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REVIEW

Biosynthesis of Plant Volatiles:
Nature’s Diversity and Ingenuity
Eran Pichersky,1* Joseph P. Noel,2 Natalia Dudareva3

Plant volatiles (PVs) are lipophilic molecules with high vapor pressure that serve various ecological
roles. The synthesis of PVs involves the removal of hydrophilic moieties and oxidation/hydroxylation,
reduction, methylation, and acylation reactions. Some PV biosynthetic enzymes produce multiple
products from a single substrate or act on multiple substrates. Genes for PV biosynthesis evolve
by duplication of genes that direct other aspects of plant metabolism; these duplicated genes then
diverge from each other over time. Changes in the preferred substrate or resultant product of PV
enzymes may occur through minimal changes of critical residues. Convergent evolution is often
responsible for the ability of distally related species to synthesize the same volatile.

P
lant volatiles (PV) are typically lipo-

philic liquids with high vapor pressures.

Nonconjugated PVs can cross membranes

freely and evaporate into the atmosphere when

there are no barriers to diffusion. The number

of identified volatile chemicals synthesized by

various plants exceeds 1000 and is likely to

grow as more plants are examined with new

methods for detecting and analyzing quantities

of volatiles that are often minute (1–3).

PVs serve multiple functions in both floral

and vegetative organs, and these roles are not

always related to their volatility (1). Most PVs

are restricted to specific lineages and are involved

in species-specific ecological interactions, leading

to their designation as specialized, or secondary,

metabolites (4). To humans, pollinator-attracting

floral scents have been a source of olfactory

pleasure since antiquity, and we also use a large

number of aromatic plants as flavorings, pre-

servatives, and herbal remedies (5). Flower and

herb aromas may contain many individual chem-

icals, sometimes with very little overlap in the PV

profiles of even closely related species (6). It is

unlikely that the observed differences are due en-

tirely to differential gene expression. That most

PVs are restricted to a few lineages, both ancient

and derived, argues for frequent changes in en-

zymatic profiles through evolution. Considerable

diversity and fast rates of change have also been

observed in nonvolatile specializedmetabolites in

plants, raising similar questions regarding the

underlying evolutionary mechanisms (7).

Improvements in analytical techniques and

molecular and biochemical methods have made

PVs one of the best-studied groups of plant sec-

ondary metabolites. Here we describe insights

into molecular mechanisms involved in the

biosynthesis of PVs and their implications for

our understanding of plant metabolic diversity.

PV Biosynthetic Pathways Branch Off
from Primary Metabolism

The largest class of PVs is derived from isoprenoid

pathways. In plants, both the cytosolic mevalonate

and the plastidic methylerythritol phosphate

pathways generate the five-carbon compound iso-

pentenyl pyrophosphate (IPP) and its isomer di-

methylallyl pyrophosphate (DMAPP). A plastidic

prenyltransferase synthesizes geranyl pyrophos-

phate (GPP) from the condensation of one IPPmol-

ecule and oneDMAPPmolecule. A second type of

plastidic prenyltransferase condensesDMAPPwith

three IPP molecules to produce geranylgeranyl

pyrophosphate (GGPP). In the cytosol, the con-

densation of one DMAPP molecule with two IPP

molecules results in farnesyl pyrophosphate (FPP).

These pyrophosphate-containing compounds serve

as precursors of many primary metabolites (8).

Plants also have enzymes called terpene syn-

thases (TPSs), which catalyze the formation of

diverse hemi-, mono-, sesqui-, and diterpene PVs

fromDMAPP,GPP, FPP, andGGPP, respectively

(9). Many distinct TPSs that synthesize mono-

terpenes and sesquiterpenes (the bulk of terpenoid

PVs) have been characterized from various plants

(1, 2, 10). Each species contains a number of

these mechanistically and structurally related TPSs.

For example, the Arabidopsis genome contains 32

genes that appear to encode functional TPSs, in-

cluding six proven monoterpene synthases and

at least two proven sesquiterpene synthases (11).

The first step in the reaction catalyzed byTPSs

is removal of the pyrophosphate group, leading to a

carbocation (Fig. 1A). This highly unstable inter-

mediate can then undergo a number of multistep

transformations. The active site of each TPS chan-

nels and directs the intermediates through regio-

and stereochemical rearrangements to produce

often one or two major products and a few (or

even scores of) minor ‘‘derailment’’ products

(9, 11, 12). For example, four residues lining the

active-site cavities of two highly related maize

TPSs, designated TPS4 and TPS5, control the pro-

portions of sesquiterpenes produced in these en-

zymes (Fig. 1) (12). Changing only these four

residues in TPS5 to those found in TPS4 produced

a volatile profile and catalytic efficiency identical

to that of native TPS4, even though differences

elsewhere in the proteins remained (12).

The second largest class of PVs consists of

compounds containing an aromatic ring. Although

not all reactions leading to the synthesis of the

basic skeletons have been determined, most are

derived from intermediates in the pathway that

leads from shikimate to phenylalanine and then to

an array of primary (such as lignin) and secondary

nonvolatile compounds (2). Eugenol (clove es-

sence) is a reduced version of coniferyl alcohol, a

lignin precursor (13). Phenylacetaldehyde, a

compound present in tomato fruit (14), is de-

rived from phenylalanine by decarboxylation

and oxidative removal of the amino group (15).

Shortening of the three-carbon side chain of

phenylalanine-derived hydroxycinnamates to one

carbon also leads to aromatic building blocks such

as benzoic acid and benzaldehyde (16). Still other

PVs are produced by type III polyketide synthases

(PKSs) that use cinnamoyl- and malonyl–

coenzyme As (CoAs) as starting material (17).

A third group of PVs is derived by oxidative

cleavage and decarboxylation of various fatty acids,

resulting in the production of shorter-chain volatiles

with aldehyde and ketone moieties (18, 19) that

often serve as precursors for the biosynthesis of

other PVs (20). Similarly, some volatile terpenes

are not derived directly from isoprenoid pyrophos-

phates but instead from the cleavage of carotenoids

by carotenoid cleavage dioxygenases (CCDs) (21).

Other PVs, particularly those containing nitrogen

or sulfur, are synthesized by cleavage reactions of

modified amino acids or their precursors (5). For

example, the volatile indole is made in maize by

the cleavage of indole-3-glycerol phosphate, an

intermediate in tryptophan biosynthesis (22).

Some Modifying Enzymes Can Use
Multiple Substrates

A common property of enzymes for specialized

metabolites, including PVs, is their proclivity to act

on multiple substrates. This promiscuity probably

serves as an important cornerstone in the rapid

functional divergence of such enzymes. For en-

zymes with broad substrate specificity, such as

some carboxyl methyltransferases and acyltrans-

ferases, the availability of a substrate determines

the type and amount of formed products. For

example, petunia flowers contain a carboxyl-
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methyltransferase that favors salicylic acid over

benzoic acidbut producesmethylbenzoate in planta

due to a lack of salicylic acid (23). In contrast,

Stephanotis floribunda flowers contain an enzyme

with similar properties, but both methylsalicylate

and methylbenzoate are produced because both

acid substrates are available (24).

Enzymes for the Biosynthesis of PVs
Often Belong to Large Families

Specific chemical modifications can convert non-

volatile compounds to volatile ones, enhance the

volatility of already volatile chemicals, and alter

their olfactory properties. This kind of biosyn-

thetic tailoring is responsible for the combina-

torial diversity of non–isoprenoid-derived PVs

and also contributes to increasing the number

of terpenoid PVs (2).

Sequence analyses of whole genomes and of

gene transcripts derived from plant tissues rich in

PVs, combined with characterization of the gener-

ation of PVs by enzymes encoded by some of

these genes, show that plants possess several

families of modifying enzymes that catalyze simi-

lar reactions but use distinct substrates. For exam-

ple, the enzymes that methylate the carboxyl

group of salicylic and benzoic acids mentioned

above are homologous to jasmonic acid carboxyl-

methyltransferase, producing the PV methyljas-

monate found in both floral and vegetative tissues

(25). Another family of modifying enzymes con-

sists of acyltransferases, many of which catalyze

the transfer of an acetyl group from acetyl-CoA to

alcohols such as geraniol (geranyl acetate is a dis-

tinct ‘‘note’’ in the scent of roses) and 3-cis-hexen-

1-ol (3-cis-hexenyl acetate is emitted from the

crushed leaves of many species) (20, 26). En-

zymes in this family also catalyze the transfer of

other acyl groups; for example, from benzoyl-CoA

to benzyl alcohol to produce benzylbenzoate in

flowers of Clarkia breweri, a California annual

(20). Members of another large group of enzymes,

the oxidoreductases, have been found to catalyze

the oxidation of the monoterpene carveol to car-

vone (caraway spice) and the reduction of medium-

chain fatty acid aldehydes to alcohols (27, 28).

PV Modification Enzymes Often
Evolve from Non-PV Enzymes

The genome of Arabidopsis contains 272 genes

belonging to the cytochrome P450 oxidase family.

A few such P450s participate in PV biosynthesis,

such as the oxidative cleavage of fatty acids to

produce volatile aldehydes, whereas others contrib-

ute to primary metabolism or nonvolatile secondary

metabolism (18, 29). Given the extreme diversity

of P450s in Arabidopsis, we can expect to find

similarly large P450 groups in other plants. Some

of these enzymes probably function in PV biosyn-

thesis. Indeed, a P450 responsible for the hydroxyl-

ation of the monoterpene limonene in the menthol

pathway in mint has been described (30). The

families of oxidoreductases, methyltransferases, and

acetyltransferases may be similarly diverse (2).

In these protein families, little correlation is

observed between the level of sequence similarity

among enzymes and the structural similarity of

their substrates. An illustrative example involves

a group of O-methyltransferases that catalyze

the formation of scent compounds in rose, basil,

and C. breweri (Fig. 2). In rose flowers, 1,3,5-

trimethoxybenzene is produced from phloroglucinol

(1,3,5-trihydroxybenzene) through three successive

methylations. An enzyme designated phloroglu-

cinol O-methyltransferase (POMT) monomethyl-

ates phloroglucinol but lacks iterative activity with

subsequent methylated intermediates (31). The

second and third reactions are catalyzed by two

highly similar proteins (96% amino acid sequence

identity), OOMT1 (orcinol O-methyltransferase 1)

and OOMT2 (32). OOMT1 slightly prefers the

first intermediate(1-methoxy-3,5-dihydroxybenzene)

and OOMT2 prefers the second intermediate

(1,3-dimethoxy-5-hydroxybenzene). The high de-

gree of sequence identity between OOMT1 and

OOMT2 indicates recent gene duplication and

A

B

(E)-beta-Farnesene

(S)-beta-Bisabolene

(S)-bisabolyl
cation

TPS5
Preferred
Pathway

TPS4
Preferred
Pathway

Sesquithujene 7-epi-Sesquithujene

(R)-bisabolyl
cation

OPP OPP
OPP

HH

H

OPP–+
+

++

Mg2+

Fig. 1. Maize TPS4 and TPS5 catalyze the formation of the same complement of ses-
quiterpene products, albeit in distinctly different proportions. (A) Abbreviated TPS4 and
TPS5 mechanisms accounting for the major products of each enzyme [29% (S)-b-
bisabolene, 9% (E)-b-farnesene, 24% 7-epi-sequithujene, and 6% sesquithujene for
TPS4; and 27% (S)-b-bisabolene, 13% (E)-b-farnesene, 2% 7-epi-sesquithujene, and
28% sesquithujene for TPS5]. For clarity, only the major products are shown or those
products whose levels are considerably different for TPS4 and TPS5. OPP signifies a
pyrophosphate. Gray arrows depict pathways equally shared among TPS4 and TPS5. Red
and green arrows depict TPS5- and TPS4-preferred pathways, respectively [adapted from
(12)]. (B) Active site models of TPS4 and TPS5 based on the crystal structure of tobacco 5-
epi-aristolochene synthase (10), shown with the FPP nonhydrolyzable analog farnesyl
hydroxyphosphonate (FHP). The four key residues responsible for functional divergence—
Thr407, Ala409, Thr410, and Ile411 in TPS4, and Ser407, Gly409, Ala410, and Asn411 in TPS5—
are shown as color-coded sticks, with the underlying secondary structure of the three-
dimensional models colored lavender.
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incipient gene evolution. However, neither of

these two enzymes methylates phloroglucinol.

POMT is highly divergent from OOMT1 and

OOMT2 (30% identity), having higher se-

quence similarity (54% identity) to IEMT

(isoeugenol/eugenol methyltransferase), the en-

zyme that methylates eugenol (and isoeugenol)

inC. breweri. Moreover, POMT and IEMT have

higher sequence identity (960%) with COMT

(caffeic acid O-methyltransferase), a methyltrans-

ferase involved in lignin biosynthesis (31, 33).

On the other hand, OOMT1 and OOMT2 are

more similar (50% identical) to EOMT (eu-

genol O-methyltransferase), the basil enzyme

that methylates eugenol, as well as to enzymes

involved in isoflavone biosynthesis (34).

In vitro mutagenesis experiments with these

and similar enzymes show that changes in a few

critical residues can create PV biosynthetic en-

zymes with altered substrate specificity (33, 34).

For example, a single active-site substitution in

basil chavicol O-methyltransferase (CVOMT)

(Fig. 2) creates an enzyme whose substrate

specificity is identical to that of basil EOMT

(34). The presence of gene families enhances

the chances for duplications to occur and also

increases the chances of repeated evolution, a

special case of convergent evolution in which

enzymes with similar functions evolve inde-

pendently in different species from homolo-

gous but not necessarily orthologous genes

(such as eugenol methyltransferases in basil

and C. breweri) (4). On the other hand, be-

cause a new volatile may confer higher fitness

than an existing volatile, gene duplication is

not an absolute prerequisite for divergence,

and orthologous genes in different species

may encode enzymes for different PVs (35).

Spatial and Temporal Modulation
of PV Biosynthesis

In flowers, the biosynthesis of PVs usually occurs

in epidermal cells (Fig. 3A), allowing an easy es-

cape of PVs into the atmosphere (36). In vege-

tative organs, PVs may be synthesized in surface

glandular trichomes (Fig. 3B) and then secreted

from the cells and stored in a sac created by the

extension of the cuticle (13, 37). Some PVs are

made in internal structures such as individual

specialized cells (38) or ducts (39) from which

they can be released upon disruption (for example,

by herbivory). Free PVs in cells probably accumu-

late in membranes, but in some cases volatiles are

glycosylated and apparently stored in vacuoles

(40). The postsynthesis subcellular localization

of PVs is, unfortunately, a much neglected area.

The rates of biosynthesis of leaf PVs are

typically highest when leaves are young and

not fully expanded and need the most protec-

tion, which PVs provide directly because of their

toxicity or indirectly through the summoning of

herbivores’ predators (1, 2, 41). High rates are

also observed when flowers are ready for pol-

lination, and they decrease drastically after fer-

tilization (2, 23). Biosynthetic rates are correlated

with levels of transcripts of genes encoding the

final biosynthetic enzymes, or the concentration

of the substrates of these enzymes, or both (2, 42).

PV synthesis or emission may be influenced

by environmental factors such as light, temper-

Fig. 2. Structural relatedness of some methyltransferases and their substrates. POMT, OOMT1, and
OOMT2 are involved in synthesizing the rose floral volatile 1,3,5-trimethoxybenzene. Basil EOMT and
C. breweri IEMT methylate eugenol to produce methyleugenol. Basil CVOMT methylates chavicol to
produce methylchavicol. Eugenol, chavicol, methylchavicol, and methyleugenol are all volatiles with
distinct aromas. COMT is an enzyme in the lignin biosynthetic pathway, and IOMT methylates the
nonvolatile isoflavone daidzein to the nonvolatile isoformonentin. All these enzymes use S-adenosyl-L-
methionine as the methyl donor [adapted from (31–34)]. The branches in the schematic phylogenetic
tree are not drawn to scale.

Fig. 3. Localization of storage and synthesis of PVs. (A) Conical cells on the surface
of snapdragon petals synthesize and emit terpenes and benzenoids. (B) Glands of
Cistus creticus, a shrub native to Crete, are rich in volatile and nonvolatile terpenes.
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ature, and moisture (41, 43) and often follow a

rhythmic pattern, which may be regulated by a

circadian clock or light (2, 44).

Conclusion

Each plant species is capable of synthesizing a

unique set of volatiles. In the past decade, a large

number of pathways and enzymes for the synthesis

of PVs have been discovered (Fig. 4). We have

learned that PVs are often derived from primary

metabolism through the emergence of one or a few

enzymes with new substrate specificities, mostly

through duplication and divergence of enzymes used

elsewhere in primary or secondary metabolism. De-

spite this progress, the enzymes responsible for the

majority of already known PVs have not been

characterized, and no doubt the number of PVs and

their biosynthetic enzymes yet to be identified ex-

ceeds the known ones many times. Much remains

to be elucidated regarding the internal and external

factors influencing PV biosynthesis. Finally, the

transport, storage, and emission of these compounds

are neglected areas of study that must be addressed

to complete our understanding of how plants use

these specialized metabolites in diverse ecosystems.
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Fig. 4. Summary of the cellular processes involved in the synthesis of PVs. Most modification reactions occur in the cytosol, but some may take place
in other subcellular compartments, including plastids, mitochondria, peroxisomes, and the endoplasmic reticulum.
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