
UvA-DARE is a service provided by the library of the University of Amsterdam (https://dare.uva.nl)

UvA-DARE (Digital Academic Repository)

Floral scent production by Petunia hybrida

Verdonk, J.C.

Publication date
2006

Link to publication

Citation for published version (APA):
Verdonk, J. C. (2006). Floral scent production by Petunia hybrida. [Thesis, fully internal,
Universiteit van Amsterdam].

General rights
It is not permitted to download or to forward/distribute the text or part of it without the consent of the author(s)
and/or copyright holder(s), other than for strictly personal, individual use, unless the work is under an open
content license (like Creative Commons).

Disclaimer/Complaints regulations
If you believe that digital publication of certain material infringes any of your rights or (privacy) interests, please
let the Library know, stating your reasons. In case of a legitimate complaint, the Library will make the material
inaccessible and/or remove it from the website. Please Ask the Library: https://uba.uva.nl/en/contact, or a letter
to: Library of the University of Amsterdam, Secretariat, Singel 425, 1012 WP Amsterdam, The Netherlands. You
will be contacted as soon as possible.

Download date:24 May 2023

https://dare.uva.nl/personal/pure/en/publications/floral-scent-production-by-petunia-hybrida(69fcc0c3-e2bc-46e4-9ee2-8490d4e6ec40).html


 

 

CHAPTER 3. 

 
Transcriptional changes in pathways leading to benzenoid 

biosynthesis in Petunia hybrida 
 

 
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. (2006) 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 

 
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 
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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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