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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. 
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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 
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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., 
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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 
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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: 
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Abstract 

 
Petunia hybrida cv Mitchell has large white flowers that produce a pleasant fragrance. 
By applying solid phase micro extraction (SPME) techniques coupled to GC-MS 
analysis, volatile emission was monitored in vivo using a targeted metabolomics 
approach. Mature flowers released predominantly benzenoid compounds of which 
benzaldehyde, phenylacetaldehyde, methyl benzoate, phenylethylalcohol, iso-eugenol 
and benzyl benzoate were most abundant. This emission had a circadian rhythm 
reaching its maximum at dusk. During petal limb expansion two sesquiterpenes were 
emitted by the petunia flowers, tentatively identified as germacrene D and cadina-3,9-
diene. In vitro analysis showed that the petal limbs and stigma were the main 
producers of the benzenoids and sesquiterpenes, respectively. Moreover, comparison 
of in vivo and in vitro analysis indicated volatiles were not stored during periods of low 
emission but rather were synthesised de novo. DNA-microarray analysis revealed that 
genes of the pathways leading to the production of volatile benzenoids were 
upregulated late during the day, preceding the increase of volatile emission. RNA-gel 
blot analyses confirmed that the levels of phenylalanine ammonia lyase (PAL) and S-
adenosyl methionine (SAM) synthase transcripts increased towards the evening. Our 
results suggest that the circadian production of volatile benzenoids in petunia Mitchell 
is, at least partly, regulated at the transcript level. 
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Introduction 
 

Sweet floral fragrances are characteristic for many insect-pollinated flowers and are 

involved in the attraction and guidance of pollinators to the reproductive organs (Dobson, 

1994; Dobson and Bergström, 2000). These floral fragrances consist of complex bouquets 

of volatiles of which the composition and levels determine the character of the fragrance 

and the attractiveness for bee and moth pollinators (Brown, 2002). Typically, fragrances 

consist of terpenoids, fatty acid derivatives, indole compounds and benzenoids (Knudsen 

and Tollsten, 1993). Natural floral fragrances are used as ingredients for perfumes and 

knowledge about specific components in floral fragrances can be used for the production of 

synthetic perfumes. 

 

Plants naturally control the timing of floral fragrance emission to guard the cost-benefit 

balance. Nocturnally pollinated plants predominantly emit their volatiles during the night 

and this circadian rhythm is regulated through an internal clock (Loughrin et al., 1991). It 

was recently shown that this internal clock is also present in Antirrhinum majus 

(snapdragon) and Rosa hybrida, which emit volatiles during the day (Helsper et al., 1998; 

Kolosova et al., 2001b). The diurnally emitting plants Brassica napus and Trifolium repens 

L. lack this circadian clock. In these plants, the rhythm of volatile emission is directly 

controlled by light (Jakobsen and Olsen, 1994; Jakobsen et al., 1994).  

 

The biochemical pathways leading to the precursors of the various volatiles have been well 

studied in leaves and plant cell cultures. Sesquiterpenes are derived from the mevalonate-

pathway in the cytosolic compartment, while monoterpenes are synthesised in plastids via 

the DOXP-pathway; fatty acid derivatives such as C6-aldehydes and alcohols are mainly 

produced from intermediates of the lipoxygenase-hydroperoxide lyase pathways; indole is 

an alkaloid synthesised from tryptophan and benzenoids have a common precursor in 

phenylalanine (Pichersky and Gershenzon, 2002). The biochemical reactions leading from 

these precursors to the actual volatile compounds and the molecular and genetic control of 

the pathways, however, remain largely unsolved. Progress in elucidating these reactions has 

been made in Clarkia breweri and snapdragon. Clarkia breweri flowers produce 8 to 12 

different volatiles, among which linalool, an acyclic monoterpene, and the benzenoids 

benzyl acetate, methyl salicylate, methyleugenol and methylisoeugenol. The enzymes 

catalysing the last step in the biosynthesis of these volatiles have been purified and 

characterised while their corresponding cDNAs have been cloned (Dudareva and Pichersky, 

2000). In Clarkia breweri the production of linalool, benzyl acetate, methyl salicylate and 

methyl(iso)eugenol during flower development seems to be controlled at transcript level, 
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with the increase in transcripts occurring 1 to 2 days prior to the increase in enzyme activity 

and emission of the corresponding compound (Dudareva and Pichersky, 2000).  

 

The snapdragon benzoic acid methyl transferase (BAMT), which is involved in the 

production of methyl benzoate, and its cDNA have been characterized (Dudareva et al., 

2000). This enzyme is predominantly present in the conical cells of the inner epidermal 

layer of the petal lobes (Kolosova et al., 2001a). The transcript level of BAMT correlates 

with the amount of methyl benzoate produced during flower development ((Kolosova et al., 

2001b). However, the oscillating factor over a 24-hour time-span is benzoic acid, the 

precursor of methyl benzoate. Transcriptional and translational control mechanisms of 

BAMT appear to be less important than the presence of benzoic acid. In petunia Mitchell 

flowers, the activity of BAMT oscillates with methyl benzoate emission. However, BAMT 

activity remains high during the day when little methyl benzoate is produced. The 

regulation here seems to be partly on the level of the precursor, benzoic acid, which levels 

are very low during the day (Kolosova et al., 2001b). 

 

We are using Petunia hybrida cv Mitchell (W115) as a model system for elucidating the 

biosynthesis of various volatile compounds by flowers and the regulation thereof. The large 

white flowers produce a musty scent only in the evening and night, suggesting a circadian 

regulation. Petunia hybrida is genetically well characterized and the Mitchell cultivar is 

easy to transform (Lucker et al., 2001). This paper reports on the identification of the 

dominant volatile compounds emitted by petunia flowers in vivo using an SPME-targeted 

metabolomics approach. Moreover, the developmental, temporal and spatial characteristics 

of volatile release are described in detail as well as the contribution of the various flower 

organs to the volatile signature. In addition, DNA-microarray techniques in combination 

with RNA gel-blot analyses provide evidence that the genes in the pathways leading to the 

precursors of floral volatiles are regulated at the transcript level. 
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Results 
 

Identification of petunia flower volatiles using SPME and GC-MS 

To analyze the volatile compounds produced by petunia flowers in vivo, and to be able to 

follow volatile release during flower development of single flowers, we set up a rapid 

targeted metabolomics sampling method. A Solid Phase Micro Extraction (SPME) device 

was placed in the floral headspace to sample the volatiles (Fig. 1), which were subsequently 

analyzed by GC-MS. The major volatiles detected are listed in Table I. The GC-MS 

chromatogram (Fig. 2A) showed four major peaks representing the benzenoid molecules 

benzaldehyde, methyl benzoate, iso-eugenol, and benzyl benzoate. The four minor peaks 

represented the benzenoids phenylacetaldehyde and phenylethylalcohol, and the aliphatic 

aldehydes decanal and dodecanal.  

 

The validity of this SPME-method, using an 100µm PDMS coated fiber, was confirmed by 

GC-MS analysis of conventionally (with organic solvents) extracted flowers (performed by 

Quest, Naarden, The Netherlands). The GC-MS chromatograms matched qualitatively (data 

not shown). Mass spectrum analysis revealed the presence of at least 50 other minor 

compounds, among which mainly other benzenoids (e.g. benzyl alcohol, methyl salicylate 

and phenyl, methyl, and ethyl esters), while monoterpenes were not found.  

Fig 1. Experimental design for headspace-SPME of Petunia hybrida cv Mitchell flowers 
in vivo.  A glass funnel was placed around a developing flower thereby minimally interfering 
with its development. Aluminium foil was placed over both sides of the funnel to limit air 
movement. The SPME device was fixed in front of the glass funnel, with the hollow SPME 
needle stuck through the aluminium foil, exposing the PDMS fiber to the volatile compounds 
present in the floral headspace.  
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To determine the contribution of the various flower organs to the volatile emission, we set-

up a method that enabled us to measure volatile production in vitro. For this, intact flowers 

were submerged in liquid nitrogen and ground in a saturated CaCl2 solution in which 

enzymatic reactions should be inhibited (Buttery et al., 1987). Upon subsequent heating and 

stirring of the extract, the volatiles evaporated from the solution into the headspace, 

enabling the SPME fiber to adsorb them. The validity of this in vitro method was first 

tested on whole flowers by comparison of the GC-MS chromatogram with that obtained by 

using the in vivo SPME method (Fig. 2A vs. 2B). Compared to the in vivo headspace 

chromatograms (Fig. 2A), the in vitro chromatograms (Fig. 2B) showed several additional 

peaks. The mass spectra of peak 8 and 9 corresponded with that of two sesquiterpenes 

tentatively identified as germacrene D and cadina-3,9-diene, respectively. The presence of 

the fatty acid breakdown products 3-hexanal and 2-hexanal (peak 11 and 12) from the 

lipoxygenase (LOX) pathway (Feussner and Waternack, 2002) indicated that some lipid 

peroxidation still occurred during sample preparation. Though minor differences were 

found for the in vitro method compared to the in vivo method, it was clear that the in vitro 

method was suitable for detecting all compounds that were detected in vivo. 

 

 

Figure 2. Comparison of in vivo and in vitro 
measurements of petunia floral headspace. 
GC-MS chromatograms (100% scale = 2 x 106 
total ion counts) obtained from headspace-
SPME of petunia Mitchell flowers in vivo (A) 
and CaCl2-extracts (B). Flowers were analysed 
after 15 h in the light period. The major peaks 
are numbered as in Table I. 

Peak Relative 
Retention 
time (min) 

Main m/z fragments  
(in order of 
abundance) 

Compounds name 

Benzenoids    
1 10.58 105, 106, 77 Benzaldehyde 
2 12.45 91, 92, 65, 120 Phenylacetaldehyde 
3 13.63 105, 77, 136, 51 Methylbenzoate 
4 14.05 91, 92, 122, 65 Phenylethylalcohol 
7 20.86 164, 149, 77, 91, 

103 
Isoeugenol* 

10 26.85 105, 91, 77, 51 Benzylbenzoate 
Aliphatic 

aldehydes 
   

5 15.70 43, 41, 57, 55, 70, 
82 

Decanal 

6 19.71 43, 57, 41, 55, 44, 
82 

Dodecanal 

Sesquiterpenes    
8 21.75 161, 91, 105, 79, 

204 
Germacrene-D* 

9 22.30 161, 119, 105, 134, 
204 

Cadina-3,9-diene* 

Fatty acid 
derivatives 

   

11 6.69 41, 55, 69, 83 3-Hexenal 
12 7.88 41, 55, 69, 83 2-Hexenal 

Table I. GC and MS data of some major volatiles detected in the 
floral headspace of Petunia hybrida W115. Volatiles were 
identified by screening the NIST library for comparable MS-spectra 
and, except for compounds marked with *, by subsequent 
comparison with authentic reference compounds. 
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Fig. 3.  Temporal volatile emission from petunia flowers. GC-MS chromatograms (100% scale = 2 x 
106 total ion counts) show the volatile components released by a single open flower in vivo. Headspace-
SPME was performed after (A) 7 h in the light; (B) 11 h in the light; (C) 15 h in the light; (D) 3 h in the 
dark. The experiments were carried out with a freshly (1-day) opened flower. Light/dark conditions were 
16h/8h, the light period starting at 2 AM. 
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Temporal emission of petunia Mitchell volatiles 

To investigate whether volatile emission was constant or under circadian control, the 

headspace of a single flower was sampled by SPME in vivo at different time points (Fig. 3). 

Volatile release was lowest early into the light period (Fig. 3A and B) and increased 

afterwards, reaching maximum levels after 15 hours of light (Fig. 3C) and 3 hours into the 

dark period (Fig. 3D). Methyl benzoate was prominently present in all the flower headspace 

samples, while other benzenoids appeared at the end of the light period. In Figure 4, the 

emission of the four major benzenoids over a period of 48 hours is depicted together with 

the light regime. Evidently, benzenoid emission by the flowers followed a circadian 

rhythm, with maximum levels at the end of the light period. This rhythm in emission 

continued until senescence of the flowers (data not shown), which usually occurred 6 or 7 

days after opening of the flower. 

 

Using the in vitro method, we analyzed the volatiles of flowers harvested at the same time 

points as in Fig. 3. The volatile levels were lowest early into the light period and highest at 

the end, similar to that found for the natural emission of flower volatiles. This indicates that 

volatiles were not stored during periods of low emission but rather were continuously 

synthesized de novo during emission. 

 

 

 

 

 

Fig. 4. Rhythmic emission of four 
major volatile benzenoids. After flower 
opening, flower volatiles were analysed 4 
times a day, over a 48-hour period, using 
in vivo headspace-SPME. The four major 
benzenoids are shown in separate 
graphs; (A) benzaldehyde, (B) 
methylbenzoate, (C) isoeugenol, and (D) 
benzyl benzoate. 7 h L: 7 h in the light; 11 
h L: 11 h in the light; 15 h L: 15 h in the 
light; 3 h D: 3 h in the dark. Plants were 
grown under 16h/8h regime. Top white 
bars indicate light periods (L); top black 
bars indicate dark period (D). Each 
component is plotted as a percentage of 
its maximum value. 
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Fig. 5. Volatile emission during petunia flower development. GC-MS chromatograms (100% scale = 2 x 
106 total ion counts) of volatiles present in the floral headspace, sampled by SPME in vivo, during the 
development of one single petunia Mitchell flower from bud stage to fully-opened flower, are shown. At each 
sampling time, the length of the flower bud or the diameter of the petal limbs, once the flower had opened, 
was determined as a measure of flower development. (A): 14 h in the light, bud length 4 cm; (B): the next 
day 6 h in the light, bud length 5 cm; (C): 9 h 15 min in the light, flower starts to open, diameter 2 cm; (D): 11 
h in the light, diameter 4 cm; (E): 12 h 10 min in the light, diameter 4 cm; (F): 14 h in the light, flower fully 
opened, diameter 4.5 cm.  
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Fig. 6. Volatile production by different petunia flower organs. Tissues were separated from whole 
flowers (harvested at 17.00h; 15 h L) and sampled by headspace-SPME of CaCl2-extracts. (A): sepals; (B): 
style; (C): stigma; (D): stamen plus ripe pollen; (E): corolla tube (= petals minus limbs); (F): petal limbs 
(100% scale = 2 x 106 total ion counts). 
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Volatile release during flower development 

In order to study volatile emission in relation to flower development, small flower buds 

(length about 2 cm) were enclosed in glass funnels and the headspace volatiles were 

sampled in vivo during 24 hours of development (Fig. 5). During the growth of the buds 

(Fig. 5A and 5B), a small peak of methyl benzoate was detected in the headspace. The 

aldehydes decanal and dodecanal became detectable in the headspace of full-grown flower 

buds (Fig. 5B) and the levels released did not change significantly during further 

development. Upon expansion of the corolla limbs (Fig. 5C) and opening of the flower 

(Fig. 5D), the peaks of methyl benzoate and of the two sesquiterpenes (germacrene D and 

cadina-3,9-diene) became the most obvious peaks in the chromatogram of the floral 

headspace. When the flower developed further, the emission of these sesquiterpenes 

decreased while that of benzenoids increased (Fig. 5E and 5F). The marked increase in the 

levels of the benzenoids corresponded with the start of the first day/night cycle of the 

freshly opened flowers. The onset of flower senescence was characterized by a low level of 

volatile emission, which was especially obvious at the end of the light period (data not 

shown).  

 

Petunia flower petals are the richest source of volatiles 

Since the localization of volatile production within the petunia flower tissues was unknown, 

we compared the volatile release from the different flower organs of one single flower. The 

volatiles produced by each organ were analyzed using the in vitro assay. The GC-MS 

chromatograms of the volatiles indicated that methyl benzoate was produced by all flower 

organs (Fig. 6). The highest levels of methyl benzoate and other benzenoids were observed 

with extracts derived from petal tissues: the corolla tube (Fig. 6E) and particularly the petal 

limbs (Fig. 6F). Acetic acid 2-phenylethylester (tR = 17.0 min; m/z 104, 43, 91, 105, 65) 

was only detected in the petal limb extracts. Cadina-3,9-diene was mainly detected in 

stigma extracts. A small peak of germacrene D was present in chromatogram of the stigma, 

and absent in the chromatograms of the other flower organs. The sepal and the style 

produced mainly methyl benzoate while the stamen (anthers with pollen exposed) released 

benzaldehyde additionally. 

 

Transcriptional regulation of floral scent 

In order to identify cDNAs encoding proteins involved in the regulation and biosynthesis of 

floral scent, a cDNA library was constructed from petal limbs that were harvested at the 

onset of volatile emission. From this library, 837 cDNAs were randomly picked, PCR 

amplified and spotted onto glass slides to generate a cDNA microarray. For the microarray 

experiments, we created highly standardized growth conditions. Plants were grown in 
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growth chambers, under a 16-hour light regime (21°C, 70 % relative humidity). A 

comparison of volatile emission from greenhouse-grown petunia flowers with those from 

the growth chambers revealed that the rhythm of emission of volatile benzenoids was 

similar, but that the peak of emission occurred two hours earlier in flowers from the growth 

chambers (data not shown). 

 

Differential mRNA expression was studied with probes generated from flowers four hours 

into the light period, when there was very little volatile emission, and flowers ten hours in 

the light, approximately two hours before the start of volatile emission. In flowers from 

plants ten hours in the light period, 39 cDNAs were identified of which the transcript levels 

showed more than a two-fold increase and 34 cDNAs of which the transcript levels showed 

at least a two-fold decrease (for a detailed analysis of the micro-array data, see Chapter 3). 

Eight of the 39 cDNAs were members of the PAL gene family.  The transcript levels 

corresponding to all eight PAL cDNAs increased with a longer light period  (average fold-

increase of 6.08, SD= 1.42). Since PAL is a key enzyme in the production of benzenoids 

(Jarvis et al., 2000), we investigated the transcript levels of one of the PAL cDNAs in more 

detail by RNA-gel blot analysis. PAL mRNA levels were indeed low early into the light 

period but increased throughout the light period (Fig. 7). We also monitored the transcript 

levels of PAL by RNA-gel blot analysis during a 48-hour period. These experiments 

showed that the high levels of PAL mRNA late in the light period were reset to low levels 

early into the light period the next day (data not shown). The microarray analysis revealed 

that several other cDNAs encoding for proteins involved in the biosynthesis of precursors 

of phenylalanine were found to have higher transcript levels in flowers toward the end of 

the light period, similar to PAL.  

 

Fig. 7. Temporal gene expression of PAL and SAM 
synthase. Petunia Mitchell corollas were harvested 
from plants from growth chambers (16h light regime) 
with the light period stating at 6:00h. From these 
corollas, total RNA was isolated after 4 h of light (4 h L), 
7 h of light (7 h L), 10 h of light (10 h L), and 13 h of light 
(13 h L) and subjected to gel electrophoresis (5 µg per 
lane), blotted onto nylon membranes and hybridised 
with a PAL probe and a SAM synthase probe. Lower 
panel: Ethidium bromide staining of RNA gel. 
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These cDNAs encode for 3-deoxy-D-arabino-heptolosonate-7-phosphate (DAHP) synthase 

and 5-enolpyruvylshikimate-3-phosphate (EPSP) synthase, which both participate in the 

shikimate pathway, and for chorismate synthase and prephenate dehydratase, which act just 

downstream of the shikimate pathway. All transcript levels corresponding to these cDNAs 

were 4 to 7-times higher ten hours in the light period. 

 

Sequence analysis revealed that S-adenosyl-methionine (SAM) synthetase was represented 

ten times and that all ten cDNAs were identical. Transcript levels for these cDNAs 

increased with an average of 4.8 fold (SD= 2.07) at ten hours into the light period compared 

with the earlier time point. RNA-gel blot analysis confirmed that SAM synthase mRNA 

levels increased with the length of the light period (Fig. 7), similar to the pattern of PAL 

mRNA increase. Microarray data showed that methionine synthase, which could be 

responsible for the supply of substrate for SAM synthase was upregulated 7-fold ten hours 

in the light period and that S-adenosyl-L-homocysteine (SAHC) hydrolase, involved in the 

regeneration of SAM, was upregulated approximately 6-fold.  

 

Discussion 
 

Petunia hybrida has been used as a model system for studying anthocyanin- and flavonoid 

biosynthesis, and flower development (Van der Krol, 1989; Quattrocchio, 1994; Souer et 

al., 1996; Quattrocchio et al., 1999; Tobena-Santamaria et al., 2002). This study clearly 

indicates that Petunia hybrida can also be used as a model system for elucidating volatile 

benzenoid production by flowers. The scent of the flowers of the Mitchell cultivar (W115) 

consists almost exclusively of benzenoids, which are predominantly produced by the petals 

at the beginning of the dark period. We used a targeted metabolomics approach, employing 

the rapid and sensitive SPME method to determine the composition and temporal 

production of the floral scent in vivo. DNA micro array analysis showed that PAL, a key 

enzyme in benzenoid synthesis, was transcriptionally induced prior to the onset of volatile 

emission. Moreover, SAM synthase, which produces S-Adenosyl methionine, the 

methyldonor of enzymes involved in the production volatile methylated benzenoids, was 

also upregulated prior to volatile emission. 

 

The advantage of SPME analysis over the use of headspace trapping with solid adsorbents 

such as Tenax lies in its speed and simplicity. Moreover, the SPME is the method of choice 

for short sampling periods during which adsorbents such as Tenax might not provide the 

desired sensitivity. A drawback of the use of SPME is that quantitative analysis is more 

difficult (Matich et al., 1996). Nevertheless, similar SPME methods have been successfully 
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applied to analyze flavor compounds from a variety of plants and fruits. The 100 µm PDMS 

fiber is considered to be the best choice to identify benzenoids, terpenes and fatty acid 

derivatives (Matich et al., 1996; Verhoeven et al., 1997; Flamini et al., 2002). 

 

Using headspace-SPME coupled to GC-MS, we were able to analyze the volatiles released 

in vivo by a single flower twice an hour with a 30 min GC run.  The SPME fiber was 

always located exactly at the same position in front of the flower to ensure consistency in 

the measurements. For detection of volatile production by flowers organs and tissues, we 

developed an in vitro assay based on SPME analysis of volatiles evaporated from heated 

extracts (Buttery et al., 1987). This in vitro method would also be very useful for automated 

high-throughput screenings of volatiles from plant tissues.  

 

The timing of benzenoid volatile release probably relates to the activity of the natural moth-

pollinators of one of the progenitors of petunia Mitchell, Petunia axillaris (Bradley et al., 

1998; Quattrocchio et al., 1999). Other moth-pollinated species, like Nicotiana sylvestris, 

have comparable emission patterns (Loughrin et al., 1990; Loughrin et al., 1991). It has 

been suggested that the presence of “white floral” odor components, such as methyl 

benzoate, benzyl alcohol, phenylethylalcohol, and isoeugenol, is linked to the pollination by 

moths (Loughrin et al., 1991; Knudsen and Tollsten, 1993; Levin et al., 2001). The 

morphology of the Mitchell flower is also typical for moth-pollinated plant species. Plants 

of this type usually produce long tubular white flowers that are considered vesperescent, 

that is, they are more fragrant in the evening (Loughrin et al., 1990). 

 

Emission of benzenoids starts when a flower opens (Fig. 5), although a small amount of 

methyl benzoate is already produced when a flower is still closed. This might be emitted 

from the white part of the bud. It is clear that the petals are the main source of the volatiles 

(Fig. 6).  This observation is similar to the situation in Clarkia breweri, where the release of 

linalool was mainly from the petals (Pichersky et al., 1994), and in Antirrhinum majus, 

where the emission of methyl benzoate is mostly contributed by the petals (Dudareva et al., 

2000). 

 

Two sesquiterpenes were detected in the petunia stigma extract and were most abundant 

directly after flower opening (Fig. 4 and 5). The latter situation can be explained by the fact 

that these stigma-produced sesquiterpenes had accumulated in the closed flower since they 

were not detected at such high levels at later stages of the flower life span. A transgenic line 

that produced more stigma-like structures had an increased level of these two 

sesquiterpenes (data not shown). The ratio of the two sesquiterpenes was different when 
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measured in vitro or in vivo. A possible explanation is a difference in volatility of the two 

compounds; germacrene D could be more volatile than cadina-3,9-diene and levels were 

therefore higher in the in vivo measurement, while cadina-3,9-diene remained more in the 

tissue and was therefore higher in the in vitro measurement. These sesquiterpenes could 

either act as phytoalexins involved in defensive mechanisms against pathogens (Dixon, 

2001), or they might have a function in guiding the pollinators to the stigma once they have 

reached the flower. This latter function has been suggested in buttercups (Ranunculus 

acris), where isoprenoids constitute the scent from all flower parts, except for the pollen, 

which mostly emit sesquiterpenes (Bergström et al., 1995).   

 

The aliphatic aldehydes decanal and dodecanal (peak 5 and 6) were emitted continuously. 

The variation in release patterns of compounds from different chemical classes led us to 

conclude that the biosynthetic pathways of benzenoids, sesquiterpenes, and acyl lipids 

derivatives in petunia Mitchell flowers are under different regulatory control mechanisms. 

 

The pattern of volatile emission, with low levels early during the light period and high 

levels late during the light period, was similar for all benzenoids: benzaldehyde, 

phenylacetaldehyde, methyl benzoate, phenylethylalcohol, isoeugenol, and benzyl 

benzoate. It matches the previously described pattern for methyl benzoate emission by 

petunia Mitchell flowers (Kolosova et al., 2001b). We found that the emission of methyl 

benzoate 3 h into the dark period was several fold higher than the emission in the middle of 

the light period (after 7 h of light; Fig. 3). This observation corresponds with the finding of 

(Kolosova et al., 2001b), that the lowest emission levels of methyl benzoate during the day 

were about 20% of its maximum. The same authors also showed that PAL enzyme activity 

was at its lowest level in the middle of the light period. This is in accordance with our data 

regarding PAL mRNA levels, which are also low during the light period and increase just 

before the beginning of the dark period (Fig. 7). The low levels of PAL mRNA early into in 

the light period might explain low PAL activity and low benzoic acid levels (Kolosova et 

al, 2001a), and methyl benzoate emission around that time (Fig. 4). Though the pathway for 

biosynthesis of benzoic acid is not elucidated in flowers, it is generally accepted that the 

first commenced step is the conversion of L-phenylalanine to trans-cinnamic acid by PAL 

(E.C. 4.3.15). In snapdragon, a diurnal emitter of methyl benzoate, PAL mRNA levels 

decrease during the day and increase during the night, opposite to what occurs in petunia, 

which emits methyl benzoate predominantly nocturnally (Harmer et al., 2000; Kolosova et 

al., 2001b). Other PAL genes might be present in petunia that have a different kind of 

transcriptional regulation in flowers. The fact that, besides PAL, cDNAs encoding four 

important enzymes in the shikimate pathway and directly downstream of it were found to 
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be upregulated, suggests that parts of the routes leading to the biosynthesis of phenylalanine 

and the subsequent benzenoid pathway are coordinately regulated in petunia flowers. 

 

SAM synthetase (EC 2.5.1.6) produces S-Adenosyl Methionine (SAM), the methyldonor 

for at least three enzymes known to methylate benzenoids in Clarkia breweri and 

snapdragon. SAM synthetase levels in petunia are low four hours into the light period but 

increase throughout the light period (Fig. 7), and are reset to low levels the next day (data 

not shown). This suggests that SAM synthetase is involved in providing S-adenosyl-

methionine to the methyltransferases that produce the methylated benzenoids. SAM 

synthetase is also important in the methionine cycle (Yang cycle), which has a role in 

ethylene production and in the biosynthesis of polyamines. Both polyamines (Serafini-

Fracassini et al., 2002) and ethylene (Muller et al., 2002) are involved in senescence 

processes in flowers. However, as we used freshly opened flowers, harvested within a 

single day, and because petunia flowers can last for up to seven days, it is not likely that the 

increase in SAM synthetase is related to senescence in these flowers. Because methionine 

synthase and SAHC hydrolase were upregulated as well, it is possible that the synthesis 

towards S-Adenosyl Methionine  (SAM) increases at the end of the light period, indicating 

an orchestrated control. 

 

In conclusion, we have demonstrated that SPME coupled to GC-MS is an outstanding tool 

to measure volatile production by petunia Mitchell flowers in vivo. These volatiles are 

predominantly benzenoids of which the production appears, at least partly, to be regulated 

at the transcriptional level. We propose that petunia Mitchell is an excellent model system 

to elucidate the biosynthesis and regulation of benzenoid synthesis and that the DNA-

microarrays provide an useful tool to gain further knowledge of the genes involved.  
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Materials and methods 

 
Plant material and growth. 
Experiments were carried out with homozygous lines of Petunia hybrida cv Mitchell, which is also called W115 
(Petunia axillaris x (P. axillaris x P. hybrida)), and produces large scenting white flowers. Plants were grown in a 
greenhouse with day/night temperatures of 22/17°C and 16/8 h light/dark (02:00h to 18:00h; artificial light from 
02:00h to 08:00h). Plants bearing at least three mature flowers were used in all experiments. In the growth 
chambers, plants were grown at 21 °C and 70 % humidity and 300 µE m-2 sec-1, under a 16/8 h light/dark regime, 
with the light period starting at 6:00 h. 
 
Collection of headspace samples 
Solid-phase micro extraction of flower volatiles in vivo.  
A glass funnel with a diameter of 8 cm to 10 cm was cautiously placed over a young flower with its petal limbs 
still closed, positioning the flower tube in the narrow part of the funnel and the petals in the widening part. At the 
start of volatile sampling, a floral headspace was created by wrapping aluminum foil over both ends of the funnel. 
During the in vivo volatile measurements, the light an temperature conditions inside the funnel were maintained 
nearly identical to the normal growing conditions by placing the funnel horizontally thereby preventing inference 
of the aluminum foil with the light source. The volatiles released were subsequently sampled using solid-phase 
micro extraction (SPME). The SPME-device was fixed in front of the glass funnel with the hollow needle stuck 
through the aluminum foil for about 0.5 cm (Fig. 1). The flower volatiles were adsorbed by exposing the fused 
silica fiber coated with 100 µm polydimethylsiloxane (PDMS) (Supelco Inc., Bellefonte, PA) to the floral 
headspace for 30 min. After each sampling period, the aluminum foil was removed to regain air movement around 
the flower. In order to study volatile emission during flower development, small flower buds (length about 2 cm) 
were enclosed in glass funnels and the headspace volatiles were sampled during subsequent development. Full 
expansion and opening of the flower from a full-grown bud took approximately five hours. 
 
Sampling of volatiles from flower extracts.  
Entire flowers were immediately frozen in liquid nitrogen and ground in 1.5 ml of saturated CaCl2 (5M) using a 
pestle and mortar. After grinding, 0.75 ml of the extracts was transferred into 1.8 ml glass vials containing a small 
magnetic stirring bar. The vial was placed in a water bath of 50°C, and after 5 min of temperature equilibration the 
headspace of the stirred CaCl2-extracts was sampled for 30 min by SPME with a 100 µm PDMS-fiber. For 
analysis of volatiles from various flower parts, the tissues were first separated from the frozen whole flower. Each 
flower part was then ground in 1.5 ml of saturated CaCl2, and sampled as above. 

 
GC-MS analysis of volatile compounds.  
Capillary gas chromatography-mass spectrometry (GC-MS) analysis was performed using a Fisons 8060 gas 
chromatograph directly coupled to a MD 800 mass spectrometer (Fisons, Mainz-Kastel, Germany) as described by 
(Verhoeven et al., 1997). Compounds were thermally desorbed from the SPME-fiber in the injector port for 1 min 
at 250°C, with the port in splitless injection mode. Compounds were separated on a capillary HP-5 column (50 m 
x 0.32 mm, film thickness 1.05 µm; Hewlett Packard) with He (37 kPa) as a carrier gas. The GC oven was 
programmed for 2 min at 80°C, followed by an increase of 8°C min-1 to 250°C, at which temperature it was left for 
5 min. Mass spectra of eluting compounds were generated at 70 eV and recorded each second (m/z 35-400). 
Volatile compounds were identified by screening the NIST library for comparable mass spectra and by 
comparison with authentic reference compounds. Chromatograms visualized in the figures 2, 3, 5 and 6 are 
examples of three independent experiments, with similar results. The peak at tR 12.0 min that was sometimes 
present in the chromatograms (see e.g. figure 6E) was a PDMS-fiber related compound  
 
RNA isolation and gel blotting 
Total RNA from Mitchell corollas was isolated using the TriZOLTM-LS reagent (Gibco BRL) method. RNA-gel 
blotting, hybridization, and probe preparation was performed as previously described (Laxalt et al., 2001). After 
hybridization, the membranes were washed twice with 2 x SSC, 0.1% SDS for 20 min and 0.2 x SSC, 0.1% SDS 
for 20 min at 65°C. Hybridizing bands were visualized by autoradiography and by phosphoimaging (Molecular 
Dynamics, Storm 840). 
 
cDNA library construction, PCR amplification, and microarray construction.  
Open corolla tissue from scenting petunia Mitchell flowers was used to construct a cDNA library in the UNI-XR 
vector (Stratagene). A total of 837 petunia cDNAs from single plaques were amplified by polymerase chain 
reaction (PCR) using the universal T3 and T7 primers. PCR products were purified with Multiscreen plates 
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(MAFBNOB50 Millipore Intertech, Bedford, MA) according to the manufacturers protocol. Similarly, 179 petunia 
cDNAs from the collection of Dr. R. Koes and Dr. F. Quattrocchio (Free University, Amsterdam) were amplified 
and purified. The 1016 products were transferred to a 384-format plate using a Packard multiprobe II EX robotic 
liquid handling system AMPII/EI (Perkin Elmer, Wellesley, MA, USA) prior to application on microscope slides. 
 
Micro array construction, probe labeling and analysis 
Arraying, slide processing, hybridization, scanning, and data acquisition 
Amplified cDNA sequences were applied onto CMT-CAPSTM coated slides (Corning Inc., Corning, NY) with a 
12-pinned arraying robot (Molecular Dynamics, Sunnyvale, USA). The cDNAs were arrayed in duplicate within a 
12 cm2 area. Each probe contained approximately 0.25 ng of PCR product. The slides were left overnight to dry at 
55 % relative humidity, and UV-cross linked by applying 150 mJ for 2 min. Slides were hybridized in an 
automated slide processor (Amersham Biosciences) as follows: after prehybridization in 2 X SSPE; 0.2% SDS at 
55°C for 2 h, the probe solution (200 µl) was injected and the slides were incubated for 16 h. The chamber was 
then heated to 50°C and the slides were washed with 1 x SSC; 0.2% SDS for 10 min, followed by 0.1 x SSC; 0.2% 
SDS, once for 10 min and once for 4 min. Slides were flushed with 0.1 x SSC followed by isopropanol, and air 
dried for 200 sec. The arrays were scanned for fluorescence emission with a Molecular Dynamics scanner. A 
separate scan was conducted for each of the two florescent dyes used for hybridization. Using Array-vision 
software (Imaging Research Inc., Ontario, Canada), the integrated signal intensity was measured for each element 
on the array from which the local background intensity was subtracted. Using Spotfire software (Spotfire Inc., 
Somerville, MA, USA), the intensity of the elements was then normalized. The output was given as the logarithm 
of Cy3/Cy5 intensity. The average output of four independent elements was calculated, and data that had a 
standard deviation larger than 0.1 was discarded. 
 
Fluorescent targets and probes.  
Total RNA was further purified with QIAgen RNeasy columns. First strand cDNA was prepared a follows: 
oligo(dT) 25mer (1.2 µM final concentration) was added to 20 µg of the purified RNA and the mixture was heated 
to 70°C for 10 min before placing it on ice. Reverse transcription was performed for 2.5 h at 42°C in 20 µl, using 
200 units Superscript II RNAse H- reverse transcriptase (Life Technologies), 10 mM DTT, 0.1 mM of dATP, 
dGTP, and dTTP; 0.05 mM of dCTP; 0.05 mM cyanine 3 (Cy3)-dCTP or Cy5-dCTP (Amersham Biosciences AP) 
in the buffer supplied. The samples were subsequently placed on ice for five minutes before degradation of the 
RNA through the addition of 2 µl 2.5 M NaOH for 15 min at 37°C. The reaction was stopped by neutralization 
with 10 µl 2 M MOPS before purification with GFX columns (Amersham Biosciences). The incorporation of Cy3 
and Cy5 was quantified spectrophotometrically, by measuring the absorption of Cy3 (at 550 nm) and Cy5 (at 649 
nm), and the amount of cDNA (at 260 nm). For blockage of the poly-dT tail of the cDNA, 40 ng oligonucleotide 
A80 was added and the mixture was heated for 2 min by 95°C, followed by incubation at 70°C for 30 min. The Cy3 
and Cy5 samples were mixed before addition of hybridization buffer (Amersham Biosciences) and one volume 
formamide.  
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Abstract 

 
Flowers attract specific pollinators by a particular combination of color, 

shape and fragrance; this combination is referred to as a pollination syndrome. In 
Petunia hybrida cv. Mitchell, the fragrance of the flowers consists almost exclusively of 
benzenoids, which are mainly emitted during the evening and night coinciding with 
pollinator activity. To identify genes whose expression correlated with the nocturnal 
production of floral benzenoids we used dedicated microarrays. We discovered that 
genes from the shikimate and phenylpropanoid pathways, providing precursors for 
volatile phenylpropanoid and benzenoid synthesis, were upregulated in the afternoon. 
Moreover, the expression of genes involved in the biosynthesis of S-Adenosyl 
methionine (SAM) correlated with scent emission. SAM is the methyl donor for the 
synthesis of methyl benzoate, the most abundant compound in the headspace of 
petunia Mitchell. Several genes, putatively associated with volatile biosynthesis, were 
identified: a 3-ketoacyl-CoA-thiolase and an acyl-CoA-synthetase gene, both genes that 
are likely to be involved in the side chain shortening of trans-cinnamic acid to benzoic 
acid, an alcohol dehydrogenase gene, a benzyl alcohol/phenylethanol benzoyl transferase 
(BPBT) gene and the carotenoid cleavage dioxygenase (PhCCD1) gene. Because the 
transcriptome of petals harvested in the evening was compared with that of petals 
harvested in the morning, we identified a group of genes associated with the circadian 
clock, as well as water transport genes and anthocyanin biosynthesis genes, which are 
under regulation of this clock. The gene that exhibited the strongest upregulation with 
regard to scent coded for an ABC transporter. This suggested a role in transport of 
benzenoid precursors between cellular compartments. Finally, we identified an R2R3-
like MYB transcription factor, ODORANT1, which regulates the expression of genes 
in the shikimate pathway (see Chapter 4). These results illustrate the power of using 
targeted metabolomics and transcriptomics to unravel the regulation of secondary 
metabolite biosynthesis.  
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Introduction 

  
The floral fragrance composition of Petunia hybrida cv Mitchell, the subject of the study 

presented here, consists almost exclusively consists of volatile benzenoids and 

phenylpropanoids. The emission of these metabolites starts once the flower has opened and 

peaks at night. The organs that are mainly responsible for the emission are the petal limbs 

(Verdonk et al., 2003, Chapter 2). All benzenoids are derived from the shikimate pathway; 

the biosynthetic sequence of reactions branching of from the primary carbohydrate 

metabolism to generate chorismate, the precursor for quinones, indoles and the aromatic 

amino acids tryptophan, phenylalanine and tyrosine. The last two amino acids are 

precursors for all phenylpropanoids such as anthocyanins, flavonoids, lignins and 

benzenoids (Chapter 1).  

 

During the past decade several enzymes that produce volatile benzenoids have been 

isolated and characterized from petunia Mitchell (Reviewed in Schuurink et al., 2005). 

Nevertheless, the pathway has been characterized at the biochemical level only, and the 

many enzymes and genes involved in the benzenoid network remain unknown. A 

breakthrough in the elucidation of volatile production pathways was made by Guterman et 

al., (2002), who applied a targeted transcriptomics approach to rose petals (Rosa hybrida). 

The transcriptional regulation of scent production allowed them to identify several new 

biosynthetic genes in a fast and efficient way. The target of their approach was a large 

group of genes that were regulated during the production and emission of scent. In the 

following section, we present a similar, targeted transcriptomics approach to identify genes 

that are involved in the production of benzenoids in Petunia hybrida cv. Mitchell. While 

the study on rose petals compared developmental stages, we investigated the transcriptional 

changes in petal limbs that occur over 6 hours, from morning to afternoon. The use of a 

non-fragrant cultivar allowed us to predict whether genes were scent-related. 

 

Results and Discussion 

 
To identify genes that are differentially regulated with regard to benzenoid production, we 

analyzed the transcriptome of petal limbs, the tissue where benzenoids are produced de 

novo. A cDNA library was constructed from petunia Mitchell petal limbs harvested at 

15:00 h. Because benzenoid emission starts a few hours later, transcription of the genes 

involved should have increased around that time (Verdonk et al., 2003). Therefore, the 

library will be enriched for benzenoid biosynthesis-related genes. From this library, we 

randomly selected clones for the production of cDNA microarray slides. 806 individual 



 

54 ● Chapter 3 

PFUs were amplified with insert flanking primers and the PCR products were spotted in 

duplo. In addition to this, 183 PCR products from the collection of R. Koes and F. 

Quattrocchio from the Free University of Amsterdam (The Netherlands), were spotted. We 

also included 424 tomato-ESTs on the array for unrelated experiments. Additionally, 40 

extra controls were included; spot buffer, a concentration range of a mixture of random 

petunia or tomato DNA, pBluescript and unizap XR phage DNA. The PCR products and 

the controls were spotted in duplicate on chemically modified microscope slides using a 

robotic spotting device as described in materials and methods.  

 

We compared the transcriptome of petals harvested at 9:00h (non-fragrant flowers), with 

that 15:00h (2 hours prior to scent emission). The expression data of three independent 

replicates was log-transformed and evaluated by statistical methods as described in 

materials and methods. Of the 989 petunia cDNA clones, 68 cDNAs were upregulated 

(ratio > 2) and 53 downregulated (ratio <2). To be able to have a second selection criterion 

for their involvement in scent, we compared the transcriptome of petunia Mitchell petals 

harvested at 15:00h, with that of petals of the non-fragrant petunia W138 cultivar (Hoballah 

et al., 2005), harvested at the same time. Because this experiment was only performed once, 

statistics could not be performed according to the MIAME (Minimum Information About a 

Microarray Experiment) guidelines developed by the Microarray Gene Expression Data 

society (www.mged.org/miame). The average ratio and standard deviation of each cDNA 

(n=2), was calculated, and when the standard deviation of the average was below 25% of 

the average, we considered the value significant. This resulted in 210 petunia cDNAs that 

were upregulated, and 195 that were downregulated in petunia Mitchell petals compared to 

petunia W138 petals. The fact that there was a substantial larger group of cDNAs regulated 

has to do with improved experimental conditions at the time that the second experiment 

was performed. An overlay of the two experiments was made, and a number of cDNAs that 

were upregulated in both experiments was sequenced. We also sequenced a selection of 

cDNAs that were downregulated or constitutively expressed. 

 

The results of the two transcriptomics experiments are summarized in Table 1. Of the 

fifteen genes that had an increased expression in the afternoon compared to the morning, 10 

were either related to the shikimate pathway, to phenylpropanoid synthesis, or to the 

biosynthesis of the methyl donor SAM (Table 1). These genes are abundantly expressed 

because they were present several times on our custom array. The ratios reported in Table 1 

are the averages of all spots that represent an identical gene and the highest P-value is 

shown. I will discuss the classes of genes associated with distinct biochemical processes 

separately. 

 



 

 

Table. 1. Differential expression of genes of Mitchell petal limbs at 15:00h compared with 9:00h, and of Mitchell petal limbs at 15:00h compared with 

W138 genes at 15:00h.a 

Category #b Accession and Annotationc BLAST E-Value Ratio 15 / 9 P-valued Ratio M / W138e SDe 

Transport 1 AY150457 Putative ABC transporter 1E-149 26.1 0.006 39.0 6.56 

Shikimate Pathway 2 M21084 EPSP Synthase 0 21.3 0.009 6.2 1.0 

SAM Cycle 2 AY150385 Methionine synthase 1E-128 14.2 0.009 14.1 1.7 

SAM Cycle 2 CAB78435 Serine hydroxymethyltransferase (SHM4) 1E-134 11.4 0.001 5.7 0.4 

SAM Cycle 2 BAA03709 S-adenosyl-L-homocysteine hydrolase 1E-141 10.9 0.017 5.6 0.6 

Transcription/Circadian Clock 2 NM_179204 DEAD/DEAH box helicase 1E-54 10.9 0.001 6.1 1.1 

Transcription/Shikimate Pathway 1 AY705977 MYB-like protein ODORANT1  0 10.0 0.032 13.1 1.6 

Phenylpropanoid metabolism 6 AY705976 Phenylalanine Ammonia-lyase PhPAL1 0 9.5 0.006 3.3 0.1 

SAM Cycle 4 X82214 S-Adenosyl methionine-synthetase 1E-156 9.0 0.002 4.7 0.2 

SAM Cycle 2 NM_119954 SHM1 serine hydroxymethyltransferase 2E-148 8.5 0.002 3.6 0.2 

Phenylpropanoid metabolism 3 CO805160 Phenylalanine Ammonia-lyase PhPAL2 0 7.3 0.002 4.0 0.3 

Shikimate Pathway 2 CO805162 DAHP Synthetase 0 6.7 0.002 2.9 0.2 

Phenylpropanoid metabolism 4 CO805161 Chorismate mutase 0 6.1 0.001 2.8 0.2 

Cold stress/SA induced 1 AAR83862 Elicitor-inducible protein EIG-J7 3E-18 5.4 0.002 -1.2 * 0.1 

Benzenoid metabolism 3 AB008854 3-ketoacyl-CoA thiolase 0 3.4 0.003 6.09 0.12 

Senescence 1 U31094 P. hybrida PeTh3 3E-138 2.7 0.029 3.1 * 2.6 

Polyamine Synthesis 1 At5g53120 spermidine synthase 1E-100 2.5 0.010 4.9 * 4.7 

Benzenoid metabolism 2 AY250840 acyl-coenzyme A synthetase 2E-177 1.5 0.038 100.33 8.5 

 



 

 

 

Category #b Accession and Annotationc BLAST E-Value Ratio 15 / 9 P-valued Ratio M / W138e SDe 

-ionone synthesis 1 AAT68188 PhCCD1-2f 0 -2.0 0.053 -2.5 0.0 

Stress 1 U12439 Abscisic stress ripening protein 4E-46 -2.1 0.031 -2.3 0.0 

Housekeeping 4 CAA54603 Pentameric polyubiquitin 1E-107 -2.2 0.045 -3.8 0.1 

Stress 1 NM_122675 Protein Phosphatase 2C (PP2C) 6E-95 -2.4 0.032 -1.5 0.2 

Chloroplastidic protein degradation 1 NP_198118 DegP protease, putative 1E-18 -2.4 0.007 3.1 * 2.6 

Stress 1 AF285106 CIPK6g 2E-13 -2.4 0.003 -1.1 0.0 

Flavonoid metabolism 1 CAA73220 Isoflavone reductase-like protein 6E-75 -2.5 0.002 -1.4 0.1 

Adhesion 2 U04632 Vitronectin-like adhesion protein 5E-140 -2.6 0.023 -1.2 0.1 

Benzenoid metabolism 2 AY611496 BPBTh 0 -2.6 0.001 -1.4 0.1 

Anthocyanins/Flavonoids 1 AB176525 Malonyltransferase MaT1 2E-115 -2.6 0.000 6.4 * 3.4 

Oxidative stress 1 BAA12918 Cytosolic ascorbate peroxidase 4E-138 -2.7 0.004 -1.6 0.0 

Cell elongation 2 AF452010 Channel-like protein (PIP1;1) 0 -4.1 0.001 -2.5 0.1 

Benzenoid metabolism 5 NM_105146 Putative Alcohol Dehydrogenase 7E-82 -4.2 0.003 -1.6 0.1 

Cell elongation 1 AF452013 Aquaporin-like protein (PIP2;2) 0 -6.4 0.000 -2.0 0.2 

Cell elongation 1 AF452015  Aquaporin-like protein (TIP1;1) 0 -8.3 0.001 -5.2 0.5 

Terpene synthesis 1 AY687353 DOXP synthase 9E-125 -8.4 0.001 4.2 * 1.7 
 

a Sequenced cDNAs from the microarray that are up of downregulated by 2-fold are shown 
b Number of individual cDNAs with this annotation. The average is noted in the table, and the highest P-Value is shown 

c Corresponding GenBank accession numbers with the highest similarity are shown 

d P-Values (adjusted for multiple testing) denote the significance in the average ratios of 15:00h expressed genes over 9:00h expressed genes 

e The experiment was performed only once, therefore no P-Values can be used to denote the significance, instead the averages of the duplo spots were calculated and the 

standard deviation was determined. The field marked with an asterisk (*) are not significant 
f Carotenoid cleavage dioxygenase 
g CBL-interacting protein kinase 6 
h Benzoyl-CoA:Benzyl alcohol/Phenylethanol Benzoyltransferase
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1. Shikimate and phenylpropanoid pathway 

Five different genes coding for the following enzymes from the shikimate and 

phenylpropanoid pathway were upregulated in the afternoon: 3-deoxy-D-arabino-

heptulosonate-7-phosphate synthetase (DAHPS), 5-enolpyruvylshikimate-3-phosphate 

synthase (EPSPS), Chorismate mutase (CM) and two different isoforms of Phenylalanine 

ammonia lyase (PAL1 and PAL2). This fits perfectly with the prediction that the demand 

for precursors becomes high in the afternoon, when petunia Mitchell begins to produce 

copious amount of benzenoids. In petunia, EPSPS is expressed in leaves, but in both 

seedlings and mature plants, the expression of the EPSPS gene is almost undetectable. In 

the roots and stems of seedlings the expression is higher (Benfey et al., 1990), but under 

normal conditions EPSPS expression is mainly in the anthers and at a very high level in the 

flower petals (Gasser et al., 1988). Because the shikimate pathway provides precursors for 

various secondary metabolites, such as defense compounds, it is not surprising that 

increased transcription of shikimate pathway enzymes was reported in response to 

wounding and fungal attack (Weaver and Herrmann, 1997). Nevertheless, genes from the 

shikimate pathway have never been reported to be cycling with maximal levels in the 

evening. The expression of Arabidopsis genes involved in the shikimate pathway has not 

been investigated in detail. But it has been shown that Phenylalanine ammonia lyase (PAL), 

Figure 1. RNA gel blot of a time 
course of petunia Mitchell and 
petunia W138 petal limbs 
hybridized with six candidate 
genes from the microarray 
experiment. Abbreviations: PAL1: 
Phenylalanine ammonia lyase, ADH: 
alcohol dehydrogenase, BPBT: benzyl 
alcohol/phenylethanol benzoyl 
transferase, ODO1: ODORANT1, 
SHM4: Serine 
hydroxymethyltransferase, ABC: ATP 
Binding Cassette transporter, EtBr: 
Ethidium bromide 
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the post shikimate enzyme at the start of phenylpropanoid biosynthesis, is maximally 

expressed during the day (Harmer et al., 2000). In petunia the rhythm seems top be reversed 

at least for two different isoforms of PAL (Table 1). RNA gel blot analysis showed that 

PhPAL1 is expressed late in the afternoon (Fig. 1), concurrently with the production of 

floral scent.  

 

2. SAM cycle 

Three different cDNAs involved in the biosynthesis of SAM were upregulated (Table 1). 

SAM is important in many different biological processes. It provides a methyl group in 

numerous transmethylations of proteins, lipids, polysaccharides, nucleic acids but also in 

the methylation of benzoic acid and salicylic acid (Dudareva et al., 1998; Dudareva et al., 

2000). The regeneration of SAM after it has been used for a methylation reaction is 

catalyzed by SAH hydrolase, methionine synthase, and SAM synthetase (SAMS) (Fig. 2). 

Methionine Synthase, SAM Synthetase, and S-Adenosyl-L-homocysteine (SAH) hydrolase 

were upregulated shortly before fragrance emission started (Table 1). Two different serine 

hydroxymethyltransferase (SHM) clones were also upregulated, homologs of Arabidopsis 

SHM1 and SHM4 (Table 1.). This upregulation coincided with PAL1 expression but 

appeared to be more transient (Fig. 1). The conversion of homocysteine into methionine is 

catalyzed by methionine synthase; the methyl group needed to form methionine synthase 

from homocysteine is provided by 5-methyltetrahydrofolate (Prabhu et al., 1996). To 

recycle this into 5-methyltetrahydrofolate via 5,10-methylenetetrahydrofolate, the methyl 

group of serine is used by SHM, forming glycine (Fig. 2). In Arabidopsis, both SHM genes 

are circadian regulated, with maximal expression in the morning, and SHM1 is maximally 

expressed in leaves, while SHM4 is maximal expressed in the root (McClung et al., 2000). 

In petunia, their circadian regulation is reversed, and the SHM4-like gene is expressed in 

the petal tissue and the anthers (Fig. 3A) 

 

Spermidine synthase, which is a key enzyme in the production of polyamines, was 

upregulated in the afternoon (Table 1). The rate-limiting step in the formation of 

spermidine is the decarboxylation of SAM, by SAM decarboxylase (SAMDC) (Imai et al., 

2004). Apart from the importance of SAM for the methylation reaction in volatile 

benzenoid synthesis, it is also important for all O-type methylations, and the biosynthesis of 

polyamines and ethylene; therefore, the levels must be controlled very tightly. Since we do 

not know whether SAMDC is also upregulated, it is unclear whether spermidine levels 

increase in petunia petals. 
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3. Benzenoid biosynthesis 

The formation of benzenoids requires a CoA-dependent -oxidative side chain shortening 

of trans-cinnamic acid (t-CA) (Boatright et al., 2004, see Chapter 1, Figure 1). Two genes 

encoding proteins that are putatively involved in this side chain shortening were identified 

on our array. The sequence of reactions from t-CA to BA involved the activation of t-CA 

via formation of a cinnamoyl-CoA ester, then a hydration and an oxidation, followed by the 

cleavage of the -keto thioester that forms benzoyl-CoA (Boatright et al., 2004). A gene 

homologous to an acyl-CoA-synthetase was highly expressed without a distinct rhythm in 

the Mitchell petals while in W138 petals its transcripts were below detection levels (Data 

not shown). A 3-ketoacylthiolase (3-KAT) gene was upregulated in the afternoon, and 

higher expressed in Mitchell petals than in W138 petals. The gene product is probably 

responsible for catalyzing one of the enzymatic steps of the side chain shortening of t-CA to 

form BA. Alternatively, it might have a second role, because it could also be involved in 

the formation of vanillin from ferrulic acid, which most likely follows the same mechanism 

(See Chapter 1, Figure 1). The expression of this 3-KAT is limited to the petals only at the 

developmental stages when scent is produced and emitted (Figure 3). 

Figure 2. SAM cycle and tetrahydrofolate recycling. Abbreviations: SAM: 
S-adenosyl methionine, SAH: S-adenosyl homocysteine, SAMS: SAM 
synthetase. BSMT: Benzoic Acid/Salicylic Acid Methyl Transferase 
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Benzyl alcohol/phenylethanol benzoyl transferase (BPBT), the enzyme responsible for 

benzyl benzoate, phenylethyl benzoate, and possibly benzyl acetate production, was 

downregulated in the afternoon (Table 1). This is in agreement with previous findings of 

(Boatright et al., 2004). The maximum that was found by them was only three hours before 

maximal emission, while the maximum we find is even before that. The early expression of 

BPBT compared with its emission could be caused by the demand for a large benzyl 

benzoate pool, which also acts as a precursor for benzoic acid (Boatright et al., 2004). The 

downregulation could also reflect a down regulation by precursor accumulation. This can 

be illustrated by the following: although W138 does not produce benzyl benzoate and 

phenylethyl benzoate, the expression of BPBT is high (J.C. Verdonk, data not shown). This 

high expression could be caused by the lack of substrate, when the situation is reversed in 

the evening, the expression declines. A similar observation was made for the biosynthetic 

gene BSMT; although W138 hardly produces any methyl benzoate (Stuurman et al., 2004), 

BSMT it highly expressed (J.C. Verdonk, data not shown).  

 

An abundant, putative alcohol dehydrogenase (ADH) was downregulated (Table 1 and Fig. 

1). The function of this ADH is unclear, but it is likely that it is involved in the production 

of volatile benzenoids. The conversion of phenylacetaldehyde into phenylethylalcohol and 

vice versa is mediated by an ADH. Furthermore, both the conversion of benzaldehyde into 

benzoic acid or benzyl alcohol and the opposite reactions are catalyzed by an ADH 

(Boatright et al., 2004). The downregulation towards the emission of scent is similar but 

more pronounced as the trend observed for BPBT, and it could be that both ADH and BPBT 

expression are dependent on the same regulatory mechanism. The conversion of 

Figure 3. RNA gel blot 
illustrating the (A) organ 
specificity, and (B) 
expression of several 
genes during flower 
development. Abbreviations 
ABC: ATP Binding Cassette 
transporter, 3-KAT 3-keto 
Acyl Thiolase, SHM4: Serine 
hydroxymethyltransferase, 
EtBr: Ethidium bromide. 
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benzaldehyde into benzyl alcohol and benzoic acid must take place before benzyl benzoate 

can be formed by BPBT, and the same holds for the conversion of phenylacetaldehyde into 

phenylethanol, before the formation of phenylethyl benzoate. The ADH transcript levels 

could be regulated by the reaction product, which is likely to be the non-volatile BA, 

because all the other possible products of ADH reactions, like phenylethanol and benzyl 

alcohol are volatile, and not emitted at the time of maximal ADH expression. In the 

afternoon, the expression of ADH was slightly higher in W138 petals than in Mitchell petals 

(ratio = -1.6), but the levels did not cycle (Fig. 1). It could be that there is no connection 

with scent, but with some other metabolic event, like flavonoid and anthocyanin production 

which is higher in petunia W138 because of a mutation in the AN2 allele in Mitchell 

(Quattrocchio, 1994; Quattrocchio et al., 1999). 

 

4. Anthocyanin biosynthesis 

Two genes that have a function in the anthocyanin biosynthesis were differentially 

regulated. The downregulation of a gene encoding a isoflavone reductase (IFR) like protein 

(Table 1) is similar as has been shown for Arabidopsis, where it has maximal expression at 

the beginning of the light period (Harmer et al., 2000).  A malonyltransferase (MaT1) like 

protein was also downregulated (Table 1). It has been reported that aromatic acetylation 

catalyzed by MaT1 could have a function in stabilizing anthocyanins and flavones (Suzuki 

et al., 2002; Taguchi et al., 2005), and therefore it is likely that the expression of a MaT1 

like gene is linked to the expression of genes encoding anthocyanin and flavone 

synthesizing enzymes. This is supported by the observation that in the afternoon, the 

expression of the MaT1 like gene was slightly higher in petunia W138 petals than in 

petunia Mitchell petals (ratio = -1.4). 

 

5. Volatile biosynthesis 

We identified a cDNA on our array that was identical to the petunia carotenoid cleavage 

dioxygenase (PhCCD1), which is responsible for the production of the diurnally emitted -

ionone. PhCCD1 expression cycles diurnally, with maximal expression levels during the 

light period, coinciding with the maximum emission of -ionone (Simkin et al., 2004). In 

our experiments PhCCD1 expression is negatively correlated with the emission of 

benzenoids. A cDNA with homology to the Arabidopsis 1-deoxy-D-xylulose-5-phosphate 

synthase (DOXPS), which is important in the biosynthesis of terpene precursors, was also 

downregulated from morning to the evening. DOXP catalyzes the first step in the 

methylerythritol phosphate (MEP) pathway that leads to carotenoids (Dudareva et al., 

2004); therefore, it might be regulated in similar way as PhCCD1.  
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6. Circadian clock 

Because we used two time points 6 hours apart, we expected to identify circadian-regulated 

and light-induced genes. The identified DEAD/DEAH box helicase is a possible connection 

with the circadian clock. In Neurospora crassa, which is a model system to study circadian 

rhythms, the DEAD box containing RNA helicase FRH has been found to be involved in 

the regulation of the circadian rhythm (Cheng et al., 2005). Helicases are involved in many 

other processes such as unwinding nucleic acids, and involved in various aspects of RNA 

metabolism, including nuclear transcription, pre mRNA splicing, ribosome biogenesis, 

nucleocytoplasmic transport, translation, RNA decay, organellar gene expression, and post 

transcriptional gene regulation. High expression of helicases in floral tissue has also been 

reported in other plants. In orchids, a DEAD/DEAH RNA helicase was higher expressed in 

mutants with a symmetrical rather than the typically asymmetric shaped flower (Chen et al., 

2005), while in tobacco, a DEAD/DEAH box protein has been identified as a candidate for 

mediating translational control in the developing male gametophyte (Brander and 

Kuhlemeier, 1995). The role of the DEAD/DEAH box helicase in petunia petals remains 

unclear, more detailed analysis of the transcription combined with a silencing approach 

could clarify its role. 

 

A gene encoding a pentameric polyubiquitin was found to be downregulated in both 

experiments. There are several reports that ubiquitination is essential for maintaining the 

circadian clock in mammals, Drosophila, Neurospora, and Arabidopsis (del Pozo et al., 

2002; Grima et al., 2002; He et al., 2003; Zhang et al., 2004). It is possible that this 

ubiquitin is involved in maintaining the circadian rhythm. 

 

7. Water transport 

Three members of the channel/aquaporin gene family, TIP1;1, PIP2;2, and PIP1;1, were 

downregulated in the evening in petunia Mitchell lower expressed in petunia W138 (Table 

1). Their expression was lower in the evening than in the morning, but also lower in 

Mitchell than in W138 at the 15.00h time point. In Arabidopsis, homologs of these water 

channels, the plasma membrane intrinsic proteins, are highly expressed in the morning 

(Schaffer et al., 2001). Aquaporins are thought to be important in the process of water 

transport, and therefore in cell elongation, and have maximal expression during cell wall 

synthesis in the light period and this drops again at the time of cell elongation in the night 

(Harmer et al., 2000). Again, the higher expression in the flowers of petunia W138 is 

difficult to explain, but points at a role different from cell elongation. 
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8. Miscellaneous 

In both experiments the gene that had the strongest upregulation was a putative ATP 

Binding Cassette (ABC) transporter. This is also illustrated in figure 1: the expression 

seems to be absent in the morning in Mitchell petals, while in W138, its expression is 

below detection levels all day. The expression in the whole plant was limited to the petals 

(Fig. 3A), and during development, the gene was expressed during those stages that scent 

was produced (Fig. 3B); i.e. after the flower had opened until senescence. The family of 

ABC transporters is very large and found in all organisms. In Arabidopsis, it consists of 

more than 100 members, and it is involved in the transport of a great variety of substrates, 

including lipids, heavy metal ions, inorganic acids, peptides, amino acids and secondary 

metabolites (reviewed in Jasinski et al., 2003). The enzymes couple ATP hydrolysis to the 

transport across various membranes. Overexpression of the yeast PDR5 ABC transporter in 

tobacco BY2 cells resulted in an increased tolerance against exogenously applied tropane 

alkaloids (Goossens et al., 2003). In maize, an ABC transporter plays a role in the transport 

of anthocyanins from the cytoplasm to the vacuole (Goodman et al., 2004). The reactions of 

shikimate pathway are localized in the plastid, but the final biosynthesis of 

phenylpropanoids to benzenoids takes place in the cytosol. It is possible that the ABC 

transporter plays a role in the transport of benzenoid precursors from the plastid to the 

cytosol. In petunia V26, the expression of the same ABC transporter was below detection 

levels (data not shown) while it emits a comparable blend of benzenoids as petunia Mitchell 

but lacks methyl benzoate (Verdonk et al., 2005; Chapter 4, Fig. 9). Therefore, we propose 

that this ABC transporter is a BA transporter. This is not unlikely, because it has been 

shown in experiments on auxin transport that BA can be transported by ABC transporters, 

(Geisler et al., 2005). 

 

A PP2C-like protein was downregulated in petunia Mitchell in the evening, while in 

petunia W138 it was only slightly upregulated. This is in contrast with a PP2C that was 

upregulated towards the evening in Arabidopsis (Schaffer et al., 2001). It is interesting to 

see that, like PAL, another gene is cycling in an opposite rhythm than its homologue in 

Arabidopsis. This could mean that more parts of the circadian mechanism have been 

reversed. The remaining candidate genes from Table 1 can be divided in two categories: 

one group of genes that gave no reliable results in the comparison between Mitchell and 

W138 and another group of genes that have no clear association with scent production. The 

first group contains the EIG-J7, the PeTh3, and the DegP protease gene. The second group 

contains the Abscisic acid stress protein cDNA, the CBL-interacting protein kinase 6 

(CIPK6) gene and an elongation factor. More detailed analysis of the expression of theses 

genes is required to find leads for the processes that they are involved in. 
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9. MYB transcription factor ODORANT1 

The MYB-like transcription factor ODO1 is upregulated ten-fold in the afternoon in petunia 

Mitchell, and 13 fold higher expressed in Mitchell than in W138 (Table 1 and fig. 1). The 

expression of the petunia shikimate and phenylpropanoid genes as well as the SAM cycle 

genes appeared to be dependent on the activity of the R2R3-like MYB transcription factor 

ODO1 (Verdonk et al., 2005; Chapter 4).  

 

Concluding remarks 

The major biosynthetic pathways that are important in the production of volatile benzenoids 

were found to be transcriptionally regulated. We thus established that the production of 

volatile benzenoids is regulated by controlling the shikimate pathway and phenylpropanoid 

pathway and not the biosynthetic enzymes producing the individual volatile benzenoids. 

The transcription of these genes is likely to be substrate regulated, high gene expression 

with low substrate availability and low expression when the substrate is abundant, as was 

found for BPBT. Furthermore, genes that are important for the production of the methyl 

donor SAM were also upregulated.  

 

We present a group of annotated cDNAs, which are transcriptionally regulated in close 

correlation with scent production. For a number of candidates the involvement in either the 

production of precursors, or the catalysis of the final steps in biosynthesis of volatile 

benzenoids, has been proven. A large proportion of the dataset is still puzzling, and studies 

to investigate their involvement in scent will have to be done. For these candidate cDNAs, 

silencing and over-expressing plants will have to be made to be conclusive about their role 

in benzenoid production or scent emission.  Furthermore, a large set of cDNAs has not yet 

been sequenced and new candidates will emerge from this pool. The targeted 

transcriptomics approach we have presented here is a powerful tool to unravel the 

regulation of secondary metabolites biosynthesis. Because the genes encoding the 

biosynthetic enzymes are regulated on the transcriptional level, we were able to clone a 

large group of genes that is involved in benzenoid production. Furthermore, our results may 

also provide new leads about how the circadian rhythm is regulated in petunia Mitchell; the 

reverse regulation compared with Arabidopsis raises many questions about the underlying 

mechanism. In the future, more detailed transcriptome studies will have to be done to 

investigate whether the control of other pathways is also at the transcriptional level. Then 

the use of microarrays, targeted to the tissue where the metabolites are produced, could 

result in the elucidation of complex secondary metabolite pathways. 
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Materials and Methods 
 
Plant material and growth. 
Experiments were carried out with homozygous lines of Petunia hybrida cv Mitchell (also referred to as cultivar 
W115: P. axillaris x (P. axillaris x P. hybrida cv. Rose of Heaven)), and Petunia hybrida W138. Plants were 
grown in growth chambers, at 21 °C, 70 % humidity and a light intensity of 150-300 µ Einstein m-2  sec-1, under a 
16/8 h light/dark regime, with the light period starting at 6:00 h. Plants bearing at least three mature flowers were 
used in all experiments.  
 
RNA isolation and gel blotting 
Total RNA from petunia Mitchell corollas was isolated using the TriZOLTM-LS reagent (Gibco BRL, 
Gaithersburg, MD, USA) method. RNA-gel blotting, hybridisation, and probe preparation were performed as 
previously described (Laxalt et al., 2001). After hybridisation, the membranes were washed twice with 2 x SSC, 
0.1% SDS for 20 min and 0.2 x SSC, 0.1% SDS for 20 min at 65°C. Hybridising bands were visualised by 
autoradiography by phosphoimaging (Molecular Dynamics, Sunnyvale, CA, USA ). 
 
cDNA library construction, PCR amplification, and microarray construction.  
Open corolla tissue from fragrant petunia flowers was used to construct a cDNA library in the UNI-XR vector 
(Stratagene, La Jolla, CA, USA). The  petunia cDNAs from single plaques were amplified by polymerase chain 
reaction (PCR) using the universal T3 and T7 primers. PCR products were purified with Multiscreen plates 
(MAFBNOB50 Millipore Intertech, Bedford, MA) according to the manufacturers protocol. The PCR products 
were transferred to 384-format plates using a Packard multiprobe II EX robotic liquid handling system AMPII/EI 
(Perkin Elmer, Wellesley, MA) prior to application on microscope slides. Amplified cDNA fragments were 
applied onto CMT-CAPSTM coated slides (Corning Inc., Corning, NY, USA) with a 12-pinned arraying robot 
(Molecular Dynamics, Sunnyvale, CA). The cDNAs were arrayed in duplicate within a 12 cm2 area. Each probe 
contained approximately 0.25 ng of PCR product. The slides were left overnight to dry at 55 % relative humidity, 
and UV-cross linked by applying of 150 mJ for 2 min.  

 
Fluorescent probe preparation 
Petal limbs of petunia Mitchell were harvested at 9.00h and 15.00h and at 15.00h of W138, from plants grown in 
the growth chamber. For each experiment, 4-5 petal limbs were pooled for RNA extraction. Total RNA was 
further purified with QIAgen RNeasy columns (QIAgen, Valencia, CA, USA). First strand cDNA was prepared a 
follows: oligo(dT) 25mer (1.2 µM final concentration) was added to 20 µg of the purified RNA and the mixture 
was heated to 70°C for 10 min. before placing it on ice. Reverse transcription was performed for 2.5 h at 42°C in 
20 µl, using 200 units Superscript II RNAse H- reverse transcriptase (Life Technologies, Carlsbad, CA, USA), 10 
mM DTT, 0.1 mM of dATP, dGTP, and dTTP; 0.05 mM of dCTP; 0.05 mM cyanine 3 (Cy3)-dCTP or Cy5-dCTP 
(Amersham Biosciences, Buckinghamshire, England) in the buffer supplied. The samples were subsequently 
placed on ice for five minutes before degradation of the RNA through the addition of 2 µl 2.5 M NaOH for 15 min 
at 37°C. The reaction was stopped by neutralisation with 10 µl 2 M MOPS before purification with GFX columns 
(Amersham Biosciences). Incorporation of the Cy3 and Cy5 dyes was determined with a spectrophotometer 
(NanodropTechnologies, Rockland, DE, USA) by measuring the absorption of Cy3 (at 550 nm) and Cy5 (at 649 
nm), and the amount of cDNA (at 260 nm). For blockage of the poly-dT tail of the cDNA, 40 ng oligonucleotide 
A80 was added and the mixture was heated for 2 min by 95°C, followed by incubation at 70°C for 30 min. The Cy3 
and Cy5 samples were mixed before addition of hybridization buffer in a 50% concentration of formamide 
(Amersham Biosciences).  
 
Slide hybridization, scanning and data acquisition 
Slides were hybridized in a automated slide processor (Amersham Biosciences) as follows: after prehybridization 
in 2 X SSPE; 0.2% SDS at 55°C for 2 h, the probe solution (200 µl) was injected and the slides were incubated for 
16 h. The chamber was then heated to 50°C and the slides were washed with 1 x SSC; 0.2% SDS for 10 min, 
followed by 0.1 x SSC; 0.2% SDS, once for 10 min and once for 4 min. Slides were flushed with 0.1 x SSC 
followed by isopropanol, and air dried for 200 sec. The arrays were scanned for fluorescence emission with a 
Molecular Dynamics scanner. A separate scan was conducted for each of the two florescent dyes used for 
hybridization. Using Array-vision software (Imaging Research Inc., Ontario, Canada), the integrated signal 
intensity was measured for each element on the array, from which the local background intensity was subtracted. 
The data in this article represent 3 hybridizations of 3 independent replicates including dye-swaps. Normalization, 
calculation of the average ratios and standard error, calculation of P-value and control of the false discovery rate 
were all done as previously described by (Kant et al., 2004). After the analysis, clones were selected on the basis 
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of three criteria, the significance of the adjusted P-values ( < 0.05); the average signal to noise ratio of the spots 
had to be greater than five; and the minimal treatment to control ratio was set to > 2 or < -2. The analysis of the 
experiment that compared the transcriptome of Mitchell petals with W138 petals at 15.00h, was only performed 
once. The average ratio of the two spots was calculated and the standard deviation had to be less than 25% of the 
average, otherwise the value was considered not significant. 
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Abstract 

 

Floral scent is important to plant reproduction because it attracts pollinators to the 
sexual organs. Therefore volatile emission is usually tuned to the foraging activity of 
the pollinators. In Petunia hybrida volatile benzenoids determine the floral aroma. 
Although the pathways for benzenoid biosynthesis have been characterized, the 
enzymes involved are less well understood. How production and emission are 
regulated is unknown. By targeted transcriptome analyses we identified ODORANT1 
(ODO1), a member of the R2R3-type MYB-family, as a candidate for the regulation of 
volatile benzenoids in Petunia hybrida cultivar W115 (Mitchell) flowers. These flowers 
are only fragrant in the evening and at night. Transcript levels of ODO1 increased 
before the onset of volatile emission and decreased when volatile emission declined. 
Down-regulation of ODO1 in transgenic P. hybrida  Mitchell plants strongly reduced 
volatile benzenoid levels through decreased synthesis of precursors from the shikimate 
pathway. The transcript levels of several genes in this pathway were reduced by 
suppression of ODO1 expression. Moreover, ODO1 could activate the promoter of the 
5-enol-pyruvylshikimate-3-phosphate synthase gene. Flower pigmentation, which is 
furnished from the same shikimate precursors, was not influenced since color and 
scent biosynthesis occur at different developmental  stages. Our studies identify ODO1 
as a key regulator of floral scent biosynthesis. 
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Introduction 

 
Plants may use combinations of floral form, color and scent to attract pollinators that enable 

or facilitate reproduction. These pollination syndromes have been extensively studied from 

the ecological level to individual scent molecules, and from an evolutionary perspective.  

Studies on adaptive evolution with near-isogenic lines of monkeyflowers (Mimulus lewisii 

and M. cardinalis) showed that pollinator preference could shift with the change in color of 

the flowers (Bradshaw and Schemske, 2003). Co-evolution can occur between floral scent 

emission and flower architecture to accommodate different insects for pollination. For 

instance, related species with phenotypically dissimilar flowers, Clarkia breweri and 

Clarkia concinna, produce different scents since they depend on different insects for 

pollination (Raguso and Pichersky, 1995). Also, Petunia integrifolia, a violet-flowering 

species with small, broad flowers lacking strong scent, is visited by bees during the day, 

while P. axillaris, a white-flowering species with slender flowers, which is visited by hawk 

moths (Manduca contracta and M. diffusa subsp. petuniae) at night, starts producing a 

strong scent at dusk (Ando et al., 2001).  

  

Hawkmoth-pollinated flowers are white with usually narrow long tubes (>3 cm) that 

provide rewarding nectar.  These flowers produce scent at night and this scent is dominated 

by nitrogenous compounds, terpenoids and benzenoids (Knudsen and Tollsten, 1993; 

Raguso et al., 2003). The P. axillaris derived, white-flowering P. hybrida (Mitchell) 

predominantly emits volatile benzenoids in the evening and night (Kolosova et al., 2001; 

Verdonk et al., 2003; Chapter 2). These volatile benzenoids are mostly produced by the 

petals (Verdonk et al., 2003, Chapter 2), and emission decreases upon pollination, i.e. when 

the pollen tubes reach the base of the style. This communication between the various flower 

organs is mediated by ethylene (Negre et al., 2003). 

 

Benzenoid metabolism in petunia petal tissue has recently been modeled with the aid of 

isotope labeling and metabolic flux analyses (Boatright et al., 2004). This model indicates 

that all volatile benzenoids in petunia are derived from phenylalanine. Phenylacetaldehyde 

and phenylethylalcohol are synthesized from phenylalanine, while the other volatile 

benzenoids originate from trans-cinnamic acid, which is made from phenylalanine by the 

activity of phenylalanine ammonia lyase (PAL). Shortening of the side chain of trans-

cinnamic acid occurs through the ß-oxidative and non-ß-oxidative pathways with 

benzaldehyde and benzyl benzoate as key intermediates between phenylalanine and benzoic 
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acid. Benzoic acid, the precursor of volatile methylbenzoate, is synthesized in the evening 

and night (Kolosova et al., 2001), in tune with methylbenzoate emission. Benzyl benzoate 

also accumulates rhythmically, with a maximum at night (Boatright et al., 2004). 

 

Several genes encoding enzymes involved in benzenoid biosynthesis have been identified 

from Clarkia breweri (Dudareva et al., 1998; D'Auria et al., 2002), snapdragon 

(Antirrhinum majus) (Murfitt et al., 2000) and rose (Rosa hybrida) (Lavid et al., 2002; 

Pichersky and Gershenzon, 2002; Negre et al., 2003). Only two corresponding cDNAs have 

been identified from petunia petals, S-adenosyl-L-Met:benzoic acid carboxyl 

methyltransferase (BSMT) and benzoyl-CoA:benzyl alcohol/phenylethanol benzoyl 

transferase (BPBT) (Negre et al., 2003; Boatright et al., 2004). The steady state transcript 

levels of petunia BPBT change rhythmically and peak in the afternoon, preceding the peak 

levels of its product benzyl benzoate (Boatright et al., 2004). BSMT activity in petunia 

shows rhythmic fluctuations with its product, methylbenzoate, but the fine tuning of 

methylbenzoate emission seems to be at the level of its precursor, benzoic acid, the levels 

of which increase almost fivefold during the night when methyl benzoate emission is 

highest (Kolosova et al., 2001). How benzoic acid synthesis is regulated is unknown, 

although some control might be at the level of PAL activity which also fluctuates 

rhythmically in petunia (Kolosova et al., 2001). PAL is also regulated at the transcript level 

in petunia petals (Verdonk et al., 2003; Chapter 2).  

 

In this study, we describe the identification of an R2R3-MYB-type transcription factor, 

ODORANT1 (ODO1), from the scent producing Petunia hybrida cultivar Mitchell (W115), 

which controls the synthesis of volatile benzenoids. Suppression of ODO1 expression by 

RNAi revealed that it specifically regulates the shikimate pathway in petals towards 

benzenoid production. This results in a strongly reduced emission of volatile benzenoids, 

the main compounds of the floral scent. Because flower pigmentation and volatile 

production occur at different developmental stages, down-regulation of ODO1 does not 

influence flower color.  
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Results 
 

Identification and expression of ODORANT1 

Since our previous study showed that several genes of the shikimate pathway, which 

provides precursors for benzenoid biosynthesis, were regulated at the transcript level in 

Petunia hybrida Mitchell petals (Verdonk et al., 2003; Chapter 2), we took a 

transcriptomics approach to identify genes involved in the regulation of volatile benzenoid 

synthesis. Using a dedicated, petal-specific cDNA microarray (Verdonk et al., 2003, 

Chapters 2 and 3), we compared the transcriptome of P. hybrida cv Mitchell flowers that 

were producing scent with that of flowers just about to produce scent and with that of 

flowers of P. hybrida cv W138, which emits very low levels of volatile benzenoids 

(Stuurman et al., 2004). cDNAs of genes with increased transcript levels just before the 

production of scent and those of genes with very low transcript levels in P. hybrida W138 

were sequenced. Among these were several genes from the shikimate pathway, including, 

3-deoxy-D-arabino-heptulosonate-7-phosphate synthase (DAHPS), 5-enol-

pyruvylshikimate-3-phosphate synthase (EPSPS), chorismate mutase (CM), and two 

phenylalanine ammonia-lyase genes (PAL1 and 2). In addition, we identified a cDNA 

encoding a benzoyl-CoA:benzyl alcohol/phenylethanol benzoyltransferase (BPBT), which 

is involved in benzyl benzoate production, one of the volatile benzenoids emitted by 

Mitchell. This gene has previously been shown to be transcriptionally regulated in petunia 

flowers (Boatright et al., 2004). 

 

Among the cDNAs of the differentially regulated genes, we identified one cDNA encoding 

a transcription factor that was upregulated in the fragrant  Mitchell flowers but not in 

flowers of the non-fragrant W138. We tentatively named this gene ODORANT1 (ODO1). 

RNA gel blot analysis of petals from plants grown in growth chambers showed a temporal 

expression pattern of ODO1 consistent with a role in regulating floral scent. We detected 

two transcripts (Figure 1A; 1.4 and 1.7 kb), which corresponded to two cDNAs with 

different 3’UTR lengths (Table 1). ODO1 transcript levels started to increase between 

13.00 and 16.00h preceding the increase in volatile benzenoid emission, as shown for 

methyl benzoate, isoeugenol and benzyl benzoate (Figures 1A and 1B). Transcript levels of 

ODO1 increased steadily, peaked at 22.00h and were back at their lowest level early next 

morning (10.00h) when volatile emission was also at its lowest. Expression of ODO1 was 

restricted to the petals, with the highest expression in the limb (Figure 1C), which is the 

major site of scent emission (Verdonk et al., 2003; Chapter 2). RNA gel blot analysis 

confirmed that transcript levels of ODO1 in the non-fragrant W138 were only 10% of those 

in Mitchell (Figure 1D). 



 

72 ● Chapter 4 

Table 1. Nucleotide sequence of ODO1 and its deduced amino acid sequence. The longer 3’ UTR is 
underlined. 
 
 
 
 

      1 tagagagaaaggagagaactaattgcaagaaaagttggtagatttttttatatatttaggtgggtagaagggcaataaaattagcctacacaatttcttt 100    

 

    101 tttgttggtggtagctgagagtcagtagtg ATG GGA AGA CAA CCT TGT TGT GAC AAA CTT GGA GTG AAG AAA GGT CCA TGG   181    

      1                                M   G   R   Q   P   C   C   D   K   L   G   V   K   K   G   P   W     17      

 

    182 ACA GCT GAA GAA GAC AAG AAA CTC ATA AGT TTT ATT CTT ACA AAT GGC CAA TGT TGT TGG CGT GCT GTT CCT AAA  256    

     18 T   A   E   E   D   K   K   L   I   S   F   I   L   T   N   G   Q   C   C   W   R   A   V   P   K    42      

 

    257 CTT GCT GGT CTT AAA CGT TGT GGT AAG AGT TGT CGA CTC AGA TGG ACT AAT TAT CTT CGA CCT GAT TTG AAA AGA  331    

     43 L   A   G   L   K   R   C   G   K   S   C   R   L   R   W   T   N   Y   L   R   P   D   L   K   R    67      

 

    332 GGC CTT CTT AGT GAT GCT GAG GAG AAA CTG GTT ATT GAT CTC CAT TCT CGT CTT GGA AAC AGG TGG TCC AAG ATT  406    

     68 G   L   L   S   D   A   E   E   K   L   V   I   D   L   H   S   R   L   G   N   R   W   S   K   I    92      

 

    407 GCT GCA AGA TTA CCA GGA AGG ACT GAT AAT GAG ATT AAA AAT CAT TGG AAC ACA CAT ATT AAG AAA AAG CTT CTC  481    

     93 A   A   R   L   P   G   R   T   D   N   E   I   K   N   H   W   N   T   H   I   K   K   K   L   L    117     

 

    482 AAA ATG GGG ATT GAT CCT GTT ACA CAT GAA CCA CTC AAG AAA GAA GCA AAT CTA AGT GAT CAG CCT ACT ACA GAA  556    

    118 K   M   G   I   D   P   V   T   H   E   P   L   K   K   E   A   N   L   S   D   Q   P   T   T   E    142     

 

    557 TCT GAT CAA AAT AAA GAA AAT GGT CAT CAG CAG GTA CAA GTT GTA CCA CAG AGT ACA AAT GTC ACA GCG GCA GCA  631    

    143 S   D   Q   N   K   E   N   G   H   Q   Q   V   Q   V   V   P   Q   S   T   N   V   T   A   A   A    167     

 

    632 GCT ACC TCC ACA GAA TTT GAT AAT AAC TCT TCC TTC TCT TCT TCA GCT TCT TCG TCC GAA AAC TCT TCA TGC ACC  706    

    168 A   T   S   T   E   F   D   N   N   S   S   F   S   S   S   A   S   S   S   E   N   S   S   C   T    192     

 

    707 ACT GAT GAA TCC AAG CTT GTC TTT GAT AAC CTT AGT GAA AAT GAT CCA CTA CTA AGC TGC CTA CTG GAA GCT GAT  781    

    193 T   D   E   S   K   L   V   F   D   N   L   S   E   N   D   P   L   L   S   C   L   L   E   A   D    217     

 

    782 ACT CCT CTT ATC GAT TCG CCA TGG GAA TTT CCA ATG TCT TCT ACT ACT ACT GTT GAA GAA CCA AAA AGT TTC GAT  856    

    218 T   P   L   I   D   S   P   W   E   F   P   M   S   S   T   T   T   V   E   E   P   K   S   F   D    242     

 

    857 AGC ATT ATC AGT AAC ATG ACA TCC TGG GAA GAC ACT TTC AAT TGG CTT TCG GGT TAT CAA GAA TTT GGT ATC AAT  931    

    243 S   I   I   S   N   M   T   S   W   E   D   T   F   N   W   L   S   G   Y   Q   E   F   G   I   N    267     

 

    932 GAC TTT GGT TTT GAT AAT TGC TTC AAC CAT GTC GAA TTG GAC ATC TTC AAA ACC ATA GAT AAC GTA GAG AAC AGG  1006   

    268 D   F   G   F   D   N   C   F   N   H   V   E   L   D   I   F   K   T   I   D   N   V   E   N   R    292     

 

   1007 CAC GGA TAA ttgtcccatatgaaaaatcaatgggacatagccaaaatcttagtttttttataacgttagtgtgtttttacgtgcatgtttaccaaga 1103   

    293 H   G   *                                                                                            295     

 

   1104 tatcatgtgtctggaactactaggaagttagatttgcttagagtcattatgtatattttgttttttcatggtacaaattttattagaatattcgcgaaga 1203   

 

   1204 gtccaaggtgccttagcttgcttctttagaggtttttattttggacaaaccaacctaccaaccaaccagtcaattaaaccaatcatgttagagagtttta 1303   

 

   1304 ccacaatataatccaaaaaggtccacaaagaaaaggttaatgaaaagttgaacttgtagtggtgtagtgcagtagtggtatcccctgtgccaaggatggg 1403   

 

   1404 gacataatctctgaggcaacttgttggaggggtcatcatatgtagtataaaggaaacctttatttgtatattatgtggagataaatcataataaaactct 1503   

 

   1504 ttttatttgtatgcaaaaaaaaaaaaaaaaaa                                                                     1535   
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ODO1 is a member of the R2R3-type MYB family of proteins 

ODO1 encodes a putative protein of 294 amino acids (Table 1) with high similarity to 

proteins of the R2R3-type MYB family (Stracke et al., 2001). Although the N-terminal 

R2R3-domain contains the conserved motifs and amino acids involved in binding certain 

variable core motifs in DNA (Romero et al., 1998), the C-terminus is not similar to any 

sequences in the NCBI or TAIR databases. Phylogenetic analyses (Figure 2; Supplemental 

Figure 1 online; http://intl.plantcell.org/cgi/content/full/17/5/1612) place ODO1 apart from 

MYBs involved in regulation of anthocyanin and phenylpropanoid biosynthesis. Its closest 

relatives are a MYB from Pimpinella brachicarpa and two MYBs from Arabidopsis thaliana 

(AtMYB42 and AtMYB85), whose functions are unknown. The two Arabidopsis MYBs form 

a subgroup separate from the other 126 R2R3-MYB genes in Arabidopsis (Stracke et al., 

2001; Petroni et al., 2002). Sixteen of the more variable amino acids in the R2-R3 domain 

(Stracke et al., 2001) are highly conserved in these four proteins (Figure 3), which puts 

ODO1 apart from other known petunia MYBs and defines a new subgroup in this family of 

transcription factors. The domain for interactions with R-like basic-helix-loop-helix 

proteins (Zimmermann et al., 2004) is absent in the R2R3 domain of ODO1. 

Figure 1. Petal specific expression of ODO1
correlates with scent emission. 
Light (L) and dark (D) periods are indicated at the top of 
the figure.  Hybridization with 18S rRNA is shown to 
illustrate the loading of the gels. (A) RNA gel blot 
analyses of ODO1 in Mitchell petals harvested at three-
hour intervals. The asterisks indicate the two transcripts 
that were detected. (B) Bar graph depicting the emission 
of 3 selected volatile benzenoids measured for one hour 
around the same time points (means and SEs, n = 3). (C) 
Organ and tissue specific expression. R, roots; S, stems; 
L, leaves; Sp, sepals; PT, petal tube; PL, petal limb; A, 
anthers; St, stigma.. (D) RNA gel blot analysis of ODO1 in 
Mitchell (M) and W138 at 18.00h. These experiments (A-
D) were performed with plants from growth chambers.  
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Silencing of ODO1 leads to diminished volatile 

benzenoid production 

To investigate the role of ODO1 in regulating 

floral scent, we suppressed its expression in 

Mitchell through RNAi. We used the constitutive 

35S promoter of Cauliflower Mosaic Virus to 

drive an inverted repeat of the unique C-terminus 

of ODO1, which would only suppress 

accumulation of ODO1 transcripts. Genomic DNA 

gel blots with the same region of the C-terminus 

of ODO1 as a probe indicated that, under stringent conditions, no other DNA sequences 

similar to ODO1 could be detected in the petunia genome (Figure 4). All independent 

transformants were morphologically normal and were assayed for volatile emissions and for 

ODO1 transcript levels in their petals. From these analyses it was clear that downregulating 

ODO1 reduced emission of volatile benzenoids, as illustrated by the GC-TOF-MS 

chromatograms for RNAi-line 3 and Mitchell (Figure 5A). The RNAi-line 3 clearly emits 

much lower levels of benzenoids than the parental Mitchell. Subsequent quantitative 

analyses of the volatiles emitted from four independent transgenic lines, from Mitchell and 

a transgenic, non-silenced, control line (line 40) showed that emission of all benzenoids (of 

which the majority is presented in Figure 5B) was reduced, with the exception of methyl 

salicylate (MeSA) and benzyl alcolhol, which was only significantly reduced in RNAi-line 

12. The inhibitory effect of ODO1 suppression on volatile emission was more pronounced 

for compounds that are downstream in the biosynthetic pathway (see Figure 6B), e.g., 

isoeugenol and vanillin. 

 
 

Figure 2. ODO1 belongs to a distinct subgroup of MYB 
proteins.  Phylogenetic tree of ODO1 and MYB proteins from 
various plant species. The tree was rooted to human (Hs) C-
Myb. Bootstrap values are indicated at branch nodes. 
PhODO1 is boxed. Known functions of several MYBs are 
indicated.  

Figure 3. Alignment of amino acid sequences of the R2R3 domains of Petunia hybrida ODO1, PbMYB from 
Pimpinella brachicarpa, Arabidopsis thaliana AtMYB42 and AtMYB85, and four MYBs from Petunia hybrida. 
Conserved amino acids are highlighted in dark grey; conserved residues in the hyper-variable regions in ODO1, 
PbMYB, AtMYB42 and AtMYB85 are highlighted in light grey and boxed.  
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To eliminate the possibility that emission but not production of 

the volatile benzenoids was affected by ODO1 suppression, we 

performed solid phase micro-extraction (SPME) analysis of 

petal extracts and analyzed the products trapped on the SPME-

fiber with GC-MS (Verdonk et al., 2003; Chapter 2). These analyses showed that the four 

RNAi lines had reduced stores of all volatiles that were emitted (Figure 7), indicating that 

ODO1 regulates biosynthesis rather than emission. In all the lines where volatile emission 

was reduced, the expression of ODO1 was also reduced (Figure 6A), while in line 40, 

where ODO1 was not suppressed, volatile emission was normal (Figures 5B and 6A). 

 

 
 

 

Figure 4. Genomic DNA gel blot analysis indicates the presence of a single ODO1 copy in 
P. hybrida Mitchell.Genomic DNA of Mitchell was digested with EcoRI or EcoRV and 
separated on a 0.8% agarose-TBE gel prior to blotting. The C-terminal region used for the 
RNAi construct (see Materials and Methods) was employed as a probe. The size of the 
hybridizing bands is indicated in base pairs. 

 

Figure 5. Suppression of ODO1 expression reduces volatile benzenoid emission and gene expression. 
(A) GC-TOF-MS chromatograms of volatiles emitted by Mitchell and RNAi line 3. (B) Quantified emission 
of volatile benzenoids by Mitchell (M), four RNAi lines that show reduced emission of volatiles (1, 3, 12 
and 35) and one control RNAi line (40). Bars annotated with different letters indicate significant 
differences among lines (ANOVA, P < 0.05 according to least significant difference post-hoc analysis; n ≥ 
4). All experiments were performed with greenhouse-grown plants.  
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ODO1 controls the shikimate pathway and benzoic acid synthesis 
Which steps in the biosynthesis of volatile benzenoids are controlled by ODO1? Synthesis 

of benzenoids starts with the shikimate pathway that produces L-phenylalanine, which is 

then converted to the first benzenoid precursor, trans-cinnamic acid, by PAL (see Figure 

6B). RNA gel blot analyses showed that transcript levels of enzymes in the shikimate 

pathway (e.g. DAHPS, EPSPS, chorismate mutase (CM)) as well as PAL1 and 2 were 

much lower in the RNAi flowers than in Mitchell or the control line 40 (Figure 6A). Since 

benzoic acid is probably formed from trans-cinnamic acid (Ribnicky et al., 1998; Jarvis et 

al., 2000; Boatright et al., 2004) and shown to be accumulating with a rhythm that 

correlates with methylbenzoate emission (Kolosova et al., 2001), we investigated whether 

benzoic acid levels were affected by ODO1 suppression. Indeed, benzoic acid levels were 

12 times lower in RNAi-line 3 than in Mitchell (11.9 g/g FW versus 147 g/g FW; n = 3, 

p < 0.01).  

 
 
 
Figure 6. Modulation of ODO1 
expression alters expression of 
volatile benzenoid genes. (A) RNA 
gel blot analysis of Mitchell (M) and 
RNAi lines 1, 3, 12, 35 and 40 (control) 
at 17.00h for ODO1, DAHP synthase 
(DAHPS), EPSP synthase (EPSPS), 
chorismate mutase (CM), two 
phenylalanine ammonia lyase genes 
(PAL1 and 2), benzoic acid/salicylic 
acid methyltransferase (BSMT), 
benzoyl-CoA:benzyl 
alcohol/phenylethanol 
benzoyltransferase (BPBT) and SAM 
synthase (SAMS). Transcript levels of 
floral binding protein 1 (FBP1), a 
MADS-box protein involved in 
specification of floral organ identity 
(Angenent et al., 1992), are shown to 
indicate the loading of the gels. (B) 
Schematic representation of the 
shikimate pathway that leads to the 
biosynthesis of phenylalanine and its 
derivatives trans-cinnamic acid, 
coumaric acid, caffeic acid and ferrulic 
acid. Solid arrows indicate well-
described enzymatic reactions 
whereas broken arrows indicate routes 
that are still hypothetical. E-4-P: 
erythrose 4-phosphate; PEP: 
phosphoenolpyruvate. Numbers 
indicate the following enzymes 1: 
DAHP synthase; 2: EPSP synthase; 3: 
chorismate mutase; 4: PAL; 5: 
chalcone synthase. (C) Activation 
assays. The columns and error bars denote the mean and standard error of the activity of the EPSPS-GUS and 
DFR-GUS  reporter contructs after bombardment with 35S-ODO1 or a mix of 35S-AN1 and 35S-AN2. Reporter 
gene activity, measured as glucuronidase enzyme activity, is expressed in relative arbitrary units and was 
normalized to luciferase enzyme activity (LUC) expressed from a co-bombarded reference construct, which 
contained the luciferase gene driven by the 35S promoter. 
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We then addressed the question whether ODO1 would be able to activate transcription of 

shikimate pathway genes. To test this, we cloned the Mitchell EPSPS promoter (Benfey et 

al., 1990) to drive the E.coli Mitchell leaf cells by particle bombardment in the presence 

and absence of a 35S promoter-ODO1 construct. Figure 6C shows that ODO1 is able to 

activate the EPSPS promoter (n=10, p = 0.017) in petunia leaf cells. The specificity of 

ODO1 for the EPSPS promoter was demonstrated by the absence of significant activation 

of the dihydroflavonol 4-reductase (DFR) promoter-GUS reporter (p = 0.65). This DFR-

GUS construct could be activated by another petunia R2R3-type MYB, anthocyanin 2 

(AN2), which acts in concert with the basic helix loop helix protein AN1 to activate DFR 

(Spelt et al., 2000). The EPSPS promoter was not significantly activated by the 

combination of AN1 and AN2 (p = 0.39), indicating some level of specificity of floral 

R2R3-type MYB proteins (Figure 6C). 

 

Microarray analyses 

To determine whether genes, other than those from the shikimate pathway, were modulated 

in the ODO1-suppressed plants, we performed experiments with dedicated petunia 

microarrays. These experiments with petal limbs from wild-type  Mitchell and RNAi line 3 

confirmed that genes from the shikimate pathway (DAHPS and EPSPS) were 

downregulated (Table 2). PAL was also downregulated but only 1.4-fold (p < 0.01; See 

Supplemental Table 3 online; http://intl.plantcell.org/cgi/content/full/17/5/1612). 

Additionally, we discovered that the following genes from the S-adenosyl methionine 

(SAM) cycle were also downregulated: SAM-synthase, methionine synthase, 

hydroxymethyltransferase, and adenosylhomocysteinase. We confirmed the suppression of 

SAM-synthase by RNA gel-blot analysis for several independent RNAi lines (Figure 6A). 

This result suggested that the SAM/SAH (S-adenosyl homocysteine) ratio in petal limbs, 

Figure 7. Suppression of ODO1 expression reduces 
benzenoid synthesis. Typical GC-TOF-MS 
chromatograms obtained with headspace-SPME of petal 
extracts from Mitchell and RNAi line 3. Petals were 
ground in saturated CaCl (for method see Verdonk et 
al., 2003; Chapters 2). The combined current for ions 
92, 105, 108, 136 and 164 is shown. 
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which is a measurement of the methylation status, was altered. However, the SAM/SAH 

ratios were 22.1 (SE = 1.1) in  Mitchell and 22.4 (SE = 6.9) in RNAi line 3, respectively, 

revealing no significant difference (p = 0.72, n = 3), and the same was true for the SAM 

levels (p = 0.43). Transcript levels of sucrose synthase were also significantly lower in the 

RNAi plants, indicating that there is less demand for sucrose, probably due to reduced 

activity of the shikimate pathway. An aquaporin-like protein, a DEAD/DEAH box helicase 

and a mitochondrial 26S rRNA were also downregulated. 
 

 

 

Table 2. Microarray analysis of genes modulated upon ODO1 suppression in RNAi line 3a 
 

Accession No.b Annotation 

BLAST 

E value Ratio 

P-

valuec 

AF082893 Methionine synthase 1E-128 -2.5 0.000 

CAB78435 Hydroxymethyltransferase 1E-134 -2.0 0.003 

M18745 Sucrose synthase 1E-132 -1.8 0.017 

BAA03709 S-adenosyl-L-homocysteine hydrolase 1E-141 -1.6 0.000 

AF452015 Aquaporin-like protein TIP1;1 0 -1.6 0.000 

Z11889 Mitochondrion rrn26 gene for rRNA large subunit (26S) 1E-102 -1.6 0.000 

M21084 EPSP synthase 0 -1.6 0.009 

X82214 S-adenosylmethionine-synthetase 1E-156 -1.6 0.000 

AY705977 ODORANT1 0 -1.6 0.005 

NM_130144 DEAD/DEAH box helicase 1E-54 -1.5 0.000 

CO805162 DAHP synthase 0 -1.5 0.001 

U31094 P21 Thiol protease homolog 1E-138 1.5 0.001 

NM_127325 A. thaliana expressed protein 1E-18 1.6 0.008 

U12439 Abscisic stress ripening-related protein 4E-46 1.6 0.000 

AF349916 Short chain type alcohol dehydrogenase 3E-99 1.6 0.002 

AY171099 Cysteine protease 5E-97 1.8 0.018 

Y12689 Isoflavone reductase-like 5E-75 1.8 0.014 

NM_120336 A. thaliana expressed protein 1E-18 1.8 0.000 

NM_123585 C3HC4-type Zinc finger protein  9E-25 1.9 0.000 

AY611496 BPBT 0 1.9 0.000 

NM_113287 NAD-dependent epimerase-dehydratase protein 2E-56 2.1 0.000 

NM_122675 Protein Phosphatase 2C 5E-95 2.2 0.001 

AY233465  BSMT1 0 2.5 0.000 

AK10885 Peroxidase 2E-29 4.4 0.002 
 

aSequenced cDNAs from the dedicated microarray that were upregulated or downregulated by 1.5-fold are shown.  
bCorresponding GenBank accession numbers with the highest similarity are shown. 
cP-values (adjusted for multiple testing) denote the significant difference in the average ratios (Ratio) of ODO1 

suppressed plants over wildtype Mitchell plants in three independent experiments.  
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Among the upregulated genes were two enzymes catalyzing the biosynthesis of volatile 

benzenoids, BPBT and BSMT (Table 2). For BSMT we were able to confirm this 

upregulation in the in the RNAi lines by RNA gel-blot analysis, but not for BPBT, probably 

due to differences in specificity between the microarray and RNA gel-blot analysis (Figure 

6A). Four other genes putatively involved in the biosynthesis of secondary metabolites, 

isoflavone reductase-like, NAD-dependent epimerase/dehydratase, peroxidase and an 

alcohol dehydrogenase, were also upregulated in RNAi line 3. One transcription factor, a 

C3HC4-type zinc finger protein, of which the function is unknown, was upregulated in the 

RNAi line, as were protein phosphatase 2C and an abscisic acid stress-related protein. Two 

different proteinases were upregulated in the RNAi lines, suggesting a higher turnover of 

proteins when ODO1 expression is suppressed. Finally, two genes with high similarity to 

Arabidopsis thaliana proteins with unknown function were also upregulated in the RNAi 

line. 
 

ODO1 suppression does not affect color 

Because ODO1 suppression downregulates genes in the shikimate pathway, one could 

envision that ODO1 suppression would prevent the accumulation of flavonols and colored 

compounds like anthocyanins in flowers (Figure 6B). Trans-cinnamic acid is also a 

precursor of flavonols (Koes et al., 1994) that accumulate in the white Mitchell petals (van 

der Meer et al., 1992), where flavonol-synthesizing enzymes are expressed. Due to a 

mutation in the regulatory AN2 gene in Mitchell (Quattrocchio et al., 1999), anthocyanin 

production is reduced in petal limbs but not in the tubes. Nonetheless, ODO1 RNAi lines 

still exhibited the characteristic purple anthocyanin stripes in the tubes (Figure 8A), and 

TLC analysis revealed that flavonols accumulated in the limbs to the same extent as in 

Figure 8. Flavonol and anthocyanin 
biosynthesis is not influenced by suppression of 
ODO1 expression. (A) Section through flowers 
from Mitchell and RNAi line 3 showing the 
characteristic purple, anthocyanin-containing 
stripes in the tube. (B) Thin layer 
chromatography of flavonols in petal limbs from 
Mitchell (M) and RNAi line 3, showing that the 
expected flavonols (dihydrokaempferol, 
dihydroquercetin and dihydromyrcetin) are 
present in both. The silica gel-TLC F254 plate 
was photographed under UV light (254 nm). 
Two marker flavonols, kaempferol (K) and 
quercetin (Q), are indicated. (C) RNA gel blot 
analysis of ODO1 in developing Mitchell 
flowers. Abbreviations: Fl, flower; CHS, 
chalcone synthase. Hybridization with 18S 
rRNA is shown to illustrate the loading of the 
gels. 
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Mitchell (Figure 8B). An explanation for this phenomenon could be that flavonols and 

anthocyanins are produced early in flower development. Indeed, expression of chalcone 

synthase (CHS), a key enzyme in colored compound production, is highest in developing 

flower buds, while ODO1 is first expressed in mature flowers (Figure 8C). Flavonols and 

anthocyanins are sequestered in the vacuoles and are stable during the lifespan of the 

flowers (Jonsson et al., 1984).  

 

ODO1 suppression affects scent production in Petunia hybrida cultivar V26 

To investigate whether ODO1 can regulate scent production in another petunia cultivar, we 

made crosses between the violet P. hybrida cultivar V26, which emits a different blend of 

volatile benzenoids than Mitchell (Figure 9), and the white RNAi lines 3,35, and Mitchell. 

The pink flowers from the F1 plants of crosses between Mitchell and V26 produced a 

volatile profile that was intermediate in quantity in comparison with Mitchell (Figure 9). 

The F1-progeny of crosses between the RNAi line 35 and V26 maintained their pink 

colored flowers (Figure 10), while emission of all benzenoids was significantly reduced 

compared to the cross 

between Mitchell and V26. 

This is illustrated for 

phenylacetaldehyde, which 

is emitted in higher amounts 

by V26 than Mitchell, and 

isoeugenol, which is emitted 

in higher amounts by 

Mitchell than V26 (Figure 

11A). The reduced emission 

of volatile benzenoids in the 

RNAi line 3 x V26 progeny 

correlated with a reduction 

in ODO1 expression (Figure 

11B), compared to the 

progeny of Mitchell x V26. 

Thus ODO1 expression is 

required for scent production 

in at least one other colored 

petunia cultivar.  
Figure 9. Emission of benzenoids is reduced in the F1 progeny of a cross 
between RNAi line 35 and V26 compared to a cross between Mitchell and V26. 
Typical and representative GC-TOF-MS chromatograms of volatile benzenoids 
emitted by Mitchell, V26, Mitchell x V26 and RNAi-line 35 x V26. 
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Discussion 

ODO1 expression precedes volatile benzenoid emission 

In this study, the power of a targeted transcriptomics approach to unravel the regulation of a 

specific biosynthetic process in plants is illustrated by the discovery of the MYB 

transcription factor ODO1. Through differential hybridization of a highly specific cDNA-

microarray of petunia petal tissue that had just started to emit volatile benzenoids (Verdonk 

et al., 2003; Chapter 2), we were not only able to identify ODO1, but also a set of cDNAs 

encoding biosynthetic enzymes such as BPBT, EPSPS, DAHPS, CM and PAL. This 

confirmed our previous result that several genes in the shikimate pathway are 

transcriptionally regulated (Verdonk et al., 2003; Chapter 2) and corroborated the finding 

that the biosynthetic gene BPBT is regulated at the transcript level (Negre et al., 2003; 

Boatright et al., 2004). 

 

The expression pattern of ODO1, as determined by RNA gel-blot analyses, displays all 

characteristics predicted from a scent regulator.  First, it is only expressed in the tube and 

limb of the petals (Figure 1C), the two tissues responsible for scent production (Verdonk et 

al., 2003; Chapter 2), which specifically express BSMT and BPBT (Negre et al., 2003; 

Boatright et al., 2004). Second, its increase in transcript levels precedes the emission of 

volatile benzenoids (Figures 1A and 1B).  Third, its transcripts levels decrease when scent 

emission decreases (Figures 1A and 1B), thus showing a rhythmic expression pattern that 

Figure 10. Petals of a cross between W115 and V26 with 
normal benzenoid emission levels and between RNAi line 
35 and V26 with reduced benzenoid emission levels. 
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correlates with scent production.  Fourth, its rhythmic expression correlates with the 

rhythmic expression of EPSPS, DAHPS, CM and PAL (Verdonk et al., 2003; Chapter 2), 

and fifth, its transcript levels in the non-fragrant W138 are only 10% of those in Mitchell 

(Figure 1D).  

 

ODO1 is distinct from other floral MYB proteins. 

ODO1 belongs to the large family of R2R3-type proteins (Figure 2), but its C-terminus 

seems to be unique since it shows no similarity to available sequences in the NCBI 

databases. Two MYBs from Arabidopsis (AtMYB42 and AtMYB85) and one from 

Pimpinella brachicarpa show the highest overall percentage similarity with ODO1. 

Remarkably, sixteen of the highly variable amino acids in the R2R3 domain (Stracke et al., 

2001) are conserved in these four proteins. This puts these four MYBs apart from those 

regulating anthocyanin and phenylpropanoid production.  

 

Since the discovery of the first R2R3-type MYB gene 

in plants, the anthocyanin regulatory gene C1 in maize 

(Paz-Ares et al., 1987), other R2R3-type MYB genes 

in plants have also been shown to regulate 

anthocyanin synthesis (Sainz et al., 1997; Borevitz et 

al., 2000; Kobayashi et al., 2002) and 

phenylpropanoid metabolism (Hemm et al., 2001; 

Stracke et al., 2001); to activate PAL promoters 

(Sablowski et al., 1994; Yang et al., 2001); and to 

determine cell fate (Lee and Schiefelbein, 2001; Wang 

et al., 2004). However, we have shown that ODO1 is a 

MYB that exerts influence over multiple genes 

involved in generating precursors for volatile 

benzenoid biosynthesis (Figure 6A). Two MYBs have 

been identified in fragrant red roses (Guterman et al., 

2002), which also produce volatile benzenoids. 

Figure 11. ODO1 regulates volatile benzenoids in the violet V26. (A) 
Quantified emission of phenylacetaldehyde and isoeugenol by V26, 
Mitchell (M), the F1 progeny of a cross between Mitchell and V26 
and a cross between RNAi line 3 and V26. An asterisk (*) denotes a 
significant difference between Mitchell x V26 and RNAi line 3 x 
V26 at P < 0.05 (Student’s t test; n = 4). (B) RNA gel blot analysis 
for ODO1 of the lines and crosses described in (A). Transcript levels 
of FBP1 are shown to illustrate the loading of the gel.   
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However, these MYBs have the highest similarity with GhMYB9 and PsMYB26, which are 

phylogenetically unrelated to ODO1 and which are likely to regulate phenylpropanoid 

genes involved in flavonoid synthesis (Figure 2).  

 

ODO1 regulates the floral shikimate pathway towards benzenoids 

Suppression of ODO1 expression in Mitchell had only one principal biochemical 

consequence, i.e., reduced emission – through lower production - of volatile benzenoids 

(Figure 5A and 5B). All measurable emitted volatile benzenoids, with the exception of 

methyl salicylate were severely reduced in the RNAi lines that showed silencing of ODO1. 

This suggests that ODO1 either regulates many biosynthetic genes coordinately or that it 

regulates the flow through the biosynthetic pathway by precursor regulation. The 

observation that benzenoids that are produced further downstream in the pathway (Figure 

6B) are more strongly affected by ODO1 suppression suggested the latter. RNA gel blot 

and microarray analyses confirmed that suppression of ODO1 expression resulted in 

downregulation of several genes from the shikimate pathway (Figure 6A; Table 2) and two 

newly identified members of the phenylalanine ammonia lyase family (PAL1 and PAL2) in 

petals. The expression of two genes directly involved in volatile production, BPBT and 

BSMT, was not reduced by ODO1 suppression (Figure 6A; Table 2).  

 

Evidence that ODO1 transcriptionally regulates the shikimate pathway was provided by the 

capacity of ODO1 to activate the EPSPS promoter in  Mitchell leaves (Figure 6C). Since 

the shikimate pathway is essential for plant life, this pathway will be regulated in tissues 

other than petals by transcription factors other than ODO1. This is likely to be so for the 

EPSPS promoter, which has been shown to contain multiple transcription initiation sites in 

leaves, but predominantly one site in petals (Gasser et al., 1988). At least one other 

transcription factor, the zinc-finger protein EPF1, binds to the EPSPS-promoter (Takatsuji 

et al, 1991).  

 

ODO1 suppression reduces benzoic acid levels 

The transcriptional downregulation of the shikimate pathway resulted in reduced levels of 

benzoic acid, which were 12 times lower in RNAi-line 3 than in Mitchell. This indicates 

that the transcriptional downregulation of the shikimate pathway has a direct effect on the 

levels of metabolites formed through this pathway and therefore on the levels of volatile 

benzenoids (Figure 5B), which are synthesized from these metabolites (Figure 6B). Thus 

the rhythmic regulation of the shikimate pathway by ODO1 is likely to result in the 

rhythmic accumulation of benzoic acid levels, regardless of the pathway through which it is 

formed, either non--oxidative or -oxidative (Boatright et al., 2004). Benzoic acid 
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accumulation is tightly and rhythmically controlled in snapdragon (Antirrhinum majus) and 

Nicotiana suaveolens as well, where it precedes the rhythmic volatile emission (Kolosova 

et al., 2001). This suggests a similar regulation of benzoic acid levels in these two species. 

It has been reported that the large amounts of benzyl benzoate that accumulate in Mitchell 

petals can be an intermediate between phenylalanine and benzoic acid (Boatright et al., 

2004). We have not investigated benzyl benzoate levels in petals, but the emission of 

benzyl benzoate from our Mitchell is substantial (approx. 5 µg/h/g flower). Benzyl 

benzoate emission is severely reduced by ODO1 suppression (Figure 5B) while BPBT is 

not affected (Figure 6A) or even slightly upregulated according to the microarray analysis 

(Table 2). The BPBT transcript levels correlate closely to benzyl benzoate accumulation 

that occurs rhythmically, similar to benzoic acid (Kolosova et al., 2001; Boatright et al., 

2004), suggesting that the substrates for BPBT are also reduced in the RNAi lines. 

 

Surprisingly, ODO1 suppression resulted in increased BSMT transcript levels (Figure 6A; 

Table 2). Since it has been shown that feeding phenylalanine to petals reduced BSMT 

transcript levels (Boatright et al., 2004), it might very well be that phenylalanine levels 

were lower in the RNAi lines leading to higher BSMT transcript levels. Apparently BSMT 

activity in the RNAi lines was not reduced since MeSA emission was not significantly 

altered by ODO1 suppression (Figure 5B). Since salicylic acid can be formed not just from 

benzoic acid, but also from chorismate (Wildermuth et al., 2001) (see Figure 6B), an early 

intermediate in phenylalanine biosynthesis, this intermediate might be less affected by 

ODO1 suppression. Moreover, salicylic acid is the preferred substrate of BSMT (Negre et 

al., 2003). In general, volatile emission of compounds further downstream in the 

biosynthetic pathway (Figure 6B) was more affected by ODO1 suppression. 

 

The microarray analyses also revealed that transcripts of genes from the SAM cycle were 

less abundant in the ODO1-suppressed lines (Table 2, Figure 6A). However, SAM and 

SAH levels were not affected, showing that the overall methylation status of the petals had 

not changed. The expression of SAM synthase is upregulated in  Mitchell at the onset of 

scent production (Verdonk et al., 2003; Chapter 2). Since fewer benzenoid precursors are 

present as substrate for methylation when ODO1 expression is suppressed, it is likely that 

additional SAM production is not required, and that therefore SAM synthase is not 

upregulated in the RNAi line, as is the case in the Mitchell wildtype.   

 

The benzoic acid levels that we measured were twice as high as reported previously 

(Kolosova et al., 2001) probably due to different culture and measurement methods. Our 

petunia plants were grown under a 16h light regime instead of a 12h light regime and 
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emitted twice the amounts of methylbenzoate than those reported previously (Kolosova et 

al., 2001; Negre et al., 2003), reflecting the higher amounts of benzoic acid. In addition, 

differences in methylbenzoate emission due to measurement methods cannot be excluded, 

since we measured excised flowers instead of flowers on living plants. Moreover, we 

noticed that shorter measurement periods (one hour) resulted in the detection of 

approximately 4-fold higher amounts of methylbenzoate than with longer measuring 

periods of 20 h (Figure 1B versus 5B), while the measured amount of isoeugenol was the 

same for both measurement periods. Negre et al. (2003) measured methylbenzoate over a 

period of 12 h, which might have resulted in an underestimation of the emitted amounts. 

Our  Mitchell plants also emitted isoeugenol, which was only detected inside petunia petals 

by Boatright et al. (2004), suggesting that the higher levels of precursors in our plants led to 

higher production of isoeugenol and therefore emission. We are convinced that isoeugenol 

is emitted by Mitchell since we measured isoeugenol emission from flowers on living 

plants (Verdonk et al., 2003; Chapter 2) and from cut flowers (Figures 1B and 5). However, 

we cannot exclude the possibility that the cultivar Mitchell (W115) that we used is different 

from the cultivar Mitchell used by (Negre et al., 2003; Boatright et al., 2004).  

 

Color and scent production occur at different developmental stages 

Since flavonols and anthocyanins are synthesized from coumaric acid (Figure 6B), one of 

the precursors upstream of the precursors for vanillin and isoeugenol, we envisioned that 

color could be affected by ODO1 suppression as well. However, several lines of evidence 

show that this is not the case. First, the RNAi lines still had the characteristic purple stripes 

in their tubes (Figure 8A). Second, the RNAi lines produced similar amounts of flavonols 

as  Mitchell (Figure 8B) Third, suppression of ODO1 expression in a cross between RNAi 

line 3 and the violet  V26 did not result in loss of color in the limbs, in spite of a significant 

reduction in volatile benzenoid emission (Figure 11; Figure 10).  Fourth, expression of the 

anthocyanin biosynthesis gene CHS occurs early during flower development before scent 

emission starts (Figure 8C). Expression of genes involved in anthocyanin biosynthesis in 

petunia petals have been shown to peak early during flower development just before 

opening of the flowerbud, when enzyme activities peak as well and to diminish at later 

stages (Gerats et al., 1983). Moreover, PAL1 and EPSPS are also expressed early during 

flower development, but expression increases when ODO1 is expressed (Figure 12). This 

indicates that color and scent are produced at different stages of development and are thus 

likely to be controlled differently. An interaction between color and scent production seems 

to exist in carnation (Dianthus caryophyllus), since modification of flower color 

(anthocyanins) by suppression of an enzyme in flavonoid biosynthesis increased the 

emission of methylbenzoate (Zuker et al., 2002). 
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We conclude that in Petunia hybrida  Mitchell, ODO1 is required for the regulation of the 

floral shikimate pathway that provides precursors for volatile benzenoids. Although we 

have shown that ODO1 is capable of activating the EPSPS promoter directly (Figure 6C), it 

remains to be investigated whether ODO1 interacts with specific sequences in promoters 

either alone or in concert with other regulatory proteins or whether it influences the activity 

of other transcription factors. Perhaps it would be useful to focus on anthocyanin 

biosynthesis in petunia petals, which is regulated by the R2R3-type MYB AN2, the basic 

helix loop helix protein AN1, and the WD40 protein AN11 (De Vetten et al., 1997, Spelt et 

al., 2000, 2002). The transcriptional network controlling scent production and emission can 

now be investigated using ODO1 as a starting point.   

 

Figure 12. PAL1 and EPSPS 
are already expressed early 
during flower development. RNA 
gel blot analysis for ODO1, 
PAL1 and EPSPS during flower 
development. Hybridization with 
FBP1 is shown to indicate the 
loading of the gel. 
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Materials and methods 
 
Plant material and transformation. 
Petunia hybrida cv Mitchell (also referred to as cultivar W115: P. axillaris x (P. axillaris x P. hybrida cv Rose of 
Heaven)), Petunia hybrida cv W138 and Petunia hybrida cv V26 plants were grown as previously described 
(Verdonk et al., 2003; Chapter 2). Plants bearing at least three mature flowers were used in all experiments. 
Transgenic petunias were obtained via Agrobacterium tumefaciens (strain GV3101 carrying plasmid pMP90) 
mediated transformation, by dipping leaf cuttings in bacterial cultures (o/n at 28 °C, 10x dilution). Transgenic calli 
were selected on MS-medium containing 150 mg/ml kanamycin, from which plants were subsequently regenerated 
(Lucker et al., 2001). Rooting plants were tested for the presence of the ntpII gene and of the RNAi construct 
using PCR. PCR-positive plants were transferred to the greenhouse. Plants were self-pollinated and the progeny 
showed segregation for kanamycin resistance and volatile benzenoid production.  
 
Selection and identification of ODO1.  
The construction, labeling and analysis of the petal-specific DNA microarrays (with 834 cDNAs) have been 
described previously (Verdonk et al., 2003; Chapters 2 and 3). These microarrays also contained 176 petunia DNA 
fragments and 427 tomato ESTs for unrelated experiments and were not included in the analyses. Three 
experiments compared: Mitchell petal limbs from 9.00h with those from 15.00h; petal limbs from 12.00h with 
those from 15.00h and Mitchell petal limbs from 15.00h with W138 (a non-fragrant cultivar) petal limbs from 
15.00h. cDNAs that were co-ordinately upregulated (K-means clustering, Spotfire software, Spotfire Inc., 
Sommerville, MA, USA) with scent emission and that were not upregulated in W138, were sequenced. We found 
153 differentials between 9.00h and 12.00h, 193 differentials between 12.00h and 15.00h and 253 differentials 
between Mitchell and W138. We sequenced 192 cDNAs in total since the clustering patterns indicated that several 
cDNAs were represented more then once, which was indeed the case even in our subselection (see Supplemental 
Tables 2 and 3 online). The sequences were compared to sequences in the NCBI and TAIR databases using the 
TBLASTX algorithm. One of them was identified as a MYB-homolog, ODO1, the subject of the studies presented 
here. In addition, DAHPS, EPSPS, CM, PAL1 and 2 and BPBT were also selected from these microarray 
experiments. For determining tissue specific ODO1 expression, a mature Mitchell plant from the growth chamber 
was dissected at 15.00h and directly frozen in liquid nitrogen. For the developmental analysis, buds were tagged 
when they were 0.5 cm long and flowers were tagged just before opening. These buds and flowers were harvested 
at 15.00h when they reached the right stage and frozen in liquid nitrogen. RNA gel blot analysis was performed as 
described previously (Verdonk et al., 2003; Chapters 2).  Specific 3’ UTR probes were used for PAL1 and 2.  
 
Phylogenetic Analysis 
Trees were generated from a Clustal W 1.8 alignment (See Supplemental Figure 1 online) using PAUP version 
3.1.1 (Swofford D.L. (1993) PAUP: Phylogenetic Analysis Using Parsimony, Version 3.1.1. Computer program 
distributed by the Illinois Natural History Survey, Champaign, IL, USA) with bootstrap analysis (n=100) using the 
heuristic type of search and retaining trees with a frequency of more than 50% (Jeanmougin et al., 1998). Trees 
were made monophyletic using human c-Myb as an outgroup and visualized as cladograms using Treeview 
software (http://taxonomy.zoology.gla.ac.uk/rod/treeview.html). 
 
Microarray experiments with RNAi plants 
Petal limbs of Mitchell and ODO1 RNAi line 3 were harvested at 15.00h from plants grown in the growth 
chamber. For each experiment, 4-5 petal limbs were pooled for RNA extraction. The RNA was additionally 
purified with the RNAeasy system (Qiagen). 25 g of total RNA was labeled with Cy3 and Cy5 as previously 
described (Verdonk et al, 2003). Incorporation of the Cy3 and Cy5 dyes was determined with a spectrophotometer 
(NanodropTechnologies, Rockland, DE, USA). The data in this article represent 3 hybridizations of 3 independent 
replicates including dye-swaps. Normalization, calculation of the average ratios and standard error, calculation of 
significance and control of the false discovery rate were all done as previously described by Kant et al. (2004) (see 
Supplemental Tables 2 and 3 online, http://intl.plantcell.org/cgi/content/full/17/5/1612). After the analysis, clones 
were selected on the basis of three criteria, the significance of the adjusted P-values ( < 0.05); the average signal 
to noise ratio of the spots had to be greater than five; and the minimal treatment to control ratio was set to > 1.5 or 
< -1.5 on the basis of our RNA gel-blot control experiments, which were performed with the same RNA as used 
for the microarrays, for ODO1, PAL1, EPSPS, SAM-synthase and BSMT. 
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Generation of the RNAi silencing construct.  
Two primers, including Gateway™ (Invitrogen Life Technologies, Carlsbad, CA, USA) adapters, were designed 
to amplify the region from nucleotide 703 to 1006 of ODO1. Forward primer: 5’-
aaaaagcaggctCACCACTGATGAATCCAAGC-3’; reverse primer: 5’-agaaagctgggtCCTGTTCTCTACGTTATC-
3’ (the lower case letters represent the adapters). The amplified PCR product was cloned in the pDONR207 vector 
and transferred to the RNAi-destination vector pK7GWIWG2(I) (whose nptII gene confers kanamycin resistance 
to plant cells; VIB, Gent, Belgium, who are kindly acknowledged) in E.coli DH5, as described by the 
manufacturer (Invitrogen life technologies). The construct was sequenced and subsequently transformed to A. 
tumefaciens GV3101 cells harboring plasmid pMP90 using standard molecular biological techniques. 
 
Sampling volatiles.  
Volatiles were collected by placing cut flowers in a small glass Erlenmeyer flask with water, which was placed in 
a 1-litre bottle that was subsequently closed with a lid containing a glass air inlet and outlet. Carbon-filtered air 
was fed into the bottles by applying a vacuum on the outlet of the bottle. The headspace of the flowers was 
collected during 1, 3 or 20 h by trapping the outgoing air on 150 mg Tenax TA in 5 mm wide glass tubes, thereby 
sampling 100 % of the volatiles emitted by the flowers. The Tenax was eluted with 2 ml pentane:diethylether (4:1) 
or diethylether that contained 8.37 ng/µl -terpinene as an internal standard. The volatiles in the eluent were 
analyzed through capillary gas chromatograph-mass spectrometry. One µl of the eluent was injected into an Optic 
(ATAS GL International, Zoeterwoude, NL) injection port at 50°C which was heated to 275°C at a rate of 4°C/s.  
The split flow was 0 ml min-1 for 2 minutes and then 25 ml min-1. Compounds were separated on a capillary DB-5 
column (10 x 180 µm, film thickness 0.18 µm; Hewlett Packard) at 40 °C for 3 min and then to 250°C  at30°C 
min-1 with He as carrier gas. The column flow was 3 ml min-1 for 2 min and 1.5 ml min-1 thereafter. Mass spectra 
of eluting compounds were generated at 70 eV (ion source at 200 °C) and collected on a Time-of-Flight MS (Leco, 
Pegasus III, St.Joseph, MI, USA) with a 90 s acquisition delay at 1597 eV, at an acquisition rate of 20 spectra s-1. 
Compounds were identified and quantified on the basis of synthetic external standards of known concentration and 
the internal standard and as previously described (Kant et al., 2004). Each plant line was measured at least three 
times. For each experiment the fresh weight of the flowers was determined.  
 
Benzoic acid , flavonol and SAM/SAH analyses.  
Benzoic acid levels were determined essentially as described by Zhang and Zuo (Zhang et al., 2004) with the 
following modifications. Flowers from 18.00h were boiled in 2 N HCl for 10 min after addition of 13C-benzoic 
acid as the internal standard, followed by extraction with ethyl acetate. Derivatized samples were analyzed and 
quantified by GC-MS as described for the emitted volatiles. Flavonols in the ethyl acetate extract were separated 
on Silica-TLC plates containing F254 as described by Koes et al. (Koes et al., 1995) and visualized under UV light 
(254 nm). Three independent experiments were performed. SAM and SAH levels were determined in extracts of 
petal limbs essentially as described by Struys et al. (2000). One petal limb was ground in liquid nitrogen before 
addition of 1.5 ml of ice-cold milli-Q water. This extract was subsequently centrifuged at 13,000g at 4°C and the 
supernatant used for the analyses. 
 
Transient expression assays by particle bombardment 
The EPSPS promoter was PCR-amplified from genomic Mitchell DNA with the following forward and reverse 
primers: 5’-GGTACAAATCTTGATTAGTCGGG-3’ and 5’-GTATCCCTTGAGCCATGTTGT-3’, followed by 
PCR reamplification with two nested primers: 5’-ggaattcTAAGTTTCAGGAAAAAAATGATGTG-3’ and 5’-
catgccatggTTGAAAGTAAAGATTGAGTC-3’ (the lower cases represent an EcoRI and NcoI restriction site 
respectively). The amplified fragment was used to replace the actin promoter XbaI-NcoI in pDMC207 (McElroy et 
al, 1995) so that the EPSPS promoter would drive GUS. The open reading frame of ODO1 was cloned in pGreen, 
which was modified to contain the 35S cassette from pMON999, so that ODO1 was driven by the 35S promoter 
and terminated by the nopaline synthase terminator. The transient expression assays by particle bombardment of 
Mitchell leaves were done as previously described (Quattroccio et al., 1993,de Vetten et al., 1997) with the 
modification that 1 micron gold particles were used in stead of tungsten. Gold particles for five bombardments 
were coated with 4 g reporter plasmid plus 1 g effector plasmid or 1 g Bluescript plasmid (Stratagene). 
Reporter gene activity, measured as glucuronidase enzyme activity was normalized to luciferase enzyme activity 
(LUC) expressed from a co-bombarded reference construct, which contained the luciferase gene driven by the 35S 
promoter. Relative activities were calculated by setting the ratio of EPSPS-GUS/LUC to 1, and subsequently 
expressing the other ratios relative to this. This was done separately for each experiment. Prior to statistical 
analyses, the relative data were arcsin-square root transformed to achieve normality. Data were evaluated using 
ANOVA followed by the least significant difference post-hoc analysis. 
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Accession numbers 
 

The sequences of ODO1 and PAL1 were submitted to the GenBank database (accession 

numbers AY705977 and AY705976 respectively). Partial sequences of PAL2, CM and 

DAHPS were submitted to the GenBank dbEST database (accession numbers CO805160, 

CO805161, and CO805162, respectively). The accession numbers for other sequences 

named in this manuscript are: For snapdragon AmMIXTA, X79108 and AmMYB305, 

JQ0958. For Arabidopsis AtMYB5 (At3g13540), U26935; AtMYB15 (At3g23250), 

X90384; AtMYB20 (At1g66230), AF062869; AtMYB42 (At4g12350), AF175999; 

AtMYB85 (At4g22680), AF175993; AtMYB101 (At2g32460), X90379; AtMYB108 

(At3g06490), AF262733; AtPAP1 (At1g56650), AF325123 and AtPAP2 (AT1G66390), 

AF325124. For cotton GhMYB9, AAQ62541. For human HsC-MYB, M15024. For tomato 

LeTHM16, X99210. For rice OsMYB51, AJ311051. For Pimpinella brachicarpa PbMYB, 

AF161711. For Petunia BSMT; AY233465; BPBT, AY611496; CHS, AF233638; EPSPS, 

M21084; FBP1, L10115; PhMYB1, Z13996; PhMYB2, Z13997; PhMYB3, Z13998; 

PhMYBAN2, AF146702 and PhSAMS, X82214. For pea PsMYB26, Y11105. For pine 

PtMYB1, AY356372. For maize ZmP, U57002 and ZmC1, M37153. 
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Abstract 

 
Overexpression studies on MYB transcription factors have helped to unravel the 
regulation of the anthocyanin and flavonoid biosynthesis pathway. The R2R3-MYB 
transcription factor ODORANT1 (ODO1) has been shown to activate expression of 
EPSP synthase, that encodes an important enzyme in the floral shikimate pathway 
leading towards volatile benzenoids in Petunia hybrida cv Mitchell flowers. Cyclic 
expression of ODO1 in petals limbs coincides with the rhythmic emission of 
benzenoids. We investigated whether flower specific overexpression of ODO1, using 
the FLORAL BINDING PROTEIN1 promotor, resulted in higher volatile emission. 
We observed that the overexpression was not very efficient, leading to an at most 
three fold increase in expression. The volatile profile of these flowers was altered in a 
way that could reflect the flux through the pathway, but was not markedly enhanced. 
Constitutive expression of ODO1 in Arabidopsis did not result in enhanced expression 
of the endogenous EPSP Synthase.  
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Introduction 

 

Benzenoids and phenylpropanoids are dominantly present in the scent of flowers (Knudsen 

et al., 1993). These molecules are all derived from the general phenylpropanoid pathway, 

which is also responsible for the biosynthesis of a wide range of other important secondary 

metabolites such as anthocyanins, flavonoids, lignins, and coumarins. Many genes for 

enzymes in the phenylpropanoid pathway and its subsequent branches are regulated by 

MYB transcription factors. 

 

MYB transcription factors contain a DNA-binding domain similar to that of the proto-

oncogene c-myb, and have been identified in all eukaryotes. The structural characteristic of 

MYB proteins is the DNA-binding domain, the signature of all transcription factor families. 

Additionally, MYBs can contain regions with the features of activator domains. MYBs 

from animals generally contain three repeats (R1, R2, and R3) in their DNA-binding 

domain, but that of plants usually consists of two imperfect repeats of approximately 50 

residues (R2, R3) (Martin et al., 1991; Stracke et al., 2001). 

 

In vertebrates, three different MYB genes are present in the genome, while invertebrates 

such as Drosophila contain a single member of the MYB family (reviewed in Davidson et 

al., 2005). In chicken, mice and humans, all three vertebrate MYB genes have been 

implicated in oncogenesis. Drosophila MYB is implicated in cell cycle progression 

(reviewed in Davidson et al., 2005). In plants, MYB proteins can be classified into three 

subfamilies depending on the number of repeats in the MYB domain: one, two or three. The 

family with two repeats, the R2R3-MYB proteins is by far the largest, for Oryza sativa (Jia 

et al., 2004), and maize (Zea mays; (Rabinowicz et al., 1999), a minimum of 80 R2R3-

MYB genes has been reported. In Arabidopsis, 126 R2R3-MYB transcription factors have 

been described (Kranz et al., 2000; Stracke et al., 2001). The first identified plant MYB 

gene was C1 from Zea mays that is required for the synthesis of anthocyanins in the 

aleurone (Paz-Ares et al., 1987). The C1 family (C1, Pl) of MYB transcription factors 

interact with basic helix-loop-helix (bHLH) type of transcription factors of the R family (R, 

B, Lc, Sn). Together they control the expression of the structural genes of the anthocyanin 

pathway in maize (reviewed in Koes et al., 1994). Both transcription factors need to be 

present in order to activate the anthocyanin genes (Roth et al., 1991). In petunia, a similar 

interaction has been found between the MYB transcription factor AN2 and the basic helix-

loop-helix AN1; together with a WD40 protein they control the transcription of a subset of 

structural genes from the anthocyanin pathway in petals, while in the anthers another MYB, 

AN4 has the same role (Quattrocchio et al., 1993; Quattrocchio, 1994; Quattrocchio et al., 
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1999; Spelt et al., 2000). Up until now, MYB genes have been shown to regulate different 

branches of the phenylpropanoid metabolism. To sum up some examples: in Arabidopsis, 

upregulation of the MYB transcription factor PAP1 activated phenylpropanoid biosynthetic 

genes (Borevitz et al., 2000), while in snapdragon flavonoid biosynthesis genes are 

activated by AmMYB305 (Sablowski et al., 1994). However, regulation by repression has 

also been reported; AtMYB4 represses the synthesis of sinapate esters, UV protection 

pigments (Jin et al., 2000). Lignification in pine is regulated by MYB transcription factors; 

PtMYB1 activates the PAL2 promotor in differentiating xylem (Patzlaff et al., 2003a), and 

overexpression of PtMYB4 increased transcript levels of lignin biosynthetic genes (Patzlaff 

et al., 2003b). In strawberry, the FaMYB1 transcription factor plays a key role in regulating 

the transcription of late flavonoid biosynthesis genes (Aharoni et al., 2001). Recently the 

MYB transcription factor ODORANT1 has been shown to regulate gene expression in the 

floral shikimate pathway; its down regulation resulted in a dramatic decrease of emitted 

volatile benzenoids (Verdonk et al., 2005). Next to their role in the phenylpropanoid 

pathway, MYB transcription factors have also been implicated in several other processes 

such as trichome development (Wang et al., 2004), lateral meristem formation (Schmitz et 

al., 2002), cold acclimation (Zhu et al., 2005) the formation of conical epidermal cells in 

petals (Noda et al., 1994; Mur, 1995), and the maintenance of the circadian rhythm, which  

is regulated by at least three MYB proteins (Hazen et al., 2005).  

 

Several approaches to manipulate the flavonoid pathway and other branches of 

phenylpropanoid pathway using MYB transcription factors have been described. The 

enhanced expression of the endogenous Arabidopsis MYB-like transcription factor PAP1 

resulted in the massive accumulation of lignin, hydroxycinnamic acid esters and flavonoids 

(Borevitz et al., 2000). By studying the transcriptome and the metabolome of these PAP1 

overexpressing plants, several genes with unidentified or putative functions, as well as eight 

new anthocyanin molecules were identified (Tohge et al., 2005). Another approach is the 

introduction of known transcriptional activators into other species. In tobacco, and 

Arabidopsis, the introduction of the maize C1 and R genes resulted in induced anthocyanin 

amounts (Lloyd et al., 1992). By engineering the expression of C1 and R in cultured maize 

cell lines, that do normally not express them, two anthocyanins that are predominantly 

present in differentiated plant tissues accumulated (Grotewold et al., 1998). The 

introduction of the maize Lc and C1 genes in the fruit of tomato upregulated the flavonoid 

pathway in tomato flesh, a tissue that normally does not produce any flavonoids (Bovy et 

al., 2002).  
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In this study, we present the attempts to overexpress the R2R3-MYB transcription factor 

ODORANT1 in petunia Mitchell, to manipulate the floral benzenoid pathway, and 

eventually alter the scent quantity and quality of flowers. We chose for a flower specific 

overexpression in petunia using the promotor of the FLORAL BINDING PROTEIN 1 

(FBP1) to drive the expression of ODO1. Furthermore, to investigate whether the shikimate 

pathway could also be upregulated in other plant species, a CaMV 35S promotor driven 

ODO1 was introduced into Arabidopsis plants. 

 

 

Results 
 

Flower specific overexpression of ODORANT1 

ODORANT1 expression in petunia Mitchell cycles, with maximum levels when the floral 

volatile benzenoids are produced; i.e. during the evening and night (Verdonk et al., 2003; 

Chapter 2, Fig. 3 and 4). It is first expressed in the late stages of development when the 

flower is fully opened (Verdonk et al., 2005, Chapter 4, Fig. 1). FLORAL BINDING 

PROTEIN1 (FBP1) is constitutively and highly expressed throughout flower development, 

and also when the flower is fully opened (Angenent et al., 1993). By using the FBP1 

promotor to drive ODO1 expression, we aimed to change the rhythmic scent emission to 

become continuous. The choice was made to transform petunia Mitchell and not the low-

fragrant petunia W138 cultivar, because W138 has up until now never been successfully 

transformed (R. Koes, pers. comm.). 

 

The 1.1 kb FBP1 promotor fragment was isolated by (Angenent et al., 1993), who also used 

it to drive the expression of the Arabidopsis SUPERMAN gene in transgenic petunia and 

tobacco (Kater et al., 2000). For our construct, the SUPERMAN open reading frame (ORF) 

was replaced with that of ODO1 so that it would be expressed from the FBP1 promotor 

(Fig. 1A). Petunia Mitchell leaf discs were treated with Agrobacterium tumefaciens 

containing the FBP1-ODO1-nos construct. Twenty independent lines were generated, and 

the presence of the construct was confirmed by PCR (data not shown). 

 

During the open stages of the flower, the expression of ODO1 is very high in the evening 

and night, but it is also still expressed early in the light period (Chapter 3, Verdonk et al., 

2005; Chapter 4). FBP1 is also expressed in the tip of early stage flower buds (Angenent et 

al., 1993). Therefore, we analyzed the expression of ODO1 in young flower buds (maximal 

2-3 cm long). In those tissues, the endogenous expression of ODO1 is at low level, and 

therefore an increase in expression from the transgene should be detectable.  
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The tips of young flower buds (2-3 cm) of 18 independent transgenic lines and of the wild 

type Mitchell were harvested at 13:00 h, RNA was extracted and an RNA gel blot analysis 

was performed. We chose this timepoint because ODO1 expression would be at its lowest 

point in its diurnal cycle (Verdonk et al., 2005; Chapter 4, Fig. 1B). In the young bud 

tissue, quantification of ODO1 expression relative to FBP1 revealed that in 10 of the 18 

transgenic lines, the expression was more than 1.5 fold elevated over the expression levels 

in Mitchell (Fig 2). In five lines the expression was lower than in Mitchell; relative ODO1 

expression varied between 0.5 to 3.1 fold over all 18 transgenic lines. Because we 

performed this blot only once, statistical significance of these results could no be 

determined. Headspace analysis was performed with fully opened flowers of six transgenic 

lines that had a significant increase of ODO1 expression (Fig. 2 and 3), and the volatile 

profile was compared with that of Mitchell. We performed the measurements on plants that 

had been grown in the greenhouse, but the measurements themselves were performed in a 

growth chamber. Volatiles of three cut flowers placed in a vial were trapped from 11:00 h 

until 15:30, the time that Mitchell normally produces very low levels of volatiles (Verdonk 

et al., 20003; Chapter 2; Verdonk et al., 2005; Chapter 4). The quantitative emission of five 

volatiles was determined: benzyl alcohol (BOH), phenylethylalcohol (PE), benzyl benzoate 

(BB), methyl benzoate (MeBA), and isoeugenol (IE).  

Figure 1. Schematic representation of the ODORANT1 overexpression constructs. (A) Schematic 
representation of the FBP-ODO1-nos cassette, and (B) of the 35S-ODO1-nos cassette. RB: right border, 
LB: left border, nptII: neomycin phosphotransferase, P nos: nopaline synthase Promotor, T nos: nopaline 
synthase Terminator. 
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The differences in emission between Mitchell and the transgenic lines were not significant 

for all of the volatiles, for all six transgenic lines (Fig 3). There was no correlation between 

the lines with increased ODO1 expression and the lines that emitted more volatile 

benzenoids. Lines 2-1, 2-10 and 2-18 had a clear increase of ODO1 expression (1.9 to 2.3 

fold), but no increased volatile emission (Fig. 3). Then, two lines (2-5 and 2-14) with 

increased ODO1 expression that had higher emission for PE, IE, and MeBA. Finally, line 

2-9 had the highest ODO1 expression compared with Mitchell, but only PE emission was 

elevated 
  

Figure 2: RNA-gel blot 
analysis of the expression 
of ODORANT1 compared 
with that of FBP1 in the 
tips of young flower buds 
(2-3 cm). Expression of 
ODO1 and FBP1 was 
quantified as described 
previously (Laxalt et al., 
2001), and the ratio of 
ODO1:FBP1 was 
calculated. All ratios are 
depicted relative to the 
ratio in Mitchell (M). 
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Overexpression of ODORANT1 in Arabidopsis 

Arabidopsis thaliana is a model plant for different fields of study. Its genome has been 

fully sequenced, and the availability of numerous T-DNA insertion lines 

(www.arabidopsis.org) caused an enormous leap forward in the understanding of plant 

physiological processes. In the field of volatile production the model plant has hardly been 

used to study floral scent, mainly because Arabidopsis has small flowers that produces only 

low amounts of volatiles (Vainstein et al., 2001). Furthermore, the floral scent of 

Arabidopsis consists of sesquiterpenes and monoterpenes, with a coplete absence of 

benzenoids (Chen et al., 2003). To investigate whether it is possible to scale up the flux 

through the shikimate pathway and perhaps subsequent benzenoid biosynthesis, transgenic 

Arabidopsis lines were generated with ODO1 driven by the constitutive CaMV 35S 

promotor (Fig 1B). To achieve this, the construct that previously had been used in 

bombardment experiments (Verdonk et al., 2005, Chapter 4), was used to transform 

Arabidopsis thaliana ecotype Colombia plants. Twenty-two independent transformants 

were obtained, and the presence of the transgene was confirmed by a PCR on genomic 

DNA (data not shown). Using RNA gel blots, the expression of the transgene in the leaves 

of the transgenic plants was analyzed. In two independent lines (2.1 and 27.3), ODO1 was 

indeed expressed (Fig 4).  

Figure 3: Quantified emission 
of volatile benzenoids and the 
expression of ODO1 by 
Mitchell (M) and six FBP1-
ODO1 overexpression lines (2-
1, 2-5, 2-9, 2-10, 2-14 and 2-18). 
The ratio of ODO1 expression of 
FBP1 expression as depicted in 
figure 2 are placed in relation to 
the volatile measurements. All 
values were calculated as a ratio 
of the value measured for 
Mitchell. For benzyl alcohol, 1.0 
corresponds with 1.12 µg / g 
flower / h; for phenylethylalcohol: 
0.7 1µg / g flower / h; for benzyl 
benzoate: 0.11 µg / g flower / h; 
for isoeugenol: 2.11 µg / g flower 
/ h; and for methyl benzoate: 2.61 
µg / g flower / h. Bars annotated 
with different letters indicate 
significant differences among 
lines (analysis of variance, P < 
0.1 according to least significant 
differences post-hoc analysis; M: 
n=6, 2-1: n=2, 2-5: n=3, 2-9: n=2, 
2-10: n=2, 2-14: n=4, 2-18: n=2). 
All experiments were performed 
with greenhouse-grown plants. 
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Because ODO1 has been shown to activate 

transcription of EPSPS (Verdonk et al., 2005, 

Chapter 4), we investigated whether the transgenic 

lines that expressed the ODO1 gene, had increased 

EPSPS transcript levels. The levels of EPSPS 

transcripts in Arabidopsis leaves were very low, 

and for the ODO1 expressing lines no increase was 

detected (Fig. 4). To test whether there would be 

an effect on the EPSPS activity, we sprayed the 

plants with a glyphosate solution since 

overexpression of petunia EPSPS in soybean and 

cotton resulted in glyphosate resistant plants 

(reviewed in Herrmann and Weaver, 1999). 

However, all Arabidopsis plants died. 

 

 

Discussion 
 

Flower specific ODO1 overexpression 

The overexpression of ODO1 in the FBP1-ODO1 transgenic lines is not really convincing 

based on the one experiment performed. The ratio of ODO1 expression over FBP1 in the 

tips of 2-3 cm long buds was determined, and a maximal increase of 3.1 fold was observed 

(Fig. 2). To be conclusive about whether there really is an increased expression of ODO1, 

the RNA analysis of the overexpression lines will have to be repeated. The choice to drive 

the ODO1 expression by the FBP1 promotor could also be a problem. Although the 

expression of FBP1 is high, it could be that higher expression levels are needed. The 

microarray experiment described in Chapter 3 can perhaps provide candidates with a 

constitutive high expression in petals. The acyl-coenzyme-A synthetase for example, has 

high expression levels throughout the day without an apparent cycle (Chapter 3, table 1). 

 

Still, an increase in expression of ODO1 was observed, but it is hard to explain the 

differences in emitted benzenoids by the overexpression lines, because they do not correlate 

with the overexpression. The ODO1 expression quantification however, was only based on 

one experiment. Therefore, the emission levels could perhaps better be observed alone. 

Nevertheless, the flux through the pathway is not reflected. IE and MeBA are products that 

are not synthesized further, and their emission was found to be significantly higher in two 

lines. While BOH, PE, and BB are emitted volatiles, they are also precursors for other 

Figure 4: RNA gel blot analysis of 
the expression of the ODORANT1 
transgene in Arabidopsis leaves. 
Expression analysis of ODORANT1 in 
4 transgenic lines compared with the 
Colombia ecotype (col-0). 
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benzenoids, BOH and BB emissions by the transgenic lines were never significantly 

different of Mitchell, but for PE, in three different lines, the emission was significantly 

elevated. When other structural enzymes of the benzenoid pathway will be identified, their 

activities during the diurnal cycle could perhaps explain this. For now, we can only 

conclude that there seems to be a slight effect on some of the emitted volatiles. It is clear 

that these experiments will have to be repeated, and perhaps another overexpression 

approach will have a better chance to succeed. Effects on another branch of the pathway, 

anthocyanin biosynthesis, are not expected in the petals, but the tubes and the anthers could 

have a higher supply of precursors for anthocyanin biosynthesis. We did not test this 

hypothesis however.  

 

Constitutive overexpression in Arabidopsis 

Introduced expression of ODO1 in Arabidopsis did not result in higher transcript of EPSPS. 

When ODO1 was over expressed in petunia leaves, an increased EPSPS activity was 

observed (Verdonk et al., 2005, Chapter 4, Figure 6C). It is possible that the EPSPS 

promotor is activated by a complex of transcription factors, as has been observed for the 

DFR promotor in petunia petals, which is activated by a complex of a MYB, a bHLH and a 

WD40 transcription factor (Koes et al., 2005). In petunia leaves, this other transcriptional 

activators could have been present, and form a complex with ODO1 that activated the 

EPSPS promotor.  In Arabidopsis, a similar complex might not have been formed, and 

therefore, no increase of the endogenous EPSPS transcript was observed. Overexpression of 

ODO1 in closer related species like tobacco or tomato might have more chance to succeed, 

but on the other hand, the introduction of the flavonoid pathway regulators C1 (a MYB) 

and Lc (a bHLH) from maize, a monocot, into tomato, a dicot, resulted in high 

accumulation of flavonols (Bovy et al., 2002). The introduction of C1, alone in tobacco 

however did not result in a higher flavonoid content, but when R (an bHLH) was also 

introduced, the anthocyanins accumulated massively (Lloyd et al., 1992). Similar 

mechanisms may play a role here as well. Future studies to find interactors of ODORANT1 

could elucidate the transcriptional activation mechanism that is required to activate the 

shikimate pathway. If ODO1 acts alone, it would be interesting to see if the two closest 

related Arabidopsis MYBs, AtMYB42 and AtMYB85 can activate the shikimate pathway 

genes.  

 

Constitutive overexpression of ODORANT1 was also attempted in petunia Mitchell plants, 

but from two different attempts, no plants with increased expression of ODO1 were 

obtained (data not shown). Furthermore, compared with other transformations performed at 

the same time, the yield of transgenic plants was surprisingly low (first attempt 2 lines, 
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second attempt 5 lines). Perhaps the ODO1 expression at early stages of development has a 

negative effect on the plants. The experiments with the FBP1-ODO1 overexpressing lines 

will have to be repeated to be conclusive, but there seems to be an effect of ODO1 on the 

emission of volatile benzenoids. The transformants that were yielded seemed to have a 

tendency for low ODO1 expression; therefore, an inducible promotor system might also be 

a tool to consider for the future. 

 

 

Materials and methods 
 
Construction of overexpression constructs of ODO1 cDNA 
The cDNA of ODO1 was excised from the phage library according to the manufacturers protocol (Stratagene, La 
Jolla, CA, USA). Then, the cDNA was cut out of the pBluescript SK(-) vector with SacI and EcoRV, and cloned 
between the SacI and SmaI site of the pSP72 vector generating the pSP72-ODO1 construct. The SUPERMAN-
insert was cut out of the FBP1-SUPERMAN-nos construct, using BamHI, then it was replaced with the BamHI-
BamHI insert containing the ODO1 ORF fragment from the pSP72-ODO1 vector, generating the FBP1-ODO1-nos 
construct so that ODO1 was driven by the FBP1 promotor and terminated by the nopaline synthase terminator 
(Fig 1A). The EcoRI-BamHI fragment containing the ODO1 ORF from the pSP72 vector was also cloned behind 
the 35S promotor in pGreen 1K (www.pgreen.ac.uk), which was modified to contain the 35S cassette from 
pMON999, as described by (Brandwagt et al., 2002) so that ODO1 was driven by the 35S promotor and 
terminated by the nos terminator (Fig 1B). 
 
DNA isolation and PCR analysis of transgenic plants 
Arabidopsis and petunia plants were grown on 0.5 x MS (Duchefa, Haarlem, The Netherlands) plates with a pH of 
5.8; supplemented with 50 µg/ml kanamycin. Seedlings (0.5 g) were frozen and homogenized using a pestle in an 
eppendorf after which 400 µl of extraction buffer (7 M Urea; 0.3 M NaCl; 50 mM Tris-Cl pH 8; 20 mM EDTA; 
1% laurosylsarcosine) was added. Two hundred µl buffer saturated Phenol (pH 7.5) and 200 µl CHCl3 were added, 
the mixture was shaken vigorously and incubated for 15 min at room temperature. The mixture was centrifuged for 
5 min, and 300 µl of the water phase was precipitated with 10% 4.4 M NH4Ac, pH 5.2 and 90% iso-propanol for 5 
min. After centrifuging for 5 min, the pellet was taken up in 100 µl Milli-Q (Millipore, Billerica, MA, USA) and 
precipitated in 10% 3M Kac, pH 5.5 and 1 volume of iso-propanol. The pellet was washed with 70 % Ethanol, and 
taken up in 20 µl 0.1 µg/µl RNAse A solution. Two µl of this solution was used for PCR. The presence of the 35S-
ODO1 construct was confirmed using a forward primer in the ODO1 ORF (5’-CAAAATGGGGATTGATCC-3’), 
and reverse primer in the nopaline synthase terminator (5’-GACTCTAATCATAAAAACCCA-3’). The presence 
of the FBP1-ODO1 construct was confirmed by using a forward primer in the FBP1 promotor (5’-
GAGGGGCTTTAATGCAGATGG-3’), and a reverse primer in the ODO1 ORF (5’-
GCATCACTAAGAAGGCC-3’). 
 
RNA isolation and RNA gel-blot analysis of transgenic Arabidopsis lines overexpressing ODORANT1 
Plants were grown in a growth chamber at 13 h light. After 4 weeks, leaves were harvested for RNA extraction. 
Leaf tissue (0.5 g) was frozen and homogenized using a pestle in a micro centrifuge tube. Then 1 ml of extraction 
buffer was added (38% phenol; 0.8 M Guanide Thiocyanate; 0.4 M Ammonium Thiocyanate; 0.1 M NaAc; 5% 
glycerol; pH 5). After 5 min of extraction 250 µl of CHCl3 was added and the mixture was shaken vigorously for 
15 s. The mixture was centrifuged for 5 min, and the water phase was precipitated with one volume iso-propanol, 
and incubated for 20 min at room temperature. Then, the mixture was centrifuged for 10 min, and the pellet was 
washed with 70% Ethanol, after which it was dissolved into RNAse free Milli-Q. The concentration was 
determined spectrophotometrically (Nanodrop Technologies, Rockland, DE, USA). For the isolation of RNA of 
the flower buds of the overexpression lines, one or two young buds of 2-3 cm were harvested and ground in liquid 
nitrogen in a 12 ml Polypropylene tube  (Cat No.163270, Greiner Bio One, Kremsmuenster, Austria) using a glass 
rod, using five times the volumes described above. Ten µg of RNA was taken up in 5 volumes reaction mixture 
(60% DMSO; 20% 6 M glyoxal (deionized); 12% 10 x BTPE; 4.8% Glycerol and 2% Ethidium Bromide (10 
mg/ml)), and incubated at 55 °C for 1 h. The RNA was separated on a BTPE gel (for 1 liter 10 x BTPE: 60 g/l Bis-
Tris; 30 g PIPES; 20 ml 0.5 M EDTA, pH 8). After that, the gel was blotted onto Hybond XL (Amersham, 
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Uppsala, Sweden) in 10 mM NaOH. The hybridization and preparation of radioactive probes and the 
quantification were performed as described previously (Laxalt et al., 2001). 
 

Volatile measurements 

Volatiles were measured and quantified as described previously by Verdonk et al., (2005; Chapter  
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CHAPTER 6. 

 
General discussion 

 
Floral scent mostly consists of three different chemical classes of molecules: terpenoids, 

benzenoids and fatty acid derivatives. In addition, nitrogen and sulfur containing molecules 

can be part of the bouquet. Floral scent plays an important role in the interaction with 

pollinators. Night-pollinated species, such as tobacco and petunia rely for the most part on 

scent to attract pollinators. 

 

Petunia is an excellent model system to study the production of floral volatile benzenoid 

molecules. The wild species Petunia axillaris is pollinated by hawk moths, which are 

attracted by a complex mixture of volatiles, mainly benzenoids (Hoballah et al., 2005). To 

study benzenoid biosynthesis, we used the Petunia hybrida cv Mitchell, a doubled haploid 

originating from a complex hybrid between P. axillaris and the petunia cultivar ‘Rose of 

Heaven’. It emits a blend of benzenoids similar to that of P. axillaris, but it has several 

advantages over the wild species: it exhibits superior fertility, growth, tissue culture and 

transformation abilities. Therefore, it has been a model plant for many laboratories, and has 

been well characterized at the genetic and physiological level (reviewed in Gerats and 

Vandenbussche, 2005). 

 

Benzenoids are derived from the shikimate pathway, the chain of reactions that connects 

primary metabolism with secondary metabolism. The shikimate pathway not only provides 

precursors for the biosynthesis of benzenoids, but also for all other phenylpropanoids, for 

example flavonoids and lignins (reviewed in Herrmann and Weaver, 1999). To study the 

characteristics of benzenoid biosynthesis in petunia Mitchell, we used a targeted 

metabolomics approach. By measuring the headspace of whole flowers and separate tissues, 

we determined that a mixture of at least twelve different benzenoids is produced, mostly in 

the petals. The emission of this mixture has a circadian rhythm with maximum emission at 

night, during the 5 to 8 days when the flower is open (Verdonk et al., 2003, Chapter 2). 

These findings were used to generate a dedicated microarray for the identification of genes 

involved in the production and regulation of volatile benzenoids. A collection of 

approximately 800 random clones from a cDNA library of petal tissue, harvested 

approximately 2 h before scent production was spotted onto microarray slides. The 

transcriptome of petunia Mitchell petals harvested in the afternoon was compared with that 
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of petals harvested in the morning, and with that of petals from the low-scent producing 

petunia W138 cultivar. From these experiments, we learned that the regulation of 

benzenoid biosynthesis is at the level of transcription. The data presented in Chapter 3 

illustrate that a targeted approach can yield interesting information. We identified several 

genes that are (putatively) involved in volatile biosynthesis and several other genes for 

which the function still needs to be established.  

 

Underwood (2003) used a microarray approach to analyze changes in gene expression 

during ethylene-induced senescence of petunia Mitchell flowers. For this, more than 3000 

unique ESTs from three different cDNA libraries (different developmental stages, ethylene-

treated, and pollinated flowers) were sequenced and amplified for the construction of 

microarrays. Then the transcriptome of whole flowers with and without ethylene treatment 

was compared. Several genes (e.g. PAL, BSMT, SAMS) that we now know are related to 

benzenoid production were found to be down regulated by ethylene. For our experiments 

we amplified only 800 random cDNAs from the tissue responsible for the production of 

scent, at the time when volatile biosynthesis had commenced and we identified more 

benzenoid synthesis related genes than Underwood (2003). This illustrates the advantage of 

a targeted transcriptomics approach, made feasible by our knowledge of the volatile 

emission pattern. Since our main interest was the production of volatile benzenoids by the 

petal limbs, we only analyzed the transcriptional differences in petal limbs just before 

benzenoids are produced. More extensive comparison of the transcriptome of early and late 

developmental stages of the petal, as well as the comparison of the low-scent producing 

petunia W138 cultivar, may still identify genes that are not differentially expressed during 

benzenoid formation, but are important for this process.  

 

One of the differentially expressed genes provided the opportunity to investigate the 

transcriptional regulation of the biosynthesis of benzenoids, because it encoded an R2R3-

MYB transcription factor. Analysis of its expression pattern revealed that it perfectly 

correlated with the developmental, circadian and tissue-specific benzenoid biosynthesis. 

Through silencing its expression, we learned that it was a regulator of the floral shikimate 

pathway that provides phenylpropanoid precursors for the biosynthesis of floral benzenoids 

(Verdonk et al., 2005; Chapter 4). Phylogenetic analysis of ODO1 in comparison with other 

MYBs involved in phenylpropanoid biosynthesis place ODO1 in a new subgroup of MYB 

transcription factors, together with two MYBs from Arabidopsis and one of Pimpinella 

brachycarpa (Verdonk et al., 2005, Chapter 4, Figs 2 and 3), all with unknown functions. 

MYB transcription factors are highly conserved in their DNA binding domain with a few 

variable residues (Stracke et al., 2001). In this new subgroup of MYBs however, there is a 
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high conservation in these residues. It is likely that they are functionally related. The 

functional relation of MYBs of different species has been shown for MYBs that act in the 

anthocyanin pathway. The anthocyanin pathway is regulated by a complex of a MYB 

transcription factor and a basic Helix-loop-helix transcription factor. These two 

transcription factors are highly conserved in their DNA binding domains, and their 

introduction in other species has been applied successfully (reviewed in Chapter 5). It 

remains to be determined whether ODO1 homologs could have a function in the regulation 

of the floral shikimate pathway. 

 

Similarities between the regulation of different branches of the floral phenylpropanoid 

pathways 

During different floral developmental stages, the shikimate pathway provides precursors for 

benzenoid, anthocyanin and flavonoid biosynthesis. In the early stages of flower 

development, the precursors are used for the biosynthesis of anthocyanins and flavonoids, 

which are stored in the vacuole (reviewed in Grotewold, 2004). Petunia Mitchell produces 

no anthocyanins in the petals because of a mutation in the regulatory AN2 gene. It does 

produce anthocyanins in the tubes, which are visible as characteristic purple stripes 

(Quattrocchio et al., 1999). In the ODO1-silenced lines, the content of flavonoids in the 

petals and anthocyanins in the tubes was identical to that of the wild type. Therefore, the 

regulation of the shikimate pathway by ODO1 seems to be specific for provision of 

precursors for the biosynthesis of floral volatile benzenoid molecules. This is corroborated 

by results from a cross of the violet-colored V26 line with ODO1 silenced Mitchell lines. 

V26 has dark colored petals, and produces a scent dominated by benzenoids (Chapter 4, 

figure 9, 10). The hybrids with reduced ODO1 expression had a strong reduction in 

benzenoid emission (Chapter 4, Figure 11). However, there was no difference in the color 

of the flower (Chapter 4, figure 10) and the coloration was independent of ODO1 

expression levels. 

 

In other plant species the flux through the different branches of the phenylpropanoid 

pathway may be regulated differently. In Carnation (Dianthus caryophyllus), the silencing 

of a gene in the anthocyanin pathway, flavone-3-hydroxylase (F3H), not only dramatically 

changed the color of the flowers, but the flowers also emitted more methyl benzoate than 

the control wild type plants (Zuker et al., 2002). It would be interesting to measure the 

volatile profiles of petunia mutants in the anthocyanin pathway. One could argue that the 

mutation AN2 might be the cause for the presence of volatile benzenoids in petunia 

Mitchell. The absence of anthocyanins synthesis might cause the precursors to be redirected 

to benzenoid production. This does not hold however, because the petunia V26 cultivar is 
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An2+ (Quattrocchio et al., 1999), and produces floral benzenoids in similar amounts as 

petunia Mitchell. 

 

The developmental separation of color (flavonoids, anthocyanins) and scent (benzenoids) 

production is not fully understood. It can be assumed that the precursors are diverted 

towards color during the early stages of development, and towards benzenoids once the 

flower is open. Chalcone synthase (CHS), a key enzyme of flavonoid biosynthesis (Koes et 

al., 1989), is expressed only in the early stages of floral development (Chapter 4, fig 8C). 

When the flower opens and starts to produce benzenoids, CHS expression diminishes, and 

the precursors can then be used to produce volatile benzenoids. ODO1 could be a key 

enzyme that regulates the flux towards the phenylpropanoid pathway. Enhanced expression 

of ODO1 coincides with the decrease of CHS expression (Chapter 4, Fig 8C). CHS 

expression is reduced by high trans-cinnamic acid (t-CA) levels (Loake et al., 1991) and 

these high t-CA levels could indirectly be caused by ODO1 activity. However, the t-CA 

levels in petals are around 10-6 M (Underwood et al., 2005) and this is below the levels 

needed for repression (> 10-4 M). There must be at least one other regulator of the floral 

shikimate pathway, because ODO1 silenced W115 x V26 hybrids did not have a more 

intense color. It is possible that ODO1 competes with another MYB in a complex that 

activates CHS transcription. 

 

There is a growing number of examples that the same WD40 and bHLH regulators in 

petunia control distinct processes by interacting with specific MYB proteins (Koes et al., 

2005). Together with different MYB proteins, they can activate anthocyanin synthesis, but 

also control acidification of the vacuole, and the color and the morphogenesis of the seed 

coat (Spelt et al., 2002). It is likely that ODO1 can also bind to the same bHLH and WD40 

regulators to activate the shikimate pathway genes when benzenoids are produced. It would 

be interesting to see whether ODO1 indeed interacts with bHLH and WD40 proteins. At the 

same time, transcriptional regulators of ODO1 itself will have to be identified to study how 

ODO1 expression is regulated. It remains to be seen how the shikimate pathway is 

regulated during the first stages of floral development, because two genes that have an 

important role in the production of phenylpropanoid precursors, (PAL) Phenylalanine 

Ammonia Lyase and EPSP (5-enolpyruvylshikimate-3-phosphate) synthase, are already 

expressed during those stages, while ODO1 expression was below our detection levels 

(Chapter 4, Fig 12). Another question that comes to mind is what regulates the expression 

of the structural benzenoid biosynthesis genes. Since benzoic acid/salicylic acid 

methyltransferase (PhBSMT) and benzyl alcohol/phenylethanol benzoyl transferase 

(PhBPBT) appear to be regulated at the substrate level (Chapter 3), it would be interesting 
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to know if that also holds for other, still hypothetical, benzenoid biosynthesis genes like the 

3-ketoacylthiolase and the acyl coenzyme A synthetase. Another interesting observation was 

the reversed circadian rhythm in expression, compared to Arabidopsis, of a group of genes 

(PAL, SHM, PP2C), while other known circadian regulated genes (DEAD/DEAH box 

helicase, Aquaporin) were not. The cause for this reversed circadian expression could be 

elucidated using ODO1. Analysis of the ODO1 promotor could shed some light on that 

question. In Arabidopsis, so-called evening and morning elements that have been identified 

in the promotors of circadian genes, only differ one nucleotide of each other (Michael and 

McClung, 2002). Interactors of similar elements in the ODO1 promotor can be identified 

and used to study the circadian rhythm. 

 

The use of genetics in pathway elucidation 

The increased expression of BSMT in the ODO1 silenced lines indicates that this is caused 

by low levels of its substrate, benzoic acid (BA). Moreover, W138 flowers that emit only 

traces of methyl benzoate have a high BSMT expression (J.C. Verdonk, unpublished data). 

This observation raises the question whether the restoration of high levels of BA in the 

petals of W138 will give rise to the production of methyl benzoate. The group of Cris 

Kuhlemeier at the University of Bern, Switzerland, has successfully generated a population 

of RILs of Petunia inflata inflata and W138, as well of P. axillaris parodii and W138. Two 

different scent loci designated SCE1 and SCE2 were identified, both on chromosome VII 

(Stuurman et al., 2004). Interestingly, introduction of the P. i. inflata and P. a. parodii 

SCE1 QTL alleles in petunia W138 resulted in a P. axillaris-like fragrance production. 

Thus, it seems that the structural genes responsible for the production of volatile 

benzenoids are present in petunia W138, although precursor biosynthesis is lacking. The 

identity of the genes responsible for the SCE1 and SCE2 QTLs is not known yet, but we 

predict that one of them is ODO1 and that the introduction of ODO1 in low-fragrant 

cultivars like W138 will have the same effect as the introduction of the P. i. inflata or P. a. 

parodii SCE1 QTL alleles.  

 

Manipulation of floral scent 

Although silencing of ODO1 proved its involvement in scent production, the identification 

of ODO1 as a shikimate pathway regulator gave us the opportunity to test the possibility to 

upregulate this pathway towards phenylpropanoid. Successful approaches to manipulate the 

phenylpropanoid content of several plant species by overexpression of involved genes have 

been reported for, amongst others, anthocyanins, flavonoids and lignins (Reviewed in 

Chapter 5). We attempted flower specific overexpression of ODO1 using a FLORAL 

BINDING PROTEIN1 (FBP1) promoter in petunia, and constitutive overexpression of 
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ODO1 using the Cauliflower Mosaic Virus 35S promotor in Arabidopsis (Chapter 5). The 

levels of ODO1 expression were not highly increased, however. In petunia Mitchell 

flowers, a small increase in some of the volatiles was observed, but further studies will have 

to be done to be conclusive about this. The FBP1 promotor that was used to drive the 

expression of ODO1 might not be strong enough. In transgenic Arabidopsis, although the 

ODO1 transcript was detected, an effect on the expression level of the shikimate pathway 

gene EPSPS that is transcriptionally activated by ODO1 in petunia (Verdonk et al., 2005; 

Chapter 4), was not observed. Furthermore, Arabidopsis flowers of ODO1 expressing 

plants with expression of ODO1 did not emit any benzenoids (data not shown). It is 

possible that ODO1 does not act alone to activate the shikimate pathway, and that co-

factors are missing in Arabidopsis. 

 

Manipulation of the biosynthesis of floral volatile phenylpropanoids and benzenoids has 

until now only been achieved by silencing of involved genes (Underwood et al., 2005; 

Verdonk et al., 2005). The engineering of floral scent has great potential; it could for 

example be used to improve crop yields. Fruit orchards in the United States, for example, 

are critically dependent on bee pollination, and a reduction in the number of visits by bees 

has caused a corresponding decrease in fruit yield (Vainstein et al., 2001). Enhancing 

volatile emission may attract more bees and thus prevent such losses. The manipulation of 

floral scent of ornamentals is also interesting because of their large economic importance; 

over $30-40 billion dollar worldwide (Zuker et al., 1998), and because many modern 

varieties lack a distinct scent. Finally, the metabolic engineering of fragrance could increase 

protection against pathogens and pests (Dudareva and Pichersky, 2000). However, there are 

several pitfalls that have to be overcome in successfully engineering the scent of flowers. 

 

Genetic manipulation of ornamentals is not as well developed as for most food crops, and 

when the technique is available, this may not apply for the elite varieties. In petunia there 

are large differences between the ability of a cultivar to be genetically transformed, for 

example, it seems impossible to transform petunia W138 Furthermore, each crop represents 

a small segment of a market that consists of hundreds of varieties representing many 

different species. Finally, regulatory costs are still too high to allow profitable introduction 

of genetically modified ornamentals. 

 

The first report of the manipulation of floral scent was the introduction of the Clarkia 

breweri gene encoding S-Linalool Synthase (LIS) in Petunia hybrida cv Mitchell (Lucker et 

al., 2001). The transcript of LIS was detected in all tissues of the plant, but almost all 
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linalool, a monoterpene, was converted into a glycosylated non-volatile form. With this 

study, a major problem in the manipulation of secondary metabolites was demonstrated. 

Similar results were obtained in kiwi fruits that were expressing a stilbene synthase; in 

these transgenic lines only the glycosylated form of the end product was detected 

(Kobayashi et al., 2000). It is possible that the introduced molecule is phytotoxic to the 

cells and therefore is converted into a glycosylated (non toxic) form of molecule. Therefore, 

developmental, or tissue specific overexpression approaches will have to be considered, 

when attempting to enhance the production of potentially toxic volatiles in plant cells.  

 

Another problem with the manipulation of floral volatiles is that scent is not stored like 

color, but emitted throughout the lifespan of the flower. In contrast with color 

manipulation, a small increase in scent will be difficult to notice. In order to have a lasting 

effect, there needs to be a continuous production of scent molecules. Petunia Mitchell 

plants, for example, have been reported to produce 20-140 µg of methyl benzoate and 

between 30 and 60 µg isoeugenol at the peak of emission (Reviewed in Schuurink et al., 

2005). To be able to emit such high quantities of volatile benzenoids, a massive supply of 

precursors is needed, and the flux through the pathway has to be substantially elevated. 

 

The group of David Clark at the University of Florida generated knock down lines for 

PhBSMT. In these plants, the level of methyl benzoate was decreased markedly (Negre et 

al., 2003; Underwood et al., 2005). The levels of the other volatiles, however, did not 

change. Therefore, it seems that benzoic acid (BA) is not freely available for conversion 

into other volatiles. The BA levels of these transgenic lines were not determined, but we 

predict that it accumulated, since the levels of other volatiles did not change. The 

overexpression of PhBSMT in petunia Mitchell did not lead to more methyl benzoate 

production (D. Clark pers. comm.). It has already been shown that BA is the limiting factor 

for the production of methyl benzoate (Kolosova et al., 2001). Therefore, to achieve 

increased MeBA production next to overexpression PhBSMT it will also be necessary to 

increase the amount of BA. 

 

BPBT has a more central position in the benzenoid pathway than BSMT. Benzyl benzoate, 

the most abundant product formed by BPBT, is a key intermediate, together with 

benzaldehyde, between phenylalanine and BA (Boatright et al., 2004). Transgenic RNAi 

lines with decreased PhBPBT expression had a strikingly altered volatile profile (R. Dexter 

and D. Clark, pers. comm., see chapter 3) that supports this role. It will be interesting to see 

what the effect of overexpression of PhBPBT is. In the future, the silencing of other 

structural genes will help us to improve our knowledge of the benzenoid pathway. The 
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introduction of modifications in the pathway could alter the flux of the available substrate 

through the pathway. An illustrative example could be the introduction of modifying 

enzymes such as isoeugenol methyl transferase (IEMT) from Clarkia breweri (Wang and 

Pichersky, 1998). This might result in the conversion of the substantial pool of isoeugenol 

into isomethyleugenol, and the traces of eugenol into methyleugenol, generating flowers 

with spectacular different fragrance. Isoeugenol is a very abundant volatile in the headspace 

of petunia (Underwood et al., 2005; Verdonk et al., 2005), Chapter 4) and is well perceived 

by humans compared with for example methyl benzoate. 

 

In conclusion, further characterization of ODO1 will help us to understand the regulation of 

floral benzenoid biosynthesis, but also the regulation of the shikimate pathway. The 

importance of all shikimate pathway derived secondary metabolites (e.g. flavonoids, 

benzenoids, lignins, coumarins, stilbenes) is high, manipulation of these metabolites could 

lead to interesting applications. 
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Samenvatting 
 
Seksuele reproductie draagt bij aan het behouden van genetische variatie binnen een 
populatie. De mannelijke en vrouwelijke seksuele organen zijn vaak gelokaliseerd in 
dezelfde bloemen. Dit zou altijd tot zelfbestuiving leiden. Om toch kruisbestuiving te 
stimuleren zijn bloemen van veel plantensoorten geëvolueerd om bestuivers te lokken die 
hun pollen naar andere planten kunnen overbrengen. Met hun felle kleuren, spectaculaire 
vormen, en/of de productie van geuren trekken ze potentiële bestuivers aan, die beloond 
worden voor hun hulp in de vorm van nectar. Deze bestuivers zijn vaak insecten; meestal 
bijen, hommels, vlinders of motten, maar er zijn ook gevallen bekend waar vogels en 
vleermuizen deze rol vervullen. Vaak is de relatie tussen de plant en zijn bestuiver zeer 
specifiek. 
  
Het werk dat beschreven wordt in dit proefschrift behandelt de geurproductie door bloemen 
van de Petunia hybrida cultivar ‘Mitchell’. Geurproductie heeft verschillende 
karakteristieken. De compositie, het ritme, het orgaan waar het gemaakt wordt, en het 
ontwikkelingsstadium waarin de geur uitgescheiden wordt, zijn allemaal eigenschappen die 
varieren en waarmee de bloem zich aan zijn specifieke bestuiver kan aanpassen. Dat deze 
verschillende eigenschappen aanpassingen kunnen zijn aan de verschillende bestuivende 
insecten wordt geillustreerd in twee ‘wilde’ petunia soorten. Petunia axillaris heeft slanke 
witte bloemen en wordt door motten bestoven, terwijl bijen de open, gekleurde bloemen 
van Petunia inflata bestuiven (zie Hoofdstuk 1, figuur 2). De door motten bestoven 
petunia’s hebben een sterke geur, die in een dag/nacht ritme wordt uitgescheiden met een 
maximale emissie rond middernacht. Dit correleert met het foerageergedrag van de motten. 
De gekleurde, door bijen bestoven soorten hebben geen ritmische emissie, en de geur is ook 
een stuk minder sterk. 
 
De bloemen van petunia Mitchel lijken op die van Petunia axillaris, en ook de geur is 
vergelijkbaar. Door gebruik te maken van een vezel bekleed met een polymeer van 
siliconen konden de bloemen van petunia Mitchell gemeten worden terwijl ze nog aan de 
plant vastzaten (zie Hoofdstuk 2, figuur 1). Vervolgens werden ze er geanalyseerd in een 
geavanceerde gaschromatograaf gekoppeld aan een massaspectrometer, waarmee de 
identiteit en de hoeveelheid van de verschillende geurstoffen kon worden vastgesteld. Deze 
methode gaf ons de mogelijkheid om verschillende aspecten van de bloemgeur van petunia 
te onderzoeken. De bloemblaadjes zijn voornamelijk verantwoordelijk voor de geur-emissie 
en de bloem begint pas te geuren als hij geopend is, met een maximale emissie in de nacht. 
De bloemgeur van petunia Michell bestaat voornamelijk uit een mix van 12 verschillende 
vluchtige benzenoid moleculen. Benzenoiden zijn zogenaamde phenylpropanoiden. 
Phenylpropanoids zijn betrokken bij houtvorming, de productie van kleurpigmenten, 
bescherming tegen UV licht, verdedigingsmechanismen tegen pathogenen; verder zijn er 
phenylpropanoids waarvan bekend is dat ze een medicinale werking hebben zoals 
salicylzuur. 
 
De verschillende karakteristieken van de bloemgeurproductie van petunia Mitchell zijn 
gebruikt om een strategie te ontwikkelen om genen te vinden die betrokken zijn bij de 
productie van benzenoiden, en bij de regulatie hiervan. De genen die tot expressie kwamen 
in de bloemblaadjes van volledig geopende bloemen, op het moment van de dag dat de 
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geurproductie van start ging, werden verzameld in een cDNA bank. Hierdoor werd een 
tijdsopname verkregen van alle genen die tot expressie kwamen tijdens de aanvang van 
geurproductie. Ongeveer 800 fragmenten werden uit deze bank geamplificeerd en op 
microarray glaasjes gespot. Deze microarrays werden gebruikt om de genexpressie in 
petunia bloemblaadjes op twee verschillende tijdstippen met elkaar te vergelijken. De 
genexpressie om drie uur ’s middags werd vergeleken met die van 9 uur ’s ochtends. Er zijn 
echter veel klokgenen die ritmisch tot expressie komen, maar niets met geur te maken 
hebben, deze zouden met deze aanpak ook als kandidaat kunnen opkomen. Om deze weg te 
kunnen strepen werd ook een vergelijking gemaakt met een petunia soort met weinig 
geurproductie, geoogst op hetzelfde tijdstip.  
 
De genen waarvan de expressie correleerde met geurproductie waren in twee groepen te 
ordenen. De eerste groep genen (DAHPS, EPSPS, CM en PAL1 en 2) is betrokken bij de 
productie van phenylpropanoiden. Phenylpropanoiden zijn afkomstig uit de shikimaatroute, 
een biochemische route die complexe stoffen maakt uit eenvoudige bouwstenen. De 
producten van twee genen (DAHPS en EPSPS) spelen een rol in deze shikimaatroute. 
Verder werden er nog drie genen (CM, PAL1 en 2) gevonden die coderen voor eiwitten die 
betrokken zijn bij de verbinding tussen de shikimaat route en de phenylpropanoid 
biosynthese. De verhoogde expressie van deze genen leidt er toe dat er, op het moment dat 
de geur aanvangt, genoeg bouwstenen zijn voor de biosynthese van vluchtige benzenoiden. 
De andere groep genen die een verhoogde expressie vertoonde op het moment van 
geurproductie, codeert allemaal voor eiwitten (SAMS, SAHC hydrolase, Methionine 
synthase, SHM1 en 4), die betrokken zijn bij de biosynthese van een methyldonor die nodig 
is om benzenoid moleculen vluchtig te maken. Zo wordt een van de belangrijkste 
componenten van de geur van petunia Mitchell, methyl benzoaat, gevormd door een 
verestering van benzoëzuur. Er werden verder nog enkele genen gevonden coderend voor 
eiwitten die mogelijk betrokken zijn bij de laatste stappen in de benzenoid biosynthese 
route (3-KAT, CoA- synthase). Verdere studies naar de enzymatische activiteit van deze 
eiwitten zouden deze functie kunnen bevestigen.  
 
Een van de meest veelbelovende kandidaten die naar voren kwam was een transcriptie 
factor van het R2R3-MYB type. Deze transcriptie factor leek betrokken te zijn bij de 
regulatie van de benzenoid biosynthese route in bloemen, en werd daarom ODORANT1 
(ODO1) genoemd. Het ritme van ODO1 expressie correleert met de emissie van de 
benzenoiden, en de expressie is ook enkel waar te nemen in de bloemblaadjes waar de geur 
geproduceerd wordt. Met behulp van transgene planten waarin de expressie van het ODO1 
gen was stilgelegd werd de rol van ODO1 in de benzenoid biosynthese route bevestigd. In 
alle lijnen met verminderde ODO1 expressie werden minder benzenoiden geëmitteerd door 
de bloemen (zie hoofdstuk 4, figuur 5). Verder bleken de genen waarvan de expressie 
correleerde met productie van vluchtige benzenoiden lager tot expressie te komen in deze 
transgene lijnen (zie Hoofdstuk 4, figuur 6). De promotor van een van de genen betrokken 
bij de biosynthese van de bouwstenen (EPSPS) werd specifiek geactiveerd door ODO1, 
waarmee een directe activatie werd aangetoond.  
 
Omdat geur en kleur beide gesynthetiseerd worden vanuit dezelfde 
phenylpropanoidbouwstenen, zou het kunnen dat niet alleen geur maar ook de kleur van 
bloemen zonder ODO1 expressie verminderd was. De bloemblaadjes van petunia Mitchell 
zijn echter wit, dus een vermindering was niet te zien. Om dit te onderzoeken werden 
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kruisingen gemaakt van een petunia met paarse bloemen met petunia Mitchell, alsmede met 
de lijnen met verminderde ODO1 expressie. Het nageslacht van beide kruisingen vormt 
bloemen met dezelfde roze kleur (zie Hoofdstuk 4, figuur 10), terwijl de geurproductie 
lager was in de kruisingen met de lijnen met verminderde ODO1 expressie. Verlies aan 
geur heeft dus geen invloed op de kleur! Dit kan worden verklaard doordat de biosynthese 
van kleur en geur is gescheiden in de ontwikkeling van de bloem. De biosynthese van kleur 
vindt plaats tijdens de vroege ontwikkelingsstadia van de bloem, en deze stopt al als de 
geurbiosynthese aanvangt. De activiteit van ODO1 levert enkel de bouwstenen voor de 
geurproductie, en hun productie wordt waarschijnlijk op een andere manier gereguleerd 
voor de kleurproductie.  
 
Tot slot werd met behulp van transgene ODO1 overexpressie lijnen gepoogd om de 
geurproductie te verhogen in petunia Mitchell. De transgene lijnen hadden echter geen 
significant vermeerderde ODO1 expressie. Metingen aan bloemen van deze lijnen wezen 
uit dat er in sommige gevallen een kleine vermeerdering van sommige vluchtige 
benzenoiden te zien was. Deze experimenten zullen echter herhaald moeten worden. De 
ontdekking van ODO1 zorgt voor vele mogelijke onderzoekslijnen voor de toekomst. Gaat 
ODO1 interacties aan met andere transcriptiefactoren in de cel, en zo ja welke? Is het 
mogelijk om de geur van de bloemen petunia of andere plantensoorten te veranderen? Kan 
deze ontdekking ook in andere planten gebruikt worden voor bijvoorbeeld 
smaakverbetering?  
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Dankwoord 
 
Ongeveer vijf jaar geleden begon ik met mijn promotie bij plantenfysiologie. Omdat ik daarvoor al 6 
jaar gestudeerd had op Anna’s hoeve, waarvan de laatste periode voornamelijk bij Plantfys en Fyto 
begon het eigenlijk als een thuiswedstrijd. Alleen het onderwerp van mijn onderzoek was me niet 
helemaal bekend; Petunia? Ik had tijdens mijn stage al wel met tomaat, tabak en Arabidopsis gewerkt, 
maar petunia was voor mij helemaal nieuw. Na de plantenbakken op de bruggen van Amsterdam en 
de hangbakken bij café Kalkhoven een beetje bestudeerd te hebben wist ik wat beter waarmee ik te 
maken zou krijgen. Het onderwerp vluchtige stoffen was ook helemaal nieuw voor me. Ons lab lag 
nog in de verbouwing en ik kreeg mooi de tijd om wat in te lezen en beter bekend te raken met het 
onderwerp. Maar toen het lab na een paar weken nog niet af was ben ik toch maar vast bij het buurlab 
van de lipiden met het practische werk begonnen.  
 
De onderzoeksgroep was ook helemaal nieuw. Bij Michel zou ik samen met Rob, Kai en Merijn de 
volatile groep gaan vormen. Rob, Kai en ik konden elkaar mooi leren kennen toen we naar een 
workshop in London gingen, toevallig (?) bij Laci waar ik ook stage had gelopen. Ik was echter een 
AIO van Arjen, die naast de directeur van het SILS tevens mijn prof was voor een dag in de week. Dit 
bleek in de praktijk wel lastig en al snel mocht ik bij de tomaten komen zitten tijdens de 
werkbesprekingen. Michel werd mijn andere promotor en kon mooi zijn voorliefde voor de genetica 
een beetje kwijt. Michel, van jou heb ik in het begin veel geleerd over genetica, en van het belang om 
goed te documenteren. Door de uitsplitsing van kleur in een van mijn kruisingen te analyseren konden 
we er gelukkig nog achter komen of het een selfing was en geen backcross. Met Arjen kwamen 
vergaderingen wat minder vaak voor, maar ze waren zeker altijd erg nuttig. Arjen had mijn project 
meegenomen van de Business Unit Bioscience op het PRI, waar ze er ook al een aantal jaren mee 
bezig waren geweest. Zonder de data van Ric de Vos en Harry Verhoeven en de medewerking van 
Reinoud Bouwer, Jan Blaas en Jacqueline Busscher had de Phytochemistry paper nooit gepubliceerd 
kunnen worden. Rob, aan jou heb ik echt een enorm fijne en goede begeleider gehad. Ik kon altijd je 
kamer binnen komen rennen, mijn handen nog nat van de proef waarover ik wilde vertellen. Later 
wilde je daar een iets gestructureerder geheel van maken, maar kon ik nog steeds altijd bij je naar 
binnen stormen. Ik heb enorm veel van je geleerd, de papers die we samen geschreven hebben 
zorgden ook wel voor wrijving tijdens de laatste dagen voor de deadlines, maar we konden dat 
achteraf steeds weer heel makkelijk relativeren. Ik hoop dat je met al de nieuwe mensen die gaan 
komen, of er al zijn, veel succes zult hebben  Ik weet zeker dat we goed contact zullen houden, al was 
het maar omdat ik ook aan de petuniageur blijf werken bij Dave. Michel en Rob wil ik nog extra 
bedanken voor het opofferen van een groot gedeelte van jullie laatste kerstvakantie Mede door jullie 
extra inspanning heb ik de deadline gehaald. 
 
De eerste maanden op het lab waren erg gezellig. Samen met Kai de microarray bij elkaar pipetteren 
was een feest, we zaten vaak tot laat in de avond op het lab om dan daarna nog even iets te eten of te 
drinken. Dat was voor een groot gedeelte ook ons sociale leven. Aan jou heb ik, nu we geen collega’s 
meer zijn, een hele goede vriend overgehouden. Volgens mij hebben we elkaar tijdens die sessies al 
gevraagd om elkaars paranimf te zijn en ik ben blij dat je naast me staat de 14e. Na een half jaar 
kwamen er nog twee ‘nieuwe’ AIOs bij, Bastiaan en Chris. Het kon niet stuk. We gingen in dezelfde 
trant door, de sfeer op het lab was uitstekend. Daar kwam nog eens bij dat alle proeven goed gingen. 
Er werd geborreld, op het dak, achter in de tuin, of gewoon in de kroeg. Steef was er al toen ik kwam, 
en na twee jaar kwam Loebas er ook nog bij, en op het allerlaatst Noemi. Het was echt geweldig 
motiverend dat er altijd wel iemand van deze groep buiten de ‘werktijden’ aanwezig was. In het 
weekend was de 2e etage van gebouw I altijd wel bevolkt terwijl de rest van het gebouw leeg en 
donker bleef, afgezien van die chinees op de eerste etage. Vooral het laatste half jaar was ik vaak in 
het weekend aanwezig en ik was zelden de enige. Ook als ik lang doorging met naast me een 
magnetronmaaltijdje of een pizza was ik meestal niet alleen. Vooral tijdens de kerstvakantie toen het 
vaak erg laat werd en de stress om dit boekje af te krijgen toesloeg, was het erg fijn dat Chris er ook 
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was zodat ik toch af en toe ff stoom kon afblazen. Als ik een keer tot laat bleef werken, was Chris er 
ook altijd. Die keer toen ik om 3 uur ’s nachts terug moest voor een tijdreeksje was het tof dat je 
meeging. Bastiaan kwam na twee jaar bij Kai en mij op de kamer. Je was een stuk lawaaieriger dan 
Gert-Jan, maar alles went. Het was fijn dat je af en toe op een stuk tekst van me wilde schieten. In het 
begin was dat vaak een spervuur maar heel leerzaam. Thanks buddy, en veel succes in NY, ik bezoek 
je daar zeker! Ik denk dat ik mijn handjes mag dichtknijpen met zulke fijne collega’s en hoop dat ik 
op mijn nieuwe werkplek in net zo’n gezellige groep terecht kom.  
 
De rest van de plantenfysiologengroep zorgden ook voor een goeie sfeer, met Martine, Ana, Bas 
(gouden tip om op phages te PCRen, en niet eerst al die 800 plaques te excisen, en tevens bedankt 
voor je labtafel!), de GFP boys Wessel en Rafa, de gist-verstekeling Edwin, Piet (die later ook een 
‘volatile’ werd), John, Christa (1973 rules!), Laura, Harold, Teun en m’n kamergenoot Alan, die nooit 
te beroerd was om een stuk tekst door te lezen, maar die voornamelijk vaak met een enorme grijns 
binnenkwam om weer een mooi verhaal te vertellen. Het was geen enkel probleem om tijdens de 
asbestverwijdering met de volatile groep op het lipide lab te werken, al was het wel een beetje krap. 
Na een half jaar kwam Gert-Jan ook bij me op de kamer. Met jouw ervaring en nuttige tips heb ik 
heel wat tijdwinst gemaakt, want een paar maanden in het lab besparen vaak een paar uur in de 
bibliotheek. Ik hoop dat we nog een keer een potje kunnen gaan snookeren voor ik uit Amsterdam 
vertrek. Rossana also joined the volatile group after a couple of years, and forced us to have our 
volatile meetings in english. It was also good to have a girl in our midst, which is always good for 
morale. Daarna kwam Saskia op de afdeling werken, en het was altijd erg leuk om even bij Sas en 
Christa op de kamer langs te gaan om even gezellig te ouwehoeren over werk of andere zaken. Auch 
Dörte und Christiane vielen Dank, Sie wahren immer sehr Freundliche Kollegen. Frau Dörte auch 
vielen Dank für die Hilfe mit meinen Experimenten, und viel Glück in Toulouse. Het was door de 
studenten, Diewertje, Elkske, Chunyu, Marie, Jin, Rinse, en Tu, altijd gezellig druk op het lab, veel 
succes met jullie carriere, wat jullie ook gaan doen. Tu, you were a great student to work with. It was 
a damn shame that we were skooped with our petunia cDNA clone for BSMT, but for the rest we had 
a good time, and I wish you good luck with your future career.  
 
Natuurlijk moest ik ook veel naar beneden om dingen te vragen (lees lenen) bij Fyto. Marianne en 
Petra, bedankt dat ik zo vaak buiten openingstijden kon langskomen voor enzymen want ik kwam er 
vaak te laat achter dat er weer wat op was. En ook met de rest, Ser, Wladi, Roos, Jack, Gerben 
(gelukkig nog een roker over), Ringo, Lotje, Willie, Mobien, Michiel, Frank, Harrold, Carolien, 
Klaas-Jan, en de inmiddels ex-fyto’s Hedwich en Sandra was het erg leuk om samen te werken, en 
lab-uitjes (toen we daar nog aan deden) te beleven. Bedankt ook voor de koekjes. Ook dank aan de 
mensen van de MAD, gelukkig kon ik altijd de sleutel lenen voor als ik na 4 uur nog even moest 
nanodroppen. Muus, Jurgo, Tessa, bedankt voor jullie hulp bij het opzetten van de microarray 
experimenten. Henk, Peter, en later Oscar bedankt voor de hulp met de bio-informatica en hier moet 
Merijn natuurlijk ook genoemd worden. Al was ik het wel van plan, ik heb nooit echt dat ‘R’ onder de 
knie gekregen. Verder waren er ook veel mensen verder weg in het gebouw, of zelfs in andere 
gebouwen waar ik graag even langs ging voor een praatje, Merijn, Michiel, Marieke, Joop, Sylvia en 
Kitty, het was altijd leuk om even te komen kletsen. Ludek, Harold, en Thijs, heel erg bedankt voor 
de goeie zorgen voor mijn hele kas vol met petunia’s. Jammer dat de experimenten met die 160 F2 
planten nooit echt van de grond zijn gekomen, want jullie hebben ze toch zo’n 3 jaar in leven weten te 
houden, en dat zouden ze nog zijn als ik ze niet getrashed had, klasse! 
 
Er werd ook veel gesport met de mensen van het lab. Mijn korfbal trainingen kwamen eigenlijk altijd 
ongelegen, meestal vanwege een borrel en moest ik uitleggen waarom ik in vredesnaam op korfbal 
zat. Toch heb ik altijd heel erg genoten van het korfballen, en ik wil graag mijn teamgenoten bij AW 
bedanken voor deze leuke tijd. Ik heb ook nog een blauwe maandag hardgelopen met Chris en Rob, 
maar dat ging me niet zo goed af; ik ben toch meer een sprinter denk ik. Squashen ging me beter af, 
met Sergio, Kai, Ringo, Chris, Wessel, Rob, Joop, Loebas, Harrold. Al zijn mijn winstpartijen op de 
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vingers van één hand te tellen. Met Chris, Ringo en later Mobien ging ik ook nog vaak naar het USC 
om lekker te knallen met de gewichtjes, en om heel hard te spinnen. 
 
Ook de mensen van de VU ben ik natuurlijk veel dank verschuldigd, Ronald en Francesca bedankt 
voor de tips voor het opzetten van de experimenten. Ook dank voor de vele planten die ik bij jullie 
kon ophalen om ze na ongeveer 20 jaar weer eens naar de UvA te brengen. Kees en Walter bedankt 
voor het leren hoe ik transgene planten moest maken, en Francesca ook nog eens bedankt voor je hulp 
bij de particle bombardement proeven. De rest van de groep bedankt voor de gastvrijheid als ik weer 
eens langs kwam. Ik wil ook graag de mensen van de sequence facility op het AMC bedanken. Frank 
voor het aanbod om de eerste 96 sequentie reacties voor me te doen zodat ik kon kijken of het beviel; 
dat deed het zeker. Sindsdien komt er elke week een grote lading reacties jullie kant op. Zonder de 
mogelijkheid om zo veel te sequencen had mijn onderzoek zeker een andere loop genomen. De rest 
van de afdeling, Nico, Juul en Coby, ook bedankt voor het geduld als ik m’n eppen weer eens 
verkeerd had gecodeerd, of de 10 µl water er nog niet had bijgedaan. I also want to thank Dave, 
although we started as competitors at our first Petunia days in Verona, the next one in Muerten we 
had a great time. Because we were the first speakers on the first day (like in Verona my presentation 
was scheduled before yours), we were free of stress and we could do a lot of ‘talking’ in the pub the 
first night. Unfortunately, we missed the talks the next morning, but were just in time for the wine 
tasting afternoon. In the end you finally convinced me to come to your lab, and I’m looking forward 
to work with you the next couple of years, and I hope it will be a great and successful experience. 
 
Muziek is erg belangrijk voor me, en tijdens het doen van proeven was het ideaal om nieuwe (meestal 
eigenlijk oude, maar in ieder geval onbekende) muziek te checken. Als Piet’s klassieke muziek na 10 
uur uit mocht was het dan meestal nogal lawaaierig op het lab. Bastiaan, Kai, Chris en ik hebben denk 
ik een vrij verschillende smaak van muziek, maar er is toch wel een soort cross-over blend ontstaan in 
al onze smaken denk ik. Ik heb in verschillende bandjes gezeten tijdens de laatste paar jaren, maar de 
scientific jam met Bastiaan, Edwin, Merijn S, Steven en Jonas was toch wel de leukste, en ik hoop dat 
jullie een nieuwe drummer en bassist vinden en ermee door gaan, wie weet kan ik dan over een paar 
jaar weer mee doen. 
 
Dan mijn vriendjes, m’n makkers en m’n vriendinnetjes René, Pieter, Chiel, Regina, Kunkun, Rae, 
Remco, Jonas en Aliz, Adger, Jaromir, Sofie en Sim (bedankt, voor je hulp bij het maken van het 
omslag, je hebt prachtige foto’s gemaakt), bedankt voor jullie vriendschap, interesse en steun al die 
jaren. De zoete invallen bij mij thuis in het weekend vergeet ik nooit. Reneetje en ik maakten dan 
voor iedereen lekker eten, dan zaten we vaak tot diep in de nacht te ouwehoeren. Ik zal jullie allemaal 
verschrikkelijk gaan missen als ik in Florida zit, en ik hoop dat jullie de tijd kunnen vinden om langs 
te komen.Verder hebben we de laatste vijf jaar samen ook veel tijd in café Kalkhoven doorgebracht. 
Lippie, Wil, Huub, Dave, Dien, Melina, en natuurlijk Pietje, bedankt voor de gezelligheid. Ik hoop 
dat het lukt om de komende jaren terug te komen op Koninginnedag om samen met Pietje achter de 
buitentap te staan.  
 
Mijn andere paranimf, Niels, mijn grote broertje. Ik vind het jammer dat we 
elkaar niet zo heel vaak zien. We zijn allebei druk, maar als we elkaar zien is 
het eigenlijk altijd meteen als vanouds. Er is een kans dat jij en Sandra niet 
bij mijn verdediging zullen zijn omdat Sandra dan ongeveer is uitgerekend. 
Ik ben heel erg blij voor jou en Sandra, en ik zal ervoor zorgen dat ik elk half 
jaar terug kom om mijn neefje of nichtje te zien opgroeien. Als allerlaatste 
wil ik mijn ouders bedankt, De liefde voor jullie Amsterdam zorgde er 
gelukkig voor dat jullie vaak langskwamen. Ik zal jullie gaan missen als ik in 
de VS zit, maar ik weet zeker dat jullie langskomen, echt wat voor jullie, het 
barst van de VUTers in Florida! Ada en Cees, jullie steun, vertrouwen, 
interesse en enthousiasme hebben mij altijd enorm gemotiveerd en geholpen 
tijdens mijn leven, en ook mijn bij promotie. 
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