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pathways of floral scent ympounds, the properties and regulation of the
enzymes catalyzing these reactions, and the genes encoding these
enzymes. It should he noted that most of the recent data concerning
genes and enzymes involved in scent production come from one model
organism. Clarkia breweri. which we have studied. It is hoped that sim-
ilar investigations with other scented species will be forthcoming.

1. PATHWAYS AND SITE OF SYNTHESIS

While some plants emit scent from all, or a subset of, their floral parts,
vg. Clarkia breweri (Raguso and Pichersky 1995), other plants have
been found to possess specialized “scent glands.” e.g., orchids (Stern et
al. 1086: Curry 1987). 1t is not yel clear how prevalent scent glands are
among all scented Howers. Investigations of scent glands have so far been
conduatod mostly on the anatomical tevels, and the question of whether
such glands represents sites of emission only or also of synthesis of scent
volatiles has not yet been addressed.

The determination of the location of synthesis of scent compounds has
by necessity been tied to the elucidation of the pathways themselves.
‘The first dilficulty was trapping and identifying the actual volatile chem-
icals that are emitted under natural conditions, i.e., not by cut and/or
dehydrated Howers. This was solved by the development of the “head-
space” collection technique, in which flowers that are still attached to
the rest of the plant are encased ina container from which the air is con-
tinuously purged. The volatiles in this “headspace” are collected onto
a trapping sorbent, from which they are later eluted and analyzed (Kaiser
1991; Raguso and Pellmyr 1998).

While this approach has given us accurate descriptions of the emitted
scent components, the specific pathways that operate in floral tissues or
elsewhere to generate them have, in mosl cases, remained obscure. His-
torically, secondary metabolites in general were investigated by chemists
who looked for intermediates (by pulse-chase experiments, for example)
to picce topether the pathways that lead to the final products. More
recently, the emphasis has been on the discovery of enzymes catalyzing
specilic reactions as a prool that a postulated reaction indeed occurs in
the cell (and is notan artifact of the experimental system). However, bio-
chemical investigations of secondary metabolism have commonly been
hampered by the Tack of knowledge of the pathways, and, even when a
substrate-product relationship is known or suspected, by the lack of pure
substrale ally radiolabelled ones, to perform the enzymatic assays.

esp

2. BIOGENESIS OF FLORAL SCENTS

Thus, the existence of scent biosynthetic enzymes in flower tissue has
heen demonstrated for the first time only recently.

Because it had proven difficult to find such hiosynthetic enzymes,
many invesligations have focused instead on the possibility that some
floral scent compounds are synthesized olsewhere in the plantand are
then transported to the flowers. Several observations prompted such a
hypothesis. First, many floral scent components are often found in glv-
cosylated forms (as well as in free form) in fruits, and some of these may
have been transported from the vegetative part of the plant (Gunata el
al. 1985; Tang et al. 1990). Second, glycosylated compounds are also
often found in buds (which are usually not scented), and later in flow-
ers (Ackermann et al. 1989 Loughrin et al. 1992; Watanabe et al. 1993).
And lastly, areporl which :_:5.‘:.2_ in Russian with an finglish abstracl
(Pogorel'skaya et al. 1980) claimed that snch transport into bhuds ocenrs
in roses (although this has not yet been repeated by other groups).

As is often the case in science, hypotheses that are relativelv easy to
test are tackled first. Thus, an importantimpetus for this line of inves-
tigation was simply the fact that it is relatively casy to measure the
activity of the glycosidases, which were hypothesized to be the kev
enzymes releasing the aroma in the flower. In some cases it was reported
that the levels of glycosidases increased during the development of the
flower (Loughrin et al. 1992). It is important to note that the demon-
stration of glycosidase activity in flowers by itsell says nothing about the
site of synthesis of either the free scent component or ils glycosylated
form (both of which might of course oceur in the flower itself). Moreover.
when levels of glycosides present in the flowers at different stages are
correlated with actual levels of emission, there is little to supporl the
conclusion that glycosidically bound scent compounds are obligatory
intermediates in scent biogenesis (Ackermann et al. 1989). This is
because (1) the glycosides tend to accumulate more as the flower age
(i.e.. they usually do not peak at or before the peak of scent emission).
and (2) the pool of glycosides in the Hower belore or at peak emission
time is only a small fraction of what the Mower actually emits. In those
studies neither the synthesis of the scent compounds themselves and
their glycosylated forms in the vegetative tissues, nor the process of
transporting them (or their glycosylated forms) into the flowers. have
been examined. Thus, although it is possible that scent precursors are
initially synthesized in vegelative tissue in some plant species, there is
little empirical data to substantiate this scenario. This section will there-
fore review the growing evidence for Mower-specific biogenesis of flo-
ral scent compounds. The published work deals with our model system
Clarkia breweri, an annual flower from California. Recently, however,
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the enzyme acetyl-CoA:benzylalcohol acetyltransferase (BEAT). This

enzyme is also most abundant in petal tissue, from where the bulk of
benzylacelate emission occurs. The BEAT protein is a member of a
newly defined Tamily of acyltranslerases. S-adenosyl-L-methionine:
salicvlic acid carboxyl methyltransferase (SAMT) is the enzyme that cat-
alvzes the formation of methylsalicylate in petals of C. breweri
(Dudareva et al. 1998a). IBMT, BEAT and SAMT, whose substrates are
all phenylpropanoids/henzenoids, are most likely localized in the cytosol.

Recently, we have been able to demonstrate the activity of BEAT in
petals of daffodils (J. D'Auria and E. Pichersky, unpublished). In addi-
tion, the activity of SAM:benzoic acid methyltransferase (BAMT), the
enzyme that
ponent of the floral scent of Antirrhinum majus, bas been demonsltrated
in their petals (N. Dudareva, unpublished).

walyzes the formation of methylbenzoate, a major com-

C. Falty Acids and Other Scent Compounds

Several floral scent components are derivatives of fatty acids. For exam-
ple. the acetyl ester of cis-3-hexen-1-o0l is common, as is methyl-
jasmonate. Both cis-3-hexen-1-ol and jasmonale are breakdown products
of linolenic acid (Creelman and Mullet 1997). Whereas it is well estab-
lished that fatty acids themselves are synthesized in the plastids, the
location of synthesis of their derivatives is still essentially uninvesti-
gated. The jasmonates are important signaling compounds in vegelative
tissues as well, and there it appears that at least the initial steps leading
to their synthesis occur in the plastids. However, there are no reports that
wamine their synthesis in [loral tissues.

In this category are mostly scent compounds that contain nitrogen,
such as indole. Again, little is known about the biosynthesis of alkaloids
in general (Kutchan 1995), and even less is known about volatile ones.
In fact no information is available concerning the synthesis of any
volatile alkaloids in floral lissues.

111. MOLECULAR GENETIC CONTROL
A. Terpenes

Although monoterpenes and sesquilerpenes are predominant in many
floral fragrances, most of the work on terpene biosynthesis has been car-
ried out on vegelative tissues, where these compounds also serve impor-
tant functions such as defense (McGarvey and Groteau 1995). In the last
fow years, genes encoding the enzymes responsible for the synthesis of

2. BIOGENESIS OF FLORAL SCENTS 2a

many of these compounds have been identified and characterized
(Bohlmann et al. 1998). However, to date only the gene encoding linalool
synthase has been characterized specifically in respect toils role in flo-
ral scent biosynthesis (Dudareva el al. 1996). Linalool synthase was
purified to homogeneily from stigmata of Clarkia breweri llowers and a
protein-based cloning strategy was employed to obtain a cDNA encod-
ing this protein. This enzyme produces exclusively S-linalool, a com-
ponent of floral scent of many plant species (Knudsen el al. 1993:
Gerlach and Schill 1991). It is a monomer with apparent molecular
weight of 76 kDa (determined by gel permeation chromatography and
polyacrylamide gel electrophoresis), and with a strict requirement for a
divalent metal cofactor, preferentially Mn2+ (Pichersky et al, 1995), The
LIS gene is unique in C. breweri genome and its coding region is inter-
rupted by 11 introns (Dudareva et al. 1996; Cseke el al. 1998). The com-
plete amino acid sequence of LIS, derived from the cDNA clone, showed
it to be related to several enzymes involved in ferpene synthesis
(Dudareva et al. 1996). LIS was also isolated from a linalool-scented
relative of C. breweri, Oenothera arizonica, and from non-scented
C. concinna (Cscke et al. 1998), the proposed progenitor ol C. breweri.
Both sequence comparisons and comparisons of the Tocation of in-
trons in the genes suggest that LIS is actually a composite gene. Il includes
a portion of a copalyl pyrophosphate synthase-like sequence al it
N-terminus coding region and a portion of another terpene svnthase (a
limonene synthase-like) in most ol its second half (Cscke et al. 1998).

_wx_:cmma: of the LIS gene is temporally and spatinlly rogulated da
ing flower development. In scented C. breweri, 11S mRNA transcripls
begin to accumulate in flower buds several days before opening the
flower. One day before anthesis, LIS mRNA levels become approxi-
malely three and five times higher in petals than in pistil and stamens,
respectively. There is a lag time of about a day between the peak lTevels
of mRNA and the peak levels of LIS protein in petal and stigma tissues
(Fig. 2.2), but not in style and anthers (Dudareva et al. 1996). During the
lifespan of the flower, the protein levels in floral tissues show strong pos-
itive correlation with LIS activily (Fig. 2.2). indicating that the differ-
ences in LIS activity in different tissues and at different stages of flower
development are due to changes in the amount of LIS protein and not
to post-translational modifications.

Clarkia breweri has arisen from the non-scented species G concinna
(Raguso and Pichersky 1995), which nonetheless has been shown to
express ils LIS gene at a low level only in the stigma and to emit 1000-
fold less linalool than G. breweri llowers (Pichersky etal. 1994; Dudareva
ot al. 1996). The most significant observation concerning the expression
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In many plant species, volatile esters contribute significantly to the
total floral scent output and are importantin attracting insect vc_::m-
tors. Benzylacetate in particular is one of the most commonly found
esters in moth-pollinated flowers (Knudsen and Tollsten :::: and is
olten tound in the aromas of other flowers as well (Knudsen et al. 1993;
Van Dort et al. 1993; Watanabe et al. 1993). The enzyme BEAT, which
catalyzes the formation of benzylacetate, has been purified from C. brew-
eri pelals, a cDNA encoding this enzyme has been isolated and charac-
terized, and enzymatically active protein has been expressed in
Ischerichio coli. (Dudareva et al. 1 998b). The sequence of the protein
encoded by BEAT ¢cDNA does not show exlensive similarity to any other
known protein sequences, buta short segment within it has significant
similarity to short segments in other proteins known or hypothesized to
cvl-CoA substrate,

There is a single copy of BEAT gene in the C. breweri genome. lts
expression is developmentally and differentially _.cm:_:::_.‘c_. the dil-
ferent parts of the €. breweri flower, petals contained the majority of
BEAT transcripts. and no BEAT mRNA was detected in leaves. BEAT
MRNA was first detected in petal cells just before the flower opened, and
its level increased until it peaked on the day of anthesis (Dudareva et al.
1998b). These results are similar to those for LIS and IEMT, whose
MmRNA levels also peak ator around anthesis, suggesling a common reg-
ulatory mechanism.

Taken together, these results clearly indicate that, at least in C. brew-
eri Mlowers, scent compounds are produced de novo in the tissues from
which they are emitted and the levels of activity of enzymes involved
in scent production are regulated mainly at the mRNA levels at the sile
of emission. Expression of genes encoding scent biosynthetic enzymes
is relatively uniform, heing highest in petals just before anthesis, and
restricted to surface of the floral tissue (epidermal cells), without devel-
opment of specialized “scent glands™ as found in orchid flowers (Stern
ol al. 1986) and in vegelative tissue of some terpene-producing plants
(Lewinsohn et al. 1991, 1998; McGarvey and Croteau, 1995).

IV. VARIATION IN BIOSYNTHESIS AND
EMISSION OVER TIME
A. Variation During Development

The composition of the odor emitted determines the attractiveness of the
flowers to specilic insects, and is therefore responsible for pollinator

v s
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selectivity. For example, the intra- and inter-individual variation ol
odor composition of Ophrys sphegodes flowers and of flowers of other
plants may influence the behavior of the male pollinator (Smith and
Ayasse 1987). I is known that male bees can remaember the floral hon-
quet of a visited flower and subsequently modify their response lo il
(Smith and Ayasse 1987; Ayasse el al. 1996, summarized in Schiest! el
al. 1997). A decrease and/or an alteration of floral bouquets alter polli-
nation might lead to a lower altractiveness of these Howers. The advan-
tage of these postpollination changes in scenl emission is mosl likelv that
pollinators are directed to the unpollinated flowers of the plant.

Scent production and maintenance by flowers is expensive in terms
of energy resources, therefore many Mlowers have evolved varions mech:
anisms for energy conservation, such as cessation of scent production
and fast willing immediately after pollination (Ardilti 1979) or decrease
in scent production of unpollinated plants as a result of aging. The changes
in scent during floral development involve not only a decrease of
total amount of scent produced, but also an alteration of the odor hou-
quet. The effect of pollination on floral scent composition and produc-
tion was studied in the moth-pollinated orchid Platanthera bifolia. A
significant decrease (about 200 times) in scent production was detected
five days after pollination. although some decrease (about 3 times) was
already found two days after pollination. All scent compounds were
alfected by pollination, even though some compounds had a larger im-
pact on the overall scent reduction. There was also a drop in scent pro-
duction during the lifespan of the flower in unpollinated plants: the
average amount of total volatiles collected per flower de reased aboul
two times, from 69 pg at anthesis o 37 pg at day five (Tollsten 1993). In
addition to quantitative changes. qualitative alterations of odor emission
were found in the Mediterrancan orchid genus Ophrys after pollination.
Pollinated flowers produced significantly different odor bouquets due
to the change in the relative amount of each constituent volatile, and the
total amount of scent emilted two to four days after pollination was sif-
nificantly lower compared with unpollinated flowers (Schiestl et al.
1997).

The comparalive analysis of volatiles emitted at different stages of
flower development in Clarkia breweri revealed variations in the quan-
titative contribution of the individual compounds to the floral fragrance
(Pichersky el al. 1994; Wang ol al 1997: Dudareva el al. 1998a). Finis-
sion of volatiles began just before the flowers opened. Benzenoid esters
(benzylacetale, henzylbenzoale, nd methylsalicylate) were the first
volatiles emitted from flower buds. The level of emission was 10200
of the maximal level and remained relatively stable for the first 12 hafter
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biosvnthetic enzyvmes is regulated at a pretranslational level. These
resulls also suggest a common regulatory mechanism for genes involved
in scent production. Quantitative and/or qualitative changes of floral
scent chemistry during flower development may be part of a mechanism
to dilferentiate attraction cues between pollinated and unpollinated
flowers.

B. Circadian Rhythm of Emission

While many plants continuously emit odor during flowering at a con-
stant level, other Nowers emit scent with the level of emission increas-
ing or decreasing periodically. Yet other plants emit scent only at
specilic times during the day (diurnal emitters) or during the night (noc-
turnal emitters). In addition, some plants emit one set of compounds
during the dav and others during the night. Plant species that belong to
one or the other category are listed in Table 2.1, The diurnal and noc-
turnal emission of odor correlates well (1) with the type of insect that
pollinates the flower, e.g., the day-aclive insect (e.g. bees) and the night-
activa moths, and (2) with the time of flower opening either at a partic-
ular time of day and/or during a particular developmental phase. Odor
is usnally only emitted during a short period of flowering (a few days);
thereafter no volatile compound can be detected, not even at constant

Table 2.1,

nee emission pattern,

Type Speci Reference

Diurnal Citrns medica Matile and Altenburger 1988
Odontoglossum constrictum Matile and Altenburger 1988
Ophrys sphegodes Schiestl et al. 1997
Platanthera chlorantha Nilsson 1983
Nosa hvbrida (Hybrid tea) Kaiser 1991

Nocturnal Cestrom nocturnum Overland 1960
Hova carnosa Matile and Altenburger 1988
Hvacvnthus orientalis Kaiser 1991
Nicotiana svlvestris Loughrin et al. 1991
Nicoliana snaveolens Loughrin et al. 1991
Ophirvs sphegodes Schiestl et al. 1997
Platanthera chlorantha Nilsson 1983
Stephanaotis floribunda Matile and Altenburger 1988
Malns x domestica Loughrin et al. 1990
Nicotiana otophora Loughrin et al. 1990

“and benzyl alcohol compounds are present at constant levels throughout the

2. BIOGENESIS OF FLORAL SCENTS A7

levels. For example, in Nicotiana sylvestris, Hoya carnosa, and Stephan-
otis floribunda the divrmal/nocturnal emission of flower volatiles was
observed for four to seven days after anthesis (Matile and Altenburger
1988; Loughrin ¢t al. 1991; Altenburger and Matile 1988).

The appearance of flower odorat specilic times during the day isapre-
requisite for pollination by diurnal or nocturnal insects. The regulation
of the cycling of fragrance emission can he induced by either illumina-
tion or darkness, or alternatively be controlled by an endogenous clock.
To find out whether diurnal or nocturnal odor emission is regulated by
an internal mechanism, it is necessary to oxclude possible external stim-
uli from the experiment. This is done by analyzing scent emission from
plants grown under constant conditions, e.g. constant tempe ature and
continuous illumination (LL) or constant temperature and conlinuous
darkness (DD). If oscillations in scent emission are still observed under
such conditions and have a periodic length of approximately 24 h, this
means that sitch oscillations are controlled by an endogenous circadion
clock. Results from such experiments are summarized in Table 2.2. The
available data indicate that a circadian clock is likely to he a control
mechanism involved in diurnal alterations of odor emission of several
plant species. In the plants that show circadian rhythms, a peak Ira-
grance emission occurs under free-running conditions (continuous light
or continuous darkness) approximately every 25-28 hin Mowers of intacl
plants and cut flowers of N. suaveolens, N. svlvestris, . carnosa. Q). con-
strictum, usually with a reduced or continuously dampening amplitude
(Overland 1960; Loughrin el al. 1991: Altenburger and Malile 1988).

Table 2.2, Fragrance emission under constant conditions.

Rhythmic appearane

of fragrance
Continuous Continuous Period

Plant species illumination darkness length” (h) Reference

Cestrum nocturnum + 25 Overland 1960
+ 28
Hoya carnosa + n.d.y 290 Altenburger and
Matile 1988

Nicotiana suaveolens + . 26- 27" Loughrin et al. 1991
Nicotiana sylvestris + n.d. 2627 Longhrin I 191

#Pime between a maxinum and next maximum of fragrance « nission.

ed.

n.d. = not dete

sEntrainment adjusted after 2 day
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major component with rhythmic appearance was linalool, while oscil-
ations with very small amplitude were measured for nerolidol (Matile
and Altenburger 1988). 1t is worth noting that the volatiles of the latter
two plant species were measured from excised lowers. This aspect is im-
portant, because excision can resull in a dramatic loss of fragrance, e.g.
1. carnosa (Matile and Altenburger 1988) and/or in major differences in
fragrance composition compared to emission by attached flowers, e.g.
vellow tea rose (Mookherjee et al. 1989; Kaiser 1991).

Synchronized rhythmic emanation of m‘ag_:::__Q_-u:wr._..,:;w-
octatrien-2-ol and its 5(7) isomer. with a maximum between 6 and 10
r.n was observed in T orientalis (Kaiser 1991). Flowers of S. flori-
bunda exhibit remarkable rhythmicity of three volatiles, methylben-
zoate, RT10.72 (tlentatively identilied as 1-nitro-2-phenylethane), and
linalool (listed in order of their relative quantity: 4-7:2:1). Interest-
ingly, the emission peaks of methylbenzoate and linalool occur at mid-
night, while the RT 10.72 compound peaks at noon, indicating that the
appearance ol the volatiles in this plant species does not coincide. Dif-
ferences in daily odor composition was also detected in the genus
Ophrys, a group of well-studied Mediterranean orchids. Comparison of
volatiles at night versus day in O. sphegodes revealed that nocturnal
amission contained significantly lower amounts of most aldehydos and
G-methyl-5-hepten-2-one and significantly higher amounts of most
hvdrocarbons, o-pinene, limonene, 1.8-cineole and 2-nonanol when
collected during night, although the total amount of scent emission
increased during night (Schiest] et al. 1997). Nilsson (1983) also found
great differences in scent production during day and night of Platan-
thera ¢hlorantha.

The data summarized in this section indicate that, in many plants, the
odor composition and total emission output vary between day and night.
Although it is clear that odor variability is important in influencing the
behavior of the pollinators, and therefore plant fitness, the mechanisms
responsible for the circadian rhythm in scent emission and for the tem-
poral changes in scent composition presently remain unknown.

CONCLUSIONS

Fruit set in manvy agricaltural and horticultural crops, such as most [ruit
trees, berries, nuts, oilseeds, and vegetables, rely on insect pollinators
that are attracted by floral scents. Floral scent is typically a complex
mixture ol low molecular weight compounds, which gives the flower
its unique characteristic fragrance. Although several thousand com-

5

2. BIOGENESIS OF FLORAL SCENTS

pounds have been identified from various floral scents and the chem-
ical structures of most are known loday, only a few studies have focused
upon the biosynthesis of these compounds in planta. Recent investi-
gations of floral scent production in Clarkia are the first examples of the
isolation of enzymes and genes responsible for the formation of scent
volatiles. In these investigations, it has been shown that scent com-
pounds are produced de novo in open flowers, and that their emission
levels, corresponding enzyme activities, and mRNA levels are all spa-
tially and temporally correlated. However, our understanding of {loral
scent biosynthesis and its regulation is limited and based on analysis
of a single model system in Clarkia. Obviously more research is needed
in this field.

An understanding of the molecular, genetic, and hiochemical basis of
scent formation in plants will provide the knowledge for enginecring
plants with improved scent quality. Bioengineering of the metabolic
pathways responsible for the production of volatile compounds in plants
wan involve either the modification of existing pathways and/or the
introduction of new enzymes to produce novel products nol normally
found in the plant. The availability of an increasing number ol cloned
genes encoding scent biosynthetic enzymes is the first step toward engi-
neering transgenic plants with modified volatile composition.

Development of crops with modified composition of volatiles and
new introduced aroma could benefit agriculture by increasing crop pro-
ductivity, pest resistance, and the value of ornamentals. Modified Toral
scent composilion can increase attraction of flowers to pollinators and
thereby increase reproduction efficiency and the vield of importantagri-
cultural crops. In addition, floral scent modification could be manipu-
lated as a means of attracting beneficial insects and predators, and
perhaps deter harmful ones. The manipulation of floral scents would be
of immediate value for the foricultural industry. A large number of
commercial {lower cultivars have lost their scent during the selection
and breeding processes due to the initial focus on maximizing post-
harvest shelf life and shipping characteristics. The lack of scent has long
been recognized as a major problem in floriculture and a transgenic plant
approach may help to solve this problem.
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