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Preface

Isoprenoids, also known as terpenoids, represent the largest class of natural products,
comprisingmore than 40,000 different structures found in all kingdoms of life. Plants,
in particular, are well known to harbor an impressive diversity of isoprenoids with a
wide range of different ecological, physiological and structural functions, including
light-harvesting pigments, hormones, phytoalexins and semiochemicals, among
others. The functions of many complex plant isoprenoids, often referred to as
secondary or specialized metabolites, in the natural world remain to be discovered.
Likewise, the microbial realm is another rich source for isoprenoid molecules. Since
ancient times, isoprenoids have been omnipresent in people’s every day lifes and
utilized for their many different properties, for example as medicines, flavors, and
fragrances. Isoprenoids define many of the flavor impressions of foods and beverages
and may help preserve them during storage. They are key fragrance compounds in
perfumes, and beyond their fragrant properties the biological activities of terpenoid-
rich essential oils have been used in many traditional medicines. Modern industrial
exploitation of isoprenoids range from some high-value pharmaceuticals such as
the anticancer drug paclitaxel (Taxol®) to common components of personal hygiene
and cosmetic products and inexpensive antimicrobial and organic solvent-like
ingredients of household cleaners to commodity materials such as natural rubber.
More recently, properties of terpenoids as fuels have been rediscovered and are being
explored for the development of advanced biofuels.

Modern biotechnological approaches, including genomics, systems metabolic
engineering and synthetic biology, along with biochemistry and chemistry, are
bringing along a deeper understanding of isoprenoid biosynthesis in nature and are
guiding strategies to harness this knowledge for sustainable production of isopre-
noids based on renewable resources.

With the compilation of chapters published in “Biotechnology of Isoprenoids”
we set out to cover a rather broad spectrum of research in this field to illustrate both
the fascinating diversity and the great industrial potential of these natural products.
Given the diversity and manifold applications of isoprenoids, this volume could
only cover selected topics while inevitably missing others. Nevertheless, we hope
this volume will serve as an introduction for those readers who are new to the field
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of isoprenoids and may also give the expert reader an up-to-date overview of recent
advances in the field. As the editors, we are grateful to so many of our highly
esteemed colleagues who accepted our invitation and generously contributed to
their time and expertise to this compilation of sixteen chapters.

The first part of the book focuses on some of the fundamentals of isoprenoid
biosynthesis in bacteria, fungi and plants and also offers a deeper insight in one of the
key enzyme classes involved in isoprenoid biosynthesis, plant cytochrome P450
monooxygenases. Other important classes of enzymes such as prenyl transferases and
terpenoid synthases are covered with different subchapters in several chapters across
the book. The second part addresses fundamental techniques for metabolic engi-
neering of microbes, algae and higher plants and also covers the potential of microbial
P450s for isoprenoid hydroxylation. It also includes bioprocess engineering of
microbial isoprenoid production and analytical methods for volatile isoprenoids.
The third part covers a set of examples for the fascinating arena of isoprenoid bio-
technology with emphasis on industrially important products. With ascending
number of isoprenoid C atoms in mind, the seven chapters of this part are each
devoted to a particular isoprenoid product or product class: the hemiterpene isoprene,
p-menthane monoterpenoids, sesquiterpenoids such as artemisinic acid, farnesene
and nootkatone, diterpenoids such as paclitaxel and ambroxide-related compounds,
and carotenoids. The reader will also find a variety of other highly interesting
isoprenoid products in the course of the chapters in Parts I and II.

We hope this book will provide all readers with new inspiration for their
learning, teaching and research in the field of biotechnology of isoprenoids.

May 2015 Jens Schrader
Jörg Bohlmann

vi Preface



Contents

Part I Biosynthesis and Function of Isoprenoids

Terpenoid Biosynthesis in Prokaryotes . . . . . . . . . . . . . . . . . . . . . . . . 3
Albert Boronat and Manuel Rodríguez-Concepción

Biosynthesis of Terpenoid Natural Products in Fungi . . . . . . . . . . . . . 19
Claudia Schmidt-Dannert

Biosynthesis and Biological Functions of Terpenoids in Plants . . . . . . . 63
Dorothea Tholl

Cytochromes P450 for Terpene Functionalisation
and Metabolic Engineering . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 107
Irini Pateraki, Allison Maree Heskes and Björn Hamberger

Part II Fundamental Technologies for Metabolic, Enzyme
and Process Engineering of Isoprenoids

Enabling Technologies to Advance Microbial Isoprenoid
Production . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 143
Yun Chen, Yongjin J. Zhou, Verena Siewers and Jens Nielsen

Metabolic Engineering of Higher Plants and Algae
for Isoprenoid Production . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 161
Chase Kempinski, Zuodong Jiang, Stephen Bell and Joe Chappell

Advances in the Analysis of Volatile Isoprenoid Metabolites . . . . . . . . 201
Matthias Wüst

vii

http://dx.doi.org/10.1007/10_2014_285
http://dx.doi.org/10.1007/10_2014_283
http://dx.doi.org/10.1007/10_2014_295
http://dx.doi.org/10.1007/10_2014_301
http://dx.doi.org/10.1007/10_2014_301
http://dx.doi.org/10.1007/10_2014_284
http://dx.doi.org/10.1007/10_2014_284
http://dx.doi.org/10.1007/10_2014_290
http://dx.doi.org/10.1007/10_2014_290
http://dx.doi.org/10.1007/10_2014_278


Terpene Hydroxylation with Microbial Cytochrome P450
Monooxygenases . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 215
Simon Janocha, Daniela Schmitz and Rita Bernhardt

Bioprocess Engineering for Microbial Synthesis and Conversion
of Isoprenoids . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 251
Hendrik Schewe, Marco Antonio Mirata and Jens Schrader

Part III From Biosynthesis to Biotechnological Production
of Selected Isoprenoids

Isoprene . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 289
Claudia E. Vickers and Suriana Sabri

Biosynthesis and Biotechnology of High-Value p-Menthane
Monoterpenes, Including Menthol, Carvone, and Limonene. . . . . . . . . 319
Bernd Markus Lange

Isoprenoid Drugs, Biofuels, and Chemicals—Artemisinin, Farnesene,
and Beyond . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 355
Kevin W. George, Jorge Alonso-Gutierrez, Jay D. Keasling
and Taek Soon Lee

Nootkatone . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 391
Robin-Hagen Leonhardt and Ralf G. Berger

Current and Emerging Options for Taxol Production . . . . . . . . . . . . . 405
Yi Li, Guojian Zhang and Blaine A. Pfeifer

Enzymes for Synthetic Biology of Ambroxide-Related Diterpenoid
Fragrance Compounds. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 427
Philipp Zerbe and Jörg Bohlmann

Carotenoids of Biotechnological Importance . . . . . . . . . . . . . . . . . . . . 449
Gerhard Sandmann

Erratum to: Isoprenoid Drugs, Biofuels, and Chemicals—Artemisinin,
Farnesene, and Beyond . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 469
Kevin W. George, Jorge Alonso-Gutierrez, Jay D. Keasling
and Taek Soon Lee

Index . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 471

viii Contents

http://dx.doi.org/10.1007/10_2014_296
http://dx.doi.org/10.1007/10_2014_296
http://dx.doi.org/10.1007/10_2015_321
http://dx.doi.org/10.1007/10_2015_321
http://dx.doi.org/10.1007/10_2014_303
http://dx.doi.org/10.1007/10_2014_289
http://dx.doi.org/10.1007/10_2014_289
http://dx.doi.org/10.1007/10_2014_288
http://dx.doi.org/10.1007/10_2014_288
http://dx.doi.org/10.1007/10_2014_279
http://dx.doi.org/10.1007/10_2014_292
http://dx.doi.org/10.1007/10_2015_308
http://dx.doi.org/10.1007/10_2015_308
http://dx.doi.org/10.1007/10_2014_277
http://dx.doi.org/10.1007/10_2015_310
http://dx.doi.org/10.1007/10_2015_310


Part I
Biosynthesis and Function

of Isoprenoids



Terpenoid Biosynthesis in Prokaryotes

Albert Boronat and Manuel Rodríguez-Concepción

Abstract Prokaryotic organisms (archaea and eubacteria) are found in all habitats
where life exists on our planet. This would not be possible without the astounding
biochemical plasticity developed by such organisms. Part of the metabolic diversity
of prokaryotes was transferred to eukaryotic cells when endosymbiotic prokaryotes
became mitochondria and plastids but also in a large number of horizontal gene
transfer episodes. A group of metabolites produced by all free-living organisms is
terpenoids (also known as isoprenoids). In prokaryotes, terpenoids play an indis-
pensable role in cell-wall and membrane biosynthesis (bactoprenol, hopanoids),
electron transport (ubiquinone, menaquinone), or conversion of light into chemical
energy (chlorophylls, bacteriochlorophylls, rhodopsins, carotenoids), among other
processes. But despite their remarkable structural and functional diversity, they all
derive from the same metabolic precursors. Here we describe the metabolic path-
ways producing these universal terpenoid units and provide a complete picture of
the main terpenoid compounds found in prokaryotic organisms.

Keywords Terpenoid � MEP pathway � MVA pathway � Bacteriochlorophylls �
Carotenoids � Rhodopsins � Isopentenyl tRNA � Heme � Ubiquinone � Mena-
quinone � Bactoprenol � Hopanoids � Ether-type lipids
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1 Pathways Producing Universal Terpenoid Precursors
in Prokaryotic Organisms

Despite the remarkable diversity of structures and functions of terpenoids, they all
derive from the basic five-carbon (C5) precursor units isopentenyl diphosphate
(IPP) and its double-bond isomer dimethylallyl diphosphate (DMAPP). Two major
pathways produce these universal precursors of all terpenoids: the mevalonate
(MVA) pathway and the 2-C-methyl-D-erythritol 4-phosphate (MEP) pathway. For
many years it was accepted that the MVA pathway was the only one present in all
organisms, including prokaryotes. In the last decade of the last century, however, a
second pathway (currently known as the MEP pathway) was identified in bacteria
for the biosynthesis of IPP and DMAPP [48]. Strikingly, later work has shown that
the plasticity displayed by prokaryotic organisms to produce their terpenoid pre-
cursors is much higher than originally expected.

1.1 MVA Pathway

The MVA pathway (Fig. 1) is the only one producing terpenoid precursors in
animals (including humans) and fungi. In plant cells, it produces cytosolic IPP,
whereas plastidial terpenoid precursors are made by the MEP pathway. The MVA
pathway in these eukaryotic organisms is well established. In the first steps of the
pathway, 3-hydroxy-3-methylglutaryl-CoA (HMG-CoA) is produced from the
sequential condensation of three molecules of acetyl-CoA catalyzed by the enzymes
acetoacetyl-CoA thiolase (AACT) and HMG-CoA synthase (HMGS). In the first
committed step of the pathway, HMG-CoA is then converted to MVA in a
functionally irreversible reaction catalyzed by HMG-CoA reductase (HMGR).

4 A. Boronat and M. Rodríguez-Concepción



Then, MVA is sequentially phosphorylated to 5-phosphomevalonate and
5-diphosphomevalonate and decarboxylated to generate IPP by the enzymes
mevalonate kinase (MVK), 5-phosphomevalonate kinase (PMVK), and 5-diphos-
phomevalonate decarboxylase (DPMD). The activity of an IPP/DMAPP isomerase
enzyme (IDI) is required to form DMAPP from IPP (Fig. 1).

In prokaryotic cells, the MVA pathway is found in archaea and a few eubacterial
strains, including the spirochete Borrelia burgdorferi and the gram-positive cocci
Staphylococcus aureus and Streptococcus pneumoniae. Among the eubacterial

Fig. 1 The MVA pathway.
Steps leading to the formation
of IPP and DMAPP from
acetyl CoA are represented.
HMG-CoA 3-hydroxy-3-
methylglutaryl-CoA; MVA
mevalonic acid; MVP
5-phosphomevalonate; MVPP
5-diphosphomevalonate; IP
isopentenyl phosphate.
Enzyme acronyms (in bold)
are described in the text.
Boxed enzymes correspond to
those with more than one type

Terpenoid Biosynthesis in Prokaryotes 5



species containing the MVA pathway some of them (including Listeria monocyt-
ogenes and some Streptomyces strains) also have the MEP pathway. Although all
Streptomyces use the MEP pathway for the synthesis of essential terpenoids, some
species can additionally use the MVA pathway for the production of secondary
metabolites such as antibiotics [29].

The archaeal genomes sequenced to date have exclusively revealed the presence
of genes encoding MVA pathway enzymes [4, 33, 38, 57]. However, the genomic
analyses failed to identify the full complement of eukaryotic-like MVA pathway
genes. In particular, the genes encoding PMVK and DPMD (Fig. 1) are absent in
the genome of almost all archaea. Exceptions include halophilic archaea and
Thermoplasma relatives (that possess a DPMD-like gene) and some thermoacido-
philic archaea such as those in the genera Sulfolobus, Acidianus, and Metallosph-
aera (that have both PMVK and DPMD orthologues). Recent experiments have
demonstrated that the conversion of 5-phosphomevalonate to IPP in most archaea is
achieved by an alternate route involving the formation of isopentenyl phosphate
(IP) from 5-phosphomevalonate by 5-phosphomevalonate decarboxylase (PMVD)
and further conversion to IPP by IP kinase (IPK; Fig. 1). IPK was identified and
characterized first [10, 21, 35], whereas PMVD-encoding sequences with homology
to DPMD enzymes were isolated more recently [14, 61]. The presence of IPK
homologues in prokaryotic and even eukaryotic cells that also show the so-called
classical MVA pathway [14, 33, 38, 61] suggests that some organisms might have
two functional branches of the MVA pathway (i.e., classical PMVK + DPMD—and
alternative PMVD + IPK). It is possible that both branches might be functional, and
their presence might represent an adaptive advantage.

Additional levels of plasticity in the prokaryotic MVA pathway have been
described for two key enzymatic steps: the production of MVA by HMGR, and the
isomerization of IPP and DMAPP by IDI. Two different classes of HMGR can be
distinguished based on sequence alignments and phylogenetic analyses [2]. HMGR
class I enzymes (HMGR-I) are found predominantly in archaea and eukaryotes,
whereas HMGR class II enzymes (HMGR-II) are found in the few eubacteria that
use the MVA pathway. Differences between these two classes, proposed to have
arisen by divergent evolution from a common ancestor, are most apparent around
the active site and the preceding region. As a consequence, HMGR types show a
differential sensitivity to statins, a family of HMGR inhibitors originally isolated
from Penicillium and Aspergillus fungi that are widely used to lower cholesterol
levels in humans [1]. Statins are excellent inhibitors of the HMGR-I type but
relatively poor inhibitors of HMGR-II enzymes, which might explain the pro-
gressive substitution of the original HMGR-I enzymes by HMGR-II proteins
in eubacteria [3, 5]. Drugs targeting only HMGR-II could be potentially useful
antibiotics against eubacterial pathogens harboring HMGR-I enzyme isoforms.
However, no good inhibitors against HMGR-II have been reported yet.

Regarding IDI, two types of structurally unrelated enzymes with no sequence
similarity and different reaction mechanisms and cofactor requirements have been
reported [24, 50, 54, 59]. Type I IDI enzymes (IDI-I) are extensively studied
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metalloproteins found in eukaryotic cells and many eubacterial organisms [15, 64].
By contrast, the enzymatic mechanism of class II IDI enzymes (IDI-II), which
require reduced flavin mononucleotide as a cofactor, is less known. IDI-II enzymes
were discovered in Streptomyces and shown to be present in archaea and some
bacteria but not in eukaryotic organisms [24, 29, 31]. Interestingly, there are bac-
teria that possess either IDI-I or IDI-II enzymes, others have both, and a large
proportion of bacteria containing the MEP pathway do not contain IDI proteins.
The latter is not surprising because IDI activity is essential to produce DMAPP in
organisms that only contain the MVA pathway but it is not required in those
harboring the MEP pathway, which simultaneously produces both IPP and DMAPP
(Fig. 2).

1.2 MEP Pathway

The MEP pathway (Fig. 2) has been best characterized in Escherichia coli, a model
bacterium that, like most eubacteria, lacks the MVA pathway [47, 49]. The first
reaction of the MEP pathway is the condensation of (hydroxyethyl)thiamine
derived from pyruvate with the C1 aldehyde group of D-glyceraldehyde 3-phos-
phate to produce 1-deoxy-D-xylulose 5-phosphate (DXP). This reaction is cata-
lyzed by the enzyme DXP synthase (DXS). DXP can be used as a precursor for the
production of cofactors such as pyridoxal phosphate (vitamin B6) and thiamine
(vitamin B1) diphosphate [32, 41]. When used for the production of terpenoids, an
intramolecular rearrangement and reduction of DXP produces MEP. The reaction,
considered as the first truly committed step of the MEP pathway, is catalyzed by the
enzyme DXP reductoisomerase (DXR). Then, the enzymes MEP cytidylyltrans-
ferase (MCT), 4-(cytidine 5′-diphospho)-2-C-methyl-D-erythritol kinase (CMK),
and 2-C-methyl-D-erythritol 2,4-cyclodiphosphate (MEcPP) synthase (MDS)
transform MEP into MEcPP, a compound recently found to act as a retrograde
signal in plant cells [65]. An opening reduction of the MEcPP ring catalyzed by the
enzyme 4-hydroxy-3-methylbut-2-enyl diphosphate (HMBPP) synthase (HDS)
forms the next intermediate of the pathway, HMBPP. It has been demonstrated that
in addition to being an intermediate in the MEP pathway, HMBPP is a powerful
phosphoantigen that activates a specific group of human T cells [16]. In the last step
of the MEP pathway, the enzyme HMBPP reductase (HDR) catalyzes the simul-
taneous formation of IPP and DMAPP in an approximate 5–1 proportion (Fig. 2).

The MEP pathway is absent from archaea, fungi, and animals (with the
exception of apicomplexa protozoa), but it is found in most eubacteria and in plant
plastids. However, reactions and enzymes that are alternative to those of the
so-called canonical MEP pathway have been reported in some groups of organisms.
For example, a route alternative to the MEP pathway appears to operate in Syn-
echocystis [18, 46]. Although the genome of this cyanobacterium contains homo-
logues of all MEP pathway genes [25], feeding with known pathway substrates or a
pharmacological block of the pathway in cells grown photoautotrophically had no
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effect on terpenoid biosynthesis. By contrast, phosphorylated sugars of the pentose
phosphate cycle stimulated the incorporation of labeled IPP into terpenoids in a
cell-free system [18]. Together, the results suggested that photosynthesis-derived
products of the pentose phosphate cycle could serve as substrates for IPP and

Fig. 2 The MEP pathway.
Steps leading to the formation
of IPP and DMAPP from
pyruvate and
D-glyceraldehyde
3-phosphate are shown.
MTRP 5-methylthio-D-
ribulose 1-phosphate; GAP
D-glyceraldehyde 3-
phosphate; DXP 1-deoxy-D-
xylulose 5-phosphate; MEP
2-C-methyl-D-erythritol
4-phosphate; CDP-ME
4-(cytidine 5′-diphospho)-
2-C-methyl-D-erythritol;
CDP-MEP CDP-ME
2-phosphate; MEcPP
2-C-methyl-D-erythritol
2,4-cyclodiphosphate;
HMBPP 4-hydroxy-3-
methylbut-2-enyl
diphosphate. Enzyme
acronyms (in bold) are
described in the text and
correspond to those suggested
by Phillips et al. [45]. Boxed
enzymes correspond to those
with more than one type
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DMAPP synthesis in Synechocystis, probably entering the pathway downstream of
MEP (Fig. 2).

Recent results have established the existence of a second alternative metabolic
shunt in another photosynthetic bacterium, Rhodospirillum rubrum [17, 63]. In this
case, DXP was found to be produced from 5-methylthio-D-ribulose 1-phosphate
(MTRP), an intermediate of the methionine salvage pathway [17]. In this metabolic
shunt to produce DXP, an atypical RubisCO-like protein (RLP) isomerizes MTRP
to 1-methylthio-D-xylulose 5-phosphate (MTXP) and then the enzyme MTXP
methylsulfurylase (MMS) converts MTXP into DXP (Fig. 2; [17, 63]). Because
genes encoding RLP and MMS (as well as other enzymes required to produce
MTRP) are found in several groups of bacteria, it is likely that this metabolic shunt
can be functional in a number of other bacteria. Interestingly, these bacteria also
have genes encoding DXS. It is therefore possible that bacteria harboring the
canonical MEP pathway and alternative shunts such as those described in Syn-
echocystis and Rhodospirillum potentially use the two pathways to synthesize their
terpenoids, similar to that proposed above for archaea displaying the classical and
alternative MVA pathways.

As described for the MVA pathway, different enzyme types can catalyze the
same reaction on the MEP pathway in different bacteria (Fig. 2). In particular, two
completely different enzymes have been found to catalyze the production of MEP
from DXP in the first committed step of the MEP pathway [42, 52]. The vast
majority of bacteria have a canonical (type I) DXR enzyme to catalyze this reaction
(DXR-I). However, the absence of sequences encoding DXR-I from the genomes of
some bacteria displaying the rest of the MEP pathway genes led to the discovery of
a different (type II) DXR-like enzyme (DRL or DXR-II) catalyzing the same bio-
chemical reaction [52]. DXR-II belongs to a family of previously uncharacterized
proteins with oxidoreductase sequence features that only show some sequence
similarity to DXR-I at the level of the NADPH-binding domain [9, 52]. Phyloge-
netic analyses recently supported a single origin of the DXR-II family through
functional divergence, which constitutes an exceptional model of acquisition and
maintenance of redundant gene functions between nonhomologous genes as a result
of convergent evolution [9]. Although episodic events of horizontal gene transfer
could not be excluded, the spotty distribution of DXR-II in specific pathogenic
eubacteria (including animal and human pathogens such as Brucella and Barton-
ella) is best explained by a prevalent role of gene loss. As a consequence, there are
bacteria with DXR-I but not DXR-II (the majority), with DXR-II but not DXR-I,
and with both DXR-I and DXR-II enzymes. These observations highlight again the
astonishing plasticity of bacterial terpenoid biosynthesis and open new avenues for
research. For example, DXR-I and DXR-II enzymes show a different arrangement
of their active sites [42], which opens the door to the design of highly specific
antibiotics against only one of these two types of DXR enzymes. In particular, the
design of antibiotics that selectively target pathogens using DXR-II without
affecting beneficial or innocuous bacteria harboring DXR-I enzymes would be most
useful.
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Although the MEP pathway can be a good target for the design of new antibi-
otics to fight bacterial pathogens, attention must be paid to the remarkable diversity
observed in bacteria for terpenoid biosynthesis. To date, the only drug targeting the
MEP pathway that is being tested in clinical trials is fosmidomycin, an inhibitor of
DXR [30]. However, a number of mechanisms allow bacteria to bypass a phar-
macological blockage of terpenoid biosynthesis with this inhibitor, including a
reduced uptake or an activated efflux of the drug [7, 20, 51, 52]. Antibiotic resis-
tance can also result from the use of alternative pathways or enzymes not affected
by the inhibitor. For example, spontaneous mutations in E. coli have been found to
rescue the loss of genes encoding DXS or DXR [43, 53], whereas shunt pathways
or alternative enzymes (such as DXR-II) have been found to be active in different
organisms. To facilitate an effective drug design, genetic, biochemical, and crys-
tallographic approaches should identify the most appropriate pathway enzymes to
inhibit and the residues that play a relevant structural or catalytic role. On the other
hand, the rich collection of genes and proteins developed by bacteria to synthesize
their terpenoids represents a source of potential biotechnological tools.

2 Terpenoids Present in Prokaryotic Organisms
and Their Biological Role

Addition of IPP units to a DMAPP core molecule results in the production of prenyl
diphosphates of increasing length, including C15 farnesyl diphosphate (FPP) and
C20 geranylgeranyl diphosphate (GGPP). Prenyl diphosphates such as IPP, FPP,
and GGPP are the starting points of downstream pathways leading to the synthesis
of the different terpenoid end-products (Fig. 3). Many of these products have a key
role in biological processes that are essential for the growth and survival of pro-
karyotic organisms. They include, among others, cell-wall biosynthesis, membrane
function, electron transport, and conversion of light into chemical energy. Some
prokaryotes also produce secondary metabolites of terpenoid origin, some of them
of biotechnological relevance. Here we describe the main terpenoids found in
prokaryotic organisms, with a particular emphasis on those present in the model
bacterium E. coli.

2.1 Isopentenyl tRNA

The adenosine at position 37 (adjacent to the 3′ position of the anticodon) of most
tRNAs for codons starting with uracil is usually modified to N(6)-(Δ2)-isopentenyl
adenosine (Fig. 3). Isopentenyl adenosine increases the efficiency of translation of
the modified tRNAs and makes them less sensitive to codon context. The transfer of
the isopentenyl group from IPP to the tRNAs is catalyzed by the enzyme tRNA
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isopentenyltransferase, also known as tRNA Δ2-IPP transferase. This enzyme is
encoded by the miaA gene in E. coli. Homologues of the miaA gene have been
detected in other microorganisms [44].

2.2 Heme

Some proteins involved in electron transport chains contain heme as a prosthetic
group. Heme groups are composed of a heterocyclic porphyrin ring and a metal ion
(usually iron) in a central position. Heme A, which is found in cytochrome c and
cytochrome c oxidase, is characterized by containing a hydroxyethylfarnesyl side-
chain at position 8 of the tetrapyrrole ring (Fig. 3). E. coli has no cytochrome c and
no equivalent to cytochrome c oxidase. Instead, E. coli contains cytochromes bo and
d, able to oxidize ubiquinol and directly reduce molecular oxygen to water. Cyto-
chrome bo contains heme O, which only differs from heme A by having a methyl
group instead of a formyl group [40]. Heme O is formed from heme B (protoheme
IX) by the transfer of the farnesyl group from FPP catalyzed by a farnesyltransferase,
which is encoded by the cyoE gene in E. coli [40]. Heme A is derived from heme
O by the action of heme A synthase, an enzyme activity absent in E. coli [23].

Fig. 3 Terpenoid metabolites found in prokaryotic organisms. Examples of terpenoids derived
from IPP, FPP, and GGPP are shown. Dashed arrows indicate multiple steps
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2.3 Ubiquinone and Menaquinone

Ubiquinone and menaquinone are essential components of the respiratory electron
transport chain. Both compounds contain a quinone moiety linked to a terpenoid
side-chain (Fig. 3). The hydrophobic terpenoid side-chain anchors these compounds
to cell membranes whereas the quinone head group enables interaction with pro-
teins. Ubiquinone (also known as coenzyme Q) has a benzoquinone group linked to
a terpenoid chain of different length (6–10 isoprene units) depending on the
organism. In E. coli the terpenoid side-chain of ubiquinone contains 8 isoprene
units. Menaquinone has a naphthoquinone ring linked to a terpenoid chain that also
contains 8 isoprene units in E. coli. Facultative anaerobes, including E. coli, use
ubiquinone when growing under aerobic conditions and menaquinone under
anaerobic conditions. By contrast, many gram-positive aerobes contain only men-
aquinone. The head group precursor and the terpenoid side-chain are synthesized
separately. In E. coli, the terpenoid side-chain of ubiquinone and menaquinone is
synthesized by the enzyme octaprenyl diphosphate synthase, which catalyzes the
condensation of FPP with five molecules of IPP to generate octaprenyl diphosphate
(C40). Octaprenyl diphosphate synthase is encoded by the essential gene ispB in
E. coli [27, 39].

2.4 Bactoprenol (Undecaprenyl Phosphate)

The bacterial cell wall plays an essential role in maintaining cell shape and pre-
venting the deleterious effect derived from the high internal osmotic pressure. It is a
rigid structure that surrounds the cytoplasmic membrane and serves as a scaffold for
anchoring other components such as proteins and polysaccharides (i.e., teichoic
acids). Peptidoglycan is the major component of bacterial cell walls and consists
of long glycan chains made up of alternating residues of N-acetylglucosamine
(GlcNAc) and N-acetylmuramic acid (MurNAc) crosslinked by short chains of
amino acids and amino acid derivatives [62]. Peptidoglycan biosynthesis is a
complex process that takes place in the cytoplasm and the inner and outer sides of
the cytoplasmic membrane. A key component in the synthesis of peptidoglycan is
undecaprenyl phosphate (UP), a compound commonly referred to as bactoprenol
(Fig. 3). UP is involved in the synthesis and transport of hydrophilic GlcNAc-
MurNAc-peptide monomeric units outside the cytoplasmic membrane, the site for
peptidoglycan polymerization [34]. UP derives from undecaprenyl diphosphate, a
prenyl diphosphate synthesized from FPP. The enzymes involved in UP biosyn-
thesis are undecaprenyl diphosphate synthase, which adds eight molecules of IPP
(in cis form) onto FPP, and undecaprenyl diphosphate phosphatase, which removes
a phosphate group. In E. coli, undecaprenyl diphosphate synthase and undecaprenyl
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diphosphate phosphatase are encoded by the genes ispU and bacA, respectively. In
contrast to E. coli, some gram-positive bacteria contain significant amounts of
free undecaprenol, which can be converted to UP by the action of the enzyme
undecaprenol kinase [60]. The biosynthesis of UP and its role in peptidoglycan
biosynthesis have recently been reviewed elsewhere [6].

2.5 Hopanoids

Sterols are known to play a key role in the regulation of membrane fluidity and
permeability in eukaryotic cells. Because most prokaryotes lack sterols, the search
for molecules playing an equivalent role in prokaryotes has been an ongoing issue
during the last decades. It is now well established that many bacteria contain
hopanoids, pentacyclic triterpenoids with a structure similar to that of sterols
(Fig. 3). Hopanoids have been detected in a wide range of gram-negative and gram-
positive bacteria. Although hopanoids predominantly occur in aerobic bacteria they
have also been found in some facultative anaerobic bacteria [26]. Hopanoids have
not been detected in archaea, which produce a particular membrane lipid of ter-
penoid nature (see below). The hopanoid skeleton is formed from squalene by the
action of squalene–hopane cyclases. Structural and functional aspects related to
squalene–hopane cyclases have recently been reviewed elsewhere [56].

2.6 Ether-Type Membrane Lipids

Archaea are often found inhabiting extreme environments. They are similar to
eubacteria in being prokaryotes (and thus lacking a nucleus) but differ from them in
ribosomal structure, the presence of introns (in some species), and in membrane
structure and composition. One of the most remarkable features of archaea is the
presence in their membranes of ether-type lipids containing hydrocarbon chains of
terpenoid nature (usually C20 and C25 prenyl groups) linked to sn-glycerol
1-phosphate (Fig. 3). A unique type of lipid found in archaeal membranes is
diphytanyldiglycerol tetraether, which consists of two hydrophilic head groups
linked by C40 terpenoid chains. The particular lipid composition of archaeal
membranes has been related to their ability to survive in extreme environments.
The C20 phytanyl chains derive from GGPP. C25 farnesylgeranyl groups are
synthesized by farnesylgeranyl diphosphate synthase either by the consecutive
condensation of IPP molecules to DMAPP or to prenyl diphosphates such as GGPP
[4, 38]. Archaeal polyprenyl diphosphate synthases can also synthesize products of
shorter chain lengths. The biosynthesis of ether-type lipids in archaebacteria has
been reviewed elsewhere [28, 38].
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2.7 Bacteriochlorophylls, Carotenoids, and Rhodopsins

Bacteriochlorophylls are light-harvesting pigments present in phototropic bacteria.
Similar to chlorophylls present in plants and photosynthetic bacteria, bacterio-
chlorophylls (Fig. 3) also contain a long terpenoid chain (usually phytol) that
contributes to their localization in the photosynthetic membranes. It has been
proposed that phytol is formed after the addition of a GGPP-derived geranylger-
aniol group which is later sequentially saturated by geranylgeranyl reductase.
However, some evidence suggests that geranylgeranyl reductase can saturate GGPP
prior to the transfer of the phytol tail [11]. Although the phytol group is present in
most bacterial chlorophylls, other terpenoids (such as farnesyl, geranylgeranyl, and
2,6-phytadienyl groups) have also been reported [11].

Carotenoids are found in photosynthetic and some nonphotosynthetic bacteria.
As in plants, bacterial carotenoids are synthesized from GGPP (Fig. 3). They
function primarily as photoprotective pigments but can also participate in the light-
harvesting process. Carotenoids also function as natural pigments, some of them of
very high commercial value, including β-carotene, astaxanthin, and canthaxanthin
(Fig. 3). A number of novel and rare carotenoids isolated from marine bacteria have
recently been shown to display a potent antioxidant activity [55]. The immense
structural diversity of bacterial carotenoids and the biochemical aspects related to
their biosynthesis are reviewed elsewhere [37].

Bacteriorhodopsins and proteorhodopsins are retinal-binding membrane proteins
acting as light-dependent ion pumps or photoreceptors in aquatic bacteria [19, 22].
In archaea and most bacteria, the retinal chromophore (Fig. 3) is synthesized by the
cleavage of β-carotene by the action of carotenoid cleavage dioxygenases. How-
ever, recent reports on the characterization of bacterial apocarotenoid oxygenases
have shown that the retinal chromophore can also be produced by cleavage of some
apocarotenoids [36, 58]. At present, the substrate(s) used for retinal production in
some bacteria remains an open question [37].

2.8 Secondary Metabolites

In contrast with the high number of terpenoid secondary metabolites identified in
plants, liverworts, and fungi, only a relatively small number of such terpenes have
been isolated from prokaryotic organisms. Prokaryotic secondary terpenoids mainly
act as odor constituents, pigments, and antibiotics. Geosmin, a sesquiterpene
derivative responsible for the characteristic odor of moist soil, is a typical volatile
produced by Actinomycetes and was identified more than 40 years ago. Since then,
a variety of other terpenoid volatiles (hydrocarbons and alcohol derivatives) have
been reported in Streptomyces and other Actinomycetes. As indicated above, many
nonphotosynthetic microorganisms can synthesize carotenoids as pigments.
Another example of terpenoid secondary metabolites is given by some antibiotics
produced by many Actinomycete strains [12].
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In recent years, the search of bacterial genome databases has provided new
insights into the potential of prokaryotic organisms concerning terpenoid biosyn-
thesis. In this regard, a high number of novel bacterial terpene synthases have
currently been identified [8]. This is allowing the identification of novel terpenoid
secondary metabolites produced by microorganisms. The identification of gene
clusters containing terpenoid biosynthetic genes has also revealed the presence
of oxidative enzymes (such as cytochrome P450s) involved in the modification of
microbial terpenes [8, 13, 66].
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Biosynthesis of Terpenoid Natural
Products in Fungi

Claudia Schmidt-Dannert

Abstract Tens of thousands of terpenoid natural products have been isolated from
plants and microbial sources. Higher fungi (Ascomycota and Basidiomycota) are
known to produce an array of well-known terpenoid natural products, including
mycotoxins, antibiotics, antitumor compounds, and phytohormones. Except for a
few well-studied fungal biosynthetic pathways, the majority of genes and biosyn-
thetic pathways responsible for the biosynthesis of a small number of these sec-
ondary metabolites have only been discovered and characterized in the past
5–10 years. This chapter provides a comprehensive overview of the current
knowledge on fungal terpenoid biosynthesis from biochemical, genetic, and geno-
mic viewpoints. Enzymes involved in synthesizing, transferring, and cyclizing the
prenyl chains that form the hydrocarbon scaffolds of fungal terpenoid natural
products are systematically discussed. Genomic information and functional evidence
suggest differences between the terpenome of the two major fungal phyla—the
Ascomycota and Basidiomycota—which will be illustrated for each group of
terpenoid natural products.
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1 Introduction

The fungal kingdom includes an enormous diversity of organisms, of which only a
fraction (*100,000 species) has been described [1]. Conservative calculations
estimate that fungal diversity exceeds the number of described species by at least
one order of magnitude (*1.5 million species), making the fungal kingdom the
second largest kingdom after the bacteria [2–4]. The phylum Ascomycota (fila-
mentous fungi) accounts for *60 % of the described species. This group includes
many serious human, animal, and plant pathogens [5, 6], as well as fungi (e.g.
Aspergillus, Fusarium, Trichoderma) with a long tradition in industrial biotech-
nology [7–10] and strains that are investigated for their secondary metabolism
[11–13]. Basidiomycota (including mushroom-forming fungi) make up *30 % of
the known fungal species. Very few species of this phylum have been characterized,
despite playing important roles in the decomposition of plant material (e.g. wood-
rotting or saprophytic fungi) or as plant symbionts (e.g. mycorrhizal fungi) [14, 15].
Considering the enormous diversity of basidiomyceteous fungal species, very few
of these fungi have yet been characterized, and biosynthesis of natural products has
been investigated for an even smaller subset of taxa [16–27].
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Studies aimed at deciphering secondary metabolic pathways on molecular and
biochemical levels have been almost exclusively focused on Ascomycota (e.g.
Aspergillus, Penicillium, Fusarium), which can be grown readily in the laboratory
and are genetically tractable [9, 13, 28, 29]. The fungi remain a largely unchartered
territory for the discovery of new natural products and their biosynthetic pathways,
including isoprenoid-derived secondary metabolites. This is particularly true for the
Basidiomycota; these fungi are typically difficult to grow or cannot be grown at all
under laboratory conditions; except for a few species, they are not amenable to
genetic manipulation. Yet, mushrooms have been used for millenia in traditional
medicine and are known to make a range of bioactive compounds, including a
plethora of antimicrobial, cytoxic, and anticancer compounds [30–37].

The slow progress made over the past decades in fungal natural products
pathway identification and characterization will certainly accelerate drastically
during the coming decade. Rapid progress in fungal genome sequencing and the
development of synthetic biology approaches for heterologous refactoring of
complex biosynthetic pathways with synthetic genes will drive the discovery pro-
cess. Together with advances in bioinformatics and metabolomics, these approaches
will eventually facilitate high-throughput discovery of natural products pathways
from genomic sequence information alone independent of fungal cultivation.
Identification of many fungal natural products pathways is also greatly aided by the
fact that their genes are physically co-localized as clusters that facilitate efficient co-
regulation of their expression by the fungus [29, 38–43].

This chapter reviews the current progress in the biosynthesis of isoprenoid
natural products in fungi. After providing an overview of the different pathways and
enzymes involved in generating isoprenoid precursor molecules that are then
converted into complex biomolecules, the current knowledge on fungal biosyn-
thesis of sesquiterpenoids, diterpenoids, and triterpenoids is discussed. Natural
products of mixed biosynthetic origin, such as meroterpenoids and indole-diter-
penoids, that contain a terpenoid derived moiety are discussed elsewhere in this
series; their biosynthesis is only discussed here as it relates to the enzymes that
install the terpenoid moieties in these compounds. Fungal carotenoid biosynthesis
by basidiomycetous yeasts, such as the well-known carotenoid producers Rhodo-
torula and Xanthophyllomyces (Phaffia), has been described extensively in the
literature [44, 45] and will therefore not be reviewed in this chapter.

Special emphasis is given to the differences observed between the isoprenoid
natural products repertoire of the two major fungal phyla Asco- and Basidiomycota.
This review concludes by discussing current bottlenecks in the identification and
characterization isoprenoid natural products’ biosynthetic pathways, stressing the
significance of genomic-and bioinformatics-driven pathway discovery as well as
opportunities offered through synthetic biology approaches for heterologous
refactoring of natural products pathways.
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2 Fungal Terpenoid Natural Product Biosynthesis

2.1 Types of Isoprenoid Biosynthetic Enzymes

2.1.1 Overview

All fungal terpenoid natural products are derived from the common five-carbon
isoprenyl diphosphate intermediates isopentenyl diphosphate (IPP) and dimethyl-
allyl diphosphate (DMAPP), which are synthesized from acetyl-CoA through the
mevalonate pathway shown in Fig. 1. Successive head-to-tail 1’-4 condensation of
one to three IPP extender units to DMAPP catalyzed by all-trans isoprenyl
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Fig. 1 Overview of isoprenoid derived natural products biosynthesis in fungi. The mevalonate
pathway generates the isomeric C-5 isoprenoid chain precursors isopentenyl and dimethylallyl
diphosphate (IPP and DMAPP). Head-to-tail condensation of these C-5 units yields prenyl-
diphosphate chains of different lengths. Longer prenyl chains are formed by head-to-head
condensation of two prenyl diphosphate chains. Linear prenyl chains are the substrates of prenyl
transferases and cyclases as well as terpene synthases, which form the terpenoid scaffolds of
different natural products classes, for which example compounds are shown. Prenyl chain
modifying enzymes can be divided by structural folds (C1- and C2-fold, ABBA-type; see text) and
by catalytic function. Abbreviations: ACAT: acetoacetyl-CoA thiolase, HMGS: 3-hydroxy
3-methylglutaryl CoA synthase, HMGR: 3-hydroxy 3-methylglutaryl CoA reductase, MK:
mevalonate kinase, PMK: phosphomevalonate kinase, MDD: mevalonate diphosphate decarbox-
ylase, IDI: isopentenyl diphosphate isomerase, GPS, FPS or GGPS: geranyl-, farnesyl- or
geranylgeranyl diphosphate synthase, PT: prenyl transferase, TPS: terpene synthase, TPC: terpene
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diphosphate synthases (IPPS) gives rise to isoprenyl diphosphates with ten (C-10,
geranyl, GPP), fifteen (C-15, farnesyl, FPP), or twenty (C-20, geranylgeranyl,
GGPP) carbons. Longer chains (C-30 and C-40) are formed by a 1’-1 head-to-head
condensation of two FPP (squalene synthase) or GGPP (phytoene synthase) mol-
ecules catalyzed by another group of prenyl chain synthases.

These linear chains are the substrates of different enzymes that either transfer a
prenyl chain to another molecule, typically an aromatic compound, or trigger prenyl
chain cyclization, thereby generating tens of thousands different isoprenoid-derived
natural products [46]. Different types of prenyl transferases and cyclases have
evolved in fungi and seem to be associated with specific natural products classes.
Some biosynthetic pathways, such as the paxilline indole-diterpene pathway [47],
involve two types of prenyl transferases that catalyze different prenylation
reactions.

The different classes of characterized terpenoid natural products can be distin-
guished based on whether their scaffolds are derived solely from isoprenyl units or
are of mixed biosynthetic origin. The first group is divided into mono-, sesqui-, di-,
or triterpenoids, which contain two to six C-5 isoprene units. This group also
includes the carotenoids and rare sesterterpenoids (C-25). The second group
includes the meroterpenoids, the indole diterpenoids, and the structurally and
biosynthetically diverse group of prenylated aromatic natural products.

As discussed in more detail elsewhere in this book series, the majority of
characterized prenyl chain synthases, transferases (PTs), and cyclases share one of
two structural folds (C1-and C2-fold) and associated reaction mechanisms (shown
in Fig. 1) [48–50]. It should be noted, however, that despite clear structural
homology and inferred evolutionary relatedness, sequence homology between these
different enzymes is often not obvious.

A large group of aromatic prenyltransferases has a different fold (ABBA-fold)
and uses a different reaction mechanism [51–53]. No structural or detailed mech-
anistic information is available for prenyl cyclases involved in the biosynthesis of
indole diterpenoids [47, 54–56] and of some meroterpenoids [57–59].

The first major class of isoprenoid biosynthesis enzymes (class I) is character-
ized by an α-helical bundle fold (C1-fold, referred to as α-domain) that forms a
hydrophobic active site cavity. Two aspartate-rich motifs (D(D/E)XX(D/E) and
NSE/DTE) are situated at the active site entrance and coordinate binding of the
substrate diphosphate group via Mg2+. Catalysis is initiated by heterolytic cleavage
of the diphosphate group, generating a reactive allylic carbocation for electrophilic
addition to an electron-rich nucleophile. In the case of terpene synthases, the car-
bocation reacts with a C–C double bond, triggering in the active site a cascade of
cyclization and rearrangement reactions of the prenyl chain until final quenching of
the carbocation by proton abstraction or, in some cases, an electrophilic reaction
with water. In the case of the trans-IPPS enzymes, a new C–C bond is formed
between the carbocation of DMAP (or of GPP and FPP in subsequent chain
extension) (head) and the terminal double-bond of IPP (tail). The head-to-head
condensation of two FPP or GGPP molecules catalyzed by squalene or phytoene
synthase, respectively, proceeds via a cyclopropyl diphosphate intermediate that is
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subsequently cleaved. Prenyl transferases (C1-fold and ABBA-type, see below)
catalyze electrophilic alkylation between a prenyl diphosphate chain and an elec-
tron-rich indole or polyketide moiety.

The second major class of isoprenoid biosynthetic enzymes (class II) share a
double α-helical barrel fold (C2-fold) with a hydrophobic active site cavity located
between the two alpha-barrel domains (commonly referred to as γβ-domains).
Catalysis is initiated by the addition of a proton from a conserved aspartate residue
to a C–C double bond (e.g. copalyl diphosphate synthase domain of bifunctional
diterpene synthases) or to an epoxide-ring (e.g. oxidosqualene lanosterol synthase).
Formation of the ensuing carbocation triggers a cyclization cascade along the
prenyl chain. If the substrate is a prenyl diphosphate (e.g. GGPP), the carbocation is
generated at the distal double bond located at the tail end of the prenyl-chain, which
leaves the diphosphate group attached. The conserved aspartate residue (bold) is
typically located in a DXDD motif in eukaryotic class II enzymes that protonate a
C–C double bond, whereas epoxide ring protonating enzymes contain a catalytic
aspartate in a different motif (e.g. DCTAE in oxidosqualene synthases) [60, 61].

2.1.2 Aromatic Prenyltransferases

Known prenyl transferases in fungi fall into three general groups: the ABBA-,
IPPS- or UbiA-type prenyltransferases (PTs), as shown in Fig. 1. The latter two
share a common C1-fold, but while the IPPS-type synthases appear to be soluble
and contain a canonical D(D/E)XX(D/E) motif, the UbiA-type prenyl transferases
are integral membrane proteins.

The C-5 isoprenyl diphosphate DMAPP is the substrate of a large group of
aromatic ABBA-type PTs identified in Ascomycota, which are mainly involved in
the biosynthesis of diverse bioactive indole alkaloids, including many important
pharmaceuticals and toxins made by strains of Aspergillus, Penicillium, Claviceps,
and Neosartorya (reviewed in [62]). Most of these enzymes catalyze the regio- and
stereoselective transfer of DMAPP to any position of a tryptophan-derived indole
ring via condensation to either the C-1 or C-3 position of the prenyl chain [63–65].
Some enzymes catalyze DMAPP and GPP (C-10) prenyl transfer to other aromatic
substrates, such as polycyclic polyketides and phenols (e.g. xanthones) [66, 67] or
to O- and N-functional groups of aromatic moieties [68, 69]. More recently, an
enzyme was identified that catalyzes O-prenylation of a glucose moiety of the
diterpene fusicoccin A [70]. Mechanistic and structural studies revealed that these
proteins adopt a new β-barrel fold containing repeating αββα-secondary structure
elements, which gives this enzyme family their name: ABBA-type. This fold is
conserved between bacterial and fungal aromatic PTs [51, 71]. These enzymes are
soluble and do not contain aspartate-rich motifs that coordinate binding of the
prenyl diphosphate group through Mg2+.

IPPS-type PTs (e.g. LtmC, PaxC and AtmC) catalyze the transfer of GGPP to an
indole group to create the core scaffold of the structurally diverse indole-diterpene
natural products (NPs) isolated from Ascomycota, which include many potent
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mammalian mycotoxins [47, 54–56, 72–74]. In vitro studies have been only very
recently carried out with a purified prenyl transferase (PaxC) from the paxilline
pathway and confirm transfer of GGPP to the C3 position of tryptophan [47].
Surprisingly, the tryptophan precursor indole-3-glycerophosphate was the preferred
substrate and C3 prenylation resulted in simultaneous elimination of glyceralde-
hyde-3-phosphate. Concurrent prenylation and elimination has only been known for
a different type of prenyl transferase, MenA, which catalyzes napthol octapreny-
lation with simultaneous decarboxylation.

A third type of prenyl transferases (UbiA-type PT in Fig. 1) catalyzes the transfer
of FPP to the polyketide-derived aromatic core in the biosynthesis of numerous
bioactive meroterpenoids. Prenyl transferases (Trt2, Pyr6, AusN, and MpaA) have
been identified in biosynthetic gene clusters for terretonin, pyripyropene, austinol,
and mycophenolic acid synthesis [57–59, 75–77]. These enzymes are integral
membrane proteins and belong to the UbiA/Coq2 quinone prenyl transferase group,
which also includes enzymes involved in the secondary metabolite biosynthetic
pathways of various plants [78]. Although these enzymes are integral membrane
proteins, a homology model was built for UbiA based on a class I terpene synthase
structure. Aspartate-rich motifs located at the entrance of the active site of UbiA and
in a plant prenyl transferase homolog have subsequently been identified to bind
Mg2+ and coordinate diphosphate binding of the prenyl substrate [79, 80]. Very
recently, the structure of UbiA from Aeropyrum pernix was solved and shown to
indeed possess an alpha-helical fold that is made up of nine transmembrane helices
and three helices that cap a large active site cavity [81]. Aspartate residues located
in two of the helices are involved in Mg2+ and diphosphate binding. The active site
opens laterally into the membrane, thereby allowing binding of long-chain prenyl
substrates and release of hydrophobic prenylated products directly into the mem-
brane. The UbiA structure suggests that this enzyme may indeed be evolutionarily
related to C-1 fold, IPPS-type PTs.

2.1.3 Prenyl Chain Cyclases

A large number of class I and class II terpene synthases have been characterized
from plants and, to a lesser extent, from microorganisms, including fungi. These
enzymes create the cyclic hydrocarbon scaffolds of many bioactive terpenoid
antibiotics, toxins, and pheromones [82]. Enzymes that cyclize FPP or GGPP into
structurally diverse sesqui- or diterpenoids have been characterized from several
fungi, and structures are available for two fungal sesquiterpene synthases [83, 84].
As discussed later in more detail, the majority of biochemically characterized fungal
terpene synthases are sequiterpene synthases. Relatively few diterpene synthases
have been characterized from fungi, and fungal triterpenoid natural products bio-
synthesis is even less studied. So far, no bona fide monoterpene synthases have
been identified in fungi, although in vitro biochemical studies have shown that
fungal sesquiterpene synthases are able to cyclize GPP in addition to their native
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substrate FPP [22]. This is in stark contrast to the large number of mono-, sesqui-,
di-, and triterpene synthases characterized from plants [85–87].

Until recently, it was thought that the enzymes that cyclize isoprenoid diphos-
phate molecules belong to one of the prototypical class I or II terpene synthase
families [48]. Tang and co-workers, however, discovered a new, noncanonical type
of sesquiterpene synthase in Aspergillus fumigatus that cyclizes FPP into the
monocyclic β-trans-bergamotene, which is the biosynthetic terpenoid precursor of
the meroterpenoid fumagillin [88] (Fig. 1). This enzyme is membrane-bound and
shares a low, but recognizable, sequence similarity with UbiA-type prenyltransfe-
rases. Additional examples and biochemical studies are needed to gain insights into
its role in the biosynthesis of fungal natural products, as well as its evolutionary
relationship to the canonical class I terpene synthases. UbiA-type terpene cyclases
could be the result of convergent evolution, or they could represent the common
ancestor of all canonical class I terpene synthases.

Yet another group of isoprenyl-chain cyclizing enzymes acts on the farnesyl-
and geranylgeranyl-chains attached to the polyketide and indole moieties during
meroterpenoid [57–59, 75, 76] and indole-diterpene [47, 54, 56, 72, 74, 89–91]
natural products biosynthesis (see also Sect. 2.5). Heterologous reconstitution of the
pyripyropene (Fig. 1) meroterpenoid biosynthetic pathway from A. fumigatus in A.
oryzae [59] identified a protein (Pyr4) predicted to be an integral membrane protein
as farnesyl cyclase. This protein is unusually small (242 aa) and does not share any
homology with known proteins in the National Center for Biotechnology Infor-
mation (NCBI) database. It also lacks the aspartate-rich motifs commonly found in
prenyl transferases and cyclases. Homologs are present in other meroterpenoid (e.g.
Trt1, AusL, Pyr4) and indole-diterpenoid (e.g. PaxB, AtmB, LtmB) biosynthetic
gene clusters. Each of these clusters also encodes an FAD-dependent monooxy-
genase. This enzyme was shown to catalyze epoxidation of the terminal (C10-C11)
double-bond of the farnesyl moiety to allow for protonation initiated prenyl chain
cyclization by the transmembrane cyclase, similar to the reaction catalyzed by
oxidosqualene synthase [59]. Site-directed mutagenesis identified two residues
(E62 and D218) conserved in all transmembrane cyclase homologs that when
mutated abolished in vitro activity of Pyr4 [59]. These acidic residues are proposed
to catalyze epoxide protonation in a similar fashion to oxidosqualene synthase [59].
Heterologous reconstitution of the indole-diterpene paxilline (Fig. 1) pathway from
Penicillium paxillii in A. oryzae has confirmed epoxidation-dependent prenyl chain
cyclization. Intriguingly, formation of the tricyclic terpenoid moiety of paxilline
was shown to involve stepwise epoxidation by PaxM of the terminal and the C10-
11 double bond of the prenyl moiety; each oxidation was followed by protonation-
dependent cyclization of parts of the prenyl chain by PaxB [47].

The viridicatumtoxin biosynthetic gene cluster appeared to have no terpene cyclase
that could cyclize the geranyl chain attached to the polyketide-derived naphthacene
scaffold [67, 92, 93] (Fig. 1). Instead, a cytochrome P450–encoded by vrtK was
identified through gene deletion in the native producer P. aethiopicum and heterolo-
gous expression in yeast as the enzyme responsible for prenyl cyclization [93]. Vrtk is
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proposed to initiate carbocation formation by oxidation of the allylic C4 of the geranyl
chain. This leads to the formation of an allylic cation that triggers subsequent prenyl
chain cyclization via a proposed tertiary carbocation intermediate [93].

The identification of novel cyclases that have little in common with canonical
class I and II terpene synthases, except that they all take advantage of the reactivity
of the allylic prenyl chain to create a carbocation intermediate, shows the diversity
of potential enzyme active sites and protein scaffolds available in nature for
catalysis of reactions with similar outcomes. Fungal natural product gene clusters
tend to have multiple P450 enzymes as well as predicted genes with no conserved
domains. These unknown and uncharacterized genes provide a rich source for the
discovery of novel types of enzymes, as discussed above for the recently discovered
prenyl cyclases.

2.1.4 Isoprenoid Biosynthetic Genes in Ascomycota and Basidiomycota

The majority of studies on the enzymes discussed in the above sections have been
done with enzymes and pathways from filamentous fungi (Ascomycota). Terpenoid-
derived natural products of mixed biosynthetic origin (prenylated indole-alkaloids,
indole-diterpenoids, meroterpenoids) have so far received the most attention. Rel-
atively few studies describe the identification and characterization of enzymes and
pathways that give rise to sesqui-, di- and triterpene natural products in filamentous
fungi. Based on literature reports and a survey in SciFinder, polyketides (PK) and
non-ribosomal peptides (NRP) synthesized by thiotemplate mechanism synthetases
(PKSs and NRPSs) clearly appear to be the major classes of natural products made
by Ascomycota [94–96]. A similar survey for natural products isolated from
Basidiomycota, however, returned less than 100 potentially PKS-or NRPS-derived
compounds, whereas close to 500 reports (*1,000 compounds) described the iso-
lation of terpenoids. Furthermore, although filamentous fungi tend to have between
20 and 50 NRPS and PKS biosynthetic gene clusters in their genomes [38],
Basidiomycota typically have fewer than 10 PKS or NRPS genes, of which only a
few have been expressed and characterized [16, 24, 25, 97–99].

These surveys indicate that Ascomycota and Basidiomycota may have evolved
different arsenals of natural products. Ascomycota seem to rely on PK, NRP, and
indole-derived compounds as their predominant natural product classes, while
terpenoids are the major class made by Basidiomycota. To support this conclusion
further, we performed a BLAST survey of all Ascomycota and Basidiomycota
genomes available at the Joint Genome Institutes (JGI) Fungal Genome database at
the time of writing, with known sequences of the different prenyl transferases,
prenyl cyclases, and terpene synthases discussed in this chapter. As shown in Fig. 2,
sesquiterpene synthases constitute the most abundant group of enzymes in Basid-
iomycota, with four times as many sequences identified per genome than in
Ascomycota genomes. In contrast, Basidiomycota have comparatively few ABBA-
type prenyltransferases involved in the biosynthesis of prenylated polyketides and
indole alkaloids. It also appears that homologs of UbiA-type prenyl transferase and
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cyclases are relatively more abundant in Basidiomycota compared to Ascomycota.
Because none of these putative enzymes have been characterized, we do not know
whether they catalyze similar reactions to the enzyme characterized from Asco-
mycota or are involved in the biosynthesis of yet-to-be-identified natural products.
Notable is the scarcity of diterpene synthase homologs (both mono- and bifunc-
tional enzymes) in genomes from both fungal phyla. For example, only 11
sequences were identified in six Basidiomycota genomes out of over 100 searched.
Homologs of prenyl cyclases involved in meroterpenoid and indole-diterpene
biosynthesis in filamentous fungi are likewise rare in Basidiomycota, suggesting
that these compounds either represent a minor group of natural products in
Basidiomycota or their synthesis involves a different type of cyclizing enzyme.

2.2 Sesquiterpenoids

2.2.1 Overview

The C-15-hydrocarbon scaffolds of the thousands of structurally diverse sesquit-
erpenoid natural products isolated from plants, bacteria, and fungi are synthesized
from FPP by sesquiterpene synthases [46]. These enzymes bind the pyrophosphate
group (PP) of FPP at the entrance of the active site via a Mg2+ cluster, which is
coordinated by two conserved aspartate-rich motifs, DDXXD/E and NSE/DTE.
Upon binding of the PP group, the prenyl chain becomes oriented in the hydrophobic
active site cavity of the enzyme [100] and a conformational change is triggered,
which results in the closure of the active site and concurrent PP cleavage to generate
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Fig. 2 Abundance of prenyl-chain modifying enzyme homologs identified in Ascomycota and
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identified in fungal genomes available at JGI using BLAST analysis with sequences of functionally
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this review. BLAST hits from different searches were cross-analyzed for duplicates and manually
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an initial transoid allylic carbocation [101–103], shown in Fig. 3. This carbocation is
then transferred along the isoprenyl chain and eventually quenched either by a water
molecule or through proton abstraction. The binding pocket determines folding of the
isoprenyl chain and chaperones the reactive carbocation intermediates until the final
quenching step [104], thereby defining the product profile of a particular sesquiter-
pene synthase.

Sesquiterpene synthases catalyze different initial cyclization reactions generating
secondary or tertiary cyclic carbocation intermediates, as shown in Fig. 3. For
example, the C–C bond formation between C1 and C11 of the primary farnesyl
carbocation yields a trans-humulyl-carbocation, which is a 1,11-cyclization product.
This secondary carbocation can then undergo additional cyclizations and rear-
rangements until carbocation quenching in the active site and subsequent release of
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the final sesquiterpenoid scaffold by the enzyme. Some sesquiterpene synthases
catalyze first trans-cis isomerization of the 2,3-double-bond of (2E,6E)-FPP, which
yields a cisoid, allylic nerolidyl-carbocation after PPi cleavage. The cis-configura-
tion of the 2,3-double bond now allows initial cyclizations between the C1 and C6 or
C7 as well as C10. Figure 3 shows the major cyclization products of all currently
cloned and characterized fungal sesquiterpene synthases. Phylogenetic analysis
indicates that the majority of these enzymes form distinct clades related to their
cyclization mechanisms (Fig. 4).

Crystal structures have been solved for several microbial and plant sesquiterpene
synthases [83, 84, 115–121]. Aristolochene synthase from Penicillium roqueforti
and Aspergillus terreus [84, 117, 122, 123] and trichodiene synthase from Fusar-
ium sporotrichioides [83, 103, 124, 125] are the only two fungal enzymes for which
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crystal structures are known; structures are available in both the open (ligand-free)
and closed (substrate/substrate analog-complexed) conformations.

The active site of all sesquiterpene synthases is located in a α-helical bundle
(α-domain), which is characteristic for ionization-dependent class I terpene syn-
thases as discussed above. Plant sesquiterpene synthases have catalytically inactive
domains that are believed to be remnants from an ancient fusion event between
the α-bundle domain of class I terpene synthase and the double α-barrel domains
(γβ-domains) of a protonation-dependent class II terpene synthase [50]. As
described below, all three domains are present in diterpene synthases and both are
functional in bifunctional enzymes. Plant sesquiterpene synthases have retained
either one (β-domain) [118] or both α-barrel domains (γβ-domains) [120], in
addition to the catalytically active α-domain.

2.2.2 Sesquiterpenoid Biosynthetic Pathways in Ascomycota
and Basidiomycota

Filamentous fungi, such as Fusarium, Botrytis, Aspergillus, and Penicillium,
produce potent mycotoxins that can pose major health risks for humans and animals
if these fungi infect plants or grow on feeds or foods (reviewed in [12]). Many well-
known mycotoxins are sesquiterpenoids that are produced by plant pathogenic
fungi such as Fusarium and Botrytis strains, and by fungi such as P. roqueforti or
Aspergillus oryzae used in food processing. These toxins often play an important
role in fungal virulence.

Fusarium strains infect cereals, which causes head blight or crown and root rot;
it also leads to contamination of cereal crops with trichothecene mycotoxins, as
shown in Fig. 5. Not surprisingly, trichothecene biosynthesis has been intensely
studied. Trichodiene synthase, which creates the tricyclic sesquiterpenoid scaffold
for these compounds, was among the first fungal sesquiterpenoid synthases to be
purified, characterized, and subsequently crystallized (trichothecene biosynthesis is
reviewed in [126, 127]). This enzyme catalyzes the 1,6-cyclization of a cisoid,
allylic nerolidyl-carbocation, followed by additional cyclization and rearrangement
reactions that yield the 5-,6-membered bicyclic trichodiene structure shown in
Fig. 5. Fusarium strains modify this scaffold into toxic trichothecenes, which
include deoxynivalenol and nivalenol made by F. graminearum and the T-2 toxin
produced by F. sporotrichoides (Fig. 5) [126]. Most of the biosynthetic genes are
found in one gene cluster locus, but in several strains three additional genes are
located in two loci outside this core cluster.

Fusarium strains also produce tricyclic diols, such as the antifungal culmorin,
that are proposed to follow a similar 1,6-cyclization pathway than trichodiene.
A sesquiterpene synthase that makes the mono-hydroxylated culmorin precursor
longiborneol has been identified in F. graminearum [111] (Fig. 3). However, the
surrounding genomic region of the gene that encodes this protein (ACY69978,
FG_10397, Broad Institute F. graminearum genome sequence) does not appear to
include predicted genes that encode for a P450 or other oxidoreductase that could
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yield the dihydroxylated culmorin. The closest homolog among the nine sesqui-
terpene synthases found in the genome of this fungus, FG_06444, appears to be the
only other putative sesquiterpene synthase in addition to the characterized trich-
odiene synthases that may be part of a gene cluster that contains P450s.

The rice pathogen Fusarium fujikuroi is well known for its production of diterp-
enoid phytohormones, as discussed in the next section [112]. It also produces a
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number of volatile sesquiterpenoids, and its genome contains putative sesquiterpene
synthases [113]. Gene deletion studies have identified two terpene synthases
responsible for the production of α-acorenol and koraiol [113].Althoughα-acorenol is
derived from an initial 1,6-cyclization intermediate, koraiol synthesis likely proceeds
through an initial 1,11-cyclization reaction to generate a humulyl cation (Fig. 3).

Synthesis of the sesquiterpenoid alcohols longiborneol, koraiol, and α-acorenol
by their respective fungal terpene synthases involves quenching of the final car-
bocation intermediate by water. Formation of such a sesquiterpenoid alcohol by a
fungal sesquiterpenoid synthase was first characterized for an enzyme identified in
the biosynthetic gene cluster responsible for the production of the phytotoxin
botrydial by the gray mold Botrytis cinerea [106, 107] (Fig. 5). This enzyme
catalyzes a 1,11-cyclization reaction, which is followed by additional cyclizations
to yield the tricyclic alcohol presilphiperfola-8β-ol [107] (Fig. 3).

Other filamentous fungi, such as Aspergillus and Penicillium strains, produce
sesquiterpenoid toxins, including the PR-toxin, sporogen-AO1, and phomenone,
which are derived from the aristolochene scaffold [128] (Fig. 3). The corresponding
1,10-cyclizing sesquiterpene synthases were cloned more than a decade ago
[101, 129], but only recently have studies begun to elucidate the biosynthesis of
these toxins [130, 131]. A gene cluster encoding the PR-toxin biosynthetic pathway
has been identified in the blue cheese mold P. roqueforti by screening a genomic
phage library and subsequent comparison with orthologous genes identified in the
sequenced genome of a related strain, P. chysogenum [131] (Fig. 5).

2.2.3 Sesquiterpenoid Biosynthetic Pathways in Basidiomycota

Until recently, no sesquiterpene synthase had been cloned and characterized from
Basidiomycota. This lack of biosynthetic information is surprising considering that
this fungal phylum is known to produce a plethora of structurally unique and bio-
active sesquiterpenoids that likely are responsible of the medicinal properties of many
traditionally used mushrooms [33–35, 107, 132–135]. Many of the isolated ses-
quiterpenoids have unique skeletons derived from the humulyl pathway that are not
made by other organisms [35, 132, 136–139]. For example, protoilludenes have only
been identified in one Ascomycete [140], a fern [141], and an octacorallia [142].

More than 60 genera of Basidiomycota (e.g. Boletales, Cantharellales,
Lactarius, Laccaria, Amanita) are ectomycorrhizal fungi that associate with tree
roots and form a symbiotic partnership with their hosts, which is crucial to plant
nutrition in terrestrial ecosystems [15]. Lactarius species are known to produce
modified lactarane- and protoilludane-derived sesquiterpenoids that have plant
growth promoting activities [143–145]. Although the mechanism is not known,
they may play similar roles as the diterpenoid gibberellic acids produced by fila-
mentous fungi discussed later.

As shown in Fig. 3, different sesquiterpene synthases catalyze the 1,11-cycli-
zation of FPP into various tricyclic sesquiterpene scaffolds. Strained rings may then
undergo secondary rearrangements triggered by other enzymes, such as P450s.
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Recognizing Basidiomycota as virtually unexplored territory for the discovery of
novel terpenoid biosynthetic pathways, we chose to investigate sesquiterpenoid
biosynthesis in the model basidiomycete Coprinus cinerea, which was the first
mushroom-forming basidiomycete for which a genome sequence had been released
[2]. We cloned and characterized six sesquiterpene synthases (Cop1-6) [23]. Three
of the enzymes—Cop3, Cop4, and Cop6—had new activities shown in Fig. 3.
Biochemical studies as well as structural modeling and mutagenesis provided new
insights into their cyclization mechanism as well as their product specificities
[21, 22]. Cuprenene-synthase Cop6 proved to be a highly product-specific enzyme,
while all the other Cop enzymes were less selective; in the case of Cop4, product
selectivity could be influenced by reaction conditions as well as site-directed
mutagenesis [21, 22]. Cop6 was also the only enzyme located in an apparent mini-
cluster that includes to P450s. Co-expression of Cop6 with its two P450s in
S. cerevisiae [23] led to the discovery of the pathway for the biosynthesis of the
antimicrobial NP lagopodin [146] (Fig. 5).

Although we detected the production of the 1,11-cyclization product pentalenene
by C. cinerea, none of the functionally cloned enzymes produced sesquiterpenoids
that could be derived from the humulyl-cation intermediate (Fig. 3). One enzyme,
Cop5, was nonfunctional and is hypothesized to be responsible for this cyclization
activity. Because humulyl-cation derived sesquiterpenoids are the major bioactive
sesquiterpenoid natural products isolated from Basidiomycota (Fig. 6), we continued
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our quest to identify 1,11-cyclizing sesquiterpene synthases in other Basidiomycota,
which would facilitate the discovery of the corresponding biosynthetic gene clusters
for these compounds.

Illudane-type sesquiterpenoids are among the best-known bioactive compounds
made by Basidiomycota. They exhibit potent antitumor, antiviral, and antibacterial
activity [147–152] and have been isolated from several mushrooms [153–166].
Omphalotus olearius was identified decades ago as a prolific producer of anticancer
illudin M and S [152, 167–169]. Illudins are derived from the protoilludane scaffold
(Fig. 6). We aimed to identify the corresponding sesquiterpene synthase and
expected surrounding genes encoding the illudin biosynthetic pathway.

We sequenced the genome of O. olearius (deposited at JGI) and discovered a
surprisingly large sesquiterpene synthase family (Omp1-10) [20]. The recombinant
enzymes catalyze all but one possible initial cyclization reaction of FPP, shown in
Fig. 3. Several sesquiterpene synthases catalyze new cyclization reactions,
including synthesis of Δ6-protoilludene by Omp6 and 7, and of barbatene and
daucene by Omp9 and 10, respectively. Unlike many characterized sesquiterpene
synthases, protoilludene synthases Omp6 and 7are highly product specific. Omp6 is
part of a large biosynthetic cluster comprised of 18 genes that are proposed to
synthesize the different illudin compounds isolated from O. olearius (Fig. 5) [20].

The sesquiterpene synthase families characterized from C. cinereus (Cop1-6) and
O. olearius (Omp1-10) provided a diverse set of sequences for bioinformatics
analysis of Basidiomycota genomes, with the goal of developing a framework for the
prediction of sesquiterpenoid biosynthesis in these fungi. BLAST analysis of the 40
Basidiomycota genomes available at JGI’s Fungal Genomes database [170] in
2011–2012 led to the identification of 500 putative STS (this number has since more
than doubled, with currently more than 100 genomes sequenced; see Fig. 2), which
could be grouped into five distinct clades based on sequence homology and cycli-
zation mechanism [20]. Protoilludene synthases Omp6 and 7 are located in one clade
(clade III), suggesting that all of its members carry out an initial 1,11-cyclization of
FPP (Fig. 3).

Considering that the vast majority of bioactive sesquiterpenoids in Basidiomy-
cota are derived from the 1,11-cyclization pathway, sesquiterpene synthases in
clade III should therefore be considered as prime candidates for the identification of
gene clusters associated with the biosynthesis of bioactive sesquiterpenoid natural
products. To test our prediction, we recently set out to identify terpenoid pathways
in the published genome sequence of Stereum hirsutum [171]. This wood-rotting
mushroom was primarily sequenced to elucidate its lignin decomposition bio-
chemistry. However, it is also among the few Basidiomycota with a sequenced
genome for which a number of bioactive natural products have been isolated,
including many humulyl-pathway derived sesquiterpenoids [138, 172–178].

We identified 16 putative sesquiterpene synthase sequences in S. hirsutum and
predicted their cyclization mechanisms [19]. Seven enzymes were predicted to
catalyze 1,11-cyclization of FPP, while the remaining enzymes were predicted to
catalyze other cyclizations of FPP. Representative sequences, including three
sequences predicted to encode 1,11-cyclizing sesquiterpene synthases (Stehi2, 6, and
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7), were cloned and the recombinant enzymes characterized [19]. Stehi2, 6, and 7
proved to be highly specific protoilludane synthases that are each located in large
gene clusters, which are presumed to be responsible for the synthesis of protoillu-
dane-derived terpenoids previously isolated from Stereum (Fig. 6) [139, 174]. Other
representative enzymes cloned from Stereum catalyzed as predicted 1,6- and
1,10-cyclizations of FPP [19].

BLAST searches of Ascomycota and Basidiomycota genome sequences avail-
able at JGI for putative sesquiterpene synthase sequences uncovered major differ-
ences between these two fungal phyla. Not only do Basidiomycota genomes have
an average of 2–3 times larger families of sesquiterpene synthases (10–20
sequences compared to 4–10 in Ascomycota), but their genomes typically encode
several predicted protoilludene synthase homologs, of which one or more are
located in biosynthetic gene clusters. Only about a dozen sequence homologs of
1,11-cyclizing enzymes (BLAST searches with Omp6, 7, and Stehi2, 6, 7
sequences; E-value cutoff: <10−50) are found scattered in different Ascomycota
genomes, compared to about one-fifth of all sesquiterpene sequences identified in
Basidiomycota (Fig. 2). The sequenced Ascomycota genomes seem to have a rel-
atively large complement of 1,6-cyclizing enzymes; representatives include the
characterized trichodiene, longiborneol and α-acorenol synthases from Fusarium
strains. However, only trichodiene synthase appears to be located in a biosynthetic
gene cluster.

Mining of fungal genomes for sesquiterpene synthase homologs revealed that
only a few of the homologs in each fungal genome are part of identifiable bio-
synthetic gene clusters that could synthesize modified and probably nonvolatile
products. In Basidiomycota, 1,11-cyclizing enzymes are frequently located in
predicted biosynthetic gene clusters. A random survey of different Ascomycota
genomes did not reveal a similar preference for one particular clade of sesquiter-
pene synthase homologs. Enzymes that are not part of gene clusters in a fungus are
probably responsible for the production of an array of volatile terpene products;
their biological significance is currently unknown, but they could potentially play a
role in signaling, such as for interactions with insects [179].

2.3 Diterpenoids

2.3.1 Overview

The C-20 scaffolds of tens of thousands of known diterpenoid compounds [82] are
generated from geranylgeranyl diphosphate via two different cyclization routes
involving either one or two separate cyclase activities (Fig. 7).

Diterpenoids cyclized by the first, one-step route involve a monofunctional class
I diterpene synthase that catalyzes ionization-dependent diphosphate cleavage and
subsequent carbocation migration and quenching using a mechanism similar to
sesquiterpene synthases, except the prenyl chain is now longer by one isoprene unit.
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Conserved aspartate-rich motifs in these enzymes likewise facilitate Mg-ion med-
iated binding of the diphosphate group.

Diterpenoids generated by the second, two-step route involve two separate
enzyme activities. First, a class II-type, protonation-dependent mechanism gener-
ates a carbocation at the terminal C14-C15 double bond of the prenyl diphosphate
chain that is cyclized into a bicyclic diphosphate characteristic of labdane-related
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diterpenoids [180]. Second, a class I ionization-dependent cleavage of the
diphosphate group is followed by carbocation-triggered cyclization to yield the final
cyclic scaffold. In fungi, these two class I and class II activities are present in one
large bifunctional enzyme. The N-terminal region contains the α-domain of class I
terpenoid synthases, whereas the C-terminal domain contains the α-barrel (or γβ-)
domains of class II terpenoid synthases (Fig. 7).

It is believed that these three domain (γβα) proteins found in fungi and plants are
the result of an ancient fusion event of bacterial class I (α) and class II (γβ)
terpenoid synthases. In fact, typical bacterial diterpene synthases are not fused, and
cyclization involves class II (γβ) and class I (α) terpenoid synthases for this two-
step cyclization mechanism [181]. In plants, however, many three-domain (γβα)
diterpene synthases are monofunctional and catalyze either a protonation-or an
ionization-dependent cyclization reaction (on a bicyclic diphosphate or GGPP)
because the other domain is not functional [180]. Structures have been solved for
the monofunctional taxadiene synthase [182], which converts GGPP directly into
taxadiene; bifunctional abietadiene synthase [183], which has two functional
domains like the fungal enzymes; and a monofunctional copalyl diphosphate
synthase [184]. Although the characterized fungal bifunctional diterpene synthases
share little sequence homology with plant enzymes except for some conserved
motifs (Fig. 7), structural modeling of the fungal proteins in Phyre2 [185] reveals
that they have the same three-domain structure as abietadiene and taxadiene
synthase.

2.3.2 Fusicoccanes and Other Diterpenoids Made by Monofunctional
Enzymes

Fusicoccanes are potent phytotoxins known to be synthesized by a few fungal
species [186]. Phomopsis amygdali causes wilting disease in trees and produces the
diterpenoid fusicoccin A that binds and permanently activates plasma membrane
H+-ATPase [186], which causes severe physiological effects in plants. A related
compound, cotylenin A, made by the fungus Cladosporium sp. was shown to have
the same mode of action (structures shown in Fig. 8). Related fusicoccane phyto-
toxins, brassicene A-F, were subsequently isolated from the phytopathogenic fun-
gus Alternaria brasscicola that causes leaf spot in Brassica plants [186].
Fusicoccanes bind to a highly conserved family of 14-3-3 proteins in eukaryotes,
which regulate a wide range of cellular functions. Interaction of cotylenin A with
14-3-3 proteins has been shown to induce differentiation of leukemia cells and
apoptosis of cancer cells [186].

Identification of the gene clusters encoding fusicoccane biosynthetic pathways
followed a strategy that was previously successfully applied to the cloning of
bifunctional diterpene synthases described below. All GGPP using biosynthetic
pathways (including carotenoid, indole-diterpene, and diterpene pathways) require
a dedicated GGPP synthase that adds one isoprene unit to FPP, which is a
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prenyldiphosphate made by all eukaryotic cells. In fungi (and bacteria), GGPP
synthase genes are typically located in gene clusters (operons in bacteria) of GGPP
requiring pathways. Reverse-transcriptase polymerase chain reaction with degen-
erate primers to amplify GGPP synthase cDNA sequences and subsequent genome
walking to identify flanking regions therefore has been a successful strategy to
clone several monofunctional diterpene synthases.

Fusicocca-2,10(14)diene synthase (PaFS) from P. amygdali was the first mono-
functional diterpene synthase cloned and characterized in E. coli [187] (Fig. 7). This
enzyme, like all other fungal monofunctional diterpene synthases characterized so
far, is a chimeric protein where the GGPP synthase is fused to the C-terminus of the
terpene synthase domain. Genome walking led to the identification of four additional
biosynthetic genes clustered with the chimeric terpene synthase gene [187].
Enzymes responsible for oxidative modification of the hydrocarbon scaffold were
subsequently biochemically characterized [188]. Later, a second gene cluster was
identified that encodes nine additional genes needed for the biosynthesis of fusi-
coccin A [189] (Fig. 8). This cluster was identified in the draft genome sequence of
P. amygdali based on a previously identified ABBA-type prenyltransferases that
catalyzed in vitro the reverse O-prenylation of glucose with DMAPP [70], which is a
prenylation that is also present in fusiccocin A. A combination of in vitro assays with
recombinant enzymes and gene disruption allowed Dairi’s group to then establish
the complete fusicoccin A pathway [189]. His group also identified and functionally
characterized the brassicicene C biosynthetic pathway from A. brassicola, which
includes, in addition to a fusicoccadiene synthase (AbFs), a dioxygenase and oxi-
doreductase as well as five P450s [188, 190, 191].

Two additional fusicoccadiene synthase homologs (PaPS, AcOS) with new
cyclization activities were identified and biochemically characterized (Fig. 7).
A second chimeric diterpene synthase (PaPS) was cloned from P. amygdali that
cyclizes GGPP into the tetracyclic (5/6/5/5) phomopsene. This tetracyclic hydro-
carbon is the precursor for methylphomopsenonate made by P. amygdali and for
related spirocyclic diterpenoids isolated from other fungi [192]. Mining of the
genome of Aspergillus clavatus recently led to the identification of a chimeric
sesterterpene (C-25) synthase (AcOS) [193]. The prenyldiphosphate synthase
domain of AcOS converts GPP and FPP (not GGPP) into geranylfarnesyl
diphosphate (GFPP) to provide the substrate for subsequent cyclization by terpene
synthase domain to ophiobolin F, which is a fusicoccadienol tricycle appended with
a 5-carbon extension.

The few monofunctional diterpene synthases and associated biosynthetic genes
characterized so far are all found in Ascomycota. Except for pleuromutulin bio-
synthesis (see below), no genes encoding diterpenoid biosynthetic enzymes from
Basidiomycota have been identified. This may not be surprising considering that
only a handful of homologs to known diterpene synthases (both monofunctional
and bifunctional) can be found in currently available Basidiomycota genomes
(Fig. 2).

The scarcity of diterpene synthase homologs in our genome survey seems to be
supported by the relatively small number of diterpenoid compounds characterized
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from Basidiomycota [194] compared to the large number of sesquiterpenoid natural
products isolated from these fungi. However, the assumption that diterpenoids do
not play a major role in the natural products portfolio of Basidiomycota may not be
correct. So far, only relatively few genome sequences are available for Basidio-
mycota; the vast majority have been sequenced for reasons other than natural
product discovery. Most of the well-known medicinal mushrooms [37] have not
been genome sequenced, but a large number of the known diterpenoids from
Basidiomycota have been isolated from these mushrooms (e.g. Cyathus helence
[bird’s nest fungus], Hericium erinaceum [lion’s mane fungus], Sarcodon scab-
rosus [bitter tooth fungus]) [194]. Furthermore, our genome searches were carried
out with known fungal diterpene synthase sequences, including the full chimeric
sequences of fungal monofunctional enzymes, such as PaFS. Basidiomycota may
not use chimeric diterpene synthases and may instead use enzymes that are cur-
rently grouped with other terpene/prenyl synthases/cyclase sequences. The most
likely class of such enzymes would be the sesquiterpene synthases. In fact, except
for a few examples for labdane-related diterpenoids, most of the identified diter-
penoids from Basidiomycota have tricyclic structures, which suggest an ionization-
dependent cyclization mechanism (Fig. 9).

2.3.3 Labdane-Related Diterpenoids Made by Bifunctional Enzymes

As mentioned above, biosynthesis of labdane-type diterpenoids requires a two-step
cyclization pathway involving first a protonation dependent cyclization of GGPP to
form the characteristic labdane bicycle and, in a second step, ionization-dependent
cyclization at a separate active site to generate the final cyclic product (Fig. 7).
Cyclization of GGPP to ent-CDP and then to the tetracyclic ent-kaurene generates
the precursor for gibberellin (gibberellic acids, GA) phytohormones that are major
regulators of plant growth and development. It is believed that because of its
essential role in plants, ent-kaurene represents the ancestral diterpenoid cyclization
pathway from which alternative cyclization routes evolved to generate the large
diversity of labdane-type compounds known today [180]. In fact, it has been shown
that single amino acid changes are sufficient to alter the product profile of the class-I
ent-kaurene synthase to form new cyclic scaffolds [195, 196].

Despite their critical function in plants, GAs were first isolated in the early 20th
century from a fungal phytopathogen, the rice pathogen F. fujikuroi (teleomorph:
Gibberella). Following the realization of the importance of GAs for plant growth,
biotechnological production methods were established. In the early to mid-1990s,
GA biosynthetic genes, including dedicated ent-CDP and ent-kaurene synthases,
were identified in plants (reviewed in [197–199]). Structural studies showed that
both synthases are tri-domain proteins that share the same ancestor, but each
enzyme has only one functional active site (see above) [182–184].

Identification of fungal GA biosynthetic genes followed later and uncovered
fundamental differences between the fungal and plant pathways, pointing to a
largely divergent evolution except for presumably a shared ancestral ent-CDP,
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ent-kaurene diterpene synthase. The fungal diterpene synthase is bifunctional,
retaining both class-I and class-II activity (GfCPS/KS, G. fujikuroi in Fig. 7)
[200–203]. The GA pathways from plants and F. fujikuroi have been cloned and
characterized; they are reviewed in detail in [197]. Notable are the many oxidation
steps involved in the production of GAs. (Note that GAs are numbered according to
their order of discovery; only few GA structures are bioactive). In GA3 biosynthesis
by F. fujikuroi, oxidations are carried out by four P450s and one desaturase; each
P450 catalyzes multiple scaffold modifications. Functional GA pathways were also
identified in Phaeosphaeria sp. (PfCPS/KS in Fig. 7), Sphaceloma manihoticola.
These fungi produce less oxidized GAs (Fig. 9) because their biosynthetic gene
clusters lack a desaturase or a desaturase and P450, respectively, which are present
in the F. fujikuroi GA cluster [197].
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Although only distantly related, these GA-producing fungi share conserved
biosynthetic genes that are rearranged in their respective clusters. Horizontal gene
transfer is presumed to be responsible for the spread of GA clusters among fungi.
GA clusters (complete or remnants thereof) were also found in other fungi closely
related to F. fujikuroi. However, GA production could only be established in a few
strains; in some clusters, mutations were shown to render pathways nonfunctional
(see detailed overview in [197]). This serves as a reminder that some biosynthetic
gene clusters identified by in silico genome mining may be evolutionary junk.
Careful sequence analysis and re-annotation should precede efforts toward func-
tional characterization via heterologous means.

As hypothesized for labdane-diterpenoid biosynthesis in plants, ancestral
GA-type pathways in fungi may have diversified to produce other bioactive com-
pounds. New modifying enzymes may have been recruited into the cluster and
activities of GA-biosynthetic cluster genes evolved to act on new labdane scaffolds.
Although our genome survey suggests that more than 100 such putative clusters
may be found in a quarter of the sequenced Ascomycota genomes (Fig. 2), only
three such clusters have so far been characterized from these fungi; this is in
contrast to the many labdane-type diterpenoid biosynthetic genes characterized
from plants [204]. The first bifunctional diterpene synthase leading to alternative
labdane skeletons cloned and characterized was the aphdicolan-16β-ol synthase
(PbACS in Fig. 7) [205] from Phoma betae. This enzyme generates the scaffold for
the DNA polymerase inhibitor aphidicolin. Genome walking was used to identify
and clone the clustered aphidicolin biosynthetic genes [206] (Fig. 8), and then
heterologously express this pathway in A. oryzae [207].

A second fungal labdane-diterpenoid pathway was identified in the fusiccocin
producing fungus P. amygdali. Several GGPP synthase sequences were amplified;
genome walking led to the identification of three diterpene synthase sequences,
including the monofunctional fusicoccadiene synthase (PaFS) described above and
two bifunctional CDP/KS synthase homologs, PaDC1 and PaDC2 [208]. PaDC1 and
PaDC2 (in Fig. 7) are each located in gene clusters; however, although only the CDP-
synthase domain is functional in PaDC2, PaDC1 converts GGDP into a novel dit-
erpenoid phyllocladan-16α-ol (Fig. 8). The two gene clusters together are proposed to
be responsible for the biosynthesis of phyllocladan-11α,16α,18-triol [208]. Most
recently, a diterpene cluster has been identified through genomemining inA. niger. In
this case, overexpression of a transcription factor located within the cluster resulted in
the production of ent-pimara-8(14),15 diene, suggesting that the bifunctional diter-
pene synthase located in this cluster is a pimaradiene synthase [209].

Finally, only one labdane-type diterpene synthase gene has been cloned from
Basidiomycota. A patent application described the identification of the biosynthetic
pathway for pleuromutilin (Fig. 8) from Clitopilus passeckeranus [210]. This dit-
erpenoid has been isolated from Clitopilus and related fungi [211]. Derivatives of
pleuromutilin are commercially important antibiotics and are used in veterinary
medicine (tiamulin, valnemurin) and for human treatments (retapamulin) [212, 213].
Transfer of the biosynthetic gene cluster into a heterologous production host
is expected to yield increased production titers and allow modification of the
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pleuromutilin scaffold to afford production of derivatives. A cyclization pathway
forming the tricyclic pleuromutilin scaffold has been proposed in [180] and is
thought to involve the generation of a rearranged bicycle (5-6) diphosphate, which is
subsequently cyclized upon diphosphate cleavage into a tricyclic skeleton.

Homology searches in Basidiomycota genomes for bifunctional diterpene
synthases, however, result in only 11 putative homologs in the genome sequences
of five strains (Fig. 2). Few labdane diterpenoids have been isolated from Basidi-
omycota [194], which could mean that this class of diterpenoid metabolites does not
play a significant role in these fungi.

2.4 Triterpenoids

2.4.1 Overview

Triterpenoids constitute a large group of natural products that are particularly
ubiquitous in plants, and more than 100 different skeletons have been described
(reviewed in [214, 215]). Class II triterpene cyclases catalyze proton-initiated
cyclization of either squalene (bacterial squalene hopene cyclases) or oxidosqualene
(eukaryotic cyclases) into mostly penta- or tetracyclic ring systems, although other
cyclizations are also known [214, 216]. Triterpene cyclases are considered to cat-
alyze among the most complex enzyme reactions by guiding in a single-step car-
bocation-driven multicycle formation with frequently exquisite product specificity.

The most basic function of triterpenoids is their essential role as membrane
sterols in eukaryotes (and in some bacteria). The three eukaryotic kingdoms (plants,
fungi, animals) make different types of sterols: phytosterols (sitosterol, stigmasterol,
campestrol) in plants, cholesterol in animals, and ergosterol in fungi [217]. All of
these structures are derived from cyclization of oxidosqualene into either cycloar-
teneol in plants or lanosterol in animals and fungi (Fig. 10). Multiple oxidation
steps subsequently generate the different sterols.

In addition to the housekeeping cycloartenol synthase, plants have additional
cyclase homologs that make other triterpenoid skeletons. A large number of P450s
have been identified that oxidize these skeletons into diverse secondary metabolites,
which are frequently further glycosylated (reviewed in [218]). Lanosterol is the
precursor to both ergosterol and triterpenoid metabolites in fungi. Some fungi
cyclize oxidosqualene into the related protostadienol, which is modified into bio-
active compounds (Fig. 10).

2.4.2 Fungal Triterpenoid Biosynthesis

A large body of publications describes triterpenoid biosynthesis and metabolic
engineering in plants, while very little is known about the structural diversity,
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biological significance, and biosynthesis of fungal triterpenoids. Bioactive triterp-
enoids, such as the fusidane antibiotics [219], have been identified from Asco-
mycota, but the vast majority of fungal triterpenoid natural products have been
isolated from Basidiomycota [220]. Genera such as Ganoderma, Innonotus, (Wolfi)
Poria, Laetiporus, Antrodia, and Daedalea are well-known producers of diverse
lanosterane-type triterpenoids, with pharmacological properties that include anti-
tumor, apoptotic, and antimalarial activities (reviewed in [220]). Ganoderic acids
produced by the medicinal mushroom Ganodera lucidum are among the best
known fungal triterpenoids [221], and considerable effort has been devoted to the
development of fermentative production processes [32].

Two fungal triterpenoid cyclases involved in secondary metabolite biosynthesis
have so far been characterized on a molecular level. A. fumigatus produces fusidane-
type triterpenoids, including the anticancer helvolic acid derived from the proto-
stadienol scaffold (Fig. 10). The corresponding triterpene synthase and associated
fusidane biosynthetic gene cluster has been identified by two groups [222, 223]
(Fig. 10). It was shown that the cyclization outcome of this enzyme (as for diterpene
synthases, see above) can be readily altered; substitution of one amino acid residue
was sufficient to direct cyclization either towards lanosterol or protostadienol [224].
Two genes, oxidosqualene synthase and squalene epoxidase, were identified in the
antitumor clavaric acid producer Hypholoma sublaterium (a basidiomycete), and are
expected to be required for the production of this secondary metabolite [225, 226].
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In an effort to elucidate the biosynthesis of lanosterane-type triterpenoids in
Wolfiporia and Ganoderma, genomic and transcriptomic studies were published by
several groups [227–230]. These studies suggested that Ganoderma has two
oxidosqualene-lanosterol cyclases, with one homolog dedicated to either ergosterol
or triterpenoid natural product biosynthesis. Our genome survey (Fig. 2) also
showed that Basidiomycota genomes commonly have one or two (sometimes three)
triterpene cyclase homologs. Several Ascomycota genera, such as Aspergillus and
Neosartoryam, however, have between 2 and 6 homologs, of which some are part
of predicted biosynthetic clusters. In Basidiomycota, triterpene cyclases seem not to
be located in closely arranged gene clusters, but tailoring enzymes are likely to be
coregulated with a dedicated secondary metabolic triterpene cyclase. In fact, gen-
ome analysis of Ganoderma revealed a large complement of cytochrome P450s
(CYPome), including 24 P450 clusters and 78 P450s that appear to be co-regulated
with lanosterol cyclase [228].

In plants, P450s are considered to be drivers of chemical diversity, and they play
a major role in the diversification of triterpenoid secondary metabolism [231]. The
vast majority of triterpenoid scaffold modifications are catalyzed by P450s.
Although genes are typically not clustered in plants, notable exceptions have been
identified in Arabidopsis, where triterpene cylases and P450s form co-regulated
gene clusters [232, 233]. Considering the massive expansion of the cytochrome
P450 family in Basidiomycota, P450s likely play a similar role in triterpenoid
secondary metabolism in these fungi. After plants, Basidiomycota have the largest
and functionally most diverse CYPome, with 100–300 P450s per genome in the
Agaricomycotina subdivison [234, 235], which includes *70 % of the known
Basidiomycota [4]. Only few Basidiomycota subdivisions, including pathogenic
Basidiomycota such as Puccinia, Ustilago, and Malessizia, have a drastically
reduced CYPome (less than 20), which is also reflected in a largely absent sec-
ondary metabolome in these fungi.

2.5 Terpenoids of Mixed Biogenetic Origin

Many natural products are hybrid compounds built from precursors derived from
different biosynthetic pathways. Ascomycota are well known for their ability to
produce structurally diverse meroterpenoids and indole-diterpenoids that are hybrid
scaffolds containing terpenoid and polyketide or indole domains. Their biosynthetic
gene clusters encode enzymes for the generation and tailoring of both domains. In
this section, we focus on the installation of the terpenoid domains shown in Fig. 11.

Two different types of prenyl transferases (see Sect. 2.1.2) catalyze transfer of a
prenyl-chain to either a polyketide or indole precursor. UbiA-type prenyl trans-
ferases catalyze FPP transfer in the biosynthesis of meroterpenoids such as ter-
retonin, pyripyropene, austinol, and mycophenolic acid [57–59, 75–77]. IPPS-type
prenyl transferases catalyze the transfer of GGPP in the biosynthesis of a large
group of structurally diverse indole-diterpenoids, such as the lolitrems made by
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grass endophytes and aflatreme, paxicilline mycotoxins produced by Aspergillus
and Penicillium, respectively [47, 54–56, 72–74].

Cyclization of prenyl chains attached to either the polyketide ore indole moieties
presumably involves a protonation-dependent cyclization reaction catalyzed by
membrane-bound cyclases (see Sect. 2.1.3) that have no homology to any known
proteins. In each of the characterized biosynthetic gene clusters, a flavin-mono-
oxygenase-type FMO is present that is required to catalyze prenyl-chain epoxida-
tion as a prerequisite for subsequent cyclization (see Sect. 2.1.3).

Meroterpenoid and indole-terpenoid biosynthesis has so far only been studied in
Ascomycota, and it is not known if these natural products are synthesized by
Basidiomycota. A SciFinder search for indole-diterpenoids or meroterpenoids from
Basidiomycota yielded no hits for the first class and less than 10 results that
described the isolation of compounds that contain an aromatic ring attached to an
acyclic farnesyl chain (e.g., [236]). These two groups of natural products may
therefore not play an important role in Basidiomycota. A search of fungal genomes
in the JGI Fungal Genome database with sequences of prenyl-chain cyclases
(AtmB, PaxB, LtB, Pyr4, Trt1, AusL; Sect. 2.1.3) yielded only 19 hits in 5
Basidiomycota strains, whereas *200 homologs are found in Ascomycota gen-
omes. Half of these genomes have at least one homolog, whereas Aspergillus strains
have 2–5 homologs.

3 Conclusions and Outlook

Fungi synthesize a vast number of diverse terpenoid natural products. Genome
surveys show that we have just begun to scratch the surface of this biosynthetic
diversity. The majority of explorations into the fungal terpenome have so far been
in Ascomycota, whereas we have only recently begun to investigate the natural
product potential of Basidiomycota using molecular and biochemical approaches.
From our studies [19–23] and the observations described in this chapter, it is clear
that the two fungal phyla have evolved different portfolios of terpenoid products
and associated biosynthetic enzymes. Application of our current knowledge of
secondary metabolite biosynthesis to searches of fungal genomes suggests that the
secondary metabolome of Ascomycota is dominated by thiotemplated biosynthetic
machineries. Sesqui- and triterpenoid natural products, on the other hand, seem to
be playing major roles in the secondary metabolome of Basidiomycota.

It should be pointed out that these observed differences are based on the bio-
synthetic pathways and enzymes that have been characterized to date, as well as on
the small number of available fungal genomes that represent just a tiny fraction of the
fungal diversity. Many genes annotated in fungal genomes, and in particular in
Basidiomycota genomes, have no known homologs. These “unknown” predicted or
putative genes may well encode entirely new biosynthetic activities, as was seen for
terpene cyclases discovered in indole-diterpene and meroterpenoid biosynthesis.
Furthermore, many other genes may have been wrongly annotated and may catalyze
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very different activities. Of particular note here is the discovery of a new UbiA-type
sesquiterpene cyclase in the fumagillin biosynthetic pathway. Genome mining
efforts with these new sequences will likely lead to new terpenoid natural products
pathways.

To what extent we will be able to characterize the fungal terpenome is limited by
our ability to biochemically characterize biosynthetic genes and their functions. Our
current technologies for pathway identification and discovery are slow and inade-
quate to keep up with the massive influx of sequencing data. We need to develop
strategies that will enable us to move rapidly from in silico biosynthetic pathway
identification to high-throughput assembly and expression of predicted pathways,
with concurrent analytical profiling of produced compounds. For this to happen, a
number of bottlenecks and obstacles will need to be tackled. The development of
such strategies will be crucial for reviving the natural products drug discovery
pipeline.

The first step for the implementation of an in silico to metabolite integrated
pipeline involves the accurate identification of natural products genes and pathways
in genomes. A number of bioinformatics tools for genome mining (e.g. antiSMASH
2.0 [237]) have been developed for this purpose (for a recent review, see [238]), but
these tools rely on algorithms trained with hidden Markov models derived from
known biosynthetic genes—the majority of which come from Ascomycota and
Actinomycetes. In our experience, when applied to terpenoid pathways from
Basidiomycota, they tend to identify only a subset of the pathways and have
difficulties identifying cluster boundaries.

Accurate structural annotation of biosynthetic genes will be crucial for any high-
throughput synthetic biology workflow involving the assembly of pathways from
synthetic genes based on in silico annotated gene structures. Our own experience
has shown that gene predictions in the automated genome annotations of Basidi-
omycota are frequently incorrect, requiring manual reannotation and several
attempts at amplifying spliced genes from cDNA. Basidiomycota have very intron-
rich genomes [239], and we found many very small and unpredicted introns/exons
(sometimes only 6–9 bps in size) in genes cloned from cDNA. Genes synthesized
based on cDNA predictions are therefore often nonfunctional.

Deep RNA sequencing has been shown to significantly improve the accuracy of
a large fraction of the gene models for Laccaria bicolor by finding all splice sites in
genes through deep sequence coverage; one single transcriptome data set of
30 million reads provided 30 times more sequence coverage and hence much
greater resolution for gene structure annotation than the EST libraries available for
this fungus [240]. So far, only some of the more recently sequenced genomes have
associated deep RNA sequence data [228, 230]. High-resolution transcriptomics
analysis will be essential not only for direct translation of genomic information into
synthetic gene assembly of pathway discovery, but also for improved functional
annotation important for biosynthetic pathway identification.

Construction of gene co-expression networks built on the physical distance to
natural biosynthesis product-associated seed genes represents a powerful tool for
pathway discovery. The fact that natural product pathway genes are generally
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co-regulated through levels of shared transcriptional control elements [241]
represents yet another approach for network analysis within and also across species.
Significant advances have been made in understanding the regulatory control
elements of NP pathways in filamentous fungi, including the velvet family of
regulatory proteins that are conserved among Ascomycota and Basidiomycota
[38, 41, 242]. Genome analysis of Ganoderma and Schizophyllum [228, 243, 244]
suggests high conservation of regulatory networks among mushroom-forming
fungi, which could be exploited for network building. Yet, gene co-expression
network analysis so far has been largely applied for the discovery of natural product
genes in plants [245, 246]. Analysis based on co-expression arrays was only
recently applied to natural product gene cluster analysis in A. nidulans [28].
Comprehensive deep transcriptome analysis of fungi grown under conditions that
activate a broad range of natural products pathways [29, 39, 247, 248] should
enable accurate prediction of complete pathways, including satellite or super-
clusters of split pathways known from fungi [57, 249–251].

Deletion of biosynthetic genes represents the classic approach used for func-
tional characterization of pathways, and it has been used for many of the pathways
described in this chapter. However, this is a slow process, requiring that the
pathway is expressed under given laboratory growth conditions; and most impor-
tantly, the fungal producer strain can be genetically manipulated. Alternatively,
gene clusters may be transferred into a heterologous host if a compatible host is
available. These strategies do not work for the vast majority of fungal strains for
which no genetic approaches are available, are difficult to cultivate, and where the
conditions to induce natural products biosynthesis are unknown. To access the
natural product potential of these fungi, the development of synthetic biology
approaches (discussed elsewhere in this book series) will be crucial for the rapid
assembly of pathways from synthetic genes in suitable designed hosts. Such hosts
could be a filamentous fungus or a yeast strain equipped with mechanisms to
facilitate the expression of a potentially large complement of microsomal P450s and
deal with the potential toxic metabolites produced by the pathways. Finally,
refactoring of natural products pathways in heterologous platforms designed for
high-throughput assembly and screening would provide the means for combina-
torial approaches to explore an even larger diversity of natural products.
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Biosynthesis and Biological Functions
of Terpenoids in Plants

Dorothea Tholl

Abstract Terpenoids (isoprenoids) represent the largest and most diverse class of
chemicals among the myriad compounds produced by plants. Plants employ ter-
penoid metabolites for a variety of basic functions in growth and development but
use the majority of terpenoids for more specialized chemical interactions and
protection in the abiotic and biotic environment. Traditionally, plant-based terpe-
noids have been used by humans in the food, pharmaceutical, and chemical
industries, and more recently have been exploited in the development of biofuel
products. Genomic resources and emerging tools in synthetic biology facilitate the
metabolic engineering of high-value terpenoid products in plants and microbes.
Moreover, the ecological importance of terpenoids has gained increased attention to
develop strategies for sustainable pest control and abiotic stress protection. Toge-
ther, these efforts require a continuous growth in knowledge of the complex met-
abolic and molecular regulatory networks in terpenoid biosynthesis. This chapter
gives an overview and highlights recent advances in our understanding of the
organization, regulation, and diversification of core and specialized terpenoid
metabolic pathways, and addresses the most important functions of volatile and
nonvolatile terpenoid specialized metabolites in plants.

Keywords MVA pathway � MEP pathway � Prenyltransferase � Terpene
synthase � Volatiles � Plant defense
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1 Introduction

Introductory chapters on terpenoid biosynthesis usually highlight the large number
of terpenoid compounds found in nature. Indeed, the structural diversity associated
with at least 40,000 compounds makes the class of terpenoids one of the most
impressive examples in the divergent evolution of plant chemicals. The evolu-
tionary success of this compound class is in part based on the simplicity of con-
structing different size molecules. According to the isoprene rule recognized by
Wallach and Rutzicka in the late nineteenth and mid-twentieth centuries [1], all
terpenoids are derived from the universal five-carbon building blocks, isopentenyl
diphosphate (IPP) and its allylic isomer dimethylallyl diphosphate (DMAPP). The
prenyl diphosphate intermediates built by condensation of these five-carbon units
are used as precursors for the biosynthesis of terpenoids with fundamental functions
in growth and development and for the formation of a large number of terpenoid
compounds with more specialized roles in the interaction of plants with their
environment. It is the latter group of terpenoids that is characterized by its tre-
mendous structural diversity as a consequence of divergent biosynthetic gene
evolution. Specialized terpenoids have a long history of being used as flavors,
fragrances, pharmaceuticals, insecticides, and industrial compounds, several of
which are addressed in this book. With the growing need for sustainable production
platforms of plant-based drugs and the emerging use of terpenoids in the production
of alternative fuels, substantial progress has been made in the engineering of ter-
penoid biosynthetic pathways in microbes and plants [2, 3]. Advanced functional
genomics approaches provide unlimited access to the biosynthetic genes and
molecular regulators of terpenoid-producing plants, and, at the same time, allow
deeper insight to the complexity of plant terpenoid metabolism and regulation. In
this chapter, I provide an overview of the organization of the early and core ter-
penoid metabolic pathways and give updates on the regulation and functional
diversification of their genes and enzymes. Furthermore, I summarize the function
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of terpene synthases and describe aspects of their coordinated and tissue-specific
regulation in specialized metabolism prior to addressing the diverse roles of ter-
penoids in plant–environment interactions.

2 Core Terpenoid Biosynthetic Pathways and Their
Regulation

Successful engineering of terpenoid products in plants critically depends on the flux
of precursors delivered by the core isoprenoid biosynthetic pathways and, conse-
quently, on the dynamic regulation of these biosynthetic routes. Plants use two
independent pathways to produce IPP and DMAPP: the primarily cytosolic mev-
alonic acid (MVA) pathway and the plastidial methylerythritol phosphate (MEP)
pathway (Fig. 1). The MVA pathway predominantly provides the precursors for the
cytosolic biosynthesis of sesquiterpenoids, polyprenols, phytosterols, brassinoster-
oids, and triterpenoids, and for terpenoid biosynthesis in mitochondria (e.g.,
ubiquinones, polyprenols), and the five-carbon units derived from the MEP path-
way are preferably used for the biosynthesis of hemiterpenoids (e.g., isoprene),
monoterpenoids, diterpenoids, carotenoids and their breakdown products, cytoki-
nins, gibberellins, chlorophyll, tocopherols, and plastoquinones (Fig. 2). It has
become evident that both pathways are heavily regulated at multiple levels as was
discussed in two recent reviews by Hemmerlin and coworkers [4, 5]. In addition to
the transcriptional regulation of MVA and MEP pathway genes and their different
paralogues, isoprenoid-pathway fluxes are controlled at posttranscriptional/-trans-
lational levels and by feedback regulation. Recent studies have given a more global
view of the dynamics and networks of the core isoprenoid pathways and the reg-
ulation of metabolic flux during plant development and in response to external
stimuli (reviewed in [6, 7]). Therefore, this chapter primarily gives an overview of
both pathways with some emphasis on those in Arabidopsis and provides updates
on the different modes of regulation.

2.1 MVA and MEP Pathways—A Brief Summary of Their
Biosynthetic Steps

The MVA pathway in plants (Fig. 1a) consists of six steps and starts with the
Claisen-type condensation of two molecules acetyl-CoA to acetoacetyl-CoA
(AcAc-CoA) catalyzed by acetoacetyl-CoA thiolase (AACT). In a subsequent aldol
condensation reaction catalyzed by HMG-CoA synthase (HMGS), AcAc-CoA
is combined with a third molecule of acetyl-CoA to form the C6-compound
S-3-hydroxy-3-methylglutaryl-CoA (HMG-CoA). Response to different stresses,
feedback regulation, and the role of HMGS in sterol metabolism (see below)
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support a key function of HMGS in the MVA pathway. In the following
rate-limiting step, HMG-CoA reductase (HMGR) catalyzes the conversion of
S-HMG-CoA to R-mevalonate in two NADPH-dependent reduction steps. All plant
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HMGR proteins are membrane-bound with two membrane-spanning sequences and
a highly conserved catalytic C-terminal domain. The presence of ER-specific
retention motifs indicates a primary association of the membrane-spanning domain
with the ER, whereas the N-terminal and C-terminal ends are positioned on the
cytosolic side [8–13]. The association of HMGR to membranes seems to regulate
its activity negatively, thereby limiting the accumulation of terpenoid end products
such as sterols (e.g., [14, 15]). Many studies have reported on the critical regulatory
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role of HMGR in the biosynthesis of phytosterols, triterpenoids, and sesquiterpe-
noid phytoalexins, although flux control often involves additional downstream
enzymes such as sesquiterpene synthases (e.g., [16–21]). MVA produced by
HMGR is finally converted into IPP via three enzymatic steps: two ATP-dependent
phosphorylation steps, catalyzed by mevalonate kinase (MK) and phosphomeval-
onate kinase (PMK), and an ATP-driven decarboxylative elimination catalyzed by
mevalonate diphosphate decarboxylase (MVD or MPDC).

The MEP pathway (Fig. 1b), which occurs in all photosynthetic eukaryotes and
in cyanobacteria, apicomplexan protozoa, and most eubacteria [22–25] consists of
seven enzymatic steps. In the first reaction, 1-deoxy-D-xylulose 5-phosphate (DXP)
is formed by DXP synthase (DXS) from (hydroxyethyl) thiamine diphosphate,
which is derived from pyruvate, and glyceraldehyde-3-phosphate (GAP) in a
transketolase-like condensation. Plant DXS enzymes carry a highly conserved
thiamine phosphate binding domain and are divided in the class-I type enzymes
with primary expression in photosynthetic and floral tissues and the class-II type
enzymes with more distinct roles in specialized metabolism (see below). Numerous
studies have confirmed that DXS functions as an important regulatory and rate-
limiting enzyme in the biosynthesis of plastidial terpenes [26–31]. Consequently,
DXS mutants such as those of the single functional Arabidopsis class-I type DXS
gene (DXS1) exhibit albino phenotypes [32–34].

The enzyme 1-deoxy-D-xylulose 5-phosphate reductoisomerase (DXR) catalyzes
the second step of the MEP pathway, in which DXP is converted into 2-C-methyl-D-
erythritol 4-phosphate (MEP) by an intramolecular rearrangement of DXP into 2-C-
methyl-D-erythrose 4-phosphate, followed by an NADPH-dependent reduction
[35, 36]. The reaction can be specifically inhibited by fosmidomycin, a structure
analogue of the DXR substrate [37–39] thereby blocking the biosynthesis of
downstream plastidial terpene biosynthesis [40–42]. The reaction catalyzed by DXR
is in some cases considered a rate-limiting step depending on the species, tissue, and
developmental stage. In Arabidopsis, DXR1 is expressed in different plant organs
[36] and dxr mutants show, similar to those of DXS1, an albino phenotype and
deficiencies in gibberellin and abscisic acid (ABA) biosynthesis [43].

MEP is further converted in a CTP-dependent reaction to 4-diphosphocytidyl-2-
C-methyl-D-erythritol (CDP-ME) by the enzyme 4-diphosphocytidyl-2-C-methyl-D-
erythritol synthase (MCT or IpsD) [44, 45]. Phosphorylation of CDP-ME by the
enzyme 4-diphosphocytidyl-2-C-methyl-D-erythritol kinase (CMK, IspE) then leads
to the formation of 4-diphosphocytidyl-2-C-methyl-D-erythritol 2-phosphate (CDP-
ME2P) [46–48], which is subsequently cyclized by 2-C-methyl-D-erythritol 2,4-
cyclodiphosphate synthase (MDS, IspF) into 2-C-methyl-D-erythritol 2,4-cyclodi-
phosphate (MEcPP) upon loss of CMP. In the last two steps of the MEP pathway,
the enzyme 4-hydroxy-3-methylbut-2-enyl diphosphate synthase (HDS, IspG) first
converts MEcPP in a two-electron reduction to 4-hydroxy-3-methylbut-2-enyl
diphosphate (HMBPP). In a final branching step, HMBPP is converted by
4-hydroxy-3-methylbut-2-enyl diphosphate reductase (HDR, IspH) to a mixture of
IPP and DMAPP with a ratio of 5 to 6:1 [49–51].
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Mutants of MCT, MDS, and CMK exhibit similar albino phenotypes and
downregulation of photosynthetic genes [52, 53]. Likewise, hds and hdr-1 mutants
have defects in chloroplast development [54, 55]. Interestingly, a partial loss-of-
function mutant of Arabidopsis HDS, hds-3 (csb3), was shown to be more resistant
to biotrophic pathogens suggesting a link between the MEP pathway and plant
defense responses [56].

2.2 Differential Expression of MVA and MEP Pathway
Isozymes

Several enzymes of the MVA and MEP pathways, especially those with important
regulatory roles, are encoded by small gene families, which allow for functional
redundancy and divergence (summarized in [4]; Fig. 1). In the MVA pathway,
paralogues have been identified for AACT, HMGS, HMGR, and MPDC, whereas
the MEP pathway enzymes DXS, DXR, MCT, CMK, MDS, or HDR were found to
be encoded by two or more isogenes [4]. The different roles of many of the MVA
and MEP pathway isozymes depend on their expression in specific cellular tissues
and are often divided into essential functions to provide terpenoid precursors in
primary metabolism, growth, and development, and more specific functions in
stress response and specialized metabolism. For example, in Brassica juncea,
HMGS is represented by a four-member gene family. Two genes are highly
expressed at early stages of floral development [57–59] and play a role in repro-
duction, as was also shown for the single HMGS gene in Arabidopsis, [60] whereas
expression of the two other paralogues is restricted to leaves [58, 59].

Notably, paralogues of the HMGR family exhibit different developmental and
tissue-specific expression patterns and can be distinguished by their response to
endogenous molecules such as phytohormones and sterol metabolites as well as
external stimuli that include light, wounding, elicitor treatment, and pest and
pathogen attack (Fig. 1; reviewed in [4]). The differential expression of HMGR
isozymes, as demonstrated by early studies of the HMGR gene families in Sola-
naceous plants (tomato, potato) [61, 62], is important for channeling and counter-
balancing carbon flux to the different downstream pathways of stress response or
development. This functional differentiation, however, does not seem to occur in all
plants inasmuch as both HMGR genes in Arabidopsis do not respond to stress but
are essential for the production of sterols for cell elongation, senescence, gameto-
phyte development, and fertility [63, 64].

Functional divergence of MEP pathway genes has been primarily observed in
the DXS gene family. Class II-type DXS genes respond to biotic interaction and are
induced in the biosynthesis of apocarotenoids upon mycorrhizal colonization in
legumes and other plant families [30, 65, 66]. Several studies also demonstrated that
type II DXS genes are induced in response to pathogen and herbivore attack in
association with the production of specialized metabolites (summarized in [4]).
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2.3 Metabolic Regulation and Networks

There is clear evidence for the role of pathway intermediates and downstream
metabolites in the regulation of the core terpenoid biosynthetic steps at transcrip-
tional and posttranslational levels (Fig. 1). Feedback inhibition by free CoA has
been demonstrated for AACT and HMGR and for the enzymatic products of
HMGS [59, 67, 68]. Furthermore, plant MKs respond to feedback inhibition by the
prenyl diphosphates, IPP, DMAPP, geranyl diphosphate (GPP), and farnesyl
diphosphate (FPP) that modulate enzyme activity by acting as competitive inhibi-
tors of ATP [69]. Similarly, in vitro feedback inhibition was found for a DXS
protein from poplar by IPP and DMAPP and a structural analysis suggested pos-
sible binding of the prenyl diphosphates to the enzyme in competition with its
thiamine pyrophosphate substrate [70]. This feedback inhibition has also been
supported in vivo by recent metabolic flux studies in poplar [71].

The complexity of the regulatory network also becomes apparent when meta-
bolic disturbances and changes in metabolic flux generated by overexpression or
reduced expression of genes of the core isoprenoid pathways promote pathway
feedback or feedforward signals that modify the expression of up- or downstream
genes. For example, overexpression of B. juncea wild-type and mutated HMGS1 in
Arabidopsis caused an upregulation of HMGR and genes in sterol biosynthesis such
as sterol methyltransferase 2, delta-24 sterol reductase, and C-22 sterol desaturase,
which led to an elevated sterol content in leaves and seedlings and increased stress
tolerance [57]. A similar response was observed for HMGS overexpression in
tobacco resulting in improved sterol content, growth, pod size, and seed yield [72].
Conversely, knockdown of AACT2 expression led to lower levels and altered
profiles of sterols and caused reduced expression of downstream genes encoding
FPP synthases and sterol methyltransferase [73]. HMGR activity also exhibits a
positive feedback response to downstream metabolic changes such as reduced
cycloartenol levels in transgenic tobacco expressing sterol methyltransferase type 1
(SMT1) and the depletion of endogenous sterols due to the inhibition of squalene
synthase [74, 75].

The simultaneous response of several genes to pathway perturbations is further
observed in mutants of the MEP pathway. For instance, silencing of CMK in
Arabidopsis causes upregulation of MCT, MDS, and HDS expression [76]. More-
over, in rice, MEP pathway genes were found to be coexpressed with downstream
genes in carotenoid and phytyl biosynthesis [77]. In line with these observations,
detailed transcriptional coexpression network analyses in Arabidopsis demonstrated
that gene modules in both MVA and MEP pathways are coregulated together with
genes of downstream pathways and these findings have set the stage to identify
regulatory elements of these gene modules [78–80]. Consequently, cis elements
were mapped showing that the promoters of the Arabidopsis genes DXS, DXR,
CMK, HDR, and phytoene synthase share a cis-regulatory element interacting with
RAP2.2, a member of the ethylene response factor B-2 subfamily [6].
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In conjunction with their regulation by light (see below), MEP and MVA
pathways respond to regulators in sugar metabolism. Arabidopsis mutants of
pleiotropic regulatory locus 1 (PRL1), a global regulator of sugar, stress, and
hormone responses, accumulate MEP pathway-derived end products (Fig. 1a) [81].
The same mutants have reduced HMGR activity but no change in HMGR transcript
or protein because of posttranslational modification. PRL1 inhibits the SNF1
(sucrose nonfermenting)-related protein kinase 1 (SnRK1), which negatively reg-
ulates HMGR1 by phosphorylation and inactivation of the catalytic domain
(Fig. 1a) [82]. HMGR1 is also negatively regulated during normal development and
in response to salt stress by protein phosphatase 2A (PP2A), which dephospho-
rylates the HMGR protein (most likely at a site different from the phosphorylation
by SnRK1; Fig. 1a) [83]. Modulation of HMGR transcripts at the initiation of
translation [84] and glycosylation of HMGR isoforms [11], respectively, have been
discussed previously as other mechanisms of posttranscriptional or posttranslational
regulation of stress-induced HMGR genes.

There are several possible connections of the isoprenoid pathway to other
metabolic routes by delivery and competition for carbon precursors (e.g., amino
acid degradation) [4], which will require further attention to gain a more compre-
hensive understanding of flux in terpenoid biosynthesis. A link of isoprenoid
metabolism with lipid biosynthesis was described by Nieto et al. [85], who found
that inhibition of sphingolipid biosynthesis in Arabidopsis caused posttranslational
downregulation of HMGR activity decoupled from HMGR transcript and protein
levels and a reduction in sterol content. Recently, an unexpected simultaneous
downregulation of flavonoid and terpenoid metabolite levels was observed in
trichomes of tomato mutants of the flavonoid biosynthetic enzyme chalcone
isomerase (CHI) [86]. These results have led to several hypotheses about the reg-
ulatory connections between both pathways. It is possible that changes in the levels
of flavonoids by accumulation (upstream of CHI) or depletion (downstream of CHI)
modify terpenoid biosynthetic gene expression or directly inhibit biosynthetic and
regulatory proteins [87, 88]. Based on previous findings, there is also the possibility
that CHI itself might interact with proteins involved in terpenoid production or its
regulation [89]. Furthermore, it will be important to examine regulatory factors that
coordinate the metabolic flux through both pathways [90].

2.4 Regulation by Light and External Stimuli

Thanks to recent efforts to identify MVA and MEP pathway gene expression
patterns by transcriptome and hierarchical cluster analyses it was shown that the
genes of both pathways have opposite expression patterns during light or dark
(Fig. 1) [6]. Whereas exposure to light leads to the downregulation of MVA
pathway genes and reduced levels of sterols [79], it stimulates transcript accumu-
lation of MEP pathway genes and genes in the carotenoid and chlorophyll bio-
synthetic pathways such as PSY (phytoene synthase) and HEMA1 (glutamyl-tRNA

Biosynthesis and Biological Functions of Terpenoids in Plants 71



reductase), which are essential for chloroplast differentiation [79, 80, 91–94]. Light
also upregulates tocopherol, and plastoquinone biosynthetic genes such as VTE3
(vitamin E defective 3) [79]. The results are supported by studies that observed an
increased carbon flux through the MEP pathway under enhanced light conditions by
measuring the accumulation of MEcDP when 2-C-methyl-D-erythritol 2,4-cyclod-
iphosphate reductase activity was inhibited [95]. In contrast to the upregulation by
light, expression of MEP pathway genes with the exception of HDR [55] is reduced
during light–dark transition [6]. Dark exposure can induce HMGR activity as was
shown in ginseng where HMGRs play a regulatory role in triterpene ginsenoside
biosynthesis [96]. The light-dependent response of Arabidopsis MEP and MVA
pathway genes is controlled by phytochrome B (PHYB) because phyB mutants
have enhanced transcript levels and enzyme activity of HMGR but reduced levels
of MEP pathway products [92]. Consequently, phytochrome interacting factors
(PIFs) of the basic helix–loop–helix (bHLH) transcription factor family were
identified as regulators that are involved in the light control of MEP and carotenoid
biosynthetic pathway genes [93, 97]. Turnover of the MEP pathway enzymes DXS
and DXR was also found to be correlated with the activity of Clp, a major plastid
stromal protease (Fig. 1b) [98].

Downregulation of MEP pathway enzymes in the dark provides a dilemma for
the biosynthesis of carotenoids and gibberellins required for the development of
etiolated seedlings. Supported by observations from treatments with the MEP
pathway inhibitor fosmidomycin, Rodriguez-Concepcion and coworkers suggested
that during seedling germination in the dark, prenyl diphosphates derived from the
MVA pathway are transported into etioplasts for gibberellin and carotenoid syn-
thesis prior to the induction of MEP pathway enzymes upon illumination [92].
Given the responses of MEP and MVA pathway genes in light and dark, it is not
surprising that the expression of several genes is under circadian control [7].
Coexpression analyses in Arabidopsis photosynthetic tissue connect several MEP
pathway genes with core circadian oscillators (LHY, CCA1, PRR9) whereas only
AACT2 of the MVA pathway follows the expression of circadian regulators peaking
in the dark [6]. However, in roots, expression of several MVA pathway genes such
as HMGR1 is correlated with that of circadian regulators (TOC1, TIC) showing
clear differences in the circadian control of early pathway genes in above- and
belowground tissues. Interestingly, in triple mutants of the TOC1 related pseudo-
response regulator (PRR) proteins PRR9, PRR7, and PRR5, genes and metabolites
of carotenoid, chlorophyll, and tocopherol pathways are upregulated, which sug-
gests a function of these proteins as negative regulators of the MEP pathway-
dependent metabolic routes [99]. To what extent the oscillation of MVA and MEP
pathway gene transcripts directly corresponds to changes in enzyme activity and
downstream metabolites requires further attention. In snapdragon flowers, the
rhythmic emission of volatile monoterpenes in plastids and sesquiterpenes in the
cytosol depends on the MEP pathway that is controlled by the circadian clock
[100].

In addition to their differential response to light, MVA and MEP pathways
respond to multiple other external stimuli at gene transcript and posttranslational
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levels (Fig. 1; summarized in [4]). To support the production of terpenoids for
protection against temperature stress, carbon flux through the MEP pathway
increases under elevated temperatures [95]. In the MVA pathway, not only HMGR
but other enzymes such as AACT show induced responses under abiotic stress and
appear to be involved in MVA pathway-mediated abiotic stress adaptation [68].
Changes in redox state also directly affect MVA and MEP pathway enzymes. Both
HDS and HDR, which function as iron–sulfur reductases, have been identified as
targets of the redox protein thioredoxin [101, 102] and thioredoxin-dependent
regulation has also been suggested for DXR [102]. Moreover, it has been shown
that HDS can receive electrons directly through the photosynthetic electron-trans-
port chain via ferredoxin without any reducing cofactor, which is different from the
flavodoxin/flavodoxin reductase and NADPH-dependent reducing system of HDS
in bacteria [103].

Biotic stress such as pathogen attack often upregulates individual genes of
HMGR families to direct flux toward the production of sesquiterpene phytoalexins
under simultaneous downregulation of squalene synthase and sterol biosynthesis
[62, 104]. Studies in tobacco showed that the regulation of pathogen-activated
expression of HMGR involves the MEK2-SIPK/WIPK MAP kinase cascade [105,
106]. Another example highlights the importance of HMGR in root nodule
development. The HMGR1 protein of Medicago truncatula directly interacts with
NORK, which is a receptor-like kinase required for Nod factor signaling. Reduced
expression of HMGR1 in transgenic plants causes a severe decrease of root nod-
ulation [107].

2.5 Regulation and Metabolite Exchange Across Subcellular
Compartments

The compartmentalization of MEP and MVA pathways and associated downstream
pathways allows for the subcellular regulation and coordination of photosynthesis-
dependent and independent terpenoid biosynthetic routes. Despite the general
notion that the MVA pathway enzymes are located in the cytosol or associated with
the ER, peroxisomes have been discussed as localization sites for AACT (partic-
ularly AACT1 in Arabidopsis), PMK, and MVD based on the prediction of per-
oxisomal PTS targeting peptides and transient protein peroxisome import studies in
Catharanthus roseus cells [108–110]. For MVD1 in Arabidopsis, however, mass
spectrometry analysis suggests a cytosolic localization and MVD2 is predicted to
reside in the cytosol [6]. In the absence of additional evidence for a partial local-
ization of the MVA pathway in peroxisomes and possible transporters of isoprenoid
precursors between the compartments, our current view on the subcellular orga-
nization of the MVA pathway remains incomplete.

The exchange of intermediates between the cytosol and plastids is usually not
sufficient to rescue Arabidopsis mutants of biosynthetic enzymes in the MVA or

Biosynthesis and Biological Functions of Terpenoids in Plants 73



MEP pathways [31, 43, 64]. However, studies on dxs2 mutants in tomato suggested
that both pathways can, to some extent, compensate each other [66]. Moreover, in
numerous cases, some degree of exchange of isoprenoid intermediates between
plastids and the cytosol has been demonstrated based on the application of MEP
and MVA pathway-specific inhibitors and the incorporation of stable-isotope pre-
cursors in primary and specialized terpenoid metabolites (e.g., [100, 111–117].
There is frequent evidence for trafficking of isoprenoid intermediates from the
plastid to the cytosol in photosynthetic tissues (e.g., [113]). However, the contri-
bution of the MVA pathway to the biosynthesis of plastidial isoprenoids can be
substantial in the absence of light as was demonstrated by Opitz et al. [118] in roots
of cotton seedlings or in dark-grown Arabidopsis seedlings [92].

To date, no specific transporters of isoprenoid precursors have been identified in
the plastid membrane. The export of IPP from plastids to the cytosol was suggested
to proceed by a plastidial proton symport system [119]. Studies by Flügge and Gao
[120] indicated that IPP is not transported by plastidic phosphate translocators but
depends on phosphorylated counter-substrates. In addition to the transport of IPP,
there is evidence that longer prenyl diphosphates such as GPP and FPP are moved
from plastids to the cytosol in tomato [121], the grape berry exocarp [122], and
glandular trichomes of Stevia rebaudiana [116]. Genomic and proteomic analyses
of single cells such as trichomes could be a promising approach to identify the
isoprenoid transporter machinery between both compartments.

Despite some degree of exchange of isoprenoid intermediates between the
plastid and the cytosol, the spatial separation of terpenoid biosynthetic pathways
has been of benefit for the engineering of terpenoid end products. Expression and
targeting of an FPP synthase and sesquiterpene synthase to plastids in tobacco did
prevent carbon flux competition with sterol biosynthesis in the cytosol and pro-
moted sesquiterpenoid yields by a thousandfold [123]. The same approach was
successfully applied to produce high levels of the triterpene squalene in plastids and
in tobacco trichomes although the latter case came at the cost of severely reduced
growth [124]. Efforts have also been made to insert the entire MVA pathway in the
tobacco chloroplast genome resulting in increased levels of mevalonate and
carotenoids, but also squalene and sterols [125].

As mentioned above, expression of the MEP and MVA pathway genes is
coordinately regulated by external stimuli. Other interdependent mechanisms of
regulation between the pathways have been detected at posttranslational levels.
Recent studies in tobacco demonstrated that blocking MEP pathway-dependent
protein geranylgeranylation by treatment with the monoterpene S-carvone sup-
presses signaling to induce the MVA pathway-dependent formation of the ses-
quiterpene phytoalexin capsidiol [126]. Other possible roles of multicompartment
networks in regulating the MVA pathway have been addressed by Verbitskiy et al.
[127]. Work by these authors on proteins involved in RNA editing suggests that
retrograde signaling between mitochondria and the cytosol might modify MVA
pathway activity and, according to Tang et al. [128], this interaction seems to
involve the mitochondrial respiratory pathway. Most notably, the MEP pathway
intermediate, MEcPP, was found to function as a retrograde signaling molecule
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between plastids and the nucleus. MEcPP elicits the expression of stress-responsive
nuclear-encoded plastidial proteins which suggests that the MEP pathway functions
in stress sensing and coordinating stress-induced nuclear genes [129].

3 Isomerization and Condensation of the C5 Building
Blocks

The construction of terpenoids with more than five carbons requires a sufficient
supply of IPP and its more reactive, electrophilic isomer DMAPP. Therefore, IPP
derived from the MVA pathway needs to be converted to DMAPP by the activity of
an IPP isomerase (IDI; Figs. 1 and 2). Type I IPP isomerase isoenzymes in plants
have been localized to mitochondria and plastids and shorter isoforms have been
predicted to remain in the cytosol [130]. In analogy to mammalian cells, an alter-
native localization of IPP isomerases in peroxisomes has been discussed [108] but
additional evidence for the role of peroxisomes in plant isoprenoid metabolism is
needed. Although the formation of DMAPP from IPP derived from the MVA
pathway is essential for downstream reactions in the cytosol and mitochondria, IPP
isomerization seems less important in plastids where both C5 building blocks are
produced by the MEP pathway. However, plastidial IPP isomerase activity might be
necessary to produce an optimal ratio of IPP and DMAPP for the downstream
condensation reactions and to provide precursors for a possible transport to the
cytosol.

In the second major stage of terpenoid biosynthesis, IPP and DMAPP units are
fused by the catalytic activity of prenyltransferases (isoprenyl diphosphate syn-
thases) to form prenyl diphosphates as the linear central precursors of all terpenoids
(Fig. 2). The initial reaction catalyzed by a prenyltransferase is a head-to tail (1′–4)
condensation of IPP with the allylic cosubstrate DMAPP based on an ionization–
condensation–elimination mechanism to produce a C10-allylic diphosphate. Addi-
tional rounds of head-to-tail condensation of the allylic product with more IPP units
lead to the formation of short-chain (C15–C25), medium-chain (C30–C35), and
long-chain (C40–Cn) prenyl diphosphates. The cis- or trans-stereochemistry of the
double bonds of the prenyl diphosphate product determines whether the enzyme
operates as cis-prenyltransferase or trans-prenyltransferase, which belong to families
of structurally unrelated enzymes [131]. Much knowledge has been gained on the
biochemistry and evolution of short-chain trans-prenyltransferases, which synthe-
size C10-geranyl diphosphate (GPP), C15-trans,trans-farnesyl diphosphate ((E,E)-
FPP), or C20-all-trans-geranylgeranyl diphosphate (all-trans-GGPP) as the main
precursors in terpenoid metabolism, although more recent work has discovered
similar roles of previously undetected short-chain cis-prenyltransferases (see below).
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3.1 Geranyl Diphosphate Synthases

As a precursor in the biosynthesis of C10-monoterpenoids, GPP is synthesized from
IPP and DMAPP by the activity of GPP synthase enzymes (GPSs), which are
usually targeted to plastids (Fig. 2). Different classes of homodimeric and heterodi/
tetrameric GPSs have been identified in plants [132–136] (Fig. 2). A heterotetra-
meric GPS from peppermint was the first GPS to be discovered in plants [137] and
since then related heterodimeric proteins have been found in a variety of other
species such as Anthirrinum majus, Clarkia breweri, and Humulus lupulus
[137–139]. The enzymes consist of a large subunit (LSU), which has significant
homology (*50 %) to GGPP synthases (GGPS, see below) and can exhibit GGPP
synthase activity as a recombinant protein, and a small subunit (SSU I) that shares
only *20 % sequence similarity with homomeric prenyltransferases and is func-
tionally inactive. It is generally thought that binding of SSU I modifies the activity
of the LSU to produce GPP. The importance of the physical interaction of both
subunits to make GPP has been confirmed by structural analysis of the heterotet-
rameric GPS from peppermint [134]. In Arabidopsis, Wang and Dixon [139]
identified a separate lineage of SSU (SSU II) genes encoding GGPS-related proteins
(GGR). Arabidopsis GGR modifies the in vitro activity of GGPS 11 to produce
GPP and contains two conserved CxxxC motifs that are essential for the interaction
of both subunits [139]. In contrast to the role of SSU I-containing GPSs in
monoterpene formation in peppermint or hops, the function of heterodimeric GPSs
carrying SSU II subunits is less clear because of the absence of a tight correlation
between protein expression and the biosynthesis of monoterpenes in different tis-
sues [139].

Engineering of GPS activity has been achieved by the expression of GPS.SSU
I from snapdragon in tobacco and tomato fruits. The expressed subunit recruits
plastidial GGPS proteins to form functionally active heterodimeric GPS proteins
[121, 140]. The study on tomato also revealed that GPP produced in plastids is
exported to the cytosol, where it can be used for monoterpene biosynthesis [121].
However, the exchange of GPP between both compartments might be limited in the
absence of engineered GPP pools as was shown for a bifunctional Arabidopsis
monoterpene/sesquiterpene synthase (TPS02), which is located in the cytosol and
produces sesquiterpenes but no monoterpenes in planta [42].

Homodimeric GPS enzymes have been described from angiosperms and gym-
nosperms [135, 136, 141, 142]. These proteins belong to different lineages and are
evolutionarily related to GGPSs (see below). The existence of a homodimeric GPS
in Arabidopsis has been discussed controversially. A single GPS1 gene was orig-
inally identified to encode a functionally active GPS enzyme [143]; however, more
recently the GPS1 protein has been characterized as a multiproduct medium-/long-
chain prenyl diphosphate synthase. The latter activity was observed when IPP was
supplied in excess to the allylic substrates DMAPP, GPP, and FPP and was
supported by the structural analysis of an active-site cavity with sufficient size to
accommodate the medium-/long-chain products [144]. The GPS1 protein (renamed
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by Hsieh et al. as polyprenyl di(pyro)phosphate synthase, PPS) is targeted to
plastids [143] where IPP and DMAPP are produced at ratios of approximately 5:1
by the MEP pathway. Thus, it is possible that this enzyme exhibits a PPS activity
in vivo.

3.2 Farnesyl Diphosphate Synthases

Trans-FPP synthases (FPSs) catalyze the formation of (E,E)-FPP as a central pre-
cursor in the biosynthesis of terpene primary metabolites (phytosterols, brassinos-
teroids, dolichols, ubiquinones), for protein prenylation, and in the production of
specialized metabolites such as sesquiterpenoids and triterpenoids (Fig. 2). As type
I (eukaryotic) FPSs, plant trans-FPSs build a superfamily of homodimeric enzymes
that are often encoded by small species-specific gene families (e.g., [145–147]).
FPS isozymes of different size that are produced as a result of differential gene
transcription have been localized to the cytosol or the mitochondria where they
produce FPP pools for the biosynthesis of cytosolic and mitochondrial downstream
products [148] (Fig. 2). Targeting of FPSs to peroxisomes has been discussed based
on YFP fusion experiments in Catharantus roseus cells [149]. However, no per-
oxisomal targeting has been demonstrated for fluorescent FPS fusion proteins in
Arabidopsis, which is consistent with results from proteomic studies of the cytosol
and purified peroxisomes [150, 151].

As with the isozymes of the MEP and MVA pathways, it has been a primary
interest to elucidate the possible functional differences of prenyltransferase iso-
forms. In Arabidopsis, the two FPS paralogues, FPS1 and FPS2, have overlapping
expression patterns and can rescue each other’s loss, whereas double mutants are
impaired in male genetic transmission and arrested at early embryo development
[152]. However, there is no complete functional redundancy between the two
isozymes inasmuch as FPS2 is the predominantly expressed isozyme in mature
seeds and early seedling development, and FPS1 appears to be only expressed in
the maternal seed coat [153]. Consequently, seeds of fps2 mutants have a reduced
sterol content [152]. Keim et al. propose that the specific expression of FPS2 in
mature seeds is related to its higher enzymatic activity and thermal stability. The
authors further speculate that during early development of the embryo (in the
absence of FPS2 expression), FPP might be imported from the seed tissue where
FPS1 is expressed [153].

3.3 Geranylgeranyl Diphosphate Synthases

Similar to (E,E)-FPP, all-trans-GGPP synthesized by all-trans-GGPSs is a major
branching point for several downstream terpenoid pathways in primary and spe-
cialized metabolism. These include the biosynthesis of carotenoids and their

Biosynthesis and Biological Functions of Terpenoids in Plants 77



breakdown products (abscisic acid, strigolactones), chlorophylls, tocopherols,
gibberellins, plastoquinones, and diterpenoids (all synthesized in plastids), gera-
nylgeranylated proteins and poly-/oligoprenols (synthesized in the cytosol), and
poly-/oligoprenols synthesized in the plastids and mitochondria (Fig. 2). Compared
to FPSs, GPPS isozymes are represented by larger gene families. For example, the
Arabidopsis genome contains 12 GGPS paralogues, of which 10 have been iden-
tified to encode functional GGPS proteins of most likely homodimeric architecture
and with GGPP as the primary or sole product [154]. The different GGPS isozymes
are located in the plastids, mitochondria, and the ER consistent with the subcellular
compartmentalization of the diverse GGPP-dependent terpenoid pathways. With
the exception of two of the Arabidopsis isozymes (GGPS1-mitochondrial,
GGPS11-plastidial), which are expressed in the whole plant, the remaining family
members exhibit distinct spatiotemporal expression patterns [154]. Seedling-lethal
albino and embryo-lethal phenotypes are found in ggps1 mutants, indicating that
GGPS1 has essential functions in development and the chlorophyll biosynthetic
pathway [155]. Although possible redundant or more specific functions of most of
the GGPS isozymes are not well understood, it is apparent that the divergence in the
Arabidopsis GGPS gene family is the result of functional specialization and fine-
tuning of metabolic pathways in different cellular compartments and in tissues at
different developmental stages or under different environmental conditions.

Both FPPS and GGPPS proteins have been expressed in modules with sesqui-
terpene synthases and diterpene synthases, respectively, to engineer the biosyn-
thesis of sesquiterpenoids and diterpenoids in microbial systems and in planta [123,
156]. Specifically, the buildup of FPP pools in plastids improved the precursor
supply and allowed for a substantial increase in yield of the desired sesquiterpene
products [123]. Other strategies to improve pathway productivity include generat-
ing combinatorial mutations in prenyldiphosphate synthase and downstream ter-
pene synthases. For example, prokaryotic expression of pathway variants of a
GGPPS and a terpene synthase, which produces a levopimaradiene diterpene pre-
cursor in ginkgolide biosynthesis, led to a more than 2,000-fold increase in the
levels of the levopimaradiene product thereby stressing the importance of protein
engineering in these approaches [157].

3.4 Chain Length Regulation and Evolution
of Prenyltransferases

Structural analysis combined with random or site-directed mutagenesis has pro-
vided substantial insight to the chain length regulation of short-chain prenyltrans-
ferase products [158]. Based on crystal structures of several homodimeric FPPs and
GGPS from eukaryotes and prokaryotes [159–165], short-chain prenyltransferases
share a common protein fold composed of 13 α-helices with 10 helices surrounding
the active site cavity. IPP and the allylic substrate are bound by two highly
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conserved aspartate-rich regions, a first DDx2-4D motif (FARM) and a second
DDxxD motif (SARM), which are positioned on opposite walls of the cavity.
Product chain length is in part regulated by amino acid residues upstream of the
FARM motif (position –4, –5), which change the size of the hydrophobic substrate
binding or elongation pocket of the polyisoprenoid chain [166, 167]. According to
this mechanism, type I FPSs such as Arabidopsis FPS1 and FPS2 have a smaller
binding pocket because of the presence of “bulkier” aromatic amino acid residues.
In type II GGPSs, which comprise eubacterial and plant GGPSs, these aromatic
amino acids are replaced by smaller residues such as alanine, serine, and methio-
nine allowing the formation of a longer C20 chain. Studies of yeast GGPS indicated
that chain termination at C20 depends on residues located deeper in the catalytic
cavity [162]. Poulter and colleagues recently employed a large-scale bioinformatics
approach combined with experimental enzyme characterization, protein crystalli-
zation, and computational modeling to predict the chain length specificity of a large
number of putative polyprenyl transferases [168]. The approach, which resulted in a
high rate of correctly predicted functions, largely supported the notion that steric
hindrance in the elongation cavity is the main criterion determining chain length
specificity. It is important to note that the study also suggested a chain-length–
determining effect of “second shell” residues that are positioned in the vicinity of
the residues lining the elongation pocket. Depending on their size, these neigh-
boring residues may or may not provide flexibility for bulkier aromatic residues that
protrude into the cavity to be moved or displaced by the growing polyprenyl
chain [168].

Phylogenetic analyses of prokaryotic and eukaryotic prenyltransferases place
plant FPSs in a clade with other eukaryotic FPSs that is distinct from a cluster
containing plant GPS and GGPS proteins [158]. A comprehensive phylogenetic
study of GGPS and GPS homologues of land plants and green algae demonstrated a
lineage and species-specific expansion of GGPS families indicating gene duplica-
tion events and functional divergence [169]. The phylogeny shows several evolu-
tionary transitions from proteins with GGPS to GPS activity. For example,
gymnosperm homodimeric GGPSs, which form a distinct clade among plant
GGPSs, can produce shorter prenyldiphosphates or synthesize exclusively GPP
[133, 142]. In comparison to GGPSs from green algae and mosses that possess the
FARM and SARM motifs and a conserved CxxxC motif, the gymnosperm GGPSs
have acquired a second CxxxS (bifunctional GGPS) or CxxxC (GPS) motif. The
two CxxxC motifs are characteristic of most proteins that are associated with GPS
activity. Thus, they are present in the SSU I and SSU II subunits of heteromeric
GPS proteins and critical in binding the LSU. The binding of both subunits limits
access to the elongation cavity and terminates chain elongation at the formation of a
C10-product [134]. SSU I and SSU II proteins have lost both aspartate-rich motifs
or carry a mutated SARM, respectively, which is associated with the loss of prenyl
diphosphate activity [135, 169]. Interestingly, an earlier study reported a flower-
specific GPS from orchids with similarity to SSU II [136]. This protein lacks the
SARM but maintains GPS activity as a homodimeric enzyme (Fig. 2).
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Several proteins with homology to Arabidopsis PPS (former GPS1) have been
reported from other plants and designated as homodimeric GPSs (Fig. 2). These
proteins do not carry the CxxxC motifs and it remains to be determined whether
they function as true GPSs in vivo or may exhibit medium-chain or long-chain
polyprenyl diphosphate activity as was shown for the Arabidopsis enzyme. For
instance, GPS activity was demonstrated for a protein in tomato, but assays were
performed at a low IPP/DMAPP ratio [141]. Furthermore, silencing or mutation of
this enzyme and of PPS in Arabidopsis resulted in dwarfed or embryo lethal
phenotypes, which could be related to promiscuous GGPS activity to produce
GGPP for gibberellin biosynthesis or the synthesis of longer precursors in plasto-
quinone biosynthesis. The formation of longer chain products by Arabidopsis PPS
is also supported by the absence of aromatic amino acids near the FARM. Com-
putational predictions such as those presented by Wallrapp et al. [168] should
facilitate determining the chain length specificity of PPS homologues. In summary,
GPS activity appears to be the result of promiscuity and neofunctionalization of
GGPS (or PPS?) proteins in conjunction with the evolutionary adaptation of indi-
vidual plant lineages to produce monoterpenes as constituents of floral scent or for
chemical defense.

3.5 Cis-Isoprenyl Diphosphate Synthases

One of the surprising findings in the field of terpene biosynthesis in the past five
years was the identification of short-chain cis-prenyltransferases (CPTs) and the
conversion of their cis-prenyl diphosphate products to terpenoids by the activity of
terpene synthases (see below). Prior to this discovery, it was generally believed that
CPTs synthesize prenyl diphosphate products with a chain length of more than 50
carbons by using all-trans short-chain prenyl diphosphates as allylic primer sub-
strates [170]. Such prenyltransferases in plants include enzymes that produce C70–
C120 dehydrodolichol diphosphates or natural rubber (>C10,000) from (E,E)-FPP
by head-to-tail condensations in a cis orientation [170–172]. Functional genomics
studies of terpene biosynthetic genes in glandular trichomes of wild tomato then
revealed the presence of a short-chain (Z,Z)-FPP synthase that produces (Z,Z)-FPP
[173] (Figs. 2 and 3). Characterization of a nine-member CPT family in cultivated
tomato gave additional evidence for short-chain enzyme activity by the identifi-
cation of three genes encoding a neryldiphosphate (NPP) synthase (NDPS1 or
SlCPT1, expressed in trichomes), a (Z,Z)-FPP synthase (SlCPT6, expressed in root
and fruit), and a nerylneryl diphosphate (NNPP) synthase (NNDPS or SlCPT2,
expressed in the stem), respectively [174] (Figs. 2 and 3). All three proteins are
targeted to plastids [174]. Notably, the Z,Z-FPP pool produced by (Z,Z)-FPP syn-
thase in trichome-specific plastids in wild tomato is used by plastidic sesquiterpene
terpene synthases (santalene/bergamotene sesquiterpene synthase [173] and 7-ep-
izingiberene synthase [175, 176]), which are related to diterpene synthases. Engi-
neering of (Z,Z)-FPP synthase and 7-epizingiberene synthase in trichomes of
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cultivated tomato led to the production of 7-epizingiberene and increased resistance
to herbivores [175]. NPP has been shown to be converted by a monoterpene
synthase to β-phellandrene among other monoterpenes [177]. Consequently,
coexpression of the NDPS1 enzyme with phellandrene synthase 1 was used suc-
cessfully for metabolic engineering of monoterpene formation in tomato fruits
[178]. Intriguingly, expression of NDPS1 alone led to the reduction of carotenoid
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levels in fruits because of feedback inhibition of GGPS by NPP. Based on these
findings, it is plausible that NPP production is restricted primarily to trichomes to
avoid inhibitory effects on carotenoid biosynthesis.

The association of the tomato CPT genes with terpenoid biosynthetic gene
clusters [174] clearly indicates adaptive functional specialization in the tomato CPT
gene family to provide short-chain prenyl diphosphates for different terpene bio-
synthetic pathways including trichome-specific terpene biosynthesis. In line with
these findings, a cis-type prenyltransferase was identified in lavender that catalyzes
the head-to-middle condensation of two DMAPP molecules to synthesize lavandulol
diphosphate, the precursor of lavendulol [179]. Furthermore, in the nine-member
CPT gene family of Arabidopsis a multiproduct prenyltransferase (AtCPT6) has
been identified that makes polyisoprenoid diphosphates with six to eight isoprene
units as precursors of polyisoprenoid alcohols in roots [180].

As with trans-prenyltransferases, efforts have been made to determine amino
acid residues that control the chain length specificity of CPTs [170]. Sequences of
CPTs share five conserved regions and employ residues for substrate binding and
catalytic activity that are different from those of trans-prenyltransferases [170].
Kang et al. [181] exploited accession-specific sequence differences of NDPS and
(Z,Z)-FPP synthase in tomato coupled with homology modeling and site-directed
mutagenesis to identify four residues in region II that are important for product
specificity. These residues are part of helix II, which, together with helix III, lines a
hydrophobic cleft that influences product chain length [182, 183].

4 Conversion of Prenyl Diphosphates and Terpene
Synthase Function and Regulation

Trans- and cis-prenyldiphosphates are the entry points to various downstream
primary and specialized terpenoid biosynthetic routes in plastids, mitochondria, and
the cytosol (summarized in Fig. 2). It is beyond the scope of this chapter to address
all of these pathways and the reader is referred to other chapters in this series (e.g.,
carotenoid biosynthesis) or more specialized recent reviews in the field.

The tremendous diversity of terpenoids in specialized metabolism can to a large
extent be attributed to the activity of terpene synthases (TPSs; Fig. 3a). TPS enzymes
have, therefore, become a focus point of in planta and heterologous metabolic
engineering of terpenoid end products with use as pharmaceuticals, flavors, biofuels,
or plant chemical defenses [184] (see other chapters in this series). The TPS super-
family, which is divided into eight subfamilies (TPSa–h), comprises a large and still
growing number of enzymes from almost all taxa in the plant kingdom [185]. TPSs
convert acyclic C5 to C20 cis- or trans-prenyl diphosphate intermediates into
C5-hemiterpenes such as isoprene, C10-monoterpenoids, C15-sesquiterpenoids, or
C20-diterpenoids (Fig. 2). The primary enzymatic products are in most cases acyclic
or cyclic hydrocarbons (Fig. 3a) that are frequently modified by secondary enzymatic
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reactions such as hydroxylation, peroxidation, methylation, acylation, glycosylation,
or cleavage to produce biologically active end products of even larger structural
diversity [186]. TPS enzymes facilitate adaptations of terpene metabolism to the
changing environment because their promiscuous activity often results in the pro-
duction of more than a single compound (e.g., [187]) and TPS proteins easily acquire
new catalytic properties by minor structural changes [187–192].

Mechanistically, TPS proteins are divided into class I and class II enzymes. The
enzymatic reaction catalyzed by class I TPSs starts with the ionization of the prenyl
diphosphate substrate by a divalent cation-dependent subtraction of the diphosphate
moiety. The produced carbocation intermediate then enters different reactions that
can include cyclizations, hydride shifts, and rearrangements prior to a termination
of the reaction by proton loss or the addition of a nucleophile such as water [193]
(Fig. 3). By contrast, class II TPSs, which include oxidosqualene cyclases (see
below) and diterpene synthases, catalyze the ionization of their substrate by adding
a proton to an epoxide ring or via protonation at the 14,15-double bond of GGPP,
respectively. Class II diterpene synthases that fall into this category are ent-copalyl
diphosphate (CPP) synthases (CPSs), which are involved in gibberellin and phy-
toalexin biosynthesis [194] (Fig. 2). In the gibberellin biosynthetic pathway, CPSs
catalyze a protonation-induced bicyclization of the substrate GGPP to form ent-
CPP, which is further ionized and converted to ent-kaur-16-ene by a class I ent-
kaurene synthase (KS) activity. Detailed genomic studies of land plants revealed
that the gibberellin biosynthetic pathway gave rise to the biosynthesis of an array of
specialized labdane-related diterpenoids largely by gene duplication and divergence
of CPS and KS homologues [194]. The ability to produce kaurene arose early in
land plant evolution as can be assumed from the identification of a bifunctional
classII/I CPS/KS in the moss Physcomitrella patens, which catalyzes the formation
of ent-kaurene (and 16-hydroxykaurene) via a CPP intermediate in the biosynthesis
of kaurenoic acid [195, 196]. Similar class II/I diterpene synthases such as abiet-
adiene synthase occur in gymnosperms and can be considered early diterpene
synthases. These enzymes produce (+)-CPP from GGPP prior to an ionization-
initiated cyclization of (+)-CPP to the diterpene product [197]. An interesting new
view on the evolution of plant TPS genes comes from a genomic study of a large
TPS gene family in the fern Selaginella moellendorffii [198]. Two distinct types of
TPS genes were identified: a group of diterpene synthases that represent a new plant
TPS-h subfamily, and, surprisingly, a group of monoterpene synthases and ses-
quiterpene synthases that are more closely related to microbial TPSs and may be the
first indication for a horizontal gene transfer of TPS genes [198].

It should be noted here that, recently, a new mechanism for the enzymatic
formation of cyclic terpenes was discovered in the iridoid monoterpene biosynthetic
pathway [199]. Iridoids have pharmaceutical and antibacterial activities and are also
produced by aphids as pheromones [200, 201]. The iridoid synthase from Catha-
rantus roseus is a short-chain reductase that most likely generates a C5-iridoid ring
in the linear monoterpene 10-oxogeranial substrate by coupling a reduction step
with a cyclization step via a Diels–Alder cycloaddition or a Michael addition [199].
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This exciting finding may open the way for future discovery of similar reductase-
type terpene cyclases in plants and other organisms.

More insight to the evolution of “regular” TPS enzymes has been gained from
the analysis of an increasing number of crystal structures including those from an
isoprene synthase [202], monoterpene synthases [203–206], sesquiterpene syn-
thases [207, 208], a class I diterpene synthase (taxadiene synthase [209]), a class II
CPP synthase [210, 211], and a class II/I diterpene synthase (abietadiene synthase
[212]). Comparisons of the assembly of a class I type α-domain and class II type β
and γ domains led to the prediction of an evolutionary scenario according to which
an ancestral bifunctional classII/classI diterpene synthase (consisting of all three
domains with a functional α- and β-domain) similar to the CPS/KS enzyme of
P. patens gave rise to class II type diterpene synthases (consisting of all three
domains with a functionally active β-domain and an inactive α-domain) and class
I type TPSs (consisting of a nonfunctional β-domain and a functionally active
α-domain) [213, 214]. A functionally active class I α-domain carries the highly
conserved aspartate-rich motif, DDxxD, and a less conserved NSE/DTE motif,
which are located on opposite sides of the entrance of the catalytic side and help
position the diphosphate substrate by binding of a trinuclear magnesium cluster
[215]. By contrast, functional class II β-domains carry a conserved DxDD motif,
which is required for protonation-initiated carbocation formation [213].

Although TPS enzymes may convert more than one prenyl diphosphate substrate
in vitro, their function in vivo is largely determined by the substrate pool that is
available in the respective cellular compartment. In this regard, TPS enzymes
localized in plastids generally produce monoterpenoids or diterpenoids from plas-
tidial GPP and all-trans-GGPP, respectively, whereas TPSs in the cytosol primarily
convert (E,E)-FPP to sesquiterpenes (or squalene in the biosynthesis of C30 terp-
enes). However, this general rule has recently been challenged by the discovery of
plastidial (Z,Z)-FPSs and sesquiterpene synthases in tomato, the latter of which are
more closely related to kaurene synthases in the TPS-e subfamily [177].

The existence of medium-size to large TPS families in Arabidopsis and many
other plant species strongly supports the notion that TPS genes evolve by gene
duplication and neofunctionalization [185, 216, 217]. Such duplication events
combined with relocation in the genome can include other genes that encode
modifying enzymes such as cytochrome P450s, and thus lead to the assembly of
gene clusters. From the first discovery of a thalianol triterpene biosynthetic gene
cluster in Arabidopsis [218], several such clusters have been found in the arabidiol,
marneral, and avenacin triterpene biosynthetic pathways in Arabidopsis and oat,
respectively [219, 220] (Sohrabi et al. in preparation), and for the biosynthesis of
labdane-related diterpenoids in rice [221] or monoterpenoids and sesquiterpenoids
in tomato [222]. The triterpene biosynthetic clusters carry genes for oxidosqualene
cyclases (OSCs), which catalyze the cyclization of oxidosqualene to one or more
cyclic triterpene alcohols via formation of a carbocationic intermediate [223, 224].
Coexpression with other cluster genes (e.g., P450s, desaturase, acyltransferase) in
an operon-like manner then allows a consecutive derivatization of the triterpene
precursor [218–220]. The evolutionary forces driving this coordinated gene cluster
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assembly are believed to be twofold. Clustering of genes for pathway building
facilitates the regulation of multiple genes at the level of chromatin and/or prevents
the accumulation of possible cytotoxic products [219, 225, 226]. However, a strict
coregulation of gene expression does not seem to be the case in all clusters as was
shown for a diterpene biosynthetic cluster in rice containing P450s that are dif-
ferentially regulated and function in two different pathways [194].

Clusters that exhibit a coordinated expression of their genes have allowed the
identification of putative key regulators such as in the case of the basic leucine
zipper transcription factor, OsTGAP1, which is involved in regulating a diterpenoid
biosynthetic gene cluster in rice [227]. Another transcription factor that was iden-
tified previously to regulate terpene biosynthetic genes positively is a WRKY
transcription factor in cotton, GaWRKY1, which regulates the transcription of a
sesquiterpene synthase gene in the gossypol biosynthesis pathway [228]. More
recent studies on Artemisia annua suggest that APETALA2/ethylene-response
factors (AP2/ERF) are positive regulators of biosynthetic genes in the formation of
the sesquiterpene artemisinin, an insect deterrent and antimalaria drug produced in
leaf glandular trichomes [229]. However, these studies thus far do not place the
identified transcription factors into regulatory networks related to development and
cell specification.

A better understanding of the regulatory networks controlling terpene volatile
formation has been gained in the process of flower maturation in Arabidopsis. Two
R2R3 MYB transcription factors, MYB21 and MYB24, were identified that pro-
mote gynoecium growth and nectary development and positively affect expression
of the major floral (E)-β-caryophyllene sesquiterpene synthase TPS21 [230]. Both
MYB TFs respond positively to jasmonic acid (JA), the levels of which are induced
by the auxin response factor 6 (ARF6) and ARF8, both master regulators of flower
maturation. TPS21 and the second floral sesquiterpene synthase, TPS11 [187], also
respond more directly to JA by the direct binding of their promoters to the bHLH
transcription factor MYC2 [231], which is a central regulator of the JA signaling
pathway in developmental and stress responses [232, 233]. In addition, TPS21 and
TPS11 gene expression is indirectly regulated by gibberellins through the binding
of DELLA proteins (gibberellin signaling repressors) [231].

Similar to the tissue-specificity of terpene formation in flowers, terpene-spe-
cialized metabolism in roots appears to be a highly coordinated cell type-specific
process. Genes of the thalianol and marneral triterpene biosynthetic gene clusters
are coexpressed primarily in the root epidermis [218, 219]. Likewise, 14 genes of
the Arabidopsis TPS family are expressed in different root tissues. For example, a
recently identified rhizathalene diterpene synthase (TPS08; Fig. 4) was found to be
primarily expressed in the root stele (see below) [234]. In addition, two 1,8-cineole
monoterpene synthase genes are constitutively expressed in the stele of the root
elongation zone and differentiation/maturation zone and in the epidermis and cortex
of more mature roots; a similar expression pattern has been observed for two
closely related (Z)-γ-bisabolene sesquiterpene synthases [188, 235]. However, no
networks of temporal and spatial regulation have yet been defined for these root-
specific genes.
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5 Multifunctionality of Plant Terpenoids

Although terpenoids serve important primary functions as photosynthetic pigments
(carotenoids), electron carriers (side-chains of ubiquinone and plastoquinone), reg-
ulators of growth and development (gibberellins, abscisic acid, strigolactones,
brassinosteroids, cytokinins), in protein glycosylation (dolichols), or as elements of
membrane structure and function (phytosterols), specialized terpenoid metabolites
(covered here), in particular, have been recognized for an array of biological roles.
Volatile or semivolatile, low-molecular–weight terpenoids, which include isoprene,
monoterpenoids, sesquiterpenoids, and diterpenoids, are implicated in the protection
of plants against abiotic stress and in various biotic interactions above- and below-
ground [236] (Fig. 4a). The substantial emissions of isoprene and monoterpenes from
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various vascular and nonvascular plants have been associated with the protection
against thermal stress. This process is presumably based on an intercalation of the
volatile compounds with the photosynthetic membranes and thereby enhances
membrane functionality [237–239]. Moreover, transgenic approaches in tobacco and
poplar support a role of isoprene in oxidative stress protection [240–243] and are
addressed in a separate chapter by Vickers et al.

Volatile terpenoids as constituents of floral scent are implicated in mutualistic
interactions with plant pollinators. For instance, choice tests with bumblebees have
indicated a role of monoterpenoids emitted by monkeyflowers in pollinator
attraction [244]. Nevertheless, distinct evidence for a specific role of terpenoids in
pollinator attraction by the use of biosynthetic mutants is still missing, but it can be
assumed that attractive effects depend on mixtures of volatiles rather than individual
compounds. The notion that floral volatile terpenoids serve multiple functions has
been supported by their role in the defense of floral tissues against microbial
pathogens. This interaction was demonstrated in flowers of Arabidopsis mutants,
which lack the emission of (E)-β-caryophyllene from their stigmatic tissue. The
mutant flowers were more susceptible to infection by P. syringae, which resulted in
lighter and often misshaped seeds suggesting reduced plant fitness [245] (Fig. 4b).
Similar findings were made by Junker et al. [246] demonstrating that floral volatiles
play roles in the structuring of bacterial communities that colonize flower petals by
providing compound-dependent niches.

Volatile terpenoids also serve important functions as constitutive or pathogen-
and herbivore-induced compounds in the defense of photosynthetic tissues. For
example, repellent activities have been reported for monoterpene volatiles that are
emitted by leaves of Chrysanthemum morifolium and, notably, herbivore-deterrent
effects have been observed for isoprene [247, 248]. Furthermore, volatile terpenoids
that accumulate in glandular trichomes function as insect repellents as was, for
example, found for the activity of sesquiterpenes in trichomes of wild tomato
against white flies [249] (Fig. 4a). In conifers, the production of terpenoid oleoresin
and terpenoid volatile emissions constitute an important chemical defense system
[250]. In a search for resistance factors, the monoterpene (+)-3-carene was found to
be associated with resistance of Sitka spruce (Picea sitchensis) to white pine weevil
(Pissodes strobi) [251]. Variation of the (+)-3-carene production in resistant and
susceptible trees was demonstrated to depend on the copy number of a (+)-3-carene
TPS gene, differences in gene transcript and protein levels, and variation in catalytic
efficiencies. Similarly, in Arabidopsis, ecotype-specific variation of the herbivore-
induced volatiles, (E)-beta-ocimene and (E,E)-alpha-farnesene, is controlled by
allelic variation and differences in subcellular targeting of the two terpene syn-
thases, TPS02 and TPS03 [42].

The role of herbivore-induced volatile blends in the attraction of natural enemies
of herbivores (Fig. 4a) and at higher trophic levels has been investigated in numerous
studies (reviewed by [252, 253]). Work with transgenic Arabidopsis provided strong
evidence for the role of volatile terpenes in these interactions [254–256]. However,
as indicated for floral scent, the effect of these compounds has to be considered in the
context of the entire herbivore-induced volatile blend, and actual fitness benefits to
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the plant host under natural conditions are still debated [252, 257, 258]. Indirect
defense responses mediated by volatile compounds also occur upon insect ovipo-
sition [259]. For example, egg deposition on the foliage of European field elm
(Ulmus minor) by the elm leaf beetle (Xanthogaleruca luteola) leads to the emission
of volatiles including the irregular homoterpene, (E)-4,8-dimethyl-1,3,7-nonatriene
(DMNT), which play a role in the attraction of the specialist egg parasitoid,Oomyzus
gallerucae [260].

In addition to their function in the interaction with herbivores and their enemies,
constitutive and induced volatile mixtures (including volatile terpenes such as
homoterpenes) can serve as interspecific, intraspecific, and intraplant “alarm” sig-
nals to prime or induce defense responses in neighboring plants or in unattacked
tissues of the same plant [261–264]. In these interactions, volatiles may not nec-
essarily need to enter the leaf tissue of the neighboring plant but remain on the leaf
surface. This effect was observed for sesquiterpenoids that are emitted by rhodo-
dendron leaves and adsorbed on the leaves of birch trees, where they exhibit direct
herbivore-repellent activities [265]. Moreover, terpenoids were suggested to be
involved in parasitic plant interactions, specifically, in the attraction of the parasitic
plant Cuscuta pentagona (dodder) to establish contact with tomato as its host [266].
The molecular mechanism of host plant detection in this response as in other
volatile-mediated plant–plant interactions is still poorly understood.

The described functions of volatile terpenoids in aboveground plant defense are
complemented by nonvolatile terpenoids. As an example, glycosides of geranylli-
nalool serve as potent antifeedants in the wild tobacco, Nicotiana obtusifolia [267],
and recently detected ent-kaurane–related diterpenoids inmaize named kauralexins as
well as acidic sesquiterpenes called zealexins function as pathogen-inducible phy-
toalexins [268, 269]. Similarly, metabolomics studies of Barbarea vulgaris revealed
that triterpene saponins contribute to resistance against flea beetle attack [270].

An increased interest in the role of specialized metabolites belowground has
shown that terpenoids serve functions similar to those aboveground. Recent studies
in Arabidopsis roots discovered semivolatile diterpene hydrocarbons with an
unusual tricyclic spiro-hydrindane structure called rhizathalenes [234] (Fig. 4c).
These compounds are produced in the root stele, from where they diffuse through
the surrounding cell layers to function as local antifeedants by reducing root her-
bivore damage on these cell layers [234] (Fig. 4c). The role of volatile terpenes in
belowground indirect defense has been well established based on studies in maize
showing that the sesquiterpene, (E)-β-caryophyllene, which is emitted from roots
upon attack by the Western corn root worm Diabrotica virgifera, attracts
entomopathogenic nematodes [271, 272]. These findings prompted attempts to
engineer (E)-β-caryophyllene production in nonemitting American maize cultivars,
which resulted in an increased attraction of nematodes and higher resistance to corn
root worm attack [273]. However, constitutive emissions of (E)-β-caryophyllene
were found to have additional costs inasmuch as they compromise seed germina-
tion, plant growth, and yield [274]. Therefore, more fine-tuned engineering
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strategies considering herbivore-induced emissions may have to be developed to
circumvent these cost effects.

Nonvolatile terpenoids can be exuded from roots into the rhizosphere and the
surrounding soil environment where they are involved in different defense
responses. Studies using rice mutants convincingly demonstrated that labdane-
related diterpenoids named momilactones exhibit allelopathic effects on barnyard
grass competitors [275]. Moreover, avenacins, which are triterpene saponins exu-
ded by the roots of oat, are known for their potent activity as phytoalexins [276].
Excitingly, a recent study by Osbourn and colleagues revealed that common tri-
terpene precursors have additional signaling functions in root development. Spe-
cifically, it was demonstrated that β-amyrin is involved with determining the
patterns of epidermal root hair cells [277]. These findings indicate that the roles of
specialized metabolites in biotic interactions and potential “primary” functions
become increasingly blurred. Signaling functions have also been demonstrated for
the abietane diterpenoid, dehydroabietinal, which is produced at picomolar con-
centrations in Arabidopsis leaf tissue and serves as a vascular signaling compound
and potent activator of systemic acquired resistance [278]. This activity seems to
depend on the association of dehydroabietinal with vascular sap proteins.

Finally, it should be noted that strigolactones have become an exciting model for
the multifunctionality of small molecules. As carotenoid-derived compounds
(reviewed by [279]), strigolactones have important roles as exogenous signals by
recruiting arbuscular mycorrhizal fungi in the rhizosphere [280]. Parasitic plants
such as Striga lutea (witchweed) eavesdrop on these compounds by using them as
germination signals [281]. As internal signals, strigolactones function as growth
and developmental hormones that suppress shoot branching [282, 283]. Other
processes that involve strigolactone signaling functions include root growth and
development, stem elongation, secondary growth, leaf expansion and senescence,
and responses to drought and salinity [279, 284]. Rapid progress has been made in
understanding the perception of strigolactones but many open questions remain
about downstream targets and the role of strigolactone-related compounds [279].

6 Outlook

In the past years, research in terpenoid metabolism has received a boost from
developments in synthetic biology to generate engineering platforms for the pro-
duction of high-value terpenoid products. Production systems in microbes have
been developed to result in substantial yields [285], however, engineering of ter-
penoids in plants still faces challenges because of the complexity of metabolic and
regulatory networks. Nevertheless, strategies to avoid metabolic flux competition
by targeting biosynthetic modules to different cellular compartments have proved to
be promising. Likewise, establishing pathways in specialized cells such as tric-
homes helps avoid metabolic competition and phytotoxic effects that could nega-
tively affect growth and yield. The discovery of trichome-specific CPTs and TPS
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enzymes with substrate specificity for cis-prenyl diphosphates most likely will
facilitate the engineering efforts in these tissues and provide new gene tools for
building synthetic modules. Despite the successful use of distinct organelles such as
plastids as “mini” subcellular factories, more efforts need to be made to understand
the compartmentalization of the core terpenoid pathway. Especially, additional
work should be performed to clarify the putative localization of the MVA pathway
and prenyltransferase enzymes in peroxisomes, which would add yet another
dimension to the compartmental complexity of terpenoid metabolism in plants.
Genomics-based efforts to better understand the regulation of the early terpenoid
pathways and terpenoid biosynthetic gene clusters are on their way and will be
essential to gain a better understanding of the regulatory networks and epigenetic
factors coordinating terpenoid metabolic routes in space and time. Finally, our
knowledge of the biological roles of terpenoids is still far from complete. The recent
findings of overlapping activities of terpenoids such as strigolactones or triterpe-
noids in biotic interactions and as internal signals indicate a need to use advanced
mutant-based approaches for elucidating the multifunctionality of plant terpenoid
compounds.
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Cytochromes P450 for Terpene
Functionalisation and Metabolic
Engineering

Irini Pateraki, Allison Maree Heskes and Björn Hamberger

Abstract Plants have evolved the capacity to produce a striking array of specia-
lised metabolites. Terpenoids are the oldest and most diverse class of such com-
pounds and have attracted interest for industrial and pharmaceutical applications.
The development of biotechnological alternatives for their production is the focus
of intense research. Photosynthetic systems provide new strategies for autotrophic
metabolic engineering. Focusing on cytochromes P450, involved in the function-
alisation of the core terpene molecules, this review highlights the latest approaches
in this field and looks towards recent discoveries that have the potential to shape the
future of terpenoid bioengineering.
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EST Expressed sequence tag
Fsp3 Fraction of carbon atoms in compound with sp3 hybridisation
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1 Introduction

Plant-derived natural products have been utilised by humans to improve health and
nutrition throughout history. Currently, two thirds of the global population still rely
on traditional medicines consisting mostly of plant crude extracts. At the same time,
the annual spending on pharmaceuticals by the established market economies
(representing one fifth of the world’s population) is projected to grow by US $130
billion over the next five years (e.g., [116]). Interestingly, it seems that these
industrialised, synthetic pharmaceuticals still have their origins in the natural world.
Of the over 900 small-molecule drugs approved between 1981 and 2010,
approximately two thirds mimic or are analogues of natural compounds, carry a
natural pharmacophore or are naturally inspired or derived [88].

Terpenoids represent prime examples of natural bioactive molecules. The earliest
evidence of use and consumption of plant species rich in terpenoids dates back
50,000 years to the Palaeolithic era, with two independent lines of research indicating
that Neanderthal hominids self-medicated with what are today recognised medicinal
plants (i.e., yarrow, chamomile; [46, 67]). Terpenoids fulfil two key criteria that are
associated with compounds that have good potential as pharmaceuticals [73]. First,
the C15, C20, and C30 scaffolds of sesqui-, di-, and triterpenes carry an exceptionally
high fraction of carbons in tetrahedral sp3—versus planar sp2—and linear
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sp-hybridisation (Fsp3). Second, they contain a high number of chiral centres (Fig. 1).
In assays for inhibition of enzymes of the human liver, used as a proxy for toxicity of
drugs due to off-target effects, the presence of these structural features is positively
correlated with target specificity and low toxicity [72]. Yet, when compared with
compounds of the alkaloid class, there is a discrepancy between the number of known
plant terpenoids and those recognised in one of the 247 categories defined as medically
active compounds in the Dictionary of Natural Products (Table 1; DNP23.1, accessed
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12,13β-epoxy-16β-hydroxy-β-amyrin in the compound antifungal Avenacin A-1 [38]
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July 2014). Among the plant-based drugs approved, or with clinical trials launched in
the period from 2000 to 2010, terpenoid-related compounds are dominated by only
three scaffolds: Taxol (or paclitaxel), artemisinin, and vinblastine [14, 88, 103]. The
key for the successful development of these scaffolds in clinical applications and
establishment as treatment has been securing supply of the compounds through intense
efforts in biotechnology or semi- or full chemical synthesis [23, 93, 128].

In addition to their potential as pharmaceuticals, bioactive terpenoids have
attracted substantial interest as neutraceuticals, flavours and fragrances, and for their
biopesticidal and antiherbivore activities (Fig. 1). This has led bioactive terpenoids
to be considered as high-value natural products, setting this class of compounds
apart from terpenoids that are used as fuels or feedstock for the chemical industry.

Regardless of the area of application, the availability of terpenoids for industrial
purposes is, in general, hampered by laborious extraction and purification from their
plant sources or limited economic competitiveness of chemical synthesis. Recently,
biotechnological production has emerged as an alternative source of terpenoids for
industrial applications. This technology involves the reconstruction of terpenoid
biosynthetic pathways in host organisms that are suitable for large-scale cultivation
of cell factories and holds the promise of being a biosustainable alternative to
conventional production methods. The major requirement for successful engi-
neering of the metabolic routes to complex target terpenoids in production hosts is
knowledge of the enzymes involved in their biosynthesis.

Terpenoid biosynthesis involves two main classes of enzymes. The formation of
the complex, often multicyclic scaffolds is catalysed by enzymes of the terpene
synthase families [21]. The resulting scaffolds are then oxidatively functionalised
through the action of cytochromes P450 (P450s). These enzymes carry out ste-
reospecific hydroxylations, regularly contributing novel chiralities to the molecule,
and which serve as molecular handles for further modifications, that is, linkage of
sugar residues, alkylations, or esterifications. Further oxidation of hydroxyl groups
to carbonyl and carboxyl groups is also a typical function of P450s. It should also
be noted that introduction of up to two oxygen-containing functional groups into
the terpenoid scaffold can be the result of water-quenching of the carbocation in the
active site during formation by terpene synthases (e.g., [16, 131]).

Table 1 Numbers and types of terpenoids currently deposited in the dictionary of natural products

Type of terpenoida Compounds
(DNP 23.1)

Classified as drug Fraction with 2+ oxygenb (%)

Monoterpenoid 4,129 28 92.2

Sesquiterpenoid 13,981 97 89.5

Diterpenoid 12,505 52 95.7

Triterpenoid 23,051 155 95.1

Tetraterpenoid 827 5 90.1

Total 54,493 337 93.5
a Including terpene-derived products within each class, such as apo- and nor-terpenoids
b Up to two oxygen atoms can be the result of water access and quenching of the carbocation
during formation of the terpene backbone by terpene synthases
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This review highlights recent efforts and changes in the strategies for the dis-
covery of plant enzymes with a focus on the extremely diverse family of P450s
involved in oxidative functionalisation of high-value terpenoids. It also discusses
advances in heterologous expression and metabolic engineering of selected path-
ways in the biotechnological hosts, E. coli and yeast, and also some key plant
species. Finally, a brief future perspective is provided in which new discoveries
which may shape the emerging field are discussed.

2 Genetic Diversity of Plant P450s as Driver
of Terpenoid Diversity

Cytochromes P450 constitute the largest and functionally most versatile enzyme
superfamily found in nature [48]. They are heme-containing enzymes, found in all
kingdoms of life, noted for their extremely diverse amino acid sequences. They
participate in many different biological processes, ranging from general biosyn-
thetic functions (e.g., steroid biosynthesis) to specialised metabolism (plant defence
molecules) and detoxification of xenobiotic chemicals such as drugs and pollutants
[86]. The primary reaction they catalyse is the introduction of atmospheric oxygen
into nonactivated carbon–hydrogen bonds [62]. For their catalytic activity, P450s
require reducing equivalents, which are usually provided by NADPH or NADH,
depending on the specific P450 enzyme. Inasmuch as P450s cannot receive elec-
trons directly from these cofactors, different redox partners are engaged, such as
membrane-bound FMN/FAD containing NADPH-dependent P450 oxidoreductases
(POR) in the case of eukaryotic enzymes [62].

P450 enzymes are classified according to their sequence identity and not nec-
essarily to their specific activity. Hence, the nomenclature reflects evolutionary
relationships of the sequences [86]. Generally, P450s with a sequence identity
higher than 40 % constitute members of one family, and sequence identity over
55 % defines members of a subfamily. In an effort to categorise the different P450
families in a higher order and make their nomenclature more comprehensive, the
term ‘clan’ has been introduced [83, 84]. Clans are defined as groups of CYP
families which segregate together on phylogenetic trees with members considered
to have evolved from a common ancestor [86].

The diversity of P450 genes is vast, yet little is known about the evolutionary
mechanisms driving the emergence of novel families. Due to their ubiquitous
distribution, ancient P450s of terpenoid general metabolism are considered the
genetic raw material for evolution. More than six decades after the first discovery of
a P450, 127 families have been established in the plant kingdom, compared to 67
families in insects and 19 in vertebrates [85]. And within those families, over 100
subfamilies now carry functionally characterised P450s, of which 46 subfamilies,
distributed over 8 of the 11 known plant clans, are involved in both general and
specialised metabolism of terpenoids (see Appendix table for an update on details
on plant species and references).
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A characteristic of rapidly evolving families and subfamilies of P450s with roles
in specialised metabolism is the occurrence of species- or genus-specific expansions
called ‘blooms’ [33, 113]. This is particularly apparent in the CYP71 clan, where 20
out of 21 subfamilies are multimembered and have proliferated to such an extent
that the previous definitions of family and subfamily have become problematic [85].
David Nelson coined the term ‘tribe’ for larger clades of subfamilies, in analogy to
the rank of tribe between family and genus in taxonomy. This terminology had
already been applied to the large group (i.e., tribe) of CYP71D found in the Eu-
phorbiaceae, that consists of several phylogenetically distinct clusters of CYP71D
and CYP726A subfamilies (Fig. 2; [132]).
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Fig. 2 Species and plant family specific blooms, resulting in P450 multigene families (modified
after: [132]; copyright American Society of Plant Biologists, www.plantphysiol.org, permission
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80 %; triangles indicate phylogenetically distinct clades in E. peplus
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The origin of such expansions of P450s is largely unknown, although it has been
suggested that the fitness gain resulting from chemical diversification is one force
driving the evolution of new P450s, with the original genes being recruited from the
general metabolism [42]. Evidence of such a process can be observed in the rice
genome, where five CYP701A homologues constitute a small multigene family,
whereas only one, CYP701A6, is required for gibberellic acid biosynthesis. Its
homologue CYP701A8, generated after duplication from general metabolism, has
undergone neofunctionalisation and is now involved in the biosynthesis of rice
antifungal phytoalexins [124]. A second example from rice is the grass-specific
CYP51H subfamily, which contains nine members [87]. CYP51s are an ancestral
P450 group typically found in eukaryotes in a single copy that catalyse a three-step
demethylation of C30 sterol constituents of membranes. Little is known about the
function of these additional CYP51 members in rice, but one of the members from
the subfamily in oat has been functionally characterised as the first oxidative
enzyme in the biosynthetic pathway of avenacin saponins, glycosylated triterpene-
derived defence compounds [38].

3 P450s Involved in Plant Mono- to Triterpenoid
Metabolism

The discovery of an enzymatic route to a given compound is critical if its bio-
technological production is to be achieved. The development and maturation of
next-generation sequencing techniques over the last decade, pioneered by 454
sequencing [76], has significantly increased our ability to perform this task. Several
genomics and functional genomics projects focused on medicinal plants accumu-
lating bioactive terpenoids have released vast nonmodel plant sequencing resources
to the public, including the Medicinal Plant Genomics Resource (http://
medicinalplantgenomics.msu.edu/), the Canadian PhytoMetaSyn Initiative (http://
www.phytometasyn.com/), and the 1KP Plant project (http://www.onekp.com/
project.html). In the wake of this radically increased availability of sequence data,
creative and efficient approaches are emerging to identify the fraction of genes
relevant for terpenoid biosynthesis, particularly in regard to the identification of
P450s as these exist in high numbers in plant genomes. The following selected
illustrative approaches have succeeded in the identification of specific P450s by
integrating these sequencing data with proteomic and metabolomic data, perform-
ing deep comparative transcriptomics (e.g., coexpression analyses) or by exploiting
the fact that genes in terpenoid biosynthetic routes may occur physically clustered
at the genomic level. Considering such clustering recently prompted a genomewide
scan for physically linked pairs of terpene synthases and P450s in 17 monocots and
eudicots. In several plant species colocalisation of terpene synthases was found,
with significant bias towards specific families of P450s, providing a strong incen-
tive for functional investigation [12]. Generally, following identification, enzymes
are functionally characterised in heterologous systems, such as the microbes
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E. coli and yeast, but also with the classical higher eukaryotic ovarian-derived
insect Spodoptera frugiperda 9 (Sf9)-cell line/Baculovirus system and increasingly
through transient expression in the plant Nicotiana benthamiana using Agrobac-
terium infiltrations.

3.1 Monoterpenoids

Monoterpene indole alkaloids are a large group of plant-specialised metabolites
with broad bioactivities ranging from anticancer and anti-inflammatory to antimi-
crobial properties. Biosynthesis of the central metabolite strictosidine involves
oxidation of the initially volatile monoterpene geraniol to 8-hydroxygeraniol,
cyclisation of the aldehyde 8-oxogeranial to an iridoid, and later formation of
loganic acid, which is converted to loganin through an O-methyl transferase
reaction. After oxidative ring-opening of loganin yielding secologanin, strictosidine
is finally formed by coupling with tryptamine. The full biosynthetic pathway is
suggested to include approximately 10 enzymes that catalyse the oxidation,
reduction, glycosylation, and methylation reactions [77].

To identify missing steps in this complex biosynthetic pathway, deep tran-
scriptome resources were developed for the key monoterpene-indole alkaloid-pro-
ducing species, Madagascar periwinkle (Catharanthus roseus), the source of the
anticancer monoterpene-indole alkaloid vinblastine (e.g., [39, 77]). Databases of
annotated transcripts from various monoterpene-indole alkaloid-producing plant
species were searched to identify candidate genes. Virus-induced gene silencing in
plants of selected candidates and targeted metabolite analysis identified
CYP72A224 by the accumulation of the presumed precursor of loganic acid,
7-deoxyloganic acid and a reduction of more complex monoterpene-indole alka-
loids, indicating a function of this gene early in the pathway [104].

The last four unknown steps in the pathway to strictosidine were finally eluci-
dated in 2014 using a gene coexpression analysis approach in which 23 tran-
scriptomes were compared from different tissues, cell types, and treatments along
with the proteomes of epidermal and mesophyll protoplasts isolated from C. roseus
leaves [77]. By comparing different tissues, this approach was able to take into
account cell-specific and spatially distant localisation of branches of the pathway.
Biochemical characterisation of candidates resulted in identification of the enzymes
catalysing formation of the iridoid-precursor, 8-oxogeranial, oxidation of the iridoid
to 7-deoxyloganetic acid followed by glycosylation to loganic acid, and final oxi-
dation to loganic acid (Fig. 3). Functional characterisation of the recombinant
enzymes in E. coli established an 8-hydroxygeraniol dehydrogenase of the zinc-
containing alcohol dehydrogenase family and a UDP-glucose-dependent glyco-
syltransferase involved in glycosylation of 7-deoxyloganetic acid to 7-deoxyloganic
acid. Coexpression in yeast of CYP76A26 with the Arabidopsis POR1 established
this CYP71 clan member as a multifunctional enzyme catalysing successive
hydroxylation/dehydration steps en route to 7-deoxyloganetic acid. The mechanism
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resembles the oxidation of ent-kaurene to ent-kaurenoic acid in gibberellin bio-
synthesis by members of the subfamily CYP701A of general metabolism, typically
rooting the CYP71 clan.

Functional characterisation of the previously identified CYP72A224 [104], by
expression in yeast and transient expression in N. benthamiana following Agro-
bacterium infiltration showed that this enzyme converted 7-deoxyloganic acid, but
not the aglycone derivative of 7-deoxyloganic acid (7-deoxyloganetic acid) into
loganic acid, and indicated that the glycosylation precedes the 7-hydroxylation.
From the perspective of pathway discovery, this example of recruitment of the
indole alkaloid pathway genes from three highly divergent families, zinc-containing
alcohol dehydrogenases and P450s of the divergent clans CYP71 and CYP72,
shows that enzymatic steps of core-pathways are not necessarily encoded by related
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members of defined subfamilies. It remains to be tested whether other members of
the relevant subfamilies can further increase chemical diversity of the individual
steps. For functional characterisation of the enzymes involved, it also highlights the
benefit of complementary host systems for heterologous expression. Finally, the
availability of the enzymes catalysing all individual steps allowed the team to
reconstitute the entire pathway to strictosidine transiently in the N. benthamiana
system, demonstrating feasibility of biotechnological production [77].

3.2 Sesquiterpenoids

(+)-Nootkatone is a volatile sesquiterpenoid found in traces in grapefruit epicarp
(flavedo) and as the main component of Nootka cypress heartwood essential oil
(Cupressus nootkatensis). It is considered to be a high-value compound due to its
use as an aroma compound and its potential as an environmentally safe biopesticide
and insect repellent [95]. Hence, the biosynthesis of nootkatone has attracted
substantial attention over the last years, leading to several stepwise improvements
in its biotechnological production. Nootkatone carries three stereocenters intro-
duced by its bicyclic hydrocarbon scaffold, valencene, and a keto-function, indi-
cating a potentially simple biosynthetic route. As a terpene synthase from
‘Valencia’ orange (Citrus sinensis cv. Valencia) had been functionally characterised
over a decade ago as an efficient converter of farnesyl diphosphate to valencene
[114], several groups embarked on the quest to discover enzymes for the oxidative
conversion to nootkatone. Chicory is well known to accumulate a diverse spectrum
of oxidised sesquiterpenes in its root. The finding that microsomal enzymes from
chicory root could metabolise valencene led to the discovery of the CYP71 clan
member CYP76AV8 in a root transcriptome, based on homology to terpenoid-
oxidising enzymes from other species. Biochemical characterisation of the enzyme
showed high substrate promiscuity and conversion of valencene, resulting in pre-
dominant accumulation of the alcohol nootkatol, with traces of nootkatone [17].
During further testing of enzymes of the CYP71 clan from species known to
accumulate oxidised sesquiterpenoids, a P450 catalysing efficient oxidation of
valencene towards nootkatone was finally discovered in a targeted deep tran-
scriptome derived from Nootka cypress wood tissue, consistent with detection of
nootkatone synthesis in this tissue. The founding member of a new P450 subfamily,
CYP706M1, was shown to catalyse the formation of nootkatone (see the section on
yeast engineering for details). Interestingly, the degree of amino acid identity of
CYP706M1 compared to the previously identified P450s with valencene oxidase
activity did not exceed 30 % [18], indicating that the evolution of specific ses-
quiterpene oxidases may occur through independent events. Furthermore, the
limited success in replacement of the required specific two-step oxidation to noo-
tkatone with P450s nonnative to this pathway highlights the advantages of dedi-
cated species- and tissue-specific transcriptome libraries for P450 discovery.

116 I. Pateraki et al.



The recent identification of a group of P450s responsible for the oxidation of
sesquiterpenes in sandalwood provides another example of the utility of tissue-
specific transcriptome mining for P450 gene discovery. Sandalwood (Santalum
album) is a hemiparasitic tree species of commercial interest for the fragrance
industry due to the accumulation of highly prized sesquiterpene-based sandalwood
oil in its xylem tissue. Mining of the transcriptome of the xylem of S. album led to
identification of ten P450s constituting two distinct clades of the CYP76F sub-
family. Consistent with a function in biosynthesis of sandalwood oil, the genes
were found to be highly coexpressed in S. album xylem tissue [29]. Functional
characterisation in yeast of nine of the ten recombinant P450s showed a distinct but
overlapping product profile for each clade, with some oxidised sesquiterpenes
alcohols detected in both. The produced bergamotol and santalol sesquiterpenes
were all monohydroxylated at the terminal carbon of the isoprenyl side-chain, and
the overall profile was shown to match the composition of the sandalwood oil, yet
with different proportions of the individual compounds [29].

3.3 Diterpenoids

In general, the increasing molecular weight of terpenoids towards the C20-based
diterpenoids and the resulting loss of volatility of the core skeleton and changes in
physicochemical properties leads to molecules with altered pharmaceutical, neu-
traceutical, and other industrially relevant properties [11]. One example of a group
of high-value diterpenoids is the conifer diterpene resin acids, which are key
components of high-end inks and tackifiers, used in formulating adhesives. To
elucidate conifer diterpene resin acid biosynthesis, six divergent P450s from lob-
lolly pine were selected based on remote similarity to families involved in triter-
penoid phytohormones brassinosteroid metabolism (CYP90), or metabolism of
Taxol (CYP725) of the CYP85 clan. Functional testing in yeast of all candidates
allowed partial characterisation of CYP720B1 as a multisubstrate enzyme cata-
lysing two consecutive oxidation steps leading from diterpene alcohols via the
corresponding aldehyde to four structurally different resin acids [101]. Subsequent
development and mining of large-scale transcriptome resources of nearly 1,000,000
pine and spruce ESTs revealed an extraordinary degree of multiplicity in the
CYP720B subfamily specific for conifers. Recombinant Sitka spruce CYP720B4
was functionally characterised through complementary approaches in vitro, in vivo,
and through RNA interference in planta and the enzyme was found to catalyse up to
three oxidative steps of a panel of 24 diterpene olefins, alcohols, and aldehydes to
varying degree [43].

To address the general lack of a standardised reference system for discovery
and rapid functional annotation of genes involved in diterpenoid specialised
metabolism in nonmodel plant systems, Zerbe and coworkers selected specific
organs, tissues, or cell types for deep transcriptome sequencing, guided by targeted
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metabolomics, [132]. Feasibility of the generalised strategy was demonstrated by
mining transcriptomes of 10 plant species accumulating high-value diterpenes with
custom-built libraries for diterpene synthases and P450s. Several hundred sequences
for terpenoid-related P450s were initially discovered in close to 1,000,000 predicted
unique transcript reads. Phylogenetic analyses of these genes for blooms resulting
specifically in novel P450 multigene subfamilies restricted to target plant orders,
families, or species, effectively reduced the number of candidate genes. A particu-
larly striking example of such a bloom is the Euphorbiaceae specific expansion in the
CYP71 family. Based on the expression of the 22 members of this group they were
implicated in the biosynthesis of the complex macrocyclic diterpenes of the lathy-
rane- and ingenane-type characteristic of the Euphorbia species [132]. This
hypothesis received independent support through analysis of genomic clustering of
sequence homologues in the genome of another member of the spurge family, castor
bean (Ricinus communis), and indications that the P450s are involved in oxidative
decoration of simple macrocyclic diterpenoids in that species [58].

Within model plant species, the metabolism of complex diterpenoids is perhaps
best understood in rice (Oryza sativa), where functional roles of structurally
divergent families of diterpenoids as phytoalexins, phytoanticipants, and allelo-
chemicals are well established in plant–microbe and plant–plant interactions
[56, 97]. In contrast to nonmodel species where genomic resources are lacking, the
keys to the rapid and comprehensive elucidation of diterpenoid pathways in rice
have been the physical organisation of groups of biosynthetic genes in clusters and
their coordinated expression in response to environmental stimuli or elicitation. For
example, four expanded subfamilies of the CYP71 clan are found in clusters
(chromosome 2, CYP76M, CYP71Z; chromosome 4 CYP99A, and chromosome 6,
CYP701A) with two clusters also carrying diterpene synthases (reviewed in [107]).
This distribution of the functional enzymes of rice diterpene metabolism over
several subfamilies indicates independent evolutionary events leading to their
emergence. It was suggested that the observed pattern arose early in the grass
family of plants (Poaceae; [107]), consistent also with clustering of the founding
member S. bicolor CYP99A1 [7] on chromosome 6, and a CYP99A-paralogue on
chromosome 1 with sequences potentially encoding terpene synthases (http://
phytozome.jgi.doe.gov, Phytozome10, Sorghum bicolor v2.1 genome).

3.4 Triterpenoids

The oxidative functionalisation of triterpenoids involves evolutionary distant P450
enzymes found across four of the known eleven plant P450 clans: CYP51, CYP71,
CYP72, and CYP85. In both oat (Avena strigosa) and liquorice (Glycyrrhiza spp.),
discovery of duplications and divergence of genes originating in the metabolism of
triterpene sterols (CYP51G) and diterpene gibberellins (CYP88A) indicated
potential neofunctionalisation of newly emerged subfamilies. Indeed, liquorice
CYP88D6 of the CYP85 clan was found to catalyse C-11 oxidation of β-amyrin,
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representing the first committed step in the biosynthesis of the natural sweetener and
pharmacologically active glycyrrhizin. It was initially discovered by narrowing down
unique ESTs encoding candidate P450s by transcript profiling in the glycyrrhizin-
accumulating underground organs (stolons and roots) and the aboveground glycyr-
rhizin-free organs (leaves and stems). The less obvious and evolutionary distant
member of the CYP72 clan, CYP72A154, performing the subsequent oxidation of
C-30, was later identified by expression profiling to find genes whose expression
matched the organ-specific accumulation of glycyrrhizin and testing of identified
candidates for enzymatic activity against 11-oxo-β-amyrin. Both CYP88D6 and
CYP72A154 were characterised in vitro using microsomes from recombinant Sf9
insect cells, complemented by in vivo coexpression of the β-amyrin synthase,
cytochrome P450 reductase (POR) with the P450s in yeast [111, 112].

Oat accumulates avenacins, glycosylated β-amyrin–derived triterpenoids con-
ferring resistance to microbes. Even with limited biochemical knowledge, or evi-
dence of the types of enzymes involved, linkage of biosynthetic genes had already
been cautiously suggested 15 years ago based on genetic evidence of mutant lines,
making this biosynthetic cluster an archetype for terpenoid biosynthesis [96]. The
first gene involved in the oxidative decoration of avenacins, and encoding a P450,
was indeed identified in a cluster with the triterpene β-amyrin synthase [98]. Both
genes were shown to be coexpressed specifically in the epidermal cells of oat root
tips, consistent with the localised accumulation of avenacin. Heterologous
expression in yeast of CYP51H10 demonstrated catalytic activity converting
β-amyrin to an oxidised triterpene. Yet, the conclusive structural elucidation of
12,13β-epoxy-16β-hydroxy-β-amyrin as intermediate of avenacin was only
achieved after transient coexpression of the β-amyrin synthase with CYP51H10 in
N. benthamiana following Agrobacterium infiltration and purification of the
product for structure determination by NMR [38, 61].

Triterpene saponins from plants such as ginseng and liquorice have attracted
interest due to their pharmacological properties. Substantial understanding of the
biosynthetic routes of these compounds was gained over recent years from the
model legume Medicago truncatula, a rich source of diverse saponins. A coex-
pression analysis based on methyl-jasmonate elicitation of triterpenoid biosynthesis,
and correlation with expression of β-amyrin synthase was used to identify candidate
P450s, which were reduced to only a few candidates by homology to P450s
involved in terpenoid metabolism [82]. Indeed, M. truncatula CYP716A12, iden-
tified through homology with the conifer CYP720B, became the first functionally
characterised member of this subfamily [35]. After initial demonstration of a
functional enzyme in the microsomal fraction when expressed in the Sf9 system,
heterologous expression of CYP716A12 in yeast together with a POR and three
distinct triterpene synthases yielded oleanolic acid, ursolic acid, and betulinic acid
from β-amyrin, α-amyrin, and lupeol, respectively. Similar activity of CYP716A
homologues from grape towards triterpenes was also demonstrated, indicating a
possible conserved functionality within the CYP716A subfamily. This ground-
breaking work spurred a burst of discoveries of novel triterpene-oxidising members
in the CYP716 family, such as in ginseng (Panax spp.), the African shrub Maesa
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lanceolata, or the medicinal plant Bupleurum falcatum from the parsley family
(Apiaceae; [44, 79, 80]) and also opened the door to combinatorial biosynthesis of
triterpenes (see below in the section on perspectives).

4 Expression Systems: From Functional Testing
of Recombinant P450s to Production Platforms

The biosynthesis of plant terpenoids by microbes for commercial production fea-
tures several advantages over extraction from natural sources. These include: simple
compound purification due to a limited chemical background, well-established
genetic tools for metabolic engineering, and rapid generation of stable lines for
scalable fermentation. However, the heterologous expression of functional terpene
synthases and P450s, balancing of metabolic pathways, compartmentalisation of
biochemical pathways, and metabolic channelling, are factors that currently need
consideration and optimisation for every novel pathway and target compound
where robust production lines and cost-effective biosynthesis are required. For
example, plant mono- and diterpene synthases are plastidial enzymes in plants.
Expression in E. coli or yeast hosts, which do not carry plastids, generally requires
removal of the N-terminal plastid targeting peptide sequence of the native protein to
yield a pseudomature form, as it could possibly interfere with proper protein folding
and optimal expression [25, 106].

The expression of plant P450s in microbial hosts presents a specific set of
challenges. Plant P450s are membrane-anchored enzymes localised at the endo-
plasmatic reticulum (ER) of the cell, making functional expression in prokaryotes
problematic as these hosts do not contain this cellular compartment. Typical
approaches to this problem involve removal or modifications of the N-terminal
membrane anchor [8, 59, 66, 109]. Additionally, efficient electron transfer to
recombinant P450s is required for function and this is normally achieved with the
partner POR enzyme, colocalised and anchored at the ER [52]. A range of strategies
for optimisations has been considered (summarised in [100]).

The following section provides examples of the successful expression of plant
P450s in microbial hosts and a discussion of how arising problems have been
overcome.

4.1 Bacterial Hosts

An example illustrating some of the difficulties encountered during expression of
P450s in bacterial hosts is the semisynthetic artemisinin project [93]. Artemisinin is
a plant natural product of the sesquiterpene lactones class, produced in the tric-
homes of Artemisia annua [9]. Despite its designation as the most potent antima-
larial drug and its effective use in antimalarial combination therapies (ACTs), the
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supply was unstable due to the unreliable growth of A. annua crops. Thus, efforts
have been undertaken over the last 10 years to develop an alternative biotechno-
logically produced source of artemisinin. The first microbial choice was E. coli
where high titres (up to 27.4 g L−1) of amorpha-4,11-diene (the sesquiterpene olefin
precursor of artemisinin) were achieved by expression of the A. annua amorph-
adiene synthase (ADS) and a heterologous mevalonate pathway [121]. However,
the biosynthetic pathway of artemisinin contains a single P450, CYP71AV1, which
converts amorpha-4,11-diene to artemisinic acid or dihydroartemisinic acid through
three consecutive oxidations [102, 118, 120]. Expression of the A. annua
CYP71AV1 native enzyme in E. coli resulted in no detectable activity (in vivo or
in vitro; [20]), creating a major obstacle for the successful use of E. coli as a
production host.

To achieve activity of CYP71AV1 in E. coli multiple modifications and
adjustments were required including: codon optimisation, manipulation of the
N-terminal transmembrane domain, use of the native POR enzyme from A. annua,
adjustment of the expression vectors, and also optimisation of the E. coli strain and
culture conditions. Further efforts were undertaken to improve the yield, such as
replacement of the anchor of the plant P450 with that of a heterologous CYP from
an organism phylogenetically closer to bacteria (e.g., Candida tropicalis; [20]), or
modifications of the anchor mimicking that of a well-expressing P450 [8]. Finally,
with these changes, a significant amount of oxidation products could be detected
(553 mg L−1); however, only a fraction of these was artemisinic acid.

A different approach for the synthesis of artemisinic acid was followed by
Dietrich et al. [30] with the hope of overcoming the low yields and the formation of
by-products observed by Chang and coworkers [20]. Instead of the A. annua
enzyme, a soluble substrate-promiscuous P450BM3 from Bacillus megaterium
(CYP102A1) was used to generate a new route towards artemisinic acid synthesis
[30]. The wild-type P450BM3 enzyme catalyses the hydroxylation of long-chain
saturated fatty acids and has a very high turnover rate compared to other known
P450s [90]. The wild-type enzyme was not active against amorphadiene and
required several modifications for the enzyme to accept amorphadiene as a sub-
strate. With the help of computer modelling, specific mutations were designed to
increase the size of the active site binding pocket, to improve the enzyme specificity
and for increasing the product titres (saturation mutagenesis). This semibiosynthetic
strategy resulted in 250 mg L−1 of artemisinic epoxide which can be converted
through dihydroartemisinic acid to artemisinin [30]. The titres achieved by this
method were higher than the previous ones using the native enzyme (CYP71AV1)
expressed in the same host. This was the first time that the properties of a P450BM3

were modified by directed mutagenesis and it seems that this strategy holds promise
for different substrates and systems.

An important advantage of P450BM3 is that it is composed of a fusion between a
FAD–FMN-containing NADPH oxidoreductase and a functional P450, forming an
entire monooxygenase system in one soluble 119-kDa polypeptide [81]. Indeed, the
enzyme exhibited the highest catalytic activity ever detected in a P450, likely due to
more efficient electron transfer [130]. Additionally, P450BM3 has proven amenable
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to targeted mutagenesis that can result in conformational changes and substrate
specificity enabling novel P450 reactions for a diverse range of pathways and
compounds [15, 22]. This case highlights the possibility of using existing enzymes
for the catalysis of reactions leading to commercially interesting products whose
pathways are not yet discovered or for the synthesis of new-to-nature products.

A further example where a bacterial enzyme has been used efficiently for the
hydroxylation of a plant natural compound is in the pathway towards perillyl
alcohol, an anticancer agent generated by the hydroxylation of limonene, a
monoterpenoid found in several plants. Alonso-Gutierrez and coworkers [2] pro-
duced approximately 100 mg L−1 perillyl alcohol from an E. coli strain engineered
to produce high levels of the precursor limonene via a heterologous mevalonate
pathway and the corresponding terpene synthase [2]. The hydroxylation of limo-
nene was achieved by a well-characterised P450 isolated from Mycobacterium
HXN-1500, coupled with a ferredoxin, and a ferredoxin reductase [122]. The
specific P450 was identified after the screening of 1,800 bacterial strains for their
ability to hydroxylate L-limonene at the 7 position [122].

Inspired by progress with the P450BM3 enzyme, several artificial POR–P450
fusions are known today. One of these examples regards one of the most noteworthy
success stories of the terpenoid world, Taxol. Taxol, a potent anticancer agent [34], is
naturally found in the cork of the Pacific yew tree in very small amounts (more than
500,000 mature Pacific yew trees were felled for extraction of 130 kg of Taxol,
required for preclinical studies; [69]), and today it is produced from plant cell cultures
or by chemically converting deacetylbaccatin III (isolated from Taxus baccata
needles) into Taxol. Although production today is more stable and efficient, the price
of the drug still remains high [69]. Thus, several efforts have been implemented to
approach biotechnological solutions for the synthesis of this drug. It is predicted that
Taxol biosynthesis requires 19 distinct enzymatic steps from GGPP [24], with
approximately half of these reactions being catalysed by P450s [55]. A significant
number of the enzymes participating in the pathway have been characterised, how-
ever, there still remain several enzymatic steps missing including some potentially
catalysed by P450s. Although the majority of known P450s involved in Taxol bio-
synthesis have been expressed in yeast or insect cells for functional characterisation
[49–51, 108], there are relatively few reports regarding expression of Taxol-related
P450s in microorganisms for production purposes [53, 68].

The work of Ajikumar and coworkers [1] describes the optimisation of the MEP
pathway in E. coli for the synthesis of high titres of taxadiene (1 g L−1 was achieved in
fed-batch bioreactor fermentation) and the expression of the first P450 of the pathway,
taxadien-5a-hydroxylase, which oxidises taxadiene to taxadien-5a-ol [51]. A codon-
optimised taxadien-5a-hydroxylase was expressed, after N-terminal transmembrane
domain engineering, as a fusion with the Taxus POR enzyme [1]. A number of fused
enzymes (taxadien-5a-hydroxylase with Taxus POR) had been generated using dif-
ferent versions of the P450 transmembrane domain. One of the generated chimeric
enzymes was able to convert 98 % of taxadiene to taxadien-5a-ol at a yield of
58 mg L−1 and equal amounts of the by-product 5(12)-Oxa-3(11)-cyclotaxane.
Although taxadien-5a-hydroxylase was suggested to be a bottleneck of the pathway
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[28], the applied strategymade it possible to express the recombinant enzyme inE. coli
functionally and to produce relatively high titres of its product. Despite the compli-
cations encountered regarding P450 expression, the observed titres were approxi-
mately 2,400-fold higher than the ones observed previously from yeast [28]; for further
details refer to the relevant chapter in this volume). As all Taxol-related P450s have
high sequence similarity, a refined approach inspired by this progress could potentially
lead to functional expression of the next biosynthetic steps in E. coli [55].

CYP97 is a family of plant P450s that has been successfully expressed in
microbial hosts. Enzymes from this family are involved in the hydroxylation of
carotenoids for the synthesis of lutein (from α-carotene) or zeaxanthin (from
β-carotene; [99, 119]), and are some of the few P450s natively localised to the
plastids. In Arabidopsis, eleven P450s have been predicted/identified as plastidial
targeted including CYP97A3 (carotene β-ring hydroxylase), CYP97B3 (carotene
β-ring hydroxylase), and CYP97C1 (carotene ε-ring hydroxylase; [57, 99, 110]).
Homologous enzymes have also been found in rice, soy bean, and pea [119].
As lutein is an important ingredient (as antioxidant and natural colorant) in a
number of pharmaceuticals, food supplements, or cosmetics, efforts have been
made to produce it biotechnologically.

The group of Eleanore Wurtzel (City University of New York, USA) succeeded
in producing 500 μg of lutein per gram of pelleted cells by overexpression of the
CYP97A4 and CYP97C2 enzymes from rice in E. coli cells harbouring the path-
ways for α- and β-carotene [127]. In plant plastids, the nonheme, diiron enzyme,
HYD4, performs exactly the same carotene β-ring hydroxylation reaction as the
CYP97A. To test the redundancy of these two enzymes, attempted replacement of
CYP97A with the HYD4 in planta, but also in the bacterial cells, failed in lutein
production, which was only possible by the coexpression of CYP97A and
CYP97C. Thus, it was assumed that for the efficient flux of the pathway and the
synthesis of lutein, the observed protein–protein interaction between the CYP97
enzymes may be critical, whereas HYD4 did not seem to interact with the CYP97s
[99, 127]. It is worth noting that for the plastidial CYP97 subfamily modifications
were not necessary to facilitate expression in E. coli. This can probably be
explained by the similarity of the plant cell plastids with the prokaryotic progeni-
tors. CYP97s seem to be weakly associated with the envelope membrane of the
plastids and they are not predicted to have any transmembrane domain [99].

4.2 Yeast Systems

Yeast has been used successfully for the expression of complex plant pathways
including the P450s, in part due to the genomic tools available for this organism.
Yeast has provided an alternative host for the functional characterisation of plant
P450s recalcitrant to expression in bacterial systems [36, 129].

One of the most pronounced achievements of synthetic biology in high-value
terpenoids in yeast is the synthesis of high titres of artemisinic acid with Paddon
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and coworkers achieving titres of 25 g L−1 [94]. To make this possible, multiple
optimisation steps were required for efficient activity of the CYP71AV1 including
the balancing of expression levels of CYP71AV1 in relation to the A. annua POR,
and coexpression of an additional reductase, A. annua cytochrome b5. These
changes increased the viability of the yeast cells, but the important developments
that led to the high titres mentioned above were the discovery of the entire bio-
synthetic pathway of artemisinin including an A. annua alcohol dehydrogenase and
artemisinic aldehyde dehydrogenase. The expression of these enzymes resulted in
increased production of artemisinic acid from 2.4 to 8.1 g L−1. Further improve-
ments in fermentation tools and procedures then led to the final high titres [94].
These results show not only the remarkable potentials of synthetic biology and
metabolic engineering for the synthesis of valuable compounds from microorgan-
isms, but also provide a future strategy that can be applied to the production of other
valuable terpenoids. A detailed description of this work can be found in the relevant
chapter of this volume.

An interesting example demonstrating the potentials and also pitfalls of yeast
bioengineering is the work regarding (+)-nootkatone synthesis. The development of
several production platforms has been attempted using a range of hosts from
bacteria to plants, yet to date the achieved titres of nootkatone are not sufficient for
commercial applications [125]. Nootkatone can be produced from (+)-valencene,
abundant in nature, through an enzymatic reaction assigned to a P450 enzyme. Due
to the lack of a native plant enzyme at that time, several bacterial P450s were tested
instead without success [37]. CYP71AV8 from chicory as well as the related
tobacco CYP71D51v2 were expressed in yeast together with the Arabidopsis POR1
[17, 37]. In vitro results showed that both enzymes were able to catalyse the
conversion of valencene to nootkatol efficiently but only to a minor degree to
nootkatone. Although very small amounts of nootkatone were produced from yeast
microsomes expressing CYP71D51v2, in vivo bioconversion (using the same yeast
strain) of valencene and β-nootkatol to nootkatone proved to be much more effi-
cient, yielding up to 3 mg L−1 of nootkatone. However, this production was found
subsequently to be independent of CYP71D51v2, and likely catalysed by a yeast
endogenous enzyme. Although increasing the substrate concentration led to the
decrease of the final product due to toxicity issues, 6 mg L−1 of β-nootkatol and
nootkatone could finally be produced from 200 mg L−1 of valencene [37].

A P450 from the Solanaceae family resulted in more promising results. Henbane
(Hyoscyamus muticus) CYP71D55 is an enzyme previously shown to oxidise
various decalin-ring sesquiterpenoids, including valencene [117]. The methylo-
trophic Pichia pastoris was used as host and has been shown to be tolerant for
heterologous expression of specific P450s [125]. A variant of CYP71D55, mutated
in two amino acids, V482I and A484I, improved the catalytic efficiency of the
enzyme for nootkatol biosynthesis up to fivefold, but nevertheless failed to convert
it to nootkatone [117]. Despite this observed lack of function of CYP71D55, the
P. pastoris strain expressing the valencene synthase and CYP71D55/POR accu-
mulated low amounts of nootkatone. It was shown that an endogenous P. pastoris
alcohol dehydrogenase was responsible for this conversion. Overexpression of this
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enzyme, together with the remaining enzymes of the pathway (valencene synthase,
CYP71D55, POR) and a truncated version of yeast HMG1 resulted in the pro-
duction of 208 mg L−1 of nootkatone in fed-batch cultures. This production titre
reaches the range of commercially sustainable production in grams per litre, and
awaits further strain improvements [125].

With identification of CYP706M1, the native P450 from cypress catalysing
formation of nootkatone from valencene, a turning point was reached [18]. In
contrast to previous assays, expression of CYP706M1 in yeast cells resulted in
nearly quantitative oxidation of valencene to nootkatone. Microsomal assays of
yeast cells expressing CYP706M1 resulted mainly in the synthesis of nootkatone
(82 % of total products) whereas only minor amounts of trans-nootkatol were
observed. This indicates that CYP706M1 efficiently performs a two-step oxidation.
Despite the high specificity of CYP706M1, engineering of a yeast strain coex-
pressing the Arabidopsis POR1 and the cypress valencene synthase resulted in
144 μg L−1 of nootkatone, whereas the control yeast strain lacking the P450
accumulated almost tenfold higher levels of valencene. This indicates that a bot-
tleneck of the pathway is likely at the level of CYP706M1, making it a prime target
for optimisation by enzyme engineering [18].

Triterpenoid saponins are a group of specialised metabolites found in many plant
species and they are known for their diverse biological activities [4]. Because of their
potential use as pharmaceutical compounds, large-scale biotechnological synthesis of
these metabolites is desirable. Fukushima and coworkers showed that CYP716A12
and CYP93E2 are enzymes involved in the first step of the pathway to bioactive
saponins, functionalising β-amyrin towards hemolytic and nonhemolytic sapogenins
in the model legume plant M. truncatula [35]. Subsequently, the next step of oxi-
dations catalysed by CYP72A68v2 and CYP72A61v2 was defined. In yeast strains
coexpressing the M. truncatula P450s pairs CYP716A12/CYP72A68v2 and
CYP93E2/CYP72A61v2 with the Lotus japonicus β-amyrin synthase and POR,
gypsogenic acid and soyasapogenol B, respectively, were detected. Further, coex-
pression of novel combinations of P450s resulted in an array of novel terpenoids not
yet detected inM. truncatula, including 4-epi-hederagenin, queretaroic acid, oleanolic
acid, and β-amyrin derivatives oxidised at different carbon molecules [36]. Thus, it
seems possible to combine P450 enzymes in yeast that do not co-occur in their native
host for the synthesis of novel compounds with possible original biological functions.

One of the few examples of coexpression of multiple P450s in yeast aims at the
synthesis of ginsenoside aglycons by Dai and coworkers [26]. Ginsenosides are
the main bioactive phytochemicals of ginseng belonging to the triterpenoids class.
The three basic aglycons of ginsenosides are protopanaxadiol, protopanaxatriol, and
oleanolic acid. They are synthesised through cyclisation of 2,3-oxidosqualene by
β-amyrin and dammarenediol-II synthase. The conversion of β-amyrin to oleanolic
acid and of dammarenediol-II to protopanaxadiol and consequently to proto-
panaxatriol is catalysed by a number of previously identified P450 enzymes
[35, 45]. The enzymes responsible for the synthesis of oleanolic acid, proto-
panaxadiol and protopanaxatriol were coexpressed in yeast by genomic integration
together with enzymes from early steps of the pathway (a truncated HMG1,
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squalene synthase, and squalene epoxidase from yeast). The origin of the oleanolic
acid synthase (CYP716A12) was M. truncatula and the protopanaxadiol
(CYP716A47) and protopanaxatriol (CYP716A53v2) synthases were derived from
P. ginseng. After coupling with Arabidopsis POR1 the P450s were functional in
yeast without further modification yielding 17.2 mg L−1 protopanaxadiol,
15.9 mg L−1 protopanaxatriol, and 21.4 mg L−1 oleanolic acid in nonoptimised
flask cultures [26]. These results may encourage further attempts at coexpression
and assembly of pathways utilising P450s from multiple species.

4.3 Plant Systems: Nicotiana Benthamiana/Agrobacterium

The use of plant hosts for the biotechnological production of terpenoids appears to
be an obvious approach because the isoprene precursors, cofactors, and critical
enzymes, such as P450-compatible PORs required for terpenoid biosynthesis, are
endogenously present. Furthermore, the protein translation machinery, posttrans-
lational modifications, cellular compartments, and the use of transit peptides for
protein targeting, are conserved among plants, eliminating some of the problems
encountered when attempting to express plant genes in microbial hosts. Yet, plant
systems remain largely underexplored. Possible reasons for this are that plants
present some specific complications as hosts, notably the long turnover times for
generation of transgenic lines expressing new proteins, the risk for transgene-
silencing, highly differentiated cell types, and endogenous terpenoid biochemistry.
N. benthamiana is one of the few examples of a plant expression system suc-
cessfully used at an industrial scale (although its major use is still the production of
pharmaceutically active peptides). Prominent examples of molecules made using
the transient N. benthamiana/Agrobacterium expression system are vaccines for the
treatment of malaria, influenza, and Ebola [32, 63, 92]. An advantage of this system
is the short time between infiltration and harvest of typically four to six days, as
well as its industrial scalability [41], and distinct and controllable glycosylation
machinery [19, 75]. Concerning terpenoid production, N. benthamiana is well
established and the robustness of the system has facilitated both high-throughput
testing of enzymes and accumulation of substantial amounts of terpenes [5, 13].

The sesquiterpene lactone costunolide is of industrial interest due to inherent
biological activities and as starting material for a broad range of high-value com-
pounds such as the pharmaceutical parthenolide found in the medicinal plant
feverfew (Tanacetum parthenium; [71]). The pathway to the precursor molecule,
costunolide, is known and involves the formation of germacrene A by germacrene
A synthase, oxidation at C-12 to germacrene A acid by CYP71AV (germacrene A
oxidase; [70]), and then hydroxylation at C-6 by CYP71BL subfamily members.
The product of this final reaction autocatalytically rearranges to costunolide [27, 47,
70]. With this pathway elucidated, transient expression in N. benthamiana as a
potential production host was approached [70]. To optimise production of the first
intermediate, several germacrene A synthases were evaluated and the most active
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enzyme from feverfew was subsequently targeted to the mitochondria using the
targeting sequence of cytochrome oxidase subunit IV (CoxIV) leading to sub-
stantially improved production of germacrene A. Coexpression of both P450s, and
the mitochondrially targeted germacrene A synthase, all driven by the strong
constitutive Rubisco-promoter, resulted in production of up to 60 ng g−1 FW of
costunolide. Nontargeted metabolomics showed the accumulation of considerable
amounts of glutathione and cysteine conjugates of costunolide indicating that
potential pathways for detoxification are active in planta. Although conjugation
could present a potential problem in synthetic biology, it was on the other hand
suggested as an opportunity to improve production and storage of terpenoids due to
increased water solubility [70]. In plants, conjugation has the dual effect of masking
reactive functional groups and increasing solubility, possibly targeting the mole-
cules for further metabolisation and/or sequestration in the vacuole.

With formation of costunolide established, Liu and coworkers approached the
final step, oxidation of costunolide to parthenolide. Coexpression of the established
pathway together with feverfew CYP71CA1 and a soluble Arabidopsis HMG-CoA
reductase, to increase substrate availability, yielded 2.05 ng g−1 FW of free parthe-
nolide. Again, both parthenolide–cysteine and parthenolide–glutathione were found
to constitute more than 90 % of the total amount of sesquiterpenoid produced [71].
A similar observation of effective conjugation of produced terpenoids was made
when the model pathway to artemisinic acid was introduced into N. benthamiana.
Here, predominant accumulation of approximately 40 ng g−1 FW artemisinic acid-
12-β-diglycoside accompanied by absence of the nonconjugated terpenoid indicated
efficient conversion by the endogenous conjugation machinery [123]. When recon-
structing parts of the artemisinin pathway, LC-MS analysis of extracts revealed the
presence of at least 19 conjugated forms of these functionalised sesquiterpenoids.
Compounds displayed varying levels of glycosylation as well as conjugation with
malonate and glutathione [120]. For construction of multistep pathways, it was
suggested that the problem of conjugation could be alleviated through efficient and
balanced expression of pathway enzymes to facilitate fast channelling of activated
metabolic intermediates to downstream products [100].

Clearly, the conjugation of mono- and sesquiterpenoids oxidatively functional-
ised with hydroxyl or carboxyl groups by plant hosts needs to be considered in
biotechnological production. However, in the few recent examples of N. benth-
amiana-based functional testing of P450 containing pathways to di- and triterpe-
noids, such as functional expression of the Lotus japonicus CYP71D353 which
catalyses the formation of 20-hydroxybetulinic acid in a sequential three-step
oxidation of 20-hydroxylupeol [60], no evidence was found indicating that this
phenomenon may not play a significant role for larger and nonvolatile terpenoids.

Even though N. benthamiana is now routinely used for functional analysis of
terpenoid biosynthetic pathways, including P450s, these few examples above
indicate a promising future potential for targeted production of terpenoids. One
limitation, though, which will need to be addressed in the future, is the production
capacity of plants, with solutions possibly in storage of produced terpenoids in
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specialised structures such as glandular trichomes and regulation of the pathways
supplying the universal C5 building blocks.

4.4 Plant Systems: Physcomitrella patens

The moss Physcomitrella patens represents a plant system uniquely suited to high-
value terpenoid production due to a natural tolerance to accumulation of terpenoids,
a simple endogenous terpenoid profile, and established genetic tools for genome
editing by homologous recombination [6, 133]. In contrast to higher plant species,
P. patens lacks gibberellin diterpene phytohormones but accumulates ent-kaurene
intermediates of the gibberellin pathway. To date, there are at least two examples
reported of the successful biosynthesis of nonnative terpenes by this moss. Con-
stitutive expression of the taxadiene diterpene synthase from Pacific yew (Taxus
brevifolia) resulted in the accumulation of up to 0.05 % tissue fresh weight of taxa-
4(5),11(12)-diene, without significantly changing the accumulation or pattern of
endogenous diterpenoids [3]. The P. patens genome encodes only a single diterpene
synthase (copalyl-diphosphate/ent-kaurene synthase), which can be disrupted
without phenotypic consequences in the relevant life stages. This was exploited for
stable introduction of the single-step terpenoid biosynthetic pathways to the ses-
quiterpenoids patchoulol and santalene [133]. Although there are currently no
published examples of the heterologous expression of functionally characterised
P450s in P. patens, it is expected that this plant host will provide the same benefits
as N. benthamiana such as the presence of the required subcellular compartments,
partner enzymes, and cofactors, but with the added benefits of homologous
recombination, short regeneration times, and scalable production in bioreactors.

5 Outlook and Perspectives

Significant technological advances have increased our abilities to discover, char-
acterise, and manipulate P450s and this has led to breakthroughs in the biotech-
nological production of complex terpenoids (e.g., the production of artemisinic acid
in yeast [94]). It is clear that major challenges remain.

The ability to combine enzymes from different terpenoid pathways and, to a
degree, design new P450s [22] opens up the possibility of generating new to nature
compounds with novel or specific bioactivities. Several groups have already
demonstrated that this approach is feasible with novel triterpenes being generated
from nonnatural combinations of plant-derived triterpene synthases and P450s
expressed in yeast [26, 36, 78].

As photosynthesis in the chloroplast provides energy in the form of ATP,
reducing equivalents, and a carbon source for isoprenoid C5 building blocks,
photosynthetic production systems may offer unique opportunities for development

128 I. Pateraki et al.



of new efficient P450-based pathways. Recent work has shown that it is possible to
relocate P450s to the thylakoid membrane of the chloroplast and divert electrons
directly from active photosynthesis to drive P450-mediated reactions, without the
requirement of POR enzymes [64, 89]. Light-driven activity of P450s may therefore
relieve current limitations of biotechnological applications, in particular the
requirement of the membrane-anchored POR and stoichiometric amounts of
NADPH. Consequently, this technology has a high potential for engineering of
pathways already native to the plastids (i.e., mono- and diterpenoids), or those
engineered for plastid localisation (i.e., sesqui- and triterpenoids; e.g., [105, 126]).
Furthermore, recent progress in the development of tools for plastid genome
transformation enables high-level expression of heterologous enzymes in chloro-
plasts due to the lack of transgene silencing and epigenetic mechanisms [10].
However, despite the encouraging successes and the inherent potential, there are
currently no reports of engineering plastids or their autonomous equivalents, cya-
nobacteria such as Synechocystis or Synechococcus which harbour the pathways for
C5 isoprene building blocks [31], with P450s involved in terpenoid biosynthesis.

As it has become increasingly feasible to identify pathways of specialised
metabolism, research focus is shifting towards understanding how the enzymes of
these pathways interact and how these interactions affect pathway activity. In the case
of terpenoid metabolism, this question relates to how the various involved P450s,
PORs, and other ER or cytosolic enzymes, such as glycosyl-transferases and acyl-
transferases, interact. There is growing evidence that the enzymes involved in a given
pathway form dynamic multienzyme complexes (termed ‘metabolons’; [54]). Me-
tabolon formation may enable channelling of substrates, thought to result in more
efficient and directed pathways, as well as provide an important means to regulate
pathway activity [65]. In the case of plant-specialised metabolism, metabolon for-
mation could be an important mechanism to reduce exposure of potentially toxic or
labile intermediates to the cellular environment [65]. Currently our understanding of
the factors enabling and controlling the formation and dissociation of metabolons is
quite limited, but knowledge in this field is expected to expand with available new
technologies. If metabolon formation does play an important role in pathway
channelling, understanding how to control this phenomenon could provide signifi-
cant efficiency gains for biotechnological production of terpenoids.
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Enabling Technologies to Advance
Microbial Isoprenoid Production

Yun Chen, Yongjin J. Zhou, Verena Siewers and Jens Nielsen

Abstract Microbial production of isoprenoids provides an attractive alternative to
biomass extraction and chemical synthesis. Although widespread research aims for
isoprenoid biosynthesis, it is still in its infancy in terms of delivering commercial
products. Large barriers remain in realizing a cost-competitive process, for exam-
ple, developing an optimal microbial cell factory. Here, we summarize the many
tools and methods that have been developed in the metabolic engineering of iso-
prenoid production, with the advent of systems biology and synthetic biology, and
discuss how these technologies advance to accelerate the design–build–test engi-
neering cycle to obtain optimum microbial systems. It is anticipated that innovative
combinations of new and existing technologies will continue to emerge, which will
enable further development of microbial cell factories for commercial isoprenoid
production.

Keywords Terpenoids � Sesquiterpenes � Metabolic engineering � Enabling
technologies � E. coli � S. cerevisiae
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1 Introduction

Isoprenoids constitute a large and diverse group of natural products, encompassing
more than 40,000 structures known thus far [1]. This extremely diverse array of
chemical structures is probably a reflection of their many varied biological func-
tions, which have great attraction for traditional and modern human exploitation,
for instance, as pharmaceuticals, flavors, fragrances, dietary supplements, food
ingredients, biomaterials, and biofuels [2, 3]. From environmental and economic
concerns, microbial production of isoprenoids has gained more and more attention
as most isoprenoids are present only in low quantities in their natural plant
resources and are structurally complex, making it difficult to produce them by
chemical synthesis.

All isoprenoids are derived from the universal C5 monomers isopentenyl
diphosphate (IPP) and dimethylallyl diphosphate (DMAPP; Fig. 1). Two distinct
biosynthetic pathways, the mevalonate (MVA) pathway (Fig. 1a) and the meth-
ylerythritol phosphate (MEP) pathway (Fig. 1b) have evolved for the biosynthesis
of these two vital building blocks [2, 4]. Condensations of DMAPP with one or
more molecules of IPP result in the linear prenyl diphosphate precursors geranyl
diphosphate (GPP), farnesyl diphosphate (FPP), and geranylgeranyl diphosphate
(GGPP), as well as larger units. These skeletons normally pass through a series of
reactions, such as cyclization, methylation, acetylation, phenylation, and rear-
rangements to form a diversity of isoprenoid families.

Owing to the excellent progress in metabolic engineering with the advent of
synthetic biology and systems biology, much success has been seen in the field of
microbial production of isoprenoids. The production of artemisinic acid, a chemical
precursor for the production of the important antimalarial drug artemisinin, repre-
sents a milestone achievement in this area [5]. However, microbial production of
most other isoprenoids is still far behind and will require further development
before they reach the commercial stage. One of the key factors is that construction
and improvements of microbial cell factories are time consuming and need massive
endeavors. Herein, we attempt to cover the recent developments in metabolic
engineering of bacterial and yeast microbial platform strains for isoprenoid pro-
duction with a focus on applied technologies.
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2 Component Discovery

Gene discovery and mechanism elucidation in isoprenoid biosynthesis not only
facilitates functional studies in the plant, but also represents the prerequisite for
engineering a microbial cell factory for production of the compound. Though more
and more active compounds are discovered and their biological functions are
well-characterized, determination of their biosynthetic pathways lags far behind.
For example, the efficient anticancer terpenoid Taxol was first isolated from the
bark of the Pacific yew, Taxus brevifolia Nutt in 1971. However, to date its bio-
synthetic pathway has not been completely elucidated [6]. Cloning of genes dif-
ferentially expressed under production compared to control conditions is a common
strategy for identifying the biosynthesis genes in natural production hosts [7, 8].
Evaluation of sequence similarity can further assist in identification of terpene
synthases as the first step of diversified isoprenoid biosynthesis [9]. However, the
high substrate specificity and low sequence homology of downstream modifying
enzymes such as cytochrome P450s makes their identification and characterization
extremely challenging. Fortunately, recent rapid progress in functional genomics
sequencing [10] as well as differential transcriptome sequencing [11] has enabled
faster identification of related candidates. Of course, functional determination
strongly relies on in vitro and/or biochemical analysis [11, 12], but functional
genomics has enabled significant progress and been helpful in narrowing down the
candidate genes and accelerating the procedure of gene identification.

Sometimes, knowledge gaps in target compound biosynthesis will hinder the
reconstruction of the entire heterologous biosynthetic pathway. Fortunately,
directed evolution provides a feasible strategy to modify an enzyme towards a
specific function [13]. For instance, evolution of a methyl ketone-preferring ami-
notransferase towards acceptance of prositagliptin ketone as substrate enabled
establishing a bioprocess for sitagliptin production by increasing the substrate
binding pocket [14]. Recently, exciting studies showed that the cytochrome P450
P450BM3 from Bacillus megaterium could be evolved towards catalyzing a
carbene transfer reaction for olefin cyclopropanation, rather than its natural
monooxygenation [15, 16]. Directed evolution not only produces enzymes with
novel specific activities, but may also increase catalytic efficiency. For example,
directed evolution of a sesquiterpene cadinene synthase led to increased terpene–

JFig. 1 Biosynthesis of isoprenoids. Complementary routes: a the mevalonate (MVA) pathway
and b the methylerythritol phosphate (MEP) pathway are responsible for the biosynthesis of two
vital precursors, isopentenyl diphosphate (IPP) and dimethylallyl diphosphate (DMAPP).
Condensations of DMAPP with one or more molecules of IPP result in the immediate precursor
geranyl diphosphate (GPP), farnesyl diphosphate (FPP), and geranylgeranyl diphosphate (GGPP),
from which various functional isoprenoids are formed. c The concept of cell factory platform is
simplified as illustrated. A strain with efficient provision of FPP precursor can be easily adapted to
produce a range of different sesquiterpenes
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synthase–cyclization activity [17]. Here, an efficient high-throughput screening
strategy is essential for rapid enzyme selection during the evolution procedure.

Exploiting enzyme catalytic promiscuity, such as condition promiscuity, sub-
strate promiscuity, and catalytic promiscuity, provides another possibility of gap
repairing for constructing artificial synthesis pathways that are currently not
available [18]. For example, a substrate-promiscuous P450BM3 from B. megate-
rium was engineered and incorporated into the semibiosynthetic route for arte-
misinin production in Escherichia coli, which enabled efficient conversion of its
precursor amorphadiene to artemisinic-11S,12-epoxide, at titers of 250 mg/L [19].
Similarly, a D-lactate dehydrogenase (encoded by d-ldh from Lactobacillus
pentosus) and a hydroxylase complex (encoded by hpaBC from E. coli) were
shown to have enough promiscuity to catalyze the consecutive reactions for
salvianic acid A production from 4-hydroxyphenylpyruvate in E. coli [20].

3 Cell Factory Construction

3.1 Host Selection

Saccharomyces cerevisiae and E. coli are commonly used hosts for isoprenoid
production due to the well-characterized genetic background and excellent acces-
sibility of molecular techniques. E. coli showed great performance in terpene
production due to its fast growth [21, 22]. However, the biosynthesis of many
functional terpenoids, especially phytoterpenoids, involves several modification
steps catalyzed by complex enzymes including membrane-bound cytochrome P450
enzymes, which can be difficult to establish in bacteria including E. coli due to
differences in translation and membrane structure. Though engineering of these
enzymes can be helpful for functional expression in E. coli, their catalytic efficiency
usually remains low. Actually, CYP71AV1 expressing E. coli just produced ar-
temisinic acid at a titer of 105 mg/L even though CYP71AV1 expression was
systematically optimized including codon-optimization, N-terminal modification,
and reductase balancing [23], whereas the corresponding engineered S. cerevisiae
produced artemisinic acid at up to 25 g/L [5]. Alternative prokaryotic hosts such as
Corynebacterium glutamicum [24] and Bacillus subtilis [25] have also been engi-
neered for isoprenoid production, but with relatively low efficiency. To date, the S.
cerevisiae has been showing good performance in producing a number of functional
isoprenoids including artemisinic acid [5], tanshinone precursor [11] and ginse-
nosides [26]. Nevertheless, its endogenous MVA pathway awaits further
improvement for high-level production. The red yeast Rhodosporidium toruloides,
which has efficient lipid biosynthesis, is well suited for isoprenoid biosynthesis, and
its genome, transcriptome, and proteome have been systematically analyzed [27],
which makes it a potential efficient host for functional isoprenoid production after
establishing a genetic manipulation platform.
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3.2 Genetic Implementation

Rapid and efficient DNA assembly and genome engineering are the prerequisites
for fast pathway construction and optimization. Yeast homologous recombination-
based DNA assembler [28] and scarless DNA assembly via ligase cycling reaction
(LCR) [29] both enabled assembly of up to 12 DNA parts with 60–100 % of
individual clones being correct, and provided fast and reliable workflow for
assembly of DNA constructs from PCR amplification or DNA synthesis. In yeast
efficient seamless gene disruption [30] enables rapid blocking of by-product for-
mation and one-step multigene genomic integration [31] is helpful for constructing
genetic stable strains. Similarly, in E. coli ePathBrick enables rapid assembly of up
to 7 genes (around 9 kB in total) [32] and chromosomal gene disruption using PCR
primers as the homologue to the targeted gene is well established [33]. However,
genetic engineering of unconventional microorganisms such as R. toruloides is still
difficult. Any endeavor, on establishing a genetic engineering platform for this, is
helpful for constructing alternative microbial isoprenoid cell factories [34].

4 Rational Design and Optimization

4.1 Precursor Supply

High-level production of isoprenoids using either E. coli or S. cerevisiae requires
engineering a strain for efficient provision of the universal C5 monomer IPP or its
isomer DMAPP, as all isoprenoids are assembled from these monomers. Two
pathways exist for the biosynthesis of these precursors (Fig. 1). One approach to
increase the precursor flux is to employ a heterologous pathway to supplement the
native pathway, which may bypass endogenous regulation and alternative dissipa-
tive pathways. Importing the MVA pathway from S. cerevisiae into E. coli sub-
stantially increased the availability of isoprenoid precursors [35]. However, it should
be noted that this procedure may also cause undesired effects such as the toxicity of
pathway intermediates to the host. In this case, the accumulation of hydroxymeth-
ylglutaryl-CoA (HMG-CoA) imposed through heterologous expression of the MVA
pathway was shown to be toxic for E. coli [36]. In addition, the host may lack the
appropriate machinery to functionalize the heterologous enzyme. In a study, it was
found that the difficulty functionally to express iron sulfur cluster proteins in yeast,
which are essential for the last two reactions in the MEP pathway, and this led to
failure in establishing a functional MEP pathway in S. cerevisiae [37, 38].

Another approach to increase the precursor pool is to manipulate the metabolic
flux and regulation of the native pathway. Extensive endeavors have focused on
metabolic engineering of the MVA pathway for enhanced supply of IPP/DMAPP,
and further FPP, which is the universal precursor for sesquiterpenes. Except for the
well-elucidated targets for engineering the MVA pathway in yeast such as
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overexpression of a truncated Hmg1, transcriptional factor mutant Upc2-1, and FPP
synthase Erg20 combined with down-regulation of squalene synthase gene ERG9
[5, 12, 39–41] additional strategies have been developed to increase the flux to FPP.
These include, for example, overexpression of all genes in the MVA pathway either
by integration of an additional copy [42] or replacing the promoters of all relevant
MVA pathway genes [43], or integration of one more copy of tHMG1 with strong
promoter (PTDH3) into the chromosome [42]. Owing to all efforts made, a thor-
oughly optimized strain was developed and combined with the discovery and
implementation of plant dehydrogenase and cytochromes; this enabled an efficient
biosynthetic route in S. cerevisiae to artemisinic acid with fermentation titers of
25 g/L [5].

Taking advantage of a developed platform strain that has a high flux towards
FPP, a commercial process was developed for the production of farnesene [44],
another sesquiterpene derived from FPP. In addition, the flexibility of the FPP
overproducing platform allowed a rapid switch from the overproduction of amor-
phadiene to that of bisabolene, the immediate precursor to bisabolane, which is a
novel biosynthetic alternative to D2 diesel fuel [45]. These examples well elucidate
the concept of a cell factory platform (Fig. 1c), where the cellular metabolism has
been optimized towards formation of universal precursors, which can then be used
by “plug-and-play” for the production of different types of related products.

Similar to this concept, a supply of precursor acetyl-CoA is essential for high-
level production of isoprenoids via the MVA pathway and many other commer-
cially interesting compounds as well [46]. However, acetyl-CoA metabolism in
yeast is quite complex and this metabolite is present in three different compartments
and is not directly interchangeable among these compartments. Therefore, the
metabolism of acetyl-CoA in S. cerevisiae has been thoroughly investigated [47].
Based on this, a combined pull–push–block strategy has been recently developed to
increase the availability of acetyl-CoA in the cytoplasm [46]. The strategy involved
overexpression of endogenous alcohol dehydrogenase Adh2, aldehyde dehydro-
genase Ald6, and expression of acetyl-CoA synthetase variant from Salmonella
enterica. The use of this variant had been previously demonstrated to redirect flux
from acetaldehyde to acetyl-CoA successfully and to lead to improved production
of the sesquiterpene amorphadiene [48]. Furthermore, through combining these
with deleting acetyl-CoA consuming reactions, such as peroxisomal citrate synthase
Cit2 or cytosolic malate synthase Mls1, the developed acetyl-CoA platform
improved the production of the sesquiterpene santalene fourfold [46]. The platform
host was also shown to have a substantially improved production of 1-butanol by
eightfold [49], and polyhydroxybutyrate by 18-fold [50]. However, these strategies
exclusively depend on the native pyruvate dehydrogenase (PDH) bypass pathway,
which is highly ATP-consuming for provision of acetyl-CoA making this route
unfavorable. Alternative pathways for cytosolic acetyl-CoA synthesis such as
replacement of native acetyl-CoA synthetases (ACSs) by acetylating acetaldehyde
dehydrogenase or pyruvate formate lyase [51], may overcome the constraints on the
maximum yields and increase the production of acetyl-CoA–derived isoprenoids
and other compounds.
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4.2 Pathway Balance

It is important to increase the flux to important precursors and the final products,
however, it is also essential that the relative levels of the enzymes are coordinated in
such a way that no intermediates are accumulated, as these metabolites may be toxic
to the host and/or affect further product formation. In order to balance the multigene
pathways, an excellent example by using an approach named “multivariate modular
pathway engineering” was demonstrated to improve production of the diterpene
taxadiene successfully [52]. This technique redefines the metabolic network as a
collection of distinct modules. Four key enzymes (encoded by dxs, ispD, ispF, and
idi) in the MEP pathway were grouped into one module, and two enzymes cata-
lyzing the synthesis of GGPP and taxadiene were grouped into another module. The
expression of the different modules in E. coli was sequentially and systematically
tuned by, for example, varying plasmid copy numbers and altering promoter
strengths. Consequently, the highest producer among these strains reached pro-
duction levels of 1 g/L taxadiene, a nearly 15,000-fold improvement compared to
the control strain [52]. This framework allows for the assessment and elimination of
regulatory and pathway bottlenecks, offers the opportunity to evaluate a compli-
cated system in a more tractable way, and is particularly useful for experimentation
lacking high-throughput screens. The module-balancing strategy has also been
proven to be useful for the production of different types of products, such as the
diterpene miltiradiene [53], fatty acids [54], and the flavonoid pinocembrin [55].

4.3 Spatial Optimization of Metabolism

To obtain the desired cell factories, it is crucial to coordinate the performances of
many different enzymes and multiple cellular pathways. In addition to modular
optimization, spatial coupling of complex metabolic reactions at multiple scales has
become an attractive strategy to improve pathway function. These optimization
approaches function at many scales and are responsive to external signals, ensuring
that the cell does not waste metabolic resources by producing unnecessary enzymes
and channeling flux through appropriate metabolic routes.

One strategy is organizing pathway enzymes as macromolecular complexes by
generation of unnatural fusion proteins. Direct fusion of FPP synthase with a het-
erologous sesquiterpene synthase, patchoulol synthase in S. cerevisiae was found
successful in diverting the flux towards formation of the desired product and
resulted in increased patchoulol production by about twofold [56]. Physical fusion
of diterpene synthases SmCPS (labdadienyl/copalyl diphosphate synthase, from
Salvia miltiorrhiza) and SmKSL (kaurene synthase-like, from S. miltiorrhiza) as
well as the fusion of GGPP and FPP synthase led to significantly improved diter-
pene miltiradiene production and reduced by-product formation in S. cerevisiae
[53]. Although a fusion of two normally monomeric enzymes is straightforward,
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fusion of two normally multimeric or more than two enzymes may be problematic
due to misfolding or proteolysis of the fusion proteins.

As an alternative to artificial protein fusions, synthetic scaffolds with the
assistance of proteins, DNA, or RNA have been recently developed to colocalize
multiple enzymes in a designable manner. Dueber et al. [57] expressed scaffolds
from the interaction domains of metazoan signaling proteins to assemble three
mevalonate biosynthetic enzymes in optimal stoichiometry, and achieved a 77-fold
improvement in mevalonate production with lower enzyme expression levels and
reduced metabolic load in E. coli. Similar to protein scaffolds, RNA aptamer-based
scaffolds are recruited to control the spatial organization of two metabolic enzymes
involved in biological hydrogen production expressed in E. coli, resulting in about
50-fold enhancements in hydrogen production [58]. Unlike protein-based approa-
ches, the use of RNA scaffolds permits the assembly of complex multidimensional
architecture with nanometer precision. However, these techniques have not been
exploited in application of isoprenoid production. Along similar lines, DNA-based
scaffolds were used in combination with chimeras between target biosynthetic
enzymes and zinc fingers (ZFs) to increase mevalonate production up to threefold
with optimal scaffold designs in E. coli [59].

In addition to the linear design and channeling of metabolic pathways, intra-
cellular spatial organization of cellular functions to membrane-surrounded organ-
elles offers great benefits such as concentrating reactions and pathways that need
special conditions (e.g., pH) or may be toxic to other organelles. Mitochondrial
targeting of a heterologous FPP synthase and a sesquiterpene synthase improved the
production of sesquitrepene valencene and amorphadiene by eight- and 20-fold,
respectively, in yeast coengineered with a truncated HMG1 [60]. Targeting the
Ehrlich pathway into yeast mitochondria increased isobutanol production more than
twofold, whereas overexpression of the same pathway in the cytoplasm only
improved yields by 10 % [61]. These successes are not only due to higher con-
centrations of enzymes, substrates, and cofactors, but might also result from
removing the need to transport intermediates between organelles and from reducing
the loss of intermediates to competing pathways.

4.4 Cofactor Engineering

Cofactors such as NAD(P)H, ATP, and CoA are among the most highly connected
metabolites and influence a broad range of cellular functions. Manipulation of
cofactor availability not only allows overcoming bottlenecks in cofactor-dependent
biosynthesis pathways, but might also have a widespread impact on cellular
metabolism.

Pathways for synthesis of isoprenoids often involve oxidation-reduction reac-
tions catalyzed by enzymes using cofactors NADH and NADPH that are as critical
for catalysis as the enzymes themselves. In native cell metabolism NADH is the
major redox product of catabolism, and NADPH is predominantly required in
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anabolism where it serves as a reducing agent for amino acid, lipid, and nucleotide
biosynthesis. Thus, pathway enzymes such as, for instance, HMG-CoA reductase,
which is a key player in the MVA pathway and requires NADPH as a reducing
agent, will increase the demand of NADPH aimed for isoprenoid production and
often have to compete with the requirements of other anabolic pathways for this
essential cofactor.

One approach is altering cofactor requirements by enzyme substitution. Ma et al.
[62] characterized various HMG-CoA reductases to substitute the corresponding
component in the yeast MVA pathway that was heterologously expressed in E. coli.
A NADH-dependent HMG-CoA reductase from Delftia acidovorans improved
production of the sesquiterpene amorphadiene by 50 % over the yeast enzyme.
A further enhanced performance was observed by increasing intracellular NADH
availability using a NAD+-dependent formate dehydrogenase from Candida
boidinii along with formate supplementation.

Another approach is targeting native host pathways that can bring about cofactor
recycling. In order to restore the NADH/NADPH balance impaired by installing a
sesquiterpene santalene biosynthesis pathway in S. cerevisiae, the ammonium
assimilation pathway was modified to increase the availability of the reductive
cofactor NADPH. This was achieved by deleting the NADPH-consuming reaction
of glutamate dehydrogenase encoded by GDH1, and simultaneously overexpressing
the NAD+-dependent glutamate dehydrogenase encoded by GDH2. This strategy
was found to improve the production of the sesquiterpene cubebol by 85 % [63],
and together with other strategies the production of the sesquiterpene santalene
could be increased fourfold [64].

Altering cofactor specificity via protein engineering is another approach as
demonstrated in the enhanced synthesis of butanediol [65], in which the coenzyme
specificity of butanediol dehydrogenase was altered from NAD(H) to NADP(H).

5 Computational and Omics-Aided Engineering
and Optimization

5.1 Computational Tool-Driven Optimization

The identification of gene targets for strain improvement outside the actual bio-
synthetic pathway is a difficult task as it needs comprehensive knowledge about all
pathways and genes functioning in the cell and their interactions with each other.
Increasing availability of stoichiometric models for a range of organisms with
developed metabolic optimization algorithms enables researchers to identify such
gene targets in silico, and may thereby accelerate the process of metabolic engi-
neering for strain improvement towards the enhanced production of desired
products.
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A gene deletion strategy using minimization of metabolic adjustments (MOMA)
allowed the successful identification of genes to be deleted among a large number
of gene candidates, and improved the biosynthesis of lycopene in the engineered
E. coli strain by nearly 40 % [66]. This was further proved to be useful by using
OptGene [67] as a modeling framework and MOMA as an objective function to
identify gene knockouts in S. cerevisiae and led to enhanced production of the
sesquiterpene cubebol by 85 % [63].

On the other hand, it has been difficult to identify gene overexpression targets
using similar techniques. One strategy called flux scanning based on enforced
objective flux (FSEOF) has been successfully used to select genomewide gene
amplification targets in E. coli, and improved lycopene production [68]. These
successes point out examples where genome-scale metabolic models can be used
effectively. However, there are areas where models that incorporate regulatory
constraints and signaling should be used in combination with additional tools, for
example, constraint-based reconstruction and analysis (COBRA) [69], which would
allow for more precise target identification.

5.2 Omics-Based Technique Aided Optimization

The advancements of omics techniques have enabled a rapid acceleration in the
ability to obtain system-level information for the cell, capturing cell physiology in a
holistic manner from several different levels. These high-throughput omics data,
integrated with computational approaches now serve biomolecular network analysis
and model-based prediction in the field of systems biology [70, 71].

Transcription analysis, as the most widely implemented omics technology in
metabolic engineering, has enabled quantitative measurements of the dynamic
expression of mRNAs between different states at the genome scale. This allows
integration of genome-scale metabolic models using different approaches to, for
instance, map the transcriptional and metabolic regulation in metabolic networks
[72, 73]. This valuable information enabled uncovering global regulatory mecha-
nisms and complex metabolic networks. By exploiting whole-genome transcription
analysis, a dynamic stress–response promoter strategy was developed to control
accumulation of toxic intermediates in E. coli and improve the final titers of the
sesquiterpene amorphadiene twofold over those from inducible or constitutive
promoters [74].

Because mRNA levels do not necessarily correlate with protein levels, there is
also much interest in the use of proteomics in metabolic engineering, to quantify
protein levels or characterize states of proteins. A targeted proteomics approach via
selected-reaction monitoring (SRM) mass spectrometry was employed to measure
protein levels of the MVA pathway heterologously expressed in E. coli to produce
the sesquiterpene amorphadiene [75]. The analysis revealed two proteins, meva-
lonate kinase (MK) and phosphomevalonate kinase (PMK), as potential bottle-
necks. Manipulating the expression of these proteins led to a threefold improved
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final titer of amorphadiene. Nowadays, advancements in mass spectrometry com-
bined with liquid chromatography have expanded the number of proteins that can
be quantified in a cell lysate by several orders of magnitude. Also, other methods,
such as stable isotope labeling-based isotope coded affinity tags (ICAT), isobaric
tags for relative and absolute quantification (iTRAQ), or label-free comparative
quantitative proteomics have enabled more accurate proteome measurements.
However, these methods need to be employed to monitor abundance of proteins in
metabolic engineering.

Similar to proteomics, the advent of mass spectrometry also permits measure-
ments of intra-and extracellular metabolites for high-throughput metabolome
studies [76]. However, some challenges still lie in sample preparation, as it is
difficult to obtain quantitative information at the metabolite levels whereas relative
levels can be measured [77]. Instead of looking at all metabolites simultaneously,
target profiling compares the spectrum of interest to a library of reference spectra of
pure compounds. In one study, targeted metabolite profiling coupled with tran-
scriptome analysis was employed to identify the cytotoxic effects of accumulated
HMG-CoA in an engineered E. coli strain expressing the MVA pathway [78]. It
was revealed that HMG-CoA accumulation inhibits the biosynthesis of fatty acids.
Based on these results a new fermentation strategy was suggested including sup-
plementation of palmitic acid or oleic acid, which markedly improved the growth of
the host strain.

As high-throughput omics analyses contribute to a better understanding of the
biological system, this kind of analysis is expected to be more frequently employed
for isoprenoid production to identify metabolic engineering targets.

6 Novel Fermentation Process Design and Optimization

A fundamental challenge to the microbial production of isoprenoids is product (and/
or intermediate) tolerance; for instance, monoterpenes are generally highly toxic to
microorganisms [79]. In addition to cellular engineering approaches such as
transporter engineering [80] and modifying the components of the global tran-
scription machinery [81] that can be used to overcome toxicity limitations, an
alternative approach is novel fermentation process design. By adding an immiscible
organic layer onto the cultivation medium, the product can be removed in situ,
where the product is toxic or inhibits further product formation. A biphasic
extractive system was demonstrated to reduce significantly toxicity of the mono-
terpene limonene to the host S. cerevisiae, with growth rates far beyond the ones
being reached in the solvent-free system or after attempted adaptation in chemostat
cultivation [79]. For example, using dibutyl phthalate as solvent, the minimum
inhibitory concentration to limonene improved by about 700-fold compared to a
solvent-free system.

154 Y. Chen et al.



The biphasic approach is also a suitable tool for recovery of the product. In an
attempt to eliminate product loss through air-stripping, a two-phase partitioning
fermentation process with a dodecane organic phase was used to trap the volatile
sesquiterpene amorphadiene [82]. In another study, a gas-phase bioprocess was
employed for isoprene production by using an extensively metabolically engineered
E. coli strain reaching a high titer of over 60 g/L, a volumetric productivity of 2 g/L,
and a yield of 11 % isoprene from glucose [22]. Numerous in situ product recovery
techniques such as pervaporation, perstraction, and gas striping have been reported
for the recovery of different kinds of compounds [83]. It can be expected that
fermentation process design will gain more attention for microbial isoprenoid
production in the future.

Optimization of the fermentation process is also a key factor for the viability of
the overall bioprocess. Inasmuch as metabolic engineering of microorganisms is
typically implemented in the process of using test tube or shake flask cultivation, a
superior strain developed in this process does not necessarily perform well in a
large-scale fermentation used in industrial production. Furthermore, an optimized
fermentation process will further increase the performance of the metabolically
engineered strains. Optimization of nitrogen delivery in the fermentation process
using an engineered E. coli strain further enhanced the titers of the sesquiterpene
amorphadiene, and up to 27 g/L amorphadiene were reached by using a dual
restriction of carbon and nitrogen supply in the fed-batch process [21]. In another
study, development of a fermentation process with ethanol feeding for the re-
engineered yeast CEN.PK2 strain further enhanced amorphadiene production and
led to the production of more than 40 g/L [43]. Moreover, during the fermentation
optimization or process scale-up it might be necessary to use integrative analysis
based on omics data to further identify metabolic engineering targets.

7 Outlook

Encouraged by recent advances, the production of isoprenoids by bacterial or yeast
host platforms holds great promise. There are also an increasing number of research
efforts on the molecular biochemistry and genetics of isoprenoid biosynthesis, and,
to some extent, on their biological functions. This not only expands the resources
for further exploitation, but also provides increasing opportunities for microbial
production of isoprenoids. However, most of the catalytic diversity of plant
enzymes is unexplored, because previous efforts have focused on a relatively small
number of species. One limiting factor lies therefore in the elucidation of the
biosynthetic pathways and identifying the appropriate genes. Of special note, ter-
pene-modifying enzymes typically belonging to the P450s family pose great
challenges in terms of both gene discovery and microbial expression. Advances and
decreasing costs in sequencing technology will accelerate the rate of exploring new
resources. Creating new enzymes by powerful protein engineering and directed
evolution is another direction, as reported for an engineered cytochrome P450 that
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catalyzes a reaction that is fundamentally different from the one catalyzed by the
natural enzyme [15]. This is expected to expand the range of isoprenoid products
that can be synthesized by microbial cell factories.

The past few years have witnessed several successful examples of industrial
production of isoprenoids in large-scale fermentation processes, such as isoprene,
valencene, amorphadiene, and farnesene, by either E. coli or S. cerevisiae host
platforms. However, expansion to many other isoprenoid products to become
industrially relevant will depend on the continued development of technologies.
Continuous efforts in systems biology to elucidate the complex regulatory and
metabolic networks with novel algorithms emerging will advance the predictive
potential of mathematical models, and thereby enhance the process for optimal
microbial factory development. Moreover, the progress in design and construction
of biological components in the field of synthetic biology will facilitate faster
construction and reliable and desirable control of metabolic pathways. It can be
predicted that new technologies and innovative combinations of new and existing
technologies will continue emerging, which will enable further development of
microbial factories for commercial isoprenoid production.
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Metabolic Engineering of Higher Plants
and Algae for Isoprenoid Production

Chase Kempinski, Zuodong Jiang, Stephen Bell
and Joe Chappell

Abstract Isoprenoids are a class of compounds derived from the five carbon
precursors, dimethylallyl diphosphate, and isopentenyl diphosphate. These mole-
cules present incredible natural chemical diversity, which can be valuable for
humans in many aspects such as cosmetics, agriculture, and medicine. However,
many terpenoids are only produced in small quantities by their natural hosts and can
be difficult to generate synthetically. Therefore, much interest and effort has been
directed toward capturing the genetic blueprint for their biochemistry and engi-
neering it into alternative hosts such as plants and algae. These autotrophic
organisms are attractive when compared to traditional microbial platforms because
of their ability to utilize atmospheric CO2 as a carbon substrate instead of supplied
carbon sources like glucose. This chapter will summarize important techniques and
strategies for engineering the accumulation of isoprenoid metabolites into higher
plants and algae by choosing the correct host, avoiding endogenous regulatory
mechanisms, and optimizing potential flux into the target compound. Future
endeavors will build on these efforts by fine-tuning product accumulation levels via
the vast amount of available “-omic” data and devising metabolic engineering
schemes that integrate this into a whole-organism approach. With the development
of high-throughput transformation protocols and synthetic biology molecular tools,
we have only begun to harness the power and utility of plant and algae metabolic
engineering.
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1 Introduction

Isoprenoids constitute one of the most structurally diverse classes of compounds
found in nature and are synthesized from two C5 isomeric precursors: isopentenyl
diphosphate (IPP) and dimethylallyl diphosphate (DMAPP). These compounds have
many roles in eukaryotic biology with special importance in plants. These roles are
both critical (i.e., hormones, aliphatic membrane anchors, maintaining membrane
structure) and unique (i.e., defense compounds, insect/animal attractants). There are
tens of thousands of specialized metabolites (metabolites that are nonessential for
normal cell homeostasis) and a significant proportion of these are isoprenoids, with
well over 55,000 examples [178, 189]. Many excellent reviews have summarized the
biosynthesis and roles of these compounds; the general model for isoprenoid bio-
synthesis is formation of the above-mentioned C5 precursors by either the meva-
lonate (MVA) pathway which is present in the cytoplasm/endoplasmic reticulum
(ER) of plants (and is the route of isoprenoid biosynthesis ubiquitous in all
eukaryotes) or the methylerythritol phosphate (MEP) pathway that is present in
prokaryotes and the plastid compartment of plants (Fig. 1) [5, 12, 79, 161, 171, 189].
Briefly, these C5 precursors are then conjugated together in an additive fashion to
generate prenyl diphosphates of varying chain lengths (in increments offive carbons)
which are then cyclized and/or modified by terpene synthases, and can then be
further decorated by downstream enzymes such as cytochrome P450s [80]. In plants,
the MVA pathway is the primary pathway for the biosynthesis of sesqui- (C15) and
triterpenes (C30), both generated from the C15 intermediate farnesyl diphosphate
(FPP). The MEP pathway is the primary pathway for the biosynthesis of hemi- (C5),
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Fig. 1 Summary of the two isoprenoid biosynthetic routes in plant cells. The mevalonic acid
(MVA) pathway is shown starting with two acetyl-coenzyme A (CoA) molecules and proceeds
through two steps (not shown) in the cytosol at microbodies to produce 3-hydroxy-3-
methylglutaryl-CoA (HMG-CoA) which is reduced by HMG-CoA reductase (HMGR) at the ER
interface to produce MVA. Three more steps (not shown) produce IPP and it is interconverted to
its isomer DMAPP by isopentenyl diphosphate isomerase (IDI). Two molecules of IPP and one
molecule of DMAPP are condensed to produce farnesyl pyrophosphate (FPP) by farnesyl
pyrophosphate synthase (FPS). FPP serves as a precursor for sesquiterpenes, which are formed by
terpene synthases and can be decorated by other various enzymes. Two FPP molecules are
condensed by squalene synthase (SQS) at the ER face to produce squalene the precursor for
triterpenes and sterols, which are generated by oxidosqualene cyclases (OSC) and are modified by
various downstream enzymes. The methylerythritol phosphate (MEP) pathway present in the
plastid compartment initiates its isoprenoid biosynthesis with pyruvate and D-glyceraldehyde 3-
phosphate (G3P) condensed into 1-deoxy-D-xylulose 5-phosphate (DXP) by DXP synthase (DXS).
Glycolysis and the Calvin cycle provide the precursors for the MEP pathway and recent studies
have elucidated plastid importers of pyruvate (BASS2) and phosphoenolpyruvate (PEP) [47, 52].
DXP is then converted to MEP by DXP reductoisomerase (DXR). Five steps (not shown) convert
MEP into IPP, which is also interconverted to DMAPP by the plastid IDI enzyme. DMAPP/IPP
are also the precursor for hemiterpenes. One molecule of IPP and one molecule of DMAPP are
condensed to form geranyl pyrophosphate (GPP) by GPP synthase (GPS). GPP is the immediate
precursor for monoterpenes. Further condensations of two molecules of IPP to GPP forms
geranylgeranyl pyrophosphate (GGPP) by GGPP synthase (GGPS). GGPP is the precursor for
diterpenes and 2 GGPPs can be condensed by phytoene synthase (PSY) to form phytoene, the
immediate precursor for carotenoids and tetraterpenes. Mitochondria also contain nuclear encoded,
catalytically active isoforms of IDI, GGPS, and FPS. Mitochondrial FPP is critical for ubiquinone.
Transport of precursors and prenyl diphosphates between membranes and sites of biosynthesis are
represented by dashed arrows, while direct catalytic reactions are depicted by bold arrows.
Enzymes that catalyze important regulatory steps or are important engineering targets are indicated
in bold dark red. Figure adapted from information in [20, 52, 57, 123]
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mono- (C10), di- (C20), tetra- (C40), and polyterpenes (>C50) which are generated
from additions to the 10 carbon starting molecule geranyl diphosphate (GPP).
Figure 1 summarizes the isoprenoid biosynthetic pathways operating in higher plants
and highlights important enzymes and regulatory steps within the typical higher
plant cell.

Initially, the identification of the MVA pathway suggested that it was probably
the conserved evolutionary path for the biosynthesis of isoprenoids in all organ-
isms. However, pioneering work starting in the 1980s showed that the MEP
pathway was the bacterial method of isoprenoid production and that it was also
primarily responsible for isoprenoid production in plant plastids [94, 150, 151].
Each pathway’s catalytic enzymes have been well described and several important
regulatory elements are known [171]. Canonically, in the MVA pathway,
3-hydroxy-3-methylglutaryl coenzyme A reductase (HMGR) is one of the key
regulatory steps controlling the flux of acetyl-CoA into the isoprenoid precursors in
the MVA pathway, and 1-deoxy-D-xylulose 5-phosphate synthase (DXS) and
1-deoxy-D-xylulose 5-phosphate reductoisomerase (DXR) are key regulatory ele-
ments in the MEP pathway (Fig. 1) [62]. For some time evidence suggested the
important role of DXS in controlling flux into the MEP pathway [42]. The role of
DXS has been further underlined by several studies looking at MEP pathway
carbon flux using 13C labeling experiments [54, 179]. These studies corroborate the
findings by Estévez et al. [42], showing that both increased and decreased DXS
activity directly appears to influence MEP pathway flux. However, overexpression
of DXS alone did not seem to increase downstream isoprenoid accumulation highly,
indicating other critical regulatory steps at downstream enzymes. It is important to
note that DXS activity does not directly correlate with increased DXS transcription
and posttranscriptional regulation of DXS activity has also been described [134].
The regulatory system of DXS appears typical for both isoprenoid pathways:
control of flux is complex, occurring at multiple points in each pathway, in response
to many different types of stimuli, and through varying methods across all levels of
regulation (i.e., transcriptionally, posttranscriptionally, and posttranslationally).
Untangling these regulatory networks is further complicated by the presence of
gene families for each coding enzyme of the plant isoprenoid pathways. Further-
more, these gene families have varying compositions from species to species with
specialized functions (e.g., active for specific developmental regimes) for the var-
ious isozyme members in each [62].

This subcellular division of labor in higher plants is an important biochemical
facet that can be capitalized upon using metabolic engineering that will become
apparent. The division effectively partitions major biochemical control over two
areas within the cell, each of which may be exploited to avoid the endogenous
regulation that controls production in either the cytoplasm or plastid. During the
elucidation of the plastid MEP pathway, several clues hinted at the independence of
plastid isoprenoids from the cytosolic MVA pathway. Labeling studies using MVA
precursors indicated they were not effectively incorporated into carotenoids,
diterpenes, or monoterpenes. Furthermore, chlorophylls and carotenoids were not
affected in plants treated with the MVA pathway inhibitor, mevinolin, and initially
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it was speculated that the inhibitor was not able to permeate through the plastid
envelope. Interestingly though, chloroplasts were able to incorporate exogenous
IPP [150]. Mitochondria are also able to import IPP; however, mitochondria are
void of an endogenous pathway that synthesizes the basic five-carbon prenyl unit,
and must obtain IPP from the cytosolic MVA pathway [35]. This is critical for the
production of polyprenols such as those present in ubiquinone [62]. It is appreciated
that flux through the MEP pathway is more robust than flux through the MVA
pathway. This is due to the plastid synthesizing large amounts of carotenoids and
chlorophyll polyprenyl chains primarily from photosynthetically obtained CO2. The
MVA pathway precursor, acetyl-CoA, is a common intermediate in several meta-
bolic processes within the cell and is derived from the breakdown of carbohydrate
(glycolysis), fatty acids (ß-oxidation), and amino acid recycling [62].

Each pathway appears to control its flux independently, however, they do have
some basal level of intermediate sharing and this may be more prevalent during
specific times of growth [63]. Continued study of various isoprenoid compounds
indicates that the separation of these two pathways and the isolation of their
respective prenyldiphosphate precursors do not follow any generalizable rules, and
that noncanonical sharing of substrates across pathway boundaries does appear to
occur. Whether these exchanges are facilitated by transporters or through another
biophysical mechanism (such as intermediate sharing of tocopherol precursors as
described by Mehrshahi et al. [111]) is not known, and may be a combination of
methods [62].

Many of the isoprenoids produced by plants are of high value to humans. They
have uses in medicine (e.g., the anticancer diterpene Taxol, the antimalarial ses-
quiterpene artemisinin), cosmetics (e.g., the triterpene squalene, the many fragrant
monoterpenes), industry (e.g., the monoterpenes and diterpene resin acids for
chemical feedstock), and agriculture (e.g., sesquiterpenes involved in complex
ecological trophic interactions and isoprenoid-derived plant hormones such as the
gibberellins [10]). However, many of these compounds are chemically complex
with organic synthesis sometimes being prohibitively costly and complicated for
large-scale production. Thus, much effort has been focused on producing these
compounds in biological hosts using metabolic/genetic engineering technologies
that have become possible within the past few decades. Although biological pro-
duction has mostly focused on production using microbial fermentation systems,
these require their own expensive infrastructure, feedstock (usually sugars), and
purification methods. Compared to microbial systems, plants are especially
appealing because they require a simple infrastructure, including water and fertil-
izer, are easily amenable to variable production scales, and are environmentally
friendly by fixing atmospheric carbon into desired compounds.

However, plants are complex multicellular organisms, which have unique evo-
lutionary adaptations that make them more difficult to engineer genetically when
compared to microbes. Although efforts have indicated that metabolically engi-
neering plants is feasible, further work will continue to refine and identify the most
successful strategies in developing plant production platforms. The purpose of this
chapter is to summarize important considerations, technologies, and strategies that
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should be considered when designing a metabolic engineering effort in higher
plants, and also touches on work and the state of metabolic engineering in green
algae. These important considerations begin at the macroscale in deciding upon an
appropriate plant host in which the desired engineering might prove most effective,
and continue to discussions of how tissue-specific (and cell-specific) targeting can
be used in particular circumstances. Illustrative case examples where these engi-
neering approaches have been successful are highlighted. Microscale and molecular
approaches are also considered, with specific examples presented when applicable.
Specific molecular techniques and engineering approaches that have been suc-
cessful, or may be successful in the future, are also discussed.

Overall, we stress three essential components that underwrite any engineering
strategy: (1) manipulating gene(s) expression (e.g., using heterologous genes from a
species unrelated to the host under a promoter that drives the desired temporal and/
or spatial expression patterns, or altering endogenous gene expression to change
flux towards the desired pathway); (2) avoiding endogenous regulation (e.g., using
specific hosts and targeting the introduced pathway to specific tissues and subcel-
lular compartments); and (3) combining the first two considerations in unique and
novel ways with the available technologies (e.g., using metabolic models, synthetic
biology to ensure enzyme cooperation, using transporters to sequester accumulated
compounds). In addition to the choice of plant host, these are all variables that can
be controlled by construct design and are best summarized in Fig. 2.
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Fig. 2 A schematic blueprint illustrating important variables and approaches to metabolic
engineering in plants. This figure shows a typical transgene design that can capitalize upon various
permutations to yield the desired flux of carbon to the biosynthesis of unique end-products. The
process(es) controlled by each arrow are defined within the inset figure legend
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Before summarizing the technologies and efforts to engineer terpene metabolism
in plants, an important distinction that arises from the literature needs to be men-
tioned: there is a difference between efforts to characterize genes, proteins, and
biochemical pathways using transgenic plants as a tool for basic research versus
efforts to introduce transgenes aimed towards the accumulation of large amounts of
desired compound(s). As expected, many of the initial efforts to alter terpene
metabolism in plants were proof-of-concept experiments [64, 90, 122, 163, 172, 190]
and the first dedicated efforts to engineer particular isoprenoid compounds into plants
soon followed [9, 12, 39, 73, 90, 100–102, 181]. Several recent review articles
summarize many of these efforts in the field quite well [4, 87, 117, 160] and it is not
the aim of this chapter to review comprehensively all the efforts to engineer iso-
prenoid compound accumulation in plants. Instead, we focus on the strategies
important to obtain high levels of desired isoprenoid compounds.

2 Host Choice

The choice of host plant for metabolic engineering should be based upon relevant
scientific criteria such as whether the endogenous flux of carbon through a desired
pathway is high enough and flexible enough to accommodate the funneling of
precursor metabolites towards a desired product. Additional criteria include how
amenable the plant host is to genetic transformation, will the host produce enough
biomass to obtain the desired amount of compound(s), and is the host devoid (or
need to be made devoid) of endogenous enzymes that may modify or metabolize
the desired end-product compound(s). Most of the current work has been done in
model species that are amenable to transformation, have short life-spans (allowing
for efficient genetic experiments), and for whom we generally have a more thorough
understanding of their biochemistry (e.g., Arabidopsis and Nicotiana). Host choice
should also consider the endogenous biochemical milieu of the target, especially if
there exists the potential to modify the engineered compound chemically or
sequester it via an undesired biochemical transformation. One way to avoid these
latter concerns has been to choose a host for which the engineered metabolism is
completely foreign (i.e., there is no endogenous amount of that compound produced
naturally). However, this may not be possible either due to the compound’s ubiq-
uity (e.g., squalene [180]) or the desire to alter the balance of compounds natively
produced in a particular species (e.g., tocopherols). However, even introduction of
foreign metabolism may not be enough to prevent further compound derivatization,
as seen in work by Lücker et al. [100], where they saw modification of engineered
S-linalool to S-linalyl-β-D-glucopyranoside in engineered Petunia. In that study,
control plants did not natively produce S-linalool, but transgenic plants did emit
S-linalool into the headspace from leaves, yet did not have any detectable S-linalool
in extracted leaf tissue. Upon treating transgenic tissue with hydrolyzing enzymes,
free linalool was detected. Using HPLC-MS/MS and multidimensional gas chro-
matography–mass spectrometry with comparison to standards, they were able to
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elucidate the conjugated linalool as S-linalyl-β-D-glucopyranoside. However, the
main problem with model species is that they generally do not produce much
biomass (e.g., Arabidopsis thaliana or Brachypodium distachyon), and therefore are
of little applied use, besides proving that the particular engineering can be
accomplished at a genetic and biochemical level.

When thinking of substantial biomass we generally think of crop plants (e.g.,
maize, rice, soybean, sugarcane, etc.), many of which have proven to be more
recalcitrant to genetic transformation and thus have fewer successful reports of
engineering efforts. However, with recent developments in increasing the efficiency
of transformation for previously low-throughput species (as in the work done by
Sahoo et al. [156] and Zhang et al. [186]), it is reasonable to speculate that the
introduction of transgenes will not be the limiting factor in conducting metabolic
engineering experiments in plants in the years to come. Therefore, host selection
should revolve around the desired engineering outcome and how a particular plant
can match those needs (i.e., whether the plant displays substantial tissue biomass for
tissue-specific accumulation, if desired). Examining host choice from a more
applied and agronomic sense, it may prove worthwhile to consider the choice of a
particular line in light of where the plant would actually be grown. Selecting a line
having already been bred to display resistance to pathogens and/or particular cli-
mate nuances would undoubtedly produce higher product accumulation. Perhaps
most importantly, the host to be chosen should be a high-performing line, meaning
it should display robust growth characteristics in a field setting with an emphasis on
yield of desired engineered tissues.

3 Organ- and Tissue-Specific Engineering

It’s been well known that certain plant cells and tissues have unique chemical
profiles, especially for the case of specialized metabolites (e.g., avenacins found in
oat roots [106], alkaloids in the latex of poppy [43], and sesquiterpenes in glands of
cotton Elzen et al. [40]) for which recent technologies and methods in metabolo-
mics and transcriptomic studies have provided more understanding of the genes and
enzymes involved in the production of unique metabolites [118, 119, 149, 161].
Often these unique metabolites are of special value and many of them are terpe-
noids (or terpenoid-derivatives). Therefore, it could be beneficial to hijack the
biochemical flux through these specific cellular pathways without the potential
disruption of plant homeostasis that often occurs when constitutive promoters are
used. In an engineering strategy designed for large amounts of product accumu-
lation, cell-/tissue-/organ-specific targeting would probably have the best results in
one of four main cell/tissue/organ types: seeds, fruits, trichomes, and leaves. There
are other cell/tissue types that are specific to certain plant species, such as resin
glands in gymnosperms or laticifers in Hevea species and plants in the Asteraceae
and Euphorbiaceae, which could also serve as excellent platforms in which to divert
endogenous carbon flux [75]. However, engineering efforts into these cell types are

168 C. Kempinski et al.



limited by our incomplete understanding of the overall biology of these specialized
cell types. The ability to target single cell types or even specific tissues is really
limited by the number of promoters fully characterized for a specific pattern of gene
expression/cell specificity. Future production platforms might also benefit from the
development of synthetic promoters that could allow for more tailoring, tunable,
optimal gene expression [71].

3.1 Leaves

With regard to organ specificity, leaf-specific targeting does not seem to be a goal
towards which much effort has been expended. This is partly due to the historical
use of constitutive promoters that drive ubiquitous expression and thus, leaf
expression. Because leaves usually are the most accessible and easy to work with of
plant tissues, they generally serve as the evaluation platform for testing new con-
structs or strategies using constitutive promoters to drive construct expression.
Leaves are generally the default tissue engineered product accumulation is assayed
within due to their biomass that they serve as the basic model in which plant
biochemistry and metabolism are considered. This is intuitive because the leaf
serves as the main site of photosynthesis and contains all of the primary metabolites
derived from photosynthate that could be diverted into heterologous compounds.
Presented here are a few cases showing how the separation of leaf-specific and
constitutive expression most likely depends on the desired product outcome, and
that it is difficult to anticipate the phenotypic effect that a particular compound may
elicit in planta.

Plant isoprenoid production as a result of pathogen attack has been well docu-
mented [77, 128, 169, 170]. These elicited compounds can function to prevent
further pathogen attack and recruit predators of the attacking pathogen. Recent
studies have continued to describe the functions of isoprenoids in these roles [69].
Thus, engineering accumulation (or reduction) of these compounds to protect plants
against pathogens is an intriguing proposition. Rodríguez et al. [147] engineered an
antisense limonene synthase into oranges (under the CaMV35S promoter) and
found reduced limonene (and other monoterpenes, sesquiterpenes, and monoter-
pene aldehydes), increased monoterpene alcohols, and most interestingly a marked
resistance to infection by Penicillium digitatum, Xanthomonas citri subsp. Citri,
and less attraction to the fruits by the insect Ceratitis capitata. Although intro-
duction of the antisense limonene synthase changed the terpenoid profile of the
orange fruits, the transgenic plants were phenotypically identical to wild-type (WT)
plants. Engineering of maize plants with an oregano (E)-ß-caryophyllene (EbC)
synthase resulted in an increase in aboveground herbivory during field growth, and
olfactory assays showed a preference by Spodoptera frugiperda towards the
transgenic lines [145]. These EbC-expressing lines did not repress S. frugiperda
growth any more than WT lines. Thus, engineering the accumulation (or reduction)
of the terpene constituents can affect the resistance characteristics of plants to
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pathogens in unexpected ways. Although, as previously reported, constitutive EbC
expression in maize did decrease root damage by the economically relevant western
corn rootworm, Diabrotica virgifera virgifera LeConte, probably through attraction
of entomopathogenic nematodes [32, 145].

These EbC-expressing maize lines did show reduced root herbivory, however, the
agronomic performance of the plants in a field setting was compromised. Although
plant height and water content in the EbC-expressing lines were similar to WT, the
leaf biomass was only 25 % of WT and yield was reduced compared to WT lines
[145]. On average, the EbC-expressing maize plants emitted β-caryophyllene and
α-humulene between 542–2,024 pg/h* plant and these values did not significantly
change after attack by the S. frugiperda larvae [145]. These results suggest two
possibilities for the reduced plant biomass: carbon flux into the engineered com-
pounds is so robust that it is stealing isoprenoid precursors away from downstream
products that are essential for plant growth (e.g., chlorophyll), or there is a certain
amount of accumulating monoterpene that is directly harmful to plant cell growth.
Inasmuch as tissue accumulation of β-caryophyllene or α-humulene was not pre-
sented in these studies [32, 145] the first possibility cannot be definitively ruled out.
Other work has supported the latter possibility.

Work by Wu et al. [181] showed that plants engineered to produce patchoulol
within the plastid accumulated high levels in leaf tissue and also emitted the ses-
quiterpene into the headspace (emission was at a higher level than the monoter-
penes in maize presented above, 50–100 ng/h*g fresh weight, [FW]), and that some
of these transgenic lines showed vein clearing and chlorosis of the leaves, indicating
precursor funneling from plastid-produced pigments to the engineered terpene. Wu
et al. [180] also showed that transgenic tobacco lines producing high amounts of
triterpenes in the plastid (using a multigene approach) also had reduced biomass
(Fig. 3). In addition, Aharoni et al. [2, 3] saw stunted growth with Arabidopsis
engineered with a S-linalool/[3S]-E-nerolidol synthase (FaNES1) targeted to the
plastid. Similarly, Aharoni et al. [4] saw stunted growth and leaf necrosis in potato
plants engineered with FaNES1 under control of the strong chrysantheum Rubisco
small subunit promoter [127].

In contrast to these results, Cahoon et al. [12] engineered tocotrienol accumu-
lation into Arabidopsis leaves using barley homogentisate geranylgeranyl trans-
ferase (HGGT) under the CaMV35S promoter, and reported elevated tocopherols
and tocotrienols increased to 700–900 µg/g dry weight (DW) from <100 µg/g DW
with tocotrienols accounting for *85 % of the total content. These transgenic
plants had tocopherol levels approximately equal to the WT plants, but no changes
in the levels of chlorophyll or carotenoids. Sitbon and Jonsson [164] engineered
Nicotiana tabacum with sterol methyltransferase genes one and two (SMT1 and
SMT2) under a TET1/35S promoter and saw reduced biomass in only SMT2
engineered plants (Table 1). Interestingly, they did not observe changes in total
sterol content in the transgenic lines versus WT, but did observe changes in the
sterol profile of the transgenic lines versus the WT. These results suggest that
unknown or unappreciated levels of metabolite control can act as compensatory
mechanisms to maintain homeostasis and simultaneously allow high accumulation
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Fig. 3 Phenotypic effects of high accumulation of plastid-targeted triterpene production in
tobacco. Plants engineered to express plastid-targeted FPS and SQS under putative trichome
specific promoters (far left) and constitutive promoters (middle) have varying degrees of
compromised growth compared to WT (far right). Transgenic plants presented are homozygous
(T2 generation). Taken from Wu et al. [180]

Table 1 Mean heights (±SD) of tobacco plants engineered with sterol methyltransferases

Genotype Height (cm) Height relative to control

Control 115 ± 4 (16)

GmSMT1

Line 6 114 ± 4 (16) −1 %

Line 51 109 ± 4 (10) −6 %

AtSMT

Line 6 94 ± 4 (10) −18 % (*)

Line 8 95 ± 3 (10) −17 % (*)

Two lines from each transformation event are presented: Glycine max Sterol Methyltransferase 1
(GmSMT1) and Arabidopsis thaliana Sterol Methyltransferase 2 (AtSMT2). Heights of AtSMT2
plants (but not GmSMT1) plants had significantly reduced height (Student’s t-test, P < 0.001).
Taken from Sitbon and Jonsson [164]
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of the desired product. This also reiterates the point that the choice of the enzyme(s)
in a pathway where attempts to push or pull carbon downstream towards the desired
endpoint is of crucial importance.

3.2 Seeds

Although leaf biomass can be prolific in some plants (e.g., tobacco), seeds are
probably the oldest target of selection/engineering, usually to increase biomass
(yield) for animal/human nutritional value, and in oilseeds, to increase oil content
for both industrial and nutritional value. There have been successful efforts in
diverting carbon flux into terpenoid compounds in seeds, perhaps the best known
being the introduction of β-carotene biosynthesis into rice endosperm, producing
the titular “Golden Rice” of the engineered plant [183]. Ye et al. [183] did this by
engineering in heterologous versions of PSY, phytoene desaturase, and lycopene
β-cyclase. These enzymes were targeted to the plastid (the site of carotenoid bio-
synthesis) and segregating lines showed β-carotene accumulation of varying levels
with the highest presented line producing 1.6 µg/g endosperm. However,
expressing only the endogenous PSY under the Brassica napus NAPIN1 (BcNA1)
seed-specific promoter in Arabidopsis saw an increase in carotenoids and chloro-
phyll, with the largest change being a 43-fold increase in β-carotene (260 µg/g FW)
compared to WT (6 µg/g FW). Fujisawa et al. [51] introduced seven genes into the
seeds of B. napus for the production of ketocarotenoids, including a synthetic IDI to
increase the availability of upstream IPP. Engineered B. napus seeds produced
19–30 times higher carotenoids (412–657 µg/g FW) compared to the WT, with
60–190 µg/g FW being ketocarotenoids. Importantly, they also noticed that intro-
duction of heterologous genes altered the expression of endogenous carotenoid
biosynthesis genes. Similar changes to endogenous carotenoid gene expression
were also seen in Gutensohn et al. [57] when tomato fruits were engineered with a
GPS small-subunit (GPS-SSU) from snapdragon.

Holmberg et al. [58, 66] showed elevated sterols when seeds were targeted to
express heterologous sterol methyltransferases, one of the rate-limiting steps into
sterol biosynthesis. Savidge et al. [159] showed elevated levels of total seed toc-
opherols, up to 60 % increases, when engineered with Arabidopsis homogentisate
phytyl transferase (HPT1) under the expression of the BcNA1 seed-specific promoter.
Cahoon et al. [12] engineered tocotrienol accumulation into Zea mays embryos using
barley HGGT under the embryo-specific Zea mays 16 kDa oleosin gene promoter and
found increased whole seed tocotrienol production at least 20-fold compared to WT
whole seeds (Fig. 4). These efforts indicate that altering terpenoid flux in developing
seeds is possible and even more important, that they are generated in a natural storage
repository that can be harvested/extracted at a later time. The fact that seeds can
serve as storage for produced compounds with little biochemical alteration once the
seed is dormant, is of special interest, especially if the site of production and
extraction are physically separated or long-term storage is desired.
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3.3 Fruits

Like seeds, fruits also have the potential to be natural storage tissues and targeting to
fruits is desirable for compounds that have beneficial impacts on human nutrition or
could deter pathogens (avoiding the application of pesticides that could be detri-
mental to the environment and human/animal health). Work has been done in both of
these arenas to varying degrees of success. Like the efforts to increase the nutritional
content of seeds by engineering in carotenoid accumulation, similar, early work was
done in tomato fruits, which are naturally rich in carotenoids [48, 154]. Introduction
of a PSY gene increased total tomato fruit carotenoid accumulation approximately
2-fold (over 2 mg/g DW in transgenic fruits vs. 1.3 mg/g DW for WT plants).

In contrast, when a GPS-SSU gene was introduced, it caused a 5-fold reduction
in overall carotenoid accumulation in tomato fruits (*215 μg/g FW in WT vs. an
average of *41 μg/g FW in the transgenic lines). Heterologous expression of the
snapdragon GPS-SSU was previously observed to control prenyl-chain length
formation of endogenous GGPS enzymes in transgenic tobacco, resulting in more
GPP and less GGPP accumulation [126]. Hence, the decrease in carotenoid for-
mation is most likely due to the heterologous expressed GPS-SSU saturating the
endogenous GGPS enzymes, causing a reduction in the biosynthesis of the carot-
enoid precursor GGPP. Interestingly, the concentrations of some of the lycopene-
derived carotenoids (β-carotene, zeaxanthin, and lutein) were not significantly
decreased in the GPS-SSU transgenic fruits [57]. This indicates a much more
complex regulatory network controlling the flux of GGPP into carotenoid com-
pounds, and suggests the existence of multiple branch pathways to specific carot-
enoid end-products.

Fig. 4 Zea mays seeds
engineered with barley HGGT
under a seed-specific
promoter. Tocotrienol
production was increased at
least 20-fold compared to
WT. Modified from Cahoon
et al. [12]
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3.4 Trichomes

Trichomes encompass a group of specialized cells that originate from the epidermis
of plant tissues and are differentiated on the basis of their biochemical capabilities.
A recent review by Lange and Turner [89] summarizes the current knowledge of
isoprenoid biosynthesis in trichomes and touches upon how our current under-
standing in trichome biology might be harnessed for use in metabolic engineering
efforts. Briefly, there are several types of trichomes but glandular trichomes (GTs)
are the most important in terms of specialized metabolism capacity due to their
seemingly dedicated role as metabolite production factories. The presence, number,
and type of trichomes vary between plant species. Thus, the capacity to engineer
them does not exist for every engineering project (although, this could be an
important factor in choosing a particular production host). Equally important,
glandular trichomes can secrete their products onto the leaf surface, facilitating
collection, or the glandular head synthesized compounds may accumulate in cav-
ities/sacs associated with the metabolically active cells. Trichomes secreting
hydrophobic compounds including isoprenoids generally have interesting intra-
cellular features such as an extensive smooth ER network that maintains contact
with nonpigmented leucoplasts. The leucoplasts appear to have a nonuniform shape
that could be implicated in increasing the contact surface area with the smooth ER
[89]. These extensive connections between intracellular membrane networks may
be critical for transport of large amounts of hydrophobic compounds. A recent
study has also implicated a possible role of a lipid transfer protein in the export of
isoprenoids from Nicotiana tall GTs [17].

The species in which isoprenoid biology of the trichomes has been best studied
is the pathway leading to the production of (−)-menthol in Mentha x piperita
(peppermint), which occurs exclusively in this plant’s trichomes. The biosynthesis
and subcellular organization of (−)-menthol production has been well described
[24]. The production of this monoterpene through the MEP pathway (Fig. 1)
illustrates the robust carbon flux through trichome plastids. Further support for a
high carbon flux through the MEP pathway in trichomes is the high level of
Δ9-tetrahydrocannabinolic acid accumulation in Cannabis sativa. Tetrahydrocan-
nabinolic acid contains an integrated GPP molecule attached to a phenolic precursor
that allows for further carbon- and lactone-cyclization yielding the final product
[89]. Trichome-specific promoters have also been identified that enable trichome-
specific transgene targeting and novel biotechnology applications (summarized in
[168]). The natural capacity for trichomes to function as specialized biochemical
factories, in fact, makes them intriguing targets for the redirection of flux into
heterologous, high-valued compounds [180].
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3.5 Roots

Targeting compound accumulation in roots may pose special technical challenges
as well as physical limitations on harvesting. However, compound accumulation in
roots can be beneficial for defense compounds that prevent pathogen attack in the
soil and for nutritional enhancement in tubers or other root vegetables. As noted
above, Degenhardt et al. [32] and Robert et al. [145] showed that root emissions of
β-caryophyllene and α-humulene attracted nematodes that helped prevent root
herbivory by western corn rootworms.

Work by Diretto et al. [34] also demonstrated how the chemical profile of roots
was amenable to manipulation by genetic engineering. Silencing the lycopene
epsilon cyclase (LCY-e) increased β-carotene levels >13-fold and total carotenoids
were increased >2-fold in transgenic tubers relative to WT. The highest accumu-
lating tubers showed a mild yellow phenotype. Follow-up work by Diretto et al.
[33] reported engineering PSY, phytoene desaturase/carotene isomerase, and
lycopene β-cyclase, all expressed under tuber-specific promoters, caused a greater
than 3600-fold increase in β-carotene (47.4 µg/g DW) compared to WT. Total tuber
carotenoid content was also increased >19-fold (up to *114 µg/g DW) in these
lines. These high carotenoid producing transgenic lines showed a distinct yellow
color (compare wild-type to engineered lines P-YBI-17 and P-YBI-30; Fig. 5).
These same investigators also transformed potato plants with the same three bac-
terial genes, but only placed the PSY gene under a tuber-specific promoter, whereas
the remaining two genes were driven by the constitutive 35S promoter (K-YBI-41).
Transgenic lines with expression of the PSY gene under the tuber-specific promoter
definitely prevented severe chlorosis/growth retardation as previously reported by
Fray et al. [50].

The transgenic lines constitutively expressing bacterial phytoene desturase/car-
otene isomerase and lycopene β-cyclase (but tuber-specific PSY) showed hampered
regeneration of transgenic plantlets. The authors attributed this to a reduced ability to
produce pigments necessary for photosynthesis, which was correlated with a chlo-
rotic phenotype (compare middle leaf, to the WT and the tuber-specific expression
line, P-YBI-17 in Fig. 5). These negative phenotypes were not observed when all
three genes were placed under tuber-specific promoters. Indeed, these pK-YBI-41
plants showed approximately half the leaf chlorophyll accumulation of WT plants
[33]. When these constructs were transformed into Solanum tuberosum L. cv.
Désirée, which has an endogenous tuber carotenoid content of approximately
5.6 µg/g DW, the transgenic lines accumulated 6-fold more carotenoid, up to 35 µg/g
DW. However, when the same bacterial PSY gene was transformed into the
S. tuberosum cv. Mayan Gold (which has an endogenous tuber carotenoid content of
approximately 20 µg/g DW), the highest carotenoid accumulating lines had nearly
four times the amount of total carotenoid (78 µg/g DW) as found in the nontrans-
genic parental line [37]. This illustrates the importance of choosing a plant cultivar
that naturally exhibits a robust metabolic flow through the desired pathway in order
to generate the highest accumulating lines.
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Other work utilized the Or transcription factor, originally identified as the gene
controlling orange pigmentation in cauliflower mutants by causing the formation of
chromoplast structures and the increased accumulation of carotenoid content [98].
Transformation of the Or gene into S. tuberosum cv. Désirée under the control of
the primarily tuber-specific starch synthase promoter resulted in orange pigmented
potato tubers containing >5-fold higher carotenoid content than the nontransgenic
parental line (*31 µg/g DW) [92, 97].

Altogether, these observations have demonstrated that carotenoid content can be
manipulated by the overexpression of either genes encoding for biosynthetic
enzymes or relevant trans-acting regulatory factors. An interesting question
remaining unanswered is if overexpression of the Or gene in combination with the
bacterial carotenoid biosynthetic genes could enhance carotenoid accumulation
even more in potato than either of the separate engineering strategies?

Fig. 5 Transgenic Solanum tuberosum engineered with multiple carotenoid biosynthetic genes.
Plants were engineered with phytoene synthase, phytoene desaturase/carotene isomerase, and
lycopene β-cyclase. P-YBI-17 and P-YBI-30 transgenic lines had all genes expressed under tuber-
specific promoters. K-YBI-41 plants had only phytoene synthase under a tuber-specific promoter,
while the other two genes were expressed constitutively under the direction of the 35S promoter.
a Transgenic tubers show a yellow pigmentation. b Note the apparent decreased leaf pigmentation
of line K-YBI-41 compared to the WT and the tuber-specific P-YBI-17 line. Taken from Diretto
et al. [33]
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3.6 Other Specialized Cell Types

Many plants contain specialized cells that serve as endogenous synthesis and storage
compartments for specialized metabolites. Often these cells are utilized to sequester
defense compounds that would otherwise impose their cytotoxic activities onto the
host plant. An example of this cell type is the resin ducts formed in conifer species
upon herbivore or fungal attack [76]. These cells produce prodigious amounts of
monoterpenes and diterpene resin acids along with smaller amounts of sesquiterpenes
[75]. The formation and biochemistry of these terpenoid factory cells is still a matter
of investigation. In one study, for instance, introducing a Pinus abies bifunctional
isoprenyl diphosphate synthase (IDS; IDS catalyzes the biosynthesis of GPP and
GGPP) into Pinus glauca did not reveal an increase in any of the monoterpenes,
sesquiterpenes, diterpene resin acids, sterols, or carotenoids in any tissue. The prenyl
diphosphate intermediates, GPP and GGPP, were increased in needles but not bark,
and higher levels of esters of geranylgeraniol with fatty acids were noted [120]. This
was unexpected because IDS expression was driven by the constitutive Zea mays
ubiquitin 1 promoter, and although transcript accumulation was much lower in the
bark than in needles, no real metabolic changes were observed in the bark tissue. This
is indicative of unique control mechanisms that might need further elucidation before
transgenic conifers could be used to increase production of the valuable oleoresins.

In contrast to the induced formation of resin ducts in conifers, lactifers are
reticulated, interconnected cells present in particular plant species and often in
particular tissues and that generate and accumulate latex. Latex is a combination of
many specialized compounds, including phenolics, proteins, alkaloids, terpenes, and
the main constituent being polyisoprenoids, that is, natural rubber which can contain
polyisoprene chains with >18,000 isoprenyl subunits [1, 8]. Human utilization of
latex has been important for thousands of years, with an expanding role more
recently for its use in industrial production of diverse rubber products. Interestingly,
not all the steps in rubber biosynthesis have been elucidated [18], which has defi-
nitely limited the prospects for engineering greater rubber production capacities [8].

Specialized plant cell cultures might also serve as production platforms for
important terpenoid compounds [11, 146]. These systems have been especially
important for high-value pharmaceuticals that tend to accumulate to low levels in
planta, such as providing intermediates from Taxus baccata for the semisynthetic
production of Taxol, portending similar opportunities for terpene indole alkaloids
(TIAs) from Catharanthus roseus and artemisinin from Artemisia annua cultures.

4 Engineering Isoprenoid Metabolism in Plant Organelles

As noted earlier, metabolic flux in isoprenoid biosynthesis revolves around a
complex network that involves multiple subcellular compartments within the plant
cell: the cytosolic MVA pathway, the plastid-localized MEP pathway, localization
of many sequential isoprenoid biosynthetic enzymes arrayed on the ER membrane
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or targeted to the mitochondria and microbodies, and the possible participation of
the vacuole as a storage/sequestration organelle (Fig. 1). Hence, targeting of
enzymes and biosynthetic capacity to an appropriate subcellular location is a pre-
requisite for successful metabolic engineering in plants, which must overcome
several layers of complicated regulation [61, 87]. Early metabolic engineering
attempts achieved less success in elevating terpene production by introducing
enzymes into the cytoplasm without considering the regulatory complexity of the
MVA pathway [181]. Now, engineering terpene metabolism into organelles to
overcome these innate regulatory constraints has become an important strategy, as
illustrated by the following two examples.

It is well established that the biosynthesis of distinct classes of isoprenoids take
place in distinct organelles (Fig. 1). For example, the major steps of monoterpene,
diterpene, and carotenoid biosynthesis are known to operate in higher plant chlo-
roplasts, so most of the engineering efforts to enhance biosynthesis of these com-
pounds have used heterologous enzymes fused with a plastid-targeting signal
peptide to direct them to their endogenous site of biosynthesis (or by introducing
the transgene into the plastid genome directly). This type of “straightforward”
genetic engineering has been conducted in various species of higher plants,
extensively reviewed (6, 45, 49, 88, 7, 114, 116, 182), and is not reiterated in this
section other than to note that this type of engineering utilizes pre-existing substrate
biosynthesis, which is captured and diverted to produce compounds that may or
may not be normally present within a particular organelle. Hence, this type of
strategy does not completely avoid endogenous regulatory elements that may
respond directly to the synthesized compound or indirectly through changes in
intermediates and large amounts of target compound accumulation. It is also nec-
essary to be aware of any inherent regulatory systems (e.g., allosteric sites) of the
introduced enzymes that may inhibit their activity.

In order to avoid this, targeting introduced enzymes to particular organelles to
divert available substrate(s) for the formation of a novel pathway that is foreign to
the organelle is becoming a commonplace strategy. In an early study, a strawberry
linalool/nerolidol synthase FaNES1, was targeted to mitochondria by fusing a
mitochondrial targeting signal sequence to the amino terminus of the FaNES1
protein, leading to generation of two novel sesquiterpenes in transgenic Arabid-
opsis, (3S)-(E)-nerolidol and (E)-DMNT, neither of which is found in WT lines
[73]. In another recent study [44], amorphadiene-4,11-diene synthase (ADS) tar-
geted to the mitochondria was coexpressed with a cytochrome P450 (CYP71AV1),
a cytochrome P450 reductase (CPR), an artemisinic aldehyde reductase (DBR2)
from A. annua, and a truncated and deregulated HMGR from yeast in N. tabacum.
This resulted in artemisinin accumulation of 5–7 μg/g DW, which is 8-fold more
than when ADS was targeted to the cytoplasm [44]. These results provide strong
evidence that mitochondrial targeted FaNES1 and ADS have access to FPP in the
mitochondria and convert this intermediate into (3S)-(E)-nerolidol and amorpha-
4,11-diene, respectively. These reaction intermediates were then were further
converted by native (and unknown enzymes in Arabidopsis) or engineered enzymes
(CYP71AV1, CPR, DBR2) present in cytosol to the final products (E)-DMNT and
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artemisinin, respectively. Although it is not clear how the intermediate product
(3S)-(E)-nerolidol and amorpha-4,11-diene are shuttled between the mitochondria
and cytosol, the results show that the heterologous terpene synthases can efficiently
use the FPP pool in the mitochondria for novel sesquiterpene production. In con-
trast, free pools of FPP in chloroplasts and the cytoplasm must be less available in
these species because simply introducing a FPP-dependent synthase does not yield
appreciable novel terpene accumulation [3, 44, 73, 181].

Wu et al. [181] furthered this approach by applying it to chloroplasts. Accu-
mulation greater than*25 µg/g FW of the nonnative sesquiterpenes patchoulol and
amorpha-4,11-diene, was achieved in transgenic N. tabacum when an avian FPS
gene and nonnative sesquiterpene synthase, ADS or patchoulol synthase (PTS),
genes were transformed into the nuclear genome with plastid targeting signal
sequences appended to the amino-terminus of encoded proteins. Using the same
strategy, up to *500 µg/g FW of the triterpenes squalene and botryococcene were
achieved when an avian FPS gene in combination with either a yeast squalene
synthase (SQS) or an engineered algal botryococcene synthase (BS) were targeted
to the chloroplast compartment [180] and Jiang et al., before unpublished). Con-
ceptually, the plastid-targeted FPS diverts the IPP and DMAPP intermediates from
the MEP pathway towards the accumulation of free FPP, the substrate for sesqui-
terpene and triterpene production. The biosynthesis of FPP, sesquiterpenes, and
triterpenes are foreign to the chloroplast (Fig. 1), and introduction of these two-step
biochemical pathways allows for elevated nonnative terpene production in the
plastid compartment, sheltering these nonnative biosynthetic pathways from any
native regulatory mechanisms and hence allowing for an unlimited flux of carbon to
a desired terpene. Kumar et al. [84] corroborated this notion in an independent
study where the entire yeast MVA pathway (a total of six enzymes) was introduced
into the chloroplast genome of tobacco. The resulting homoplasmic transgenic lines
accumulated multiple isoprenoid products, including mevalonate, carotenoids,
sterols, squalene, and interestingly, triacylglycerides.

When engineering novel biosynthetic capacity into the chloroplast, there is an
important choice to be made between plastidic transformation versus nuclear
transformation. Plastidic transformation offers several advantages over nuclear
transformation: homologous recombination methodology exists, expression of
transgene operons could improve coordinated gene expression, transgene inheri-
tance should only pass from maternal tissue, nuclear epigenetic effects should not
present any difficulties, and the translation of expressed transgenes into protein is
likely to be higher compared to nuclear transgene expression [27, 29, 84]. However,
there are no direct comparisons of isoprenoid production by plastid genome
transformations versus nuclear genome transformations expressing the same
enzymes within or targeted to the chloroplast. Moreover, the higher level of protein
expression does not always positively correlate with a higher level of terpene
production and reflects the need to consider many factors, such as: protein (enzyme)
activity, substrate availability, flux control within the pathway, and other regulatory
complexities that may exist in the plastid. Thus, the best transformation strategy,
nuclear versus plastidic, will probably vary on a case-by-case basis.
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Metabolic engineering of higher plant chloroplasts offers additional potential for
high yields of isoprenoid production: (1) there are many plastids within each higher
plant cell (up to 50) that have polyploidy genomes (up to 1,000 copies per plastid);
(2) because they are the site of photosynthesis, carbonflux in chloroplasts is robust and
theoretically could provide for an unlimited supply of precursors; (3) chloroplastsmay
offer a good environment for exogenous protein folding, expression, and activity;
(4) chloroplasts appear especially suitable for heterologous isoprenoid production due
to lax endogenous regulation of the MEP pathway as compared to the MVA pathway
operating in the cytosol; and (5) there is now the possibility to improve photosynthetic
efficiency, which could increase production of engineered compounds [74].

A recent review by Heinig et al. [61] discussed the current challenges in con-
ducting subcellular targeting in plant metabolic engineering. They suggested
important considerations needed to be given to ensure substrate availability, whe-
ther this be overcome by co-introducing transporters, upstream catalytic enzymes to
increase pathway flux, or suppressing endogenous pathways that bleed away pre-
cursors or cofactors. Although the most successful subcellular targeting efforts so
far have used nuclear-encoded propeptides, which include transit peptides that
direct the final protein to its intracellular destination, further development and
optimization of plastid-encoded enzymes could allow for even higher titers of
products. Engineering genetic constructs into the chloroplast has been possible
since the late twentieth century [28, 82, 110], and high protein titers have been
obtained, however, engineering chloroplast-encoded catalytically active enzymes
has been less successful. Hence, there appears to be an inherent limitation in the
chloroplast for the biosynthesis of high levels of catalytically competent enzymes, a
problem that currently does not seem to be receiving considerable attention.

5 Altering Expression Patterns of Endogenous Genes

5.1 Downregulation

Downregulation or knock-out of endogenous biosynthetic genes is another
important strategy commonly used to regulate/redirect metabolic pathway flux.
These efforts attempt to suppress or abolish gene expression of a possible com-
peting enzyme, thus flux can be redirected into the desired enzyme/pathway.
However, this technique has not been used substantially and effectively in plant
metabolic engineering compared with efforts in microbial systems. This is, in part,
because of the difficulties in obtaining specific plant mutants and the low efficiency
in obtaining appropriate amounts of downregulation of gene expression in plants
(due mainly to large unknown genomes and/or redundant genes). Nevertheless, a
number of studies have reported that antisense RNA and RNAi (RNA interference)
techniques have been successfully used in manipulating plant terpene metabolism
to increase terpenoid production.
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Monoterpene essential oil production was elevated (61 % yield increase over WT
plants) in transgenic peppermint expressing peppermint antisense (+)-menthofuran
synthase (MFS) with simultaneous overexpression of DXR [88]. Downregulation of
MFS alone was shown to decrease the level of side-product (+)-menthofuran, and
redirected carbon flux to desirable monoterpene oil production, leading to an
increased oil yield of roughly 35 % [104].

Tuber-specific expression of antisense fragments for either LCY-e or β-carotene
hydroxylase, the genes encoding the enzymes that compete for lycopene and further
metabolism of β-carotene, respectively, led to significantly increased levels of
β-carotene (up to 14-fold and 38-fold, respectively) and total carotenoids (up to
2.5-fold and 4.5-fold, respectively) in potato tuber [33, 34]. When LCY-e was sup-
pressed by an RNAi approach, increased carotenoid content in B. napus seeds was
reported [185]. RNAi was also used in several studies to increase the content of
artemisinin in A. annua by downregulating SQS and β-caryophyllene synthase, both
enzymes that compete for FPP, which is a key intermediate in the artemisinin bio-
synthetic pathway [15, 46, 187]. When the C. roseus gene encoding 7-deoxyloganic
acid 7-hydroxylase (CrDL7H), which is involved in secologanin biosynthesis, was
suppressed by virus-induced gene silencing the accumulation of secologanin
was reduced by at least 70 %. Critically, the accumulation of the intermediate,
7-deoxyloganic acid (the substrate for CrDL7H), was 4 mg/g FW in silenced plants
whereas this compound is normally undetectable in WT plants [157].

Transgenic oranges with reduced levels of limonene caused by an antisense
downregulation of the (+)-limonene synthase gene, were shown to be resistant to
economically important pathogens [147]. Exactly how the reduced level of limonene
in fruits activates a defense response has yet to be determined, but reduced limonene
accumulation does correlate with increased levels of GGPS which could provide
substrate for the formation of diterpene antimicrobial compounds that inhibit path-
ogen infection. The authors of this study suggested that the link between limonene
accumulation and pathogen attack could play an ecological role in facilitating seed
dispersal by allowing frugivores easier access to the fruit pulp [148].

5.2 Transcription Factors

Most specialized metabolites in plants accumulate when plants respond to acute
developmental or environmental signals [14]. Therefore, it seems reasonable that
their biosynthetic genes would be regulated in a coordinated manner by transcrip-
tional factors. Although transcriptional regulation of the isoprenoid biosynthetic
pathways is not well characterized, metabolic engineering of certain regulatory
genes (the transcriptional factors) provides a novel approach to enhance terpene
production in plants [129].

Recent studies have reported transcription factors in A. annua that appear to
regulate artemisinin biosynthesis. AaWRKY1 was characterized as a transcription
factor that regulates the native ADS gene in A. annua. Transient expression of
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AaWRKY1 also led to increased transcript accumulation of a majority of artemisinin
biosynthetic genes [103]. Two jasmonate-responsive (AaERF1 and AaERF2) and a
trichome-specific (AaORA) AP2/ERF transcription factors were also characterized
as positive regulators for artemisinin biosynthesis in A. annua. Overexpressing
either transcription factor resulted in increased accumulation of artemisinin and
artemisinic acid [99, 184]. In contrast and contrary to expectations, constitutive
expression of an Arabidopsis blue light receptor, CRY1, gene in A. annua increased
the abundance of the FPS, ADS, and CYP71AV1 transcripts, three important
enzymes in artemisinin biosynthesis, and led to increased accumulation of arte-
misinin and anthocyanins [67].

Catharanthine accumulation was improved up to 6.5-fold higher than WT in
C. roseus hairy roots by coexpression of the ORCA3 transcription factor and the
gene encoding for geraniol 10-hydroxylase, an enzyme involved in the TIA bio-
synthetic pathway [173]. Likewise, overexpression of the Arabidopsis transcription
factor Agamous-like 12 in C. roseus suspension cells promoted enhanced accu-
mulation of ajmalicine, a TIA with antihypertensive properties [115]. Arabidopsis
transcription factors MYC2 and MYB21 have also been reported to regulate the
expression of sesquiterpene synthase genes TPS11 and TPS21. When mutated, the
Arabidopsis myc2 and myb21 mutants emit less sesquiterpene volatiles from their
flowers than the WT plants, which was correlated with reduced levels of the TPS11
and TPS21 mRNAs [68, 142].

6 Understanding and Utilizing Compartmentalization

Understanding the flux of metabolites throughout the plant cell and attempts to use
in silico algorithms to predict how specific changes in one metabolite may affect
overall cell homeostasis has been an active area of interest. Efforts in creating
integrative maps for comprehending the systemic biology of an organism is a rather
new field that has become more accessible with the proliferation of available bio-
informatics data and computing power. Full-scale system simulations are not
available yet, partially due to our lack of understanding of full reaction dynamics
and kinetics. Current genome-scale models have four main constituents: a list of
enzymes and their reactions, the types and constraints on those reactions (e.g.,
reversibility, capacity), gene–protein–reaction linkages, and functions that dictate
cellular activity, that is, the stipulations by which the listed reactions will be con-
strained within the cellular model [162]. Databases defining a biological system in
terms of its biochemical, genetic, and genomic data have been generated for several
types of species, including plants. Plants that have had genome-scale models
generated for them include: Arabidopsis [16, 113, 125, 132, 137, 177], Zea mays
[26, 155], Sorghum bicolor [26], Saccharum officinarum [26], Hordeum vulgare
[56, 112, 152], Oryza sativa [85], and B. napus [59, 60, 131].

In the case ofArabidopsis, one of themetabolic networks incorporated 5,253 gene-
reaction inputs with a total of 1,567 unique reactions and 1,748metabolites, and it also
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considered the subcellular divisions of the typical plant cell (e.g., plastids, mito-
chondria, peroxisomes) but was limited in the consideration of cellular metabolic
pathways that it models [26]. These models are still being refined and so far only
consider primary metabolism, thus they have limited utility in understanding flux
through the isoprenoid pathways especially when the system is altered by heterolo-
gous enzymes, although they can give insight into disconnects between available
precursors and experimentally observed flux. However, recent mathematical models
for understanding important regulatory components of essential oil production in
peppermint have received experimental support [143, 144]. The reader is directed to
two recent reviews discussing metabolic modeling for further details [124, 162].

One of the annotations that is important in generating genome-scale models
across the subcellular locations of a plant cell, is the role of transporters in allowing
accessibility of specific metabolites to the various enzymes of specialized cellular
compartments. Metabolite transporters for terpenoid compounds probably exist to
facilitate interorganelle sharing of intermediates (Fig. 1). However, identification of
these transporters has been lacking. Doshi et al. [36] conducted analyses on bac-
terial homologues (including some mutated versions) of the ATP-binding cassette
(ABC) exporter, MsbA, which is responsible for exporting the lipid A-moiety of
lipopolysaccharide from the inner to outer leaflet of the E. coli inner membrane.
They found that heterologous expression of some of these MsbA homologues
allowed an increase in carotenoid excretion from E. coli cells also engineered for
novel carotenoid biosynthesis. Although these transporters could export the
hydrophobic carotenoid compounds, natural transporters for all types of isoprenoids
have yet to be elucidated. There is ongoing research into this area and recently a
plasma membrane ABC transporter from N. tabacum, NtPDR1, was described that
is involved in diterpene export across the plasma membrane. Expression of NtPDR1
was observed across several tissue types and induced in response to several stimuli
[25]. ABC transporters for the secretion of hydrophobic cuticular waxes in epi-
dermal cells have been identified [158] as well as a plastid-localized ABC trans-
porter important for importing ER-synthesized lipids [153]. In light of this, it seems
reasonable to speculate that specialized transporters for intra- and extracellular
movement of isoprenoid compounds may exist. Alteration of isoprenoid exchange
within the cell and deposition to the exterior of the cell could also be altered using
engineered lipid transfer proteins (LTPs).

As stated previously, a recently identified tobacco trichome LTP showed
increased trichome exudate of alkanes and diterpenes when overexpressed [17].
Other recent studies have identified additional putative lipid transfer proteins from
B. napus and Zea mays which remain to be biochemically validated [93, 191].
However, even if these LTPs do not normally transport isoprenoid substrates, it
may be possible to engineer them to recognize certain isoprenoid compounds.
Using transporters within a metabolic engineering strategy could allow for
sequestration of produced molecules within a specialized structure away from the
site of synthesis, allowing for higher titers by removing the product from the site of
synthesis, decreasing possible negative feedback on the biosynthetic enzyme(s),
and promoting continued pathway flux via simple mass-action principles.
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The notion of using synthetic biology to increase flux through a pathway has
been a topic of considerable discussion. Synthetic protein scaffolds, where suc-
cessive acting catalytic enzymes are tethered via specific epitopes to a protein
scaffold, in theory allow for the creation of a synthetic metabolon in vivo. These
synthetic metabolons can be designed so that the stoichiometry of the pathway
components is optimized. This is exemplified by Dueber et al. [38] where a protein
scaffold was used to tether three MVA pathway enzymes in a stoichiometrically
optimized ratio, thus allowing for a 77-fold increase in MVA accumulation in
scaffold-containing E. coli cells versus cells without the scaffold.

7 Algae Engineering

Algae are a polyphyletic group of water-dwelling, eukaryotic single and multicel-
lular organisms with diverse morphological, physiological, and biochemical fea-
tures. As do higher plants, algae fix CO2 through photosynthesis and can ultimately
sequester this carbon in numerous downstream products such as terpenoids. Mass
algae cultures can produce large amounts of terpenoids that are used in nutraceutical
[188], pharmaceutical [174], and renewable fuel [130] applications without com-
peting for arable farmland used in food production. Moreover, algae can achieve
higher cellular densities than plants, enabling them to produce more compound per
unit of land area [53]. Several species are already cultivated on a large scale for
production of carotenoids with useful antioxidant and pigmentation properties [58].
Higher titers of these and other terpenoids are always desirable and metabolic
engineering offers one route to accomplish this using genetic engineering strategies
[53, 55]. Currently, no one phylum can be labeled superior for terpenoid metabolic
engineering; too little is known about the incredible diversity that exists. From a
biotechnological standpoint members of chlorophyta, particularly Chlamydomonas
reinhardtii, have received the greatest attention because they are the best studied
“omically,” physiologically, and biochemically, and because most terpenoid met-
abolic engineering efforts have been attempted in green algae.

Fundamental concepts for metabolic engineering of terpenoids in algae are
largely built around strategies developed for higher plants; these include but are not
limited to increasing substrate levels/access, deregulation of rate-limiting steps,
reduction/elimination of competing pathways, and so on (see [31] for review).
Accomplishing such feats first requires consideration of the pathway(s) that supply
terpenoid precursors in the algae species of interest. Depending on phylogeny, the
MVA and MEP biosynthetic pathways responsible for supplying IPP are differ-
entially dispersed. Primary endosymbiotic algae such as glaucophyta and rhodo-
phyta (red algae) typically possess both the MVA and MEP pathways whereas
chlorophyta (green algae) only harbor the plastidic MEP pathway; secondary
endosymbiotic algae phyla euglenophyta, chlorarachniophyta, and hetero-
kontophyta generally utilize both pathways [96].
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As noted for higher plants, metabolic engineering of terpenes in chlorophyta can
be approached differentially by expressing transgenes from either the nuclear or
chloroplast genome. Methodology exists for both types of genetic manipulations in
Chlamydomonas reinhardtii, Haematococcus pluvialis, Chlorella ellipsoidea,
Chlorella sorokiniana, Chlorella kessleri, Volvox carteri, and Gonium pectorale
[133, 175]. Recombinant DNA is integrated randomly in the nuclear genome pre-
sumably through double-stranded chromosome breakage followed by nonhomolo-
gous end joining; homologous recombination has only been described in the nuclear
genome of one nonchlorophyte algae, Nannochloropsis sp. [79]. As in higher plants,
algal chloroplast transformations proceed through homologous recombination
lending better genetic precision and yielding more reliable titers of protein, however,
no significant manipulations of chloroplast terpenoid metabolism have been repor-
ted, possibly because of protein misfolding or the lack of posttranslational modifi-
cations that are needed for obtaining catalytically active enzyme [135]. Nuclear
engineering offers alternative means for protein folding and posttranslation modi-
fications. However, this approach has been plagued by low-level expression of
transgenes [83, 139] due to transgene silencing [166] and positional effects [121];
hence, many independent transgenic lines per gene construct must be assessed
before high producers are identified. Other important aspects of algae terpenoid
metabolic engineering include promoter/terminator choice, intron inclusion, codon
optimization, exogenous versus endogenous isoforms of catalytic enzymes, trans-
formation method, and metabolite assessment (colorimetric, spectroscopic, chro-
matographic, cytometric) [53, 55, 70, 175]. However, despite all the advances in
algal biotechnology [140], no precedent-setting examples have been published for
algae metabolically engineered to produce high levels of terpenoids or any other
specialized metabolites from nuclear encoded transgenes [21–23, 91, 95, 165].

Lackluster results for algal terpenoid engineering insinuate underlying biological
issues not yet fully appreciated. One area that has been investigated extensively is
construct design for nuclear transformation. Transgene promoter analyses suggest
that nuclear gene silencing occurs via a chromatin-based, epigenetic mechanism
(histone methylation/acylation) that can be bypassed if proper cis-elements are
placed upstream of a strong constitutive promoter [166]. One study demonstrated
successful nuclear transgene expression by using an endogenous nuclear promoter
from the highly expressed, intronless psaD gene, but also noted the importance of a
transcriptional terminator element as well [83]. These investigators also determined
that transformation with linear DNA improved transformant recovery and transgene
expression [83].

An alternative approach to promoter/terminator choice has been constructing
inframe chimeras with transgenes fused to an antibiotic resistance enzyme via a 2A
linker. When this chimera is expressed, two separate polypeptides are produced due
to ribosomal skipping of a peptide bond in the 2A linker sequence. In effect, the cell
is forced to express both proteins for survival because of the antibiotic present
[139–141]. This has been utilized successfully to express active enzymes and could
be used to target enzymes to various subcellular locales such the ER or chloroplasts
[139–141].

Metabolic Engineering of Higher Plants and Algae … 185



In addition to construct design and transformation methodology, C. reinhardtii
strains (UVM4 and UVM11) have been developed for higher efficiency expression
of nonselectable transgenes [121]. The open-reading frame for C. reinhardtii SQS
has been integrated into the nuclear genome of the UVM strains and although
appreciable levels of the corresponding protein were detected, enzymatic activity
was not assessed [81]. Thus, using the C. reinhardtii UVM strains to express nuclear
transgenes inframe with the 2A linker and antibiotic resistance gene under control of
the highly expressed, intronless psaD promoter and terminator may be beneficial in
future attempts to engineer terpene metabolism in algae. Overcoming the nuclear
transgene expression problem in C. reinhardtii, and presumably other green algae, is
one hurdle that needs to be addressed before complex genetic engineering efforts
such as expressing the entire MVA pathway in the cytosol of a green alga or adding
extra copies of the MEP pathway enzymes can be contemplated.

Another key area for future algal metabolic engineering efforts will be to
understand algae-specific oleaginous traits. New “omics” studies have suggested
there are different genes and proteins contributing to the ability of a species to
accumulate their respective lipids. Specifically, in the heterokont Nannochloropsis
sp., gene dosage (13 copies of DGAT vs. 4 in C. reinhardtii) seems to be extremely
important for the accumulation of high levels of TAGs [81]. Moreover, B. braunii
race B constitutively expresses three distinct genes for DXS, presumably to pro-
mote high carbon flux through the MEP pathway and into the abundant triterpene
molecules that it accumulates [107]. In silica predictions such as these are needed to
guide the design of synthetic mechanisms and provide the testable hypotheses that
will be necessary to uncover the fundamental principles controlling terpene
metabolism in algae and higher plants [109].

High titers of naturally occurring algal terpenoids are possible as observed for
Dunaliella salina [138] and Botryococcus braunii race B [41]. However, an
overarching question is how do these algae accomplish this and what are the
prospects for capturing these mechanisms and deploying them in other algae or
plant species? B. braunii race B accumulates 30 % of its mass in triterpene oils,
albeit at the cost of growth rate [41]. Increased growth rates can be achieved under
various culture conditions while maintaining high levels of hydrocarbon production
[78], but genetically engineered strains of this colony-forming algae have not been
reported. Moreover, B. braunii hydrocarbon production and secretion into the
extracellular matrix seem to be intimately linked with the cell cycle [167, 176],
making prospects for the deployment of this mechanism into other algae more
daunting. Thus, using B. braunii as a design template for terpenoid metabolic
engineering approaches may not be as fruitful as other algae such as Dunaliella
salina. This halophilic, marine green alga can accumulate 10–15 % of its mass in
β-carotene stored in plastid globules; it can also form cytoplasmic globules of
TAGs produced during stressful conditions [19, 30, 86, 136, 138]. Supposing that
the carotenogenic enzymes could be knocked down/out in this alga, the available
IPP/DMAPP in the chloroplast might be increased.; this could be bolstered by
additional nuclear copies of DXS targeted to the plastid. Nuclear copies of iso-
pentenyl diphosphate isomerase, prenyl phosphate synthase (such as FPS), and
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triterpene synthases including BS could then be targeted to the cytoplasm. Hypo-
thetically, this could create an environment where the high levels of substrates
produced in the chloroplast are drawn into the cytoplasm by mass-action effects and
channeled into botryococcene (foreign molecule, no feedback regulation) that could
be stored in pre-existing TAG cytoplasmic globules.

Currently, green algae are blank slates for testing new strategies to engineer
higher terpenoid accumulations metabolically. Emerging information about spe-
cialized green algae metabolism will buttress systems/synthetic biology approaches
where carbon fluxes are optimized among cellular pathways in order to achieve
maximum growth and hydrocarbon production rates. Coupled with improved
genetic engineering methodology and thorough bioinformatics, machine learning,
and network flux analyses, ideal strategies will be revealed for manipulating ter-
penoid metabolism in green algae.

8 Conclusions and Future Directions

Several important considerations regarding metabolic engineering efforts in plants
have been covered here, as well as a look at concerns that should be addressed
before advanced higher plant and algae engineering can be successfully accom-
plished. Once a goal has been identified, one must approach the engineering
variables from a macro- to microscale. However, the main choices are which host to
engineer and how the genetic construct design will be designed. Construct design is
where one can fine tune expression to specific cell/tissue/organ types or develop-
mental stages using specific promoters, as well as direct the introduced protein(s) to
discrete subcellular locales. A useful analogy for viewing internal metabolite flux is
that of a plumbing system (Fig. 6). It is important to remember that the metabolic
pathways within the cell are interconnected and that changing one parameter (such
as swapping a connecting pipe within Fig. 6) will also alter flow through the various
other pipes and pathways within the scheme. However, as represented by the open
pipes within Fig. 6, we do not always know what and where certain metabolic
pathways meet with each other nor how they physically interact. Certainly, a
limitation in our knowledge base is that we can currently only obtain such infor-
mation through empirical experimentation.

The future of metabolic engineering will need to embrace a holistic use of all
available technologies presented. Early plant engineering efforts focused on proof-
of-concept experiments using basic tools to ensure transgene expression and show
that heterologous proteins can be expressed and be catalytically active (such as [64]).
Now our primary challenges seem more dependent upon our ability to integrate vast
amounts of genetic, proteomic, and metabolomic information to construct complex
recombinant expression cassettes, and test these engineering designs in economi-
cally valuable hosts [72, 105, 108, 156, 186]. For instance, refinement of metabolic
flux models will help to identify endogenous rate-limiting steps and control mech-
anisms that can be altered to increase desired product accumulation.
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The continued improvement and success of future experiments will also rely on
precise transgene tuning using synthetic biology components to introduce and
integrate metabolic pathway(s) into seamless functional units and avoid unwanted
feedback from homeostatic mechanisms. This may involve using synthetic pro-
moters that allow transgene expression during an appropriate time in development
and in coordination with suppression of endogenous pathway genes, using RNAi or
repressive transcription factors, which would otherwise rob substrate from the
introduced pathway. Engineering expression cassettes into specific genomic locales
may also remove the necessity to screen large numbers of transgenic lines that have
had transgenic DNA randomly inserted, and allow for a more rapid and direct
comparison between engineering efforts in various cultivars of the same species.

Flow sensor 
(feedback 
regulation) 

Valve 
(enzyme) 

Flow (metabolite flux from 
one catalytic step to 

another) 

? 

? 

? 

? 

? 

Cistern (product 
accumulation)  

Fig. 6 Plumbing model and analogy for metabolic flux. One can imagine that carbon flux
throughout the cell can be modeled as a system of connected pipes. The pipe junctions represent
enzymes and the connecting pipes represent the reactions catalyzed by those enzymes—with
thinner pipes representing rate-limiting steps. In this model the water collects in various cisterns
which represent the final metabolic product. These cisterns have a certain maximum capacity
(maximum amount of end product which can accumulate) and this is monitored by various sensors
(feedback mechanisms), which can alter valves (blue tee-shaped objects) that represent regulatory
proteins (e.g. transcription factors) controlling flux through the various connecting pipes or
reactions. However, there are many steps designated by question marks for which we do not know
how they might interact with our metabolic network
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Creating synthetic regulatory mechanisms that effectively partition precursor
availability and provide robust flux to the desired product without allowing buildup
of intermediates may be another way to utilize endogenous enzymes to boost
overall productivity. Efforts that hope to generate plants applicable to actual
commercial targets should also focus on obtaining the highest amount of product
accumulation in high-biomass/yielding lines with low input requirements (e.g.,
fertilizer). Building better plant production platforms now only seems limited by
our ability to assimilate all of the available biological and technological information
into higher levels or more complex architectures taking into account the nuances of
network interactions and connectivity.
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Advances in the Analysis of Volatile
Isoprenoid Metabolites

Matthias Wüst

Abstract The advances in the analysis of volatile isoprenoid metabolites from
sample preparation to separation and detection over the past 3 years are discussed in
this overview. Novel headspace sampling techniques like the so-called high con-
centration capacity techniques are compared with the classical liquid extraction and
distillation methods. The advantages of multidimensional separation techniques in
the analysis of complex samples are outlined and commercially available dedicated
heart-cutting and comprehensive GC systems are described.

Keywords Headspace sampling � Heart-cutting MDGC � Comprehensive GC �
SPME
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1 Introduction

This chapter gives an overview of the latest developments in the field of volatile
isoprenoid metabolite analysis, from sample preparation to separation and detec-
tion. The aim is not to provide a comprehensive review of this topic but rather to
outline the most important technical advances. Therefore, special attention has been
paid to methods that have attained technical maturity in recent years, are available
on the market, and have enlarged the toolbox of scientists working on volatile
isoprenoid metabolites, such as plant scientists, natural products chemists, bioen-
gineers, and food scientists (just to mention a few).

2 Sample Preparation Techniques

Sample preparation is an often underestimated part of the analytical process, but it
has a decisive influence on the accuracy of the results. A representative sample from
an often heterogeneous material has to be selected, and some degree of sample
preparation to remove substances that interfere in the analysis of the desired analyte
(the so-called matrix) and pre-concentration is necessary. The sample as such can
be homogeneous and almost free of interfering matrix (e.g. volatiles in a defined
headspace emitted from a plant) or heterogeneous and extremely matrix laden (e.g.
volatiles in a food sample, volatiles produced by recombinant microorganisms in
a culture broth). Thus, the sample type and purpose of the analysis (qualitative
profiling versus relative and absolute quantification) determine the method to be
chosen for sample preparation.

2.1 Classical Methods: Liquid Extraction, Sorptive
Extraction, and Distillation

Liquid extraction using an organic solvent is the classic method for isolating vol-
atile isoprenoids from solid or liquid samples [16]. This method has been compared
with more recent methods, such as stir bar sorptive extraction (SBSE), headspace
solid-phase microextraction (HS-SPME), and solid-phase extraction (SPE) [13, 19].
These studies have shown that liquid extraction and SPE have still some advantages
to offer, including a better recovery of more polar analytes when compared to
HS-SPME and SBSE. Moreover, all volatile compounds (low, medium, and
high volatility) can be isolated in one extraction step. However, liquid extraction
and SPE are relatively tedious and time consuming. The extracts have to be con-
centrated, and interference with nonvolatile matrix compounds, such as lipids and
solvent impurities, is frequently observed. Combining liquid extraction with sol-
vent-assisted flavor evaporation has been shown to efficiently remove these matrix
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compounds [11], but it adds another tedious operation to the sample preparation
procedure. Simultaneous distillation/solvent extraction combines both operations;
however, due to the heating of the sample, the risk of artifact formation is quite high
[7]. Therefore, these classic methods have been replaced in recent years by a large
variety of headspace sampling methods, which will be discussed in the next section.
However, lipid-rich matrices still present an analytical challenge, even when using
headspace methods. Thin-layer high vacuum distillation and extraction with med-
ium-chain triglyceride and subsequent thermal desorption gas chromatography have
been demonstrated to be alternatives for lipid-rich or pure fat samples [20].

2.2 Headspace Sampling

Headspace sampling is a unique technique that allows sample preparation, pre-
concentration, and cleanup in parallel; thus, it is exceptionally well suited for the
isolation of volatile isoprenoids. This has led to the development of numerous
headspace methods and techniques with unprecedented performance. Numerous
excellent reviews on the headspace sampling of plant volatiles [10, 26, 30] and of
flavors and fragrances [3] have been published. Besides the classical static and
dynamic headspace methods [23], the so-called high concentration capacity head-
space techniques (HCC-HS) have emerged and act as a bridge between static and
dynamic methods [3]. HCC-HS techniques are based on either a static or dynamic
accumulation of volatiles on very small amounts of polymers or solvents, operating
in sorption and/or adsorption modes. Table 1 gives an overview of the most
important HCC-HS techniques.

Among the methods listed in Table 1, HS-SPME is a simple, fast, sensitive, and
convenient technique that has gained the largest acceptance during the last two
decades [6, 22]. If precise quantification of analytes is needed, one has to keep inmind
that their accumulation in HS-SPMEdepends on their vapor pressure in the gas phase.
Thus, it depends in an incalculable way on temperature, release from the matrix, and
the vapor pressure of other volatiles present. In this case, a stable isotope dilution

Table 1 Overview of common high-concentration capacity headspace techniques

Technique Common
abbreviation

Solvent
based

Sorbent
based

Recent
review(s)

Headspace solid-phase
microextraction

HS-SPME X [22, 34]

Headspace liquid-phase
microextractiona

HS-LPME X [3, 30]

In-tube sorptive extraction ITEX X [3]

Headspace sorptive extraction HSSE X [3, 30]
a Also called headspace single drop microextraction (HS-SDME)
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assay is the method of choice to obtain accurate and precise results [1]. Alternatively,
two kinetic calibration methods, on-fiber standardization and measurement using a
predetermined sampling rate, were used as quantification methods [2].

Recent research has shown that sulfonated graphene/polystyrol coatings for
SPME are exceptionally well suited for the analysis of trace terpenes from fennel
and star anise samples [33]. However, HS-SPME has a limited concentration
capability due to the sampling being in the static headspace mode and due to the
low amounts of polymer (typically 0.6 µl on a 100-µm polydimethyl siloxane
fiber). To overcome these limits the in-tube extraction (ITEX) device was intro-
duced in 2006 by CTC Analytics AG (Zwingen, Switzerland). The fully auto-
matable device features a sorbent volume of 160 µl in a packed large diameter
needle of a headspace syringe [12]. In 2009, a new ITEX-2 system, which can be
mounted on any widely used PAL-type autosampler without modification, was
released [15]. Using the headspace syringe as a pump, a part of the headspace of the
preconditioned sample vial is pumped repeatedly through this microtrap. To gain
sensitivity, the number of pumping strokes can be increased or several vials can be
sequentially extracted. Figure 1 illustrates the ITEX-2 sampling procedure. Method
detection limits for 2-methylisoborneol and geosmin of 0.03 and 0.06 µg/l,

Fig. 1 ITEX-2 sample extraction procedure (copyright by CTC Analytics AG; reproduced with
permission). The sample is heated and/or agitated in a sealed sample vial until equilibrium is
achieved (sample conditioning). The ITEX trap needle pierces the sealed sample vial and the
heated gas tight syringe pumps the gas through the ITEX trap (adsorption). The loaded ITEX trap
is flash heated up to 350 °C and desorbed into the hot injector (desorption). After thermal
desorption, the hot ITEX trap is cleaned with inert flash gas (trap cleaning)
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respectively, could be achieved for aqueous samples [15]. Several applications of
ITEX for the analysis of volatiles from plants and food have been published [14, 24,
25, 31, 32].

3 Separation Techniques

Since its invention in the 1950s, gas chromatography (GC) has been the method of
choice for the separation, identification, and quantification of volatile isoprenoids
[16]. Despite the high chromatographic efficiency, overlapping peaks are still a
problem in the analysis of complex samples, such as essential oils and food aroma
extracts. To tackle this problem, multidimensional techniques have been developed.
Here, two columns (the first dimension column 1D and the second dimension column
2D) with orthogonal separation characteristics (polar vs. nonpolar) are connected to
improve the selectivity of the chromatographic system. During the last decade, two
multidimensional techniques—comprehensive GC (GCxGC) and heart-cutting
multidimensional GC (MDGC)—have considerably evolved and attained technical
maturity. An excellent review comparing both techniques has been published by
Marriott et al. [17] and the following sections outline some recent technical advances.

3.1 Heart-Cutting Multidimensional Gas Chromatography

The first common commercial systems for MDGC were developed in the 1980s and
1990s (e.g. SICHROMAT-2 by Siemens, Germany), but they are no longer
available. However, advances in GCxGC may have spurred the re-evaluation of
MDGC technologies [17]. Today, dedicated MDGC systems are available from
various companies, as listed in Table 2.

Table 2 Currently available dedicated MDGC systems

Switching device Manufacturer Resource for technical details (accessed 15.9.2014)

Multi-Deans switch-
ing technology

Shimadzu
Corporation

http://www.shimadzu.com/an/gc/multidimgc/
multidimmdgc.html

Multi-column
switching

Gerstel http://www.gerstel.com/en/multidimensional-
gc-mcs.htm

Capillary-flow
technology

Agilent
technologies

http://www.chem.agilent.com/Library/brochures/
5989-9384EN.pdf

Swafer microchannel
flow technology

Perkin-Elmer http://www.perkinelmer.com/Catalog/Product/ID/
N6520273

SilFlow microchan-
nel device

SGE http://www.sge.com/uploads/02/38/
02387fae8947b8cc3d46be977b901aa9/BR-0364-A.
pdf
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The basic principle of heart-cutting MDGC is illustrated in Fig. 2. Column 1 and
column 2 are connected by a switching device (e.g. a Deans switch). Co-eluting or
insufficiently resolved peaks on column 1 are selectively transferred to column 2
and separated due to the orthogonal separation characteristics. Figure 3 demon-
strates how the Deans switch directs effluent to the selected column to separate and
quantify the compounds of interest. Comprehensive theories of a Deans switch and
a multicolumn switching system have been described [4, 5].

Fig. 2 The basic principle of heart-cutting MDGC (copyright by Agilent Technologies,
reproduced with permission). Column 1 and column 2 are connected by a switching device
(e.g. a Deans switch). Co-eluting or insufficiently resolved peaks on column 1 are selectively
transferred to column 2 and separated due to the orthogonal separation characteristics

Fig. 3 Deans switch module (copyright by Agilent Technologies, reproduced with permission).
Left The effluent from column 1 goes directly to detector 1 through the short restrictor when the
Deans Switch is in the “no cut” position. Right The effluent from column 1 is diverted to column 2
and detector 2 when the Deans Switch is in the “cut” position
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3.2 Comprehensive GC

In GCxGC, the switching device typical for the MDGC system, which connects the
first dimension column 1D and the second dimension column 2D, is replaced by a
so-called modulator enabling continuous heart-cutting and reinjection into the 2D
column [28]. Thus, small segments of 2–10 s are focused and periodically trans-
ferred into the 2D column. Two types of modulators are frequently used in com-
mercially available GCxGC systems: the thermal and the flow modulator. A Zoex
ZX1 modulator is used in GCxGC systems offered by Shimadzu and Markes
(Table 3). It is a two-stage thermal modulator using cold and hot jet gas for
modulation. The principle and the technical design of this double loop modulator
are shown in Figs. 4 and 5, respectively.

Short and narrow 2D columns are used because the analysis in the second
dimension has to be finished before the next injection from the 1D column is made.
Peak width in the 2D column is between 50 and 200 ms and requires a spectral
collection frequency of 80–10 Hz to give five data points across the full peak width
for peak reconstruction (the narrower the peak, the larger the required spectral

Table 3 Available dedicated GCxGC systems from various companies

Manufacturer Modulation type Detector Resource for techni-
cal details (accessed
15.9.2014)

LECO
corporation

Cooled thermal dual-
stage modulator or
consumable-free ther-
mal modulatora

TOF-MS; up to
500 spectra/sec
(500 Hz) in full scan
mode

http://www.leco.
com/products/
separation-science/
gcxgc-tofms/
pegasus-4d-gcxgc-
tofms

Shimadzu
corporation

Zeox ZX1 thermal
modulator or consum-
able-free ZX2 Thermal
Modulatora

qMS; 50 spectra/sec
using a 290-amu mass
range (m/z = 40–330;
50 Hz)

http://www.
shimadzu.co.uk/gas-
chromatograph-
mass-spectrometry

Markes
international

Zoex ZX1 cooled ther-
mal two-stage loop
modulator or consum-
able-free ZX2 thermal
modulatora

TOF-MS; 50 spectra/
sec using a 560-amu
mass range (m/
z = 40–600; 50 Hz)
with 200 spectra per
data point

http://www.markes.
com/Products/Mass-
spectrometry/
GCxGC.aspx

Agilent
technologies

Flow modulator FID with 200-Hz data
collection rate; MSD
can be used with a
splitter over a limited
scan range

http://www.chem.
agilent.com/en-US/
products-services/
Instruments-
Systems/Gas-
Chromatography/
GC-x-GC-Flow-
Modulator/Pages/
default.aspx

a Modulates volatile and semivolatile compounds over the C7+ range
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Fig. 4 Principle of a two-stage modulator (copyright by Shimadzu Corporation, reproduced with
permission). Two-stage modulation allows sharp injection with less tailing to the second dimension
column. Generally, two cold jet nozzles and two hot jet nozzles are required for two-stage
modulation. A column loop reduces the number of nozzles in the Zoex design (see also Fig. 5)

Fig. 5 Zoex ZX1 modulator operation (copyright by Shimadzu Corporation, reproduced with
permission). Cold jet gas is continuously blowing on the point of the looped capillary and
cryofocuses sample peaks. Hot jet gas periodically blowing on the point of the looped capillary
and heats up the spot to inject the sample into the 2D column
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collection frequency). The chromatogram is usually visualized as a contour plot,
and the z-axis can be cut at a given intensity to yield a two-dimensional contour plot
(see Figs. 6 and 7).

Because the cold gas is cooled by liquid nitrogen, also highly volatile compounds
can be modulated. However, large amounts of liquid nitrogen are needed, which
represents a large increase in the cost of operation. Therefore, flow modulation is a
feasible alternative for analysts seeking a simple, low-cost GCxGC approach [21].

Fig. 6 Sampling intervals of a two-dimensional chromatogram (copyright by Shimadzu
Corporation, reproduced with permission). Sampling times are determined by the modulation
time for the 1D column and the sampling time of the detector for the 2D column

Fig. 7 Quantified terpenes in a perfume sample analyzed by GCxGC time-of-flight mass
spectrometry using thermal modulation. Values are given in ppm. (Copyright by Markes
International; reproduced with permission.)
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A flow modulator based on a Deans switch design has been introduced by Agilent
Technologies and is shown in Fig. 8. It has to be kept in mind that a mass spec-
trometer can only be used with a splitter over limited scan range due to the high flow
rate. Moreover, thermal modulation provides potentially narrower peaks in the
second dimension when compared to flow modulation; this is still the best choice if
performance is the paramount concern and cost is not a determining factor [21].

Due to the narrow peaks eluting from the 2D column, fast-scanning time-of-
flight mass spectrometry (TOF-MS) is the preferred detector in GCxGC systems
and has gained a firm position in the market [27]. However, in 2010, Shimadzu
released a very fast scanning quadrupol mass spectrometer (qMS) that can operate

Fig. 8 Principle of flow modulation (copyright by Agilent Technologies; reproduced with
permission). a The collection channel is filled with hydrogen gas from a previous injection cycle
flush. b Hydrogen gas flow from the three-way solenoid valve is directed to the top tee; a high flow
of typically 20 mL/min for approximately 0.1 s rapidly flushes the collection channel, transferring
material in a very narrow band onto the second column, where any analytes collected in the
channel undergo rapid separation. c Two-dimensional chromatogram of a lime oil sample analyzed
by GCxGC FID using flow modulation
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at a 20,000 amu/s scan speed and generate 50 spectra/sec using a 290-amu mass
range (m/z = 40–330) [18]. This GCxGC-qMS system has been used for the
analysis of isoprenoid plant volatiles and essential oils [8, 9, 29]. Available dedi-
cated GCxGC systems from various companies are summarized in Table 3.

4 Outlook

The toolbox for the scientists working on volatile isoprenoid metabolites has
considerably grown in recent years. The most exciting new tools are certainly
GCxGC-MS systems, with fully integrated software for instrument control and
entirely automated data processing. Previously, GCxGC-MS system setup and
software implementation had proven to be inadequate in dealing with the highly
complex data and inhibited use by the less specialized scientist. Today, sample
preparation, separation, and detection of volatile isoprenoid metabolites can be
efficiently managed by taking advantage of numerous systems on the market. This
will spur the analysis of complex mixtures of volatile isoprenoid metabolites in the
pharmaceutical, biological, environmental, biotechnological, and clinical fields.
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Terpene Hydroxylation with Microbial
Cytochrome P450 Monooxygenases
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Abstract Terpenoids comprise a highly diverse group of natural products. In
addition to their basic carbon skeleton, they differ from one another in their
functional groups. Functional groups attached to the carbon skeleton are the basis of
the terpenoids’ diverse properties. Further modifications of terpene olefins include
the introduction of acyl-, aryl-, or sugar moieties and usually start with oxidations
catalyzed by cytochrome P450 monooxygenases (P450s, CYPs). P450s are ubiq-
uitously distributed throughout nature, involved in essential biological pathways
such as terpenoid biosynthesis as well as the tailoring of terpenoids and other
natural products. Their ability to introduce oxygen into nonactivated C–H bonds is
unique and makes P450s very attractive for applications in biotechnology. Espe-
cially in the field of terpene oxidation, biotransformation methods emerge as an
attractive alternative to classical chemical synthesis. For this reason, microbial
P450s depict a highly interesting target for protein engineering approaches in order
to increase selectivity and activity, respectively. Microbial P450s have been
described to convert industrial and pharmaceutically interesting terpenoids such as
ionones, limone, valencene, resin acids, and triterpenes (including steroids) as well
as vitamin D3. Highly selective and active mutants have been evolved by applying
classical site-directed mutagenesis as well as directed evolution of proteins. As
P450s usually depend on electron transfer proteins, mutagenesis has also been
applied to improve the interactions between P450s and their respective redox
partners. This chapter provides an overview of terpenoid hydroxylation reactions
catalyzed by bacterial P450s and highlights the achievements made by protein
engineering to establish productive hydroxylation processes.
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Adx Adrenodoxin
P450s Cytochrome P450 enzymes
BM3 Cytochrome P450 102A1
P450cam Cytochrome P450 101A1
CPR Cytochrome P450 reductase
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FdR Ferredoxin reductase
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1 Introduction

Although the biosynthesis of terpenoids1 in plants is broadly studied, biosynthesis
and modifications of the terpenoid skeleton in microorganisms has been much less
investigated. Therefore, microorganism reaction pathways of terpenoid biosynthesis
as well as involved enzymes are much less identified and characterized as compared
with the plant systems. An essential step in the biosynthesis of terpenes is the
cyclization of isoprene subunit chains by different enzymes belonging to the family
of terpene synthases. Depending on the number of isoprene units, the resulting
structures can be classified into hemiterpenoids (one isoprene unit), monoterpenoids
(two isoprene units), sesquiterpenoids (three isoprene units), diterpenoids (four
isoprene units), sesterterpenoids (five isoprene units), triterpenoids (six isoprene
units), tetraterpenoids (eight isoprene units), and polyterpenoids with a larger
number of isoprene units. Terpene synthases have also been found in microor-
ganisms, indicating the pivotal role of terpenoids in this kingdom of life [1]. In
addition to their basic carbon skeleton, terpenoids also differ from one another in
their functional groups, which form the basis for their diverse properties. Further
modifications of terpene olefins include the introduction of acyl-, aryl-, or sugar
moieties and usually start with oxidations catalyzed by cytochrome P450 mono-
oxygenases (P450s, CYPs) [2].

P450s are heme-containing enzymes that are ubiquitously distributed in all
biological kingdoms and exhibit activity towards a diverse range of substrates [3].
Members of this enzyme family are not only involved in the biosynthesis of
physiologically important compounds such as terpenes, steroids, vitamins, and bile
acids, but also play a major role in the detoxification of xenobiotics, herbicides, and
insecticides. The central step in the P450-catalyzed oxidation is the activation of
oxygen by the reduced heme iron of the enzyme and the incorporation of one atom
of molecular oxygen into the substrate while the other oxygen atom is reduced to
water [4]. The reaction is usually a hydroxylation reaction, but P450s are also able
to catalyze reactions such as heteroatom oxygenation, dealkylation, epoxidation,
aromatic hydroxylation, reduction, dehalogenation, and even C–C bond formation
or cleavage [5, 6]. P450 enzymes are categorized into families and subfamilies
depending on the sequence identity, with members of the same family being defined
as usually having ≥40 % sequence identity. Representatives of the same subfamily
are always >55 % identical [7]. As external monooxygenases, P450s depend on
NAD(P)H and corresponding electron transfer proteins in order to perform the
enzymatic reaction. According to the composition of their electron transport chain,
P450 enzymes can be grouped into different classes [8]. The most common classes

1 The difference between terpenes and terpenoids is that compounds belonging to the latter
category contain additional functional groups whereas terpenes are solely composed of carbon and
hydrogen. Cytochromes P450 are often involved in the further functionalization of terpenes into
terpenoids, but terpenoids themselves can also be substrates for P450 enzymes. For this reason the
terms terpenes and terpenoids are used synonymously throughout the chapter.
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are shown in Fig. 1. For example, plant P450s are localized in the endoplasmic
reticulum, belong to class II of the P450 group, and need a NADPH-dependent FAD
and FMN-containing cytochrome P450 reductase (CPR) for their activity, whereas
many of the bacterial P450s get the necessary electrons via a FAD-containing
reductase and an iron–sulfur protein (ferredoxin). A special case is CYP102A1,

Fig. 1 Schematic organization of different cytochrome P450 systems and their classification
according to [8]. Top class I, soluble bacterial system (e.g., CYP101A1). Middle class II,
microsomal system (e.g., plant P450s). Bottom class VIII, bacterial CPR-P450 fusion system (e.g.,
CYP102A1)
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where a FAD- and FMN-containing reductase domain is fused within one gene with
a corresponding heme domain (Fig. 1).

In addition to their central role in essential biological pathways such as terpenoid
biosynthesis, their ability to introduce oxygen into nonactivated C–H bonds under
normal pressure and at room temperature makes P450s very attractive for appli-
cations in the field of biotechnology. Their tremendous potential is supported by the
diverse spectrum of catalyzed reactions on a vast range of complex molecules and
the possibility of applying protein engineering techniques to improve the charac-
teristics of P450s further for biotechnological purposes [3, 9]. Although at present
only a few microbial P450s have been described as being involved in the modifi-
cation of terpenoids, their importance will certainly increase in the following years.
In this review we summarize present knowledge on the identification, character-
ization, and engineering of microbial P450s for terpene modification.

2 Terpene Hydroxylation and Cytochromes P450

Terpenoids are the largest group of natural products and conservative estimates
suggest that there are tens of thousands of terpenoids present in plants and fungi.
Additionally, it has become increasingly clear during the last decade that many
bacteria also produce terpenes. A major boost in this research area was given by
newly developed techniques of genome mining, in which bioinformatic tools are
used to screen bacterial genome sequences for conserved functional domains typical
of terpene synthases [1]. The combination of genome mining and biochemical
characterization leads to the simultaneous discovery of new natural products and
the responsible biosynthetic enzymes. In fact, this approach has revealed a plethora
of previously unknown enzymes, among them many cytochromes P450. In many
cases, however, the physiological role of the biosynthetic pathways and their
products, respectively, still need to be elucidated. Because the involved enzymes
catalyze a variety of unusual biochemical reactions, they provide a wide range of
possible applications, not least for sustainable production processes in the field of
biotechnology.

Terpenes and their derivatives possess a broad spectrum of applications in
varying areas and are therefore very interesting for different sectors of industry.
Prominent examples include the anticancer agent taxol and the antimalaria drug
artemisinin for the pharmaceutical industry or volatile monoterpenoids such as
geraniol, citral, and menthol for the flavor and fragrance industries. In general
terms, terpenoids possess a vast number of biological properties that can often be
influenced by modification of their base structure. Especially the introduction of a
hydroxyl group usually shows an influence on the volatility, efficacy, solubility, and
toxicity of the substance. However, regio- and enantioselective hydroxylation
through chemical synthesis is difficult to achieve due to side reactions, low yields,
and the need of expensive catalysts. In contrast, the application of P450 enzymes
for bioconversion processes allows the regio- and stereoselective introduction of
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oxygen under mild reaction conditions [10]. As a result, P450s are very attractive
for the production and modification of terpenoids. Despite their impressive syn-
thetic potential, practical application of P450s in industrial bioconversion processes
is still limited [9]. Expression of typically membrane-bound plant P450s in
microbial hosts tends to pose problems and results in low solubility and protein
yields. Further challenges including their cofactor dependency and their overall low
activity make these enzymes a difficult system with which to work. In view of these
problems, soluble bacterial P450 systems are often considered as a substitute [11].
They usually exhibit higher catalytic turnover rates and their solubility and high
expression level in heterologous hosts make them easier to handle in the laboratory.
Due to these properties, bacterial P450s constitute ideal targets for protein engi-
neering and are, therefore, not limited to the reactions that they naturally catalyze.

3 Origin and Identification of Microbial
Terpene-Hydroxylating P450s

The number of described cytochrome P450 sequences is rapidly growing, with
more than 21,000 representatives being named roughly about 50 years after the
discovery of this enzyme family (http://drnelson.uthsc.edu/CytochromeP450.html)
[7, 12]. Nonetheless, the examples for microbial P450 enzymes capable of con-
verting substrates of terpene origin are still limited. Table 1 provides an overview of
the best investigated microbial P450s that are known to act on terpenoids. It can be
expected that this number will grow very quickly in the coming years due to
industrial interest in developing processes that are biomimics of natural pathways
and more sustainable, for example, using less energy, water, and hazardous
compounds. Especially in the field of terpene oxidation, biotransformation methods
(i.e., methods that utilize microorganisms or enzyme systems) emerge as an
attractive alternative [13]. Some of their most prominent advantages are the ability
to proceed under mild conditions and the lack of toxic waste production compared
with many traditional chemical methods [14]. The use of microorganisms in terpene
biotransformation started in the 1950s and was originally based on the discovery of
microbial terpene metabolism. In pioneering studies, a pseudomonad isolated from
sewage sludge was found to decompose (+)-camphor [15]. The responsible enzyme
for the initial hydroxylation of camphor was later identified as CYP101A1
(P450cam) [16, 17], the first described P450s of bacterial origin. Similarly, the
oxidation of terpenes by fungi was reported in the same period with the discovery
of α-pinene conversion into several oxygenated products by Aspergillus niger [18].
Further monoterpenoid substrates of different A. niger strains include, for instance,
linalool and limonene [19, 20]. Although there are indications that P450s are not
involved in the transformation of limonene by A. niger, most microorganism-
mediated conversions of terpenes seem to proceed via cytochrome P450
monooxygenases.
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Table 1 Microbial Cytochromes P450 with activities towards terpenoids

Cytochrome
P450

Organism Catalyzed reaction Reference

P450cam
(CYP101A1)

Pseudomonas putida Camphor to 5-hydroxycamphor
Diverse terpenoid hydroxylations by
engineered enzyme variants

[117]

P450 BM-3
(CYP102A1)

Bacillus megaterium
ATCC 14581

Diverse terpenoid hydroxylations by
engineered enzyme variants

[118–120]

P450moxA
(CYP105)

Nonomuraea
recticatena IFO
14525

Oleanoic acid to queretaroic acid [121]

CYP105A1 Streptomyces
griseolus

Vitamin D3 to
1α,25-dihydroxyvitamin D3

Hydroxylation of abietane-type
diterpene resin acids
Epoxidation of pimarane-type
diterpene resin acids

[11, 76]

CYP105A2 Pseudonocardia
autotrophica

Vitamin D3 to 25-hydroxyvitamin
D3

[122]

CYP105A3 Streptomyces
carbophilus

Compacting to pravastatin [123]

CYP106A1 Bacillus megaterium
DSM319

11-Keto-β-boswellic acid (KBA) to
7β-hydroxy-KBA, 15α-hydroxy-
KBA and 7β,15α-dihydroxy-KBA

[81]

CYP106A2 Bacillus megaterium
ATCC 13368

Hydroxylation of several di- and
triterpenoids

[73, 80,
83]

CYP107
(Vdh)

Pseudonocardia
autotrophica

Vitamin D3 to 1α-hydroxy- and
25-hydroxyvitamin D3

[124]

CYP107
family
member

Sebekia benihana Vitamin D3 1α- and
25-hydroxylation

[125]

P450terp
(CYP108)

Pseudomonas sp. α-Terpinol to 7-hydroxyterpineol [126]

CYP109B1 Bacillus subtilis (+)-Valencene to (+)-nootkatone via
cis- or trans-nootkatol
α-Ionone to 3-hydroxy-α-ionone
β-Ionone to 4-hydroxy-β-ionone

[69]

CYP109D1 Sorangium cellulosum
So ce56

α-Ionone to 3-hydroxy-α-ionone
β-Ionone to 4-hydroxy-β-ionone

[45]

CYP110C1 Nostoc sp. PCC 7120 Germacrene A hydroxylase [127, 128]

P450lin
(CYP111)

Pseudomonas
incognita

Linalool to 8-hydroxylinalool [129]

CYP120A1 Synechocystis
sp. PCC 6803

Various hydroxylations of retinoic
acid

[130]

CYP153A6 Mycobacterium
sp. HXN-1500

(−)-Limonene to perrilyl alcohol [58]

(continued)
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The number of microorganisms described to convert terpenes is continuously
growing. A major driving force behind this is the extensive research for the dis-
covery of novel microbial production routes towards flavors and fragrances and the
rising interest and demand of bioactive terpenoid compounds for pharmaceutical
applications. A straightforward approach in identifying an adequate biocatalyst is
the screening of microorganisms that can use the substrate as the sole carbon
source, thereby indicating the existence of a substrate-degrading metabolic path-
way. The first step is the isolation and characterization of organisms that come into
close contact with terpenoids in their natural habitat. Examples include the isolation
of the α- and β-pinene degrading Bacillus pallidus BR425 from pine trees [21] and
the identification of limonene-degrading microorganisms from orange peel [22].
Other interesting targets for screening approaches are organisms that are known to
have a well-developed xenobiotic metabolism, which in turn indicates the presence
of interesting P450s. Both approaches are extensively applied and contribute to the
description of newly identified terpene biotransformations by microorganisms,
whereas in many cases the P450 enzymes that catalyze the reactions are not yet
identified. The identification and isolation of the genes and enzymes, however,

Table 1 (continued)

Cytochrome
P450

Organism Catalyzed reaction Reference

CYP170A1 Streptomyces
coelicolor A3(2) and
Streptomyces
avermitilis

Epi-isozizaene to (4S)- and (4R)-
albaflavenols to albaflavenone
Moonlighting terpene synthase

[131, 132]

CYP175A1 Thermus thermophilus
HB27

β-Carotene to β-cryptoxanthin [133]

P450cin
(CYP176A1)

Citrobacter braakii Cineole to (S)-6β-hydroxycineole [107]

P450-cin Bacillus cereus
UI-1477

1,4-Cineole hydroxylations [134]

CYP226A
family
members

Burkholderia
xenovorans LB400

Abietane diterpenoid hydroxylation [71]

CYP238A1 Pseudomonas putida
KT2440

cis- and trans-Nerolidol to the
9-hydroxy product
Binding of acyclic and cyclic
terpene alcohols such as farnesol,
nerolidol, linalool, and terpineol

[135]

CYP264B1 Sorangium cellulosum
So ce56

α-Ionone to 3-hydroxy-α-ionone
β-Ionone to 3-hydroxy-β-ionone

[53]

P450(camr) Rhodococcus
sp. NCIMB 9784

(+)-Camphor to 6-endo-
hydroxycamphor

[136]

Putative
CYPs CotB3
+CotB4

Streptomyces
melanosporofaciens
MI614-43F2

Cyclooctat-9-en-7-ol to
cyclooctat-9-en-5,7-diol to
cyclooctatin

[137]
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opens up the possibility of applying protein engineering techniques to overcome the
problem of low transformation rates, which are still the main obstacle for large-
scale applications [9]. Furthermore, the cloning of P450s allows their expression in
heterologous whole-cell hosts that can enable a more effective terpene oxidation
process. For several examples given in Table 1, the terpene-hydroxylating activity
of the cytochrome P450 was not described until years after the first isolation and
characterization of the enzyme. This is often the case with so-called orphan P450s,
for which the natural substrate is not known, or xenobiotic-degrading P450s with a
broad substrate range [23]. In such circumstances, screening of compound libraries
is a common method to examine the substrate range and often results in the
identification of new terpenoid substrates. On the other hand, the examples of
CYP102A1 (P450 BM-3) and CYP101A1 (P450cam) have proven that protein
engineering is a powerful method to develop tailored enzymes for the oxidation of a
given terpene substrate.

Taken together, the rapidly growing number of P450 structures, the continuous
identification of microorganisms capable of converting terpenes, triggered by the
trend of classical chemical oxidation methods for terpenes gradually being replaced
by biotechnological methods, as well as recent progress in the development of
effective protein engineering methods, will surely lead to a steady increase in the
identification and importance of microbial cytochromes P450 for terpene
hydroxylation.

4 Engineering of Microbial Cytochromes P450 for Terpene
Hydroxylation

Numerous protein engineering approaches have been applied to improve the per-
formance of P450s further, and most work has been focused on CYP101A1 from
Pseudomonas putida and CYP102A1 from Bacillus megaterium. Both are well-
characterized, representative enzymes that can be easily expressed in E. coli. They
are also the first two P450 enzymes for which crystal structures could be solved
[24, 25]. CYP101A1 naturally oxidizes the terpenoid (1R)-camphor to 5-exo-(1R)-
hydroxycamphor, the first step in the camphor metabolism pathway of P. putida.
For the completion of the electron transfer reaction, the enzyme depends on two
additional electron transfer proteins: putidaredoxin, a ferredoxin of the [2Fe–2S]
type, and putidaredoxin reductase, a FAD-containing enzyme. It can therefore be
assigned to class I of the P450 group. In contrast, the CYP102A1 is a self-sufficient
fusion enzyme that contains both a P450 and a reductase domain and therefore only
requires NADPH and oxygen to function (class VIII) [8]. As a result, the catalytic
activity of this fatty acid hydroxylase is comparatively high, with a kcat value of
more than 5,000 min−1 for the hydroxylation of arachidonic acid [26]. In com-
parison, most other P450 reactions are very slow, with kcat values of less than
100 min−1.
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The different protein engineering methods that have been applied to alter P450
enzymes can be grouped into different categories and are illustrated in the following
sections using CYP101A1 and CYP102A1 as examples.

4.1 Engineering by Directed Evolution

Directed evolution is a method that mimics natural selection in order to generate
proteins with new or improved activities. This approach starts with the generation
of a library of mutated P450 enzymes using techniques that randomly introduce
mutations into the protein sequence, for example, error-prone polymerase chain
reaction (epPCR). After screening for new or improved activities, the respective
mutants are isolated and then used to generate new libraries by random mutagenesis
or recombination technologies. These iterative cycles continue until the desired
mutant is obtained. The possibilities of this technique are manifold and span not
only the improvement of catalytic activity and change of regio- or stereoselectivity
but also the conversion of nonnatural substrates. Many studies have been performed
to engineer the heme domain-coding region of CYP102A1 using directed evolution.
Examples include the improvement of activity: the wild-type CYP102A1 typically
hydroxylates saturated and nonsaturated fatty acids, but also has a low hydroxyl-
ation activity for β-ionone of less than 1 min−1. Two rounds of epPCR resulted in
the triple mutant A74E F87V P386S, which exhibited an increase in activity of up
to 300-fold compared to the wild-type enzyme [27]. Furthermore, there are many
examples demonstrating that directed evolution is a powerful tool for the generation
of P450 libraries with completely new activities. However, because these activities
are often accompanied by low enzyme activity and stability, the most promising
candidates usually need additional optimization by rational protein design methods.
Other strategies to enhance the performance of CYP102A1 as catalyst in chemical
synthesis using laboratory evolution methods aim towards an improvement of
enzyme stability [28]. Among the broad range of substrates that are hydroxylated
by CYP102A1 are also water-insoluble compounds, for example, the sesquiterpene
valencene. In these cases, polar organic cosolvents are added to increase substrate
solubility and to achieve high catalytic efficiency. Applying directed evolution, the
tolerance of CYP102A1 towards the cosolvents dimethylsulfoxide (DMSO), tet-
rahydrofuran (THF), acetone, acetonitrile, dimethylformamide, and ethanol could
be significantly increased [29].

4.2 Engineering by Rational Protein Design

In contrast to directed evolution, rational protein design relies on methods such as
site-directed mutagenesis with the aim of rationally altering the properties of an
enzyme. A fundamental prerequisite for this method is a solid structural basis in
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terms of profound knowledge of the key amino acid residues that are involved in
the characteristics to be influenced. The analysis of protein structural models,
especially in their substrate-bound state, provides us with some insight into the
mechanism of substrate binding and furnishes ideas for rational engineering. The
role of CYP101A1 and CYP102A1 as model enzymes for the rational protein
design of cytochromes P450 is highlighted by the fact that there are crystal structure
data available for several dozens of mutants of both enzymes (see Protein Data
Bank (PDB) at: http://www.rcsb.org/pdb/). Most studies of these enzymes focus on
altering the specificity and regioselectivity of the catalyzed hydroxylation reactions.
Analysis of the active site of CYP101A1 and comparisons of the structure of target
substrates with that of camphor led to the design of active-site mutants with greatly
enhanced activity for the oxidation of (+)-α-pinene [30]. Based on the enzyme/
substrate contacts revealed by the structure of the triple mutant F87W/Y96F/V247L
with (+)-α-pinene bound within the active site, additional mutations were carried
out and resulted in an improved selectivity for the formation of the natural fra-
grances and flavors (+)-cis-verbenol and (+)-verbenone [31]. In addition, results
from studies of other mutants suggest that CYP101A1 can be engineered to oxidize
compounds substantially larger than camphor by manipulating the active site vol-
ume and topology to maneuver the substrate binding orientation [32].

A central starting point for the rational protein design of CYP102A1 was the
identification of a hydrophobic channel between the surface of the enzyme and the
proximal side of the heme. The hydrophobic residues in this channel, especially
amino acid F87, have been shown to affect both the substrate specificity and reg-
ioselectivity [33]. Replacements of this residue were used in many studies as the
starting point for the creation of new site-directed mutants with specificities towards
nonnatural substrates. Another CYP102A1 mutant created by rational mutagenesis
for the hydroxylation of shorter-chain fatty acids was unexpectedly capable of
hydroxylating various alkanes and cycloalkanes, indicating some promise for
engineering the enzyme for isoprenoid substrates [34].

4.3 Engineering by Chimeragenesis

Chimeragenesis imitates the natural principle of gene recombination by using
techniques such as DNA shuffling and SteP recombination to produce a variety of
chimeric genes [35, 36]. This method is often more efficient than random muta-
genesis for generating mutants with new properties, inasmuch as the amino acid
substitutions have already proven to be successful in one of the parents. However,
genes normally need to exhibit a sequence identity of 70 % or higher in order to be
successfully recombined. Problems may arise due to the generally low sequence
identity of P450s of less than 20 % and recombination at crossover points that
produce unstable and inactive mutants. An effective tool to overcome this short-
coming in designing P450 chimeras is the structure-based computation algorithm
SCHEMA, which was designed to identify optimal crossover points for generating
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protein fusions [37]. Chimeragenesis can be applied using P450 enzymes with a
high sequence homology to change the substrate selectivity and activity. Addi-
tionally, the construction of chimeras between soluble and membrane-bound P450s
may provide a means of generating soluble P450s that are functionally active in
microbial hosts. The creation of diverse libraries of chimeric P450s therefore opens
exciting opportunities for the engineering of P450s.

In the case of CYP102A1, a “scanning chimeragenesis” approach was used to
study the roles of individual structural elements that determine the substrate
specificity towards terpenoids [38]. For this, several amino acid residues of the
CYP102A1 substrate binding site were replaced with a homologous fragment from
CYP4C7, an insect P450 catalyzing the regio- and stereospecific hydroxylation of
the sesquiterpenoid farnesol to (10E)-12-hydroxyfarnesol [39]. The regiospecificity
of monooxygenation was shifted and resulted in the formation of new products not
seen with wild-type CYP102A1. Further studies eventually led to a chimeric
enzyme that produces 12-hydroxyfarnesol as the major product, with an approxi-
mately twofold increase in turnover number towards farnesol as compared with
wild-type CYP102A1 [40]. Another promising application for chimeragenesis is the
production of chimeric oxygenases in which the P450 domain is fused to the
reductase domain of a self-sufficient P450. A good example for this is the fusion of
CYP101A1 to the reductase domain of P450RhF, comprising flavin mononucleo-
tide- and NADH-binding motifs and a [2Fe-2S] ferredoxin-like center [41]. The
resulting catalytically self-sufficient chimera can achieve high conversion rates and
has a high potential for applications in biocatalysis, especially of the natural terpene
substrates. Additionally, the production of a library of self-sufficient chimeric P450
enzymes and mutants can also be a useful tool for high-throughput screening
protocols for the identification of novel biooxidation activities [42].

4.4 Engineering Improved Redox Partner Interaction

The above-described generation of self-sufficient cytochrome P450 variants
addresses an important issue in P450-catalyzed reaction. As external monooxyge-
nases, most P450s have to interact with partner proteins to receive electrons for
oxygen activation and substrate conversion, and in most cases, the rate-limiting step
is the transfer of the second electron to the hydroxylase component. Improving
redox partner interaction and electron transfer is, therefore, an important tool to
enhance product formation and thereby improves the potential of P450 systems for
biotechnological applications [3, 9, 43].

Investigations of the native CYP101A1 system, consisting of the monooxy-
genase, the electron transport protein putidaredoxin, and putidaredoxin reductase
expressed in E. coli, showed a marked enhancement in the conversion of camphor
when utilizing C73S/C85S-Pdx, a stable putidaredoxin mutant instead of the wild-
type protein [44]. Aside from homologous redox systems, choosing heterologous
redox partners and their further tuning by protein design can also increase the
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activities of CYP systems. A good example of this is the mammalian electron
transfer protein adrenodoxin (Adx) that turned out to be three- to fivefold more
efficient in supporting the substrate conversion by a myxobacterial CYP than the
autologous redox systems [45]. Because the bacterial Pdx transfers electrons much
faster to its redox partner CYP101A1, an “evolutionary” approach was used to
produce a truncated Adx-mutant with an additional amino acid exchange (S112W)
that exhibits higher similarity to Pdx than the wild-type. This mutant showed a
75-fold increase in the homologous CYP11A1-dependent cholesterol conversion
system [46]. Its usefulness for the conversion of terpenoids by bacterial CYPs needs
to be investigated. However, the truncated Adx variant proved to be a very efficient
heterologous redox partner in many bacterial P450 bioconversion systems, also in
those converting terpenoids [47].

These results demonstrate that protein engineering methods are not limited to the
hydroxylase component of P450 systems and further improvement of redox partner
interaction can surely lead to increased substrate conversion.

5 Examples for Terpenoid Conversions Using Microbial
Cytochromes P450

The following sections provide selected examples for the conversion of important
terpenoids by microbial cytochromes P450 and thereby show different approaches in
exploiting the biotechnological potential of these enzymes. Aside from monoter-
penes (limonene), sesquiterpenes (valencene), diterpenes (resin acids), and triter-
penes, additional examples are given for terpene derivatives such as norisoprenoids
(ionone), steroids, and vitamin D3.

5.1 Ionones

Ionones (α-, β-, and γ-) are norisoprenoids that are derived from the degradation of
carotenoids. They are aroma components of floral scents and can be found in a
variety of essential oils. The organoleptic properties of ionones and especially their
oxygenated derivatives have attracted the attention of the fragrance and flavor
industries. Additionally, α-ionone and its derivatives form important components of
insect lures and can favor insect pollination [48], whereas hydroxy-β-ionone is an
important intermediate for the synthesis of carotenoids and deoxyabscisic acid, a
synthetic analogue of the phytohormone abscisic acid [49]. Because of the potential
industrial applications, several microbial transformation studies of α- and β-ionone
were performed using various fungal strains including Aspergillus sp. [50] and
bacterial strains including Streptomyces sp. [51].
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Cytochrome P450 monooxygenases are very useful for the oxygenation of
ionones and several P450s from actinomycetes that are able to hydroxylate α- and
β-ionone have been identified. Among those are CYP105A1 and CYP105B1 are
from Streptomyces griseolus and CYP105D1 is from Streptomyces griseus. Using a
recombinant expression system in E. coli, all three enzymes were shown to convert
both α- and β-ionone into hydroxylated products. Although the activity of
CYP105A1 and CYP105D1 towards α-ionone was rather low, CYP105B1 was able
to produce 3-hydroxy-α-ionone with a conversion rate of more than 50 % [52].
Comparable results could be obtained for the conversion of β-ionone, with
4-hydroxy-β-ionone being the main product. Regarding the moderate enantiose-
lectivity of CYP105B1 towards β-ionone, this enzyme provides an ideal target for
biocatalyst improvement, either by rational protein design or directed evolution.

In contrast to the hydroxylation of α- and β-ionone with members of the CYP105
family where a mixture of different hydroxylated products has been observed in
addition to the main product, two P450s from the soil-dwelling myxobacterium
Sorangium cellulosum So ce 56 were found to hydroxylate both α- and β-ionone in
a very regioselective manner. For CYP109D1, the exclusive production of the main
products of the CYP105 catalyzed reactions, namely 3-hydroxy-α-ionone from
α-ionone and 4-hydroxy-β-ionone from β-ionone, could be shown using a recon-
stituted P450 system [45]. The reason for the high regioselectivity of the enzymatic
hydroxylation lies in the stereochemistry of ionones. The presence of two methyl
groups at C-1 directs any oxidative attack towards C-3. Likewise, the electronic
activation of the allylic hydrogens by the double bond of the cyclohexane ring
governs the regioselective hydroxylation to position C-4 of β-ionone. Nevertheless,
another P450 from this organism, namely CYP264B1, was shown to hydroxylate
both α- and β-ionone in a highly regioselective manner at the C-3 position, giving
3-hydroxy-α-ionone and 3-hydroxy-β-ionone, respectively [53]. For the elucidation
of the structural basis for the selectivity of ionone hydroxylation, both α- and
β-ionone were docked into the active sites of CYP109D1 and CYP264B1 (see
Fig. 2). The computational data justified the experimental observations and form the
structural basis for advanced studies using rational protein design.

Concerning the activity, the most promising P450 for the hydroxylation of
ionones is still CYP102A1. Based on earlier studies on the expansion of its sub-
strate range [34], several P450 CYP102A1 mutants have been constructed using
rational protein design as well as directed evolution that are able to hydroxylate
β-ionone at C-4 regioselectively with high activity and rather high coupling effi-
ciency [27].

As for most terpenoid substrates, the number of identified P450s that are able
to accept ionones as substrates is constantly increasing. With CYP101C1 from
Novosphingobium aromaticivorans DSM12444, a homologue of CYP101A1 has
been described very recently that does not bind camphor but is capable of binding
and hydroxylating ionone derivatives including α- and β-ionone and β-damascone
[54]. Scheme 1 gives an overview of P450 catalyzed ionone conversions.

228 S. Janocha et al.



5.2 Limonene

Limonene is a chiral cyclic monoterpene, the D-enantiomer of which constitutes the
main component of many citrus peel oils, such as that from oranges. D-Limonene is
usually obtained via centrifugal separation or steam distillation of citrus fruits and
areas of application include cosmetics and perfumery as well as food manufacturing
where it is used as a flavoring. It is also added to cleaning products due to its lemon/
orange odor. In contrast, the enantiomer L-limonene (e.g., found in noble fir and
peppermint plants) has a piney/turpentine-like odor. The main metabolites of
limonene in the human body are (+)- and (−)-perillyl alcohol, which are products of
7-hydroxylation by CYP2C9 and CYP2C19 in the liver [55]. The CYP-catalyzed
reaction of (−)-limonene to (−)-perillyl alcohol is shown in Scheme 2. Aside from
its antibacterial and antifungal effects, (−)-perillyl alcohol is of considerable
pharmaceutical interest due to its anticarcinogenic properties [56]. As with many
other terpenoids, the extraction of perillyl alcohol from plant tissues yields only
small amounts of this compound and the chemical oxidation of readily accessible
limonene results in a complex mixture of products. The production of significant
quantities of side products, namely carveol, carvone, and terpineol, also occurred in
the case of the first microbial enzyme system described to transform limonene to
perillyl alcohol in Bacillus stearothermophilus BR388 [57]. In a study with the aim
of identifying bacteria capable of regiospecific hydroxylation of limonene, 1,800
bacterial strains were grown on a range of relatively reduced substrates such as

Fig. 2 Docking positions of ionone in the homology model of CYP264B1 (a) and CYP109D1 (b).
The R-isomer of α-ionone is shown in pink, the S-isomer in cyan, and β-ionone in orange. The
distances between the position where hydroxylation occurs and the heme iron are given in
Ångstroms. (c)R- and S-isomer ofα-ionone. Figure (a) taken from [53] and Figure (b) taken from [45]
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toluene, naphthalene, and various alkanes. Because previous results demonstrated
that many catabolic oxygenases accept a wide range of unnatural substrates, this
procedure was chosen to identify oxygenases involved in catabolic pathways that
would probably also accept L-limonene as a substrate. Using this approach,
CYP153A6 from Mycobacterium sp. strain HXN-1500 was found to oxidize lim-
onene exclusively at the carbon atom in position 7 (see Scheme 2) [58]. In recent
studies, metabolic engineering was applied with the aim of utilizing this enzyme for
limonene and perillyl alcohol production from simple carbon sources in E. coli [59].
To this end, the genes of a heterologous mevalonate pathway, a GPP synthase, a
limonene synthase, and CYP153A6 were expressed in the bacterial host. After
several gene modifications to improve the enzyme availability and activity,
L-limonene titers reached 435 mg/l and perillyl alcohol was produced with 105 mg/l
from 1 % glucose. These results mark an important step in the production of valuable
terpenoids from simple sugars using microbial enzymes and hosts.

Scheme 1 CYP-catalyzed reactions of α- and β-ionone

230 S. Janocha et al.



Another P450 that has been tested for perillyl alcohol production in E. coli is
CYP101A1. After coexpression with its homologous redox partners from P. putida,
the whole-cell 7-hydroxylation of L-limonene to (−)-perillyl alcohol could be
confirmed [60]. CYP102A1, the second major model P450, is also able to produce
perillyl alcohol from limonene. In an approach to optimize the regiospecificity
through rational protein design, this enzyme has been engineered to increase the
selectivity of limonene hydroxylation at the terminal allylic C-7 position by up to
97 % [61]. The applied methods could also be useful in the engineering of other
limonene hydroxylases such as CYP102A7 from Bacillus licheniformis [62] and
CYP147F1 from Streptomyces peucetius [63].

5.3 Valencene

The bicyclic sesquiterpenoid (+)-nootkatone was first isolated from the Nootka
cypress tree Callitropsis nootkatensis, but it can also be found in the fruits of citrus
plants including grapefruit and pomelo. It exhibits unique odor characteristics and is,
therefore, a highly valued and highly demanded aroma compound for the food and
flavor industry. In addition, (+)-nootkatone is also an effective and environmentally
friendly repellent of insects such as mosquitos, ticks, and bedbugs [64, 65]. Limi-
tations in application are dictated by the costly extraction of this compound from
natural sources in connection with inadequate yields. Access to (+)-nootkatone in
industrial production processes is, therefore, often provided by oxidation of the
cheap and abundantly available sesquiterpene (+)-valencene. However, chemical
oxidation methods often rely on unsafe agents such as tert-butyl peracetate or tert-
butyl hydroperoxide in combination with surface-functionalized silica-supported
metal catalysts [66]. As an alternative to chemical oxidation methods, a huge number
of biotechnological processes using whole-cell biotransformations in bacteria and
fungi, as well as plants have been described [67]. In addition to laccases and per-
oxidases, many of these biotransformation reactions are catalyzed by enzymes of the
cytochrome P450 superfamily. The involvement of a P450 enzyme is often detected
indirectly as in the case of (+)-valencene bioconversion in the ascomycete Chae-
tomium globosum, where a decrease in product concentrations could be observed

Scheme 2 CYP-catalyzed
reaction of (−)-limonene to
(−)-perillyl alcohol
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after addition of the P450 inhibitor proadifen [68]. The direct identification of effi-
cient and regioselective P450 enzymes matching commercial requirements still
remains a challenge. In a study testing 125 bacterial P450 enzymes, CYP109B1
from Bacillus subtilis was found to catalyze the oxidation of (+)-valencene at
position C-2 to nootkatol and (+)-nootkatone with the production of 120 mg l−1 of
the desired products after optimizing the reaction [69] (see Scheme 3). However, the
biooxidation suffered from the formation of undesired multioxygenated products
that can appear when the active site of the enzyme allows different binding orien-
tations for an unnatural substrate. A similar observation could be made in the case of
(+)-valencene conversion with CYP102A1, where the selectivity pattern of the
reaction suggests multiple orientations of the substrate within the active site [70]. In
contrast, different mutants of CYP101A1 could oxidize (+)-valencene with a regi-
oselectivity for C-2 oxidation of more than 85 % yield, whereas the wild-type
enzyme is not able to accept (+)-valencene as a substrate. The protein engineering
challenges therefore differ for these two P450s: both substrate specificity and
selectivity of the CYP102A1 require improvement whereas the CYP101A1 exhibits
the desired selectivity but the activity has to be increased.

5.4 Resin Acid Diterpenoids

Diterpenes are derived from geranylgeranyl pyrophosphate and usually have the
molecular formula C20H32. They form the basis for important compounds such as
the vitamin precursors retinol and phytol. In addition, many diterpenes and their
derivatives exhibit antibacterial, antifungal, and anti-inflammatory actions. Promi-
nent representatives are the tricyclic diterpenoids of the abietane- and pimarane-
type which are gathered under the name resin acids and can be found in tree resins.
Other examples include labdane, a bicyclic diterpene that forms the core for a wide
range of natural products, and taxadiene, an important intermediate in the synthesis
of the mitotic inhibitor taxol used in cancer chemotherapy. The number of described
microbial P450 enzymes that can be used for the biotransformation of diterpenoid
substrates is still limited. Recently, two members of the CYP226 family able to
hydroxylate different abietane-type diterpenoids could be identified in Burkholderia
xenovorans LB400 [71]. This proteobacterium is well known for its noncatabolic
physiological adaptation to organic compounds and both CYP226 enzymes have
distinct roles in the abietane catabolism. Many other organisms that are capable of

Scheme 3 CYP-catalyzed reaction of (+)-valencene to (+)-nootkantone via (+)-nootkatol
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abietane diterpenoid biodegradation have been described and the involvement of
P450s has been proven in several cases, such as the Pseudomonas abietaniphila
BKME-9 [72]. It can, therefore, be speculated that the number of cytochromes P450
described as diterpenoid hydroxylases will sharply grow in the future. In addition to
those enzymes involved in catabolic pathways, orphan P450s also play an important
rolewhen it comes to the description of hydroxylating activity towards new substrates.
For example, the CYP106A2 from B. megaterium ATCC 13368, whose natural
substrate is still unknown but which is known to hydroxylate different steroids, was
recently also described as a regioselective allylic bacterial diterpene hydroxylase [73].
By screening of a compound library consisting of more than 16,000 potential sub-
strates, the diterpene derivative dihydrochinopimaric acid could be identified as
binding in the CYP106A2 active site. Further studies with structurally related com-
pounds showed the conversion of abietic acid to 12α- and 12β-hydroxyabietic acid,
respectively (see Scheme 4). The existence of many mutants of CYP106A2, created
by directed evolution as well as rational protein design [74, 75], provides an excellent
source to exploit the potential of this P450 for further biotechnological applications.
Due to their diverse biological properties, the production of hydroxylated diterpene
derivatives could be especially useful for the pharmaceutical industry. A vivid
example is the conversion of abietic acid into 15-hydroxyabietic acid catalyzed
by CYP105A1 from S. griseolus [14, 76] (see Scheme 4). This substance is the
precursor of the strong contact allergen 15-hydroperoxyabietic acid and only hard to
obtain from natural sources or by chemical means. The availability via the recently
established biotechnological process gives a new and promising basis for the pro-
duction of this compound for test developments against allergic compounds.

Much effort has been undertaken to engineer microbial hosts for the production
of functionalized diterpenoids, for example, in the production of important drugs

Scheme 4 CYP-catalyzed hydroxylations of abietic acid
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such as taxol. In most cases, researchers focus on the plant P450s of the homolo-
gous biosynthetic pathways. However, because their use is accompanied with
problems and challenges of the membrane localization of these enzymes, the
identification and engineering of bacterial P450s for these reactions could prove to
be very beneficial.

5.5 Triterpenoids

Triterpenoids consist of six isoprene units and the simplest triterpene regarding the
complexity of the carbon skeleton is squalene. This compound is produced via head-
to-head condensation of two C15 units of farnesyl diphosphate and constitutes the
precursor of polycyclic triterpenes. From a biological perspective, the most important
triterpenoid structures are the oleanane, ursane, lupane, and dammarane/euphane
carbon skeletons [77]. In contrast to mono- and sesquiterpenes, which are mostly
found in essential oils of plants, triterpenes are predominantly found in resin and
balsams. Their biological effects are diverse and comprise anti-inflammatory, hepa-
toprotective, analgesic, antimicrobial, antimycotic, virostatic, immunomodulatory,
and tonic effects [77]. However, the use of many triterpenoids for pharmaceutical
applications is restricted due to hemolytic and cytostatic properties. In order to
overcome these limitations and to expand the range of usable triterpenes, a modifi-
cation of these compounds by means of chemical or biotechnological techniques is
possible [78]. For this purpose, microbial transformation is particularly suitable
because it often results in a modification with a high regio- and enantioselectivity and
many microorganisms that are able to transform triterpenoids have been described
[78]. An example is B. megaterium ATCC 13368, which was shown to perform an
hydroxylation at the C-1 or C-11 site of the antimelanoma agent betulinic acid [79].
The aforementioned CYP106A2 from this organism belongs to the few described
microbial P450s that can transform triterpenes. Recent studies showed that this P450
is able to hydroxylate the pentacyclic triterpene 11-keto-β-boswellic acid (KBA) to
15α-hydroxy-KBA, depicting an interesting reaction because this position is not
accessible via synthetic chemical methods [80].

Comprehensive studies with CYP106A1, another member of the CYP106
family, revealed that this P450 mainly hydroxylates KBA at position 7β. Additional
products, namely 15α-hydroxy-KBA and 7β,15α-dihydroxy-KBA, were formed in
a lower amount [81]. These novel KBA derivatives can possibly show an enhanced
bioavailability or improved pharmaceutical activities compared to the substrate
KBA or can be the basis for additional modifications by chemical methods [81].
This is especially interesting inasmuch as pentacyclic triterpenes have gained sig-
nificant importance because their chemical structures resemble those of steroids and
there is an increasing demand especially for boswellic acids for pharmaceutical and
medicinal studies [82]. Scheme 5 shows the hydroxylation of 11-keto-β-boswellic
acid by CYP106 family members. Moreover, the substrate range of CYP106A2 is
not limited to KBA. The screening of a natural product library revealed the binding
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of additional triterpenes and conversion of the tetracyclic dammarane-type triter-
penoid dipterocarpol to 7β,11α-dihydroxydipterocarpol could be shown [83]. These
are very recent research results, therefore thus far no protein engineering studies
have been performed to exploit fully the potential of P450s for triterpenoid func-
tionalization. Considering the background of two closely related P450 enzymes,
CYP106A1 and CYP106A2, that are both capable of hydroxylating the same
substrate with a different regioselectivity, the starting point for the elucidation of the
structural basis that determines this selectivity, and subsequent approaches to
influence it, seems to be very promising.

5.6 Steroids

Like triterpenoids, steroids are derived from squalene and constitute a class of very
important molecules that are involved in the regulation of essential processes in
mammals. They are synthesized from cholesterol, which is biologically produced
from lanosterol in animals. The fact that steroidal drugs belong to the second most
marketed drugs next to antibiotics [84] highlights the important role of steroids in
biotechnology [3, 85]. Because the chemical synthesis of steroid compounds
requires multiple reaction steps, harsh reaction conditions, and cost-intense catalysts
that are often toxic to organisms and harmful to the environment, microbial bio-
transformations have been used for the generation of novel steroidal drugs for
decades [86]. This carries the advantage that low-cost precursors such as cholesterol
or diosgenin can be exploited for further hydroxylations in positions that are inter-
esting for the production of novel hydroxysteroids (7α, 9α, 11α, 11β, 16α, and 17α).
Although the history of microbial steroid production started in the early 1950s, the
steroid-modifying enzymes have not yet been characterized in most cases. An
exception is CYP154C5 from Nocardia farcinica, which was identified as potent
16α-hydroxylase for testosterone and similar steroids [87]. Moreover, CYP106A2,
which was identified in the 1970s to be responsible for the ability of B. megaterium

Scheme 5 Hydroxylation of 11-keto-β-boswellic acid by CYP106 family members
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ATCC 13368 to convert progesterone into 15β-hydroxyprogesterone [88–90], is
also able of catalyzing a 15β-hydroxylation of other 3-oxo-Δ4-steroids such as
11-deoxycorticosterone, testosterone, and 11-deoxycortisol [74, 75, 80, 91]. Later
on it was found that di- and triterpenes can also be highly selectively hydroxylated
by CYP106A2 [73, 80, 83, see above].

As a soluble prokaryotic P450, CYP106A2 depicts an excellent candidate to
establish a steroid bioconversion process. It can be expressed with high yields in
E. coli and B. megaterium and has already been applied for the preparative
hydroxylation of several steroids, including dehydroepiandrosterone, pregnenolone,
testosterone, deoxycorticosterone, deoxycortisol, and progesterone [92–94]. Recent
studies showed that the main hydroxylation position of CYP106A2 is influenced by
the character of groups attached to C-3 in the steroid core: 3-oxo-Δ4-steroids are
preferentially hydroxylated at the 15β position whereas the 7β-position is favored
when converting 3-hydroxy-Δ5-steroids [92]. However, the hydroxylation reaction
is not strictly regioselective and the formation of different side products occurs in
many CYP106A2-dependent bioconversions as, for instance, in the case of pro-
gesterone where 11α-, 6β-, and 9α-hydroxyprogesterone are formed. Albeit these
hydroxylations occur to a much lower extent, their products are of higher interest
from an industrial point of view. Rational protein design and directed evolution
approaches have, therefore, been performed to shift the selectivity of CYP106A2 in
favor of progesterone 11α-hydroxylation [28, 75, 95]. To this end, the primary
structures of CYP106A2 and the mammalian steroid-11β-hydroxylase CYP11B1
were aligned in order to identify amino acids that could be involved in the deter-
mination of stereoselectivity in the steroid hydroxylation. The greatest differences
were found in the substrate recognition sites of both enzymes, and using site-
directed mutagenesis, five amino acid substitutions (S394I, A395L, T396R, G397P,
and Q398S) were performed to change the respective amino acids in CYP106A2
into those of CYP11B1. Two mutants, A395L and G397P, increased the
11α-hydroxylation efficiency of CYP106A2 by a factor of four [75]. To improve
the 11α-hydroxylation further, saturation mutagenesis at positions A395 and G397
was performed and more than 13,000 transformants were screened. The mutants
A395I and A395I/G397K have 8.9-fold and 11.5-fold higher 11α-hydroxylation
activity compared with the wild-type. However, the total activity of the mutants was
reduced by approximately 50 % compared with the wild-type enzyme. To increase
the activity of these mutants, site-directed mutagenesis was applied to introduce
previously identified mutations that result in higher active enzyme variants. This
approach eventually led to the identification of three mutants (A106T/A395I/
R409L, M155I/F165L/A395I, and D217V/A395I) with significantly increased kcat/
Km values and 41–55 % 11α-hydroxylating selectivity. These mutants as well as the
highly selective T89N/A395I and A106T/A395I mutants were tested for in vivo
11α-hydroxylation of progesterone using a whole-cell bioconversion system
established for CYP106A2 in E. coli. The highest in vivo selectivity (80.9 %
11α-hydroxyprogesterone) was achieved with the double mutant T89N/A395I,
demonstrating an impressive alteration in regioselectivity [28].
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Due to the high interest in hydroxylated steroids, numerous studies also exam-
ined the potential of the well-characterized CYP102A1 as steroid hydroxylase and
many mutants of this enzyme that catalyze the conversion of steroids were engi-
neered over the past years. The first CYP102A1 variant described as steroid
hydroxylase is the triple mutant R47L/F87V/L88Q. This mutant converts testos-
terone into 2β-hydroxy-, 15β-hydroxy-, and 16β-hydroxytestosterone. To identify
amino acids crucial for testosterone biotransformation, the respective single and
double mutants were also investigated. However, none of the single mutants was
able to hydroxylate testosterone, whereas the double mutants F87V/L188Q and
R47L/F87V converted testosterone into the same products as the triple mutant,
although with a four- to tenfold lower conversion rate. Furthermore, positive
homotropic cooperativity was observed with testosterone as substrate, suggesting
that multiple substrate molecules can bind simultaneously into the binding pocket
of CYP102A1 R47L/F87V/L188Q. Due to the lack of activity of the mutant R47L/
L188Q, it was assumed that the mutation F87V is crucial for the testosterone
hydroxylation activity of CYP102A1 [96]. Analysis of the ligand-free crystal
structure revealed that phenylalanine 87 lies perpendicular to the heme at the end of
the substrate-access channel. The central role of this residue in substrate selectivity
has been studied before by replacing the large nonpolar residue with smaller ones
such as alanine, resulting in the acceptance of a number of nonnatural substrates,
due to the reduction of steric hindrance in the active site. The role of F87 in
substrate selectivity and regioselectivity during testosterone conversion was studied
using the highly active testosterone-hydroxylating mutant CYP102A1 M11, con-
taining eight mutations in total [97]. Saturation mutagenesis was performed at
position 87 to introduce all 20 canonical amino acids and testosterone was used to
characterize the regioselectivity of the mutants. It was found that all mutants were
able to catalyze testosterone hydroxylation, although the activities and regioselec-
tivities differ [56]. It is noteworthy that these CYP102A1 mutants are thus far the
only known microbial enzymes that catalyze the 16β-hydroxylation of steroids with
F87I being the mutation with the highest 16β-hydroxylating activity [56].

Another recent study showed that CYP102A1 F87A hydroxylates testosterone
to a mixture of 2β- and 15β-hydroxytestosterone (51 and 46 %), and 3 % 6β- and
16β-hydroxytestosterone. Applying laboratory-controlled evolution with the itera-
tive combinatorial active-site saturation test (CAST) approach, a mutant with
>95 % regioselectivity in favor of 2β-hydroxytestosterone as well as a mutant with
opposite regioselectivity leading to >95 % 15β-hydroxytestosterone could be
evolved [98]. The investigation of the ability of these mutants to hydroxylate other
steroids in addition to testosterone showed that mutant F87A was also active
towards progesterone. Interestingly, the substrate change shifted the selectivity
from C-15 to C-16, with a low selectivity resulting in a mixture of 2β- and
16β-products of 18:82. By testing the mutants created with testosterone as substrate,
a CYP102A1 variant with 100 % 2β-hydroxylating activity and a highly selective
16β-hydroxylating mutant producing 91 % 16β-hydroxyprogesterone were identi-
fied [98]. Among other amino acids that play important roles in the selectivity and
activity of substrate conversion is alanine 82. Mutations at this position altered the

Terpene Hydroxylation with Microbial Cytochrome P450 Monooxygenases 237



selectivity towards 16β-hydroxylation for both testosterone and norethisterone and
led to a 42-fold increase in Vmax for 16β-hydroxylation [98]. Mutations in this
protein region can also increase the coupling efficiency of steroid hydroxylation,
most probably because of a more efficient water exclusion from the active site due
to a stronger substrate–enzyme interaction. Other studies concerning the hydrox-
ylation of testosterone by different CYP102A1 mutants revealed a shift in the
stereoselectivity from the 16β- to the 16α product resulting from a single amino acid
substitution from serine to isoleucine at position 72 [99]. These examples highlight
the power of protein engineering in the generation of highly specific steroid-
hydroxylases based on the knowledge about important regions that determine
substrate specificity and reaction selectivity. Scheme 6 highlights selected steroid
hydroxylations catalyzed by bacterial cytochrome P450s.

5.7 Vitamin D3

Similar to steroids, Vitamin D3 (VD3) is derived from lanosterol, a tetracyclic
triterpenoid compound. VD3 is an important circulating secosteroid that regulates
bone and calcium metabolism, cellular proliferation, differentiation, and immune
response. In addition to these classical roles, a variety of nonclassical activities is
described including effects on muscle function, cardiovascular homeostasis, and
neuronal function [100]. In animals, it is produced in the skin by UV-light acti-
vation of 7-dehydrocholesterol and then transported into the liver by a vitamin D
binding protein where it is hydroxylated at C-25 by CYP2R1. The following
1α-hydroxylation of 25(OH)D3 into the active form 1α,25-dihydroxyvitamin D3 is
catalyzed by CYP27B1. Although this mitochondrial P450 is expressed in many
tissues, only the kidneys are considered as a production site for circulating
1α,25(OH)2VD3. The active VD3 mediates a variety of endocrine effects via
binding to the vitamin D receptor (VDR), and regulation of VDR-dependent gene

Scheme 6 Exemplary steroid hydroxylations catalyzed by P450s
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expression [101, 102]. VD3 is essential for the human body and deficiency is
associated with a variety of diseases and overall mortality. Pharmaceutical appli-
cations of VD3, for instance, in the treatment of hypothyroidism, osteoporosis, and
chronic renal failure, rely on the use of the active compound and result in a high
demand for 1α,25(OH)2D3. Chemical synthesis of hydroxylated vitamin D requires
approximately 20 steps and achieves only low yields, therefore there is great
interest in a simple biotechnological route towards the dihydroxylated VD3.
One approach that has been realized for the biotechnological production of 1α,25
(OH)2D3 is the expression of CYP27B1 for the hydroxylation of 25(OH)D3 at
position 1α in recombinant E. coli cells. However, the 25-hydroxylated derivative is
an expensive precursor for biotechnological approaches and a system capable of
hydroxylating vitamin D3 at both the 1α- and 25-positions would be much more
efficient from an economical point of view. The first prokaryotic production of
1α,25(OH)2D3 was described in 1992 after screening several hundred Streptomyces
strains towards their ability to hydroxylate VD3. In this way, Streptomyces scle-
rotialus FERM BP-1370 and Streptomyces roseosporus FERM BP-1574 were
found to convert 25(OH)D3 and 1α(OH)D3, respectively, to 1α,25(OH)2D3 [103].
Given that none of the strains converted VD3 directly into 1α,25(OH)2D3, an
additional 500 bacterial and 400 fungal strains were investigated in further studies,
and eventually led to the identification of 12 strains converting vitamin D3 directly
into the dihydroxylated derivative. Among these 12 strains, the fungus Amycolata
autotrophica FERM BP-1573 exhibited the highest activity. Bioconversions with
A. autotrophica (now renamed Pseudonocardia autotrophica) yielded 8.3 mg
25(OH)D3/l culture and 0.17 mg 1α,25(OH)2D3/l culture from cultivations in a
200-l fermenter after 120 h. Mapping the chromosome of A. autotrophica led to the
identification of P450VD25, which was classified as CYP105A2 and cloned into
Streptomyces lividans, where it provided 25-hydroxylation activity towards vitamin
D3. The VD3 1α-hydroxylase (Vdh) from P. autotrophica could be identified as a
member of the CYP107 family and conversion of VD3 to 1α,25(OH)2D3 via
25(OH)D3 (see Scheme 7) was shown with this enzyme after purification from
recombinant E. coli. It can, therefore, be assumed that CYP107 has both VD3

25- and 25(OH)D3 1α-hydroxylation activity [104]. This P450 is now applied in the
bioconversion of vitamin D3 into 1α,25(OH)2D3 [105]. To increase the hydroxyl-
ation efficiency of CYP107, random mutagenesis was performed and 1,000

Scheme 7 CYP-catalyzed hydroxylations of vitamin D3
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transformants were tested towards increased vitamin D3 biotransformation. The
results indicated eight hotspots associated with higher activity. Based on these
findings, site-directed mutagenesis studies revealed four mutations with high vitamin
D hydroxylating activity: T70R, V156S, E216A, and E384R. Each of these mutants
showed a two- to threefold elevated biotransformation activity compared with the
wild-type enzyme expressed in E. coli. Furthermore, the combination of the mutants
showed a synergistic effect on enzymatic activity and the mutant combining all four
amino acid substitutions showed a 7.9 times higher 1α,25(OH)2D3 product forma-
tion rate. Because the described amino acid residues are all located in the loop
regions of the protein that undergo dramatic conformational changes upon substrate
binding, the mutations may increase the flexibility of substrate binding sites or other
domains involved in catalysis [104]. These results show that the hotspots for protein
engineering of cytochromes P450 in order to achieve higher activities are not
restricted to the active site of the enzyme. Another example of this is the highly
active CYP107 mutant T107A. This residue is located in the ferredoxin binding site
and crystallographic and kinetic analysis revealed that the mutation changes the
protein conformation from an open to a closed state which increases the binding
affinity with ferredoxin [106].

Another P450 that is capable of hydroxylating VD3 is CYP105A1 from
S. griseolus, an enzyme with a broad substrate range that was first identified in
connection with its characteristic of metabolizing sulfonylurea herbicides. Sharing a
sequence similarity of >55 % with CYP105A2, its ability to accept VD3 as a
substrate was further investigated. Cloning and functional expression in E. coli
confirmed that CYP105A1 hydroxylates VD3 [21] (see Scheme 7). In contrast to
CYP105A2, which lacks the 1α-hydroxylase activity, CYP105A1 even converts
VD3 into 1α,25(OH)2D3 via 25(OH)D3. However, the dihydroxylated VD3 is
formed in much lower amounts than the main metabolite 25(OH)D3. Further
drawbacks are the additional production of a trihydroxylated VD3 derivative and
the overall low activity towards these substrates. With the objective of increasing
enzyme activity by structure-based protein design, the crystal structure of
CYP105A1 was solved and the amino acid residues Arg73 and Arg84, located
within the active site, were identified as key residues in vitamin D3 catalysis [107].
Based on this finding, a series of single and double mutants was produced by site-
directed mutagenesis leading to the identification of the double mutant R73V/R84A
with a 435-fold higher specificity constant compared with the wild-type
CYP105A1. The vitamin D3 25-hydroxylation activity of the optimized CYP105A1
is comparable to the wild-type CYP107, whereas its 1α-hydroxylation activity
towards 25(OH)D3 is approximately one order of magnitude higher. Co-crystalli-
zation of the mutants with the reaction product revealed that the mutation R84A
most probably increases the coupling efficiency of CYP105A1 by stabilizing the
oxygenated form of the enzyme, whereas R73V (or R73A) alters the hydrogen-
bond network resulting in a rearrangement in the water surrounding of the
1α-hydroxygroup [108]. The double mutant was used to establish a whole-cell VD3

conversion system with S. lividans TK23 as host strain and VD3 was hydroxylated
into 1α,25(OH)2D3 to a notable amount [109]. These studies depict an excellent
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example for the straightforward route from identification of an enzyme that is
capable of biotransforming a given substrate, its subsequent optimization using
structure-guided protein design, and the following development of a biotechno-
logical process.

6 Use of Whole-Cell Systems

Although cytochromes P450 might seem the enzyme species of choice for bioox-
idation, their application faces more challenges compared to enzymes such as
hydrolases, lyases, or transferases. As mentioned before, the low activity and sta-
bility of P450s as well as their need for auxiliary electron transfer proteins and
expensive cofactors pose challenges in the application of these enzymes [9]. Certain
progress has been made regarding the use of isolated P450 enzymes, among them
different techniques of cofactor regeneration and immobilization of the protein in
order to achieve higher stability. Nevertheless, the isolation of proteins is a time-
consuming and expensive task and the applications of P450s in industrial processes
are mostly restricted to fermentation. This carries the advantage of increased protein
stability and efficient cofactor supply by the host cell metabolism. A major hurdle
that remains, however, is the low productivity and yield of these biotransforma-
tions. Most P450-catalyzed processes are close to the minimum requirements and
almost all examples of implemented industrial P450 processes concentrate on the
production of compounds with high pharmaceutical interest for which the final
product concentrations do not need to be as high as for the production of fine
chemicals [110]. The use of whole cells also delivers new adjusting screws for
optimization. The most efficient process can only be ensured when all necessary
components are available at the right concentration, time, and location in the cell for
optimal reaction conditions. The first question that needs to be addressed is,
therefore, the selection of the appropriate host for the biotransformation. In the
majority of cases, E. coli is the host organism of choice as the techniques of
molecular biology are well developed and most P450s can be expressed as stable
proteins displaying high activity. There are, however, cases where other organisms
lead to better results. An example is the CYP153A6-catalyzed bioconversion of
(−)-limonene to (−)-perillyl alcohol which reached 3.0 U/g in P. putida Gpo12
compared with 0.1 U/g in E. coli based on dry cell weight [58]. Because the transfer
of large molecules across the cell membrane can become a limiting factor, the
substrate availability within the host cell is an important point to be considered.
Whole-cell bioconversion of abietic acid using different host organisms revealed
that the transport of the diterpene resin acid into the gram-negative E. coli cell is
much lower compared to the gram-positive B. megaterium [14]. In such cases, the
use of permeabilizing agents or host engineering, for example, through cloning of
additional transporter proteins, might be a promising approach to circumvent this
problem. Another important issue in bioconversion processes is the formation of
unwanted side products. In the case of the CYP153A6-catalyzed (−)-limonene
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hydroxylation in P. putida KT2440, the side products perillyl aldehyde and perillic
acid constituted up to 26 % of the total amount of oxidized terpenes. In contrast, no
perillic acid and only minor amounts of perillyl aldehyde were formed when E. coli
W3110 was used as a host [111]. A good way to achieve a higher concentration of
the desired product is the setup of aqueous-organic two-liquid–phase systems.
Using this approach, by-product formation in the biooxidation of (+)-valencene by
recombinant E. coli cells expressing CYP109B1 could be significantly reduced
[69].

A particularly exciting and challenging task in the use of whole cells is the
construction of complete biosynthetic pathways. The metabolic engineering of
several enzymatic steps allows the biosynthesis of complex products from simple
carbon sources. An impressive example is the production of the antimalaria drug
artemisinin in yeast and E. coli, where the overexpression of genes from the
mevalonate biosynthetic pathway from S. cerevisiae resulted in an increased
availability of endogenous precursors for terpenoid biosynthesis and thus artem-
isinic acid levels that are suitable for an industrial production process [112, 113]. In
further studies that propose a novel semibiosynthetic route, the native CYP71AV1
from Artemisia annua that catalyzes the conversion of amorpha-4,11-diene to
artemisinic acid was replaced by the bacterial CYP102A1. Saturation mutagenesis
of key residues in the active site of this substrate-promiscuous P450 led to a mutant
that was able to perform an epoxidation of amorpha-4,11-diene which could then be
transformed by high-yielding chemistry to artemisinin [114]. This example illus-
trates the high potential of whole-cell systems that express terpenoid synthases
together with P450 genes as interesting platforms for the easy and cheap production
of valuable terpenoid compounds from simple carbon sources.

7 Concluding Remarks

Members of the cytochrome P450 superfamily significantly contribute to the
diversification of natural compounds [115]. They usually depict the first enzymes to
modify an initial terpene synthase product in plants. Although major advances
concerning the engineering of plant P450s towards easier use for isoprenoid
functionalization have been made during the last two decades, these enzymes still
pose great challenges, especially in terms of microbial expression. Therefore,
microbial, especially soluble bacterial, P450s catalyzing terpene hydroxylation
became the focus of interest for biotechnological production of terpenoid com-
pounds because they are easier to express in bacteria. As shown in this review,
various bacterial P450s have been described catalyzing an efficient conversion of
terpenoids with significant yields of up to several hundred mg/l/d, thus demon-
strating the potential of these families of P450 enzymes for the production of
terpenoids for the fragrance, flavor, and pharmaceutical industries. The discovery
and characterization of further genome sequences as well as focused screening for
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terpenoid conversion of known bacteria will further expand the source of P450s
displaying activity towards terpenoids.

As P450s depend on redox partners, the identification, cloning, and coexpression
of these electron transfer proteins might, however, comprise a significant barrier.
While plant P450s use only one kind of electron transfer protein (CPR, Fig. 1), the
redox partners of bacterial P450s might differ significantly [8]. However, it was
shown that heterologous reconstitution of enzymatic activity using redox partners
from other organisms, especially using bovine adrenodoxin can be very efficient
[47]. In addition, strategies using fusion proteins with known redox domains may be
a promising tool to overcome this obstacle [9]. The applicability of P450s for bio-
technological purposes (e.g., terpenoid production) is further underlined by the
major advantage of P450s in terms of their robustness against mutations, particularly
in their substrate binding pocket. Although the basis for this ability is not yet fully
elucidated, the high conformational variability and nonpolar nature of the active site
seem to make an important contribution [116]. This high evolvability in terms of
maintaining a folded structure and the catalytic activity, therefore, provides an
excellent starting point for both rational and evolutionary approaches to improve
substrate scope, selectivity, and activity. Such engineering methods can be used
especially effectively with bacterial P450s, which are soluble and under normal
conditions can be easily expressed with very high yields in bacteria. Successful
examples have been described demonstrating the change in the selectivities of
investigated P450s as well as improvements concerning activities and stabilities (see
Sect. 5). With the decreasing costs associated with the redesign and engineering
of these proteins in conjunction with higher chances of a successful outcome,
P450-catalyzed syntheses become increasingly attractive for biotechnological
applications. This is particularly true for the industrial production of terpenoid
compounds in fields such as pharmaceuticals or flavors and fragrances.

Taken together, the examples described in this chapter show that microbial
P450s are promising tools for the production of modified terpenes and illustrate
how enzyme engineering can be used to redesign P450s in order to solve chal-
lenging chemical problems. The vastly growing number of P450 crystal structures
deposited in the protein databank creates a valuable foundation for future studies
using rational protein design to create enzymes that accommodate a wider range of
unnatural substrates and exhibit improved or altered activity. Moreover, coex-
pression of engineered plant and bacterial P450s and combination of their different
selectivities for the production of completely novel terpenoid structures will open
new horizons for the production of flavor and fragrance as well as pharmaceutical
compounds.
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Abstract Isoprenoids represent a natural product class essential to living organ-
isms. Moreover, industrially relevant isoprenoid molecules cover a wide range of
products such as pharmaceuticals, flavors and fragrances, or even biofuels. Their
often complex structure makes chemical synthesis a difficult and expensive task and
extraction from natural sources is typically low yielding. This has led to intense
research for biotechnological production of isoprenoids by microbial de novo
synthesis or biotransformation. Here, metabolic engineering, including synthetic
biology approaches, is the key technology to develop efficient production strains in
the first place. Bioprocess engineering, particularly in situ product removal (ISPR),
is the second essential technology for the development of industrial-scale biopro-
cesses. A number of elaborate bioreactor and ISPR designs have been published to
target the problems of isoprenoid synthesis and conversion, such as toxicity and
product inhibition. However, despite the many exciting applications of isoprenoids,
research on isoprenoid-specific bioprocesses has mostly been, and still is, limited to
small-scale proof-of-concept approaches. This review presents and categorizes
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1 Introduction

Isoprenoids (the terms “isoprenoid”, “terpene”, and “terpenoid” are used synony-
mously throughout this work) are a class of natural products present in all living
organisms. The great diversity of structures accompanied by many varied biological
functions lets isoprenoids play a vital role in basic intra- and intercellular processes,
for example, as components of cell membranes, respiratory chains, photosynthetic
light harvesting systems, or as hormones. All isoprenoids are derived from prenyl
diphosphate precursors and consist of one or more C5 isoprene units which are
condensed to different isoprenoid classes (C5: hemiterpenoids, C10: monoterpenoids,
C15: sesquiterpenoids, C20: diterpenoids, C25: sesterterpenoids, C30: triterpenoids,
C40: tetraterpenoids and > C45: polyterpenoids). Terpenoids are major components of
plant essential oils and extracts whose antiseptic and medicinal effects and in par-
ticular their sensory properties and value for food preservation have been used since
the Middle Ages [8]. Nowadays, industrially relevant isoprenoid molecules cover a
wide range of products such as flavors and fragrances [83], pharmaceuticals [20], and
biofuels [66] corresponding to multibillion US$ markets.

The prime examples illustrating the tremendous progress made in isoprenoid
biotechnology are the microbial de novo synthesis of farnesene as both fragrance
and biofuel precursor [102], of amorphadiene and artemisinic acid as antimalaria
drug artemisinin precursors [65, 103], and of isoprene as a chemical commodity and
monomer for synthetic rubber synthesis [105]. Also, the plant cell culture based
biosynthesis of precursors of the anticancer blockbuster drug Taxol [51] represents
an important industrially applied isoprenoid biotechnology. Finally, in the area of
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microbial isoprenoid conversion, a number of high-yielding approaches have been
published as well, for example, for the biotransformations of limonene to perillyl
alcohol [21, 22], to perillic acid [54], and to α-terpineol [9] or of α-pinene oxide to
isonovalal [34], to name only a few. The reader is kindly referred to the respective
chapters in the same volume series addressing the biotechnology of specific iso-
prenoid products.

Due to their often complex structure, chemical synthesis of isoprenoids is usu-
ally difficult and expensive, and isolation from their natural sources is also typically
low yielding. In contrast, biotechnological strategies take advantage of the pro-
nounced regio- and stereo selectivities of enzymatic reactions (usually by use of
microbial cells) and the possibility of overproducing isoprenoids in tailored bio-
processes. One strategy is whole-cell biocatalysis, which is usually favored if
structurally closely related precursor molecules are abundantly available, for
example, the monoterpenes limonene or pinene for carvone or verbenone produc-
tion, respectively [44, 46], and therefore represent cheap starting materials. The
target products are often obtained by selective oxyfunctionalization reactions cat-
alyzed by only one or a few enzymes, such as P450 monooxygenases and alcohol
dehydrogenases. The other strategy follows the cell factory notion, that is, the de
novo biosynthesis with microorganisms, whose metabolism has to be comprehen-
sively re-engineered for isoprenoid production starting from inexpensive carbon
sources, such as sugar [20]. Metabolic engineering typically involves optimization
of the flux through isoprenoid biosynthetic pathways, that is, the methylerythritol
phosphate or MEP pathway, also referred to as the 1-deoxy-D-xylulose 5-phosphate
or DXP pathway, and the mevalonate (MVA) pathway, depending on the host strain
or strategy used. Both pathways lead to the key C5 isoprenoid intermediate iso-
pentenyl diphosphate, from which isoprenoid synthesis is usually continued
towards the final product via a cascade comprising prenyltransferase(s), a terpene
synthase, and often further terpene decorating enzymes [19].

The question remains why, despite the many economically interesting applica-
tions of isoprenoids and the intrinsic advantages of enzymes as highly selective
biological catalysts for isoprenoid formation, only few industrial-scale bioprocesses
have been established to date. In addition to the obvious challenges associated with
a comprehensive genetic reprogramming of cellular metabolism, research is also
consistently hampered by a couple of physicochemical properties of isoprenoids. A
recurring phenomenon in bioconversion or de novo synthesis of isoprenoids is the
hydrophobicity and volatility of the substrate and/or product, and the fact that these
properties are often accompanied by a pronounced cytotoxicity. However, hydro-
phobicity and volatility of isoprenoids can be exploited for developing selective
in situ product removal (ISPR) techniques which are usually also mandatory if
product toxicity is a major issue. Alternatives might be the improvement of
microbial resilience by genetic engineering or the use of solvent-tolerant microbes.
For this review chapter we compiled bioprocess engineering approaches for
microbial (bacterial and fungal) synthesis and conversion of isoprenoids with
special focus on technical solutions for ISPR. We present laboratory- and industrial-
scale bioprocesses and discuss the major hurdles towards industrial implementation.

Bioprocess Engineering for … 253



Microbial processes for the production of carotenoids and steroids as well as iso-
prenoid production by plant cell cultures and by engineering in vivo plant
isoprenoid biosynthesis are outside the scope of this review.

1.1 In situ Product Removal (ISPR)

Considering the physicochemical and biochemical properties of isoprenoids
(hydrophobicity, volatility, and toxicity, all of which are discussed in later chapters
of this review), a successful biotechnological production of isoprenoids has to rely
on both metabolic engineering and process engineering in order to overcome
inhibitory (reversible loss of activity) or toxic (irreversible loss of activity) effects of
isoprenoid precursors or products. Due to the characteristics of isoprenoids, bio-
process development needs to focus on the integration of ISPR techniques. ISPR
techniques have already been thoroughly investigated since the early 1980s due to a
recurring problem of bioprocessing: the productivity of biocatalytic processes is
frequently limited by the need to operate the reaction under conditions unsuited to
the biocatalyst [49, 89]. Although chemical synthesis can be relatively flexible in
matters of reaction conditions, biological systems have evolved over hundreds of
millions of years to function under relatively limited conditions, that is, in a com-
parably narrow “process window”. Applying the same economical necessities that
guide optimization of industrial chemical production processes to biological systems
and force biocatalysts to function outside the environment for which they have
evolved leads to compromises over bioreactor design and operation. Because inhi-
bition of enzymatic reactions or microbial growth is usually observed at elevated
product concentrations, dilute product streams and low productivities are charac-
teristics of biotechnological processes [84, 89]. A technical approach to overcome
the problem of low productivities is the application of ISPR for the immediate
separation of a product from the producing biocatalyst [35]. The separation is
achieved by compartmentalization of biocatalyst and substrate and/or product
thereby increasing the productivity or yield of a biotechnological process by

• Overcoming inhibitory toxic effects of the product or the substrate
• Minimizing product loss due to degradation or uncontrolled release
• Reduction of liquid volume by concentration of the product in a separate phase
• Reducing the total number of downstream processing steps.

Although the compartmentalization displays the aforementioned beneficial
effects it also introduces mass transfer fluxes of the product and/or substrate over
interfaces thereby creating new possible bottlenecks influencing process produc-
tivity and yield. In order to minimize adverse effects by limited mass transfer the
choice of the appropriate ISPR technique is as important as it is challenging.

Several techniques are available to separate inhibitory or toxic substances from
biotechnological processes depending on their physicochemical properties. Molec-
ular weight, hydrophobicity, volatility, charge, and specific binding properties of a
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compound can help to decide the appropriate ISPR technique [35]. Five main
techniques are available to remove a product from the vicinity of the biocatalyst [89].
Extraction into another phase makes use of differences in hydrophobicity of substrate
or product and biocatalyst. The receiving second phase may be an organic solvent, a
supercritical fluid, an ionic liquid, or another aqueous phase. ISPR by perstraction
involves the separation of the extractive phase from the biocatalyst-containing phase
by a membrane. High volatility favors evaporation as a separation technique.
Evaporation is accomplished by stripping or vacuum distillation. Pervaporation and
transmembrane distillation are applied as membrane-supported evaporation tech-
niques. Separation by size is achieved by dialysis, electrodialysis, reverse osmosis, or
nanofiltration. Depending on the charge of the target molecules, adsorption to
hydrophobic carriers, ion-exchange resins and affinity adsorption can be used.
Finally, a charged product may be precipitated by the addition of a counter-ion.

Figure 1 depicts possible configurations of bioreactor and separation units and
different modes of operation for the five principal ISPR techniques described above.

Fig. 1 Options of in situ product removal (ISPR) from a bioreactor. The ISPR can take place inside
the reactor (internal) or in an external loop. The biocatalyst can be in direct contact with the extractive
phase or may be separated by various techniques, such as a membrane (shown as dotted lines) or a gel
matrix. The biocatalyst-containing phase is shown in dark gray, the extractive phase is shown in light
gray. The complexity of the setup increases from 1 to 4. Modified after Woodley et al. [108]
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The physicochemical properties of isoprenoid compounds are reflected in the
chosen ISPR techniques listed in Tables 1 and 2. The hydrophobicity and volatility
of isoprenoid compounds favor extraction, hydrophobic adsorption, or evaporation.
Water solubilities of terpenes are generally low, with those for terpene hydrocar-
bons far lower than those for oxyfunctionalized terpenes. As an example, the sat-
uration concentration of limonene in water at 25 °C is around 0.15 mM, that of
carveol 19 mM [33]. The low water solubility of many terpenes and their high
activity coefficients in dilute aqueous solution results in their excessive accumu-
lation in the gas phase over the liquid phase, as compared to an ideal system
according to Raoult’s law. This leads to relatively quick stripping from an aqueous
phase under typical bioreactor conditions. For instance, limonene is completely
removed from an aqueous solution of 7.5 mg/L in a 3-L reactor, which is stirred at
1000 rpm and aerated with 0.9 L/min, within only 30 min [33]. This makes it
comprehensible, that even when applying certain ISPR methods substrate and/or
product loss may occur in significant amounts [15, 21, 64]. The following chapters
give examples of application of ISPR techniques in bioprocess engineering for
synthesis and conversion of isoprenoids using the categories depicted in Fig. 1.

2 Internal and External Removal of Isoprenoid Products
by Direct Contact

Bioprocesses with a direct contact ISPR technique according to numbers 1 and 3 in
Fig. 1 usually consist of a biocatalyst-containing aqueous phase and an immiscible
second phase. The second phase may be located inside the bioreactor (internal
removal) or in an external loop (external removal). The second phase functions
typically as either a product sink removing potentially inhibitory products from the
aqueous phase or a substrate reservoir delivering substrates at low concentrations to
the aqueous phase. This combination of substrate release and product removal is
often referred to as substrate feeding and product removal (SFPR) and can be seen
as a method to avoid the toxic effect of substrate and product. The second phase has
a larger affinity for the target compounds than the aqueous phase, allowing in the
case of substrate delivery the loading of large amounts of poorly water-soluble
substrate into the second phase. This extractive bioprocess concept is often referred
to as a two-phase partitioning bioreactor (TPPB) [24, 52]. In two-liquid phase
partitioning bioreactors for microbial processes the extractive second phase consists
of a hydrophobic liquid phase [28]. As an alternative to a liquid second phase a
solid extractive phase (e.g., a solid adsorbent material) can be used. Whether a
liquid or solid phase is used, the fundamental intention is to enhance the mass
transfer rate of apolar toxic compounds with low bioavailability and to control their
delivery or removal. The considerations involved in the selection of an appropriate
extractive phase, and the advantages and drawbacks of the application of a liquid or
a solid phase are discussed in the next two sections.
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2.1 Two-Liquid Phase Bioprocesses

In two-liquid phase bioprocesses a biphasic reaction medium is created by the
addition of a solvent with preferably low water-solubility to an aqueous phase
containing the biocatalyst. Biphasic systems assure compartmentalization, thus
avoiding inhibitory (reversible loss of activity) or toxic effects (irreversible loss of
activity) on the biocatalyst and minimizing substrate or product loss by volatilization.
The stirred-tank reactor is by far the most popular reactor type used in isoprenoid
bioprocesses. Out of the 36 isoprenoid bioprocesses with ISPR presented in this
review 33 used stirred-tank reactors (c.f. Tables 1 and 2). Another reactor type is the
airlift or bubble column reactor where interface mixing is accomplished by gas
bubbles [27]. Bioconversion or de novo synthesis of isoprenoids in liquid-impelled
loop reactors [98] have not yet been described for isoprenoid bioprocesses. In a
stirred-tank reactor the interfacial area available for mass transfer between the two
immiscible phases is easily regulated via agitator speed [50]. The two phases form a
fine emulsion under operational conditions. The average droplet diameter depends,
among other parameters, on agitator speed, resulting in a direct relation of total
specific surface area and agitator speed [99]. However, because the extractive phase
needs to be hydrophobic in nature in order to be able to extract a hydrophobic product
or deliver a hydrophobic substrate, it may convey toxic effects to the biocatalyst.
Hence, biocompatibility is one of the criteria for the selection of a suitable organic
phase. The toxic effect of an organic solvent or its biocompatibility can be correlated
with its log POct [47]. The log POct value describes the logarithm of the partition
coefficient of an organic solvent in a standard octanol–water system. Organic sol-
vents with log POct values greater than 4 are usually suitable for direct contact with
biocatalysts whereas lower log POct values generally result in loss of activity [18].
The log POct value helps to limit the screening effort by reducing the amount of
possible organic solvents to a manageable number. Sikkema and colleagues
described why relatively low aqueous concentrations of hydrocarbons can have a
devastating effect on cell membranes [87]. In their studies with liposomes prepared
from Escherichia coli phospholipids a correlation between the membrane–buffer
partition coefficients and the octanol–water partition coefficients (log POct) of several
hydrocarbons was found. According to this correlation, the sparingly water-soluble
monoterpene limonene (log POct = 4.46, water solubility 0.15 mmol/L) would par-
tition into the cell membrane and accumulate to a membrane concentration of up to
728 mmol/L (99 g/L). Consequences of hydrocarbon accumulation into and inter-
action with the cell envelope, the entity of cell membranes and cell wall, are cell
membrane swelling, destruction of proton motive force, alterations in enzyme
activities, and loss of cell membrane or cell wall integrity or function [17, 28, 88].

In addition to biocompatibility, other desirable criteria for an organic solvent as
extractive phase have been identified and phase volume ratio (organic volume/
aqueous volume) effects have to be considered (Table 3). The phase volume ratio
affects the amounts of water-soluble and poorly water-soluble organic components
present in the bioreactor, the degree of reduction or elimination of substrate or product
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inhibition, and the absolute and specific interfacial areas available for mass transport
[50]. The most common approach is to operate with the aqueous phase as the con-
tinuous phase with a phase volume ratio typically less than 0.3–0.4 (c.f. Table 1).

A couple of publications illustrate the challenges involved with solvent screening
following the desired properties listed in Table 3. Usually a number of organic
solvents with appropriate log POct values are compiled and experiments conducted to
determine biocompatibility, partition coefficients for substrate, and/or product and
biodegradability [6, 22, 37, 56, 80]. To test for biocompatibility an activity profile
can be created by plotting an organic solvent log POct against biocatalyst activity.
However, this activity profile is specific to a particular biocatalyst and the extent of its
contact with the organic phase [50]. The extent of contact depends on many process-
specific factors such as available interfacial area, power input by mixing or shaking,
concentration of surface-active components, concentration of biocatalyst, and the
amount of organic solvent, to name a few. These factors may change during the
bioprocess or with bioprocess scale. Therefore, the selection of a suitable organic
solvent remains empirical and is often limited to the investigated setup. For example,
using recombinant E. coli for the biotransformation of α-pinene (log POct = 4.5)
presented as a separate organic phase in shaking flasks resulted in product formation
[81]. In contrast, the application of stirred-tank bioreactors using the same biocata-
lyst, aqueous medium, and phase volume ratio led to a complete loss of biocatalyst
activity due to extended contact of the biocatalyst with α-pinene. Activity could be
regained by the use of a different organic phase with a higher log POct value [80] as a
reservoir for α-pinene, “masking” its detrimental effects.

Table 3 Desirable
characteristics, selection
criteria, and phase volume
ratio considerations of an
organic phase in two-liquid
phase bioprocesses [18, 50]

Desirable solvent characteristics

Favorable distribution coefficient for product
High selectivity
Low emulsion-forming tendency
Low aqueous solubility
Chemical and thermal stability
Favorable properties for product recovery
Nonbiodegradability
Nonhazardous
Inexpensive
Available in bulk quantities
Biocompatibility

Factors to consider

Solubility limit of S and P in organic phase
Solvent recycling options
Environmental impact

Phase volume ratio effects

Ease of pH control
Nature of dispersed phase
Possibility of phase inversion
Ease of phase separation
Interfacial area available for mass transfer
Inter-droplet mixing
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Searching for a suitable organic phase for the biotransformation of carveol to
carvone with Rhodococcus erythropolis DCL14, Morrish and colleagues deter-
mined the critical log POct of R. erythropolis DCL14 by exposing the cells to a
selection of 12 organic solvents with log POct ranging from 1.25 to 9.04 [56]. The
critical log POct of R. erythropolis DCL14 was found to be 5 in shake flask
experiments. After further shake flask studies on biodegradability and determina-
tion of partition coefficients three organic solvents remained for bioreactor testing.
Bioconversions were now tested in a stirred-tank reactor at a phase volume ratio of
0.16. In the end silicone oil proved to be the most suitable solvent although 1-
dodecene showed superior affinity for the product. In contrast to experimental data
from shaking flask experiments strong emulsion formation was observed when 1-
dodecene was used as the organic phase in the stirred-tank reactor. The afore-
mentioned examples illustrate the setup-specific nature of solvent screening
experiments. Screening at smaller scales is less laborious and time consuming,
however, the results are often not transferable to larger scale, especially if shake
flask experiments are intended to optimize aqueous–organic two-liquid phase
bioprocesses. Here, parallel fermentation systems are far superior as they are run
under realistic process conditions at small scale.

The formation of emulsions, although in some cases advantageous for creation
of a large interfacial area, may create significant problems in separation of the
organic phase for further product removal; furthermore, organic phase or cell
recycling represents an important practical issue in downstream processing of
industrial-scale bioprocesses [39]. Surface-active components, often produced by
microorganisms themselves as a protective mechanism or to improve substrate
availability, impede phase separation and promote the formation of stable emul-
sions. Phenomena associated with stable emulsions in isoprene-producing biopro-
cesses were described as difficulties in determination of cell, substrate, or product
concentration [56]; formation of a third phase partitioning of cell mass in the
organic phase [26]; or problems in recovery of organic solvent and product [96].
The tendency for emulsion formation can change with phase volume ratio. A phase
volume ratio of 0.2 led to a complete emulsification of dodecane in a stirred-tank
reactor bioconversion of carveol to carvone by R. erythropolis whereas at a phase
volume ratio of 0.4 half of the solvent was emulsified [26]. Although cell migration
into the organic phase and problems in phase separation were reported, the bio-
process with complete emulsification of the organic phase yielded the highest
carvone production rates compared to other configurations such as a membrane
reactor.

Although strong emulsion formation of hexadecane with the aqueous phase
during the reduction of geraniol to citronellol by Saccharomyces cerevisiae caused
the authors to eventually employ a membrane reactor (indirect contact, c.f. Fig. 1)
which actually eliminated emulsification, the space–time yield and product con-
centration was higher when the direct contact ISPR technique in a stirred-tank
reactor was used [29, 96]. Furthermore, the spontaneous formation of an oil-in-
water emulsion was found advantageous in an aqueous–organic two-phase bio-
process for isonovalal production from α-pinene oxide by Pseudomonas rhodesiae
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[34]. Considering that emulsion droplet sizes in aqueous–organic two-phase sys-
tems in stirred-tank reactors can be as small as 10 µm resulting in organic–aqueous
interfacial areas of 130 m2 dm−3 [82], mass transfer limited reactions can profit
from emulsion formation. However, droplet-stabilizing surface-active components
such as fermentation broth, proteins, biomass, and biosurfactants can also consid-
erably reduce the overall mass transfer coefficient by adsorbing to the aqueous–
organic interface thereby damping turbulence transfer across the interface or, in the
case of biomass, probably by blockage of the available interfacial area by multi-
layers of biomass [69]. These examples demonstrate the mixed blessing of emulsion
formation in aqueous–organic two-phase processes: that is, increased mass transfer
rates versus problems in phase separation and product or cell recovery.

Additional aspects of solvent selection may involve the physicochemical nature of
the organic phase. Vegetable oil was favored over hexadecane in the biotransfor-
mation of limonene to α-terpineol by Sphingobium sp. because a vegetable oil phase
helped to achieve good anaerobic conditions that increased α-terpineol synthesis [9].
Other effects of the organic phase on biocatalyst or reaction can be: an influence on
the enantiomeric specificity of the reaction accompanied by reduction of the e.e.
value [96] or degradation of the organic phase by the microorganism [27].

In addition to instant removal from the vicinity of the biocatalyst the organic
phase can serve as a protective environment for the product. Direct contact with an
aqueous phase can cause autoxidation of terpenoid products and immediate
extraction into an organic phase makes product accumulation possible in the first
place such as in the case of nootkatol and nootkatone [37] or pinene oxide [80].

Long-chain alkanes (dodecane, hexadecane), silicone or vegetable oil, or diesters
of phthalic acid [bis (2-ethylhexyl) phthalate, diisononyl phthalate] are examples for
commonly used biocompatible organic solvents with high log POct values in iso-
prenoid-producing bioprocesses (c.f. Table 1). Alternatively, a neat phase of sub-
strate may be used for both substrate reservoir and extractive phase for the product,
forming a SFPR system as published by Savithiry and colleagues who used
undiluted limonene as the extractive phase during the bioconversion of limonene to
α-terpineol by recombinant E. coli [76]. During the de novo production of biofuel
sesquiterpenes farnesene or bisabolene by recombinant S. cerevisiae and E. coli, the
insoluble product readily separates from the aqueous phase forming an aqueous–
organic two-phase system in the course of the bioprocess which then acts as a
product sink for further product extraction [67, 74]. Of course application of
undiluted terpenoid substrate or product in an aqueous–organic two-phase system
implies insignificant toxic and inhibitory effects on the biocatalyst.

Biofilm formation has been described as disadvantageous in terpene biocon-
version studies when they interfered with substrate or product transport between the
extractive phase and the biocatalyst [27, 57], however, biofilms can be used
deliberately in biocatalytic approaches. Using catalytic biofilms allows for the
exploitation of the advantages of a continuous reactor operation such as cell reuse,
steady-state conditions with constant product qualities, and avoidance of down-
times, while at the same time the disadvantages of immobilization including
reduced absolute activity and viability of the biocatalyst, additional costs, and lack
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of universally applicable immobilization concepts are avoided [38]. For isopre-
noids, the only example described thus far followed an alternative approach using
biofilms in direct contact with an extractive phase. The microbes are grown on
nutrient-soaked carrier materials and then brought into direct contact with the
substrate via a biocompatible organic carrier solution [61, 62]. Oxygen is supplied
through the organic phase which may exhibit higher oxygen solubility compared to
water [63]. A major disadvantage, however, is that the nutrient and water content
and accumulation of metabolic by-products in the hydrophilic carrier material
cannot be controlled during the process.

Considering the isoprenoid bioprocesses with direct contact and internal removal
listed in Table 1 it is notable that only laboratory-scale systems with total reaction
volumes typically below 10 L have been published and that most publications
describe a proof-of-concept without further investigating product purification from
the receiving phase. Exceptions are the distillation of limonene produced by
recombinant E. coli from diisononyl phthalate [107], the purification of artemisinic
acid from isopropyl myristate [65], and a stirred-tank reactor operated in continuous
cultivation mode with a continuous recovery of the product α-santalene and
regeneration of the extractive solvent dodecane [78]. On the shaking flask scale the
recovery of bisabolene from the organic phase and its purification and subsequent
chemical treatment have been described [67]. The only example of an industrial-
scale isoprenoid bioprocess with direct internal removal of the product remains the
production of the sesquiterpene farnesene by Amyris Inc. [102]. However, technical
details of this process were not published.

2.2 Solid Phase Extraction

An extractive liquid organic phase of a TPPB can be replaced by a solid phase. It
was found that some thermoplastics have strong affinities for hydrophobic organic
molecules and show partitioning behavior similar to organic solvents and can
therefore function as second phase and product sink or substrate source [3].
Polymers display several advantages and disadvantages in comparison to a liquid
phase (Table 4). Desirable polymer characteristics in solid–liquid TPPBs are also
listed in Table 4.

Few researchers employed the adsorption of isoprenoid products to polymers
directly added to the aqueous phase (c.f. Table 1). Usually dispersed organic sol-
vent droplets of an oil in water emulsion in a two-liquid phase-partitioning biore-
actor form a larger available surface area and allow higher mass transfer rates
because the droplet size is significantly smaller (µm scale) compared to the typical
size of solid polymer materials (mm scale). For example, with an estimated droplet
size of 30 µm, 50 mL of organic solvent in 1 L of aqueous phase form a total
specific interfacial area of 8.7 m2 dm−3 [99]. In contrast, 50 g of solid spherical or
cylindrical beads with diameter of 2–4 mm result in a total specific interfacial area
of 0.07 m2 dm−3 in 1 L of aqueous phase [72]. Furthermore, equilibrium in a
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liquid–liquid system is established almost instantaneously whereas equilibrium
between a solid and liquid phase can be delayed due to diffusion into the solid
polymer matrix [72]. Nevertheless, application of solid polymer materials as the
extractive phase can lead to improved volumetric productivities compared to two-
liquid phase-partitioning bioreactors. Utilizing two important advantages of solid
polymers, the biocompatibility and low emulsion formation tendency, the volu-
metric productivity of the biotransformation of carveol to carvone by R. ery-
thropolis DCL14 was improved by a factor of 3.5 in comparison to a two-liquid
phase-partitioning bioreactor where strong emulsion formation was observed [57].
The fact that, in contrast to experiments in a two-liquid phase-partitioning biore-
actor, no dramatic morphological changes to the cells were observed provided proof
for superior biocompatibility of polymer beads. Selection criteria for a suitable
polymer material were bioavailability, partition coefficients, thermal stability, and
biofilm formation tendency. The ease of separation of solid polymer material from
the aqueous phase and the straightforward approach for product recovery led to
high product concentrations and purities in eluates [15, 57] or even a crystallized
product of 98 % purity [54].

On a laboratory scale product extraction from polymer beads may be much
easier than the removal of products from a liquid–organic extracting phase where
distillation of the solvent or back extraction using another immiscible solvent is

Table 4 Advantages, disadvantages, and desirable properties of polymer beads for direct contact
ISPR [73]

Advantage

Biocompatible
No emulsion formation
Resistance to microbial degradation
Reusable
Ease of separation from aqueous phase
Polymer structure can be tailored to enhance selective absorption of the desired

target molecule(s)

Disadvantage

Low capacity determined by surface area
Mass transfer limitations due to biofilm formation
Delayed equilibrium between solid and liquid phase due to low diffusion rates

Desirable properties

Commercially available at a low cost
Nonhazardous
Nontoxic to the employed organisms
Not consumed as carbon and energy source or otherwise biodegradable
Not promoting biofilm formation under operational conditions
Possessing desirable affinity for the target molecule(s)
Thermally stable for sterilization purposes
Stable in aqueous medium at the pH and electrolyte concentration of the

employed culture medium
Stable in medium employed to load polymer with target compounds
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required. However, on an industrial scale the additional step of polymer bead
separation and subsequent product recovery may disproportionately increase pro-
cess costs. Another problem arises when polymer beads are used in bioconversions
where substrate and product share similar physicochemical properties. In these
cases the polymer material may not be selective enough which can lead to decrease
of conversion yields. Polymer beads were used to feed the substrate linalool and
simultaneously remove the product linalool oxide during the bioconversion cata-
lyzed by Corynespora cassiicola DSM 62475 [15]. Inasmuch as linalool and lin-
alool oxide share similar adsorption characteristics to the polymer material used,
35 % of the substrate linalool was still eluted from polymer beads at the end of the
process, thereby reducing the conversion yield. If the substrate and the product
possess significantly different physicochemical properties polymer material can be
successfully used in a SFPR approach. Anion exchange polymer beads (Amberlite
IRA 410 Cl) were used to remove perillic acid efficiently from limonene biocon-
version catalyzed by Pseudomonas putida GS1 [54]. The same adsorber was used
by Alonso-Gutierrez et al. [2] to remove the product perillyl alcohol selectively
from a de novo biosynthesis with a recombinant E. coli shake flask culture while
avoiding detracting the immediate precursor in the isoprenoid pathway, limonene.
The latter problem occurred when dodecane was used as an overlying organic phase
instead, disabling perillyl alcohol formation.

3 Internal and External Removal of Isoprenoid Products
by Indirect Contact

Bioprocesses with an indirect contact ISPR technique according to numbers 2 and 4
in Fig. 1 usually separate the biocatalyst from the extractive phase. The extractive
phase may be located inside the bioreactor (internal removal) or in an external loop
(external removal).

3.1 Stripping and Pervaporation

The high vapor pressure of some isoprenoids favors their transition from the liquid
phase to the vapor phase at bioprocess temperatures. If the vapor phase is mobile as
in the case of bioreactor off-gas the isoprenoid compound is stripped from the liquid
phase. Stripping can effectively reduce the concentration of the isoprenoid product
in the aqueous phase and avoid toxic effects on the biocatalyst. A straightforward
way to remove isoprenoid volatile products from bioprocesses is their separation
from bioreactor off-gas streams by adsorption to a solid-phase material such as
activated carbon [105] or thermoplastics [45, 64, 68], or absorption into a hydro-
phobic liquid [4, 5]. The receiving phase has a certain affinity and capacity for the
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product: that is, at certain product loadings breakthrough of product leading to
product loss occurs if no technical countermeasures (gas sensor, change of reser-
voir) have been installed [64, 105]. In addition to affinity and capacity of the
receiving phase variables determining the efficiency of stripping are temperature
and abundance of other gases such as CO2, low molecular weight contaminants, or
water vapor [105]. Desorption from adsorber materials can be achieved with
organic solvents or, in the case of isoprene, by steam or nitrogen followed by
condensation of the product vapor into the concentrated liquid product. Purification
from absorbing liquids is usually achieved by distillation or back extraction using
another immiscible solvent. Provided that the physicochemical properties allow the
application of this ISPR technique stripping can be seen as a flexible and relatively
easily scalable method.

If the product first diffuses through a membrane before it is evaporated into the
vapor phase this is called pervaporation or in case of a hydrophobic membrane,
organophilic pervaporation. The membrane forms a selective barrier between the
aqueous phase (feed) and the vapor phase (permeate). Because pervaporation
selectivity is primarily governed by differences in transport rate of components
through the membrane and not by vapor pressure it can also be applied to less
volatile compounds. Although organophilic pervaporation has always been con-
sidered a membrane-based technique that has great potential for mild, natural aroma
recovery, industrial application remains at pilot-scale operations at the most [106] in
contrast to hydrophilic pervaporation, which is industrially used for dewatering of
organic solvents. Advantages of organophilic pervaporation are that available
organophilic pervaporation membranes act as both sterile barrier and separation
medium, rendering cell separation unnecessary. The membranes are biocompatible,
incur negligible fouling tendency, and are steam sterilizable. Despite the many
advantages of the combination of organophilic pervaporation with biosynthesis or
conversion of isoprenoids in a bioreactor only a few such processes have been
described in the literature thus far. During cultivation of Ceratocystis moniliformis
ATCC 12861 ethyl acetate, propyl acetate, isobutyl acetate, isoamyl acetate, cit-
ronellol, and geraniol were isolated by organophilic pervaporation [11]. The choice
of membrane material influenced product composition. Using a poly-
octylmethylsiloxane membrane the process yielded higher concentrations of esters;
using a polyetheramide-block–copolymer membrane the permeate contained higher
concentrations of the terpenoids citronellol and geraniol. Another approach also
used a flat-sheet organophilic pervaporation membrane to demonstrate proof-of-
principle for in situ separation of the C13-norisoprenoid β-ionone from enzymatic
β-carotene cleavage [59]. The biggest challenge still hampering a broader appli-
cation of organophilic pervaporation for in situ volatiles separation is the limited
transmembrane flux of the product. Here, membrane modules arranged as tube
bundles with much larger interfacial membrane surface areas would most probably
help in significantly improving overall performance.

272 H. Schewe et al.



3.2 Perstraction in Membrane Reactors

In a two-liquid phase bioreactor setup the biocatalyst-containing phase and the
extractive phase can be separated by a membrane. The aim of such a membrane
reactor is to avoid the consequences of direct contact between the aqueous and
the organic phases such as emulsion formation and toxic effects on the biocatalyst.
The biocatalyst and organic phases are separated by the membrane, therefore the
range of solvents that can be used to assist biosynthesis or bioconversions can be
expanded to solvents with high product affinity but low biocompatibility [96]. On
the downside, a membrane may exhibit a considerable resistance to mass transfer
between the aqueous and the organic phase [13, 14, 96]. For instance, according to
the transport mechanism of a solute from the bulk aqueous phase to the bulk
organic phase through a flat-sheet, hydrophobic, asymmetric, polyimide, organic
solvent nanofiltration membrane there are five possible bottlenecks for solute
transfer [85, 96]: transfer from the aqueous solution bulk to the aqueous/membrane
interface through the aqueous liquid film, partition into the membrane, diffusion
across the membrane, partition from the membrane into the organic liquid, transfer
from the membrane/organic–liquid interface to the bulk of the organic liquid
through the organic–liquid film. Because of these mass transfer constraints mem-
brane bioreactors often show inferior performance when compared to an aqueous–
organic two-phase system with direct contact [29, 96]. An integral part of a
membrane reactor layout is the determination of the overall mass transfer coefficient
of the solute of interest [13]. Together with the specific activity of the biocatalyst a
suitable membrane surface area to biomass ratio can be calculated [29, 104]. By
selecting a suitable membrane surface area to biomass ratio mass transfer limita-
tions and the associated reduction of biocatalyst specific yields can be avoided.

Three types of membranes have been used in membrane reactors for isoprenoid
synthesis and conversion: nonporous, microporous, and nanoporous. Silicone
rubber is a nonporous membrane material displaying high permeability and
selectivity to small hydrophobic molecules and prevents aqueous breakthrough and
is impermeable to ionic species and macromolecules. The high permeability of
silicone rubber is due to extensive swelling in the presence of organic solvents [30].
The silicone membrane swelling must be considered in membrane bioreactor design
to prevent membrane bursting or solvent breakthrough. Silicone rubber tubing
submerged into a liquid phase of a stirred-tank reactor is a practical and straight-
forward implementation of a membrane reactor [14, 27]. The organic phase may be
pumped through the silicone rubber tubing which is submerged in the aqueous
phase such as during the bioconversion of geraniol to citronellol by S. cerevisiae
[29] or the bioconversion of α-pinene oxide to isonovalal by Pseudomonas fluo-
rescens NCIMB 11671 [14]. Alternatively, the aqueous phase containing the bio-
catalyst R. erythropolis DCL14 was circulated inside a silicone tube that was
immersed in dodecane containing the substrate carveol and the accumulated

Bioprocess Engineering for … 273



product carvone [27]. However, this mode led to biofilm formation inside the
silicone tubing along with a reduction in mass transfer of substrate and product
across the membrane, a problem often observed in membrane bioreactor setups.

A relatively hydrophilic microporous nylon membrane was used in a membrane
reactor for the kinetic resolution of racemic menthyl acetate by Bacillus subtilis
NCIMB 11705 [104]. A crucial point in process operation of microporous mem-
branes is the careful control of the transmembrane pressure to avoid phase break-
through, which leads to mixing of the two phases and to the same emulsification
problems experienced in direct contact systems [29]. Surface-active components of
the aqueous phase such as biosurfactants, proteins, or the cells themselves can cause
a considerable reduction in the membrane breakthrough pressure [95]. However, in
the case of kinetic resolution of racemic menthyl acetate the cells were placed on
the same side of the membrane as the organic phase, pure racemic menthyl acetate,
and the aqueous phase removed acetate from the vicinity of the cells. No break-
through of either phase was observed provided the right pressure was maintained.
Although cell stability was lower in the membrane reactor setup compared to an
aqueous–organic two-phase system, probably due to better contact with the phase
interface, the specific activity obtained in the membrane reactor was about fivefold
that in the emulsion system with direct contact [104].

A nanofiltration membrane was used in a membrane bioreactor with the bio-
conversion of geraniol to citronellol by S. cerevisiae as the model reaction [96].
Measurements of partition coefficients and overall mass transfer coefficients iden-
tified toluene (log POct = 2.4) as the superior extractive phase in comparison to
hexadecane (log POct = 8.8). As expected, bioconversion experiments with direct
internal contact in an aqueous–organic two-phase system yielded no product when
toluene was used whereas hexadecane proved to be biocompatible. Applying the
nanofiltration membrane to separate the aqueous and organic phases showed higher
space–time yields but at the same time lower e.e. values when toluene was used
instead of hexadecane. Due to mass transfer limitations even the membrane reactor
with toluene was outperformed by the direct contact ISPR system using the
aqueous–organic two-phase system. The mass transfer resistance could be located
in the membrane for the hexadecane system whereas for the toluene system
the contribution of the aqueous liquid film mass transfer resistance became
predominant [96].

The immobilization of cells in carrier materials can be seen as a compartmen-
talization of the biocatalyst and product. Fungal mycelia of Penicillium digitatum
immobilized in calcium alginate were used to convert limonene to α-terpineol [92].
Alginate beads could be reused in batch conversions or applied in a continuous
bioreactor setup. However, the alginate matrix formed a diffusional barrier for
oxygen and limonene and decreased the substrate affinity by increasing the apparent
KM of the bioconversion.
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4 Towards Industrial Isoprenoid Processes

Few microbial bioprocesses involving isoprenoids have been developed to indus-
trial scale. Notable examples are the de novo productions of isoprene realized by the
joint research of Genencor and Goodyear [105], of farnesene by Amyris Inc. [102],
and of artemisinic acid for artemisinin by Amyris/Sanofi [65]. The basis of an
industrial bioprocess is always a suitable biocatalyst able to accumulate high
product titers in a short time. For this, whole-cell biocatalysts or microbial cell
factories have to be optimized in iterative cycles by the tools of systems biology and
metabolic engineering, but they also have to be integrated successfully into the
setting of an industrial process. A simple constraint might be that this process
requires integration of biotechnology and chemical engineering at a skill level not
usually present in a single company [105].

4.1 Challenges of ISPR Implementation

Focusing on the technical side of bioprocess development, realization of ISPR
techniques in industrial processes generally faces a number of challenges.
A respective ISPR technique usually involves high investment costs for research
and development and the construction of rather complex facilities. These measures
have been usually dedicated to a single process, thereby reducing the flexibility of
plant setup and increasing the pressure of efficient capital utilization [89]. However,
nowadays with the concept of microbial platform strains, an array of different
terpenoid products may be produced by the same microbe under almost identical
fermentation conditions, which makes the use of process settings with ISPR more
affordable (“one process—many products”). ISPR research and development are
further hampered by the fact that ISPR techniques are either not easily scalable from
laboratory conditions to production scale or that the suitable ISPR technique itself
may change with process scale. Further consideration has to be put into the required
product purity for subsequent process steps. Depending on the final application of
the product of a bioprocess, legal limitations, such as regulations of product, pro-
cess, work, and environmental safety, may further affect the choice of the ISPR
technique. Adequately addressing all these points may lead to prolonged process
development times and an extended time-to-market for a new product. In conse-
quence, a less elaborated but faster process may be preferred [91].

As one of the few publications on industrial-scale isoprenoid bioprocesses the
biological production of isoprene illustrates the aforementioned challenges [105].
It also highlights a central key to successful implementation of a large-scale bio-
process: an integrated approach that, from the choice of host strain, to the design
and engineering of an isoprene cell factory, to its cultivation/fermentation, and
finally to product recovery and purification, never loses the focus on large-scale
applicability.
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4.2 Industrial Production Strain Prerequisites

Most proof-of-concept research projects focus on only one or a couple of aspects of
a bioprocess, thereby separating the microorganism and the isoprenoid synthesis or
the conversion from the rest of the process design and neglecting demands of large-
scale operations for certain organism properties [23]. In addition to those micro-
organism properties generally desirable from a bioprocess-oriented viewpoint, such
as the ability to use low-cost feedstocks, tolerance to extreme conditions, or
resistance to inhibitors, isoprenoid bioprocesses would benefit from biocatalysts
with low-emulsion–forming tendency and tolerance against organic compounds.
This would dramatically increase the ease of product recovery in aqueous–organic
two-phase systems simply by gravity separation without the need for centrifugation
or de-emulsification techniques which further raise process costs [39]. For price
competitive “low-cost high-volume” products such as biofuels the possibility of
operating a bioprocess in a continuous mode including the possibility of cell reuse
is a valuable measure to increase productivity and lower capital cost [23]. A closed
bioreactor infrastructure to prevent contaminations operating in batch or fed-batch
mode, as is usually the case in laboratory-scale experiments, can significantly
increase infrastructure costs and will most likely not be cost-competitive enough at
the required scale [102]. Continuous operation demands a robust biocatalyst able to
tolerate conditions unfavorable to competing contaminating organisms, such as
extreme pH, salt concentrations, or temperatures in order to maintain monoseptic
conditions. Continuous cultures require a genetically stable strain with constantly
high productivity. Unfortunately, production strains may change their phenotype
during production conditions. The overproduction of a molecule in a fermentation
process is usually an energy burden for the microorganism. Any mutation that leads
to a decrease in that metabolic burden yields faster-growing mutants with decreased
productivity that eventually overgrow the initial production host. Therefore, pro-
duction organisms must be maintained under strong selection so that they do not
lose their beneficial feature. Production processes are situations of prolonged cul-
tivation where selection pressure can hardly be maintained. Once this selection
process is interrupted by prolonged cultivation or repeated inoculation of new
media, productivity may be lost [111]. However, commonly used techniques to
maintain selection pressure such as antibiotic resistance markers (e.g., ampicillin or
kanamycin) may not be applicable at large scale because of concerns of drug-
resistant isolates being released into the environment [102]. The commonly used
laboratory genetic tool to transfer genes, the plasmid, establishes a further potential
route for horizontal gene transfer [93] and introduces a certain degree of genetic
instability [90]. For the de novo production of isoprenoids from sugar-based raw
materials cells need to reduce the carbohydrate and get rid of the carbohydrate
oxygen. In biological systems this is achieved by the use of reducing equivalents
[NAD(P)H2] and rejection of excess oxygen as water. Redox imbalances, i.e., the
excess formation of NAD(P)H2, which is often observed in production hosts, need
to be removed aerobically (by oxidation to water). Therefore, bioreactor aeration
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must be carefully adjusted to avoid excessive NAD(P)H2 oxidation and, thus, a
decrease of carbohydrate-to-hydrocarbon yields below theoretical maximum values
corresponding to reduced overall process productivity [10]. Another way to
improve productivity is to divide a bioprocess into a growth phase, where nutrients
are employed to build up biomass rapidly, and a production phase, where nutrients
are exclusively used for product formation. In laboratory environments this is
accomplished by the application of induction systems including IPTG in E. coli or
galactose in S. cerevisiae. On an industrial scale these induction systems would not
be cost-competitive and alternative routes to limit growth while allowing produc-
tion are necessary [102]. An easy and well-scalable way to achieve such a “met-
abolic switch,” that is, separation of growth and production phases, can be carbon
or nitrogen restriction [94]. These examples of industrial-scale concerns on the one
side and laboratory routine on the other side demonstrate a certain discrepancy
caused by the different driving forces of scientific research and economic feasibility.

4.3 Terpene Toxicity

It is obvious that the choice of the host organism may ultimately determine the
success or failure of an isoprenoid production process [102]. Each organism utilized
in isoprenoid bioprocesses has its advantages and disadvantages that need to be
weighed up against each other. Isoprenoids are essential components of living cells.
However, their biotechnological overproduction in bioreactor systems may cause
significant stress to exposed organisms. The toxicity of isoprenoids towards single
cells varies with their structure. Due to their presumed natural function as defense
molecules, toxins, growth inhibitors, or repellents, monoterpenoids are generally
highly toxic to microorganisms as are some sesqui- and diterpenoids as well [36];
however, prominent examples of biotechnologically synthesized sesquiterpenes,
such as farnesene or bisabolene are tolerated by the producing microbe in high
concentrations [16, 67, 74]. Toxicity of hydrophobic compounds to microbial cells
is often explained by accumulation of hydrophobic molecules in the lipid bilayer of
the cell membrane ultimately resulting in a loss of its function as a permeability
barrier, as a protein and reaction matrix, and as an energy transducer [41]; addi-
tionally, effects on other components of the cell envelope, for example, the cell wall
have been described [17].

4.4 Microbial Solvent Tolerance

Microbial cells have developed different mechanisms to adapt to the presence of
toxic solvents. In short, these mechanisms involve morphological adaptions,
changes of the energy status, modification of the cell membrane fluidity, changes in
the cell wall and outer membrane, modifications of surface properties such as
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charge and hydrophobicity, transformation, and degradation of the solvent and
active transport of solvents from the membrane into the environment by an energy-
dependent efflux system [40]. The reader is kindly referred to one of the many
detailed reviews on this subject [25, 41, 70, 71, 75, 86]. The tolerance of micro-
organisms towards organic and toxic compounds varies from organism to organism.
Two different strategies to benefit from microbial solvent tolerance in bioprocesses
with hydrophobic substrates or products are the use of well-known solvent-tolerant
strains as production hosts or, alternatively, to transfer solvent-tolerance–conveying
elements to well-established production hosts.

4.5 Solvent-Tolerant Hosts

Considering the usually hydrophobic and often toxic nature of isoprenoids, the
choice of highly solvent-tolerant microbes, such as the gram-negative P. putida or
the gram-positive R. erythropolis (c.f. Table 1) as whole-cell biocatalysts for the
biotransformation of monoterpenes seems obvious. However, solvent-tolerance
mechanisms are a consequence of natural selection on stress conveyed by hydro-
phobic substances. Some of the protective mechanisms of solvent tolerance may
prevent substrate access to or product release from the biocatalyst thereby reducing
product yields. For example, the outer membrane of gram-negative bacteria, in
particular the lipopolysaccharide layer, was found to be an effective permeability
barrier for monoterpenes [34]. Permeabilization by freeze drying or chemicals
enhanced reaction rates. However, permeabilization is only applicable when the
respective catalytic reaction is cofactor independent and will most likely prove to be
too expensive to be applied in industrial-scale processes. Its metabolic versatility
and its solvent tolerance make P. putida a promising biocatalyst for the biocon-
version of terpenes [55]. A convincing example for the robustness of P. putida in
the presence of monoterpenes is the conversion of (+)-limonene to (+)-perillic acid,
a natural monoterpenoic acid with high potential as an antimicrobial cosmetic
ingredient [54]. The microbe efficiently produces the target terpenoid without by-
product formation in a fed-batch process where the precursor limonene can reach
levels in the gram per liter range forming a separate organic phase in the bioreactor.
However, the metabolic versatility of pseudomonads may also be a hindrance for
establishing a bioprocess as it can result in unwanted side reactions and decrease
product yields. Recombinant P. putida GPo12 was first described as a biocatalyst
for the bioconversion of limonene to perillyl alcohol, a potential anticancer com-
pound, catalyzed by a P450 monooxygenase from Mycobacterium sp. strain HXN-
1500 in an aqueous–organic two-phase system [97]. Further research increased
productivity sixfold by switching to P. putida KT2440 and conducting a careful
carbon source selection and optimization of cell physiology [22].

However, additional research revealed that unknown enzymatic activities of
P. putida KT2440 oxidized the product perillyl alcohol to the unwanted side
products perillyl aldehyde and perillic acid. These side products constituted up to
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26 % of the total amount of oxidized terpenes [21]. Another example for host-
mediated unwanted side reactions is the reduction of geraniol to citronellol by
unspecific dehydrogenases of the whole-cell biocatalyst S. cerevisiae [96]. Con-
cerning tolerance to hydrophobic and toxic molecules such as the monoterpene
limonene, which, for example, may serve as a precursor for jet biofuels in the future
[10, 66], P. putida should have a clear advantage over monoterpene-sensitive
S. cerevisiae [16, 17, 54]. However, the first de novo production of a monoterpene
with P. putida has been described only very recently [53]. By introducing a het-
erologous bacterial mevalonate pathway from Myxococcus xanthus together with a
plant geraniol synthase, P. putida GS1 produced about 200 mg/L geranic acid in a
bioreactor. The monoterpenoic acid showed high efficiencies as a fungicide for corn
protection [110]. The acid is produced due to endogenous oxidative enzymes
converting geraniol, the direct product of the terpene synthase reaction, to the
corresponding acid without accumulation of intermediates. If it were possible to
narrow down the pronounced oxidative capacity of P. putida (e.g., by selective
gene deletions or by running an appropriate process regime), this solvent-tolerant
bacterium could be an interesting host for de novo production of monoterpene
alcohols or hydrocarbons as well.

In an industrial process population heterogeneity is an unwanted side-effect that
leads to incalculable productivities. Population heterogeneity can often be observed
in P. putida cultivations [42]. Population heterogeneity functions as a safeguard of
the respective population against fast-changing environmental conditions such as
hydrophobicity. For example, direct contact of P. putida S12 with a toluene phase
initiates a mutator element leading to the formation of a subpopulation with
increased survival rates [101]. In this case population heterogeneity can be seen as
another mechanism of solvent tolerance. Other sources of population heterogeneity
are epigenetic modifications, asymmetric cell division, different growth and cell
cycle states, microenvironmental conditions, and permanently changing levels of
transcripts and proteins [58]. Inasmuch as transformation and degradation are
mechanisms of solvent tolerance (see above), and solvent tolerance is often
achieved by a combination of several protective mechanisms, metabolic versatility,
population heterogeneity, possible side reactions, and an increased tendency to
create stable emulsions are the flipside of solvent-tolerant strains.

4.6 Transfer of Solvent Tolerance

Taking a look at renewable diesel platforms, S. cerevisiae or other similar fungal
systems are, in addition to E. coli, another popular choice for a development
platform. Its genetic accessibility, robust and well-studied genetics, tolerance to low
pH, resistance to osmotic stress, and immunity to viral contaminations make S.
cerevisiae a production host with many of the requested properties beneficial in
industrial bioprocesses [43]. In addition, problems with certification of S. cerevisiae
genetically modified organisms on the government level are unlikely due to its
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well-established reputation as a nonhazardous organism. However, biofuel toxicity
still limits production and it will be necessary to improve tolerance to further
increase yields [31]. An approach to benefit from increased solvent tolerance
without the drawback of unwanted side reactions can be the expression of efflux
pumps, heat shock proteins, membrane modifying proteins, and activation of
general stress response genes in suitable expression hosts [31]. Recently, heterol-
ogous expression of a specialized ABC efflux transporter from the fungal pathogen
Grosmannia clavigera enhanced survival of S. cerevisiae in the presence of a
mixture of the monoterpenes (+)-limonene, (+)-3-carene, racemic α-pinene, and
(−)-β-pinene [100]. A couple of energy-dependent efflux systems have been
described to increase tolerance against terpenoids in well-established production
hosts and thereby sometimes improving process parameters. By first screening a
library of primarily uncharacterized hydrophobe/amphiphile efflux pumps of the
family of resistance-nodulation–division (RND) pumps from gram-negative bac-
teria and then heterologously expressing an efflux pump from Alcanivorax bor-
kumensis limonene tolerance of E. coli was increased resulting in a 64 %
improvement in limonene yield of a limonene production strain [32].

The outer-membrane protein alkL has been shown to increase transmembrane
transport of monoterpene substrate limonene and product perillyl alcohol [21],
thereby decreasing the reduction of mass transfer across the outer membrane of
gram-negative E. coli and increasing reaction rates [21].

5 Conclusions

Despite the many exciting applications of isoprenoids as biofuels, pharmaceuticals,
flavors and fragrances, and the advantages of microbial isoprenoid production,
research on isoprenoid bioprocesses has mostly been and still is limited to proof-of-
concept approaches with a focus on enhancing product concentrations and yields.
Often no further considerations are given on critical targets for process technology
and process scale implementation such as suitability of the strain employed, ease of
product separation, purification, or comparison of different ISPR techniques. This
can be attributed to the fact that most of the published research is conducted in
nonprofit environments under idealized laboratory conditions where the industrial
relevant considerations such as time-to-market, GMO certification, strain robust-
ness, efficient capital utilization, or lot-to-lot variations of feedstock sources are not
comparably relevant. In light of the physicochemical and biochemical properties of
isoprenoids an industrial-scale isoprenoid bioprocess without ISPR, that is, com-
partmentalization of biocatalyst and substrate and/or product to avoid inhibitory or
toxic effects on the biocatalyst or to avoid product loss by evaporation or degra-
dation, is hardly imaginable. Because the implementation of a suitable ISPR
technique is a laborious, time-consuming, expensive, and often an empirical process
that needs to be verified on every new process scale, only few industrial-size
microbial isoprenoid production processes have been published to date.
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Experiences from the implementation of large-scale biofuel processes suggest that
large-scale microbial isoprenoid bioprocesses would also benefit from an integrated
approach of systems biology, metabolic and process engineering. The focus on
process design and large-scale applicability during the whole development of a
production strain has proven to be a challenging but ultimately rewarding necessity
for a successful upscaling of an isoprenoid bioprocess. Considering the final pro-
cess, the choice of a solvent-tolerant microbe such as P. putida instead of baker’s
yeast or E. coli as the host may be an alternative if the production of toxic com-
pounds such as monoterpenoids is aimed at and/or technical substrates containing
inhibitors have to be used. However, the genetic tools available still lag behind
those developed for yeast and E. coli and genetic instability and metabolic diversity
might be further disadvantages of P. putida as the host strain. Nevertheless, for the
time being it cannot be foreseen whether the transfer of solvent-tolerance mecha-
nisms to conventional hosts by metabolic and cell engineering will be a successful
endeavor; thus both strategies are worth being followed in this segment of iso-
prenoid products.
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Part III
From Biosynthesis to Biotechnological

Production of Selected Isoprenoids



Isoprene

Claudia E. Vickers and Suriana Sabri

Abstract Isoprene is a volatile C5 hydrocarbon. It is produced by a wide variety of
organisms and has been shown to play a role in protection of plants under abiotic
stress conditions. It also has many different uses as an industrial chemical: most
notably as a precursor for synthetic rubbers, but also for production of elastomers,
copolymers, adhesives, and specialised chemicals. Modifying and/or engineering
isoprene production in plants has the potential to contribute to engineered stress
resistance. Moreover, as petrochemical sources of isoprene increase in price and
become more scarce, bioproduction routes through microbial processes are
becoming more attractive. Here we examine biotechnological aspects of isoprene
production and review the current state of the art for both microbial-based industrial
bioprocesses and plant engineering.

Keywords Isoprene � Metabolic engineering � Abiotic stress � Rubber � Industrial
biotechnology � Microbial fermentation � Synthetic biology
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1 Introduction

Williams [146] first identified the volatile C5 hydrocarbon hemiterpene isoprene (2-
methyl-1,3-butadiene) as a product of destructive distillation (thermal decomposi-
tion) of gutta percha (natural latex) and caoutchouc (natural rubber). It was
recognised that a five-carbon ‘isoprene unit’ forms a building block for the vast
array of different natural products in the terpene (isoprenoid) family; this is known
as the ‘isoprene rule’ [102]. Synthesis of these products does not proceed via
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isoprene itself, but through the universal C5 prenyl phosphate precursors, dimeth-
ylallyl pyrophosphate (DMAPP) and its isomer isopentenyl pyrophosphate (IPP).
These are both produced by the mevalonate (MVA) and methylerythritol phosphate
(MEP) isoprenoid pathways (Fig. 1). Isoprene was identified as a leaf emission in
the mid-1900s [63, 95, 106, 107]. Subsequently, many isoprene-producing plants,
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Fig. 1 Isoprenoid pathways aMEP pathway, found in plant chloroplasts, most bacteria, and some
eukaryotic parasites [45, 98, 100, 154]. b Mevalonate (MVA) pathway, with various modifica-
tions, found in most eukaryotes, archaea, and some bacteria [41, 79, 90]. Both pathways produce
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produced by the action of isoprene synthase (IspS) on DMAPP. Figure modified from [133, 135]
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primarily in the C3 group, have been identified [60, 94]. Isoprene is produced in
large amounts by phytoplankton in the oceans [84], and animals and bacteria can
also emit isoprene [70, 114].

Isoprene produced by plants contributes an enormous amount of carbon—some
440–660 Tg (million tons) per year—to the atmosphere [53]. This isoprene has a
significant impact on atmospheric chemistry. It is highly reactive and affects the
oxidative capacity of the troposphere [92, 129]. Models indicate that it extends the
residence time of greenhouse gases [113], thereby having a climate forcing effect.
Isoprene also contributes to local pollution: it reacts with free radicals and ozone,
the products of which contribute to formation of secondary organic aerosol parti-
cles, ozone, and carbon monoxide; and in the presence of high levels of nitric
oxides (typically from industrial activities) it also reacts to produce tropospheric
ozone [35, 39, 132]. These pollutants can have severe negative effects both on
human health and on plant/animal agriculture. Moreover, because isoprene pro-
duction is a function of temperature and light, it plays a role in biosphere–climate
chemistry feedback [113]. The biological role of isoprene production in plants
appears to be the protection of photosynthetic and other processes under stress
conditions [80, 118, 136].

Williams [146] observed that the liquid isoprene he distilled reacted with atmo-
spheric ozone over time to become ozonised, and that on distilling the ozonised liquid,
a ‘violent reaction’ took place, whereby all unaltered hydrocarbon volatilised and the
remaining product solidified suddenly to produce a ‘pure, white, amorphous mass’,
which was unique and had the chemical formulation C10H8O, the first observation of
(presumably) naphthol. Isoprene polymerises with itself and various different partners
to form polymers and copolymers with many different properties. It can therefore be
used to make a wide variety of useful products. These include synthetic rubbers,
elastomers, thermoplastic elastomer block copolymers (e.g., styrene–isoprene–sty-
rene, SIS), adhesives, and specialized chemicals (e.g., vitamins, pharmaceuticals,
flavourings and perfumes, and epoxy hardeners) [16, 25, 105, 126, 142]. The primary
isoprene product is synthetic rubber (cis-1,4-polyisoprene); this is used to make
vehicle tires, surgical gloves, golf balls, and adhesives among others. Approximately
1 million tons of petrochemical-derived isoprene are made per annum [142]. Market
growth per annum is estimated at 1–2%, and there is a potential market of 5 billion kg/
year through product expansion [83].

Industrial isoprene is currently produced mainly from petroleum as a by-product
of thermal cracking of naphtha or gas oil [105, 142]. This petroleum-derived iso-
prene is available in limited supply, occasionally precipitating global shortages; it
therefore suffers from price volatility due to fluctuating petrochemical prices. In
addition, it has a high carbon footprint [126, 142]. The production process is
relatively expensive and energy-intensive, and yields may be insufficient for future
demand [16]. As fossil resources become more expensive to extract and purify, the
price of isoprene (and other petrochemical by-products) will also increase. A cost-
effective and renewable alternative source of isoprene is therefore attractive.

Although some plants produce enormous amounts of isoprene (Hewitt et al.
2004), harvesting it from this source is not feasible. However, microbes which
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normally cannot produce isoprene can be engineered to produce it at significant
levels. Production of biochemicals in microbial systems as alternatives to petro-
chemical routes is a rapidly growing industry, and microbial bioprocesses can be
significantly less expensive and more straightforward compared with other methods
[125]. The California company Genencor (now owned by DuPont), in collaboration
with The Goodyear Tire & Rubber Company, has pioneered development of
microbe-based isoprene bioprocesses [54, 142], and several other research groups/
companies are also working in the field. Moreover, the biological role of isoprene
lends itself to the possibility of engineering for improved stress resistance in crop
plants. Herein, we examine the biotechnological aspects of isoprene and review the
current state of the art for both microbial-based industrial bioprocesses and plant
engineering.

2 Isoprene Synthase

The enzyme isoprene synthase (IspS; EC 4.2.3.27; systematic name dimethylallyl-
diphosphate diphosphate-lyase [isoprene-forming]) is responsible for the prodigious
global production of isoprene. Isoprene synthase catalyses the removal of
pyrophosphate from DMAPP to produce isoprene and pyrophosphate (Fig. 2). Mg2
+ or Mn2+ are required as cofactors, with Mg2+ being the preferred cofactor
[120, 121, 144].

IspS genes and/or proteins have been characterised from several Populus
sp. (poplar/aspen; [13, 49, 85, 109, 119, 121, 138, 139]), Quercus ilex (oak; [13,
73]), Salix discolour (pussy willow; [144, 145]), Salix babylonica (weeping willow;
[57]), Liquidambar styraciflua (sweetgum; [57]), Arachis hypogaea (peanut; [13]),
Myrtus communis (myrtle; [57]), Pueraria montana/Pueraria lobata (kudzu; [13,
57, 119]), and Mucuna bracteata [57]. Although many prokaryotes also produce
isoprene [46, 70], a prokaryotic IspS/IspS has yet to be identified.

Isoprene synthase belongs to the Tps-b group of angiosperm isoprenoid synthases
[52, 115, 119]. The genes have six introns and seven exons [49, 85, 109, 115, 119,
138, 139]. In poplar (and presumably also in other plants), isoprene synthase is found
in three to four copies; these genes are differentially regulated [139], but it is thus far
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unclear what the biological significance of this is. In in vitro analyses, isoprene
synthase enzymes have a broad pH optimum (usually peaking at *7–8) and
temperature optima between 40–60 °C [47, 69, 73, 120]. They are relatively ineffi-
cient enzymes, with a highKm (*2–20mM) and variable but generally low kcat values
[13, 73, 111, 119, 121, 145, 151]. Substrate availability and thermal influence on
enzyme kinetics have a strong controlling effect on isoprene emission [117]. IspS
enzymes from different source organisms also have different susceptibilities to sub-
strate-mediated inhibition [13]. The crystal structure of several IspS enzymes has
been solved [14, 25, 68].

3 Engineering Isoprene Production in Microbes

Although plants produce large quantities of isoprene, approaches for engineering
industrial production (for use as an industrial chemical) have focused on the use of
microbial fermentation. Although plants represent an attractive starting point due to
the naturally high emission levels of some species and the potential for direct
conversion of carbon dioxide into isoprene via photosynthesis, bioprocess
requirements are far cheaper and simpler in microorganisms. The challenges of
capturing isoprene from a plant-emitting system would add significant cost and
complication to the process. Microbial fermentation represents a sustainable alter-
native to produce isoprene directly from abundant and cost-effective renewable
resources, for example, simple sugars sourced from plants, and ultimately, ligno-
cellulosic feedstocks [134].

Isoprene production from bacteria was first identified by Kuzma et al. [70]. Of
the bacteria surveyed, Bacillus subtilis was the highest producer [46, 70]. However,
isoprene production in B. subtilis is only 50 μg/L/h−1 [64], insufficient for com-
mercial processes. Common industrial microorganisms such as Escherichia coli and
Saccharomyces cerevisiae (yeast) do not naturally produce isoprene. In order to
achieve sufficient titres from microbial bioprocesses, substantial engineering is
required, starting with introducing an appropriately engineered isoprene synthase
gene. Due to the low native flux through isoprenoid pathways in most microbes, it
is also necessary to engineer upstream pathways to provide sufficient precursors for
industrial-scale isoprenoid production. This includes engineering central carbon
metabolism to improve precursor availability or balance subcellular precursor
concentrations for isoprenoid pathways, engineering through the core isoprenoid
pathways themselves (MEP/MVA), and engineering availability of prenyl phos-
phate precursors (including controlling competition from downstream pren-
yltransferases). In the case of isoprene, the synthase uses DMAPP so the latter
engineering steps are not required. With respect to engineering isoprene production
in microbes, much of the experimental data is found in the patent literature, and we
refer to patents frequently in the sections below.
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3.1 Engineering Isoprene Synthase for Microbial Expression

Despite isoprene being widely produced by different microbes, and despite inten-
sive search efforts [64, 123, 150], no microbial isoprene synthase has been reported
to date. Indeed, only plant isoprene synthases have been discovered (see above).
Consequently, it is necessary to transfer a plant isoprene synthase into microbes for
engineering purposes. To optimise expression and activity, significant engineering
is required prior to transfer of plant-encoded enzymes into microbes. Briefly, this
involves (1) removal of intron sequences (i.e., use of a cDNA sequence), (2)
removal of the chloroplast targeting sequence (if present), (3) codon optimisation of
the sequence, and (4) selection of appropriate transcription and translation control
sequences (see [135] for details). Further engineering, such as introduction of
mutations that improve catalytic activity, thermostability, or other industrially
useful traits, might also be performed.

Prior to any engineering, an appropriate IspS gene must be selected. Isoprene
synthases from different source organisms vary significantly in their performance
with respect to isoprene production in microbes [13, 25, 33, 57, 142].

Removal of introns (or selection of a cDNA sequence) and truncation to remove
the chloroplast sequence are usually performed first (see below). Modifying iso-
prene synthase codon usage from plant to E. coli improves isoprene production in
E. coli [25, 31]. Peptide tags, which are often included in cloning constructs and
used for isolation of resulting proteins, can interfere with catalytic properties of
isoprene synthase [25, 85] and should be avoided for industrial applications when
designing constructs.

Isoprene synthase proteins include a chloroplast targeting peptide [85, 108, 119,
139, 140]; removal of this peptide increases isoprene production in microbes [25,
57, 85, 140]. As for other isoprenoid synthase genes [30, 147], selection of the
truncation site for removal of the chloroplast leader sequence is critical in isoprene
synthase [25]. Mapping of several truncation sites in a Populus alba isoprene
synthase indicated that, of those tested, removal of 156 nucleotides (a 52-amino–
acid deletion) with addition of an ATG (yielding a protein starting with MEA-
RRS…) provided the highest levels of isoprene [25]. This truncation improved the
kcat 2-fold, the Km 1.3-fold, the Ki 1.6-fold, and the specific activity 2-fold.

Somewhat surprisingly, decreasing the copy number using a low copy-number
expression vector can improve isoprene production; isoprene synthase apparently
forms inclusion bodies when overexpressed [31, 33]. Titrating expression from dif-
ferent promoters, albeit not yet directly examined, will most likely have combina-
torial effects with copy number. This should be considered during construct design.

Although there is significant variation in catalytic performance, in general the
poor catalytic properties of IspS enzymes (in particular the high Km(DMAPP) and low
kcat values) make the wild-type isoprene synthases unattractive as industrial
enzymes. IspS proteins also exhibit substrate inhibition at varying levels for dif-
ferent enzymes [13, 14]. An A. hypogaea IspS is relatively resistant to substrate
inhibition compared to a P. alba IspS (which is commonly used for engineering),
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as long as high concentrations of the cofactor Mg2+ (100 mM) are available. The A.
hypogaea IspS produced more isoprene in in vivo studies than a P. alba IspS, but
also has an in vitro Km of almost an order of magnitude more than the P. alba IspS.

A variety of targeted and random approaches was carried out by Bott et al. [25]
to identify IspS mutants with improved catalytic activities. A number of mutations
that conferred improved activities were identified. Bott et al. [25] also solved the
crystal structure of IspS using a number of IspS enzymes and constructs. The
structures suggested that several crucial loops forming the active site of isoprene
synthase are flexible, and the authors noted the potential to modify metal binding,
diphosphate recognition, DMAPP chain binding, and active site; a large number of
potentially useful mutations were suggested [25]. A thorough mutation analysis of
many different residues was then performed using a truncated (MEARR…) P. alba
IspS [14]. This revealed a number of mutations that improved activities when
nonpolar residues were converted to polar residues, presumably improving solu-
bility (which had been noted to be poor). Many other mutations that improved
specific activity in vitro and/or isoprene production in vivo were also identified. A
selection of high-performing mutations (numbering based on MEAA… truncation)
includes: A453N in a ‘flexible loop’ of the substrate binding site; L494P/L494C, a
hydrophobic residue in a surface-exposed loop, where mutations to hydrophilic
residues are thought to affect protein folding, solubility, or activity; and T536I/
T536F/T536Y (a ‘miscellaneous’ mutation that yielded significant increases in
activity with several substitutions). Crystallisation confirmed a change in confor-
mation of the loop containing residues 490–497 where the L494P mutation is
situated; this mutant provided a twofold higher specific activity, a decreased Km and
an increased kcat in in vivo studies. Both L494P and T536F proved to confer
thermostability, with the latter being more effective. It was suggested that the
thermostability of T536F was due to replacement of a polar amino acid residue with
a large hydrophobic residue (thereby increasing local hydrophobicity). Multiple
sequence analysis demonstrated that both proline at 494 and I/V/F (hydrophobic
residues) are common in isoprene synthases/terpene synthases (respectively). These
data probably provide some clues as to why different IspS proteins from different
species perform significantly differently in terms of isoprene production in
microbes.

Another mutagenesis/selection approach was later used to further improve sol-
ubility (and improve the in vivo activity) of IspS [97]. To identify improved
mutants, challenges with increasing concentrations of DMAPP in both in vitro and
in vivo systems were used. The in vivo method involved titration of flux through an
engineered MVA pathway, thereby taking advantage of the toxicity of prenyl
phosphate precursors (see below) to link improved catalytic properties with growth
rate and allow facile selection of desirable mutants. An S288C mutation (numbering
based on MEA… truncation) repeatedly emerged from different screens. Other
mutations that conferred either improved catalytic properties (Km, kcat, Vmax) or
improved expression/solubility were also identified. Combining the S288C muta-
tion with an A3T mutation provided a three- to fivefold enhancement.
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3.2 Engineering Precursor Availability

One of the largest obstacles to efficient microbial biosynthesis of isoprene is the
production of its precursor, DMAPP. In the absence of temperature variation,
DMAPP availability is the primary driver for isoprene production in plants [117, 139,
140], and precursor availability in microbes is a key limiting factor for engineering
isoprenoid production in microbes [135]. Thus, engineering of the upstream iso-
prenoid pathway (either MEP or MVA, depending on the production organism) is
required. This kind of pathway engineering is necessary for production of any iso-
prenoid compound in industrial microbes, because isoprenoids share common met-
abolic precursors. Genetic platforms resulting from work with isoprene can therefore
be applied to the biosynthesis of other valuable products (and vice versa).

A problem encountered in isoprenoid pathway engineering is that high levels of
prenyl phosphate precursors (DMAPP/IPP/FPP) are apparently toxic to cells [74, 82,
122, 150]. Furthermore, it is known that several prenyl phosphates act as feedback
regulators to control flux through isoprenoid pathways [11, 12, 50, 58]. In order to
avoid toxicity/feedback from buildup of prenyl phosphates, it is necessary to have a
metabolic sink for these precursors in place prior to engineering increased flux.
Isoprene is an ideal sink, because it is produced directly from one of the C5 pre-
cursors (DMAPP), thereby providing an immediate drain for the prenyl phosphate
pool. The high Km(DMAPP) of IspS also means that it is unlikely to compete effec-
tively with downstream prenyltransferases that use DMAPP as a substrate. This
means that potential growth defects caused by depleting the pool of prenyl phos-
phates required for synthesis of essential isoprenoids (primarily FPP) are avoided.
Moreover, being volatile (b.p. = 34 °C), it partitions into the gas phase under normal
cultivation conditions and is unlikely to cause toxicity problems in itself.

Broad approaches for engineering improved carbon flux in microbes through
both the MVA and the MEP pathways have been reviewed recently [135]; here we
focus on published approaches specific to isoprene production. Readers should note
that additional approaches used for other isoprenoid products (in particular, for
controlling flux upstream of the DMAPP/IPP node and for controlling downstream
competition) will most likely also be effective for isoprene production.

3.3 Engineering Isoprene Production in E. coli

E. coli was the first microorganism to be engineered for isoprene production, and
the best results by far have been achieved in this organism. The first recombinant
isoprene-producing E. coli was generated as part of a study to identify the first IspS
gene [85]. A hybrid poplar (P. alba × P. tremula, aka P. × canescens) isoprene
synthase cDNA was used; truncation to remove the putative chloroplast targeting
peptide resulted in a 1.85-fold increase in isoprene production. However, as later
studies also found, simply introducing an isoprene synthase into E. coli results in
only very low yields; in this case, only 1.85 nmol isoprene/mg cellular protein.
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It should be noted that the choice of strain has a significant effect on initial
production of isoprenoids in both E. coli and yeast [24, 34, 99, 127]. Strain also
affects isoprene production in E. coli; for example, E. coli BL21(λDE3) produces
10 times higher titres than E. coli FM5, and E. coli ATCC11303 (an E. coli B
derivative) performs even better than BL21(λDE3) in fed-batch culture [31]. We
have also observed significant interstrain differences, both in isoprene production
capability upon introduction of an isoprene synthase and in ‘engineerability’ (the
effect of upstream pathway engineering) in our laboratory (Bongers, Behrendorff,
Nielsen and Vickers, unpublished data).

Initial attempts at improving isoprene production focused on engineering
through the native MEP pathway. Introduction of an heterologous MVA pathway
significantly improves titres. Both pathways can be used in parallel for production,
or engineering can be focused on the MVA pathway, which to date has delivered
the best yields [17, 37] as discussed below.

3.3.1 Engineering Core MEP Pathway Flux

E. coli uses a MEP pathway for native isoprenoid production. Condensation of the
central carbon intermediates pyruvate and glyceraldehyde-3-phosphate (GA3P) by
deoxyxylulose synthase (DXS; see Fig. 1) to generate deoxyxylulose 5-phosphate
(DXP) represents the primary rate-limiting step in the MEP pathway [3, 55].
Coexpression of an homologous or heterologous deoxyxylulose synthase (dxs; see
Fig. 1) provides a two- to fourfold increase in isoprene [31, 57, 85].

Conversion of DXP to 2-C-methyl-D-erythritol 4-phosphate (MEP) by deoxylu-
lulose reductase (DXR) can also be rate-limiting [3]. A titre of 94 mg/L isoprene with
a rate of 2.8 mg/L/h−1 was achieved by Zhao et al. [155] in E. coli fed-batch cultures
when Populus nigra (black poplar) IspS was overexpressed together with the E. coli
dxs and dxr genes. When heterologous B. subtilis dxs and dxr were used for over-
expression, isoprene production was further enhanced 3.3-fold to 314 mg/L. This
suggests that use of heterologous enzymes can provide more efficient catalysis, either
from improved native catalytic properties or avoidance of native posttranslational
regulatory control. Significant differences between the primary sequences of the
homologous and heterologous genes were observed, supporting these possibilities.

In addition to dxs and dxr, overexpression of isopentenyl diphosphate isomerase
(idi), which converts IPP to DMAPP and vice versa, improves isoprene production
[25, 31, 33]. This presumably allows rapid balancing of the intracellular IPP and
DMAPP pools, and may be particularly important given the heavy relative drain on
the DMAPP pool exerted by IspS. In the absence of release at the DXS bottleneck
by overexpression of dxs, overexpression of idi has minimal effect [33]. Coex-
pression of dxs and idi with engineered kudzu isoprene synthase provides a five- to
12-fold increase in isoprene compared to the IspS alone, allowing titres of up to
300 mg/L broth using E. coli strain BL21 [31, 33]. Strains overexpressing E. coli
dxs and idi along with a P. alba IspS produced 35–70 mg/L isoprene on rich media
in batch culture [76, 93].
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The last two steps of the pathway are catalysed by hydroxymethylbutenyl
diphosphate synthase (HDS/IspG/GcpE) and hydroxymethylbutenyl diphosphate
reductase (HDR/IspH/LytB; see Fig. 1), both of which are [4Fe–4S]2+ (iron–sulfur
cluster) enzymes [112, 152]. Following upstream release at the DXS node and
overexpression of IDI to balance the C5 prenyl phosphate pools, flux through these
two enzymes becomes rate-limiting. Under these conditions, 2-C-methyl-D-eryth-
ritol-2,4-cyclodiphosphate (MEcPP, aka cMEPP), the substrate for IspG (GcpE/
HDS), accumulates in the cell and is even exported into the medium [156]. It was also
observed that a strain expressing kudzu IspS, yeast idi, and E. coli dxs produced more
isoprene under noninducing conditions than under inducing conditions, and that the
strain also accumulated (E)-4-hydroxy-3-methylbut-2-enyl diphosphate (HMBPP),
the substrate for HDR [37]. This suggested that HDR (IspH) activity was limiting.

Overexpression may help in some cases; for example, inclusion of an HDS
overexpression, which has been shown to increase isoprenoid production when
other bottlenecks are released [156], can further improve isoprene titres twofold in a
strain overexpressing dxs and idi [76]. However, the complex cofactor requirements
and biochemistry of the enzymes themselves must also be addressed.

The 4Fe–4S cluster is very sensitive to oxidative damage. Oxidative stress causes
accumulation of MEcPP in mycobacteria and corynebacteria, most likely due to the
interference at the 4Fe–4S group [10]. In E. coli, the iron–sulfur cluster (isc) operon
enzymes are involved in formation of the 4Fe–4S cluster in Fe–S enzymes [131]. The
isc enzymes also assist in repair of the 4Fe–4S clusters after oxidative damage [43]. In
the presence of appropriate concentrations of flavodoxin and flavodoxin reductase,
HDR activity in extracts from E. coli overexpressing both IspH and the isc operon
increased 200-fold in vitro [51]. Removal of the isc operon repressor (iscR) was
successfully used to increase specific productivity of isoprene by up to threefold
in vivo (though a reduction in growth rate was also observed [37].

Another approach to improve activities of 4Fe–4S enzymes is to improve
electron transfer to support redox reactions. Accordingly, overexpression of the
E. coli electron transferase flavodoxin I (fldA) increased isoprene production one- to
twofold. Increased expression of IspS did not improve the isoprene titre, suggesting
that in this case, IspS activity was not limiting.

After overexpression of fldA, the HDS and HDR nodes were further targeted by
overexpression of Thermosynechococcus elongates IspG (GcpE) and IspH (LytB;
[37]). T. elongates does not encode an fldA; instead it apparently uses a reducing
shuttle system consisting of ferredoxin (petF) and ferredoxin-NADP(+) oxidore-
ductase (petH; [89]). Expressing GcpE, petF, and petH in strains with a P. alba IspS
(MEARR… truncation), yeast idi and variable levels of dxs overexpression increased
isoprene production by 10–80 %, with a stronger response observed with increasing
promoter dxr strength. Both the dxs-only and the dxs/GcpE/petF/petH strains
exhibited accumulation of MEcPP. However, surprisingly, MEcPP was just as high
—and in some cases, higher—in the GcpE/petF/petH strains than in the strains
without GcpE overexpressed. Despite this, the HDR (GcpE/IspH) product HMBPP
was observed to accumulate in GcpE strains, indicating that the overexpression
successfully relieved at least a proportion of the flux constraint at that node. Its
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accumulation suggested that HDS (IspG) activity was still limiting. Heterologous
overexpression of a second IspG from a different species and an IspH gene from
Anabaena further improved titres [88]. A strain with several modifications, including
overexpressions of dxs, dxr, idi, fldA-ispG, Anabaena IspH-petF-petH, a lower MVA
pathway, a truncated P. alba IspS, and a restored chromosomal pgl (see the following
section) provided titres of 8.4 g/L isoprene in a fed-batch fermentation [88].

3.3.2 Balancing MEP Pathway Precursors

Balancing of GA3P and pyruvate pools to prevent accumulation of either precursor
has been shown previously to be important for isoprenoid production via the MEP
pathway [4, 5, 48]. Two studies have demonstrated, unsurprisingly, that this is also
important for isoprene production. The first examined different pathways for glu-
cose utilisation, namely the Embden–Meyerhof pathway (EMP), Entner–Doudoroff
pathway (EDP), pentose phosphate pathway (PPP), and Dahms pathway [76].
Carbon redirection to specific pathways was achieved through various strategies:
glucose-6-phosphate isomerase (pgi) was disrupted to divert carbon away from the
preferred EMP and towards PPP (in this case flux also occurs to a lesser extent via
the EDP); a double pgi and gluconate-6-phosphate dehydrogenase (gnd) knock-out
blocks both EMP and PPP, channelling flux towards the EDP; feeding D-xylulose
restricts glycolytic carbon flux to the PPP; and finally, carbon from xylose was
channelled into a Dahms pathway constructed by introducing a xylonate catabolic
pathway, knocking out the PPP by disrupting xylA, and introducing D-xylose
dehydrogenase to convert D-xylose to D-xylonate. The EDP, which produces
equimolar GA3P: pyruvate, provided the highest titres; combining this with an
engineered MEP pathway (overexpression of dxs, idi, and IspG) and a modified
P. alba IspS provided titres of*225 mg/L isoprene (about threefold higher than the
engineered MEP pathway alone).

The second study utilised a novel approach to balance precursor levels on gal-
actose by forcing galactose utilisation via the De Ley–Doudoroff pathway [93].
This involved blocking the Leloir pathway for galactose utilisation and engineering
a complete De Ley–Doudoroff pathway by introducing a missing dehydrogenase
gene from Pseudomonas syringae to catalyse conversion of galactose to galac-
tonase. Equimolar ratios of GA3P and pyruvate were achieved in the resulting
strain. Coupling this pathway with overexpression of E. coli dxs + idi and a P. alba
IspS resulted in a 3.7-fold improvement over the MEP pathway engineering alone.
The final titre was 260 mg/L isoprene, very similar to the first study. This result
confirmed the importance of balancing precursor concentrations; however, it would
not be feasible in an industrial setting due to the cost of galactose.

Other approaches for balancing GA3P and pyruvate that might increase isoprene
production include overexpressing glucose-6-phosphate dehydrogenase (G6PDH,
encoded by zwf) alone or in combination with the modifications described above,
that is, limiting expression of pgi to redirect flux to PPP and EDP, and/or limiting
expression of gnd to limit flux to the PPP and increase flux to the EDP [37].
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3.3.3 Addressing Remaining MEP Flux Limitations

The fact that the MEP pathway delivers higher theoretical yields for isoprenoids
from simple sugars than the MVA pathway [101, 133] has driven extensive research
efforts towards improving MEP pathway flux. However, despite the significant
engineering that has thus far been performed, the MEP pathway still delivers lower
yields/titres than heterologously expressed MVA pathways (see below).

Flux is still clearly limited at the 4Fe–4S enzymes, and resolving the problems at
these nodes will take further research. In addition, the MEP pathway relies heavily
on reducing equivalents (required at both the 4Fe–4S nodes and at DXR), and it
was anticipated early that increasing their availability would improve MEP pathway
flux [4]. Ultimately, as flux bottlenecks are relieved, improving carbon channelling
into MEP pathway precursors (in addition to keeping central carbon intermediates
balanced, as described above) will then become limiting.

Avoiding loss of carbon through side pathway reactions may also help. In
E. coli, DXP (the product of DXS) is used as a precursor for the B-group vitamins
thiamine and pyroxidine. Deletion/downregulation of thiamine and pyridoxine
pathways to minimise carbon loss/competition/feedback from those pathways might
also improve MEP pathway flux for isoprene production [37]. However, given that
these vitamins are essential, and that thiamine (as thiamine diphosphate, TPP) is a
cofactor for DXS, care should be taken with this approach.

Finally, it has recently been shown that both IPP and DMAPP compete with TPP
at the TPP binding site in a Populus trichocarpa DXS, thereby causing competitive
inhibition of DXS [12]. Presumably, this is also the case for other DXS enzymes.
Moreover, given that TPP is a cofactor for many different enzymes, and that IPP/
DMAPP have very similar binding mechanisms to TPP, increased DMAPP/IPP
pools might cause significant metabolic perturbation (this may indeed be the
mechanism by which IPP/DMAPP exert toxicity). This feedback inhibition and the
potential side-effects underline the importance of ensuring that prenyl phosphate
pools do not accumulate in engineered strains. Further improvement of the IspS
enzyme catalytic properties, in parallel with flux modification to ensure that iso-
prene production is balanced with essential pathway requirements downstream with
DMAPP, may be required.

3.3.4 Engineering the MVA Pathway in E. coli

Although substantial advances have been achieved by engineering through the
native MEP pathway, the best yields to date are significantly below calculated
theoretical maxima for the pathway [101, 137]. It appears that MEP carbon flux is
heavily regulated, and as yet we do not understand enough about this regulation to
overcome it [135]. In order to circumvent this problem, either a partial MVA
pathway (with mevalonate supplementation; [32]) or a complete MVA pathway
[82] have been introduced into E. coli strains engineered for isoprenoid production.
This approach was also successful for improving isoprene production [15, 31, 33,

Isoprene 301



57, 142, 157]. An MVA pathway was constructed by using mvaE (which encodes a
dual function enzyme that has both acetyl-CoA acetyltransferase activity and HMG-
CoA reductase activity; see Fig. 1) and mvaS (mevalonate synthase) from
Enterococcus faecalis (referred to generically as the ‘upper’ MVA pathway)
combined with mevalonate kinase (MK), phosphomevalonate kinase (PMK), di-
phosphomevalonate decarboxylase (MVD), and IDI from Saccharomyces cerevi-
siae (referred to generically as the ‘lower’ MVA pathway). In the presence of an
engineered kudzu isoprene synthase, this engineered MVA pathway provided a 3-
fold increase in isoprene production compared to the engineered MEP pathway, and
was capable of producing 20 g/L in 40-h fermentation [33]. A next-generation
strain that included a feedback-resistant version of MK from Methanosarcina mazei
and an engineered P. alba isoprene synthase produced 35 g/L isoprene in fed-batch
culture (see further comments regarding bioprocess considerations below; [15, 33]).
The isoprene yield from glucose was 5.2 %. This strain provides a 73-fold
improvement over IspS alone; compared to an engineered MEP pathway, the MVA
pathway provides a 10–20-fold improvement in isoprene production [31]. Judicious
selection of MVA pathway genes, including screening genes from different source
organisms or improved catalytic activity and selection of feedback-resistant ver-
sions of hydroxymethylglutaryl-CoA reductase (HMGR) and MK (the enzymes
catalysing the primary and secondary rate-limiting steps, respectively) can also
increase MVA-produced isoprene [13, 15, 31, 142]. Examining MVA production
from the ‘upper MVA pathway’ (steps up to MVA synthesis) and titrating copy
number have demonstrated that the upper pathway flux is quite good when using E.
faecalis enzymes, however, flux is limited by steps downstream of MVA when it is
integrated onto the chromosome [31]. Varying the source of the upper pathway
genes can have a significant effect on isoprene production, however, the effect is
dependent on the catalytic properties of the isoprene synthase, as different IspS
enzymes exhibit different levels of substrate inhibition [13].

3.3.5 Improving MVA Pathway Precursor Availability

Modifications to the central carbon metabolism in MVA pathway engineered strains
can also improve isoprene production. The MVA pathway initiates at the central
carbon metabolite acetyl-CoA, and the first two steps involve condensation of three
acetyl-CoA molecules to produce HMG-CoA (see Fig. 1b). There are multiple
competing pathways that use acetyl-CoA, and decreasing this competition where
possible increases production of desirable biochemicals. Moreover, decreasing
other indirect carbon sinks and increasing availability of reducing equivalents can
also improve flux through desired pathways.

Overexpressing phosphogluconolactonase (pgl) to improve pentose phosphate
pathway flux (and possibly also suppress posttranslational glucosylation of heterol-
ogously expressed proteins) results in a two- to threefold increase in specific pro-
ductivity of isoprene over the parent strain, which contained a P. alba IspS,
engineered MVA pathway, and anM. maseiMK [16, 33, 142]. Titres of 80 g/L were
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reported using a strain with a truncated, codon-optimised P. alba isoprene synthase
engineered for improved catalytic properties in combination with an MVA pathway
that included feedback-resistant enzymes, overexpression of pgl, and an optimised
fed-batch process (see the section on bioprocess considerations below; [16]).

Further investigations into carbon and cofactor competition started with con-
struction of a base strain with downregulated citrate synthase (gltA, a TCA-cycle
enzyme that competes for acetyl-CoA; [17]). Combining this with knock-out of pgl
and overexpressing phosphoketolase (pkl) to scavenge carbon from xylulose-5-
phosphate into isoprenoid pathway precursors further increased isoprene titres [17].
This approach is thought to improve the balance or availability of pathway precur-
sors, however, gene dose and the type of pkl are important. Combining overex-
pression of a plasmid-borne Enterococcus gallinarum pkl with other MVA pathway
engineering steps and a truncated P. alba IspS provided titres of up to 123.6 g/L,
overall volumetric productivities up to 2.21 g/L/h and 16.3–17.4 % yields of isoprene
on glucose [17]. These are the highest isoprene titres thus far reported.

3.3.6 Controlling Downstream Prenyl Phosphate Feedback

As discussed above (see the section, ‘Addressing Remaining MEP Pathway Flux
Constraints’) MEP pathway-specific feedback issues are particularly problematic for
DMAPP/IPP. However, as also discussed above, prenyl phosphates have been shown
to drive feedback regulation of pathway flux in both the MVA and MEP pathways.
Because of the high Km(DMAPP) of IspS relative to downstream prenyl transferases, in
a strain with increased upstream flux to IPP andDMAPP there is likely to be a buildup
of downstream prenyl phosphates. This can in turn feed back to control pathway flux.
Approaches to minimise prenyl phosphate accumulation by coexpression of mono-
terpene and sesquiterpene synthases with IspS have been suggested to improve
isoprene accumulation [37] and are integrated in the highest-producing MVA-based
strains [17]. Appropriate balancing of IspS activity with upstream flux and down-
stream requirements for essential pathway products will be required for both MEP
and MVA engineering going into the future. Titration of these complex factors
requires high-throughput systems to analyse isoprenoid products [20].

3.4 Novel Isoprene Production Pathways

An alternative route for conversion of DMAPP to isoprene, presumably to cir-
cumvent the poor catalytic properties of isoprene synthase, has been proposed [27].
3-Methyl-2-buten-l-ol has a similar carbon backbone to isoprene, and can be bio-
transformed into isoprene by E. coli engineered with a strawberry (Fragaria sp.)
acyl-CoA transferase (SAAT) and a Castellaniella defragrans strain 65Phen
linalool dehydratase-isomerase (LDI; [27]). The SAAT isomerises 3-methyl-2-
buten-l-ol to the aldehyde 2-methyl-3-buten-l-ol (prenal), and the LDI dehydrates
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2-methyl-3-buten-l-ol into isoprene. Although not directly demonstrated, it was
proposed that DMAPP can be converted into 3-methyl-2-buten-l-ol through the
action of a Pinus sabiniana methylbutenol synthase.

Both the MEP and MVA pathways operate optimally under aerobic conditions
due to their energetic requirements. Moreover, their theoretical maxima are sub-
optimal compared to other pathways. To address these issues, novel theoretical
isoprene production pathways that operate effectively under anaerobic conditions
have recently been proposed [40]. Four pathways that proceed via 2,3-di-
hydroxyisovalerate (DHIV), an amino acid pathway intermediate which has an
isoprene carbon skeleton and is produced from pyruvate via just two enzymatic
steps, are described. Each pathway involves a series of reduction and dehydration
reactions to produce isoprene and would require introduction of five to seven
additional enzymes (many of which are theoretical activities). All four pathways are
redox balanced (unlike the MVA pathway); one is ATP neutral and three of them
are net ATP-positive (unlike the MEP pathway, which has a net cost of 3 ATP).
Although the work is currently theoretical, it offers an exciting potential approach,
especially given that ATP-producing pathways can be coupled to growth rate
through increased pathway flux, thereby allowing the option of applying adaptive
evolution for pathway improvement.

3.5 Engineering Isoprene Production in Other Organisms

Outside of E. coli, a handful of other microorganisms have been engineered for
isoprene production, but the results have been somewhat disappointing in terms of
titres/yields.

S. cerevisiae, which uses the MVA pathway, was engineered with truncated
wild-type or codon-optimised P. montana IspS cDNA sequences [61]. Codon
optimisation did improve isoprene production about twofold; however, although
isoprene was detected in both strains, levels were very low, and the dominant
products were hydroylated isoprene derivatives. Combined isoprene + derivatives
in headspace measurements were estimated at *500 μg/L culture (this excludes
derivatives that were retained in the aqueous phase). A truncated Mucuna bracteata
IspS was also tested in S. cerevisiae, but titres were only 16.1 μg/L under the
conditions tested [57]. These results cannot be compared directly to the previous
experiment, but they are not very encouraging. Overcoming both the low titres
(relative to E. coli) and propensity for bioconversion will be necessary before yeast
can become an attractive isoprene production organism.

Isoprene production by overexpression of an engineered kudzu IspS (truncated,
codon-optimised for E. coli) in a variety of different constructs (different promoters
and different copy numbers) was also tested in Pantoea citra [33]. The best pro-
duction observed was about 10 μg/L. The truncated M. bracteata IspS yielded
slightly better results in Pantoea ananatis (63 μg/L; [57]). The M. bracteata IspS
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was also tested in Corynebacterium glutamicum (24.2 μg/L) and Enterobacter
aerogenes (316 μg/L; [57]).

Upon expression of the kudzu construct in B. subtilis, isoprene titres were
increased threefold over native production, from 400 μg/L to 1.2 mg/L in batch
culture; in a fed-batch culture titres peaked at 30 mg/L. Similar titres were achieved
using an engineered MVA pathway. Truncated kudzu and poplar IspS genes codon-
optimised and expressed in Yarrowia lipolytica using a number of different
approaches; titres ranged from 0.5–1.0 μg/L in the culture headspace [33]. The
engineered kudzu IspS was also expressed in Trichoderma reesei; titres peaked at
0.5 μg/L. A codon-optimised version was also expressed in Streptomyces alba,
which naturally produces low levels of isoprene; isoprene production was increased
tenfold but levels were still extremely low (0.75 ppm in headspace samples; [33]).

Engineering photosynthetic organisms for isoprene production is an attractive
proposition, as it provides the potential to circumvent feedstock production for
bioprocesses. With this aim, a truncated (sans chloroplast targeting sequence),
tagged P. montana IspS cDNA was introduced into a glucose-sensitive version of
the photosynthetic bacterium Synechocystis sp. PC6803 [75]. Only very low levels
of IspS protein were detected. Codon optimisation significantly enhanced protein
production, and this latter strain produced *50 μg isoprene per gram dry cell
weight per day. This was noted to be equivalent to *4 μg isoprene/L/h−1 [61],
compared to production of 50 μg/L/h−1 in wild-type B. subtilis [64]. The same IspS
construct was later used with a glucose-sensitive version of Synechocystis
sp. PC6803 [21]. Isoprene production peaked at *100–130 μg/L culture [21, 22].
Introducing a heterologous MVA pathway improved production to slightly over
300 μg/L culture [22].

In an alternative approach to engineer photosynthetic isoprene production, the
hybrid poplar IspS was tagged and codon-optimised for expression in the cyano-
bacterium Thermococcus elongatus [6]. This thermophilic organism has an optimal
growth temperature of 55 °C, potentially rendering it a very attractive isoprene
production organism inasmuch as (a) volatilisation is favoured, and (b) IspS
enzymes have high temperature optima (see above). Mutations to improve ther-
mostability were included in the gene design. However, isoprene production was
low (25 μg/L per 30 min in the off-gas). As for yeast, and other production
organisms, significant effort will be required to produce photosynthetic cyanobac-
terial strains that can compete with E. coli for isoprene production.

3.6 Bioprocess Considerations

A number of general and more specific considerations apply to microbial isoprene
bioprocesses. First, as isoprene is a gas under typical bioprocess conditions, it
volatilises into the headspace of the culture. This provides both advantages and
disadvantages: purification is far more straightforward from the gas phase; however,
it must be trapped from this phase, ideally in a continuous process.
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Accumulation of isoprenoids is usually done in E. coli at decreased temperature
(30 °C), as this minimises formation of inclusion bodies from overexpressed pro-
teins. This may have a significant effect on IspS activity, depending on where the
temperature optimum of the enzyme sits. As engineering to improve solubility and
thermostability progresses (see above), titration of the bioprocess temperature—
taking into account the cost-benefit analyses—may provide further improvements
in yields.

Isoprene is flammable at high concentrations; consequently, it is necessary to
engineer bioprocess conditions that maximise isoprene yields while keeping iso-
prene in the culture headspace at low enough levels to remain nonflammable and
prevent serious hazards. A combination of computer modelling and experimental
testing to determine the flammability limits of isoprene in the presence of various
gases (among other considerations) was used to develop bioprocesses running
outside the flammability envelope of isoprene [31].

Methods for recovering, purifying, and polymerising isoprene for industrial
applications have also been developed [25, 31]. Isoprene can be recovered by
adsorption to a solid phase, partition into a liquid phase, or direct compression/
condensation. For off-gas methods, excess H2O and CO2 can be removed by
passing the off-gas through sodium hydroxide pellets and isoprene condensed by
cryotrapping in a continuous process. Both the nature and level of contaminants is
important as polymerisation catalysts are sensitive to particular classes of com-
pounds [142]. Isoprene produced via this biological route is purer than petro-
chemical-derived isoprene and therefore offers significant downstream processing
advantages [31].

In bioprocesses it is often desirable to decouple the growth (biomass accumu-
lation) phase from the production phase. When isoprene production genes (syn-
thases and engineered isoprenoid pathway genes) are placed under inducible
promoters, expression (and thus induction of isoprene production) can be titrated
for optimal effect [31]. In this way, production of isoprene precursors (in this case,
through the mevalonate pathway) and isoprene can be separated from cell growth.
Different induction times can significantly affect titres.

Fed-batch processes produce significantly higher titres and yields than batch
processes with the amount of isoprene being proportional to the amount of carbon
source fed [33]. Optimising the feed times is important to maximise yields [31].
Isoprene yields are higher on rich media than on minimal media, with glucose/yeast
extract fed-batch cultures providing the best results [31, 33].

For bulk biochemicals, the feedstock price is the primary bioprocess cost driver
[101, 148]. This has driven research into alternative feedstocks, including sucrose
[8, 9, 29, 104], which has a number of advantages over traditional glucose [7, 134,
137]; glycerol, a highly reduced industrial biofuel by-product [44]; and of course
lignocellulosic feedstocks, which are challenging but have high potential [23, 42,
96]. A variety of different carbon sources, including glucose, lignocellulosic
sources, glycerol, and the like, has also been tested for isoprene production [27, 31,
33, 38]. The advantages of glycerol are particularly applicable to isoprenoids, as
they themselves are highly reduced. Use of glycerol provides improved yields of
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isoprenoids [27, 66, 82, 149], most likely due to improved energy and redox
balances [44]. Improved isoprene yields from glycerol were achieved by improving
glycerol catabolism through introduction of either a glycerol kinase and a glycerol-
3-phosphate dehydrogenase or a glycerol dehydrogenase and a dihydroxyacetone
kinase [27].

For photosynthetic production of isoprene from cyanobacteria (and potentially,
microalgae), a diffusion-based process allowing both uptake of carbon dioxide and
emission of isoprene has been developed [21]. This involves use of a custom-
designed two-phase (gas/aqueous) photobioreactor. The reactor is sealed, and the
headspace is periodically flushed with carbon dioxide in parallel with recovery of
the gas-phase products (isoprene). As discussed above, substantial engineering will
be required to make such a process competitive with current E. coli-based pro-
cesses; however, the benefit of photosynthetic conversion would be significant. The
photobioreactor process can potentially be applied to other photosynthetically
produced volatiles.

4 Engineering Isoprene Production in Plants

Although the exact mechanism remains a topic of research, it is now apparent that
isoprene production provides protection to plants against a variety of abiotic
stresses [80, 118, 136]. Naturally nonemitting model species (tobacco and Ara-
bidopsis) emit isoprene and show resistance to oxidative and thermal stress when
isoprene synthase is introduced [78, 110, 138]. This has opened the discussion on
the possibility of exploiting the biological role of isoprene by engineering agri-
cultural species (which do not typically produce isoprene) for improved stress
resistance through introducing isoprene synthase [135].

However, although the complex emission patterns observed in naturally emitting
plants can be reproduced in engineered plants [138, 140], the genetics and
molecular regulation of isoprene synthase are relatively complex [139]. This may
present unforeseen problems when trying to reproduce the protective effects
observed in nature [135]. For example, protection of photosynthetic processes is
observed in isoprene-emitting transgenic tobacco exposed to drought [103, 128],
however, broad changes in isoprenoid, nonstructural carbohydrate, and phenyl-
propanoid metabolism [128], and reductions in plant productivity [103], may be
observed. Moreover, although engineering tobacco plants with isoprene synthase
can deter herbivores [71, 72], isoprene emission in engineered Arabidopsis can
interfere with recruitment of herbivore parasites, thus upsetting complex tritrophic
interactions [77]. This would obviously be undesirable in an agricultural setting.

Isoprene production appears to mediate in the cellular reactive oxygen balance/
response system, particularly under stress conditions; but differences are also
observed under nonstress conditions, suggesting that the response system is
essentially ‘primed’ for a rapid effective response to oxidative stress [136, 138].
Moreover, loss of carbon in the form of isoprene represents a cost to the plant; this
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may be only a few percent of recently fixed carbon, or may form up to 10–20 %
under increased temperature [56, 86, 116]. When plants are suffering from abiotic
stress, emissions are often increased/maintained even under photosynthetic limita-
tion [28, 91, 130], thereby further increasing the relative proportion of lost carbon.
Both of these elements could affect the observed metabolic and productivity per-
turbations [103, 128]. A final consideration is the possible effect of perturbed
reactive oxygen response systems under pathogen attack, where carefully controlled
and specific ROS responses are required for protection against different pathogens.

The opposite proposition—that is, engineering plants to decrease/remove iso-
prene emission—has also been considered [19]. Tree species, including many that
are grown as forestry crops (e.g., pine, eucalyptus, and poplar; [65]), are contrib-
utors to the global atmospheric isoprene budget. Isoprene emission in plantation
forests can affect local climate and air quality [59, 143]. Moreover, minimising
carbon loss to isoprene might increase productivity in forestry species. When
transgenic hybrid poplar plants that do not emit isoprene (emission suppressed)
were compared to empty vector controls over two growing seasons, no differences
in growth or biomass accumulation were observed under the growth conditions
used. Modelling suggested a 2.2 % reduction in carbon loss in the absence of
isoprene emission; this may contribute to improved biomass accumulation over the
lifecycle of a tree. However, although the trees exhibited reduced susceptibility to
the fungal pathogen Pollaccia radiosa (poplar shoot blight), they also became more
attractive to herbivores. Moreover, given the demonstrated protective effects of
isoprene under abiotic stress conditions (see above), this approach should be treated
with caution, especially as it has been indicated that suppression of isoprene
emission in these transgenic plants also has a negative effect on thermotolerance
[18].

5 Summary, Conclusions, Outlook

The biology, atmospheric chemistry, and industrial applications of isoprene have
proved rich grounds for discovery over a period of scientific investigation spanning
over one and a half centuries from its discovery. As our society begins its shift from
a petrochemical society to a biochemical society, biological engineering of isoprene
production has emerged at the forefront of the new age of biotechnology. To date,
engineering in the industrial workhorse E. coli has proved to be by far the most
successful. Other organisms, including the lab/industry favourite, yeast, will require
significant work (both in bioengineering and in bioprocess engineering) to approach
the titres, rates, and yields observed in E. coli.

As reviewed above, many different engineering steps and approaches have been
applied to isoprene production in E. coli. A wide variety of other gene targets and
engineering approaches that have been shown to influence production of related
isoprenoid compounds might also increase flux towards isoprene. These include
targets that increase flux to pathway precursors, balance cofactor/precursor
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concentrations, regulate overall isoprenoid accumulation, balance expression of
pathway enzymes, and avoid accumulation of toxic intermediates [1, 2, 5, 17, 26,
36, 62, 67, 81, 124, 141, 153, 155]. As of 2010, the tires produced using isoprene
from the Genencor process cost $150,000 each [54], obviously an unattractive
proposition for the average motorist. No current estimates are available, but sig-
nificant advances in bioengineering and bioprocess conditions have been made
since then, and current yields are much higher.

With respect to engineering isoprene production in plants, the cost and benefit of
the pleiotropic effects discussed above would need to be carefully evaluated in
agricultural/silvicultural settings. It was recently suggested that the patchy taxonomic
distribution of isoprene emission might be due to isoprene emission only being
advantageous under a narrow range of environmental and phenotypical conditions
[87]; if this is the case, a better understanding of those conditions is required.
Changing climate conditions in the future, which are now accepted as a scientific
reality regardless of the political debate on the cause, may have a significant effect on
this cost-benefit analysis. All of these considerations should be taken into account,
and potential mitigating strategies should be investigated, when designing potential
agronomic engineering strategies involving isoprene emission [135].
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Biosynthesis and Biotechnology
of High-Value p-Menthane Monoterpenes,
Including Menthol, Carvone,
and Limonene

Bernd Markus Lange

Abstract Monoterpenes of the p-menthane group are volatile secondary (or
specialized) metabolites found across the plant kingdom. They are dominant con-
stituents of commercially important essential oils obtained from members of the
genera Mentha (Lamiaceae), Carum (Apiaceae), Citrus (Rutaceae), and Eucalyptus
(Myrtaceae). p-Menthane monoterpenes have also attracted interest as chiral spe-
cialty chemicals, and the harvest from natural sources is therefore supplemented by
chemical synthesis. More recently, microbial and plant-based platforms for the
high-level accumulation of specific target monoterpenes have been developed. In
this review chapter, I discuss the properties of the genes and enzymes involved in
p-menthane biosynthesis and provide a critical assessment of biotechnological
production approaches.
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1 Introduction

One of the most diverse and widely distributed classes of plant monoterpenes is the
p-menthane (1-methyl-4-isopropylcyclohexane) type (Scheme 1). Larger amounts
of these metabolites are often accumulated as essential oils and oleoresins. The
current methods for the commercial production of specific high-value p-menthane
monoterpenes are chemical synthesis or isolation from natural sources. The bio-
synthesis of p-menthane monoterpenes in the genus Mentha occurs exclusively in
specialized anatomical structures called glandular trichomes [47]. Specifically, the
pathway is expressed in secretory cells, which form an eight-celled disk within
glandular trichomes. Secretory cells can be isolated and have been demonstrated to
be a highly enriched source of transcripts that were characterized to be directly
involved in p-menthane monoterpene biosynthesis [19, 45]. In Citrus species, the
fruit peel contains secretory cavities that are filled with p-menthane monoterpene-
containing essential oil. Recently, laser-microdissection has been demonstrated to
allow the isolation of epithelial cells lining these cavities, which was followed by
the extraction of RNA and subsequent transcriptome analysis [90]. An integration
with physiological and metabolite data allowed a first glimpse at the metabolic
specialization of this highly specialized oil biosynthetic cell type. A method for the
isolation of oil-accumulating subdermal secretory cavities from Eucalyptus leaves
was also developed recently [32]. Subsequently, RNA was isolated and a cDNA
fragment with high homology to a monoterpene synthase amplified.

Building on cell type-specific transcriptome sequences, functional genomics
efforts have led to the cloning and characterization of many of the genes involved in
p-menthane monoterpene biosynthesis over the last 20 years. In this review chapter,
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I list the catalytic properties of the enzymes that are relevant for the discussion of p-
menthane monoterpene formation but, for an in-depth coverage of the topic, the
interested reader is referred to a comprehensive review article [19]. We also
recently published an exhaustive review covering biotechnological efforts to gen-
erate volatile terpenoids in plants [48]. To avoid redundancy, this chapter focuses
on attempts to produce high-value p-menthane monoterpenes (not biofuel compo-
nents) through biotechnological methods using engineered plants and
microorganisms.

2 Commercial Production and Applications
for p-Menthane Monoterpenes

(−)-(1R,3R,4S)-Menthol (syn. l-menthol; Scheme 1) is the principal component
[>60 % (w/v)] of the essential oil distilled from cornmint (Mentha arvensis L.). The
oil of peppermint (Mentha x piperita) contains between 35 and 45 % l-menthol in a
complex mixture with more than a dozen other volatiles [50]. l-Menthol has a
characteristic cooling effect when ingested or applied to the skin. Its effects are
mediated by TRPM8, a Na+/Ca2+ ion channel that acts as a receptor for cold and
cooling agents [69]. The physiological cooling effects and the minty taste underlie
the widespread use of l-menthol in the flavor sector (e.g., chewing gum, beverages,
candy, cigarettes, cosmetics), personal hygiene (e.g., toothpaste, mouthwash, skin
and hair care products), and in nonprescription medical products (primarily topical
analgesics, decongestants, and cough suppressants; [39]). Since the late 1980s,
crystalline menthol has been registered as a pesticide for tracheal mite control in the
United States. The annual production of l-menthol has been estimated to exceed
30,000 tons per year (t/year; [49]; Table 1), the majority of which (roughly 19,000 t/
year in 2007) is obtained from cornmint essential oil by crystallization at low
temperature [15]. India, the main supplier of natural l-menthol (roughly 80 % of the
world market), has been experiencing weather-related fluctuations in production,
and the compound is thus also produced synthetically on an increasingly large scale

Scheme 1 Structures of selected p-menthane monoterpenes. The C5 units from which the parent
skeleton is assembled are indicated in boldface on the left-hand side
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(approximately 6,300 t/year in 2009; [27]) by (in alphabetical order) BASF (from
E/Z-citral), Symrise/Lanxess (from m-cresol), and Takasago (from myrcene; [60]).

(−)-(1R,4S)-Menthone (syn. l-menthone; Scheme 1) is the second most abun-
dant monoterpene [15–20 % (v/v)] of peppermint essential oil. The taste of
l-menthone is refreshingly cool, but sharper than that of l-menthol and with a bitter
afternote. It is added to adjust the taste and aroma of products containing mint oils
(Table 1). If stored at room temperature, an epimerization of l-menthone will lead to
the formation of (+)-(1R,4R)-isomenthone (syn. d-isomenthone), the aroma of
which has a greener note. Commercial l-menthone is therefore always sold as a
mixture with up to 29 % (v/v) d-isomenthone. There are several commercial ant and
roach killer formulations that contain menthone as an active ingredient. Natural
l-menthone is crystallized from dementholized peppermint or cornmint essential oil
at about 1,300 t/year (Table 1). The compound is also prepared synthetically from
different precursors, but these routes are only of minor commercial relevance [14].

(−)-(4R)-trans-Carvone (syn. l-carvone; Scheme 1) occurs at high levels
[50–80 % (v/v)] in the essential oil of spearmint (Mentha spicata L.). Spearmint oil
tastes very refreshing and cooling, but is milder than peppermint oil. l-Carvone is
used commercially in the flavor and fragrance industries, mostly for cosmetic and
personal hygiene products (applications that are similar to those listed for l-men-
thol). It is also an approved insect repellent in the United States. Roughly 1,800 t of
spearmint oil are produced annually [49]. However, the majority of l-carvone
(approximately 2,000 t/year) is not obtained by fractional crystallization of natural
spearmint oil but by chemical synthesis from (+)-(4R)-limonene, which occurs at
high levels in Citrus rind, a by-product of juice production (particularly orange
fruit). Most commercial synthesis routes are based on a strategy that involves the
formation of a characteristic nitrosochloride as an intermediate and was originally
developed by Reitsema [71].

(+)-(4S)-trans-Carvone (syn. d-carvone; Scheme 1) is the major constituent in
the oils distilled from caraway fruit [Carum carvi L.; 50–70 % (v/v)] and dill seed
[Anethum graveolens L.; 40–60 % (v/v)]. Its aroma is, in contrast to that of the
optical antipode l-carvone, characteristically pungent and anise-like. Caraway fruits
are used as a spice in numerous traditional dishes in India (e.g., biryani) and several
European countries (e.g., sauerkraut). Caraway oil is added as a fragrance to various
personal hygiene products. d-Carvone is also sold as a potato-sprouting inhibitor in
the Netherlands. About 30–40 t/year of caraway fruit oil (from which d-carvone is
obtained by fractional distillation) are traded on the world market (Table 1; [58]).
Synthetic d-carvone is produced from (−)-(4S)-limonene, a major component of
turpentine oil (a by-product of pulp and paper processing).

(+)-(4R)-Limonene (syn. d-limonene; Scheme 1) is an intermediate in the bio-
synthesis of d-carvone in caraway fruit (accumulates to 25–30 % (v/v) of the
essential oil). The most characteristic source of d-limonene, however, is the oil
obtained from the fruit peel of various Citrus species where it accumulates to 70–
98 % (v/v) of the oil [83]. d-Limonene imparts the characteristic citrusy smell of
orange and lemon fruit and is used widely in the flavor and fragrance industries.
Orange oil is an excellent, environmentally friendly, solvent employed in adhesives,
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stain removers, household cleaners, and strippers. d-Limonene is also employed as
an active ingredient in organic weed killer formulations. Citrus oils are obtained
commercially by cold pressing or distillation from orange and lemon fruit peel at
>60,000 t/year (Table 1; [49]). Because of the comparatively low price ($9–10/kg)
of Citrus essential oil, which is a by-product of fruit juice production, synthetic d-
limonene is not produced on a larger commercial scale.

1,8-Cineole (syn. eucalyptol; Scheme 1) is the principal component [50–90 %
(v/v)] of the essential oil of Eucalyptus (various species in this genus are grown
commercially; [9]). It has a camphor-like smell and a spicy cooling taste. The
flavor, fragrance, and cosmetic industries employ Eucalyptus oil as a fragrant
ingredient in numerous consumer products (e.g., baked goods, confectionery, and
beverages). It is also a characteristic component of over-the-counter mouthwash
formulations and cough suppressants. Technical-grade 1,8-cineole is obtained by
fractional distillation from Eucalyptus essential oil, whereas fragrance-grade
materials require chromatographic isolation from the oil (total production approx-
imately 4,000 t/year; Table 1; [49]). Synthetic 1,8-cineole does not play a signifi-
cant role in the commercial sector.

p-Menthane-3,8-diol (syn. menthoglycol; Scheme 1). The essential oil of lemon
eucalyptus (Eucalyptus citriodora Hook.; aka Corymbia citriodora) contains (+)-
(R)-/(−)-(S)-citronellal [50–80 % (v/v)] and (+)-(R)-/(−)-(S)-citronellal [7–20 % (v/
v)] as the main products (Scheme 1; [9, 49]). Commercial insect repellents derived
from the oil contain diastereomeric p-menthane-3,8-diols (PMDs), which are
obtained at about 1,500 t/year from (+)-(R)-/(−)-(S)-citronellal by acid-catalyzed
cyclyzation and subsequent crystallization (Table 1; [97]).

3 Genes and Enzymes of p-Menthane Monoterpene
Biosynthesis

Monoterpene Synthases. The cyclization of geranyl diphosphate to l-limonene,
catalyzed by (−)-limonene synthase, constitutes the first committed step in the bio-
synthetic pathway specific for p-menthane monoterpenes in peppermint and spear-
mint (Fig. 1). The gene encoding (−)-limonene synthase was first cloned from
spearmint and the corresponding recombinant enzyme characterized by heterologous
expression in Escherichia coli [17]. The open reading frame (ORF) of 1,800 bp,
which is 96% identical to the peppermint orthologue [45], codes for a 600 amino acid
polypeptide. After import into leucoplasts (nongreen plastids of secretory cells in
glandular trichomes), the N-terminal plastidial targeting sequence of the preprotein is
proteolytically cleaved to generate a mature protein of approximately 545 residues
and a size of *65 kDa [84, 91]. The catalytic cascade of the (−)-limonene synthase
reaction is thought to involve (1) ionization by removal of the diphosphate fromC1 of
geranyl diphosphate, (2) syn-migration of diphosphate to C3 (thus forming 3S-linalyl
diphosphate), (3) rotation of the C1–C2 ethenyl group around C3 (from a transoid to a
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cisoid conformation), (4) a second ionization, (5) cyclization at C6–C1 to generate an
α-terpinyl cation, and (6) deprotonation to yield primarily 4S-(−)-limonene (94 % of
produced monoterpenes; [70]; Fig. 2, upper panel). Side reactions lead to the for-
mation of myrcene (2 %), by premature deprotonation prior to step (5), and (−)-α-
pinene/(−)-β-pinene (4 %) following a second ring closure between C2 and C8 of the
geranyl diphosphate precursor and subsequent deprotonation. An analogous mech-
anism can be formulated for the (+)-limonene synthases of Citrus and caraway, but
the reaction sequence in these enzymes proceeds via 3R-linalyl diphosphate (Fig. 2,
lower panel, Fig. 3).

Limonene synthase sequences feature a conserved aspartate-rich motif (DDxxD)
for binding the diphosphate moiety, which is released from geranyl diphosphate via
divalent metal ions (Mg2+ or Mn2+). A second metal cofactor binding region, termed
the NSE/DTE motif [1], is also present in all limonene synthases. Despite a relatively
low level of overall sequence conservation among monoterpene synthases, even
when the nonconserved plastidial targeting sequence is excluded (45 % identity

Mentha spicata Mentha x piperita

(-)-Limonene

(2) (3)(4)

(+)-Pulegone

O

(-)-Menthone

O

(5)

(7a)

(-)-Menthol

(8a)
OH

(6)

O

(+)-Menthofuran

(+)-Isomenthone

O
(+)-Isomenthol

(9a)

OH

(+)-Neoisomenthol

OH

(+)-Neomenthol

OH

OPP

Geranyl
diphosphate

(1)

(8b)

(9b)

(7b)
(-)-trans-

Isopiperitenol

OH

(-)-trans-
Carveol

(10)

(11)HO

(-)-Carvone

O

Fig. 1 p-Menthane monoterpene biosynthesis in peppermint (Mentha x piperita L.) and spearmint
(Mentha spicata L.). The enzymes involved in this pathway are 1 (−)-limonene synthase; 2 (−)-
limonene 3-hydroxylase; 3 (−)-trans-isopiperitenol dehydrogenase; 4 (−)-trans-isopiperitenone
reductase; 5 (+)-cis-isopulegone isomerase; 6 (+)-menthofuran synthase; 7a (+)-pulegone
reductase ((−)-menthone-forming activity); 7b (+)-pulegone reductase ((+)-isomenthone-forming
activity); 8a (−)-menthone:(−)-menthol reductase ((−)-menthol-forming activity); 8b (−)-menth-
one:(−)-menthol reductase ((+)-neoisomenthol-forming activity); 9a (−)-menthone:(+)-neomen-
thol reductase ((+)-neomenthol-forming activity); 9b (−)-menthone:(+)-neomenthol reductase ((+)-
isomenthol-forming activity); 10 (−)-limonene 6-hydroxylase; and 11 (−)-trans-carveol
dehydrogenase
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between (−)-limonene synthase (spearmint) and (+)-limonene synthase (orange);
[52], the tertiary structures are remarkably similar. Spearmint (−)-limonene synthase
shares a common fold, which consists mostly of α-helices with short connecting loops
and turns, with all other members of the type I terpene synthases [36]. Limonene
synthases have Km values for geranyl diphosphate in the low micromolar range
(12.6 μMfor (−)-limonene synthase and 0.7 μMfor (+)-limonene synthase) and a low
catalytic rate constant (Kcat = 0.037 s−1 for (−)-limonene synthase; Table 2). The
activity of (+)-limonene synthase in caraway has been detected [6] but the enzyme
was not further characterized. All limonene synthases tested thus far generate only
one enantiomer (either d- or l-limonene [22]).

Monoterpenoid Hydroxylases. p-Menthane monoterpenes are often accumu-
lated as oxygenated metabolites. Hydroxylation reactions on monoterpenoid scaf-
folds are typically catalyzed by regiospecific cytochrome P450-dependent
oxygenases localized to the endoplasmic reticulum (ER). In peppermint, the pre-
valent reaction is an oxygenation at C3 by (−)-limonene 3-hydroxylase, whereas in

(-)-Limonene 

synthase

(+)-Limonene 
synthase

Geranyl
diphosphate

Terpinyl
cation

Io
n
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n

R
ead

d
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O P P
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Fig. 2 Proposed reaction mechanism for (−)-limonene synthase in mint (upper panel) and (+)-
limonene synthase in Citrus and caraway (lower panel). A helical folding of reaction intermediates
is depicted. A mechanism involving extended conformations has also been proposed [36] but is not
shown here

Fig. 3 p-Menthane monoterpene biosynthesis in Citrus and caraway (Carum carvi L.). The
enzymes involved in this pathway are 12 (+)-limonene synthase; 13 (+)-limonene 6-hydroxylase;
and 14 (+)-trans-carveol dehydrogenase
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spearmint the predominant oxygenation occurs at C6 and is catalyzed by (−)-
limonene 6-hydroxylase ([85]; Fig. 2). Two genes encoding (−)-limonene 3-
hydroxylases, designated as CYP71D13 (1,497 bp) and CYP71D15 (1,503 bp),
were cloned from peppermint and characterized following heterologous expression
in both yeast [33] and the baculovirus-Spodoptera system ([55]; Table 2). The (−)-
limonene 6-hydroxylase gene was cloned from spearmint (CYP71D18) and also
functionally characterized by heterologous expression [55]. The enzyme has
roughly the same size (*56 kDa) as the peppermint (−)-limonene 3-hydroxylase,
but the sequences of these enzymes are only about 70 % identical. These
hydroxylase sequences have the conserved features of typical cytochrome P450-
dependent oxygenases, including an N-terminal membrane anchor for insertion into
the ER, an oxygen-binding domain, a heme-binding motif, and a docking site for
cytochrome P450 reductase (which is required for electron transfer from NADPH;
[55]). The peppermint genome contains a C6 hydroxylase-like gene but the cor-
responding transcript is not expressed at appreciable levels. Spearmint expresses a
(−)-limonene 3-hydroxylase-like gene but, compared to the 6-hydroxylase tran-
script, at fairly low levels (A. Ahkami, S. R. Johnson, N. Srividya, and B.
M. Lange, unpublished results). The kinetic properties of the C3 and C6 hydrox-
ylases (peppermint and spearmint, respectively) are very similar, with Km values of
18–20 μM [40]. The gene encoding (+)-limonene 6-hydroxylase from caraway has
not been cloned yet, but the kinetic properties (Km of 11.4 μM for annual and
14.9 μM in biennial caraway) were very similar to those of (−)-limonene 6-
hydroxylase from spearmint (Fig. 3; [7]). In contrast to limonene synthases char-
acterized thus far, which generate either d- limonene or l-limonene stereospecifi-
cally [22], both the limonene C3 and C6 hydroxylases accept d-limonene as an
unnatural substrate (thereby generating (+)-cis-carveol as a major product), albeit at
lower affinity as natural l-limonene [40, 92].

The complex essential oil of peppermint contains, in addition to the major
products l-menthone and l-menthol, (+)-(R)-menthofuran as a side product that is
preferentially formed under stress conditions (Fig. 1; [10, 16, 74, 75, 89]). The
enzyme responsible for the biosynthesis of this metabolite from the main pathway
intermediate (+)-(1R)-pulegone is also a cytochrome P450-dependent oxygenase of
the CYP71 family. The (+)-menthofuran synthase (MFS) gene (also known as (+)-
pulegone 9-hydroxylase) was cloned from peppermint (1,479 nucleotides) and
encodes a protein of 493 residues (*55 kDa). The function of this gene was
assessed by functional expression/characterization in both E. coli and yeast [5]. Its
closest homologues are as yet uncharacterized CYP71A family members of the
Lamiaceae and Solanaceae (55–58 % identity). Both (+)-(1R)-pulegone and (+)-(R)-
menthofuran are toxic to humans [98] and low levels in essential oils are generally
preferable. However, because both metabolites impart a desirable and characteristic
camphor-like note if present in small amounts, but carry an off-note in higher
amounts, adjustments in the concentrations of these metabolites are critical for the
flavor and fragrance industries.

Monoterpenoid Dehydrogenases/Reductases. C3 and C6 hydroxylated mon-
oterpenes are further oxidized in both mint and caraway (Figs. 1 and 3). A cDNA
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clone with a 795 bp ORF (corresponding to a 265-residue protein) of the short-
chain dehydrogenase/reductase (SDR) superfamily was cloned from peppermint
and, following heterologous expression in E. coli, demonstrated to encode a 27 kDa
protein under denaturing conditions (native protein likely a homodimer or homo-
tetramer). The recombinant protein had relatively high affinity for (−)-(3S,4R)-
trans-isopiperitenol and NAD+ as cosubstrates (Km values of 72 and 410 μM,
respectively) but catalyzes a comparatively slow reaction (Kcat of 0.002 s−1;
Table 2; [73]). NADP+ was a suitable alternative redox cofactor, but the activity of
this dehydrogenase (for which the acronym ISPD was introduced) dropped to about
1/10 of that with NAD+. Interestingly, the affinity of peppermint ISPD for the
spearmint pathway intermediate (−)-(4R,6S)-trans-carveol, when compared to the
endogenous (−)-(3S,4R)-trans-isopiperitenol substrate, was significantly higher
(Km of 1.8). Furthermore, the reaction velocity with the unnatural substrate was also
higher as with the endogenous pathway intermediate (Kcat of 0.02 s−1). Various
other alcohols occurring in members of the mint family were tested as substrates
(NAD+ as redox cofactor) but the ISPD activity was either very low or undetect-
able, indicating a notable specificity of this dehydrogenase. The reaction catalyzed
by ISPD was irreversible (no reductase activity with either (−)-(4R)-trans-isopi-
peritenone or l-carvone as substrates).

The identity between putative ISPDs within the genusMentha is >98 %, whereas
the next closest SDR sequences in other plant families have approximately 60 %
identity. Peppermint ISPD was localized to mitochondria of secretory cells within
glandular trichomes using immunohistochemistry, with very little label found in
other cell types [85]. An enzymatic activity for the NAD+-dependent oxidation of
various carveol isomers was detected in crude extracts of caraway fruit (highest
specific activities for (+)-(4R,6R)-trans-carveol and (−)-(4R,6R)-cis-carveol), but
the corresponding gene still awaits identification. The ISPD gene expression levels
in secretory cells of both peppermint and spearmint glandular trichomes are rela-
tively high, when compared to all other p-menthane pathway genes (A. Ahkami, S.
R. Johnson, N. Srividya, and B. M. Lange, unpublished results), and the substrates
of ISPD enzymes do not accumulate in the oil, indicating that this step is not rate-
limiting for p-menthane monoterpene biosynthesis. The dehydrogenase reactions
complete the pathway for the biosynthesis of the major spearmint and caraway
monoterpenes, whereas further conversions, detailed in the following paragraphs,
occur in peppermint.

The C3 oxidation of (−)-(3S,4R)-trans-isopiperitenol to (−)-(4R)-trans-isopi-
peritenone in peppermint is followed by a stereospecific reduction of the C1–C2

double bond to yield (+)-(1R,4R)-cis-isopulegone (Fig. 1). This reaction is cata-
lyzed by (−)-trans-isopiperitenol reductase (ISPR), which is also a member of the
SDR superfamily. The ISPR gene (942 bp ORF) codes for a cytosolic protein [86]
with 314 residues and a size of approximately 34 kDa, which likely functions as a
monomer [72]. ISPR shares fairly high sequence identity with (−)-menthone: (+)-
neomenthol reductase (MNR; 64 % at the deduced amino acid level) and (−)-
menthone:(−)-menthol reductase (MMR; 63 %) from peppermint (more details
below), but is only distantly related to the ISPD gene (30 % identity). The native
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ISPR protein, which was partially purified from peppermint glandular trichomes, is
selective for NADPH as a redox cofactor (rather than NADH), and shows a high
level of regioselectivity (reduction of C1–C2 double bond in p–menthadien-3-ones)
as well as stereoselectivity (hydride attack from si-face of C1–C2 double bond to
yield a product with 1R configuration; [18]). The reverse desaturation reaction (with
NADP+ as cofactor and (+)-(1R,4R)-cis-isopulegone as substrate) was not detect-
able. Recombinant ISPR (expressed in and purified from E. coli) has high affinity
for (−)-(4R)-trans-isopiperitenone and NADPH (Km values of 1.0 and 2.2 μM,
respectively), with a fairly high turnover rate (kcat of 1.3 s−1; [72]). (+)-(1R,4R)-cis-
Isopulegone does not accumulate to measurable levels in peppermint essential oil,
which is probably due to a combination of the relatively high abundance of ISPR
transcript in secretory cells of peppermint glandular trichomes [45] and the com-
paratively high catalytic efficiency of the corresponding enzyme [72].

Pursuant to the ISPR reaction, an isomerization (not described in more detail
here because the corresponding gene has not been identified yet) leads to the
formation of (+)-(1R)-pulegone, which is then further reduced by (+)-pulegone
reductase (PR; Fig. 1). The gene encoding PR consists of an ORF of 1,026
nucleotides, corresponding to a peptide sequence of 342 amino acid residues and a
predicted monomeric protein size of about 38 kDa [72]. PR belongs to the medium-
chain dehydrogenase/reductase (MDR) superfamily and is highly similar (60–68 %
sequence identity) to double-bond reductases (some functionally characterized to
act on structurally and biosynthetically unrelated substrates) across the angiosperm
lineage. There is only very low sequence identity (below 20 %) between this MDR
and the SDRs (ISPD, ISPR, MMR, and MNR) of peppermint p-menthane mono-
terpene biosynthesis. Based on immunohistochemical evidence, PR is localized to
the cytosol of glandular secretory cells [85]. Partially purified, native PR (eluting as
45 kDa protein from size-exclusion chromatography) generates a mixture of
l-menthone (70 %) and d-isomenthone (30 %) with (+)-(1R)-pulegone as a substrate
and NADPH as redox cofactor (no activity with NADH; [72]. Other double-bond–
containing p-menthane monoterpenes (e.g., (+)-(1R,4R)-cis-isopulegone or (+)-
(4S)/(−)-(4R)-piperitone) were not suitable substrates and the reverse reaction
(oxidation of l-menthone or d-isomenthone with NADP+ as oxidant) was not
observed. Interestingly, the partially purified, recombinant PR (assayed under the
same conditions as the native enzyme with (+)-(1R)-pulegone and NADPH) yields
l-menthone and d-isomenthone in a 55:45 ratio. As possible reasons for this dis-
crepancy, a lack of posttranslational modifications of the recombinantly expressed
protein or the involvement of a yet to be characterized epimerase converting d-
isomenthone to l-menthone, have been discussed before [19], but the issue has
remained unresolved. PR has a high affinity for the substrate and redox cofactor (Km

values of 2.3 and 6.9 μM for (+)-(1R)-pulegone and NADPH, respectively) and its
activity is characterized by a relatively high reaction rate (kcat of 1.8 s−1). (+)-(1R)-
Pulegone accumulates in the oil of peppermint (usually at 0.5–3.0 % in field-grown
plants) which, considering the rather high enzymatic efficiency, likely reflects the
relatively low amount of PR enzyme (when compared to the preceding enzymes
ISPD and ISPR) present in glandular trichomes [59].
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The last set of reactions of the p-menthane monoterpene biosynthetic pathway in
peppermint is catalyzed by NADPH-dependent monoterpenoid keto reductases
(Fig. 1; [42]). MMR and MNR are of similar size (1,096 and 1,131 nucleotide ORFs;
311 and 324 residue polypeptides; molecular weights of approximately 34 and 36
kDa, respectively). The sequences of MMR and MNR share 73 % identity and, as
mentioned before, are almost equally similar to ISPR (63 and 64 %, respectively).
Recombinant MMR converts l-menthone to l-menthol (95 %) and (+)-(1R,3S,4S)-
neomenthol (syn. d-neomenthol; 5 %; Km values of 3.0 and 0.12 μM for the substrate
and redox cofactor, respectively; kcat value of 0.6 s−1), whereas (+)-(1R,3S,4R)-
neoisomenthol (syn. d-neoisomenthol; 87 %) and d-isomenthol (13 %) are formed
from d-isomenthone as a substrate (Km value of 41 μM; [21]). The reactions catalyzed
by MMR are irreversible (no oxidation of alcohols in the presence of NADP+).

MNR catalysis leads to an essentially opposite product profile, when compared
to that of MMR, but with dramatically reduced substrate affinity and reaction
velocity. When l-menthone is used as a substrate in in vitro assays with the
recombinant MNR enzyme (Km value of 647 μM; kcat value of 0.06 s−1), d-neo-
menthol is the major product (94 %) and l-menthol a side product (6 %). With d-
isomenthone as a substrate (Km value of >1 mM), d-isomenthol (86 %) and d-
neoisomenthol (14 %) are generated [21]. MMR is localized to the cytosol and
nuclei of secretory cells in glandular trichomes at the later stages of peppermint leaf
development [86]. This is consistent with the gene expression and enzyme activity
profiles, which both indicate a late appearance of MMR during essential oil
accumulation [21, 45, 59]. A combination of substrate availability (concentration of
l-menthone is significantly higher than that of d-isomenthone in secretory cells) and
the catalytic properties of the keto reductases (enzymatic efficiency of MMR is
substantially higher than that of MNR) lead to the accumulation of predominantly l-
menthol in the essential oil of peppermint, whereas the other alcohols are only
minor constituents [74, 75].

Eucalyptus p-Menthane Monoterpene Pathway. The principal monoterpene of
Eucalyptus essential oils is 1,8-cineole (Fig. 4), which accumulates to >50 % (v/v)

Eucalyptus citriodora

Eucalyptus
globulus

(Synthetic)

Geraniol

(17)

O P P

Geranyl
diphosphate

(15)

1,8-Cineole

O

OH(16)

Citronellol
(racemic)

OH (18)

Citronellal
(racemic)

O

OH

OH

p-Menthane-3,8-diol
(mixture of diastereomers)  

Fig. 4 p-Menthane monoterpene biosynthesis in Eucalyptus species. The enzymes involved in
this pathway are 15 1,8-cineole synthase; 16 geranyl diphosphate diphosphatase; 17 geraniol
reductase; and 18 citronellol dehydrogenase
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in commercial cultivars. A cDNA clone for a 1,8-cineole synthase was obtained
recently and characterized by functional expression in E. coli. [41]. The recombi-
nant protein released a mixture of monoterpenes with 1,8-cineole and linalool as
major products, and α-terpineol, limonene, myrcene, sabinene, and ocimene (in
decreasing amounts) as minor products. Interestingly, these metabolites also
accumulate in the oil, although not in the same proportions as produced by
recombinant 1,8-cineole synthase [41]. Lemon eucalyptus accumulates high levels
of a mixture of (+)-(R)- and (−)-(S)-citronellal. Commercially, these metabolites are
converted, by synthetic chemistry, into insecticidal p-menthane-3,8-diol (PMD;
[97]. As a first step, the biosynthetic pathway involves the hydrolysis of the
diphosphate group from geranyl diphosphate (Fig. 4). Geraniol synthases catalyzing
this reaction have been cloned and characterized from various angiosperms [37, 38,
81, 94] but not within the Myrtaceae. The following double-bond reduction is
catalyzed by geraniol reductase, the activity of which has been detected in the
Rosids and Vitales [3, 26, 51], but the gene coding for this enzyme is still awaiting
discovery. Finally, the (+)-(R)/(−)-(S)-citronellol mixture is oxidized to the corre-
sponding aldehydes by citronellol dehydrogenase. Such an activity has been
detected in several members of the genus Pseudomonas, which can utilize citro-
nellal and other monoterpenes as carbon sources [30], but to date has not been
described in plants.

4 Metabolic Engineering of the p-Menthane Monoterpene
Biosynthetic Pathway

Fundamental Challenges with Monoterpene Storage. Larger amounts of volatile
and semivolatile plant terpenoids (C5 to C20 metabolites) are generally accumulated
in intraorganellar structures that are surrounded by a membrane (e.g., oil bodies;
[68]), larger extracellular storage structures (e.g., resin ducts, laticifers, secretory
cavities, or glandular trichomes; [28]), or are emitted into the atmosphere [31].
These sequestration mechanisms likely evolved because of the cytotoxicity of many
terpenoids, which can play important roles in plant defense but need to be separated
from cellular metabolism. Monoterpenes have been demonstrated to affect the
properties of both soluble and membrane-associated enzymes negatively, interfere
with the action of intra- and intercellular transporters, and increase the permeability
of membranes [80]. In most plant cells, monoterpenes are derived from precursors
synthesized in plastids via the methylerythritol 4-phosphate (MEP) pathway. The
same pathway operates in the majority of eubacteria (including E. coli as a common
host for synthetic biology). In contrast, yeast terpenoids are derived from the
mevalonate pathway, which is also the primary pathway for the biosynthesis of
sterols and sesquiterpenes in plants ([34]; Fig. 5). Metabolic crosstalk, that is, the
exchange of terpenoid intermediates between plastidial and cytosolic pathways, has
been described in plants, but the extent, direction of carbon flux, and relevance of
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their intracellular transport for specific terpenoid end products is highly dependent
on the plant species, the tissue of the cell type under investigation, and the envi-
ronmental context [34].

The functionalization of monoterpene hydrocarbons usually commences with
oxygenation reactions, often catalyzed by ER-localized cytochrome P450-depen-
dent oxygenases [47]. Further modifications, including, among others, redox,
desaturation, and conjugation reactions, occur mostly through catalysis by cytosolic
or ER-associated enzymes (or less commonly mitochrondrial proteins). The final
step, which involves either the volatilization or secretion/storage of monoterpenes,
is only poorly understood [47]. In summary, there are three critical issues that need
to be addressed when attempting to increase the amounts of specific monoterpenes
in plants or microbes using biotechnological approaches: (1) volatility/storage, (2)
cytotoxicity, and (3) precursor supply/compartmentation. In the following para-
graphs, I highlight successes, but also mention limitations, of metabolic engineering
efforts to increase the accumulation of monoterpenes.

Transformation of Commercial Cultivars to Accumulate High-Value
p-Menthane Monoterpenes. Methods for the transformation of plant cultivars that
naturally accumulate p-menthane monoterpenes were first developed in the 1990s.
Most of these protocols (only early pioneering studies of gene introduction are
listed here) involved the cocultivation of explants with Agrobacterium and the
subsequent regeneration of transgenic plants, and were successful with Mentha
[4, 11, 23, 64], Carum [44], Citrus [61, 88], and Eucalyptus [35, 62, 63]. Transient
transformations using biolistic treatments were also reported [11, 76, 79, 96].
Although these methods are viable on an experimental scale, the transformation
efficiency with these plant genera is universally low and the regeneration of
transgenic plants with desirable traits fairly slow.

Despite these challenges, significant progress has been made with engineering
mint for improved essential oil characteristics. Genes involved in precursor supply
and at the interface toward monterpene end products (MEP and early p-menthane
pathways) (Fig. 5) were overexpressed to increase flux and thereby increase oil
yield. For several genes this approach was successful (1-deoxy-D-xylulose
5-phosphate reductoisomerase (DXR), isopentenyl diphosphate isomerase, geranyl
diphosphate synthase), whereas increased transcript abundance in transgenic plants
was not associated with yield gains for other genes (1-deoxy-D-xylulose 5-phos-
phate synthase and (−)-limonene 3-hydroxylase; Table 3; [24, 46, 56, 57]; all in
peppermint). Results for (−)-limonene synthase overexpression were variable, with
some authors reporting yield enhancements ([24]; in peppermint), whereas others
did not detect improvements in yield (Table 3; [43], peppermint; [24], cornmint;
[46], peppermint). The Croteau laboratory pursued compositional adjustments by
decreasing the expression levels of genes with relevance for the formation of
undesirable side products. The expression of the MFS gene (gene (6) in Fig. 1) in
antisense orientation (MFS7A line) led to a decrease in the concentrations of, as
expected, (+)-(R)-menthofuran but also, unexpectedly, (+)-(1R)-pulegone in trans-
genic peppermint plants (Table 3; [56]). It seemed counterintuitive that the con-
centration of the substrate for a downregulated enzyme would decrease and a
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plausible explanation did not emerge until my laboratory developed a kinetic
mathematical model of monoterpenoid essential oil biosynthesis [74]. Simulations
indicated that the observed monoterpene profiles could potentially be explained if
(+)-(R)-menthofuran acted as a competitive inhibitor of (+)-pulegone reductase, an
hypothesis that was subsequently confirmed by experimental testing [74]. A second
surprising finding was that the MFS7A line had an increased essential oil yield [56],
although this gene was the only one found to be modulated in MFS7A and appeared
to be unrelated to overall carbon flux into monoterpenes. Simulations with a sec-
ond-generation mathematical model, which we had developed also to assess the
determinants of yield, suggested that differences in the size distribution of glandular
trichomes could explain the observed yield gain [75].
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Follow-up experiments demonstrated that critical aspects of the pattern of
glandular trichome development were altered in MFS7A, where these structures
were more numerous and matured earlier than in wild-type controls, thus leading to
higher essential oil amounts independent of gene expression patterns within
secretory cells of glandular trichomes [75]. Essential oil yield gains did not correlate
directly with the expression patterns of biosynthetic genes but were achieved
through the initiation of more glandular trichomes, possibly by an as yet unchar-
acterized feedback mechanism resulting from gene overexpression. By transform-
ing peppermint with two genes, one demonstrated before to affect yield (DXR)
positively and one with beneficial effects on both yield and composition (MFS), we
then generated transgenic plants with significant yield increases (up to 80 % higher
than wild-type) and highly desirable oil profiles (high l-menthone and l-menthol;
low (+)-(R)-menthofuran and (+)-(1R)-pulegone), as demonstrated in multiyear
field trials (Table 3; [46]).

We have also employed peppermint as a host for biotechnological efforts to
accumulate other p-menthane monoterpenes that occur only at very low levels in
this plant. We were particularly interested to investigate if metabolic engineering
was a viable approach to eliminate oxygenated constituents from the oil, thereby
generating mixtures of monoterpene hydrocarbons with physicochemical properties
desirable for the development of drop-in biofuels. Our strategy took advantage of a
line (termed PM20) in which the limonene 3-hydroxylase gene was cosuppressed,
thus resulting in an overaccumulation of l-limonene in the oil [57]. The PM20 line
was transformed with additional constructs for the overexpression of various

JFig. 5 Outline of terpenoid biosynthesis in plants with an emphasis on the cellular context of p-
menthane monoterpene formation. The generally higher flux observed for the plastidial
methylerythritol phosphate (MEP) pathway, in comparison to the mevalonate (MVA) pathway,
which is localized the cytosol, ER, and peroxisomes, is indicated by thicker reaction arrows
(peroxisome not depicted for clarity). A transporter for the exchange of isoprenoid intermediates
across the plastidial membrane is indicated by a gray circle. Abbreviations for metabolites: CoA
coenzyme A; HMG-CoA 3-hydroxy-3-methylglutaryl-CoA; MVA mevalonate. Enzyme number-
ing: 19 1-deoxy-D-xylulose 5-phosphate synthase; 20 1-deoxy-D-xylulose 5-phosphate reducto-
isomerase; 21 2-C-methyl-D-erythritol 4-phosphate cytidyltransferase; 22 4-(cytidine 5′-
diphospho)-2-C-methyl-D-erythritol kinase; 23 2-C-methyl-D-erythritol 2,4-cyclodiphosphate
synthase; 24 (E)-4-hydroxy-3-methyl-but-2-enyl diphosphate synthase; 25 (E)-4-hydroxy-3-
methylbut-2-enyl diphosphate reductase; 26 isopentenyl diphosphate isomerase; 27 geranyl
diphosphate synthase; 28 monoterpene synthase; 29 acetoacetyl-CoA thiolase; 30 3-hydroxy-3-
methyl-glutaryl-CoA synthase; 31 3-hydroxy-3-methylglutaryl-CoA reductase; 32 mevalonate
kinase; 33 phosphomevalonate kinase; 34 mevalonate diphosphate decarboxylase; 35 (E,E)-
farnesyl diphosphate synthase. Plastidial pathways for the biosynthesis of monoterpenes via neryl
diphosphate and certain sesquiterpenes via (Z,Z)-farnesyl diphosphate, as recently identified in the
Solanaceae, are depicted as well. However, the relevance of these pathways for the biosynthesis of
commercially harvested p-menthane monoterpenes has not yet been established [47]. Note that the
specialized cell types involved in the biosynthesis of monoterpenes in glandular trichomes and
secretory cavities generally have, with only a few exceptions, nongreen plastids that do not
produce chlorophylls and carotenoids from plastidial geranylgeranyl diphosphate at the time of
terpenoid accumulation
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terpene synthases to generate transgenic lines with elevated levels of (S)-(+)-lin-
alool, (+)-(1R,5R)-sabinene, and α/β-pinene [46]. Further advances can be expected
from the use of glandular trichome-specific promoters (to increase the strength and
specificity of transcript abundance in the cell types that are most relevant for
essential oil biosynthesis) and global regulators of the p-menthane monoterpene
pathway (to activate more than one or two genes at a time). Early work in this area
has recently been summarized, and comments on opportunities and current con-
straints have been provided elsewhere [48].

The vast majority of studies with transgenic Citrus plants were performed to
enhance the resistance to biotic and abiotic stresses [82], which is outside the scope
of this review chapter. Very little effort has been spent on modulating the essential
oils accumulated in fruit peel. One of the reasons is that, depending on the Citrus
cultivar, the oil is already enriched in a desirable, high-value p-menthane mono-
terpene (d-limonene at up to 97 % of the oil). It is also important to note that
monoterpenoid fruit volatiles play critical roles in the interaction between plants
and beneficial as well as disease-causing organisms [78]. Interestingly, when the
(+)-limonene synthase gene was downregulated in orange- using antisense tech-
nology, the resulting transgenic plants, which accumulated dramatically reduced
peel oil, were significantly more resistant (when compared to appropriate controls)
to a bacterial and a fungal pathogen, and males of the citrus pest medfly were less
attracted to the fruit, thus decreasing feeding damage [77].

Ohara et al. [66] compared the effects of transforming Eucalyptus camaldulensis
with two different constructs for the expression of a (−)-limonene synthase gene
from Perilla frutescens (Table 3). One construct was designed to direct the gene
product to the cytosol, and the other targeted the enzyme to plastids. As mentioned
before, the precursors for monoterpenes, geranyl diphosphate (or neryl diphosphate
in some plants), are generated in plastids [48]. The essential oil of Eucalyptus
accumulates primarily 1,8-cineole, which is generated by a plastidial monoterpene
synthase [41]. One would thus expect that a plastidial localization of an introduced
monoterpene synthase should result in the generation of higher amounts of the
corresponding monoterpene when compared to a cytosolic localization that would
require translocation of geranyl diphosphate to the cytosol). Surprisingly, Ohara
et al. [66] observed a higher (−)-limonene production with the construct for cyto-
solic localization of the gene product (Table 3). Even more surprisingly, it was also
reported that enhanced (−)-limonene concentrations in transgenic plants strongly
correlated with an increased accumulation of the plastidially generated p-menthane
monoterpenes 1,8-cineole and α-pinene [66]. The causes for these highly unex-
pected findings were not further investigated.

Accumulation of High-Value p-Menthane Monoterpenes in Heterologous
Plant Hosts. Although some plants that accumulate valuable essential oils might be
amenable to metabolic engineering, the transformation efficiencies, as mentioned
above, are generally fairly low and alternative plant hosts have been evaluated for
biotechnological efforts to produce specific p-menthane monoterpenes. A (−)-lim-
onene synthase gene from Perilla frutescens was transformed into tobacco using
three different constructs designed to direct the gene product to either plastids, the
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cytosol, or ER membranes (Table 4; [65]). Transgenic plants carrying the construct
for the plastidial localization of the enzyme had the highest (−)-limonene levels
with up to 143 ng/g fresh weight (corresponding to roughly 0.0001 % of dry weight
biomass). Lücker et al. [53] transformed tobacco with three terpene synthase genes
from Citrus encoding (+)-limonene synthase, γ-terpinene synthase, and (−)-β-
pinene synthase. The corresponding monoterpenes, (+)-limonene, γ-terpinene, and
(−)-β-pinene, were emitted by transgenic lines (termed TERLIMPIN) at 70–
1,200 ng/g fresh weight within a 24-h period (depending on developmental stage)
(Table 4). Over longer periods of time, substantial amounts of monoterpenes were
produced in these transgenic plants but, due to their volatilization, would not be
harvestable in a commercially meaningful fashion. When TERLIMPIN plants were
additionally transformed with a putative limonene 3-hydroxylase gene from curly
mint, the 3-hydroxylated metabolite (+)-trans-isopiperitenol was emitted from
flowers at 400 ng/g fresh weight within a 24-h period (Table 4) [54]. Notably,
various other p-menthane monoterpenes, particularly p-cymene and isomers of
menthatriene and isopiperitenone, were also formed, by as yet uncharacterized
conversions, in these transgenic plants.

In lemon eucalyptus, geraniol is a biosynthetic precursor of (+)-(R)/(−)-(S)-
citronellal, which itself is converted synthetically to PMD. Two independent
attempts to produce geraniol in a heterologous plant host have been published. A
geraniol synthase gene from sweet basil was transformed into tomato and expressed
under control of the fruit-specific polygalacturonidase promoter [20]. A larger
number of monoterpenes, including some that are derived from geraniol (e.g.,
geraniol, geranic acid, citronellol, neral) and others that are not (e.g., myrcene,
limonene, and β-ocimene), were produced in fruit of transgenic plants at about
0.0004 % of fruit fresh weight (Table 4). In addition to releasing metabolic turnover
products, the transgenic fruit were deficient in carotenoids, most likely due to a
diversion of flux from a common precursor (geranyl diphosphate) to monoterpenes
(Fig. 5; [20]).

A geraniol synthase from Lippia dulcis was expressed under the control of the
ubiquitin promoter in transgenic maize plants [95]. Novel volatiles were not gen-
erated at detectable levels, but various glycosylated, acetylated, malonylated, and
oxidized derivatives of geraniol accumulated (only geranoyl-6-O-malonyl-β-D-
glucose was quantified at 0.0017 % of leaf fresh weight; Table 4). Fischer et al. [29]
expressed a geraniol synthase from sweet basil in several different plant hosts. In
Arabidopsis thaliana, geraniol was the only newly formed monoterpene in trans-
genic plants (0.0002 % of fresh weight). In tobacco, linalool, and nerol were found
in addition to geraniol, whereas grapevine produced citronellol and nerol as side
products (Table 4; [29]). The authors hypothesized that the terpene synthase activity
can be modulated depending on the cellular context within the host organism.
However, because side products accumulated only at very low levels, it is also
conceivable that other endogenous activities were induced in transgenic plants
(which was not investigated). In summary, these results indicate that in heterolo-
gous plant hosts expressing terpene synthases the initially formed catalytic products
can be subjected to as yet unpredictable metabolic turnover.
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Accumulation of High-Value p-Menthane Monoterpenes in Microbial Hosts
Tremendous progress has been made in recent years to develop microbial platform
strains for the introduction of plant pathways, including those leading to terpenoids
[93]. Considering the challenges with the high-level production of monoterpenes in
engineered plants, microbial hosts are an obvious choice for monoterpene bio-
technology. The genomes of typical engineering strains of E. coli and baker’s yeast,
which are the most common hosts due to the availability of a whole range of tools
for synthetic pathway construction, are devoid of genes for the biosynthesis of
monoterpenes. The first introduction of genes for an entire plant pathway into
E. coli was performed by Carter et al. [12]. The authors generated cassettes for the
single and combined expression (as polygenic operons) of genes encoding geranyl
diphosphate synthase (N-terminally truncated version from Abies grandis), (−)-
limonene synthase (N-terminally truncated version from Mentha spicata), (−)-
limonene 6-hydroxylase (from Mentha spicata) fused to NADPH:cytochrome P450
reductase (from Mentha x piperita), and (−)-trans-carveol dehydrogenase (Mentha
spicata), thus transferring the pathway used for the biosynthesis of l-carvone in
spearmint. An engineered E. coli strain expressing only the geranyl diphosphate
synthase and (−)-limonene synthase genes released l-limonene at 5 mg/l into the
culture medium (Table 5; [12]). Interestingly, when all genes were coexpressed in
engineered E. coli, the results remained the same (5 mg/l l-limonene). The authors
hypothesized that two factors may have contributed to these undesirable results: (1)
the l-limonene substrate might not be formed at sufficiently high levels (40 µM at
the end of a 24-h growth period) and (2) l-limonene is secreted, which further
decreases the amounts of available substrate for the hydroxylase. l-Limonene was
then added to the culture medium (at 1 mM) and small amounts of l-carvone (2 µM)
were produced. Although a proof-of-concept stage was achieved, the data indicated
that secretion of l-limonene remained the most problematic challenge [12].

For the higher-level production of a functionalized monoterpene, Alonso-
Gutierrez et al. [2] implemented several strain improvements. The supply of
terpenoid precursors was enhanced through the introduction of a synthetic MVA
pathway (with genes from various sources), thereby evading the tight regulation
of the endogenous MEP pathway in the E. coli host (Fig. 6). In addition to a
construct carrying codon-optimized variants of the genes encoding MVA pathway
enzymes, geranyl diphosphate synthase (N-terminally truncated version from
Abies grandis) and (−)-limonene synthase (N-terminally truncated version from
Mentha spicata), the authors also introduced a second cassette carrying genes
coding for a cytochrome P450-dependent oxygenase previously demonstrated to
hydroxylate l-limonene at C7 [87], ferredoxin, and ferredoxin reductase (as
electron carriers; all genes from Mycobacterium HXN 1500; Fig. 6).

In a rich medium containing 1 % glucose as the carbon source, the strain
produced l-limonene at 400 mg/l and (−)-(4S)-perillyl alcohol at 100 mg/l (Table 5;
[2]). These levels were significantly higher than those achieved before but the high
concentrations of l-limonene indicate that secretion of this intermediate and/or
inefficient turnover to the desired end product were still limiting factors. For the
E. coli based production of simple monoterpene hydrocarbons as potential biofuels,
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Dunlop et al. [25] screened a library of efflux pumps for the secretion of various
hydrophobic molecules. In this case, a secretion of nonfunctionalized terpenoids is
actually desired. A construct very similar to that mentioned above (carrying genes
coding for the MVA pathway enzymes, geranyl diphosphate synthase and l-limo-
nene synthase) was combined with the expression of a suitable efflux pump (from
Alcanivorax borkumensis). Controls (same constructs but lacking the pump)
released l-limonene at 35 mg/l, whereas strains that also expressed the gene for the
efflux pump produced the metabolite at 55 mg/l, indicating that product export is a
viable strategy for the increased accumulation of monoterpene hydrocarbons
(Table 5). The Karst laboratory explored yeast as an expression host for plant
monoterpene biosynthetic genes. To accomplish this goal, a mutant farnesyl
diphosphate synthase (FPPS) was developed that releases, in addition to the natural
product farnesyl diphosphate, the shorter-chain geranyl diphosphate and derived
hydrolysis products (geraniol and linalool; [13]. The release of geraniol from a
yeast strain carrying the mutant FPPS was further increased by introducing a
geraniol synthase gene from sweet basil [67]. Further optimization of the FPPS to
produce high amounts of geranyl diphosphate, while maintaining sufficient farnesyl
diphosphate levels for continued growth, resulted in strains that released geraniol at
up to 5 mg/l (with linalool and citronellol as side products; Table 5) [29]. Brennan
et al. [8] reported on two-phase extractive fermentation systems that trap mono-
terpenes in an organic phase, thus mitigating issues with the toxicity of these
metabolites. It is now instructive to test if this approach is also viable when
employed with engineered monoterpene-producing strains.

Fig. 6 Metabolic engineering of oxygenated p-menthane monoterpene biosynthesis in E. coli
(modified after Alonso-Gutierrez et al. [2])
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5 Conclusions

Numerous approaches have been tested to develop plant and microbial platform
cultivars/strains for the high-level accumulation of terpenoids. After decades of
research, several trends have emerged that are relevant for the production of
p-menthane monoterpenes as targets:

• The yields of engineered terpenoids in the native producer (particularly if it is a
plant with specialized anatomical structures for terpenoid storage) are generally
higher than those in heterologous plant hosts (e.g., Arabidopsis or tobacco).

• Metabolic turnover (redox reactions and/or glycosylation) is a common chal-
lenge when novel terpenoids are accumulated in heterologous plant hosts. A
second problem relates to the volatility of monoterpenes. Unless stored in a
specialized anatomical structure (e.g., glandular trichomes or resin ducts) or
biochemically conjugated (e.g., as glycosides), terpenoids are likely to be vol-
atilized and are thus not harvestable on a commercial scale.

• Promoters that allow a transgene to be expressed specifically in specialized
anatomical structures (e.g., glandular trichomes) have been employed but have
not yet delivered a step change in the accumulation of terpenoids by metabolic
engineering (for more details see [48]).

• Simple terpenoids can be accumulated to high levels in microbial hosts.
However, the yields of highly functionalized plant terpenoids in engineered
microbial hosts are typically fairly low. Nevertheless, because of the availability
of versatile tools and relative speed of progress, microbial engineering appears
to be the most promising near-term alternative for producing p-menthane
monoterpenes.
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Isoprenoid Drugs, Biofuels,
and Chemicals—Artemisinin,
Farnesene, and Beyond

Kevin W. George, Jorge Alonso-Gutierrez, Jay D. Keasling
and Taek Soon Lee

Abstract Isoprenoids have been identified and used as natural pharmaceuticals,
fragrances, solvents, and, more recently, advanced biofuels. Although isoprenoids
are most commonly found in plants, researchers have successfully engineered both
the eukaryotic and prokaryotic isoprenoid biosynthetic pathways to produce these
valuable chemicals in microorganisms at high yields. The microbial synthesis of the
precursor to artemisinin—an important antimalarial drug produced from the sweet
wormwood Artemisia annua—serves as perhaps the most successful example of
this approach. Through advances in synthetic biology and metabolic engineering,
microbial-derived semisynthetic artemisinin may soon replace plant-derived arte-
misinin as the primary source of this valuable pharmaceutical. The richness and
diversity of isoprenoid structures also make them ideal candidates for advanced
biofuels that may act as “drop-in” replacements for gasoline, diesel, and jet fuel.
Indeed, the sesquiterpenes farnesene and bisabolene, monoterpenes pinene and
limonene, and hemiterpenes isopentenol and isopentanol have been evaluated as
fuels or fuel precursors. As in the artemisinin project, these isoprenoids have been
produced microbially through synthetic biology and metabolic engineering efforts.
Here, we provide a brief review of the numerous isoprenoid compounds that have
found use as pharmaceuticals, flavors, commodity chemicals, and, most impor-
tantly, advanced biofuels. In each case, we highlight the metabolic engineering
strategies that were used to produce these compounds successfully in microbial
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hosts. In addition, we present a current outlook on microbial isoprenoid production,
with an eye towards the many challenges that must be addressed to achieve higher
yields and industrial-scale production.

Keywords Isoprenoids � Antimalarial � Artemisinin � Biofuel � Sesquiterpene �
Monoterpene � Isopentenol
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1 Introduction

Isoprenoids are the largest and most diverse group of natural products, composed of
over 50,000 compounds including primary metabolites such as sterols, carotenoids,
and quinines, and secondary metabolites that are often used for medical purposes
[1–3]. Chemists have long marveled at the structural diversity of terpenes in natural
products and have engineered their biosynthetic pathways to develop numerous
isoprenoid-derived commercial drugs. Recently, advanced biofuels have garnered
attention as global climate change has driven the development of carbon-neutral
energy sources. The chemical structure of isoprenoids confers several beneficial
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aspects as fuel compounds. For example, methyl branching is a common structural
feature of isoprenoids that lowers the freezing point significantly. Also, cyclic
structures, which are frequently observed in isoprenoids, increase energy density
and are generally considered valuable features for jet fuels. In recent years, some
isoprenoids have been tested and produced as potential gasoline, diesel, and jet
fuels due to their favorable energy content, cold weather properties, and high
octane/cetane numbers (Table 1) [4–11].

Isoprenoids are usually classified into groups according to the number of
carbons: hemiterpenoids (C5), monoterpenoids (C10), sesquiterpenoids (C15),
diterpenoids (C20), and triterpenoids (C30). Isopentenyl diphosphate (IPP) and its
isomer dimethylallyl diphosphate (DMAPP) are the two universal C5 building
blocks to synthesize isoprenoids. These starting precursors can be synthesized by
two routes: the 1-deoxy-D-xylulose-5-phosphate (DXP) or 2-methyl-d-erythrito-4-
phosphate (MEP) pathway and the mevalonate (MVA) pathway (Fig. 1).

Often found in bacteria and plant plastids, the MEP or non-mevalonate pathway
forms IPP and DMAPP from 2-methyl-D-erythrito-4-phosphate (MEP) via the
condensation of pyruvate and glyceraldehyde 3-phosphate (G3P). The mevalonate
(MVA) pathway is present in archaea, fungi, plant cytoplasm, and other eukaryotes
including mammalian cells where IPP and DMAPP are formed from the conden-
sation of three molecules of acetyl-CoA to mevalonate. For decades, the mevalo-
nate pathway has been studied to understand the production of isoprenoids
inasmuch as it is responsible for cholesterol biosynthesis in humans and other
mammals. In plants, these two isoprenoid biosynthesis pathways exist in parallel for
primary and secondary metabolism, which could be useful for environmental
adaptation and more efficient carbon utilization [12].

The first step in the MEP pathway is the formation of 1-deoxy-D-xylulose
5-phosphate (DXP) by the condensation of pyruvate and D-glyceraldehyde 3-phos-
phate, catalyzed by DXP synthase (DXS) encoded by the dxs gene (Fig. 1). This step
is crucial and known as the rate-limiting step of the entire pathway. The second step is
catalyzed by DXP reductoisomerase (encoded by the dxr gene) to convert DXP to
MEP. MEP is then converted to 4-(cytidine-5′-diphospho)-2-methyl-D-erythritol
(CDP-ME), 2-phospho-CDP-ME (CDP-ME2P), 2-methyl-D-erythritol 2,4-cyclodi-
phosphate (cMEPP), and IPP and DMAPP via the series of enzymatic reactions.

The mevalonate pathway initiates with the condensation of two acetyl-CoAs by
thiolase to extend the carbon backbone to produce acetoacetyl-CoA. Subsequently,
another acetyl-CoA is condensed with acetoacetyl-CoA to produce 3-hydroxy-3-
methylglutaryl-CoA (HMG-CoA), which is physiologically almost irreversible.
Then, mevalonic acid, a stable precursor of isoprenoid/sterol biosynthesis, is pro-
duced by the HMG-CoA reductase (HMGR) from HMG-CoA using primarily
NADPH as a cofactor. Two kinases, mevalonate kinase (MK) and phosphome-
valonate kinase (PMK), catalyze the phosphorylation of mevalonate to produce
mevalonate 5-phosphate and mevalonate 5-diphosphate, respectively. The final step
of the mevalonate pathway to produce IPP is the ATP-driven decarboxylative
elimination reaction catalyzed by mevalonate diphosphate decarboxylase (PMD).
Following the production of IPP, isomerization by Idi leads to DMAPP formation
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and the initiation of isoprenoid precursor chain elongation (Fig. 1). The first suc-
cessful engineering of a complete mevalonate (MVA) pathway in a heterologous
host was accomplished about a decade ago for the biosynthesis of pharmaceutical

Fig. 1 Isoprenoid biosynthetic pathways. The MEP pathway (or DXP pathway) and mevalonate
(MVA) pathway are two major isoprenoid biosynthetic pathways. Both pathways produce IPP and
DMAPP as five-carbon building blocks for isoprenoid biosynthesis. The MEP pathway initiates
with the condensation of pyruvate and glyceraldehyde 3-phopshate by DXS and an additional six
steps transform DXP to IPP and DMAPP. In the mevalonate pathway, three molecules of acetyl-
CoA condense to form HMG-CoA and an additional four steps transform HMG-CoA to IPP,
which is isomerized to DMAPP by the isomerase (Idi). The condensation of DMAPP with one or
two molecules of IPP leads to monoterpene or sesquiterpene production, respectively
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isoprenoids [13]. The sesquiterpene precursor of the antimalarial drug artemisinin
was produced at high titers using a heterologous mevalonate pathway in E. coli, and
this work is extensively reviewed in Sect. 2.

In this review, we present current efforts and future outlooks towards the bio-
synthesis of various isoprenoid drugs, biofuels, and chemicals. In Sect. 2, we briefly
review the general engineering strategy for the construction and optimization of a
heterologous mevalonate pathway for isoprenoid biosynthesis. In particular, we
focus on the biosynthesis of the antimalarial drug artemisinin, which is perhaps the
most successful example of isoprenoid biosynthetic pathway engineering. We then
further review the advances in this platform technology for biofuel and chemical
production. Sesquiterpene biofuel precursors including farnesene and bisabolene
are reviewed in Sect. 3, and monoterpene biofuel precursors such as limonene and
pinene are discussed in Sect. 4. Other important sesquiterpenoids and monoterpe-
noids are also discussed. In Sect. 5, hemiterpenoid fuels and chemicals such as
isopentenol are briefly reviewed along with the issue of IPP toxicity, which is a
crucial engineering factor in high titer isoprenoid production.

2 Mevalonate Pathway Assembly and Artemisinin
Production

2.1 Efforts Towards Microbial Production of Isoprenoids

As the most numerous and structurally diverse family of natural products, isopre-
noids have a variety of commercial uses as flavors, fragrances, and pharmaceuticals
[2]. Due to the small quantities of isoprenoids commonly produced by plants and
naturally occurring microorganisms, there has been considerable interest in the
development of engineered microbial platforms for isoprenoid production in large-
scale fermentations [14]. Research in this area has focused primarily on the pro-
duction of pharmaceutically important compounds including carotenoids, sterols,
the anticancer drug Taxol, and the antimalarial artemisinin [15–18]. Rather than
review the vast numbers of studies in each of these areas, we focus this section on
efforts leading to the development of a microbial platform for semisynthetic arte-
misinin production (Fig. 2). This decade-long project covers the initial assembly of
a high-flux isoprenoid pathway in both E. coli and S. cerevisiae and details
numerous pathway optimizations. The advances in metabolic engineering and
synthetic biology achieved during this project have ultimately influenced current
efforts to produce diverse terpenoid compounds including sesquiterpene (Sect. 3),
monoterpene (Sect. 4), and hemiterpene (Sect. 5) biofuels.

Isoprenoid Drugs, Biofuels, and Chemicals … 361



2.2 Assembly and Optimization of Mevalonate Pathway
for Large-Scale Production of Semisynthetic Artemisinin

Artemisinin is a potent antimalarial drug naturally produced by the sweet worm-
wood Artemisia annua, a plant long recognized for its medicinal properties [19].
Artemisinin and its derivatives have been designated as first-line antimalarial drugs
[20] and are currently key components of antimalarial combination therapies
(ACTs). Unfortunately, artemisinin availability and price has fluctuated over the
past decade, largely due to the 18-month lag between planting, harvesting, and
eventual supply. Although chemical synthesis could provide a stable supply of

Fig. 2 Artemisinin strain engineering. An overview of important engineering breakthroughs in
S. cerevisiae (left) and E. coli (right) for the production of amorphadiene, artemisinic acid, and
semisynthetic artemisinin. Genes that were overexpressed on plasmids (circular) or on the
chromosome (straight line) are highlighted. In the case of S. cerevisiae, ergosterol biosynthesis
was also downregulated

362 K.W. George et al.



artemisinin, this is not a feasible or cost-effective option [21]. Chemically, arte-
misinin is an isoprenoid containing 15 carbon atoms (sesquiterpene) derived from
farnesyl diphosphate (FPP). The first committed step in artemisinin biosynthesis is
the conversion of FPP to amorphadiene, a step catalyzed by amorphadiene synthase
(ADS). Because isoprenoids are readily produced in nature, the biosynthesis of
amorphadiene and, eventually, artemisinic acid, served as an attractive alternative to
chemical synthesis.

In nature, the two common building blocks of isoprenoids, isopentenyl
diphosphate and dimethylallyl diphosphate, are produced either from the mevalo-
nate pathway or the methylerythritol phosphate pathway [22]. The MVA pathway is
generally present in eukaryotes and archaea, whereas the MEP is active in most
bacteria including E. coli. Though the MEP pathway has recently been used to
produce high levels of taxadiene, an isoprenoid precursor to the anticancer drug
Taxol (paclitaxel; [15]), early efforts to engineer a high-flux MEP pathway in E. coli
were met with limited success. The endogenous regulation of the MEP pathway
was suspected to be a reason for this intractability and to bypass this suspected
limitation, expression of the S. cerevisiae mevalonate pathway was engineered in
E. coli [13]. This approach provided a high-flux route to produce IPP and DMAPP
and thus the longer chain terpene FPP, the precursor to amorphadiene in an E. coli
host.

The heterologous mevalonate pathway was initially divided into a three-enzyme
“top” portion (MevT) responsible for the conversion of acetyl-CoA to mevalonate
and a five-enzyme “bottom” portion (MBIS) that transformed mevalonate into
FPP. The MevT operon was made up of acetoacetyl-CoA thiolase from E. coli
(atoB), along with HMG-CoA synthase (HMGS) and reductase (HMGR) from
S. cerevisiae. The MBIS operon consisted of S. cerevisiae-derived MK, PMK, and
PMK, along idi and FPP synthase (ispA) from E. coli. Enzymes in these two
operons were expressed under an IPTG-inducible lac promoter in two plasmids. To
make amorphadiene from FPP, an E. coli codon-optimized amorphadiene synthase
gene (ADS) from A. annua was synthesized and expressed under a trc promoter in a
high copy plasmid (pTrc99A). Coexpression of MevT and MBIS in E. coli DH10B
complemented an MEP pathway mutant even in the absence of mevalonate, con-
firming the functional expression of both operons. By feeding mevalonate to a
strain expressing only MBIS and ADS, the authors showed that flux from the MBIS
operon did not limit amorphadiene production at the highest mevalonate concen-
tration used (40 mM). If MBIS was induced without ADS, growth inhibition
increased with the amount of added mevalonate, suggesting that FPP is toxic. This
effect was more extreme in a truncated bottom pathway expressing only MK, PMK,
and PMK (pMevB), suggesting that IPP accumulation is even more deleterious
[13]. With a complete mevalonate pathway (pMevT + pMBIS) and ADS, 3.1 µg
caryophyllene equivalent/mL/OD600 of amorphadiene was produced in a shake-
flask culture in LB medium after 9 h, a 36-fold improvement over the native MEP
pathway. A glycerol-amended culture reached higher biomass yields and prolonged
amorphadiene production into the stationary phase. When accounting for loss of
amorphadiene to the headspace, a total production of 112 mg/L was calculated from
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the LB + 0.8 % glycerol culture. The heterologous mevalonate pathway assembled
in this work proved far superior to earlier efforts to engineer the MEP pathway and
laid the groundwork for assembly of a highly efficient platform for isoprenoid
production [13].

A number of follow-up studies resulted in greatly improved amorphadiene yields
in E. coli. Due to volatility, amorphadiene titers were severely underestimated in
earlier work [13]. Use of a hydrophobic dodecane overlay relieved this issue and
resulted in a significantly improved titer of 281.4 mg/L [23]. Other improvements
included the use of TB medium and the “pulsing” of glycerol and other carbon
sources during the stationary phase. With a dodecane overlay and increased carbon
and complex nutrients, amorphadiene titers reached 480 mg/L, a 20-fold improve-
ment over the original process.

The precursor pathway was improved through a variety of metabolic engineering
techniques. The accumulation of HMG-CoA, later shown to inhibit fatty acid
biosynthesis [24], was identified as a metabolic bottleneck in the MevT operon that
limited mevalonate production [25]. Through growth analysis and LC-MS quanti-
fication of pathway intermediates, the authors demonstrated that improved expres-
sion of tHMGR, N-terminally truncated HMG-CoA reductase, relieved growth
inhibition, reduced HMG-CoA accumulation, and improved mevalonate production
threefold. This requirement for a balanced metabolic pathway was further empha-
sized in a related study [26]. In this work, the authors used a standardized vector
system to alter gene dosage and identify MK and ADS as rate-limiting enzymes.
Through modulation of additional parameters such as codon usage, promoter
strength, and plasmid copy number, the authors assembled a pathway in E. coli DH1
that was sevenfold more efficient than the original strain [13].

Gene variants of HMGS and HMGR derived from Staphylococcus aureus (mvaS
and mvaA, respectively) were used to more than double amorphadiene production
[27]. This work also developed an effective process for high-density fermentation.
A defined medium was used instead of TB, and parameters including carbon feed
rate and nitrogen concentration were systematically changed to reduce acetate
formation, curtail carbon flow towards protein synthesis, and improve amorph-
adiene yield. With a carefully balanced dual restriction of glucose and nitrogen,
DH1 harboring the optimized pathway produced 27.4 g/L of amorphadiene, the
highest-reported titer in E. coli to date.

In order to produce artemisinin from the sesquiterpene precursor, amorphadiene
must first be biologically converted to artemisinic acid which can be easily pro-
cessed to the final product via chemical synthesis. To accomplish this conversion
in vivo, the A. annua native cytochrome P450 CYP71AVI was expressed in E. coli
coexpressing the heterologous MVA pathway and ADS [28]. By changing
expression vectors and the host to DH1 instead of DH10B, fully oxidized artem-
isinic acid was produced at a titer of 105 mg/L. This work served as the first
demonstration of in vivo production of functionalized terpenoids with native plant
P450s in E. coli.

Despite the high yields and titers of amorphadiene attained in E. coli, the arte-
misinin project was ultimately carried out using a refactored mevalonate pathway in
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S. cerveisiae due primarily to difficulties in achieving efficient artemisinic acid
production in the E. coli host [29]. Prior to the switch, Ro and coauthors initially
devised a S. cerevisiae strain capable of high flux to artemisinic acid through a
variety of host modifications [18]. To increase FPP production in S. cerevisiae,
tHMGR was overexpressed along with the transcriptional regulator UPC2, which is
involved in the biosynthesis of sterols. In addition, ERG9, which encodes squalene
synthase, was downregulated to prevent carbon loss from FPP. By combining these
modifications with the expression of ADS, 153 mg/L of amorphadiene was pro-
duced. Next, the authors sought to produce artemisinic acid from amorphadiene. To
accomplish this goal, the genes responsible for this conversion in A. annua
[cytochrome P450 CYP71AV1 and NADPH:cytochrome P450 oxidoreductase
(CPR)] were isolated and overexpressed in S. cerevisiae (Fig. 2). This work also
developed an efficient purification technique for synthesized artemisinic acid.
Artemisinic acid was efficiently transported out of the cell and remained bound to
the cell surface while protonated. Thus, treatment with an alkaline buffer removed
>96 % of artemisinic acid from the cell pellet. Using this feature, the authors
developed a one-step purification method that routinely yielded >95 % pure
artemisinic acid. Altogether, artemisinic acid was produced at a titer of 115 mg/L.

Westfall and coauthors focused on further improving amorphadiene and
artemisinic acid productivity, achieving >40 g/L of amorphadiene in a fermentation
process [30]. A variety of changes in the host, pathway, and fermentation process
facilitated these improvements. The endogenous consumption of galactose, com-
monly used as an inducer, was eliminated through a GAL1 deletion. This modifi-
cation allowed for the production of amorphadiene and artemisinic acid using
glucose as a sole carbon source and galactose as an inducer. In the pathway,
heterologous genes derived from A. annua were codon-optimized, and the orien-
tation of the GAL1 promoters was altered to prevent recombination. These modi-
fications were reconstructed in S. cerevisiae CEN.PK2, a better-characterized strain,
rather than S288C. In the final production strain, every enzyme of the mevalonate
pathway up to ERG20 was transcribed from galactose-regulated, divergent GAL1/
GAL10 promoters, and three copies of tHMG1 were integrated in the chromosome.
GAL80, encoding the negative regulator of the galactose regulon, was also deleted
to obviate the use of galactose entirely. With these optimizations, 41 g/L of
amorphadiene were produced after 116 h at a yield of 16.98 Cmol %. Because
yields of biosynthetic artemisinic acid were considerably less than amorphadiene, a
three-step chemical conversion was also developed in this report that achieved a
48.4 % yield of artemisinic acid from amorphadiene.

Most recently, a highly efficient, complete biosynthetic process to artemisinic
acid was constructed and allowed for the high-level, semisynthetic synthesis of
artemisinin [31]. The combination of multiple components including an engineered
host for an improved precursor pathway, artemisinic acid biosynthesis pathway,
fermentation process engineering, and chemical conversion to artemisinin was
required to accomplish this extraordinary feat. A copper-regulated CTR3 promoter
was used to downregulate ERG9, allowing for less-expensive CuSO4 to be used as a
repressor instead of methionine. To increase cell viability, expression of CPR1, the
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cognate reductase of A. annua amorphadiene oxidase CYP71AV1, was reduced.
Cytochrome b5 from A. annua (CYB5) was integrated into the yeast chromosome,
yielding higher production of artemisinic acid and artemisinic aldehyde. A. annua
artemisinic aldehyde dehydrogenase (ALDH1) was expressed, further increasing
artemisinic acid production. To complete the artemisinic acid pathway and reduce
artemisinic alcohol production, a putative A. annua alcohol dehydrogenase (ADH1)
was expressed in conjunction with CYP71AV1, CPR1, CYB5, and ALDH1. With the
complete biosynthetic pathway, artemisinic acid was produced as a crystalline
extracellular precipitate that complicated sampling procedures. To overcome this
complication, the authors used extractive fermentation with isopropyl myristate
(IPM) oil and developed a method to extract artemisinic acid from IPM at high
purity. With all of these optimizations, 25 g/L of artemisinic acid were produced, a
>10-fold improvement over earlier efforts. Finally, an inexpensive chemical process
based on singlet oxygen was used to convert artemisinic acid into semisynthetic
artemisinin at a high yield. Remarkably, the strains and processes described in this
work are currently being used in an industrial process for artemisinin production
and distribution [29].

2.3 Tangential Development of Tools for Metabolic
Engineering

A number of promising metabolic engineering tools were constructed in association
with the artemisinin project. Many of these tools were developed in E. coli, where
the heterologous mevalonate pathway served as a flexible model system. Some of
the most promising tools served the purpose of balancing the expression of multiple
genes, a reoccurring theme in the artemisinin project. A method for randomly
tuning the expression of multiple genes within an operon by altering the sequences
of intergenic regions was described and applied to the MevT operon (atoB, HMGS,
HMGR; [32]). Tunable intergenic regions (TIGRs) containing posttranscriptional
control elements including hairpins and RNase E sites were combinatorially gen-
erated and inserted in the MevT operon. Unexpectedly, reduced expression of
HMGS and HMGR was shown to yield a sevenfold increase in mevalonate con-
centration. This observation highlights the strength of this methodology, as an
intentional reduction in HMGS and HMGR expression would not have been a
priority in rational pathway design.

MevT also served as a testbed for the development of synthetic protein scaffolds,
another approach to tune expression and provide modular control over metabolic
flux [33]. To test this system, AtoB, HMGS, and HMGR in the MevT operon were
tagged with the metazoan protein–protein interaction ligands GBD, SH3, and PDZ.
A synthetic scaffold containing the cognate binding domains for these tags was then
coexpressed in this same system, allowing the tagged proteins to colocalize on
the scaffold. By altering the number and/or the order of binding sites, enzyme
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stoichiometry could be predictably altered. Using this scaffold, a 77-fold increase in
mevalonate yield was observed [33].

The application of targeted proteomics to metabolic pathway optimization pro-
vided a third method for tuning pathway expression [34]. A selected reaction
monitoring (SRM) proteomics method was applied to the entire mevalonate path-
way for amorphadiene production and used to measure concentrations of all nine
pathway proteins. Protein levels of HMGR, MK, and PMK were shown to be low
and were thus hypothesized to limit pathway flux. Codon-optimization of these
genes and the addition of a supplemental promoter upstream of MK improved
protein expression and facilitated a threefold increase in amorphadiene titer.

The toxicity of prenyl diphosphates such as IPP and FPP [13] provided a means
to develop novel screening methods. Because IPP and FPP cause growth inhibition,
overexpression of a terminal enzyme (such as a terpene synthase) that consumes
these toxic precursors restores growth. For example, using this concept, a library
of 19,000 clones harboring fragments of B. subtilis genomic DNA was screened
for hemiterpenoid production in an IPP-accumulating E. coli strain. Two genes,
identified as yhfR and nudF, overcame IPP toxicity and restored growth. Further
analysis of nudF showed that it was capable of converting IPP into isopentenol, a
potential biofuel (see Sect. 4.2). The toxicity of prenyl diphosphates was further
exploited to program dynamic pathway expression using stress–response promoters
[35]. In this work, a microarray was performed on E. coli harboring a truncated
mevalonate pathway ending in the terminal production of FPP. A subset of pro-
moters from genes that were differentially expressed under FPP accumulation was
subsequently used to drive the mevalonate pathway. Specifically, the promoter for
gadE, a gene downregulated during FPP accumulation, was used to drive expres-
sion of mevalonate pathway enzymes (MevT–MBIS operon) up to FPP synthase,
whereas the promoter from rstA, a gene upregulated during FPP accumulation, was
used to drive terpene synthase ADS that consumes FPP. In this manner, the cell
would dynamically adjust expression to maintain FPP levels below a toxic
threshold: high FPP concentrations would simultaneously slow its production
(downregulate MevT–MBIS) and increase its consumption (upregulate ADS).
Compared to the inducible pathway, this dynamic pathway produced twofold more
amorphadiene (*1.5 g/L), accumulated less acetate, and reached higher ODs.
Since this strategy does not require the development of biosensors or synthetic
transcription factors, it should be broadly applicable to other metabolic pathways.

2.4 Future Work

The artemisinin project has served as a compelling example of the potential of
metabolic engineering and synthetic biology to deliver real-world results. Semi-
synthetic artemisinin is functionally identical to the plant-derived drug [31], has
been approved by the World Health Organization (WHO), and is currently being
produced on an industrial scale by the multinational pharmaceutical company
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Sanofi [29]. Given the remarkable diversity of isoprenoid compounds, it is likely
that a similar engineering approach can yield a variety of medicinally relevant
molecules such as paclitaxel, prostratin, and lovastatins [29]. The remainder of this
review focuses primarily on an additional application: isoprenoid-derived advanced
biofuels.

3 Sesquiterpenoid Biofuels and Chemicals

3.1 Sesquiterpenoids Properties and Chemical Diversity

Sesquiterpenoids are one of the largest groups (>7,000 compounds) of isoprenoid
natural products and perform important physiological functions in a wide range of
organisms including plants, insects, and fungi [36]. This chemical diversity is
derived from the flexibility of terpene synthases, enzymes that catalyze the con-
version of FPP into a large variety of sesquiterpene skeletons that can be further
modified into more complex molecules with increased functionality [36, 37].
Functionally, sesquiterpenes have a wide range of activities from antimicrobial
agents (such as phytoalexins capsidiol [38]) to alarm pheromones (such as farnesene
[39]). Structurally, sesquiterpenes can be acyclic, monocyclic, bi- or even tricyclic
structures depending on the identity of the terpene synthase (Fig. 3).

Acyclic sesquiterpenoids can be found in essential oils and insect pheromones.
They include farnesene and isomeric alcohols such as nerolidol and farnesol, and often
act as important compounds for the fragrance, flavoring, and pharmaceutical indus-
tries [40–43]. In addition to these uses, acyclic sesquiterpenoids such as farnesane
have been proposed as potential diesel and jet-fuel alternatives [7, 42, 44, 45].

Monocyclic sesquiterpenoids also include compounds for the pharmaceutical and
perfumery industries. For example, humulene has antiallergic and anti-inflammatory
properties [46, 47]. Elemol, zingiberene, and bisabolene occur in many essential
oils and fragrances [40] and recently the hydrogenation product of bisabolene
(i.e., bisabolane) has been proposed as a promising diesel replacement [6].

Bi- or tricyclic sesquiterpenoids are often valuable chemicals. Nootkatone, for
example, found in low concentrations in diverse plant essential oils, may be used in
foods, cosmetics, and pharmaceuticals due to its distinct grapefruit-like odor or as an
insect repellent or insecticide [40, 48, 49]. Due to its low natural abundance, noo-
tkatone has been produced by sequential oxidations of valencene, a cheaper ses-
quiterpene produced from citrus fruit, and also from engineered microbes [50, 51].

There are many sesquiterpenoid lactones (SLs) with chemical and structural
properties favorable for selective activity towards tumor and cancer stem cells. These
compounds function by targeting specific signaling pathways and characteristics
present in cancerous cells and are thus lead compounds in cancer clinical trials.
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Artemisinin, thapsigargin, parthenolide, and many of their synthetic derivatives have
been identified and tested for anticancer activities (Ghantous et al. 2010; [52–54]).

As mentioned above, farnesane and bisabolane have been identified and tested as
diesel fuel alternatives. D2 Diesel, the fossil fuel for compression ignition engines,
is a mixture of linear, branched, and cyclic alkanes with an average carbon length of
16. Sesquiterpenes are hydrocarbons of 15 carbons, close to the average length of
diesel (C16), but with a branched—rather than a straight-chain structure. From a
fuel performance point of view, the branching degree of the isoprenoid translates
into greater molecular stability under high pressure, reduced premature ignition,
increased octane number, and lowered freezing points through reduced molecule
stacking [55]. However, having a slightly branched hydrocarbon rather than a
straight-chain alkane also lowers the quality of combustion (i.e., reduced cetane
number) in diesel engines. In the next section, we review these two biodiesel
alternatives and the efforts to produce them in microbial hosts.

3.2 Farnesene and Bisabolene

The C15 isoprenoids farnesane and bisabolane have cetane numbers of 58 and 52,
respectively, putting them within the expected range for diesel fuels (40–60; [55]).
In addition, they display better cold properties, with cloud points of −78 and
−25 °C compared with D2 diesel’s cloud point of −3 °C. The ring portion of
bisabolane increases the density of the fuel (0.88 g/mL), which will increase the
energy density per volume of fuel [6]. Farnesane has a lower density (0.77 g/mL)

Fig. 3 Examples of sesquiterpenoids. All sesquiterpenoids are produced from the C15 precursor
FPP (farnesyl diphosphate). According to the nature of terpene synthase, they can be either acyclic,
monocyclic, or bi- or tricyclic compounds. The solid arrows show enzymatic processes, and the
dotted arrows represent downstream conversion by either chemical or enzymatic processes
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than bisabolane, however, it has a better cetane number and is the closest to
commercialization [7].

Although plants are the natural source of bisabolene and farnesene, which are
sesquiterpene precursors of bisabolane and farnesane, respectively, engineered
microbial platforms may be the most convenient and cost-effective means to pro-
duce these compounds [6, 56, 57]. Microbial production of bisabolene and farne-
sene has been explored, but an efficient biological route for the hydrogenation of
these sesquiterpenes to produce the corresponding biofuels has not been established
despite promising initial work [58]. As a result, isoprenoid biofuels can be produced
through a hybrid process, using a microbial platform for sesquiterpene overpro-
duction and then a chemical route to produce the fully reduced fuel.

Previously, the mevalonate pathway was engineered in both E. coli and
S. cerevisiae to overproduce FPP and, potentially, any sesquiterpene for which the
corresponding terpene synthase is known. The highest reported titers of any iso-
prenoid are those of the sesquiterpene amorphadiene: *25 and *40 g/L amor-
phadiene have been obtained by overexpression of the MVA pathway in E. coli and
S. cerevisiae, respectively [27, 31]. The flexibility of the E. coli and S. cerevisiae
FPP-overproducing platforms allowed scientists to switch rapidly from the pro-
duction of amorphadiene to the production of bisabolene [6] and farnesene [7].

Farnesene is the generic name for a series of sesquiterpene isomers that in nature
act as chemical signaling molecules with diverse functions in numerous organisms
[16], playing roles as attractants in pollination [59] and predation response [60] in
plants or as alarm pheromones in insects [61].

In heterologous hosts such as E. coli and S. cerevisiae, farnesene has been
produced for use as a precursor for renewable fuels and chemicals from FPP via
heterologous expression of farnesene synthase [7, 16, 62]. Farnesene synthases
have been isolated from different sources including Mentha piperita [39], A. annua
[63], Picea abies [64], Zea mays [60], or Citrus junos [65].

The molecular structure of trans-β-farnesene (commercialized under the name
Biofene® by the biotech company, Amyris, based in Emeryville, California) makes
it attractive as a scaffold for specialty chemical applications such as solvents,
emollients, and vitamins (Amyris website at www.amyris.com). The fully reduced
form of farnesene (farnesane) is being pursued as an alternative biosynthetic diesel
and is the closest of the isoprenoid-based biofuels to commercialization [57].

Using the previously described gene expression systems of the MVA pathway
[13, 66] with farnesene synthase from A. annua and P. abies, Amyris described the
bioproduction of farnesene using both E. coli and yeast (up to 1.1 g/L farnesene in
E. coli expressing the MVA pathway after 120 h, and 728 mg/ L in yeast after 72 h)
and methods to hydrogenate the biologically produced sesquiterpene into farnesane
and other derivatives in a two-step semisynthetic process [7]. Farnesene is currently
produced by Amyris from sugarcane using laboratory-evolved strains of the
industrial yeast S. cerevisiae PE-2. By iterations of random mutagenesis, analysis,
and selection, evolved strains have produced farnesene at >50 % of theoretical mass
yield [16]. According to the last public report of Amyris at the end of 2010, total
titers reached 104.3 g/L of farnesene with a productivity of 16.9 g/L/d and a
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recovery of 95 % (source: http://www.biomassboard.gov/pdfs/biomass_tac_todd_
pray_09_29_2010.pdf). Current titers are probably higher, but the company has not
made the numbers public. Amyris began industrial manufacturing of farnesene in
Brazil in December 2012. The plant is located at the Paraíso Bioenergia mill, where
microbes convert sugarcane into Biofene that is then processed into specific
renewable products. Amyris, currently selling renewable diesel in metropolitan areas
in Brazil, has plans for additional production facilities to meet growing demand for
its renewable products (www.amyris.com). Very recently, Amyris partnered with
TOTAL (the French oil company) and the Brazilian airline GOL to fly the first
commercial flight with farnesane and attained industry approval for this renewable
jet fuel. Also, Amyris has patented amorphane (the hydrogenated form of the arte-
misinin precursor amorphadiene) as a component in a jet-fuel replacement [9, 27].

To produce the biofuel precursor bisabolene in E. coli, bisabolene synthases
from various plant sources were coupled with the heterologous mevalonate pathway
[6]. A bisabolene synthase from Abies grandis was the most promising, where an
E. coli codon-optimized variant produced *400 mg/L of bisabolene. Metabolic
engineering of the precursor pathway to improve flux to FPP led to final bisabolene
titers of *900 mg/L in both E. coli and S. cervisiae [6]. Using carotenoid pro-
duction as a visual phenotype, genes that affected isoprenoid synthesis in yeast were
identified and knocked-out to increase terpene production. Combinations of these
deletions and other pathway modifications improved titers of bisabolene more than
20-fold to 800 mg/L in flask and 5.2 g/L in a fermentation process [67]. The
discovery of bisabolene synthase as the limiting factor of bisabolene synthesis in
these studies prompted the identification of the crystal structure of the most efficient
bisabolene synthase (from A. grandis) to aid in its engineering for increased
microbial bisabolene production [68].

3.3 Farnesol

Farnesol (C15H26O) is an acyclic sesquiterpenoid alcohol derived from FPP. It
is found in plant essential oils and is commercially important in the flavor and
fragrance industries. In addition, farnesol is pharmaceutically relevant as an anti-
microbial [69], anticancer drug precursor [43, 70], and is useful in agriculture as a
biopesticide [45, 71]. Furthermore, this branched chain alcohol has also been
considered as a diesel or jet-fuel substitute due to its low water solubility, high-
energy content, and relatively low volatility [45, 57].

Farnesol has been microbially produced using some naturally occurring
microbes such as Candida albicans, which uses farnesol as a quorum sensing
molecule [72]. However, the best production of farnesol has been achieved by the
dephosphorylation of FPP in engineered S. cerevisiae and E. coli overexpressing
MVA pathway genes [16, 45]. Efforts have been directed towards increasing the
FPP pool size through pathway engineering and redirecting FPP flux to farnesol
formation by downregulating competing pathways [45]. A titer of 135 mg/L was
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reported in E. coli following heterologous expression of the MVA pathway and
augmentation of IspA (FPP synthase; [42]). In developed strains of S. cerevisiae,
titers up to *5 g/L farnesol have been achieved after 215 h in 1-L fed-batch
fermentations [73]. This farnesol production strain contained a mutation in the
ERG9 gene that presumably led to an increased FPP pool and therefore increased
farnesol production by nonspecific endogenous phosphatases, such as LPP1 and
DPP1 [74, 75]. Further modifications included higher expression of HMG-CoA
reductase (HMGR), found to be a key element in improved farnesol production [76].

FPP dephosphorylation is carried out by some endogenous promiscuous phos-
phatases, but can also be done by more specific sesquiterpene synthases [74, 75, 77].
However, the promiscuous phosphatases have high Km and low kcat values towards
FPP due to their broad substrate specificity, and the farnesol synthases (usually of
plant origin [77]) have poor expression in the microbial production host which limit
the use of these enzymes. Protein engineering to improve the specificity of
dephosphorylation and the soluble expression of farnesol synthases is likely needed
to improve microbial farnesol production further [42].

3.4 Future Work

Microbial production of sesquiterpenes appears to be an attractive alternative to
extraction from plants or chemical synthesis from petroleum-derived materials.
However, the biological production of sesquiterpenes is still far from optimum
because overexpression of the isoprenoid production pathway in the microbial host
leads to toxicity and metabolic stress. Even though most sesquiterpenes are not
toxic to the producing host, the toxicity of the intermediates leads to the reduced
carbon flux to the final product and eventually leads to final yields quite lower than
the theoretical maximum. Many studies have already identified many different
pathway bottlenecks such as MK expression [34], HMG-CoA accumulation [25],
and low activity of the terpene synthase [6, 67, 78] in microbial sesquiterpene
production. Although partially addressed [25, 34, 79, 80], the unbalanced expres-
sion of the pathway is still a primary cause of low isoprenoid yields [81]. Therefore,
further efforts to balance enzyme expression and enzyme screening/evolution seem
a good strategy to follow in order to achieve higher yield of the final product.

4 Monoterpene Fuels and Chemicals

4.1 Monoterpene Properties and Chemical Diversity

Monoterpenes are C10 compounds built from two C5 isoprenoid units (one IPP and
one DMAPP). Monoterpenes are generally synthesized in the glandular structures of
plants and are thus common components of essential oils. As with sesquiterpenes,
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advances in metabolic engineering now allow for the microbial production of
diverse, monoterpene-derived oils, flavors, and pharmaceuticals [57]. Moreover,
recent success in the microbial production of limonene and pinene have expanded
the microbial platform to include jet biofuels [10, 78, 82].

Monoterpenes can be divided into three major subgroups based on structural
features (Fig. 4): acyclic, monocyclic, and bicyclic monoterpenes. Acyclic mono-
terpenes include compounds such as myrcene and ocimene, which are hydrocar-
bons very similar to classical petrochemicals. Both are valuable compounds for the
perfume industry, and myrcene is an especially versatile starting material for fla-
vors, fragrances, cosmetics, vitamins, and pharmaceuticals due to its reactive diene
structure [83]. The hydrogenated forms of these acyclic monoterpenoids (i.e., 2,6-
dimethyloctane) have been proposed as alternative biofuels [10]. Hydroxylated
acyclic monoterpenoids such as linalool and geraniol are also potential biofuels in
addition to being important components in fragrances and pesticides [37, 84–86].

Cyclic monoterpenoids include a huge variety of molecules, most of which are
derived from the α-terpinyl cation. As a result, many important flavor and medicinal
compounds have the same carbon skeleton as limonene. Most notable derivatives of
monocyclic monoterpenes are oxygenated compounds, such as α-terpineol, perillyl
alcohol, carveol, carvone, and menthol [87]. The fully hydrogenated form of lim-
onene, limonane, is considered a promising jet-fuel replacement [10], and recently
limonene itself has been evaluated as a jet-fuel additive [88]. Among bicyclic
monoterpenoids, there are pinenes, which are the main components of turpentine
produced from tapping trees [10, 78, 89]. Many valuable compounds that are used
in the fragrance, flavor, and drug industries are derived from pinenes. Pinene-
derived verbenone, for instance, is used in perfumery, as a cough suppressant, and
in insect control [84, 90, 91], and camphor is used as a flavor compound, plasti-
cizer, cosmetic, and pharmaceutical [92]. Other bicyclic monoterpenoids include
sabinene and related compounds such as thujone, thujene, and umbellulone which
are valuable as flavoring agents, perfume components, antimicrobials, and potential
biofuels [41, 93, 94], however, toxicity of these compounds might limit their use
[95–97].

Although isoprenoid alternatives to diesel fuel have been identified and micro-
bially produced, metabolic engineering for the production of high-energy density
tactical fuels (jet and missile fuels, e.g.) has lagged behind. Existing biosynthetic jet
fuels derived from natural oils have been used to power aircraft in 50:50 blends
with Jet-A fuel [98, 99], but lack the specifications required to replace jet fuels such
as JP-10 [78].

4.2 Pinene and Limonene

α, β-Pinenes and limonene are widely used in fragrances, drugs, and as commodity
chemicals. Recently, the demand for these compounds has risen due to their suit-
ability as renewable, high-density jet fuels [78, 98]. Attaining the volumetric energy
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content necessary for jet fuels requires mimicking the strained ring systems found in
JP-10 [78]. Hydrogenated pinene dimers, synthesized via chemical dimerization of
the bicyclic terpenes (pinenes), have been shown to contain high-volumetric energy
similar to that found in JP-10 [4]. Similarly, the hydrogenated form of limonene has
been reported to have favorable properties for next-generation jet biofuels and fuel
additives that enhance cold-weather performance [10].

Currently, α-pinene and (+)-D-limonene are mainly obtained from the plant bio-
mass of tapping trees (turpentine) or as a byproduct of orange juice production,
respectively. However, fluctuations in their production from natural producers (i.e.,
plants) and subsequent cost limit their use as biofuels and chemical feedstock even
though the demand for these monoterpenes is increasing [57, 78, 82, 87, 89]. There-
fore, it is necessary to seek sustainable technologies for monoterpene production.

Although microbes can produce various isoprenoids through either MEP or
MVA pathways to supply the essential metabolites DMAPP and IPP, they are
usually unable to produce monoterpenes due to the lack of efficient geranyl
diphosphate synthases (GPPS) and adequate monoterpene synthases. With the
growing interest in these compounds, many metabolic engineers have explored
biosynthetic methods for monoterpene production. A decade ago, the production of

Fig. 4 Examples of monoterpenoids. All monoterpenoids are produced from the C10 precursor
GPP (geranyl diphosphate). Depending on the terpene synthase, they can be acyclic, mono-, or
bicyclic compounds. The solid arrows represent enzymatic processes, and the dotted arrows show
downstream conversion by either chemical or enzymatic processes
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the monoterpenes 3-carene and limonene was demonstrated through heterologous
expression of carene synthase and limonene synthase (LS) of plant origin in E. coli
[100, 101]. However, yields were low: production levels of 3 μg/L/OD600 and
5 mg/L were achieved for 3-carene and limonene, respectively. In these early
works, the authors hypothesized that low precursor availability (i.e., IPP and
DMAPP) was the primary cause of low titers [13, 100, 101]. Although the
endogenous MEP pathway in E. coli may not be sufficient for high flux supply of
IPP and DMAPP, the heterologous expression of the MVA pathway in E. coli
considerably improves flux to isoprenoid precursors [13].

Two recent publications managed to produce pinene in E. coli at reasonably high
titers by using a heterologous MVA pathway. In the first study [89], α-pinene
production was significantly enhanced in E. coli by assembling a heterologous
MVA pathway, codon-optimized GPPS2 from A. grandis, and codon-optimized
pinene synthase (PS) Pt30 from Pinus taeda. The final pinene-producing strain,
YJM28, accumulated α-pinene up to 5.44 mg/L in a shake-flask and 0.97 g/L under
the fed-batch fermentation conditions. In more recent work, the authors used a
previously engineered E. coli strain for the overproduction of IPP and DMAPP and
combinatorially screened PS and GPPS enzymes to improve flux through the last
two steps of the pathway [78, 102]. By combining expression of three PS and three
GPPS from conifers, they achieved about 28 mg/L of pinene using GPPS and PS
from A. grandis. Furthermore, they designed GPPS-PS protein fusions to reduce
GPP product inhibition and toxicity by substrate channeling, producing 32.4 mg/L
of pinene [78].

A platform for high titer production of limonene was also recently described
[82]. As explained above for pinene production, a heterologous MVA pathway was
used to provide IPP and DMAPP precursors and combined with GPPS from
A. grandis and LS from Mentha spicata. In this study, a series of engineering steps
yielded much higher titers of limonene than previously reported: the limonene titer
was over 450 mg/L, comparable to those achieved for sesquiterpenes (500–
1,000 mg/L). Despite using a similar platform, this titer is also considerably higher
than that of pinene (*32 mg/L), probably because the LS enzyme expresses better
and/or has higher efficiency than any of the PS enzymes tested.

Compared to sesquiterpenes, one of the main differences and concerns in the
microbial overproduction of monoterpenes is the toxicity of monoterpene products
[103, 104]. In fact, efforts to detect and overexpress efflux pumps to counteract
monoterpene toxicity has proven useful in the improvement of yields [105].

4.3 Acyclic Monoterpenes

Efforts to produce acyclic monoterpenes microbially have focused primarily on
geraniol due to its value in the fragrance, agrochemical, and pharmaceutical
industries [43, 86, 106]. As a biofuel compound, geraniol (C10H18O) has similar
properties to farnesol, a potential sesquiterpenoid biofuel alcohol [57]. Geraniol is
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produced by dephosphorylation of GPP and has recently been produced in an
engineered E. coli strain [86]. As practiced in other successful efforts, the authors
engineered E. coli to have an exogenous MVA pathway for improved precursor
production. They used an engineered GPPS mutated from native E. coli FPP
synthase for the biosynthesis of GPP, and a truncated geraniol synthase from
O. basilicum for efficient conversion of GPP to geraniol. After eliminating com-
peting pathways, they achieved a final production titer of 182.5 mg/L of geraniol.

The hydrogenated products of acyclic monoterpenes such as myrcene and
ocimene are also considered good biofuel replacements [10]. Microbial production
of these acyclic monoterpenes, which originally are found in plants, has been
reported in the product mixture of an engineered E. coli strain that produced various
terpenes [101]. To our knowledge, however, specific microbial metabolic engi-
neering efforts to overproduce these acyclic monoterpenes have not been reported.
Because terpene synthases that synthesize these acyclic monoterpenes have been
described [107], it is likely that microbial production with high product specificity
will be achieved soon.

4.4 Future Work

In order to be considered to be economically competitive alternatives to petroleum-
based fuels, near-theoretical yields would be required for biofuel production. To
produce the monoterpene limonene, for example, it is known that the required
microbial yields and titers significantly exceed current microbial limonene toxicity
limits [105]. Clearly it will be necessary to remove the product continuously from
the producing culture broth and/or engineer more tolerant strains.

There are various ways to overcome the product toxicity, but one of the most
promising approaches for monoterpene production was the use of efflux pumps
[105]. Efflux pumps are membrane transporters that recognize and export toxic
compounds from the cell using the proton motive force. The best-studied solvent
tolerance pumps are those from the resistance–nodulation–division (RND) family in
gram-negative bacteria, but many other organisms also harbor efflux pumps [108].
Recent experiments have demonstrated that heterologously expressed RND efflux
pumps can improve tolerance to biofuels [105]. Expression of efflux pumps is a
promising engineering strategy to engineer tolerance for many isoprenoid biofuels,
but there are several avenues for future research in this area. Directed evolution may
help produce designer pumps that are specific to a particular biofuel, and fine-tuned
efflux pump expression is also necessary inasmuch as it is well known that over-
expression of membrane proteins can be detrimental [109, 110].

Though targeted efflux pump expression has been proven successful as a tol-
erance mechanism, traditional strain improvement methods such as chemostat-
mediated adaptation, chemical mutagenesis, directed evolutionary engineering,
genome shuffling [111], or targeted recombineering methodologies [112] constitute
powerful tools for rapid evolution of tolerance mechanisms [105, 113]. It is also
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important to recognize that the tolerance engineering strategies are not universal
and what works for one biofuel in one host strain may not work for others [104].
Another alternative to withstand toxicity would be to engineer the pathway in
alternative hosts such as Pseudomonas that are known to have better mechanisms to
respond to stress [104, 114, 115].

5 Hemiterpenoid Fuels and Chemicals

5.1 Hemiterpenoid Properties and Chemical Diversity

Hemiterpenes and hemiterpenoids are C5 compounds derived from a single iso-
prene subunit. Efforts to produce hemiterpenoids in microbial hosts have primarily
targeted isoprene, a volatile monomer of significance to the rubber industry.
Recently, there has been interest in the biosynthetic production of C3–C5 alcohols
as advanced biofuels [57, 116]. One successful approach for microbial C3–C5
alcohol production utilizes refactored amino acid biosynthesis pathways [117].
Broadly speaking, this strategy relies on the overexpression of a promiscuous
2-keto-acid decarboxylase (KDCs) and alcohol dehydrogenase (ADHs) to produce
a diverse range of alcohols from amino acid precursors. The leucine biosynthesis
pathway, for example, was used to produce 3-methyl-1-butanol or isopentanol at
high titers (Fig. 5a; [118]). Isoprenoid biosynthesis pathways provide additional
routes to C5 alcohol production, namely isopentenols (3-methyl-3-butenol and
3-methyl-2-butenol) and isopentanol (3-methyl-1-butanol; Fig. 5b). It was recently
determined that these alcohols have energy content and octane numbers that make
them potential gasoline replacements [119]. In addition to favorable energy content,
the alcohols 3-methyl-3- and 3-methyl-2-butenol were recently shown to function
as ideal antiknock additives in spark ignition engines [5].

5.2 Isopentenols

Isopentenols are derived from the dephosphorylation of IPP and DMAPP, which
form 3-methyl-3- and 3-methyl-2-butenol, respectively (Fig. 5b). Although there
have been numerous studies concerning the engineering of both the MEP and MVA
pathways for the production of C10, C15, and longer-chained terpenes, work on
isoprenoid-derived short-chain alcohols was comparatively minimal until their
characterization as biofuel candidates.

Isopentenol was first detected in E. coli cultures following the overexpression of
the native MEP pathway and was suspected to result from IPP dephosphorylation
[120]. More recent work has identified genes capable of catalyzing this dephos-
phorylation reaction [121]. Using a heterologous MVA pathway and a screening
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method based on prenyl diphosphate toxicity (see Sect. 2.3), Withers et al. dem-
onstrated that expression of the B. subtilis gene nudF resulted in the production of
isopentenol at relatively high concentrations (*110 mg/L). In a later study, NudF
was compared with alternative phosphatases in E. coli in an effort to assemble a
synthetic pathway for C5 alcohol production [122]. In this work, efficient IPP
phosphatase activity was discovered by screening HAD [123] and Nudix [124]
superfamilies of enzymes. Out of 23 HAD-like phosphatases and 13 Nudix
hydrolases in E. coli, the Nudix hydrolase NudB was found to be the most efficient
enzyme. By expressing NudB on a high-copy vector with pMevT and pMevB [13],

Fig. 5 Biosynthesis of five carbon (C5) alcohols. a Amino acid biosynthesis (or keto-acid) route
to 3-methyl-butanol. b Isoprenoid biosynthesis route to three C5 alcohols
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3-methyl-3-butenol was produced at 8.3 % of theoretical yield. Using a fusion
protein of Idi1 and NudB, IPP-derived 3-methyl-3-butenol and DMAPP-derived
3-methyl-2-butenol were produced. The total C5 alcohol content was reduced from
the strain expressing only NudB, however, and was hypothesized to result from
competition with FPP biosynthesis. By expressing a promiscuous E. coli reductase
(NemA) with the fusion protein, 3-methyl-2-butenol could be reduced to 3-methyl-
1-butanol, resulting in the production of three C5 alcohols (Fig. 5b).

Optimizations to the heterologous mevalonate pathway have resulted in signifi-
cantly higher yields of isopentenol in E. coli. Replacement of HMGS and HMGR
from S. cerevisiae with versions of Enterococcus faecalis improved mevalonate
production 45-fold [125]. Expression of this upper pathway with MK, PMK, PMD,
and nudF from B. subtilis resulted in the production of 1.3 g/L of 3-methyl-3-butenol
at a yield of 12 % [125]. When idi was also expressed, a mixture of 3-methyl-3- and
3-methyl-2-butenol was produced, albeit at a reduced total C5 alcohol yield as
observed previously [122]. With NudF from E. coli, 3-methyl-2-butenol was pro-
duced with higher specificity, but at a significantly lower yield [125].

More recently, 3-methyl-3-butenol was produced at a yield of 46 % following
extensive pathway engineering [81]. Using a systematic method, rationally con-
structed variants of the precursor pathway were assayed for pathway protein levels,
glucose, acetate, and isopentenol. According to a correlation analysis, variations in
the level of HMGS and MK explained the majority of pathway behavior. Using this
information, a conceptual model of isopentenol pathway function was developed
and used to guide engineering efforts. With the expression of E. coli-derived NudB,
the most efficient pathway produced 1.5 g/L of 3-methyl-3-butenol at 46 % yield,
consumed all available glucose, and produced low amounts of the waste-product
acetate.

5.3 IPP Toxicity

Inasmuch as IPP is the immediate precursor of isopentenol, preventing or over-
coming IPP toxicity is an important issue to consider when engineering isopentenol
pathways. IPP toxicity was first identified a decade ago, when a high-flux meva-
lonate pathway was assembled in E. coli [13]. The kinetics of NudB, the protein
used to produce the highest reported titer of isopentenol [81], show that this enzyme
is quite slow, with a turnover rate significantly less than other mevalonate pathway
enzymes [122]. When this enzyme was paired with a high-flux precursor pathway,
IPP accumulation and toxicity were observed [81]. Specifically, cell growth and
glucose consumption were attenuated when IPP concentrations were high.
Expression of an additional copy of nudB alleviated this toxicity, albeit at a sig-
nificant increase to metabolic burden. A similar reduction in OD was also observed
using NudF from B. subtilis, though IPP measurements were not taken to confirm
its accumulation [125]. Due to this toxicity, the development of more efficient
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hydrolases to catalyze isopentenol production is needed to maximize productivity.
In addition, the mechanism of IPP toxicity should be studied to aid in tolerance
engineering.

5.4 Future Work

The initial progress in the microbial production of hemiterpenes is encouraging: in
shake-flask experiments, yields of hemiterpene alcohols approach or exceed the
reported yields of monoterpene and sesquiterpene biofuels. In addition, the prospect
of creating hemiterpene derivatives with attractive properties appears relatively
straightforward and has yet to be explored. Through expression of alcohol acetyl
transferases, for example, esters of C5 alcohols with promising fuel properties such
as isoamyl acetate [126–128] can be readily produced.

Additional work is needed to increase the specificity of alcohol production. Fully
reduced isopentanol, the most attractive target from a biofuel perspective, can
currently only be produced as a component of a three-alcohol mixture at very low
yields. Mitigation of carbon loss to FPP through a genetic knockdown of ispA may
improve yields, and further engineering of the previously described Idi1*NudB
fusion [122] may improve flux to 3-methyl-2-butenol and subsequently isopentanol.
Altering the substrate preference of NudB or NudF, both of which have native
substrates that differ significantly from IPP and DMAPP [124], could also increase
yields by providing improved product specificity. Finally, an improved reductase
may be capable of increasing the conversion of 3-methyl-2-butenol to isopentanol.

6 Outlook

In this review chapter, we have summarized some of the engineering efforts towards
the microbial synthesis of isoprenoid-based drugs, chemicals, and fuel compounds.
The incredible diversity of isoprenoid compounds provides nearly countless target
molecules for biological engineers. Though many challenges exist, even complex
medicinal isoprenoids such as artemisinin and Taxol may eventually be produced
entirely in vivo. The complete biosynthesis of these medicinal isoprenoids fre-
quently requires several oxidations of the original terpene backbone, mostly by
cytochrome P450 enzymes as shown for artemisinin and Taxol [15, 18]. Because it
is important to carry out these P450-based oxidations in the engineered host, further
study of P450 enzymes is critical to build a complete biological route for these
compounds. P450s are frequently found as membrane-bound enzymes and require
colocalized CPR (cytochrome P450 reductase) as a reductase partner. Although
E. coli has been useful as a high-titer platform for terpene biosynthesis, achieving
efficient P450 activity in this host has been challenging. The complex folding of
P450 proteins, coupled with E. coli’s requirement for membrane-unbound, soluble
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P450s, has severely limited progress. However, recent progress on the directed
evolution of bacterial P450 enzymes has yielded P450 candidates that are functional
in E. coli and have specific activity towards terpene targets.

Considerable progress has been made in the microbial production of isoprenoid-
based advanced biofuels. With a few exceptions, however, most compounds are far
from commercialization. There are several risks in commercialization such as capital
risk, technology risk, market risk/volatility, and operational risk. To overcome these
risks and prove economic feasibility are the most important considerations in
commercialization. The technoeconomic analysis on feedstock to fermentable sugar
and to biofuel suggests that there are many variables to consider such as feedstock
prices, biomass depolymerization costs, the yield of the microbial process for biofuel
production, and the scalability [129]. For example, when we assume a break-even
price of sugar at the mill to be close to $0.10/lb, which is close to the long-term
nominal price of the commodity, a rough calculation of the theoretical price of
microbial sesquiterpene biofuel gives about $6/gal of biofuel based on data for
ethanol production when we assume near 100 % theoretical yield for sesquiterpene
production [6]. Due to these challenging economics, high product yields (generally
at least 85 % of the theoretical maximum yield) are absolutely essential if biofuels
are to be competitive with nonrenewable, petroleum-based fuels [57].

Optimization of the isoprenoid pathway itself is perhaps the most direct way to
improve titer, yield, and productivity. A common theme that has emerged in iso-
prenoid pathway optimization is the requirement for balanced enzyme expression.
In recent years, analytical tools such as targeted proteomics [34, 81] and meta-
bolomics have paired with genetic standardization and modern cloning techniques
to make this task far easier. In most cases, pathway balancing has led directly to
improvements in titer [15, 25, 34, 81]. For C10 and C15 terpenoids, the slow
kinetics of most terpene synthases poses another significant barrier to economical
production. The construction of more efficient terpene synthases through protein
engineering or directed evolution will undoubtedly provide further improvements in
yield and productivity. Though pathway optimization is crucial, interactions with
the microbial host must also be considered: competing pathways must be eliminated
and perturbations to cellular central metabolism, redox balance, and energetics must
be minimized. Systems biology and metabolic modeling hold particular promise for
addressing these challenges.

Another important aspect to address is the scalability of microbial production
inasmuch as it has a huge impact on the overall economics and feasibility of
isoprenoid biofuel production. Production data from high-volume, fed-batch fer-
mentations are necessary to assess the feasibility of large-scale production. At large
scale, the addition of exogenous antibiotics or inducers becomes cost-prohibitive.
Recently developed technologies that alleviate the requirement for both antibiotics
[130] and inducers [35] should thus be used to improve pathway stability and lower
production costs. Because successful scale-up is critical—and because the condi-
tions for optimal production may change when fermentation takes place in a bio-
reactor—dynamic promoters and expression systems that respond to environmental
queues are particularly desirable. Ideally, the cell should be able to adjust the
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pathway activity according to the metabolic status of the host or the concentrations
of key pathway intermediates [131]. Although a successful example was recently
reported for sesquiterpenoid production [35], further applications of dynamic reg-
ulation could potentially eliminate the accumulation of toxic intermediates, increase
strain stability, and improve pathway efficiency.

The high cost of carbon sources such as purified glucose is detrimental to biofuel
cost and must be reduced to achieve economical production. Cheaper, more
abundant carbon sources are clearly required. Lignocellulosic biomass is perhaps
the most promising due to its availability, and work is underway to construct
microbes that efficiently metabolize plant-derived sugars. Sucrose serves as another
promising alternative to purified glucose. In countries such as Brazil and Australia,
sucrose is currently used as a major carbon source in the biobased chemical and fuel
industry. Most native E. coli hosts, however, cannot metabolize sucrose, and
engineering this capability is necessary. More recently, photosynthetic autotrophic
microbes have been studied for isoprene production, and methanotrophic bacteria
are being investigated as shale gas is increasingly available as a cheap and abundant
carbon source.

Although we have focused primarily on simple isoprenoids in this review, there
are more complex natural terpenoids that have important medicinal value and are
potential targets for biological and metabolic engineers. Indeed, it may soon be
possible to produce valuable new classes of complex isoprenoid derivatives bio-
synthetically due to recent advances in genomics and related disciplines. Merot-
erpenoids, oxygenated medicinal terpenoids biosynthesized from polyketide and
terpenoid precursors [132], serve as attractive examples. As genomic and metage-
nomic sequencing data become more abundant and broadly applicable to natural
products discovery, there have been efforts to understand and engineer meroterpe-
noid biosynthesis in bacteria and fungi [133, 134]. Though less genetically tractable,
fungal systems are particularly promising for meroterpenoid production as they
usually have a larger range of functional P450 enzymes and contain endogenous
polyketide synthases and isoprenoid pathways [135]. With proper engineering, these
fungal hosts will provide a promising route to improved terpene and medicinal
meroterpenoid production in non-E. coli, nonyeast hosts.
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Nootkatone

Robin-Hagen Leonhardt and Ralf G. Berger

Abstract The continuing interest in the sesquiterpene ketone (+)-nootkatone is
stimulated by its strong grapefruit-like odor and numerous further bioactivities. Also
numerous were the attempts to chemosynthesize or biotechnologically produce the
compound. Cytochrome P450 enzymes from bacteria and fungi were intensively
studied and expressed in Escherichia coli and in more food compatible hosts, such as
Saccharomyces cerevisiae. The lipoxygenase-catalyzed generation was demon-
strated using an enzyme from several Pleurotus species. Laccases required artificial
mediators for an efficient catalysis. More recently, plant valencene synthases were
expressed in microbial hosts. Combined with an endogenous farnesyl diphosphate
delivery pathway and a valencene oxidase, this approach opened access to high
yields of nootkatone possessing the appreciated attribute of “natural” according to
present food legislation. Little biochemical engineering was carried out on the novel
recombinant strains, leaving many options for future improved bioprocesses.

Keywords Natural flavor � Insecticide � CYP450 � Lipoxygenase � Laccase �
Valencene synthase � Valencene oxidase
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1 Introduction

The compound (+)-nootkatone [2(3H)-Naphthalenone, 4,4a,5,6,7,8-Hexahydro-
4,4a-dimethyl-6-(1-methylethenyl)-, (4R,4aS,6R)–eremophila-1(10),11-dien-2-one;
CAS # 4674-50-4; Fig. 1] is a flavor compound with a grapefruit-like odor, an odor
perception threshold in the range of 1 μg/L water, and a slightly bitter taste. First
isolated from the heartwood of Alaska cedar [Cupressus nootkatensis (D. Don
1824); syn. Chamaecyparis nootkatensis (D. Don) Spach 1841, Callitropsis noot-
katensis (D. Don) Oersted 1864, Xanthocyparis nootkatensis (D. Don) Farjon &
Hiep 2002], nootkatone was found in essential oils of the genera Citrus (Rutaceae),
Alpinia (Zingiberaceae) and other Pinales; in Java (Cyperus rotundus) and Vetiver
grass (Vetiveria sp.); and in many other plant essential oils.The biogenetic precursor
of nootkatone, (+)-Valencene, is just two steps away from the sesquiterpene starter,
the farnesyl cation, and is quickly produced through a germacryl intermediate
(Fig. 1). This explains the widespread occurrence of the (+)-valencene bicyclus and
its accompanying allylic oxidation products, the stereoisomer α- and β-nootkatols,
and (+)-nootkatone. Valencene shows a distinct and pleasant orange odor, whereas

H

O

OPP

Germacryl D cation

Eremophilane backbone

1 78a

1

4 6

1 78a

Farnesyldiphosphate

(+)-Valencene(+)-Nootkatone

Fig. 1 The proposed
biogenetic path from
farnesyldiphosphate to the
eremophilanes (+)-valencene
and (+)-nootkatone
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α- and β-nootkatol (= 2R and 2S-hydroxyvalencene), with lower odor intensity, are
reminiscent of grapefruit. Single compounds or mixtures of this group can be used
to flavor food, fragrances, cosmetics, and detergents. The worldwide consumption
of flavors and fragrances is increasing, as indicated by almost doubled total sales
in the past decade. The estimated turnover of the flavor and fragrance industries in
2013 amounted to around $24 billion (www.leffingwell.com/top_10.htm). Patents
also claim the use of (+)-nootkatone as an insecticide and repellent.

Because (−)-nootkatone shows an odor threshold at least 1,000 times higher than
the (+)-isomer and has less overall bioactivity, it is not of commercial interest. In this
chapter, the termnootkatone refers only to themorebioactive (+)-formof themolecule.

2 Chemical Analyses

Nootkatone is quite amenable to both gas chromatography (GC) and liquid chro-
matography (LC). A thorough gas chromatographic reanalysis of an Alaska cedar
steam distillate identified additional nootkatone-related compounds, such as the cy-
cloheptatrienone nootkatin and the triene nootkatene [1]. Apart from its better reso-
lution, GC offers the advantage of delivering sensory data on each separated
compound, if coupled with a sniff-port for online olfactometric assessment. Ultrafast
LC coupled to a time-of-flightmass spectrometer (MS) identified nootkatone inCitrus
grandis (i.e., Citrus maxima, pomelo) [2], whereas classic reverse-phase LC was
applied to analyze fruits of Alpinia oxyphylla (a relative of blue ginger) [3]. A par-
ticularly detailed picture of complex essential oils was obtained by the combination of
high-resolution LC for prefractionation and two-dimensional GC coupled to MS [4].
This kind of approach produces a number of less crowded gas chromatograms and
creates better spectra for a safer identification of compounds, which is a generally
difficult task for samples rich in oligoisoprenoids with often very similar fragmen-
tation patterns. Quantitative analyses have confirmed that the concentration of noo-
tkatone in essential oils is low. The total yield of hydro-distilled oil obtained from
various Citrus fruits ranged from 0.13 to 0.53 %, and nootkatone had a share of
1.6–2.5% thereof [5]. A concentration of roughly 100mg of nootkatone per kilogram
offresh fruit at best is calculated from these data. Because of the high sensory potency,
even ultralow concentrations impart the typical grapefruit impression. For commer-
cial production, however, natural plant sources of nootkatone are not rich enough.

3 Biological Activities

Apart from the sensory properties, Citrus essential oils were associated with
numerous biological activities, such as antioxidant, antimicrobial, anti-inflamma-
tory, and more [6]. Frequently, whole distillates or extracts were applied, making it
impossible to confidently ascribe the activity observed to a single constituent of the
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sample. The case is different for nootkatone and some of its derivatives and ana-
logues. A recent patent claimed various nootkatone carriers and their application as
an insecticide [7]. The efficiency of nootkatone against termites [8] and ticks
(arachnid parasites) [9] was experimentally proven, explaining the superior toler-
ance of cedar wood against insect infestation. Because nootkatone is regularly
consumed by mammals, it was concluded that its application would pose no threat
to livestock or human consumers. It was suggested to inhibit an insect infestation by
onsite inoculation of a nootkatone-transforming microorganism, such as Paeniba-
cillus alginolyticus, exploiting this “fermentation” to produce advanced oxidation
products of nootkatone with anti-insecticidal activities [8].

The primary mode of action of nootkatone remains uncertain. A recent study
[10] disproved earlier assumptions that nootkatone could inhibit acetylcholines-
terase (ACE). When compared to the known ACE inhibitor carbaryl, neither
nootkatone nor carvacrol, a monoterpenoid also abundant in cedar wood, showed
more than a weak activity in the ACE assay.

Human metabolic pathways appear to be affected by nootkatone because of its
cardiovascular [11], antiproliferative [12], and antiplatelet effects [13]. The positive
effect on survival of septic mice was attributed to the induction of a heme oxygenase
[14]. The expression of this enzyme inhibits, in turn, nitric oxide (NO) synthase and
NO production, eventually resulting in the observed anti-inflammatory effect. The
stimulation of an Adenosin monophosphate-activated protein kinase (AMPK) was
recently substantiated [15]. The resulting acceleration of the energy metabolism was
supposed to aid in the treatment of human obesity. Upstream of AMPK lays liver
kinase B1 (LKB1) or renal carcinoma antigen NY-REN-19, another protein kinase
involved in regulating cell polarity and development. LKB1 exerts growth sup-
pressing effects by activating an entire group of kinases, and it is thus a key player in
preventing carcinogenesis. Nootkatone also activated this kinase [16].

4 Chemosynthesis

Chemosyntheses of nootkatone were developed to meet industrial demand. Because
the immediate precursor valencene is abundant in orange peel oil, its allylic oxi-
dation using chromate (VI) or manganate (VII) ions provided easy access to the
target compound. Advanced versions are still under investigation using phase
transfer catalysis [17] or a metal mixed oxide catalyst and tert-butyl hydroperoxide
as a less problematic oxidant [18]. Introducing two of the three isoprene units with
the substrate molecule, routes from the easily available substrate β-pinene were also
explored [19]. Among the hazardous chemicals required for this synthesis were
alkenyl chlorides, benzene, heavy metal salts, and again manganate (VII).

Increasing environmental concerns and costs for the handling and disposal of
toxic chemicals are considered in novel approaches that rely on less critical oxi-
dants, with molecular oxygen being one of those. Orange juice develops a grape-
fruit note after opening and prolonged exposure to air, indicating that autoxidation
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of valencene occurred in the acidic medium. Accelerated autoxidation of valencene
was achieved in a continuous-flow microreactor [20]. The reactor consisted of
heated Pyrex spiral glass tubing, and the reaction proceeded rapidly with high
yields and in the absence of a catalyst, radical initiator, or solvent.

5 Biosynthesis

Nootkatone produced by a concerted and deliberate chemical reaction must not be
labelled “natural”, but this would be the highly preferred quality for food flavors.
Effective European law (EG 1334/2008) defines a “natural flavouring substance” as
a compound “obtained by appropriate physical, enzymatic or microbiological pro-
cesses from material of vegetable, animal or microbiological origin.” The U.S. Food
and Drug Administration Code of Federal Regulation likewise emphasizes the need
for the presence of a biocatalyst, using the terms “enzymolysis” and “fermentation.”

The distinction between a naturally generated chemical with oxidizing properties
and an enzymewith a metal ion coordinated in a high positive redox state is not sharp.
However, processes based on an enzymatically generated oxidant are more likely to
become approved. Molecular oxygen is a natural co-substrate of dioxygenases and
laccases; hydrogen peroxide, the natural co-substrate of peroxidases and peroxy-
genases, is easily generated, such as by using glucose oxidase in glucose-containing
foods. Is a linoleic acid hydroperoxide formed by a soybean lipoxygenase a natural
oxidant? This reagent was generated in the presence of valencene, and a subsequent
co-oxidation of the hydrocarbon in excellent yields was reported [21]. While the first
step is clearly enzyme catalyzed, the second is an inevitable, but deliberate, chemical
reaction. Both the forced autoxidation and the lipoxygenase-mediated process benefit
from the preferred reactivity of the allylic C3 of valencene (Fig. 1), which helps to
prevent the formation of larger amounts of unwanted side products.

5.1 Biosynthesis Based on CYP450

Cytochrome P450 enzymes (CYP450) are a large group of hemoproteins occurring
in animals, plants, fungi, bacteria, archaea, and even in viruses. The name-giving
property is an absorption maximum at λ = 450 nm when in the reduced state and
complexed with CO. Lipophilic compounds, such as lipids and steroids, and also
terpenes are preferably accepted. The typical reaction catalyzed is mono-oxygen-
ation—that is, the introduction of an oxygen atom into the hydrocarbon part of the
substrate (HC), while a second oxygen atom is reduced to water:

HCþ O2 þ NADPHþ Hþ �!Monooxygenase
HC� OHþ H2Oþ NADPþ
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High catalytic efficiency and pronounced substrate promiscuity of CYP450
suggested these enzymes for the conversion of valencene to hydroxyvalencene. A
subsequent oxidation yielded the desired carbonyl nootkatone. In fact, many of the
successful transformations reported may be attributed to CYP450 activity [22],
although in most cases its actual involvement was merely concluded from the
structure of the products. Cellular systems, rather than purified enzymes, were used
to meet the demand for protein co-factors. The (often) soluble bacterial enzymes,
for example, depend on a ferredoxin reductase and a ferredoxin to deliver the
electrons for the final reduction of molecular oxygen.

Among the enzymes used for the hydroxylation of valencene is CYP450 BM-3

from Bacillus megaterium. Originally found involved in terminal or subterminal
hydroxylations of long-chain fatty acids, it presents the particular feature of being a
fusion protein between a CYP domain and an electron donor. Mutants of this
enzyme were created and compared with the wild-type enzyme [23]. Activity as
measured by the consumption of NADPH and the generation of nootkatone were
evaluated. Another versatile CYP450 was found in Bacillus subtilis [24]. Here, the
CYP450 activity was obtained by co-expression with genes for a putidaredoxin
reductase (PdR) and putidaredoxin (Pdx) from Pseudomonas putida in E. coli to
obtain both nootkatols and nootkatone. Typical of many CYP450 catalysed reac-
tions, a large number of side products were observed (Fig. 2). A better product yield
of 120 mg/L of odor-active compounds was finally achieved in a two-phase system
that dissolved the primary products into the organic phase, thus protecting them
from further oxidation. A CYP450 from Nicotiana and a P450-reductase from
Arabidopsis were cloned and expressed in Saccharomyces cerevisiae [25]. Product
yields were low, but the chances to transfer such a process based on a food-grade
recombinant host into industrial application are higher than with E. coli or other
potentially toxin-forming bacteria. Consumers know and appreciate bakers´ yeast;
although nootkatone produced by a recombinant cell will quite obviously not
contain remains of inactivated or living genetically modified organisms, the food
industry has set out to deal respectfully with public concerns.

While products of valencene overoxidation are too polar to be of interest as
flavors, they may be useful for therapeutic applications. A CYP450 from Soran-
gium cellulosum, a myxococcus, accepted nootkatone as a substrate, and also the
norisoprenoids α- and β-ionone [26]. Antiproliferative properties of the nootkatone
derivatives were examined, and the structural background of the regioselective
hydroxylation was elucidated using a homology model. A similar study supple-
mented cell cultures of Ascomycetes, such as Aspergillus, Chaetomium or Fusar-
ium, with nootkatone. The product profile showed mono- and diols, triols, and
epoxides indicating active CYP450s, but the identity of the fungal enzymes was not
elucidated [12].
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It was estimated that product peak yields of 1 g/L or productivities of 0.1 g/L per
hour will be required to cross the profitability threshold for a food flavor. Bio-
processes based on CYP450 have not yet reached this stage. The reasons are
numerous:

• The terpene hydrocarbon substrate is often insufficiently soluble in water.
• Emulsions complicate the system due to the presence of the cytotoxic emulsifier.
• Both the terpene hydrocarbon substrate and terpenoid product may be toxic for

the native or recombinant producer cell or inhibit the enzymes involved.
• Reactive primary metabolites, such as epoxides, give reason to side-product

formation.
• Substrate and product accumulate in lipophilic cell compartments and are not

secreted.
• Substrate and product will be stripped out of aerated bioreactors.
• The second oxidation step to the often more odor-active carbonyl is not cata-

lyzed by CPY450s.

Fig. 2 Overoxidation of nootkatone yields multiple nonflavor compounds with antiproliferative
and possibly other bioactivities
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5.2 Biosynthesis Based on Lipoxygenases

During extended screenings for microbial producers of nootkatone, the basidio-
mycete Pleurotus sapidus, a member of the order Agaricomycetes and a close rel-
ative of the edible oyster mushroom Pleurotus ostreatus, stood out for a selective
and highly efficient oxidation of valencene to nootkatone [27]. Although the
occurrence of both nootkatols suggested another CYP450-driven reaction, the
responsible enzyme, after laborious purification, showed homologies of around 50 %
to putative lipoxygenases from Aspergillus fumigatus and Laccaria bicolor, and
26 % homology to the well-known commercial lipoxygenase-1 of soy bean (Glycine
max). Because no lipoxygenase from a basidiomycetous source was known on the
molecular level, detailed metabolite analyses were carried out using cold on-column
GC-MS and APCI-LC-MS methods. The data suggested a lipoxygenase-type
oxidation of valencene via secondary and tertiary hydroperoxides [28]:

Dioxygenase Schenkrearrangement (Peroxo - shift) Disproportionation

Valencene þ O2 ! 4a -ðR; SÞ - Val - OO - H ! 3� ðR; SÞ-Val - OO - H ! Val - OH þ Nootkatone

The gene was cloned and heterologously expressed in E. coli [29]. Soluble
recombinant protein was gained by cold shock expression, chaperone co-expres-
sion, and employment of mutant E. coli strains. The expression in P. pastoris
SMD1168 was carried out using a pPIC9K vector construct [30]. In this construct,
the α-factor signal sequence provided by the original vector was replaced by
insertion of a second Kozak sequence between the signal sequence and
the lipoxygenase gene [30]. The recombinant enzymes, both purified using the
N-terminal His tag, showed the catalytic properties of the wild-type enzyme, as was
confirmed by the LC-MS analysis of hydroperoxide intermediates and GC-MS
analysis of the volatile products. As with the wild-type lipoxygenase, optimal
activity was found at pH 7 at 30–35 °C. Conversion of linoleic acid gave high
yields of 13S-hydroperoxy-9Z,11E-octadecadienoic acid (94 % ee), as was con-
firmed by chiral high-performance LC analysis of the hydroperoxides [30, 31].

A follow-up study on a number of Pleurotus species resulted in lipoxygenase
genes from five strains. The genes were amplified, functionally expressed in the
proven E. coli system, and characterized [32]. All sequences coded for proteins of
643 amino acids, sharing similarities greater than 95 % among each other. The
ligands that determined iron coordination and stereochemistry were fully con-
served. Similar lipoxygenase activities were found when linoleic acid served as the
substrate. The conversion of valencene, however, differed between two clusters of
highly homologous sequences. The future engineering of these dioxygenases could
create catalysts accepting other terpenes and alkenes as precursors for novel flavor
compounds and possibly bioactives. In clear contrast to CYP450 enzymes, oxygen
is the only co-substrate required. Moreover, the situation regarding substrate and
product inhibition as well as side product formation appears to be more favorable
with these fungal dioxygenases.

398 R.-H. Leonhardt and R.G. Berger



5.3 Biosynthesis Based on Laccases

Laccases comprise a large group of well-described oxidases that are frequently used
in different applications and processes throughout the food industry [33]. These
enzymes are easily available, either by purification from culture supernatants, or in
larger amounts by heterologous expression of the respective genes in host strains,
such as P. pastoris. A patent from 2001 [34] described the use of laccases for the
industrial-scale production of nootkatone by oxidation of valencene. The work
focused on a mediator-based oxidation, with most of the mentioned mediators being
nonnatural laccase substrates (i.e. 1-hydroxybenzotriazole or 2,2′-azino-bis(3-eth-
ylbenzothiazoline-6-sulphonic acid). This conflicts with the legal definition of
natural flavors; however, optimal reaction conditions gave an impressive molar
conversion rate of around 40 %. Because laccases preferably oxidize diphenolic
compounds [35], the exact reaction mechanism responsible for the oxidation of the
sesquiterpene valencene is disputable. Due to the radicals formed during the
enzymatic reaction and the various possible oxidations sites of the precursor mol-
ecule, side reactions to other products could be envisaged, as they were found for
chemosynthetic or CYP450 catalyzed reactions (Fig. 2). Similar processes based on
natural precursors and mediators were successfully optimized [36], but no further
data on the mediated oxidation of valencene have been published since.

5.4 Biogenesis Based on Plant Enzymes Involved in Terpene
Metabolism

There is no generally accepted definition of the term synthetic biology, but a short
definition could be “to make use of the advantages of biocatalysis using engineering
concepts.” Because the easily cultivated pro- and eukaryotic cells of classical
bioprocesses do not possess a pronounced terpene metabolism, plant genes have to
be implanted into recombinant “engineered” hosts. The concept has been patented
several times by flavor, food, and even rubber companies to produce terpene
hydrocarbons; sometimes terpenoids were also claimed. A recent example was a
patchoulol synthase from Pogostemon cablin (Indian patchouli) cloned in E. coli
[37]. To prevent formation of inclusion bodies, the protein of interest was fused to a
thioredoxin-tag. Codon optimization improved the yield of soluble enzyme sig-
nificantly. The product spectrum as analyzed by GC-MS showed farnesol isomers
from the hydrolysis of the substrate and germacra-3,9,11-triene A as the major
components and the target compound (−)-patchoulol.

The building block molecule of Amyris Inc. for flavors is β-(E)-farnesene, called
“biofene.” One of the company’s fundamental patents described the engineering of
isoprenoid pathways in host cells [38]. By incorporation of an acetoacetyl-CoA
synthase gene and other enzymes of the mevalonate pathway, the host cell became
independent from the activated diphosphate precursors used, such as in the patchoulol
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study [37]. Branching pathways leading to unwanted intermediates were blocked by
disrupting the responsible genes. Also considered was the issue of redox balance in
the heterologous host [38].

Another option is to equip the heterologous host with an additional synthase gene,
which is a strategy followed by Allylix (www.allylix.com) and Isobionics (http://
www.isobionics.com). The cyclisation of farnesyl diphosphate (FPP) to valencene
was achieved using enzymes from C. nootkatensis [39–41], from Citrus species [42]
or from Vitis vinifera (grape). According to the patent [42], the genes may have been
engineered by changing, adding, or deleting codons to obtain variants that are more
suitable than the wild-type enzyme. Once the genes were optimized, they were
introduced into a tailored yeast strain. This strain was engineered to produce
endogenous FPP. The enzyme from Alaska cedar was robust and efficient in vitro,
but not well expressed in the usual microbial hosts. When incorporated in Sac-
charomyces cerevisiae, a valencene concentration of around 1.4 mg/L was obtained;
a heterologous Rhodococcus sphaeroides, under an n-dodecane accumulation layer
and upon co-expression of a mevalonate operon, eventually reached remarkable
352 mg valencene per liter [40].

To arrive at nootkatone, a valencene converting CPY450 enzyme from Cicho-
rium intybus (chicory) was co-expressed with a synthase gene in a nonspecified
yeast [43]. Because chicory contains neither valencene nor nootkatone, this activity
can again be related to the frequently observed substrate promiscuity of this type of
enzyme. However, the nootkatone levels were low, and it was not clear if this
second oxidation step was the result of the activity of other enzymes [Alcohol
dehydrogenases (ADHs)] present in the host cell. Pichia pastoris was comple-
mented using the premnaspirodiene oxygenase of Hyoscyamus muticus (a member
of the Solanaceae) and the Arabidopsis thaliana reductase to hydroxylate valencene
[44]. Intracellular production of valencene was achieved by co-expression of val-
encene synthase from C. nootkatensis. Biphasic cultivations of P. pastoris resulted
in the accumulation of trans-nootkatol, which was oxidized to nootkatone by a
genuine activity of P. pastoris. Further genetic fine-tuning enhanced the nootkatone
yield to 208 mg/L in bioreactor cultivations.

The two approaches are different, but both suffer from inherent problems: To
establish an entirely new pathway in a heterologous host is feasible, but the addi-
tional load of new genes and enzymes may overburden a simple prokaryotic host.
Eukaryotes, on the other hand, are more complicated to transform, grow more
slowly, and might more certainly recognize the new genes as “foreign,” resulting in
the rapid degradation of transcribed or translated metabolites. To implement one or
two key enzymes (valencene synthase and oxidase) appears to be more straight-
forward, but it must cope with the high hydrolytic sensitivity of the obligatory
precursor FPP. This activated compound cannot be isolated in sufficient yields from
natural sources; thus, the conversion of the chemosynthetic precursor by cell cul-
tures or enzymes cannot yield legally “natural” valencene and nootkatone. As with
all enzyme-based attempts, cytotoxic or inhibitory effects of metabolites accumu-
lating in abundance must be expected. Moreover, the poor qualitative and quanti-
tative predictability of heterologous attempts presents a severe technical drawback.
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In this situation, the idea to engineer a transgenic plant is self-suggesting [45].
Essential oil plants are distinguished by special morphological features, such as
storage hairs or cavities, which provide protection to terpenoid compounds from
evaporation and overoxidation. Moreover, any inhibitory effects are minimized due
to the spatial compartmentalization of producing enzyme and enzyme product.
A severe argument speaks against this solution: the continuing aversion of the
public toward transgenic plants.

6 Outlook

Significant progress was made in recent years to characterize and apply biocatalysts
for the production of the sought-after flavor compound and insecticide nootkatone
[46]. However, the former molecule of the month [47] still remains a kind of “holy
grail” of flavor biotechnology because the maximum yields reported for processes
resulting in a product categorized as “natural” are not yet sufficient to set up an
industrial process [48–51] (Table 1). Novel and more efficient enzymes and
improved systems to heterologously express them are the focus of current research.
The development of alternative bioengineering solutions is a neglected field. The
tremendous progress achieved with simple two-phase systems [24, 43] shows that
the hidden potential is far from being exhausted. New impetus for the field could
come from medical research. If one of the claimed bioactivities on human metab-
olism, such as antiproliferative, could be verified, the intensified interest in a high-
quality nootkatone would induce increased efforts for its cost-effective production
through bioprocesses.

Table 1 Chemical and biochemical generation of nootkatone

Process/organism Nootkatone
(maximum yield)

References

CrVI oxidation of valencene 47 % from valencene [48]

Oxidation using lipoxygenases
(patented)

60 g L−1 (24 h) [49]

Laccase-mediated oxidation (patented) 50 % from valencene [34]

Transformation using Chlorella spec. *330 mg L−1 (7 d) [50]

Cultured plant cells (Gynostemma
pentaphyllum)

*650 mg L−1 (20 d) [51]

CYP450 expression in E. coli/two-phase
system

120 mg L−1 (8 h) [24]

Oxidation using a lipoxygenase from
Pleurotus sapidus

*300 mg L−1 (16 h) [28]

*250 mg L−1 (4 h) [R-HL
unpublished]

CYP450 expression in P. pastoris 7 mg L−1 (24 h) [25]

Autoxidation in a microreactor 316 g L−1 h−1 [20]

Cultivation of recombinant P. pastoris 208 mg L−1 (15 h) [44]
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Current and Emerging Options for Taxol
Production

Yi Li, Guojian Zhang and Blaine A. Pfeifer

Abstract Paclitaxel (trademark “Taxol”) is a plant-derived isoprenoid natural
product that exhibits potent anticancer activity. Taxol was originally isolated from
the Pacific yew tree in 1967 and triggered an intense scientific and engineering
venture to provide the compound reliably to cancer patients. The choices available
for production include synthetic and biosynthetic routes (and combinations thereof).
This chapter focuses on the currently utilized and emerging biosynthetic options for
Taxol production. A particular emphasis is placed on the biosynthetic production
hosts including macroscopic and unicellular plant species and more recent attempts
to elucidate, transfer, and reconstitute the Taxol pathway within technically
advanced microbial hosts. In so doing, we provide the reader with relevant back-
ground related to Taxol and more general information related to producing valu-
able, but structurally complex, natural products through biosynthetic strategies.
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1 Introduction

The isolation and elucidation of the Taxol compound began two separate journeys
based upon the compound’s medicinal value and impact. First, there was a clinical
goal offormulating and administering the compound for anticancer application. In this
capacity, the compound has seen tremendous success [1, 2]. The international market
for Taxol production reached $1.6 billion in 2005 [3]. Such financial outcomes
established Taxol as the worldwide best-selling anticancer drug, regardless of direct
source or semisynthetic production routes [4]. Furthermore, as a cytotoxic chemo-
therapy drug with high response rates, Taxol is widely used for not only various types
of solid tumors associated with breast, ovarian, lung, and bladder cancer but also in
treatment therapies for Kaposi’s sarcoma [5–8]. In parallel, a second effort also began
towards process development for improved accessibility to the compound.

Originally, Taxol was isolated from the Pacific yew tree Taxus brevifolia
through an ambitious program initiated by the NCI in 1958 to screen 35,000 plants
for anticancer activity [9]. Once enough Taxol had been harvested to confirm
medicinal potency fully and allow full chemical structural characterization [10],
efforts began towards scalable production of the Taxol molecule. There are several
options towards this end including a purely synthetic route [11]. However, the
structural complexity of Taxol, like many other complex natural products, places
limits on a synthetic production option that must also be affordable and scalable.
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In other words, synthetic routes have been established, but the multiple steps
needed and the subsequent loss in yield at each step complicate economic
production.

Alternatively, the native biological host could be considered a vessel for pro-
duction purposes. From this perspective, additional consideration would have to be
given to the biological constraints of the native producer. Insurmountable or very
challenging obstacles associated with native host production has spurred further and
more recent production alternatives that include an approach termed heterologous
biosynthesis [12, 13]. In this capacity, the biosynthetic steps required for Taxol
formation are transferred from the native and typically more fastidious host and
implemented in more technically friendly microbial hosts possessing both innate
biological properties and engineering tools to facilitate pathway reconstitution and
compound overproduction. However, the process of establishing heterologous bio-
synthesis also presents a set of technical challenges that must be overcome. As such,
the following chapter is dedicated to summarizing Taxol productionwith an emphasis
on options that are currently used and those that may one day supplant them.

2 Taxol Origins and Production Development

2.1 Natural Role and Therapeutic Utilization

Although clearly established as a cancer chemotherapeutic, the native role of Taxol
is much less clear. The mechanism of anticancer activity is tubule stabilization and,
hence, cell-cycle arrest [14, 15]. Hypothetically, this same activity could serve in a
defensive role during events that threaten plant health. For example, Taxol showed
particular activity towards invasive oomycetes across various taxonomic groups
[16]. In studies designed to assess the impact of altering compound side-chain
functionality, activity was also demonstrated against Phytophthora capsici and
Aphanomyces cochlioides, two plant pathogens [17].

These same properties, however, endowed the compound as a strong neoplastic
agent. Taxus brevifolia crude plant extract was found to be cytotoxic in cellular
assays conducted in the early to mid-1960s [4]. Monroe Wall then isolated and
named the active Taxol component from fresh Taxus samples in 1967 [9]. In early
1979, Susan Horwitz demonstrated that Taxol had a previously unknown mecha-
nism of action involving the stabilization of microtubules [18]. Upon collection of
20,000 lbs of Taxus bark for compound isolation, animal toxicology studies were
complete by June 1982, and in November, the NCI submitted an IND application to
begin clinical trials [19]. Early clinical trials began in April 1984, and in March 1988
the FDA released the final results of Phase II trials against the most aggressive forms
of ovarian cancer with a response rate that averaged 30 % [20]. The FDA first
approved Taxol for the treatment for ovarian cancer in 1992 [21]. FDA approval for
breast cancer and Kaposi’s sarcoma was accomplished in 1994 and 1997, respec-
tively [22, 23].
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2.2 Production Based upon Plant Organisms

The identification of Taxol as a potent anticancer agent provided the impetus for
early production efforts. Assays and tests designed to characterize and assess the
Taxol compound further could rely on the simplest isolation routes that involved
direct extraction of the compound from the bark of the yew tree. Once these studies
confirmed the potential of the molecule, more refined approaches were required for
the processes needed to enable widespread distribution.

It readily became evident that bark extraction could not economically support
large-scale production attempts. Furthermore, the environmental impact for such a
strategy was unacceptable. To treat one patient effectively, the bark of two to three
yew trees was required with each fully grown tree only able to provide 0.5 g of
Taxol [24]. Considering that each extraction process was destructive to the tree
source and mature yews required 200 years to develop fully, this form of direct
plant isolation was clearly inefficient and nonsustainable.

However, a compromise was reached regarding direct yew tree Taxol isolation.
Namely, a key precursor from the Taxol pathway, Baccatin III (Fig. 1), was readily
extracted from yew tree needles in a manner that was nondamaging to the overall
health of the tree [25, 26]. Although this intermediate did not provide the same
therapeutic value of Taxol, the late-stage precursor could be readily converted to the
full Taxol molecule through separate synthetic chemistry transformations [27, 28].
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Hence, a semisynthetic route to Taxol was achieved. Indeed, the strategy proved
effective in large-scale Taxol production. As such, BMS became the industrial
partner involved with mass production and led an effort towards commercialization
by signing a cooperative research and development agreement with Robert Holton,
who developed the semisynthetic route to Taxol, at Florida State University [28].

Over the course of the research to establish the semisynthetic route to Taxol,
there remained interests in alternative production options. In particular, although the
semisynthetic strategy proved viable, there was still the need to rely on macroscopic
tree components and direct extraction from such sources. One option more com-
pliant with developing bioreactor strategies for biological products was plant cell
culture. In this context, early attempts at cell suspensions were initiated by con-
ditioning macroscopic fragments of Taxus calli for liquid-phase growth, which led
to culture-based production and optimization strategies [29, 30]. The first reported
T. baccata callus induction and culture was reported in 1973 [31].

Cell culture-based process development strategies allowed the transition to a unit
operation-based form of production and the associated application of process
engineering strategies as outlined in Table 1. Cell culture variability and low
product yields are two limitations for plant cell culture technology [32]. In addition,
secondary metabolite accumulation has been correlated with negative cellular
effects resulting in culture growth inhibition and overall production instability. At
the cellular population level, such phenotypic pressure results in groups of aggre-
gates and heterogeneity, contributing to production variability [33, 34]. To help
address these issues and effectively increase paclitaxel production, strategies such
as precursor and substrate feeding, media composition modification [35], two-phase
partitioned organic solvent extraction, elicitor addition (including agents such as
chitosan, silver ion, methyl jasmonate), and cellular dispersion (ultrasound) have
been attempted. Other strategies utilizing solid adsorbants (e.g., polymeric resins of
the nonionic Amberlite XAD series [36]) as well as self-immobilized aggregates of
Taxus cuspidata [37] have also been tested as ways to improve overall production.

For larger-scale production of paclitaxel, optimized bioreactor designs and
configurations are favored. Elicitation and immobilization strategies had been
applied to bioreactors operated in stirred, airlift, pneumatic, and wave formats [46].
Currently, all paclitaxel production for BMS uses plant-cell fermentation technol-
ogy developed by the Ithaca, New York biotechnology company Phyton Biotech,
Inc. and carried out at their production plant in Germany [42]. Phyton Biotech
currently employs up to 75,000 L bioreactors for commercial production of pac-
litaxel from cell culture [47].

2.3 Taxol Pathway Elucidation

Plant-derived Taxol biosynthesis remains a viable option for production purposes.
However, there was both a basic interest and applied rationale for identifying the
dedicated pathway required for biosynthesis. Scientifically, the enzymology behind
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biosynthesis would contribute to a growing number of understood complex natural
product pathways and the mechanisms behind individual intermediate transfor-
mations. Such insight then lends itself to applied efforts to modify or utilize
resulting information for unique production purposes. For example, an under-
standing of the dedicated biosynthetic steps would allow intervention for the pur-
pose of altering pathway steps and eventual final products, which may, in turn,
possess new biological activity.

Alternatively, complete knowledge of the Taxol biosynthetic pathway would
allow the potential for heterologous biosynthesis through an alternative production
host. Notwithstanding the production options offered by plant systems, the con-
straints of original production routes suggest an opportunity to harness production
through technically amenable microbial hosts. This basic theme is the genesis for
most interests and efforts in heterologous biosynthesis.

Table 1 Plant-cell culture-based production strategies

Cellular
source

Engineering strategy Vessel format Compound titer
(mg/L)

Reference

Taxus
baccata

Immobilization within
Ca2+—alginate beads

Stirred
bioreactor

43.43 at day 16 [38]

Wave
bioreactor

20.79 at day 8

Methyl jasmonate-
induced and silver thio-
sulfate (antiethylene)
addition

Large-scale
two-stage
process

295 [39]

Jasmonate-induced Shake flask 48.3 at day 14 [40]

Taxus chin-
ensis and
endophytic
fungi

Reparable separation
membrane

Cobioreactor 25.63 at day 15 [41]

Taxus
chinensis

Combination of
enhancement agents
and medium exchange

Fed batch 900 [42]

Chitosan, methyl jasm-
onate-induced, and Ag+

addition

Shake flask 25 [43]

Mechanical stimulus,
ultrasound,
methyl jasmonate-
induced, in situ solvent
extraction

Shake flask 33–35 [44]

Taxus
cuspidata

Self-immobilization
aggregate

Shake flask 4.9 at day 40 [37]

Medium composition
modification

Shake flask 431 at day 55 [45]
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Towards this end, Rodney Croteau’s group at Washington State University took
the lead in elucidating the steps required for Taxol biosynthesis [48–53]. The
important outcome of this research was an outline of a hypothetical path to Taxol
biosynthesis that could be utilized in the context of basis studies to understand
enzymatic conversion steps and applied attempts to heterologously reconstitute the
biosynthetic pathway. However, towards the latter goal, a significant challenge
beyond the obvious technical steps in designing reconstitution is the fact that
several steps remain unknown in the biosynthetic path to Taxol (Fig. 1). In par-
ticular, genes encoding taxoid 1β-hydroxylase, taxoid 9-keto-oxidase, β-phenyl-
alanoyl-CoA ligase, taxoid 2′-hydroxylase, epoxidation reactions at C4 and C5, and
those involved in oxetane formation are still to be identified. Thus, more research is
required to identify these steps before reconstitution efforts can be planned with
complete confidence.

2.4 Microbial Production

With the partial elucidation of the Taxol biosynthetic pathway came early attempts
towards heterologous biosynthesis. As a basis for such efforts, the new hosts must
provide the prerequisite universal isoprenoid substrates needed to support down-
stream compound biosynthesis. The two routes available for this purpose include
the MVA and nonmevalonate (or MEP) pathways (Fig. 2) [54]. The MVA pathway
is generally found in eukaryotic organisms; whereas, the MEP pathway is com-
monly associated with prokaryotic metabolism [55, 56]. Before biosynthesis can
commence, a substrate support pathway must be available and, in most cases,
engineered to support isoprenoid overproduction.

However, the engineering dedicated to pathway support must be completed with
care. Otherwise, the buildup of intermediates will lead to global cellular toxicity.
For example, prenyl pyrophosphate intermediates such as IPP, DMAPP, and FPP
involved in the biosynthetic pathway towards Taxol have demonstrated intracellular
toxicity within microbial systems [57]. In addition, HMG-CoA from the alternative
MVA pathway has resulted in negative cellular effects upon fatty acid biosynthesis
[58].

Upon completing the cellular engineering to support broad isoprenoid biosyn-
thesis, the dedicated enzymes required for product formation will subsequently be
introduced. From this perspective, the downstream steps to isoprenoid formation
can be subdivided into those reactions required for terpene synthesis (the hydro-
carbon portion of the final isoprenoid compound) and those steps required for
terpene tailoring. The first series of reactions can include both isoprene elongation
steps, which dictate the classification of the final isoprenoid compound (Fig. 1), and
a terpene synthase step that cyclizes the elongated terpene chain into a configura-
tional core structure [59]. The isoprenoid tailoring reactions then proceed to dec-
orate the resulting terpene compound with functional units that confer key
bioactivity. These reactions, particularly featured in Taxol formation, include
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hydroxylation, transacetylation, stereospecific oxidation, benzoylations, epoxida-
tion, esterification, and oxetane ring formation. In particular, hydroxylation reac-
tions are common and are catalyzed by dedicated pathway P450 enzymes [60].

In step with other early efforts in the heterologous production of isoprenoid
compounds, E. coli was a first option in efforts to generate Taxol intermediates
[61, 62]. The choice to use E. coli coincided with the technical convenience
associated with the host, namely, a rapid growth rate and well-established molecular
biology protocols. The host natively utilizes the MEP pathway for cellular iso-
prenoid production purposes that include tRNA prenylation and steps in cell-wall
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and quinone formation [63]. As such, this intrinsic support pathway was utilized to
provide the universal IPP and DMAPP substrates for heterologous biosynthesis.
Pathway genes associated with bottleneck steps in precursor support were identified
as dxs, idi, ispD, and ispF and have since been the targets of many engineering
efforts (including those of Taxol heterologous biosynthesis attempts) to improve
intracellular precursor availability [64, 65].

Building upon contemporary work to generate isoprenoid compounds through
E. coli in the 1990s [66–68], Croteau’s group attempted to generate the first ded-
icated intermediate of the Taxol pathway, taxadiene [48, 51, 62, 69]. Given the
Croteau group’s pioneering work in Taxol pathway elucidation, the putative genetic
material to support heterologous biosynthesis was available to test in the context of
initial gene expression design. Interestingly, as advanced as these attempts were,
success was only realized upon manipulation of the E. coli MEP pathway to
improve precursor support by targeting bottleneck steps (introduced above) [70].
Even so, taxadiene titer levels achieved were modest (1.3 mg/L) [62]. Furthermore,
little progress was made in generating sufficient quantities of later pathway inter-
mediates when using E. coli prior to renewed efforts that began in the middle 2000s.
By this time, numerous and high-titer examples of isoprenoid heterologous bio-
synthesis had been established through E. coli [71, 72]. Based upon this renewed
level of success and emerging synthetic biology and metabolic engineering
experimental tools, a more concerted effort was made in establishing early Taxol
pathway biosynthesis through E. coli [61, 73, 74].

First, optimized strains designed for ample precursor supply were used as a
foundation for introducing the Taxol biosynthetic pathway. Next, knowledge accu-
mulated in gene expression design allowed successful activity from the plant-derived
downstream enzymes needed to generate taxadiene and the subsequent hydroxylated
intermediate. When combined, improved or new production titers of each interme-
diate were recorded. From this point, productionwas next optimized through a careful
balancing of the upstream precursor support and downstream biosynthetic compo-
nents of the cellular design. The final optimized product titers were further boosted
through the application of small-scale bioreactor strategies [61].

Production of Taxol intermediates (and isoprenoids more generally) was also
extended to yeast systems that natively possess the MVA pathway. Regarding
Taxol, a strong motivation for pursuing an alternative heterologous host was the
multiple steps requiring P450 hydroxylation [59, 75]. Although a bacterial host
provides convenience in genetic manipulation steps, the eukaryotic nature of the
yeast host provides a better cellular match to the native plant cellular environment
for the Taxol biosynthetic pathway [76, 77]. As such, support mechanisms, espe-
cially in the context of the P450 enzymes, were available in this surrogate host. For
example, the yeast cell could natively provide a required P450 reductase to assist in
the hydroxylation reactions associated with the Taxol P450 biosynthetic steps [78].
The cellular structure of the yeast system also provides physical localization of
P450 enzymes (to the endoplasmic reticulum) [79]. Hence, an emerging trend in the
heterologous production of isoprenoid compounds requiring P450 activity is the use
of yeast systems [77, 80, 81]. In the context of Taxol efforts, both the Croteau and
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Jennewein groups tested production using yeast with successful biosynthesis of the
second dedicated Taxol pathway intermediate, which required the activity of a P450
enzyme [75, 78, 82].

Finally, another potential option for microbial-based Taxol production is the use
of fungal organisms. This approach is supported by interesting observations of
Taxol production by endophytic fungi associated with Taxol-producing plants [83].
Several follow-up studies examine the capabilities of these organisms to produce
Taxol; however, production levels were not high enough, relative to competing
technology, to support production processes [84]. A recent study has also ques-
tioned endophytic fungal biosynthesis altogether, based upon the lack of compel-
ling biosynthetic sequence identification [85]. Still, the results and observations
associated with Taxol-producing fungi support the prospect of production through
industrially relevant and continually developing fungal host systems such as
Aspergillus niger, A. nidulans, A. oryzae, and A. terreus [86, 87].

2.5 Engineering Across Host Systems

Engineering strategies have been developed continually for Taxol biosynthetic
production. Strategies vary depending on the host system and the objective. In some
cases, improvements associated with final compound production have been initiated
towards immediate benefits in the form of more economical and timely production
routes. Longer-term research efforts, heavily featuring microbial hosts, have been
dedicated to heterologous biosynthesis and post-reconstitution optimization.

In plant systems, several process engineering strategies have been summarized in
Table 1. This has been the primary avenue to improving and optimizing production
levels to this stage. However, more recent developments have opened the possi-
bility of cellular-based engineering. For example, Taxus culture transformation
methods have recently been established [88, 89]. Such advances are necessary for
themes in genetic and metabolic engineering to commence. In this regard, direct
pathway engineering has been initiated via overexpression of the txs and dbat
biosynthetic genes coding for taxadiene synthase and 10-deacetylbaccatin III-10
β-O-acetyltransferase, respectively, in transgenic T. chinesis, resulting in increased
production titers [90].

Engineering within microbial cells can be subdivided across different scales:
genetic, metabolic, and process. The genetic level requires close attention to the
details used in establishing active gene expression and the pathways responsible for
biosynthesis. Viewing the wild-type cell as the basis, any engineering completed
regarding gene expression must account for intrinsic challenges and resulting
problems that may exist as a result of the manipulations made. Gene expression
must be designed to perturb native metabolism minimally. At the same time, tuning
gene expression to maximize an alternative objective relative to the cellular status
quo is clearly important. Thus, the gene expression process, and the growing
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number of tools available to program expression, must be designed to find an
optimum of the overall objective. Key components of the process include the
following.

2.5.1 Gene Source

Genetic content information (i.e., the gene sequence) must be available to initiate
the design process. The native source genomic material is the obvious location for
obtaining such information. Especially relevant to genes that must be introduced
heterologously, the content of the gene reading frame may experience significant
expression problems within a new host. This issue can be addressed by codon
optimizing the gene of interest or introducing rare tRNA molecules to the new host.
These considerations and others related to proper gene expression design are built
into the plan of microbial biosynthesis using established and emerging tools of
genetic engineering and synthetic biology [91]. The reconfigured gene or genes
required for biosynthesis then provide the template for the remaining steps in
pathway reconstitution.

2.5.2 Gene Expression

The gene expression process can be influenced at multiple levels. First, there is now
a wealth of promoters, repressors, terminators, and other expression parameters
available to design and tune gene expression (together with emerging analytical
technologies to measure the resulting gene expression finely) [92]. These param-
eters can be combined with gene copy number and process conditions (such as
temperature modulation) to optimize expression of a particular gene, which will
limit detrimental metabolic imbalance. Similarly, microbial systems offer the
opportunity for gene expression format variation in the way of operon designs,
which offer an alternative means of modulating the potential for expression burden.

2.5.3 Expression Duration

Expression duration will also influence overall production potential. Linked to
mRNA levels, extended gene expression will be closely correlated with production
and will be influenced by some of the same parameters introduced above. For
example, promoter type and strength will be a key determinant of mRNA content.
As one example, the powerful T7 promoter has been used in several heterologous
production efforts because of the strong and processive nature of the associated T7
RNA polymerase that has been built into certain microbial strains [93, 94]. Alter-
natively, weaker promoters stand as alternatives, as do copy number formats, to
modify transcript levels [61].

Current and Emerging Options for Taxol Production 415



Another option in transcriptional influence is the type of expression regulation.
Numerous microbial systems are inducible with the lac, tet, and ara operators
[95, 96]. Constitutive or continuous expression is the counter option to inducible
systems and offers a steadier level of mRNA over time [97]. The choice of using
one system versus the other is driven by experience and the specific goals of the
production process. It may be desirable to attempt to decouple biosynthesis from
cellular growth. In this case, an inducible expression design will allow the potential
to delay the biosynthetic process until a suitable cell density has been achieved.
However, in this format, inducible expression may then completely imbalance
metabolism and shorten the overall production timeframe; whereas, a more mea-
sured level of constitutive expression may allow continuous and extended pro-
duction while minimizing metabolic burden, potentially leading to improved
production metrics. It may be difficult to choose correctly between these two
expression formats in the initial design phase, but heuristics such as the likelihood
of heterologous pathway products contributing to detrimental cellular effects would
suggest an option of inducible expression. Doing so would allow a balance of
robust biomass accumulation and detrimental side effects of biosynthesis.

The transcriptional approaches indicated above relate to mRNA generation, but
influencing degradation patterns also provides a means of stabilizing transcript
levels and expression over time. Particularly in bacteria, mRNA decay rates can
differ by two orders of magnitude, thus, posttranscriptional processing plays a key
role in controlling gene expression in cases not limited by ribosome availability
[98]. For example, by introducing DNA cassettes encoding mRNA secondary
structures, carotenoid biosynthesis could be modulated, resulting in target com-
pound yield increases [99]. In addition, varying the distance between promoter and
gene initiation was implicated as another influence on transcript levels and overall
isoprenoid biosynthesis [100].

Finally, it should be mentioned that the majority of genetic systems indicated
above were not designed with optimal pathway reconstitution in mind. Instead,
most derive from attempts at single gene overexpression for the purpose of puri-
fication and characterization of the final protein product (usually in the context of
biochemical characterization or protein structural determination). Thus, such sys-
tems will most likely not provide sustained and measured gene expression and
subsequent product formation. More recent efforts have begun, however, to
reconfigure traditional expression formats for multistep biosynthetic pathways.
Commercial examples include the pET–Duet vectors from Novagen and additional
plasmids designed for pathway reconstruction [101]. In other approaches, pathways
are constructed using recombination-based assembly methods [102–105].

As indicated above, gene expression design is intrinsically linked to metabolic
analysis and engineering. The development and continued maturity in character-
ization strategies, especially with regard to comprehensive and omic-type analyses,
is capable of providing a complete readout of cellular states [106, 107]. With such
information comes a clearer understanding of potential imbalances associated with
production efforts. As indicated, such problems can be addressed at a pathway level
through genetic design. However, pathway efforts must be viewed within the context
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of complete metabolism. Towards this end, computational metabolic engineering
has proven beneficial in predicting and identifying interactions between native and
engineered metabolisms that provide the basis for additional genetic engineering for
improving overall production [108, 109]. For example, stoichiometric constraint-
based modeling has been utilized in the context of predicting those native reactions
contributing to or detracting from the flow of carbon and other metabolites required
for optimal pathway operation [110, 111]. These predictions can then be readily
incorporated through the utilization of the molecular biology protocols associated
with model organisms [74, 112]. It must be emphasized that the hosts must be well-
characterized with regard to genome sequencing and annotation and possess trac-
table genetic manipulation methods. If these conditions are met, the utilization of
metabolic modeling can be readily implemented in cellular-based production efforts.
As an alternative to metabolic modeling, the same characterization strategies that
may indicate metabolic imbalance could be used in a comprehensive fashion to
allow genetic alterations in a purely experimental format. However, such efforts may
be prohibitively resource intensive, which is a significant reason why cost-effective
modeling approaches have found widespread utilization.

Apart from the directed metabolic engineering strategies indicated above, there
also exist nondirected efforts that take advantage of classical biological principles of
perturbation and selection. For example, native production of various natural
products have effectively utilized mutagenesis and screening protocols [113]. In
particular, such approaches are viable options when production hosts are not well-
characterized or genetically tractable. In such cases, genetic manipulations towards
improved phenotypes are possible, but the genotypic changes made are not done so
in a directed fashion and, therefore, there is less of an engineering aspect to these
approaches. Nonetheless, they have been utilized with great success with several
natural products [114–119].

Finally, at the process level, there exist additional engineering options to
improve final production metrics further. First, there is the opportunity to scale
production conditions from culture tubes and shake flasks to well-controlled bio-
reactors that allow precise maintenance of parameters such as pH, temperature,
agitation, and dissolved oxygen content in addition to larger reaction volumes
[120]. This improvement in process control and overall scale typically translates to
improved final production titers [121, 122]. However, the advantage to utilizing
nonaggregating, unicellular microbial hosts possessing simple media requirements
and rapid growth kinetics has the potential to modify the typical batch bioreactor
configuration to include a nutrient feed capable of greatly extending volumetric cell
density and productivity. In this format, a highly concentrated nutrient stream is
slowly fed to the primary culture, allowing for a finely controlled and extended
growth profile and eliminating the carbon nutrient limitations that would normally
accompany a batch reactor [123–125]. The fed-batch design therefore allows for
effective cell density scaling with a modest increase in total volume, effectively
allowing continued scaling of production without the need physically to increase
the size of the bioreactor.
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Although a fed-batch bioreactor design will eliminate carbon source limitation,
there exists the danger of oxygen limitation. This concern can be addressed through
the reconfiguration of bioreactor air ports or the introduction of pure oxygen
[126, 127]. Related to nutrient input and other process parameters, the process
production formats can also be optimized utilizing design of experiments (DOE)
techniques [128]. In certain situations, such as media optimization, the approach
may be best accomplished utilizing small-scale (i.e., 96-well) culture formats with
subsequent scaled experiments used to confirm results [129, 130]. Alternatively, the
same sort of optimization experiments could be applied to the controllable process
parameters at the bioreactor scale [131].

3 Summary, Conclusions, and Outlook

Current Taxol production processes utilize plant sources in either semisynthetic or
culture-based formats. Such routes have allowed for the distribution and medicinal
use of this potent anticancer compound. However, relative advantages of microbial
production hosts, together with emerging technology and examples of heterolo-
gously produced isoprenoid compounds, have initiated studies of reconstituted
production efforts through host systems such as E. coli and S. cerevisiae.
Regardless of the biological production host, engineering strategies have been
implemented across several scales.

Plant-based production has seen a transition from direct (and nonsustainable)
extraction from the native Pacific yew tree to industrial production dependent upon
plant cell culture. Bridging these two production strategies was a semisynthetic
route that first allowed larger-scale access to the Taxol compound. As more
information and technology are gathered using plant-cell culture, the application of
metabolic and process engineering is expected to continue to result in improved
titers. However, the challenge of engineering plant cells has spurred parallel
research in heterologous biosynthesis.

Engineering of microbial production hosts has been focused on two goals. First,
there is the need to implement fully and reconstitute successfully the complete
Taxol pathway (or enough of the pathway to allow semisynthesis). A number of
genetic engineering strategies have been utilized to enable early-stage pathway
intermediate production. These same tools stand as a way to enable the second
objective which is to design production carefully for the purpose of streamlining
later metabolic and process engineering. Combined, the available of emerging
engineering options associated with the genetic, metabolic, and process scales will
each need to be utilized and optimized to make compounds such as Taxol feasible
for microbial production with the promise of even more widespread accessibility to
this and similar compounds.

This vision is therefore a key future objective. Furthermore, successful Taxol
heterologous biosynthesis would allow an additional frontier: the potential to
engineer rationally the biosynthetic steps for molecular diversification. The goals
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associated with molecular diversification could range from improving the formu-
lation and solubility of the Taxol compound to designing altered anticancer (and
other forms of) bioactivity [132, 133].

The same themes summarized above for Taxol provide the basis for a broader
future direction. Namely, a highly desired vision is to achieve the successful
production, heterologous reconstitution, and manipulation of numerous other iso-
prenoid natural products, including those yet to be discovered. The success
recorded thus far regarding the medicinal utility of isoprenoids represents only a
small fraction of the possibilities available through nature. This chapter and
ongoing work are dedicated to summarizing and projecting opportunities to iden-
tifying, producing, and benefiting from similar production efforts with increasingly
successful frequency.
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Abstract Ambrox and related ambroxides are highly priced in the fragrance
industry, and valued for their delicate odor and fixative properties. Historically,
ambrox was obtained from ambergris, a waxy excretion produced by sperm whales,
now an endangered species. Synthetic ambroxides have replaced ambergris in
perfume manufacture. Plant labdane diterpenoids can serve as starting material for
ambroxide synthesis. Among these, the diterpene alcohol sclareol is the major
industrial precursor obtained from cultivated clary sage (Salvia sclarea). In plants, a
large family of diterpene synthase (diTPS) enzymes controls key reactions in dit-
erpenoid biosynthesis. Advanced metabolite profiling and high-throughput
sequencing of fragrant and medicinal plants have accelerated discovery of novel
diTPS functions, providing a resource for combinatorial synthetic biology and
metabolic engineering approaches. This chapter highlights recent progress on the
discovery, characterization, and engineering of plant diTPSs with potential uses in
ambroxide production. It features biosynthesis of sclareol, cis-abienol, and diter-
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1 General Introduction

Terpenoids are one of the largest and most diverse classes of natural products,
comprising tens of thousands of different metabolites that share a common origin
from five-carbon (C5) building blocks [1, 2]. In plants, the chemical diversity of
terpenoids is a reflection of their manifold biological functions [3–5]. Although
some terpenoids, such as gibberellins or carotenoids, play important roles in general
(primary) plant metabolism, the majority of compounds are specialized (secondary)
metabolites mediating ecological interactions of plants with the environment. These
specialized terpenoids are often confined to individual plant species, genera, or
families, and may be formed or accumulated in specialized anatomical structures.
For example, trees of the pine family (Pinaceae) produce large quantities of mon-
oterpenoids and diterpene resin acids (DRAs) as a viscous oleoresin, which accu-
mulates in resin blisters and ducts, and forms part of a chemical defense system
against herbivores and pathogens [4, 6]. Similarly, many angiosperms (flowering
plants) accumulate specialized terpenoids in glandular trichomes, epidermal pro-
tuberances on the surface of leaves and other organs [7]. In addition to their tissue-
specific occurrence, these biologically active terpenoids may only be formed upon
induction by biotic or abiotic stressors [2, 4, 5].

Owing to their different chemophysical properties that range from highly volatile
to semi- and nonvolatile compounds, terpenoids and terpenoid-producing plants
have a long history of practical uses as flavors (e.g., menthol), fragrances (e.g.,
linalool), pharmaceuticals (e.g., Taxol, artemisinin), industrial resins and coatings
(e.g., DRAs), and more recently as biofuels (e.g., farnesene, bisabolene) [8–12].
The ancient and modern use of volatile terpenoids as fragrances draws on their wide
range of scent qualities. Volatile monoterpenoids with applications in the fragrance
industry include pinene, myrcene, and limonene, which are significant by-products
of the forest and fruit industries and used as large-volume feedstocks for the pro-
duction of numerous household products, such as soaps, air fresheners, cosmetics,
and perfumes [8, 10]. Semi- or nonvolatile diterpenoids, such as the nor-labdane
diterpenoid (-)-ambrox (trademarked by Firmenich) and related ambroxides (Fig. 1)
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are valued for fragrance manufacture, due to their delicate amber, sweet, and woody
odor characteristics and excellent fixative properties to preserve the evanescent top
and heart notes of a perfume [13].

Similar to other perfume fixatives, such as musk and civet, (-)-ambrox was
historically obtained from an animal product, ambergris or grey amber (Fig. 1).
Ambergris is a waxy material formed as a biliary secretion of sperm whales
(Physeter macrocephalus). Its major constituents are cholestanol-type sterols and
the odorless triterpene ambrein. After the material has been regurgitated by the
animals, ambrein undergoes oxidative degradation to form (-)-ambrox and
numerous other compounds that contribute to the typical ambergris odor [14].
Knowledge of ambergris dates back to its use as ceremonial incense by the ancient
Egyptians. Since the tenth century AD, ambergris was harvested on shores or from
whale carcasses and traded across the Mediterranean and Europe for its use in

Fig. 1 Ambergris and ambroxide fragrances. Ambergris is an intestinal excretion produced by
sperm whales, primarily comprised of cholestanol-type sterols and ambrein (a). After regurgitation
by the animal, exposure to water and sunlight leads to the oxidation and degradation of ambrein to
form (-)-ambrox and related compounds that define the odor characteristics of ambergris (b).
Today, synthetic ambrox-related compounds produced primarily from plant diterpenoids are used
in perfume fragrance production (c)
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perfumery. (-)-Ambrox remains a rare natural product, found only as a component
of ambergris, in the essential oil of gum rockrose (Cistus ladanifer, Cistaceae),
cypress (Cupressus sempervirens, Cupressaceae), and clary sage (S. sclarea,
Lamiaceae), and the absolute of tobacco (Nicotiana tabacum, Solanaceae). It was
not before the early 1950s that semi-synthetic ambroxide compounds replaced the
scarce natural (-)-ambrox [15]. Today, synthetic (-)-ambrox is available under
several trade names, including Ambrox® (Firmenich), Cetalox® (racemic mixture,
Firmenich), Amberlyn® (Quest), Ambroxan® (Henkel), and Ambrofix® (Givaudan
Roure). It is used as the base note in many popular perfumes, such as Davidoff Cool
Water®, Chanel No. 5®, or Georgi Armani Si®. The demand for a reliable and
economically viable supply of synthetic ambroxides has motivated the development
of numerous total and partial synthetic approaches [16]. In most cases, naturally
occurring plant diterpenoids serve as starting material (Fig. 2).

Fig. 2 Ambroxide synthesis
from plant diterpenoids.
Ambrox® and related
ambroxide fragrances can be
obtained through synthesis
from plant-derived labdane
diterpenoids. Sclareol isolated
from flowers of clary sage
(S. sclarea) serves as the
major source for (-)-ambrox
production in the perfume
industry. In addition, a variety
of alternative semi-synthetic
routes from other labdane
diterpene alcohols and acids
have been established. For
example, cis-abienol,
labdanolic acid, and
communic acid are starting
materials for producing (-)-
ambrox. Larixol can be
converted to Δ6-ambroxene,
and manool is a precursor for
the synthesis of amberketal.
The trans-decalin backbone
of labdane diterpenes is
highlighted in red
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Some of these diterpenoids such as DRAs are abundant in nature, however,
others can only be obtained in low amounts from wild plant species. Lack of
cultivation of many diterpenoid-producing plants and the requirement for protection
of some wild species may constrain their use in the fragrance and other industries.
Recent advances in transcriptome sequencing and functional genomics, metabolo-
mics, and biochemistry of nonmodel plants have accelerated the discovery of nat-
ural product biosynthetic pathways in many previously unexplored species [17–19].
The portfolio of diverse biosynthetic genes and enzymes made accessible through
these approaches has, in turn, inspired metabolic engineering and synthetic biology
approaches for producing natural plant products, such as terpenoid fragrances,
flavors, and pharmaceuticals [11, 17, 18, 20–26]. In this chapter, we highlight
recent advances in the discovery, characterization, and metabolic engineering of
diterpene biosynthetic pathway genes and enzymes with applications in ambroxide
production. On the basis of three examples, sclareol, cis-abienol, and DRAs, we
discuss new opportunities for combining chemical synthesis with metabolic engi-
neering as alternatives to conventional methods for producing ambroxide
fragrances.

2 Chemical Syntheses of Ambroxides

Since the first semi-synthesis of (-)-ambrox from the diterpenoid sclareol in 1950 by
Stoll and Hinder [15], several total and partial syntheses toward ambroxide odorants
have been established [13, 16]. Kawanobe and coworkers described the total syn-
thesis of (-)-ambrox from β-ionone [27], and several methods for (-)-ambrox pro-
duction via biomimetic polyene cyclization, for example, from homofarnesol, were
described [28]. However, most synthetic routes represent partial syntheses using
plant-derived labdane diterpenoids as starting material, because these natural
metabolites readily provide the trans-decalin scaffold also found in (-)-ambrox
[29–34] (Fig. 2). Labdane diterpenoids are widely distributed across the plant
kingdom, comprising a large group of several thousand distinct bi-, tri-, or tetra-
cyclic structures, most of which carry extensive functional modifications, including
oxygenation, carboxylation, acetylation, methylation, and glycosylation [1, 2, 35].

As the many different synthetic approaches for converting diterpenoids into (-)-
ambrox would exceed the scope of this review, only select plant labdane-related
diterpenoids with use in ambroxide synthesis are highlighted here. For a detailed
review on the underlying chemical procedures, we refer the reader to comprehensive
reviews by Frater et al. [13] and Frija et al. [16]. The diterpene-diol sclareol, the
primary constituent of clary sage, is currently the major industrial resource for (-)-
ambrox production [23] (Fig. 2). Sclareol is isolated from inflorescences either by
steam distillation or more efficiently by organic solvent extraction of dried plant
material [21, 36]. Several approaches for the conversion of sclareol into (-)-ambrox
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have been demonstrated [15, 29, 37]. A critical step is the initial oxidative degra-
dation of the carbon-9 side chain of sclareol to form a mixture of sclareolide
diterpene lactones (Fig. 2). Further reduction to the respective diols followed by
acid-driven cyclization affords (-)-ambrox. Although so far not industrially com-
petitive, a range of other oxygenated labdane diterpenoids have been employed for
the synthesis of (-)-ambrox and its equivalents (Fig. 2). Although the individual
synthetic approaches differ, most proceed via reductive degradation of the C-9 side
chain and subsequent cyclization as key steps. In particular, conifer trees including
species of pine (Pinus), spruce (Picea), and fir (Abies) are a rich source of labdane-
related diterpene alcohols and acids, which accumulate in copious amounts in the
form of oleoresin [4]. These diterpenoids are obtained as large feedstocks by tapping
resin from tree stems or as a by-product of the timber and pulp industry [8, 10]. For
example, the tertiary diterpene alcohol, cis-abienol, is a feasible starting material
obtained from the oleoresin of balsam fir (Abies balsamea) and a few other conif-
erous trees [38]. Barrero et al. [29] demonstrated a three-step conversion of
cis- abienol into (-)-ambrox in high yield. In addition, synthesis of (-)-ambrox and
amberketal (Fig. 1), a structural analogue with similar odor characteristics, from
manool has been established [13]. Manool occurs naturally in several plant species
and is commercially harvested from yellow pine (Halocarpus biformis, Podocarp-
aceae), a conifer tree endemic to New Zealand. Another diterpene alcohol, larixol,
abundant in the hardwood of Dahurian larch (Larix gmelini) and other Larix species,
has also been employed for producing ambroxides. Bolster et al. [32] reported the
conversion of larixol into Δ6-ambroxene, an unsaturated (-)-ambrox analogue, called
superambrox for its superb odor qualities. Other diterpene acids with successful use
in the synthesis of (-)-ambrox include abietic acid and levopimaric acid as major
components of many conifer oleoresins, labdanolic acid from leaf exudates of C.
ladanifer, and communic acid abundant in the wood and berries of Juniperus sabina
(Cupressaceae) [30, 31, 33, 34].

In addition to chemical synthesis, bioconversion of natural products using
bacteria, fungi, or plant cell cultures have been explored for the manufacture of
natural or nature-like diterpenoids [16, 39]. Their advantage lies in the possibility to
catalyze regio- and stereospecific reactions under milder conditions, and the
modification of functional groups that are difficult to access with conventional
chemical methods. For example, fungal cell cultures of Hyphozyma roseoniger
(Ascomycota) and Cryptococcus albidus (Basidiomycota) have been used to con-
vert sclareol into sclareolide and the respective diols as an alternative to the
chemical degradation of the side chain of sclareol [40]. Moreover, fungal cultures of
Macrophomina phaseolina (Ascomycota), as well as plant cell cultures of kiwi fruit
(Actinidia deliciosa, Actinidiaceae) have been applied for the biotransformation of
(-)-ambrox into a range of structural analogues with potentially novel or improved
odor qualities [41, 42].

432 P. Zerbe and J. Bohlmann



3 Diterpene Biosynthesis and Bioengineering of Ambroxide
Precursors

3.1 Introduction

Despite the common utility of plant-derived labdane diterpenoids as starting
materials for the semi-synthesis of (-)-ambrox, several factors limit their industrial
use. Many natural diterpenoids occur in only minor quantities and often as part of
complex mixtures in planta, requiring laborious and cost-intensive purification
procedures for their application in chemical synthesis. Furthermore, access to wild
diterpenoid-producing plant species can be limited, and plant cultivation can be
affected by unfavorable environmental conditions. Discovery and engineering of
diterpenoid-producing genes and enzymes offers an opportunity to improve and
expand the availability of starting materials for ambroxide manufacture. Advanced
high-throughput metabolite analysis and transcriptome sequencing are enabling the
rapid and cost-efficient investigation of many diterpenoid-forming plant species not
previously accessible to comprehensive gene discovery [17, 19]. Recent years have
witnessed the identification and definite functional annotation of many diterpene
synthases (diTPSs) and cytochrome P450 monooxygenases (P450s), two key
enzyme classes in diterpenoid biosynthesis [17, 20, 21, 25, 43–49].

Generally, terpenoids share a common biosynthetic origin from two C5 inter-
mediates, isopentenyl diphosphate (IPP) and dimethylallyl diphosphate (DMAPP).
Condensation of these building blocks through the activity of prenyl transferases
affords a few prenyl diphosphate intermediates of distinct chain length that serve as
central precursors for all terpenoids [50]. Diterpenoids derive from the C20 inter-
mediate geranylgeranyl diphosphate (GGPP), which is converted by diTPSs
through multistep carbocation-driven (cyclo)isomerization reactions to form various
linear or cyclic scaffolds [35]. Functional modification of the diTPS products
through the activity of P450s and a few other enzyme classes then affords the
tremendous chemical diversity of plant diterpenoids [51].

The diversity of diTPS functions is based, in part, on their modular structure that
is comprised of variations of three α-helical domains α, β, and γ [52]. The three
major diTPS classes are monofunctional class I diTPS, monofunctional class II
diTPSs, and bifunctional class I/II diTPSs [2, 35]. These three classes have different
domain architectures and differ in the number of active sites and characteristic
functional motifs. Class II diTPSs harbor an N-terminal active site in the βγ-domain
accompanied by a common DxDD motif that facilitates the protonation-initiated
cycloisomerization of GGPP into a variety of bicyclic prenyl diphosphate inter-
mediates of distinct stereochemistry and regiospecific oxygenation. In contrast,
class I diTPSs contain a C-terminal active site in the α-domain along with catalytic
DDxxD and NSE/DTE motifs for binding the substrate’s diphosphate moiety. Class
I diTPSs facilitate the transformation of either GGPP or the transformation of
products of class II diTPS. Class I diTPSs catalyze ionization-promoted cleavage of
the substrate’s diphosphate group, and subsequent rearrangement of resulting
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carbocations to yield a multitude of diterpene structures. Bifunctional class
I/II diTPSs contain both class II and class I active sites and functionalities in one
protein. To current knowledge, only mosses, the lycophyte Selaginella
moellendorffii, and gymnosperms contain bifunctional class I/II diTPSs [53–55].
In angiosperms, the majority of diterpenoids, including all labdane-related com-
pounds, are formed through the sequential activity of pairs of monofunctional class
II and class I diTPSs [35]. Repeated gene duplications, followed by sub- and
neofunctionalization led to the expansion and functional divergence of the diTPS
gene families in the course of evolution. Recent studies in several species suggest
that diterpenoid biosynthesis may be organized in the form of modular systems, in
which different combinations of class I and class II enzymes can yield different
diterpene scaffolds to further increase the chemical space of diterpenoid interme-
diates and products [17, 25, 44, 45, 56–59].

Information gleaned from the characterization of naturally occurring modular
pathways of pairwise acting functionally distinct diTPSs in planta can be applied to
develop metabolic engineering and synthetic biology strategies based on combina-
torial expression of available diTPSs and possibly P450 enzymes [17, 23, 60–62].
Building on the experience gained with established metabolic engineering platforms
for high-value terpenoids, such as the anticancer diterpenoid drug Taxol and the
sesquiterpenoid artemisinin used in the treatment of malaria [24, 26, 63], new
microbial and plant-based platforms for the production of natural and nonnatural
diterpene bioproducts are currently being developed in several laboratories [17, 26,
64–66]. In the following sections, we describe three examples of diterpene bio-
synthesis, sclareol production in clary sage, cis-abienol formation in balsam fir, and
DRA biosynthesis in the Pinaceae, to highlight recent research on the genetic and
enzymatic diversity of diterpenoid metabolism and its application for the fragrance
industry.

3.2 Sclareol

Sclareol is presently the most important biologically sourced feedstock for the
commercial semi-synthetic production of (-)-ambrox and related ambroxide fra-
grances for high-end perfume manufacture. In nature, sclareol is found in only a
few plant species, including Cistus creticus (Cistaceae), Cleome spinosa (Brassic-
aceae), Nicotiana glutinosa (Solanaceae), and clary sage (Lamiaceae) [21, 23]. In
particular, clary sage accumulates large enough quantities of sclareol that it forms
epi-cuticular crystals primarily on the surfaces of flower calyces and bracts [36].
Although sclareol was shown to have antimicrobial properties, its biological
function in planta is unknown [67]. Owing to its high content of sclareol, clary sage
is commercially cultivated in Europe (France, Hungary, Bulgaria), the northern
United States, and China. However, annual production levels of sclareol from clary
sage can fluctuate as a result of environmental variables, affecting availability and
price. Consequently, research on the biosynthesis of sclareol in clary sage and the
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development of enzymatic production systems as an alternative to harvesting from
plant material have attracted much interest in recent years.

In agreement with the modular architecture of diterpenoid biosynthesis in
angiosperms, a pair of monofunctional class I and class II diTPSs is involved in the
formation of sclareol [21]. Transcriptome analysis of clary sage calyx tissue led to
the identification and functional characterization of the two relevant diTPSs, the
class II diTPS labda-13-en-8-ol diphosphate synthase (SsLPS) and the class I
enzyme sclareol synthase (SsSCS), which together form sclareol from GGPP [21]
(Fig. 3). First, SsLPS forms labda-13-en-8-ol diphosphate (LPP) through proton-
ation-initiated cyclization of GGPP and subsequent regiospecific water capture of
the intermediate carbocation at position C-8. SsSCS then converts LPP through
ionization of the diphosphate ester, followed by rearrangement of the resulting
carbocation and secondary cyclization at C-13 to afford sclareol. In addition to
sclareol, the coupled reaction of SsLPS and SsSCS yields small amounts of manool
(Fig. 2), which may result from conversion of ent-copalyl diphosphate by SsSCS. In
planta, ent-copalyl diphosphate may either be recruited from the gibberellin plant
hormone biosynthetic pathway or formed as a minor by-product of SsLPS as
observed in vitro. Manool formation through a side reaction of SsLPS and SsSCS is
consistent with the low metabolite abundance in clary sage, whereas other Salvia
species, such as S. oligophylla and S. argentea accumulate manool rather than
sclareol [68].

The complete biosynthesis of sclareol and manool from GGPP is achieved by
diTPSs and, unlike many other diterpenoid pathways, it does not require a cyto-
chrome P450-dependent activity to introduce the alcohol functionality. Recent
studies suggest that the capacity of diTPSs to facilitate oxygenation of the diterpene
backbone is more common than was previously appreciated. Functionally orthol-
ogous LPS enzymes include the copal-8-ol diphosphate synthase from C. creticus
and the recently identified LPSs from tobacco (Solanaceae), Grindelia robusta
(Asteraceae), and Coleus forskohlii (Lamiaceae) [17, 43, 45, 69]. This broad tax-
onomic distribution indicates that the function of LPS enzymes evolved early in the
speciation of angiosperms, but possibly after the split of monocotyledonous and
dicotyledonous lineages, inasmuch as no LPSs were found among the large diTPS
families in members of the grasses (Poaceae) [57, 70]. The SsSCS-catalyzed
transformation of LPP into sclareol via a regiospecific hydroxylation at C-13 is, to
current knowledge, unique to clary sage. Other known diTPSs that facilitate oxy-
genation of the hydrocarbon backbone represent bifunctional class I/II enzymes
from the nonseed plants Physcomitrella patens and S. moellendorfii, and the lev-
opimaradiene/abietadiene synthases (LASs) from gymnosperm species of spruce,
pine, and fir [20, 53, 54, 56, 71]. LAS enzymes were previously thought to produce
nonoxygenated diterpenes from GGPP but were recently shown to form 13-
hydroxy-(8,14)-abietene as an initial unstable product. In contrast to these class I/II
bifunctional diTPSs, SsSCS belongs to a group of monofunctional class I diTPSs
that adopt an atypical βα-domain architecture through loss of the γ-domain, which
is more commonly known from mono- and sesqui-TPSs, as well as casbene syn-
thase-like macrocyclases [52]. Known members of this group are restricted to the
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Fig. 3 Modularity of plant diterpenoid biosynthetic pathways and their utility for metabolic
engineering of biological systems for ambroxide precursor production. A diverse portfolio of
diterpene synthases and cytochrome P450 monooxygenases involved in the formation of plant-
derived ambroxide precursors, such as sclareol, cis-abienol, and diterpene resin acids, has been
discovered in recent years based on transcriptome sequencing and enzyme characterization in
nonmodel fragrant plants. Single or combinatorial expression of diterpenoid-biosynthetic enzymes
in microbial and plant host systems offers opportunity for metabolic engineering of ambroxide
precursors and other diterpenoid bioproducts. These engineered systems enable the production of
natural or novel diterpenoids in the form of single target compounds or mixtures of low
complexity. Abbreviations: GGPP, geranylgeranyl diphosphate; LPP, labda-13-en-8-ol diphos-
phate; (+)-CPP, (+)-copalyl diphosphate; AbCAS, Abies balsamea cis-abienol synthase; NtLPS, N.
tabacum LPP synthase; NtABS, N. tabacum cis-abienol synthase; SsLPS, S. sclarea LPP synthase;
SsSCS, S. sclarea sclareol synthase; ISO, isopimaradiene synthase from different conifers; LAS,
levopimaradiene/abietadiene synthase from different conifers; Pb/cISO, P. banksiana/P. contorta
isopimaradiene; PsCYP720B4, P. sitchensis cytochrome P450 720B4; DRA, diterpene resin acid.
A red X in the schematic depiction of diTPS indicates a nonfunctional active site in
monofunctional enzymes
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Lamiaceae and wheat (Triticum aestivum, Poaceae), with functions in specialized
diterpenoid metabolism [21, 25, 45, 72]. Notably, the majority of these bidomain
class I diTPSs show substrate promiscuity similar to SsSCS, including manoyl
oxide/miltiradiene synthases from C. forskohlii and Rosmarinus officinalis, and a
multifunctional diTPS from Marrubium vulgare [21, 25, 44, 45].

As illustrated here for sclareol, the biosynthesis of oxygenated diterpenoids
through a modular biosynthetic system of class II and class I diTPSs without
requirement for additional P450-catalyzed oxidation steps may have advantages for
metabolic engineering of microbial production systems. Recently, Ignea and col-
leagues demonstrated the successful production of sclareol by combinatorial
overexpression of the C. creticus LPS with SsSCS in engineered yeast achieving
titers of *400 mg/L [66]. In addition, researchers at Firmenich developed an
engineered E. coli platform for commercial sclareol production to yield product
amounts of up to 1.5 g/L [23]. Here, SsLPS and SsSCS were coexpressed with the
bacterial GGPP synthase CrtE and two synthetic operons that encode key enzymes
of the mevalonate pathway to improve precursor supply and conversion.

3.3 Cis-Abienol

Similar to sclareol, the tertiary diterpene alcohol cis-abienol occurs naturally only in
a few plant species. For example, cis-abienol contributes to the flavor and aroma of
cultivars of tobacco, where it accumulates in leaf glandular trichomes [43]. In
addition, balsam fir (A. balsamea), a coniferous tree native to central and eastern
Canada, is a rich source of cis-abienol, which accounts for up to 40 % of the
aromatic oleoresin accumulating in resin ducts and blisters [20]. Traditionally,
balsam fir oleoresin has been traded as “Canada Balsam” for uses as an antifouling
agent in naval stores or as glue in the optical industry [38]. As described above, cis-
abienol is also a suitable starting material for the semi-synthesis of (-)-ambrox [29].

Due to its potential application in the fragrance and flavor industry, details of the
biosynthesis of cis-abienol in planta have been investigated in the last few years.
Because biosynthesis of conifer diterpene resin components, such as cis-abienol,
typically involves bifunctional class I/II diTPSs [55], we had hypothesized that cis-
abienol formation in balsam fir would likewise be catalyzed by a bifunctional
enzyme. To identify the proposed cis-abienol synthase (CAS), we generated tran-
scriptome inventories for gene discovery by combining high-throughput tran-
scriptome sequencing with metabolite profiling of balsam fir bark tissue [17, 20].
Querying the transcriptome assemblies against a database of TPS protein sequences
resulted in the discovery of three bifunctional class I/II balsam fir diTPSs. Bio-
chemical characterization showed that two candidates, AbLAS and AbISO, were
paralogous to LASs and isopimaradiene synthases (ISO) from other conifers, and
the third more divergent enzyme, AbCAS, showed a novel function, directly con-
verting GGPP into cis-abienol [20] (Fig. 3). Analogous to angiosperm LPSs,
AbCAS catalyzes the cyclohydration of GGPP to form LPP in the enzyme’s class II
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active site. LPP can then freely diffuse to the class I active site, where cis-abienol is
formed by ionization of the diphosphate ester without further cyclization (Fig. 3).
Formation of a bicyclic diterpenol was a newly discovered feature of gymnosperm
bifunctional class I/II diTPSs, whereas all previously known conifer class I/II diTPS
enzymes are involved in the formation of tricyclic scaffolds in DRA biosynthesis
[17, 56, 73–76]. Notably, a recent structural-functional analysis of grand fir (Abies
grandis) abietadiene synthase (AgAS) demonstrated that substitution of a single
aspartate residue in the enzyme’s class II active site altered activity from producing
(+)-CPP en route to DRAs to formation of LPP [77]. This aspartate is indeed
conserved in AbCAS and may have been critical in the functional evolution of cis-
abienol biosynthesis, presumably by neofunctionalization of a duplicated diTPS of
DRA biosynthesis in a balsam fir ancestor [20].

In parallel with the discovery of AbCAS for cis-abienol production in balsam fir,
Sallaud and coworkers elucidated an alternative cis-abienol biosynthetic pathway in
tobacco [43]. In contrast to the bifunctional AbCAS that facilitates class II and class
I catalysis, tobacco contains a mechanistically analogous pair of two monofunc-
tional diTPSs that act sequentially to form cis-abienol (Fig. 3). Much like sclareol
biosynthesis, a class II diTPS (NtLPS) catalyzes the formation of LPP, which is
then transformed by a class I diTPS (NtABS) to afford cis-abienol. These two
different systems of cis-abienol formation suggest that diTPSs involved in cis-
abienol biosynthesis evolved independently in gymnosperm and angiosperm lin-
eages, highlighting an intriguing example of parallel functional specialization of
diTPS enzymes. A similar case of parallel evolution of specialized diterpenoid
biosynthesis appears to be the biosynthesis of miltiradiene, which is catalyzed by a
class I/II bifunctional diTPS in the primitive land plant S. moellendorfii and by pairs
of monofunctional diTPSs in several Lamiaceae species [25, 44, 45, 78, 79].

A prototype yeast strain for cis-abienol production via coexpression of NtABS
with a fusion protein of C. creticus LPS and a GGPP-producing variant of the yeast
FPP synthase Erg20 has recently been described [66]. It remains to be examined if
AbCAS can offer improved cis-abienol production, as this bifunctional diTPS
requires expression and optimization of only a single gene that provides the nat-
urally evolved scaffold of both active sites, allowing for efficient channeling of
reaction intermediates.

3.4 Diterpene Resin Acids

The biosynthesis of conifer DRAs has attracted much attention, due to their
important roles in the defense of conifer trees against insects and pathogens, and as
a renewable resource for industrial bioproducts [8, 10]. Building on pioneering
work by Professors Robert Coates, Rodney Croteau, and their colleagues [80–82],
much has been learned over the last two decades about the genomic, molecular, and
enzymatic features that define DRA formation in conifers. Numerous bifunctional
conifer class I/II diTPSs involved in DRA metabolism have been characterized, all
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of which share common catalytic principles in forming pimarane- or abietane-type
compounds through conversion of GGPP into (+)-CPP and subsequent rearrange-
ment of distinct secondary and tertiary carbocations (Fig. 3). During the last few
years new insight has been gained on the mechanistic, evolutionary, and physio-
logical underpinnings of conifer DRA biosynthesis, which suggest a more complex
biosynthetic system than previously known. For example, detailed functional
analysis of Norway spruce (Picea abies) LAS illustrated that this class I/II diTPS
forms the epimeric diterpenol 13-hydroxy-(8,14)-abietene as the initial product, and
not a mixture of diterpene olefins as described earlier [71] (Fig. 3). In vitro, and
possibly in vivo, these tricyclic diterpene alcohol epimers dehydrate to form the
described LAS products, abietadiene, palustradiene, levopimaradiene, and neoabi-
etadiene. In subsequent studies, this reaction was also confirmed for LAS enzymes
of balsam fir, jack pine (Pinus banksiana), lodgepole pine (Pinus contorta), and
golden larch (Pseudolarix amabilis) and seems to be a specific feature of conifer
LASs, whereas the closely related conifer ISO class I/II diTPS enzymes directly
form the diterpene olefin product [17, 20, 56]. Recent work also showed that jack
pine and lodgepole pine contain both bifunctional class I/II diTPS as well as,
surprisingly, a group of monofunctional class I diTPSs for DRA metabolism [56].
The monofunctional diTPSs in pine lack a functional class II active site and convert
(+)-CPP, but not GGPP, into pimaradiene and isopimaradiene, respectively. No
monofunctional (+)-CPP synthase has been discovered in a gymnosperm species,
however, in vitro assays showed that these diTPSs can “hijack” the freely diffusing
(+)-CPP intermediate produced by bifunctional conifer diTPSs.

The abietane and pimarane diTPS products serve as substrates for P450s of the
gymnosperm-specific CYP720B family of conifer DRA biosynthesis. Members of
this family comprise approximately a dozen different genes in a given conifer
species suggesting an ancient evolutionary diversification of the gene family
[49, 83]. The two functionally characterized members of the CYP720B family,
loblolly pine (Pinus taeda) CYP720B1 and Sitka spruce (Picea sitchensis)
CYP720B4, are multifunctional and multisubstrate enzymes, catalyzing the three-
step oxidation of all major diterpene olefins via the corresponding C18-alcohols and
aldehydes to afford the respective DRAs (Fig. 3). CYP720B4 catalyzes an array of
three different oxidation reactions on each of eight different diterpenes accounting
for most major and minor DRA components in spruce. A role of CYP720B4 in
conifer defense is underpinned by findings of its inducibility upon treatment with
methyl jasmonate and high transcript abundance in epithelial cells of cortical resin
ducts, the primary site of terpenoid biosynthesis in conifers [6, 49]. The recent
publication of draft assemblies of the very large genomes of three conifer species,
white spruce (Picea glauca), Norway spruce, and loblolly pine, provides a means to
better understand the genomic background of DRA diversity in conifers [84–88].

With the large set of characterized diTPSs of DRA biosynthesis and the
emerging characterization of diterpene-converting P450s, bioengineering platforms
for the stereospecific production of individual DRAs may advance as an alternative
to feedstocks from conifer oleoresin, which are complex mixtures of many different
terpenoids and, when sourced as by-products of the forest industry, often contain
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other lipophilic compounds. Prototype yeast strains have been established that
allow the formation of pimarane- and abietane-type DRAs through combinatorial
expression of LAS and ISO enzymes with CYP720B4 and the yeast endogenous
GGPP synthase [49, 83]. For example, microbially produced abietic acid and
levopimaric acid may serve as feasible starting materials for the synthesis of (-)-
ambrox [34] (Fig. 2). Other DRA-based biomaterials range from industrial inks and
resins to possible biodegradable plastics and rubbers [8, 14, 89].

4 Future Challenges and Opportunities

The above examples illustrate some of the potential of combining genomics-
enabled pathway discovery in plants with metabolic engineering and synthetic
biology of diterpenoids, specifically for those compounds that may serve as pre-
cursors for commercial (-)-ambrox production. It is important to note that both
naturally evolved production systems (i.e., plants), and metabolically engineered
microbial systems, each have unique advantages and disadvantages. The most
obvious advantages of using plants to harvest diterpenoids is the fact that biosyn-
thesis is fueled by sunlight through photosynthesis and operates via optimized
metabolic pathways and cell structures, which have evolved over millions of years
under natural selection to produce diterpenoids optimized for functions in plant
biology.

Some plants that are used for bulk extraction of diterpenoids, such as long-lived
conifer trees, require no or only minimal human input for planting or cultivation.
A large feedstock of diterpenoid-rich oleoresin is extracted as a by-product from
conifers used primarily in the wood or pulp and paper industries. Other diterpenoid-
producing plants, such as clary sage, the major source of sclareol, require more
intensive crop management, and variation of environmental conditions may sub-
stantially affect yield and price of the desired diterpenoid. Finally, some plant
systems that produce diterpenoids of interest may not be suitable at the present time
for agricultural production, or would be at risk of over-harvesting from their natural
environments. Considering all these scenarios, plants appear to remain, for now, the
sole major source for all diterpenoids used in commercial ambroxide production.

Alternative production systems, such as engineered microorganisms, in which
plant genes for diterpene biosynthesis are heterologously expressed, will have to be
competitive in product yield, purity, and production cost. One common limitation
inherent to plant production systems is the complexity of their natural product
mixtures, especially with regard to mixtures of terpenoids. Plants typically do not
produce a single target compound, such as, for example, cis-abienol or sclareol, but
diverse arrays of metabolites of often similar structures and physicochemical
properties, making it difficult to obtain a single compound of interest in pure form.
Such arrays of metabolites are likely to have advantages for plants in their natural
environments. For example, complex terpenoid defense systems may be harder to
breach by pests and pathogens than a defense that is based on a single compound.
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For diterpenoids, it is also now known that the suite of metabolites produced in an
individual plant, such as the many diterpenoids of conifer oleoresin, are the result of
biosynthetic grids with many possible products. Current knowledge suggests that
plant diterpenoids are generally not derived from simple linear pathways, but there
is growing evidence for dynamic, modular pathway systems, leading to dozens of
similar products in a single plant. Considering the genomic (e.g., multigene diTPS
and P450 gene families) and biochemical (multiproduct and modular diTPS
enzymes, multisubstrate P450 enzymes) multiplicity and promiscuity of plant ter-
penoid metabolism, it would be difficult to apply traditional selection and plant
breeding for the purpose of selectively producing a single target compound. Indeed,
this goal may be impossible to achieve unless through use of genetically engineered
plants in which existing terpenoid metabolism is redirected or focused to a single
major product.

It is here where microbial production systems engineered with individual plant
diTPSs or combinations of diTPSs and/or P450s may have the largest advantage.
Expression of single enzymes or simple pathways can be optimized for producing
one or a few target compounds of interest, thus avoiding or reducing the need for
downstream product separation. In addition, engineered microbial systems may
offer greater reproducibility, as they are independent of seasonal growth and vari-
able environmental conditions that can affect agricultural or silvicultural produc-
tion. Engineered microbial systems also have the advantage of (co)expressing
optimized diTPS or P450 enzymes, and to explore the vast conceivable space of
possible new combinations of diTPS and P450. Following the modular architecture
of diterpenoid biosynthesis in nature, combinatorial engineering of diTPSs and
P450s of different origin can be utilized for the enantiospecific production of a wide
range of natural and nonnatural diterpenoid scaffolds [17, 18, 62].

Issues such as precursor supply, metabolic flux, potential toxicity, accumulation,
and transport of diterpenoids in engineered microbial systems can pose limitations
in productivity, and will have to be addressed case by case. Host toxicity and often
low expression and catalytic efficiency of diTPSs and P450s are some of the major
factors constraining diterpenoid production in metabolically engineered microor-
ganisms [26, 90, 91]. However, the succesfull production of sclareol, as well as the
sesquiterpenoids farnesene and artemisinin, in E. coli and yeast have shown that
these types of limitations can be overcome [23, 24, 66, 92]. The scalability of
engineered microbial and plant systems continues to improve through optimization
of host systems and fermentation processes, as well as enhanced pathway efficiency
by establishing a balanced metabolite flow between individual components [23, 26,
47, 61, 65, 90].

As engineered microbial production platforms, and potentially also engineered
plant systems, are being advanced for diterpenoids of interest for the fragrance and
other industries, plant genomics and plant biochemistry will continue to make
important contributions to harness nature’s rich resource of genes and enzymes of
specialized diterpenoid metabolism [17, 19]. The opportunities and challenges here
are inherent to the often high sequence identity and functional divergence of the
large diTPS and P450 gene families, which make a priori and ad hoc functional
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annotations nearly impossible. In vitro and in vivo biochemical characterization of
gene candidates remains an absolute requirement for the discovery of new diTPS
and P450 enzymes [2, 17, 51]. Recent systems biology approaches focusing on
plant specialized metabolism have already expanded the known catalytic landscape
of diTPSs and terpenoid-modifying enzymes, such as P450s [17–19, 93], and the
vast majority of plant species still remains to be explored.
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Carotenoids of Biotechnological
Importance

Gerhard Sandmann

Abstract Carotenoids are natural pigments with antioxidative functions that
protect against oxidative stress. They are essential for humans and must be supplied
through the diet. Carotenoids are the precursors for the visual pigment rhodopsin,
and lutein and zeaxanthin must be accumulated in the yellow eye spot to protect
the retina from excess light and ultraviolet damage. There is a global market for
carotenoids as food colorants, animal feed, and nutraceuticals. Some carotenoids
are chemically synthesized, whereas others are from natural sources. Microbial
mass production systems of industrial interest for carotenoids are in use, and new
ones are being developed by metabolic pathway engineering of bacteria, fungi, and
plants. Several examples will be highlighted in this chapter.
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1 Properties and Biosynthesis of Carotenoids

1.1 Carotenoid Structures and Chemical Features

Carotenoids comprise a large group of terpenoid pigments found in pro- and
eukaryotic organisms. They are initially synthesised with a chain of 30 or 40 carbon
atoms from prenyl pyrophosphates, and they may be extended at a later stage up to
50 carbon atoms [28]. Carotenoids can also be cleaved to shorter metabolites,
resulting in apo carotenoids such as crocetin (the red pigment of saffron) and bixin
(from annatto seeds) [61]. They are lipophilic compounds and have to be stored in a
lipophilic environment. In addition to a small number of acyclic structures, most
carotenoids carry an ε- or a β-ionone terminal ring. The latter end group may carry
oxo substituents, such as 2-HO, 3-HO, 4-keto, or 5,6-epoxy groups [11]. The most
important structural feature of the carotenoid molecule is the conjugated polyene
system. These Π-electrons determine the spectral properties with light absorbance
in a range from approximately 400–500 nm which is responsible for their yellow
via orange to red color and influences the chemical reactivity.

Cis/trans isomers occur at the double bonds of the polyene chain. In general,
they are in the trans configuration, but during biosynthesis some can be inserted in a
cis configuration. In natural β-carotene apart from all-E, prominent cis isomers are
9-, 13-, and 15-Z (Fig. 1). During handling and storage, trans double bonds can
isomerize, especially under illumination. Some carotenoids modified at the ionone
rings exist in different optical isomeric forms. For example, astaxanthin with 4-HO-
and 4-keto groups at both ionone rings can exist with 3S,3′S, 3R,3′S, and 3R,3′R
chirality (Fig. 2). The first enantiomer is present in most organisms that synthesize
this carotenoid. The 3R,3′R isomer is the form found in astaxanthin from Phaffia
rhodozyma (in the sexual state, named Xanthophyllomyces dendrorhous) [2]. As-
taxanthin exists not only in its free form but also as fatty acid ester, such as in
Haematococcus pluvialis [40].

1.2 Carotenoid Functions

A universal function of carotenoids is protection at the cellular level against reactive
oxygen species. This is highly important in organisms with photosynthesis, where
carotenoids are essential. In the photosynthesis apparatus, specific carotenoids are
integral components of pigment–protein complexes. In addition to their function in
light harvesting, they quench the photosensitizer chlorophyll, preventing the forma-
tion of singlet oxygen and inactivate oxygen-derived radicals [36]. This antioxidative
function is also exerted in nonphotosynthetic organisms, such as bacteria and fungi
with photosensitizers other than chlorophyll. Carotenoids that are especially important
in plants include 5,6-epoxy derivatives, which are the precursors for the synthesis of
the phytohormone abscisic acid, which is an essential plant hormone regulating leaf
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abscission, seeddormancy, and adaptation to drought stress [71]. Inplants,flowers and
fruit are pigmented by carotenoids to attract animals for pollination and seed dispersal.

1.3 Biosynthesis

Carotenoids are a branch of terpenoid biosynthesis from precursors. In fungi, these
originate from the mevalonate pathway; in bacteria, algae, and plants, they are from
the 1-deoxy-D-xylulose 5-phosphate pathway (alternatively named the 2-C-methyl-
D-erythritol 4-phosphate pathway). The specific pathway exclusive to C40
carotenoids starts from two molecules of geranylgeranyl pyrophosphate, which are
condensed to phytoene, the first carotene in the pathway with three conjugated
double bonds [58]. In the following desaturation steps, double bonds are inserted
adjacent to the existing conjugated ones, alternatively at each side. This integrates
an isolated double bond into the conjugated system. In contrast to fungi and non-
photosynthetic bacteria, desaturations in algae and plants proceed via poly cis

Fig. 1 Prominent
geometrical isomers
of β-carotene
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carotenes, with a subsequent isomerization reaction yielding all-trans lycopene [10].
Most carotenoids are derived from lycopene by cyclization of both ends, forming
either two β-ionone rings or one β- and one ε-ionone ring. These end groups are the
primary targets for modifications. The most important oxo groups found in
carotenoids are 3-hydroxy, 4-keto, and 5,6-epoxy. The pathway of commercially
important carotenoids is shown in Fig. 3.

Carotenoids with less than 40 carbon atoms mostly originated from C40
carotenoids by cleavage. However, in a few bacteria, C30 carotenoids are synthe-
sized directly from two molecules of C15 farnesyl pyrophosphate instead of C20
geranylgeranyl pyrophosphate. The subsequent metabolic reactions are similar to
those of the C40 pathway [52]. In addition to C40 carotenoids, a few bacteria
synthesize C45 and C50 carotenoids from lycopene by adding one or two C5 units
to each end of the acyclic molecule [37].

1.4 Importance for Human Health

Humans need carotenoids for their vision. The essential component of rhodopsin
is the visual chromophore retinal. Precursors for retinal are carotenoids with an

Fig. 2 Stereoisomers of astaxanthin
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unsubstituted β-ionone ring, which are all called provitamin A. Because humans are
devoid of synthesizing carotenoids, a deficiency of provitamin A carotenoids leads
to blindness. Vitamin A deficiency is the leading cause of blindness in children,
which is a severe problem in developing countries [7]. It is a big challenge to
counteract this problem by supplementation and food fortification.

In addition to carotenoid-related rhodopsin acting as a visual pigment, two
carotenoids—lutein and zeaxanthin—are located in the eye in the macula lutea (the
yellow eye spot). There, they protect the retina from excess light and ultraviolet
(UV) damage, thus preventing cataracts and age-related macular degeneration,
which leads to blindness [38, 57]. Like the provitamin A carotenoids, zeaxanthin
and lutein have to be provided in the human diet because low levels of intake
increase the risk of age-related macular degeneration.

Other health-beneficial effects of carotenoids are attributed to carotenoids. They
include protection against chronic diseases, anti-inflammatory actions, and
enhancement of the immune response. Carotenoids are also regarded as potential
treatment for some types of cancer. Some of these functions may be due to the
antioxidative properties of the carotenoids.

2 Sources, Uses, and Production

Carotenoids are essential pigments for all photosynthetic organisms. In addition,
they are also found in nonphotosynthetic prokaryotes and eukaryotes or nonpho-
tosynthetic plant tissues. Carotenogenic plant tissues include leaves, roots, flowers,
and fruit. In addition to natural carotenoids, several carotenoids are chemically
synthesized in bulk quantities.

Fig. 3 Structures and biosynthesis of commercially interesting carotenoids. Dotted arrow
indicates chemical conversion
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2.1 The Market for Carotenoids

There is a global market for carotenoids, which was valued at approximately US
$1 billion in 2010, with good growth potential [4]. The dominating carotenoid was
β-carotene, with a 25 % market share, followed by astaxanthin and lutein with 23 %
each. The latter carotenoid is regarded to have the highest growth potential. The
carotenoid with the highest market price was astaxanthin, at around $2,000 per kg
for the synthetic compound and about $7,000 per kg for natural astaxanthin [64].
However, due to new suppliers for chemically synthesized astaxanthin, its price has
recently dropped considerably. The structures of commercially important carote-
noids are shown in Fig. 3.

Several carotenoids are approved and widely used as food colorants [44]. As a
lipophilic compound, β-carotene provides a yellow pigmentation for food (e.g.
butter) or liquids (e.g. soft drinks) after appropriate formulation. For the yellow
pigmentation of dairy products, water-soluble norbixin (annatto) is used, which is
derived from bixin by alkaline hydrolysis of the methyl ester group [33]. For red
pigmentation in food and beverages, canthaxanthin or lycopene are appropriate.

There are two major applications for carotenoids as feed additives. In salmon
and trout farming, the addition of either astaxanthin or canthaxanthin is essential to
obtain the pink coloration of the flesh. In poultry, carotenoids are responsible for the
color of the skin and egg yolk [67]. According to the different market demands for
pigmentation, a broad range of synthetic or natural carotenoids are applied to the
feed. Natural carotenoids in use are plant extracts or powder, such as those from the
marigold as a source for yellow lutein or from red pepper as a source of reddish
capsanthin.

The carotenoids astaxanthin and colorless phytoene are now used as ingredients
in cosmetic skin products marketed by AstaReal and IBR, respectively. Phytoene, a
colorless and relatively light-stable carotenoid, is used in dietary nutricosmetics
accumulating in the skin and for topical skin application to protect against oxidative
skin damage (http://www.cosmeticsandtoiletries.com/research/techtransfer/387018
07.html).

2.2 Production of Carotenoids

For a few carotenoids, including β-carotene, astaxanthin, canthaxanthin, lycopene,
and (to a certain extent) zeaxanthin, chemical synthesis is established on an
industrial scale (see [18] for description of the synthesis processes). The main
producers are BASF and DSM. These chemically synthesized carotenoids dominate
the market, although they are also available as natural products to a small extent.
For other commercially important carotenoids, such as lutein, only natural carote-
noids are available. Considerable attempts have been made to replace chemically
synthesized carotenoids at least partially by natural ones from renewable resources.
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To date, most of the carotenoids produced by plants and microorganisms cannot
compete because they are less cost-efficient to produce. One obstacle is the low
yield of biological systems. Nevertheless, some carotenoid products from plant raw
materials are on the market, including lutein from the flowers of Tagetes erecta,
lycopene from tomato fruit, β-carotene from carrot roots and the fruit of the oil palm
tree, capsanthin from red pepper, and bixin from Bixa orellana seeds.

2.2.1 Plants

The best plant source for β-carotene is red palm oil from the African palm (Elaeis
guineensi). The oil is produced from the outer mesocarp of the fruit covering the
seeds. It contains about 40 mg/g β-carotene and about half this amount of α-car-
otene together with other minor carotenes [48]. World production of palm oil in
2006 was 14 million tons. The largest producers are Malaysia and Indonesia (http://
www.soyatech.com/Palm_Oil_Facts.htm).

The tomato fruit has one of the richest lycopene tissues. In commercial varieties,
one can find more than 100 µg/g fresh weight [34]. Natural lycopene from tomato
competes with synthetic lycopene. Tomato lycopene is used as a nutraceutical and
as red food colorant. The product Tomat-O-Red from LycoRed contains tomato
lycopene extracted from oleoresin in a crystalline formulation to deliver a fine
dispersion in water.

Lutein is the most abundant plant carotenoid. Marigold (Tagetes erecta) flowers
are a commercially important lutein source. In the petals, lutein fatty acid esters
accumulate to concentrations as high as 3–6 mg/g [51]. Marigold is grown on
commercial plantations; oleoresin powder or extracts from the flowers are used as
chicken feed to improve the color intensity of the egg yolk [67]. Lutein esters
purified from the oleoresin or free lutein are also available as nutraceuticals.

2.2.2 Microbial Mass Production Systems for β-carotene
and Astaxanthin of Industrial Interest

Two organisms have been developed for the industrial production of β-carotene: the
mucor fungus Blakesleea trispora [13] and the alga Dunaliella salina (or D.
bardawil) [47]. D. salina is a halophilic unicellular alga that accumulates high
levels of β-carotene as a stress response. β-Carotene production depends on high
salinity, high temperatures, and high light conditions [53]. Typically, production
sites for β-carotene from D. salina are located in hot areas with high solar radiation
and a cheap salt source nearby. However, optimum salinity for carotenoid pro-
duction is beyond 27 % NaCl, whereas maximum cell growth is in the range of
18–22 % NaCl [8]. The extreme environment in which D. salina grows allows for
economically favorable outdoor large-scale cultivation with low risk of contami-
nation. Compared to open ponds, paddlewheel-driven raceway ponds yield
substantially higher biomass. The global production of D. salina is estimated at
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about 1,200 tons per year (http://www.oilgae.com/non_fuel_products/betacarotene.
html). The expected cellular β-carotene concentrations are in the range of 100 mg/g
dry matter, or even higher [5]. Products on the market are D. salina powder as a
β-carotene-rich supplement for human health and animal feed or extracted β-car-
otene in vegetable oil in concentrations of 1–20 %.

Alternatively, production processes have been developed with the fungus
B. trispora by co-cultivation of (+) and (–) sexual mating types simultaneously in
large-scale fermenters with plant materials as substrates, such as molasses [13].
Higher yields were obtained with improved mutant strains and with intersexual
heterokaryons, which contain nuclei of opposite sex [43]. The typical concentration
of β-carotene in fermenter-grown B. trispora mycelium is around 5 % [45]. From
the cultured material, β-carotene is extracted and processed into a pure beta-caro-
tene crystal. β-Carotene products in the market include CaroPure (DSM), with a
purity of >97 %, and Lyc-O-Beta (LycoRed Company). This type of β-carotene
material is approved and safe for use in dietary supplements and as food colorant.
Because lycopene is the acyclic precursor of β-carotene, the industrial process of
β-carotene formation with B. trispora can be turned into a lycopene-producing
process by the application of lycopene cyclase inhibitors, such as nicotine [41].

Another unicellular algal commercially relevant carotenoid producer is Haema-
tococcus pluvialis, which as a chlorophyte is related to D. salina [40]. Under light
and nutritional stress, it produces astaxanthin during encystment into a dormant
state. Most of the astaxanthin is esterified with fatty acids via its 3- and 3’-hydroxy
groups. The majority (*70 %) exists as a monoester with 16:0, 18:1, and 18:2 fatty
acids, and another 25 % represents diesters (Dore and Cysewski, Cyanotech Cor-
poration at http://www.ruscom.com/cyan/web02/pdfs/naturose/nrtl09.pdf).

The production of astaxanthin containing H. pluvialis is a two-step process. In
the first phase, cells are grown under conditions for optimal biomass production. In
the second phase, H. pluvialis is stressed by deprivation of nutritional minerals and/
or increased illumination [9]. Concentrations of astaxanthin and esters can reach up
to 3 % of cell dry mass. Either bioreactors or outdoor systems are in use. Before the
alga can be applied directly as feed, the dried encysted cells have to be cracked by
milling to ensure the astaxanthin bioavailability. Some companies extract the as-
taxanthin derivatives and convert them to free astaxanthin by enzymatic hydrolysis.
Products in the market include AstaREAL (Fuji Chemical Industry), AstaPure
(Algatechnologies), and BioAstin (Cyanotech) [17].

2.3 Concepts for Improvement of Biological Carotenogenic
Systems

Crop plants have been improved by conventional breeding and selection of useful
traits. One of the targets is increased carotenoid content in carotenogenic tissue. For
crossing and selection for higher pigmentation, the gene pools from elite lines, wild
species, and interspecific hybrids can be used [34]. Identification of quantitative
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trait loci related to carotenogenesis facilitated the selection of the progenies. Suc-
cessful attempts to breed crops with increased carotenoid content have been
reported for tomato [35], potato [12], and cassava [14].

Screening of different varieties of a crop for a certain carotenoid may also be
successful. This is the case for orange pepper fruit, which is enriched with zea-
xanthin to concentrations of up to 17 µg/g fw [50]. Breeding marigold plants to
shift the flower carotenoids from lutein to zeaxanthin has also been achieved.

In microorganisms, the conventional approach to strain improvement is random
mutagenesis (chemical or UV-initiated) and selection for the desired phenotype.
Although this is easier for heterotrophically growing organisms, the mutagenesis
approach was successful for H. pluvialis, generating mutants with a 30 % higher
astaxanthin production [29]. Great efforts have been made to increase the asta-
xanthin content in X. dendrorhous by classical strain development. Chemical
mutagenesis resulted in high-yield astaxanthin mutants of up to 5 mg/g dw from
wild-type strains with less than one tenth of this amount [55, 64]). An alternative
approach to mutagenesis is the construction of carotenoid-hyperproducing hybrids
by protoplast fusion. With this procedure, X. dendrorhous strains with 1.6 mg/g dw
of total carotenoid were obtained [16]. High-carotene mutants were also obtained
with B. trispora after chemical mutagenesis [43]. In these mutants, β-carotene
production was about 100-fold higher than in the wild-type strain.

Considerable progress has been made in targeted genetic modification of
carotenoid biosynthesis by engineering this pathway in plants and microorganisms.
This was facilitated by a deeper understanding of the carotenoid biosynthesis
pathway and its interaction with other terpenoid pathways and the development of
appropriate molecular genetic tools, including the cloning of useful genes from this
pathway [61]. Several strategies can be followed by engineering a carotenoid
pathway [59]. One is the enforcement of the formation of an already existing
carotenoid. For this approach, the limiting step(s) of the biosynthesis pathway have
to be recognized and the gene for the corresponding enzyme has to be overex-
pressed. In carotenogenesis, these limiting enzymes are phytoene synthase [24],
catalyzing the step leading to the first carotenoid and 1-deoxy-d-xylulose-5-phos-
phate synthase, the initial enzyme for the synthesis of prenyl pyrophosphates in
bacteria and plant plastidic terpenoid biosynthesis [1, 19]. Other goals are accu-
mulation of an intermediate that is present at low level or the extension of an
existing pathway to a novel product. Especially in microorganisms, it is possible to
construct entire carotenoid pathways in noncarotenogenic hosts.

2.3.1 Engineering of Carotenoid Composition in Edible Crop Plants

When carotenoids are desired for nutritional supplementation, they can be produced
in a suitable organism and added during food processing. However, it is more
straightforward to engineer the synthesis in a staple crop for direct consumption.
Pioneering work has been carried out with the tomato for higher lycopene content
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(see [22] for a review) and with rape (Brassica napus) to increase carotenoid
synthesis in seeds [65]. The cloning strategies followed with different plants for
targeting the production of different carotenoids are outlined in Fig. 4.

During tomato fruit ripening, lycopene is accumulated due to an upregulation of
phytoene synthase, making this enzyme a prominent target for genetic manipulation
[24]. The first attempts to overexpress the phytoene synthase gene worked, but they
severely affected the synthesis of terpenoid-related phytohormons in the chloro-
plast, which reduced the transgenic plants in stature. This problem was later
avoided by the use of a fruit-specific promoter for the overexpression of the phy-
toene synthase gene [23]. Normal growing transgenic tomato lines were obtained
with doubled fruit lycopene content of up to 5 mg/g dw. In an attempt to convert
tomato lycopene into β-carotene, plastome transformation with a plant lycopene
β-cyclase resulted in a β-carotene yield of 1 mg/g dw [3].

For the enrichment of β-carotene in rape seed oil, a similar strategy as for tomato
was followed. A phytoene synthase gene was overexpressed in rape under a seed-
specific promoter (Shewmaker et al. 1999). This led to a 50-fold increase in
α-carotene and β-carotene, both with provitamin A activity. The rape seed oil

Fig. 4 Genetic engineering
of carotenoid biosynthesis
in plants. Vertical arrows
indicate over-expression of
endogenous genes, open
arrows indicate pathway
extension by expression of
foreign genes. References:
1 [24], 2 [31], 3 Shewmaker
et al. 1999, 4 [73], 5 [32],
6 [74] and [20]. Lyc lycopene;
β-Car β-carotene; α-Car
α-carotene; Lut lutein; Zeax
zeaxanthin; Astax astaxanthin
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obtained from these transformants showed a β-carotene concentration of 0.1–0.15 %,
together with up to 0.1 % α-carotene. Further engineering attempts with tomato have
been reviewed [22].

Golden rice has gained considerable attention. Rice grains are colorless and
devoid of carotenoids. Nevertheless, a part of the pathway already exists, but the
initial steps in the carotenogenesis are absent [63]. This limitation could be over-
come by expressing the genes of a phytoene synthase and a phytoene desaturase in
rice endosperm [73]. This genetic modification is sufficient to complete the bio-
synthesis pathway for the synthesis of α- and β-carotene and their hydroxylation
products lutein and zeaxanthin (Fig. 4). The next generation of transgenic rice
improved by gene optimization reached a maximum 37 mg/g of carotenoids with a
high proportion of β-carotene [49].

Only a few plants accumulate zeaxanthin. Typically, it is an intermediate in the
synthesis pathway to the epoxy carotenoid violaxanthin. Tuber-specific antisense
inactivation or co-suppression of the zeaxanthin epoxidase in potato inhibited vi-
olaxanthin formation and resulted in many lines with higher levels of zeaxanthin
[56]. The best tubers accumulated zeaxanthin up to 40 µg/g dw, which corresponds
to a 130-fold increase of this carotenoid.

Carotenoid pathway modification and extension for improved animal feed has
been carried out with maize. A combinatorial transformation technique has been
developed for genome insertion of a combination of genes simultaneously. It was
successfully employed for engineering of carotenoid biosynthesis. This led to a
variety of corn transformants with high content of β-carotene and other yellow
carotenoids or pathway extensions ([74]). One goal was the extension of the
enhanced endogenous synthesis capacity to the formation of astaxanthin by over-
expression of limiting phytoene synthase and β-carotene hydroxylase, the inacti-
vation of the lycopene ε-cylase, and the expression of foreign β-carotene ketolase
(Fig. 4). This finally led to an astaxanthin yield of up to 20 µg/g dw in the seeds
[21]. In addition, a maize transformant was generated with improved nutritional
value, with not only a multifold higher β-carotene content but also with an
increased level of the other vitamins ascorbate and folate [46].

In carrot root, the carotenoid pathway ends by accumulation of α- and β-caro-
tene. Engineering of a ketolase gene was sufficient to extend the pathway to asta-
xanthin, although an additional hydroxylase is necessary [32]. As a response to the
expressed ketolase, an endogenous β-carotene hydroxylase was upregulated to
complete the biosynthesis pathway from β-carotene to astaxanthin (Fig. 4). In the
best resulting plants, the roots contained 90 µg/g fw astaxanthin. Also, tomato has
been used to engineer astaxanthin synthesis [31]. Genetic modification was carried
out with a yellow variety, which accumulates β-carotene instead of lycopene.
Transformation with a ketolase and a hydroxylase gene resulted in the accumulation
of astaxanthin (Fig. 4). The astaxanthin content in the transgenic tomato fruits was
up to 16 mg/g dw, which is more than 80 % of total carotenoids. This concentration
is about 1.8-fold higher than in the engineered carrot and is suitable for the direct
use of freeze-dried tomato powder as feed additive for trout and salmon. Table 1
lists the highest yields of major carotenoids obtained by plant transformation.
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Details on carotenoid genetic pathway engineering of plants and resulting
carotenoid yields have been reviewed elsewhere [27, 61].

2.3.2 Genetic Pathway Engineering with Microorganisms

Successful attempts have been made to engineer carotenogenesis in microorgan-
isms, either by modification and enhancement of an existing pathway or by
implementation of a carotenoid pathway into a noncarotenogenic host. The latter
approach is much more problematic because of metabolic competition for precur-
sors and interference with other well-balanced pathways. In addition, lipophilic
sequestering systems must be present for substantial storage of carotenoids.

Bacteria

Escherichia coli was one of the first hosts for heterologous carotenoid synthesis.
Initially, this bacterium was used for combinatorial synthesis of various and novel
carotenoid structures by combining genes from different organisms with different
carotenoid biosynthesis branches [60] to be tested as efficient lipophilic antioxi-
dants. Recently, tremendous progress in the synthesis of carotenoids has been made
by integration of carotenogenic genes into the E. coli chromosome. Concentrations
of 6.2 mg/g dw of β-carotene, 1.4 mg/g dw astaxanthin [39], and approximately
30 mg/g dw of lycopene [15] have been obtained.

Some species of cyanobacteria synthesize zeaxanthin as the end product of their
carotenoid biosynthesis. By overexpression of either the phytoene synthase gene or
the β-carotene hydroxylase gene, zeaxanthin concentrations of 1.9 mg/g dw were
reached [30].

Fungi

The biotechnological potential of fungi for the heterologous production of impor-
tant carotenoids has already been reviewed [62]. The target carotenoids are mainly

Table 1 Engineered carotenoid synthesis in plants with the highest carotenoid yields

Plant Carotenoid Content (mg/g
dw)

Engineering Reference

Tomato Lycopene 5 Phytoene synthase [23]

Tomato β-Carotene 1 Lycopene β-cyclase [3]

Tomato Astaxanthin 16 β-Carotene hydroxylase,
β-Carotene ketolase

[31]

Potato Zeaxanthin 0.04 Inactivation of zeaxanthin
epoxidase

[56]
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β-carotene and astaxanthin. The first attempts to engineer a carotenoid pathway into
a non-carotenogenic fungus were made with yeast for the production of lycopene
[72]. However, Candida utilis was the first fungus in which the carotenoid pathway
was systematically engineered by genetic modification for the high-yield production
of the carotenoids lycopene, β-carotene, and astaxanthin [66]. In addition to the
genes for the establishment of carotenogenesis, the gene encoding 3-hydroxy-3-
methylglutaryl–coenzyme A reductase from C. utilis was overexpressed and the
gene for squalene synthase was partially inactivated, redirecting parts of ergosterol
biosynthesis into carotenoid biosynthesis (Fig. 5). The resulting lycopene concen-
tration of 7.8 mg/g dw was set as a benchmark for all future engineering attempts.
Furthermore, some of the engineering strategies developed for C. utilis were used in
the following years for other fungi. When later the engineering carotenoid pathway
in yeast was extended for the synthesis of β-carotene, optimization of precursor
supply by simultaneous overexpression of the genes encoding 3-hydroxy-3-meth-
ylglutaryl–coenzyme A reductase and geranylgeranyl pyrophosphate synthase
(GGPP) (Fig. 5) resulted in a β-carotene yield of 5.9 mg/g dw [69]. This value for
β-carotene synthesis in yeast could be further increased to 7.4 mg/g dw by the
insertion of controllable promoters for the carotenogenic genes inserted as dupli-
cates with galactose induction and glucose repression of β-carotene synthesis [70].

Fig. 5 Genetic engineering of carotenoid biosynthesis in fungi. Vertical arrows indicate over-
expression of endogenous genes, open arrows indicate pathway extension by expression of foreign
genes. References: 1 [66], 2 [6], 3 [42], 4 [69], 5 [25]. Lyc lycopene; β-Car, β-carotene; Astax
astaxanthin
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A successful approach to increase β-carotene production in a genetically engineered
yeast was by laboratory evolution [54]. Making use of the carotenoid antioxidative
potential, the application of hydrogen peroxide as stressor resulted in β-carotene
concentrations of 18 mg/g dw.

In Pichia pastoris engineered only for the synthesis of lycopene from GGPP
without any further optimization of precursor supply, lycopene accumulated to
4.6 mg/g dw [6]. Another noncarotenogenic fungus used recently for carotenoid
production is Yarrowia lipolytica, which is an oleaginous yeast that has a high
storage capacity for lipophilic compounds, such as carotenoids. A strain already
modified for high accumulation of lipid bodies was used for transformation with the
heterologous genes. In addition to the genes for lycopene synthesis from GGPP,
again the genes for 3-hydroxy-3-methylglutaryl–coenzyme A reductase and GGPP
synthase were also overexpressed (Fig. 5). In laboratory cultures, synthesis of
1.5 mg/g dw of lycopene was achieved [42]. This accumulation could be increased
to 16 mg/g dw under controlled fed-batch fermentation.

The only carotenogenic fungus optimized for carotenoid biosynthesis is the
basidiomycetous yeast P. rhodozyma, which is one of the rare producers of asta-
xanthin; it can be genetically improved for carotenogenesis [68]. High-yield asta-
xanthin strains have been obtained by a combination of classical mutagenesis and
genetic pathway engineering [26]. This approach started from chemically-induced
mutants with a 15-fold higher astaxanthin content. The genes of limiting carote-
nogenic reactions were then expressed stepwise, resulting in an additional 6-fold
increase and a final astaxanthin concentration of 6 mg/g dw [25].

Table 2 Engineered carotenoid synthesis in microorganisms with the highest carotenoid yields

Strain Carotenoid Content
(mg/g dw)*

Engineering Reference

Escherichia coli β-Carotene 6.2 Whole pathway [39]

Astaxanthin 1.4 Whole pathway [39]

Lycopene 30 Whole pathway [15]

Synechococcus Zeaxanthin 1.9 Hydroxylation [30]

Candida utilis Lycopene 7.8 Whole pathway +
inactivation of parallel
pathway

[66]

Pichia pastoris Lycopene 4.6 Whole pathway [6]

Yarrowia lipolytica Lycopene 1.5 Whole pathway [42]

Yeast β-Carotene 7.4 Whole pathway [70]

Phaffia rhodozyma Astaxanthin 9 Mutant + pathway
optimization

[25]

*In shake-flask cultures
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3 Conclusion

Astaxanthin and β-carotene dominate the global market as feed additives and
colorants. More than 90 % of these carotenoids are chemically synthesized.
However, lutein is another feed additive that is progressing strongly in the market;
it is mainly of plant origin. Other carotenoids, such as lycopene, zeaxanthin, and
phytoene, are of minor economic importance.

It is a great challenge to develop biological systems for the production of as-
taxanthin and β-carotene, in particular, as well as other carotenoids. Although
suitable producers exist, they currently serve only a niche market due to their
inferior economic competitiveness compared to the synthetic products. Therefore,
considerable attempts are being made to increase the carotenoid yields of various
organisms. One challenge is the genetic pathway engineering of suitable hosts. This
includes optimization of the entire pathway, from precursor supply to the
enhancement of limiting carotenogenic reactions. Either noncarotenogenic organ-
isms have been used for the establishment of the entire pathway, or carotenogenic
organisms have been used to enforce their pathways or to extend them for novel
carotenoids. To date, these engineering approaches have been especially successful
with some bacteria and several fungi. Table 2 lists the best carotenoid yields that
have been obtained due to genetic modifications in different organisms. These
values were obtained with laboratory shake-flask cultures. With controlled fer-
menter cultivation, a 3- to 10-fold increase has been demonstrated to be possible
compared to the shake-flask cultures [26, 42]. Therefore, optimized fermenter
cultures of some of the genetically modified strains listed in Table 1 should be
considered as the next step in developing cost-competitive bioprocesses.
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