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CHAPTER 1 
 

Floral scent and benzenoid biosynthesis in higher plants 
 
 

Julian C. Verdonk, Michel A. Haring, Arjen J. van Tunen and Robert C. Schuurink 
 
 
 

Parts of this chapter have been published in: Targeted transcriptomics to elucidate the regulation of benzenoid 
synthesis in Petunia hybrida. In: Floriculture, Ornamental and Plant Biotechnology: Advances and Topical Issues 

(1st Edition) Jaime A Teixeira da Silva (Ed) Global Science Books, Ltd., London, UK. 

 
 
 
 
 
 
 
 
 
 
 
 
Abstract 
 
Floral scent is an important trait of flowers in regard to its pollination. Together with 
shape and color, it determines the pollination syndrome of the flower. Generally, the 
fragrance emission by the flowers is at maximal levels when the pollinator is active, 
and consists of volatile molecules derived from different biochemical pathways. In 
Petunia hybrida cv. Mitchell, the fragrance of the flowers consists almost exclusively of 
volatile benzenoids, which are mainly emitted from the petals during the evening and 
night. The precursor for these benzenoids is provided by the shikimate pathway, a 
chain of seven metabolic steps that lead from the primary metabolites 
phosphoenolpyruvate and erythrose-4-phosphate to chorismate that is also an 
important precursor for aromatic amino acids and several other aromatic secondary 
metabolites. Studies regarding the fragrance of flowers have focused on scent 
composition. The last decade however, a number of enzymes responsible for the 
biosynthesis of major scent components of Clarkia breweri, Antirrhinum majus, several 
Rosa species and Petunia hybrida have been characterized. More recently, large scale 
genomic approaches were applied to unravel the developmental and temporal 
regulation of the production of these components. 
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Fig 1. The shikimate pathway and the phenylpropanoid pathway leading to benzenoids in 
petunia. Abbreviations: PEP: Phosphoenolpyruvate, DAHP: 3-deoxy-D-arabino-heptulosonate-7-
phosphate, DHQ: 3-dehydroquinate, EPSP: 5-enolpyruvylshikimate-3-phosphate, CM: chorismate 
mutase, ICS: Isochorismate synthase, PAL: phenylalanine ammonia lyase, TAL: tyrosine ammonia 
lyase, C4H: cinnamic acid-4-hydroxylase, C3H: coumaric acid-3-hydroxylase, COMT: caffeic acid-O-
methyl transferase, BSMT: Benzoic acid/salicylic acid methyl transferase. 
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Introduction 

 
Sexual reproduction in flowering plants is often facilitated by pollinators. The pollinators 

can guarantee that the pollen grains will be delivered to the conspecific stigmata. Birds, 

bats, moths, bees and other insects foraging for nectar rewards visit flowers. These 

pollinators use visual and fragrant cues to locate the flower. In most cases they have learned 

to recognize the specific combination of color, shape and scent, which is referred to as a 

pollination syndrome. During evolution, plants have developed pollination syndromes with 

spectacular shapes, colors and scents. Humans appreciate flowering plants because of these 

characteristics, and flowering plants have been cultivated since antiquity. The breeding 

activity that led to the production of modern cultivars only really began in the 19th century. 

It has now become a large industry with economic importance. The criteria for breeding in 

the floricultural industry have mostly been longevity, cold tolerance, disease resistance, 

flower form, recurrent flowering, and firmness, but not scent. This is odd, because many 

plant species, for example roses, have fascinated humans throughout history, for a large 

part because of their scent. Rose has been the most important crop in floricultural industry 

for centuries. They are sold as cut flowers, potted plants, and garden plants, but their petals 

are also a source for natural fragrances such as rose water, attar of rose and essential oils for 

the perfume industry. Although their scent characteristics have been of great economic 

importance, years of selection for other traits caused many modern rose varieties to lose 

their scent 

 

The chemical composition of floral scent has been studied for hundreds of years because of 

the commercial value of floral volatiles in the perfume industry. During the last 20 years or 

so, modern techniques like gas chromatography, mass spectrometry, biochemistry and 

genomic research have given the field of floral scent research an enormous boost. 

Nevertheless, the biosynthesis pathways of volatiles and their regulation are just beginning 

to be understood. A major part of the floral volatiles belong to the classes of terpenoids, 

benzenoids and phenylpropanoids, but there are also fatty acid and carotenoid derivatives 

and nitrogen or sulfur containing compounds. Several enzymes producing the individual 

scent molecules have been identified, but there are still many steps unknown. The focus of 

this chapter will be on the production of volatile phenylpropanoids and benzenoids 

produced by Petunia hybrida cv. Mitchell. Furthermore, some aspects of the ecology of 

floral scent, and of the biochemistry and molecular biology of benzenoids will be described.  
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Biochemistry of petunia fragrance 

  
Although the number of different volatile molecules that has been found in the floral 

headspace of flowers is high, the number of metabolic pathways, where these molecules are 

derived from, is small. The headspace of petunia Mitchell flowers consists of benzaldehyde, 

benzyl alcohol, phenylacetaldehyde, methyl benzoate, phenylethylalcohol, methyl 

salicylate, benzyl acetate, phenylethylacetate, vanillin, eugenol, isoeugenol, benzyl 

benzoate, and phenylethyl benzoate (Boatright et al., 2004; Verdonk et al., 2005).  The 

source of precursors for these substances is the shikimate pathway. The shikimate pathway 

is defined as the seven metabolic steps beginning with the condensation of 

phosphoenolpyruvate (PEP) and erythrose-4-phosphate (E4P) that result in the synthesis of 

chorismate (Fig. 1). Chorismate is converted to quinones, indoles and aromatic amino 

acids, all of which in turn are precursors of a host of secondary metabolites derived from 

phenylpropanoids such as anthocyanins, flavonoids, lignins, lignans, suberins, coumarins, 

styrylpyrones, stilbenes, and benzenoids. 

 

The shikimate pathway is present in plants, fungi, and bacteria but not in animals. Animals 

have no way to synthesize aromatic amino acids, which are therefore essential nutrients in 

animal diets. The enzymatic characteristics of the shikimate pathway enzymes from plants 

resemble to those of bacteria more closely than to those of fungi. The prokaryotic origin of 

the shikimate pathway in plants is supported by the fact that all cDNAs encoding plant 

shikimate pathway enzymes encode polypeptides with N-terminal extensions characteristic 

of chloroplast transit sequences, and some shikimate pathway enzymes have been shown to 

be imported into chloroplasts in vitro (Reviewed by Weaver and Herrmann, 1997).  

 

The first step in the pathway is the condensation of the glycolytic PEP, and the pentose 

phosphate pathway intermediate E4P into 3-deoxy-D-arabino-heptulosonate 7-phosphate 

(DAHP) by DAHP synthetase (Fig. 1). In the second step, 3-dehydroquinate (DHQ) 

synthase converts DAHP to DHQ. The remaining five steps serve to introduce the C3-side 

chain at the meta position, and two of the three double bonds that converts this cyclohexane 

into the benzene ring, the hallmark of aromatic compounds (Weaver and Herrmann, 1997). 

The sixth step in the pathway deserves some extra attention; it is the conversion of 

shikimate-3-phosphate and PEP into 5-enolpyruvylshikimate-3-phosphate (EPSP) that is 

catalyzed by EPSP synthase (EPSPS). It is this step that has been studied in detail because 

the herbicide glyphosate (N-phosphonomethylglycine) inhibits the activity of EPSPS 

(Comai et al., 1985). Overexpression of a mutant allele of the bacterial EPSPS gene that is 
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less sensitive to glyphosate in tobacco plants, confers resistant to the herbicide (Comai et 

al., 1985).  

 

The shikimate pathway ultimately produces chorismate, which is, as mentioned before, 

important as a precursor to many secondary metabolites that are produced by plants. 

Chorismate is the precursor for at least five pathways, leading to the primary metabolites p-

hydroxybenzoate, p-aminobenzoate, tyrosine, tryptophan and phenylalanine, which are all 

precursors of secondary metabolites including phenylpropanoids, alkaloids, and flavonoids 

(Fig. 1). Phenylalanine and tyrosine are the precursors for all phenylpropanoids. They are 

formed from chorismate in three steps: first chorismate mutase (CM) forms prephenate 

from chorismate, then prephenate amino transferase forms arogenate, which is converted 

into phenylalanine by dehydration or into tyrosine by dehydrogenation (Fig. 1). The first 

step in the phenylpropanoid pathway is the deamination of phenylalanine into trans-

cinnamic acid (t-CA) by phenylalanine ammonia lyase (PAL). From there, p-coumaric acid 

is formed via the para hydroxylation of the benzene ring by cinnamate-4-hydroxylase 

(C4H). p-Coumaric acid can also be formed directly from tyrosine by tryptophan ammonia 

lyase (TAL). Further hydroxylation of p-coumaric acid on the 3 position of the benzene 

ring by p-coumarate-3-hydroxylase (C3H) forms caffeic acid, and this hydroxyl group can 

be methylated by caffeic acid-O-methyl transferase (COMT), with ferrulic acid as the 

product (Fig. 1). These five phenylpropanoids form the basic group of building blocks for 

all phenylpropanoids; p-coumaric acid is a precursor for flavonoids, anthocyanins, and 

coumarins, caffeic acid is the precursor for suberins, lignins, and lignans, while t-CA is the 

precursor for styrylpyrones and stilbenes, but also for a large portion of the volatile 

benzenoids (Fig. 1). 

 

The biosynthetic pathway leading to volatile benzenoids in petunia was studied by feeding 

radiolabeled phenylalanine to excised petunia corolla limbs, the tissue responsible for the 

biosynthesis of floral scent (Boatright et al., 2004). Through metabolic flux analysis the 

biochemical pathways leading to the formation of benzenoid compounds in petunia was 

determined, as well as the interconnections between intermediates within the benzenoid 

pathway. Formation of benzenoid compounds from t-CA requires the shortening of the side 

chain by a C2 unit. The removal of the side chain of t-CA can take place by both a ß-

oxidative and a non ß-oxidative pathway in petunia (Fig. 1). The way this side chain 

shortening occurs differs between species, because others have reported that in cucumber 

(Cucumis sativus) and Nicotiana attenuata the formation of benzoic acid is only via the ß-

oxidative pathway (Jarvis et al., 2000). The general benzenoid precursor in petunia is 

benzaldehyde, and from there benzyl alcohol, benzyl benzoate, benzyl acetate, benzoic acid 
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(BA), methyl benzoate, salicylic acid (SA) and methyl salicylate are formed (Boatright et 

al., 2004). SA and methyl salicylate can also be formed via chorismate (Wildermuth et al., 

2001), Fig. 1). Phenylacetaldehyde, phenylethylalcohol, phenylethylacetate, and 

phenylethyl benzoate are all derived from phenylalanine via a transamination to form 

phenylpyruvic acid (Fig. 1), and not via t-CA. This was deduced from experiments with a 

PAL inhibitor and that prevented formation of methyl benzoate, while phenylacetaldehyde 

was still emitted (Boatright et al., 2004). The other phenylpropanoids eugenol and 

isoeugenol are derived from a precursor further down the phenylpropanoid pathway. 

Ferrulic acid is likely to be their building block, as they are both hydroxylated at the 3 and 4 

position of the benzene ring. The mechanism is a conversion of ferrulic acid into 

isoeugenol, and an isomerization into eugenol (Fig. 1). Ferrulic acid is probably also the 

precursor for vanillin, which can be formed by a similar side chain shortening as for the 

conversion of t-CA into benzaldehyde (Fig. 1). 

 

 

 

 

 

 

 

Figure 2. Two different species of petunia with their pollinators. (A) Petunia integrifolia inflata pollinated by 
Bombus terrestris. (B) Petunia axillaris parodii pollinated by Manduca sexta. Photos by Maria Elena Hoballah, 
courtesy of Cris Kuhlemeier from the Institute of Plant Sciences in Bern, Switzerland. 



 

14 ● Chapter 1 

Biological relevance of floral fragrance 

 
Pollinator specificity 

Flowers have evolved complex mixtures of morphological and physiological characteristics 

in order to attract pollinators. Improving the attractiveness for a specific pollinator enhances 

the chance for correct pollen deposition. The color of the flower is an important trait to 

attract pollinators that are active during the day, such as hummingbirds, bees and 

bumblebees. Flowers that are pollinated by bees have a variety of colors and an open 

structure that is accessible to the insect. Species that are pollinated by moths during the 

night rely more on scent. Moth-pollinated species have white, trumpet shaped flowers with 

long tubes filled with large amounts of nectar and they emit scent at night (Knudsen and 

Tollsten, 1993). In general, the flower petals are the main advertisement to attract 

pollinators, either with bright colors or the production of massive amounts of volatile 

organic compounds, or a combination of the two. 

 

The importance of color was illustrated by studies on adaptive evolution with near-isogenic 

lines (NILs) of monkey flowers. The pink colored Mimulus lewisii and red colored Mimulus 

cardinalis are pollinated by bumblebees and hummingbirds respectively. A single locus, 

YELLOW UPPER (YUP), is responsible for the pink color of M.  lewisii flowers by 

preventing carotenoid deposition in the petals. The red color of M.  cardinalis flowers is 

caused by the mutant yup allele which allows the carotenoid deposition. In NILs of both 

species, where the YUP alleles of both species, and thus color, were exchanged, the 

preference of the pollinators shifted from one to the other species (Bradshaw and 

Schemske, 2003).  

 

The importance of color and scent for the preference of its bumblebee pollinator was 

investigated in snapdragon flowers (Antirrhinum majus cv. Sonnet). Yellow Sonnet 

flowers, which are preferred by the bumblebees, have a sweet candy like scent, whereas 

white Sonnet flowers have a spicy fragrance. This difference in scent is caused by two 

volatiles; methyl benzoate and methyl cinnamate respectively (Odell et al., 1999). The total 

floral headspace of both lines consists of ten other compounds, but these did not differ 

between the two lines. When methyl benzoate was artificially added to the white flowers, 

there was no increase in the number of pollinator visits, neither did the addition of methyl 

cinnamate to the yellow flowers decrease the number of visits (Odell et al., 1999). This 

means that the bumblebee’s preference for the yellow flowers is dependent on color, and 

not on the presence of methyl benzoate or methyl cinnamate. 
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In petunia, the differences in color, shape and scent between day and night pollinated 

species has also been studied. Wild petunias originate from Southern America, and the two 

species Petunia integrifolia and P. axillaris are thought to be the ancestors of all hybrids 

now available (Sink, 1984). Although the species can be easily crossed, in the wild those 

hybrids have not been found (yet), probably because two different insect orders pollinate 

the two Petunia species (Ando et al., 2001). P. integrifolia flowers are colored with an open 

structure and were observed to be visited by bumblebees (Bombus terrestris), while the 

white P. axillaris flowers have a long tubular structure and are visited by hawk moths 

(Manduca sexta, Fig. 2, Ando et al., 2001; Hoballah et al., 2005). The fragrances emitted by 

these two petunia species have the characteristics of moth and bee pollinated flowers. P. 

axillaris flowers produce a complex bouquet of volatile benzenoids with maximal emission 

during the night, while P. integrifolia flowers have a continuous emission of benzaldehyde, 

with no profound maximum (Hoballah et al., 2005).  

 

Specific floral characteristics appear to be adapted to pollinators. It should be noted, 

however, that in some cases the pollination syndromes are no longer valid. Datura 

stramonium, for example, has a pollination syndrome that is typical for moth-pollinated 

species: trumpet shaped fragrant flowers. But field studies revealed that self-pollination and 

unpredicted visitations by honey bees greatly reduced the importance of hawkmoths as 

pollinators of D. stramonium (Motten and Antonovics, 1992).  

 

Timing of Scent emission 

Because volatile biosynthesis is energy consuming, floral volatile emission is regulated to 

coincide with pollinator activity. Flowers that are pollinated by insects with maximum 

foraging activity during the day, usually show a diurnal rhythmicity in emission that is 

directly controlled by temperature and/or light. Night-pollinated species display a nocturnal 

rhythm that is usually under control of the circadian clock. The criteria for determining 

circadian control of a rhythm are: (i) maintenance of a free-running rhythmicity upon 

exposure to continuous light (CL), or continuous dark (CD), (ii) periodicity during 

exposure to CL or CD remaining close to 24 h, and (iii) a phase shift in the rhythmicity 

induced upon inversion of the photoperiod (Jones and Mansfield, 1975). 

 

Diurnal, light-dependent emission was illustrated for the bumblebee pollinated Antirrhinum 

majus cv. Maryland True Pink (snapdragon) where the emission of methyl benzoate is 

directly correlated with the light intensity in the greenhouse (Dudareva et al., 2000). 

Investigation of the diurnal emission by Rosa hybrida L. cv. Honesty showed that emission 
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of terpenoid and benzenoid compounds was under control of the circadian clock (Helsper et 

al., 1998). 

 

In plants bearing flowers that are pollinated by moths, like Nicotiana sylvestris and N. 

suaveolens (Loughrin et al., 1991), Petunia axillaris (Hoballah et al., 2005), and Nicotiana 

attenuata (Baldwin et al., 1997) the volatile benzenoid emission is at maximal levels at 

night. In nine different Nicotiana species, a 2 to 10 fold increase in nocturnal emissions 

occurs (Raguso et al., 2003). An interesting observation was that in these Nicotiana species 

only the benzenoid compounds were circadian regulated, while the monoterpenes did not 

exhibit similar patterns of emission (Loughrin et al., 1991). The nocturnal benzenoid 

emission of these species is thought to be circadian clock controlled, but in Petunia hybrida 

it was illustrated that although the emission of methyl benzoate is under control of the 

circadian clock, it is primarily influenced by light. The emission of methyl benzoate 

continued to cycle when plants were placed in continuous darkness, but there was 

significant dampening in the amounts that were emitted. In continuous light, the levels 

cycled once and then remained high (Underwood et al., 2005). Strikingly, in both cases, the 

expression of BSMT lost its circadian rhythm after one more cycle (Underwood et al., 

2005). 

 

A more illustrative example of a combination of light and circadian clock dependent 

volatile emission is illustrated in the rose cultivar: Rosa damascene semperflorens cv. 

‘Quatre Saisons’.  Its flowers emit volatiles in rhythmic patterns, with a maximum 

generally occurring late in the light period. But an additional maximum of 2-phenylethanol 

(rose oil), benzyl alcohol, and citronellol emission occurred towards the end of the dark 

period (Picone et al., 2004). While the ‘dark’ maximum was dependent on a circadian 

clock, the diurnal peak was light dependent. Once the plant was put in total darkness, the 

diurnal peak diminished, and the nocturnal peak increased, probably because the available 

substrate pool increased (Picone et al., 2004). 

 

What these examples illustrate is that there is no clear separation in regulation of volatile 

emission between species that display a diurnal or nocturnal fragrance emission pattern. 

Whatever the mechanism may be, the result is eventually a maximal scent emission when 

the pollinators are active. Still, not all species have rhythmic volatile emissions coinciding 

with pollinator activity. The moth pollinated C. breweri for example, continuously emits 

volatiles until the flowers starts to senescence (Pichersky et al., 1994). 

Developmental scent emission 
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Those flowers that have evolved to attract pollinators only need to attract them when the 

sexual organs have matured. The emission of volatiles is regulated according to this need. 

During floral development, flowers start to produce and emit scent after anthesis, and floral 

scent decreases after pollination. In snapdragon, methyl benzoate emission is maximal after 

the anthers have dehisced and it stops when a flower has been pollinated (Dudareva et al., 

2000). In the orchid species Ophrys sphegodes subsp. sphegodes, it was demonstrated that a 

decrease in scent output after pollination correlated with a reduction in visiting insects 

(Schiestl et al., 1997). In carnation (Dianthus caryophyllus), flower senescence is marked 

by a decrease in fragrance. But apart from that, their fragrance bouquet also changed in 

composition, becoming less attractive to pollinators (Schade et al., 2001).  

 

The mechanism behind the decrease in fragrance is an ethylene-induced process, at least in 

snapdragon and petunia. Once the pollen tube grows into the ovary, their flowers start to 

senesce, and ethylene has a role in this (Negre et al., 2003). In transgenic ethylene 

insensitive petunias, the emission of volatiles remained high after treatment with ethylene, 

while wild type plants ceased to emit (Underwood et al., 2005). When scent production 

stops after a flower has been pollinated, costs are reduced. Furthermore, the pollinators are 

more likely to visit neighboring flowers, thereby enhancing the change of reproductive 

success. 

 

Organ specificity 

One of the functions of flower petals is to serve as an advertisement sign for the nectar 

reward of the flower. They are either brightly colored and/or responsible for most of the 

emission of volatiles. Nevertheless, other parts of the flower, like the sexual organs and 

sepals can also have a distinct scent, although it is generally the same as the scent emitted 

from the petals. Sometimes the differences are more profound: in Ranunculus acris, the 

meadow buttercup, the pollen emit an additional volatile that is not present in the rest of the 

flower (Bergström et al., 1995). In Rosa rugosa the situation is more complex; the 

differences in compounds that were emitted from sepals, petals and empty and full anthers 

were remarkable. In sepals and stigma, sesquiterpenes were most abundant. Petals emitted a 

mixture of benzenoids and monoterpenoid alcohols, mainly consisting of 2-phenylethanol 

and citronellol. Anthers mainly emitted eugenol, and the pollen emitted primarily fatty acid 

derivatives (Dobson et al., 1990). Floral volatiles can have anti-microbial or anti-herbivore 

activity (Reviewed by Dudareva et al., 2004), and it could be that valuable reproductive 

organs emit defense related volatiles to protect them from herbivores, while the petals emit 

volatiles mainly to attract pollinators. 
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Regulation of floral scent 

 
Although the structures of many floral scent compounds are known, very few studies have 

focused on the biosynthesis of these compounds in the plant cell. Untill now, no regulatory 

proteins or their genes have been identified that regulate floral scent biosynthesis. To date 

only a modest number of scent genes have been isolated, using a classical biochemical 

approach, from highly fragrant species like Clarkia breweri, Antirrhinum majus, several 

species of Rosa, and Petunia hybrida. In 1994, the first enzyme that produces a floral 

volatile monoterpene in C. Breweri flowers, S-Linalool synthase (LIS), was characterized 

(Dudareva et al., 1996; Pichersky et al., 1995; Pichersky et al., 1994). The first enzyme 

responsible for the production of floral benzenoids was also isolated from C. Breweri, 

which proved to be an ideal model system for scent research because of its relatively simple 

scent characteristics. There are 3 monoterpenes, and 9 benzenoids/phenylpropanoids 

produced in C. Breweri: the monoterpenes S-linalool and its two oxidized forms, and the 

benzenoids/phenylpropanoids vanillin, methyl salicylate, benzyl acetate, benzyl benzoate, 

veratraldehyde, eugenol, isoeugenol, isomethyleugenol, and methyleugenol (Raguso and 

Pichersky, 1995). Four enzymes that have a role in the production of these substances have 

been isolated. (Iso)eugenol-O-methyltransferase (IEMT) which is responsible for the 

methylation of eugenol and isoeugenol (Wang et al., 1997), salicylic acid methyltransferase 

(SAMT), producing methyl salicylate (Dudareva et al., 1998), benzyl alcohol acetyl 

transferase (BEAT), producing benzyl acetate (Dudareva et al., 1998), and benzyl alcohol 

benzoyl transferase (BEBT) that forms benzyl benzoate (D'Auria et al., 2002) have all been 

characterized and cloned from C. breweri. 

 

C. breweri continuously produces floral scent, there is no rhythm in emission, nor 

developmental regulation (Pichersky et al., 1994). Both snapdragon (Antirrhinum majus) 

and petunia (Petunia hybrida) have several important advantages over C. breweri for 

studying scent. They have been model systems for anthocyanin and flavonoid biosynthesis 

and floral development (Angenent et al., 2005; Coen and Meyerowitz, 1991; Gerats and 

Vandenbussche, 2005; Koes et al., 2005; Martin et al., 1991; Sablowski et al., 1994), and 

therefore have been thoroughly characterized, both biochemical and molecularly. For both 

species a transposon insertion library is available (Koes et al., 1995; Martin, 1990; 

Stuurman and Kuhlemeier, 2005), and an available transformation protocol (Heidmann et 

al., 1998; Lucker et al., 2001; van der Krol et al., 1990). But one of the greatest advantages 

is a rhythmic emission. Snapdragon emits a mixture of terpenes and benzenoids, with 

maximal levels during the day (Dudareva et al., 2000), while petunia petals emit 
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benzenoids with maximal levels during the night (Verdonk et al., 2003). This makes them 

very attractive alternatives for the dissection of the biochemical and molecular genetic 

regulation of floral scent production 

 

The most abundant volatile in the fragrance of snapdragon is methyl benzoate, which is 

emitted in a rhythm with maximal levels during the day (Dudareva et al., 2000). The 

enzyme responsible for its production, benzoic acid methyl transferase (BAMT) was 

identified and its cDNA cloned (Dudareva et al., 2000; Kolosova et al., 2001b; Murfitt et 

al., 2000). The enzyme is most active in the upper and lower lobes of the flower, and at 

background levels in the other flower parts (Dudareva et al., 2000). Petunia hybrida also 

produces methyl benzoate in a rhythmic manner, only the maximum emission is at night 

(Kolosova et al., 2001a; Verdonk et al., 2003). The enzyme responsible for the production 

of methyl benzoate in petunia has also been characterized. Two cDNAs from petunia that 

only differ in the 3’ untranslated region, code for the enzyme (Negre et al., 2003). They 

have high homology to SAMTs from other species and BAMT from snapdragon. Using a 

substrate specificity assay, it was determined that the enzymes both had high activity with 

salicylic acid and benzoic acid, thus they were named benzoic acid/salicylic acid methyl 

transferases: BSMT1 and BSMT2. Both genes were expressed in petal limbs and tubes 

only. Transgenic petunia RNAi lines with reduced BSMT expression had a significant 

decrease in methyl benzoate emission while the other compounds remained unchanged 

(Negre et al., 2003; Underwood, 2003).  

 

Petunia Mitchell produces high amounts of benzyl benzoate and phenylethyl benzoate 

(Boatright et al., 2004; Verdonk et al., 2005), and a petunia acetyl transferase with high 

homology to the BEBT from Clarkia breweri, is capable to produce both benzenoids 

(Boatright et al., 2004). The enzyme has a slight preference for benzyl alcohol compared 

with phenyl ethanol in the presence of benzoyl-CoA, but substrate specificity assays on 

enzyme extracts from E. coli cells expressing the plant gene clearly showed that this 

enzyme must be responsible for the production of both benzyl benzoate and phenylethyl 

benzoate. Therefore the enzyme was designated benzyl alcohol/phenyl ethanol benzoyl 

transferase (BPBT) (Boatright et al., 2004). Expression analysis revealed that it was only 

expressed in the petal limbs, and remained present from anthesis to senescence, while its 

expression changed rhythmically with a maximum at the beginning of the light cycle 

(Boatright et al., 2004). Transgenic RNAi lines with decreased BPBT expression had a 90% 

decrease in benzyl benzoate, a 6-fold increase in benzyl alcohol, a 3-fold increase in 

benzaldehyde, and a 50% decrease in phenylethylalcohol (R. Dexter and D. Clark, pers. 

com.). This supports the model described by Boatright et al., (2004), who describe that 
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benzyl benzoate is formed from benzaldehyde and that Co-Acetylated benzyl alcohol is the 

benzoyl donor. In Clarkia breweri, two different enzymes are responsible for the 

production of benzyl acetate and benzyl benzoate, BEAT and BEBT respectively. A 

homolog for BEAT from petunia was not found in the available databanks at NCBI 

(http://www.ncbi.nlm.nih.gov) and the Solanaceae genomics network 

(http://sgn.cornell.edu), but the possibility exists that BPBT is responsible for the 

production of benzyl acetate in petunia. The kinetic parameters of different substrates for 

the petunia BPBT were determined to see which is the preferred substrate, benzyl alcohol 

or phenyl ethanol. Different co-substrates benzoyl-CoA and acetyl-CoA were also tested 

and the enzyme had affinity for acetyl-CoA and benzyl alcohol, although low (Boatright et 

al., 2004). This was found in vitro, but the combination of low affinity for acetyl-CoA and 

benzyl alcohol could explain that benzyl acetate is only a minor volatile in the headspace of 

petunia (Verdonk et al., 2005). Because the amount of benzyl acetate is at only 2% of 

benzyl benzoate emission, this is a likely explanation. This has to be established by analysis 

of benzyl acetate levels in the BPBT RNAi lines. 

 

Rhythmic emission 

The underlying mechanism for the opposite emission cycle in snapdragon and petunia 

could provide a way to study the regulation of phenylpropanoid and benzenoid 

biosynthesis. Both in snapdragon and petunia, the levels of BA changed in a circadian 

manner, and this caused the diurnal and nocturnal maxima of methyl benzoate rather than 

the BAMT or BSMT activity and gene expression (Kolosova et al., 2001a). To tackle this, 

the role of PAL was investigated. In snapdragon petals, PAL activity as well as PAL gene 

expression was highest in the dark period with maximal levels just before the light period 

started. In petunia Mitchell petals both the activity (Kolosova et al., 2001a) and the mRNA 

levels (Verdonk et al., 2003) were maximal at the end of the light period and the beginning 

of the dark period. So it seems that the activity of PAL is at the basis of the circadian 

cycling of both species or the regulation must be further upstream. The question is: what 

regulates PAL? 

 

In Arabidopsis leaves, PAL expression is clock controlled (Harmer et al., 2000) with 

maximal levels  before the light period, just as in snapdragon. The circadian rhythm in 

Arabidopsis is maintained by at least three different transcription factors.  CIRCADIAN 

CLOCK ASSOCIATED 1 (CCA1) and LATE ELONGATED HYPOCOTYL (LHY) are 

thought to be active around dawn to repress the expression of the pseudoresponse regulator 

TIMING OF CAB EXPRESSION 1 (TOC1) (Harmer and Kay, 2005). The promoter of 

TOC1 contains a motif of 9 nucleotides termed the evening element (EE) that is the target 



 

Floral scent and benzenoid biosynthesis in higher plants ● 21 

for CCA1 and LHY. TOC1 levels increase towards the end of the day and are thought to 

directly or indirectly increase expression of CCA1 and LHY. There are reports of a similar 

9 base pair element in the CATALASE 3 (CAT3) promoter that is only different at one 

nucleotide, and is transcriptionally activated in the morning; it is called CCA1-binding site 

(CBS), or morning element (ME) (Michael and McClung, 2002). Similar clock-regulated 

elements are likely to be present in the promoters of the genes from snapdragon and 

petunia. In petunia, the MYB transcription factor ODO1 regulates the expression of two 

genes in the shikimate pathway as well as CM and PAL (Verdonk et al., 2005). If there is 

indeed a similar transcription factor responsible for the rhythmic emission of snapdragon 

flowers it is likely that is activated by a CBS or ME. The activation of ODO1 in petunia 

will probably be facilitated via the EE. 

 

Another way of control is substrate regulation, where the amount of available substrate 

influences the expression of genes that are involved in their production, directly or 

indirectly. Phenylalanine feeding of excised petunia petal limbs repressed BSMT 

expression, but not the activity of the protein (Boatright et al., 2004). This means that the 

expression, but not the activity of BSMT, is negatively regulated by phenylalanine. 

Additionally, petunia W138, that produces only traces of methyl benzoate (Stuurman et al., 

2004), has high expression of BSMT and BPBT (J. Verdonk unpublished results). Similar 

observations of negative and positive substrate regulation have been made in other branches 

of the phenylpropanoid pathway. In the flavonoid pathway, chalcone synthase (CHS) 

catalyses the step from coumaric acid to naringenin chalcone, the backbone for all 

flavonoids. Feeding of t-CA lowered CHS promoter activity, while it was activated by the 

feeding of para-coumaric acid (Loake et al., 1991). Because the feeding of phenylalanine to 

excised petunia petal limbs hardly had an effect on PAL expression and activity (Boatright 

et al., 2004), it remains to be seen which compounds are negatively or positively regulating 

the benzenoid pathway. 

 

Pollination and ethylene 

The mechanism underlying the reduction of scent emission after flowers have been 

pollinated is still uncertain. In Clarkia breweri, the activity of the LIS protein gradually 

declines after anthesis, but when the flower is not pollinated the activity declines in a much 

slower fashion to make sure that the flower is still attractive (Dudareva et al., 1996). 

Because the expression of LIS is only high in petals during the first day after anthesis, this 

means that the protein is probably actively degraded after pollination. Snapdragon cv. 

Maryland True Pink and petunia Mitchell flowers show an almost complete reduction in 

methyl benzoate emission between the third and fourth day after pollination (Negre et al., 



 

22 ● Chapter 1 

2003). Because the monoterpenes emitted by snapdragon were also reduced after 

pollination, the negative effect of pollination is not limited to the benzenoid pathway. 

Foreign pollen and heat-inactivated self-pollen were used to pollinate the flowers to 

demonstrate that pollen tube growth into the ovary triggers the decrease in scent emission, 

and not the deposition of the pollen itself. The flowers pollinated with self-pollen have a 

decreased methyl benzoate emission once the germinating pollen tube grows into the ovary, 

while scent production of the ones treated with inactive pollen was similar as that of the 

non-pollinated controls (Negre et al., 2003). Similar results were obtained for petunia. In 

response to pollination, methyl benzoate, benzaldehyde and phenylacetaldehyde were 

emitted for 36 hours after which they decreased (Negre et al., 2003).  

 

In snapdragon, the expression and activity of BAMT or the availability of BA do not 

decline after pollination, and can therefore not account for the drop in methyl benzoate 

emission. The other substrate in methyl benzoate production: S-Adenosyl methionine 

(SAM) appeared to be the limiting factor. The methylation index, the ratio between SAM 

and S-Adenosyl homocysteine (SAH) had already decreased 30% on the 3rd day after 

pollination (Negre et al., 2003) Although there was still plenty of BA available for BAMT, 

less methyl donors were available. In petunia however, PhBSMT gene expression and 

enzyme activity after pollination decreased with methyl benzoate emission. On the 2nd day 

after pollination the levels of methyl benzoate decreased 75% while the expression and the 

enzyme activity of BSMT were hardly detectable (Negre et al., 2003). Protein levels 

however were not influenced, indicating the involvement of post-translational regulatory 

mechanisms. SAM:SAH ratios in petunia were not determined, but it is unlikely that the 

methylation index will be the regulating step. Petunia produces only two volatile 

benzenoids that are the result of a methylation, and because the emission of all volatiles 

stops after pollination (Underwood et al., 2005), another explanation is more likely. 

 

Ethylene is involved in many post-pollination processes in flowers, such as corolla 

abscission, and senescence. Therefore the involvement of ethylene in the downregulation of 

scent-genes has been investigated. In transgenic ethylene-insensitive petunia lines, 

expression of both PhBSMTs was not different between pollinated and non-pollinated 

flowers, while in the wild type flowers, pollination causes PhBSMT expression to drop 

(Underwood et al., 2005). This indicates that ethylene is the signal that terminates PhBSMT 

expression after pollination. The emission of volatile benzenoids displayed a similar 

pattern. Ethylene insensitive plants were still producing volatile benzenoids after treatment 

with ethylene, as opposed to the wild type lines that ceased to emit (Underwood et al., 

2005). To investigate the regulation, benzoic acid levels were determined, together with the 
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levels of cinnamic acid and salicylic acid. Thirty-six hours after pollination of wild type 

plants, the levels of both benzoic acid and cinnamic acid were decreased 4- and 7-fold 

respectively. The salicylic acid levels were influenced to a lesser extent, only 2-fold 

(Underwood et al., 2005). The downregulation of volatile emission in petunia seems to be 

both at the substrate level and at expression of the biosynthetic enzymes. The minor effect 

on salicylic acid levels can be explained by the fact that it can be formed via chorismate 

(Wildermuth et al., 2001), which is an earlier intermediate in phenylalanine synthesis (Fig. 

1). 

 

Two vital experiments are lacking in order to make firm statements about the differences in 

regulation between snapdragon and petunia. In snapdragon, BAMT gene expression and 

activity are not influenced by pollination, whereas they are in petunia. In snapdragon the 

SAM:SAH ratio seems to be responsible for post-translational regulation, but not in 

petunia. On the other hand, the experiments with ethylene insensitive petunia plants 

revealed that in downregulation of scent in petunia after pollination, ethylene plays a vital 

role. Because the regulation in snapdragon seems to be different, it needs to be investigated 

what effect ethylene treatment has on snapdragon scent emission, and whether experiments 

using ethylene insensitive snapdragon lines will have similar results. The differences 

between the two species give the opportunity to map the ethylene regulation in scent 

production and pollination. 

 

Metabolomic, transcriptomics, and QTL approaches 

Using the classical biochemical approach, only a modest number of scent genes were 

isolated. Because of the economic importance of secondary metabolites, genomic and 

metabolomic tools were employed to identify more candidates in a faster, less time 

consuming way. The first use of genomic, metabolomic and transcriptomic tools to identify 

novel floral scent related genes was demonstrated in rose. Two rose varieties with 

contrasting phenotypes were selected for comparison (Guterman et al., 2002). Fragrant 

Cloud, which has large red flowers possessing a strong scent, with a short vase life, was 

compared with Golden Gate, with small yellow flowers that have a long vase live and that 

lack fragrance. From both varieties an EST database was constructed. To identify genes 

involved in scent production, a selection of 350 ESTs of these varieties, with putative 

functions in primary and secondary metabolism, development, transcription, cell growth, 

cell biogenesis and organization, cell rescue, signal transduction, and with unknown 

function was spotted onto microarray slides. These slides were hybridized with RNA from 

flowers of both varieties, to compare gene expression between the two cultivars. 

Furthermore, the Fragrant Cloud transcriptome of unopened buds was compared with that 



 

24 ● Chapter 1 

of open flowers. This yielded 40 unique genes that were upregulated during Fragrant Cloud 

petal maturation and were higher expressed in this variety compared to Golden Gate. One 

of the most upregulated genes was a germacrene D synthase, while germacrene D happened 

to be the most abundant sesquiterpene in the headspace of Fragrant Cloud (Guterman et al., 

2002), and is absent in Golden Gate floral headspace. Two putative O-methyltransferases 

(OMTs), a putative alcohol acetyltransferase, and sequences with strong similarity to 

known aldehyde synthases, decarboxylases, hydrolases, aminotransferases, and aldehyde 

hydrogenases were also identified. The functions of the putative alcohol acetyltransferase 

and the two putative OMTs were confirmed in vitro using lysates of E. coli expressing 

these genes. The OMTs were shown to be involved in the two step methylation of the 

benzenoids orchinol to orchinol dimethylether, both catalyzing one of the methylation steps 

(Lavid et al., 2002). Two MYB like transcription factors were also identified as being 

differentially regulated. One of these exhibited the highest homology to pea myb26 and the 

other to snapdragon Myb305 and Myb340. The pea myb26 has been suggested to be a 

regulator of the phenylpropanoid pathway because it has a high affinity to promoters of 

phenylpropanoid genes (Uimari and Strommer, 1997). The snapdragon MYBs both activate 

PAL transcription, and activate genes in the flavonoid metabolism (Moyano et al., 1996). 

Activation of the phenylpropanoid pathway could lead to the increased production of 

volatile phenylpropanoid compounds present in rose, such as phenylethyl alcohol and 

benzyl alcohol. Further research to investigate the role of these MYBs in rose scent 

production has not yet been published. Because of the difference in flavonoid content in the 

two rose cultivars and the homology to MYBs associated with the phenylpropanoid 

pathways, it is most likely that these two MYB genes are involved in the biosynthesis of 

pigments. 

 

A totally different approach has been the use of QTL mapping of several traits responsible 

differences in scent composition and timing of emission between a bee- and moth-

pollinated petunia. Different accessions of the bee-pollinated P. integrifolia constitutively 

produce only benzaldehyde. The hawk moth-pollinated P. axillaris accessions produce a 

more complex mixture of volatile benzenoids, in a nocturnal rhythm, similar to that of P. 

hybrida cv. Mitchell. Different accessions of P. axillaris,emit different bouquets of 

benzenoids (Hoballah et al., 2005). The differences between the moth- and bee-pollinated 

petunias is not only scent, the bee-pollinated P. intergrefolia has large, violet or reddish-

purple flowers with open structure and a short tube, while the P. axillaris flowers have a 

long slender tube, and are white. Other differences are the positioning of the anthers in 

relation to the stigma and nectar volume and composition (Stuurman et al., 2004). P. 

axillaris ssp. parodii and P. integrifolia ssp. inflata were both crossed with the transposon-
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containing line P. hybrida W138 and the progeny was used to generate recombinant inbred 

lines (RILs). Major QTLs were detected for all traits of the bee- and hawkmoth pollination 

syndromes: color, floral architecture, nectar quality and quantity, and scent. The two 

different scent loci were designated SCE1 and SCE2 (Stuurman et al., 2004). Interestingly, 

both species appeared to carry a functional allele that is lacking from petunia W138, 

because the P. i. inflata and P. a. parodii QTL alleles could both enhance the fragrance in 

petunia W138. So, although P. i. inflata has no complex scent composition, it still has some 

sort of regulator that is lacking in petunia W138. The other way around, it was shown that 

the biochemical machinery necessary to produce the complex scent mixture of P. a. parodii 

is still present in petunia W138 and not in P. i. inflata; when two of P. i. inflata’s 

chromosomes were replaced by petunia W138 copies, a P. a. parodii-like fragrance was 

produced (Stuurman et al., 2004).  

 
Outline of the thesis 

 
This thesis will explore biochemical and molecular biological aspects of volatile benzenoid 

biosynthesis by Petunia hybrida cv Mitchell. The use of the model plant Arabidopsis is not 

an option, because the flowers do not make any benzenoids. Petunia however, has been 

model system for several different areas of research such as, for instance, anthocyanin 

biosynthesis, flavonoid synthesis, floral development, male sterility and self-incompatibility 

(reviewed in Gerats and Vandenbussche, 2005).  

 

In the introduction (Chapter 1), the biochemistry of the biosynthesis of benzenoids is 

described. Furthermore, several characteristics of floral scent of, in particular, petunia are 

reviewed. Finally, an overview of the work that has been done on the regulation of the 

biosynthesis of floral fragrance, an mostly in that of floral benzenoids in petunia is 

described. Chapter 2 describes the composition of the petunia Mitchell floral scent, the 

emission during development, the scent production by several floral organs, and the 

rhythmic emission by the petals. With a SPME fiber the volatile molecules were trapped 

and analyzed by GC-MS. This allowed analysis of emission by flowers still attached to the 

plant, but also by cut flowers. The SPME method also proved to be suitable for high 

throughput analysis of volatiles from flower extracts. The most abundant molecules emitted 

by the flowers are volatile benzenoids, but there are also sesquiterpenes, and fatty acid 

derivatives present, although at lower levels. Maximal levels of benzenoid emission occur 

at night, and the tissue responsible for most of the emission is the flower petal. The last 
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section of the chapter describes the transcriptional regulation of genes that are important in 

the production of the volatile benzenoid molecules.  

In Chapter 3, this transcriptional analysis is extended using custom-built microarrays. The 

transcriptome of flower petals harvested in the morning was compared with that of petals 

harvested in the afternoon, just prior to scent emission. In addition, the transcriptome of the 

low scent-producing W138 cultivar was compared with that of petunia Mitchell petals. 

Regulation of volatile benzenoid production is at the level of precursor production from the 

shikimate pathway via chorismate and phenylalanine. We found that five different genes 

involved in these steps were upregulated towards the production of volatile benzenoids. 

Moreover, five genes involved in the S-Adenosyl methionine (SAM) cycle, that generates 

the methyl donor SAM were also upregulated in concert with the production of volatile 

benzenoids. Methyl benzoate is the most abundant volatile of petunia Mitchell, and is 

formed by the methylation of benzoic acid using SAM as a methyl donor. All these genes 

from both the shikimate pathway and the SAM cycle were also higher expressed in 

Mitchell than in W138 petals. Three other genes that are putatively involved in the 

biosynthesis of benzenoids, and one that is responsible for the production of two volatile 

benzenoids were also identified. The highest upregulated gene in the evening, and in 

petunia Mitchell compared with W138, was a putative ABC transporter that might be 

involved in the transport of certain precursors, such as benzoic acid. Finally, an R2R3-

MYB transcription factor that was tentatively named ODORANT1 (ODO1) had increased 

transcription levels in the evening, and was also higher expressed than in petunia W138. 

 

The role of ODO1 in the transcriptional regulation of the rhythmic floral benzenoid 

production is explored in Chapter 4. The expression of ODO1 follows a circadian rhythm, 

with maximal levels when the emission of volatile benzenoids is also maximal, at night. 

Furthermore, the expression of ODO1 is limited to the petal tissue, In the low scent 

producing W138 cultivar, the expression is at 10% of Mitchell. ODO1 is part of a separate 

group within the R2R3-MYB transcription factor family, that in Arabidopsis consists of 

more that 100 members. In several species, MYBs have been implicated in the regulation of 

several phenylpropanoid pathways. Silencing of ODO1 in petunia Mitchell, using a RNAi 

approach, reduced the emission of almost all benzenoids significantly, and it seemed that 

compounds produced further down the pathway were more affected. The color of the petals 

of the Mitchell flowers silenced for ODO1 however, was not influenced. This was 

surprising because the flavonoids and anthocyanins rely on the same precursors as the scent 

compounds. The explanation for this is the developmental separation of color and scent 

production. The color is produced and stored in the vacuoles while the flower bud is 
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elongating and remain stable there during the lifetime of the flower, while scent is produced 

once the flower is open, so there is no competition for the phenylpropanoid precursors.  

The discovery of the involvement of ODO1 in the production of phenylpropanoid 

precursors rather that the scent compounds alone, made it an interesting candidate for 

overexpression studies. Then it would be possible to manipulate the scent of flowers, but 

also color and other secondary metabolites produced. Additionally, this manipulation does 

not have to be limited to flowers, expression of ODO1 in leaves, together with genes that 

produce phenylpropanoid derived defensive compounds might improve the plant’s defense. 

In Chapter 5, the manipulation of ODO1 expression in petunia Mitchell is described. Both 

expression in the whole plant using a CaMV 35S-promotor based expression, and flower 

specific overexpression with the FLORAL BINDING PROTEIN1 (FBP1) promotor were 

used to boost the expression of ODO1. Flower specific overexpression was not spectacular, 

an increase of 3-fold was maximally observed, but this seemed to result in a higher 

production of certain volatiles. 35S overexpression in Arabidopsis also did not result in 

high transcript levels. These ODO1 expressing lines had no apparent phenotype, because of 

the low expression it is likely that it is a very subtle one, therefore more detailed 

experiments will have to be done. Finally, in Chapter 6, the results described in this thesis 

are combined with recent advances in the field, and the possibilities of manipulation of the 

floral benzenoid pathway are discussed. 

 

Account: 

 
Chapter 1. Published in modified form together with Chapter 3 in: Verdonk JC, Haring 

MA, van Tunen AJ, and Schuurink RC. (2006). Targeted transcriptomics to elucidate the 

regulation of benzenoid synthesis in Petunia hybrida. In: Floriculture, Ornamental and 

Plant Biotechnology: Advances and Topical Issues (1st Edition) Jaime A Teixeira da Silva 

(Ed) Global Science Books, Ltd., London, UK. 

 

Chapter 2. Published in: Verdonk JC, Ric de Vos CH, Verhoeven HA, Haring MA, van 

Tunen AJ, and Schuurink RC. (2003). Regulation of floral scent production in petunia 

revealed by targeted metabolomics. Phytochemistry 62, 997-1008. 

 

Chapter 4. Published in: Verdonk JC, Haring MA, van Tunen AJ, and Schuurink RC. 

(2005). ODORANT1 Regulates Fragrance Biosynthesis in Petunia Flowers. Plant Cell 17, 

1612-1624. 

 



 

28 ● Chapter 1 

References 

 
Ando T, Nomura M, Tsukahara J, Watanabe H, Kokubun H, Tsukamoto T, Hashimoto G, Marchesi E, and 

Kitching IJ. (2001). Reproductive isolation in a native population of Petunia sensu Jussieu 
(Solanaceae). Annals of Botany 88, 403-413. 

Angenent GC, Stuurman J, Snowden KC, and Koes R. (2005). Use of Petunia to unravel plant meristem 
functioning. Trends in Plant Science 10, 243-250. 

Baldwin IT, Preston C, Euler M, and Gorham D. (1997). Patterns and consequences of benzyl acetone floral 
emissions from Nicotiana attenuata plants. Journal of Chemical Ecology 23, 2327-2343. 

Bergström G, Dobson HEM, and Groth I. (1995). Spatial fragrance patterns within the flowers of Ranunculus 
acris (Ranunculaceae). Plant Systematics and Evolution 195, 221-242. 

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

Bradshaw HD, and Schemske DW. (2003). Allele substitution at a flower colour locus produces a pollinator shift 
in monkeyflowers. Nature 426, 176-178. 

Coen ES, and Meyerowitz EM. (1991). The war of the whorls: genetic interactions controlling flower 
development. Nature 353, 31-37. 

Comai L, Facciotti D, Hiatt WR, Thompson G, Rose RE, and Stalker DM. (1985). Expression in plants of a 
mutant aroA gene from Salmonella typhimurium confers tolerance to glyphosate 317, 741-744. 

D'Auria JC, Chen F, and Pichersky E. (2002). Characterization of an acyltransferase capable of synthesizing 
benzyl benzoate and other volatile esters in flowers and damaged leaves of Clarkia breweri. Plant 
Physiol 130, 466-476. 

Dobson HEM, Bergstrom G, and Groth I. (1990). Differences in Fragrance Chemistry between Flower Parts of 
Rosa-Rugosa Thunb (Rosaceae). Israel Journal of Botany 39, 143-156. 

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

Dudareva N, Raguso RA, Wang J, Ross JR, and Pichersky E. (1998). Floral scent production in Clarkia breweri. 
III. Enzymatic synthesis and emission of benzenoid esters. Plant Physiology 116, 599-604. 

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

Dudareva N, Pichersky E, and Gershenzon J. (2004). Biochemistry of plant volatiles. Plant Physiol 135, 1893-
1902. 

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

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, and Weiss D. (2002). Rose scent: 
genomics approach to discovering novel floral fragrance-related genes. Plant Cell 14, 2325-2338. 

Harmer SL, Hogenesch JB, Straume M, Chang HS, Han B, Zhu T, Wang X, Kreps JA, and Kay SA. (2000). 
Orchestrated transcription of key pathways in Arabidopsis by the circadian clock. Science 290, 2110-
2113. 

Harmer SL, and Kay SA. (2005). Positive and negative factors confer phase-specific circadian regulation of 
transcription in Arabidopsis. Plant Cell 17, 1926-1940. 

Heidmann I, Efremova N, Saedler H, and Schwarz-Sommer Z. (1998). A protocol for transformation and 
regeneration of Antirrhinum majus. The Plant Journal 13, 723-728. 

Helsper JPFG, Davies J.A., Bouwmeester H.J., Krol A.F., and Kampen M.H. (1998). Circadian rhythmicity in 
emission of volatile compounds by flowers of Rosa hybrida L. cv. Honesty. Planta 207, 88-95. 

Hoballah ME, Stuurman J, Turlings TC, Guerin PM, Connetable S, and Kuhlemeier C. (2005). The composition 
and timing of flower odour emission by wild Petunia axillaris coincide with the antennal perception 
and nocturnal activity of the pollinator Manduca sexta. Planta, 222, 141-150. 

Jarvis AP, Schaaf O, and Oldham NJ. (2000). 3-hydroxy-3-phenylpropanoic acid is an intermediate in the 
biosynthesis of benzoic acid and salicylic acid but benzaldehyde is not. Planta 212, 119-126. 

Jones MB, and Mansfield TA. (1975). Circadian rhtythm in plants. Sci. Prog. Oxf 62, 103-125. 
Knudsen JT, and Tollsten L. (1993). Trends in floral scent chemistry in pollination syndromes: floral scent 

composition in moth-pollinated taxa. Botanical Journal of the Linnean Society 113, 263-284. 
Koes R, Souer E, van Houwelingen A, Mur L, Spelt C, Quattrocchio F, Wing J, Oppedijk B, Ahmed S, Maes T, 

Gerats T, Hoogeveen P, Meesters M, Kloos D, Mol JNM. (1995). Targeted gene inactivation in petunia 
by PCR-based selection of transposon insertion mutants. Proc Natl Acad Sci U S A 92, 8149-8153. 



 

Floral scent and benzenoid biosynthesis in higher plants ● 29 

Koes R, Verweij W, and Quattrocchio F. (2005). Flavonoids: a colorful model for the regulation and evolution of 
biochemical pathways. Trends in Plant Science 10, 236-242. 

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

Kolosova N, Sherman D, Karlson D, and Dudareva N. (2001b). Cellular and subcellular localization of s-
adenosyl-l- methionine:benzoic acid carboxyl methyltransferase, the enzyme responsible for 
biosynthesis of the volatile ester methylbenzoate in snapdragon flowers. Plant Physiology 126, 956-
964. 

Lavid N, Wang J, Shalit M, Guterman I, Bar E, Beuerle T, Menda N, Shafir S, Zamir D, Adam Z, Vainstein A, 
Weiss D, Pichersky E, and Lewinsohn E. (2002). O-methyltransferases involved in the biosynthesis of 
volatile phenolic derivatives in rose petals. Plant Physiol 129, 1899-1907. 

Loake GJ, Choudhary AD, Harrison MJ, Mavandad M, Lamb CJ, and Dixon RA. (1991). Phenylpropanoid 
Pathway Intermediates Regulate Transient Expression of a Chalcone Synthase Gene Promoter. Plant 
Cell 3, 829-840. 

Loughrin JH, Hamiltonkemp TR, Andersen RA, and Hildebrand DF. (1991). Circadian-Rhythm of Volatile 
Emission from Flowers of Nicotiana-Sylvestris and N-Suaveolens. Physiologia Plantarum 83, 492-
496. 

Lucker J, Bouwmeester HJ, Schwab W, Blaas J, van Der Plas LH, and Verhoeven HA. (2001). Expression of 
Clarkia S-linalool synthase in transgenic petunia plants results in the accumulation of S-linalyl-beta-D-
glucopyranoside. Plant Journal 27, 315-324. 

Martin C, Prescott A, Mackay S, Bartlett J, and Vrijlandt E. (1991). Control of anthocyanin biosynthesis in 
flowers of Antirrhinum majus. Plant J 1, 37-49. 

Martin C, Lister, C., Thijs, H., Prescott, A., Jackson, D., and MacKay, S. (1990). Transposable elements from 
Antirrhinum majus: Their uses in gene isolation and characterization. In Plant Biology, Vol. 11: 
Horticultural Biotechnology, SO Neill, ed (New York: Wiley-Liss), pp. 137-153. 

Michael TP, and McClung CR. (2002). Phase-specific circadian clock regulatory elements in Arabidopsis. Plant 
Physiol 130, 627-638. 

Motten AF, and Antonovics J. (1992). Determinants of Outcrossing Rate in a Predominantly Self-Fertilizing 
Weed, Datura-Stramonium (Solanaceae). American Journal of Botany 79, 419-427. 

Moyano E, Martinez-Garcia JF, and Martin C. (1996). Apparent redundancy in myb gene function provides 
gearing for the control of flavonoid biosynthesis in antirrhinum flowers. Plant Cell 8, 1519-1532. 

Murfitt LM, Kolosova N, Mann CJ, and Dudareva N. (2000). Purification and characterization of S-adenosyl-L-
methionine: Benzoic acid carboxyl methyltransferase, the enzyme responsible for biosynthesis of the 
volatile ester methyl benzoate in flowers of Antirrhinum majus. Archives of Biochemistry and 
Biophysics 382, 145-151. 

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

Odell E, Raguso RA, and Jones KN. (1999). Bumblebee foraging responses to variation in floral scent and color in 
snapdragons (Antirrhinum : Scrophulariaceae). American Midland Naturalist 142, 257-265. 

Pichersky E, Raguso RA, Lewinsohn E, and Croteau R. (1994). Floral scent production in Clarkia (Onagraceae). 
I. Localisation and developmental modulation of monoterpene emission and linalool synthase activity. 
Plant Cell Physiology 106, 1533-1540. 

Pichersky E, Lewinsohn E, and Croteau R. (1995). Purification and characterization of S-linalool synthase, an 
enzyme involved in the production of floral scent in Clarkia breweri. Archives of Biochemistry and 
Biophysics 316, 803-807. 

Picone JM, Clery RA, Watanabe N, MacTavish HS, and Turnbull CG. (2004). Rhythmic emission of floral 
volatiles from Rosa damascena semperflorens cv. 'Quatre Saisons'. Planta 219, 468-478. 

Raguso RA, and Pichersky E. (1995). Floral volatiles from Clarkia breweri and C. concinna (Ongraceae): recent 
evolution of floral scent and moth pollination. Plant Systematics and Evolution 194, 55-67. 

Raguso RA, Levin RA, Foose SE, Holmberg MW, and McDade LA. (2003). Fragrance chemistry, nocturnal 
rhythms and pollination "syndromes" in Nicotiana. Phytochemistry 63, 265-284. 

Sablowski RW, Moyano E, Culianez-Macia FA, Schuch W, Martin C, and Bevan M. (1994). A flower-specific 
Myb protein activates transcription of phenylpropanoid biosynthetic genes. Embo J 13, 128-137. 

Schade F, Legge RL, and Thompson JE. (2001). Fragrance volatiles of developing and senescing carnation 
flowers. Phytochemistry 56, 703-710. 

Schiestl FP, Ayasse M, Paulus HF, Erdmann D, and Francke W. (1997). Variation of floral scent emission and 
postpollination changes in individual flowers of Ophrys sphegodes subsp. sphegodes. Journal of 
Chemical Ecology 23, 2881-2895. 



 

30 ● Chapter 1 

Sink K. (1984). Origin of the Cultivated P. hybrida Vilm. In Monographs on Theoretical and Applied Genetics; 
Petunia, K Sink, ed (Berlin, Heidelberg, New York, Tokyo: Springer-Verlag), pp. 7-9. 

Stuurman J, Hoballah ME, Broger L, Moore J, Basten C, and Kuhlemeier C. (2004). Dissection of floral 
pollination syndromes in petunia. Genetics 168, 1585-1599. 

Stuurman J, and Kuhlemeier C. (2005). Stable two-element control of dTph1 transposition in mutator strains of 
Petunia by an inactive ACT1 introgression from a wild species. Plant J 41, 945-955. 

Uimari A, and Strommer J. (1997). Myb26: a MYB-like protein of pea flowers with affinity for promoters of 
phenylpropanoid genes. Plant J 12, 1273-1284. 

Underwood, B.A. (2003). Effects of Ethylene on Floral Fragrance of Petunia x hybrida 'Mitchell Diplod'. PhD 
dissertation, University of Florida, Gainesville FL. 

Underwood BA, Tieman DM, Shibuya K, Dexter RJ, Loucas HM, Simkin AJ, Sims CA, Schmelz EA, Klee HJ, 
and Clark DG. (2005). Ethylene-regulated floral volatile synthesis in petunia corollas. Plant Physiol 
138, 255-266. 

van der Krol AR, Mur LA, Beld M, Mol JN, and Stuitje AR. (1990). Flavonoid genes in petunia: addition of a 
limited number of gene copies may lead to a suppression of gene expression. Plant Cell 2, 291-299. 

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

Verdonk JC, Haring MA, van Tunen AJ, and Schuurink RC. (2005). ODORANT1 Regulates Fragrance 
Biosynthesis in Petunia Flowers. Plant Cell 17, 1612-1624. 

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

Weaver LM, and Herrmann KM. (1997). Dynamics of the shikimate pathway in plants. Trends in Plant Science 2, 
346-351. 

Wildermuth MC, Dewdney J, Wu G, and Ausubel FM. (2001). Isochorismate synthase is required to synthesize 
salicylic acid for plant defence. Nature 414, 562-565. 

 
 


