal oxidative
damage (Delfine et al., 2000; Loreto et al., 2004b). In
fact, ozone fumigation has recently been reported to
promote the emission of herbivore-induced volatiles
(Vuorinen et al., 2004a). Yet, it is still unclear why
oxidative stress is likely to be significantly higher after
herbivore damage. Further studies are needed to help
elucidate the roles of these and other plant volatiles.
The growing number of reports on genes involved in
volatile formation, as described in the following sec-
tions, should enable investigators to manipulate vola-
tile emission and test its function in plants.

BIOSYNTHESIS OF VOLATILE TERPENES

Terpenes, as the largest class of plant secondary
metabolites, have many volatile representatives. The
majority of hemiterpenes (C;), monoterpenes (C,,),
sesquiterpenes (C,5), and even some diterpenes (C,;)
have high enough vapor pressures at normal atmo-
spheric conditions to allow significant release into the
air. The basic pathway of volatile terpenoid biosynthe-
sis is conveniently treated in three phases: (1) formation
of the basic C; units, (2) condensation of two or three Cg
units to form C,;, C;5, or C,, prenyl diphosphates, and
(3) conversion of the resulting prenyl diphosphates to
end products.

The formation of basic C; units, isopentenyl diphos-
phate (IPP) and dimethylallyl diphosphate (DMAPP)
proceeds via two alternative pathways: the long known
mevalonate pathway from acetyl-CoA and the meth-
ylerythritol phosphate pathway from pyruvate and
glyceraldehyde-3-phosphate, discovered only in the
last 10 years (for review, see Rodriguez-Concepcion
and Boronat, 2002). The methylerythritol phosphate
pathway, localized in the plastids, is thought to provide
IPP and DMAPP for hemiterpene, monoterpene, and
diterpene biosynthesis, while the cytosol-localized me-
valonate pathway provides Cs units for sesquiterpene
biosynthesis. However, metabolic “cross-talk” be-
tween the two pathways is prevalent (Schuhr et al.,
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2003), particularly in the direction from plastids to
cytosol (Laule et al.,, 2003). This issue contains two
contributions concerning the regulation of the basic
pathways in relation to isoprene formation. Although
produced largely by the plastidial pathway, isoprene
also seems to arise from extra-plastidial sources, but
there is apparently no cross-talk between the two
pathways in its formation (Loreto et al., 2004a). The
plastidial pathway is controlled by tight feedback
regulation on its first step, deoxyxylulose-5-phosphate
synthase (Wolfertz et al., 2004).

In the second phase of terpene biosynthesis, IPP and
DMAPP condense to form geranyl diphosphate (GPP),
farnesyl diphosphate (FPP), and geranylgeranyl di-
phosphate, the precursors of monoterpenes, sesquiter-
penes, and diterpenes, respectively. These reactions are
catalyzed by short-chain prenyltransferases (Koyama
and Ogura, 1999; Liang et al., 2002). FPP is synthesized
by a large family of homodimeric prenyltransferases
called FPP synthases. However, the situation regarding
GPP formation is more complex. While the GPP syn-
thases of Arabidopsis (Bouvier et al., 2000) and grand
fir (Abies grandis; Burke and Croteau, 2002) are homo-
dimers, like other short-chain prenyltransferases, those
reported from peppermint (Mentha X piperita) leaves
(Burke et al.,, 1999) and the flowers of snapdragon
(Antirrhinum majus) and Clarkia breweri (Tholl et al.,
2004) are unusual heterodimeric enzymes, with each
subunit being a member of the prenyltransferase pro-
tein family.

The third phase of terpene volatile biosynthesis
involves the conversion of the various prenyl diphos-
phates, DMAPP (C;), GPP (C,,), FPP (C;5), and gera-
nylgeranyl diphosphate (C,), to hemiterpenes
(isoprene and 2-methyl-3-buten-2-ol), monoterpenes,
sesquiterpenes, and diterpenes, respectively. These
reactions, carried out by a large family of enzymes
known as terpene synthases (Cane, 1999; Wise and
Croteau, 1999), produce the primary representatives of
each skeletal type. The investigation of terpene syn-
thases is a very active area of plant volatile research and
this issue contains four contributions describing the
isolation of genes of this type from Norway spruce
(Picea abies; Martin etal., 2004), Arabidopsis (Chenetal.,
2004), cucumber (Mercke et al., 2004), and L. japonicus
(Arimura et al., 2004b). These gene sequences give new
insights into the evolutionary origin and genetic regu-
lation of terpene synthases. One of the most outstand-
ing properties of these enzymes is their proclivity for
making multiple products from a single substrate.
Hence, there has been much curiosity about the carbo-
cationic reaction mechanism. The elucidation of the
first crystal structures of plant terpene synthases
(Starks et al., 1997; Whittington et al., 2002) now puts
this work on a much stronger experimental footing.
Many terpene volatiles are direct products of terpene
synthases, but others are formed through transforma-
tion of the initial products by oxidation, dehydrogena-
tion, acylation, and other reaction types. These are
discussed in the following section.
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MODIFICATION REACTIONS THAT ENHANCE
THE VOLATILITY OF COMPOUNDS

The terpene pathways are essentially biosynthetic,
building up a carbon skeleton, and the immediate
products formed by the large family of terpene syn-
thases discussed above are mostly hydrocarbons, al-
though sometimes they contain a hydroxyl group (e.g.
linalool synthase produces linalool, a tertiary alcohol).
Such compounds are already fairly volatile. In contrast,
most other volatile compounds are produced through
the shortening of a carbon skeleton, often followed by
further modification, or simply by modification of the
existing carbon skeleton. Compounds that are already
somewhat volatile may also be modified, resulting in
enhanced volatility or changed olfactory properties.
The majority of these modifications involve the reduc-
tion or removal of carboxyl groups, the addition of
hydroxyl groups, and the formation of esters and
ethers. Each type of modification is catalyzed by
a group (or several groups) of related enzymes consti-
tuting protein families. Some of these protein families
had been previously recognized from biochemical re-
search into nonvolatile compounds but some were only
recently identified as part of the research into the
biosynthesis of plant volatiles. Modifications for which
enzymatic reactions and enzymes have been identified
in plants are described below.

Oxidation by Cytochrome P450 Enzymes

The P450 cytochrome oxidases have been well
characterized from a multitude of plant and animal
species, and are involved in numerous metabolic
pathways (Schuler, 1996). Not surprisingly, these en-
zymes have been found to be involved in many of the
reactions of volatile biosynthesis. The basic skeleton of
the monoterpenes and sesquiterpenes, discussed
above, is often modified by hydroxylation. For exam-
ple, 3-hydroxylation of limonene by a P450 enzyme is
the first step in the biosynthesis of menthol (Fig. 1A;
Lupien et al., 1999), a volatile flavor compound found
in mint, whereas a 6-hydroxylation of limonene by
another P450 enzyme is the first step in the biosynthe-
sis of another volatile spice, carvone, in the caraway
(Carum carvi) fruit (Bouwmeester et al., 1999). A P450
enzyme is also responsible for the conversion of the
sesquiterpene 5-epi-aristolochene to capsidiol, a dihy-
droxylated volatile compound (Ralston et al., 2001).
Some homoterepene compounds, for example the C11
compound 4,8-dimethyl-1,3,7-nonatriene which is of-
ten emitted from injured tissues, are believed to be
derived from terpenes by cleavage catalyzed by P450
enzymes (Fig. 1A), but such enzymes have not yet
been identified conclusively (Boland and Gabler, 1989;
Degenhardt and Gershenzon, 2000).

Cytochrome P450 enzymes are also very importantin
the biosynethsis of volatile phenylpropenes such as
eugenol and the benzenoid vanillin. Both of these
compounds, found in a wide variety of species both
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Figure 1. Representative modification reactions leading to the
biosynthesis of compounds with enhanced or changed volatility
and olfactory properties. SAM, S-adenosyl-L.-Met; CVOMT, chavicol
O-methytransferase; SAMT, S-adenosyl-L.-Met:salicylic acid carboxyl
methytransferase; and BEAT, acetyl-coenzyme A:benzyl alcohol acetyl-
transferase.

in flowers and in leaves, are derived from Phe and share
with nonvolatile phenylpropanoids the earlier steps of
4-hydroxylation of cinnamate by 4CH, a P450 enzyme
(Frank et al., 1996), and 3-hydroxylation by the newly
discovered P450 enzyme that utilizes the shikimic or
quinic ester of coumarate rather than coumaric acid or
coumaroyl-CoA (Schoch et al., 2001; Gang et al., 2002a).

Cytochrome P450 enzymes are crucial in the bio-
synthesis of volatiles derived from fatty acids, and in
particular, in the octodecanoic pathway. Two different
P450 enzymes, 9-LOX and 13-LOX, can introduce
a peroxide into linoleic acid (18:3) at the respective
positions (Howe and Schilmiller, 2002). Subsequent
cleavage of the hydrocarbon chain by hydroperoxide
lyases produces nonadienal and 3-cis-hexenal, respec-
tively. The later is an important component of green
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leaf volatiles, the mixtures of compounds that are
emitted when the leaf is damaged (Pichersky and
Gershenzon, 2002). In addition to the C6 aldehyde,
cleavage of linoleic acid at the 12 to 13 bond also
produces a C12 compound that can subsequently be
converted to jasmonic acid (Howe and Schilmiller,
2002). While jasmonic acid is not by itself volatile, its
methylester is (see below).

Oxidation by Dehydrogenases

NADP/NAD-dependent oxidoreductases are an-
other large and well-studied family of proteins with
representatives found to be involved in the biosynthe-
sis of volatiles. Such enzymes have been implicated in
the interconversion of volatile alcohols and aldehydes
(Fig. 1B). For example, apparently nonspecific alcohol
dehydrogenases can convert short-chain aldehydes
such as hexanal and 3-cis-hexenal to hexenol and 3-cis-
hexenol, alcohols that are also found in damaged
leaves (Bate et al., 1998). This lack of tight substrate
specificity was used to alter the aroma profile of ripe
tomato (Lycopersicon esculentum) fruit by genetic engi-
neering (Prestage et al., 1999). Some terpene alcohols
such as geraniol and carveol are converted to alde-
hydes by similarly nonspecific dehydrogenases (Hal-
lahan et al., 1995; Bouwmeester et al., 1998). Geranial
and neral (which are coproduced by the oxidation of
geraniol; the mixture is termed citral), have lemony
aroma and are found in many plants, and carvone
gives caraway its distinct flavor. And benzyl alcohol,
a major floral scent component in many Nicotianeae
species (Raguso et al., 2003) and elsewhere, is also
likely derived from benzaldehyde in a reversible re-
action catalyzed by a member of the NADP/NAD-
dependent oxidoreductases family (Fig. 1B; Boatright
et al., 2004).

Methylation of Hydroxyl Groups

A large portion of plant volatiles contain a methyl-
ated hydroxyl group (i.e. a methoxyl group). The
methyl group is usually added in a reaction catalyzed
by a methyltransferase (MT) in which S-adenosyl-L-
methionnine (SAM) serves as the methyl donor. All
plant methyltransferases appear to share a similar
SAM-binding domain; however, they fall into distinct
families that share little primary sequence similarity
elsewhere (Noel et al., 2003). A large family of meth-
yltransferases with members involved in the synthesis
of both volatile and nonvolatile “small molecules” (as
opposed to proteins or nucleic acids) has been iden-
tified and designated as the Type I methyltransferase
family (Noel et al., 2003). Members of this MT family
have been shown to catalyze the 4-hydroxyl methyl-
ation of eugenol to form methyleugenol in flowers of
C. breweri and in the glands of basil (Ocimum basilicum),
and also the methylation of chavicol to methylchavicol
in the basil glands (Fig. 1C; Wang et al., 1997; Lew-
insohn et al., 2000; Gang et al., 2002b).
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3,5-Dimethoxytoluene, a major scent compound in
many hybrid roses, is produced from orcinol (3,5-
dihydroxytoluene) in two successive methylation re-
actions catalyzed by two very similar MTs, orcinol
OMTs (OOMT1 and OOMT?2; Lavid et al., 2002; Scalliet
et al., 2002). Both enzymes can carry out both reac-
tions; however, OOMTT1 is more catalytically efficient
with orcinol while OOMT?2 is more catalytically effi-
cient with 3-methoxy,5-hydroxytoluene (Lavid et al.
2002). Chinese rose (Rosa chinensis) flowers make
a similar compound with three methoxyl groups,
1,3,5-trimethoxybenzene, which is synthesized from
1,3,5-trihydroxybenzene. OOMT1 and OOMT2 can
catalyze the methylation of the second and third
intermediates (1-methoxy,3,5-dihydroxybenzene and
1,3-dimethoxy,5-hydroxybenzene) but not the methyl-
ation of 1,3,5-trihydroxybenzene, also known as phlor-
oglucinol (Lavid et al., 2002; Scalliet et al., 2002). The
enzyme that methylates this compound, phlorogluci-
nol OMT (POMT), also belongs to the Type I MT
family, but is only distantly related to OOMT1 and
OOMT2 (Wu et al., 2004).

An important strawberry (Fragaria X ananassa)
aroma compound, 2,5-dimethyl-4-methoxy-3(2H)-
furanone, was shown to be produced by the action of
another Type I MT. This MT appears to be able to
methylate a wide range of substrates, including inter-
mediates of the lignin biosynthetic pathway such as
coniferal aldehyde and coniferal alcohol (Wein et al.,
2002).

Eugenol, mentioned above as the substrate of a eu-
genol MT and an important volatile spice on its own,
and vanillin, another important aroma compound,
also contain a 3-methoxyl group on their benzene
ring. The synthetic pathways of these compounds
share the first few steps with the lignin pathway. Gang
et al. (2002a) demonstrated that eugenol is derived
from a lignin intermediate past the para and meta
hydroxylation reactions and the 3-hydroxyl methyla-
tion, which is catalyzed by CCOMT (caffeoyl-CoA
OMT). This is also likely to be the case for vanillin,
although this has not yet been demonstrated conclu-
sively. CCOMT is a member of the Type Il MT family of
plants (Noel et al., 2003).

Methylation of Carboxyl Groups

Some methyl esters are extremely wide spread in the
plant kingdom. For example, methylsalicylate has
been reported in numerous floral scents (Knudsen
and Tollsten, 1993), and it is also commonly emitted
from vegetative tissues under attack by insects or
parasites (Van Poecke et al., 2001; Chen et al., 2003). An
enzyme capable of methylating salicylic acid (SA),
salicylic acid carboxyl methyltransferase (SAMT) was
first reported from C. breweri flowers (Fig. 1D; Ross
et al., 1999). It has since been identified from several
other plant species (Fukami et al., 2002; Negre et al.,
2002, 2003; Pott et al., 2002, 2004; Chen et al., 2003).
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This enzyme, which uses SAM as the methyl donor,
defines a new type of plant MT known as Type III or
SABATH MT (after the first two letters of the names of
the first three enzymes identified in this family). Some
SAMT enzymes have been shown to be able to meth-
ylate also benzoic acid (BA), a compound identical to
SA except for lacking the 2-hydroxyl group present in
SA (for example, Pott et al., 2004). On the other hand,
benzoic acid carboxyl methyltransferase (BAMT), the
enzyme responsible for the snapdragon floral volatile
methylbenzoate, cannot methylate SA (Dudarevaetal.,
2000; Murfitt et al., 2000).

There are 24 SABATH MTs encoded by the Arabi-
dopsis genome, including one enzyme that methylates
both SA and BA (Chen et al., 2003). It is not known if all
of these MTs are involved in the biosynthesis of volatile
compounds, but MTs belonging to the SABATH fam-
ily have been shown to be responsible for the three
consecutive metylation reactions in the biosynthesis of
caffeine, a nonvolatile compound, in Coffea arabica
(Uefuji et al., 2003). However, another Arabidopsis
SABATH MT was shown to methylate jasmonic acid to
form methyljasmonate (Seo et al., 2001). While this
molecule may act as an internal signal molecule in
Arabidopsis and other plant species, it is also emitted
from injured plants (Howe and Schilmiller, 2002), and
has also been reported in the floral scent of several plant
species (Knudsen et al., 1993) where it is likely to be
formed by similar enzymes.

Acylation

Acylation, most often with an acetyl moiety but also
with larger acyls such butanoyl or benzoyl acyls, to
make volatile compounds is also common. In all known
examples, such plant volatile esters are synthesized by
a recently discovered family of plant acyltransferases
called BAHD, after the first letter of the first four
enzymes identified (St-Pierre and De Luca, 2000). The
basic reaction catalyzed by these enzymes is the trans-
fer of an acyl group from an acyl-CoA intermediate to
the hydroxyl group of an alcohol (Fig. 1E). Many BAHD
enzymes are involved in the synthesis of nonvolatile
compounds such as acylated alkaloids or taxol deriv-
atives (St-Pierre et al., 1998; Walker and Croteau, 2000),
or in early steps of pathways that may lead to the
synthesis of volatiles such as eugenol (Gang et al.,
2002a). BAHD acyltransferases directly involved in
volatile synthesis include benzyl alcohol acetyl-CoA
transferase from C. breweri flowers, which produced
benzyl acetate (Fig. 1E; Dudareva et al., 1998); benzyl
alcohol benzoyl-CoA transferase, which produces ben-
zylbenzoate in flowers of Clarkia (D’Auria et al., 2002)
and petunia (Petunia hybrida; Boatright et al., 2004), and
in tobacco mosaic virus-infected leaves of tobacco
(Nicotiana tabacum; D’Auria et al.,, 2002); and 3-cis-
hexen-1-ol acetyl CoA transferase, which produces
3-cis-hexenyl acetate (a green leaf volatile) and is in-
duced in damaged leaves of Arabidopsis (D’Auriaetal.,
2002).

Plant Physiol. Vol. 135, 2004

Update on Biochemistry of Plant Volatiles

The BAHD enzymes often show wide substrate
specificity for both the acyl moiety and the alcohol
moiety. For example, the petunia benzyl alcohol
benzoyl-CoA transferase enzyme can also transfer an
acetyl moiety to the alcohol phenylethanol, producing
phenylethylacetate (Boatright et al., 2004). Similarly,
a BAHD enzyme from ripening strawberry (Fragaria
spp) fruit, can use a series of acyl moieties such as
acetyl, butanyl, and hexanyl, and transfer them to
various alcohols such as heptanol, octanol, and gera-
niol (Aharoni et al., 2000; Beekwilder et al., 2004). An
acyltransferase from banana (Musa sapientum) has
similarly wide substrate specificity (Beekwilder et al.,
2004), and a rose (Rose hybrida) flower BAHD enzyme
can acetylate both geraniol and citronellol (Shalit et al.,
2003). In such cases, the type of volatile formed in
a given tissue depends more on the internal concen-
trations of the substrates than on the K, and K_,
values of the enzyme for these substrates (Beekwilder
et al., 2004; Boatright et al., 2004).

The Production of the C6-C1 Benzenoids from
C6-C3 Phenylpropanoids

The shortening by two carbons of the three-carbon
chain attached to the phenyl ring of phenylpropanoids
leads to the formation of benzenoid compounds. The
mechanism by which this is achieved is not fully
understood. In vivo stable isotope labeling and com-
puter-assisted metabolic flux analysis, described in
this issue, revealed that both the CoA-dependent-
B-oxidative and CoA-independent-non-B-oxidative
pathways are involved in the formation of benzenoid
compounds in petunia (Boatright et al., 2004). How-
ever, a recent discovery also indicates that in the case
of 2-hydroxybenzoic acid (i.e. salicylic acid), a third
pathway, via the isochorismate pathway, may also
operate in plants, as it does in bacteria (Wildermuth
et al., 2001).

REGULATION OF EMISSION OF
VOLATILE COMPOUNDS

Emission of a particular volatile compound into the
atmosphere depends on both the rate of its biosynthe-
sis and the rate of its release. Substantial progress in
the last decade in the isolation and characterization of
genes responsible for the formation of volatile com-
pounds has facilitated the investigation of the regula-
tion of the biosynthesis of plant volatiles. It has been
found that volatiles are synthesized de novo in the
tissues from which they are emitted. Biosynthesis
normally occurs in the epidermal cells of plant tissues
from which they can escape into the atmosphere or
rhizosphere after being synthesized (Dudareva et al.,
1996; Dudareva and Pichersky, 2000; Kolosova et al.,
2001b; Chen et al., 2004) or in the secretory structures
or glandular trichomes as, for instance, was found in
peppermint, Artemisia annua, and sweet basil (Ocimum
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basilicum; McCaskill et al., 1992; Gang et al., 2001; Lu
et al., 2002).

Formation of volatile compounds is spatially regu-
lated. Of the plant organs in scented species, flow-
ers produce the most diverse and the highest amount
of volatile compounds, which peak when the flowers
are ready for pollination. Vegetative tissue also re-
leases small quantities of volatile organic compounds,
which could be induced by mechanical damage or by
herbivore- or pathogen infection (Loughrin et al., 1994;
Pare and Tumlinson, 1997; Arimura et al., 2004a). In
herbs, such as peppermint, significant amounts of vola-
tile compounds accumulate in the leaf glandular
trichomes and the emitted volatiles represent only a
small fraction of the total pool produced (Gershenzon
et al., 2000).

Production and emission of volatile compounds is
also a developmentally regulated process. Volatile emis-
sion in flowers and accumulation in leaves and fruits
follow similar developmental patterns, increasing dur-
ing the early stages of organ development (when leaves
are young and not fully expended, fruit is not yet
mature, or when flowers are ready for pollination) and
then either remaining relatively constant or decreasing
over the organs’ lifespan (Bouwmeester et al., 1998;
Dudareva and Pichersky, 2000; Gershenzon et al., 2000).
The concurrent temporal changes in activities of en-
zymes responsible for the final steps of volatile forma-
tion, enzyme protein levels, and the expression of
corresponding structural genes suggest that the devel-
opmental biosynthesis of volatiles is regulated largely at
the level of gene expression (Dudareva et al., 1996;
McConkey et al., 2000). It is still unclear to what extent
transcriptional, posttranscriptional, translational, post-
translational, and other events contribute to this process.

In general, more than one biochemical pathway is
responsible for a blend of volatile compounds released
from different plant tissues. A comparative analysis of
the regulation of benzenoid and monoterpene emis-
sion in snapdragon flowers revealed that the orches-
trated emission of phenylpropanoid and isoprenoid
compounds is regulated upstream of individual met-
abolic pathways and includes the coordinated expres-
sion of genes that encode enzymes involved in the
final steps of scent biosynthesis (Dudareva et al., 2000,
2003). However, transcription factors that regulate
multiple biosynthetic pathways leading to the forma-
tion of odor bouquet have not yet been discovered.

The level of the enzyme responsible for the final step
of the biosynthesis of a particular volatile is not the only
limiting factor. The target for the regulation of devel-
opmental production of volatile compounds also in-
cludes the level of supplied substrate in the cell
(Dudareva et al., 2000). In the case of enzymes that are
able to use several similar substrates, such as SAMTand
acyltransferases, the level of supplied precursor con-
trols the type of produced product (Negre et al., 2003;
Boatright et al., 2004; Pott et al., 2004). The role of
substrate in the regulation of the biosynthesis of volatile
compounds was also recently confirmed by metabolic
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engineering. When the linalool synthase gene was
introduced under the control of the cauliflower mosaic
virus 355 constitutive promoter into petunia W115, the
differences between organs in the amount of the syn-
thesized linalool or its glycoside depended more on
the availability of the substrate GPP in the tissue
than on the expression of the linalool synthase gene
(Liicker etal., 2001). In peppermint the up-regulation of
1-deoxy-D-xylulose-5-phosphate reductase, which cat-
alyzes the conversion of 1-deoxy-D-xylulose-5-phos-
phate to methylerythritol phosphate, increased the flux
to GPP and led to about a 50% increase in the essential
oil production (Mahmoud and Croteau, 2001). Addi-
tional regulation of GPP formation can occur at the level
of GPP synthase, as was shown in snapdragon where
the small subunit can play a key role in GPP biosyn-
thesis (Tholl et al., 2004). Feedback regulation of GPP
synthase by product and substrate inhibition could also
contribute to the regulatory control of the flux to GPP
and subsequently to monoterpene production (Tholl
et al., 2004). When enzymes competed for the same
substrate as in the case of three monoterpene synthases
(y-terpinene cyclase, [+]-limonene cyclase, and [—]-8-
pinene cyclase) introduced into tobacco plants, the
magnitude of monoterpene emission in leaves was
close to that predicted based on the K, values of the
enzymes for GPP, while the emission levels in flowers
were comparable suggesting that the GPP pool did not
limit monoterpene production (Liicker et al., 2004).
These results show that while the investigation of the
regulation of the final steps of volatile biosynthesis is an
important starting point, a detailed understanding of
the regulation of the flux through the entire biochemical
pathway is essential for the complete understanding of
production and emission of secondary volatile com-
pounds.

Emission of volatile compounds from flowers and
leaves of some plant species, as well as herbivore-
induced volatiles, varies remarkably throughout the
photoperiod. The release of floral volatiles in these
species displays a rhythmic pattern with maximum
emission during the day or night, which generally
coincides with the foraging activities of potential
pollinators, and is controlled by a circadian clock or
regulated by light (Jakobsen and Olsen, 1994; Helsper
et al., 1998; Kolosova et al., 2001a). Isoprene, as well as
volatiles emitted from undamaged and herbivore-
attacked leaves, exhibit a distinct diurnal emission
pattern (Loughrin et al., 1994; Loreto et al., 1996; De
Moraes et al., 2001; Lerdau and Gray, 2003; Martin
et al.,, 2003; Arimura et al.,, 2004a) with some leaf
volatiles” emission also controlled by a circadian clock,
for example (—)-B-pinene in Artemisia annua (Lu et al.,
2002). In flowers the rhythmic production and emis-
sion of some volatile compounds, such as the volatile
ester methylbenzoate, is regulated primarily by the
level of substrate availability (BA), which in turn could
be regulated at the level of expression of genes en-
coding the key enzymes of its biosynthesis (Kolosova
et al., 2001a). While regulation of isoprene emission
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is well understood (Wolfertz et al., 2003), little is
known to date about the molecular mechanisms
responsible for diurnal emission of inducible vegeta-
tive volatiles. Often, there is a delay of several hours
between the beginning of herbivore damage and the
release of induced volatile compounds, which could
be explained, in part, by the up-regulation of the ex-
pression of genes responsible for their biosynthesis
(Arimura et al.,, 2004a). When volatile compounds
are released immediately after herbivore damage,
they arise from stored pools (Pare and Tumlinson,
1997).

Environmental factors such as light, temperature,
and moisture status can greatly influence the emission
of volatiles and the yield and composition of essential
oils (Staudt and Bertin, 1998; Gershenzon et al., 2000).
In addition, pollination induces the decrease in emis-
sion of floral volatiles which begins after pollen tubes
reach the ovary (Negre et al., 2003).

To date very little is known about the release of
synthesized volatile compounds from plant tissues. In
general, the rate of release is a function of the physical
properties of the compound itself (its volatility) and the
properties of cellular and intracellular membranes (in
case of monoterpenes which are synthesized in the
chloroplast) through which the compound has to
diffuse. Comparative analysis of volatile compounds
emitted and present within the plant tissue revealed
that the emission of volatiles is not merely a function of
their differential volatility but could also involve a cy-
tologically organized excretory process (Altenburger
and Matile, 1990; Gershenzon et al., 2000). The mem-
branes of the storage compartment (where it exists) or
epidermal cell wall might be selectively more perme-
able to some volatile compounds or the emitted sub-
stances may be associated with an entirely different
secretory compartment than the stored volatiles. Vir-
tually nothing is presently known about metabolite
trafficking between various subcellular compart-
ments, the mechanism of the release process, and how
these processes contribute to the regulation of volatile
emission.

CONCLUSIONS

Plants produce a plethora of volatile compounds for
both general and specialized functions. Recent advances
in instrumentation, coupled with our present ability to
isolate and characterize genes and the enzymes they
encode from many diverse plant species, have greatly
enhanced our understanding of how plants synthezise
such compounds and regulate their production. The
next level of understanding should surely come from
studying the significance of these volatiles for plant
physiology and their impact on the ecological interac-
tions of plants with their environment.
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