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ABSTRACT 

Plants emit a number of volatile organic compounds some of which are very attractive for perfume and cosmetic industry which reached 
about 11.6 billion US dollars in the global market in 2003. To date, about 17,000 plant volatile compounds have been identified. In the last 
two decades efforts have been made to understand the biosynthesis, functions and regulation of emission of plant volatiles and to target 
certain volatiles for exploitation at the commercial level. Work is still undergoing in several laboratories in this field by using the most 
advanced molecular techniques. Plant volatiles are mostly derived from three main classes of compounds: terpenoids, phenyl propanoids/ 
benzenoids and fatty acid derivatives. This review deals with the function and regulation of plant volatiles highlighting the application of 
new biotechnological approaches to improve the aroma and scent of flowers and fruits with high commercial value. 
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INTRODUCTION 
 
Plants synthesize and emit three main classes of volatile 
compounds: terpenoids, benzenoids and fatty-acid deriva-
tives. Plant volatiles (PVs) are typically lipophilic liquids 
with high vapor pressures and non-conjugated PVs can 
cross membranes freely and be released into the atmosphere 
or soil in the absence of a diffusion barrier (Pichersky et al. 
2006). Whereas some volatiles are probably common to 
almost all plants, others are specific to only one or a few 

related taxa. These PVs have important functions in the 
form of reproduction, defense, plant–plant communication 
and tritrophic interaction. 
 
FUNCTIONS OF PLANT VOLATILES 
 
Reproduction 
 
Many plants emit floral scents to attract and guide a variety 
of insect pollinators to improve reproductive success (Pi-
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chersky and Gershenzon 2002; Dotterl and Jürgens 2005). 
Floral scents serve as attractants for species-specific or spe-
cies-non–specific pollinators (Knudsen et al. 1999). The 
scent production or emission in many flowers is reduced 
after pollination. In snapdragon (Antirrhinum majus) and 
petunia, a 70 to 75% pollination-induced decrease in 
methylbenzoate emission begins only after pollen tubes 
reach the ovary (Negre et al. 2003). Post pollination process 
initiates with the decrease in emission of the flower scents 
and in its attractiveness to pollinators, and increases an 
overall reproductive success of the plant by directing pol-
linators to unpollinated flowers (Negre et al. 2003; Verdonk 
et al. 2003). 
 
Defense 
 
It is now recognized that herbivore-induced PVs appear to 
mediate both direct and indirect defences and even signal to 
nearby plants. Volatiles emitted by vegetative tissue after 
hervivory can directly repel or intoxicate microbes and ani-
mals, or attract insects and mites that prey upon or para-
sitize herbivores, and thereby reduce further damage to the 
plant (Pare and Tumlinson 1999; Dicke and van Loon 2000). 
The composition of the volatiles emitted by damaged plants 
is specific for the plant species and the herbivore that 
damages the plant (Takabayashi and Dicke 1996; Turlings 
et al. 1998). Many floral volatiles also function as defense 
agent since they have anti-microbial or anti-herbivore acti-
vity (de Moraes et al. 2001; Hammer et al. 2003) and thus 
can protect valuable reproductive parts of plants from ene-
mies. 

PVs are induced by herbivory on aerial or below-
ground plant tissues. These PVs include C6 green-leaf vola-
tiles (GLV, e.g. (Z)-3-hexenal and (Z)-3-hexenyl acetate), 
methyl salicylate, methyl jasmonate, indole, terpenes and 
others. These volatiles can act as direct defense compounds 
(de Moraes et al. 2001) or play a role in indirect defense 
(Dicke et al. 2003; Rasmann et al. 2005). GLV can account 
for >50% of the emissions from damaged plant parts and 
are typically released mostly from damaged plant cells 
within 1–2 seconds after the mechanical damage but some 
GLV are released from younger undamaged leaves of herbi-
vore-damaged plant (Fall et al. 1999). 

Terpene volatiles like monoterpenes and sesquiterpenes 
have frequently been shown to be emitted from flowers and 
other aerial parts of the plant, and their release is often 
developmentally regulated or induced by damage (Duda-
reva et al. 2003; Arimura et al. 2004). Conifer terpenoids 
have a variety of influences on forest insects by mobilizing 
a terpenoid called oleoresin (comprised of a diverse array of 
terpenoid compounds) to the site of wounding (Huber et al. 
2004; Martin and Bohlmann 2005). Like isoprene, some 
herbivore-induced monoterpenes and sesquiterpenes have 

the potential to scavenge with various reactive oxygen spe-
cies (Hoffmann et al. 1997; Bonn and Moortgat 2003), and 
so could protect against internal oxidative damage (Delfine 
et al. 2000; Loreto et al. 2004). Volatile monoterpenes and 
sesquiterpenes have also been reported to be synthesized 
and accumulated in roots and rhizomes of various plant spe-
cies (Kovacevic et al. 2002) and because of their antimic-
robial and antiherbivore activity, these substances may 
serve as direct defences of below-ground tissue when they 
accumulate. 
 
Tritrophic interaction 
 
The tritrophic plant-herbivore-carnivore interactions have 
been reported in more than 23 plant species in combination 
with a diverse range of herbivore and carnivores (Dicke 
1999). One of the well-studied examples for this tritrophic 
interaction includes interactions between lima bean plants 
(Phaseolus lunatus), herbivorous spider mites (Tetranychus 
urticae), and carnivorous mites (Phytoseiulus persimilis). 
The attraction of the predatory mite P. persimilis to the ses-
quiterpene alcohol (3S)-(E)-nerolidol was recently demons-

trated with transgenic Arabidopsis thaliana overexpressing 
strawberry nerolidol synthase, a terpene synthase (TPS) 
(Kappers et al. 2005). The result suggested that (3S)-(E)-
nerolidol is a component of the volatile signal that attracts 
the predatory mites to spider mite-infested plants. Overex-
pression in A. thaliana of another terpene synthase gene, the 
corn TPS10 gene which forms (E)-�-farnesene, (E)-�-
bergamotene, and other herbivore-induced sesquiterpene 
hydrocarbons released from maize upon herbivory by lepi-
dopteran larvae, increased attractiveness of the transgenic 
plant to the parasitic wasps, Cotesia marginiventris (Schnee 
et al. 2006). 
 
Communication 
 
PVs released from herbivore-infested plants mediate inter-
organ and interplant interactions; These PVs may induce the 
expression of defense genes and the emission of volatiles in 
healthy leaves on the same plant or of neighboring non-at-
tacked plants, thus increasing their attractiveness to carni-
vores and decreasing their susceptibility to the damaging 
herbivores (Arimura et al. 2004; Ruther and Kleier 2005). 
PVs also prime the neighboring plants to respond faster to 
future herbivore attack (Engelberth et al. 2004; Kessler et al. 
2006). A recent investigation has shown convincingly that 
Nicotiana attenuata plants growing adjacent to artificially 
wounded Artemisia tridentata (sagebrush), with air but no 
soil contact between the plant species, suffered reduced 
levels of herbivore damage and exhibited increased levels 
of the defensive enzyme polyphenol oxidase, compared to 
N. attenuata growing adjacent to undamaged sagebrush 
(Karban et al. 2000). A small amount of volatile hormones 
such as ethylene and derivatives of salicylic acid or jasmo-
nic acid serves roles in long-distance communication (Pi-
chersky and Gershenzon 2002; Truman et al. 2007). The 
enormous variety of metabolites emitted by plants suggests 
that volatile compounds may provide a detailed language 
for communication. Very recently, it has been shown that 
the volatile, methyl benzoate emitted by snapgdragon 
flowers inhibits the root growth of neighboring Arabidopsis 
(Horiuchi et al. 2007). The importance of PVs in mediating 
interactions between plant species is much debated. It has 
been demonstrated that the parasitic plant Cuscuta penta-
gona (dodder) uses volatile cues for host location. For 
example, C. pentagona seedlings exhibit directed growth 
toward nearby tomato plants (Lycopersicon esculentum) and 
toward extracted tomato volatiles in the absence of other 
cues. Impatiens (Impatiens wallerana) and wheat plants 
(Triticum aestivum) also elicit directed growth. Moreover, 
the seedlings can distinguish tomato and wheat volatiles 
and preferentially grow toward the former. Several indivi-
dual compounds from tomato and wheat elicit directed 
growth by C. pentagona, whereas one compound from 
wheat is repellent. These findings provide compelling evi-
dence that volatiles mediate important ecological interac-
tions among plant species (Runyon et al. 2006). 
 
BIOCHEMISTRY OF PLANT VOLATILES 
 
Types of volatile compounds 
 
PVs are lipophilic molecules with high vapor pressure and 
serve various ecological roles. The headspace sampling and 
relatively inexpensive chromatography-mass spectrometry 
make it possible to identify thousands of floral scents. The 
solid-phase microextraction (SPME) process and proton-
transfer-reaction mass spectrometry (PTR-MS) have 
emerged as useful tools for monitoring PVs (Steeghs et al. 
2004; Pellati et al. 2005). Furthermore, this technique is 
sensitive enough to identify plant odors from specific tis-
sues of floral organs (Barták et al. 2003). The substances re-
ported are largely lipophilic products with molecular masses 
of 30-300 atomic mass units. Most can be assigned to the 
following classes (in order of decreasing size): terpenoids, 
fatty acid derivatives including lipoxygenase pathway pro-
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ducts, benzenoids and phenylpropanoids, C5-branched com-
pounds, and various nitrogen and sulfur containing com-
pounds which constitute about 1% of plant secondary meta-
bolites (Dudareva et al. 2004). Nearly, all of these classes 
are emitted from vegetative parts as well as flowers (Knud-
sen et al. 1993), and some are even emitted from roots 
(Steeghs et al. 2004). So far, more than 1,700 compounds 
have been identified in the floral head space of 990 taxa 
belonging to 90 families and 38 orders (Knudsen and Ger-
shenzon 2006). 
 
Biosynthesis pathways 
 
The number of PVs is very large (Knudsen et al. 1993) but 
surprisingly, these compounds are biosynthesized by a 
relatively small number of often overlapping metabolic 
pathways (Croteau et al. 2000). Some PV biosynthetic 

enzymes produce multiple products from a single substrate 
or act on multiple substrates. In general, most PVs are 
derived from three main classes of compounds-terpenoids, 
phenylpropanoids/benzenoids, and fatty acid derivatives-
which are often greatly modified. Generally, the synthesis of 
PVs involves the removal of hydrophilic moieties and 
modifications such as oxidation/hydroxylation, reduction, 
methylation, and acylation reactions. 
 
Terpenoids 
 
Mono- and sesquiterpenes belong to the terpenoids, the lar-
gest group (more than 50,000) of natural products known 
(Croteau et al. 2000). These terpenes are synthesized from 
isopentenyl diphophate (IPP) by different mono- and sesqui-
terpene synthases (Trapp and Croteau 2001). In plants, both 
the cytosolic mevalonate and the plastidic methylerythritol 

phosphate (MEP) pathways generate the five-carbon com-

pound, IPP and its isomer dimethylallyl diphophate 

(DMAPP) (Fig. 1). A plastidic prenyltransferase synthesizes 
the monoterpene starting material, geranyl diphophate 

(GPP) from the condensation of one IPP molecule and one 
DMAPP molecule. A second type of plastidic prenyltrans-
ferase condenses DMAPP with three IPP molecules to pro-
duce geranylgeranyl diphophate (GGPP) deriving diterpene. 
In the cytosol, the condensation of one DMAPP molecule 

with two IPP molecules results in farnesyl diphophate (FPP) 
deriving sesquiterpenes. These diphophate-containing com-
pounds also serve as precursors of many primary metabo-
lites such as carotenoids and quinones (Croteau et al. 2000). 
 
Phenylpropanoids-benzenoids 
 
Phenylpropanoids and benzenoids containing an aromatic 
ring consist of the second largest class of PV compounds. 
Most of these compounds are derived from intermediates in 
the pathway that leads from shikimate to phenylalanine and 
then to an array of primary (e.g. lignin) and secondary non-
volatile compounds (e.g. phenylpropanoid compounds) 
(Dudareva et al. 2004). The first step in the biosynthesis of 
some phenylpropanoids and benzenoids is catalyzed by the 
enzyme phenylalanine ammonia lyase (PAL). Eugenol 

(clove essence) is a reduced version of coniferyl alcohol, a 

lignin precursor (Gang et al. 2001). Phenylacetaldehyde, a 
compound of tomato fruit (Tadmor et al. 2002), is derived 
from phenylalanine by decarboxylation and oxidative remo-
val of an amino group (Hayashi et al. 2004). The production 
of the C6-C1 benzenoids from C6-C3 phenylpropanoids is 
resulted from the shortening of two carbons of the three-
carbon chain attached to the phenyl ring of phenylpropa-
noids. The mechanism by which this is achieved is not fully 
understood. Shortening of the three-carbon side chain of 
phenylalanine-derived hydroxycinnamates to one carbon 
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leads to aromatic building blocks such as benzoic acid and 
benzaldehyde (Boatright et al. 2004). 
 
Fatty acid derivatives 
 
Fatty acid derivatives are derived by oxidative cleavage and 
decarboxylation of various fatty acids, resulting in the 
production of shorter-chain volatiles with aldehyde and 
ketone moieties (Howe and Schilmiller 2002; Fridman et al. 
2005), which often serve as precursors for the biosynthesis 
of other PVs (D’Auria et al. 2002). Short-chain alcohols 
and aldehydes are formed by metabolic conversion or deg-
radation of phospholipids and fatty acids through the con-
certed action of lipoxygenases, hydroperoxide lyases, iso-
merases, and dehydrogenases (Croteau and Karp 1991). 
Similarly, some volatile terpenes are derived from the clea-
vage of carotenoids by carotenoid cleavage dioxygenases 
(Simkin et al. 2004). 
 
Types of modifications 
 
To enhance the volatility, PVs undergo various modification 
reactions through enzymes such as P450 cytochrome oxi-
dases, oxidoreductases, methyltransferases and acyltrans-
ferases. 

P450 cytochrome oxidases involved in volatile biosyn-
thesis have been well characterized from a multitude of 
plant and animal species (Schuler 1996). The basic skeleton 
of the monoterpenes and sesquiterpenes is often modified 
by hydroxylation by this enzyme. This enzyme catalyzes 
the biosynethsis of volatile phenylpropenes such as eugenol 
and the benzenoid vanillin (Schoch et al. 2001; Gang et al. 
2002). 

NADP/NAD-dependent oxidoreductases have been im-
plicated in the interconversion of volatile alcohols and alde-
hydes. For example, apparently, non-specific alcohol dehy-
drogenases can convert the short-chain aldehydes such as 
hexanal and 3-cis-hexenal to hexenol and 3-cis-hexenol, al-
cohols that are found in damaged leaves (Bate et al. 2002). 

A methyltransferase (MT) catalyzes the methylation of 
hydroxyl groups, which has been observed in a large por-
tion of PVs. S-adenosyl-l-methionnine (SAM) serves as the 
methyl donor. Type I methyltransferase family has been 
shown to catalyze the 4-hydroxyl methylation of eugenol to 
form methyleugenol in flowers of C. breweri (Noel et al. 
2003). 3,5-Dimethoxytoluene, a major scent compound in 
many hybrid roses, is produced from orcinol in two suc-
cessive methylation reactions catalyzed by two very similar 
MTs, orcinol O-methyltransferases (OMTs) (Lavid et al. 
2002; Scalliet et al. 2002). 

Methylation of carboxyl groups is also widespread in 
the plant kingdom. An enzyme, salicylic acid carboxyl 
methyltransferase (SAMT) capable of methylating salicylic 
acid was reported from C. breweri flowers (Ross 1999) and 
other plant species (Negre et al. 2003). Benzoic acid car-
boxyl methyltransferase (BAMT) catalyzes the methylation 
reaction to form the snapdragon floral volatile methylben-
zoate (Dudareva et al. 2000). 

Acylation, most often with an acetyl moiety but also 
with larger acyls such as butanoyl or benzoyl acyls, to make 
volatile compounds is also common. In all known examples, 
such plant volatile esters are synthesized by plant acyltrans-
ferases called BAHD, after the first letter of the first four 
enzymes identified and characterized: C. breweri benzyl 
alcohol O-acetyltransferase (BEAT), Gentiana triflora an-
thocyanin O-hydroxycinnamoyltransferase (AHCT), Dian-
thus caryophyllus anthranilate N-hydroxycinnamoyl/ben-
zoyltransferase (HCBT), and Catharanthus roseus deacetyl-
vindoline 4-O-acetyl-transferase (DAT) (St-Pierre and de 
Luca 2000). BAHD enzymes are involved in the synthesis 
of volatiles such as eugenol and (Z)-3-hexen-1-yl acetate 
(Gang et al. 2002; D’Auria et al. 2007). Benzyl alcohol ace-
tyl-CoA transferase from C. breweri flowers produces ben-
zyl acetate (Dudareva et al. 1998) and benzyl alcohol ben-
zoyl-CoA transferase produces benzylbenzoate in flowers 

of Clarkia (D’Auria et al. 2002) and petunia (Boatright et al. 
2004). 
 
REGULATION OF EMISSION 
 
Floral scent bouquets may contain from one to a hundred 
volatiles, but most species emit between 20 and 60 different 
compounds (Knudsen and Gershenzon 2006). Last decade 
has made significant progress to understand the biosyn-
thesis of floral scents and a few floral scent genes have been 
identified so far and cloned. It has been shown that PVs are 
synthesized de novo in damaged and undamaged tissues 
(Dudareva et al. 1996; Pare and Tumlinson 1997). Although 
there is no universal regulation of plant volatile emission, 
existing literatures showed that the volatile emission (syn-
thesis/production) is regulated by developmental factors 
(temporal and spatial regulation) as well as environmental 
factor (e.g. light). 
 
Spatial regulation 
 
The gender and cultivar affected both the qualitative profile 
and the relative abundances of the volatiles of whole 
flowers and isolated floral organs (Custódio et al. 2006). 
Many recent investigations have demonstrated that all 
flower organs are not equally employed in scent emission. 
Spatial differences within a flower (perianth, gynoecium, 
and androecium) are quite common. Examination of spatial 
emission patterns of C. breweri revealed that petals are 
mostly responsible for S-linalool, methyl eugenol, and 
methyl iso-eugenol emission whereas linalool oxide is re-
leased from the pistil. In the case of benzenoid esters, the 
petal tissue was responsible for the benzylacetate and 
methylsalicylate emission, whereas the pistil was the 
primary source of benzyl benzoate release (Wang et al. 
1997; Dudareva et al. 1999). Methylbenzoate is one of the 
most abundant scent compounds detected in the majority of 
snapdragon varieties and is produced in upper and lower 
lobes of petals in the reaction catalyzed by BAMT (Kolo-
sova et al. 2001b). Comparative analysis of volatiles emit-
ted from Ranunculus acris (buttercup) showed that petals, 
stamens, sepals, and gynoecium emit identical volatiles, al-
though they contribute different amounts; petals and stamen 
contribute the most. 

It has been suggested that the developmental biosyn-
thesis of volatiles is regulated largely at the level of gene 
expression (Dudareva et al. 1996; McConkey et al. 2000; 
Guterman et al. 2002; Dudareva et al. 2003). 

The expression of the genes encoding the enzymes for 
flower scent production is both temporally and spatially 
regulated. The highest level of expression for the majority 
of floral scent gene was found in the petal tissue (Dudareva 
et al. 2000; Lavid et al. 2002; Boatright et al. 2004; Pott et 
al. 2004) with the exception of LIS and benzoyl-coenzyme 
A:benzyl alcohol benzoyl transferase (BEBT) genes of C. 
brewari for which the highest level of the transcript was 
detected in the stigma (Dudareva et al. 1996; D'Auria et al. 
2002). Expression of some floral scent genes occur exclu-
sively in petal tissue like petunia benzoic acid/salicylic acid 
carboxyl methyltransferase (BSMT), benzoyl-CoA:benzyl 
alcohol/phenylethanol benzoyltransferase (BPBT), snap-
dragon BAMT, S. floribunda SAMT, ocimene synthase and 
mycrene synthase (Dudareva et al. 2000; Pott et al. 2002; 
Dudareva et al. 2003; Negre et al. 2003; Boatright et al. 
2004). The biosynthesis of volatile compounds is present 
almost exclusively in cells of epidermal layer of petals from 
which they can easily escape into the atmosphere. For 
example, two genes IEMT and LIS have specific expression 
in the epidermal cells of petals in C. breweri and snap-
dragon flowers (Dudareva and Pichersky 2000; Kolosova et 
al. 2001a). Till to date, little is known about the subcellular 
localization of the biosynthesis of scent compounds, al-
though it has been shown that methyl benzoate is made in 
the cytosol since its corresponding enzyme, BAMT is a 
cytosolic protein (Kolosova et al. 2001a). 
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Temporal regulation 
 
The release of PVs is often temporally regulated. Plants 
tend to emit scents at maximum level when the flowers are 
ready for pollination and concomitantly when their potential 
pollinators are active. Newly opened and young flowers, 
which are not ready to function as pollen donors usually 
produce less scent (Jones et al. 1998; Dudareva et al. 2000). 
Analysis of the activities of the enzymes for the PV 
formation showed two different developmental regulation 
patterns. The enzyme activities of the first group, repre-
sented by C. breweri LIS and SAMT, and snapdragon 
BAMT increase in young flowers and decline in old flowers 
whereas C. brewari IEMT, BEAT, and BEBT, and petunia 
BPBT belonging to the second group show no decline 
through the life span of the flower, although emission of 
corresponding volatiles declines substantially (Dudareva 
and Pichersky 2000; D’Auria et al. 2002; Boatright et al. 
2004). 

In addition to the regulation of gene expression, the 
temporal level of substrate plays a key role for the emission 
of volatile compounds (Dudareva et al. 2000). The role of 
substrate in the regulation of the biosynthesis of volatile 
compounds was also recently confirmed by metabolic engi-
neering. When the LIS gene was introduced under the 
control of the cauliflower mosaic virus (CaMV) 35S consti-
tutive promoter into P. hybrida WI15, the differences 
between organs in the amount of the synthesized linalool or 
its glycosides depended more on the availability of the sub-
strate GPP in the tissue than on expression of the LIS gene 
(Lucker et al. 2001). 
 
Rhythmic regulation 
 
Rhythmic emission of floral volatile is regulated by either 
light/dark cycle or endogenous circadian clock. The circa-
dian rhythmic emission of volatile compounds shows a 
period of 24 hours and is even maintained under continuous 
light or dark condition (Altenburger and Matile 1990; 
Loughrin et al. 1991). Plants emit one set of compounds 
during the day and another at night (Matile and Altenburger 
1988; Loughrin et al. 1992).  Moreover, it has been found 
that some floral volatile compounds are emitted in a 
rhythmic manner whereas others are not (Loughrin et al. 
1991; Nielsen et al. 1995). The diurnal or nocturnal rhyth-
mic release of flower scent generally coincides with the vis-
iting period of potential pollinators. Emission of methyl 
benzoate from bee-pollinated snapdragon flowers occurs in 
a rhythmic manner, with maximum emission during the day, 
and coincides with the foraging activity of bumblebees 

(Kolosova et al. 2001b). A detailed time-course analysis 
showed that the oscillation of methyl benzoate is resulted 
from the rhythmic regulation of the substrate, benzoic acid, 
but not that of BAMT activity. 

Monoterpenes can also be released rhythmically as was 
shown for Artemisia annua (Lu et al. 2002). A �-pinene 
synthase mRNA from A. annua has been shown to be regu-
lated in a circadian rhythm, and its expression profile is cor-
related with the content and emission of the monoterpene 
produced by the corresponding enzyme (Lu et al. 2002). 
Thus, at least one layer of regulation is provided by the 
highly specific rhythmic expression of terpenoid synthases. 
However, C. breweri linalool synthase protein levels and 
enzyme activities remain high while linalool emission de-
creases (Dudareva and Pichersky 2000). This indicates that 
an additional layer of regulation exists in C. breweri, most 
likely in the pathways providing terpenoid precursors. 
 
METABOLIC ENGINEERING 
 
The importance of PVs is increasing day by day in perfume 
and food industry for their flavour and aroma. Traditional 
way to make good plants with strong flavored scent is time 
consuming and, therefore, to improve the overall process 
we need metabolic engineering approach. To date, the pio-
neering attempts on metabolic engineering of PVs were per-
formed on Arabidopsis, petunia, carnation, tobacco, tomato, 
strawberry, and apple. Among these species, petunia is 
especially the favored model plant for volatile research. 
Since petunia contains very little monoterpenes, all mono-
terpenes detected may be considered as result of transgene 
expression (Gerats and Vandenbussche 2005). There are 
several target pathways for metabolic engineering of the 
PVs. The well-understood mevalonate and MEP pathways 
are important for engineering terpenoids, while shikimate 
pathway plays a central role in biosynthesis of phenylpropa-
noid/benzenoid (Fig. 1). Most of the works (Table 1) fo-
cused on these two compounds because they are major 
volatile classes in plant. 
 
Metabolic engineering of terpenoid volatile 
compounds 
 
Terpenoids are the most important class of PVs and there-
fore they take a central position among metabolic engineer-
ing works. It was suggested that geranyl diphosphate (GPP) 
synthase and monoterpene synthase are the most critical 
positions for regulation of terpene volatile synthesis. C. 
breweri linalool synthase (LIS) gene encodes the enzyme 
that converts geranyl diphosphate (GPP) to a cyclic mono-

Table 1 Summary of metabolic engineering approaches for plant volatile biosynthesis. 
Species Gene Result Human olfactory 

detection 
Reference 

Arabidopsis FaNES1 Linalool and derivatives ND Aharoni et al. 2003 
 FaNES1 Nerolidol and (E)-DMNT ND Kappers et al. 2005 
Petunia CbLIS Linalool glucoside No Lucker et al. 2001 
 RhAAT Benzyl acetate and phenylethyl acetate ND Guterman et al. 2006 
 Anti(a)-PhBSMT Methylbenzoate decreased Yes Underwood et al. 2005
 Anti-PhPAAS Phenylacetaldehyde and phenylethanol eliminated ND Kaminaga et al. 2006 
 Anti-PhCFAT Isoeugenol decreased ND Dexter et al. 2007 
 PhODO1 Benzenoids volatile decreased ND Verdonk et al. 2005 
Tobacco AnBGL1 2-ethylhexanol, trans-caryophyllene, and cembrene ND Wei et al. 2004 
 ClTER, ClLIM, ClPIN �-terpinene, limonene, �-pinene and side products Yes El Tamer et al. 2003; 

Lucker et al. 2004a 
Tobacco TERLIMPIN(b) MsLIM3H Isopiperitenol and derivatives ND Lucker et al. 2004b 
Carnation CbLIS Linalyl oxides No Lavy 2002 
 Anti-DcF3’H Methylbenzoate Yes Zuker et al. 2002 
Tomato CbLIS Linalool & derivatives Yes Lewinsohn et al. 2001

Abbreviations: AnBGL1, Aspergillus niger �-glucosidase; ClLIM, Citrus limon limonene synthase; ClPIN, Citrus limon � -pinene synthase; ClTER, Citrus limon � -terpinene 
synthase; CbLIS, Clarkia breweri linalool synthase; DcF3’H, Dianthus caryophyllus flavanoid 3’-hydroxylase; MsLIM3H, Mentha spicata limonene-3-hydroxylase; ND, not 
determined; PhBSMT, Petunia hybrida benzoic acid/salicylic acid carboxyl methyltransferase; PhCFAT, Petunia hybrida  coniferyl alcohol acyltransferase; PhODO1, 
Petunia hybrida ODORANT1 transcription factor; PhPAAS, Petunia hybrida phenylacetaldehyde synthase; RhAAT, Rosa hybrida alcohol acetyltransferase.  

(a) RNAi sequence 
(b) Transgenic tobacco expressing ClTERM, ClLIM and ClPIN. 
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terpene volatile (3S)-linalool with sweet scent (Dudareva et 
al. 1996). This gene was introduced into petunia, tomato, 
and carnation. Petunia and carnation normally do not pro-
duce any linalool. In spite of high expression levels of LIS, 
transgenic petunia plant could not emit this flavor; linalool 
was rapidly converted to the non-volatile form of S-linalyl 
�-D-glucoside by endogenous glucosyltransferases (Lucker 
et al. 2001). The similar problem appeared in carnation, 
where S-linalool was mostly oxidized to linalool oxides. 
Nevertheless, linalool and its derivatives cis- and trans-lina-
lool oxides were detected in leaves and flowers of trans-
genic carnation at such a low level that was not strong 
enough for human olfactory (Lavy 2002). In tomato, LIS 
was expressed in fruit using fruit specific E8 promoter 
which mainly works in the ripening stage. The expression 
of linalool and 8-hydroxy linalool were strong enough to be 
detected by human olfactory (Lewinsohn et al. 2001). These 
results suggest that the products of transgenic monoterpene 
synthase have usually been modified into less phytotoxic or 
less reactive forms in plants that do not accumulate linalool 
(Lucker et al. 2006). 

Different expression levels of terpenoids are not only 
present in different tissues, but also present when the trans-
gene was subcellularly localized into plastids, endoplasmic 
reticulum (ER), and cytosols. Geranyl diphosphate (GPP), 
the precursor of limonene, is produced by mevalonate path-
way in the cytosol and by non-mevalonate pathway in plas-
tids. The Perilla frutescens limonene synthase (LS) gene, 
encoding the enzyme catalyzes stereo-specific cyclization 
of GPP to form limonene, was transformed into tobacco. 
High, low and zero amount of limonene was produced 
when the enzyme was targeted to plastids, cytosol and ER, 
respectively. Among ER targeted plant lines, only one 
accumulates LS polypeptide, but the peptide did not show 
any enzymatic activity. These results suggest that GPP in 
both cytosol and plastid can be trapped by LS; and ER is 
not a suitable compartment because of the incorrect folding 
or instability of protein (Ohara et al. 2003). Attempts to 
engineer sesquiterpenes confirmed the advantage of subcel-
lular organelles targeting strategy. By switching FaNES1, a 
strawberry linalool/nerolidol synthase, from cytosol to 
mitochondria or plastid, the expected sesquiterpene product 
(3S)-(E)-nerolidol was produced and emitted at 20-30 times 
higher (Aharoni et al. 2003; Kappers et al. 2005). So far, 
this emission of (3S)-(E)-nerolidol is highest in comparison 
with other metabolic engineering researches, implicating 
that the precursor fanesyl diphosphate (FPP) is readily 
available in mitochondria. In practical aspect, the carnivor-
ous predatory mites (Phytoseiulus persimilis) were signifi-
cantly attracted by the transgenic plants overexpressing 
(3S)-(E)-nerolidol, thus improving the plant defense (Kap-
pers et al. 2005). It has been proposed that the herbivore 
induced PVs can be exploited in agricultural pest control to 
repel herbivores by attracting their enemies (Turlings and 
Ton 2006). 

Introduction of multiple genes in a plant can combine 
multiple volatile compounds to ameliorate plant flavors. 
Three genes encoding three monoterpene synthases from 
lemon named TER, LIM, and PIN (Lucker et al. 2002) were 
introduced into tobacco. From leaves and flowers, trans-
formed TER lines express �-terpinene, small amount of �-
terpinene and limonene; transformed LIM lines express only 
limonene; and transformed PIN lines express �-pinene and 
small amount of �-terpinene. These monoterpene products 
were not produced by wild-type tobacco. By crossing, all 
three transgenes were combined into one plant. These plant 
lines successfully emitted three expected volatiles and a 
number of side products. The considerable emission of 
these compounds suggests that there is a sufficient amount 
of substrate pool for monoterpene production (Lucker et al. 
2004a). Sensory analysis showed that the differential emis-
sion from leaves of transgenic and wild-type plants is strong 
enough for olfactory detection by human, but not from 
flowers (El Tamer et al. 2003). 

One metabolic pathway includes several steps which 

may occur in different subcellular compartments. The most 
challenging target is engineering more than one step in-
volved in one pathway, or regulating the metabolic network. 
P450, the gene encoding limonene hydroxylase from Men-
tha spicata L. ‘Crispa’, was introduced into the ER of to-
bacco which expressed three lemon monoterpene synthases 
as mentioned above. The transgenic plant highly emitted the 
new volatile compound (+)-trans-isopiperitenol, a product 
resulted from P450 hydroxylase activity on (+)-limonene, 
and some side products which include isopiperitenone and 
p-cymenne. In a previous research, the three lemon en-
zymes were targeted to plastids. However, P450 was most 
likely functions in endoplasmic reticulum. This result sug-
gests that (+)-limonene was efficiently transported through 
a panel between plastid and endoplasmic reticulum. In this 
case, it is clear that two newly introduced steps, which hap-
pened in different locations, can work together (Lucker et al. 
2004b). 
 
Metabolic engineering of 
phenylpropanoid/benzenoid volatile compounds 
 
Benzenoid compounds contribute the second most abundant 
volatile compounds in plants (van Schie et al. 2006). Unfor-
tunately, because of the limited knowledge on biosynthetic 
pathway, candidate genes and regulation factors, there were 
very few attempts to engineer these volatile compounds. 
However, encouraging results have been obtained recently, 
regarding the biosynthetic pathway for the production of 
these volatile compounds. 

In an effort to modify the color of carnation flower by 
using antisense method to suppress the flavanone 3-hydro-
xylase mediating a key step in the anthoxanthin pathway, 
the transgenic plants not only changed their color but also 
emitted five- to seven-fold more phenylpropanoids, methyl 
benzoate and 2-hydroxy methyl benzoate. However, the 
emission of other volatile compounds was not changed 
(Zuker et al. 2002). It is reasonable that the suppression of 
anthoxanthin synthesis redirected the pathway to produce 
more benzoic acid because both of them are derived from 
phenylpropanoid pathway. 

In petunia, ethylene elicits a series of physiological and 
biochemical events in floral organs, ultimately leading to 
senescence of petals and successful fertilization. Treatment 
of petunia with ethylene showed a remarkable decrease in 
the expression level of two genes, benzoic acid/salicylic 
acid carboxyl methyltransferase (PhBSMT1 and PhBSMT 2) 
with concomitant reduction in methyl benzoate and other 
volatile emission. The use of RNA-mediated interference 
technology (RNAi) as a powerful tool for modification of 
metabolic pathways has gained success. RNAi suppression 
of the above two genes also resulted in 75% to 99% de-
crease of methyl benzoate, even without ethylene. This 
change was detectable by human olfactory. The authors 
conclude that in petunia, PhBSMT1 and PhBSMT2 genes 
are involved in biosynthesis of methyl benzoate and down-
regulated by ethylene (Underwood et al. 2005). 

In general, more than one biochemical pathway is res-
ponsible for a blend of volatile compounds released from 
different plant tissues. A comparative analysis of the regu-
lation of benzenoid and monoterpene emission in snap-
dragon flowers revealed that the orchestrated emission of 
phenylpropanoid and isoprenoid compounds is regulated 
upstream of individual metabolic pathways and includes the 
coordinated expression of genes that encode enzymes 
involved in the final steps of scent biosynthesis (Dudareva 

et al. 2000, 2003). Thus, transcription factors that regulate 

multiple biosynthetic pathways are good targets to be 
engineered for manipulation of the odor bouquet. Using 
targeted transcriptome analysis, the gene ODORANT1 
(ODO1) that encodes a novel R2R3-type MYB transcrip-
tion factor was identified in petunia. Transcript level of 
ODO1 correlates with level of volatile emission. Down-
regulation of this factor led to significant reduction of vola-
tile benzenoids because the synthesis of their precursors in 
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the shikimate pathway was decreased. Moreover, RNAi 
suppression of ODO1 also reduced transcript level of seve-
ral genes in this pathway. From these data, the authors con-
clude that ODO1 is the key regulator of floral flavor bio-
synthesis (Verdonk et al. 2005). 

Recently, a typical metabolic engineering work targeted 
to benzenoids was performed using rose alcohol acetyl-
transferase gene (RhAAT) in petunia. The gene was well ex-
pressed under the control of 35S promoter to produce larger 
amount of benzyl acetate and phenylethyl acetate. Interes-
tingly, the enzyme used endogenous phenylethyl alcohol 
and benzyl alcohol as substrate (Guterman et al. 2006), 
while in vitro assay showed its preferred substrate is gera-
niol (Shalit et al. 2003), which is unavailable in the petunia 
cell. 
 
Engineering plant cells culture to produce flavors 
 
Similar to propagation of plants, cell and tissue cultures 
technique can be used for commercial production of natural 
products, including flavors and fragrances. The production 
of compounds by plant cell cultures has advantages over 
production by conventional agricultural practices. Unlike 
the production of plants that is seasonally limited, cell cul-
tures provide a system that can be used year-round and that 
is independent of the geographic location, and political situ-
ations. Cells can be induced in a coordinated manner to pro-
duce metabolites of interest, and these can be isolated from 
the nutrient medium or from the cells (Murashige and 
Skoog 1962). However the method is expensive since the 
production of flavor compound or its precursors are rela-
tively in low amount. The best results toward the production 
of flavor compounds by cell cultures have been achieved in 
cases which the characteristic aroma of the fruit or plant is 
caused mainly or entirely by the synthesis and accumulation 
of a single compound or only a few compounds with similar 
structures and properties e.g. vanilla for which the major 
flavor component is vanillin, and onions and garlic, for 
which the characteristic flavor derives from alliin deriva-
tives (Hrazdina 2006). Although the production of the majo-
rity of aroma compounds by plant tissue culture methods is 
presently not feasible for either economic or physiological 
reasons, future developments may hold promise. Flavor and 
aroma compounds from plant tissue cultures may become 
available as we learn the details of their biochemical path-
ways and their genetic control. 
 
CONCLUSION 
 
Although plants emit volatile compounds for different pur-
poses as searched by many scientists, it is not conclusive 
why plants lose a good percentage of carbon through emis-
sion. Nonetheless, whatever may be its function, these se-
condary metabolites are attractive for commercial exploita-
tion in food and perfume industry and metabolic engineer-
ing seems to be a promising tool to achieve the enhance-
ment and introduction of flavour and aroma in food stuffs. 
 
ACKNOWLEDGEMENTS 
 
Equally contributed DVC and AD were supported from BK21 
program and Brainpool program, respectively. Co-corresponding 
authors KJY and KSW laboratory were supported by a grant of 
KOSEF/MOST to the National Research Lab. Program 
(M10600000205-06J0000-20510), the Environmental Biotech-
nology National Core Research Center (R15-2003-012-01003-
0/02001-0) and the BioGreen21 program (2005-0401034590/ 
0301034478). 
 
REFERENCES 
 
Aharoni A, Giri AP, Deuerlein S, Griepink F, de Kogel WJ, Verstappen FW, 

Verhoeven HA, Jongsma MA, Schwab W, Bouwmeester HJ (2003) Ter-
penoid metabolism in wild-type and transgenic Arabidopsis plants. The Plant 
Cell 15, 2866-2884 

Altenburger R, Matile P (1990) Further observations on rhythmic emission of 
fragrance in flowers. Planta 180, 194-197 

Arimura G, Ozawa R, Kugimiya S, Takabayashi J, Bohlmann J (2004) Her-
bivore-induced defense response in a model legume. Two-spotted spider 
mites induce emission of (E)-beta-ocimene and transcript accumulation of 
(E)-beta-ocimene synthase in Lotus japonicus. Plant Physiology 135, 1976-
1983 

Barták P, Bednar P, Cap L, Ondrakova L, Stransky Z (2003) SPME - a 
valuable tool for investigation of flower scent. Journal of Separation Science 
26, 715-721 

Bate NJ, Riley JCM, Thompson JE, Rothstein SJ (2002) Quantitative and 
qualitative differences in C-6-volatile production from the lipoxygenase path-
way in an alcohol dehydrogenase mutant of Arabidopsis thaliana. Physiolo-
gia Plantarum 104, 97-104 

Boatright J, Negre F, Chen X, Kish CM, Wood B, Peel G, Orlova I, Gang D, 
Rhodes D, Dudareva N (2004) Understanding in vivo benzenoid metabolism 
in petunia petal tissue. Plant Physiology 135, 1993-2011 

Bonn B, Moortgat GK (2003) Sesquiterpene ozonolysis: origin of atmospheric 
new particle formation from biogenic hydrocarbons. Geophysical Research 
Letters 30, 1585-1588 

Croteau R, Karp F (1991) Origin of natural odorants. In: Muller P, Lamparsky 
D (Eds) Perfume: Art, Science and Technology, Elsevier Applied Sciences, 
New York, pp 101-126 

Croteau R, Kutchan TM, Lewis NG (2000) Natural products (secondary 
metabolites) In: Buchanan BB, Gruissem W, Jones R (Eds) Biochemistry and 
Molecular Biology of Plants, American Society of Plant Biologist, Rockville, 
MD, pp 1250-1318 

Custódio L, Serra H, Nogueira JM, Gonçalves S, Romano A (2006) Analysis 
of the volatiles emitted by whole flowers and isolated flower organs of the 
carob tree using HS-SPME-GC/MS. Journal of Chemical Ecology 32, 929-
942 

D’Auria JC, Chen F, Pichersky E (2002) Characterization of an acyltrans-
ferase capable of synthesizing benzylbenzoate and other volatile esters in 
flowers and damaged leaves of Clarkia breweri. Plant Physiology 130, 466-
476 

de Moraes CM, Mescher MC, Tumlinson JH (2001) Caterpillar-induced noc-
turnal plant volatiles repel conspecific females. Nature 410, 577-580 

Delfine S, Csiky O, Seufert G, Loreto F (2000) Fumigation with exogenous 
monoterpenes of a non-isoprenoid-emitting oak (Quercus suber): monoter-
pene acquisition, translocation, and effect on the photosynthetic properties at 
high temperatures. New Phytologist 146, 27-36 

Dexter R, Qualley A, Kish CM, Ma CJ, Koeduka T, Nagegowda DA, Duda-
reva N, Pichersky E, Clark D (2007) Characterization of a petunia acetyl-
transferase involved in the biosynthesis of the floral volatile isoeugenol. The 
Plant Journal 49, 265-275 

Dicke M (1999) Specificity of herbivore-induced plant defenses. In: Chadwick 
DJ, Goode J (Eds) Insect-Plant Interactions and Induced Plant Defense, No-
vartis Foundation Symposium 223, pp 43-59 

Dicke M, van Loon JJA (2000) Multitrophic effects of herbivore-induced plant 
volatiles in an evolutionary context. Entomologia Experimentalis et Appli-
cata 97, 237-249 

Dicke M, van Poecke RMP, de Boer JG (2003) Inducible indirect defence of 
plants: from mechanisms to ecological functions. Basic and Applied Ecology 
4, 27-42 

Dotterl S, Jürgens A (2005) Spatial fragrance patterns in flowers of Silene lati-
folia: Lilac compounds as olfactory nectar guides? Plant Systematics and 
Evolution 255, 99-109 

Dudareva N, Cseke L, Blanc VM, Pichersky E (1996) Evolution of floral 
scent in Clarkia: novel patterns of S-linalool synthase gene expression in the 
C. breweri flower. The Plant Cell 8, 1137-1148 

Dudareva N, D’Auria JC, Nam KH, Raguso RA, Pichersky E (1998) Acetyl-
CoA:benzylalcohol acetyltransferase – an enzyme involved in floral scent 
production in Clarkia breweri. The Plant Journal 14, 297-304 

Dudareva N, Martin D, Kish CM, Kolosova N, Gorenstein N, Faldt J, Mil-
ler B, Bohlmann J (2003) (E)-beta-ocimene and myrcene synthase genes of 
floral scent biosynthesis in snapdragon: function and expression of three ter-
pene synthase genes of a new terpene synthase subfamily. The Plant Cell 15, 
1227-1241 

Dudareva N, Murfitt LM, Mann CJ, Gorenstein N, Kolosova N, Kish CM, 
Bonham C, Wood K (2000) Developmental regulation of methyl benzoate 
biosynthesis and emission in snapdragon flowers. The Plant Cell 12, 949-961 

Dudareva N, Pichersky E (2000) Biochemical and molecular genetic aspects 
of floral scents. Plant Physiology 122, 627-633 

Dudareva N, Pichersky E, Gershenzon J (2004) Biochemistry of plant vola-
tiles. Plant Physiology 135, 1893-1902 

Dudareva N, Piechulla B, Pichersky E (1999) Biogenesis of floral scent. Hor-
ticultural Reviews 24, 31-54 

El Tamer MK, Smeets M, Holthuysen N, Lucker J, Tang A, Roozen J, 
Bouwmeester HJ, Voragen AG (2003) The influence of monoterpene syn-
thase transformation on the odour of tobacco. Journal of Biotechnology 106, 
15-21 

Engelberth J, Alborn HT, Schmelz EA, Tumlinson JH (2004) Airborne sig-
nals prime plants against insect herbivore attack. Proceedings of the National 

229



Functional Plant Science and Biotechnology 1(2), 223-231 ©2007 Global Science Books 

 

Academy of Sciences USA 101, 1781-1785 
Fall R, Karl T, Hansel A, Jordan A (1999) Volatile organic compounds emit-

ted after leaf wounding: on-line analysis by proton-transfer-reaction mass 
spectrometry. Journal of Geophysical Research – Atmospheres 104, 15963-
15974 

Fridman E, Wang J, Iijima Y, Froehlich JE, Gang DR, Ohlrogge J, Picher-
sky E (2005) Metabolic, genomic, and biochemical analyses of glandular tri-
chomes from the wild tomato species Lycopersicon hirsutum identify a key 
enzyme in the biosynthesis of methylketones. The Plant Cell 17, 1252-1267 

Gang DR, Lavid N, Zubieta C, Chen F, Beuerle T, Lewinsohn E, Noel JP, 
Pichersky E (2002) Characterization of phenylpropene O-methyltransferases 
from sweet basil: facile change of substrate specificity and convergent evolu-
tion within a plant O-methyltransferase family. The Plant Cell 14, 505-519 

Gang DR, Wang J, Dudareva N, Nam KH, Simon JE, Lewinsohn E, Picher-
sky E (2001) An investigation of the storage and biosynthesis of phenylpro-
penes in sweet basil. Plant Physiology 125, 539-555 

Gerats T, Vandenbussche M (2005) A model system for comparative research: 
Petunia. Trends in Plant Science 10, 251-256 

Guterman I, Masci T, Chen X, Negre F, Pichersky E, Dudareva N, Weiss D, 
Vainstein A (2006) Generation of phenylpropanoid pathway-derived vola-
tiles in transgenic plants: Rose alcohol acetyltransferase produces phenyl-
ethyl acetate and benzyl acetate in petunia flowers. Plant Molecular Biology 
60, 555-563 

Guterman I, Shalit M, Menda N, Piestun D, Dafny-Yelin M, Shalev G, Bar 
E, Davydov O, Ovadis M, Emanuel M, Wang J, Adam Z, Pichersky E, 
Lewinsohn E, Zamir D, Vainstein A, Weiss D (2002) Rose scent: genomics 
approach to discovering novel floral fragrance-related genes. The Plant Cell 
14, 2325-2338 

Hammer KA, Carson CF, Riley TV (2003) Antifungal activity of the compo-
nents of Melaleuca alternifolia (tea tree) oil. Journal of Applied Microbio-
logy 95, 853-860 

Hayashi S, Yagi K, Ishikawa T (2004) Emission of 2-phenylethanol from its �-
glucopyranoside and the biogenesis of these compounds from [2H8]-phenyl-
alanine in rose flowers. Tetrahedron 60, 7005-7013 

Hoffmann T, Odum JR, Bowman F, Collins D, Klockow D, Flagan RC, 
Seinfeld JH (1997) Formation of organic aerosols from the oxidation of 
biogenic hydrocarbons. Journal of Atmospheric Chemistry 26, 189-212 

Horiuchi JI, Badri DV, Kimball BA, Negre F, Dudareva N, Paschke MW, 
Vivanco JM (2007) The floral volatile, methyl benzoate, from snapdragon 
(Antirrhinum majus) triggers phytotoxic effects in Arabidopsis thaliana. 
Planta 226, 1-10 

Howe GA, Schilmiller AL (2002) Oxylipin metabolism in response to stress. 
Current Opinion in Plant Biology 5, 230-236 

Hrazdina G (2006) Aroma production by tissue cultures. Journal of Agricul-
tural and Food Chemistry 54, 1116-1123 

Huber DP, Ralph S, Bohlmann J (2004) Genomic hardwiring and phenotypic 
plasticity of terpenoid-based defenses in conifers. Journal of Chemical Eco-
logy 30, 2399-2418 

Jones KN, Reithel JS, Irwin RE (1998) A trade-off between the frequency and 
duration of bumblebee visits to flowers. Oecologia 117, 161-168 

Kaminaga Y, Schnepp J, Peel G (2006) Plant phenylacetaldehyde synthase is 
a bifunctional homotetrameric enzyme that catalyzes phenylalanine decar-
boxylation and oxidation. The Journal of Biological Chemistry 281, 23357-
23366 

Kappers IF, Aharoni A, van Herpen TW, Luckerhoff LL, Dicke M, Bouw-
meester HJ (2005) Genetic engineering of terpenoid metabolism attracts 
bodyguards to Arabidopsis. Science 309, 2070-2072 

Karban R, Baldwin IT, Baxter KJ (2000) Communication between plants: in-
duced resistance in wild tobacco plants following clipping of neighboring 
sagebrush. Oecologia 125, 66-71 

Kessler A, Halitschke R, Diezel C, Baldwin IT (2006) Priming of plant de-
fense responses in nature by airborne signaling between Artemisia tridentate 
and Nicotiana attenuata plant-animal interaction. Oecologia 148, 280-292 

Knudsen JT, Andersson S, Bergmann P (1999) Floral scent attraction in Geo-
noma macrostachys, an understory palm of the Amazonian rain forest. Oikos 
85, 409-418 

Knudsen JT, Gershenzon J (2006) The chemistry diversity of floral scent. In: 
Dudareva N, Pichersky E (Eds) Biology of Floral Scent, CRC Press, pp 27-52 

Knudsen JT, Tollsten L, Bergstrom G (1993) Floral scents – a checklist of 
volatile compounds isolated by head-space techniques. Phytochemistry 33, 
253-280 

Kolosova N, Gorenstein N, Kish CM, Dudareva N (2001b) Regulation of cir-
cadian methyl benzoate emission in diurnally and nocturnally emitting plants. 
The Plant Cell 13, 2333-2347 

Kolosova N, Sherman D, Karlson D, Dudareva N (2001a) Cellular and sub-
cellular localization of S-adenosyl-L-methionine:benzoic acid carboxyl me-
thyltransferase, the enzyme responsible for biosynthesis of the volatile ester 
methylbenzoate in snapdragon flowers. Plant Physiology 126, 956-964 

Kovacevic N, Pavlovic M, Menkovic N, Tzakou O, Couladis M (2002) Com-
position of the essential oil from roots and rhizomes of Valeriana pancicii 
Halacsy & Bald. Flavour and Fragrance Journal 17, 355-357 

Lavid N, Wang J, Shalit M, Guterman I, Bar E, Beuerle T, Menda N, Sha-
fir S, Zamir D, Adam Z, Vainstein A, Weiss D, Pichersky E, Lewinsohn E 

(2002) O-methyltransferases involved in the biosynthesis of volatile phenolic 
derivatives in rose petals. Plant Physiology 129, 1899-1907 

Lavy M (2002) Linalool and linalool oxide production in transgenic carnation 
flowers expressing the Clarkia breweri linalool synthase gene. Molecular 
Breeding 9, 103-111 

Lewinsohn E, Schalechet F, Wilkinson J, Matsui K, Tadmor Y, Nam KH, 
Amar O, Lastochkin E, Larkov O, Ravid U, Hiatt W, Gepstein S, Picher-
sky E (2001) Enhanced levels of the aroma and flavor compound S-linalool 
by metabolic engineering of the terpenoid pathway in tomato fruits. Plant 
Physiology 127, 1256-1265 

Loreto F, Pinelli P, Manes F, Kollist H (2004) Impact of ozone on monoter-
pene emissions and evidence for an isoprene-like antioxidant action of mono-
terpenes emitted by Quercus ilex leaves. Tree Physiology 24, 361-367 

Loughrin JH, Hamilton-Kemp TR, Anderson RA, Hildebrand DF (1991) 
Circadian rhythm of volatile emission from flowers of Nicotiana sylvestris 
and N. suaveolens. Physiologia Plantarum 83, 492-496 

Loughrin JH, Hamilton-Kemp TR, Burton HR, Anderson RA, Hildebrand 
DF (1992) Glycosidically bound volatile components of Nicotiana sylvestris 
and N. suaveolens flowers. Phytochemistry 31, 1537-1540 

Lu S, Xu R, Jia JW, Pang J, Matsuda SP, Chen XY (2002) Cloning and 
functional characterization of a beta-pinene synthase from Artemisia annua 
that shows a circadian pattern of expression. Plant Physiology 130, 477-486 

Lucker J, Bouwmeester HJ, Schwab W, Blaas J, van der Plas LH, Verhoe-
ven HA (2001) Expression of Clarkia S-linalool synthase in transgenic 
petunia plants results in the accumulation of S-linalyl-beta-D-glucopyrano-
side. The Plant Journal 27, 315-324 

Lucker J, El Tamer MK, Schwab W, Verstappen FW, van der Plas LH, 
Bouwmeester HJ, Verhoeven HA (2002) Monoterpene biosynthesis in 
lemon (Citrus limon). cDNA isolation and functional analysis of four mono-
terpene synthases. European Journal of Biochemistry 269, 3160-3171 

Lucker J, Schwab W, van Hautum B, Blaas J, van der Plas LH, Bouw-
meester HJ, Verhoeven HA (2004a) Increased and altered fragrance of to-
bacco plants after metabolic engineering using three monoterpene synthases 
from lemon. Plant Physiology 134, 510-519 

Lucker J, Schwab W, Franssen MC, van Der Plas LH, Bouwmeester HJ, 
Verhoeven HA (2004b) Metabolic engineering of monoterpene biosynthesis: 
two-step production of (+)-trans-isopiperitenol by tobacco. The Plant Journal 
39, 135-145 

Lucker J, Harrie A, Verhoeven HA (2006) Molecular engineering of floral 
scent. In: Dudareva N, Pychersky E (Eds) Biology of Floral Scent, CRC 
Press, pp 125-144 

Martin D, Bohlmann J (2005) Molecular biochemistry and genomics of terpe-
noid defenses in conifers. Recent Advances in Phytochemistry 39, 29-56 

Matile P, Altenburger R (1988) Rhythms of fragrance emission in flowers. 
Planta 174, 242-247 

McConkey ME, Gershenzon J, Croteau RB (2000) Developmental regulation 
of monoterpene biosynthesis in the glandular trichomes of peppermint. Plant 
Physiology 122, 215-224 

Murashige T, Skoog F (1962) A revised medium for rapid growth and bio as-
says with tobacco tissue cultures. Physiologia Plantarum 15, 473-497 

Negre F, Kish CM, Boatright J, Underwood B, Shibuya K, Wagner C, 
Clark DG, Dudareva N (2003) Regulation of methylbenzoate emission after 
pollination in snapdragon and petunia flowers. The Plant Cell 15, 2992-3006 

Nielsen JK, Jakobsen HB, Hansen PFK, Moller J, Olsen CE (1995) Asyn-
chronous rhythms in the emission of volatiles from Hesperis matronalis 
flowers. Phytochemistry 38, 847-851 

Noel JP, Dixon RA, Pichersky E, Zubieta C, Ferrer JL (2003) Structural, 
functional, and evolutionary basis for methylation of plant small molecules. 
In: Romeo JT (Ed) Recent Advances in Phytochemistry (Vol 37), Elsevier 
Science, Oxford, pp 37-58 

Ohara K, Ujihara T, Endo T, Sato F, Yazaki K (2003) Limonene production 
in tobacco with Perilla limonene synthase cDNA. Journal of Experimental 
Botany 54, 2635-2642 

Pare PW, Tumlinson JH (1997) De novo biosynthesis of volatiles induced by 
insect herbivory in cotton plants. Plant Physiology 114, 1161-1167 

Pare PW, Tumlinson JH (1999) Plant volatiles as a defense against insect her-
bivores. Plant Physiology 121, 325-331 

Pellati F, Benvenuti S, Yoshizaki F, Bertelli D, Rossi MC (2005) Headspace 
solid-phase microextraction – gas chromatography-mass spectrometry analy-
sis of the volatile compounds of Evodia species fruits. Journal of Chromatog-
raphy 1087, 265-273 

Pichersky E, Gershenzon J (2002) The formation and function of plant vola-
tiles: perfumes for pollinator attraction and defense. Current Opinion in Plant 
Biology 5, 237-243 

Pichersky E, Noel JP, Dudareva N (2006) Biosynthesis of plant volatiles: Na-
ture's diversity and ingenuity. Science 311, 808-811 

Pott MB, Hippauf F, Saschenbrecker S, Chen F, Ross J, Kiefer I, Slusa-
renko A, Noel JP, Pichersky E, Effmert U, Piechulla B (2004) Biochemi-
cal and structural characterization of benzenoid carboxyl methyltransferases 
involved in floral scent production in Stephanotis floribunda and Nicotiana 
suaveolens. Plant Physiology 135, 1946-1955 

Pott MB, Pichersky E, Piechulla B (2002) Evening specific oscillations of 
scent emission, SAMT enzyme activity, and SAMT mRNA in flowers of Ste-

230



Plant volatiles and flavours. Duong et al. 

 

phanotis floribunda. Journal of Plant Physiology 159, 925-934 
Rasmann S, Kollner TG, Degenhardt J, Hiltpold I, Toepfer S, Kuhlmann U, 

Gershenzon J, Turlings TC (2005) Recruitment of entomopathogenic nema-
todes by insect-damaged maize roots. Nature 434, 732-737 

Ross JR (1999) S-Adenosyl-L-methionine-salicylic acid carboxyl methyltrans-
ferase, an enzyme involved in floral scent production. Archives of Bioche-
mistry and Biophysics 367, 9-16 

Runyon JB, Mescher MC, de Moraes CM (2006) Volatile chemical cues 
guide host location and host selection by parasitic plants. Science 313, 1964-
1967 

Ruther J, Kleier S (2005) Plant-plant signaling: ethylene synergizes volatile 
emission in Zea mays induced by exposure to (Z)-3-hexen-1-ol. Journal of 
Chemical Ecology 31, 2217-2222 

Scalliet G, Journot N, Jullien F, Baudino S, Magnard JL, Channeliere S, 
Vergne P, Dumas C, Bendahmane M, Cock JM, Hugueney P (2002) Bio-
synthesis of the major scent components 3,5-dimethoxytoluene and 1,3,5-tri-
methoxybenzene by novel rose O-methyltransferases. FEBS Letters 523, 113-
118 

Schnee C, Kollner TG, Held M, Turlings TC, Gershenzon J, Degenhardt J 
(2006) The products of a single maize sesquiterpene synthase form a volatile 
defense signal that attracts natural enemies of maize herbivores. Proceedings 
of the National Academy of Sciences USA 103, 1129-1134 

Schoch G, Goepfert S, Morant M, Hehn A, Meyer D, Ullmann P, Werck-
Reichhart D (2001) CYP98A3 from Arabidopsis thaliana is a 3'-hydroxy-
lase of phenolic esters, a missing link in the phenylpropanoid pathway. The 
Journal of Biological Chemistry 276, 36566-36574 

Schuler MA (1996) The role of cytochrome P450 monooxygenases in plant-
insect interactions. Plant Physiology 112, 1411-1419 

Shalit M, Guterman I, Volpin H, Bar E, Tamari T, Menda N, Adam Z, Za-
mir D, Vainstein A, Weiss D, Pichersky E, Lewinsohn E (2003) Volatile es-
ter formation in roses. Identification of an acetyl-coenzyme A. Geraniol/Cit-
ronellol acetyltransferase in developing rose petals. Plant Physiology 131, 
1868-1876 

Simkin AJ, Schwartz SH, Auldridge M, Taylor MG, Klee HJ (2004) The to-
mato carotenoid cleavage dioxygenase 1 genes contribute to the formation of 
the flavor volatiles beta-ionone, pseudoionone, and geranylacetone. The 
Plant Journal 40, 882-892 

St. Pierre B, de Luca V (2000) Evolution of acyltransferase genes: origin and 
diversification of the BAHD superfamily of acyltransferases involved in sec-
ondary metabolism. In: Romeo JT, Ibrahim R, Varin L, de Luca V (Eds) Re-
cent Advances in Phytochemistry. Evolution of Metabolic Pathways (Vol 34), 
Elsevier Science, Oxford, pp 285-315 

Steeghs M, Bais HP, de Gouw J, Goldan P (2004) Proton-transfer-reaction 
mass spectrometry as a new tool for real time analysis of root-secreted vola-

tile organic compounds in Arabidopsis. Plant Physiology 135, 47-58 
Tadmor Y, Fridman E, Gur A, Larkov O, Lastochkin E, Ravid U, Zamir D, 

Lewinsohn E (2002) Identification of malodorous, a wild species allele af-
fecting tomato aroma that was selected against during domestication. Journal 
of Agricultural and Food Chemistry 50, 2005-2009 

Takabayashi J, Dicke M (1996) Plant-carnivore mutualism through herbivore-
induced carnivore attractants. Trends in Plant Science 1, 109-113 

Trapp SC, Croteau RB (2001) Genomic organization of plant terpene syn-
thases and molecular evolutionary implications. Genetics 158, 811-832 

Truman W, Bennett MH, Kubigsteltig I, Turnbull C, Grant M (2007) Arabi-
dopsis systemic immunity uses conserved defense signaling pathways and is 
mediated by jasmonates. Proceedings of the National Academy of Sciences 
USA 104, 1075-1080 

Turlings TC, Ton J (2006) Exploiting scents of distress: the prospect of mani-
pulating herbivore-induced plant odours to enhance the control of agricultural 
pests. Current Opinion in Plant Biology 9, 421-427 

Turlings TCJ, Bernasconi M, Bertossa R, Bigler F, Caloz G, Dorn S (1998) 
The induction of volatile emissions in maize by three herbivore species with 
different feeding habits: Possible consequences for their natural enemies. 
Biological Control 11, 122-129 

Underwood BA, Tieman DM, Shibuya K, Dexter RJ, Loucas HM (2005) 
Ethylene-regulated floral volatile synthesis in petunia corollas. Plant Physi-
ology 138, 255-266 

van Schie CC, Haring MA, Schuurink RC (2006) Regulation of terpenoid 
and benzenoid production in flowers. Current Opinion in Plant Biology 9, 
203-208 

Verdonk JC, Haring MA, van Tunen AJ, Schuurink RC (2005) 
ODORANT1 regulates fragrance biosynthesis in petunia flowers. The Plant 
Cell 17, 1612-1624 

Verdonk JC, Ric de Vos CH, Verhoeven HA, Haring MA, van Tunen AJ, 
Schuurink RC (2003) Regulation of floral scent production in petunia re-
vealed by targeted metabolomics. Phytochemistry 62, 997-1008 

Wang J, Dudareva N, Bhakta S, Raguso RA, Pichersky E (1997) Floral 
scent production in Clarkia breweri (Onagraceae). II. Localization and deve-
lopmental modulation of the enzyme S-adenosyl-L-methionine:(iso)eugenol 
O-methyltransferase and phenylpropanoid emission. Plant Physiology 114, 
213-221 

Wei S, Marton I, Dekel M, Shalitin D, Lewinsohn E, Bravdo BA, Shoseyov 
O (2004) Manipulating volatile emission in tobacco leaves by expressing 
Aspergillus niger beta-glucosidase in different subcellular compartments. 
Plant Biotechnology Journal 2, 341-350 

Zuker A, Tzfira T, Hagit BM (2002) Modification of flower color and frag-
rance by antisense suppression of the flavanone 3-hydroxylase gene Molecu-
lar Breeding 9, 33-41 

 
 

231


