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Summary

Terpenoids (isoprenoids) encompass more than 40 000 structures and form the largest class of all known plant

metabolites. Some terpenoids have well-characterized physiological functions that are common to most plant

species. In addition, many of the structurally diverse plant terpenoids may function in taxonomically more

discrete, specialized interactions with other organisms. Historically, specialized terpenoids, together with

alkaloids and many of the phenolics, have been referred to as secondary metabolites. More recently, these

compounds have become widely recognized, conceptually and/or empirically, for their essential ecological

functions in plant biology. Owing to their diverse biological activities and their diverse physical and chemical

properties, terpenoid plant chemicals have been exploited by humans as traditional biomaterials in the form of

complex mixtures or in the form of more or less pure compounds since ancient times. Plant terpenoids are

widely used as industrially relevant chemicals, including many pharmaceuticals, flavours, fragrances,

pesticides and disinfectants, and as large-volume feedstocks for chemical industries. Recently, there has

been a renaissance of awareness of plant terpenoids as a valuable biological resource for societies that will

have to become less reliant on petrochemicals. Harnessing the powers of plant and microbial systems for

production of economically valuable plant terpenoids requires interdisciplinary and often expensive research

into their chemistry, biosynthesis and genomics, as well as metabolic and biochemical engineering. This paper

provides an overview of the formation of hemi-, mono-, sesqui- and diterpenoids in plants, and highlights

some well-established examples for these classes of terpenoids in the context of biomaterials and biofuels.

Keywords: terpenoid synthase, cytochrome P450, conifer diterpene resin acid, short-chain alkanes, biofuel

production, poplar.

Introduction

Conservative estimates suggest that at least 40 000 different

terpenoids (isoprenoids) exist in nature, many of which are

of plant origin (Buckingham, 2004). Many terpenoids are

essential for plant growth, development and general

metabolism (Croteau et al., 2000). These terpenoids are

found in almost all plant species. Their physiological, met-

abolic and structural roles include, among others, those of

light-harvesting pigments in photosynthesis or the regula-

tory activities of the many terpenoid plant hormones. In

addition, a large number of structurally diverse plant terp-

enoids are known or assumed to have specialized functions

associated with interactions of sessile plants with other

organisms in the context of reproduction, defence or sym-

biosis (Gershenzon and Dudareva, 2007). These interactions

involve specialized plant terpenoids, for example, in the

form of attractants, repellents, anti-feedants, toxins or anti-

biotics. The terpenoid-mediated interactions of plants with

other organisms involve species from all kingdoms and

trophic levels. Some specialized terpenoids occur with dis-

tinct patterns of taxonomic distribution, whereby individual

compounds or groups of related compounds are found only

in a few plant species or families.

The chemical diversity of plant terpenoids is probably a

reflection of their many biological activities in nature, which

have made them a widely used resource for traditional and

modern human exploitation, for example, as pharmaceut-

icals, flavours, fragrances, food supplements in the form of

vitamins or sweeteners, or pesticides. Plant terpenoids also
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2006), are generally more difficult to study, because their

substrates cannot be predicted as easily and often are not

commercially available.

Mechanistically, TPS ionizes the diphosphate group of

the isoprenyl diphosphate substrates, or in some cases

protonates GGDP, yielding highly reactive enzyme-bound

carbocation intermediates (Christianson, 2006; Starks et al.,

1997; Wise and Croteau, 1999). By transient stabilization of

these carbocations, TPS allows enzyme-specific isomeriza-

tions, various rearrangements, cyclizations, and eventually

proton elimination or water termination to yield the many

cyclic and acyclic terpenoid carbon skeletons found in

plants. TPS and other enzymes in terpenoid biosynthesis

also direct stereochemistry, and thus are critical for stereo-

specific biological activities of terpenoids in other organ-

isms. Many plant TPSs are promiscuous, forming multiple

products from a single substrate (e.g. Keeling et al., 2008;

Martin et al., 2004; Steele et al., 1998; Tholl et al., 2005).

Their general ability to form multiple products, together

with identification of specific plasticity residues in the TPS

active sites, allows targeted manipulation and the directed

evolution of TPS catalysts with new product specificities

(Greenhagen et al., 2006; Keeling et al., 2008; Xu et al.,

2007; Yoshikuni et al., 2006).

The formation of plant terpenoids involves several sub-

cellular compartments (Croteau et al., 2000), and conse-

quently requires intra- and possibly intercellular transport

of intermediates. The early steps of terpenoid biosynthesis

of the MEV and MEP pathways occur in the cytosol/endo-

plasmic reticulum and plastids, respectively. PT and TPS

enzymes of the central terpenoid pathway are also found in

the cytosol and in plastids. In general, hemi-, mono- and

diterpenoids are preferentially formed in plastids using

precursors from the MEP pathway, while sesquiterpenoids

are preferentially formed in the cytosol using precursors

from the MEV pathway. P450 enzymes involved in the

modification of mono-, sesqui and diterpenoids are associ-

ated with the endoplasmic reticulum. Knowledge of the

cellular and subcellular localization of all of the enzymes of a

specific terpenoid pathway is important to direct efforts in

pathway engineering and to strategically redirect metabolic

flux (e.g. Wu et al., 2006).

Many plants accumulate mono-, sesqui- or diterpenoids

in quantities that exceed by far the storage capacities of

the living cells that produce these compounds. These

plants typically have specialized anatomical structures

such as oil glands, glandular trichomes, oil or resin cells,

resin blisters or resin ducts for terpenoid sequestration

(Fahn, 1979). The specialized anatomical structures provide

extracellular storage capacities for lipophilic terpenoids

and other essential oil compounds that may otherwise

interfere with the general metabolism of the terpenoid-

producing cells, possibly by disturbing membrane

structures or displacement of other essential lipophilic

compounds. The high density of specialized anatomical

structures for terpenoid accumulation is an important

agronomic trait for essential oil production. These struc-

tures provide easy access to specialized biochemical cell

factories for research into terpenoid metabolism and

essential oil biosynthesis in general (Gang et al., 2001;

Gershenzon et al., 1992; Nagel et al., 2008; Teoh et al.,

2006). Typically, the cells adjacent to terpenoid storage

sites are thought, or have been shown (e.g. Turner and

Croteau, 2004), to produce terpenoids for secretion into

extracellular sites such as the sub-cuticular space of

glandular trichomes or the lumen of resin ducts. As

terpenoids accumulate with a steep gradient of concentra-

tion between the inside and the outside of the cell, some

form of active and directional transport across the lipo-

philic cell membrane is required. However, the mecha-

nisms of terpenoid transport from the biosynthetically

active cells into the extracellular storage space are not

known. Transport of terpenoids may involve activity of

ATP-binding cassette (ABC) transporters (Jasiński et al.,

2001), although a role for such a transporter in specialized

anatomical structures for terpenoid accumulation remains

to be shown.

())-Menthol: a model for monoterpenoid

essential oil research

Production of monoterpene-rich essential oils from species

of Mentha and other species in the mint family (Lamiaceae)

is an example of both traditional use of plant terpenoids and

their modern production from agricultural crops as a bio-

logical resource for the pharmaceutical, chemical, food and

flavour, and fragrance industries. The monoterpenoid ())-

menthol is the main and characteristic component of the

essential oil of peppermint (Croteau et al., 2005), and is

valued for its distinct flavour and fragrance properties

(Schwab et al., 2008), as well as its anti-microbial properties

and mild anaesthetic effects. It is produced commercially on

a large scale from peppermint and other mint varieties. The

biosynthesis of menthol and related monoterpenes has

been studied for more than two decades by Croteau and

co-workers at Washington State University (Pullman, WA),

and this research serves as a model for biochemical and

molecular genetic characterization of monoterpenoid

essential oil biosynthesis and its manipulation in plants

(Croteau et al., 2005).

The formation of ())-menthol in peppermint is localized

on the surface of leaves in peltate glandular trichomes that

allow secretion and accumulation of large amounts of

lipophilic terpenoids. Access to the specialized cells of the

glandular trichomes, which can be physically separated

from other cell types (Gershenzon et al., 1992), has greatly

facilitated research on ())-menthol biosynthesis, and mono-

terpene biosynthesis in general, at the biochemical, molec-
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ular, cellular and genomic levels (Croteau et al., 2005). The

biochemistry of menthol biosynthesis has been elucidated

by in vivo substrate feeding using isolated glandular

trichomes, cell-free assays using native enzymes, detailed

kinetic characterization of cloned and recombinantly ex-

pressed enzymes, and enzyme structure–function analyses

(Croteau et al., 2005). In brief, the biosynthesis of ())-

menthol (Figure 3) from GDP passes through a series of

seven enzymatic reactions starting with formation of the

cyclic monoterpene ())-limonene, followed by a number of

redox modifications. Limonene synthase is a typical multi-

product plant monoterpene synthase that stereospecifically

generates ())-limonene together with minor amounts of

acyclic myrcene and bicyclic ())-a-pinene and ())-b-pinene

(Colby et al., 1993; Hyatt et al., 2007). Subsequent

transformations of ())-limonene to ())-menthol involve

hydroxylation to ())-trans-isopiperitenol by the P450 limo-

nene-3-hydroxylase, oxidation of ())-trans-isopiperitenol

to ())-isopiperitenone by NAD-dependent isopiperitenol

dehydrogenase, formation of (+)-cis-isopulegone by

NADPH-dependent ())-isopiperitenone reductase, isomeri-

zation of (+)-cis-isopulegone to (+)-pulegone by isopulegone

isomerise, formation of ())-menthone by NADPH-dependent

(+)-pulegone reductase, and finally formation of ())-menthol

by ())-menthone reductase. Other metabolites of the same

pathway are (+)-menthofuran, (+)-neomenthol, (+)-isomen-

thol and (+)-neoisomenthol. (+)-Menthofuran is produced

from (+)-pulegone by the P450 menthofuran synthase.

(+)-Neomenthol is formed from ())-menthone by an alter-

native ())-menthone reductase. (+)-Isomenthone is formed

from (+)-pulegone by (+)-pulegone reductase, and converted

to (+)-isomenthol and (+)-neoisomenthol by ())-menthone

reductases.

The corresponding genes, in the form of cDNAs, for the

complete pathway from GDP to ())-menthol and its off-

products, have been cloned and the corresponding enzymes

functionally characterized (Croteau et al., 2005). The current

understanding of this pathway provides a starting point for

quantitative and kinetic metabolic flux analyses of ())-

menthol biosynthesis (conceptually discussed by Lange,

2006). It has also become possible to strategically alter the

monoterpene composition and quality of the essential oil of

Mentha through metabolic engineering (Mahmoud and

Croteau, 2001, 2003; Wildung and Croteau, 2005). By com-

bining metabolic engineering of Mentha with existing large-

scale agricultural production systems and processing plants,

it should also be feasible to utilize the biochemical and

agro-industrial production capacities of Mentha for future
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Figure 3. Biosynthesis of ())-menthol and re-

lated monoterpenoids in Mentha.

LS, ())-limonene synthase; L3OH, ())-limonene-

3-hydroxylase; iPD, ())-trans-isopiperitenol

dehydrogenase; iPR, ())-isopiperitenone reduct-

ase; iPI, (+)-cis-isopulegone isomerase; PR, (+)-

pulegone reductase; MR, ())-menthone reduct-

ase; MFS, (+)-menthofuran synthase.
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high-volume production of other valuable mono- or
sesquiterpenoid compounds.

Artemisinin: molecular engineering of an anti-malarial
sesquiterpenoid in E. coli , yeast and tobacco

The sesquiterpenoid artemisinin (Figure 1) is naturally pro-
duced in annual wormwood, which has been used for more
than 2000 years in traditional Chinese medicine. Artemisi-
nin, in the form of combination therapies, is today the only
effective treatment for multi-drug-resistant strains of the
malaria parasite Plasmodium falciparum . Thus this com-
pound has retained its place as a terpenoid of wide-ranging
pharmaceutical and socio-economic value. Exciting new
studies are exploring the biosynthesis and metabolic engi-
neering of artemisinin with the goal of developing cost-
effective methods for stable production at large scale and
with consistent quality. The biosynthesis of artemisinin
(Figure 4) occurs in glandular trichomes on the surface of
Artemisia annua leaves. It begins with the cyclization of FDP,
catalysed by amorpha-4,11-diene synthase, a sesquiterpene
synthase (Bertea et al. , 2005; Mercke et al. , 2000; Wallaart
et al. , 2001). Subsequent three-step oxidation of amorph-
adiene to artemisinic acid is catalysed by a multi-functional
cytochrome P450 (CYP71AV1; Ro et al. , 2006; Teoh et al. ,
2006). The remaining reactions from artemisinic acid to
artemisinin remain to be characterized, but are thought to
include non-enzymatic photo-oxidation reactions (Wallaart
et al. , 2001).

Recent work by Keasling and co-workers at the University
of California (Berkeley, CA) on microbial production of
artemisinin provides an impressive example of successful
synergy between biochemistry, genomics and biochemical
engineering of plant terpenoids (Chang et al. , 2007; Ro et al. ,
2006; Shiba et al. , 2007). In brief, these authors used
amorphadiene synthase, CYP71AV1 and P450 reductase
from Artemisia annua in combination with introduction of a
MEV pathway into Escherichia coli , or optimization of ßux
through the MEV pathway in Saccharomyces cerevisiae , for
substantial production of artemisinic acid in these microbial
hosts. Using a semi-synthetic route from artemisinic acid to
artemisinin, their approach resulted in complete synthesis of
artemisinin (Chang et al. , 2007; Ro et al. , 2006; Shiba et al. ,

2007). In parallel with exploring microbial systems for the
production of artemisinin, new and elegant approaches for
plant metabolic engineering of amorphadiene and other
plant terpenoids have been developed. Wu et al. (2006)
employed transgenic co-expression of FDP synthase and
amorphadiene synthase in plastids for successful, high-level
synthesis of amorphadiene in transgenic tobacco ( Nicotiana
tabacum ) plants. This approach was designed to avoid
competition for a cytosolic pool of FDP by amorphadiene
synthase and endogenous FDP-utilizing enzymes. The redi-
rection of additional FDP biosynthesis into plastids, together
with targeting of amorphadiene synthase to the same
compartment, apparently provided a substantial substrate
pool for this engineered pathway without compromising
plant growth.

The example of artemisinin highlights recent progress in
utilizing plant metabolic engineering as well as microbial
biochemical engineering for production of a plant terpenoid
at high yield. These studies may result in novel agricultural
crops or in efÞcient microbial fermentations for plant
terpenoid production. It is also important to note that the
modern socio-economic value of artemisinin as a medicinal
compound, and research towards cost-effective and large-
scale biotechnological production, are largely founded on
traditional knowledge regarding a terpenoid-producing
medicinal plant.

Conifer oleoresin: trapping pests and tapping
trees for biomaterials and biofuels

Conifer trees of the pine family (Pinaceae) include, among
others, the economically important species of spruce ( Picea
spp.), pine ( Pinus spp.) and true Þrs ( Abies spp.). Conifers
dominate much of the temperate and boreal forests around
the world. Economically, and in the context of biomaterials,
conifers are primarily recognized for their worldwide use in
the solid wood and pulp-and-paper forest products indus-
tries. Wood pellets from forest waste products (e.g. timber
destroyed by bark beetles and their associated fungi) can
be used as a resource for energy production. Conifers are
also a prominent biological system for large-volume pro-
duction and storage of hydrocarbon chemicals. These
hydrocarbons, in the form of oleoresin secretions, provide a
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Figure 4. Pathway of artemisinin biosynthesis in Artemisia annua .
ADS, amorphadiene synthase; CPR, cytochrome P450 reductase.
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synthases are bifunctional enzymes that first cyclize GGDP

to (+)-copalyl diphosphate and then cyclize this intermedi-

ate at a second active site to the various diterpene olefins

(Keeling et al., 2008; Martin et al., 2004; Peters et al., 2003;

Stofer Vogel et al., 1996). Diterpene olefins are oxidized to

the corresponding resin acids by one or more multi-

functional and multi-substrate P450 enzyme(s) (Ro et al.,

2005) of the conifer-specific CYP720B gene family

(Hamberger and Bohlmann, 2006). Oxidation of diterpene

olefins to diterpene resin acids resembles the formation of

gibberellic acid by ent-kaurene oxidase (Helliwell et al.,

1999; Keeling and Bohlmann, 2006b). The conifer diterpene

synthases are localized in plastids, and the P450 protein

is associated with the endosplamic reticulum (Ro and

Bohlmann, 2006).

Oleoresin mixtures of diterpene resin acids and mono-

terpenes accumulate abundantly in resin cells, resin

blisters or reticulate resin duct systems that are part of

the bark or wood of conifer stems, roots or needles

(Banan, 1936; Fahn, 1979). Oleoresin terpenoids are

thought to be produced in specialized epithelial secretory

cells that surround the extracellular storage space of resin

ducts or resin blisters (Keeling and Bohlmann, 2006a,b).

Wounding of conifer stem tissues causes immediate flow

of oleoresin to the wound surface where it can trap and

kill pests and pathogens. Under natural conditions, the

volatile components (turpentine) of oleoresin evaporate,

leaving behind a solid structure of diterpene resin acids

(rosin) that provides a lasting seal of the wound. Mechan-

ical wounding, insect or pathogen attack, as well as

treatment of conifer stems with ethylene or methyl

jasmonate, induce de novo formation of resin-producing

ducts in the stem cambium zone in lieu of differentiation

of xylem tracheid cells (Franceschi et al., 2005; Martin

et al., 2002), and these stress treatments thus increase the

anatomical and biochemical capacities of conifers to

produce oleoresin terpenoids (Martin et al., 2002; Miller

et al., 2005).

Indigenous people from many parts of the world have

developed similar methods for collection of conifer oleo-

resin secretions by tapping resin from incisions on conifer

stems for subsequent separation of turpentine and rosin

fractions (Figure 5; Langenheim, 2003). This labour-inten-

sive, traditional process of rosin collection is still practised

today in parts of Southeast Asia and China, providing a

highly pure diterpene resin acid feedstock for chemical

industries. For example, much of the worldwide production

of news print ink relies on this traditional method of rosin

collection, but this may not be sustainable due to increasing

labour costs in the rosin-producing countries. In contrast,

diterpene resin acids from more readily available, large-

volume by-products (e.g. tall oil) from forest industries are

often of insufficient purity for further use as a source for

industrial biomaterials. To address this supply challenge,
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Figure 6. Pathway of diterpene resin acid biosynthesis in conifers.

AS, abietadiene synthase.
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alternative methods for production and harvesting of diterp-

ene resin acids are needed, which may include the meta-

bolic engineering of diterpene resin acid biosynthesis into

faster-growing agricultural crops or improved chemical

engineering to better utilize the by-products from wood

pulping.

Conifer trees produce oleoresin terpenoids in massive

amounts during their entire life, and, unlike agricultural

crops, conifers grow in planted forests or plantations for

dozens of years without the need for intensive fertilizer or

pesticide applications. Thus, conifers provide an enormous

biochemical and physical capacity for the sustainable

production of terpenoids that has, as of yet, remained

untapped for the metabolic engineering of other high-

value terpenoids. Using existing conifer transformation

platforms (Klimaszewska et al., 2004), and following the

lead of terpenoid engineering in other systems (see

above), it is conceivable to metabolically engineer key

steps for the biosynthesis of other terpenoids (e.g.

enzymes specific for Taxol biosynthesis, see below) into

the diterpenoid biochemical machinery of plantation

conifers. A successful strategy for terpenoid metabolic

engineering in conifers may require redirection of existing

terpenoid pathways, use of promoters that drive

cell-specific expression in secretory cells, and utilization

of terpenoid transport mechanisms for extracellular accu-

mulation in resin ducts.

Taxol: meeting demands for a potent diterpenoid

anti-cancer drug

Paclitaxel (Figure 1), commonly known under the regis-

tered trademark Taxol (Bristol-Myers Squibb, New York), is

a powerful diterpenoid anti-cancer drug with an annual

market value of several billion dollars. Taxol was first

isolated and identified from the bark of Pacific yew (Wani

et al., 1971), a slow-growing tree that is adapted to a forest

shade environment and a limited area of natural distribu-

tion in the Pacific Northwest of North America. The

amount of Taxol available from this natural source was not

sufficient to provide a stable long-term supply in the face

of growing clinical demands for this drug. Thus, the

example of Taxol highlights the fact that the term ‘natural

product’ is not necessarily synonymous with a ‘sustain-

able’ resource, unless detailed knowledge of biosynthesis

can be harnessed for engineering of biotechnological or

semi-synthetic production systems. Limited supply from

the original source, together with a lack of cost-effective

total synthesis (Xiao et al., 2003), prompted much of the

research of the last 15 years into the biochemistry and

molecular biology of Taxol (reviewed by Croteau et al.,

2006). Knowledge of Taxol biosynthesis supported the

successful development of alternative biological or semi-

synthetic production systems that can use more readily

available pathway intermediates from regenerating foliage
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