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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.   



  GENERAL DISCUSSION 

 139 

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. 



  GENERAL DISCUSSION 

 141 

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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