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1. Plant secondary metabolism 

 

At least 100.000 secondary metabolites have been identified from a relative small 

number of plants species, but a clear function for most of them remains unknown 

(Verpoorte, 1998). Secondary metabolites have established roles in plant 

defence against pathogens (Batz et al., 1998; Dixon, 2001; Huang et al., 2010a) 

and herbivores (Pare and Tumlinson, 1999), as animal attractants or repellents 

(Pichersky and Gershenzon, 2002), in plant-plant communication (Baldwin et al., 

2002; Kessler et al., 2006; Heil and Silva Bueno, 2007; Mirabella et al., 2008), 

and in abiotic stress responses (Dixon and Paiva, 1995; Fritz et al., 2006; Huang 

et al., 2010a). Their production often depends on the physiological and 

developmental stage of the plant and is triggered by biotic or abiotic interactions. 

Therefore it is highly coordinated and regulated.  In addition to their roles in plant 

biology and animal nutrition, they are also indisputably valuable as sources for 

chemical and biomedical applications (Li et al., 1995; Jang et al., 1997; 

Verpoorte et al., 2000; Forkmann and Martens, 2001; Oksman-Caldentey and 

Inze, 2004). The notion that secondary metabolites are functional in plant growth 

and development is becoming increasingly evident (Taylor and Grotewold, 2005). 

Therefore the term “secondary” in this thesis does not refer to a qualitative but 

rather to a structural feature, i.e. compounds produced by pathways starting from 

“primary” products. Indeed, secondary metabolites are generally produced from 

primary metabolism precursors such as amino acids, lipids and carbohydrates. 

The vast number of different secondary metabolites contrasts the relative small 

number of precursors they are derived from. In part this can be explained 

because biosynthetic enzymes belong to general classes, such as O-

methyltransferases and acetyltransferases, which can be promiscuous towards 

substrates (Dixon et al., 2001; Parvathi et al., 2001; Zubieta et al., 2002; 

Beekwilder et al., 2004; Guterman et al., 2006; Long et al., 2009). In addition, 

compounds can be produced via separate routes within a pathway or via 

separate pathways (Wildermuth et al., 2001).  

 The different classes of plant secondary metabolites are generally 

grouped according to the pathway they are derived from.  Most of these natural 

products originate from the alkaloid, isoprenoid, flavonoid or phenylpropanoid 

pathways. Alkaloids (De Luca and Laflamme, 2001) are N-containing compounds 
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with characteristic toxic and pharmacological properties, which are produced 

from various amino acids (Phe, Tyr, Trp, Lys and ornithine). Indole alkaloids are 

produced from Trp and terpenoids. Isoprenoids are common in all plants and 

have functions in both primary and secondary metabolism (Lange et al., 2000). 

They are produced from the C5 precursor isopentenyl diphosphate (IPP) either 

via the cytosolic mevalonate (Goldstein and Brown, 1990; Chappell, 1995) or the 

plastidial 2-C-methyl-D-erythritol 4-phosphate/1-deoxy-D-xylulose 5-phosphate 

(MEP/DOXP) pathway (Rohmer et al., 1993; Schwender et al., 1996; Lange et 

al., 1998), and include some photosynthetic pigments, plant hormones and 

terpenes. 

Phenylpropanoids are produced from L-Phenylalanine (L-Phe), which is 

produced via the shikimate pathway and aromatic amino acid pathway 

(Herrmann, 1995a; b; Herrmann and Weaver, 1999; Tzin and Galili, 2010). The 

basic C6-C3 carbon skeleton of L-Phe is modified in a series of complex branched 

pathways, leading to the production of diverse phenolic compounds including 

flavonoids, lignins, coumarins and benzenoids (Winkel-Shirley, 2001; Boerjan et 

al., 2003; Schuurink et al., 2006). Flavonoids are derived from malonyl-CoA and 

L-Phe and include flavones, flavonols, isoflavonoids, stilbenes, anthocyanins, 

condensed tannins and chalcones. They are involved in biotic and abiotic stress 

responses, and pigmentation in flowers, seeds and fruits (Winkel-Shirley, 2001; 

Koes et al., 2005). Phenylpropanoids are involved in development (Murphy et al., 

2000; Taylor and Grotewold, 2005) and their production is highly regulated by 

both biotic and abiotic factors (Li et al., 1993; Dixon and Paiva, 1995; Jin et al., 

2000; Huang et al., 2010b) and the developmental program (Martin and Gerats, 

1993). Fruit ripening, as an example, has been shown to involve an extensive 

reprogramming of the expression of phenylpropanoid genes, comprising 

flavonoid, monolignol and benzenzoid/phenylpropanoid metabolism (Boss et al., 

1996; Chen et al., 2006). The benzenoids and C6-C3 phenylpropanoid 

compounds that are found in fleshy fruits and contribute to their complex flavour 

are also found in floral bouquets (headspace).  
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2. Pollination syndromes and floral volatiles  

 

Plants have developed several ways to attract specific pollinators, collectively 

referred to as pollination syndromes (Faegri and Van der Pijl, 1979) (Stuurman et 

al., 2004). In addition to colour, shape, surface structure and nectar reward, 

many flowers produce volatile compounds. Distinct pollination syndromes have 

evolved in the genus Petunia. The white P. axillaris ssp. and coloured P. 

integrifolia spp. are pollinated by hawk moths and bees, respectively (Hoballah et 

al., 2005). In addition, many different Petunia x hybrida cultivars have been 

generated.  This has resulted in a large collection of fragrant and non-fragrant 

cultivars displaying floral colours ranging from pale white to violet and red 

flowers. The fragrant cv. Mitchell (Ausubel et al., 1980), also referred to as W115 

(white 115) from the Amsterdam collection (Figure 1a), originates from a 

complicated hybrid cross between P. axillaris (Figure 1b) and the cultivar ‘Rose 

of Heaven’ and is extensively used to study floral fragrance biosynthesis and 

regulation. Like P. axillaris, the floral volatile bouquets of P. hybrida cv. Mitchell 

and V26 (violet 26) (Figure 1) mainly consists of phenylpropanoid/benzenoid 

compounds, but the exact composition and ratio of the compounds between 

these flowers differs. The P. hybrida cv. W138 produces most of these 

compounds as well, but the overall output is lower (Stuurman et al., 2004). 

Contrary, the cv. R27 (red 27) does not emit detectable levels of floral volatiles 

(Van Moerkercke, unpublished results).   

Like other moth-pollinated plants, P. axillaris (and P. hybrida cv. Mitchell) 

emits volatiles in a rhythmic fashion, with levels rising from dawn until midnight 

(Verdonk et al., 2003; Hoballah et al., 2005) for most, but not all compounds 

(Simkin et al., 2004). Day-pollinated plants, like Anthrirrinum majus and certain 

Rose cultivars emit floral volatiles rhythmically with peak emission during the day 

(Kolosova et al., 2001a; Hendel-Rahmanim et al., 2007), corresponding with the 

activity of their pollinators. Some coloured P. integrifolia integrifolia spp. 

continuously emit benzaldehyde as a sole compound at levels comparable to 

those of P. axillaris axillaris N. (Hoballah et al., 2005). 
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Figure 1. Flowers of the different petunias used in this thesis. Petunia hybrida 

cv. Mitchell (a), P. axillaris axillaris N. (b), P. hybrida cv. V26 (c) and P. hybrida cv. 

R27 (d). The flowers of R27 are non-fragrant.  

 

  

 

Floral volatiles may mainly serve as cues to attract pollinators, they can 

also have a role in defence (Hoballah et al., 2005) or as repellents (Junker and 

Bluthgen, 2011). They are generally lipophilic compounds with low to medium 

molecular weight and high vapour pressure, and are wildly distributed across the 

plant kingdom (Knudsen, 2006).  Aliphatic compounds, terpenoids and 

phenylpropanoids/benzenoids constitute the largest classes of volatile 

compounds (Dudareva and Pichersky, 2006). Some of the compounds produced 

and emitted by flowers are also emitted by vegetative tissue (Gang et al., 2001; 

Gang et al., 2002). In C. breweri, benzylbenzoate emission from leaves could be 

induced after damaging but under normal condition is restricted to flowers 

(D'Auria et al., 2002). Generally, however, volatiles released from vegetative 

tissues serve to repel herbivores and to attract enemies of the herbivores 

(Kessler and Baldwin, 2001; Sabelis et al., 2001; Pichersky and Gershenzon, 

2002).   
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3. Floral volatile phenylpropanoid/benzenoid biosynthesis  

 

Phenylpropanoid/benzenoid compounds dominate the floral headspace of 

fragrant petunias (Verdonk et al., 2003; Hoballah et al., 2005).  Over 300 volatile 

phenylpropanoid/benzenoid compounds have been identified from floral 

headspaces (Dudareva and Pichersky, 2006). Given the relative small number of 

emitted compounds by petunia flowers, they are a suitable system to study the 

biosynthesis and regulation of this pathway. Volatile phenylpropanoid/benzenoid 

compounds emitted by fragrant petunias include the C6-C3 compounds eugenol 

and isoeugenol, the C6-C2 compounds 2-phenylethanol, 2-phenylacetaldehyde, 

2-phenylethylactate and phenylethylbenzoate, and the C6-C1 (benzenoid) 

compounds benzaldehyde, benzylalcohol, methylbenzoate (MeBA), 

benzylacetate, methylsalicylate (MeSA), benzylbenzoate and vanillin (Figure 2). 

In addition, petunia emits non-phenylpropanoid/benzenoid floral compounds, 

which might serve different function then attracting pollinators (Verdonk et al., 

2003; Simkin et al., 2004; Hoballah et al., 2005). The production and emission of 

these compounds requires the concerted action of many enzymes acting on 

different branches of the volatile phenylpropanoid/benzenoid pathway (Figure 2), 

which ultimately starts from primary carbohydrate metabolism.  

 

3.1 Precursor biosynthesis  

 

Phenolic compounds are derived from L-Phe, which is produced via the 

shikimate pathway and the aromatic amino acid pathway.  The shikimate 

pathway uses phosphoenolpyruvate (PEP) and erythrose 4-phosphate (E4P), 

which are produced in the glycolysis and the non-oxidative part of oxidative 

pentose phosphate pathway, respectively. The production of volatile 

phenylpropanoids/benzenoids requires a significant flux of carbon through the 

shikimate pathway and the carbohydrates fixed during photosynthesis must be 

transported to non-photosynthetic tissue such as flowers. The shikimate pathway 

ends with the production of chorismate, involving seven reactions catalysed by 

six enzymes (Herrmann and Weaver, 1999). Expressed sequence tags for 3-

deoxy-D-arabino-heptulosonate-7-phosphate synthase  
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Figure 2. Metabolic pathways leading to the production of volatile 
phenylpropanoids/benzenoids in petunia petals.  Volatile compounds emitted by 

Petunia hybrida cv. Mitchell are boxed in grey. Hypothetical enzymatic steps in 

petunia petals (single dashed arrows) were deduced from feeding studies and 
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radioactive labelling experiments (Boatright et al., 2004) and indicate as yet 

uncharacterised enzymatic steps. Solid arrows and enzymes shown in red indicate 

known steps in petunia. Enzymes in blue are characterised steps in other plant ssp. 

(At: Arabidopsis thaliana, Cb, Clarkia breweri, Am, Anthirrinum majus, Nt: Nicotiana 

tabacum, Sl: Solanum lycopersicon). Multiple dashed arrows indicate multiple known 

and/or unknown steps. Arrows in green indicate enzymatic steps involved in the 

CoA-dependent β-oxidative pathway.  

Abbreviations: DAHPS: 3-deoxy-D-arabino-heptulosonate-7-phosphate synthase; 

EPSPS: 5-enolpyruvylshikimate-3-phosphate synthase; CS:  chorismate synthase; 

ADT: arogenate dehydratase; CM: chorismate mutase; ICS: isochorismate synthase; 

PAL: phenylalanine ammonia lyase; C4H: cinnamate 4-hydoxylase; 4CL, 4-

coumarate CoA-ligase; PAAS: phenylacetaldehyde; PAR: phenylacetaldehyde 

reductase; AAE: acyl activating enzyme; KAT1: 3-ketoacyl-CoA thiolase; BADH: 

benzoic acid dehydrogenase; BPBT: benzoyl-CoA:benzylalcohol/2-phenylethanol 

benzoyltransferase; BSMT: S-adenosyl-L-methionine:benzoic acid/salicylic acid 

carboxyl methyltransferase; CFAT: coniferylalcohol by acetyl-CoA:coniferyl alcohol 

acetyltransferase; CCoAOMT: caffeoyl-CoA O-methyltransferase; IGS: isoeugenol 

synthase; EGS: eugenol synthase; BEAT: acetyl-CoA:benzylalcohol 

acetyltransferase; BZL: benzoate:CoA ligase. 

 

 

 

(DAHPS), 5-enolpyruvylshikimate-3-phosphate synthase (EPSPS) and 

chorismate synthase (CS) (Figure 2) have been identified in petunia petals 

(Verdonk et al., 2003; Spitzer-Rimon et al., 2010) and the contribution of EPSPS 

in floral fragrance biosynthesis was shown by its activation by the R2R3-MYB TF 

ODORANT1 (ODO1), a regulator of floral fragrance biosynthesis (Verdonk et al., 

2005). L-Phe is further synthesised via the aromatic amino acid pathway starting 

from chorismate (Tzin and Galili, 2010). Two flower-specific cDNAs, arogenate 

dehydratase (ADT) and chorismate mutase (CM), involved in L-Phe biosynthesis 

in petunia petals were identified and their products have been characterised 

recently (Colquhoun et al., 2010b; Maeda et al., 2010) (Figure 2). As L-Phe is 

used for protein synthesis and shared with other pathways, regulation of L-Phe 

utilisation is critical and many feedback loops in L-Phe synthesis have been 

shown in plants (Tzin and Galili, 2010).  
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3.2 The volatile phenylpropanoid/benzenoid pathway  

 

Structurally, the volatile benzenoids/phenylpropanoid compounds are 

categorised according to the length of the carbon side-chain attached to the 

benzene ring: C6-C1 compounds, C6-C2 compounds and C6-C3 compounds 

(Figure 2). In petunia, the first step for the synthesis of C6-C2 compounds 

involves a two-step reaction catalysed by the bifunctional phenylacetaldehyde 

synthase (PAAS), which converts L-Phe to 2-phenylacetaldehyde (Kaminaga et 

al., 2006). In tomato, aromatic amino acid decarboxylase (SlAADC) first converts 

L-Phe to phenethylamine, which is subsequently deaminated to 2-

phenylacetaldehyde (Tieman et al., 2006) followed by reduction to 2-

phenylethanol by 2-phenylacetaldehyde reductase (SlPAR) (Tieman et al., 2007). 

In rose flowers, a third route for 2-phenylethanol was suggested, involving 

phenylpyruvate and phenyllactic acid as intermediates (Watanabe et al., 2002). 

The gene for 2-phenylethanol production in petunia has not been identified. 2-

phenylethylacetate is likely produced from 2-phenylethanol by an 

acyltransferase, but genetic or enzymatic evidence in petunia is lacking. 

However, ectopically expression of a rose geraniol acetyl transferase in petunia 

petals resulted in an increased production of 2-phenylethylacetate but unaltered 

emission of 2-phenylethanol (Guterman et al., 2006), illustrating the promiscuity 

of certain enzymes towards multiple substrates. 

The first step in C6-C1 and C6-C3 biosynthesis is catalysed by 

phenylalanine ammonia lyase (PAL), which converts L-Phe to trans-cinnamic 

acid (t-CA) and competes with PAAS for the same substrate (Figure 2). The C6-

C3 carbons structure of t-CA needs shortening by two carbon atoms to produce 

C6-C1 compounds. Two basic pathways for the production of benzoic acid (BA) 

have been proposed in plants (Ryals et al., 1996) and labelling studies and flux 

analysis in petunia petals confirmed the involvement of a β-oxidative pathway 

and a non-β-oxidative pathway (Boatright et al., 2004) (Figure 2).  Whereas the 

β-oxidative pathway needs activation by CoA, the non-β-oxidative pathway in 

petunia petals may or may not involve CoA-activation (Boatright et al., 2004). 

Benzoyl-CoA and benzaldehyde are the principal intermediates for the β-

oxidative and non-β-oxidative pathways leading to BA, respectively, and their 
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identification has been used to confirm the involvement of either pathway 

(Wildermuth, 2006).  

The activity of some of the enzymes of the CoA-dependent non-β-

oxidative pathway has previously been detected in cell culture suspensions and 

cell-free extracts (Yazaki et al., 1991; Schnitzler et al., 1992; Abd El-Mawla and 

Beerhues, 2002), but the corresponding genes have remained elusive. It was 

estimated that the flux through the non-β-oxidative pathway is twice as large as 

the flux through the β-oxidative pathway (Boatright et al., 2004) and suppression 

of the flux to benzylbenzoate enhanced the flux through the non-β-oxidative 

pathway in the light period (Orlova et al., 2006). Ectopically and transiently 

expressed benzaldehyde dehydrogenase (BADH) from snapdragon increased 

free BA pools 2-fold in petunia flowers and the recombinant enzyme was able to 

convert benzaldehyde to BA in vitro (Long et al., 2009).  However, an increase in 

BA, and some products thereof, was only seen when the flowers were fed with 

benzaldehyde (Long et al., 2009). Feeding experiments in N. tabaccum with 

labelled benzaldehyde showed BA and subsequent salicylic acid (SA) production 

via benzaldehyde, suggesting non-β-oxidative production of BA (Ribnicky et al., 

2007). However, when radiolabelled L-Phe was fed, t-CA, BA and SA, but not 

benzaldehyde, were labelled (Ribnicky et al., 1998). Therefore, it was concluded 

that (1) BA production in tobacco occurred via the β-oxidative pathway and (2) 

the results previously obtained might have been an artefact of benzaldehyde 

feeding (Jarvis et al., 2000). In agreement with this, intermediates of the β-

oxidative pathway were detected in N. attenuata and Cucumis sativus L. plants 

and benzaldehyde in these plants is thus likely produced from BA and not the 

other way around (Jarvis et al., 2000). BA production in bacteria mirrors the β-

oxidative degradation of fatty acid degradation (Graham and Eastmond, 2002) 

(Figuur 3), and involves activation of t-CA and the production of benzoyl-CoA 

(Figure 3). Although in bacteria most corresponding genes have been cloned 

(Hertweck and Moore, 2000; Hertweck et al., 2001; Moore et al., 2002; Xiang and 

Moore, 2003), in plants they have remained uncharacterised. We identified and 

characterised a peroxisomal 3-ketoacyl-CoA thiolase (KAT1) (Van Moerkercke et 

al., 2009, CHAPTER 2) and a peroxisomal acyl activating enzyme (AAE) in 

petunia, which putatively activates t-CA (Figure 2 and 3) (Colquhoun and Clark, 
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personal communication).  Together, these experiments identified the CoA-

dependent β-oxidative production of benzenoids as the dominant pathway. 

 

 
 

Figure 3. Benzoyl-CoA production in petunia petals mirrors fatty acid 
catabolism. The three consecutive enzymatic conversions starting from trans-

cinnamic acid resulting in the production of benzoyl-CoA are similar to those of the 

general fatty acid catabolism and involve the action of a hydratase, a dehydrogenase 

and thiolase. The latter was identified in petunia petals.  

 

 

The benzoyl-CoA moiety is further used to produce volatile 

benzylbenzoate/phenylethylbenzoate from benzylalcohol/2-phenylethanol, 

respectively, catalysed by benzoyl-CoA:benzylalcohol/2-phenylethanol 

benzoyltransferase (BPBT) (Boatright et al., 2004) (Figure 2). BA could also be 

produced directly from benzoyl-CoA by the action of an acyl-CoA-thioesterase 

(Barillas and Beerhues, 2000; Tilton et al., 2004) and the reverse reaction in 

Clarkia breweri is catalysed by benzoate:CoA ligase (BZL) (Beuerle and 

Pichersky, 2002).  SA can be produced from BA by the action of 2-hydroxylase in 

tobacco (Leon et al., 1993; Yalpani et al., 1993; Leon et al., 1995; Sawada et al., 

2006; Yu et al., 2010) and L-Phe-derived SA production was shown in tobacco 
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and Arabidopsis by several reports (Jarvis et al., 2000; Huang et al., 2010b). 

Alternatively, SA production via isochorismate, involving isochorismate synthase 

(ICS), was shown in Arabidopsis (Wildermuth et al., 2001) (Figure 2). 

Methylbenzoate (MeBA) is produced by methylation of BA by S-adenosyl-L-

methionine:benzoic acid/salicylic acid carboxyl methyltransferase (BSMT) (Negre 

et al., 2002). This enzyme shows affinity for SA as well (Figure 2), but internal 

pools and emitted levels of MeSA are lower due to lower concentration of SA in 

petal cells (Boatright et al., 2004). Benzylacetate is produced from benzylalcohol 

by acetyl-CoA:benzylalcohol acetyltransferase (BEAT) (Figure 2) in Clarkia 

breweri (Dudareva et al., 1998). Similar as for the production of 2-

phenylethylacetate from 2-phenylethanol, benzylacetate could be produced from 

benzylalcohol by the action of a rose alcohol acetyltransferase (Guterman et al., 

2006). 

The first steps for the production of volatile C6-C3 phenylpropanoids are 

shared with the general phenylpropanoid pathway and involve the successive 

actions of PAL, cinnamate 4-hydroxylase (C4H) and 4-coumarate CoA-ligase 

(4CL) (Figure 2). In petunia, PAL and CH4 seem to be encoded by small gene 

families comprising three and two members, respectively (Colon et al., 2010; 

Colquhoun et al., 2010a).  As for other phenylpropanoid compounds, p-coumaric 

acid (Orlova et al., 2006) and possibly p-coumaroyl-CoA are intermediates for the 

volatile C6-C3 phenylpropanoids. Coniferylacetate is produced from 

coniferylalcohol by acetyl-CoA:coniferyl alcohol acetyltransferase (CFAT) (Dexter 

et al., 2007). Interestingly, accumulation of intermediates as a result of CFAT-

silencing resulted in reduced enzyme activities of BSMT and BPBT (Dexter et al., 

2007), illustrating the effect of perturbations in one branch of the pathway on 

another branch. Coniferylalcohol is also the precursor for the production of S-

lignin and G-lignin (Boerjan et al., 2003). Coniferylacetate is used by eugenol 

synthase (EGS) and isoeugenol synthase (IGS) to form the volatiles eugenol and 

isoeugenol, respectively (Koeduka et al., 2006) (Figure 2). The genes involved in 

the production of coniferylalcohol in petunia petals are unidentified and the exact 

route of its production is unknown. It is possible that the same genes responsible 

for coniferyl alcohol production for lignin biosynthesis are involved in production 

of C6-C3 compounds (Boerjan et al., 2003). With respect to this, we recently 

cloned an ODORANT1-dependent cDNA from petunia, which is predominantly 
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expressed in mature petals, encoding a putative caffeoyl-CoA O-

methyltransferase (CCoAOMT) that potentially methylates caffeoyl-CoA to 

feruloyl-CoA (Van Moerkercke, unpublished results). The pathway leading to 

vanillin, a minor component in the petunia headspace, is only partially 

characterised in plants. It is produced from p-coumaric acid (Podstolski et al., 

2002) and ferulic acid (Negishi et al., 2009), potentially involving a β-oxidative 

chain shortening leading to vanillin (Negishi et al., 2009), but a non-oxidative 

pathway was also proposed (Podstolski et al., 2002).  

 

 

4. Developmental, rhythmic and spatial production of volatiles  

 

4.1 Tissue-specific expression and transcript levels during flower development  

 

The phenylpropanoid pathway operates in roots, stems, leaves, seeds and 

flowers. In fragrant petunias, volatile compounds are produced and emitted from 

the flower petals. In which tissue the specific branches are expressed depends 

on the TFs that act tissue-specifically. As a result, all identified genes involved in 

floral volatile phenylpropanoid/benzenoid biosynthesis are predominantly 

expressed in petals, although transcripts have been detected in other tissues as 

well (Orlova et al., 2006; Dexter et al., 2008).  

The production and emission of floral volatiles is tightly regulated during flower 

development (Dudareva et al., 2000; Verdonk et al., 2003). Fragrance 

biosynthesis in a developing flower would lead to precursor competition with the 

production of pigments, which are produced during petal development (Martin 

and Gerats, 1993). Indeed, transcripts of chalcone synthase (CHS) peak early in 

flower development whereas transcripts of floral phenylpropanoid/benzenoid 

genes accumulate after anthesis (Verdonk et al., 2005). This implies the 

integration of flower opening, anthesis and fragrance biosynthesis, and requires 

the involvement of higher-order TFs, which co-ordinately regulate these 

processes. TFs that have roles in both development and secondary metabolism 

have been described (Montiel et al., 2007; Re et al., 2010). The ornamental 

tobacco MYB305 regulates genes involved in floral nectary production and 

phenylpropanoid biosynthesis, including PAL, NECTARIN (NEC) 1 and NEC5 



CHAPTER 1                                                                   

 20 

(Liu et al., 2009). Whereas MYB305 is expressed in early and late phases of 

flower development, its direct target genes NEC1 and NEC5 are expressed after 

anthesis (Liu et al., 2009). Stable silencing of MYB305 in ornamental tobacco 

resulted in a failure of petal opening, in addition to nectary deficiencies (Liu et al., 

2009), suggesting that in tobacco, MYB305 coordinates both flower opening and 

production of nectary. Recently, a homolog of MYB305 was identified in petunia 

(Spitzer-Rimon et al., 2010) 

Cis-regulatory sequences or promoter regions that determine flower-

specific expression in petunia have been identified. Generally they reside in the 

promoter along with cis-regulatory elements conferring expression in response to 

environmental and developmental cues and often, these elements confer 

expression to other (floral) tissues as well (Benfey et al., 1990; van der Meer et 

al., 1990; Solano et al., 1995a; Faktor et al., 1996; Hill et al., 1998; Hartmann et 

al., 2005; Geng et al., 2009).  The factors that bind to these elements in some 

case have been identified. For instance, the MYB.Ph3 TF binds to a MYB binding 

site in the promoter of flavonoid genes (Solano et al., 1995a; Solano et al., 

1995b; Solano et al., 1997). For the fragrance genes in petunia, these elements 

have not yet been identified.  

 

4.2  Rhythmic expression and the circadian clock  

 

The production and emission of floral volatiles is energetically demanding and is 

regulated with respect to the time of the day, such that maximal activity is 

adjusted to the activity of their pollinators. The co-ordinated expression of 

fragrance genes during the night and day can be facilitated by trans-factors that 

recognise the cis-elements in the promoters of these genes. Volatile emission in 

petunia and Anthirrinum peaks at night and during the day, respectively, and is 

dependent on an endogenous circadian clock. In addition, transcript levels of the 

genes involved in volatile fragrance biosynthesis accumulate rhythmically 

(Kolosova et al., 2001a; Verdonk et al., 2003; Colquhoun et al., 2010c). Rhythmic 

production and emission does not seem to result from rhythmic activity of the 

corresponding enzymes, but rather from the availability of substrates, which 

accumulate during the night in petunia and the day in Anthirrinum (Kolosova et 

al., 2001a; Maeda et al., 2010).  Enzymatic activities of BSMT, PAAS, PAL and 
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CM are high even when no volatiles are produced (Kolosova et al., 2001a; 

Dexter et al., 2007; Colquhoun et al., 2010b; Maeda et al., 2010), indicating 

relative constant protein levels that “override” the rhythmic expression of the 

biosynthetic genes. Whether protein levels of the TFs that regulate precursor 

availability follow rhythmic expression is unknown. The significance of these 

transcriptional patterns and ultimately how this complex transcriptional network is 

organised at the molecular level remains to be resolved.  

Genome-wide studies have shown that many genes of the 

phenylpropanoid pathway are under control of the circadian clock in Arabidopsis 

(Harmer et al., 2000), with peak expression predominantly in the evening and 

night.  Analysis of the promoter region of these genes showed an enrichment of 

certain motifs in these promoters.  One over-represented motif is the circadian 

clock associated 1 (CCA1)-binding site (CBS)-related evening element (EE: 

aAAATATCT), which in the right context (Michael and McClung, 2002) can confer 

evening-specific transcription (Carre and Kay, 1995; Wang et al., 1997; Harmer 

et al., 2000; Harmer and Kay, 2005).  Evening elements can be found in one or 

multiple copies in promoters of rhythmically expressed genes (Harmer et al., 

2000).  Some rhythmically expressed genes however do not contain EEs and 

thus evening-phased expression can be the consequence of other elements as 

well (Harmer et al., 2000).  EPSPS cycles in phase with the TF ODORANT1 

(ODO1) and ODO1 can trans-activate the EPSPS promoter in leaves (Verdonk et 

al., 2005). The promoter sequence of EPSPS does not contain EEs. This means 

that (1) evening-phased expression of EPSPS is not directed by EEs, (2) the 

putative EEs are located upstream of the investigated promoter sequence or (3) 

evening-phased expression of EPSPS is a direct consequence of the evening-

phased expression of ODO1, without the need for a direct link with a clock-gene. 

In the latter case, rhythmic expression of EPSPS could be linked with the clock 

via circadian expression of upstream regulators like ODO1.  

 

4.3 Transcription factors of the volatile benzenoid/phenylpropanoid pathway  

 

Where and when the specific branches of the phenylpropanoid pathway are 

active depends on the transcription factors (TFs) that activate the subset of 

genes specific for a branch (Stracke et al., 2007). Many R2R3-MYB TFs that 
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regulate the phenylpropanoid pathway have been identified (Dubos et al., 2010). 

For the production of flavonoids, these MYBs may interact with basic helix-loop-

helix (bHLH), basic region-leucine zipper (bZIP) and WD-repeat proteins 

(Hartmann et al., 2005; Koes et al., 2005; Hichri et al., 2011), in a tissue-specific, 

developmental and light-responsive manner (Hartmann et al., 2005). Specific 

subsets of MYB TFs may activate a specific branch of the phenylpropanoid 

pathway. For instance, the myb11/myb12/myb111 triple mutant is affected in 

flavonol, but not anthocyanin biosynthesis, and all three TFs activate flavonol 

genes in a tissue-specific manner in Arabidopsis wild type seedlings (Stracke et 

al., 2007).   

TFs that specifically regulate floral fragrance biosynthesis are 

predominantly expressed in petals (Verdonk et al., 2005; Colquhoun et al., 

2010a; Spitzer-Rimon et al., 2010), correlating with the tissue-specific expression 

of their target genes and emission of volatiles in petunia. TFs often co-ordinately 

regulate multiple genes of the same pathway (Hartmann et al., 2005) and TFs 

that regulate other TFs are of particular interest because they operate as master 

regulators of a pathway. Co-regulation of genes of different pathways, involved in 

the same process, can be facilitated by higher-order TFs. For instance, the 

simultaneous production and emission of floral phenylpropanoid and terpenoids 

volatiles by Anthirrinum or Rose would need coordinated transcription of genes of 

both pathways. The effect of ectopic expression or silencing of these higher-

order TFs are likely more pleiotropic than for TFs lower in the hierarchy. This 

hierarchical organisation of TFs is a common feature in transcriptional regulation 

and the identification of TFs and their target genes is thus crucial for 

understanding complex biological processes such as secondary metabolism.   

Regulation of the volatile phenylpropanoid/benzenoid pathway is ill-

defined (Schuurink et al., 2006). Recent efforts of several groups identified the 

first TFs of floral fragrance biosynthesis and some of their target genes (Verdonk 

et al., 2005; Colquhoun et al., 2010a; Spitzer-Rimon et al., 2010).  Silencing of 

the petunia R2R3-MYB TF ODO1 resulted in a severe reduction in emission 

levels of most volatile benzenoids and phenylpropanoids (Verdonk et al., 2005).  

ODO1 can trans-activate the EPSPS promoter in petunia leaves, confirming its 

importance for substrate supply via the shikimate pathway (Verdonk et al., 2005). 

Silencing of ODO1 did not affect the production of flavonoids, since ODO1 
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transcripts accumulate only after flavonoids have been produced (Verdonk et al., 

2005). The trans-activation of other promoters by ODO1 was not examined, but 

microarray experiments with ODO1-silenced lines have shown the indirect 

consequences on transcript abundance of many other genes involved in volatile 

biosynthesis in petunia flowers, notably EPSPS, DAHPS, PAL, CM, IGS, BSMT 

and BPBT (Verdonk et al., 2003; Verdonk et al., 2005).  

Silencing of the petunia EMISSION OF BENZENOIDS II (EOBII) 

downregulates genes of the shikimate (CS and CM) and phenylpropanoid (PAL2) 

pathways, genes of the C6-C3 branch (CFAT, BPBT and IGS), and importantly, 

ODO1 (Spitzer-Rimon et al., 2010). Interestingly, some of the genes, notably 

EPSPS, DAHPS and PAL1, were affected in ODO1-silenced lines but not in 

EOBII-silenced lines (Spitzer-Rimon et al., 2010).  Trans-activation was shown 

for IGS1 and the tobacco PALB promoters in Arabidopsis protoplasts. 

Importantly, transient overexpression of EBOII in petunia petals did not result in 

higher ODO1 transcript abundance at the peak of ODO1 expression, which led 

the authors to suggest that other factors might be needed for ODO1 activation in 

petunia (Spitzer-Rimon et al., 2010).  

Finally, the petunia MYB4 was identified as a repressor of C4H expression 

(Colquhoun et al., 2010a). Although direct interaction was not shown, C4H1/2 

transcript levels were upregulated in inverted repeat (ir)-MYB4 lines, with 

concomitantly increased C6-C3 volatile emission levels (Figure 2). In addition, 

transcript levels of PAL1/2, CM and ODO1 in these lines were higher, unaltered 

and slightly reduced, respectively (Colquhoun et al., 2010a).  The former could 

be explained by depletion of the t-CA pool as a consequence of enhanced C4H 

activity, which normally feedback-inhibits PAL transcription (Blount et al., 2000) 

and could explain why emission of C6-C1 compounds, which also derive from t-

CA, was unaffected. Contrary, the emission of most C6-C2 compounds was 

reduced (Colquhoun et al., 2010a). This could be due to depleted L-Phe pools as 

a consequence of increased feeding and possible channeling of substrates into 

the C6-C3 branch, directed by C4H. 
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5. Management of compounds within the cell 

 

The large number of metabolites derived from L-Phe, which are often toxic and 

unstable, and the broad substrate specificity of certain modifying enzymes in 

vitro, are indicative fr subcellular organisation of enzymes and their substrates 

(Winkel, 2004). Regulating the flux of metabolites within or between cells needs 

mechanisms that go beyond the level of transcriptional regulation and likely 

involves channeling, compartmentation and metabolite trafficking. Topics that 

received little attention so far are the cellular and subcellular localisation of floral 

volatile benzenoid/phenylpropanoid biosynthesis and the mechanism(s) of 

volatile emission from epidermal cells.  

Few studies have focused on the cellular localisation of floral fragrance 

enzymes. The rose Orcinol O-methyltransferase (OOMT) and C. breweri S-

adenosyl-L-methionin:(iso)eugenol O-methyltransferase (IEMT) were localised to 

the adaxial and abaxial epidermal cell layers (Dudareva and Pichersky, 2000; 

Scalliet et al., 2006; Bergougnoux et al., 2007). The snapdragon S-adenosyl-L-

methionin:benzoic acid carboxyl methyltransferase (AmBAMT) and AmBADH 

were localised to epidermal cells (Kolosova et al., 2001b; Long et al., 2009), 

showing that at least the final two steps in MeBA biosynthesis in snapdragon 

occur in epidermal cells, where also emission takes place. In petunia, these 

enzymes have not been localised at the cellular level, but it can be anticipated 

that at least the final steps occur in the epidermis as well. However, whether the 

entire pathway takes place in these cells is unknown. Production of indole 

alkaloids in Cantharantus roseus has been shown to involve different cell-types 

(St-Pierre et al., 1999). In petals of of P. hybrida cv. W80 buds, the EPSPS 

promoter showed activity exclusively in the epidermal cell layer. In contrast, 

activity of the EPSPS promoter in mature flowers was seen in all cell layers of the 

petal (Benfey et al., 1990), but whether this result corresponds to the in situ 

mRNA localisation was not investigated. Also long-distance trafficking of 

flavonoids, putatively involving ABC-transporters for transport to the conductive 

tissue, has been shown (Buer et al., 2007) 

Several compartments have been shown to be involved in the volatile 

phenylpropanoid/benzenoid pathway. Two enzymes involved in L-Phe 

biosynthesis in petunia petals, ADT and CM, have been localised to plastids 
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using Arabidopsis protoplasts and a chloroplast import assay, respectively 

(Colquhoun et al., 2010b; Maeda et al., 2010).  Only recently it was shown that 

also the last committed step in L-Phe biosynthesis occurs in plastids in 

Arabidopsis (Rippert et al., 2009).  How L-Phe subsequently enters the cytosol is 

unknown. In tobacco, the cellular localisation of two representatives of the PAL 

family differs and depends on CH4 (Achnine et al., 2004). These differentially 

localised PAL isoforms and different pools of t-CA likely reflect channeling into 

the different branches of the phenylpropanoid pathway (Achnine et al., 2004). In 

mature petunia petals, three PAL and two C4H transcripts are detected, but it is 

not known where the encoded proteins are localised and in which specific 

pathway branch they are involved.  However, only PAL2 transcript levels are 

regulated by EOBII (Spitzer-Rimon et al., 2010). Thus a connection of PAL2 with 

the volatile C6-C3 phenylpropanoids in petunia is likely.  Contrary, MYB4 

regulates transcription of both C4H1 and C4H2 (Colquhoun et al., 2010a).  

In Rose, OOMT was localised in the cytosol, but a fraction became 

increasingly associated with membranes during development, suggesting a link 

with the secretory pathway (Scalliet et al., 2006).  Whether this applies for all 

enzymes catalysing final steps is unknown. Certain released volatiles, like 

benzaldehyde and 2-phenylacetaldehyde, are precursors for other volatile 

compounds as well. In addition, some volatile intermediates are not found in the 

headspace. Together, this indicates channeling and/or a regulated process of 

volatile emission. The localisation of KAT1 and AAE12 in peroxisomes implies 

peroxisomal localisation of benzoyl-CoA and metabolite transport across the 

peroxisomal membrane (Van Moerkercke et al., 2009) (Colquhoun et al., in 

preparation).  The snapdragon benzaldehyde dehydrogenase was localized to 

the mitochondria (Long et al., 2009), implicating a mitochondrial pool of BA that 

needs to be trafficked to the cytosol, where it can be methylated by BAMT 

(kolosova et al., 2001b). Together, this means floral fragrance biosynthesis is 

highly compartmented and suggests the involvement of transporters.  
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6. Outline of the thesis 

 

CHAPTER 1 aims to give an introduction to the biochemistry, transcriptional 

regulation and cell biology of the floral volatile phenylpropanoid/benzenoid 

pathway in petunia.  

In CHAPTER 2, we describe the identification and involvement of a new enzyme, a 

3-ketoacyl-CoA thiolase, in the benzenoid pathway.  Thiolases are best known 

for their involvement in the general fatty-acid catabolism. The involvement of a 

thiolase in the production of benzoic acid (BA) is known in prokaryotes but was 

never shown in plants.  

CHAPTER 3 describes the functional dissection of the promoter of ODORANT1, a 

key regulator of volatile benzenoid/phenylpropanoids in petunia flowers. 

Furthermore, a molecular link between ODO1 and a second TF, Emission Of 

Benzenoids II (EOBII), is shown in this chapter, identifying EOBII as direct 

activator of ODO1 transcription.  

CHAPTER 4 describes the identification of a petunia ABC-transporter of the G-

subfamily and evidence for its involvement in production of floral fragrance in 

petunia. This chapter addresses some important issues regarding the cell biology 

of the volatile phenylpropanoid/benzenoid pathway. 

In CHAPTER 5, the results described in this thesis are discussed. 
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SUMMARY 
 

The exact biosynthetic pathways leading to benzoic acid formation in plants are not 

known, but labeling experiments indicate the contribution of both ß-oxidative and 

non-ß-oxidative pathways. In Petunia hybrida benzoic acid is a key precursor for the 

production of volatile benzenoids by its flowers. Using functional genomics, we 

identified a 3-ketoacyl-CoA thiolase, PhKAT1, which is involved in the benzenoid 

biosynthetic pathway and the production of benzoic acid. PhKAT1 is localised in the 

peroxisomes, where it is important for the formation of benzoyl-CoA-related 

compounds. Silencing of PhKAT1 resulted in a major reduction in benzoic acid and 

benzenoid formation, leaving the production of other phenylpropanoid-related 

volatiles unaffected. During the night, when volatile benzenoid production is highest, 

it is largely the ß-oxidative pathway that contributes to the formation of benzoic acid 

and benzenoids. Our studies add the benzenoid biosynthetic pathway to the list of 

pathways in which 3-ketoacyl-CoA thiolases are involved in plants.  
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INTRODUCTION 
 

In many plants, floral volatiles play a role in attracting pollinators (Stuurman et al., 

2004). The production and emission of these volatiles are therefore tightly regulated, 

not only spatially and diurnally but also developmentally.  Flowers of petunia 

(Petunia hybrida cv. Mitchell) emit benzenoid and phenylpropanoid-related volatiles 

(Verdonk et al., 2003), which are derived from the common precursor Phe (Boatright 

et al., 2004).  P. hybrida cv. Mitchell has emerged as a model of choice to study the 

biosynthesis, emission and regulation of these classes of volatiles .  

Based on their carbon skeleton, Phe-derived volatiles volatiles are 

categorised as C6-C1, C6-C2 and C6-C3 compounds.  For the C6-C1 compounds, the 

benzenoids, the propyl side-chain of Phe needs to be shortened by two carbon 

atoms.  It has been reported that this can occur either via a β-oxidative (Ribnicky et 

al., 1998; Jarvis et al., 2000; Hertweck et al., 2001) or a non-β-oxidative pathway 

with benzoyl-CoA and benzaldehyde as precursors for benzoic acid, respectively 

(Figure 1).  Whereas the β-oxidative pathway needs activation by coenzyme A 

(CoA), the non-β-oxidative pathway occurs both CoA-dependently (Abd El-Mawla 

and Beerhues, 2002; Boatright et al., 2004) and CoA-independently (Schnitzler et 

al., 1992; Boatright et al., 2004).  

Despite the importance of the C6-C1 compound benzoic acid (BA) in plant 

secondary metabolism (Wildermuth, 2006), only a few enzymatic steps leading to its 

synthesis have been characterised, whereas the corresponding genes remain 

elusive.  For the non-β-oxidative CoA-dependent pathway the enzymatic activities of 

cinnamate:CoA ligase, cinnamoyl:CoA hydratase/lyase and benzaldehyde 

dehydrogenase, whose successive actions starting from t-cinnamic acid lead to the 

formation of BA, have been detected in Hypericum androsaemum L. cell cultures 

(Abd El-Mawla and Beerhues, 2002). Recently, the involvement of a snapdragon 

benzaldehyde dehydrogenase in the production of BA was shown by transient 

expression in petunia flowers (Long et al., 2009).  Enzymatic activities for the other 

two pathways have not been described yet, although many labelling studies with 

precursors have suggested their presence in plants (Ribnicky et al., 1998; Boatright 

et al., 2004; Orlova et al., 2006).  
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Figure 1.  Schematic representation of the biosynthetic pathways leading to C6-C1, 

C6-C2 and C6-C3 compounds in petunia petals and the proposed biochemical reaction 

catalysed by PhKAT1.  The common precursor for all compounds is L-Phe.  The C6-

C1 compounds are derived from t-cinnamic acid and the propyl side-chain can be 

shortened by two carbon atoms via either a non-ß-oxidative or a ß-oxidative pathway, 

with benzaldehyde and benzoyl-CoA as intermediates for benzoic acid production, 

respectively.  The ß-oxidative pathway is dependent on CoA activation of t-cinnamic 

acid and requires the action of a 3-ketoacyl-CoA thiolase (PhKAT1) for the production 

of benzoyl-CoA. Benzoyl-CoA is subsequently used to produce benzylbenzoate and 

phenylethylbenzoate using benzylalcohol and 2-phenylethanol as co-substrates, 

respectively. Benzoyl-CoA can also be converted to benzoic acid directly by the 

action of a thioesterase or indirectly via benzylbenzoate (not depicted; Boatright et 

al., 2004).  Alternatively, benzoic acid can be produced via oxidation of 

benzaldehyde. Dashed arrows indicate unknown genes in petunia.  See text for 

details. Abbreviations used: BPBT: benzoyl-CoA:benzyl alcohol/phenylethanol 

benzoyltransferase; BSMT: benzoic acid/salicylic acid methyl transferase; CFAT: 

acetyl-CoA:coniferyl alcohol acetyltransferase; IGS: isoeugenol synthase; KAT1: 3-

ketoacyl-CoA thiolase 1; PAAS: phenylacetaldehyde synthase; PAL, phenylalanine 

ammonia lyase. 

 

In petunia, BA is a key intermediate in volatile benzenoid production.  It 

serves as an immediate precursor for benzoic acid/salicylic acid methyl transferase 
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(PhBSMT) leading to the production of methylbenzoate (MeBA) (Negre et al., 2003), 

the most abundant volatile emitted by petunia flowers (Kolosova et al., 2001a; 

Verdonk et al., 2005).  BA is also a precursor of salicylic acid (SA), which can be 

methylated by PhBSMT to methylsalicylate (MeSA), one of the minor components in 

the floral headspace, but SA might also be formed from (iso)chorismate as in 

Arabidopsis (Wildermuth et al., 2001).  In addition, BA can be converted to benzoyl-

CoA, one of the substrates of benzoyl-CoA:benzyl alcohol/phenylethanol 

benzoyltransferase (PhBPBT), which in combination with benzylalcohol or 2-

phenylethanol produces benzylbenzoate and phenylethylbenzoate in petunia, 

respectively.  Although a benzoyl-CoA ligase has not yet been identified in petunia, 

its activity has been detected in Clarkia breweri flowers (Beuerle and Pichersky, 

2002).  Labelling studies in petunia showed that only the non-β-oxidative CoA-

independent and β-oxidative CoA-dependent pathways are active (Boatright et al., 

2004) and that the flux through these pathways differs in the light and dark period 

(Orlova et al., 2006).  Furthermore, in vivo stable isotope labelling indicated that 

benzylbenzoate is also an intermediate between Phe and BA (Boatright et al., 2004).  

 In this study, we describe the identification and characterization of a petunia 3-

ketoacyl-CoA thiolase (PhKAT1), which plays an important role in the β-oxidative 

pathway leading to the production of benzoyl-CoA from 3-oxo-3-phenylpropionyl-

CoA (benzoylacetyl-CoA). To determine the role of PhKAT1 in floral volatile 

benzenoid production, we generated transgenic plants suppressing PhKAT1 

expression (ir-PhKAT1).  Analysis of these plants indicate that the β-oxidative 

pathway plays a major role in the production of BA and thus of precursors for C6-C1 

volatiles. This 3-ketoacyl-CoA thiolase is present in the peroxisomes of petunia 

petals, adding the involvement of this organelle in volatile benzenoid biosynthesis. 

 

RESULTS 
 
PhKAT1 expression is characteristic for a floral benzenoid-related gene 
 

In order to elucidate steps in the ß-oxidative pathway, we used our microarray data 

(Verdonk et al., 2005; Verdonk et al., 2006) to select genes whose expression 
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correlated strongly with genes involved in floral scent production.  One of these had 

high similarity (88%) to Arabidopsis thaliana 3-ketoacyl-CoA thiolase 5 

(AT5G48880), and was tentatively named PhKAT1.  Microarray analysis showed 

that expression of PhKAT1 was 3.6-fold (P = 0.0003) higher in petals when scent 

emission started, 3h before the dark period, than 9h before the dark period, when 

scent emission was very low.   

 Figure 2(a) shows that PhKAT1 is predominantly expressed in petal limbs 

and petal tubes and that expression is hardly detectable in other tissues, including 

whole seedlings.  PhKAT1 expression shows a diurnal rhythm with a peak before the 

dark period, which precedes the peak of ODORANT1 (PhODO1; Verdonk et al., 

2005) expression by approximately 3 hours (Figure 2b).  This is consistent with the 

nocturnal emission of volatile compounds and rhythmic production of its precursors 

(Kolosova et al., 2001a; Verdonk et al., 2003).  At the onset of volatile emission, 

PhKAT1 expression is highest when the flower is fully open after the anthers have 

dehisced (Figure 2c), correlating with the developmental pattern of volatile emission 

in petunia flowers (Verdonk et al., 2003).   

By blasting the publicly available SGN (http://sgn.cornell.edu/) EST collection 

with the full length PhKAT1 cDNA sequence, we identified an EST with high 

similarity to PhKAT1.  We obtained its full-length cDNA sequence (75% identity at 

the nucleotide level and 78% identity at the amino acid level) and named it PhKAT2.  

We analysed the expression pattern using RNA-blot analysis, and unlike for 

PhKAT1, transcript levels of PhKAT2 did not change during petal development 

(Figure 2c) and did not show a rhythmic pattern (Figure S1).  Although this doesn’t 

exclude a role for PhKAT2 in benzenoid biosynthesis, it strongly suggests no 

association with floral scent biosynthesis.      
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Figure 2. Petal-specific, rhythmic and developmentally regulated expression of 

PhKAT1. 

(a) Tissue-specific expression.  Petunia hybrida cv. Mitchell plants were used to 

collect material from petal tubes (PT), 2 day-old flower limbs (petal), reproductive 

organs (f: pistils, m: stamens, m*: stamens with dehisced anthers), sepals, pedicels, 

stems, leaves, roots and whole seedlings.  All tissues were collected 2h before the 

onset of the dark period.  For RNA gel-blot analysis, 8 µg total RNA was loaded per 

lane and the blot was hybridised with the PhKAT1 coding region.  The blot was re-

hybridised with an 18S rDNA probe to illustrate loading of the gels. Two independent 

experiments were performed and a representative blot is shown.   

(b) Rhythmic expression in petal limbs. Petal limbs of 2 day-old flowers were 

collected with 3h intervals for a 30h period.  The dark period in the growth chamber 

started at 12.00h and ended at 20.00h.  A representative RNA gel-blot is shown as 

Supplemental Figure S1, but tissue collection and gel-blot analysis were performed 

twice (means and maximum values are shown).  RNA gel-blot analysis was 

performed as in (a).  Blots were hybridised with the PhKAT1 coding region and a 
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PhODO1 3’-fragment.  The blots were re-hybridised with PhFBP1 to determine 

relative mRNA levels.  Black bars represent relative PhKAT1 and grey bars relative 

PhODO1 transcript levels in petunia petals. 

(c) Developmentally regulated expression in petal limbs. Wild type flowers at different 

stages during flower development were used to collect petal tissue 2h before the 

onset of the dark period. Two day-old petal limbs, excluding petal tube tissue, of at 

least three flowers were pooled per sample. RNA gel-blot analysis was performed as 

in (a). The blot was re-hybridised with a PhFBP1 to illustrate loading of the gel.  The 

same blot was re-hybridised with a PhKAT2 probe to show its distinct developmental 

expression pattern from PhKAT1.  Letters indicate different developmental stages of 

the flower (a: 1cm, b: 3cm, c: 4cm, d: flower almost open, e: flower opening (1cm 

diameter), f: open flower (day 1), g: open flower with dehisced anthers, and h: 

senescent flower. Two independent experiments were performed and a 

representative blot is shown. Abbreviations used: FBP1: floral binding protein 1; 

KAT1 and 2: 3-ketoacyl-CoA thiolase 1 and 2; ODO1: ODORANT1. 

 

 

The petunia 3-ketoacyl-CoA thiolase protein is localised to peroxisomes in 
planta  
 
PhKAT1 is predicted to encode a protein of 462 amino acids containing three 

conserved thiolase signatures (Figure S2).  Typically for thiolases, PhKAT1 contains 

a peroxisomal targeting signal 2 (Gietl, 1990; Johnson and Olsen, 2003; Reumann, 

2004; Carrie et al., 2007) at the N-terminus (Figure S2). To verify whether PhKAT1 is 

localised to the peroxisomes in planta, we constructed a PhKAT1-GFP fusion protein 

and expressed it in petunia petals by means of Agrobacterium-mediated transient 

transformation (Shang et al., 2007).  Figure 3 shows that PhKAT1-GFP co-localises 

with the mCherry-peroxisomal marker px-rk (Nelson et al., 2007), indicating 

peroxisomal targeting of PhKAT1 in planta, in accordance with the localization of 

Arabidopsis 3-ketoacyl-CoA thiolases  (Carrie et al., 2007). 
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Figure 3.  In vivo peroxisomal targeting of PhKAT1. 

The mCherry peroxisomal marker px-rk (a) and 35S:PhKAT1-GFP (b) were 

transiently co-expressed in Mitchell flowers. The merged and bright field images are 

shown in (d) and (c), respectively.   

(e,f,g) Magnification taken from the boxed area shown in (c).   

Confocal images were obtained with a Zeiss LSM 510 confocal laser scanning 

microscope.  Co-localisation was seen several times in independent experiments.  

The scale bars represent 10 µm.  

 

 

Silencing of PhKAT1 reduces C6-C1 benzenoid volatile emission  
 

To investigate the role of PhKAT1 in floral scent production, we generated 

stable transgenic lines suppressing PhKAT1 expression by post-transcriptional gene 

silencing.  For this, an inverted repeat of 174 bp containing parts of the 3’-end of the 

cDNA (Figure S2) that has low similarity with PhKAT2, was constitutively expressed 

under control of the CaMV 35S-promoter in Petunia hybrida cv. Mitchell plants.  

Initial screening using RNA gel-blot and headspace analyses identified four 

independent silenced T0 lines with reduced PhKAT1 expression and volatile 

benzenoid emission (data not shown).  Three lines were chosen for further analysis 

in the T1 generation.  In this generation, one line seemed to have lost its phenotype 
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and was discarded for further analysis, resulting in two independent silenced T1 lines 

(ir-PhKAT1 lines 4 and 7) and one transgenic non-silenced T1 line (ir-PhKAT1 line 6).  

For both silenced lines, expression levels were ca. 25% of wild type levels (Figure 

4a,b).  PhKAT2 levels remained unaltered in these lines, confirming gene-specific 

suppression of PhKAT1 (Figure 4a).  Because we hypothesised that PhKAT1 

produces benzoyl-CoA from 3-oxo-3-phenylpropionyl-CoA, we initially tried to 

specifically measure 3-oxo-3-phenylpropionyl-CoA thiolase activity, but attempts to 

do so were unsuccessful. Most thiolase activities however are measured with the 

general substrate, acetoacetyl-CoA, which we used. Overall thiolase activity in total 

protein extracts from petals harvested one hour in the dark period, as measured by 

the decrease in acetoacetyl-CoA, was 50% lower in the ir-PhKAT1 line 7 (Figure 5), 

indicating a correlation with lower PhKAT1 transcript levels.  

To examine the effect of reduced PhKAT1 expression on volatile emission, 

these T1 lines were used for headspace collections and subsequent GC-MS 

analyses.  Emission levels of the C6-C2 compounds phenylacetaldehyde (Figure 6a), 

phenylethylacetate and 2-phenylethanol (Figure S3) were not reduced in the ir-

PhKAT1 lines.  Phenyletylbenzoate, which is produced from 2-phenylethanol and 

benzoyl-CoA, had on average a 3.2-fold reduced emission (Figure 6a), suggesting 

reduced benzoyl-CoA level in these lines.  The emission of benzylbenzoate, which is 

also directly dependent on benzoyl-CoA as co-substrate, was on average 3.5-fold 

reduced (Figure 6a).  Also, emission of MeBA (Figure 6a) whose production 

depends on BA, was lower in the ir-PhKAT1 lines (2.7-fold on average).  Emission 

levels of the other C6-C1 compounds, benzaldehyde (Figure 6a), benzylalcohol and 

benzylacetate (Figure S3), were significantly less (2-fold, 5.4-fold, and 4.5-fold on 

average, respectively) and the emission of MeSA was significantly lower only in line 

7 (Figure S3).  The C6-C3 compound isoeugenol had slightly higher emission in both 

silenced lines compared to the wild type, but not compared to the non-silenced 

transgenic line 6 (Figure 6a).  Vanillin, which was shown to be synthesised from p-

coumaric acid (Figure 1) in Vanilla planifolia (Podstolski et al., 2002), unlike the other 

C6-C1 compounds, remained unaltered in the silenced lines (Figure S3).  
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Figure 4. RNA gel-blot analysis of wild type and ir-PhKAT1 plants.   

(a) PhKAT1 mRNA levels in petals of ir-PhKAT1 T1 and wild type plants.  Total RNA 

was extracted from 2 day-old flowers (3 per sample) 30 min before the onset of the 

dark period.  The numbers on top represent independent transgenic T1 lines.  A 

fragment containing the PhKAT1 full-length coding region was used as a probe. The 

blot was re-hybridised with PhKAT2 showing sequence-specific silencing of PhKAT1.  

Probing with PhFBP1 enabled quantification of PhKAT1 transcript levels. 

Representative blots are shown. (b) Relative PhKAT1 mRNA levels in petals of ir-

PhKAT1 and wild type plants (means and maximum levels are shown, n = 2). 

Abbreviations used: FBP1: floral binding protein 1; KAT1 and 2: 3-ketoacyl-CoA 

thiolase 1 and 2. 
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Figure 5. Thiolase activity is reduced in ir-PhKAT1 plants. Crude protein extracts 

were prepared from 2 day-old wild type flowers and flowers of ir-PhKAT1 line 7, 

harvested 1h in the dark period. Thiolase activity was determined by measuring the 

decay of acetoacetyl-CoA. Products were separated and detected on HPLC as 

described in Burns et al. (2005).  The mean values and standard deviations of 4 

independent experiments are shown. 

 

 

 

To exclude that the decrease in emission of volatiles was due to reduced 

transcript levels of relevant benzenoid biosynthetic genes, we analysed their 

transcripts levels.  Analysis of the transcript levels of PhBPBT, PhBSMT1, and 

petunia phenylacetaldehyde synthase (PhPAAS), which synthesise benzylbenzoate 

and phenylethylbenzoate, MeBA and phenylacetaldehyde respectively, showed that 

PhKAT1 silencing did not affect transcript levels of these genes (Figure S4).  
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Figure 6. Effect of PhKAT1 silencing on the emission levels of selected compounds 

representing the C6-C3, C6-C2 and C6-C1 compounds and on internal benzoic acid 

and C6-C1 volatile pools.  

(a) Quantified emission of volatile benzenoids/phenylpropanoid compounds in wild 

type and ir-PhKAT1 plants. Flowers of two independent silenced T1 lines (4 and 7), 

one Mitchell control line (wt) and one transgenic non-silenced T1 line (6) were used 

for headspace analyses.  Volatiles were collected for 23h and analysed using GC-

MS.  Emission levels are given per hour, given a constant emission rate, per g fresh 

weight, and standardised using p-cymene as internal standard. For each line, the 

average of seven experiments was taken, using three detached flowers per 

experiment.  Standard errors are shown. Letters indicate significant differences 
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among lines (ANOVA, P < 0.05 according to least significant difference post-hoc 

analysis). The emission levels of the other volatile compounds are shown in Figure 

S3.  

(b) Quantified internal levels of benzoic acid and C6-C1 volatile compounds.  For each 

measurement, three flowers of ir-PhKAT1 line 7 and a wild type plant were collected 

4h after the onset of the dark period (MEAN ± SD, n = 3). Internal BA levels were 

quantified using added 13C-BA and values are given in µg.g FW-1 (MEAN ± SE, n = 

6).  

 
 
Silencing of PhKAT1 influences benzoic acid levels and internal C6-C1 

compound pools 
 
Because MeBA emission levels were reduced (Figure 6a) and PhBSMT transcript 

levels unaffected (Figure S4) in ir-PhKAT1 lines, we hypothesised that the level of 

the precursor of MeBA, BA, would be lower in these lines (Figure 1). To test this, we 

measured BA levels in wild type flowers and flowers of line 7 at a time-point during 

the dark period, when volatile emission is high (4h in the dark period). In wild type 

flowers, BA levels were approximately 4-times higher than in line 7 (86 ± 8  µg.g FW-

1 and 21 ± 6 µg.g FW-1, respectively), illustrating the contribution of PhKAT1, and 

thus the ß-oxidative pathway, to BA biosynthesis (Figure 6b).   

Since it was recently shown that for most compounds internal volatile pools 

are highest during the dark period (Orlova et al., 2006), we reasoned that the effect 

of PhKAT1 silencing on internal volatile pools would be most pronounced during the 

night, when emission peaks as well.  Therefore, we decided to analyse internal C6-

C1 volatile pools after 4h in the dark period in petals of line 7 and wild type.  Internal 

pools of benzylbenzoate, phenylethylbenzoate, and methylbenzoate were indeed 

significantly reduced in line 7 (30-fold, 36-fold, and 18-fold, respectively) and 

benzaldehyde internal pools were undetectable in the silenced line (Figure 6b).  
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DISCUSSION 

 

Petunia 3-ketoacyl-CoA thiolase 1, a peroxisomal protein, is involved in the 

central C6-C1 floral volatile biosynthetic pathway and contributes to benzoic 
acid formation in petunia flowers 
 
Petunia has been used extensively as a model system to study the biosynthesis of 

flavonoids, particularly those involved in floral pigmentation (Koes et al., 2005).  

Recently, it has emerged as a model system to study the biosynthesis of benzenoid 

and phenylpropanoid-related floral volatiles (Schuurink et al., 2006; Pichersky and 

Dudareva, 2007). Previous work, however, has concentrated on identifying genes 

and enzymes involved in the final 1-2 steps resulting in the synthesis of the volatiles 

themselves (Negre et al., 2003; Boatright et al., 2004; Kaminaga et al., 2006; 

Koeduka et al., 2006; Dexter et al., 2007). In this study, we used functional genomics 

and targeted metabolomics to identify and probe the function of PhKAT1 that 

encodes an enzyme potentially centrally positioned in the pathway leading to the 

biosynthesis of benzoic acid (Figure 1). The homology of PhKAT1 to known 

thiolases led to the hypothesis that it could be involved in the β-oxidative shortening 

of the propyl side-chain of 3-oxo-3-phenylpropionyl-CoA, leading to the production of 

benzoyl-CoA, which is used as a co-substrate for the production of benzylbenzoate 

and phenylethylbenzoate (Boatright et al., 2004). This reaction would be analogous 

to the shortening by two carbons of the 3-ketoacyl-CoA substrates in fatty acid 

degradation, catalysed by bona fide thiolases (Germain et al., 2001).  Furthermore, 

its expression levels and patterns suggested involvement in scent biosynthesis. To 

test this hypothesis, we stably silenced PhKAT1 in petunia plants.  

In these transgenic plants, PhKAT1 transcript levels in the petals at the peak 

of volatile production were decreased by as much as 75% (Figure 4b), and overall 

thiolase activity was reduced by 50% (Figure 5). On the metabolite levels, we 

observed significant decreases in internal pools of benzoic acid, methylbenzoate, 

benzylbenzoate, phenylethylbenzoate and benzylaldehyde (Figure 6b), and 

significant decrease in emission of methylbenzoate, benzylbenzoate, 

phenylethylbenzoate and benzylaldehyde (Figure 6a), but not of the C6-C3 
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compound isoeugenol, the C6-C2 compounds phenylacetaldehyde (Figure 6a), 2-

phenylethanol and phenylethylacetate (Figure S3), and the p-coumaric-derived C6-

C1 compound vanillin (Figure S3).  Interestingly, internal pool levels of the C6-C1 

compounds were more reduced than the emission levels, which can reflect a 

constant emission rate of these compounds, depleting the internal pools even 

further.  Although MeSA can be produced from BA via SA, the moderate reduction in 

MeSA emission levels suggests that SA is also produced via (iso)chorismate, as has 

been shown in Arabidopsis (Wildermuth et al., 2001).  Similar results were seen in ir-

PhODO1 plants, which show dramatically reduced BA levels but only slightly 

reduced MeSA emission levels (Verdonk et al., 2005).  The existence of this route 

leading to SA and MeSA has yet to be shown in petunia. 

The decreased levels of compounds that are derived from benzoic acid or 

benzoyl-CoA, unlike those that are not derived from these two precursors (the C6-C2 

and C6-C3 compounds), strongly suggest that PhKAT1 is involved in benzoic acid 

biosynthesis, likely through the conversion of 3-oxo-3-phenylpropionyl-CoA to 

benzoyl-CoA.  Efforts to develop an enzymatic assay to measure 3-oxo-3-phenyl-

propionyl-CoA thiolase activity were not successful. Because most thiolases have 

activity towards acetoacyl-CoA, measuring acetoacetyl-CoA thiolase activity in a cell 

represents the activity of most if not all thiolases present.  Therefore, because 

transcript levels were reduced with 75%, the residual thiolase activity of 50% 

indicates that either other thiolases are still active or the PhKAT1 protein levels were 

less reduced than its transcripts levels.  Nevertheless, this result shows that 

reduction of PhKAT1 transcript levels reduces overall thiolase activity in petunia 

petals.   

Silencing of PhKAT1 did not alter 2-phenylethanol levels in these lines (Figure 

S3).  Phenylethylbenzoate emission levels, however, were significantly reduced 

(Figure 6a). Since phenylethylbenzoate is produced from 2-phenylethanol and 

benzoyl-CoA by PhBPBT (Boatright et al., 2004; Dexter et al., 2007), it is likely that 

reduced benzoyl-CoA levels in ir-PhKAT1 lines are the cause for lower 

phenylethylbenzoate emission, supporting the hypothesis that benzoyl-CoA is the 

product of PhKAT1.  Similarly, in Streptomyces maritimus, the thiolase encJ knock-

out strain KJ produces less benzoyl-CoA-derived enterocin (Xiang et al., 2003).  Our 
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results also showed a peroxisomal localization for PhKAT1 and thus synthesis of 

benzoyl-CoA in this organelle.  This is consistent with the recent report that a 

mutation in a gene encoding the peroxisomal protein benzoyl-CoA ligase 

(At1g65880) eliminates benzoyl-CoA (or benzoic acid) biosynthesis in Arabidopsis 

seeds (Kliebenstein et al., 2007). 

In plants, ß-oxidation is not only essential for fatty acid catabolism (Germain 

et al., 2001), but also for the production of indole acetic acid (Zolman et al., 2001), 

jasmonic acid (Afitlhile et al., 2005), and valine (Lange et al., 2004). In Arabidopsis, 

there are three 3-ketoacyl-CoA thiolase (KAT) genes, but only for AtKAT2 

(AT2G33150) it is known that it is important for fatty acid β-oxidation, jasmonic acid 

biosynthesis and indole acetic acid production (Hayashi et al., 1998; Germain et al., 

2001).  In silico co-expression analysis groups AtKAT5 with genes of the flavonoid 

pathway, suggesting it has a role different from that in general fatty acid ß-oxidation 

(Carrie et al., 2007). Because PhKAT1 is not expressed in seedlings (Figure 2a), it is 

not likely to be involved in fatty acid ß-oxidation.  In addition, it has been 

hypothesised that in some plant species biosynthesis of vanillin, which is a minor 

volatile in petunia, occurs by a process that mirrors fatty acid β-oxidation (Loscher 

and Heide, 1994; Podstolski et al., 2002). However, the silencing of PhKAT1 did not 

affect the emission of vanillin (Figure S3), excluding a role for PhKAT1 in vanillin 

biosynthesis in petunia flowers.  It is likely that PhKAT2, which is already expressed 

early during flower development (Figure 2c), when no volatile benzenoids are 

produced (Verdonk et al., 2003) and which lacks rhythmic expression in petals 

(Figure S1), is involved in fatty acid degradation or the synthesis of other 

metabolites, but not in the synthesis of floral scent compounds.  

 

What is the proportional contribution of ß-oxidation to the synthesis of 
benzenoids in petunia flowers? 
 
While elucidating the specific biosynthetic pathways leading to BA in plants has been 

a long and difficult process that is still incomplete, feeding experiments previously 

suggested the contribution of both the β-oxidative and the non-β-oxidative pathway 

with benzoyl-CoA and benzaldehyde as intermediates, respectively (Ribnicky et al., 
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1998; Abd El-Mawla and Beerhues, 2002; Boatright et al., 2004). Silencing of 

PhBPBT and subsequent metabolic flux analysis following feeding of labelled Phe to 

flowers of these transgenic plants indicated that both β-oxidative and the non-β-

oxidative pathways contribute to the synthesis of benzenoid compounds in petunia 

(Boatright et al., 2004).  Flux analysis of ir-PhBPBT transgenic flowers suggested 

that benzylbenzoate is a precursor to some of the free benzoic acid found in the 

petals (Orlova et al., 2006). Our results strongly support a major role for a 

peroxisomal thiolase in the synthesis of benzoyl-CoA and consequently for the 

synthesis of benzenoids. From our results it is clear that mainly the β-oxidative 

pathway contributes to BA formation in petunia flowers during the night (Figure 6b) 

although isotope labelling and modelling studies suggested a greater flux through 

the non-β-oxidative pathway (Orlova et al., 2006). The reduced internal BA pool 

levels (4-fold reduction) correlate perfectly with the reduced PhKAT1 transcript levels 

(4-fold reduction) in the dark period, when BA levels (Kolosova et al., 2001a), 

PhKAT1 transcript levels (Figure 2b), and volatile emission (Verdonk et al., 2005) 

are high.  Our results however, do not exclude the contribution of additional routes 

leading to the biosynthesis of BA (Boatright et al., 2004; Orlova et al., 2007).  

Related to this, an aldehyde oxidase that converts benzaldehyde to BA was 

identified in Arabidopsis recently (Ibdah et al., 2009).   

Although benzylbenzoate, phenylethylbenzoate and BA levels are reduced in 

both the ir-PhBPBT and our ir-PhKAT1 plants, there are also several differences, not 

in the least because PhBPBT concerns an enzyme in a final step i.e. making the 

volatiles benzylbenzoate and phenylethylbenzoate. The most striking difference is 

that silencing of PhBPBT increased benzaldehyde emission (Orlova et al., 2006; 

Dexter et al., 2008) and internal pools (Orlova et al., 2006) whereas benzaldehyde 

emission and internal pools decreased as a consequence of PhKAT1 silencing 

(Figure 6a,b).  The immediate precursor of benzylbenzoate, benzylalcohol, was 

reduced in ir-PhKAT1 plants as well but increased in ir-PhBPBT plants.  Labelling 

studies indicated that benzylalcohol can be produced from both benzaldehyde and 

benzylbenzoate in petunia flowers (Boatright et al., 2004). Because the exact nature 

of the enzymes that are involved in benzaldehyde and benzylalcohol production in 

plants is not known, it is difficult to explain these different results. One interpretation 
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is that accumulation of intermediates upstream of benzoyl-CoA in the ir-PhKAT1 

plants could inhibit the activity of benzylalcohol and/or benzaldehyde-producing 

enzymes, as is the case for PhBPBT inhibition by coniferyl aldehyde (Dexter et al., 

2007). Alternatively, accumulated intermediates could inhibit transcription of 

biosynthetic genes, as is the case for PhBSMT by Phe (Boatright et al., 2004). 

Finally, reduced benzoyl-CoA and/or BA levels in ir-PhKAT1 plants could enhance 

the formation of BA from benzaldehyde through the non-ß-oxidative pathway in the 

dark period (Figure 1) as suggested for ir-PhBPBT plants in the light period (Orlova 

et al., 2006). This would deplete the benzaldehyde internal pool, and consequently 

reduce benzylalcohol internal pool and emission levels. These ir-PhKAT1 lines can 

be important tools for future labelling studies to investigate the proportional 

contributions of the β-oxidative and non-β-oxidative pathway in more detail.  

 

Regulation of floral scent production and the role of compartmentalization  
 

In this study, we have shown that the expression pattern of PhKAT1 (Figure 2) is 

characteristic for a floral benzenoid-related gene (Kolosova et al. 2001a; Negre et al. 

2003; Boatright et al., 2004; Underwood et al. 2005; Verdonk et al., 2005; Kaminaga 

et al., 2006; Koeduka et al. 2006; Dexter et al., 2007). We have further shown that 

expression of PhKAT1 peaks approximately 3 hours earlier in petals than PhODO1 

during the day/night cycle (Figure 2b), which precedes peak volatile emission by 

approximately 2-3 hours (Verdonk et al., 2005). Reanalysis of our microarray 

experiments with ir-PhODO1 plants (Verdonk et al., 2005) showed that PhKAT1 

expression is not influenced by PhODO1 silencing (ratio 1,04 ; p = 0,44). Apparently, 

the expression of PhODO1 and PhKAT1 are under different transcriptional control 

mechanisms. 

Volatile benzenoid/phenylpropanoid production and emission are spatially, 

developmentally and diurnally regulated.  This makes sense since these volatiles 

have Phe as precursor in common with many other primary and secondary 

metabolites.  Also methyldonors, supplied by the SAM-cycle (Verdonk et al., 2003; 

Verdonk et al., 2005), are shared with other pathways (Negre et al., 2003; 

Schuurink, 2006).  It is therefore expected that channelling and the existence of 
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different substrate pools are part of the regulatory machinery of the benzenoid 

pathway.  When fluxes are perturbed, for instance by the accumulation of 

intermediates as a consequence of petunia acetyl-CoA:coniferyl alcohol 

acetyltransferase (PhCFAT) silencing, this has a direct effect on PhBSMT and 

PhBPBT enzymatic activity (Dexter et al., 2007).  PhBSMT is likely to be localised in 

the cytosol in analogy to the snapdragon S-adenosyl-L-methionine:benzoic acid 

carboxyl methyltransferase (AmBAMT) (Kolosova et al., 2001b).  However, it was 

modelled by Boatright et al. (2004) that a second, large pool of MeBA is stored in the 

vacuole.  Here we show that PhKAT1 localises to the peroxisome, adding another 

layer of regulation.  In analogy with fatty acid β-oxidation, CoA-activated compounds 

like benzoyl-CoA could be transported across the peroxisomal membrane by ABC-

transporters (Footitt et al., 2002).  Both in the cytosol and the peroxisomes, benzoyl-

CoA can be converted to BA by the action of thioesterases (Figure 1), which would 

implicate the existence of different BA and benzoyl-CoA pools in the cell.  Tilton et 

al. (2004) identified a peroxisomal acyl-CoA thioesterase that is likely not involved in 

fatty acid β-oxidation, but in another process in plants.  The substrate for this 

thioesterase has not been identified yet and it remains to be seen whether multiple 

thioesterases that can act on benzoyl-CoA exist in petunia petals.  Finally, the 

snapdragon benzaldehyde dehydrogenase, involved in the non-β-oxidative pathway, 

was recently shown to be located in the mitochondria (Long et al., 2009).  Our 

finding that PhKAT1 and thus the β-oxidative pathway localises to the peroxisomes 

means that not only distinct routes with different enzymes are involved in the 

production of BA and volatile benzenoids, but that these enzymes are active in 

different cellular compartments. 

 
EXPERIMENTAL PROCEDURES 

 
Plant material, growth conditions and transformations 

 

Petunia hybrida cv. Mitchell (P. axillaris x [P. axillaris x P. hybrida cv Rose of Heaven]) wild type and 

transgenic plants were grown in a greenhouse (16h photoperiod, 500 µmol.m-2.s-1 light intensity, 60-

65% humidity, and day/night temperatures of 22/17°C) during winter (T0 lines) and summer (T1 lines).  

For sample collection and volatile headspace analysis, plants were moved to controlled growth 
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chambers (16h photoperiod, 250-350 µmol.m-2.s-1 light intensity, 70% relative humidity and constant 

temperature of 21°C) at least 3 days prior to the experiments.   

Transgenic plants were obtained using a standard leaf disc transformation protocol (Horsch et 

al. 1985), with minor modifications. The shoot-inducing medium contained 500 mg.L-1 carbenicillin, 

300 mg.L-1 kanamycin and 20 mg.L-1 nystatin.  The root-inducing medium contained 500 mg.L-1 

carbenicillin, 50 mg.L-1 kanamycin and 20 mg.L-1 nystatin. Media contained 3% sucrose (w/v) as the 

sole carbon source. Rooted plants were transferred to soil and screened for transgene integration by 

PCR using construct-specific primers.  Next generation plants were obtained by manual self-

pollination and subsequent selection on half strength MS (pH5.8) agarose (0.7%) plates containing 80 

mg.L-1 kanamycin. 

 

Constructs design  
 

Constructs were produced using standard molecular biological methods.  To create the PhKAT1 

hairpin construct, a 174 bp fragment was amplified with forward primer 5’-

aaaaagcaggctcgatctttgcaatgctcggga-3’ and reverse primer 5’-agaaagctgggtcaagttcactaaatcctgct-3’ 

that included AttB adapters (in bold; GATEWAY system, Invitrogen, http://www.invitrogen.com). This 

fragment was cloned in the pDONR207 entry vector (Invitrogen, http://www.invitrogen.com), and 

subsequently recombined with pK7GWIWG2(I) (Karimi et al. 2002), generating a PhKAT1 hairpin-

RNAi construct under control of the CaMV 35S promoter.  To create the CaMV 35S-driven C-terminal 

GFP fusion construct (35S:KAT1-GFP), the PhKAT1 CDS was amplified with the introduction of an 

NcoI site at the ATG start codon and an Ala-Gly-linker followed by an XbaI site excluding the stop 

codon (fw primer: 5’-atgccatggagaaagcaattcaaagg-3’ and rev primer: 5’-

cctctagaacctgctttcgcatccttggataag-3’; restriction sites are underlined; the Ala-Gly-linker is in bold). 

The GFP CDS was amplified from plasmid SGFP2 (Kremers et al., 2007), introducing an XbaI site 

and Ala-Gly-linker adjacent to the ATG start codon and a SacI site beyond the stop codon (fw primer 

5’-ggtctagagcaggtATGgtgagcaagggcgag-3’ and rev primer 5’-cgagtctTTActtgtacagctcgtccatgccgag-

3’; restriction sites are underlined; the Ala-Gly-linker is in bold; start and stop codon are in upper 

case).  Using a three-point ligation, both fragments were ligated NcoI-SacI in a shuttle vector between 

the CaMV 35S promoter and the nopalin synthase terminator (tnos). The 35S:PhKAT1-GFP:tnos 

cassette was excised using HindIII and SfoI and transferred to pBINplus (van Engelen et al. 1995) 

between HindIII and SmaI.  The 35S:PhKAT1-GFP:tnos cassette was sequenced and the plasmid 

was transferred to Agrobacterium tumefaciens GV3101 (pMP90).   

 

Volatile sampling, GC-MS analysis and benzoic acid measurements 
 

For volatile sampling (headspace analysis), T1 transgenic lines (T0 selfings) and wild type plants were 

used.  Headspace analyses were performed essentially as described by Verdonk et al. (2005), except 



CHAPTER 2   

 56 

that three detached flowers per desiccator were measured for a 23h period, with seven replicas per 

line.  GC-MS analysis was performed as described by Verdonk et al. (2005), but here 5 ng p-cymene 

was used as an internal standard.  A synthetic mix with known amounts of volatile compounds was 

analysed using GC-MS, enabling quantification and identification of compounds. 

For internal volatiles and BA measurements, one T1 transgenic line (line 7) and wild type 

plants were used.  Flower limbs - three flowers per sample - were harvested 4h into the dark period, 

pooled and frozen in liquid nitrogen and stored at -80°C.  Internal volatiles were extracted using 

hexane as described by Boatrigth et al. (2004). Three independent replicates were taken for each 

plant.  BA measurements were performed as described by Zhang and Zuo (2004) with a few 

modifications.  Homogenised flower petals were extracted twice with ethyl acetate, after addition of 

2N HCl and 13C-benzoic acid as the internal standard.  Hexane-extracted and derivatised samples 

were analysed by means of GC-MS.  For each plant, six measurements were performed. 

 

 

 

 

RNA isolation and gel-blot analysis 

 

T1 transgenic lines and wild type petunia plants were used for RNA gel-blot analyses. Independent 

sample collections for all gel-blot experiments were performed twice.  With the exception of the 

developmental course, 2 day-old flowers were used in all experiments.  All tissues except those for 

the time course were sampled two hours before the onset of the dark period.  For the time course, 

petal limbs of three flowers were taken at three-hour intervals for a 30-h period.  During the 

experiment, the dark period in the growth chamber started at 12.00h and ended at 20.00h. For the 

developmental course, petal limbs (without petal tube) were harvested when the flower was 1cm, 3cm 

or 4cm long, opening (1cm diameter), open (day 1), open with dehisced anthers or senescing.  

Total RNA was extracted using Trizol reagent (Invitrogen, http://www.invitrogen.com).  For 

RNA gel-blot analysis, 8 µg of total RNA per sample was loaded on gel. In order to normalise the 

RNA gel-bots, blots were re-hybridised with the petunia floral binding protein 1 (PhFBP1) (Angenent 

et al. 1992) probe for the time course and the developmental blot, and with a 18S rDNA probe (fw 

primer: 5’-agcaggctaagtctcgt-3’; rev primer: 5’-agcggatgttgcttttagga-3’) for the tissue blot.  For all 

cDNA probes, fragments containing the full coding sequence were used except for PhKAT2 (fw 

primer: 5’- tgcctctgtatctgacttg-3’; rev primer: 5’-ctactatgtgtggctttctc-3’) and PhFBP1 (fw primer: 

gttctttgtgatgctcg; rev primer: ctctcctgcaaatttgg).  For the petunia ODORANT1 (PhODO1) probe, 

forward primer 5’-gtcacagcggcagcagctac-3’ and reverse primer 5’-ctaacttcctagtagttccagac-3’ were 

used, generating a 518 bp fragment, which does not include the R2R3-MYB domain.   

 

Thiolase assay 
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For the thiolase assay, wild type flowers and flowers of line 7 (T2 generation) were used.  Crude 

protein extracts were prepared from 2 day-old flowers, harvested 1h in the dark period, and used 

immediately.  The extraction buffer consisted of 100 mM Tris/HCl pH 8.0, 14 mM 2-mercaptoethanol, 

5 mM Na2S2O5, 10% glycerol, 5% PVPP and 0.2 mM PMSF. Thiolase activity was determined by 

measuring the decay of acetoacetyl-CoA.  The final volume of the assay was 100 µL and conditions 

were as follows: 100 mM Tris pH 8.0, 50 mM KCl, 25 mM MgCl2, 50 µM CoA and 50 µM acetoacetyl-

CoA.  Products were separated and detected on HPLC as described in Burns et al. (2005).  n = 4; 

standard deviations are shown.  

 

Agrobacterium-mediated transient transformation and confocal microscopy 

 

Agroinfiltration of petunia petals was performed as described by Verweij et al. (2008).  To enable co-

localization, two separate A. tumefaciens GV3101 cultures harbouring the KAT1-GFP fusion construct 

or the peroxisomal marker px-rk, which contains mCherry with a C-terminal peroxisomal targeting 

signal 1 (Nelson, et al. 2007), respectively, were mixed 1:1 (v/v) prior to infiltration.  For confocal 

analysis, infiltrated petals were embedded in 80% glycerol to reduce light scattering of the conical 

epidermal cells. GFP and mCherry were imaged using a Zeiss LSM 510 confocal laser scanning 

microscope (Vermeer et al. 2008). 

 

Isolation of the full-length cDNA of PhKAT2 

 

Total RNA was extracted from petals using Trizol reagent as described above.  One µg of total RNA 

was used to synthesise cDNA using M-MuLV reverse transcriptase (Fermentas, 

http://www.fermentas.com).  The full-length cDNA was obtained using a 5’-RACE kit (Invitrogen, 

http://www.invitrogen.com) and confirmed by nucleotide sequencing.   
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SUPPORTING INFORMATION 
 

Figure S1. Expression of PhKAT2 during the day/night cycle.  

Figure S2.  Nucleotide and amino acid sequence of PhKAT1.  

Figure S3.  Effect of PhKAT1 silencing on volatile emission.  

Figure S4. Effect of PhKAT1 silencing on transcript abundance of some other 

benzenoid/phenylpropanoid-related biosynthetic genes.  
 

 
 
 
 

 
 

Figure S1. Expression of PhKAT2 during the day/night cycle. Two day-old petal limbs 

of three flowers per sample were collected with 3h intervals for a 30h period.  Eight 

µg of total RNA was loaded per lane and the blot was separately hybridised with a 

PhKAT1 and a PhKAT2 probe.  The blot was re-hybridised with a PhFBP1 probe, 

showing loading of the gel.  Abbreviations used: KAT: 3-ketoacyl-CoA thiolase; FBP1: 

floral binding protein 1.  
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Figure S2.  Nucleotide and amino acid sequence of PhKAT1. The N-terminal 

peroxisomal consensus targeting signal 2 (Petriv et al., 2004; Reumann, 2004) is 

shown in bold and italic.  The target sequence for the inverted repeat-construct is 

underlined.  The three conserved thiolase domains are highlighted in black and 

were identified using ProSite (NCBI). 
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Figure S3.  Effect of PhKAT1 silencing on volatile emission. Quantified emission of 

volatile benzenoids/phenylpropanoid compounds in wild type and ir-PhKAT1 plants. 

Two day-old flowers of two independent silenced T1 lines (4 and 7), one Mitchell 

control line (wt) and one transgenic non-silenced T1 line (6) were used for headspace 

analyses.  Volatiles were collected for 23h and analysed using GC-MS.  Emission 

levels are given per hour, given a constant emission rate, per g fresh weight, and 

standardised using p-cymene as internal standard. For each line, the average of 

seven experiments was taken, using three detached flowers per experiment.  

Standard errors are shown. Letters indicate significant differences among lines 

(ANOVA, P < 0.05 according to least significant difference post-hoc analysis). 
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Figure S4.  Effect of PhKAT1 silencing on transcript abundance of some other 

benzenoid/phenylpropanoid-related biosynthetic genes.  Total RNA was extracted 

from 2 day-old flowers (3 per sample) 2h before the onset of the dark period.  The 

numbers on top represent independent transgenic T1 lines. The blot was hybridised 

with the indicated probes.  For all probes, the full CDS was used. The experiment 

was performed twice independently and representative blots are shown. 

Abbreviations used: KAT: 3-ketoacyl-CoA thiolase; BSMT: benzoic acid/salicylic acid 

methyl transferase BPBT: benzoyl-CoA:benzyl alcohol/phenylethanol 

benzoyltransferase; PAAS: phenylacetaldehyde synthase.  
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SUMMARY 

 

Fragrance production in petunia flowers is highly regulated. Two transcription 

factors, ODORANT1 (ODO1) and EMISSION OF BENZENOIDS II (EOBII) have 

recently been identified as regulators of the volatile benzenoid/phenylpropanoid 

pathway in petals. Unlike the non-fragrant Petunia hybrida cultivar R27, the 

fragrant cultivar Mitchell highly expresses ODO1. Using stable reporter lines, we 

identified the 1.2 kbp ODO1 promoter from Mitchell that is sufficient for tissue-

specific, developmental and rhythmic expression. This promoter fragment can be 

activated in non-fragrant R27 petals, indicating that the set of trans-acting factors 

driving ODO1 expression is conserved in these two petunias. Conversely, the 1.2 

kbp ODO1 promoter of R27 is much less active in Mitchell petals. Transient 

transformation of 5’-deletion and chimeric Mitchell and R27 ODO1 promoter 

reporter constructs in petunia petals identified an enhancer region, which is 

specific for the fragrant Mitchell cultivar and contains a putative MYB binding site 

(MBS). Mutations in the MBS of the Mitchell promoter decreased overall 

promoter activity by 50%, highlighting the importance of the enhancer region.  

We show that EOBII can activate the ODO1 promoter via this MBS, establishing 

a molecular link between these two regulators of floral fragrance biosynthesis in 

petunia. 
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INTRODUCTION 
 

Tight regulation of metabolic pathways is necessary to manage the large number 

of compounds present in the cell and to ensure that substrates, which are often 

used by competing pathways, are used at the appropriate time. To a large extent 

this occurs through the coordinate expression of the genes in the pathway, which 

involves the action of transcription factors binding to cis-elements in the promoter 

of these genes, thereby activating or inhibiting their expression, often in a 

combinatorial manner (Singh, 1998; Hartmann et al., 2005).   

For many pathways, such as the flavonoid and lignin pathways (Winkel-

Shirley, 2001; Boerjan et al., 2003), several transcription factors that regulate 

biosynthetic genes or genes encoding other transcription factors have been 

identified (Winkel-Shirley, 2001; Boerjan et al., 2003; Hartmann et al., 2005; 

Koes et al., 2005; Zhong and Ye, 2009). Regulation of the volatile 

benzenoid/phenylpropanoid pathway in plants, however, is less well understood 

(Schuurink et al., 2006), despite the fact that this pathway produces important 

compounds in plant secondary metabolism (Wildermuth, 2006; Van Moerkercke 

et al., 2009).  In petunia flowers, both the flavonoid (Koes et al., 2005) and 

volatile benzenoid/phenylpropanoid pathways are active and competition for the 

common precursor Phe is avoided because both pathways are active at different 

developmental stages of the flower (Verdonk et al., 2005). Transcription of genes 

in the volatile benzenoid/phenylpropanoid pathway starts when the flower opens 

and peaks after anthesis. Additionally, expression of volatile 

benzenoid/phenylpropanoid genes is regulated rhythmically (Colquhoun et al., 

2010b). Together with the tissue-specific expression pattern, this means that the 

volatile benzenoid/phenylpropanoid pathway is highly regulated, both temporally 

and spatially.  

Few transcription factors (TFs) regulating the volatile 

benzenoid/phenylpropanoid pathway have been identified and little of their target 

genes are known. The petunia R2R3-MYB TF ODORANT1 (ODO1) was shown 

to activate the promoter of 5-enol-pyruvylshikimate-3-phosphate synthase 

(EPSPS), regulating precursor availability via the shikimate pathway (Verdonk et 

al., 2005). Silencing of ODO1 (ir-ODO1) resulted in a severe decrease in volatile 

production in petunia flowers, but did not affect the production of Phe-derived 
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flavonols and anthocyanins (Verdonk et al., 2005), which are produced earlier in 

flower development. Two genes, benzoic acid/salicylic acid methyl transferase 

(BSMT) and benzoyl-CoA:benzylalcohol/phenylethylalcohol benzoyltransferase 

(BPBT), producing the volatile compounds methylbenzoate/methylsalicylate and 

benzylbenzoate/phenylethylbenzoate, respectively, were upregulated in ir-ODO1 

petunia flowers, whereas several genes including phenylalanine ammonia lyase 

1 and 2 (PAL1/2) and chorismate mutase (CM) were downregulated. However, 

direct activation of their promoters by ODO1 was not investigated (Verdonk et al., 

2005).  Recently, a second petunia R2R3-MYB TF, EMISSION OF 

BENZENOIDS II (EOBII), was shown to regulate the volatile 

benzenoid/phenylpropanoid pathway in petunia. This homolog of the Antirrhinum 

majus MYB305 influences transcript abundance of several biosynthetic genes in 

the pathway (Spitzer-Rimon et al., 2010), while direct activation of the petunia 

isoeugenol synthase (IGS) and tobacco phenylalanine ammonia lyase B (PALB) 

promoters was shown in Arabidopsis leaf protoplasts (Spitzer-Rimon et al., 

2010). Interestingly, ODO1 transcript levels were lower in petals in which EOBII 

transcript levels were reduced via virus-induced gene silencing (VIGS), but over-

expression of EOBII did not result in higher ODO1 mRNA levels. This led to the 

conclusion that other factors might be needed for ODO1 activation in planta 

(Spitzer-Rimon et al., 2010).  Finally, the petunia MYB4, a homolog of the 

Arabidopsis MYB4, was identified as a repressor of cinnamate-4-hydroxylase 

(C4H), thereby fine-tuning the production of p-coumaric acid-derived volatile 

compounds such as isoeugenol and eugenol (Colquhoun et al., 2010a). 

Although many target genes of R2R3-MYB TFs involved in developmental 

processes, (a)biotic stress responses and primary and secondary metabolism 

are known in plants, few MYB binding sites have been identified (Dubos et al., 

2010). Binding studies using several promoters of phenylpropanoid genes 

resulted in the identification of a MYB consensus binding motif NMACCTWAAM 

for the Anthirrinum majus MYB305 (Sablowski et al., 1994).  Recently, another 

homolog of AmMYB305, the Nicotiana langsdorffii X N. sanderae MYB305 was 

shown to bind a MYB binding site (TCACCTAAT) in the promoter of the nectarin1 

(nec1) gene (Liu et al., 2009). Moreover, only few TFs that regulate the 

expression of plant R2R3-MYB TFs have been identified (Suzuki et al., 1997; 
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Koshino-Kimura et al., 2005; Shangguan et al., 2008; Espley et al., 2009; Kang 

et al., 2009; Zhang et al., 2009).  

As ODO1 is highly transcribed in fragrant petunia cultivars, but barely in a 

non-fragrant cultivar and because suppression of ODO1 expression dramatically 

reduces volatile production (Verdonk et al., 2005), it appears there is a 

correlation between volatile production and high ODO1 expression. This would 

implicate that transcriptional regulation of ODO1 is an essential factor 

determining volatile emission. Low ODO1 transcript abundance can be the result 

of (1) the absence of positive regulatory promoter elements or (2) the presence 

of negative regulatory elements in the promoter region or elsewhere in the gene; 

(3) the lack of (an) activating TF(s); (4) the presence of (a) repressor(s); or (5) 

any combination of 1-4, in addition to chromatin structure and post-transcriptional 

regulation (Moore, 2005). To investigate the role of the ODO1 promoter in the 

regulation of its transcript abundance, we performed a detailed analysis of the 

petunia ODO1 promoter from fragrant and non-fragrant petunias to identify cis-

elements. In addition we identified EOBII as one of the trans-factors, responsible 

for ODO1 expression.  

 
 

RESULTS 
 
Regulation of ODORANT1 expression in petunia flowers occurs to a great 
extent at the promoter level    

 

ODORANT1 (ODO1) transcripts accumulate predominantly in petals of fully 

developed flowers (Verdonk et al., 2005). To investigate to which extent the 

ODO1 promoter contributes to this tissue specificity, we made stable reporter 

lines with the P. hybrida cv. Mitchell ODO1 promoter.  A 1880 bp promoter 

fragment was isolated and a transcriptional fusion was made with the β-

glucuronidase (uidA) CDS (M19:GUS; Figure 1). Following stable introduction in 

Mitchell plants, seven independent primary transformants were obtained, of 

which six showed detectable GUS levels in their petals (Figure S1). 

Histochemical analysis of GUS activity in these lines showed petal-specific 

activation of the ODO1 promoter (Figure S2). No activity was seen in sepals, 
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flower petioles (Figure S2), filament stigma or stem (data not shown). Staining 

was observed in anthers, but to a similar extent as in wild type plants (data not 

shown). Three independent lines were chosen for detailed quantitative analyses 

of GUS activity. In these lines, leaves had on average only 0.5% activity of that of 

petal limbs. The activity in petal tubes was on average 17% of that in petal limbs 

(Figure 2a). Depending on the line, activity in petals of a 3 cm bud was 0.6-8 % 

and in a 4 cm bud 3-24 % of that of an open petal (Figure 2b). We also 

generated stable lines with a 1207 bp promoter fragment fused to uidA 

(M12:GUS; Figure 1). Three independent primary transformants were obtained 

and although the absolute GUS activity in petal limbs differed between these 3 

lines (Figure S1), all showed a similar developmental and tissue-specific pattern 

as the M19:GUS lines (Figure 2a, b).  

 

 

 
 

Figure 1. Reporter constructs used in this study. The ODO1 promoters of three P. 

hybrida cultivars were used to create reporter constructs. M: P. hybrida cv. Mitchell, 

R: P. hybrida cv. R27, and V: P. hybrida cv. V26. Mutations in the M12 promoter are 

denoted by m1 and m2. The bar on top indicates the length of the promoter fragment 

relative to the ATG codon. The location of the primers used to isolate each fragment, 

are shown on top of each fragment. F, forward primer; R, reverse primer. 
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Figure 2. The 1.2 kbp ODO1 promoter fragment directs tissue-specific, 

developmental and rhythmic expression. (a, b) Normalised GUS activities in leaves, 

petals and petal tubes (a) and in petals at different developmental stages (b) of 

M19:GUS and M12:GUS T0 lines. Values are represented relative to those of a 

stable CaMV 35S:GUS line (AVERAGE ± SE, n = 3). (c) RT-PCR showing GUS 

transcript levels in M12:GUS plants during a day/night cycle. The bar indicates the 

artificial day/night period. Three independent T0 lines showed a similar pattern and a 

representative gel is shown. FBP1 (FLORAL BINDING PROTEIN 1) was used as a 

reference gene. The numbers on the left indicate the number of PCR cycles. 

 

 

ODO1 transcripts accumulate rhythmically, peaking 2-3 h before the onset 

of the dark period (Verdonk et al., 2005). We therefore assessed our M12:GUS 

reporter lines for rhythmic expression from the 1207 bp ODO1 promoter. Since 

the GUS protein is relatively stable and therefore not suitable to investigate 

transient activity of a promoter, we assessed GUS mRNA accumulation at 

different time-points during the day/night cycle.  Semi-quantitative RT-PCR on 
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petal RNA isolated every 4h during a 24h period showed that GUS transcripts 

driven by the ODO1 promoter accumulate before the onset of the dark period 

and decline during the course of the dark period (Figure 2c), thus showing that 

the 1207 bp promoter is capable of driving rhythmic expression. With regard to 

tissue specificity, developmental regulation and rhythmic expression of ODO1, 

we conclude that the necessary cis-elements must be contained within this 1207 

bp promoter of the cv. Mitchell.  

Whereas the fragrant cv. Mitchell highly expresses ODO1, flowers of the 

non-fragrant cv. R27 do not (Figure 3a). To examine whether cis-elements or 

trans-factors cause this difference, we analysed the activity of the 1.2 kbp ODO1 

promoters of both cultivars reciprocally in their petals. To this end, we additionally 

made a transcriptional fusion of the 1.2 kbp promoter of R27 with the uidA 

reporter (R12:GUS; Figure 1) and assessed GUS activity driven by both 

promoters in petals after agroinfiltration.  Figure 3b shows that in the fragrant 

Mitchell petals the R27 promoter has only 20% activity of that of the Mitchell 

promoter. To determine whether the ODO1 promoters are active in R27, we 

assessed both reporter-constructs in petals of this cultivar. GUS activity was 

detected using the Mitchell promoter, which showed 4-fold higher activity 

compared to the R27 promoter in R27 petals (Figure 3c). In conclusion, these 

experiments suggest that the difference in ODO1 expression levels between the 

Mitchell and R27 petals is in part caused by differences in the promoter, rather 

than the lack of upstream activators.  
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Figure 3. ODO1 expression and promoter activity in fragrant and non-fragrant petunia 

cultivars.  (a) RT-PCR was performed using ODO1-specific and FBP1-specific primers. 

FBP1 (FLORAL BINDING PROTEIN 1) was used as a reference gene. RNA was isolated 

from petals of P. hybrida cv. Mitchell and R27, 2h before the onset of the dark period. 

The numbers to the left indicate the number of PCR cycles. (b, c) Analysis of the 1.2 kbp 

ODO1-promoter activity using transcriptional uidA (GUS) fusions in petals of Mitchell (b) 

and R27 (c) by means of Agrobacterium-mediated transient transformation. Flowers were 

co-infiltrated with A. tumefaciens harbouring a CaMV 35S-driven luciferase (35S:LUC) 

construct to enable normalisation (AVERAGE ± SE; n = 5). The experiment was repeated 

twice and the results of a representative experiment are shown. The normalised values of 

the Mitchell promoter were set to 100.  
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The ODORANT1 promoter is polymorphic between different Petunia 
hybrida cultivars 
 

Because differences in ODO1 transcript levels between cultivars depend on 

the promoter strength, we isolated the “full-length” ODO1 promoter fragments of 

the fragrant cv. V26 and the non-fragrant cv. R27 using Mitchell primers, for 

sequence comparison and to identify putative regulatory motifs. The Mitchell 

promoter contains a 252 nt fragment, located between 1814 and 1561 nt 

upstream of the ATG, which is absent in the R27 and V26 promoters. This 252 nt 

fragment is identical to part of the 11th intron of the petunia PSK6 (Tichtinsky et 

al., 1998).  If this fragment is not considered, the promoters share 87,6 %  (V26) 

and 87,9 % (R27) identity with the Mitchell promoter. A selection of cis-elements 

contained in the Mitchell ODO1 promoter is depicted in Figure S3.  The Mitchell 

promoter contains 2 Evening Elements (EE; AAAATATCT) (Harmer et al., 2000), 

which are located at 1116-1108 and 1003-995 nt upstream of the ATG (Figure 4), 

whereas in the R27 and V26 promoters, the upstream EE has one nucleotide 

difference (AAcATATCT; Figure 4). In the Mitchell and V26 promoters, there are 

two MYB consensus sequences (AAACCTAAT) (Sablowski et al., 1994; Liu et 

al., 2009), which are mutated in the R27 promoter. These two MYB consensus 

sequences are located directly upstream of each EE in the Mitchell promoter: 

1127-1119 nt (MYB Binding Site, MBS1) and 1014-1006 nt (MBS2). The EE and 

MBS are part of a 26 bp perfect repeat, which are separated by 87 bp (Figure 4).  

Additionally, the Mitchell promoter contains two motifs over-represented in light-

induced promoters (SORLIP1 and SORLIP2) (Hudson and Quail, 2003), six I 

BOX-cores (Giuliano et al., 1988), three CIACADIANLELHC elements (Piechulla 

et al., 1998) and one CCA1ATLHB1 element (Wang et al., 1997). The sequence 

also includes one ethylene responsive element (ERELEE4) (Montgomery et al., 

1993) and three MYBCORE elements (Solano et al., 1995) (Figure S3).   
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Figure 4. Sequence alignment of the enhancer of the ODO1 promoter from 

Mitchell with R27 and V26. The alignment was generated using Jalview 

(www.jalview.org). The sequences upstream of the ATG between 1204 and 964 

for Mitchell, 1189 and 972 for V26, and 1170 and 960 for R27 are shown. 

Arrowheads indicate the polymorphisms in the MYB binding sites (MBSs). The 

dashed lines represent the perfect repeat in the Mitchell promoter. Circadian 

boxes, light-related boxes and MYB boxes are indicated. SORLIP, sequence 

over-represented in light-induced promoters; EE, Evening Element.  
 

 
Identification of an enhancer region in the ODO1 promoter  
 

We generated a series of 5’-deletion reporter constructs of the 1880 bp Mitchell 

promoter (Figure 1) (a) to investigate if there were additional regulatory elements 

upstream of the 1207 bp promoter that determine the level of ODO1 transcription 

in petals and (b) to identify regulatory regions within the 1.2 kbp ODO1 promoter 

(Figure 5a). Petals of petunia Mitchell plants were infiltrated with A. tumefaciens 

strains that harboured these reporter constructs. Highest expression was seen 
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using M19:GUS and M12:GUS, which showed approximately 4-fold higher GUS 

activity than M10:GUS and approximately 2-fold higher activity than M3:GUS 

(Figure 5a). Thus, cis-elements for high promoter activity seem to be located in 

the 240 bp region between -1207 and -967 nt in the Mitchell promoter and, with 

respect to promoter strength, the 1207 bp promoter is comparable to the full 

length promoter. To verify if this putative enhancer region was specific for the 

Mitchell promoter, we compared the activity of R10:GUS and R12:GUS 

(comparable R27 promoter deletions, Figure 1) in Mitchell flowers.  Activity of 

these constructs was similarly low as that of the M10:GUS construct (Figure 5b), 

indicating that the R27 promoter lacks this enhancer. To further investigate the 

contribution of the enhancer, we generated chimeric reporter constructs, in which 

this 240 bp enhancer fragment was exchanged between the promoters of 

Mitchell and R27. Swapping this fragment in the Mitchell promoter with the R27 

fragment (R2M10, Figure 1) resulted in decreased GUS activity comparable to 

that of M10:GUS and R12:GUS (Figure 5b). Conversely, introducing the Mitchell 

enhancer in the 1kbp R27 promoter (M2R10, Figure 1) enhanced GUS activity 

2.5-fold on average, up to 70% of the M12:GUS activity (Figure 5b). We also 

made stable transformants with the chimeric Mitchell and R27 reporter 

constructs. Seven out of seven transformants (100%) showed GUS activity for 

M2R10:GUS, whereas in only two out of five (40%) R2M10:GUS lines GUS 

activity could be detected in petals (Figure S1).  
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Figure 5. Promoter activity of selected reporter constructs in Mitchell petals using 

agro-infiltration. (a, b) Petals of Mitchell plants were transiently transformed using 

A. tumefaciens harbouring a series of 5’-deletion reporter constructs of the 

Mitchell promoter, the R27 promoter, or chimeric Mitchell and R27 promoters 

depicted at the left. The bar on top shows the length of the promoter fragments. 

M: Mitchell, R: R27.  To enable normalisation, petals were co-infiltrated with A. 

tumefaciens harbouring a CaMV 35S:LUC construct (AVERAGE ± SE, n = 5). 

Independent experiments with different constructs (n ≥ 3) gave similar results. 

Letters indicate significant differences (ANOVA, P < 0.05 according to least 

significant difference post-hoc analysis). 
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Two MYB binding sites in the ODO1 promoter contribute to the promoter 
strength  
 

Sequence comparison with the Mitchell enhancer region (Figure 4) identified 17 

polymorphisms in the R27 promoter in addition to 22 nucleotides at the 3’-end, 

which are absent in the Mitchell promoter. The V26 promoter lacks 31 

nucleotides at the 3’-end of the enhancer and differs from the R27 promoter by 

only 8 nucleotides (Figure 4). Two of these eight nucleotides are identical in the 

Mitchell and V26 promoters.  Like Mitchell, V26 highly expresses ODO1 

(Verdonk et al., 2005) and V12:GUS  (V26 promoter) is more active than 

R12:GUS when transiently expressed in Mitchell petals (Figure S4). Interestingly, 

these two nucleotides are located within the two MBSs. To investigate the 

possible contribution of the nucleotide polymorphism in MBS1 and MBS2 to 

promoter strength, we mutagenised both of them in the 1207 bp promoter of 

Mitchell by changing cytosine-1124 to thymine in MBS1 and cytosine-1012 to 

adenine in MBS2 (m2M12:GUS; Figure 6), the corresponding nucleotides in the 

‘MBSs’ of the R27 promoter. This resulted in as much as 50% reduction of the 

promoter activity in Mitchell petals (Figure 6). When only MBS1 was mutated 

(m1M12:GUS), a similar result was obtained (Figure 6) suggesting both elements 

are necessary for 100 % activity. These results suggest that a MYB-type 

transcription factor can activate the ODO1 promoter.    

 

 

 
Figure 6. Mutation of the MYB binding-sites alters ODO1 promoter activity.  

Agro-infiltration of wild-type and mutated Mitchell ODO1 promoter reporter 

constructs in petals of Mitchell. Black boxes in the promoter represent wild-type 
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MYB binding-sites (MBSs) as found in the Mitchell promoter (M12:GUS). Hatched 

boxes represent MBSs as found in the R27 promoter, which have been mutated in 

the Mitchell promoter (m1M12:GUS and m2M12:GUS). In MBS1 and MBS2, a 

cytosine residue was changed to adenosine and thymidine, respectively (inset). 

Petal corollas were co-infiltrated with CaMV 35S:LUC for normalisation 

(AVERAGE ± SE, n = 5). The experiment was repeated twice and the results of a 

representative experiment are shown. 

 
 
EOBII can trans-activate the ODORANT1 promoter in Nicotiana 
benthamiana leaves 

 

Recently, the petunia R2R3-MYB EOBII was identified as a regulator of 

fragrance biosynthesis in petunia flowers and silencing of EOBII resulted in the 

down-regulation of ODO1, among other genes such as PAL2 and IGS (Spitzer-

Rimon et al., 2010). Unlike ODO1 (Figure 3a), EOBII is expressed in the flowers 

of the non-fragrant R27 cultivar (Figure 7a). Since the Mitchell promoter is active 

in the R27 background (Figure 3b) and potentially activated by a MYB (Figure 6), 

we set out to investigate whether EOBII can activate the ODO1 promoter. 

Because EOBII is not expressed in N. benthamiana leaves (data not shown), we 

chose this system for promoter trans-activation assays.  Agroinfiltration of N. 

benthamiana leaves has previously been used to analyse plant promoters (Yang 

et al., 2000). To investigate EOBII activation of the ODO1 promoter, we first 

transiently co-expressed CaMV35-driven EOBII (35S:EOBII) with the M19:GUS 

reporter construct in the leaves of N. benthamiana (Figure 7b).  As a control, the 

reporter construct was separately co-infiltrated with CaMV 35S-driven ODO1 

(35S:ODO1) and CaMV 35S-driven RED FLUORESCENT PROTEIN (35S:RFP). 

EOBII enhanced reporter activity up to 7-fold compared to the RFP-infiltration 

and ODO1-infiltration, indicating that EOBII can activate the ODO1 promoter 

independently from other petunia factors (Figure 7c).    
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Figure 7. Trans-activation of the ODO1 promoter of cv. Mitchell by EOBII in N. 

benthamiana leaves. (a) EOBII is expressed in the corollas of both Mitchell and 

R27. RT-PCR using RNA isolated from petal corollas at the peak of EOBII 

expression. FBP1 (FLORAL BINDING PROTEIN 1) was used as a reference 

gene. The numbers left indicate the number of PCR cycles. (b) Constructs used 

for the trans-activation assay. (c) Normalised GUS activity after co-infiltration with 

Agrobacterium harbouring any of the effector constructs with the M19:GUS 

reporter construct. Co-infiltration with the CaMV 35S:ODO1 or CaMV 35S:RFP 

effectors were used to show specificity of EOBII. Co-infiltrated with 35S:LUC 

enabled normalisation (AVERAGE ± SE, n = 6). RFP: red fluorescent protein.  

 

 
In order to detect which part of the ODO1 promoter is necessary for 

activation by EOBII, we performed trans-activation assays using the 5’-deletion, 

the chimeric and the mutagenised promoter reporter constructs in N. 

benthamiana as well. Because the M19:GUS and M12:GUS reporters were 

equally strongly activated by EOBII (Figure S5), we argued that the binding site 

for EOBII was contained within the 1207 bp promoter. Highest activation by 

EOBII co-expression was seen for M12:GUS, resulting in 2.5-3.5 fold higher 

activity compared with M3:GUS and M10:GUS (Figure 8). The latter result 



                               Regulation of ODO1 expression 

 83 

suggests the EOBII binding site is located within the previously identified 

enhancer region. Because R27 expresses EOBII, but not ODO1, we tested if 

EOBII could activate the R27 promoter, and, as expected, the R12:GUS reporter 

construct could not be activated by EOBII (Figure 8). Interestingly, the 1 kbp 

ODO1 promoter of R27 with the 240 bp enhancer region added (M2R10:GUS) 

could only weakly be activated by EOBII in N. benthamiana leaves (Figure 8).  

 

 

 

 
 

Figure 8. Fine-tuning of the EOBII binding region in the ODO1 promoter. Leaves 

of N. benthamiana were co-infiltrated with Agrobacterium harbouring selected 

reporter constructs, indicate left, and the 35S:EOBII effector construct. M: 

Mitchell, R: R27. A control co-infiltration of each reporter construct with CaMV 

35S:RFP was used to set the GUS activity at 1 (indicated by the vertical line). 

Activation by EOBII for each reporter construct thus indicates fold-induction 

relative to CaMV 35S:RFP. Co-infiltrated with 35S:LUC enabled normalisation 

(AVERAGE ± SE, n = 6). The experiment was repeated once and the results of a 

representative experiment are shown. Letters indicate significant differences 

(ANOVA, P < 0.05 according to least significant difference post-hoc analysis). 
 

 

Because mutation of the MBSs in the enhancer region of Mitchell affected 

promoter activity in petals (Figure 6), we wanted to know if it would affect 

activation by EOBII as well. The activity of m2M12:GUS dropped to ca. 30% 
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compared with the activity of M12:GUS (Figure 9), indicating that EOBII 

activation to a large extent depends on these two nucleotides in the MBSs.  

 

   

 
  

Figure 9.  Mutations in the MYB binding site disrupt activation by EOBII. Leaves 

of N. benthamiana were co-infiltrated with Agrobacterium harbouring a CaMV 

35S:EOBII activator and 1.2 kbp Mitchell reporter constructs with the wild-type 

(M12:GUS) and the mutated (m1M12:GUS) MYB binding sites (MBSs) 1 and 2. 

Co-infiltrated with 35S:LUC enabled normalisation (AVERAGE ± SE, n = 6). The 

experiment was repeated twice and the results of a representative experiment 

are shown.  

 

 
DISCUSSION 
 

Transcriptional regulation is an important mechanism to control metabolic 

pathways.  These pathways are generally influenced by environmental stimuli 

and the plant’s developmental program. The regulatory network of plant volatile 

benzenoid/phenylpropanoid biosynthesis is largely unknown, although evidence 

indicates that the pathway is strongly influenced by the circadian clock (Kolosova 

et al., 2001; Colquhoun et al., 2010b) and flower development (Dudareva et al., 

2000; Verdonk et al., 2003).  

By using stable reporter lines and a transient transformation assay in 

petals (Shang et al., 2007) with a series of reporter constructs, we identified a 
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crucial enhancer region in the promoter of ODO1, a regulator of volatile 

benzenoid/phenylpropanoid biosynthesis. In addition, we were able to identify 

EOBII, another regulator of the pathway, as a direct activator of ODO1 

transcription. Interestingly, two polymorphisms in the ODO1 enhancer, 

distinguishing a fragrant from a non-fragrant petunia, affected EOBII trans-

activation and contributed to overall ODO1 transcript abundance in fragrant 

petunias.  

 

Significance of the ODORANT1 promoter in fragrant and non-fragrant 
Petunia hybrida cultivars 
 

In petunia, the ability to produce scent appears to be correlated with ODO1 

expression. When ODO1 transcript accumulation is prevented by RNAi, 

precursors cannot be synthesised, and as a consequence low amounts of 

volatiles are produced (Verdonk et al., 2005).  In addition, in the fragrant Petunia 

hybrida cultivars Mitchell and V26, ODO1 is highly expressed, whereas in the 

non-fragrant cultivar R27 ODO1 transcripts are not detectable (Figure 3a; 

Verdonk et al., 2005). To investigate the contribution of cis-elements to its 

expression level, the ODO1 promoters from Mitchell, V26 and R27 were isolated 

and compared. The promoters are polymorphic, but overall nucleotide identity is 

high. In Mitchell petals, the promoter of Mitchell is 4-fold more active than the 

R27 promoter (Figure 3b).  A similar result was obtained in R27 petals (Figure 

3c), confirming the presence of cis-regulatory sequences in the Mitchell 

promoter, which are absent in the R27 promoter and necessary for high activity. 

This only partially explains the difference in ODO1 transcript abundance between 

both petals, since ODO1 transcripts are not detectable in R27 using RT-PCR 

(Figure 3a). One explanation for this discrepancy could be that cis-binding sites 

for repressors are present in the R27 promoter, located more upstream in the 

promoter.  Alternatively, other types of regulation than one would predict from the 

strength of the promoter alone can cause reduced transcript abundance, like 

chromosome context, regulatory sequences elsewhere in the gene and transcript 

stability. Finally, it should be noted that the transient nature of our assay can 

result in high numbers of transgenes in the cell, potentially over-estimating the 

strength of a weak promoter. In agreement with this, only ca. 25-40% of the 
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stable reporter lines that lack the enhancer region showed detectable levels of 

GUS activity in their petals, whereas for those reporter lines that have the 

enhancer, this number was 85-100% (Figure S1). These numbers suggest a 

significantly higher promoter strength in lines that contain the enhancer:GUS 

construct.   

Surprisingly, normalised activity of both promoters in transiently 

transformed petals is higher in R27 than in Mitchell (data not shown), which could 

reflect the absence of repressors in R27. Future work is needed, not only to 

identify activators, but also repressors of ODO1 transcription to unravel the 

complex regulatory mechanisms that determine overall ODO1 transcript 

abundance.  In conclusion, our experiments show that trans-acting factors in the 

non-fragrant R27 flowers are present to activate the fragrant Mitchell promoter 

and that to a large extent Mitchell-specific cis-regulatory elements in the 

promoter are responsible for high ODO1 expression.  

 

Regulation of ODO1 transcription 
 

In order to understand the transcriptional network underlying secondary 

metabolism in plants, identification of trans-activating factors is essential. Of 

particular interest are TFs that regulate other TFs, because they can be seen as 

master regulators of a pathway. Because ODO1 is a key regulator for the 

precursor availability of the volatile benzenoid/phenylpropanoid pathway, 

controlling regulation of ODO1 would implicate control over the pathway. 

Deletion analysis with reporter constructs revealed the importance of a 240 bp 

fragment in the ODO1 promoter of the fragrant cultivar Mitchell (Figure 4), which 

turned out to be necessary for high promoter activity in petals (Figure 5). 

Replacing this fragment by the corresponding fragment of R27 decreased the 

activity of the promoter significantly. Conversely, swapping the R27 fragment 

with the Mitchell counterpart in the ‘minimal’ R27 promoter could restore the 

ODO1 promoter strength to as much as 70% (Figure 5b). This means the 240 

bp fragment acts as an enhancer, which is specific for a fragrant, thus ODO1-

expressing cultivar. It also means the enhancer is necessary and to a large 

extent sufficient for full promoter strength in petunia petals.  
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Although ODO1 transcript abundance was reduced in petals suppressed 

in EOBII transcription using VIGS, transient over-expression of EOBII at the 

peak of ODO1 expression did not result in higher ODO1 transcript levels 

(Spitzer-Rimon et al., 2010). This lead to the hypothesis that additional factors 

might be involved for ODO1 expression (Spitzer-Rimon et al., 2010). We show 

that EOBII is able to activate the ODO1 promoter in N. benthamiana leaves, 

without involvement of additional petunia factors (Figure 7). This does however 

not exclude additional interactions at the ODO1 promoter in petunia petals. Why 

transient over-expression of EOBII did not result in increased ODO1 mRNA 

abundance in petals (Spitzer-Rimon et al., 2010) could be due to the fact that 

the measurements were performed at the peak of ODO1 expression, which 

would make it difficult to detect an increase.  We further show that EOBII 

activates the Mitchell promoter more strongly than the R27 promoter (Figure 8). 

This is in agreement with the activity of both promoters in petunia petals (Figure 

5b). Mutational analysis within the enhancer region identified two nucleotides, 

specific for fragrant petunias (Figure 4) that are necessary for high promoter 

activity in petals (Figure 6). These polymorphisms occurred in two MYB 

consensus sequences (Sablowski et al., 1994) within the enhancer region 

(Figure 4), which correspond to a core sequence recently identified in the 

promoter of nec1, and which is a target for MYB305 from ornamental tobacco 

(Liu et al., 2009). The same core sequence (MBS) is present once in the PALB 

promoter of tobacco, which has been shown to be activated by EOBII as well 

(Spitzer-Rimon et al., 2010). By changing nucleotide C1124 to T in MBS1 and 

C1012 to A in MBS2, we show that activation of the ODO1 promoter by EOBII in 

tobacco leaves can be reduced significantly (Figure 9). When analysing the 

M2R10:GUS construct, which is essentially the ‘minimal’ 1187 bp R27 promoter 

in which the two MBSs are restored within the context of the enhancer region, 

this chimeric promoter cannot be strongly activated by EOBII in N. benthamiana 

(Figure 8). This means that the MBSs in the enhancer region are necessary, but 

not sufficient for activation by EOBII. This result is different from what is seen in 

petunia petals (Figure 5b) and suggests that an additional activation site for 

EOBII is present in Mitchell promoter. It also suggests that an additional petunia 

factor causes high activity of M2R10:GUS in petals as compared to trans-

activation in N. benthamiana (Figure 8). Generally, R2R3-MYB TFs bind a single 
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consensus sequence in a promoter (Dubos et al. 2010).  However, MYB305 of 

ornamental tobacco was shown to bind two related core sequences, separated 

by 813 bp, in the nec1 promoter in vitro. Furthermore, both core sequences 

were necessary for high GUS activity in planta, although weak activation on a 

single core sequence was seen (Liu et al., 2009). Our results suggest a similar 

mechanism for ODO1 activation, although we could not find an additional MBS 

in the ODO1 promoter. In agreement with this, the IGS promoter lacks the MYB 

consensus sequence, despite its activation by EOBII (Spitzer-Rimon et al., 

2010). EOBII is expressed before anthesis when ODO1 expression is low 

(Verdonk et al., 2005; Spitzer-Rimon et al., 2010), indicating that ODO1 

expression is repressed before anthesis or that an additional factor is needed for 

high expression after anthesis. Although our results show that EOBII can 

activate ODO1 without additional petunia factors, they do also suggest 

combinatorial regulation at the ODO1 promoter that might be developmentally 

controlled. Future work is needed to identify putative EOBII-interacting factors at 

the ODO1 promoter as well as to assess the importance of the two EEs in the 

Mitchell promoter for rhythmic expression. 

 

 

EXPERIMENTAL PROCEDURES 
 
Plant material  

 

Petunia x hybrida cultivars Mitchell (also referred to as W115), R27 and V26, and Nicotiana 

benthamiana plants were grown in standard greenhouse conditions (16h photoperiod, 300-500 

µmol.m-2.s-1 light intensity, 60-65% humidity, and day/night temperatures of 22/17°C). Petunia 

plants were moved to a controlled growth chamber (16h photoperiod, 250-350 µmol.m-2.s-1 light 

intensity, 70% relative humidity and constant temperature of 21°C), at least 3 days prior to the 

experiments, unless stated otherwise.  

 

Promoter isolations 

 

Genomic DNA was isolated from leaves with extraction buffer (7M Urea, 0.3 M NaCl, 50 mM Tris-

HCl, 20 mM EDTA, 1% Lauroylsarcosyl, pH 8.0) followed by phenol/chloroform purification and 

isopropanol precipitation. First, a 2133 bp fragment of the Mitchell promoter, including the 5’-UTR, 

was obtained using a genome walking protocol (Siebert et al., 1995).  For this, genomic DNA was 
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digested with EcoRV, HinCII, PvuII, ScaI, SmaI or SspI. Next, an adapter was created by 

annealing a short (5’-P-acctgcccgggc-N-3’) oligonucleotide and a long (5’-

ctaatacgactcactatagggctggagcggccgcccgggcaggt-3’) oligonucleotide, which was then ligated to 

the digested gDNA. Upstream promoter fragments were PCR-amplified using an adapter-specific 

forward (‘5-ctaatacgactcactatagggc-3’) and an ODO1-specific reverse primer. A nested PCR was 

performed on the first PCR product with a second adapter-specific forward (‘5-

tcgagcggccgcccgggcaggt-3’) and a second ODO1-specific reverse primer. Finally, the PCR 

products were cloned in pCR2.1 (Invitrogen, http://www.invitrogen.com) and sequenced.  The 

promoters of the other cultivars were PCR-amplified using Mitchell-specific primers, cloned and 

subsequently sequenced.  

 

Construct design 
 

Constructs were made using standard molecular techniques.  To create the 5’-deletion GUS-

reporter constructs, promoter fragments were PCR-amplified introducing a HindIII site upstream 

of the promoter and a PscI site at the ATG (Table S1) and cloned HindIII/NcoI in a shuttle vector 

containing the uidA CDS with intron followed by the Nos terminator (tNos) between an NcoI site 

at the ATG and an EheI site downstream of the tNos.  The pODO1:GUS(I)tNos cassettes were 

HindIII/EheI ligated in the MCS of the binary vector pBINPLUS (Vanengelen et al., 1995) between 

HindIII and SmaI. To create the chimeric promoter GUS reporter constructs (R2M10:GUS and 

M2R10:GUS), the respective promoter fragments were fused using an overlapping PCR-strategy 

and subsequently cloned as described above (Figure 1, Table S1). All constructs were 

sequenced. For the construction of the single mutated promoter reporter construct 

(m1M12:GUS), the Mitchell promoter was PCR-amplified using a forward primer that contained 

the mutation (primer F5, Table S1) and a reverse primer. A second PCR on this product was 

performed (primers F3 and R1, Table S1) introducing a HindIII and PscI site, and cloned as 

described above. For the double mutated promoter reporter construct (m2M12:GUS), the 

promoter region containing the two mutations was first PCR-amplified using forward and reverse 

primers, which each contained the mutation (primers F5 and R3, Table S1) and an overlapping 

PCR and subsequent cloning was performed as above using primers F3 and R1 (Table S1). For 

the EOBII over-expression construct, the EOBII CDS was PCR-amplified introducing an NcoI site 

at the ATG and a SacI site downstream of the stop codon (forward primer: 5’-

catgccATGgataaaaaaccatgcaac-3’ and reverse primer: 5’-cgagctcTTAatcaccattaagcaattg-3’; 

restriction sites are in bold, start and stop codon are in upper case). The PCR-product was ligated 

NcoI/SacI between a CaMV 35S promoter and the Nos terminator of a shuttle vector and the 

expression cassette was cloned AscI/SfoI in the binary vector pBINPLUS (Vanengelen et al., 

1995). The 35S:ODO1 construct is described by Verdonk et al. (2006).  
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Stable transformations and reporter assays in petunia flowers 

 

Stable Petunia hybrida cv. Mitchell transformants were made using a standard leaf disc method 

(Horsch et al., 1985) with minor modifications as described by Van Moerkercke et al. (2009). 

Agrobacterium tumefaciens GV3101 (pMP90) harbouring different reporter constructs was used 

(Figure 1). Rooted plants were transferred to soil and screened for transgene integration by PCR 

using construct-specific primers. For each T0 transgenic line, GUS activity in petals was 

determined. For M19:GUS and M12:GUS, three independent T0 lines were chosen for detailed 

quantitative assessment of GUS activity in leaves, petal tubes, and petals of 1 cm buds, 3 cm 

buds and 1 day-old open flowers, collected from greenhouse-grown plants at 18.00 h – 20.00 h in 

winter time, 2h before artificial illumination ceased.  For each sample, at least 3 flowers/leaves 

were pooled. Tissues were homogenised in liquid N2 and proteins were extracted from 50 mg 

tissue in 150 µL cold Luciferase Cell Culture Lysis Reagent (CCLR; Promega; 25 mM Tris-

phosphate pH 7.8; 2mM DTT, 2M 1,2-diaminocyclohexane-N,N,N’,N’-tetraacetic acid (CDTA), 1 

% Triton®-X-100, 10% glycerol, http://www.promega.com) supplemented with complete protease 

inhibitor (Roche, http://www.roche.com). Samples were vortexed for 30s and centrifuged at 4°C 

for 30 min at 13.000 x g. GUS activity of the crude extract was determined spectrophotometrically 

using 4-methylumbelliferyl β-D-glucuronide (MUG) as a substrate (1 mM MUG in CCLR 

supplemented with 10 mM β-mercaptoethanol) after a 30 min incubation period at 37 °C. 

Measurements were performed in a FluoroCount Microplate Fluorometer (Packard BioScience 

Company, http://www.packardinstrument.com) using a 360 nm excitation filter and 460 nm 

emission filter. Activities were corrected for protein content, measured using Bradford reagent. 

For each tissue and developmental stage values of a 35S:GUS line were set to 100%. In planta 

GUS staining was performed as described by (Jefferson et al., 1987). 

 

Transient transformation and reporter assays in petunia flowers 

 

A. tumefaciens-mediated transient transformations of petal limbs were performed as described by 

Verweij et al. (2008). A. tumefaciens GV3101 (pMP90) harbouring different reporter constructs 

was used (Figure 1). In order to normalise for transformation efficiency and protein extraction 

efficiency, we co-infiltrated with a construct containing firefly luciferase (LUC) driven by the CaMV 

35S promoter.  Because the LUC used in this study does not contain an intron, we first 

determined potential LUC expression by A. tumefaciens after infiltration and incubation for 48h.  

For this we used the A tumefaciens strain GV3101 cured of plasmid pMP90 (Holsters et al., 

1980), which confers virulence.  Essentially no LUC activity was measured using this strain 

compared to the virulent, pMP90 containing strain in N. benthamiana leaf extracts (Figure S6), 

indicating that LUC is expressed by the plant and not by A. tumefaciens under these conditions.  

The Agrobacteria containing the reporter and CaMV 35S:LUC constructs, were mixed 

5:1, respectively, prior to infiltration. One-day-old Mitchell petal limbs were infiltrated and 

incubated for 36h in the growth chamber prior to analyses. After the incubation period, five petal-
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discs of infiltrated limbs per flower were pooled and frozen in liquid nitrogen. At least 5 petals 

were used per construct (n = 5) and each experiment was independently repeated at least once 

(n ≥ 2).  In vitro GUS activity was determined as described above.  For LUC measurements, 20 

µL of extract was analysed in 80 µL of luciferase assay buffer (20 mM Tricine, 2.67 mM MgSO4, 

0.1 mM EDTA, 33mM DTT, 270 µM Coenzyme A, 530 µM ATP, 470 µM D-Luciferin, pH 7.8, van 

Leeuwen et al. (2000) and measured in a FluoroCount Microplate Fluorometer (Packard 

BioScience Company, http://www.packardinstrument.com) using a 560 nm emission filter.  

 

Transient trans-activation assay in Nicotiana bentamiana leaves 

  

A. tumefaciens GV3101 (pMP90) cultures harbouring reporter or effector constructs were grown 

overnight and diluted in infiltration buffer (50 mM MES pH 5.8, 0.5% glucose, 2 mM Na3PO4, 100 

µM acetosyringone) to an OD600 of 0.3 prior to infiltration in N. bentamiana leaves.  Combinations 

of reporter and effector constructs were co-infiltrated in leaves of greenhouse-grown N. 

bentamiana plants and incubated for 48h. Regions of infiltration were marked and 5 leaf-discs 

were pooled per sample.  Six leaves on two plants were infiltrated for each effector/reporter 

combination (n = 6) and the experiment was repeated twice. To enable normalisation, leaves 

were co-infiltrated with a CaMV 35S:LUC-harbouring A. tumefaciens. GUS and LUC activity were 

determined as described above.  

 

RNA-isolation, cDNA synthesis and RT-PCR 

 

RNA was isolated from petals harvested 2h before the onset of the dark period using TriZol 

reagent (Invitrogen, http://www.invitrogen.com).  One µg was used for first strand cDNA synthesis 

using an oligo-dT(18) primer and M-MuLV Reverse Transcriptase (Fermentas, 

http://www.fermentas.com) after DNase (Invitrogen, http://www.invitrogen.com) treatment to 

remove contaminating gDNA.  Semi-quantitative RT-PCR was performed on diluted cDNA 

samples using a standard PCR program and DreamTaq polymerase (Fermentas, 

http://www.fermentas.com). We used primers 5’-gtgttctttgtgatgctcgtg-3’ and 5’-

caacctctcctgcaaatttgg-3’ for amplification of FBP1, primers 5’-catgccatggataaaaaaccatgcaac-3’ 

and 5’-cgagctcttaatcaccattaagcaattg-3’ for EOBII, primers 5’-gttggtggtagctgagagtcag-3’ and 5’-

gactctaagcaaatctaacttcc-3’ for ODO1 and primers 5’-cagactgaatgcccacaggccgtcgag-3’ and 5’-

ctgaatgcccacaggccgtcgag-3’ for uidA.  

 

Accession numbers: Sequences corresponding to the ODO1 promoters of P. 

hybrida cv. Mitchell (HQ901078), cv. R27 (HQ901079) and cv. V26 (HQ901080) 

have been deposited to GenBank.  
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Table S1. Primers used to generate the promoter reporter constructs. 

Figure S1. GUS activity in petals of transgenic petunia lines 

Figure S2. Histochemical staining of stably transformed flowers of M19:GUS and 

35S:GUS lines 

Figure S3. Structure of the ODO1 promoter of P. hybrida cv. Mitchell. 

Figure S4. Activity of the 1.2 kbp ODO1 promoters of P. hybrida cultivars 

Mitchell, V26 and R27 in Mitchell petals. 
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Figure S5. Trans-activation of the 1.9 kbp and 1.2 kbp ODO1 promoter 

fragments by EOBII in N. benthamiana leaves. 

Figure S6. Luciferase expression by Agrobacterium tumefaciens GV3101 cured 

of plasmid pMP90 

 
Table S1. Primers used to generate the promoter reporter constructs. 

name sequence construct 

F1 5'-cccaagcttctccacacaatcagctat-3' M3:GUS 

F2 5'-cccaagcttgtgctagattttcagtttaattg-3' M10:GUS / R10:GUS 

F3 5'-cccaagctttcaatgtaattccgcag-3' M12:GUS 

F4 5'-cccaagcttattccaatgtaattccgca-3' R12:GUS/V12:GUS 

F5 5'-tttcaatgtaattccgcagtttagggcgtggccttgtatatcaaataattccaaaaagtacgataaaataggacataaacttaat-3' mutM12:GUS 

F6 5'-cccaagcttgaagggggatctcatg-3' M18:GUS 

R1 5'-ccacatgtctactgactctcagctacc-3' all 

R2 5'-gttaccaattaaactgaaaatctagcac-3' 
M2R10:GUS / 
R2M10:GUS 

R3 5'-caattaaactgaaaatctagcactagaaggttgaataagaggtattatgtatggagatattttttattagttttatg-3' mutM12:GUS 

 

 

 
 
Figure S1. GUS activity in petals of transgenic petunia lines. (a) Box-plot representing GUS 

activities in petals of transgenic lines. Values are normalised for protein content. (b) Normalised 

GUS activity of each individual transgenic line used for generating the box-plot in (a). The number 

of independent transformants is indicated between brackets. nd, not detected. 
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Figure S2. The ODO1 promoter drives tissue-specific and developmental 

expression of the uidA (GUS) reporter in stable transformants. Histochemical 

staining of a representative stable line, transformed with the M19:GUS reporter 

construct. Staining of a stable CaMV 35S:GUS reporter line is shown for 

comparison. 

 

 

 

 

 
 

Figure S3. Structure of the ODO1 promoter of P. hybrida cv. Mitchell. The 

structure of the 2kbp fragment of the ODO1 promoter of Mitchell is shown. The 

primers used to generate the 5’-deletion reporter constructs are indicated by 

arrows. F: forward primer, R: reverse primer.  

 



                               Regulation of ODO1 expression 

 97 

 

 
 

Figure S4. Activity of the 1.2 kbp ODO1 promoters of P. hybrida cultivars 

Mitchell, V26 and R27 in Mitchell petals.  Petunia hybrida cv. Mitchell petals 

were separately infiltrated with A. tumefaciens harbouring M12:GUS, V12:GUS 

and R12:GUS. Flowers were co-infiltrated with CaMV 35S:LUC-harbouring A. 

tumefaciens to enable normalisation, and incubated for 48h prior to enzymatic 

analyses (AVERAGE ± SE; n = 4). Letters indicate significant differences 

(ANOVA, P < 0.05 according to least significant difference post-hoc analysis). 

 

 

 
 

Figure S5. Trans-activation of the 1.9 kbp and 1.2 kbp ODO1 promoter 

fragments by EOBII in N. benthamiana leaves. A. tumefaciens harbouring a 

reporter construct (M19:GUS or M12:GUS), the effector construct 35S:EOBII or 

35S:LUC were mixed in the ratio 5:5:2 and co-infiltrated in leaves of N. 

benthamiana. Leaves were incubated 48h prior to GUS and LUC analyses 

(AVERAGE ± SE, n = 6). Co-infiltration with CaMV 35S:LUC-containing A. 

tumefaciens enabled normalisation. 
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Figure S6. Luciferase expression by Agrobacterium tumefaciens GV3101 cured 

of plasmid pMP90. Tobacco leaves were infiltrated with Agrobacterium 

tumefaciens GV3101 containing plasmid pMP90 [GV3101(pMP90)] or A. 

tumefaciens cured of plasmid pMP90 (GV3101), both harbouring a CaMV 

35S:LUC construct. Leaves were co-infiltrated with A. tumefaciens GV3101 

harbouring a construct with a 35S-driven, intron-containing uidA, to enable 

normalisation (AVERAGE ± SE, n = 6). 
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SUMMARY 
 
Recent progress in our understanding of the volatile benzenoid/phenylpropanoid 

pathway indicates compartmentalisation and transport for the production of these 

compounds. How trafficking towards the plasma membrane after synthesis 

occurs and how these compounds are emitted remains largely unknown. We 

have identified a gene encoding a putative ABC-transporter (PhABCG1) in 

Petunia hybrida cv. Mitchell. PhABCG1 expression peaks after anthesis in petals 

and transcripts accumulate rhythmically during the night and day, coinciding with 

the developmental and rhythmic emission of volatiles.  Because PhABCG1 

transcripts accumulate after anthesis, we can exclude a role in pigmentation. Like 

the non-fragrant cv. R27, some fragrant petunias such as P. axillaris axillaris N. 

(PaaN) do not express PhABCG1. The PhABCG1 promoter of Mitchell is active 

in fragrant, but not in non-fragrant petals. A regulator of the volatile 

benzenoid/phenylpropanoid pathway in petunia, the R2R3-MYB transcription 

factor ODORANT1 (ODO1), can trans-activate the PhABCG1 promoter in 

Nicotiana benthamiana leaves and petals of R27 that normally do not express 

ODO1. Moreover, transient overexpression of ODO1 in petals of the fragrant cv. 

Mitchell increases transcript abundance of PhABCG1. Therefore, a role 

associated with the floral volatile benzenoid/phenylpropanoid pathway is 

proposed for PhABCG1. Because PhABCG1 localises to the plasma membrane, 

we can exclude a role in intracellular trafficking of compounds. Silencing 

PhABCG1 in Mitchell plants did not result in a significant difference in volatile 

emission under the conditions tested. However, when ectopically expressed in 

PaaN petals, internal volatile pools of benzylbenzoate accumulated, but this did 

not result in a significant change in emission of these compounds.  
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INTRODUCTION 
 
Both biosynthesis and emission of floral volatiles in petunia occurs primarily in 

petals. The floral volatile headspace of petunia is dominated by benzenoids and 

phenylpropanoids, which are derived from L-Phe via a series of branched 

pathways, involving multiple organelles. Several genes encoding enzymes 

catalysing steps in L-Phe production (Colquhoun et al., 2010a; Maeda et al., 

2010), and the branched pathways leading to the production of C6-C3 (Koeduka 

et al., 2006; Dexter et al., 2007), C6-C2 (Kaminaga et al., 2006) and C6-C1 (Negre 

et al., 2003; Boatright et al., 2004; Van Moerkercke et al., 2009) compounds, 

have been identified and the corresponding enzymes have been characterised in 

petunia. In roses, enzymes catalysing final steps are found primarily in the 

epidermal cell layers (Scalliet et al., 2006; Bergougnoux et al., 2007) and in 

snapdragon, the enzymes catalysing the final two steps in the production of the 

volatile benzenoid compound methylbenzoate (MeBA), are localised to the 

conical epidermal cells (Kolosova et al., 2001b; Long et al., 2009). Whether the 

entire volatile phenylpropanoid/benzenoid production is limited to epidermal cells 

is not known. Petal mesophyll cells were reported to contain high amounts of 

starch, which are likely needed to provide the carbon source and energy for the 

biosynthesis of scent compounds (Sood et al., 2006). These carbon sources, via 

phosphoenolpyruvate  (PEP) and erythrose-4-phosphate (E4P), feed the 

shikimate and aromatic amino acid pathways resulting in the production of L-Phe, 

(Tzin and Galili, 2010) the precursor of floral volatiles 

phenylpropanoid/benzenoids. The involvement of both plastids in L-Phe 

production (Colquhoun et al., 2010a; Maeda et al., 2010) and of peroxisomes in 

the β-oxidative production of volatile C6-C1 benzenoids (Van Moerkercke et al., 

2009) has been reported in petunia. Trafficking of metabolites across plastidial 

and peroxisomal membranes may require specialised transport proteins (e.g. 

Weber et al., 2005; Visser et al., 2007). For instance, the ATP-binding cassette 

(ABC) transporter COMATOSE (AtABCD1) is required for transport of acyl-CoAs 

into peroxisomes in Arabidopsis (Footitt et al., 2002).   

After biosynthesis the volatile compounds need further trafficking across the 

cell membrane, the cell wall, and the cuticle layer, before they can be emitted. 

Whether this trafficking involves non-facilitated diffusion, active transport or both 
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is uncertain (Jetter, 2006). ABC-transporters can facilitate transport of 

compounds across the plasma membrane.  The Arabidopsis ABCG11 

(WBC11/DSO/COF) (Bird et al., 2007; Panikashvili et al., 2007), ABCG12 

(WBC12/CER5) (Pighin et al., 2004) and ABCG13 (WBC13) (Panikashvili et al., 

2011) are involved in cutin and/or wax deposition at the surface of Arabidopsis 

plants. Nicotiana plumbaginifolia ABC1 (NpPDR1) actively secretes the terpenoid 

sclareol from sclareol-treated cells (Jasinski et al., 2001). ATP-dependent 

transport of aglycone monolignols across plasma membrane vesicles was 

demonstrated recently (Miao and Liu, 2010). Although intrinsic, non-selective 

permeability of the membrane for these compounds was shown as well, the 

authors however conclude that passive diffusion of these compounds unlikely 

plays a major role (Miao and Liu, 2010). Importantly, some of the monolignols 

tested, notably coniferylalcohol and coniferaldehyde, are precursors for the C6-C3 

volatile phenylpropanoids eugenol and isoeugenol (Koeduka et al., 2006; Dexter 

et al., 2007). Whether volatile benzenoid/phenylpropanoid emission requires 

active transport across plasma membranes is not known. During petal 

development in snapdragon, the rate of emission of MeBA is closely associated 

with internal pool size, which seems to control the emission rate (Goodwin et al., 

2003). The ratio between emission rate and internal pool size decreases with the 

molecular weight of the compounds in flowers of petunia (Oyama-Okubo et al., 

2005). For certain compounds in rose, notably 2-phenylethanol, benzylalcohol 

and 2-phenylethylacetate, this ratio is dependent on the developmental stage of 

the petals: whereas the internal pool size of these compounds remains constant 

during early and late phases of development, no emission is seen at late stages 

(Bergougnoux et al., 2007). This could point to active secretion of these 

compounds by transporters or alternatively to changes in petal cuticle 

composition that specifically affects transport and/or diffusuin of these 

compounds. In snapdragon, no clear association between MeBA emission and 

wax properties during flower development was seen, suggesting the cuticle 

shows little diffusive resistance to volatile emission (Goodwin et al., 2003). 

Despite the likely involvement of ABC-transporters at various stages in the export 

of lipophilic compounds to the surface of the plant, none have been identified for 

the volatile benzenoid/phenylpropanoid pathway.  
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The super-family of plant ABC proteins is one of the largest families of 

proteins in the plant kingdom consisting of 131 members in the Arabidopsis 

genome and a similar number in rice (Garcia et al., 2004). ABC-transporters 

couple ATP-hydrolysis to the transport of various compounds across 

membranes. They can principally be categorized according to the order and 

number of two functional domains:  an ATP-binding cassette or nuclear binding 

fold (NBF) and a hydrophobic trans-membrane domain (TMD), responsible for 

ATP binding and hydrolysis, and metabolite transport and substrate selectivity, 

respectively (Sanchez-Fernandez et al., 2001). Both domains can be present 

once (half-size transporters) or twice (full-size transporters) in a single protein, in 

a forward (TMD-NBF) or reverse (NBF-TMD) order. Half-size transporters need 

to form homodimers or heterodimers to form a functional protein (Graf et al., 

2003; McFarlane et al., 2010). The ABCG subfamily consists of the white-brown 

complex homologues (WBC) and pleiotropic drug resistant homologues (PDR), 

which are half-size molecules and full-size molecules, respectively, with the NBF 

and TMD organised in a reverse order (Verrier et al., 2008).  In Arabidopsis, the 

WBC subfamily comprises 29 members but only a functional role in cuticular lipid 

export (ABCG11, ABCG12 and ABCG13), kanamycin resistance (ABCG19), ABA 

export (ABCG25) and sporopollenin precursor transport (ABCG26) has been 

shown to date (Pighin et al., 2004; Mentewab and Stewart, 2005; Bird et al., 

2007; Panikashvili et al., 2007; Choi et al., 2010; Kuromori et al., 2010; Quilichini 

et al., 2010; Panikashvili et al., 2011), leaving the function of the other members 

of this group unknown.  

Few ABC-transporters have been reported that are expressed in flower 

petals. The Arabidopsis ABCG13 is involved in the transport of petal and carpel 

cuticular lipids (Panikashvili et al., 2011). The Nicotiana plumbaginifolia PDR1 is 

expressed in the upper parts of the fragrant petal limbs, although not exclusively 

since it is also expressed in trichomes and roots, and upon pathogen infection in 

leaves (Stukkens et al., 2005). A function for this cell membrane-localised ABCG-

transporter in petals was not investigated, but a role in floral volatile secretion is 

possible (Stukkens et al., 2005). In petunia, expression of genes involved in floral 

volatile benzenoid/phenylpropanoid biosynthesis is highly regulated during flower 

development and during the night and day, and is generally restricted to petals. A 

regulator of the pathway, the R2R3-MYB transcription factor ODORANT1 
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(ODO1), is co-expressed with several genes of the pathway (Verdonk et al., 

2005; Colquhoun et al., 2010b), and was shown to activate the promoter of the 

shikimate gene 5-enolpyruvylshikimate-3-phospate synthase (EPSPS), thereby 

controlling precursor supply (Verdonk et al., 2005). We identified an ABCG-

transporter, which is specifically expressed in petunia petals. Expression of 

PhABCG1 is regulated by the R2R3-MYB TF ODORANT1 (ODO1), suggesting a 

link with floral fragrance in petunia. We show that PhABCG1 is localised to the 

plasma membrane, excluding a role in intracellular trafficking.  Silencing or 

overexpression of PhABCG1 in Mitchell does not seem to alter volatile emission 

significantly. However, ectopic expression in petals of a fragrant P. axillaris that 

normally does not express PhABCG1 results in higher internal pools of the 

volatile compounds benzylbenzoate and phenylethylbenzoate compared to the 

control situation. If PhABCG1 is specific for these compounds and whether other 

compounds accumulate in these petals requires further investigation. 
 

 

RESULTS 
 
Identification of a gene encoding a putative ATP-binding cassette 

transporter 
 
Microarray analysis conducted with Petunia hybrida cv. Mitchell petal tissue 

collected at two different time points during the day/night cycle (Verdonk et al., 

2003) revealed a cDNA encoding a putative ATP-binding cassette (ABC) protein 

that was highly upregulated 3h before the onset of the dark period compared to 

9h before the dark period (26-fold induction, P = 0.006, n = 3).  The transcript is 

between 1.8 and 3.2 bp, suggesting it encodes a half-size ABC-transporter 

(Figure 1a). The full-length transcript was obtained using rapid amplification of 

cDNA ends (5’-RACE). This cDNA is 2178 bp, with a 146 bp 5’-untranslated 

region (UTR) and 130 bp 3’-UTR. Isolation of the corresponding genomic region 

showed a gene structure with eight exons and seven introns (Figure 1b).  
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Figure 1. Structure of PhABCG1. (a) RNA gel-blot showing the size of the full size 

PhABCG1 and FLORAL BINDING PROTEIN 1 (FBP1) transcripts in Mitchell petals. 

The sizes of the ribosomal RNAs are indicated on the right. (b) The genomic region 

consists of 8 exons (red) and 7 introns (blue). The UTRs are in yellow. The 2kb 

promoter region contains a 39 bp repeat (indicated with x2) that has a MYB.Ph3-like 

binding site. (c) PhABCG1 encodes a half size ABC-transporter of 663 AAs. The 

nuclear binding fold and tans-membrane domain are located the N-terminus and C-
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terminus, respectively. Characteristic features in the nuclear binding fold are 

indicated as boxes. An alignment of the putative trans-membrane domain with those 

of the closest homologs in Solanum lycopersicon (SlABC.1 and SlABC.2) and with 

those of Arabidopsis ABCG11 and G13 is shown. The six putative α-helices 

spanning the membrane are indicated above the amino acid sequence. (d) 

Phylogentic tree of the TMDs used for the alignment in (c), extended with those of 

the closest homologs in Oriza sativa (Os, NM_001069981), Populus trichocarpa (Pt, 

XM_002300152), Ricinus communis (Rc, XM_002525791), Vitis vinifera (Vv, 

XM_002270611), Sorghum bicolor (Sb, XM_002460339). The tree was made using 

MegAlign. 

 

 

The cDNA putatively encodes a protein of 633 amino acids that we named 

PhABCG1. The protein contains the highly conserved Walker A and B boxes 

(Walker et al., 1982), separated by the Q-loop and ABC signature (Higgins et al., 

1986) and flanked by the D-loop and H-loop/switch region, which together 

correspond to the nuclear binding fold (NBF; Figure 1c). A Kyte-Doolittle (Kyte 

and Doolittle, 1982) plot revealed 6 stretches with a high content of hydrophobic 

residues located at the C-terminus of the polypeptide, corresponding to six 

putative α-helices (α1-α6 in Figure 1c) spanning the membrane (transmembrane 

domain; TMD). In this order and number, the NBF-TMD structure is typical for 

proteins belonging to the ABCG/WBC subfamily of ABC proteins. We searched 

for homologous proteins using the BLAST tool of NCBI. The closest 

characterised protein is the Arabidopsis ABCG11/WBC11/COF1/DSO (Pighin et 

al., 2004) with 47% AA identity between the TMDs. Homology with the floral-

specific AtABCG13 (Panikashvili et al., 2011) is 40%. The closest 

uncharacterised putative homologs belong to Ricinus communis (62% between 

the TMDs), Populus trichocarpa (61.5%), Vitis vinifera (62%), Sorghum bicolor 

(60%) and Oryza sativa (60%). We further looked for putative homologous ABC-

transporters in the recently sequenced genome of tomato and found two proteins 

that show 78 %  (SlABC.1) and 57 % (SlABC.2) AA identity in the TMDs with 

PhABCG1. An alignment of the TMDs of PhABCG1, AtABCG11 and G13, 

SlABC.1 and 2, along with a phylogenetic tree of the TMDs of the 

aforementioned proteins are shown in Figures 1c and 1d, respectively. The 

PhABCG1 sequence could not be retrieved from a 454 Petunia database (P. 
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axillaris and P. integrifolia; www.petuniaplatform.net) and only short ESTs with 

low percentage of similarity were found. 

We isolated a 2009 bp promoter fragment using genome walking. The 

sequence contains TATA motifs immediately upstream of the putative 

transcriptional start site (TTS). The promoter also contains a 39 bp perfect repeat 

(Figure 1b), located 719-676 and 675-642 nucleotides upstream of the ATG, in 

which a putative MYB binding domain resides (TAACTATCT at 696-688 and 658-

650) that resembles a previously defined binding site (TAACTAACT) for 

MYB.Ph3 and AmMYB305 in the promoter of flavonoid genes (Solano et al., 

1995a; Solano et al., 1995b).  

 

The PhABCG1 expression pattern suggests a role in floral scent production 
and is restricted to a subset of fragrant petunias 
 

Expression analysis in Mitchell plants showed that this gene is highly expressed 

in the petal limbs and to a lesser extent in petal tubes of petunia flowers whereas 

a signal could barely be detected in any other tissue using RNA-blot analysis 

(Figure 2a). Three-hour interval sampling of petunia petals and subsequent RNA-

blot analysis showed rhythmical transcript accumulation during the day and night 

in phase with ODO1 (Figure 2b). Transcript abundance increased during flower 

development and peaked at anthesis (Figure 2c). This expression pattern of 

PhABCG1 is similar to and specific for genes of the volatile 

benzenoid/phenylpropanoid pathway in petunia and is thus indicative for a role in 

floral scent production.  
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Figure 2.  Accumulation of PhABCG1 transcripts. RNA gel-blot and RT-PCR 

experiments showing PhABCG1 transcript levels. For RNA-gel blot analyses, blots 

were hybridised with the indicated probes. Re-hybridisation with an FLORAL 

BINDING PROTEIN 1 (FBP1) or an 18S rDNA probe was used to show loading of 

the gel or to enable normalisation. For RT-PCR, the numbers of cycles used is 

shown on the left and FBP1 was used as a reference gene. Experiments were 

performed at least twice and representative blots and gels are shown. (a) Tissue-

specific accumulation in Mitchell. (b) Rhythmic accumulation in Mitchell. Mean values 

are shown (n = 2). Error bars indicate maximum and minimum values. Black and 

striped bars indicate PhABCG1 and ODO1 transcript levels, respectively. Petal tissue 

was harvested at the times indicated. Black and white bars below the X-axis indicate 

dark and light conditions, respectively. (c) Developmentally regulated transcript 

accumulation in Mitchell petals. Developmental stages of the petals: a-e, as 

indicated; f and g indicate open flowers before and after anthesis, respectively; h 

indicates a senescent flower. (d, e) PhABCG1 transcript levels in petals of different 

petunias. (d) RT-PCR on petal tissue of Mitchell (M), R27 (R), an R27 x Mitchell F1 

cross (R x M), the fragrant P. axillaris axillaris N. and Q. (PaaN and PaaQ) and 

purple and white flowers of petunia line B1 (Spitzer et al., 2007). (e) RNA gel-blot 

analysis using petal RNA from Mitchell and V26 flowers. Ethidium bromide was used 

to show loading of the gel.  

 

 

To verify if PhABCG1 expression is correlated with scent production, we 

analysed transcript levels in fragrant and non-fragrant petunias using RNA gel-

blot analysis and semi-quantitative RT-PCR.  PhABCG1 is highly expressed in 
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Mitchell petals, but transcripts could not be detected for the non-fragrant R27 

cultivar (Figure 2d). Surprisingly, PhABCG1 expression could not be seen in the 

fragrant cv. V26 either (Figure 2e).  The sequence corresponding to the full 

length CDS including introns could be PCR-amplified from V26 gDNA (data not 

shown), indicating a copy is present in its genome. Also the fragrant P. axillaris 

axillaris N. does not express PhABCG1 at detectable levels (Figure 2d), 

However, expression is seen in petals of the fragrant P. hybrida line B1 (Figure 

2d).  

 

PhABCG1 promoter activity in fragrant and non-fragrant petunias 
 

To further examine the expression pattern observed in Figure 2d, we analysed 

the activity of the PhABCG1 promoter of Mitchell in fragrant P. axillaris axillaris N. 

(PaaN), non-fragrant R27 and Mitchell petals.  For this, we fused a 2kb promoter 

region of Mitchell (including the 5’-UTR) to an intron-containing β-glucuronidase 

(uidA) CDS and assessed the activity in petals using agro-infiltration (Figure 3).  

As expected from the expression analyses, the Mitchell promoter was highly 

active in the Mitchell petals.  Similarly high expression levels were seen in PaaN 

petals.  Promoter activity in R27 flowers is ca. 7-fold lower compared to the 

Mitchell promoter but the promoter is more active in a R27 x Mitchell (R x M) F1 

cross, although less compared to Mitchell (Figure 3). 

 

 
 

Figure 3. PhABCG1 promoter activity in petals of fragrant and non-fragrant 

petunias. Mitchell PhABCG1 promoter activity in petals of P. hybrida cvs. Mitchell, 
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R27, an F1 R27 x Mitchell cross (R x M) and P. axillaris axillaris N. (PaaN). Petals 

were co-infiltrated with A. tumefaciens harbouring ABCG1:GUS and 35S:LUC 

(AVERAGE ± SE, n = 4). The experiment was performed twice and the results of a 

representative experiment is shown. Letters indicate significant differences (ANOVA, 

P < 0.05 according to least significant differences post-hoc analysis). 

 

 

ODORANT1 activates the PhABCG1 promoter and direct its transcription  

 
Flowers of the non-fragrant R27 cv. do not express ODO1 at detectable levels 

whereas flowers of fragrant petunias do (Figure 4a). In addition, the promoter 

contains two putative MYB binding sites (Figure 1b). To test if ODO1 can trans-

activate the PhABCG1 promoter, we used a trans-activation assay in Nicotiana 

benthamiana leaves as described in CHAPTER 3. We first ectopically expressed a 

2kb promoter reporter construct (ABCG1:GUS) together with 35S:ODO1 in N. 

benthamiana leaves. As a control, the same reporter construct was separately 

co-infiltrated with the R2R3-MYB TFs EOBII, ANTHOCYANIN 2 (AN2), or with 

RED FLUORESCENT PROTEIN (RFP) effector constructs (Figure 4b). Activity 

was induced up to 7-fold when co-infiltrated with ODO1 compared to the control 

infiltrations (Figure 4c).  These results indicate that ODO1 activates the 

PhABCG1 promoter in N. benthamiana leaves. Since R27 flowers do not express 

ODO1 and since the Mitchell promoter is not active in R27 petals, we ectopically 

co-expressed the ABCG1:GUS reporter construct and the 35S:ODO1 effector 

construct in R27 petals, and subsequently assessed the promoter activity. We 

used the 35S:RFP as a control as both AN2 and EOBII are expressed in R27 

flowers. Similarly as for leaves, the PhABCG1 promoter could be activated by 

ectopically expressed ODO1 in R27 petals (Figure 4d), confirming ODO1-

dependent expression of PhABCG1 in a non-fragrant flower background. 

 To further corroborate the molecular link between ODO1 and PhABCG1 in 

Mitchell petals, we transiently overexpressed ODO1 in Mitchell flowers and 

subsequently monitored PhABCG1 expression levels at a time-point where 

ODO1 and PhABCG1 expression are normally low (Figure 2b). Figure 4e shows 

increased ODO1 transcript levels as a result of ODO1 overexpression with 

concomitant increased PhABCG1 levels. As a control, flowers were infiltrated 
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with a 35S:LUC construct, which did not result in increased ODO1 and 

PhABCG1 transcript abundance (Figure 4e).  

 

Subcellular localisation of PhABCG1 
 
To verify the subcellular localisation of PhABCG1, we created an N-terminal 

translational fusion to mVenus (Nagai et al., 2002) under control of a double 

CaMV 35S promoter and transiently expressed it in P. hybrida cv. Mitchell petals 

and N. benthamiana leaves using agro-infiltration (Verweij et al., 2008; Van 

Moerkercke et al., 2009). Initial attempts to clone the fusion construct with the 

PhABCG1 CDS failed, possibly due to toxicity in E. coli, and therefore we used 

the full genomic region. Confocal imaging of the fusion protein showed co-

localisation with the cell membrane marker FM4-64 (Bolte et al., 2004) in the 

conical cells of the adaxial epidermis of petunia petals. Figure 5a and Figure 5d 

show the transmitted light through the adaxial conical cells and at the base of the 

cells, respectively. Single confocal sections show co-localisation of mVenus-

ABCG1 with the FM6-46 marker in these cells (Figures 5b, e).  A 3D-

reconstruction of multiple confocal projection images of the same cells, 

represented in an angle of 45°, shows co-localisation at the entire surface (Figure 

5g-i). Co-localisation with FM4-64 was also observed in epidermal cells of 

tobacco leaves (Figure 5c, f), confirming plasma membrane-localisation in non-

petal tissue. 
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Figure 4.  PhABCG1 is activated by ODORANT1. (a) RT-PCR showing transcript 

levels in petals of Mitchell (M), R27 (R), an R27 x Mitchell F1 cross (R x M) and P. 

axillaris axillaris N. (PaaN). The numbers of cycles used is shown on the left. 

FLORAL BINDING PROTEIN 1 (FBP1) was used as a reference gene. (b) 

Constructs used for the trans-activation assay. (c, d) Trans-activation assay with 

ectopically expressed effector and control constructs in leaves of N. benthamiana 

and petals of R27. Co-infiltration with 35S:LUC was used to normalize for infiltration 

and protein extraction efficiency. (e) RT-PCR analysis showing ODO1 transcript 

levels in Mitchell petals transiently overexpressing PhABCG1, at a time during the 

day when PhABCG1 and endogenous ODO1 levels are low. Petals expressing LUC 

were used as a control. The numbers of cycles used is shown on the left. FLORAL 

BINDING PROTEIN 1 (FBP1) was used as a reference gene. The experiment was 

performed three times and the result of one representative experiment is shown. 
 



                                   A floral fragrance ABC-transporter  

 113 

 
 

Figure 5. PhABCG1 localises to the plasma membrane. Transient expression in 

petunia petals and Nicotiana benthamiana leaves showing plasma membrane-

localisation of 35S:mVenus-ABCG1. Transmitted light through the conical cells (a) 

and at the base of the conical cells (d) of the adaxial epidermal cell layer of petunia 

petals. (b) Merged image of a single confocal section of the image in (a). (e) Merged 

image of a single confocal section of the boxed area in image (d). The scale bar 

represents 10 µm. (e) Magnification taken from the boxed area in (d). (g, h, i) 

Confocal projection image of mVenus (g) and FM4-64 (h) showing co-localisation at 

the plasma membrane (i).  The images are 3D-reconstruction of multiple confocal 

images, including those shown in (b) and (e), and shown in an angle of 45°. (c) 

Merged image of a single confocal section showing PhABCG1 (green), FM4-64 (red) 

and autofluorescence (blue) in epidermal cells of N. benthamiana leaves. The scale 

bare represents 100 µm. (f) Magnification taken from the boxed area in (c).  
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The effect of PhABCG1 silencing on volatile emission levels  
 
Because the expression pattern of PhABCG1 suggested a role in floral scent 

production, we stably silenced PhABCG1 in Petunia hybrida Mitchell plants and 

analysed the emission of volatile compounds.  Two independent T1 lines (T0 

selfings) with 50% (line 9) and 70% (line 10) reduced PhABCG1 transcript levels 

and one line with only 10% (line 12) reduced transcript levels were obtained 

(Figure 6a, b) out of 12 transgenic lines.  No significant difference in volatile 

emission was detected between lines 9 and 10 compared to both wild type and 

line 12 (Figure 7). However, a slight but non-significant, increase in emission in 

both lines could be observed for methylbenzoate, benzylbenzoate, 

benzylacetate, phenylethylbenzoate, isoeugenol and vanillin (Figure 7).  

 

 

 
 

Figure 6. Expression analysis of PhABCG1-silenced lines. (a) PhABCG1 mRNA 

levels in wild type (wt) petals and petals of three transgenic lines (9, 10 and 12). 

Total RNA was isolated from 2-day-old petals at the onset of the dark period. The 

numbers on top represent independent transgenic T1 (T0 selfings) lines. Sampling 

and RNA extraction were independently performed twice. Blots were hybridised with 
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a PhABCG1-specific probe. Re-hybridisation with a FLORAL BINDING PROTEIN 1 

(FBP1) probe was performed to show loading of the gel. (b) Quantified PhABCG1 

mRNA levels using RNA gel blot analysis. FBP1 was used to normalise mRNA levels 

(mean and maximum levels are shown, n = 2).  

 

 

 

 
 

Figure 7. Volatile emission levels in PhABCG1-silenced lines. Emission of 

volatile phenylpropanoid/benzenoid compounds in wild type, two silenced (lines 9 

and 10) and one non-silenced (line 12) T1 line. For each line, two detached flowers 

per experiment were used (AVERAGE ± SE, n = 4). No significant differences could 

be detected (P > 0.05).  

 

 

Ectopic expression of PhABCG1 in Petunia axillaris petals 
 
A reduction in transcript abundance of up to 70% in line 10 (Figure 6) did not 

result in a significant change in volatile emission in Mitchell flowers (Figure 7). 

Petunia axillaris axillaris N. (PaaN) emits volatile benzenoids/phenylpropanoids, 
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notably benzylbenzoate, methylbenzoate, phenylethylbenzoate, isoeugenol, 

phenylacetaldehyde and benzaldehyde (Hoballah et al., 2005), but does not 

express PhABCG1 (Figure 2d). To test if PhABCG1 is involved in the specific 

volatile signature of Mitchell flowers, this petunia was chosen for transient 

expression of PhABCG1 in its petals followed by headspace, internal volatile 

compound accumulation and GC-MS analyses. PhABCG1 was expressed in 

ABCG1-infiltrated PaaN petals, but not in petals infiltrated with 35S:LUC (Figure 

8c). We could not detect any significant change (n = 4, P > 0.1) in volatile 

emission compared with LUC-infiltrated control flowers  (Figure 8a) but a slight 

decrease for benzylbenzoate, phenylacetaldehyde and methylbenzoate, and a 

slight increase for benzaldehyde was observed. The emission of isoeugenol 

could only be detected in non-infiltrated control flowers and one LUC-infiltrated 

flower (n = 4). Phenylethylbenzoate emission could not be detected. 

 

 

 
 

Figure 8. Transient expression of PhABCG1 in petals of Petunia axillaris.  

Petals of P. axillaris axillaris N. were infiltrated with A. tumefaciens harbouring a 

35S:LUC or 35S:ABCG1 construct. (a) Emission of benzylbenzoate, 

phenylacetaldehyde, methylbenzoate and benzaldehyde (AVERAGE ± SE, n = 4). 

No significant differences were seen for benzylbenzoate, phenylacetaldehyde and 

MeBA (P > 0.5). Difference for benzaldehyde is indicated (student t-test). (b) Internal 

levels of benzylbenzoate, phenylethylbenzoate and isoeugenol. Petal tissue was 

collected at the beginning of the dark period (AVERAGE ± SE, n = 4). Differences 
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are indicated (student t-test). (c) RT-PCR showing ectopic expression of PhABCG1 

in petals after agroinfiltration. The number of cycles is indicted left. FLORAL 

BINDING PROTEIN 1 (FBP1) was used as a reference gene.  

 

Interestingly, internal levels of benzylbenzoate were significantly higher in 

ABCG1-infiltrated petals compared to the control situation (n = 4, P = 0.02). 

Internal levels of phenylethylbenzoate (n = 4, P = 0.1) and isoeugenol (n = 4, P = 

0.45) were not significantly higher in infiltrated petals (Figure 8b). Increased 

accumulation of benzylbenzoate was seen in two independent experiments. 

Accumulation of isoeugenol in both ABCG1-infiltrated petals and control-

infiltrated petals could only be detected in one experiment (n = 4). Internal pools 

of benzaldehyde and phenylacetaldehyde could not be detected. Production of 

compounds that are absent in control-infiltrated petals was not observed. It 

should be noted that the internal levels of the compounds (as well as total 

emitted output), possibly as a result of the infiltration, was lower compared to 

non-infiltrated wild type flowers. 

 

 
DISCUSSION 
 

PhABCG1 is associated with fragrance biosynthesis in petunia petals 
 
The expression pattern of a gene can be indicative for its function. Transporters 

are often co-expressed with enzymes that metabolise the substrates/products 

that need transport. As a consequence, it is likely they are under control of the 

same regulators. For instance, the Zea mays MRP3, encoding a full-size ABCC 

transporter, was shown to transport anthocyanins into the vacuole (Goodman et 

al., 2004). Importantly, ZmMPR3 is co-expressed with genes of the anthocyanin 

pathway and regulators of anthocyanin biosynthesis control ZmMRP3 expression 

(Goodman et al., 2004). Likewise, the Arabidopsis ABCG26/WBC27, required for 

exine formation during pollen development, is co-expressed with genes encoding 

enzymes involved in sporopollenin precursor synthesis (Choi et al., 2010) and 

ZmWBC11a, involved in cuticular wax secretion, is regulated by the same 

regulator that activates genes of lipid metabolism (Javelle et al., 2010). 
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PhABCG1 transcripts were predominantly detected in petal tissue (Figure 

2a), which is in accordance with the site of volatile production and with the petal-

specific expression of previously described genes of fragrance biosynthesis in 

petunia (Schuurink et al., 2006). Importantly, PhABCG1 transcripts accumulate 

after anthesis, when floral volatile production starts (Figure 3c). This excludes a 

role for PhABCG1 in pigment transport/biosynthesis, since pigments are 

produced early in flower development (Martin and Gerats, 1993) and is in 

agreement with the developmental regulation of genes of the volatile 

benzenoid/phenylpropanoid pathway (Verdonk et al., 2003).  

Like the emission of floral volatiles, transcription of volatile 

benzenoid/phenylpropanoid genes in petunia oscillates during the night and day 

(Colquhoun et al., 2010b). Previously, micro-array analysis using Mitchell 

wildtype petals harvested 9h and 3h before the onset of the dark period (Verdonk 

et al., 2003), revealed rhythmic transcript levels for genes encoding ODO1, 3-

ketoacyl-Co thiolase 1 (KAT1), benzoyl-CoA:benzylaclohol/phenylethylalcohol 

benzoyl transfrerase (BPBT), phenyalanine ammonia lyase (PAL) 1/2, 

chorismate mutase (CM) and isoeugenol synthase (IGS), all of which have later 

been shown to be involved in floral fragrance biosynthesis (Negre et al., 2003; 

Boatright et al., 2004; Verdonk et al., 2005; Koeduka et al., 2006; Dexter et al., 

2007; Van Moerkercke et al., 2009; Colquhoun et al., 2010a). Importantly, 

PhABCG1 transcript abundance oscillates in phase with that of ODO1 (Figure 

2b), which also cycles in phase with mRNA levels of acetyl-CoA:coniferyl alcohol 

acetyltransferase (CFAT) (Dexter et al., 2007; Colquhoun et al., 2010b), PAL1 

and EPSPS (Verdonk et al., 2003). In flowers silenced for ODO1, EPSPS and 

PAL1 mRNA levels were reduced (Verdonk et al., 2005) and ODO1 is able to 

trans-activate the EPSPS promoter in petunia leaves (Verdonk et al., 2005). The 

Mitchell PhABCG1 promoter activity appears to be correlated with ODO1 

expression, since a transcriptional fusion construct is active in different ODO1-

expressing petals, notably those of Mitchell and PaaN (Figure 3). The PhABCG1 

promoter cannot be activated in flowers of R27 (Figure 3) that do not express 

ODO1 (Figure 4a). However, when ODO1 is ectopically expressed in R27 petals, 

the Mitchell promoter can be activated (Figure 4d). In agreement with this, the 

promoter is active in a R27 x Mitchell F1 cross (Figure 3) and transcripts 

accumulate in petals of this line (Figure 2d), excluding a role for a dominant 
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negative regulator in R27 and suggesting that R27 petals lack an activator of 

PhABCG1 expression. The link between PhABCG1 expression and ODO1 was 

corroborated in two ways. First, PhABCG1 transcripts accumulate in petals in 

which ODO1 is over-expressed (Figure 4e), meaning that PhABCG1 transcript 

levels depend, at least indirectly, on those of ODO1. Second, ectopically 

expressed ODO1 can activate the PhABCG1 promoter in tobacco leaves and 

petals of R27 (Figure 4c,d), showing the molecular link with PhABCG1 regulation 

in planta.   

The PhABCG1 promoter contains a putative MYB binding site 

(TAACTATCT) within a 39 bp perfect repeat (Figure 1a). This element differs in 

one nucleotide from that of the MYB.Ph3 binding site (TAACTAACT) found in 

promoters of flavonoid genes (Solano et al., 1995a). Mutating the adenosine to 

thymidin in this sequence (TAACTAACT to TAACTATCT) disrupts binding by 

MYB.Ph3 in vitro (Solano et al., 1995a). Whether ODO1 binds to this element 

needs further investigation. Since the MYB.Ph3 site is also bound by the 

homolog of EOBII, AmMYB305 (Solano et al., 1995a), we sought to investigate if 

EOBII could activate the PhABCG1 promoter. Unlike ODO1, EOBII could not 

trans-activate the PhABCG1 promoter in tobacco leaves (Figure 4c), which is in 

agreement with the lack of promoter activity in R27 petals, which express EOBII 

(CHAPTER 3). Why some of the ODO1-expressing, fragrant petunias, notably P. 

axillaris axillaris N. and the cv. V26, do not express PhABCG1 is unclear. 

Attempts to PCR-isolate the V26 and PaaN promoters using different Mitchell-

specific primers failed. The origin of the petunia line B1 is not known, but it may 

well have been derived from a Mitchell-relative. Hence, expression is seen in 

petals of this line (Figure 2d) as in the R27 x Mitchell cross.   

 

Towards a function for the PhABCG1 protein 

 

Most cell membrane-localised ABC-transporters in plants export compounds 

from the cytoplasm to the apoplast (Jasinski et al., 2001; Rea, 2007), but 

importers of primary and secondary metabolites have been described in plants 

as well (Shitan et al., 2003; Lee et al., 2008; Kang et al., 2010). The PhABCG1 

protein localised to the plasma membrane of conical epidermal cells of petunia 

petals and epidermis cells of N. benthamiana leaves (Figure 5). This suggests 
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that PhABCG1 can form a homodimer but does not exclude heterodimerisation. 

For instance, the plasma membrane-localised AtABCG12 is retained in the ER in 

the absence of its obligate heterodimer partner AtABCG11, but G11 does not 

need G12 for plasma membrane-localisation (McFarlane et al., 2010).  

Alternatively, a putative heterodimer partner of PhABCG1 is present in both cell 

types. This would mean that PhABCG1 is promiscuous to form heterodimers, a 

common feature of ABCG-proteins (Graf et al., 2003; McFarlane et al., 2010), 

and that expression in the correct cell type is not a prerequisite for plasma 

membrane-localisation. In addition, the mVenus-ABCG1 fusion protein in conical 

cells was seen at the entire surface of the membrane (Figure 5g-i).  Although 

experimentation showing localisation of floral fragrance biosynthesis is still 

fragmented, at least the final steps in volatile biosynthesis occur in epidermal 

cells of rose (Scalliet et al., 2006; Bergougnoux et al., 2007) and snapdragon 

(Kolosova et al., 2001b; Long et al., 2009). Therefore, PhABCG1 could be 

involved in volatile release from the epidermal surface in Mitchell. However, 

because we used a constitutive promoter to drive the mVenus-fusion in our 

localisation experiments, the cell layer in which PhABCG1 is expressed remains 

unknown.  

Petunia axillaris axillaris N. (PaaN) emits a subset of volatiles emitted by 

Mitchell (Verdonk et al., 2003; Hoballah et al., 2005) and does not express 

PhABCG1 (Figure 2d). This led us initially to hypothesise the involvement of 

PhABCG1 in the emission of one or more Mitchell-specific volatile compounds. 

To investigate this, we stably silenced PhABCG1 in Mitchell plants. Despites a 

slight increase for some compounds, we could not detect a significant change in 

emission of any compound in the silenced lines (Figure 7). Because the closest 

homolog in Arabidopsis is involved in culticle formation (Pighin et al., 2004), we 

checked if the silenced flowers showed a deficit in their cuticles by means of a 

toluidine blue (TB)-test (Tanaka et al., 2004). In both wild type and transgenic 

plants, the petals did not take up the TB, suggesting a functional cuticle in these 

petals (data not shown). Also, no visible morphological floral phenotype could be 

observed in the silenced lines. An in-depth study of the cutin and wax 

composition would, however, be needed to assess a small qualitative change in 

composition as a result of silencing. Goodwin et al. (2003) reported no clear 

association between MeBA emission and cuticle properties during flower 
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development in snapdragon. During petal development in snapdragon, the 

emission of MeBA is closely associated with internal pool size (Goodwin et al., 

2003), which determines the emission rate. This is also true for the rhythmic 

production and emission of this compound in snapdragon (Kolosova et al., 

2001a), but wax composition during the night and day was never investigated.  If 

this can be extrapolated to petunia and generalised to other compounds is not 

known.  

The only moderate silencing obtained by our approach (Figure 6) in 

addition to functional redundancy could explain the lack of a detectable emission 

phenotype. As an example, an abcg13 null mutant in Arabidopsis shows floral 

organ fusion, but several lines displaying various degrees of AtABCG13 

downregulation did not display this phenotype (Panikashvili et al., 2011). 

Likewise, stable silencing of NpPDR2 in N. plumbaginifolia plants, did not result 

in a detectable phenotype under the tested conditions (Trombik et al., 2008). 

Partial redundancy has been suggested for plant ABCG-transporters, including 

the full-size transporters AtABCG36/AtABCG37 (Ruzicka et al., 2010) and the 

half-size transporters AtABCG11/AtABCG12 (Panikashvili et al., 2007). 

Redundant ABC-transporters do not necessarily need to be related to each other. 

The human ABCB1 and ABCC1 transporters share 17% amino acid sequence 

identity but nevertheless show overlapping substrate specificity (Yazaki, 2006). In 

addition to active transport, trafficking of volatiles could also involve diffusion 

under specific conditions, which could partially compensate for the loss of active 

transport. For instance, the Arabidopsis cell membrane-localized ABCG40 

transporter facilitates cellular uptake of ABA in addition to diffusion. The ratio 

between the two mechanisms is pH-dependent, with diffusion being the dominant 

mechanism under non-stress conditions, i.e. at physiological pH. This results in 

only 18% reduced ABA uptake in an abcg40 knockout at pH 5.7, but up to 69% 

at pH 7 (Kang et al., 2010). Related to this, a decrease in endogenous 

concentrations and an increase in emission of volatile compounds from flowers of 

petunia was reported for increasing temperatures from 20°C to 30°C (Sagae et 

al., 2008). At lower temperatures, the ratio of the emitted and endogenous 

concentration between the compounds becomes more apparent. This means that 

at low temperatures, the emission of large compounds is more hampered than 

that of small compounds (Sagae et al., 2008).  The authors did not investigate 
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temperatures below 20°C, although in natural habitats of Petunia species, during 

the night when their pollinators are active, temperatures can drop far below 20°C. 

Lower temperatures would implicate reduced volatile biosynthesis due to lower 

enzymatic activities, but also reduced breakdown of products, and thus possibly 

reduced internal volatile pools, as well as lower evaporation rates and possible 

change in wax composition. It will be interesting to investigate floral emission at 

lower temperatures in both wild type and our transgenic lines.  

Because of the above-mentioned observations, we set up to express 

PhABCG1 in petals of PaaN. Interestingly, in these flowers, benzylbenzoate, and 

to a lesser extent phenylethylbenzoate and isoeugenol, accumulated more 

compared to control-infiltrated flowers (Figure 8b). Following infiltration, internal 

pools of other compounds could not be detected with our method used. 

Surprisingly, this increase did not result in an increase of these compounds in the 

headspace (Figure 8a). If any, internal levels showed a minor, though non-

significant decrease, with exception of benzaldehyde that showed a non-

significant increase. Accumulation of compounds could mean that PhABCG1 is 

involved in the import of precursor compounds into epidermal cells. Alternatively, 

assuming promiscuity for PhABCG1 dimerisation, ectopic expression of 

PhABCG1 could cause a dominant negative effect on volatile emission, thereby 

increasing the internal pools. In both cases it is unclear why the emission levels 

remained relatively unaffected. However, in lines silenced for KAT1, internal 

pools were much more affected then the concomitant emission levels as well 

(CHAPTER 2, Van Moerkercke et al., 2009).  

In conclusion, PhABCG1 is co-expressed with genes of the floral 

phenylpropanoid/benzenoid pathway suggesting a link with this pathway, but a 

function in a different process cannot be excluded from co-expression analysis 

alone (Kaneda et al., 2011).  However, we also show that a regulator of floral 

fragrance biosynthesis, ODO1, activates PhABCG1. Therefore, a function in this 

pathway is likely. Because ODO1 also regulates EPSPS expression, it is 

possible that PhABCG1 is involved in transport of precursors early in the 

pathway, but a role in volatile emission cannot be excluded. In addition, we 

cannot exclude a role for ODO1 that goes beyond volatile production. Cell-

membrane localisation of PhABCG1 excludes a role in intracellular trafficking of 

compounds. Our results show that ectopically expressed PhABCG1 influences 



                                   A floral fragrance ABC-transporter  

 123 

the internal concentration of the volatile benzenoid compound benzylbenzoate 

and putatively other compounds like phenyethylbenzoate and isoeugenol. This 

further corroborates the molecular link between PhABCG1 and ODO1 and 

suggests its involvement in the volatile phenylpropanoid/benzenoid pathway. 

Direct transport assays in plant cell culture or yeast could be used to test 

PhABCG1 transport specificity towards these compounds. Once the cellular layer 

in which PhABCG1 acts is known, it will be of further interest to test if PhABCG1 

acts as an importer or exporter. It will be needed to assess the internal 

compound accumulation in our silenced lines. Finally protein-protein interaction 

assays can identify putative dimer partners of PhABCG1.  

 

EXPERIMENTAL PROCEDURES 
 
Plant material and stable transformation 

 

Petunia x hybrida cv. Mitchell (also referred to as cv. W115) wild type and transgenic plants, P. 

hybrida cultivars V26 and R27, P. axillaris axillaris N., petunia line B1 (Spitzer et al., 2007) and 

Nicotiana benthamiana were grown in standard greenhouse conditions (16h photoperiod, 300-

400 µmol.m-2.s-1 light intensity, 60-65% humidity, and day/night temperatures of 22/17°C).  Plants 

were moved to controlled growth chambers (16h photoperiod, 250-350 µmol.m-2.s-1 light intensity, 

70% relative humidity and constant temperature of 21°C) at least 3 days prior to the experiments, 

except otherwise stated. 

For stable transformation of Mitchell plants, Agrobacterium tumefaciens GV3101 

(pMP90) was used (Koncz and Schell, 1986). Transgenic plants were obtained using a standard 

leaf disc transformation protocol (Horsch et al., 1985), with minor modifications as described in 

CHAPTER 2. Rooted T0 plants were transferred to soil and screened for transgene integration by 

PCR using construct-specific primers.  Next generation plants (T1) were obtained by manual self-

pollination and subsequent selection on half strength MS (pH 5.8) agarose (0.7%) plates 

containing 75 mg.L-1 kanamycin. 

 

Construct design 

 

To create the PhABCG1 hairpin-RNAi-construct (ir-ABCG1) a 565 bp fragment including the 3’-

UTR of the cDNA, was PCR-amplified (forward primer: aaaaagcaggctgattgtagcaagcatggtc; 

reverse primer: agaaagctgggtggactcaacaaatatgcatc; underlined are the PhABCG1-specific 

nucleotides) to introduce the AttB sites in two rounds as described by the manufacterer 

(Invitrogen). A nested PCR was performed to introduce the full AttB sites using primers AttB1-F 

and AttB2-R (Invitrogen) and the resulted product was recombined into pDONR207 (Invitrogen).  
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The obtained plasmid was subsequently recombined with pK7GWIWG(I) (Karimi et al., 2002), 

creating the hpRNAi construct.  The PCR-amplified target region was sequenced before 

transformation to A. tumefaciens GV3101 (pMP90).   

The promoter reporter construct was made using standard molecular cloning techniques.  

A 2005 bp fragment of the promoter including the 5`-UTR was PCR-amplified introducing an AscI 

and a NcoI site, and cloned AscI/NcoI upstream of an intron-containg uidA CDS (GUS) at the 

start codon.  The pABCG1:GUS-tNOS cassette was sequenced and subsequently cloned 

AscI/EheI into pBINPLUS (van Engelen et al., 1994) pre-digested with AscI and SmaI, creating 

the ABCG1:GUS reporter construct.   The 35S:ODO1, 35S:EOBII, 35S:AN2 and 35:LUC have 

been described previously (Verdonk, 2006; CHAPTER 3) (Quattrocchio et al., 1999). 

The 35S-driven PhABCG1 and mVenus-ABCG1 constructs were created using multisite 

Gateway technology (Invitrogen). For both constructs, the PhABCG1 genomic region including 

stop codon was PCR-amplified introducing the AttB recombination sites and subsequently 

recombined into pDONR201 (BP reaction; Invitrogen), creating ABCG1-pENTR. For the 

35S:mVenus-ABCG1 fusion, ABCG1-pENTR was recombined into a destination vector (LR 

reaction), containing the CaMV 35S promoter, along with the entry clones pGEM Box1 mVenus 

(Nagai et al., 2002) and pGEM Box3 tNos. For the 35S:ABCG1 construct, ABCG1-pENTR was 

recombined into a destination vector (LR reaction), containing the CaMV 35S promoter, along 

with the entry clone pGEM Box3 tNos.   

 

Expression analyses  

 

Two-day old flowers of Petunia hybrida cv. Mitchel wildtype and transgenic T1 (T0 selfings) plants 

were used for RNA gel-blot analyses. Independent sample collections for all experiments and 

transcript analyses were performed twice. For the time-course, 2-day-old wild-type petals were 

collected during a 30h period with 3h intervals. For the developmental course, wild-type petal 

tissue of flowers in various stages of development (1cm bud, 2 cm bud, 3 cm bud, 4 cm bud, 

flower opening, one-day-old open flower, three-day-old open flower and senescent flower) was 

collected 2h before the onset of the dark period. The different tissues were collected from wild-

type plants 2h before the onset of the dark period. Two-day-old petals of transgenic and wild type 

plants were harvested at the onset of the dark period to assess transcript levels in the transgenic 

lines. Total RNA was extracted using TriZol (Invitrogen). Eight microgram was loaded on gel and 

the blots were hybridised using a PhABCG1 specific probe (forward primer: 5’-

ctcaattcatcaacctagtgttg-3’ and reverse primer: 5’-ggtatttccaaaatggcttagg-3’). To visualise loading 

of the gel, the tissue blot was re-hybridised with an 18S probe (forward primer: 5’-

agcaggctaaggtctcgt-3’ and reverse primer: 5’- agcggatgttgcttttagga-3’). For the developmental 

course and time-course a petunia floral binding protein 1 (FBP1) probe was used (forward primer: 

5’-gtgttctttgtgatgctcgtg-3’ and reverse primer: 5’-caacctctcctgcaaatttgg-3’) to show loading of the 

gel.   
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For RT-PCR, wild-type petals of P. axillaris, P. hybrida cv. Mitchell, P. hybrida cv. R27, 

petunia line B1 and a R27 x Mitchell F1 cross were collected in winter in the greenhouse 1h 

before artificial illumination ceased. For the transient ODO1-overexpression experiment, petals of 

Mitchell were infiltrated with A. tumefaciens harbouring either a 35S:LUC or 35S:ODO1 construct 

and incubated for 36h and sampled 12h before the onset of the artificial dark period.  Total RNA 

was extracted using the Qiagen Plant RNA extraction kit and 1 µg was used for cDNA synthesis 

in a 20 µL reaction volume after DNase (Invitrogen) treatment to remove contaminating gDNA.  

Semi-quantitative RT-PCR was performed on 10x diluted cDNA samples using a standard PCR 

program and Taq polymerase (DreamTaq, Fermentas). Twenty cycles were performed using 

forward primer 5’-ctcaattcatcaacctagtgttg-3’ and reverse primer 5’-ggtatttccaaaatggcttagg-3’ for 

ABCG1, primers 5’- gttggtggtagctgagagtcag-3’ and 5’-gactctaagcaaatctaacttcc-3’ for ODO1 and 

primers 5’-gaaaggcccggcgccattc-3’ and 5’-gaagggccacacccttaggt-3’ for LUC. Amplification of 

FBP1 (22 cycles) was used to show the amount of input cDNA, using forward primer 5’-

gtgttctttgtgatgctcgtg-3’ and reverse primer 5’-caacctctcctgcaaatttgg-3’.  

 

 

Genomic DNA extraction and promoter isolation 

 

A 2kbp promoter region of the PhABCG1 gene was isolated as described for the ODO1 promoter 

in CHAPTER3 using PhABCG1-specific primers. 

 

Promoter analyses and trans-activation assays using agroinfiltration 

 

Greenhouse-grown Petunia hybrida cv. Mitchell and R27, P. axillaris axillaris N. and a R27 x 

Mitchell F1 cross were used for promoter analyses. A. tumefaciens harbouring the ABCG1:GUS 

construct were used and promoter analyses in petals were performed as described in CHAPTER 

3.   

For trans-activation assays, the same reporter construct was used. A 35S-driven ODO1 

(Verdonk et al., 2006) was used as effector. As a control, 35S:RFP, 35S:AN2 (Quattrocchio et al., 

1999) or 35S:EOBII (CHAPTER 3) were used. Trans-activation assays in N. benthamiana leaves 

were performed as described in CHAPTER 3. For trans-activation in R27 petals, A. tumefaciens 

were infiltrated at OD600 = 0.15. Infiltrated tissue was harvested for RT-PCR  and GUS analyses. 

 

Headspace and GC-MS analyses 

 

Volatile sampling of wild type and transgenic flowers was performed as in CHAPTER 2. In short, 

flowers were detached and volatiles of three flowers per desiccator were trapped on Tenax for 

24h (n = 3). Volatiles were eluted with a pentane:ether (4:1 v/v) mixture spiked with p-cymene. 

GC-MS analysis was performed as in CHAPTER 2.  
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Transient expression of petals 

 

Petals of attached flowers of P. axillaris axillaris N. were infiltrated with A. tumefaciens harbouring 

a 35S:ABCG1 construct and incubated for 48h. As a control infiltration, flowers were infiltrated 

with 35S:LUC-containing A. tumefaciens. Infiltration of petals was performed as described in 

CHAPTER 3. Two detached infiltrated flowers per desiccator were used to trap volatiles for 24h, 

starting 2h before the onset of the dark period (n = 4). The experiment was performed only once. 

For internal compound analysis, infiltrated petals were frozen in liquid N2 1h before the onset of 

the dark period. Homogenised tissue was extracted in hexane spiked with p-cymene and 

concentrated before analysis (n = 4). GC-MS analysis was performed as in CHAPTER 2. The 

experiment was performed twice. 

 Petals of Mitchell were infiltrated with A. tumefaciens harbouring a 35S:ODO1 or 

35S:LUC construct and incubated for 48h before tissue collection at a time when ODO1 and 

PhABCG1 expression were low (3h in the light period). 

 

Confocal microscopy 

 

Petunia hybrida cv. Mitchell petals and Nicotiana benthamiana leaves were observed using a 20x 

water objective with a Nikon Eclipse T1 microscope coupled to an Nikon A1 confocal scanning 

head. mVENUS fluorescence was monitored with a 525-555nm band pass emission filter (488 

nm excitation) and the FM4-64 (Molecular probes, Invitrogen) was visualized with a 570-620nm 

band pass emission filter (488 nm excitation). The images were processed by ImageJ 

(http://rsb.info.nih.gov/ij/) and assembled in MS Power Point. Petals were infiltrated and incubated 

48h. Flowers were taken for analysis during the light period. 

 

Toluidine blue (TB) test 

 
The TB test for cuticle analysis was adopted from Tanaka et al. (2004). Wild type and transgenic 

flowers were detached and submerged in several aqueous solutions of TB ranging from 0.05 to 

0.5% (w/v) for 5 min, after which excess of TB was removed with distilled water. Alternatively, 

flowers were vacuum infiltrated with an aqueous solution of 0.5% TB for 2 min.  

 

Statistical analyses 

 

Statistical analyses were performed using SPSS. Analysis of Variance (ANOVA) and least 

significant differences post-hoc analysis were used for all experiments unless otherwise stated. 
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The identification of linalool synthase (LIS) in Clarkia breweri (Dudareva et al., 

1996) was the beginning of the discovery of many genes and their products 

involved in floral fragrance production in the flowers of Rosa (Lavid et al., 

2002; Scalliet et al., 2002; Wu et al., 2003; Picone et al., 2004), Antirrhinum 

majus  (Dudareva et al., 2000; Murfitt et al., 2000; Long et al., 2009), Clarkia 

breweri  (Dudareva et al., 1998; Nam et al., 1999; Beuerle and Pichersky, 

2002; D'Auria et al., 2002) and Nicotiana spp.  (Pott et al., 2004). The 

established genetic resources, the ease of transformation and use of reverse 

genetics, and its large flowers that produce relatively few volatile compounds 

have made Petunia an excellent system to study the volatile 

benzenoid/phenylpropanoid pathway in plants. In addition, fragrant and non-

fragrant species and cultivars within the genus make studies such as QTL and 

microarray analyses possible. Some of the volatile 

benzenoid/phenylpropanoid compounds produced by petunia flowers are also 

found in fleshy fruits, where they contribute to the flavour, and petunia flowers 

can be used as a model system for the elucidation of this pathway in these 

species as well (Orzaez et al., 2009) (Klee, H., personal communication). 

 

Genetic evidence for the β-oxidative production of benzoic acid and 

benzenoids in plants 
 

A significant number of steps of the volatile phenylpropanoid/benzenoid 

pathway still remain to be characterised (Figure 2 in CHAPTER 1). While 

precursor biosynthesis and final steps in volatile biosynthesis are well 

characterised, the enzymes catalysing intermediate steps are largely 

unidentified. This is particularly true for enzymes of the C6-C1 (benzenoid) 

pathway. Until recently, hypotheses on how benzoic acid is produced in plants 

were based on (1) feeding experiments with labelled substrates and 

concomitant identification of intermediate compounds, (2) the detection of 

enzymatic activities in cultured cells, or (3) flux analyses followed by 

computer-assisted modelling. These experiments showed that different routes 

exist in plants and that the preferred route is probably species-specific, tissue-

specific and dependent on biotic and abiotic factors (Wildermuth, 2006). 
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Accordingly, Boatright et al. (2004) confirmed the contribution of the β-

oxidative and non-β-oxidative pathways in petunia petals. Importantly, genetic 

evidence for either pathway in plants has remained missing. 

 In CHAPTER 2, we provide genetic evidence for the β-oxidative 

production of benzenoids in petunia (Van Moerkercke et al., 2009). Silencing 

of KAT1 in petunia resulted in 75% reduced transcript levels, 50% reduced 

total thiolase activity and concomitant 75% reduced levels of BA in petals 

(Figures 4-6 in CHAPTER 2). Our data suggests that during the night, when 

volatiles are produced, the β-oxidative pathway is the principal pathway for 

the production of BA in petunia petals. Importantly, internal levels of 

benzaldehyde could not be detected in these ir-PhKAT1 plants (Figure 6b in 

CHAPTER 2), suggesting benzaldehyde production from BA as in tobacco 

plants (Ribnicky et al., 1998). In agreement with our PhKAT1-silencing result, 

an acyl-activating enzyme that putatively activates t-cinnamic acid (PhAAE12) 

was identified recently. Silencing of this gene resulted in a phenotype similar 

to that of PhKAT1 and independently confirms the importance of the β-

oxidative pathway in petunia petals (Colquhoun, personal communication). 

These results do not exclude the existence of a non-β-oxidative pathway as 

was modelled in petunia (Boatright et al., 2004; Orlova et al., 2006). Indeed, a 

dehydrogenase from snapdragon that is able to convert benzaldehyde to BA 

in vitro was shown to enhance production of BA in petunia petals, but only 

after feeding of benzaldehyde to the flowers (Long et al., 2009). It should be 

noted that generally aldehydes are more toxic to cells than their 

corresponding acid. Thus, the observation that an ectopically expressed 

dehydrogenase converts an exogenously supplied pool of benzaldehyde to 

BA cannot be taken as a genetic proof of the existence of a non-β-oxidative 

pathway in petunia petals.  

 

Cell biology of floral volatile phenylpropanoid/bemzenoid biosynthesis 
 

From Figure 2 in CHAPTER 1, it is apparent that many routes can lead to BA. 

Likewise, many compounds are derived form this central compound in petunia 

and other plants (Wildermuth, 2006). Distribution of BA pools over separate 
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cellular compartments is therefore likely. The cell biology of BA production 

and the subcellular organisation of floral fragrance biosynthesis are poorly 

described, but likely involve channeling, compartmentalization and active 

metabolite transport.   

We localised PhKAT1 and the β-oxidative pathway to the peroxisomes 

in petunia petals (Van Moerkercke et al., 2009; Figure 3 in CHAPTER 2). As a 

result, some of the benzoyl-CoA is produced in peroxisomes. Benzoyl-CoA is 

further metabolised to benzylbenzoate by BPBT (Boatright et al., 2004). 

Whether BPBT acts in the cytosol or peroxisome is unknown. Either way, 

benzoyl-CoA and/or benzylbenzoate need to be trafficked across the 

peroxisomal membrane into the cytosol. BA could be produced from benzoyl-

CoA by a peroxisomal thioesterase (Tilton et al., 2004), so a pool of BA 

potentially exists in the peroxisome. In snapdragon, BALDH was localised to 

mitochondria and as a consequence BA would need export from the 

mitochondria for methylation by BAMT (Kolosova et al., 2001b). Determination 

of the subcellular localisation of all enzymes in the different branches will be 

needed to fully clarify the organisation of volatile phenylpropanoid/benzenoid 

pathway in plants. 

Although the substrate of PhKAT1 could not be identified (CHAPTER 2), 

homology with the general fatty acid β-oxidation and BA production in bacteria 

in addition to metabolic analysis of our PhKAT1-silenced lines supported our 

hypothesis for the preferred substrate 3-oxo-3-phenylpropionyl-CoA. Testing 

this compound as a direct substrate was not successful possibly due to 

instability of this compound. A coupled assay, starting from t-cinnamoyl-CoA 

involving the actions of a hydratase, a dehydrogenase and PhKAT1 failed as 

well (Pichersky E., personal communication). Channeling of fatty acid β-

oxidation intermediates, involving a peroxisomal thiolase, has been shown 

recently in Arabidopsis (Pye et al., 2010) and is well documented in animal 

fatty-acid metabolism. The GFP-tagged PhKAT1 construct could be used to 

isolate potential interacting partners of the β-oxidative complex. Interestingly, 

the amino acid sequence of petunia acyl-activating enzyme (PhAAE12) does 

not contain a peroxisomal targeting signal (PTS) (Colquhoun, personal 

communication) and localises to the cytosol in Arabidopsis leaf protoplasts 
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(Van Moerkercke, unpublished results). However, this enzyme co-localises 

with a peroxisomal marker when expressed in petunia petals (Van 

Moerkercke, unpublished results). This means PhAAE12 potentially 

piggybacks to the peroxisome, involving a petunia-specific PTS-containing 

protein, as was shown before for the isocitrate lyase in Arabidopsis and Cu/Zn 

superoxide dismutase in mammals (Lee et al., 1997; Islinger et al., 2009). 

Thus, unexpected interacting partners of PhKAT1 may be identified in pull-

down assays. Peroxisomal targeting of PhAAE12 could have consequences 

on the targeting of the subcellular localisation of proteins that do not contain a 

PTS such as BPBT (Boatright et al., 2004). In addition, PhAAE12 localised to 

peroxisomes in the epidermal and parenchyma cell layers of petunia petals 

(Van Moerkercke, unpublished results), and thus the putative protein that 

guides PhAAE12 to peroxisomes in petunia petals must be present in both 

cell layers.  

Specific transporters for volatile benzenoid/phenylpropanoid 

compounds have not been reported. The precise role of the petunia 

PhABCG1 is not known, but a role in volatile production seems likely for 

several reasons: (1) PhABCG1 is co-expressed with floral fragrance genes 

and is regulated by ODO1 (Figure 2, 3, 4 in CHAPTER 4) and (2) transient 

expression in P. axillaris increased internal volatile compound levels (Figure 

8b in CHAPTER 4). Cell-membrane localisation suggests it is not involved in 

intracellular trafficking of compounds. A possible role in intercellular trafficking 

between cells of the petal or secretion from the epidermal cells is therefore 

feasible. The assumption that volatile production occurs in the epidermis is 

based on the subcellular localisation of final steps in fragrance biosynthesis in 

snapdragon, tobacco and rose (Kolosova et al., 2001b; Rohrbeck et al., 2006; 

Scalliet et al., 2006), but this remains to be proven in petunia. As with 

intracellular localisation of enzymes, the cellular localisation of all gene 

products should be determined in order to address the exact localisation of 

the pathway. A question that remains unresolved for now is whether 

PhABCG1 functions as an importer or an exporter. Several candidate 

compounds can be tested in yeast or plant cell cultures. The first obvious 

candidate would be benzylbenzoate, since this compound accumulated highly 
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in the PhABCG1-expressed petals (Figure 4b in CHAPTER 5), but it is possible 

that PhABCG1 acts more upstream in the pathway.  

A clear role for PhABCG1 at this point cannot be defined, primarily due 

to the lack knowledge about its transport specificity. Knowledge of the exact 

cellular localisation of PhABCG1 within the petal will be needed to exclude 

some of the hypotheses given in CHAPTER 3. For instance, if PhABCG1 

localises to the parenchym, a role in volatile emission can be excluded. 

 
Regulation of ODO1 expression in fragrant and non-fragrant petunias 
 
Our promoter analysis of ODO1 in petunia petals identified an enhancer 

region that is specific for the Mitchell promoter and mutated in the R27 

promoter (CHAPTER 3). Principally, the enhanced activity that is seen when 

assessing the Mitchell promoter could be the result of an altered cell-

specificity compared to the R27 promoter. The main reason that we did not 

assess cell-specificity of the promoter activities in our stable reporter lines is 

that no activity could be detected using histochemical staining for the 

constructs that do not contain the enhancer (i.e. the stable M10:GUS and 

R2M10:GUS lines, Figure 1 in CHAPTER 3). In addition, information outside the 

promoter region might be critical for correct cellular expression. However, our 

trans-activation experiments in N. benthamiana with EOBII show that to a 

large extent the difference in activity between these promoters can be 

attributed to activation by EOBII at the MYB-binding sites (MBSs; Figure 9 in 

CHAPTER 3). Because the cell layer in which ODO1 is expressed has 

remained uncertain, we have created translational ODO1-GFP fusions driven 

by the endogenous 1.9 kbp ODO1 promoter and generated stable transgenic 

plants. In these petals, GFP signal could not be detected using either confocal 

imaging or Western blot analysis, despite easily detectable fusion transcripts 

by RT-PCR (Van Moerkercke, unpublished results). Transient expression in 

Nicotiana benthamiana leaves revealed that the N-terminal GFP-fusion, unlike 

the C-terminal GFP-fusion protein, could be detected in the nucleus by 

confocal microscopy (Van Moerkercke, unpublished results).  Thus, 

construction of a GFP-ODO1 translational fusion under control of the ODO1 

promoter will be needed to address the cellular location of ODO1.   
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Although only one direct target gene of ODO1 has been identified, the 

expression of many genes is affected by ODO1-silencing (Verdonk et al., 

2005). Moreover, EOBII directs ODO1 transcription, but some genes that are 

affected by ODO1-silencing are not affected by silencing of EOBII (Spitzer-
Rimon et al., 2010). Interestingly, these genes, EPSPS, DAHPS and PAL1, 

are involved in precursor supply, but the cause for this discrepancy remains 

uncertain. Therefore, the identification of direct target genes of both TFs is 

needed to further complete our understanding of the transcriptional network of 

the volatile phenylpropanoid/benzenoid pathway. To tackle this, our GFP-

ODO1 construct can be used to perform ChIP-seq experiments.  

The trans-activation analysis in N. benthamiana leaves (Figure 8 in 

CHAPTER 3) suggests that an additional activation site might be necessary for 

high activation of ODO1 (Figure 1a in this chapter).  In our proposed model in 

Figure 1, the unknown factor Y activates the Mitchell but not the R27 promoter 

outside the enhancer region, since the additive effect is only seen for 

M12:GUS but not for M2R10:GUS.  From this experiment we can conclude 

that factor Y can be either EOBII or a N. benthamiana factor. A similar, but 

less strong difference between both constructs is seen in petunia petals 

(Figure 1b), suggesting factor Y is present in these petals as well. Together, 

this shows that the “full-length” 1.2 kb Mitchell promoter is needed for high 

activity. The results could explain why we did not identify EOBII in a yeast-1-

hybrid (Y1H) screen using the 240 bp enhancer as a bait (Van Moerkercke, 

unpublished results). Therefore, screening the library using the “full-length” 

promoter is advisable.  

Comparative analysis of the chimeric M2R10 promoter activity in 

petunia petals and trans-activation by EOBII in N. benthamiana leaves (Figure 

1a, b in this chapter) further suggests that an additional petunia factor X is 

needed for high promoter activity and thus points to combinatorial regulation 

at the ODO1 promoter (Figure 1b in this chapter). Whether X binds the 

promoter or interacts with EOBII to facilitate activation remains to be resolved. 

A modified Y1H-screen (Chen et al., 2008) with the ODO1 promoter, in which 

EOBII is co-expressed, could lead to the identification of this putative TF. 
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Figure 1. Model for combinatorial regulation at the ODO1 promoter. Trans-

activation by ectopically expressed EOBII in N. benthamiana leaves (a) and 

activation in petunia petals (b) of selected ODO1 promoter:GUS constructs. Red 

and gray bars correspond to R27 and Mitchell promoter fragments, respectively. 

The bar on top shows the length of the promoter fragments upstream of the ATG 

start codon. The strength of the GUS activities of the reporter constructs is 

proportional with the number of plus (+), but should not be compared between 

experiments depicted in (a) and (b). The blue lines in M12:GUS and red lines in 

mutM12:GUS represent the wild type and mutated EOBII activation site, 

respectively. E: EOBII, Y: unidentified factor in N. benthamiana or petunia petals 

and X: unknown petunia factor. 

 

 

 

EOBII was found to have a dual role in floral scent production on the 

one hand (Spitzer-Rimon et al., 2010) and petal opening at anthesis on the 

other hand (Colquhoun and Clark, personal communication). A dual role for 

the ornamental tobacco MYB305 in nectary production and petal opening is 

likely (Liu et al., 2009). By integrating fragrance production and flower opening 

in petunia, futile precursor flux and energy usage could be prevented.  In this 

way, flower opening has become a prerequisite for fragrance production. 
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Interestingly, during development, transcription of EOBII and the EOBII-target 

genes does not fully overlap (Spitzer-Rimon et al., 2010). We can hypothesise 

that at the stage that EOBII is expressed, target genes like ODO1 are 

repressed by a yet unknown factor, preventing inappropriate activity of the 

pathway and thus futile volatile production. It is also possible that the 

fragrance target promoters are not accessible for EOBII at this stage due to 

modification of chromatin structure.  

Although we showed that EOBII is capable of activating the ODO1 

promoter without other petunia factors, our data also suggest other petunia 

regulators of ODO1 exist. It would be informative to know if these putative 

factor(s) interact with EOBII to form a “fragrance module” and whether distinct 

TFs interact with EOBII earlier in development to facilitate petal opening. It is 

likely that EOBII also functions in petal opening in non-fragrant flowers like 

R27. Because EOBII is expressed after anthesis in these flowers (Figure 5a in 

CHAPER 3), it might serve an additional function in these petals. Importantly, 

stable silencing of the EOBII homolog in ornamental tobacco, MYB305, in 

some cases resulted in a failure to expand petals at anthesis and decreased 

pigmentation in petals (Liu et al., 2009). However, in petunia stable silencing 

of EOBII resulted in accumulation of anthocyanins in the petals (Colquhoun, 

personal communication). In order to identify putative interacting partners of 

EOBII, our cDNA library can be screened with EOBII as bait. In addition, 

screening a library prepared from developing petal cDNA may allow the 

identification of putative interacting factors in the ‘petal opening-module’.   

  

Transcriptional network of the floral phenylpropanoid/benzenoid 
pathway 
 
Functional genomic approaches identified two key regulators of fragrance 

biosynthesis, ODO1 and EOBII, and some of their target genes have been 

identified using trans-activation assays (Verdonk et al., 2005; Spitzer-Rimon 

et al., 2010). Silencing and/or overexpression of ODO1 and EOBII followed by 

transcript analyses have revealed direct and indirect target genes and a 

transcriptional network can now be built with central roles for both TFs (Figure 
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2a). In addition, promoter and trans-activation analyses have led to the 

identification of a consensus sequence in the ODO1 promoter that is 

important for activation by EOBII (CHAPTER 3) and a putative ODO1 binding 

region in the PhABCG1 promoter (CHAPTER 4). This is important because 

once the petunia genome sequence becomes available, this will aid in the in 

silico identification of additional ODO1 and EOBII target genes.  

 

 
 

Figure 2. (a) Model showing direct interactions in the transcriptional 

network of the volatile phenylpropanoid/benzenoid pathway in petunia 

petals.  Enzymatic steps are depicted with broken arrows. Transcriptional 

activation or inhibition is represented by solid lines. ODO1 activates the 

promoters of EPSPS (Verdonk et al., 2005) and ABCG1 (CHAPTER 4). EOBII 
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activates the promoter of ODO1 (CHAPTER 3), IGS and the tobacco PALB 

(PAL*) (Spitzer-Rimon et al., 2010). MYB4 inhibits transcription cinnamate-4-

hydrolylase (not depicted; Colquhoun et al.,  2010). ODO1 putatively negatively 

regulates EOBII expression. 

(b) Rhythmic accumulation of transcripts and precursors, and emission of 

volatile compounds in petunia. Transcription of genes encoding enzymes for 

the production of L-Phe biosynthesis and enzymes involved in volatile C6-C3 

compound biosynthesis is evening-phased.  Genes encoding enzymes for the 

production of C6-C2 and C6-C1 compounds is midday-phased. L-Phe and BA 

internal pools are night-phased, preceding night-phased emission of all 

compounds. Transcripts are depicted in red. EPSPS: 5-enolpyruvylshikimate-3-

phosphate synthase, ADT: arogenate dehydratase, PAL: phenylalanine ammonia 

lyase, PAAS: phenylacetaldehyde synthase, AAE12: acyl activating enzyme 12, 

KAT1: 3-ketoacyl-CoA thiolase 1, BPBT: benzoyl-CoA:benzylalcohol/2-

phenylethanol benzoyltransferase, BSMT: S-adenosyl-L-methionine:benzoic 

acid/salicylic acid carboxyl methyltransferase, CCoAOMT: caffeoyl-CoA O-

methyltransferase, CFAT, acetyl-CoA:coniferyl alcohol acetyltransferase, IGS: 

isoeugenol synthase. t-CA: trans-cinnamic acids, BA: benzoic acid 

 

 

 

In the petunia volatile benzenoid/phenylpropanoid pathway, roughly 

two phases of transcription can be observed (Figure 2b in this chapter). 

Genes involved in L-Phe biosynthesis (ADT, EPSPS, DHAPS) and regulation 

(ODO1), and C6-C3 biosynthesis (PAL1/2, IGS, CFAT, CCoAOMT) and 

regulation (MYB4) have evening-phased expression (peak expression in the 

evening). Contrary, genes of the C6-C2 (PAAS) and C6-C1 (AAE12, KAT1, 

BSMT, BPBT) branches have midday-phased expression (peak expression at 

noon). This suggests that different parts of the pathway are under distinct 

transcriptional control. EOBII activates the promoters of the evening-phased 

IGS (Spitzer-Rimon et al., 2010) and ODO1 (CHAPTER 3), but itself has 

midday-phased expression. It is surprising that EOBII expression is out of 

phase with its target genes. Contrary, target genes of ODO1, EPSPS 

(Verdonk et al., 2003) and PhABCG1 (CHAPTER 4) cycle in phase with ODO1.  

From this, it can be hypothesised that ODO1 and EOBII and their gene 

products are in a feedback loop, and thus that ODO1 directly or indirectly 

inhibits EOBII expression. Preliminary results indicate that EOBII transcript 
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levels are slightly reduced when ODO1 is overexpressed in petunia petals 

(Van Moerkercke, unpublished results). If this is indeed the case, could this 

loop then be at the base of the rhythmic gene expression of floral fragrance 

genes in petunia? Night-phased emission in petunia correlates with the night-

phased accumulation of at least the precursors BA and Phe (Kolosova et al., 

2001a; Maeda et al., 2010). In day-scenting flowers like snapdragon, these 

precursors accumulate during the day (Kolosova et al., 2001a). Remarkably, 

transcript levels of PAL in snapdragon peak during the evening (Kolosova et 

al., 2001a). Thus, the phase of precursor supply, and not the phase of gene 

expression, determines if emission will be day-phased or night-phased. The 

homologs of EOBII and ODO1 in Anthirrinum or Rose have not yet been 

characterised, but it will be interesting to know if they cycle in opposite phase 

compared to petunia. If the precursor supply depends on ODO1 (and thus 

EOBII), could the phase of emission be altered when the phase of 

transcription of ODO1 and EOBII are reversed? 
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SUMMARY 
 
Plants produce a large number of secondary metabolites that aid in their 

development, growth and interaction with the environment. Volatile 

compounds mainly serve as cues in plant-animal interactions. Floral volatiles 

are used to attract specific pollinators, thereby facilitating pollination. The 

floral bouquet is generally plant-specific and in Petunia spp., most of these 

compounds are volatile phenylpropanoid/benzenoids. The volatile 

phenylpropanoid/benzenoid pathway is only partially characterised and 

produces biologically and economically important compounds.  In addition to 

flowers, the pathway is also active in fruits and green tissues (e.g. tomato and 

basil). We have used Petunia hybrida as a model system to study 

biosynthesis and transport of these compounds and regulation of the pathway 

in plants. Closely related fragrant and non-fragrant cultivars make it a use-full 

system to do comparative research. 

Benzoic acid (BA) is an important plant metabolite and a central 

compound in the (volatile) benzenoid pathway. In bacteria, the genes involved 

in the production of BA are cloned but in plants, they have not been 

characterised. Feeding experiments in plants point to the presence of a β-

oxidative and a non-β-oxidative pathway. The preferred route is probably 

dependent on the species, tissue and environmental conditions. For the first 

time, we show genetic evidence for the β-oxidative pathway in plants.  In 

CHAPTER 2, we identified and characterised a 3-ketocyl-CoA thiolase that 

catalyses the  β-oxidative shortening of the carbon side chain by two C-atoms 

and show that in PhKAT1-silenced flowers, BA and benzenoid production are 

compromised. Our results show that in petunia flowers it is mainly the β-

oxidative pathway that is active during the night, when volatiles are produced. 

These results argue against earlier results obtained via feeding experiments 

that showed higher flux through the non-β-oxidative pathway, but do not 

exclude the existence of this pathway in petunia petals. In addition, we 

showed peroxisomal localisation of PhKAT1, which indicates that the floral 

phenylpropanoid/benzenoid pathway is compartmentalised and is suggestive 

for the involvement of metabolite transporters.   
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Where and when genes are transcribed is largely controlled by 

transcription factors that bind and/or activate these genes, generally in the 5’-

upstream region of the gene, where the promoter resides. The production and 

emission of floral volatiles in petunia is highly regulated during flower 

development and during the time of the day. Genes encoding biosynthetic 

enzymes, transporters and TFs are co-ordinately transcribed to ensure 

appropriate production of volatiles in the flowers.  Few TFs have been 

described and some of their target genes have been identified, but an 

interaction between them has not been described. The red flowers of the non-

fragrant cv. R27 do not express the R2R3-MYB TF ODORANT1 (ODO1), 

whereas the white flowers of the fragrant cv. Mitchell do (CHAPTER 3). We 

tested the activity of both ODO1 promoters in petals of both cultivars and 

found that it is largely the promoter that determines differences in ODO1 

expression between these cultivars, rather than upstream factors. Indeed, 

both cultivars show small differences in the ODO1 promoter sequence.  

Importantly, both cultivars express another R2R3-MYB TF, EMISSION OF 

BENZENOIDS (EOBII). We show that EOBII binds and activates the Mitchell 

ODO1 promoter at a MYB binding site (MBS), which has a single nucleotide 

mutation in the R27 ODO1 promoter, rendering it inactive. A small change in 

the MBS is thus at the base of differential ODO1 expression between these 

cultivars and explains in part the lack of scent in R27 flowers, since ODO1 is 

necessary for fragrance production. The identification of the EOBII binding 

site in the ODO1 promoter will aid in the identification of more putative EOBII-

target genes in silico.  Our experiments further suggest combinatorial 

regulation at the ODO1 promoter and screening our cDNA library with the 

ODO1 promoter, as well as the EOBII protein, as a bait will lead to the 

identification of additional factors that are needed for ODO1 activation. . 

 CHAPTER 4 describes the identification and characterisation of a 

petunia ABCG-transporter.  The expression profile of PhABCG1 is typical for 

genes of the floral volatile benzenoid/phenylpropanoid pathway. Silencing 

does strongly to alter volatile emission. Transient ectopic expression in 

fragrant petunia petals does not change the emission pattern either, but 

results in enhanced accumulation of the volatile compound benzylbenzoate, 

confirming the involvement of PhABCG1 in the floral volatile 
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phenylpropanoid/benzenoid pathway in petunia. We further show that ODO1 

regulates PhABCG1 expression by activating the PhABCG1 promoter in 

planta. Because PhABCG1 is localised to the plasma membrane, intracellular 

transport activity can be excluded. Since we don’t know yet in which cell layer 

of the petal PhABCG1 is expressed, a role in volatile emission from the 

epidermis or in transport of compounds between cell layers can be 

envisioned. Direct transport assays in vitro or in vivo should be performed to 

identify the substrate(s) of this transporter. 
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SAMENVATTING  
 

Planten produceren een groot aantal stoffen (secundaire metabolieten) die ze nodig 

hebben tijdens hun groei en ontwikkeling, en interactie met hun omgeving. De plant 

gebruikt vluchtige stoffen voornamelijk om te communiceren en interageren met 

dieren. Het merendeel van de vluchtige stoffen die geproduceerd worden door 

bloemen dienen om potentiële bestuivers aan te trekken.  De mix van vluchtige 

stoffen die een bloem produceert is in het algemeen plant specifiek en bestaat in 

petunia voornamelijk uit vluchtige phenylpropanoid/benzenoids. De biochemische 

route die deze stoffen produceert is slechts gedeeltelijk gekarakteriseerd. Voor deze 

thesis hebben we petunia gebruikt als model systeem om de biochemische routen 

die leiden tot de vluchtige stoffen in de bloem te bestuderen, alsook de wijze waarop 

de route wordt gereguleerd in de cel. Deze vluchtige stoffen zijn biologisch en 

economisch belangrijk en komen naast petunia ook voor in bvb. basilicum en 

tomaat, waar ze mede de smaak bepalen. Zowel geurende als niet-geurende 

petunia’s maken het mogelijk om deze genetisch met elkaar te vergelijken en op 

deze manier nieuwe genen te ontdekken. 

 Benzoënzuur (benzoic acid; BA) is een belangrijk stof in planten en een 

centrale component voor de productie van vluchtige stoffen in de bloemen van 

geurende petunia’s. In bacteriën zijn de genen die betrokken zijn bij de productie van 

BA bekend, maar in planten zijn ze nog niet gekarakteriseerd.  Experimenten waarbij 

precursoren worden toegediend aan planten wijzen op het bestaan van twee routes 

voor de productie van BA, waarbij één route oxidatief is en de andere niet. Welke 

route actief is, is waarschijnlijk soort -en weefselspecifiek. In hoofdstuk 2 tonen we 

voor de eerste keer genetisch bewijs dat de oxidatieve route de belangrijkste is in 

petunia bloemen.  Een belangrijke stap in die oxidatieve route wordt gekataliseerd 

door het enzyme  3-ketoacyl-CoA thiolase 1 (KAT1) en wanneer je de expressie van 

het KAT1 gen in petunia bloemen verlaagt  (gene silencing) resulteert dit in een 

verlaging van de BA productie en een verlaging van de vorming van vluchtige stoffen 

vanuit BA. Deze resultaten tonen dat de oxidatieve route de belangrijkste is in 

petunia en weerleggen eerdere resultaten die bekomen werden met andere 
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technieken. Ze sluiten echter niet uit dat de niet-oxidatieve route in petunia bestaat.  

We laten ook zien dat het KAT1 eiwit gelocaliseerd is in de peroxisomen wat 

aantoont dat voor de productie van deze stoffen verschillende compartimenten in de 

cel gebruikt worden en dat er bijgevolg transporteiwitten nodig zijn die de 

betreffende stoffen in en uit deze compartimenten transporteren.  

 Waar en wanneer een gen tot expressie komt hangt grotendeels af van 

transcriptiefactoren (TFen) die binden aan promotoren en hierbij het gen 

(in)activeren. De productie en emissie van vluchtige stoffen in petunia bloemen is 

sterk gereguleerd, zowel tijdens de ontwikkeling van de bloem als gedurende de 

dag/nacht cyclus. Om een gecoördineerde emissie van vluchtige stoffen te 

garanderen worden genen coderend voor o.a. biosynthetische enzymen, 

transporters en TFen gezamelijk geactiveerd.  Weinig TFen die betrokken zijn bij 

bloemgeur productie zijn gekend en slechts een aantal van hun target genen zijn 

geïdentificeerd. In tegenstelling tot de witte bloemen van de geurende Petunia 

hybrida cultivar Mitchell (W115; wit 115) komt in de rode bloemen van de niet-

geurende cultivar R27 (rood 27) de R2R3-MYB TF ODORANT1 (ODO1) niet tot 

expressie. In hoofdstuk 3 hebben we de activiteit van beide ODO1 promotoren in 

bloemen van beide cultivars getest. De resultaten hiervan wijzen erop dat het 

grotendeels de promotor is die bepaalt of ODO1 al dan niet tot expressie komt, en 

niet de genetische achtergrond van de bloemen. De ODO1 promotoren van beide 

cultivars vertonen kleine verschillen en beide cultivars brengen een tweede TF, 

EMISSION OF BENZENOIDS II (EOBII), tot expressie. Wij hebben aangetoond dat 

EOBII de ODO1 promotor bindt en dat de bindingsplaats in de R27 promotor 

gemuteerd is waardoor ODO1 niet geactiveerd kan worden. Kleine genetische 

mutaties in de ODO1 promotor hebben dus geleid tot een sterk verschillende 

genactiviteit tussen deze twee petunia’s. Aangezien ODO1 expressie cruciaal is voor 

geurproductie ligt deze mutatie mee aan de basis van de verschillende fenotypes 

tussen deze petunia’s. De identificatie van de  EOBII bindingsplaats in de ODO1 

promotor maakt het mogelijk om onbekende EOBII-target genen in silico te 

identificeren. Verder suggereren onze experimenten dat er in petunia bloemen, 

behalve EOBII, nog andere TFen nodig zijn om het ODO1 gen te activeren.  
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 Hoofdstuk 4 beschrijft de identificatie van een petunia ABC-transporter. Het 

expressiepatroon van PhABCG1 is karakteristiek voor een gen dat betrokken is bij 

de bloemengeurproductie in petunia.  Omdat PhABCG1 bovendien ook gereguleerd 

wordt door ODO1 is een rol in bloemengeurproductie zeer waarschijnlijk.  Silencing 

resulteert niet in een verandering van de emissie van vluchtige stoffen. Ectopische 

expressie van het gen in bloemen van een geurende petunia heeft ook geen effect 

op de emissie van de vluchtige stoffen, maar resulteert wél in verhoogde 

accumulatie van de vluchtige stof benzylbenzoaat in de cel. Omdat het PhABCG1 

eiwit zich op het celmembraan bevindt kan een rol in het intracellulaire transport van 

componenten uitgesloten worden. Aangezien we de cellaag waarin PhABCG1 actief 

is nog niet kennen, kunnen we een rol in de emissie van vluchtige stoffen of 

transport tussen verschillende cellagen van de petal verwachten. In vitro of in vivo 

transport proeven zullen moeten worden uitgevoerd om het substraat van PhABCG1 

te achterhalen. 

 

 

 

 



Dankwoord 
 

Als eerste wil ik mijn vriendin Astrid bedanken. Zonder u had het op z’n minst 

gezegd heel veel moeilijker geweest. Veel te vaak zat ik in het lab te werken. 

Zo hoort dat dan, maar eigenlijk ook weer niet. Hopelijk wordt het nu (een 

beetje) rustiger. Hoewel. Bedankt voor al je steun en het vele geduld!! 

 

Ik zou graag mijn dank willen betuigen aan Rob en Michel voor de kans die ik 

gekregen heb in de groep. Ik heb veel bijgeleerd. Rob -“in onze tijd”- de old-

school moleculaire technieken komen altijd van pas! Michel, op gepaste tijden 

was je er voor een goede babbel, dat helpt (geldt ook voor Rob)! 

 

Verder wil ik al mijn (ex)collega’s en vrienden bedanken waarmee ik de 

afgelopen jaren in Amsterdam heb gewerkt en gefeest. Van de collega’s wil 

ik graag Carlos bedanken voor de hulp met het kloneren van de ABC-

transporter en als vaste waarde aan de microscoop (dank ook aan Milou S. 

en Erik M.). Ook Julian, mijn petunia voorganger, wil ik bedanken voor de 

micro-array kandidaten (en overnachting in FL, 2006). Miriam, eerste stukje 

ODO1 promoter gekloneerd! Dank ook aan Magda(lena) en Carlos voor hulp 

met de cover (Fionn, als paranimf zijn er nog wel andere dingen die je voor 

mij mag doen; ik ga wel bij Steef ten rade!). Ah Fionn! Bedankt voor je naam. 

En Astrid, bedankt voor je Frans. Petronella B, statistiek! Top! Idem voor 

Juan. Thanks Silke for papers from obscure magazines (Nature protocols?). 

Eleni, top collection of buffers and solutions on your bench! And well-labelled. 

Maybe in the furture you should order them alphabetically, in this way they are 

easier to find back.  Kai, gezellig samen bloemen sampelen in de kas (word je 

wel dorstig van!).  Dorstig! Ah Gerben!  Rossi, don’t leave your stuff on my 

bench all the time! And no Italian in the lab! Allessandra, no headphones in 

the lab! And no Italian with Rossi! Joop, blijven kloneren! Ringo, ik ga straks 

naar dEUS in Trouw (24/5/11), ga jij ook? (Bedankt Filip).  Wendy, blijven 

zingen! Piet, neusjes horen op zaal, right? Lotje, als je die gel nu in 45 dagen 

runt (ipv 11 dagen) kan je naar mijn feestje komen. Ewa, deep respect for 

your presentation on the second day (thus after the first night) at the PhD 

retreit in Wageningen 2009!  Ah Lunteren! En Ede! (no offence Ido !). Lisong, 



sure Fionn and I also had a key of the room in Cologne, but we appreciated 

that you stayed up the first night (reading abstracts) to make sure that we 

could enter room (‘Oh, you also have a key?’)! Ook nog de oude garde, 

Bastiaan (gezellig jammen), Merijn S. (idem), Loebie, Chris en Willie. Ludek, 

Harold en Tijs, bedankt voor de goede zorgen in de kas. Rinse, behalve 

‘porren’ biedt facebook nog andere mogelijkheden. Verder alle mensen in ons 

lab en de fytopathologen (Petra H. !) voor hulp en advies. Iedereen ‘thumbs 

up’ voor de borrels trouwens. Met dank aan Petra B. (lab mama?) voor de 

logistieke steun.  

 

Free, Tom, Kay en Dominique, bedankt voor het dak boven m’n hoofd tijdens 

de begindagen in Amsterdam (dank ook aan Camping Zeeburg).  

 

Ook al mijn vrienden en familie in Antwerpen en Gent wil ik bedanken voor 

de gezellige momenten en steun tijdens de afgelopen vijf jaar (en daarvóór). 

Alle maten en makkers. Mam,  pap, broers en zus. Bedankt! 

 

 

 

Alex VM,  

 

24 mei 2011 

 

 

 

 

 

 

 

 

 

 

 

 


	first pages
	CH1
	CH2-2
	CH3
	CH4
	CH5
	summary-final
	SAMENVATTING
	ACKNOWLEDGMENTS2

