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Abstract Phenylpropenes such as eugenol, isoeugenol, chavicol, and anethole are C6–C3 volatile compounds derived 
from phenylalanine by modification of its benzene ring and reduction of its propyl side chain, with the final reduction 
step catalyzed by a product-specific phenylpropene synthase. Recent advances in the biochemical and molecular analysis 
of phenylpropene synthases have improved our understanding of their evolution, structural properties, and reaction 
mechanism, providing insights into how plants produce and regulate the many types of phenylpropene volatiles. Since 
phenylpropenes are important in determining the flavor of foods and the quality of essential oils in cosmetics, the 
identification of the genes and enzymes responsible for the biosynthesis of phenylpropene volatiles has also provided us with 
tools to meet the challenge of improving plant aromas through genetic engineering.
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Introduction

Like terpenes, benzenoids, and fatty acid derivatives, 
phenylpropenes constitute a major group of volatiles 
emitted from plants. Phenylpropenes play an important 
role in attracting both pollinators, through floral 
fragrances, and seed-dispersers, through scents emitted 
by fruits. For example, methyleugenol was identified as 
the major volatile in orchid flowers (genus Bulbophyllum) 
that attract male fruit flies as pollinators. These flies 
ingest the compound and convert it into pheromones 
that attract female flies. Hence, for the orchid flowers 
and fruit flies methyleugenol serves as a synomone, 
a signaling chemical that benefits both the sender and 
receiver (Tan and Nishida 2000). Moreover, when 
phenylpropenes are produced and stored in vegetative 
tissues such as trichomes, they can act as toxicants, 
deterrents, and antifeedants that discourage herbivores 
and bacterial pathogens (Pasay et al. 2010; Raguso and 
Pichersky 1995; Stuurman et al. 2004).

Phenylpropenes consist of a modified benzene ring 
(C6) bearing a propenyl side chain (C3). The structural 
diversity of many phenylpropenes stems from variation 
both in the position of the propenyl double bond and 
in the substituents on the benzene ring (Figure 1A). 
These structural differences sometimes influence the 
biological activity of the phenylpropenes. For example, 
phenylpropenes such as eugenol, isoeugenol, and 

chavicol, with a para-hydroxyl group and sometimes 
also a para-methoxyl group on the benzene ring, exhibit 
antifungal activity against filamentous pathogens such 
as Botrytis cinerea, while prenylated phenylpropenes, in 
which the hydroxyl group is masked with a dimethylallyl 
group, have no antifungal activity (Koeduka et al. 2014).

Phenylpropenes are not only essential for 
physiological function in plants, but also make important 
contributions to the fragrances and flavors of many 
plant species. Humans have historically used herbs 
and spices containing phenylpropene volatiles, which 
have a characteristic pungent or herbaceous aroma, for 
many different purposes—as seasoning when cooking, 
as pharmaceutical agents, and as pleasant aromatics 
in cosmetics. Therefore, plant biochemists have been 
eager to isolate the genes and enzymes responsible for 
phenylpropene production, and to utilize these for 
genetic modification of phenylpropene biosynthesis.

In this review, I highlight the latest advances in 
phenylpropene biosynthetic research and discuss recent 
challenges in the modification of phenylpropene profiles 
through genetic engineering of the phenylpropene 
pathway.

Phenylpropene biosynthesis

Phenylpropenes are normally formed from 
phenylalanine, which is also a precursor of flavonoids, 
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benzenoids, curcuminoids, stilbenoids, and lignin. The 
phenylpropene biosynthetic pathway diverges from the 
lignin pathway after the formation of monolignols such 
as p-coumaryl alcohol or coniferyl alcohol. At this point, 
an acyltransferase acetylates these monolignols to form 
p-coumaryl acetate and coniferyl acetate, respectively. 
These monolignol acetates are reduced by two distinct 
NADPH-dependent reductases, eugenol synthase 
(EGS) or isoeugenol synthase (IGS), to form an allyl-
phenylpropene or propenyl-phenylpropene (Figure 1B). 
Further modifications of the benzene ring might then 
occur, including additional methylation, prenylation, or 
the formation of a methylenedioxy bridge (Figure 1C). 
These steps are described in more detail in the following 
sections.

Genes and enzymes of phenylpropene 
metabolism
Acetyltransferases
The first committed enzyme in phenylpropene 
biosynthesis is an acyltransferase, belonging to the 
BAHD family that transfers the acetyl moiety of 
acetyl-CoA to the hydroxyl group of a monolignol 
such as p-coumaryl alcohol or coniferyl alcohol. The 
resulting monolignol acetate serves as the substrates 
for EGS or IGS in a subsequent reductive reaction that 
produces a phenylpropene volatile. Several acetyl-
CoA-dependent transacylation reactions have been 
documented in various plant species and biosynthetic 
pathways (D’Auria 2006). For example, benzyl acetate, 
geranyl acetate, and (Z)-3-hexen-1-yl acetate, which 
are known as fruit flavor and green leaf volatiles, are 
formed by BAHD acetyltransferases, including benzyl 
alcohol acetyltransferase (BEAT) in Clarkia breweri, 

Figure 1. Structures and biosynthetic pathways for phenylpropene volatiles. (A) Structures of chavicol, eugenol, t-anol, isoeugenol, and their 
methylated derivatives. The carbon numbering system used in the text is shown. (B) The biosynthetic pathway leading to eugenol and isoeugenol 
from phenylalanine. CFAT, coniferyl alcohol acetyltransferase; EGS, eugenol synthase; CES, chavicol/eugenol synthase; IGS, isoeugenol synthase; 
AIS, t-anol/isoeugenol synthase. (C) Phenylpropene derivatives formed from eugenol. UGT, UDP-glycosyltransferase; GH, glycosyl hydrolase; PT, 
prenyltransferase; OMT, O-methyltransferase.
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acetyl-CoA geraniol/citronellol acetyltransferase 
(AAT) in Rosa hybrida, and acetyl CoA:(Z)-3-hexen-
1-ol acetyltransferase (CHAT) in Arabidopsis thaliana 
(D’Auria et al. 2007; Dudareva et al. 1998; Shalit et al. 
2003). Recently, it was demonstrated that coniferyl 
alcohol acetyltransferase (CFAT) shows the substantial 
specificity for coniferyl alcohol, and that biosynthesis 
of isoeugenol, a prominent floral scent component 
in petunia, was inhibited by RNAi suppression of the 
CFAT gene (Dexter et al. 2007). In the isolated glandular 
trichomes of basil (Ocimum basilicum), efficient 
conversion of labeled coniferyl alcohol into its acylated 
form was observed when p-coumaroyl-CoA, instead of 
acetyl-CoA, was added into the assay mixtures (Koeduka 
et al. 2006). Thus, the acyltransfer reactions in basil leaves 
might be catalyzed by acyltransferases that can also 
utilize p-coumaroyl-CoA as the acyl-donor.

NADPH-dependent reductases
The monolignol acetates produced by the 
acetyltransfease, as described above, are subsequently 
reduced to phenylpropenes by one of two distinct 
NADPH-dependent enzymes, EGS or IGS. EGS converts 
the monolignol acetate into an allyl-phenylpropene 
eugenol (with the double bond between C8 and C9), 
whereas IGS produces a propenyl-phenylpropene 
isoeugenol (with the double bond between C7 and C8) 
from the same substrate (Figure 1B). These enzymes have 
been isolated from several plant species, basil (Ocimum 
basilicum), petunia, and Clarkia breweri (Koeduka et 
al. 2006, 2008). Enzymes other than EGS and IGS can 
also perform this reduction; for example, it was reported 
that a t-anol/isoeugenol synthase (AIS) from anise 
(Pimpinella anisum) and a chavicol/eugenol synthase 
(CES) from Larrea tridentata can use both p-coumaryl 
acetate and coniferyl acetate to synthesize either allyl- or 
propenyl-phenylpropenes (Koeduka et al. 2009a; Vassão 
et al. 2007).

All EGS and IGS enzymes identified to date belong to 
the PIP reductase family, the name of which derives from 
the first letters of the names of its first three identified 
members, pinoresinol-lariciresinol reductase (PLR), 
isoflavone reductase (IFR), and phenylcoumaran benzylic 
ether reductase (PCBER). The reaction mechanism of 
both EGS and IGS involves the reductive cleavage of 
acetate from the propenyl side chain of the monolignol 
acetate substrate by the formation of a quinone methide 
intermediate (Figure 1B). Detailed examination of 
substrate specificity using coniferyl acetate analogs with 
different side chains has demonstrated that coniferyl 
propionate, coniferyl butyrate, and coniferyl benzoate 
are converted to eugenol, whereas several analogs 
lacking a free p-hydroxyl group or a double bond in 
the propenyl side chain, including 4-bromo-cinnamyl 
acetate and dihydroconiferyl acetate, did not undergo 

any measurable reduction (Koeduka et al. 2006, 2009b). 
Therefore, EGS and IGS require both the propenyl 
double bond and the hydroxyl group of benzene ring 
in their substrate in order to form the quinone methide 
intermediate that leads to catalysis.

A naturally occurring frameshift mutation in the IGS 
gene of Petunia axillaris ssp. parodii has recently been 
discovered. Flowers of plants that carry this mutation do 
not produce isoeugenol; instead, they accumulate high 
levels of dihydroconiferyl acetate, a substrate derivative 
from the reduction of the propenyl double bond of 
coniferyl acetate (Koeduka et al. 2009b). Therefore, it is 
most likely that the reductive reaction occurs through a 
quinone methide intermediate occurred in planta as well 
as in in vitro assays using recombinant enzymes.

Previous studies have shown that a number of varieties 
of Acorus species contain (Z)-propenyl phenylpropenes, 
including β-asarone, but no enzyme responsible for the 
formation of these (Z)-propenyl phenylpropenes has thus 
far been found (Du et al. 2008). According to the reaction 
mechanism of EGS and IGS based on the quinone 
methide intermediate, advance rotation at the single 
bond between C7 and C8 in the propyl side chain of 
the quinone methide intermediate before hydride attack 
at C9, could presumably lead to the formation of (Z)-
isoeugenol (Figure 1B). Alternatively, it may be possible 
that isomerization of (E)-propenyl phenylpropenes 
by unknown enzymes leads to the formation of a (Z)-
propenyl side chain. Further experiments are required to 
better understand this isomerization step.

In Clarkia flowers, eugenol and isoeugenol, along 
with their methylated derivatives, are produced. 
Their respective phenylpropene synthases (CbEGS1 
and CbIGS1) were found to be very similar to each 
other; site-directed mutants in which two amino acid 
residues in CbIGS1 (V84F and Y87I) were converted 
into those found in CbEGS1, and the corresponding 
double mutant of CbEGS1 (F84V and I87Y), exhibited 
product preferences opposite for those of the natural 
enzymes (Koeduka et al. 2008). These two Clarkia EGS 
and IGS enzymes are members of Class I in the EGS/
IGS subfamily of the PIP family, together with basil 
EGS and petunia IGS. On the other hand, phylogenetic 
analysis has revealed that CbEGS2 clusters together with 
members of the Class II subfamily, such as PhEGS1, 
FaEGS1a, and FaIGS1b, all of which show high similarity 
to P. taeda PCBER and L. japonicus PTR (Figure 2). It 
has been noted that EGS and IGS enzymes belonging 
to the Class II subfamily in Figure 2 show less substrate 
specificity than those in Class I. For example, PhEGS1 
and CbEGS2 are able to use the same substrate used by 
PCBER, although their turnover rate on this alternate 
substrate is very low (Koeduka et al. 2008). While most 
EGS or IGS enzymes produce only one product, FaEGS2 
from garden strawberry (Fragaria×ananassa) catalyzes 
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the formation of eugenol and also isoeugenol, but the 
latter with a lower catalytic efficiency (Aragüez et al. 
2013). The kinetic parameters for monolignol acetate 
on CbEGS2 and PhEGS1 indicate that these enzymes, 
members of the Class II subfamily, are bona fide EGS. 
However, phylogenetic analysis suggests that the enzymes 
that are ancestral to the Class II EGS subfamily are 
unlikely to be EGS/IGS. Taken together with the distinct 
substrate specificities, it thus appears likely that the Class 
I and II subfamilies have evolved independently. Such 
convergent evolution has often been observed in other 
biosynthetic enzymes responsible for the formation of 
plant volatiles (Pichersky et al. 2006).

Enzymes that modify the phenyl ring of 
phenylpropenes
O-Methyltransferases
The formation of some phenylpropenes, such as 

methyleugenol, methylisoeugenol, methylchavicol, 
and t-anethole, requires methylation of the para-
hydroxyl group on their benzene rings. Several O-
methyltransferases involved in the biosynthesis of 
phenylpropenes have been characterized (Table 1). The 
first such enzyme to be characterized was (iso) eugenol 
O-methyltransferase (IEMT), found in Clarkia breweri 
(Wang et al. 1997). This enzyme can use both eugenol 
and isoeugenol as substrates, to form methyleugenol 
and methylisoeugenol respectively, but cannot use 
chavicol or t-anol, which do not have a methoxyl group 
at the meta-position on their benzene rings (unlike 
eugenol and isoeugenol). Next to be characterized were 
a chavicol O-methyltransferase (CVOMT) and a eugenol 
O-methyltransferase (EOMT) from Ocimum basilicum, 
which were shown to be highly specific for chavicol and 
eugenol, respectively (Gang et al. 2002). Site-directed 
mutagenesis to convert a specific amino acid residue 

Figure 2. Phylogenetic tree of eugenol- and isoeugenol-forming enzymes together with selected protein sequences from the PIP family of NADPH-
dependent reductases. Particular reductase clades are labled: LAR, leucoanthocyanidin reductases; PLR, pinoresinol lariciresinol reductases; IFR, 
isoflavone reductases; PTR, pterocarpan reductase; PCBER, phenylcoumaran benzylic ether reductases. Accession numbers corresponding to the 
sequences used in this study are: Md, Malus domestica LAR1 (AAZ79364); Fa, Fragaria×ananassa LAR (ABH07785), EGS1a (KF56224), EGS1b 
(KF562265), EGS2 (KF562266); Vv, Vitis vinifera LAR1 (NP_001267887); Du, Desmodium uncinatum LAR (Q84V83); Cb, Clarkia breweri EGS1 
(ABR24113), EGS2 (ABR24114), IGS1 (ABR24112); Ob, Ocimum basilicum EGS1 (Q15GI4); Ph, Petunia hybrida IGS1 (Q15GI3), EGS1 (ABR24115); 
Pa, Pimpinella anisum AIS (ACL13526); Lt, Larrea tridentata CES1 (published in Vassao et al. 2007); Fi, Forsythia×intermedia PLR (AAC49608), 
PCBER1 (AAF64174); La, Linum album PLR (AAC49608); At, Arabidopsis thaliana PrR1 (NP_174490), PrR2 (NP_193102); Lp, Linum perenne 
PLR (ABM68630); Th, Tsuga heterophylla PLR1 (AAF64184), PCBER (AAF64179); Tp, Thuja plicata PLR (AAF63509); Ps, Pisum sativum IFR 
(P52576); Ms, Medicago sativa IFR (CAA41106); Ca, Cicer arietium (Q00016); Ptd, Pinus taeda PCBER (AAC32591); Nt, Nicotiana tabacum PCBER 
(BAG84267); Lj, Lotus japonicus PTR (BAF34844).
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in one of these enzymes to the amino acid found in the 
other, and vice versa, caused a corresponding shift in 
substrate preference, indicating that substrate preference 
was controlled by a single amino acid residue. Most 
recently, a t-anol/isoeugenol O-methyltransferase 
(AIMT) from Pimpinella anisum was reported, with 10-
fold higher activity for propenyl phenylpropenes such as 
t-anol and isoeugenol over allyl phenylpropenes such as 
chavicol and eugenol (Koeduka et al. 2009a). It is likely 
that these phenylpropene OMTs can discriminate based 
upon the double-bond position in the propenyl side 
chain and/or the functional groups on the benzene rings 
of various potential substrates (Table 1).

Prenyltransferases
O-Prenylated phenylpropenes, such as O-
dimethylal lyleugenol and O-dimethylal lyl-5-
methoxyeugenol, in which the hydroxyl group on the 
benzene ring is substituted with a dimethylallyl group, 
are found as major constituents in a few plant species, 
including Illicium anisatum and Illicium verum (Howes 
et al. 2009; Koeduka et al. 2014), with the apparent 
function of strongly deterring oviposition by mites. The 
biosynthesis of these O-prenylated phenylpropenes is not 
yet well understood, since no phenylpropene-specific 
prenyltransferases have yet been characterized. However, 
recent research has investigated membrane-bound 
prenyltransferases capable of catalyzing the prenylation 
of aromatic compounds such as flavonoids and 
coumarins (Karamat et al. 2014; Yazaki et al. 2009). It is 
possible that homologous genes might be responsible for 
the formation of prenylated phenylpropenes in Illicium 
species.

Methylenedioxy bridge-forming enzymes
Some phenylpropenes, including safrole, myristicin, 
dillapiole, and apiole, contain a methylenedioxy-bridge. 
In addition to volatile phenylpropenes, methylenedioxy-
bridges occur in many other natural products, such 
as plant isoquinoline alkaloids and lignans. Previous 
work has found two methylenedioxy bridge-forming 
cytochrome P450 enzymes, CYP719A and CYP81Q, 
which catalyze the formation of stylopine and sesamin 
respectively (Ikezawa et al. 2003, Marques et al. 2013; 
Ono et al. 2006). It is likely that similar cytochrome P450 
enzymes are able to form methylenedioxy-bridges on 

phenylpropene.

Glycosyltransferases and glycosidases
Phenylpropenes such as eugenol are often sequestered 
as glycosylated derivatives, such as in tomato fruits, rose 
flowers, and the leaves of Camellia sasanqua (Hammami 
et al. 2006; Straubinger et al. 1999; Tikunov et al. 2010; 
Yamada et al. 1967). Recently, it was reported that 
the UDP-glycosyltransferase gene SlUGT5 was highly 
expressed in ripening tomatoes, increasing the eugenol 
content of the fruit (Louveau et al. 2011). The SlUGT5 
protein showed glycosylation activity toward eugenol 
as well as guaiacol and methyl salicylate in an in vitro 
assay, although there was no direct evidence that SlUGT5 
contributed to accumulation of eugenol glycosides in 
the fruits. In the leaves of Viburnum furcatum, a large 
amount of chavicol disaccharide was found (Ahn et al. 
2004), apparently another instance of the glycosylation 
and sequestration of a phenylpropene although the 
enzyme responsible has not yet been found. Ahn et al. 
have reported the isolation of furcatin hydrolase, which 
specifically hydrolyzes the β-glycoside bond between 
chavicol and the disaccharide.

Metabolic engineering of phenylpropenes

Phenylpropenes such as eugenol and isoeugenol 
contribute substantially to the flavors of fruits and 
the scents of flowers, and higher levels of them are 
sometimes desired by plant breeders and consumers. 
Although many genes responsible for phenylpropene 
biosynthesis have been characterized, progress on the 
metabolic engineering of phenylpropene production 
has been limited. To date, there has been only one 
report of the engineering of phenylpropene production 
in a microorganism: in E. coli, the co-expression of a 
monolignol acetyltransferase and a chavicol/eugenol 
synthase (CES) from creosote bush (Larrea tridentata) 
was achieved and the direct conversion of coniferyl 
alcohol to eugenol was detected (Kim et al. 2014). 
In strawberries, on the other hand, heterologous 
overexpression of the basil EGS gene or the petunia IGS 
gene increased the formation of eugenol, isoeugenol, 
and related phenylpropenes (Hoffmann et al. 2011). 
Increased phenylpropenes production was also obtained 
by downregulation of the strawberry chalcone synthase 

Table 1. Biochemically characterized Phenylpropene O-methyltransferases (OMT).

OMT name Species
Relative activity (%) for phenylpropenes

Reference
t-anol chavicol isoeugenol eugenol

EOMT Ocimum basilicum 0.0 24.0 26.0 100.0 Gang et al., Plant Cell (2002)
CVOMT Ocimum basilicum 5.7 100.0 3.4 4.0 Gang et al., Plant Cell (2002)
IEMT Clarkia breweri 0.2 1.9 92.3 100.0 Wang et al., Plant physiology (1997)
AIMT Pimpinella anisum 45.3 5.9 100.0 9.1 Koeduka et al., Plant Physiology (2009)
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(CHS) gene with the simultaneous overexpression of 
basil EGS or petunia IGS. Recently, it was reported 
that overexpression in aspen leaves of petunia coniferyl 
alcohol acetyltransferase (CFAT), which catalyzes the 
first step in phenylpropene biosynthesis as discussed 
above, greatly increased levels of both eugenol and 
eugenol glycosides, while the overexpression of petunia 
EGS resulted in only a minor increase in eugenol 
(Koeduka et al. 2013). In contrast, the overexpression 
of petunia CFAT in transgenic tobacco and Arabidopsis, 
which unlike strawberry and aspen do not naturally 
produce phenylpropenes, gave no significant formation 
of eugenol. Thus, in order to increase the production 
of phenylpropenes, two key steps must be followed: 
(i) a host plant must be chosen that produces at least 
small amounts of phenylpropenes naturally, and (ii) 
the carbon flux of the biosynthetic pathway must be 
redirected away from some other final product, such as 
flavonoids, stilbenoids, or lignins, toward phenylpropene 
synthesis (Figure 3). Alternatively, the metabolic flow 
from phenylalanine into C6–C2 benzenoids, including 
2-phenylacetaldehyde and 2-phenylethanol, could be 
suppressed, resulting in an increase in phenylpropene 
precursors. Transformation using Agrobacterium 
infection is limited to model plants; the development of 

a more generally applicable transformation method for 
phenylpropene-producing plants would allow the genetic 
engineering of the phenylpropene biosynthetic pathway 
to progress in a wide range of commercially important 
plant species.

Conclusions

Many phenylpropene volatiles have been identified in 
the essential oils and floral scents of a wide variety of 
plant species and play an important role in the ecological 
interactions between plants and other organisms such 
as pollinators, seed dispersers, and herbivores. Recent 
advances in our understanding of the phenylpropene 
biosynthetic pathway have revealed many key enzymes, 
but some of the enzymes responsible for functional 
modifications on the benzene ring remain to be 
discovered. Furthermore, our ability to genetically 
engineer the phenylpropene biosynthetic pathway 
is still limited, and there is much work yet to come in 
identifying additional phenylpropene synthases and 
developing more broadly applicable transformation 
methods.

Acknowledgements

The author thanks Dr. Eran Pichersky for comments on an earlier 
version of the manuscript. This work was partly supported by a 
grant to TK from The Japan Food Chemical Research Foundation.

References

Ahn YO, Mizutani M, Saino H, Sakata K (2004) Furcatin hydrolase 
from Viburnum furcatum Blume is a novel disaccharide-specific 
acuminosidase in glycosyl hydrolase family 1. J Biol Chem 279: 
23405–23414

Aragüez I, Osorio S, Hoffmann T, Rambla JL, Medina-Escobar N, 
Granell A, Botella MÁ, Schwab W, Valpuesta V (2013) Eugenol 
production in achenes and receptacles of strawberry fruits is 
catalyzed by synthases exhibiting distinct kinetics. Plant Physiol 
163: 946–958

D’Auria JC (2006) Acyltransferases in plants: a good time to be 
BAHD. Curr Opin Plant Biol 9: 331–340

D’Auria JC, Pichersky E, Schaub A, Hansel A, Gershenzon J (2007) 
Characterization of a BAHD acyltransferase responsible for 
producing the green leaf volatile (Z)-3-hexen-1-yl acetate in 
Arabidopsis thaliana. Plant J 49: 194–207

Dexter R, Qualley A, Kish CM, Ma CJ, Koeduka T, Nagegowda DA, 
Dudareva N, Pichersky E, Clark D (2007) Characterization of 
a petunia acetyltransferase involved in the biosynthesis of the 
floral volatile isoeugenol. Plant J 49: 265–275

Du Z, Clery RA, Hammond CJ (2008) Volatiles from leaves and 
rhizomes of Fragrant Acorus spp. (Acoraceae). Chem Biodivers 
5: 887–895

Dudareva N, D’Auria JC, Nam KH, Raguso RA, Pichersky E 
(1998) Acetyl-CoA:benzylalcohol acetyltransferase—an enzyme 
involved in floral scent production in Clarkia breweri. Plant J 14: 
297–304

Gang DR, Lavid N, Zubieta C, Chen F, Beuerle T, Lewinsohn E, 

Figure 3. A flowchart showing possibilities for the enhancement of 
phenylpropene production in transgenic plants through modification of 
related biosynthetic pathways.

http://dx.doi.org/10.1074/jbc.M311379200
http://dx.doi.org/10.1074/jbc.M311379200
http://dx.doi.org/10.1074/jbc.M311379200
http://dx.doi.org/10.1074/jbc.M311379200
http://dx.doi.org/10.1104/pp.113.224352
http://dx.doi.org/10.1104/pp.113.224352
http://dx.doi.org/10.1104/pp.113.224352
http://dx.doi.org/10.1104/pp.113.224352
http://dx.doi.org/10.1104/pp.113.224352
http://dx.doi.org/10.1016/j.pbi.2006.03.016
http://dx.doi.org/10.1016/j.pbi.2006.03.016
http://dx.doi.org/10.1111/j.1365-313X.2006.02946.x
http://dx.doi.org/10.1111/j.1365-313X.2006.02946.x
http://dx.doi.org/10.1111/j.1365-313X.2006.02946.x
http://dx.doi.org/10.1111/j.1365-313X.2006.02946.x
http://dx.doi.org/10.1111/j.1365-313X.2006.02954.x
http://dx.doi.org/10.1111/j.1365-313X.2006.02954.x
http://dx.doi.org/10.1111/j.1365-313X.2006.02954.x
http://dx.doi.org/10.1111/j.1365-313X.2006.02954.x
http://dx.doi.org/10.1002/cbdv.200890102
http://dx.doi.org/10.1002/cbdv.200890102
http://dx.doi.org/10.1002/cbdv.200890102
http://dx.doi.org/10.1046/j.1365-313X.1998.00121.x
http://dx.doi.org/10.1046/j.1365-313X.1998.00121.x
http://dx.doi.org/10.1046/j.1365-313X.1998.00121.x
http://dx.doi.org/10.1046/j.1365-313X.1998.00121.x
http://dx.doi.org/10.1105/tpc.010327


  T. Koeduka 407

Noel JP, Pichersky E (2002) Characterization of phenylpropene 
O-methyltransferases from sweet basil: facile change of 
substrate specificity and convergent evolution within a plant O-
methyltransferase family. Plant Cell 14: 505–519

Hammami S, Ciavatta ML, Jannet HB, Cimino G, Mighri Z (2006) 
Three phenolic and a sterol glycoside identified for the first time 
in Mattiola longipetala growing in Tunisia. Croat Chem Acta 79: 
215–218

Hoffmann T, Kurtzer R, Skowranek K, Kiessling P, Fridman 
E, Pichersky E, Schwab W (2011) Metabolic engineering in 
strawberry fruit uncovers a dormant biosynthetic pathway. 
Metab Eng 13: 527–531

Howes MJ, Kite GC, Simmonds MS (2009) Distinguishing chinese 
star anise from Japanese star anise using thermal desorption-
gas chromatography-mass spectrometry. J Agric Food Chem 57: 
5783–5789

Ikezawa N, Tanaka M, Nagayoshi M, Shinkyo R, Sakaki T, Inouye 
K, Sato F (2003) Molecular cloning and characterization of 
CYP719, a methylenedioxy bridge-forming enzyme that belongs 
to a novel P450 family, from cultured Coptis japonica cells. J Biol 
Chem 278: 38557–38565

Karamat F, Olry A, Munakata R, Koeduka T, Sugiyama A, Paris 
C, Hehn A, Bourgaud F, Yazaki K (2014) A coumarin-specific 
prenyltransferase catalyzes the crucial biosynthetic reaction for 
furanocoumarin formation in parsley. Plant J 77: 627–638

Kim SJ, Vassão DG, Moinuddin SG, Bedgar DL, Davin LB, Lewis 
NG (2014) Allyl/propenyl phenol synthases from the creosote 
bush and engineering production of specialty/commodity 
chemicals, eugenol/isoeugenol, in Escherichia coli. Arch Biochem 
Biophys 541: 37–46

Koeduka T, Baiga TJ, Noel JP, Pichersky E (2009a) Biosynthesis of 
t-anethole in anise (Pimpinella anisum): Characterization of t-
anol/isoeugenol synthase and a O-methyltransferase specific for 
a C7–C8 propenyl side chain. Plant Physiol 149: 384–394

Koeduka T, Fridman E, Gang DR, Vassão DG, Jackson BL, Kish 
CM, Orlova I, Spassova SM, Lewis NG, Noel JP, et al. (2006) 
Eugenol and isoeugenol, characteristic aromatic constituents of 
spices, are biosynthesized via reduction of a coniferyl alcohol 
ester. Proc Natl Acad Sci USA 103: 10128–10133

Koeduka T, Louie GV, Orlova I, Kish CM, Ibdah M, Wilkerson CG, 
Bowman ME, Baiga TJ, Noel JP, Dudareva N, et al. (2008) The 
multiple phenylpropene synthases in both Clarkia breweri and 
Petunia hybrida represent two distinct protein lineages. Plant J 
54: 362–374

Koeduka T, Orlova I, Baiga TJ, Noel JP, Dudareva N, Pichersky E 
(2009b) The lack of floral synthesis and emission of isoeugenol 
in Petunia axillaris subsp. parodii is due to a mutation in the 
isoeugenol synthase gene. Plant J 58: 961–969

Koeduka T, Sugimoto K, Watanabe B, Someya N, Kawanishi D, 
Gotoh T, Ozawa R, Takabayashi J, Matsui K, Hiratake J (2014) 
Bioactivity of natural O-prenylated phenylpropenes from Illicium 
anisatum leaves and their derivatives against spider mites and 
fungal pathogens. Plant Biol 16: 451–456

Koeduka T, Suzuki S, Iijima Y, Ohnishi T, Suzuki H, Watanabe 
B, Shibata D, Umezawa T, Pichersky E, Hiratake J (2013) 
Enhancement of production of eugenol and its glycosides in 
transgenic aspen plants via genetic engineering. Biochem Biophys 
Res Commun 436: 73–78

Louveau T, Leitao C, Green S, Hamiaux C, van der Rest B, Dechy-

Cabaret O, Atkinson RG, Chervin C (2011) Predicting the 
substrate specificity of a glycosyltransferase implicated in the 
production of phenolic volatiles in tomato fruit. FEBS J 278: 
390–400

Marques JV, Kim KW, Lee C, Costa MA, May GD, Crow JA, Davin 
LB, Lewis NG (2013) Next generation sequencing in predicting 
gene function in podophyllotoxin biosynthesis. J Biol Chem 288: 
466–479

Ono E, Nakai M, Fukui Y, Tomimori N, Fukuchi-Mizutani M, 
Saito M, Satake H, Tanaka T, Katsuta M, Umezawa T, et al. 
(2006) Formation of two methylenedioxy bridges by a Sesamum 
CYP81Q protein yielding a furofuran lignan, (+)-sesamin. Proc 
Natl Acad Sci USA 103: 10116–10121

Pasay C, Mounsey K, Stevenson G, Davis R, Arlian L, Morgan M, 
Vyszenski-Moher D, Andrews K, McCarthy J (2010) Acaricidal 
activity of eugenol-based compounds against scabies mites. PLoS 
ONE 5: e12079

Pichersky E, Noel JP, Dudareva N (2006) Biosynthesis of plant 
volatiles: nature’s diversity and ingenuity. Science 311: 808–811

Raguso RA, Pichersky E (1995) Floral volatiles from Clarkia 
breweri and C. concinna (Onagraceae): recent evolution of floral 
scent and moth pollination. Plant Syst Evol 194: 55–67

Shalit M, Guterman I, Volpin H, Bar E, Tamari T, Menda N, Adam 
Z, Zamir D, Vainstein A, Weiss D, et al. (2003) Volatile ester 
formation in roses. Identification of an acetyl-coenzyme A. 
Geraniol/Citronellol acetyltransferase in developing rose petals. 
Plant Physiol 131: 1868–1876

Straubinger M, Knapp H, Watanabe N, Oka N, Washio H, 
Winterhalter P (1999) Three novel eugenol glysosides from rose 
flowers, Rosa Damascena Mill. Nat Prod Lett 13: 5–10

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

Tan KH, Nishida R (2000) Mutual reproductive benefits between a 
wild orchid, Bulbophyllum patens, and Bactrocera fruit flies via a 
floral synomone. J Chem Ecol 26: 533–546

Tikunov YM, de Vos RC, González Paramás AM, Hall RD, 
Bovy AG (2010) A role for differential glycoconjugation in 
the emission of phenylpropanoid volatiles from tomato fruit 
discovered using a metabolic data fusion approach. Plant Physiol 
152: 55–70

Vassão DG, Kim SJ, Milhollan JK, Eichinger D, Davin LB, Lewis 
NG (2007) A pinoresinol-lariciresinol reductase homologue 
from the creosote bush (Larrea tridentata) catalyzes the efficient 
in vitro conversion of p-coumaryl/coniferyl alcohol esters into 
the allylphenols chavicol/eugenol, but not the propenylphenols 
p-anol/isoeugenol. Arch Biochem Biophys 465: 209–218

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

Yamada T, Aoki H, Tanaka H, Munakata K (1967) Studies on 
Camellia sasanqua Thunb. Part II. Synthesis of Sasanquin. Agric 
Biol Chem 31: 1076–1078

Yazaki K, Sasaki K, Tsurumaru Y (2009) Prenylation of aromatic 
compounds, a key diversification of plant secondary metabolites. 
Phytochemistry 70: 1739–1745

http://dx.doi.org/10.1105/tpc.010327
http://dx.doi.org/10.1105/tpc.010327
http://dx.doi.org/10.1105/tpc.010327
http://dx.doi.org/10.1105/tpc.010327
http://dx.doi.org/10.1016/j.ymben.2011.06.002
http://dx.doi.org/10.1016/j.ymben.2011.06.002
http://dx.doi.org/10.1016/j.ymben.2011.06.002
http://dx.doi.org/10.1016/j.ymben.2011.06.002
http://dx.doi.org/10.1021/jf9009153
http://dx.doi.org/10.1021/jf9009153
http://dx.doi.org/10.1021/jf9009153
http://dx.doi.org/10.1021/jf9009153
http://dx.doi.org/10.1074/jbc.M302470200
http://dx.doi.org/10.1074/jbc.M302470200
http://dx.doi.org/10.1074/jbc.M302470200
http://dx.doi.org/10.1074/jbc.M302470200
http://dx.doi.org/10.1074/jbc.M302470200
http://dx.doi.org/10.1111/tpj.12409
http://dx.doi.org/10.1111/tpj.12409
http://dx.doi.org/10.1111/tpj.12409
http://dx.doi.org/10.1111/tpj.12409
http://dx.doi.org/10.1016/j.abb.2013.10.019
http://dx.doi.org/10.1016/j.abb.2013.10.019
http://dx.doi.org/10.1016/j.abb.2013.10.019
http://dx.doi.org/10.1016/j.abb.2013.10.019
http://dx.doi.org/10.1016/j.abb.2013.10.019
http://dx.doi.org/10.1104/pp.108.128066
http://dx.doi.org/10.1104/pp.108.128066
http://dx.doi.org/10.1104/pp.108.128066
http://dx.doi.org/10.1104/pp.108.128066
http://dx.doi.org/10.1073/pnas.0603732103
http://dx.doi.org/10.1073/pnas.0603732103
http://dx.doi.org/10.1073/pnas.0603732103
http://dx.doi.org/10.1073/pnas.0603732103
http://dx.doi.org/10.1073/pnas.0603732103
http://dx.doi.org/10.1111/j.1365-313X.2008.03412.x
http://dx.doi.org/10.1111/j.1365-313X.2008.03412.x
http://dx.doi.org/10.1111/j.1365-313X.2008.03412.x
http://dx.doi.org/10.1111/j.1365-313X.2008.03412.x
http://dx.doi.org/10.1111/j.1365-313X.2008.03412.x
http://dx.doi.org/10.1111/j.1365-313X.2009.03834.x
http://dx.doi.org/10.1111/j.1365-313X.2009.03834.x
http://dx.doi.org/10.1111/j.1365-313X.2009.03834.x
http://dx.doi.org/10.1111/j.1365-313X.2009.03834.x
http://dx.doi.org/10.1111/plb.12054
http://dx.doi.org/10.1111/plb.12054
http://dx.doi.org/10.1111/plb.12054
http://dx.doi.org/10.1111/plb.12054
http://dx.doi.org/10.1111/plb.12054
http://dx.doi.org/10.1016/j.bbrc.2013.05.060
http://dx.doi.org/10.1016/j.bbrc.2013.05.060
http://dx.doi.org/10.1016/j.bbrc.2013.05.060
http://dx.doi.org/10.1016/j.bbrc.2013.05.060
http://dx.doi.org/10.1016/j.bbrc.2013.05.060
http://dx.doi.org/10.1111/j.1742-4658.2010.07962.x
http://dx.doi.org/10.1111/j.1742-4658.2010.07962.x
http://dx.doi.org/10.1111/j.1742-4658.2010.07962.x
http://dx.doi.org/10.1111/j.1742-4658.2010.07962.x
http://dx.doi.org/10.1111/j.1742-4658.2010.07962.x
http://dx.doi.org/10.1074/jbc.M112.400689
http://dx.doi.org/10.1074/jbc.M112.400689
http://dx.doi.org/10.1074/jbc.M112.400689
http://dx.doi.org/10.1074/jbc.M112.400689
http://dx.doi.org/10.1073/pnas.0603865103
http://dx.doi.org/10.1073/pnas.0603865103
http://dx.doi.org/10.1073/pnas.0603865103
http://dx.doi.org/10.1073/pnas.0603865103
http://dx.doi.org/10.1073/pnas.0603865103
http://dx.doi.org/10.1371/journal.pone.0012079
http://dx.doi.org/10.1371/journal.pone.0012079
http://dx.doi.org/10.1371/journal.pone.0012079
http://dx.doi.org/10.1371/journal.pone.0012079
http://dx.doi.org/10.1126/science.1118510
http://dx.doi.org/10.1126/science.1118510
http://dx.doi.org/10.1007/BF00983216
http://dx.doi.org/10.1007/BF00983216
http://dx.doi.org/10.1007/BF00983216
http://dx.doi.org/10.1104/pp.102.018572
http://dx.doi.org/10.1104/pp.102.018572
http://dx.doi.org/10.1104/pp.102.018572
http://dx.doi.org/10.1104/pp.102.018572
http://dx.doi.org/10.1104/pp.102.018572
http://dx.doi.org/10.1080/10575639908048483
http://dx.doi.org/10.1080/10575639908048483
http://dx.doi.org/10.1080/10575639908048483
http://dx.doi.org/10.1534/genetics.104.031138
http://dx.doi.org/10.1534/genetics.104.031138
http://dx.doi.org/10.1534/genetics.104.031138
http://dx.doi.org/10.1023/A:1005477926244
http://dx.doi.org/10.1023/A:1005477926244
http://dx.doi.org/10.1023/A:1005477926244
http://dx.doi.org/10.1104/pp.109.146670
http://dx.doi.org/10.1104/pp.109.146670
http://dx.doi.org/10.1104/pp.109.146670
http://dx.doi.org/10.1104/pp.109.146670
http://dx.doi.org/10.1104/pp.109.146670
http://dx.doi.org/10.1016/j.abb.2007.06.002
http://dx.doi.org/10.1016/j.abb.2007.06.002
http://dx.doi.org/10.1016/j.abb.2007.06.002
http://dx.doi.org/10.1016/j.abb.2007.06.002
http://dx.doi.org/10.1016/j.abb.2007.06.002
http://dx.doi.org/10.1016/j.abb.2007.06.002
http://dx.doi.org/10.1104/pp.114.1.213
http://dx.doi.org/10.1104/pp.114.1.213
http://dx.doi.org/10.1104/pp.114.1.213
http://dx.doi.org/10.1104/pp.114.1.213
http://dx.doi.org/10.1104/pp.114.1.213
http://dx.doi.org/10.1271/bbb1961.31.1076
http://dx.doi.org/10.1271/bbb1961.31.1076
http://dx.doi.org/10.1271/bbb1961.31.1076
http://dx.doi.org/10.1016/j.phytochem.2009.08.023
http://dx.doi.org/10.1016/j.phytochem.2009.08.023
http://dx.doi.org/10.1016/j.phytochem.2009.08.023

