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General Introduction

CHAPTER 1

Biological roles and biosynthesis of terpenes
1. Terpenes are well represented in the metabolic toolkit of plants
Isoprenoids or terpenoids or terpenes are probably the oldest, but certainly the
largest and most diverse class of plant metabolites. They originate from the simple
molecules acetyl-CoA or pyruvate and GA-3-P (glyceraldehyde-3-phosphate) that are
converted to the basic terpene-dedicated C5 isoprene unit (see section 2). Yet, the
diversity in end products is enormous; over 20,000 terpenes have been identified from
plants alone (Sacchettini and Poulter, 1997). Most variation is found in terpenes with
functions in secondary metabolism. These are compounds not essential for basic plant
growth and maintenance, like aroma and defense compounds. Subtle differences in
biosynthetic enzyme properties create a plethora of structures resulting in speciesspecific blends. Next to this variability, a set of key terpene molecules is found in every
plant species and even across kingdoms. Several terpene-based hormones (cytokinin,
abscisic acid, gibberellins, brassinosteroids), pigments (carotenoids, chlorophyll), antioxidants (vitamin E), protein labels and electron carriers are essential for plant
development and survival. The diversity in terpenes evoked interesting evolutionary
questions: what did the first terpenes do? Did terpenes originally only have functions
in energy metabolism, membrane structure or as hormones? Did secondary roles
arise from catabolic- or waste-products or from completely new pathway-branches?
Which natural selections caused the diversification? The evolution of volatile emission
and secondary metabolism in general has been subject to various debates (Firn and
Jones, 2006a, 2006b; Holopainen, 2004; Owen and Penuelas, 2005, 2006a, 2006b;
Pichersky et al., 2006b). However, I will not go into details of these intriguing
thoughts, but sometimes briefly mention in the next sections, discussing the various
roles of terpenes.
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1.1 Plant defense molecules
To cope with biological threats of herbivorous and pathogenic organisms, plants employ
several biosynthetic pathways to generate toxic or repellant compounds: phytoalexins.
Many of these compounds are terpenes. We can distinguish between constitutive defense
and induced defense. Plants with constitutive defenses contain a basal level of active
compounds. This is proposed to be more –metabolically- costly for a plant, although
discouraging for instance insects at the first bite will lead to less tissue damage as
compared to plants that have their defenses up and running half a day later. Induced
defenses need to be triggered first, involving recognition of the threat and activation of
defenses (see also section 4). An advantage of induced defenses could be that adaptation or
resistance of pathogens/insects will emerge less frequently.
Solanaceous plants typically make sesquiterpene phytoalexins. Capsidiol is the principal
sesquiterpene phytoalexin in tobacco (Nicotiana tabacum) and pepper (Capsicum annuum),
known to humans as a compound giving a burning sensation in the mouth. Capsidiol
synthesis is constitutive in tobacco leaves but is induced in roots and stems upon elicitation
or microbial pathogen infection (Yin et al., 1997). In contrast, the wild tobacco species N.
Attenuatta and N. sylvestris constitutively produce capsidiol in roots (Bohlmann et al.,
2002). Diterpene phytoalexins are very abundant in rice (Oryza sativa) where the blast
fungus Magneportha grisea induces their accumulation, which suggests that they are
associated with resistance against this fungus (Grayer and Kokubun, 2001; Umemura et al.,
2003). Many of these terpene-derived compounds with antimicrobial activities also have
uses in human medicine, like the antimalarial artemisin or the anti-cancer drug taxol.
Synthesis of terpenes can also contribute to plant defense in other ways than repellency or
toxicity. Terpenes with low molecular weights (C10 to C16, see section 2) can evaporate into
the, so-called, headspace of plants. These volatile terpenes contribute to the ”indirect plant
defense” as “long-range” insect repellants or even as attractants for “bodyguards”: insect
predators or parasitoids (Arimura et al., 2005). In the next section, some examples of
signaling terpenes will be discussed.
1.2 Terpenes as means of communication
Communication with other plants and potentially dangerous OR beneficial other organisms
is essential for plant performance. These signals should be mobile and we can distinguish
between volatile molecules evaporating into the plant’s headspace or compounds diffusing
from roots into the rhizosphere. In both cases, terpenes have reported to be functional
signals.

6

General Introduction

Below-ground, plant roots have intimate interactions with symbiotic mycorrhizal fungi.
Fungal growth is stimulated by root-derived signals identified as terpene lactones
(Akiyama et al., 2005). However, the same terpenes are known to stimulate germination of
seeds from parasitic plants like Striga and Orobanche, that eavesdrop to locate their host
(Matusova et al., 2005). A well-studied example of below-ground indirect defense is the
release of β-caryophyllene (a sesquiterpene) from maize roots damaged by beetle larvae.
Interestingly, nematodes that parasitize the beetle larvae are clearly attracted by this βcaryophyllene (Rasmann et al., 2005).
Above-ground, volatile terpenes also appear to have multiple roles in signaling to other
organisms. Most studied are indirect defenses against herbivorous insects and mites. Upon
herbivory, many plants emit volatile blends containing for instance indole,
methylsalicylate, fatty acid derivatives, ketones, alcohols and, in all cases studied so far,
terpenes (Arimura et al., 2004b; Dicke, 1994; Frey et al., 2000; Kant et al., 2004; Pare and
Tumlinson, 1997; von Dahl et al., 2006). Predators or parasitoids of the herbivores use
these cues to locate their prey (De Moraes et al., 1998; Geervliet et al., 1994; Turlings et
al., 1995; Van Poecke et al., 2001). It is difficult to ascribe attraction to individual
compounds, but several studies show that a single volatile terpene can trigger predator
responses (Dicke, 1994; Hoballah et al., 2002; Kappers et al., 2005; Kessler and Baldwin,
2001). Interestingly, plants not only “talk” in terpene-language, they also understand it.
Exposure of plants to either volatile blends of “emitter” plants or even single terpenes can
prime plants for future attack; defense gene expression is induced in “receiver”-plants.
(Arimura et al., 2002; Arimura et al., 2000a; Kessler et al., 2006; Kishimoto et al., 2006).
Fruit aroma’s often contain terpenes and might help attracting seed dispersers (Pichersky
and Gershenzon, 2002). Finally, floral scent bouquets in several species are rich in
terpenes, helping flowers to attract pollinators (Dudareva et al., 2005; Dudareva et al.,
1996).
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Figure 1. A selection of terpenes mediating interactions between plants and other organisms
Examples of terpenes are shown and named between brackets. 1. Production of direct defense compounds in roots
or hypocotyls against insect herbivores, fungi and bacteria (rishitin). 2. Upon feeding of beetle larvae on roots, plants
produce a volatile sesquiterpene (β-caryophyllene) that can attract parasitic nematodes. 3. and 4. Strigolactones
excreted from roots stimulate growth and attachment of symbiotic mycorrhizal fungi as well as germination of the
parasitic weed Striga. 5. and 6. Production of direct defense compounds (capsidiol) in leaves against insect
herbivores, fungi and bacteria. 7. Upon feeding of insect or spider mite herbivores on leaves, the production of
various volatile terpenes is increased, which contributes to the attraction of predators and parasitoids (e.g. predatory
mites or parasitic wasps) (linalool). 8. Volatile terpenes can induce defense responses or priming in neighboring
plants (β -ocimene). 9. Fruits emit appealing volatile aromas that stimulate fruit consumption and thereby seed
dispersal by animals (β-ionone). 10. and 11. Fruits as well as flowers (e.g. in stigma and nectaries) can contain
terpenes with antimicrobial activity to protect these important organs from fungal or bacterial infection (thujopsene).
12. Terpenes contribute to floral scent in many species to attract pollinators (β-myrcene). 13. Volatile or non-volatile
terpenes
8 can repel or discourage herbivorous insects (zingiberene).
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1.3 Terpenoid hormones
Plants use hormones during their whole lifetime for directing growth, shaping and initiating
organs and reacting to their environment. These essential metabolites are derived from
various classes of biosynthesis pathways and terpenes contribute their share.
Cytokinins are essential for plant development and their biosynthesis branches off from
early terpene precursor synthesis: an isoprene unit is coupled to an adenine nucleoside by
isopentenyltransferase to form the basic cytokinin molecule (Sakakibara, 2006).
Brassinosteroids regulate differentiation and growth and are C27-C29 terpenes made via
various cyclizations and oxidations from the cytosolic C30 terpene squalene (Nakashima et
al., 1995). Gibberellins regulate for instance shoot elongation, seed germination and
flowering and are tetracyclic, hydroxylated derivatives of the C20 terpene kaurene, made in
plastids (Hedden and Proebsting, 1999). Finally, abscisic acid is a hormone that regulates
for instance germination, stomatal opening and flowering and is a C15 cleavage product of
a carotenoid, the C40 terpene neoxanthin (Nambara and Marion-Poll, 2005), (see section
1.4).
1.4 Photosynthetic pigments
During photosynthesis, energy from light is absorbed to generate ATP and NADPH,
mediated by chlorophyll and resulting in CO2 fixation into carbohydrates. Chlorophyll is
composed of a porphyrin ring structure with a Mg2+ atom in the center and a hydrophobic
C20 terpene side chain, phytol (Lange and Ghassemian, 2003). Carotenoids and
xanthophylls are other pigments that contribute to light absorption and photoprotection.
These are C40 terpenes synthesized mostly in chloroplasts from two C20 precursors (Lange
and Ghassemian, 2003).
1.5 Electron carriers, anti-oxidants, protein modification, membrane structure
The terpenes discussed in this section will not get much attention in this thesis. However, I
have to stress that these probably have the most ancient functions in eukaryotes and even in
prokaryotes. Sterols (cholesterol is a minor form in plants) are integral components of
membranes, regulating membrane fluidity and permeability. Sterols (also precursors for
brassinosteroids,) are synthesized from the common C30 terpene squalene (Benveniste,
2004). Plastoquinone and phylloquinone (vitamin K1) are electron carriers and electron
transfer cofactors in the chloroplast photosystem of plants and cyanobacteria, whereas
ubiquinone acts as electron carrier in mitochondria. They are synthesized from chorismate
and a phytyl- (C20), solanyl- (C45) or octaprenyl- (C40) diphosphate terpene backbone,
respectively (Swiezewska, 2004). Tocopherols and tocotrienols are generally known as
9
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vitamin E, potent anti-oxidants synthesized only by photosynthetic organisms. They are
synthesized from a tyrosine-derived aromatic headgroup and a C20 terpene tail
(DellaPenna, 2005). Dolichols are polyterpenes based on long chain prenyl diphosphates (≥
C100) to which many functions have been ascribed: cofactors for protein glycosylation and
glycosylphosphatidylinisotol-anchoring of proteins, membrane fluidizers, transport
assistants for ER- and vacuolar- proteins, vesicle trafficking assistants, shields against
reactive oxygen species, and lipid carriers (Swiezewska and Danikiewicz, 2005). Finally,
prenylation is required for membrane-anchoring, localization and activity of many proteins.
Prenylation is catalyzed by protein prenyltransferases that link C15 farnesyl- or C20
geranylgeranyl diphosphate to the C-terminus of proteins. Prenylated proteins (e.g. small
GTP-binding proteins, heterotrimeric G-proteins, protein kinases and receptor kinases) are
for instance required for cell growth, signal transduction, cytoskeleton- and nuclear matrix
organization and vesicular transport (Crowell, 2000).
Taken together, it is clear that terpene biosynthesis is essential to plants (and other
organisms). Therefore, it is of great importance to understand terpene biosynthesis in detail,
as well as its regulation and the interactions between pathways. In the next sections, a
summary of current knowledge is presented.

2. Basics of terpene biosynthesis
Terpenes are made from isoprene units, the C5 building blocks. Although protein
biochemistry and labeling studies have been very useful throughout the last century,
molecular biology and large scale sequencing projects have greatly increased the rate
of enzyme discovery and pathway mapping. In the next sections, I will give an outline
of current knowledge on terpene biosynthesis, discussing the subsequent steps.
2.1 Plastidial and cytosolic isoprene unit synthesis
Until the 1990s, isoprene units and therefore terpenes were thought to be synthesized
exclusively from mevalonate (MVA) in the cytosol as well as in plastids and mitochondria.
However, several reports showed that isolated plastids were unable to produce isoprenoids
from MVA, that synthesis of plastidial terpenes after specific inhibition of the MVA
pathway was unaffected and that MVA precursors were not incorporated into plastidic
terpenes. In 1997, the mevalonate-independent 1-deoxy-D-xylulose-5-phosphate (DOXP)
pathway was reported to operate in plastids (also called methyl-erythritol-phosphate -MEPpathway, or non-MVA pathway), reviewed by Lichtenthaler, (1999). The MVA pathway
10
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requires Acetyl-CoA and proceeds to hydroxymethylglutaryl (HMG)-CoA and mevalonate
involving the enzymes Acetoacetyl-CoA synthase, HMG-CoA synthase and HMG-CoA
reductase (HMGR) (Figure 2). HMGR is considered a rate limiting step and a target for
widely used specific inhibitors (Gerber et al., 2004). Mevalonate is converted to the C5
isoprene unit isopentenyl diphosphate (IPP) via several steps, which can be isomerized to
dimethylallyl diphosphate (DMAPP) by IPP isomerase. IPP and DMAPP are the basic C5
building blocks for all terpenes. In plastids, the carbon sources used are pyruvate and
glyceraldehyde-3-phosphate, which are incorporated in DOXP by DOXP synthase. DOXP
reductase generates MEP, which is converted to IPP and DMAPP in several steps,
ultimately by a putative IPP/DMAPP synthase (or HDR: hydroxymethylbutenyldiphosphate synthase) (Botella-Pavia et al., 2004; Querol et al., 2002; Rohdich et al., 2002)
and/or by an uncharacterized IPP isomerase (Hoeffler et al., 2002; Rodriguez-Concepcion
et al., 2000). DOXP synthesis is a rate-limiting step (Estevez et al., 2001a) and specific
DOXP reductase inhibitors are often used for studying MEP dependent terpene synthesis
(Lichtenthaler, 2000).
So two independent pathways are responsible for synthesis of the general isoprene units
IPP and DMAPP (Figure 2). However, the incorporation of these isoprene units in
plastidial and cytosolic terpenes is not entirely linear, as discussed in the next section.
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Figure 2. Terpene biosynthesis pathways in plastids, cytosol and mitochondria
(A) The cytosolic mevalonate pathway generates isoprene units from acetyl-CoA. (B) The plastidial methylerythritol-phosphate pathway generates isoprene units from pyruvate and glyceraldehyde-3-phosphate. The
general prenyl diphosphates GPP, FPP and GGPP are used by terpene synthases (grey arrows) or protein
prenyltransferases to form specific products. The structures of a few simple terpenes are shown as
examples. Terpene precursors can be translocated between organelles (red arrows), resulting in a complex
and flexible metabolic network. Examples of important metabolites that are completely or partly terpenederived are indicated in grey font. Terpene products can undergo further modifications that often require
translocation to the cytosol or endoplasmatic reticulum and activity of cytochrome P450s (blue arrows).
Abbreviations: HMG-CoA, hydroxymethylglutaryl-coenzyme-A; HMGS, HMG-CoA synthase; HMGR, HMGCoA reductase; MVA, mevalonic acid; MVK, mevalonate kinase; MVPP, mevalonate-5-diphosphate; IPP,
isopentenyl diphosphate; DMAPP, dimethylallyl diphosphate; IPS, IPP synthase; FPP, farnesyl
diphosphate; FPS, FPP synthase; GA-3P, glyceraldehyde-3-phosphate; DXP, 1-deoxy-D-xylulose-5phosphate; DXS, DXP synthase; DXR, DXP reductase; MEP, methylerythritol-4-phosphate; HMBP,
hydroxymethylbutenyl-4-phosphate; HDR, HBMP reductase; HDS, HBMP synthase; GPP,
geranyldiphosphate; GPS, GPP synthase; GGPP, geranylgeranyldiphosphate; GGPS, GGPP synthase;
TMTT, 4,8,12-trimethyltrideca-1,3,7,11-tetraene; ABA, abscisic acid.
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2.2 Pathway crosstalk
To study the contribution of the different pathways to synthesis of their favorite terpenes,
researchers have used various inhibitors of the MVA or MEP pathway in combination with
feeding studies using isotope labeled precursors. These experiments undoubtedly indicated
that terpene precursors could be exchanged between the subcellular compartments. In
tobacco cells, growth inhibition by blocking the plastidial DOXP pathway (using a DOXP
reductase inhibitor) could be partly overcome by adding MVA, suggesting that cytosolic
MVA or a downstream intermediate is imported into plastids. The reciprocal experiment
also indicated export of intermediates from plastids. Furthermore, incorporation of labeled
DOX into cytosolic sterols and incorporation of labeled MVA into plastidial plastoquinone
was observed. These data suggest that bi-directional precursor exchange between plastids
and cytosol is possible (Hemmerlin et al., 2003). IPP uptake by isolated plastids from
grapevine cells has been observed, indicating cytosol-to-plastid transport (Soler et al.,
1993). Arabidopsis plants were found to be able to recover within 48 hrs from inhibition of
the MVA pathway, probably by precursor shuttling out of plastids, whereas recovery from
DOXP pathway inhibition was not evident (Laule et al., 2003). This, in contrast to the
tobacco and grapevine data, suggested unidirectional transport from plastids to cytosol and
was supported by export studies using intact chloroplasts of spinach, kale and mustard that
could export IPP and GPP (Bick and Lange, 2003). Moreover, partial (Hampel et al., 2005,
2005a) or complete dependence (Dudareva et al., 2005; McCaskill and Croteau, 1995) of
cytosolic sesquiterpenes on plastidial precursors has been observed in grapevine leaves,
mint glandular trichomes and snapdragon flowers. In summary, pathway crosstalk between
cellular compartments has been observed in various plants and occurs at least on the level
of IPP, whereas the extent and directionality of transport (crosstalk) will probably vary
between species and even organs. Crosstalk is probably mediated by specific transporters in
the plastid membrane, although attempts to identify them have failed (Flugge and Gao,
2005),
2.3 Prenyldiphosphate synthesis
The isoprene units IPP and DMAPP are the substrates for enzymes often called
prenyltransferases. However, to prevent confusion with protein prenyltransferases (see
section 1.5), I prefer calling them prenyldiphosphate synthases. Prenyldiphosphates are the
basic backbones of terpenes, ranging from IPP, geranyldiphosphate (GPP, C10),
farnesyldiphosphate (FPP, C15) and geranylgeranyldiphosphate (GGPP, C20), etc., to
polyprenyldiphosphates containing several hundreds to thousands of isoprene units (e.g.
natural rubber).
13
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Prenyldiphosphate synthases can generate chains with double bonds in either cis or trans
configuration and in addition, product chain length can vary greatly (Liang et al., 2002;
Wang and Ohnuma, 2000). In this thesis, only the short chain, trans-type enzymes GPS,
FPS and GGPS will be discussed. X-ray crystallography, sequence comparisons and
mutational analyses showed that these enzymes have a large central cavity containing two
DDxxD motifs for binding of IPP and GPP or FPP. Furthermore, the size of this pocket
influences chain length specificity and is mainly determined by the position of two large
aromatic amino acids that form the bottom of the pocket (Liang et al., 2002; Wang and
Ohnuma, 2000). Next to these biochemical properties, GPS, FPS and GGPS also differ in
subcellular locations and gene family size. In Arabidopsis thaliana, (Lange and
Ghassemian, 2003), GPS is single-copy and targeted to plastids, although an alternative
translation initiation site for cytosolic localization has been proposed (Bouvier et al., 2000).
FPS is represented by two copies of which one is cytosolic and the other cytosolic or
targeted to mitochondria if an upstream start codon is used (Cunillera et al., 1997). Finally,
the GGPS family has twelve members, of which nine are plastid localized, two to the
cytosol/ER and one to mitochondria. In section 4 I will give more details about different
functions and properties of these family members. Not surprisingly, there are some
exceptions to the basic “rules” of short-chain plant prenyldiphosphate synthases. While it
was proposed that these enzymes function as homomers, the GPS of mint, snapdragon and
clarkia were found to be heterodimeric, consisting of a small subunit (ssu) with no apparent
homology to prenyldiphosphate synthases and a large subunit (lsu) closely resembling
GGPS (Burke et al., 1999; Tholl et al., 2004) (see Figure 3). In addition, in grand fir (Abies
grandis, a gymnosperm), three GPSs were identified that all share high homology to
GGPSs instead of to other GPSs (Burke and Croteau, 2002a). Finally, two maize FPSs
were recently identified that also had minor GGPS activity (Cervantes-Cervantes et al.,
2006). Although the functional significance is unknown, it indicates that chain length
specificity is not as strict in some cases.
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Figure 3. Sequence homology of prenyldiphosphate synthases
A neighbor-joining tree is shown (uncorrected distances) from an amino acid sequence alignment made with
ClustalW software using the PAM350 matrix. The used full-length sequences include all Arabidopsis
prenyldiphosphate synthases with the exception of two polyprenyldiphosphate synthases. For each class of
prenyldiphosphate synthases, a representative subset of sequences from other plant species has been included.
In addition, some sequences of human, bacterial, yeast and cyanobacterial proteins have been included.
Abbreviations: GPS, geranyldiphosphate synthase; SPS, solanesyldiphosphate synthase; FPS,
farnesyldiphosphate synthase; UPS, undecaprenyldiphosphate synthase; DPS, dehydrodolicholdiphosphate
synthase; GGPS, geranylgeranyldiphosphate synthase; ssu, small subunit; lsu, large subunit. Shaded boxes
indicate separate branches or sub-groups with distinct activities.
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2.4 Terpene synthases
Most of the terpene diversity is created by the activities of terpene synthases that can
convert the prenyldiphosphate backbones by cyclizations and rearrangements of C-C
(double) bonds to specific and often multiple terpene products. GPP is converted to
monoterpenes (C10), FPP to sesquiterpenes (C15) and triterpenes (C30) and GGPP to
diterpenes (C20) and tetraterpenes (C40). Terpene synthases are often part of gene families,
especially those involved in synthesis of secondary metabolites. Arabidopsis contains 7
monoterpene synthases, 22 sesquiterpene synthases and 2 or 3 diterpene synthases (Lange
and Ghassemian, 2003). Rice, for instance, produces many diterpene phytoalexins and
therefore, diterpene synthases are overrepresented in these plants, about 14 (putative)
diterpene synthase sequences can be found (www.ncbi.nlm.nih.gov). Terpene synthases
have been studied in evolutionary context by looking at conservation and loss of intronexon structure between species. Three classes could be distinguished (supposedly evolved
sequentially), Class I genes have 12-14 introns and contain mainly gymnosperm genes and
angiosperm diterpene synthases involved in primary metabolism. Class II genes have 9
introns and contain gymnosperm genes involved in secondary metabolism. Class III genes
have 6 introns and contain most angiosperm terpene synthases involved in secondary
metabolism (Trapp and Croteau, 2001). In addition, further phylogenetic analyses with
protein sequences resulted in additional classifications; Tps-a up to Tps-f (Bohlmann et al.,
1998b; Bohlmann et al., 1997). Later, a novel group of terpene synthases of snapdragon,
Tps-g was added (Dudareva et al., 2003). This classification shows that, for angiosperms,
mono-, sesqui- and diterpene synthases each cluster in distinct groups, whereas
gymnosperm terpene synthases cluster in one class, although mono-, sesqui- and diterpene
synthases also split into different sub-branches (Martin et al., 2004).
With the elucidation of some protein structures, the mechanisms for substrate- and productspecificity are starting to be investigated but still far from understood. Conserved patterns
are: an active-site cleft, containing a DDxxD motif on one side and a DxxxTxxxE motif on
the other side that both coordinate a Mg2+ or Mn2+ ion to assist substrate binding through
the diphosphate group (in addition to less conserved positions for hydrogen bonds), upon
which the cavity closes to trap the substrate along with a water molecule. In addition, an Nterminal RR(x)8W or R(x)9W motif located at the outer surface of the active site is involved
in initial diphosphate migration. Metal activated diphosphate departure generates a
carbocation, stabilized by aromatic residues before rearrangements to the final product
occur. Additional water access is predictable by a larger cavity-closing loop, resulting in a
terpene-alcohol (Aubourg et al., 2002; Lesburg et al., 1998; Schwab et al., 2001;
16

General Introduction

Whittington et al., 2002). Using thorough mutational analysis of 19 active site residues in a
γ-humulene synthase, researchers have succeeded in generating various enzymes with
modified product specificities (Yoshikuni et al., 2006). These results might provide a basic
template for modifying determinant amino acid residues of other terpene synthases.
However, this has not been validated to date and thus, sequence and structural information
offer limited product predictability for this enzyme class. A few exceptional terpene
synthases with regard to their classifications and/or presence of conserved motifs are not
discussed here.
Since terpene synthases are determinants of product diversity, mostly rate limiting and
regulated (see section 3), they are popular targets for research and plant modification (see
section 5).
2.5 Terpene modifications and decorations
Many mono- and sesqui-terpenes are end-products of terpene synthases. However, a
majority of terpenes requires modifications before being functional. Modifications can
involve hydroxylation, aldehyde formation, epoxidation, dehydration, reduction,
desaturation, decarboxylation, ring formation, etc. Various different enzymes can be
involved but especially the cytochromes P450 (cytP450) are highly represented. These
enzymes represent the largest family of plant proteins and can catalyze very diverse
reactions (Morant et al., 2003). Below, I will give some examples of well-studied terpene
modifications. Menthol is a quite simple monoterpene derived from limonene, however, it
takes six enzymatic steps to make it, of which the first, limonene-3-hydroxylase is a
cytP450 (Croteau et al., 2005). The antimalarial artemisinin is a sesquiterpene lactone
derived from amorphadiene. The cytP450 required for the first step towards artemisinic
alcohol was recently identified (Teoh et al., 2006). Gibberellins need to undergo many
oxidations from the diterpene kaurene before they are active, involving cytP450s and dioxygenases (Pimenta Lange and Lange, 2006). In order to obtain an active brassinosteroid
from the triterpene squalene, about 25 steps are required including epoxidases,
methyltransferases, reductases, isomerases, desaturases, dehydrogenases, hydroxylases and
oxidases (Fujioka and Yokota, 2003). In addition, terpenes can be decorated with other
molecules. Synthesis of the widely used anti-cancer drug taxol from the diterpene taxadiene
is very complex and requires besides hydroxylations by cytP450s and acetylations by
acyltransferases, also the addition of a phenylpropanoid side chain by unknown enzymes
(Walker and Croteau, 2001). Monoterpene indole alkaloids originate from geraniol that
undergoes several modifications before a decarboxylated tryptophan molecule is attached
(van Der Heijden et al., 2004). Glycosylations of terpenes occurs for the antimicrobial and
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medicinal triterpene saponins (Chappell, 2002) whereas coupling to chorismate, porphyrin
and ATP have already been mentioned in section 1. Finally, terpene modification or
synthesis by cleavage of carotenoids should be mentioned. The plant hormone abscisic acid
(C15) as well as the flavor volatiles β-ionone (C13) and β-cyclocitral (C10) are derived
from carotenoids (C40) that are cleaved by carotenoid cleavage dioxygenases (Auldridge et
al., 2006).
In general, one should consider that modification of terpenes not only influences their
“activity”, but also their volatility and hydrophobicity or solubility, which alltogether
determines terpene functionality.
2.6 Relocalization, transport and emission
As discussed in section 2.2, terpene precursors can be transported accross plastidial
membranes. Also terpenes themselves can be transported over membranes and even
between cells since terpene modifications mentioned in the previous section often occur at
a different site than their synthesis. Volatile (mono-) terpenes for instance are emitted from
cells, meaning that they have to exit plastids, and cross the plasma membrane. In addition,
hormones (either of terpene nature or not) can be transported between cells and through the
vasculature. Therefore, it seems likely that various intra- and inter-cellular transport
systems exist for these metabolites. For example, subcellular localizations of five enzymes
involved in menthol synthesis by mint glandular trichome secretory cells has been studied.
This showed that GPS and limonene synthase are localized in leucoplasts, the subsequent
hydroxylase was associated with the ER, a downstream dehydrogenase localized to
mitochondria and a reductase to the cytoplasm (Turner et al., 1999; Turner and Croteau,
2004). Facilitated transfer and rapid diffusion were suggested for the newly formed
intermediates due to their changing physical properties. It is also believed that no
transporters or permeases are needed for emission of the volatile terpenes, (Yazaki, 2005).
However, some intracellular translocations would be more understandable if an active
component like a “terpene carrier protein” or transporter is involved. Moreover,
translocation of mint monoterpene products from ER membranes and cytosol to the plasma
membrane for secretion has polarity towards the side of the cell pointing to the leaf surface
(Turner and Croteau, 2004). This strongly favors the involvement of a transporter. On the
next level, an illustrative example of intercellular terpene transport is represented by
expression analyses of genes encoding monoterpene alkaloid biosynthetic enzymes of
Catharanthus roseus leaves. From early synthesis of plastidial IPP to the monoterpene
hydroxygeraniol, four genes are expressed in internal phloem parenchyma (Burlat et al.,
2004). Downstream, three genes for further modification and coupling of the monoterpene
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to the indole-group are expressed in the epidermis (Irmler et al., 2000; Murata and Luca,
2005; St-Pierre et al., 1999). Finally, two late genes (close to the end-product) are
expressed in the alkaloid accumulating laticifer/ idioblast cells (see also section 2.7) (StPierre et al., 1999). These data inevitably raise questions about metabolite transporters.
Still, evidence is lacking and therefore, hypotheses are limited and carefully formulated
(Kutchan, 2005).
Particularly hormones are thought to be transported, not only at cellular level but also longdistance, traveling through the vasculature. Auxin transport is a well-studied example and
is mediated by (PGP)-ABC-transporters between tissues and also on intercellular scale,
then mediated by PIN-family efflux carriers (Blakeslee et al., 2005; Geisler and Murphy,
2006). Cytokinins are synthesized in roots and probably exported by nucleoside
transporters, transported through xylem vessels to young aerial tissues and imported by
similar nucleoside permeases (Aloni et al., 2005; Burkle et al., 2003; Hirose et al., 2005).
However, evidence for transport of larger (terpene-) hormones is lacking. Abscisic acid is
known to move through xylem and phloem and to partition within tissues (Sauter et al.,
2001), but whether an active component is involved is unknown. The movement of abscisic
acid as well as gibberellins through the barley grain aleurone was claimed to be explainable
entirely by diffusion (Bruggeman et al., 2001). Transport of gibberellins on intercellular
scale in Arabidopsis seeds was indicated by in situ hybridizations that showed that
expression of early biosynthesis genes, late biosynthesis genes and gibberellin responsive
genes occured in different tissues (Ogawa et al., 2003; Yamaguchi et al., 2001). Studies on
long distance transport of gibberellins by grafting experiments, gibberellin injections and
gibberellin measurements in vascular saps are quite limited and have yielded variable
results (Hoad, 1995; Oden et al., 1995; Proebsting et al., 1992). Finally, it is not clear to
what extent brassinosteroids are transported. Brassinosteroid synthesis genes and
brassinosteroid accumulation are localized in the same organs of Arabidopsis (Shimada et
al., 2003) and grafting experiments showed that long-distance transport through
vasculature does not occur (Symons and Reid, 2004).
In those cases where active metabolite transport is suggested, the possible involvement of
ABC transporters is usually mentioned. ABC transporters belong to a large gene family,
Arabidopsis contains about 130 members (of which hardly any has been characterized) and
they are found on vacuolar- and plasma-membranes (Jasinski et al., 2003; Yazaki, 2005,
2006). Regarding terpenoids, only for the excretion of the antifungal diterpene sclareol
from tobacco leaves, an ABC transporter was implicated and functionally linked (Jasinski
et al., 2001). Other possible transporters are proton-driven antiporters of the MATE family
(Hvorup et al., 2003).
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In summary, transport of terpene- and other metabolites is still poorly understood, leaving
this an interesting open field that needs to be explored.
2.7 Specialized structures, storage and organ specificity
As mentioned earlier (Sections 1.3-1.5), some terpenes are essential for plant development
and these can be active in low concentrations at various locations in the cell. However,
many secondary metabolite terpenes are cytotoxic and need to be retained or stored in
special locations to prevent damage to valuable metabolically active cells and to allow
accumulation to high levels, unless they are highly volatile and immediately emitted. Plants
have evolved various specialized terpene production and/or storage cells and even organs.
In this section, I will list some examples of specialized terpene production or storage sites.
Glandular trichomes are secondary metabolite production and storage organs that are found
on leaf and stem surfaces of many plants. They accumulate high levels of so called
“essential” (essence: flavor) oils in subcuticular storage cavities after excretion from the
secretory cells (Figure 4). The glands contain mono- and sesquiterpenes. Tomato glandular
trichomes contain high amounts of terpenes (mostly sesquiterpenes) (van der Hoeven et al.,
2000) but methylketones are the major products (Fridman et al., 2005). Mint glandular
trichomes produce high levels of monoterpenes and sequence analysis of gland-specific
transcripts (expressed sequence tags) revealed that almost 20% of all expressed genes is
involved in volatile terpene synthesis, an enormous overrepresentation compared to other
cells (Lange et al., 2000). In contrast, sweet basil glands produce, besides volatile terpenes,
mainly phenylpropenes (Iijima et al., 2004a) and in agreement with this, terpene
biosynthesis genes represented only 1% of the gland-specific transcripts (Gang et al.,
2001).
Conifers produce high amounts of mono-, sesqui-, and diterpenes in needles, bark and
stem. The specialized resin -blisters, -canals and –ducts are constitutively present, but upon
wounding, newly formed ducts appear in young xylem tissue of stems, filling up with
terpene resin (Martin et al., 2002).
Plants that produce high amounts of rubber (polyterpene) or terpene alkaloids possess
specialized cells called laticifers and idioblasts. These cells accumulate their terpene
products in the cytosol. The major source for natural rubber is the rubber tree (Hevea
brasiliensis). In the stem-cortex, the laticifers are arranged in concentric bundles with
interconnected cells, lacking plasmodesmata to surrounding phloem cells and their cytosol
contains up to 50% (wt/wt) of the polyterpene (Kush et al., 1990). For comparison,
monoterpene indole alkaloid-producing and -storing laticifers and idioblasts of
Catharanthus roseus are isolated cells within leaf mesophyll tissue (St-Pierre et al., 1999).
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Finally, Eucalyptus leaves have quite unique secretory cavities responsible for
monoterpene essential oil accumulation, which can make out up to 20% of leaf dry weight
(Morrow and Fox, 1980).
Next to these specialized structures, many secondary metabolite terpenes are produced at
specific locations in “normal” tissues. Roots can produce antimicrobial terpenes (Hampel et
al., 2005; Le Floch et al., 2005; Steeghs et al., 2004), flower petals make mono- and
sesquiterpenes (Dudareva et al., 2003; Pichersky et al., 1994) and leaves without
specialized cells (e.g. lima bean, maize) can emit volatile terpenes (Dicke et al., 1999;
Hopke et al., 1994; Kollner et al., 2004). Even Arabidopsis nectaries and stigmas
specifically produce antimicrobial sesquiterpenes (Tholl et al., 2005). However, because
plants with specialized structures can accumulate high amounts of terpenes, these species
are particularly used for industrial purposes. In section 5, I will give some examples of how
terpene products are interesting for human use.
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Figure 4. Specialized structures for terpene biosynthesis and/or storage
(A) and (B), cross sections of young stems from coniferous plants showing (constitutive) resin ducts (CD)
(www.uri.edu/artsci/bio/plant_anatomy/images; (Martin et al., 2002); (C), section of a young lemon fruit (peel)
showing a secretory cavity (www.uri.edu/artsci/bio/plant_anatomy/images); (D), longitudinal section of a
Catharanthus roseus leaf showing idioblast cells (pi and si) and laticifer cells (cl) stained by in situ hybridization to
RNA of a late monoterpene alkaloid biosynthesis gene (St-Pierre et al., 1999); (E), laticifer cells/channels in
Eucalyptus stems (www.uri.edu/artsci/bio/plant_anatomy/images); (F), scanning electron micrograph of
peppermint leaf surface showing non-glandular trichomes (NG), capitate glands (C) and peltate glands (P)
(Croteau et al., 2005); (G), transmission electron micrograph (from the same source) of a peppermint peltate
gland showing the basal cell (B), stalk cell (ST), secretory cells (S) and the oil-filled secretory cavity (SC); (H),
close-up photo of a tomato stem showing glandular trichomes with a stalk cell (ST) and a group of four secretory
cells and -cavities (SE) and a non-glandular trichome (NG).
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3. Induced terpene synthesis
Terpene synthesis can be induced by various stimuli, depending on the function of the
terpene (see section 1). Pathogen infection induces terpene phytoalexin synthesis,
herbivore feeding induces synthesis of volatile terpenes and abiotic stress like high
light-irradiation can induce volatile terpene synthesis and finally developmental
stages and/or circadian rhythms determine for instance production of floral terpenes.
In addition, artificial stimuli used in labs to mimick one of the above inductions
include artificial wounding, (methyl-)jasmonate (me-JA) or (methyl-)salicylate (meSA) treatment, UV-irradiation and elicitor treatment. Research on upregulation of
terpene synthesis is mostly focused on the metabolic products as well as
transcriptional regulation of biosynthetic genes. In these sections, I will give a brief
overview using typical examples as well as inspiring data describing other aspects of
regulated terpene synthesis.
3.1 Regulation of terpene synthases
Upon various stimuli, production of specific terpenes is increased. The induced terpenes
often represent only a fraction of the plants total biosynthetic capacity. Therefore,
differential induction of terpenes that depend on the same, shared precursor pool must be
regulated downstream of precursors. These dedicated steps are usually catalyzed by terpene
synthases (see section 2.4). Indeed, in practically all studied systems involving induced
terpene synthesis, the transcriptional upregulation of terpene synthases has been reported.
Insect or spider mite –induced terpene synthases have been identified in for instance lotus
(Arimura et al., 2004b), spruce (McKay et al., 2003; Miller et al., 2005), cucumber
(Mercke et al., 2004), maize (Schnee et al., 2002; Shen et al., 2000), poplar (Arimura et al.,
2004a) and medicago (Gomez et al., 2005). Usually transcriptional induction of these
terpene synthases correlates well with emission of the terpene product. To simplify
experimental setups, artificial wounding is often used for mimicking herbivory. However,
it should be kept in mind that the tissue damaging modes might not be comparable to true
herbivory, especially for cell-content feeders/suckers. In addition, herbivore-specific oral
factors might elicit or influence additional responses leading to a different induction pattern
and volatile blend. Similarly, jasmonic acid (JA)-treatment is often used, but might not
elicit the full spectrum of responses and, in addition, the effective concentration might
exceed physiological levels several orders of magnitude. Nonetheless, these treatments
often induce terpene synthases in a similar way as herbivory (Arimura et al., 2004a; Gomez
et al., 2005; Miller et al., 2005; Schnee et al., 2002; Shen et al., 2000) with modest
differences in levels and timing.
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Of course, responses to herbivory can be more complex. Lima bean plants treated with JA
or infested with spider mites all displayed increased terpene emission. However, the blends
were of different composition and predators were more attracted to the spider mite-infested
plants (Dicke et al., 1999). In medicago plants, four herbivory-induced terpene synthases
were studied and, strikingly, whereas three of them were also wound-induced, the fourth
was not (Gomez et al., 2005). Furthermore, pine weevil-induced pinene synthase
expression occurs more rapidly in young spruce trees than by artificial wounding (McKay
et al., 2003). Conversely, wound-induced β-ocimene synthase expression in lotus occurred
much earlier than spider mite-induced expression. Interestingly, in these same lotus plants,
both artificial wounding and application of a fungal elicitor did induce β-ocimene synthase
expression, but β-ocimene emission did not increase, in contrast to spider mite-induced β
ocimene emission (Arimura et al., 2004b).
These observations all indicate that in many plants, multiple factors orchestrate a very
specific response to herbivore feeding. It has been suggested that herbivore specific factors
(e.g. in spit or regurgitant) can trigger specific responses in the plant or even suppress plant
defense responses and thereby being useful for the herbivore or for the plant, respectively.
An example of a herbivore-derived elicitor is a fatty acid derivative isolated from beet
armyworm regurgitant: volicitin. This compound can induce a sesquiterpene synthase in
maize and when applied to an artificial wound, it accelerates its induction compared to a
clean wound (Shen et al., 2000). In addition, a peptide from armyworm oral secretions was
recently identified as elicitor of cowpea defense responses including synthesis of various
volatile terpenes. Interestingly, the peptide appeared to be a proteolytic fragment of a plantderived protein (ATP synthase), resulting from ingestion (Schmelz et al., 2006). In
contrast, an active enzyme from caterpillar regurgitant could reduce the accumulation of
toxic nicotine (a pyridine alkaloid) in tobacco plants (Musser et al., 2005; Musser et al.,
2002). Clear evidence for insect derived suppressors that target terpene synthesis is still
lacking. Caterpillars and saliva caused reduced expression of terpene precursor
biosynthesis genes while a terpene synthase was induced. Unfortunately, the effect on
terpene product levels was not determined (Bede et al., 2006).
Next to the well-studied responses to herbivory, terpene synthesis is also induced by
various pathogens. As discussed in section 1.1, terpene phytoalexins accumulate in for
instance rice plants after fungal infection. Several diterpene synthases are induced by
fungal infection or -elicitor, MeJA or UV-irradiation (Cho et al., 2004; Harris et al., 2005;
Nemoto et al., 2004; Otomo et al., 2004; Wilderman et al., 2004). In addition, epiaristolochene synthases from tobacco catalyze the first dedicated step to capsidiol
phytoalexin synthesis and are induced by fungal elicitors or –infection but also herbivore
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feeding (Bohlmann et al., 2002; Facchini and Chappell, 1992; Yin et al., 1997). Why
phytoalexin synthesis is also induced by UV-irradiation is not clear. Furthermore, one
might question the function of pathogen-induced volatile terpene synthesis and emission
(Engelberth et al., 2001; Huang et al., 2003; Obara et al., 2002; Piel et al., 1997); are they
direct defense compounds in the plant that largely evaporate due to their low boiling
points?
Finally, terpene production has been found to be regulated by a circadian clock. Linalool
emission by transgenic Arabidopsis plants ectopically overexpressing a linalool synthase
still followed the diurnal rhythm, indicating that precursor levels are diurnally regulated
(Aharoni et al., 2003). Floral scent production in snapdragon and clarkia is also tightly
regulated by flower developmental stage in addition to the circadian clock and regulation
was also observed at the level of terpene synthase gene expression (Dudareva et al., 1996;
Dudareva et al., 2003).
Above, I have indicated how terpene synthesis, especially secondary metabolite terpenes
involved in plant defense, can be induced by upregulating specific terpene synthases.
However, to significantly induce terpene synthesis, an increased flow through the whole
pathway might be required (see also section 3.2 and 5.2). Precursor pools need to be able to
feed the increasingly demanding terpene synthases. Below, I will briefly discuss how
precursor pools are thought to be regulated.
3.2 Supply of precursors
To increase the terpene precursor flux for terpene biosynthesis, it seems most logical to
upregulate rate limiting enzymes in isoprene unit synthesis and, if needed,
prenyldiphosphate synthases. Indeed, for plastidial IPP synthesis, DOXP synthase is
induced by herbivory in tomato (Kant et al., 2004), whereas the snapdragon DOXP
synthase is regulated in co-ordinance with the developmental and rhythmic monoterpene
emission from snapdragon flowers (Dudareva et al., 2005). Similarly, for cytosolic IPP
synthesis, HMGR is induced by pathogen infection or –elicitors in Solanaceous plants
(Choi et al., 1992; Ha et al., 2003; Park et al., 1992) but also by herbivory (Hui et al.,
2003; Korth and Dixon, 1997). Concerning prenyldiphosphate synthases, the snapdragon
GPS (small subunit) is developmentally and rhythmically regulated like the DOXP
synthase (Tholl et al., 2004), however, there are to my knowledge no examples of induced
GPS genes related to plant defense. Apparently, GPP levels are usually sufficiently high.
FPS is upregulated by pathogens (Ha et al., 2003; Liu et al., 1999) or hexenol (Farag et al.,
2005), while a tomato and taxus GGPS were upregulated by herbivory and MeJA,
respectively (Ament et al., 2006; Hefner et al., 1998). Please remember that HMGR, FPS
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and GGPS (all mentioned above) are members of small gene families in most plants and
that the observed inductions are specific for single members. This suggests that
individually regulated genes are involved in filling substrate pools for very specific terpene
products (see also section 4).
3.3 Additional modes of regulation
I have described so far that induced terpene synthesis occurs by various stimuli and at
different points in the biosynthesis pathway. This concerned only transcriptional regulation.
Identification of transcription factors that regulate terpene synthesis is still a largely
unexplored field. Micro-array analyses indicate that several transcription factors are
induced upon for instance pathogen infection or herbivore feeding (De Vos et al., 2005;
Izaguirre et al., 2003; Kant et al., 2004), in parallel with induced terpene synthesis.
However, the only clear example is reported for a WRKY transcription factor that interacts
with and activates a cotton delta- cadinene (C15) synthase induced by fungal elicitors and
MeJA (Xu et al., 2004).
As stated at the end of section 3.1, upregulation of multiple enzymes in a terpene
biosynthesis pathway might be required for yielding high product levels. Indeed, also
downstream of terpene synthases, terpene-modifying enzymes are reported to be inducible.
Just a few examples include JA- or elicitor- induced cytP450s involved in monoterpene
(Son et al., 1998), sesquiterpene (Luo et al., 2001; Ralston et al., 2001) and diterpene
synthesis (Ro et al., 2005). A quite different example concerns the highly regulated
synthesis of gibberellins. Expression patterns of various cytP450s and dioxygenases are
influenced by development, light and by feedback regulation, thereby fine-tuning levels of
active gibberellins (Olszewski et al., 2002; Pimenta Lange and Lange, 2006).
Finally, posttranscriptional regulation of terpene synthesis might contribute an additional
mechanism to adjust precursor fluxes. Although far from understood, observations suggest
posttranscriptional control of MEP pathway enzymes by plastid-encoded proteins (SauretGueto et al., 2006), feedback regulation of biosynthesis enzymes by MEP pathway
products (Guevara-Garcia et al., 2005) and posttranscriptional responses of more
downstream biosynthesis enzymes to inhibited precursor synthesis (Laule et al., 2003).
These regulation mechanisms likely contribute to monitoring a proper balance of the
multipurpose precursor pools.
3.4 Roles of different hormones in terpene synthesis
As indicated in previous sections, the regulation of terpene synthesis occurs mostly on
transcript level of the biosynthesis genes, from early precursor synthesis genes up to
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terpene modification genes. The signal transduction pathways leading from perception of
for instance pathogens or herbivory to the orchestrated defense responses including terpene
synthesis are most likely controlled by the stress hormones JA, SA and Ethylene (Figure 5).
Microarray experiments with herbivory- or pathogen -induced plants clearly show
upregulation of genes involved in JA-, SA and ethylene synthesis and signaling (De Vos et
al., 2005; Izaguirre et al., 2003; Kant et al., 2004; Reymond et al., 2004; Zhu-Salzman et
al., 2004), Furthermore, JA treatments lead to terpene synthesis responses (see section 3.1)
and induction of terpene synthesis by herbivory or elicitors is accompanied by increased JA
and SA levels (Engelberth et al., 2001; Koch et al., 1999; Schmelz et al., 2003). In
Catharanthus, JA involvement in monoterpene indole alkaloid production has been wellstudied. Several JA-responsive transcription factors have been identified and upon
overexpression of one of these ORCAs, expression of for instance DOXPS involved in
terpene precursor synthesis (see section 2.1) is upregulated (van der Fits and Memelink,
2000). Also ethylene and abscisic acid have been implicated in defense against pathogens
and herbivory, but relations to terpene synthesis are not clear yet (Arimura et al., 2002;
Dammann et al., 1997; Odonnell et al., 1996).
In contrast to the large amount of studies on hormone requirement for pathogen defense
responses (reviewed by Feys and Parker, (2000)), data that support the actual requirement
of JA, SA or Ethylene in induced terpene synthesis is limited. JA and SA were shown to be
required for the attraction of predatory wasps by Arabidopsis. Most likely the induced
volatile blend, containing terpenes was dependent on these hormones, but the authors did
not measure volatile emission from the JA- and SA- mutants (van Poecke and Dicke,
2002). The JA-signaling mutant COI1 seemed to be impaired in inducing expression of a
monoterpene synthase and a putative mono- or diterpene synthase in Arabidopsis (Devoto
et al., 2005). In tomato, JA and SA requirements for synthesis of herbivory induced
terpenes have been studied using JA- and SA- accumulation mutants defenseless-1 (def-1)
and NahG, respectively. Emission of several terpenes was JA-dependent (Ament et al.,
2004) and interestingly, the emission of the homoterpene TMTT was mainly SA-regulated
at the GGPS level but JA-regulated at the terpene synthase level (Ament et al., 2006),
Chapter 4) whereas a linalool synthase appeared to be strictly regulated by JA (Chapter 2).
Antagonistic effects between JA and SA signaling or Ethylene and JA signaling or
synergistic effects between ethylene and JA signaling have been described (Feys and
Parker, 2000) but again, little is known about the effects on terpene synthesis.
Early signaling events involving phospholipid signaling and protein kinases are beyond the
scope of this thesis and will not be discussed, although a short review on this topic in
relation to herbivory and indirect plant defenses is recommended (Arimura et al., 2005).
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Figure 5. JA, SA and ethylene signaling pathways involved in plant defense
Wounding, herbivore feeding and pathogen infection lead to defense responses that are usually
mediated by ethylene (ET), jasmonic acid (JA) and salicylic acid (SA). The hormone balance is highly
dependent on the specific type of induction and determines which responses are triggered. The
complex orchestration is made possible by antagonistic as well as synergistic interactions between
signaling pathways and integration of signals by for instance genes that require both JA and SA. Typical
JA regulated defenses include synthesis of proteinase inhibitors (PI), whereas typical SA regulated
defenses include synthesis of various pathogenesis related proteins (PR). In this thesis, wound induced
proteinase inhibitor 2 (WIPI-II) and PRP6/PR1a were used as JA- and SA- marker genes, respectively.
Furthermore, the JA-deficient mutant defenseless-1 (def-1) and an SA-deficient NahG overexpressor
were used for studying the involvement of JA and SA in the induction of terpene biosynthesis (Chapter
2 and 4).
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4. Paradigms and challenges in terpene precursor synthesis
Plants produce a great variety of terpenes that serve various purposes in different
organs and tissues, yet precursor synthesis seems very simple. In section 2.3, I
indicated that the common prenyldiphosphate backbones in for instance Arabidopsis
are made by a single GPS, two FPSs and twelve GGPSs (Table 1). This brings up
questions how precursors are shared between various terpene biosynthesis pathways
and, especially for GGPSs, whether separate prenyldiphosphate pools are generated
to feed for instance tissue specific synthesis of terpene products.
4.1 Precursor sharing or private pools
It is largely unknown how GPP, FPP and GGPP precursor pools (required for the vast
majority of terpenes) are monitored or regulated. In section 3.2, I have indicated that
prenyldiphosphate synthases are sometimes upregulated by terpene synthesis-inducing
treatments to cope with the increasing demand of precursors. It is currently not clear
whether prenyldiphosphate sythases are subject to feedback-regulation by their products.
However, it can be hypothesized that GPP and FPP pools are constitutively maintained at a
sufficiently high level to feed (induced) mono- and sesquiterpene synthases (and other FPP
requiring enzymes, see Figure 2). This is supported by Arabidopsis micro-array data
(www.genevestigator.ethz.ch; see also Chapter 6) that indicate that: GPS is constitutively
and ubiquitously expressed, whereas six monoterpene synthases are expressed in organspecific manners and upregulated by various stresses, pathogens and elicitors, resulting in
highly fluctuating GPP requirements. Similarly, the two FPS genes are expressed
constitutively and in most organs, but relatively high in flowers and roots (Cunillera et al.,
1996; Cunillera et al., 2000). The sesquiterpene synthases are expressed mostly in flowers
and roots and several root-specific genes are upregulated by pathogens and stresses. In
addition, squalene synthase (sterols), ubiquinone synthesis and protein farnesyltransferase
also require FPP and are expressed ubiquitously and hardly regulated by stimuli. These
data support the idea that both GPP and FPP pools are shared by various enzymes.
In contrast to the readily available and “non-regulated” GPP and FPP pools, GGPP pools
seem more specifically regulated. GGPP is used for a greater variety of terpene products of
which most have primary functions (Figure 2) and one might estimate that GGPP demand
is probably quite constant. However, synthesis of some GGPP-dependent terpenes like
diterpene phytoalexins (see section 3.1) and the volatile TMTT (Ament et al., 2006) is
highly regulated. In addition, expression of genes encoding GGPP requiring enzymes is
very variable in Arabidopsis (see also Chapter 6). Interestingly, the Arabidopsis genome
contains twelve putative GGPSs, and therefore, it can be hypothesized that individual
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GGPSs are involved in generating GGPP for specific terpene biosynthesis pathways. This
is supported by the highly variable GGPS expression patterns in Arabidopsis, both in
organ- and treatment- specific manners (see Table 1, www.genevestigator.ethz.ch and
Chapter 6). Furthermore, a fruit- and flower-specific GGPS involved in carotenoid
synthesis was identified in tomato (Ament et al., 2006; Galpaz et al., 2006) and is regulated
very different from a leaf-specific GGPS involved in - herbivory-induced TMTT synthesis
(Ament et al., 2006), see also Chapter 4 of this thesis).
A question that remains is whether competition for common precursors can occur. This
would be possible if precursor requirement exceeds precursor synthesis capacity. It is
known that when challenged with high light, pathogens or elicitors, plants show growth
retardation. It is not clear what causes the reduction of growth and whether terpene
biosynthesis pathways are involved. Nevertheless, such mechanism suggests substrate
allocation to preferred metabolites. An example that points in this direction is the
downregulation of gibberellin synthesis upon induction of phytoalexin synthesis in rice
(two pathways both requiring GGPP) (Chang et al., 2005). Moreover, this suggests an
active regulation of substrate allocation rather than a simple depletion by a dominant
pathway. The most clear examples of competition for terpene precursors are obtained by
artificially redirecting precursor fluxes. For instance, ectopic overexpression of phytoene
synthase (carotenoids) in tomato resulted in dwarfed plants with lower gibberellin levels by
depleting the GGPP pool (Fray et al., 1995) whereas overexpression of a linalool synthase
in Arabidopsis also led to growth-reduction (Aharoni et al., 2003), probably by depleting
GPP that might be required for gibberellins as well (see Chapter 5). Apparently, plants are
well capable of coping with varying precursor demands within a ‘natural’ range.
4.2 What do GPS, FPS and GGPS gene family members have in common?
In the previous section I have mentioned that Arabidopsis contains a GGPS gene family
with probably 12 members, whereas two FPSs were found and the GPS is single copy
(Lange and Ghassemian, 2003). This basic concept of representation of prenyldiphosphate
synthases probably accounts for most plants. Using sequence databases
(www.ncbi.nlm.nih.gov and www.tigr.org) and literature, the only deviations from the GPS
being single-copy are found in the gymnosperm Abies grandis, where three GPSs were
identified (Burke and Croteau, 2002a) and for lotus, cotton and wheat, two different ESTs
putatively encoding GPSs can be found. However, in about 30 plant species, GPSs are
single copy. Here, I want to use Arabidopsis as example. It has been proposed that its GPS
gene can be transcribed into two possible messengers, the long one resulting in a plastidtargeted protein while the shorter one would be translated from a downstream methionine
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and reside in the cytosol (Bouvier et al., 2000). Other evidence for cytosolic GPP or
monoterpene synthesis is limited (Sommer et al., 1995). The role of cytosolic GPS remains
unclear, but one could also speculate that cytosolic GPP might be incorporated in FPP or
cytosolic GGPP. Although cytosolic GPS isoforms have not been reported in other plants,
this phenomenon indicates that functions of a single copy gene might be diversified by
variations in subcellular targeting of the encoded protein. Similarly, one of the two FPSs
also has a dual subcellular localization, the longer messenger (FPS1L) results in a protein
with mitochondrial targeting, while the shorter one (FPS1S) and FPS2 are cytosolic
(Cunillera et al., 1997). Again, although FPSs are constitutively expressed (see section
4.1), their contributions to FPP-dependent terpenes might be rather specific, which is
supported by differential subcellular targeting. Finally, the GGPS family is not only the
largest prenyldiphosphate synthase family, but also the most diverse. Expression patterns of
individual members greatly varies and also their subcellular localizations (Table 1). Nine
members are (predicted) plastid targeted, two are cytosolic or ER-localized, probably
involved in GGPP supply for geranylgeranylation of proteins since all five protein
geranylgeranyl transferases are cytosolic and, finally, one is mitochondrial (Lange and
Ghassemian, 2003; Okada et al., 2000). These observations undoubtedly support the
statement that individual GGPSs are required for different GGPP pools. However, aside of
the organ-specific, developmentally regulated and treatment-induced expression patterns
and specific subcellular localizations, I want to introduce two additional properties
contributing to specification of GGPP pools. The obvious one is tissue specificity.
Expression analyses shown in literature or in the online micro-array data
(www.genevestigator.ethz.ch) often do not zoom in further than to organ level. For instance
two tomato monoterpene synthases, both expressed in stems and petioles, have highly
different tissue specificities and are expressed in either glandular trichomes or
vasculature/parenchyma (Chapter 2). The other property that very likely differs between
GGPS family members is their biochemical activity. One of the difficulties of supporting
this statement is that there are hardly examples where different enzymes were tested within
one experiment. For the three highly homologous GPSs of Abies grandis, it can clearly be
observed that one enzyme has significant FPS activity (Burke and Croteau, 2002a). For the
Arabidopsis GGPSs, five enzymes have been characterized and it is clear that the GGPP
solanesyldiphosphate (by-)product ratios can differ at least an estimated fifty-fold.
Unfortunately, the enzyme-assays were all done with IPP and FPP (Okada et al., 2000; Zhu
et al., 1997b). First, FPP is a very unlikely substrate for plastidial GGPSs and second, the
ability to use DMAPP or GPP as allylic substrate remains unknown, leaving us with very
little information on substrate preference.
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Feeding GGPS with IPP and DMAPP or GPP provides us (except information about
possible GPP and FPP products) with indications of which substrates are used by GGPSs in
planta, which is not clear to date. Comparing results from researchers that do test different
allylic substrates in their GGPS characterizations reveals large differences. Looking at
plant GGPSs, Km values (in µM) for DMAPP as allylic substrate with IPP vary from 0.95
to 127, those for GPP vary from 2.3 to 9 and those for FPP vary from 0.5 to 26 (Burke and
Croteau, 2002b; Dogbo and Camara, 1987; Laferriere and Beyer, 1991; Laskaris et al.,
2000; Takaya et al., 2003), indicating different substrate preferences IN VITRO. In general,
Kms for GPP and FPP are lower than for DMAPP (and Kcats higher), indicating that if
present, GPS or FPS might supply GGPP precursors to GGPS: a hypothesis never
discussed or tested. We hypothesize that individual GGPSs use different substrates,
depending on their subcellular localization, their biochemical preference and the
availability of substrates. We have clear indications that GGPS required for gibberellin
synthesis uses GPP as substrate, whereas GGPS required for carotenoids and chlorophyll
synthesis does not use GPP and is localized to a different tissue (Chapter 5). These
observations show that although the highly diversified terpene biosynthesis pathways are
fed by a limited amount of prenyldiphosphate precursors, prenyldiphosphate synthases
contribute to this highly regulated metabolic toolbox by functioning as differentially regulated and -targeted gene family members and even isoforms, with varying enzymatic
properties.
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Table 1. GPS, FPS and GGPS genes from Arabidopsis and tomato.
Gene

Arabidopsis
thaliana

Solanum
lycopersicum

localization
p
c
FPS1
c
FPS2
c
m
GGPS1
m
GGPS2
p
GGPS3
c
GGPS4
c
GGPS5
p
GGPS6/7
p
GGPS8
p
GGPS9/10
p
GGPS11
p
GGPS12
p

GPS

GPS
FPS1
FPS2
FPS3
GGPS1
GGPS2
GGPS3
GGPS4

p+c?
c?
c?
c?
p?
p
p
p?

sequence
At2g34630
alternative transcription
At4g17190
At5g47770
alternative transcription
At1g49530
At2g18620
At2g18640
At2g23800
At3g14510
At3g14530/50
At3g20160
At3g29430/32040
At4g36810
At4g38460
DQ286930
O65004, TC184049
TC182150, SGN-U313325
TC180122
DQ267902
DQ267903
TC165409
DQ159949

additional reference
Bouvier et al., 2000
"
Cunillera et al., 1996
"
Cunillera et al., 1997
Zhu et al., 1997b; Okada et al., 2000
Okada et al., 2000
Zhu et al., 1997a; Okada et al., 2000
Okada et al., 2000

Okada et al., 2000
Chapter 5

Ament et al., 2006
Ament et al., 2006; Galpaz et al., 2006
Galpaz et al., 2006

most prominent expression
ubiquitous
ubiquitous, roots, inflorescences
ubiquitous, roots, inflorescences
ubiquitous; induction by salt
roots; induction by MeJA, GA3, zeatin, sugar
roots; induction by 2,4-D
flowers; induction by herbivory
roots; induction by nematodes
roots
roots
roots; induction by N-shortage
ubiquitous
ubiquitous
ubiquitous
fruit, flower
?
?
leaves; induction by herbivory, JA, SA
fruit, flower
fruit, flower
?

Table 1. Arabidopsis gene numbering is logically based on location in the genome (Lange and
Ghassemian, 2003), which can differ from gene numbers adopted in older literature describing
identification of the genes. Expression data of Arabidopsis genes were obtained mainly from
Genevestigator (www.genevestigator.org). Tomato sequences were obtained from Genbank
(www.ncbi.nlm.nih.gov), TIGR (www.tigr.org) and SGN (www.sgn.cornell.edu). Putative subcellular
localizations are indicated with p, plastid; c, cytosol/ER; m, mitochondria.
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5. Plant Modification for fundamental studies and human benefit
Terpene biosynthesis pathways have been subject to various attempts to increase
product outputs. Most were meant for research or proof of concept, whereas projects
focusing on targeted engineering of crops or cell systems for commercial use are
emerging. Engineering floral scent or fruit aroma, production of medicinal or
nutritional compounds, production of natural rubber and bio-fuel or engineering
enhanced defenses are just some examples. However, there are still many difficulties
to overcome before satisfactory product levels can be obtained. Below, I will discuss
some important considerations and give some examples of successful plant
manipulations.
5.1 Difficulties
Overexpression of terpene biosynthesis genes can result in strong metabolic imbalance. By
increasing the demand of endogenous precursors, competition can occur, resulting in a
limited flux towards other, essential terpene metabolites. This has been observed in many
cases. Various pleiotropic effects can be explained by precursor depletion. The most
common effect is growth retardation (Aharoni et al., 2003; Aharoni et al., 2006; Besumbes
et al., 2004; Fray et al., 1995; Lindgren et al., 2003), probably by affecting gibberellin
and/or steroid levels. Furthermore, precursor limitation can prevent high yields of the
product of interest. These effects can result in a selection-pressure in favor of transformants
with low transgene expression or product levels. In addition, increasing the accumulation
of a terpene metabolite can cause toxicity. Several terpenes have been reported to be
harmful to plant cells (Weidenhamer et al., 1993) and for instance transgenic potato plants
that overproduce linalool were reported to show yellowing and damage of leaves (Aharoni
et al., 2003; Aharoni et al., 2006). Product conjugation is a mechanism to detoxify or
inactivate metabolites. Glycosylations and hydroxylations are frequently observed
modifications of terpenes in transgenic plants, and can account for over 95% of the
products from the introduced enzyme (Aharoni et al., 2003; Lucker et al., 2001). Finally, it
should be taken into account that the terpenes of interest are often produced in specialized
structures in the wild type plant (see section 2.7). Therefore, targeting the transgene to
other tissues with constitutive promoters might increase the risk of substrate depletion and
product toxicity.
5.2 Precursor supply
To cope with precursor limitations, one might increase precursor synthesis by additional
modifications. Overexpression of genes encoding rate-limiting enzymes in IPP synthesis
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gave varying results. Overexpression of cytosolic HMGR in tobacco resulted in 2-10 fold
increased sterol levels without pleiotropic phenotypes (Chappell et al., 1995) whereas
DOXPS (plastidial) overexpression in Arabidopsis led to increased levels of chlorophyll,
carotenoids and ABA. The increased ABA levels, however, led to reduced germination
rates (Estevez et al., 2001b). One step downstream of DOXPS, overexpression of DOXPR
in peppermint resulted in 50% increase in monoterpene yield, without obvious other effects
(Mahmoud and Croteau, 2001). Coexpression of a plastidial diterpene (taxadiene) synthase
with DXS led to six times higher taxadiene levels than expression of taxadiene synthase
alone. Moreover, using HDR (the final step in plastidial IPP synthesis, see section 2.1)
instead of DXS elevated taxadiene levels an additional two-fold (Botella-Pavia et al.,
2004). Apparently, a combinatorial approach gives higher product yields and multiple
enzymes can be used to target upregulation of IPP synthesis. The only examples (to my
knowledge) of engineering at prenyldiphosphate synthase level concern FPSoverexpressing Arabidopsis plants. For both the mitochondrial and the cytosolic isoform,
this gave strong pleiotropic effects (chlorosis and cell death), which is probably due to IPP
depletion from the cytosol and decreasing cytokinin levels (Manzano et al., 2006;
Masferrer et al., 2002). To date, the effects of GPS or GGPS overexpression have not been
tested yet. An alternative way to circumvent pleiotropic effects of precursor depletion or
product toxicity is for instance the use of an inducible promoter. With this strategy,
taxadiene synthase expression resulted in thirty-fold higher product yields in plants that had
not suffered growth retardations, compared to plants constitutively expressing the diterpene
synthase (Besumbes et al., 2004). In addition, expression of the transgene in specific
tissues like glands or fruits can yield high product levels without affecting plant growth.
Fruit specific expression of a S-linalool synthase in tomato led to high product levels of
which only a small fraction was hydroxylated (Lewinsohn et al., 2001) as compared to the
ectopic expression of this same gene in Petunia (Lucker et al., 2001).
5.3 Controlling terpene modifications
Even when precursor-levels are taken care of, expressing a terpene synthase might not
result in the product of interest. As discussed in section 2.5, terpenes can be modified in
various ways, which might be desirable. Overexpression of a cytP450 limonene
hydroxylase from peppermint together with a citrus limonene synthase in tobacco resulted
indeed in production of the hydroxylated product isopiperitenol (Lucker et al., 2004).
Engineering primary terpene metabolites like hormones might be even more difficult,
because these pathways will be more strictly regulated. For instance overexpression of
copalyldiphosphate synthase and kaurene synthase, the first dedicated steps to gibberellin
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synthesis, led to clear accumulation of the diterpene kaurene, whereas levels of bioactive
gibberellins were unaltered (Fleet et al., 2003; Otsuka et al., 2004), indicating that
downstream modifications are regulated and limiting. In agreement with this,
overexpression of GA3- or GA7-oxidase resulted in plants with increased gibberellin levels
and accelerated development, whereas enhancing GA2- or GA20-oxidase expression
(gibberellin inactivating enzymes) led to late-flowering dwarfs (Radi et al., 2006).
Modifications can also be undesirable, like aspecific glycosylation or hydroxylation of
newly introduced compounds, or even certain conversions within existing pathways.
Cosuppression of limonene hydroxylase in peppermint increased limonene levels from 2%
to 80% of the total monoterpene content (Mahmoud et al., 2004), whereas silencing of
pulegone hydroxylase reduced the accumulation of mentofuran, the undesired byproduct of
menthol synthesis, with more than 50% (Mahmoud and Croteau, 2001). Interestingly,
silencing of a cytP450 in tobacco glandular trichomes led to a twenty-fold increased
accumulation of cembatriene-ol (a diterpene, otherwise the intermediate for cembatrienediol), which is more toxic to aphids and resulted in greatly reduced plant colonization
(Wang et al., 2001). This is nice example of modification of terpene metabolism in a
biological context, quite close to agricultural applications.
More recently, terpene synthases have been introduced into Arabidopsis plants to test the
role of specific volatile terpenes in insect herbivore repellency or predator attraction. Plants
overproducing linalool and its derivatives were more repellent to aphids (Aharoni et al.,
2003) and therefore, have enhanced direct defenses. Overexpression of a β-farnesene / αbergamotene synthase from maize or a mitochondrial targeted nerolidol synthase from
strawberry (also leading to emission of the -probably cytP450 catalyzed- conversion
product DMNT) resulted in the increased attraction of parasitic wasps or predatory mites,
respectively (Kappers et al., 2005; Schnee et al., 2006). It is tempting to suggest that these
results aid the indirect defenses of the plant. However, learning capacity of the used
animals, on the one hand, can make nearly any scent attractive, and on the other hand, will
readily discourage attraction if there is no reward. It is beyond the scope of this thesis to
discuss this into more detail.
5.4 Strategies
Taking the above sections into consideration, a hypothetical set of smart strategies to
enhance the production of terpenes in transgenic plants would be 1) using a plant with
naturally high terpene synthesis capacity, 2) engineering the plant to develop more
specialized structures (using transcription factors regulating gland development), 3) using
tissue-specific promoters, 4) using inducible or developmentally regulated promoters to
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prevent toxicity and energy-loss in early growth stages, 5) overexpression of the ratelimiting “IPP synthase” and DOXPS or HMGR to increase flux to IPP, 6) overexpression
of GPS or FPS to increase prenyldiphosphate pools, 7) overexpression of the terpene
synthase of interest (and a modifying enzyme if needed), 8) using a plant with low
hydroxylation or glycosylation levels using for instance cytP450-oxygenase or oxidase
silencing (with the same tissue- and developmental- specificity) and 9) overexpression of
transcription factors known to regulate a (complete) biosynthesis pathway.
A variation, using the same principles, would be to generate a modified cell suspensionculture based on specialized cells capable of synthesizing large amounts of terpenes.
Although cell suspensions are being used for terpene production, genetic engineering, to
my knowledge, has not been reported (Tabata, 2006). Just to illustrate that plants are not
required if we are merely interested in a product, I want to mention an example showing
that a complete terpene biosynthesis pathway can be constructed in bacteria. Researchers
introduced several operons into E.coli, containing in total nine genes, to produce the
sesquiterpene amorphadiene (a precursor for the antimalarial drug artemisin) from the
general metabolite Acetyl-CoA using the complete MVA pathway, FPP synthase and the
amorphadiene synthase (Martin et al., 2003). Approaches like these could be called
sophisticated pathway-engineering.
While the above sections mainly dealt with potential ways of improving product yield,
implying a focus on commercial use, many researchers use plants with a modified terpene
blend for answering biological questions on the function of certain compounds or
biochemical questions on the regulation of biosynthesis pathways. Plant modification by
either overexpression or silencing of genes involved in terpene synthesis are very useful
tools for both fundamental and applied studies on the biosynthesis of this highly diverse
metabolite class.
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Differential expression of two tomato monoterpene synthases; linalool
synthase is induced in trichomes by jasmonic acid
Chris C.N. van Schie, Rinse Jaarsma, Kai Ament, Michel A. Haring and Robert C.
Schuurink*
Swammerdam Institute for Life Sciences, Department of Plant Physiology, University of
Amsterdam, 1098 SM Amsterdam, The Netherlands

ABSTRACT
Tomato (Solanum lycopersicum) plants continuously emit a blend of volatile organic
compounds, which mainly consists of terpenoids. Upon herbivory by spider mites
(Tetranychus urticae), the emission of several terpenoids increases. We have identified and
characterized the first two tomato monoterpene synthases, LeMTS1 (AY840091) and
LeMTS2 (AY840092). Recombinant LeMTS1 protein produced (R-) linalool from geranyl
diphosphate and (E-) nerolidol from farnesyl diphosphate, while recombinant LeMTS2
produced β-phellandrene, β-myrcene and sabinene from geranyl diphosphate. LeMTS1 is
expressed in various organs including young leaves, stems and petioles, where its
expression is confined to trichomes. Its expression in leaves is induced by spider miteinfestation, wounding and jasmonic acid (JA)-treatment. All three treatments lead to
significantly higher emission of linalool. Interestingly, LeMTS1 expression was specifically
induced in trichomes by JA. In contrast, LeMTS2 is expressed in roots, but hardly in leaves
and is not induced by spider mites, wounding or JA. Although it is expressed in stems and
petioles, expression could not be detected in trichomes.
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INTRODUCTION
Plants produce a wide variety of terpenoids that have primary functions as hormones
(gibberellins, abscisic acid, brassinolide), sterols, pigments (carotenoids, phytol) and as
parts of electron carrier moieties (ubiquinone, plastoquinone) (McGarvey and Croteau,
1995). Most terpenoids, however, are secondary metabolites: over 20,000 different
terpenoid structures from plants have been described (Sacchettini and Poulter, 1997).
Volatile monoterpenes and sesquiterpenes can function in the interaction of plants with
other organisms. They are present in floral scents that attract pollinators (Knudsen et al.,
1993; Langenheim, 1994) and are emitted by many plant species in response to herbivory
by insects or spider mites. Induced terpenoid emission can attract predators or parasitoids
of the herbivores, a mechanism commonly referred to as the indirect defense strategy of
plants. This has been studied in, for instance, Arabidopsis (Arabidopsis thaliana) (Van
Poecke et al., 2001), lima bean (Phaseolus lunatus) (Dicke, 1994; Takabayashi and Dicke,
1996), tobacco (Nicotiana tabacum; N.attenuata), maize (Zea mays) and cotton (Gossypium
hirsutum) (De Moraes et al., 1998; Pare and Tumlinson, 1999) and tomato (Kant et al.,
2004; Takabayashi et al., 2000).
Several sesqui- and monoterpene synthases have been described that are induced by
herbivory. Nerolidol synthase activity is induced in lima bean, cucumber (Cucumis sativus)
and maize (Bouwmeester et al., 1999; Degenhardt and Gershenzon, 2000), whereas
transcript levels of various sesquiterpene synthases increase in, for instance, maize (Shen et
al., 2000), cucumber (Mercke et al., 2004) and wormwood (Artemisia annua) (Cai et al.,
2002). In Arabidopsis, caterpillars (Pieris rapae) induce the myrcene/ocimene synthase
AtTPS10 and the β-ocimene synthase AtTPS03, which coincides with increased myrcene
emission (Van Poecke et al., 2001). A β-ocimene synthase (LjEβOS) has been identified
from Lotus (Lotus japonicus), which is induced by spider mite-feeding, resulting in
increased emission of β-ocimene (Arimura et al., 2004b).
Artificial wounding or JA treatment are often sufficient to induce terpene synthases. The
wound- and JA- induced synthesis of terpenes by coniferous plants is well described
(Martin et al., 2002; Miller et al., 2005; Steele et al., 1995), and these treatments also
mimic herbivore-induced responses in several angiosperms (Arimura et al., 2004a; Gomez
et al., 2005; Schnee et al., 2002; Shen et al., 2000).
Here we describe the identification and characterization of the first two monoterpene
synthases from a solanaceous species (tomato); LeMTS1 and LeMTS2. We provide
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evidence that these genes are differentially regulated and more importantly, that expression
of linalool synthase LeMTS1 is restricted to trichomes and induced by JA.

MATERIALS AND METHODS
Isolation of LeMTS1 and LeMTS2 cDNAs
Tomato plants, Solanum lycopersicum cv. Moneymaker (3-4 weeks old) were infested with 150 spider mites
(Tetranychus urticae) as described by Kant et al., (2004). Leaves were collected and pooled after 2,3,4 and 5 days
of infestation. RNA was isolated using Trizol (Invitrogen, CA, USA); cDNA was made using SuperscriptII
RNAse H- (Invitrogen, Carlsbad, CA, USA). A LeMTS fragment was amplified from this cDNA using the primer
5’-GATGACATTTATGATGTTTATGGC-3’ in combination with an oligo dT(18) primer. The primer was
designed based on putative tomato monoterpene synthases (www.tigr.org: TC168035, TC160168, BG131411 and
cLED9K13) such that it should not anneal to sesquiterpene synthase cDNAs. The 850 bp PCR product was cloned
into pGEM-T easy (Promega, Madison, WI, USA) and sequenced using the ABI PRISM BigDye terminator kit
(Applied Biosystems, Foster city, CA, USA). cDNA was synthesized from leaves of 3-week-old Moneymaker
plants and from hypocotyls and roots of 11-week-old Moneymaker plants with a ZAP-cDNA synthesis kit, cloned
into the Lambda-ACTII vector (Elledge et al., 1991) and packaged with a ZAP-cDNA Gigapack II gold cloning
kit (Stratagene, La Jolla, CA, USA) 200.000 plaques of each library were screened with the 850 bp RT-PCR
product as probe, radioactively labeled by the ALL-IN-ONE Random prime labeling method (Sigma, Saint Louis,
MI, USA). Filters were hybridized at 55°C in BLOTTO hybridization buffer (Sambrook and Russell, 2001) and
washed three times for 10 min in 1x SSC, 0.1% SDS at 55°C. DNA from positive plaques was converted to pAct2
plasmids and their inserts were sequenced. LeMTS1 was obtained from the leaf cDNA library, LeMTS2 from the
hypocotyl and root cDNA library. Sequences can be found in Genbank as AY840091 and AY840092 respectively.
The presence of plastid targeting signals was predicted using PREDOTAR (http://genoplanteinfo.infobiogen.fr/predotar/predotar.html;

( S m a l l et al.,

2004))

and

TargetP

(http://www.cbs.dtu.dk/services/TargetP/; (Emanuelsson et al., 2000)).
Expression of recombinant proteins in E.coli, enzyme assays and product analysis
LeMTS1 and LeMTS2 were subcloned into the pET32-a expression vector (Novagen, San Diego, CA, USA) after
removal of the plastid targeting signal sequences up to one amino acid upstream of the conserved arginine pair
(Figure 1) by generating ‘truncated’ LeMTS1 and LeMTS2 PCR products with Pfu DNA polymerase (Stratagene).
Forward primers contained NcoI- and reverse primers XhoI- restriction sites. LeMTS1 primers (5’-3’):
GATCCATGGA C A C A A G G C G T T C A G G G A A T T A C

a n d

GTACTCGAGCAAAGTAATAAAATGAAGCCTACG,
LeMTS2 primers: GATCCATGGGTATCCGACGTTCAGGAAATTAC and
GTACTCGAGAATAAAAGGTAATAATTCCTTGTC. pET32-LeMTS constructs were transformed into E.coli
BL21(DE3) which were selected on Luria-Bertani (LB) plates containing 100 mg/l ampicillin. A single colony
was grown overnight at 37°C on a plate, and transferred to 100 ml of LB with ampicillin. Cultures were grown at
37°C for 30-60 minutes to A600 of 0.6-1.0 before addition of 1 mM isopropyl-1-thio-β-D-galactopyranoside and
grown at 20°C for an additional 8 hours. Cells were harvested by centrifugation and resuspended in 5 ml
monoterpene synthase assay buffer containing 50 mM HEPES pH 7.5, 10% glycerol, 5 mM DTT, 2 mM MnCl2,
10 mM MgCl2, proteinase inhibitor cocktail Complete (Roche, Basel, Switzerland) and 1 mM ascorbic acid. Cells
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were disrupted by addition of 1 mg/ml lysozyme (Sigma), incubation on ice for 30 minutes and sonication. After
centrifugation (10,000 g) for 30 minutes at 4°C, 1 ml of the soluble enzyme fraction was assayed directly, or after
purification of the His-tagged recombinant fusion protein on Ni-agarose beads (Novagen, San Diego, CA, USA)
for monoterpene, sesquiterpene or diterpene synthase activity using 10 µM of the substrates GPP, FPP or GGPP
respectively. The assay mix was incubated in a closed 20 ml vial at 30°C for 1 hr under gentle shaking (150 rpm).
Reaction products were sampled with a Solid Phase Micro Extraction fiber (SPME) for 10 min during which the
vial was agitated and heated to 50°C. The SPME fiber was desorbed 1 min in an Optic injector port (ATAS GL
Int. Zoeterwoude, NL) which was kept at 250°C. Compounds were separated on a DB-5 column (10m x 180µm,
0.18µm film thickness; Hewlett Packard) in an 6890N gas chromatograph (Agilent, Amstelveen, NL) with a
temperature program set to 40°C for 1.5 min, ramp to 250°C at 30°C per min and 250°C for an additional 2.5 min.
Helium was used as carrier gas, the column flow was set to 3 ml per min for 2 min and to 1.5 ml per min
thereafter. Mass spectra were generated with the ion source set to -70 V at 200°C and collected with a Time-ofFlight MS (Leco, Pegasus III, St. Joseph, MI, USA) at 1671 V, with an acquisition rate of 20 scans/s. Terpene
products were identified using authentic standards and comparison of ion specra and relative retention times
(Adams, 2001). For separation of terpene enantiomers, a Cyclosil-B column (30m x 247mm, 0.25µm film
thickness; Agilent) was used. The temperature program was isothermal at 115°C for 15 min, with a final ramp to
240°C at 120°C per min and 240°C for 5 minutes. Column flow was 0.7 ml per min.
Plant treatments, plant headspace sampling, trichome isolation and measurement of extracts
For determining tissue specific gene expression, a 13 week-old, untreated tomato plant was dissected to obtain
material of each of the described tissues. For separation of trichomes from petioles and stems, 4 week-old plants
were used. Trichomes were collected on the bottom of a 50 ml tube after vortexing several N2(l)-frozen petiole or
stem segments, standing in upright position. Wounding-, spider mite-, and hormone- treatments (for both volatile
sampling and gene expression analysis) were done using 3-4 week-old tomato plants. Wounding was inflicted by
squeezing leaflets several times with a hemostat; a total of 150 spider mites were put on 3-4 leaflets per plant;
jasmonic acid and salicylic acid were applied to plants by spraying 1 mM solutions made with tap water
containing 0.05% SilwetL-77. Wounded and hormone-treated samples were collected after 24h and spider mite
treated samples after 3d. Headspace sampling of plants was performed as described by Kant et al., (2004). Tenax
sampling tubes were eluted with pentane:diethyl ether (4:1). The Eluted fractions were concentrated 20 times
under a stream of N2 and 1 µl was injected into the GC injector port. For leaf-, stem- or petiole-extracts, 0.5 gram
tissue was used. The amount of trichome material was adjusted to be equivalent to the trichomes present on 0.5
gram of the original stem or petiole. Tissues were ground in N2(l) and transferred to glass 20 ml vials containing 2
ml saturated CaCl2 (5M) buffered in 100 mM sodium acetate (pH 4.5) which were capped immediately and kept at
5°C. Extracts were pre-incubated for 5 min at 60°C under agitation (500 rpm) and sampled for 10 min at 60°C on
a 100 µM PDMS Solid Phase Micro Extraction fiber (SPME, Supelco, Zwijndrecht, Netherlands). The SPME
fiber was desorbed 1 min in the injector port of the GC/MS, which was kept at 250°C. GC/MS analysis was done
as described earlier (Kant et al., 2004)
Gene expression analysis by RT-PCR and real-time Q-RT-PCR
For, semi-quantitative, RT-PCR the tomato RUB1 conjugating enzyme (RCE1) was used as constitutively
expressed control gene (www.tigr.org: TC153679). Initial PCR was performed with RCE1 primers, product levels
were compared and individual cDNA samples were diluted accordingly, to ensure equal template concentrations.
PCRs with primers of genes of interest were subsequently performed for non-saturating number of amplification
cycles. RCE1 primers were always included in each experiment. Used primers (5’-3’) for RCE1: forward (F)
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GATTCTCTCTCATCAATCAATTCG; reverse (R) GCATCCAAACTTTACAGACTCTC, WIPI-II: F:
GACAAGGTACTAGTAATCAATTATCC; R: CACATAACACACAACTTTGATGCC, P R P 6 : F:
TCAGTCCGACTAGGTTGTGG;

R:

TAGATAAGTGCTTGATGTGCC,

LeMTS1:

F:

GATGACATTTATGATGTTTATGGC; R: GGCCATCTCGAGACTTGAGAGCGAATGCAACATTAG,
LeMTS2: F: GATGACATTTATGATGTTTATGGC; R: GGGTAATAATTCCTTGTCTTATTTC. Expression
differences were validated by varying the amount of PCR cycles.
For real-time Q-RT-PCR, total RNA was isolated using Trizol (Invitrogen) and DNA was subsequently removed
with DNAse (Ambion). cDNA was synthesized from 5 µg RNA using SuperscriptII (Invitrogen) in 20 µl reaction
volume that was diluted to 50 µl prior to using it for PCR. PCRs were performed in the ABI 7500 Real-Time PCR
System (Applied Biosystems) using the Platinum SYBR Green qPCR SuperMix-UDG kit (Invitrogen). 20 µl PCR
reactions contained 0.25 µM of each primer, 0.1 µl ROX reference dye and 1 µl template. The cycling program
was set to 2 min 50ºC, 5 min 95ºC, 40 cycles of 15 s at 95ºC and 1 min 60ºC, and a melting curve analysis. Primer
pairs were tested for amplification kinetics and for linearity with a standard cDNA dilution curve. Primers used:
LeRCE1 QF: 5’-GATTCTCTCTCATCAATCAATTCG-3’ QR: 5’-GAACGTAAATGTGCCACCCATA-3’,
LeWIPI2

(K03291)

QF:

5’-GACAAGGTACTAGTAATCAATTATCC-3’

QR:

5’-

GGGCATATCCCGAACCCAAGA-3’, LeMTS1 (AY840091) QF: 5’-TTTGGGGACATCTTCGGATGAA-3’
QR: 5’- CTACTCGAGTTACTTGAGAGCGAATGCAAC-3’. Expression levels were normalized using RCE1
mRNA levels.
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RESULTS
Identification of tomato terpene synthases 1 and 2 (LeMTS1 and LeMTS2)
In order to identify tomato monoterpene synthases that are induced upon spider mite
herbivory,

we

first

queried

tomato

EST

databases

(www.tigr.org

and

www.ncbi.nlm.nih.gov/BLAST/) with known monoterpene synthase sequences from other
plant species. Retrieved tomato EST sequences were used to design an primer specific for
monoterpene synthases (Figure 1). We then used cDNA derived from spider mite-infested
plants, to amplify a single 850 bp fragment with this primer and an oligo dT(18) primer.
This fragment was subsequently used as a probe to screen available tomato cDNA libraries.
Two different full-length cDNAs were identified; LeMTS1 (AY840091) was isolated from
tomato leaves (sequence identical to the probe) and LeMTS2 (AY840092) from tomato
roots and stems. The LeMTS1 and LeMTS2 open reading frames encode proteins of 609 and
590 amino acids (Figure 1), which have predicted masses of 70.8 kDa and 68.6 kDa,
respectively. LeMTS1 and LeMTS2 contain amino acid motifs conserved in angiosperm
(mono)terpene synthases. These are, based on LeMTS1 amino acid positions:
R(45)R(46)W(55), required for the initial diphosphate migration (Williams et al., 1998);
D(362)D(363)D(366), required for binding of a Mg2+ or Mn2+ ion, which is used as cofactor
(Cane et al., 1996; Starks et al., 1997); D(505)T(509)E(513), required for binding of a
second Mg2+ or Mn2+ cofactor; and D(586) in the active site cleft (Schwab et al., 2001;
Whittington et al., 2002). LeMTS1 and LeMTS2 contain both putative (predicted with
TargetP, (Emanuelsson et al., 2000) plastid targeting signal peptides, which should be
processed in the region upstream of the conserved R(45)R(46) arginine pair.
Remarkably, LeMTS1 contains an extra sequence stretch of 22 amino acids starting at
N170 (Figure 1). This sequence is not found in any other terpene synthase, nor does it have
homology to any protein in the NCBI database (www.ncbi.nlm.nih.gov/BLAST/). Its
presence can also not be explained by alternative splicing since the flanks do not contain
canonical splice sites. This extra internal element is not an artefact of the isolated cDNA
since it was found in multiple independent cDNAs from different tissues (data not shown).
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Figure 1. Alignment of deduced amino acid sequences of LeMTS1 and LeMTS2 with three
terpene synthases. A ClustalW alignment is shown of Mentha aquatica linalool synthase, a
monoterpene synthase (C10), MaLin (AAL99381); Solanum lycopersicum (Solanum lycopersicum)
monoterpene synthase 1, LeMTS1 (AY840091); L. esculentum monoterpene synthase 2, LeMTS2
(AY840092); Mentha longifolia limonene synthase, MlLim (AAD50304) and L. esculentum germacrene
C synthase, a typical sesquiterpene synthase (C15), LeGerC (AAC39432). Amino acids are shaded
dark if identical in at least 3 of the 5 sequences and light if identical in LeMTS1 and LeMTS2 only.
Amino acid motifs typical for terpene synthases are boxed: RRx8W (Williams et al., 1998), DDxxD
(Cane et al., 1996; Starks et al., 1997), Dx3Tx3E and D (Schwab et al., 2001; Whittington et al., 2002).
The presence of putative N-terminal plastid targeting peptides in the four monoterpene synthases and
the primer used for amplifying the initial LeMTS fragment from cDNA of spider mite-infested leaves are
indicated.

Terpene synthase activity of recombinant LeMTS1 and LeMTS2
Recombinant LeMTS1 and LeMTS2 proteins were produced in E.coli in order to
characterize their enzymatic activities. The plastid targeting peptide was deleted up to one
amino acid upstream of the RRX8W motif (Figure 1) to produce a His-tagged ‘pseudomature’ form of the proteins, since it has been reported that this can improve protein
expression without affecting activity and product specificity of the enzymes (Bohlmann et
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al., 1999; Williams et al., 1998). The soluble protein fractions were assayed for terpene
synthase activity and products were analyzed on a GC coupled to a Time Of Flight-MS.
Using the monoterpene precursor geranyl diphosphate (GPP) as substrate, LeMTS1
generated only linalool whereas LeMTS2 generated several monoterpene products:
β−phellandrene, β−myrcene and sabinene (Figure 2a). Mass spectra and relative retention
indices (Adams, 2001) or authentic standards confirmed the identification of terpene
reaction products. Extracts of E.coli cells expressing the empty vector control generated
minor amounts of linalool (Fig. 3a) and occasionally geraniol. Thermally induced
autoconversion or solvolysis of GPP to linalool has been observed before (Crowell et al.,
2002; Jia et al., 1999), as well as conversion to geraniol by aspecific hydrolase or
phosphatase activity in protein extracts (Crowell et al., 2002). However, LeMTS1 product
levels are much higher than the background levels of the control (Figure 2a).
Enantiomer separation on an enantiomer selective column showed that LeMTS1 produced
only R-linalool (data not shown). LeMTS1 was also able to utilize the sesquiterpene
precursor farnesyl diphosphate (FPP) as substrate to produce E-nerolidol (Figure 2b),
whereas LeMTS2 had no detectable sesquiterpene synthase activity. Both enzymes were
unable to form terpene products from the diterpene precursor geranylgeranyl diphosphate.
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Figure 2. Enzymatic activity of recombinant LeMTS1 and LeMTS2 proteins.
(a) GC/MS chromatograms of the LeMTS1 and LeMTS2 monoterpene products and the empty vector
control with GPP as substrate. (b) GC/MS chromatogram of the LeMTS1 sesquiterpene product and the
empty vector control with FPP as substrate. The chromatograms show detector responses for the
terpene-specific ion mass 93. Products were identified as linalool (1), sabinene (2), β-myrcene (3), βphellandrene (4) and (E-)nerolidol (5). Representative chromatograms are shown from assays of at
least two independent experiments.

LeMTS1 and LeMTS2 belong to the TPSb subfamily of terpene synthases
LeMTS1 and LeMTS2 are more similar to typical monoterpene synthases from e.g. mint
and citrus than to a typical tomato sesquiterpene synthase (Figure 1). Based on protein
sequence relatedness, LeMTS1 and LeMTS2 can be classified in the TPSb subfamily
(Figure 3), a distinct group of angiosperm monoterpene synthases, according to the original
classification proposed by Bohlmann et al., (1997). So, unlike the recently identified
snapdragon (Antirrhinum majus) monoterpene synthases from subfamily TPSg (Dudareva
et al., 2003) (also including Arabidopsis and strawberry terpene synthases), the
monoterpene synthases from the Solanaceous family do not seem to form a new subfamily.
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Figure 3. LeMTS1 and LeMTS2 belong to the TPSb subfamily of terpene synthases.
The TPS family is divided into subfamilies, according to the nomenclature of Bohlmann et al. (1997).
TPSa: angiosperm sesquiterpene synthases, TPSb: angiosperm monoterpene synthases, TPSc:
angiosperm diterpene synthases, TPSd: gymnosperm mono- sesqui- and diterpene synthases, TPSe: a
second group of angiosperm diterpene synthases, TPSf: a distinct group of (putative) linalool synthases
mainly from Clarkia (Dudareva et al., 1996) and TPSg: a recently identified group of monoterpene
synthases mainly from Antirrhinum: (Dudareva et al., 2003). A limited amount of representative terpene
synthases is shown. The bootstrapped phylogenetic tree was constructed using PAUP and TreeView
software. A representative tree of 100 replicates is shown. Genbank protein accessions of terpene
synthases shown are, top to bottom: TPSf: AAL24105, AAC49395; TPSe: BAC56714, AAC39443;
TPSc: BAA84918, NP192187; TPSd: AAK83566, AAK39129, AAK39127, AAB71084; TPSg:
NP176361, AAO42614, CAD57081; TPSa: AAU05951, AAK54279, AAC39432, AAG09949, Q40577;
TPSb: NP189212, NP567511, AY840091, AY840092, AAC26018, AAV63791, AAL99381, AAD50304,
AAG31435, AAM53943, AAM53945, AAF13356, AAK58723, CAC41012, AAS79351.
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Figure 4. Spatial expression patterns of LeMTS1 and LeMTS2 in tomato.
(a) Expression of LeMTS1 and LeMTS2 in different organs of an adult tomato plant. (b) Expression in
trichomes or complementary tissue of petioles and stems. Expression was analysed by RT-PCR. The
data from one of two independent tissue sets that gave similar results is shown. RUB1 conjugating
enzyme (RCE1, www.tigr.org: TC153679) was used as constitutive control. Ethidium bromide-stained
agarose gels are shown.

LeMTS1 and LeMTS2 are differentially expressed in various plant organs
Since LeMTS1 and LeMTS2 cDNAs were isolated from libraries made from different plant
organs, we investigated the overall organ specificity of LeMTS1 and LeMTS2 expression
(Figure 4a). Transcripts of LeMTS1 were detected in young fruit, flower buds, petals,
sepals, stems, petioles and in young leaves. The expression pattern of LeMTS2 was very
different: no transcripts were detected in petals, sepals and leaves. Moreover, LeMTS2 was
expressed in roots.
For plants that contain glandular trichomes, monoterpene production is considered to be
localized exclusively in these organs (Gershenzon et al., 1992; Iijima et al., 2004b;
Kutchan, 2005; Turner et al., 1999; Turner and Croteau, 2004). Tomato plants possess
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several types of trichomes including glandular trichomes that are present in high density on
leaves, petioles and stems and that contain terpenes (Maluf et al., 2001; Snyder and Carter,
1985). Therefore, we investigated the location of LeMTS1 and LeMTS2 expression in
trichomes of petioles and stems. This showed that LeMTS1 is expressed in trichomes,
whereas LeMTS2 is expressed in the complementary tissue (Figure 4b). Apparently, the
expression of the MTSs in these organs does not overlap and is restricted to different cell
types.
LeMTS1 but not LeMTS2 is induced by spider mite feeding, artificial wounding and
jasmonic acid
To study whether LeMTS1 and LeMTS2 were induced upon spider mite feeding, changes in
transcript levels of intact plants were analyzed by RT-PCR. Expression of LeMTS1 was
indeed induced in leaves by spider mite-feeding, but LeMTS2, which expression was very
low in leaves, was not. Spider mites wound plants and induce JA- and SA- responsive
genes such as a wound-induced proteinase inhibitor (WIPI-II) and a pathogenesis related
protein (PRP6), respectively (Kant et al, 2004). Therefore, we investigated the effects of
artificial wounding and exogenous application of JA and SA (Figure 5a). Both artificial
wounding and JA, but not SA, induced LeMTS1. However, LeMTS2 was not induced by
any of these treatments (Figure 5a). Induction of LeMTS1 and WIPI-II was validated by
real-time Q-RT-PCR. This showed consistent and clear induction of both genes by JA,
artificial wounding and spider mites, although there was large variation in the level of
induction between independent experiments (Figure 5b). We routinely used the tomato
cultivar Moneymaker for our experiments. However, in our earlier work (Ament et al.,
2004; Kant et al., 2004) the cultivar Castlemart was used because it has the same genetic
background as the defenseless1 (def-1) mutant (Howe et al., 1996). Both Castlemart and
Moneymaker show spider mite- and JA -induced LeMTS1 expression (Figure 5).
To investigate whether spider mite-induced expression of LeMTS1 was dependent on JA or
SA we made use of the def1 mutant, which is impaired in induced JA-accumulation (Howe
et al., 1996) and the SA-deficient NahG tomato line (Brading et al., 2000). LeMTS1 was
not induced by spider mites in def1, unlike in the wt (cv Castlemart) control (Figure 6a),
but this expression could be restored by exogenous JA. However, LeMTS1 was clearly
induced by spider mites in NahG (Figure 6b). This shows that LeMTS1 expression is
dependent on JA but not on SA.
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JA induces expression of LeMTS1 in trichomes
Basal LeMTS1 expression in stems and petioles seems to be restricted to trichomes (Figure
4b and 7). Therefore, we addressed the question whether JA induces expression of LeMTS1
solely in trichomes or also in other tissues. Indeed, JA-induced LeMTS1 expression was
almost exclusively localized in trichomes (Figure 7). Interestingly, WIPI-II expression
showed the opposite pattern. Basal as well as strongly JA-induced WIPI-II expression
occurred mainly in the non-trichome tissues.

Figure 5. Induction of LeMTS1 in tomato leaves in response to spider mites, wounding and
jasmonic acid (JA).
(a) Gene expression analysis by semi-quantitative RT-PCR of LeMTS1 and LeMTS2 after various
treatments, compared to the well known JA- and SA- marker genes WIPI-II (Graham et al., 1985) and
PRP6 (van Kan et al., 1992), respectively. Treatments: JA, SA and artificial wounding (W) after 24 h
and spider mite -infestation (M) after 48 h. Two different cultivars were used to verify induction by mites
and JA. A representative result from three independent experiments is shown. RUB1 conjugating
enzyme (RCE1) was used as constitutive control. Ethidium bromide-stained agarose gels are shown.
(b) Validation of LeMTS1 and WIPI-II induction by real-time Q-RT-PCR. Values represent expression
levels relative to controls, calculated after correction for expression of the control gene RCE1. Average
values and standard errors are shown from three to five replicates.
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Figure 6. Spider mite-induced LeMTS1 expression is dependent on jasmonic acid (JA).
(a) Expression of LeMTS1 in wild type (wt) or JA deficient def1 mutant plants infested with spider mites
(M) or treated with JA for two days. (b) LeMTS1 expression in wild type and SA deficient NahG plants in
response to two days of spider mite-feeding. Gene expression was analysed by RT-PCR, a
representative result from one out of two independent experiments is shown. RUB1 conjugating enzyme
(RCE1) was used as constitutive control. Ethidium bromide -stained agarose gels are shown.
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Figure 7. LeMTS1 is induced in trichomes by JA.
Expression analysis of LeMTS1 and WIPI-II by real-time Q-RT-PCR. Intact plants were treated with JA,
and subsequently trichomes were separated from complementary tissues of stems. The result from four
independently treated plants is shown as mean value and standard errors. Expression levels are
indicated as expression relative to the constitutive control gene RCE1.
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Linalool accumulates in trichomes
Figure 4b shows that in petioles and stems LeMTS1 was expressed specifically in the
trichomes. Extraction of terpenes from the same tissues of this experiment demonstrated
that linalool was produced almost exclusively in trichomes (Figure 8). Most other terpenes,
including (E)-nerolidol show similar trichome-specific accumulation, whereas the
monoterpene 1,8-cineole does not and is mostly present in roots and non-trichome tissue of
stems. The monoterpene nerol is produced in trichomes as well as in roots, and
furthermore, it is clear that the distribution between leaves and stems or petioles is highly
variable between individual terpenes. Interestingly, an unrelated volatile compound, methyl
salicylate, is produced in leaves, petioles, stems and roots but not in trichomes.
Linalool emission is induced by wounding and jasmonic acid treatment
Because LeMTS1 was induced by spider mite-infestation, wounding and JA, we
investigated whether the emission of its in vitro products was induced concomitantly.
Analysis of volatile production during two days of wounding or JA-treatment revealed that
plants emitted more linalool after both treatments (Figure 9), while nerolidol emission was
not induced. Therefore, linalool emission correlates with LeMTS1 expression.
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Figure 8. Linalool accumulation in trichomes
Relative levels of linalool, a selection of other terpenes and methyl salicylate in extracts of petioles and
stems before and after removal of trichomes compared to total leaf and root extracts. Equal amounts of the
different tissues were used (freshweight), only trichome material was corrected for freshweight of the
original petiole or stem. Averages of two measurements and min/max are shown. A subset of metabolites
present in the extracts is shown, including the monoterpenes linalool, β-phellandrene, α-phellandrene, 1,8cineole and nerol; the sesquiterpenes nerolidol and β-caryophyllene and the benzenoid methyl salicylate.
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Figure 9. Wounding- and JA- induced linalool emission
Linalool and (E)-nerolidol emission by intact tomato plants that were wounded (W) or treated with 1 mM
jasmonic acid (JA) twice a day. The graph shows the average (n=3) emission over two days as foldinduction compared to the control and standard errors. Data (corrected for unequal variances) were
analysed by means of ANOVA followed by a Fishers-LSD post hoc-test. Linalool emission for both JA
and wounding treatments was significantly increased compared to the control (p <0.05), whereas (E)nerolidol emission was unaltered.

DISCUSSION
Identification of two tomato monoterpene synthases
Monoterpenes are abundantly emitted by tomato plants. For instance α-pinene, β-myrcene,
2-carene, β-phellandrene, limonene and terpinolene are constitutively emitted, while
linalool and β-ocimene emission is induced after spider mite feeding (Kant et al., 2004). In
this chapter, we describe the first two monoterpene synthases from tomato, LeMTS1 and
LeMTS2.
In vitro assays with the recombinant LeMTS1 and LeMTS2 proteins show that LeMTS1
has both (R)-linalool synthase and (E)-nerolidol synthase activity, and that LeMTS2 is a βphellandrene/β-myrcene/sabinene synthase (Figure 3a). LeMTS1 activity in planta seems
restricted to linalool synthase activity since increased LeMTS1 expression by wounding,
JA-treatment and ectopic overexpression leads to increased linalool emission but does not
affect nerolidol levels (Figure 5 and 9).
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Generally speaking, monoterpene synthases are plastid targeted and use GPP, while
sesquiterpene synthases use FPP in the cytosol. There are however some exceptions to this
rule. For instance, a cytosolic strawberry nerolidol synthase (FaNES1) has both (3S)(E)nerolidol synthase and S-linalool synthase activity and is likely responsible for both linalool
and nerolidol synthesis in planta (Aharoni et al., 2004). Vice versa, when FaNES1 was
targeted to the plastids in Arabidopsis it also produced both linalool and nerolidol (Aharoni
et al, 2003). The authors suggested that GPP and FPP substrate pools are not strictly
separated between the cytosol and plastid. This is supported by both cytosolic and plastid
targeting of GPP synthase in Arabidopsis and Litospermum erythrorizon (Bouvier et al.,
2000; Sommer et al., 1995). Alternatively, FPP might be transported from the cytosol into
plastids (Lichtenthaler, 1999). However, since induced LeMTS1 expression does not
correlate with increased nerolidol emission but only with increased linalool emission, the
plastidial FPP concentrations in tomato seem negligible.
Despite their high sequence homology (Figure 1), LeMTS1 and LeMTS2 have different
biochemical activities. It is commonly known that different terpene synthases within one
plant species often have higher sequence similarity to one another than to functionally
related terpene synthases of other plant species. For example, β-pinene synthase from citrus
(Citrus limon) is more homologous to the citrus γ-terpinene synthase than to β-pinene
synthase from wormwood (Figure 3). It is also known from work with other terpene
synthases that product specificity can depend on only a few amino acids (Kollner et al.,
2004; Rising et al., 2000; Yoshikuni et al., 2006) and thus, product specificity of terpene
synthases is not predictable on basis of protein sequence or specific amino acid residues.
By comparing terpene synthase structures, attempts have been made to ascribe substrate
binding and substrate modifications to certain residues. Modelling of the active sites of a
Salvia (Salvia officinalis) sabinene synthase, a mint (Mentha citrata) limonene synthase
and a mint linalool synthase led to the following observation (Crowell et al., 2002):
compared to the other two enzymes, the linalool synthase has a three amino acid deletion in
the active site pocket (two amino acids after the conserved D591, see Figure 1), resulting in
a more open structure of the so called J/K loop and providing an easier access of water
during substrate ionization. Water access results in the premature release of the
intermediate monoterpenol carbo-cation, before cyclisation to a monoterpene olefin (nonhydrated) can occur. The tomato linalool synthase LeMTS1 also has a deletion in the active
site pocket after the conserved D586 (Figure 1). Although the deletion is eight instead of
three amino acids, it indicates that LeMTS1 might utilize a similar structural mechanism to
generate a monoterpene alcohol.
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LeMTS1 expression correlates with induced linalool emission
The induction of LeMTS1 expression correlated with the increased emission of linalool by
tomato plants. Wounding and JA application induced LeMTS1 (Figure 5) as well as linalool
emission (Figure 9). Induction of LeMTS1 upon spider mite-feeding (Figure 5) coincided
with linalool emission (Kant et al., 2004) in the tomato cultivar Castlemart (CM). However,
despite a clear induction of LeMTS1 by spider mites in the cultivar Moneymaker (Figure 5),
no spider mite-induced linalool (nor nerolidol) emission could be measured in this cultivar.
A discrepancy between gene-expression and product-output has been reported before for
wormwood plants, where induction of a linalool synthase, but no linalool emission was
detected (Jia et al., 1999). Also in Arabidopsis, expression of an ocimene synthase,
AtTPS03, did not always correlate with the emission of its product β-ocimene, and varied
between ecotypes. Ecotype Columbia showed herbivore-induced AtTPS03 expression but
not β-ocimene production (Van Poecke et al., 2001), while in ecotype No-0, herbivory
increased β-ocimene emission but not AtTPS03 expression (Faldt et al., 2003). This might
be explained by a redundancy of functionally related terpene synthases, which activities
differ between ecotypes or stresses. Alternatively, a storage and active release mechanism
might uncouple terpene synthase activity from terpene-emission. Also post-transcriptional
regulation of terpene synthase activity cannot be ruled out. Still, overexpression of LeMTS1
in the cultivar Moneymaker results in enhanced production of linalool and no other volatile
terpenoids, providing evidence for in planta linalool synthase activity of LeMTS1.
Generation and analysis of the LeMTS1 overexpressing plant line is discussed in more
detail in Chapter 3.
LeMTS2 is a multiple product monoterpene synthase with an uncommon expression
pattern
LeMTS2 is clearly expressed in roots, stems and petioles (Figure 4a), although its
expression levels are highly variable (data not shown), suggesting responsiveness to
unknown stimuli in these organs. In roots, only minute amounts of the main LeMTS2
product β-phellandrene were detected, but this is not visible in Figure 8 since levels are
approximately 300-fold lower than in leaves. The role of monoterpenes in roots remains
unclear, although they might play a role in the defense response of plants. It has been
demonstrated that the induced release of the sesquiterpene β-caryophyllene from maize
roots is an indirect defense against beetle larvae by attracting entomopathogenic nematodes
(Rasmann et al., 2005). However, synthesis of terpenoids in roots is often associated with
direct defense responses to micro-organisms. So far, only terpene synthases involved in
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sesquiterpene (Bohlmann et al., 2002; Bouwmeester et al., 2002), diterpene (Cho et al.,
2004) and triterpene (Haralampidis et al., 2001) phytoalexin synthesis have been identified
in roots. The emission of the monoterpene 1,8-cineole from Arabidopsis roots is induced
upon bacterial pathogen infection (Steeghs et al., 2004), although transcriptional regulation
of the corresponding 1,8-cineole synthase (Chen et al., 2004) has not been shown yet. We
also found low levels of 1,8-cineole in tomato roots (Figure 8) indicating that there might
be another, root-specific monoterpene synthase.
Although LeMTS2 is hardly expressed in tomato leaves (Figure 4a), β-phellandrene and βmyrcene are constitutively emitted by tomato plants (Buttery et al., 1987; Kant et al.,
2004). This suggests that the constitutive low expression of LeMTS2 might be sufficient to
generate these monoterpenes. However, β-phellandrene is mostly located in trichomes
(Figure 8) where LeMTS2 is not expressed (Figure 4b). This indicates that there are
other β-phellandrene/β-myrcene synthases.
It will be interesting to see in which cells LeMTS2 is active (epidermal cells, parenchyma
or vascular tissue); several examples of monoterpene synthesis by non-specialized
structures and cells lacking green plastids were discussed by Bouvier et al., (2000). Also
phloem and xylem can be sites for monoterpene synthesis (Burlat et al., 2004; Hampel et
al., 2005; Martin et al., 2002).
LeMTS1 is expressed only in trichomes
Although the presence of terpene synthases in trichomes has been well documented, the
regulation of their expression in trichomes remains obscure. Here we have shown that JA
treatment of intact plants leads to higher transcript levels of LeMTS1 mainly in trichomes
(Figure 7). In contrast, WIPI-II expression is induced by JA in the complementary tissues,
indicating that the plant controls differential activation of JA-regulated genes. Basal
expression of WIPI-II was very low in trichomes, although constitutive expression of a
WIPI-II in glandular trichomes was recently demonstrated in nightshade (Solanum nigrum)
(Liu et al., 2006). It is not clear yet whether trichome-expressed WIPI-II functions in
trichome development or whether it contributes to chemical defenses of trichomes.
Induction of WIPI-II in non-glandular tissue (mesophyll/parenchyma) meets the
expectation that it should be present in those cells that suffer from herbivory.
In this chapter we report the identification of the first two monoterpene synthases from a
plant of the solanaceae family. As it has recently been described that increased volatile
terpene production in transgenic plants can benefit the indirect defense (Kappers et al.,
2005), it will be interesting to investigate the effect of LeMTS1 overexpression in tomato.
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This could reveal the functional significance of linalool in the indirect defense strategy.
Furthermore, the role of LeMTS2 derived terpenoids in roots and stems needs to be
investigated. Finally, we report the first induction of gene expression in trichomes and the
observed differences in tissue specific (induced) expression of JA-regulated genes, as well
as different tissue-specific accumulation of terpenes can provide excellent opportunities for
identification of new tissue-specific promoter elements and transcription factors.
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ABSTRACT
Volatile terpenes synthesized by plants are usually fruit and flower aromas or defense
compounds. Both herbivorous and predatory arthropods can use volatiles as cues for host
recognition or localization of plants that contain prey, respectively. Tomato plants emit the
monoterpene linalool as well as β-ocimene, nerolidol, TMTT and MeSA in response to
spider mite-feeding, potentially contributing to attraction of predatory mites.
In order to investigate the role of linalool in plant defense, a transgenic tomato plant line
was generated that overexpressed the linalool synthase-encoding gene LeMTS1. These
plants emitted several hundred-fold more linalool than control plants and also accumulated
several hydroxylated and glycosylated linalool-derivatives. Bioassays with spider mites and
predatory mites indicated that the elevated production of linalool did not influence spider
mite fecundity, but led to an increased attractiveness of plants for both spider mites and
predatory mites.
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INTRODUCTION
Terpenes are metabolites with very diverse functions in plants. Except having various
primary functions, terpenes play a role in plant defense and communication with other
organisms. Terpenes with low molecular weight (up to approx. C20, Mw 290) are volatile
and can serve as signals to attract pollinators, seed dispersers or parasitoids and predators of
herbivorous insects and mites, as well as to repel herbivores (Pichersky and Gershenzon,
2002). To study the biological roles of volatile terpenes, various approaches have been
employed. Close monitoring of terpene synthesis and biological readouts provide strong
correlations, which can be verified by for instance application of pure compounds in an
attempt to mimic the biological effect (de Boer et al., 2004; Kessler and Baldwin, 2001;
Koschier et al., 2000). In addition, electroantennography with insects in combination with
GC/MS allowed the identification of biologically active terpene volatiles from complex
mixtures (Du et al., 1998; Gouinguene et al., 2005; Rostelien et al., 2000; Weissbecker et
al., 2000). In the last 10-15 years, manipulation of terpene composition by transgenic
approaches found its way (Fray and Grierson, 1993; Fray et al., 1995; McCaskill and
Croteau, 1997). The identification of terpene synthases, characterization of their in vitro
activity and correlation of corresponding gene expression profiles with accumulation of
terpene products in planta are the basic starting point for designing plant manipulation
experiments. With the rapidly increasing number of identified terpene synthase genes,
opportunities for engineering plants with specific modifications in their terpene blend are
ample. Overexpression or silencing of terpene synthases can also help to verify enzyme
activity in planta, which is important because recombinant protein activity might not be
comparable (Aharoni et al., 2004); Chapter 2). In addition, modification of terpene blends
can have great commercial value, especially in food-, flower- and medicine industry.
Terpene synthase overexpression has taught us that when plants are modified to synthesize
large amounts of terpenes, reduced precursor availability for essential metabolites can lead
to dwarfing (Aharoni et al., 2003; Besumbes et al., 2004; Fray et al., 1995), terpenes can
cause toxic effects in plant cells (Aharoni et al., 2003; Aharoni et al., 2006; Weidenhamer
et al., 1993) and that plants can detoxify or store terpenes by modifications like
hydroxylation and glycosylation (Aharoni et al., 2003; Lucker et al., 2001). Nonetheless,
researchers have succeeded to make Arabidopsis plants more attractive to parasitic wasps
and predatory mites by transforming them with a farnesene/bergamotene synthase (Schnee
et al., 2006) or a nerolidol synthase (Kappers et al., 2005), respectively, and more repellant
to aphids by linalool synthase overexpression (Aharoni et al., 2003). In addition, tomato
aroma could be enhanced by fruit specific overexpression of a linalool synthase
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(Lewinsohn et al., 2001), whereas inducible overexpression of taxadiene synthase led to the
strongly increased production of the precursor for the medicinal terpene taxol in
Arabidopsis (Besumbes et al., 2004).
This chapter will focus on the tomato linalool synthase LeMTS1, putatively involved in
spider mite induced indirect defense (Chapter 2). Foliar release of linalool has been
implicated in indirect defense against herbivory, as part of the induced volatile blend which
is attractive to parasitoids or predators (Kant et al., 2004; Rose et al., 1998). By differential
tests or by using the pure compound, linalool was shown to be active as predator/parasitoid
attractant (Gouinguene et al., 2005; Kessler and Baldwin, 2001; Krips et al., 2001), but also
as herbivore attractant (Hammack, 2001; Koschier et al., 2000; Leskey et al., 2001) or
herbivore repellent (Aharoni et al., 2003; Muller and Gunter, 1991). Thus, it is interesting
to study the function of linalool in a plant species that naturally releases this compound,
such as tomato.
Here we describe the characterization of tomato and Arabidopsis plants transformed with
the linalool synthase gene LeMTS1 (AY840091) and the β-phellandrene/ β-myrcene/
sabinene synthase gene LeMTS2 (AY840092) (Chapter 2). Only overexpression of LeMTS1
in tomato was successful in increasing the biosynthesis of terpenes. In the transgenic plants
overexpressing LeMTS1, emission of volatile linalool increased most strongly, while the
accumulation of linalool or linalool-derivatives in leaves increased only moderately.
Preliminary bioassays suggested that these transgenic plants have become more attractive
to both spider mites and predatory mites.
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MATERIALS AND METHODS
Genetic plant transformation
The full length LeMTS1 and LeMTS2 cDNAs (from the complete mRNA, nucleotide 1 until poly-A), including the
putative signal peptide, were cloned into the EcoRI-digested and Klenow-blunted binary vector pGreen1K
(Brandwagt et al., 2002). Truncated LeMTS1 lacked 43 N-terminal amino acids and was cloned to pK2GW7
including an added ATG start codon (Karimi et al., 2002) with Gateway technology as described by the
manufacturer (Invitrogen). The constructs were transferred to Agrobacterium tumefaciens strain EHA105 carrying
the pSoup helper plasmid (Hellens et al., 2000). Tomato plants cv. Moneymaker were transformed essentially as
described by Vanroekel et al., (1993). With the modification that the rooting medium did not contain kanamycin
and indole butyric acid was added to a final concentration of 1.5 mg/l. Primers for genomic PCR: 35S_f 5’CACAATCCCACTATCCT-3’, LeMTS_r 5’-CCTTGAAATCRTTSAATATATCTTG-3’.
Arabidopsis plants were transformed using Agrobacterium tumefaciens (A.tum) GV3101 by means of floral
dipping (Clough and Bent, 1998).
Metabolite analysis
Volatile compounds released by plants were trapped using headspace sampling on Tenax as described by Kant et
al., (2004). Tenax sampling tubes were eluted with pentane:diethyl ether (4:1). The eluted fractions were
concentrated 20 times under a stream of N2 gas and 1 µl was injected into the GC injector port. To analyze volatile
compounds present in leaves, 0.5 gram leaf tissue was ground in liquid N2 and transferred to 20 ml glass vials
containing 2 ml saturated CaCl2 (5M) buffered in 100 mM sodium acetate (pH 4.5). Vials were capped
immediately and kept at 5°C. CaCl2-extracts were pre-incubated for 5 min at 60°C under agitation (500 rpm) and
volatiles in the headspace of the vials were sampled for 10 min at 60°C using a 100 µM PDMS Solid Phase Micro
Extraction fiber (SPME, Supelco, Zwijndrecht, Netherlands). The SPME fiber was desorbed 1 min in the injector
port of the GC/MS, which was kept at 250°C. GC/MS analysis was done as described earlier (Kant et al., 2004).
Non-volatile compounds were analyzed by HPLC-QTOF-MS using aqueous methanol extracts of tomato leaves,
essentially as desribed in (Moco et al., 2006).
RNA gel blot analysis and RT-PCR
Total RNA was isolated using Trizol (Invitrogen). 10 µg RNA was separated on 1.5% agarose in BTPE (0.3M bistris, 0.1M pipes, 10mM EDTA) after denaturing for 1hr at 55ºC in glyoxal denaturing buffer (1:3 v/v) (1.2M deionized glyoxal, 60% DMSO, 5% glycerol and 0.2 mg/ml ethidiumbromide in BTPE). RNA was transferred to
Hybond-XL (Amersham) by capillary blotting in 10 mM NaOH and blots were cross-linked for 1-2 min under
UV. DNA probes were labeled with α−32P-dATP using the DecaLabel kit (Fermentas), purified with SephadexG50 columns and hybridized to the RNA blots in BLOTTO hybridization buffer (0.14M NaH2PO4, 0.3M
Na2HPO4, 10mM EDTA, 7% SDS, 1% BSA) at 65ºC. After washing, hybridization signals were visualized by
autoradiography using phosphoimaging (Molecular Dynamics). For semi-quantitative RT-PCR, cDNA was
synthesized from 5 µg RNA using SuperscriptII (Invitrogen) in 20 µl reaction volume that was diluted to 50 µl
prior to PCR analysis. PCRs were done for a pre-saturating number of amplification cycles and expression
differences were validated by varying the amount of PCR cycles. As control genes, RCE1 of tomato (Rub1
conjugating enzyme, TC153679) and TUA4 of Arabidopsis (tubulin, At1g04820) were used.
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Spider mite and predatory mite assays
Spider mites (Tetranychus urticae), isolates Koppert, KMT and KMB and predatory mites (Phytoseiulus
persimilis) were selected and maintained as described elsewhere (Kant et al., 2004; Kant et al., 2006). Spider mite
fecundity was scored by placing adult females (individually) on 20mm leaf disks for 48h and, subsequently, eggs
were counted and 8 days later, hatched juveniles. The leaf disks were cut and placed on wet cottonwool 24h before
start of the experiment and the spider mites were placed on intact plants of the lines to be tested, 3 days before
start of the experiment.
Spider mite preference was scored by placing 15 adult females on one of a set of two leaves touching each other
(cut leaves on wet cottonwool). Distribution of mites over the two leaves was scored after 12 and 48 h and the leaf
sets consisted of all four possible combinations between control and pGr:M1 leaves, being either empty or infested
at the start of the experiment.
Predatory mite choice was scored by simultaneous release of 40 mites from a hole in the center of a closed Petridish that also served as air-flow exit. Air-flow inlets were two other holes, one at each end of the Petri-dish,
connected with tubing to glass desiccators containing the plants to be tested. After two minutes, mites were
retrieved and counted at either the left or right side of the Petri-dish. Results were statistically analyzed using a
replicated G-test.
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RESULTS
Regeneration and selection of transformants
In an attempt to modify the volatile composition of Arabidopsis (Arabidopsis thaliana) and
tomato (Solanum lycopersicum) plants, the tomato monoterpene synthase genes LeMTS1
and LeMTS2 (Chapter 2) were ectopically overexpressed. Constructs were made using the
vectors pGreen1K (Brandwagt et al., 2002; Hellens et al., 2000) and pK2GW7 (Karimi et
al., 2002), containing the Cauliflower mosaic virus 35S (CaMV-35S) promoter. PGr:M1
and pGr:M2 are pGreen1K containing the complete coding sequences of LeMTS1 and
LeMTS2, respectively. In addition, GW:M1tr is pK2GW7 containing LeMTS1 with an Nterminal truncation of 43 amino acids, preventing the protein from being translocated to
plastids and thereby allowing LeMTS1 to use cytosolic FPP as substrate.
Regeneration of transgenic tomato plants from callus proved to be problematic for those
containing pGr:M1. Three independent transformations yielded only one pGr:M1 plant line
(line 1.2), whereas with pGr:M2 and GW:M1tr constructs, about 10 plant lines were
generated. Only after removing antibiotic selection and increasing indole-butyric acid
(IBA) concentration in the rooting-medium, one additional pGr:M1 line (line 1.6) could be
rescued after a fourth transformation experiment.
To verify whether the transgenes were properly inserted in the obtained tomato plants, PCR
analyses were performed on genomic DNA using a forward primer on the 35S promoter
and a reverse primer on LeMTS. The results clearly showed that a fraction of the
regenerated plants did not contain the transgene and these lines were not included for
further analyses (Figure 1). Finally, tomato transformations yielded 2 pGr:M1, 7 pGr:M2
and 8 GW:M1tr lines. Arabidopsis transformants were not analyzed by PCR but
immediately subjected to expression analysis.
Expression analysis in transgenic plants
RNA gel blot analysis showed that overexpression occurred in 1 pGr:M1 line, in 0 pGr:M2
lines and in 4 GW:M1tr lines (Figure 2a). pGr:M2 lines showed diffuse hybridization
signals of smaller size than expected, indicating that truncation or breakdown of the
introduced messengers occurred (Figure 2b). Transformation of tomato MSK8 cell
suspensions with pGr:M1 resulted in two lines with hardly detectable LeMTS1 expression
levels (Figure 2c).
In transformed Arabidopsis lines, expression of neither LeMTS1 nor LeMTS2 could be
detected by RNA-gel blot analysis, with the exception of a faint smear in some lines, again
indicating mRNA breakdown (Figure 2d,e). pGr:M1 Arabidopsis lines were subjected to
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semi-quantitative RT-PCR to check whether low LeMTS1 transcript levels were present.
LeMTS1 transcripts (at least the 3’ 800 bp) could be detected in four out of seven tested
pGr:M1 Arabidopsis lines (Figure 2f).
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Figure 1. PCR analysis of transformed tomato plants regenerated from callus.
PCR results shown are from T2 progeny (vertical arrangement) but also the original pGr:M1 plants
(horizontal arrangement). Construct-specific primers (35S_forw and LeMTS_rev) were used to validate
proper T-DNA insertions.
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Figure 2. RNA gel blot analysis of plants transformed with LeMTS
RNA from T1 generation plants was hybridized with LeMTS1 or LeMTS2-specific probes. (a) and (b)
Tomato plant lines transformed with pGr:M1, GW:M1tr and pGr:M2, respectively, compared to wild type
(wt) plants and plants transformed with the empty vector (pGr:-). (c) Tomato MSK8 cell suspension lines
transformed with pGr:M1. (d) and (e) Arabidopsis plant lines transformed with pGr:M1 and pGr:M2,
respectively. Ribosomal RNA on ethidiumbromide-stained agarose-gels are shown as loading controls,
as well as post-hybridization of the RNA blots with probes for the constitutively expressed control-genes
RCE1 (RUB1-conjugating enzyme, www.tigr.org, TC153679) or TUA4 (Tubulin-4, At1g04820) .Arrows
indicate expected size/location of the signal. (f) Semi-quantitative RT-PCR analysis of LeMTS1
expression in the same Arabidopsis plants as shown in (d).
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Analysis of volatile metabolites
To investigate whether transgenic plants overexpressing LeMTS1 had an altered volatile
terpene production, total headspaces from plants enclosed in desiccators were sampled on
tenax. In addition, leaves were ground in saturated CaCl2 and the volatile compounds
sampled with solid phase microextraction (SPME) (Lucker et al., 2001). Transgenic
Arabidopsis plants as well as MSK8 cell suspensions did not show any significant
differences in terpene content or emission compared to controls (data not shown). In
contrast, tomato plants overexpressing LeMTS1 emitted up to 400-fold more linalool than
control plants (Figure 3a), corresponding to 325 ng per plant per day compared to 0.87 ng
per plant per day, respectively. Emission of other monoterpenes or sesquiterpenes was not
significantly altered, with the exception of an unknown, putative monoterpene whose
emission was about 10-fold higher compared to control plants. This would correspond to
roughly 20-30 ng per plant per day, if calculated using the MS-response factor of the
linalool standard. LeMTS1_trunc overexpressors (lines tr5 and tr10) did not show altered
terpene production (data not shown). Analysis of CaCl2-extracts from leaves showed a much
less pronounced difference between transgenic and control plants: compared to control
leaves, LeMTS1 overexpressors contained three- to six-fold more linalool. Apparently,
increased linalool synthesis results mainly in an increased emission rate probably due to
limited storage capacity.
Non-volatile linalool derivatives
It is known that overexpression of terpene synthases can lead to the accumulation of
hydroxylated and/or glycosylated terpene products (Aharoni et al., 2003; Lucker et al.,
2001). Therefore, except for investigating free linalool, leaves were analyzed by LCQTOF-MS for linalool derivatives. MS profiles were analyzed for differential peaks
(p<0.01) that were more than 2.5-fold higher in LeMTS overexpressors than in control
plants. With these criteria, seven compounds were found (Figure 4) and annotated using the
exact mass of the parent ion and its MS/MS fragmentation pattern. The putative identities
of LeMTS overexpression-related metabolites are hydroxy-linalool-glucoside, hydroxylinalool-glucosyl-apioside, hydroxy-linalool-glycoside, probable linalool-glycosyl-apioside,
probable linalool-glycoside and two unknowns. Quantities can not be calculated, since pure
standards of these compounds are not available. GW:M1tr leaves (line 1tr5) and pGr:M2
leaves (line 2.6) did not show increased accumulation of any terpene-related metabolite
(data shown).
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Figure 3. Volatile emission and accumulation by an LeMTS1 overexpressing tomato line
A selection of volatile metabolites is shown, including monoterpenes (2-carene, α -phellandrene, βphellandrene, β-ocimene, linalool and an unknown monoterpene-x-), sesquiterpenes (β-caryophyllene, αhumulene and (E-)nerolidol) and methyl salicylate. (a) Cumulative emission (5 days) measured by Tenax
sampling of whole plants. The inserted picture is an example of two overlayed GC-chromatograms including
names of the visible compounds. IS: internal standard. (b) Accumulation in leaves measured by Solid
Phase Microextraction (SPME) sampling of CaCl2 extracts. NF: not found
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Figure 4. LC/MS analysis of the LeMTS1 overexpressing plant line
Leaf extracts were analyzed for terpene-related metabolites of which levels were significantly increased
as compared to the control plants. (a) Relative abundance of seven increased compounds, given with
their negative ionization mass, retention time and putative identification. Peak 0 represents an
unchanged control metabolite. (b) Chromatograms of control and pGr:M1 leaf extracts displayed for a
selective sum of ions. Peak numbers correspond to the numbers given in panel (a). (c) Full scan
spectra of chromatographic peak at retention time 22.2 min (2 compounds) taken in both negative and
positive ionization mode. The exact masses of the parent ions (331- or 333+) and its fragments glucose
(179-) and linalool (153+) of the compound eluting at 22.17 min all correspond to hydroxy-linaloolglucoside. A second hydroxy-linalool derivative containing both a C6 and a C5 sugar (parent 463-) is
also eluting in this retention time. Formic acid adducts (+46) in negative ionization mode (377- and 509), and sodium adducts (+22 at 355+) as well as dimerized hydroxy-linalool-glucuside adducts (665+) in
positive ionization mode were also detected.

Effects of linalool(-derivative) overproduction on herbivorous- and predatory mites
LeMTS1 overexpressors were used in a spider-mite fecundity assay to test whether the
increased levels of linalool(-derivatives) may affect the fitness of this herbivorous
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arthropod when pGr:M1 leaves were used as food source. Three different spider mite-lines
were used: Koppert, KMT and KMB (Kant et al., 2006), which are well-, moderately- or
poorly- adapted to tomato defenses, respectively. After 3 days of feeding on pGr:M1 or
control plants, adult female mites were transferred to leaf disks of the same plant line. Egg
production was counted after two days and juveniles were counted after 8 days. The
average egg-production was highest for Koppert mites, and only slightly lower for KMT
and KMB mites (Figure 5a). The amount of adult mites used per plant-mite combination
was between 15 to 36 among which egg production varied greatly. LeMTS1 overexpression
had no significant effect on egg production by any of the three mite lines, although a trend
suggesting that KMB mites are more sensitive to LeMTS1 products (p=0.11, ANOVA) was
observed. The eggs produced by either of the three mite-lines on control or pGr:M1 plants
all had comparable viability: after 8 days, about 80% of all eggs hatched for each plantmite combination (Figure 5b).
Altered metabolite composition might, in addition to spider mite-performance, also affect
spider mite-behavior. To test whether spider mites have a preference for feeding on control
or pGr:M1 plants, a preference assay was performed with leaves of both plant lines, using
the KMB spider mite line. Sets of two overlapping leaves, control and pGr:M1, were used
to monitor spider mite- migration from one to the other when put on either the control or
pGr:M1 leaf. Preliminary results indicate that spider mites prefer to reside on, or migrate to
pGr:M1 leaves rather than to control leaves (p=0.16 on day1, p=0.11 on day2, post-hoc
LSD) (Figure 6).
To test whether increased linalool emission affects predatory mite behavior, the headspace
of intact control and pGr:M1 plants enclosed in glass desiccators was offered to predatory
mites in a dual-choice assay. Instead of the classical Y-tube, a high-throughput setup was
used that allows scoring the choices of up to 50 mites in one run (P. de Bruijn and M. van
Wijk, unpublished). In this way, each run yields a choice-percentage. Results of six
repeated runs indicated that predatory mites might have a slight but not significant
preference for LeMTS1 overexpressors (p=0.28, G-test) (Figure 7).
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Figure 5. Spider mite fecundity assay
Spider mites (Tetranychus urticae) were used in a fecundity assay on tomato leaf disks. At least 15 leaf
disks and mites for each plant-mite combination were used. (a) The amount of eggs produced per mite
was counted after 2 days. No significant differences were observed, average values and standard
errors are shown. (b) Hatched eggs (juveniles) were counted after 8 days and calculated as percentage
of the total number of eggs.
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Figure 6. Spider mite preference assay
Fifteen spider mites were placed on either control leaves (c) or pGr:M1 leaves (M1) and their migration
to the neighboring leaf was scored after one and two days. The bar graph shows mean values of six
replicate experiments and standard errors. After transformation (arcsin of square root) data sets were
tested with ANOVA followed by a LSD post-hoc test. No significant differences were found but a trend
indicates that migration from control to pGr:M1 leaves is higher than migration from pGr:M1 to control
leaves (p=0.16 on day1, p=0.11 on day2).
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Figure 7. Predatory mite choice assay
Predatory mites (Phytoseiulus persimilis) were used in a two-choice assay offering headspace of
untreated control plants and LeMTS1 overexpressors. Average values and standard errors are shown
for six repetitions, using 40 mites each repetition. The observed difference was not significant (p=0.28,
G-test).

DISCUSSION
Linalool synthase overexpression in tomato
Increased production of (mono-)terpenes by terpene synthase overexpression in plants not
only allows verification of in vitro enzyme activity but provides a tool for studying for
instance fluxes through terpene biosynthesis pathways and, importantly, the function of
individual terpenes. We have generated tomato plants that overexpress the linalool synthase
LeMTS1 (Chapter 2), resulting in strongly increased linalool emission (figure 3a).
However, attempts to regenerate plants with LeMTS1 overexpression yielded only a single
plant line. Transformations with unrelated constructs or with constructs containing a
truncated version of LeMTS1 had a success-rate (transformation frequency) that was
(estimated) at least twenty times higher.
It is generally known that overexpression of terpene synthases can be problematic
(reviewed by Chappell, (2004)). Substrate limitation and product conversions can explain
low terpene production levels (Aharoni et al., 2003; Lucker et al., 2001; Ohara et al.,
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2003). In addition, ectopic terpene synthase overexpression might lead to product toxicity
(Aharoni et al., 2006; Besumbes et al., 2004) and selection for plant lines with low
transgene expression or low terpene accumulation (Diemer et al., 2001; Krasnyanski et al.,
1999). Taking the above into account, together with the fact that in this study we managed
to regenerate only a single LeMTS1 overexpressing plant line, it can be hypothesized that
callus tissue or developing shoots with high LeMTS1 expression are disturbed in further
development. Interestingly, the LeMTS1 overexpressor does not show any pleiotropic
growth effects. There are various reports on overexpression of genes encoding
monoterpene synthases including linalool synthases from other plant species. However,
these were all S-linalool synthases (Aharoni et al., 2003; Lewinsohn et al., 2001; Lucker et
al., 2001). This is the first report on increased R-linalool production in transgenic plants.
LeMTS1 can efficiently produce linalool as well as nerolidol in vitro when fed with GPP or
FPP, respectively (Chapter 2). While LeMTS1 overexpressing plants emitted several
hundred-fold more linalool than control plants (Figure 3a), production of other terpenes
including nerolidol was unaltered. Only the emission of an unknown terpene was also
moderately increased in transgenic plants (Figure 3a), supposedly a for instance
hydroxylated linalool by-product. The low emission of nerolidol indicates that LeMTS1 is a
true linalool synthase in planta and that FPP levels in plastids are negligible since FPP is
efficiently converted to nerolidol by LeMTS1 in vitro (Chapter 2). Overexpression of an Slinalool synthase in Arabidopsis led to trace amounts of nerolidol (0.2-1.4% of linalool
levels) (Aharoni et al., 2003). The authors suggest that minor amounts of FPP might be
present in plastids, however, partial residence (or activity before translocation) of the
protein in the cytosol cannot be ruled out. Semi-quantitative SPME analysis of leaf extracts
indicate that nerolidol levels might be slightly increased in LeMTS1 overexpressors,
although the increase was not significant (Figure 3b).
In contrast to the complete cDNA, overexpression of truncated LeMTS1 did not result in
altered terpene composition. The N-terminal truncation of (plastid targeted) LeMTS1
theoretically results in a cytosolic protein. This protein has dual linalool-nerolidol synthase
activity in vitro, indicating that it effectively converts FPP to a sesquiterpene. So if
LeMTS1_trunc is properly overexpressed and the protein resides in the cytosol, assuming
that FPP levels are sufficient, we would expect increased production of the sesquiterpene
nerolidol. A dual linalool-nerolidol synhase has been described before (FaNES1), identified
from strawberry (Aharoni et al., 2004). Plastid targeted overexpression of FaNES1 in
Arabidopsis resulted in increased linalool emission and accumulation of linalool hydroxyls
and -glycosides, as well as a pleiotropic dwarfing phenotype (Aharoni et al., 2003).
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Conversely, when FaNES1 was targeted to mitochondria, an organelle where FPP is
produced, increased emission of nerolidol was observed (Kappers et al., 2005). Cytosolic
overexpression of FaNES1 was not reported, as the transgene product supposedly caused
toxicity already in the stage of Agrobacterium tumefaciens transformation (Aharoni et al.,
2003). In the same report, overexpression of a different sesquiterpene synthase in
Arabidopsis did yield transformants, however, only trace amounts of the sesquiterpene
could be observed, suggesting a limited availability of FPP in the cytosol. Nonetheless,
Arabidopsis plants overexpressing a maize sesquiterpene synthase emitted considerable
levels of the expected sesquiterpenes, although it is not clear whether the authors succeeded
in generating more than a single plant line (Schnee et al., 2006). These reports suggest that
overexpression of a cytosolic (sesqui-)terpene synthase can be problematic. We did observe
increased LeMTS1_trunc transcript levels in several plant lines (Figure 2a), suggesting that
either FPP levels are limiting or that there is no increased LeMTS1_trunc protein abundance
or activity.
LeMTS2 overexpression was unsuccessful; seven independent plant lines, regenerated from
calli, did not show overexpression but often abberant, degraded transcripts (Figure 2b).
Furthermore, transformation of Arabidopsis with either LeMTS1 or LeMTS2 did not result
in plant lines with clear transgene overexpression. Arabidopsis plants transformed with
LeMTS1 also showed small, degraded LeMTS1 RNA (Figure 2d), although more sensitive
RT-PCR indicated that some lines contain low levels of larger transcripts (Figure 2f). Still,
no LeMTS products were found. To increase the chance of obtaining transgenic plants with
clearly altered terpene production profiles, one should consider using for instance trichomespecific overexpression constructs or inducible promoters.
A role for linalool in plant defense?
pGr:M1 tomato plants with increased linalool emission were used for bioassays with spider
mites and predatory mites to test whether linalool affects their fecundity or foraging
behaviour. Preliminary experiments on spider mite- fecundity did not show significant
differences but suggested that spider mites that are not adapted to tomato (KMB) produce
fewer eggs on pGr:M1 compared to control plants (Figure 5a). However, viability (%
hatching) of eggs did not differ (Figure 5b). Moreover, spider mites (KMB) even preferred
to be on pGr:M1 leaves (Figure 6), indicating that linalool perception might be positively
interpreted as a host-cue. Behaviour and performance of spider mites on linalool
overproducing plants needs further investigation before statements can be made. Exposure
of predatory mites to headspaces of pGr:M1 plants and control plants indicated that
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predatory mites are slightly more attracted to the linalool containing headspace (Figure 7).
However, more experiments need to be done to verify the significance of these results.
Especially bioassays with insects can have high variability. When biological effects are
moderate, differences between values may approach the amplitude of noise, usually caused
by environmental factors like light, temperature and air-flow. Therefore, future experiments
need to be designed with caution, including many independent replicates. At this point,
experimental results on mite-behaviour are promising.
Interesting questions that remain is whether linalool is more attractive with the background
of herbivory-induced volatiles, or whether a background of the constitutive tomato volatile
blend is sufficient.
If linalool truly affects spider mites and predatory mites, these responses are likely not only
concentration dependent (Koschier et al., 2000) but also enantiospecific (Reisenman et al.,
2004; Stranden et al., 2003). This illustrates that results of different studies are mostly hard
to compare due to experiments with different animals, (plants with) different concentrations
of terpenes and lack of information on enantiomer-composition. Keeping this in mind,
transgenic approaches to modify plant volatile blends are of great importance in studies on
the role of terpenes in plant defense and communication.
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CHAPTER 4

Induction of a leaf specific geranylgeranyl diphosphate synthase and
emission of (E,E)-4,8,12-trimethyltrideca-1,3,7,11-tetraene in tomato
are dependent on both jasmonic acid and salicylic acid signaling
pathways.
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Schuurink1*
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ABSTRACT
Two cDNAs encoding geranylgeranyl diphosphate (GGPP) synthases from tomato
(Solanum lycopersicum) have been cloned and functionally expressed in Escherichia coli.
In tomato plants, LeGGPS1 was predominantly expressed in leaf tissue and LeGGPS2 in
ripening fruit and flower tissue. LeGGPS1 expression was induced in leaves by spider mite
(Tetranychus urticae)-feeding and mechanical wounding in wild type tomato but not in the
jasmonic acid (JA)-response mutant def-1 and the salicylic acid (SA)-deficient transgenic
NahG line. Furthermore, LeGGPS1 expression could be induced in leaves of wild type
tomato plants by JA- or methyl salicylate- (MeSA) treatment. In contrast, expression of
LeGGPS2 was not induced in leaves by spider mite-feeding, wounding, JA- or MeSAtreatment. We show that emission of the GGPP-derived volatile terpenoid (E,E)-4,8,12trimethyltrideca-1,3,7,11-tetraene (TMTT) correlates with expression of LeGGPS1. An
exception was MeSA-treatment, which resulted in induction of LeGGPS1 but not in
emission of TMTT. We show that there is an additional layer of regulation, because
geranyllinalool synthase, catalyzing the first dedicated step in TMTT biosynthesis, was
induced by JA but not by MeSA.

79

Chapter 4

INTRODUCTION
Geranylgeranyl diphosphate (GGPP) synthase belongs to a group of short-chain transprenyltransferases that also include farnesyl diphosphate (FPP) synthase and geranyl
diphosphate (GPP) synthase. These enzymes are involved in isoprenoid biosynthesis and
share high sequence homology (Liang et al., 2002; Wang and Ohnuma, 2000).
Prenyltransferases use the universal C5 molecules IPP (isopentenyl diphosphate) and
DMAPP (dimethylallyl diphosphate) as substrates, which can be generated by two separate
pathways, the cytosolic mevalonate (MVA) and the plastidial methylerythritol phosphate
(MEP) pathway (Lichtenthaler, 1999). GPP synthase generates GPP (C10), FPP synthase
generates FPP (C15) and GGPP synthase catalyzes GGPP (C20) formation. GGPP is the
precursor for many different products in plants like diterpenes, gibberellins, carotenoids,
the isoprenoid side chain of chlorophyll and it is used for protein prenylation. Arabidopsis
thaliana has 12 putative GGPP synthases (Lange and Ghassemian, 2003). Five of these
genes have been characterized and it was shown that they differ in expression patterns and
subcellular localization, making it likely that individual GGPP synthases have very specific
functions and are regulated accordingly (Okada et al., 2000; Zhu et al., 1997a; Zhu et al.,
1997b).
(E,E)-4,8,12-trimethyltrideca-1,3,7,11-tetraene (TMTT) is a diterpene-derived volatile
produced by many plants in response to herbivory. The mechanism of TMTT biosynthesis
has been proposed by Boland and Gabler, (1989). They suggested that TMTT is produced
by oxidative degradation of geranyllinalool (GL). This synthesis parallels the biosynthesis
of 4,8-dimethylnona-1,3,7-triene (DMNT), which is likely formed by oxidative degradation
of the sesquiterpene (E)-nerolidol (Boland et al., 1998). The diterpene GL is supposedly
formed by an uncharacterized GL synthase from the common diterpene precursor GGPP.
Herbivore-induced volatiles can benefit plants by attracting natural enemies of the attacking
herbivore (Sabelis et al., 2001). Tomato plants infested with spider mites emit a blend of
volatiles that makes them attractive to predatory mites (Phytoseiulus persimilis), a natural
enemy of spider mites. Spider mite-infested tomato plants emit significantly more TMTT
than uninfested tomato plants (Kant et al., 2004). The role of TMTT in the attraction of
predatory mites has been investigated in lima bean (Phaseolus lunatus), where predatory
mites were shown to use the differential emission of TMTT to discriminate between plants
infested with prey or non-prey herbivores. Moreover, predators were more attracted to
plants infested with non-prey herbivores when TMTT was artificially added to the plant’s
headspace (de Boer et al., 2004).
Emission of TMTT from excised lima bean leaves can be induced by early intermediates of
the JA biosynthetic pathway, linolenic acid and 12-oxo-phytodienoic acid (Koch et al.,
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1999). There is evidence from tomato, that emission of TMTT is dependent on JA. The
tomato mutant def-1, which is deficient in induced JA-accumulation after wounding or
herbivory (Li et al., 2002a), does not emit TMTT upon spider mite-infestation. However,
emission of TMTT can be restored by pre-treating these plants with JA (Ament et al.,
2004). These results indicate that biosynthesis of TMTT is regulated by oxylipins.
Induced production of terpenes is often correlated to induced terpene synthase activity.
Terpene synthases generate specific products from common terpene precursors. Regulation
at the level of terpene synthases allows production of a highly specific terpene blend.
However, there are also some reports on the regulation of genes encoding enzymes that act
upstream of terpene synthases, resulting in increased precursor pools. In cytosolic IPP
synthesis, 3-hydroxy-3-methylglutaryl-coenzyme A reductase (HMGR) is upregulated in
response to pathogens or pathogen-derived elicitors in solanaceous plants like tomato (Park
et al., 1992), pepper (Capsicum annuum) (Ha et al., 2003) and potato (Solanum tuberosum)
(Choi et al., 1992), but also by insect herbivores in potato (Korth and Dixon, 1997) and
Nicotiana attenuata (Hui et al., 2003). Furthermore, transcription of deoxy-xylulose-5phosphate synthase (DOXPS), involved in plastidial IPP synthesis, is upregulated in tomato
upon spider mite-infestation (Kant et al., 2004). Downstream, at the level of
prenyltransferases that precede the action of terpene synthases, little is known about
regulation of gene expression. FPP synthase, required for sesquiterpene biosynthesis, is
upregulated by pathogens in pepper (Ha et al., 2003) and cotton (Gossypium hirsutum) (Liu
et al., 1999) and by insect herbivores in maize (Zea mays) (Farag et al., 2005). GGPP
synthase is induced in taxus cell suspensions by methyl jasmonate (Hefner et al., 1998) and
by spider mite-herbivory in tomato (Kant et al., 2004).
Here we report on the identification of two GGPP synthases from tomato (LeGGPS1,
DQ267902 and LeGGPS2, DQ267903), of which LeGGPS1 is proposed to be involved in
precursor biosynthesis for TMTT, because all treatments that induced TMTT emission also
induced LeGGPS1 expression. We show that regulation of TMTT emission relied on JAand SA-dependent signaling pathways. Induction of LeGGPS1 expression did not occur in
SA-deficient plants and treatment of plants with either JA or SA induced LeGGPS1.
Remarkably, emission of TMTT only occurred after JA-treatment. We show that GL
synthase is a JA-regulated step towards TMTT biosynthesis because GL synthase activity
was induced by JA and not by SA.
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MATERIALS AND METHODS
Chemicals
TMTT was synthesized bij J. Dijkink in the synthetic organic laboratory (prof. dr H. Hiemstra, Van 't Hoff
Institute for Molecular Sciences, Universiteit van Amsterdam) as described by Dodd and Oehlslager, (1992).
Purity exceeded 98% as was checked by NMR and GC-MS. Geranyllinalool, benzyl acetate and methyl salicylate
were obtained from Fluka (Buchs, Switzerland) and jasmonic acid from Duchefa Biochemicals (Haarlem, the
Netherlands).
Plant material and arthropod rearing
Tomato seedlings (Solanum lycopersicum Mill cv Castlemart, def-1, cv Moneymaker and NahG) were grown as
described by Kant et al., (2004) . The two-spotted spider mite (Tetranychus urticae Koch) was originally obtained
in 1993 from tomato plants in a greenhouse (Houten, The Netherlands; (Gotoh et al., 1993)) and was maintained
on the cultivar Moneymaker ever since.
Plant treatments
Plants used in all experiments, except for tissue specific expression, were 18-21 days old and had 4 fully expanded
leaves and 2 emerging leaves. Three days prior to the start of the experiments, plants were transferred to a climate
chamber. For tissue specific expression 14-week-old plants were used that were grown in the green house. Adult
female spider mites were gently placed on the adaxial surface of the fully expanded terminal leaflets using a softbristle paintbrush. Per leaflet 15 mites were introduced, 3 leaflets on each plant. Mechanical damage was inflicted
on 3 leaflets per plant with 3 incisions of a hemostat per leaflet. Plants were treated with JA by misting them with
3 ml of a 0.25 mM solution. Plants were left to recover for 24 hours before the start of the experiment. For the
MeSA treatments a single plant was enclosed in an airtight glass desiccator of 22 l. On a cotton swab 16.7 mg
MeSA was applied, which upon evaporation resulted in a vapor concentration of 5 µM. After 24 hours plants were
transferred to clean desiccators for volatile analysis or harvested for RNA isolation.
Volatile analysis
Single plants were placed in a glass desiccator of 22 l that was ventilated with carbon filtered air at 200 ml / min.
The headspace (the air around the plant) was sampled during 24 hours for two consecutive days by trapping the
outgoing air on 150 mg Tenax TA (Alltech, Deerfield IL) in a 5-mm wide glass tube. The complete volatile
collection set-up was made from glass and Teflon and no grease was used. The headspace of spider mite-infested
plants was collected on the fourth day of spider mite-infestation. Simultaneously, clean plants were enclosed in
similar desiccators as control treatment. Volatiles of mechanically wounded plants were sampled for 24 hours
directly after damaging the plants. After 24 hours of treatment with JA or MeSA, plants were placed in clean
desiccators and volatiles were sampled in the subsequent two days in 24-hour intervals. The Tenax tubes were
eluted with 2 ml pentane : diethylether (4:1) with 1.8 µg of benzyl acetate as internal standard. 1 µl was analyzed
using gas chromatograph mass-spectrometry as described by Ament et al., (2004). Compounds were identified and
quantified on the basis of the internal standard and synthetic external standards of known concentrations. All
experiments were performed twice.
Semi-quantitative RT-PCR analysis
For determining tissue specific gene expression, a 13 week-old, untreated tomato plant was dissected to obtain
material of each of the described tissues. For separation of trichomes from petioles and stems, 4 week-old plants
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were used. Trichomes were collected on the bottom of a 50 ml tube after vortexing several N2(l)-frozen petiole or
stem segments, standing in upright position.
To determine induction of LeGGPS1 or LeGGPS2, leaves were taken from spider mite-infested, wounded, JA-,
MeSA- and control plants. Experiments with NahG, def-1 and the corresponding wild type tomato plants, infested
with spider mites and control leaves, were performed in a climate chamber. Tissues were harvested as described
above and total RNA was isolated with Trizol (Invitrogen). RT-PCR determination of transcript levels was done
as described by Ament et al., (2004). For each cDNA we determined the number of cycles for which the PCR
amplification was not saturated. PCR products were visualized by staining with ethidium bromide after separation
on agarose gels. Expression differences were verified by lowering the amount of amplification cycles, transferring
of products to Hybond XL (Amersham), hybridization with radio-labelled DNA probes (Decalabel, Fermentas)
and quantification of signals by phospho-imaging (Molecular Dynamics). Primers used: RUB1 conjugating
enzyme

(R C E 1 )

(0.723

kb)

F

5’-GATTCTCTCTCATCAATCAATTCG-3’

and

R

5’-

GCATCCAAACTTTACAGACTCTC-3’; PRP6 (0.427 kb) F 5’-TCAGTCCGACTAGGTTGTGG-3’ and R 5’TAGATAAGTGCTTGATGTGCC-3’; WIPI-2 (0.601 kb) F 5’-GACAAGGTACTAGTAATCAAT-3’ and R 5’CACATAACACACAACTTTGATGCC-3’; LeGGPS2 (0.378 kb) F 5’-CTTTGGATGAGGCTATAATGG-3’ and
R 5’-ATTCGGCGACAGCAACGAGG-3’; LeGGPS1 (0.327 kb) F 5’-GCAATCAAGGTAAACAAAGCAC-3’
and R 5’-CAAAGATAAAAGTGCATCCCCTG-3’. PCR amplifications were performed with each cycle: 94°C
for 45 s, 55°C for 45 s and 72°C for 75 s and a final extension of 5 minutes at 72°C.
Phylogenetic analysis
The sequences of LeGGPS1, LeGGPS2 and several other prenyltransferases present in the NCBI GenBank
database were aligned using the CLUSTALW algorithm in MacVector (Oxford Molecular Ltd., Oxford, U.K.).
This alignment was used to construct a mid point rooted tree with Neighbor joining method. The distance was
Poisson-corrected and gaps were distributed proportionally. Bootstrap analysis was performed with 100
replications.
Genetic complementation of E. coli with LeGGPS1 and LeGGPS2
The plasmid pACCAR25ΔcrtE (Sandmann et al., 1993) contains the gene cluster from Erwinia uredovora, with
crtB, crtI, crtX, crtY and crtZ encoding carotenoid biosynthetic enzymes, with the exception of crtE (encoding
GGPP synthase). Full-length cDNAs of LeGGPS1 and LeGGPS2 were cloned into pBluescript KS+. As a positive
control, pBluescript containing human (Homo sapiens) GGPP synthase was used, and as a negative control
pBluescript without an insert. pBluescript plasmid containing human GGPP synthase and pACCAR25ΔcrtE were
kindly provided by Dr. M. Kawamukai, Shimane University, Shimane, Japan. DH10β Escherichia coli cells that
had previously been transformed with the pACCAR25ΔcrtE plasmid were transformed with pBluescript
containing LeGGPS1, LeGGPS2, human GGPS or no insert. Transformants were plated on LB agar medium
containing 50 µg/ml ampicillin, 25 µg/ml chloramphenicol and 1 mM IPTG, and incubated at 30°C for 24 hours.
Subsequently, independent colonies were transferred to liquid LB medium containing 50 µg/ml ampicillin, 25
µg/ml chloramphenicol and 1 mM IPTG and grown at 30°C for 24 hours. Cells from 2 ml of these cultures were
harvested by centrifugation. These cells were extracted with 1 ml of 90% acetone, and the absorption at 450 nm
was determined as a measure for carotenoid production.
Geranyllinalool synthase assay
1.5 grams frozen leaf tissue was ground in liquid nitrogen, and homogenized further with a Polytron (Kinematica
AG, Luzern, Switzerland) in 4 ml extraction buffer containing 100 mM HEPES (pH 8.0), 10 mM ascorbic acid, 50
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mM sodium meta-bisulphite, 20% glycerol, 10 mM MgCl2, 5 mM DTT, proteinase inhibitor cocktail complete
(Roche, Mannheim, Germany) and 0.4 gram PVPP. Extracts were incubated with 0.8 gram Amberlite XAD-4 for
5 minutes, filtered through Miracloth and centrifuged for 20 min at 20,000 g. Three ml supernatant was
rebuffered, using Econo-Pac 10DG columns (Bio Rad, Hercules CA, USA), to assay buffer containing 50 mM
HEPES (pH 8.0), 1 mM ascorbic acid, 10% glycerol, 10 mM MgCl2, 1 mM DTT, and proteinase inhibitor cocktail
complete. Assays were performed in 10 ml glass vials with 1 ml desalted extract and were incubated for one hour
at 30°C with 6 µM geranylgeranyl diphosphate (Sigma, St. Louis, MO, USA). Assay products were sampled on a
SMPE fiber for 15 min at 60°C and analyzed as descibed above. The product geranyllinalool was identified using
the mass spectrum and retention time of the authentic standard and quantified using a dilution series of the
authentic standard in the same quantity-range in desalted extract.

RESULTS
Identification of two geranylgeranyl diphosphate synthases from tomato
We had previously identified two tomato cDNAs encoding putative geranylgeranyl
diphosphate synthases (www.tigr.org TC168578 and TC167026), which were differentially
regulated by spider mite-herbivory (Kant et al., 2004). The full-length cDNAs, LeGGPS2
and LeGGPS1, were generated by 5’ RACE PCR using reverse transcribed cDNA from
tomato flower tissue and spider mite-infested tomato leaf tissue, respectively. The open
reading frames of LeGGPS1 and LeGGPS2 were predicted to encode proteins of 365 and
363 amino acids with a mass of 39.9 kDa and 39.0 kDa. TargetP and ChloroP
(Emanuelsson et al., 2000) software predicted plastid localization peptides for both
LeGGPS1 and LeGGPS2. The deduced mature protein sequences of LeGGPS1 and
LeGGPS2 share 68 % identity. Both proteins contain the 7 highly conserved domains
present in prenyltransferases (Koike-Takeshita et al., 1995). The three aspartic acid
residues and the two arginine residues in domain II as well as the FQXXDDXLD motif in
domain VI, involved in substrate binding (Kellogg and Poulter, 1997), were conserved in
both tomato GGPP synthase proteins (Figure 1). Figure 2 shows a phylogenetic tree based
on the deduced amino acid sequences of LeGGPS1, LeGGPS2 and several other
prenyltransferases. This analysis indicates that these two tomato GGPP synthases cluster
with other plant GGPP synthases and form a branch different from the FPP synthases and
the GPP synthases. The large subunits of the heterodimeric GPP synthases from
snapdragon and mint also cluster in the group of GGPP synthases, whereas the small
subunits cluster as an out-group. The recombinant large subunits of GPS by themselves are
known to exhibit GGPP synthase activity (Tholl et al., 2004).
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Figure 1. Alignment of the deduced amino acid sequences of LeGGPS1 and LeGGPS2.
Underlined regions indicate the 7 conserved domains found in prenyltransferases. Amino acids involved
in substrate binding are indicated with asterisks.

Figure 2. LeGGPS1 and LeGGPS2 cluster with other plant GGPP synthases.
A midpoint rooted phylogenetic tree of Arabidopsis GPS (AB104727), tomato GPS (DQ286930), mouse
GGPS (AB106044), Human GGPS (BC067768), rice FPS (NM192229), sunflower FPS (AF019892),
tomato FPS (AF044747), Arabidopsis FPS (L46367), Taxus GGPS (AY566309), sunflower GGPS
(AF020041), LeGGPS2 (DQ267903), sweet pepper GGPS (X80267), snapdragon GPSlsu (large
subunit, AY534687), mint GPSlsu (AJ249453), Arabidopsis GGPS11 (L25813), Arabidopsis GGPS2
(AC006135), LeGGPS1 (DQ267902), rice GGPS (NM188788), snapdragon GPSssu (small subunit,
AY534686), mint GPSssu (AF182827) are shown. Bootstrap values are indicated at the branch points.
The tomato GGPP synthases are boxed.
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Functional expression of LeGGPS1 and LeGGPS2 in E. coli
To confirm that LeGGPS1 and LeGGPS2 are functional GGPP synthases, we expressed
full-length cDNAs in E. coli harboring the Erwinia uredovora carotenoid biosynthesis gene
cluster but lacking GGPP synthase. Introduction of GGPP can complement these cells to
produce carotenoids and become orange (Sandmann et al., 1993). LeGGPS1 and LeGGPS2
could indeed complement E. coli cells devoid of GGPS. Carotenoid production was
measured spectrophotometrically in cell extracts at 450 nm (Figure 3). Human GGPP
synthase was used as positive control and cells transformed with the empty vector as
negative control.
LeGGPS1 and LeGGPS2 are differentially expressed in various plant organs
The TIGR tomato database contains two ESTs corresponding to LeGGPS1, both present in
the library made from tomato leaves infected with the bacterial pathogen Pseudomonas
syringae. Three ESTs from LeGGPS2 are present in the TIGR database, all in the library
made from fruit at the breaker stage. This suggests organ-specific expression of these two
genes. To determine this organ-specific expression, we dissected a mature tomato plant and
isolated RNA from different tissues for RT-PCR analysis with gene specific primers. This
showed that LeGGPS1 transcripts are predominantly present in leaf tissue, whereas
LeGGPS2 transcripts are most abundant in fruits and flower organs (Figure 4a). Since
volatile terpenes are considered to be emitted mainly from glandular trichomes or other
specialized structures, expression of LeGGPS1 and LeGGPS2 in stems and petioles was
studied in more detail after separation of trichomes from the remaining material. In these
organs, expression of LeGGPS1 and LeGGPS2 occurred in both bald tissue and in
trichomes, although LeGGPS2 seems higher expressed in bald tissue (Figure 4b).
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Figure 3. LeGGPS1 and LeGGPS2 encode functional GGPP synthases.
Absorption at 450 nm of extracts from cells expressing LeGGPS1, LeGGPS2 or human GGPS
(HsGGPS) compared to the empty vector (C) is depicted, which is indicative for carotenoid production.
Mean and standard deviation are shown of three measurements on independent transformants.

Figure 4. LeGGPS1 and LeGGPS2 are differently expressed in various organs.
RT-PCR analysis for LeGGPS1, LeGGPS2 compared to the control gene RCE1. (RUB1 conjugating
enzyme) in organs of a tomato plant (a) and in isolated trichomes and complementary tissues of stems
and petioles (b).
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Expression of LeGGPS1 and emission of TMTT are induced by spider mites and
mechanical wounding
TMTT, the most abundant spider mite-induced tomato volatile, is probably synthesized from
GGPP via GL. To investigate whether emission of TMTT is specific for spider mite-feeding,
we sampled the headspace of spider mite infested tomato plants and of mechanically wounded
tomato plants. The mechanical wounding of plants was inflicted with an artery clamp.
Volatiles were collected in the subsequent 24 hours. Both spider mite-feeding and mechanical
wounding resulted in the emission of comparable amounts of TMTT, indicating that wounding
is sufficient to induce TMTT emission (Figure 5a). This situation is apparently different from
that in lima beans, where emission of TMTT by mechanically wounded leaves was
significantly less than by caterpillar-wounded leaves (Mithofer et al., 2005).
Since there is no substantial storage of TMTT in leaves of tomato plants (Ament et al., 2004),
TMTT must be synthesized de novo, as demonstrated by labeling experiments with

13

CO2

(Farag and Pare, 2002). We hypothesized that the pool of GGPP necessary for TMTT
biosynthesis must be renewed and thus investigated expression of LeGGPS1 and LeGGPS2
after spider mite-feeding and mechanical wounding. Expression of LeGGPS1 was spider miteand wound-induced, correlating with induced emission of TMTT (Figure 5). LeGGPS2 was
not induced by spider mite-feeding or by mechanical wounding (Figure 5b). Spider mitefeeding induced both the wound-induced proteinase inhibitor gene WIPI-2, a marker gene for a
JA-response (Graham et al., 1985), and the gene encoding the pathogenesis related protein
PRP6 (also named PR1b1), a marker for the SA-dependent response (Tornero et al., 1997).
Wounding alone did not induce PRP6 expression.
Spider mite-induced emission of TMTT is both JA- and SA dependent
To investigate whether emission of TMTT is dependent on JA or SA, we made use of the
mutant def-1 that is disturbed in induced synthesis of JA (Howe et al., 1996) and the transgenic
NahG line that overexpresses the Pseudomonas putida salicylate hydroxylase gene (NahG),
resulting in inactivation of SA by converting it into catechol (Brading et al., 2000). Def-1
plants have previously been shown to emit significantly lower amounts of TMTT than wild
type plants after spider mite-attack (Ament et al., 2004). Here we show that SA is essential for
emission of TMTT, since NahG plants emitted 50-fold less TMTT than wild type plants when
infested with spider mites (Figure 6).
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Figure 5. LeGGPS1 expression and TMTT emission after spider mite-feeding or wounding
(a) Bar graph depicting the emission of TMTT in µg per plant in one day. Mean and maximum values
are shown of measurements from two independent experiments. (b) RT-PCR analysis for LeGGPS1,
LeGGPS2, WIPI-2 and PRP6 on RNA isolated from leaves of control (C), spider mite-infested (M) and
mechanically wounded (W) plants compared to expression of the control gene RCE1. Representative
data of two independent experiments are shown.

Figure 6. NahG tomato plants do not emit TMTT
The bar graph depicts the emission of TMTT in µg per plant in one day by wild type (WT) and NahG
plants infested with spider mites (M) and control plants (C). Mean and maximum values are shown of
measurements from 2 independent experiments.
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LeGGPS1 is not a typical JA- or SA-responsive gene
Because TMTT production was abolished in the NahG line, we investigated whether this
disruption of the SA-signaling pathway also abolished LeGGPS1 expression. Indeed,
LeGGPS1 was not induced in NahG plants upon spider mite–feeding, while expression of
the JA-responsive WIPI-2 gene was much higher than in the wild type (Figure 7a). Def-1
plants also had reduced LeGGPS1 expression levels. In these def-1 plants WIPI-2 was not
induced, but the induction of the SA-responsive PRP6 gene was higher than in wild type
plants (Figure 7b). This antagonistic cross talk between the networks of JA- and SAresponsive genes has been well documented (Spoel et al., 2003). However, LeGGPS1 does
not behave like a typical SA- or JA-responsive gene since, neither in SA- nor JA- absence,
LeGGPS1 was increased compared to wild-type plants (Figure 7b).

Figure 7. LeGGPS1 expression is dependent on- and induced by JA and SA
(a) and (b) RT-PCR analysis for LeGGPS1, LeGGPS2, WIPI-2 and PRP6 on RNA isolated from leaves
of NahG plants, def-1 plants and the corresponding wild type (WT) tomatoes, infested with spider mites
(M) and uninfested (C). (c) RT-PCR analysis on RNA isolated from leaves of JA-, MeSA- treated plants
and controls (C). RCE1 (RUB1 -conjugating enzyme) was used as control gene. A representative set of
data from two independent experiments is shown.
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LeGGPS1 is induced by both JA and MeSA treatment but TMTT and GL are only
emitted after JA treatment
To address the question whether JA or SA can induce LeGGPS1 expression, we treated
wild type tomato plants with these hormones. When wild type plants were treated with JA,
LeGGPS1 was induced (Figure 7c). This JA treatment led to rapid induction of WIPI-2
gene expression, while PRP6 expression was not induced. When plants are treated with
MeSA, this will be converted in the plant to SA by demethylation (Shulaev et al., 1997).
This treatment led to activation of SA-responsive genes as could be seen from the induction
of PRP6. LeGGPS1 was also induced by this MeSA-treatment, whereas transcript levels of
LeGGPS2 and WIPI-2 were not affected.
To investigate whether these hormone-treatments also induced emission of TMTT, the
headspaces of these plants were sampled. JA-treated plants emitted 14-fold more TMTT
than the control plants two days after the treatment (Figure 8a). JA-treated plants emitted
approximately 0.5 mg TMTT in one day, more than 8 times the emission after spider
mite–feeding or wounding (Figure 5a). However, treatment of tomato plants with MeSA
induced LeGGPS1, but did not lead to an increased TMTT emission (Figure 8a). This lack
of correlation suggests JA-dependent regulation of TMTT biosynthesis downstream of
GGPP.
The first committed step in the biosynthesis of TMTT is the formation of GL from GGPP
by GL synthase (Boland and Gabler, 1989). Interestingly, the induction of GL emission
coincided with the induction of TMTT emission (Figure 8b). Two days after the treatments,
about 1 µg GL was emitted in 24 hours by MeSA-treated and control plants, whereas more
than 20 µg GL was emitted by JA-treated plants. This suggests that GL synthase was
induced by JA but not by SA.
GL synthase activity in tomato leaves is induced by JA but not by SA
To test the hypothesis that GL synthase is induced by JA and not by SA, protein extracts
from leaves of plants treated with either JA or MeSA were assayed for GL synthase
activity. GL synthase activity was higher in JA-treated leaves compared to control-treated,
whereas GL synthase activity in MeSA-treated leaves did not differ significantly from
control-treated leaves (Figure 8c). This indicates that GL synthase activity is induced by JA
and not SA.
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Figure 8. Emission of TMTT and GL, and activity of GL synthase are induced by JA- but not by
MeSA
(a) and (b). Bar graphs depicting the emission of TMTT and GL in µg per plant per day by control (C),
jasmonic acid- (JA) and methyl salicylate -treated (MeSA) plants two days after treatment. Mean and
maximum values are shown of measurements from 2 independent experiments. (c) A bar graph
depicting the activity of GL synthase in ng per hour per mg protein. Mean and standard error are shown
of measurements from 4 independent experiments.

DISCUSSION
Two GGPP synthase genes from tomato, LeGGPS1 and LeGGPS2, have been cloned and
expressed in E. coli. GGPS activities were confirmed by complementation of the gene
cluster for carotenoid biosynthesis of Erwinia uredovora lacking GGPP synthase (Figure
3). This system has been used before to demonstrate the function of putative GGPP
synthases from Arabidopsis (Zhu et al., 1997b), sunflower (Helianthus annuus) (Oh et al.,
2000) makandi (Coleus forskohlii) (Engprasert et al., 2004), human and mouse (M u s
musculus) (Kainou et al., 1999).
While GGPP synthase, FPP synthase and most GPP synthases are functional as homomers
(Ogura and Koyama, 1998), the GPP synthases from mint and snapdragon are functional as
heteromers (Burke et al., 1999; Tholl et al., 2004). In the phylogenetic tree (Figure 2), the
large subunits of these GPP synthases from mint and snapdragon cluster together with plant
GGPP synthases. These large subunits exhibit GGPP synthase activity in the absence of the
small subunit (Tholl et al., 2004). Therefore, it seems possible that LeGGPS1 and
LeGGPS2 encode large subunits of tomato GPP synthases. However, the tomato GPP
synthase (DQ286930) is highly similar to the single copy, homomeric GPP synthase of
Arabidopsis (Y17376) (Bouvier et al., 2000). Moreover, tomato sequence databases do not
contain sequences similar to the small subunit of GPP synthase of mint or snapdragon
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(www.tigr.org; www.sgn.cornell.edu). We therefore reason that the GPP synthase of
tomato is functional as a homomer.
RT-PCR analysis showed that LeGGPS1 and LeGGPS2 were expressed in different tissues
(Figure 4). LeGGPS1 was mostly expressed in leaf tissue while expression of LeGGPS2
was highest in ripening fruit and flower organs (Figure 4b). During the first five days of
spider mite infestation, a 4 weeks old tomato plant emits around 900 µg volatiles of which
approximately 75% is TMTT (Kant et al., 2004). Since LeGGPS1 was mostly expressed in
leaf tissue, we expect a leaf specific fate for the GGPP formed. Expression of LeGGPS1
was induced by wounding and herbivory, coinciding with emission of TMTT (Figure 5).
We therefore hypothesize that LeGGPS1 produces substrate for TMTT biosynthesis.
LeGGPS1 expression in stems and petioles occurred in their trichomes as well as the
complementary tissues (Figure 4b). First, it remains to be investigated whether TMTT and
GL are emitted from stems and petioles. Volatile sampling in our laboratory has always
been done using complete tomato plants but we assume that spider mite –induced terpene
emission occurs systemically, not only from distal leaves (Mattiacci et al., 2001; Rose et
al., 1998) but also from stems and petioles that contain similar terpene producing cell-types
(parenchyma, epidermis, trichomes). For instance linalool, a monoterpene, was shown to be
produced at comparable levels in leaves, stems and petioles (Chapter 2). Second, it is not
clear whether TMTT and GL are produced in trichomes. Extracts made of isolated
trichomes or bald stems/petioles did not contain TMTT or GL when sampled on SPME,
leaving this an open question but confirming the earlier statement that TMTT does not
accumulate but is immediately emitted (Ament et al., 2004). It is tempting to compare
volatile emission mechanisms between plant species. However, one has to take into account
that these can be very different. In cotton, induced volatile terpene emission was the result
of de novo synthesis (Pare and Tumlinson, 1997), whereas experiments in tomato showed
that only TMTT was synthesized de novo and that mono- and sesquiterpenes were probably
released from storage (Farag and Pare, 2002). In addition, synthesis and emission of
linalool occurs from glandular trichomes of tomato (Chapter 2), whereas lima bean plants
do not possess glandular trichomes and emit linalool as well as TMTT (Dicke et al., 1999;
Koch et al., 1999; Mithofer et al., 2005). This indicates that mechanisms and sites of
synthesis and emission of specific terpenes can vary within one plant as well as between
plant species. Finally, we can not rule out that GGPP made by LeGGPS1 is used for more
products than just TMTT and thereby has a different function in trichomes than in for
instance parenchyma.
From the organ specific expression pattern, we hypothesize that LeGGPS2 provides GGPP
for the production of carotenoids in flowers and fruit. Recently, other researchers reported
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the same tomato GGPS sequence to be fruit and flower specific and involved in carotenoids
synthesis (Galpaz et al., 2006). Sequence databases suggest the presence of two more
GGPSs (TC165409 www.tigr.org and DQ159949, see Chapter 1 table 1) and it would be
interesting to study their expression patterns, whereas it remains to be investigated whether
they encode functional GGPP synthases.
Mechanical wounding and spider mite-herbivory induced expression of LeGGPS1 in
leaves. Both treatments resulted in a JA-response as could be seen from the induction of
WIPI-2 (Figure 5b). Treatment of intact plants with JA induced the expression of LeGGPS1
(Figure 7c). This, in combination with reduced expression levels of LeGGPS1 in the JAdeficient mutant def-1 (Figure 7b), implies JA-dependent regulation of LeGGPS1. Despite
the inability of def-1 to accumulate JA, LeGGPS1 was slightly induced in response to
spider mite-herbivory, although not as strong as in wild type (Figure 7b and (Ament et al.,
2004)). Due to the absence of induced JA-accumulation in def-1, the SA-responsive PRP6
gene was stronger induced in def-1 than in the wild type by spider mite-herbivory (Figure
7b). The increased SA-responses might explain the remaining moderate induction of
LeGGPS1 in def-1. This is supported by the MeSA-induced expression of LeGGPS1 in
wild type plants (Figure 7c). Moreover, in the absence of SA, in the transgenic NahG, no
induction of LeGGPS1 occurred after spider mite-feeding (Figure 6a), despite the induction
of the JA-responsive WIPI-2. We therefore conclude that JA and SA can both induce
LeGGPS1 and that basic levels of SA are essential for the induction of LeGGPS1. Other
examples of genes that are induced by JA- and SA-treatment have been described for
sorghum (Salzman et al., 2005). Induction of several genes from Arabidopsis is also
dependent on both JA- and SA-signaling pathways (Glazebrook et al., 2003). However,
from these and other expression data (www.genevestigator.ethz.ch), no functional homolog
of LeGGPS1 could be pinpointed in Arabidopsis, which also produces TMTT in response
to herbivory (Van Poecke et al., 2001); see also Chapter 6).
We have previously shown that emission of TMTT upon spider mite-herbivory was
strongly reduced in the JA-deficient mutant def-1 and that emission could be restored by
pre-treating def-1 with JA (Ament et al., 2004). When wild type plants were treated with
JA they started to emit massive amounts of TMTT (Figure 8a). Therefore, JA is necessary
and sufficient to induce emission of TMTT in tomato. In lima bean leaves JA-treatment did
not induce TMTT emission, though treatment with 12-oxo-phytodienoic acid (OPDA) and
linolenic acid, both precursors of JA, did induce TMTT emission (Koch et al., 1999). Thus
regulation of TMTT emission is different for tomato and lima bean. NahG tomato plants
did not emit TMTT after spider mite-herbivory, whereas wild type plants did (Figure 6).
However, treatment of wild type plants with MeSA did not result in induced emission of
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TMTT (Figure 8a). Therefore, we conclude that SA is not sufficient to induce the emission
of TMTT but that a basic level of SA is required.
It should be noted that the corresponding wild type control plants for NahG and def-1, the
cultivar Moneymaker and Castlemart, respectively, showed different transcript levels of
LeGGPS1. This was also the case for WIPI-2 (Figure 7a and 7b), indicating that the JAresponses in these cultivars were different. The emission of TMTT by Moneymaker control
plants (Figure 6) was also much higher than by control Castlemart plants (Figure 5).
However, in both cultivars the emission of TMTT and expression of LeGGPS1 were
induced by spider mite-feeding.
Since MeSA- as well as JA-treatment resulted in induction of LeGGPS1 whereas TMTT
was only emitted after JA-treatment, there must be JA-dependent regulation of TMTT
synthesis downstream of GGPP. The first committed step in TMTT biosynthesis is the
conversion of GGPP to GL, catalyzed by GL synthase. MeSA-treated plants emitted no GL
whereas JA-treated plants did (Figure 8b). Therefore, we conclude that GL synthase must
be JA-regulated. This conclusion is supported by the measurement of GL synthase
activities in leaf extracts of JA-, SA treated plants: GL synthase activity was only induced
after JA treatment (Figure 8c).
TMTT biosynthesis parallels DMNT biosynthesis where FPP is converted to DMNT via
(E)-nerolidol. In protein extracts of spider mite-infested and JA-treated lima bean and
cucumber leaves, nerolidol synthase activity was induced (Bouwmeester et al., 1999).
However, no TMTT was emitted by JA-treated lima bean leaves (Hopke et al., 1994),
indicating that TMTT and DMNT emission are differentially regulated in lima bean.
In conclusion, we propose that LeGGPS1 is responsible for provision of precursors for
TMTT biosynthesis in tomato. In order to confirm this, a stable or inducible silencing
approach could be adopted in further research. Furthermore, we showed that regulation of
this gene was dependent on both JA and SA and that GL synthase activity was only
induced by JA. Thus, we have identified two novel regulatory steps in the biosynthesis of
TMTT in tomato. It was previously shown that DOXPS, a limiting step in plastidial IPP and
DMAPP biosynthesis (Botella-Pavia et al., 2004), is upregulated in tomato by spider mitefeeding (Kant et al., 2004). Apparently, multiple steps in the terpene biosynthesis pathway
need to be upregulated to be able to cope with the increasing precursor demand and to emit
large amounts of TMTT upon spider mite-feeding. To gain more insight in the regulation of
TMTT synthesis, it will be useful to identify the gene that encodes GL synthase as well as
the enzymes downstream of GL both of which have not yet been reported in any plant
species. Arabidopsis leaves placed in (E)-nerolidol and also untreated transgenic
Arabidopsis plants expressing strawberry nerolidol synthase, are capable of producing
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DMNT (Kappers et al., 2005). This is interesting since DMNT is normally not produced by
Arabidopsis whereas TMTT is (Van Poecke et al., 2001). This suggests that, first, the
enzymes responsible for the conversion of GL to TMTT are also capable of converting
nerolidol to DMNT and second, that they are not rate limiting since no induction was
needed for their activity.
An intriguing question that remains unanswered is why SA induces LeGGPS1, and what
the fate is of the GGPP in this case if not incorporated into TMTT. There is one report on
increased chlorophyll and carotenoid content in leaves of Cowpea (Vigna unguiculata) after
SA-treatment (Chandra and Bhatt, 1998). It remains to be determined whether SAtreatment of tomato plants results in a similar increase in chlorophyll and carotenoids and
or whether LeGGPS1 generates substrate for other terpene products.
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CHAPTER 5

Geranyl diphosphate synthase is required for the biosynthesis of
gibberellins
Chris C.N. van Schie1, Theo Lange2, Axel Schmidt3, Michel A. Haring1 and Robert C.
Schuurink1*
1: Swammerdam Institute for Life Sciences, Dept. of Plant Physiology, University of Amsterdam,
1098 SM Amsterdam, The Netherlands
2: Institut fur Pflanzenbiologie, Technische Universität Braunschweig, Germany
3: Max Planck Institiute for Chemical Ecology, Jena, Germany

ABSTRACT
Geranyl diphosphate synthase (GPS) is generally considered to be responsible for the
biosynthesis of monoterpene precursors only. However, reduction of LeGPS1 expression in
tomato (Solanum lycopersicum) by virus-induced gene silencing resulted in severely
dwarfed plants. Further analysis of these dwarfed plants revealed a decreased gibberellin
content, whereas carotenoid and chlorophyll levels were unaltered. Accordingly, the
phenotype could be rescued by application of gibberellic acid. The dwarfing phenotype was
also obtained by introducing RNAi constructs of AtGPS into Arabidopsis thaliana plants.
These results shed new light on the requirement of GPP as a key intermediate in gibberellin
biosynthesis. They also question whether GPS plays a role in precursor synthesis of other
di-, tri-, tetra-, and/or polyterpenes and their derivatives.
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INTRODUCTION
Terpenoids comprise a diverse class of plant metabolites; most of them are known as
defense related compounds, flavours or scents. In addition, primary metabolites like
carotenoids, chlorophyll, abscisic acid, quinone electron carriers, steroids and gibberellins
are also terpene-derived (Lange and Ghassemian, 2003; McGarvey and Croteau, 1995).
The biochemistry of terpene precursor biosynthesis is well studied. Isopentenyl diphosphate
(IPP, C5) and dimethylallyl diphosphate (DMAPP, C5) are the terpene building blocks that
can both be made in plastids and cytosol by independent pathways (Lichtenthaler, 1999).
IPP and DMAPP are used by prenyltransferases to catalyze the synthesis of the general
terpene backbones. Geranyl diphosphate synthase (GPS) generates GPP for monoterpenes
(C10), Farnesyl diphosphate synthase generates FPP for sesquiterpenes (C15) and
geranylgeranyl diphosphate synthase (GGPS) generates GGPP for diterpenes (C20) and
tetraterpenes (C40). Most genes encoding important enzymes for terpene precursor synthesis
have been identified in several plant species. However, localization, regulation, cross-talk
and sharing of precursor pools is only starting to be explored (Botella-Pavia et al., 2004;
Chang et al., 2005; Dudareva et al., 2005; Laule et al., 2003; Leivar et al., 2005; Nogues et
al., 2006; Tholl et al., 2004).
GPS is responsible for generation of the monoterpene precursor GPP. It is currently
unknown whether GPP is a precursor in the biosynthesis of larger terpenes. GPSs are either
homomeric or heteromeric; the Clarkia breweri, Antirrhinum majus and Mentha piperita
GPS consist of a small and a large subunit which have no or very low homology to
homomeric GPSs, respectively (Burke et al., 2004; Tholl et al., 2004). The Abies grandis
(Burke and Croteau, 2002a), Citrus sinensis (CAC16851), Vitis venifera (ABD77587),
Quercus robur (CAC20852), Arabidopsis (At2g34630) and tomato GPS (DQ286930)
(probably) function as homodimers. The Arabidopsis GPS was shown to have two possible
transcription and translation initiation sites, potentially resulting in proteins localized either
in plastids or cytosol (Bouvier et al., 2000). GPS is a single copy gene in Arabidopsis
(Bouvier et al., 2000; Lange and Ghassemian, 2003) and probably in most angiosperms
(based on sequence searches and blasts, www.ncbi.nlm.nih.gov, www.tigr.org), whereas
three GPSs are present in the gymnosperm Abies grandis (Burke and Croteau, 2002a)
which are different from other GPSs by their close sequence resemblance to GGPSs.
We took a gene silencing approach in order to investigate the role of GPS in terpene
biosynthesis. Surprisingly, this revealed that GPS is required for synthesis of the diterpene-

98

GPS silencing causes dwarfism

derived gibberellins. The implications of this finding are discussed and an alternative model
of gibberellin precursor biosynthesis and sharing is proposed.

MATERIALS AND METHODS
Plant material and chemicals
Tomato plants (Solanum lycopersicum) cultivar Moneymaker and Arabidopsis (Arabidopsis thaliana) ecotype
Columbia (Col-0) were used for all experiments. GA3 was obtained from Duchefa (Haarlem, The Netherlands)
Isolation of LeGPS1 and generation of silencing constructs
The full-length tomato L e G P S 1 cDNA was amplified from leaf cDNA using the primers 5’ATATCATGATATTTTCAAAGGGTTTAGCTC-3’ and 5’-CCCCTATTTTGTTCTTGTGATGAC-3’, which
were designed on the ESTs TC165735 and AI485604 (www.tigr.org). For VIGS in tomato, an 350 bp LeGPS1
fragment

was

amplified

using

primers

5’-GAGATGATCCATGTTGCTAGCC-3’

and

5’-

CACTATGCCCAGCAAGTAGTGC-3’, which was ligated into the TRV-based VIGS vector pYL156 (Liu et al.,
2002a) using standard techniques.
The AtGPS-RNAi construct was made using a 560 bp fragment of At2g34630 that was amplified from
Arabidopsis

cDNA

with

primers

containing

G a t e w a yTM- a d a p t e r s

AAAAAGCAGGCTTAGAACAAGTCTTTGCCTCTTTGG-3’

and

5’5’-

AGAAAGCTGGGTAGTGATTTCAGCAATACCCCG-3’. The PCR product was recombined into the entry
vector pDONRTM201 (Invitrogen) and subsequently into the binary RNAi vector pK7GWiWG2(I)
(http://www.psb.ugent.be/gateway/index.php) using GatewayTM technology according to the manufacturer's
instructions (Invitrogen). Constructs were verified by sequencing. Arabidopsis plants were transformed with the
pK7GWiWG2-AtGPS construct using Agrobacterium tumefaciens (A.tum) GV3101 by means of floral dipping
(Clough and Bent, 1998)
Functional characterization of the recombinant LeGPS protein
Recombinant LeGPS was expressed in E. coli by the use of Overnight ExpressTM Autoinduction System 1
(Novagen) at 18°C. After purification of the bacterial crude extract with Ni-NTA-agarose columns, determination
of GPS enzyme activity, product analysis and product identification were carried out according to (Tholl et al.,
2001). DMAPP and 14C-IPP were used as substrate. After alkaline hydrolysis followed by ether extraction, the
products were measured by radio-gas chromatography. All products were analyzed and quantified after coinjection and TCD (thermal conductivity detector) measurement of unlabeled standards.
VIGS in tomato
A.tum GV3101 (containing pSoup; (Hellens et al., 2000) transformed with the pYL156-LeGPS1 construct (RNA2)
and the RNA1 plasmid (Liu et al., 2002a) were grown O/N at 28ºC in Luria Bertani (LB) medium supplemented
with 50 mg/l kanamycin and 25 mg/l rifampicin. Cultures carrying RNA2 or RNA1 were diluted 2000 or 500
times, respectively, in LB medium containing 0.5% sucrose, 2 mM MgSO4, 10mM MES (pH 5.6), 50 mg/l
kanamycin, 25 mg/l rifampicin and 20 µM acetosyringone and grown for 12-16 hrs at 28ºC, shaking at 200 rpm
until an OD600 of about 1.0. Cells were harvested by centrifugation for 15 min at 3000g and resuspended in

99

Chapter 5

Murashige and Skoog medium (Duchefa) with 2% sucrose, 10 mM MES (pH 5.6) and 200 µM acetosyringone to
OD600 of 0.4. RNA2 and RNA1 containing A.tum suspensions were mixed in a 1:1 ratio and left at RT for 1-4 hrs.
12-day old tomato seedlings were carefully taken from soil and submerged upside-down in the A.tum suspension
in a tube or beaker and put in a vacuum desiccator. Seedlings were incubated for 1 min under vacuum (5 kPa) and
after quickly releasing the vacuum, seedlings were potted and transferred to the greenhouse, which was set at 20ºC
for 2 days and 25ºC thereafter. Internode lengths were measured and leaf samples were taken 30 days post
inoculation (dpi). Dwarf phenotypes were rescued by biweekly spraying 50 µM GA3, starting from 14 dpi.
Real time Q-RT-PCR
Total RNA was isolated from tomato or Arabidopsis using Trizol (Invitrogen) and DNA contamination was
removed with DNAse (Ambion). cDNA was synthesized from 2-5 µg RNA using SuperscriptII (Invitrogen) in 20
µl reaction volume that was diluted to 50 µl prior to using it for PCR. PCRs were performed in the ABI 7500
Real-Time PCR System (Applied Biosystems) using the Platinum SYBR Green qPCR SuperMix-UDG kit
(Invitrogen). 20 µl PCR reactions contained 0.25 µM of each primer, 0.1 µl ROX reference dye and 1 µl cDNA.
The cycling program was set to 2 min. 50ºC, 5 min. 95ºC, 40 cycles of 15 sec. 95ºC and 1min. 60ºC, followed by a
melting curve analysis. Primer pairs were tested for specificity and for linearity with a standard cDNA dilution
curve. Primers used for tomato: LeGPS1 (DQ286930) QF: 5’-CTGATGAACGTTGTAGCATGGA-3’
QR: 5’-GAAATTCCTCCATGGCATACA-3’;
LeACT (TC161927, www.tigr.org) QF: 5’-TTAGCACCTTCCAGCAGATGT-3’
QR: 5’-AACAGACAGGACACTCGCACT-3’;
LeGA3bhox (AB010992) QF: 5’-ATACGATTACAATAAATTCTGTGAC-3’
QR: 5’-GGCCGAACTACCGCTTCTTG-3’;
LeGGPS1 (DQ267902) QF: 5’-GGCAGATTGTGGACTTGGCGA-3’;
QR: 5’-CTCATTCGCTCCACATCAACC-3’
Primers used for Arabidopsis:
AtGPS (At2g34630) QF: 5’-AGTATGGGAGGAATCTGGGTTT-3’
QR: 5’-ACTCTTCCATGGCAAAGAGGAT-3’
AtACT (At3g18780) QF: 5’-TCAGCACATTCCAGCAGATGT-3’
QR 5’-AAAGAAACTTTGATCCCATTCATAA-3’
Expression levels were normalized using Actin mRNA levels. Relative expression levels for RCE1 (Ament et al.,
2006) and Actin were comparable (data not shown).
Gibberellin and pigment measurements
Gibberellin levels were analyzed by SIM-GC/MS as described elsewhere (Lange et al., 2005). Endogenous GAlevels are given as the sum of C19-GA1, -GA4, -GA8, -GA20, -GA29, -GA34 and -GA51.
Pigments were extracted from 50 mg ground leaf tissue with 1 ml 95% ethanol by incubation at RT for 10 min. in
dim light. Extracts were cleared by centrifugation for 1 min., diluted 10 times in 95% ethanol and measured
spectrophotometrically. Chlorophyll and carotenoid contents were calculated according to (Lichtenthaler, 1987).
Non-saturating (and linear) extraction conditions were first tested using different tissue : ethanol ratios. Leaves of
photobleached phytoene desaturase (PDS) -silenced tomato plants were used as experimental controls.
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RESULTS
Isolation and characterization of a tomato GPS cDNA: LeGPS1
Based on nucleotide sequence homology to known GPS sequences, two tomato ESTs were
identified (www.tigr.org), one with homology to the 5’ region (TC165735) and the other to
the 3’ region (AI485604). Using primers on the 5’ and 3’ ends of these ESTs, respectively,
a full-length cDNA could be amplified from tomato leaf extract. The tomato GPS
(LeGPS1, DQ286930) sequence is highly homologous to the Arabidopsis GPS (AtGPS,
At2g34630) and the Citrus GPS (AJ243739) (Figure 1), which are active as monomers. In
contrast, the heteromeric GPSs of Snapdragon (Antirrhinum majus) and Mint (Mentha
piperita, Mp) consist of a small and a large subunit (ssu and lsu, respectively). The lsu is
related to GGPS (Tholl et al., 2004), whereas the GPSssu has no homology to other
prenyltransferases. LeGPS1 has an extra N-terminal peptide, comparable to that of AtGPS,
that is not present in CsGPS. This N-terminal sequence allows a dual targeting to both
plastid and cytosol (Bouvier et al., 2000); the full length protein is presumably targeted to
plastids, while the shorter one resides in the cytosol.
LeGPS1 recombinant protein activity
A truncated version of LeGPS1, starting 2 amino acids upstream of the second methionine
(Figure 1), was expressed in E. coli and used for prenyltransferase assays. LeGPS1 showed
mainly GPS activity, but also FPS activity and some minor GGPS activity (Figure 2). The
total synthesized and hydrolyzed prenyldiphosphate products comprised 51% (± 2.5)
geraniol, 42 % (± 3.0) farnesol and 7% (± 2.2) geranylgeraniol (data not shown). Bacterial
extracts containing the expression vector-control showed no enzyme activity.
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Figure 1. Alignment of deduced amino acid sequences featuring: tomato geranyldiphosphate synthase
(LeGPS1, DQ286930), Arabidopsis thaliana GPS (AtGPS, At2g34630), Citrus sinensis GPS (CsGPS,
CAC16851), Mentha piperita GPS; the large subunit of the heterodimer (MpGPSlsu, AAF08793), tomato
geranylgeranyldiphosphate synthase 1 (LeGGPS1, DQ267902). Amino acids identical in at least 3 of 5
sequences are boxed black and in addition, amino acids identical in the tomato and the Arabidopsis GPS are
boxed grey. The alternative translation initiation site (second methionine) for tomato and Arabidopsis GPS is
indicated by an asterisk. The DDxxD motif, conserved among prenyltransferases and terpene synthases is
underlined. The regions of the corresponding cDNA that were used for RNAi in Arabidopsis or VIGS in tomato
are indicated by grey (At-RNAi) black (Le-VIGS) triangles, respectively.

Virus induced gene silencing of GPS in tomato
The tobacco rattle virus (TRV) gene silencing system was used (Liu et al., 2002) to
transiently silence LeGPS1 expression in tomato. The TRV construct, carrying a 350 bp
fragment of the LeGPS1 cDNA (Figure 1) was transfected to seedlings, which resulted in a
growth retardation phenotype (Figure 3A). The approximately two-fold decreased plant
height (Figure 3B) was a result of shorter internodes, a typical gibberellin deficiency effect.
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Spraying LeGPS1 silenced plants biweekly with 50 µM GA3 rescued shoot elongation to
control levels, confirming that LeGPS1 silenced plants indeed have a classical reducedgibberellin phenotype (Brian and Hemming, 1955; Phinney, 1956).
To verify LeGPS1 silencing, leaves from silenced tomato plants were harvested five weeks
after inoculation and RNA was extracted. Real-time Q-RT-PCRs showed that LeGPS1
expression was clearly decreased (two-fold on average) in leaf-samples of LeGPS1 silenced
plants as compared to control plants (mock) or plants inoculated with the “empty virus
vector” (TRV) (Figure 4).
To exclude cross-silencing of distantly related prenyltransferases (LeGPS1 is 18% identical
to LeGGPS1 on amino acid level, see Figure 1), the transcript levels of one of two known
tomato GGPSs (Ament et al., 2006) was analyzed. Expression of LeGGPS1 was not
reduced (Figure 4), indicating that no cross-silencing of these weakly similar LeGGPS
genes occurred (on nucleotide level, LeGPS1 and the two LeGGPSs have no apparent
sequence homology, data not shown). In Arabidopsis the expression of a “late” gibberellin
biosynthesis gene, GA-3beta-hydroxylase (At1g15550, GA3bhox) is known to be feedbackregulated in a dose-dependent manner by GA levels: GA3bhox expression increases when
levels of active gibberellins are low (Cowling et al., 1998). The expression of the tomato
homolog (LeGA3bhox, AB010992) is indeed increased three-fold in leaves in which
LeGPS1 expression was reduced (Figure 4), indicating that gibberellin levels have
decreased.
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Figure 2. Catalytic activity of recombinant LeGPS after heterologous expression in E. coli.
Purified recombinant LeGPS was assayed with DMAPP and

14

C-IPP. The enzyme activity was

measured by radio-gas chromatography (middle panel) and identified by co injection of terpene
standards via TCD measurement (below panel). The hydrolyzed main products for LeGPS are geraniol
(G), farnesol (F) and minor amounts of geranylgeraniol (GG). Background activity in purified bacterial
protein extracts containing a vector control shows no activity (top panel).
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Figure 3. Phenotype of LeGPS1-silenced tomato plants using VIGS.
A. Pictures were taken 35 days after inoculation. The dwarf phenotype was rescued by spraying GA3
biweekly. B. Plant length (35 dpi) is displayed as the average of three plants and standard deviations
are included. [mock]: control plants, [TRV]: empty vector inoculated plants, [TRV:GPS]: GPS silenced
plants.
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Figure 4. Real-time Q-RT-PCR on cDNA of tomato leaf samples. The effect of LeGPS1:TRV
inoculation on gene expression
Gene expression levels were determined relative to Actin2 expression and displayed as average values
from 4-7 leaf samples, including standard deviations. Gene expression was analyzed for: LeGPS1, the
GA-marker gene GA-3-beta-hydroxylase (LeGA3bhox) and LeGGPS1. Leaf samples were from control
plants (mock), empty vector inoculated plants (TRV) and GPS silenced plants (TRV: GPS).

The effect of LeGPS1 silencing on Gibberellin and pigment levels
To confirm that LeGPS1 silenced plants are dwarfed due to gibberellin-deficiency, the
gibberellin content in leaves was analyzed. Gibberellin-measurements were done on the
same leaf samples as used for gene-expression analysis. Gibberellin contents were more
than three-fold reduced in LeGPS1-silenced leaves (Figure 5A). Since gibberellin,
carotenoid and chlorophyll synthesis require GGPP, carotenoid and chlorophyll contents
were also measured in LeGPS1 silenced leaves (Figure 5B). Pigment levels were unaffected
in samples with decreased gibberellin-levels. As a control, photobleached, phytoene
desaturase (PDS)-silenced leaves were analyzed (see also (Liu et al., 2002). These
contained eight- to ten-fold less carotenoids and chlorophyll (data not shown).
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Figure 5. Gibberellin- carotenoid- and chlorophyll- levels in tomato leaves. LeGPS1-silencing
mock

TRV

reduces gibberellin content without affecting carotenoid- or chlorophyll- levels.
A. Total gibberellin content was analyzed by SIM-GC/MS using leaf extracts from control plants (mock),
empty vector inoculated plants (TRV) and LeGPS1 silenced plants (TRV: GPS). Gibberellin content is
displayed as the average value (and standard deviation) of 2-7 leaves. B. Total chlorophyll and
carotenoid contents were analyzed spectrophotometrically using leaf extracts from the same leaf
samples as used for gibberellin measurements. Pigment content is displayed as the average value (and
standard deviation) of 4-7 leaves.

Silencing Arabidopsis GPS with RNAi results in dwarfing
In order to confirm that reduction of GPS expression leads to a dwarfed phenotype in
another plant species, stable AtGPS-RNAi Arabidopsis plants were generated. An RNAi
construct was made using a 560 bp fragment of AtGPS (At2g34630; (Bouvier et al., 2000),
see Figure 1), which has no homology to other Arabidopsis genes. Independent RNAi lines
showed a growth reduction as compared to control plants expressing only the kanamycin
resistance gene nptII, ranging from slight growth retardation to severely dwarfed plants
with delayed flowering (Figure 6A). Gene expression analysis by real-time Q-RT-PCR,
showed that AtGPS expression was reduced two-fold in the Arabidopsis AtGPS-RNAi lines
compared to the control plants (Figure 6B).
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Figure 6. A. Phenotype of Arabidopsis plants transformed with an AtGPS-RNAi construct. Plants
transformed with only the nptII gene were used as controls (C1-C5). Eight independent plant lines (i1-i8)
are shown. B. Real-time RT-PCR on cDNA of Arabidopsis leaf samples. AtGPS Gene expression levels
were determined relative to Actin and are displayed as average values from pooled plant samples (i1-4)
and (i5-8) as indicated. Standard deviations are indicated.
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DISCUSSION
Silencing LeGPS1 causes a prototype GA-related dwarf phenotype
We have identified a tomato GPS cDNA and implicated it in gibberellin biosynthesis by
showing a dwarfed phenotype and reduced gibberellin levels in LeGPS1-silenced plants
(Figure 3a and 5a). Previously, GPS was considered to be involved only in synthesis of
monoterpene precursors (reviewed by Dudareva et al., 2004; McGarvey and Croteau, 1995;
Pichersky et al., 2006a; Tholl, 2006). To our knowledge, involvement of GPS in synthesis
of precursors for larger terpenes has not been investigated so far. Our results suggest that
GPP feeds into the GGPP biosynthesis pathway that leads to gibberellins. GGPSs involved
in gibberellin synthesis would require GPP as substrate for condensation of two additional
IPP units (Figure 7). Interestingly, the precursor pool for carotenoid and chlorophyll
synthesis is not dependent on LeGPS1 expression (Figure 5b). Therefore, pigments and
gibberellins originate from separate GGPP pools and GGPSs involved in pigment synthesis
are not dependent on GPP as substrate (Figure 7).
It has been observed earlier that overexpression of a monoterpene synthase led to dwarfing,
whereas chlorophyll and carotenoids levels were unaltered (Aharoni et al., 2003).
Overexpression of terpene synthases can lead to precursor depletion or product toxicity (see
also Chapter 1, section 5). Product toxicity was indicated to appear as yellowing of leaves
with damaged regions (Aharoni et al., 2006). Therefore, the dwarfing is probably caused by
precursor depletion affecting gibberellin levels (Aharoni et al., 2003). The observation that
depletion of the GPP pool by the overexpressed monoterpene synthase did not affect
pigment levels supports our statements.
Literature also indicates that in the aerial parts, gibberellins and pigments are made in
different tissues. Localization of the first dedicated step in gibberellin synthesis (conversion
of GGPP to copalyl diphosphate, CPP) was studied using CPP synthase promoter-GUS
fusions in Arabidopsis. This revealed that CPS is mostly expressed in provasculature or
vasculature tissue of developing embryos, seedlings, and young as well as mature leaves
(Sun and Kamiya, 1997; Yamaguchi et al., 2001). In contrast, chlorophyll and carotenoid
synthesis occurs mainly in chloroplasts of mesophyll cells (chlorenchym) (Cookson et al.,
2003; Reiter et al., 1994). However, there are some experiments published that would
suggest precursor sharing. First, depletion of the plastidial terpene precursor pool upstream
of GGPP by antisense or chemical suppression of IPP synthesis in Arabidopsis leads to
both a pigment-deficient and a dwarfed phenotype (Okada et al., 2002). IPP is indeed
required for both metabolites. However, the IPP pool is lowered in both cell-types (vascular
and mesophyll tissue) and thus does not provide conclusive evidence about sharing of a
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GGPP pool. Second, ectopic overexpression of a carotenoid biosynthesis gene, phytoene
synthase, in tomato plants or Arabidopsis seeds causes precursor depletion and leads to
lower gibberellin levels and dwarfed plants or delayed germination, respectively (Fray et
al., 1995; Lindgren et al., 2003). In these cases, the ectopic and therefore “mislocalized”
carotenoid biosynthesis apparently depleted the GGPP pool normally used for gibberellin
biosynthesis. Therefore, cell-type specific biosynthesis of gibberellin precursors, as we
propose (Figure 7), is in agreement with previously published data.
In addition, we emphasize that the Arabidopsis genome contains 12 putative GGPSs (Lange
and Ghassemian, 2003), which have different organ-specific and developmentally regulated
expression patterns (www.genevestigator.ethz.ch) and their encoded enzymes can be
localized to multiple subcellular compartments (Lange and Ghassemian, 2003; Okada et
al., 2000). Still, it is not known which of the GGPSs are involved in gibberellin synthesis.
Synthesis of the gibberellin precursors CPP and kaurene occurs in plastids (Aach et al.,
1997; Sun and Kamiya, 1994), thus all plastid targeted GGPSs are candidates (see also
Chapter 6). Differential regulation of GGPS expression occurs also in tomato: the two
tomato GGPSs identified so far both encode putatively plastid-targeted proteins whereas
their expression patterns differ greatly; the GGPS gene expressed in leaves is specifically
regulated in accordance with synthesis of the volatile diterpene derived homoterpene
TMTT (Ament et al., 2006).
Importantly, we propose that different GGPSs utilize different allylic substrates with IPP.
GGPS presumably generates GGPP by sequential coupling of three IPP molecules to
DMAPP (Hedden and Phillips, 2000; Kasahara et al., 2002; Lange, 1998). However, in
vitro data show that several GGPSs can also utilize or even have lower Kms for GPP or
FPP as allylic substrate (Hefner et al., 1998; Okada et al., 2000; Takaya et al., 2003). FPP,
however, is likely not available in plastids (Lange and Ghassemian, 2003), where most
GGPSs are targeted to (Bonk et al., 1997; Engprasert et al., 2004; Kuntz et al., 1992; Lange
and Ghassemian, 2003; Liao et al., 2004; Okada et al., 2000).
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Figure 7. Schematic representation of terpene biosynthesis, focused on synthesis of the
prenyldiphosphates IPP, DMAPP, GPP, and GGPP in plastids of the aerial parts of a plant. Three
different cell-types are schematically indicated and the synthesis of IPP and DMAPP is placed outside
these cells to indicate that this is a common pathway to all cells. Prenyldiphosphates are indicated by
rounded boxes and terpene end-products by filled boxes. Dotted arrows indicate possible requirement
of other prenyldiphosphate synthases or uncertain substrate origins and intermediate steps.
Abbreviations: DOXP, 1-deoxy-D-xylulose 5-phosphate; MEP, methyl-D-erythritol; CPS,
copalyldiphosphate synthase; KS, ent-kaurene synthase; Kox, ent-kaurene oxidase.

VIGS is a useful tool for functional studies of essential genes in tomato
We have observed the dwarfing phenotype after virus-induced, transient LeGPS1 silencing,
which did not affect pigment levels. Due to the nature of this technique, certain plant
organs or cell-types might not be silenced, influencing the possible phenotypes. However, it
has been established that VIGS works in pigment synthesizing cells, since genes in
carotenoid and chlorophyll synthesis have successfully been silenced (Hiriart et al., 2002;
Liu et al., 2002; Page et al., 2004).
A characteristic of silencing approaches is that the possibility of cross-silencing
homologous genes exists. We wanted to rule out cross-silencing with GGPSs since these
can be involved in gibberellin synthesis and secondly, GGPSs share low sequence
homology with GPS (max. 25% identity on amino acid level). In the described
experiments, cross-silencing is highly unlikely. Figure 1 shows which regions of GPS were
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used; the LeGPS1 fragment used for VIGS does not have homology to other tomato
transcripts (www.tigr.org). Figure 4 shows that in LeGPS1-silenced tomato leaves,
LeGGPS1 expression is not decreased. The 5’ Arabidopsis GPS (AtGPS) RNAi fragment
also has no homology on nucleotide level to other Arabidopsis genes. Moreover, comparing
the corresponding fragment of AtGPS to all the AtGGPSs, a maximum sequence identity
stretch of only 10 nucleotides was found (data not shown). For the VIGS in tomato, we
observed about 50% decreased LeGPS1 expression. This is probably due to the patchyness
of silencing. In addition, VIGS is transient and partial (Burch-Smith et al., 2004; Liu et al.,
2002). In this case, these characteristics proved to be advantageous; it might very well be
that a GPS knockout plant is not viable.
Effect of GPS silencing on volatile terpene synthesis
A question we originally wanted to address is whether LeGPS1 silencing results in
decreased production of monoterpenes. Both in the headspace of intact plants and in leaf
extracts, monoterpene contents were unaltered (data not shown). Monoterpenes are
predominantly synthesized in the glandular trichomes of tomato (Chapter 2) and therefore,
it is possible that VIGS does not reach these symplastically isolated organs (see also
Chapter 6). To our knowledge, spreading of viruses or silencing signals into trichomes has
not been reported. It is also possible that monoterpenes are stored very early when VIGS
does not affect the leaf yet, or that GPP levels are not limiting in trichomes when LeGPS
expression is incompletely silenced.
What other functions may GPS have?
The in vitro activity of the recombinant protein shows that LeGPS1 is a bona fide GPS but
suggests that LeGPS can also generate FPP and minute amounts of GGPP (Figure 2). It is
unclear to what extent the additional activity of this recombinant protein occurs in planta.
The homologous AtGPS did not have clear FPS activity (Bouvier et al., 2000), whereas in
grand fir (Abies grandis), one of three homologous GPSs showed significant (30%) FPS
activity (Burke and Croteau, 2002a). An FPS with additional GGPS activity was recently
described (Cervantes-Cervantes et al., 2006) whereas a GGPS from Hevea brasiliensis
showed some FPP as (by-)products (Takaya et al., 2003). Therefore, chain length
specificity of prenyltransferases is not always highly stringent. Still, it should be kept in
mind that in vitro assay products do not necessarily reflect the in planta situation because
of for instance unknown Km’s, specific assay conditions (buffer composition, pH), enzyme
truncation and addition of tags. It will be interesting to investigate to what extent possible
prenyltransferase by-products contribute to the sometimes hypothesized but unexpected
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presence of GPP in the cytosol or FPP in plastids (Aharoni et al., 2003; Wu et al., 2006),
although this still needs to be verified.
Thus far, the exact role of GPS in di-, tri-, tetra-, and/or polyterpene synthesis received little
attention and is still unclear. It remains to be investigated whether GPS-silenced plants
have other phenotypes. We analyzed only gibberellin-, carotenoid- and chlorophyll- levels
and therefore, we do not know whether GPS is involved in synthesis of other large terpenes
(+derivatives) like plastoquinone, phylloquinone, tocopherols or GGPP for protein
prenylation. Taking into account that GPS could also be localized to the cytosol (Bouvier et
al., 2000), although its function there is unknown, it is interesting to speculate that GPS is
even involved in synthesis of cytosolic terpenes like sesquiterpenes, steroids and dolichols
(See Figure 7). Furthermore, feeding whole plants, seedlings or plant parts with labeled
GPP and analysis of incorporation into various terpene products would be interesting,
provided that all cells and subcellular compartments can be reached. What still remains to
be investigated is if and how the GGPP precursor pools are shared among different terpene
metabolites and how this is regulated. Furthermore, we should take into account that GPS
functions might differ between plant species. Firstly, it is not clear yet whether partial
cytosolic localization of GPS or FPP formation in plastids is common in plants. Secondly,
the existence of homomeric as well as heteromeric GPSs suggests independent origins of
this protein activity, which makes it likely that GPS functions can differ. Finally, existence
of single copy GPSs or multiple GPSs add to this possible variability. In the next sections, I
will present a survey of GPS sequences from available databases to see to what extent a
consensus might exist.
EST database analysis reveals conservation of a start codon that supports putative
cytosolic localization
Arabidopsis GPS contains two possible transcriptional AND translational start sites leading
to messenger-RNAs with two different start codons and providing a plastidial as well as a
cytosolic protein. Northern blot analysis showed two hybridizing GPS transcripts of which
the short one was truncated at the 5’ side. Moreover, in vitro transcription-translation with
the full length GPS cDNA yielded two proteins (Bouvier et al., 2000). However, cytosolic
GPS could not be shown by immunolocalization. Only in Lithospermum erythrorhizon, a
cytosolic GPS has been demonstrated before (Sommer et al., 1995). It is not clear what the
function of GPS would be in the cytosol and whether cytosolic GPSs can be found in other
plant species. When we take a look at the (putative) homomeric angiosperm GPSs, the
majority contains these two translation start sites (I will refer to the second one as
‘alternative methionine’) (Figure 8). Only the citrus (Citrus sinensis, AJ243739) and grape
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(Vitis vinifera, AY351862 and TC42222) GPS sequences are posted in the database in the
short, cytosolic form. However, although there is no nucleotide sequence information
available from the 5’ end of the start codon of the annotated C. sinensis GPS, the aa
sequence is 99% identical to another citrus GPS cDNA (Citrus unshiu, AY166797) that
does contain the 5’ part. I should remark that this C.unshiu sequence is annotated as GGPS,
for which there is no experimental support and based on its sequence, it can be predicted
that the encoded C. unshiu protein will have GPS activity. Moreover, at the 5’-end of the V.
vinifera GPS nucleotide sequence there are eleven conserved amino acids upstream of the
suggested start codon, in another frame. This sequence is not covered by multiple ESTs and
it suggests that we might be dealing with a sequence error. Therefore, I predict that the
V.vinifera GPS also contains the N-terminal part, which is supported by the early reports on
plastidial localization of V.vinifera GPS (Feron et al., 1990; Soler et al., 1992). Still, it
remains unclear to what extent GPS might be localized in the cytosol.
Sequence searches, focusing only on the N-terminal half of the protein, yielded several
GPS sequences deviating from the consensus (Figure 8). First, the Triticum aestivum GPS1
(CK207187), which is highly homologous to the other GPSs, probably does not contain the
alternative methionine. However, it should be kept in mind that this is a single EST
sequence. Second, the Allium cepa GPS sequence (TIGR, TC798, probably full-length) also
does not contain the alternative methionine and, moreover, does not share homology to the
upstream N-terminal region. Third, a Populus GPS2 (BU810240) has a deletion of 33
amino acids starting exactly on the alternative methionine. It is not clear whether this GPS
is functional. However, a ‘complete’ GPS1 from P o p u l u s was also found
(eugene3.00101320), which is 90% identical to Populus GPS1 in the remaining part (not
shown in figure).
Another consensus is that after characterization three GPSs from Abies grandis (Burke and
Croteau, 2002a), it appeared that gymnosperm GPSs are closely related to GGPSs instead
of angiosperm GPSs (Figure 8). However, this does not seem to be a consensus, since an
EST from the gymnosperm Picea glauca (CK437565) is highly homologous to angiosperm
GPSs. Furthermore, the angiosperm Arnebia euchroma GPS (DQ395088) resembles
gymnosperm GPSs and GGPSs and was suggested to be involved in monoterpene shikonin
biosynthesis (unpublished, see genbank sequence information). Many GPS cDNAs await
protein characterization, which hopefully offers us insight in functions and localizations of
GPSs in planta.
I have indicated earlier in this chapter and in Chapter 1 that angiosperm GPSs are probably
single copy. That is based on characterization of unique, full-length GPS proteins and the
Arabidopsis genome sequence. However, by searching EST databases for (partial) GPSs, it
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appeared that several plant species probably possess a second GPS. Figure 8 shows two
GPSs for Lotus, cotton (Gossypium) and wheat (Triticum) which are not the result of recent
duplications since their sequences have diverged even more than, for instance, GPSs
between solanaceae family members.

Figure 8. Alignment of deduced GPS amino acid sequences
Sequence databases (www.ncbi.nlm.nih.gov ; www.tigr.org ; http://genome.jgi-psf.org/Poptr1_1) were
searched for plant GPS sequences, which were subsequently translated and aligned. A fragment of the
alignment is shown, corresponding to amino acid 72 to 132 of LeGPS. The asterix indicates the second
methionine putatively used in Arabidopsis GPS to generate a truncated, cytosol localized protein. A conserved
prenyldiphosphate synthase motif is indicated by a Roman I (See chapter 4). The alignment includes (a)
angiosperm homomeric GPSs, (b) (mainly) gymnosperm homomeric GPSs, (c) GGPSs, (d) large subunits of
heteromeric GPSs, (e) solanesyldiphosphate synthases (SPS). Included sequences (top to bottom): (a)
AJ542300, AC189655, CA938534, AP006142, AV418955, TC7283, DQ286930, CK863450, CF543266,
BU005833, TC61254/5, CO078011, BF518434, BQ537288, CK207187, TC268274, BAD45931, TC149824,
At2g34630, CK437565, TC15445, CAC20852, AY166797, eugene3.00101320, BU810240, TC798,
ABD77587, CAC16851; (b) ABD57975, AAN01135, AAN01134, AAN01133; (c) AAL17614, DQ267902,
At3g14550; (d) AAF08793, AAS82860, AAW66658; (e) TC162644, BAD88533.
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EST database analysis reveals that some plants contain both homomeric and
heteromeric GPSs
Short-chain trans-prenyldiphosphate synthases (GPS, FPS and GGPS) are generally
thought to function as homomers (Koyama, 1999; Wang and Ohnuma, 2000). However, it
was demonstrated that GPSs from mint, clarkia and snapdragon require a large subunit (lsu)
and a very different small subunit (ssu) (Burke et al., 1999; Tholl et al., 2004). To verify
whether plants have strictly adopted only one of these possibilities, EST databases were
searched for homomeric GPS as well as heteromeric GPS (ssu) sequences. EST databases
were not searched for GPSlsu sequences since these can not reliably be distinguished from
GGPSs. Surprisingly, this revealed that poplar (Populus), columbine (Aquilegia), alfalfa
(Medicago), soybean (Glycine) and sunflower (Helianthus) contain both a homomeric GPS
and a small subunit of a heteromeric GPS (Figure 9). This has not been reported before and
protein activities remain to be verified.
Convergent evolution of two types of GPS from different prenyldiphosphate synthases was
suggested to have occurred in different plant species (Tholl et al., 2004) and it is intriguing
to assume a similar explanation for the co-existence of both homomeric and heteromeric
GPSs within one plant species.
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Figure 9. Sequence homology of putative geranyldiphosphate synthases.
A neighbor-joining tree is shown from an amino acid sequence alignment that was cropped to 287
amino acids (corresponding to LeGPS amino acid 72 to 358). The tree includes characterized, fulllength GPSs as well as putative and some partial GPS sequences from EST libraries. GPSs from plants
that probably contain both a heteromeric and homomeric GPS are indicated in bold. Two GGPS
sequences were included to illustrate the close homology to for instance GPSlsu or gymnosperm GPSs.
Furthermore, two FPS sequences were included as outgroup. Sequences, top to bottom: (FPS)
At4g17190, O65004; (GPS) TC798, BU810240, CK207187, At2g34630, TC15445, BF518434,
CA938534, AJ542300, DQ286930, AY166797; (GPS gymnosperm) AAN01133, AAN01134; (GGPS)
DQ267902, At3g14550; (GPSlsu) AAF08793, AAW66658, AAS82860; (GPSssu) TC103457,
TC223819+TC219272, BU025238, AAS82859, AAF08792, TC11658, TC12736, TC30552, AAS82870.
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CHAPTER 6
GENERAL DISCUSSION
In this thesis I have described results of experiments aimed at the characterization of
genes involved in (volatile) terpene biosynthesis, with a focus on volatile terpenes
functioning in indirect plant defense. First, the identification of two monoterpene
synthases (MTS) from tomato, which are the first MTS sequences from a solanaceous
plant has been described (Chapter 2). The linalool synthase LeMTS1 is induced by
spider mite-herbivory, requires the JA signaling pathway and is restricted to
glandular trichomes. In contrast, the β-phellandrene/β-myrcene/sabinene synthase
LeMTS2 is not regulated by any of these treatments and its expression is more
prominent in stems and roots and not detectable in trichomes. The function of
LeMTS2 remains unclear whereas a putative function for LeMTS1 in indirect plant
defense was studied using a transgenic LeMTS1 overexpressing plant that emits high
amounts of linalool. Preliminary results of choice assays with predatory mites and
spider mites have been reported in Chapter 3. In addition, the biosynthesis of a C16
homoterpene, TMTT, was studied. Specifically upon insect- or mite- herbivory,
TMTT becomes the most abundant emitted volatile in many plant species. We have
identified two regulatory steps in its biosynthesis: the gene encoding geranylgeranyl
diphosphate synthase LeGGPS1, generating the general diterpene precursor, is
induced by spider mites and regulated by both SA and JA, whereas more
downstream, the activity of a diterpene synthase (geranyllinalool synthase), catalyzing
the first dedicated step, was regulated by JA but not by SA (Chapter 4 and Figure 1,
this chapter).
It is commonly accepted that monoterpene synthases require geranyl diphosphate
(GPP), while diterpene synthases require geranylgeranyl diphosphate (GGPP). GGPP
is incorporated into various terpenes with wide-ranging functions including hormones
like gibberellins and photosynthetic pigments. Because of the existence of a GGPS
gene family of which individual members are differentially regulated and have
variable substrate preferences in vitro, including GPP, I tested the hypothesis that
GPS (geranyl diphosphate synthase) is responsible for the supply of GPP to GGPSs in
planta. Surprisingly, plants with silenced GPS expression were dwarfed and had
reduced levels of gibberellins (Chapter 5). Since other GGPP-requiring metabolites
like pigments were unaltered, we propose that independent GGPP pools exist and,
importantly, that these originate from different precursors.
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Figure 1. A schematic representation of JA- and SA- regulated steps in spider mite-induced
volatile terpene biosynthesis.
Emission of linalool as well as expression of Linalool synthase LeMTS1 are dependent on JA and are
induced by JA (Chapter 2). Emission of TMTT is dependent on JA and SA but is only induced by JA.
This is explained by the observations that LeGGPS1 is moderately dependent on JA and induced by
JA, whereas LeGGPS1 is completely dependent on SA and strongly induced by SA and finally, that the
activity of GL synthase is only induced by JA (Chapter 4).

The use of VIGS for functional characterization of terpene biosynthesis genes.
At the start of this project, we had the ambitious idea to do functional screens for genes
involved in volatile terpene biosynthesis or emission by transient silencing using virus
induced gene silencing (VIGS) in tomato. Below, I will indicate why we now question the
feasibility of such an approach.
I should mention that VIGS-based screens have proven to be successful, for instance, for
the identification of key factors involved in the hypersensitive response (HR) (Gabriels et
al., 2006; Lu et al., 2003; Rowland et al., 2005). However, volatile emission is a relatively
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time-consuming and laborious readout for doing large-scale screens compared to visual
screening for loss of HR after elicitation. Even with a fast GC/MS and automated sampling,
less than 100 samples can be analyzed in an overnight run, and then the data-interpretation
takes a considerable amount of time. In addition, VIGS in tomato is incomplete and only
partially reduced transcript levels are expected. Therefore, screens would be focused on
partial loss of function, while screens for gain-of-function in a –null- background (e.g.
terpene synthase overexpression in heterologous systems) are theoretically much easier to
score. Variation in the amount of terpene emission in identical plant lines easily reaches
50%, quenching the emission difference due to partial silencing. Furthermore, to identify
genes involved in herbivore induced synthesis of volatiles, a stimulus is required. This
means that variably virus-infected plants (also inducing defense responses) with variable
silencing levels have to be treated with a second elicitor of defense responses, which adds
another variable. Subsequently, volatiles need to be sampled and analyzed, causing more
variation, to give QUANTITATIVE differences. These experiments have been attempted to
support data for LeGGPS1 function (Chapter 4) and for LeMTS1 function (Chapter 2), as
well as LeGPS function in volatile terpene emission, but did not yield any clear results and
were therefore not included in this thesis.
An advantage of screens for HR-factors is that they can be performed in N.benthamiana, in
which VIGS works much more efficiently, and extrapolated back to tomato or tobacco. The
factors of interest are quite well conserved between tomato and N.benthaminana. In
contrast, terpene synthases with different functions are even more homologous within one
plant than orthologs between plants (e.g. Chapter 2).
In hindsight, most terpene biosynthesis genes of interest are likely located in glandular
trichomes (Chapter 2), which, to our knowledge, are symplastically isolated from other
tissue. We predict that VIGS does not work for trichome-localized genes and we have not
found VIGS data indicating otherwise. There are a few reports on potato virus X and
tobacco rattle virus moving with a very low frequency into the leaf periphery after injection
into trichomes (Angell and Baulcombe, 1995; Derrick et al., 1992). However, the inverse,
spreading of viruses or silencing signals into trichomes has, to our knowledge, not been
reported. Furthermore, IF VIGS would work in trichomes, observing a phenotype could
still be difficult due to storage of terpenes. Storage of terpenes results in a considerable
delay between synthesis and emission, meaning that emission will continue after synthesis
has been silenced. It is also possible that emission of stored terpenes requires active release.
These characteristics of terpene emission, together with the transient nature of VIGS, will
lower the chance of observing a phenotype. Therefore, the majority of genes involved in
volatile terpene synthesis cannot be analyzed by VIGS.
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Using targeted and homology-based cloning, I identified two monoterpene synthases of
which one was regulated by herbivory (LeMTS1). A key success factor for this approach
was to use starting material that was highly enriched for the desired mRNAs by strongly
inducing plants with the treatment of interest. In addition, micro-array analysis using
tomato ESTs from the TIGR database allowed the selection of a putative terpene
biosynthesis gene (LeGGPS1) that was induced by herbivory (Ament et al., 2004; Ament et
al., 2006). However, the biochemical activity of the identified genes was first only tested in
vitro or in E.coli. Proving their involvement in terpene synthesis in planta still awaits
confirmation. For LeMTS1, this was achieved by ectopic overexpression of the gene in
tomato, resulting in increased linalool emission (Chapter 3).
In contrast, VIGS was successfully used for revealing a previously unknown function of
GPS: providing precursors for gibberellin biosynthesis. Partial decrease of the GPP pool
disturbed the delicate gibberellin homeostasis required for normal plant growth (Chapter 5).
Not only is the phenotype after silencing of such an important gene more easier to score,
the transient and incomplete silencing characteristics of VIGS make this technique
favorable compared to stable silencing or knock-outs, which might result in a lethal
phenotype. A more extensive discussion on the various opportunities and limitations of
VIGS can be found elsewhere (Burch-Smith et al., 2004).
Linking precursors to end products: using expression databases to form hypotheses
A central theme in this thesis (Chapter 1 section 4, Chapter 4 and Chapter 5) is the concept
that individual prenyldiphosphate synthases contribute to specific terpene precursor pools
and that their expression is regulated accordingly. For tomato GGPSs, we discovered that
spider mite induced LeGGPS1 expression correlated with TMTT emission and fruit- and
flower-specific expression of LeGGPS2 (and LeGGPS3) correlated with carotenoid
synthesis (Chapter 4; (Ament et al., 2006; Galpaz et al., 2006). Furthermore, the dwarfphenotype appearing upon GPS silencing suggested that gibberellin-directed GGPP
synthesis required GPP, whereas pigment-directed GGPP synthesis did not, indicating that
two separate GGPP existed and that these were generated by GGPSs with different
biochemical properties (Chapter 5). The availability of expression data from all
Arabidopsis genes might allow corroboration of this concept. Therefore, I have retrieved all
expression data of AtGGPS genes as well as diterpene synthases required for synthesis of
gibberellins (copalyl diphosphate synthase, CPS and kaurene synthase, KS), carotenoids
(phytoene synthase, PS), chlorophyll (geranylgeranyl reductase, GGR), and an unknown
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diterpene synthase (DTS) (www.genevestigator.ethz.ch) in order to search for correlations
that might indicate which GGPS is involved in synthesis of either of these GGPP-requiring
products (Figure 2). These data showed that individual GGPSs had highly variable
expression patterns, in contrast to for instance GPS. The expression pattern of GGPS11 and
GGPS12 suggested an involvement in synthesis of the photosynthetic pigments chlorophyll
and carotenoids: their expression patterns in different organs and developmental stages
showed the same trend as those of GGR and PS, being relatively high in green tissues and
low in roots (Pearson correlation coefficient, r = 0.44 to 0.7).
If one aims to link genes to specific terpene synthesis pathways, subcellular localization
should also be taken into account. For instance, while most GGPSs are plastid localized,
GGPS1 is targeted to mitochondria and GGPS3 and 4 localize to ER or cytosol (Lange and
Ghassemian, 2003; Okada et al., 2000). Therefore, regardless of their expression patterns,
these GGPSs are probably not involved in synthesis of gibberellin precursors, which is
plastid localized (Sun and Kamiya, 1997). Rather, GGPS1 might be involved in ubiquinone
synthesis, whereas GGPS3 and 4 might be required for protein prenylation in the cytosol.
The first dedicated steps in gibberellin synthesis are catalyzed by CPS and KS, which
convert GGPP via CPP to the diterpene ent-kaurene, respectively. KS expression is higher
than CPS expression and CPS is the rate-limiting step in ent-kaurene synthesis (Fleet et al.,
2003; Silverstone et al., 1997). CPS is widely expressed throughout the plant and only
moderately increased in GA-requiring organs and tissues like elongating roots, hypocotyls
and inflorescence. Higher expression in xylem, cork and root endodermis correlate with
earlier findings on CPS localization in (pro-)vasculature (Sun and Kamiya, 1997;
Yamaguchi et al., 2001). The expression data of plastidial GGPSs did not allow the
selection of a GGPS that would most likely be involved in gibberellin synthesis. GGPSs
involved in pigment synthesis will be expressed in plastids of other cell types than where
gibberellin precursors are synthesized (Chapter 5). Therefore, GGPS11 and 12 are probably
not involved in gibberellin synthesis. From the other plastidial GGPSs, GGPS5, 6/7 and 8
are strongest expressed in root-tips (Figure 2), whereas GGPS2 and 9/10 expression occurs
more in the elongating parts of roots and seedlings and vasculature, making it plausible that
GGPS2 and 9/10 supply GGPP for gibberellin synthesis. It is not clear what induction of
these GGPSs by nitrogen-shortage, sugar, zeatin, GA3 and MeJA means. Note the asterisks,
indicating that induced expression levels shown by some bars are less reliable due to very
low signal levels or few replicates, potentially resulting in inaccuracies after calculating
–fold-increase-.
A putative diterpene synthase, DTS, has sequence homology to both diterpene synthases
and the S-linalool synthases from Clarkia and was included in the tree in Chapter 2 Figure
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3 as a putative S-linalool synthase (At1g61120). Terpene synthases from this tree-branch,
including TPS subclasses c, e and f, are characterized by a large extra domain (exon 4,5 and
6) (Trapp and Croteau, 2001). All Arabidopsis monoterpene synthases, including a true Slinalool synthase, do not contain this domain. Therefore, I propose that this Arabidopsis
gene is a diterpene synthase. Moreover, analyzing the Arabidopsis genome sequence, this
diterpene synthase is the only possible candidate to be involved in diterpene-derived TMTT
synthesis (Ament et al., 2006) since there is no other uncharacterized diterpene synthase
(Lange and Ghassemian, 2003). This is clearly supported by the strong upregulation of the
DTS by MeJA (71-fold), insect herbivory (4-11-fold) and pathogen infection (4-85-fold)
(Figure 2, genevestigator.ethz.ch). Therefore, we propose that DTS is the geranyllinalool
synthase involved in TMTT biosynthesis (Chapter 4). This illustrates how public microarray data can be used for finding candidate genes involved in biosynthesis of a metabolite
of interest. DTS expression is leaf-specific and DTS might therefore use GGPS11 and 12
derived precursors. However, for herbivore- and JA- induced TMTT synthesis in tomato,
both the geranyllinalool synthase activity and LeGGPS1 expression were induced (Chapter
4). Therefore, we predict that TMTT synthesis in Arabidopsis also would require induction
of a GGPS. GGPS2 is upregulated by MeJA (4-fold) and insect herbivores (F.occidentalis
and nematodes, 2 fold) and GGPS8 is upregulated by insect herbivores (M.persicae and
P.rapae, 2-3-fold) and pathogens or pathogen elicitor (A.tumefaciens and syringolin, 3fold). Although induction is modest, these GGPSs could still be candidates and induction
might occur in leaves while basal expression is in roots.
In a broader perspective, we attempted to correlate the input and the output of the pools of
GPP, FPP and GGPP using cumulative tissue expression data from GPS, FPSs and GGPSs
and from genes encoding enzymes that utilize prenyldiphosphates from this pool. This
might give an idea whether prenyldiphosphate synthesis is adjusted to the variable
requirements throughout different organs. We observed for instance that expression of
FPSs is closely correlated with expression of genes encoding enzymes that require FPP
(Figure 3b) (r = 0.7). In contrast, GPP synthesis and GPP usage by monoterpene synthases
(MTS) are not correlated (Figure 3a) (r = 0.1). GPS expression is relatively high in organs
that hardly produce monoterpenes, indicating that GPP might be synthesized for other
terpene products than only monoterpenes, which we have indeed confirmed in Chapter 5.
Figure 3a shows that cumulative expression of MTSs is highly variable between organs.
Moreover, contribution of individual MTSs also differs. In seedlings, radicle and roots, the
1,8-cineole synthase gene (At3g25820/30) is the most highly expressed MTS (Chen et al.,
2004), whereas in flowers, inflorescence, petals and stamen, the S-linalool synthase gene
(At1g61680) and the myrcene/ocimene synthase gene (At2g24210) are highly expressed
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(Bohlmann et al., 2000; Chen et al., 2003). Interestingly, the MTS gene (At3g25810)
expressed most abundantly in carpel and ovary is specifically expressed in these organs and
generates many different products (e.g. β-ocimene, β-myrcene, α-pinene, sabinene, βpinene), that might serve as antimicrobials (Chen et al., 2003). In addition, sepals
specifically express the ocimene synthase gene (At4g16740) (Faldt et al., 2003) next to the
S-linalool synthase gene. Remember that these data concern untreated plants. Upon for
instance insect herbivory or JA-treatment, expression of some monoterpene synthases is
induced (Faldt et al., 2003; Van Poecke et al., 2001), but also upon pathogen infection
(www.genevestigator.ethz.ch, data not shown).
Figure 3b shows that FPS expression is correlated to expression of genes encoding FPP using enzymes. The two FPS genes are not specifically regulated and probably both
contribute to synthesis of all FPP requiring metabolites. Interestingly, expression of protein
farnesyl transferases and squalene synthases required for primary steroid synthesis (growth
and developmental hormones, membrane components) is ubiquitous, whereas expression of
genes involved in secondary metabolism is organ-specific (Figure 3b). Lupeol synthases
are predominantly expressed in floral tissues, pedicel and stem and are putatively involved
in synthesis of antimicrobial triterpenes in the waxy cuticle (Guhling et al., 2006). A group
of uncharacterized triterpene (oxidosqualene) synthase genes is highly expressed in roots
but also in radicle, seed and pollen, where they might provide components with
antimicrobial activity (Haralampidis et al., 2001; Haralampidis et al., 2002). Expression of
sesquiterpene synthases (20 genes) is abundant in flowers and roots. At5g23960 and
At5g44630 are expressed in carpel, ovary, stigma and nectaries, where they produce
volatile terpenes (β -caryophyllene+α-humulene or thujopsene+β-chamigrene+βacoradiene+β- f a r n e s e n e + α -barbatene, respectively), which probably serve as
antimicrobials (Chen et al., 2003; Tholl et al., 2005). Interestingly, At3g14520 is
specifically expressed in siliques. In roots, sesquiterpene synthase genes At1g31950,
At1g33750, At1g70080 and At5g48110 are mainly expressed in the root tips, whereas in
the endoderm, vasculature, radicle and hypocotyl, At3g29410, At5g48110 and to a lesser
extent At4g20210, At4g20230, At1g66020 and At4g13280 are most abundant. The latter
generates γ-bisabolene and is also induced in leaves upon wounding (Ro et al., 2006).
Figure 3c showed that cumulative GGPS expression moderately correlates with expression
of genes encoding GGPP-requiring enzymes (r = 0.35). Only in the root tip, root cap and
atrichoblast (non-hair epidermal cells), GGPS expression seemed relatively high and could
be attributed to GGPS5, 6/7 and 8, whose expression was specific for these tissues (see also
Figure 2). It is not clear what role GGPSs could play in root tips and epidermis. In root
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endodermis and vasculature, carotenoids as well as gibberellins might be synthesized but
no diterpene phytoalexins since, in contrast to rice (Otomo et al., 2004), Arabidopsis
simply does not possess a diterpene synthase that would be needed. It is apparent that
protein geranylgeranyl transferases are constitutively present and that GGR and PS are the
predominant GGPP using enzymes in aerial parts of the plant. Above, I have already
indicated that the highly expressed GGPS11 and 12 probably supply this GGPP. However,
in stamen (flower), GGPS4 is the major GGPS and likely involved in synthesis of yellowcolored carotenoids. Obviously, the diterpene synthases DTS and CPS are relatively low in
all tissues, only DTS expression can be seen in Figure 3c in leaves and sepals. KS was not
included since this enzyme does not directly use GGPP.
To summarize the level of gene-regulation for enzymes synthesizing or using
prenyldiphosphates, with regard to organ-specificity and responses to treatments, I
determined the deviation of the gene expression level from the average (arbitrarily set to 1).
This calculation was performed for the different organs or treatments and it was used as a
measure for the differential regulation of a gene or group of genes (Figure 3d). These
calculations indicated that GPS expression is constant, while expression of GPP requiring
monoterpene synthases greatly varies between organs and upon treatments. Furthermore,
FPS expression differs moderately among organs and is not clearly regulated by treatments,
whereas expression of genes encoding FPP utilizing enzymes is again more variable. In
contrast, the variation in expression of GGPS genes between plant organs is much larger
than would be expected from the relatively ubiquitous requirement of GGPP.
In the expression analyses described above, I have not included nine polyprenyl
transferases (At1g17050, At1g78510, At2g23410, At5g58770, At5g58780, At2g17570,
At5g60500, At4g23660, At3g11950) of which five are cytosolic, three mitochondrial and
one plastidial (Lange and Ghassemian, 2003). It is unknown which substrates they use
(GPP, FPP or GGPP).
Observations from the above mentioned data surveys support most of the earlier research
results found in literature, but also allowed formation or confirmation of hypotheses about
terpene precursor fluxes. First, GPS is probably used for other terpenes than only
monoterpenes and, second, GGPSs are subject to specific regulation, more than GPS or
FPS, suggesting that they contribute to multiple GGPP pools for various products. These
data are very useful but should only be used as tools to formulate hypotheses that should be
verified and repeated in individual experimental systems. In addition, one should take into
account that expression data of treatments might be collected from whole plants or other
organs than the ones of interest. A general remark about expression analysis is that even in
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isolated organs, expression can vary greatly between different cell-types that are pooled
upon analysis (see also Chapter 2). Finally, gene expression might not always be a correct
representation of protein levels or activity due to post-transcriptional regulation
mechanisms.
Still, I state that analysis of public micro-array data should always be incorporated in
projects aiming at identification of genes involved in responses of interest or biosynthesis
of metabolites of interest or linking genes in pathways. I have used data from the
Genevestigator database (www.genevestigator.ethz.ch), but it should be noted that
expression databases from the Arabidopsis functional genomics network (http://www.unituebingen.de/plantphys/AFGN/atgenex.htm) also contain valuable data, especially when
looking at treatments (multiple time-points and concentrations). In addition, less biased
expression analyses by including large amounts of genes and by adopting cluster-analysis
algorithms can result in identification of new genes, regulatory steps or cross-talk between
pathways (Wille et al., 2004), thereby optimally using the vast amounts of available
information.
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Figure 3. Expression of genes related to terpene biosynthesis in various Arabidopsis organs.
(a), (b), (c). Prenyldiphosphate synthesis and usage in different organs are visualized by side-by-side plotting of
(cumulative) microarray signals of the genes encoding prenyldiphosphate synthase(s) and the enzymes that use
their products. Thus, this allows comparison of synthesis versus usage of GPP (a), FPP (b) and GGPP (c) in all
plant parts.
(d).The extent of gene-regulation with regard to organ-specificity, development and responses to treatments for
enzymes synthesizing or using prenyldiphosphates was analyzed. Organ expression data were normalized for
each gene to obtain a relative expression level compared to the average value that was set to 1.0. Treatment
expression data for each gene were taken as fold increase compared to control. The magnitude of the standard
deviation of gene expression was used as a measure for the arbitrary 'regulation level' for a gene or group of
genes in the different organs or by different treatments.
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Inducible defenses in trichomes?
An intriguing observation presented in Chapter 2 suggested that JA -induced expression of
a proteinase inhibitor (WIPI-II) and a monoterpene synthase (LeMTS1) occurred in
different tissues of the stems and petioles. Upon JA -treatment of whole plants, LeMTS1
was induced in glandular trichomes, whereas WIPI-II was induced in remaining tissues.
This suggested that induction of these genes is dependent on two different tissue-specific
and JA-regulated (transcription-) factors. This hypothesis leaves some open questions.
Sprayed JA can directly enter trichomes by diffusion over membranes. In contrast, spider
mite-feeding is targeted to leaf mesophyll cells. Whether spider mite-feeding generates a
signal that reaches glandular trichomes is not known. This would require a systemic signal
traveling from damaged leaf mesophyll cells to secretory cells of glandular trichomes,
passing epidermal cells and the stalk cell, requiring symplastic unloading and loading
(short-distance systemic response). Systemic signaling of defense responses has been
studied extensively in tomato (Schilmiller and Howe, 2005). However, it is still not certain
whether the peptide systemin or JA itself can act as systemic signal. Next to the
mechanistics, spatial separation of different defense responses is also biologically
interesting. In this case, one could reason that direct defense (WIPI-II) is located in the cells
that are attacked, which seems most efficient. Conversely, indirect defense (linalool
synthase) is located in glandular trichomes, which can keep synthesizing volatiles while the
other parts of the leaf are rapidly being “killed”.
Spatial separation of direct and indirect defense strategies has not been reported earlier and
we have to add that the separation is not complete. We know that the volatile MeSA,
involved in indirect defense (De Boer and Dicke, 2004), is emitted from non-trichome
tissues, whereas linalool is emitted from trichomes (Chapter 2 Figure 7). Separation of
trichomes from non-trichome tissues did not reveal the location of TMTT synthesis.
However, we hypothesize that TMTT is synthesized in non-trichome tissue (parenchyma,
epidermis). This can be deduced, first, from the observation that TMTT is not stored, in
contrast to most other volatile terpenes that can be found in leaf-, stem- or petiole-extracts
(Ament et al., 2004); and Chapter 2 Figure 8). Second, 13CO2 labeling studies show that
TMTT is de novo synthesized in cotton and tomato and takes up label within hours and is
nearly 100% labeled (Farag and Pare, 2002; Pare and Tumlinson, 1997). In contrast, the
emitted monoterpenes and sesquiterpenes from tomato were much later and only partly
labeled, indicating that these are either not de novo synthesized but actively volatilized or
released, or that these are de novo synthesized but the emission is buffered by
accumulation/storage of terpenes in glandular tissues (Farag and Pare, 2002). This same
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hypotheses might explain why in some cases transcriptional induction of terpene synthases
is not closely correlated to emission of the volatile terpene.
Which dogmas, simplifications and open questions do we find in terpene biosynthesis
research?
For many terpenes, especially C20 or larger, it is largely unknown (or overlooked or taken
for granted) which prenyldiphosphates are precisely required. An example is the finding
that gibberellins incorporate GPP for which GPS is required (Chapter 5), while thusfar,
gibberellin synthesis upstream of GGPP received very little attention. Moreover, it is, to my
knowledge, unknown whether polyprenyldiphosphate synthases (nine genes in Arabidopsis;
(Lange and Ghassemian, 2003) use either IPP and DMAPP, GPP, FPP or GGPP as
substrate. What we should be careful about is the interpretation of in vitro data on substrate
usage by terpene synthases and especially prenyldiphosphate synthases since it is mostly
unknown which precursors are available in planta, For instance, a plastidial GGPS might
show high activity with FPP as allylic substrate, although it is very unlikely to encounter
considerable FPP levels in a plant cell. However, this GGPS might even use a mixture of
both DMAPP and GPP with IPP as substrate.
In addition, what has hardly been studied is whether findings on mechanisms of precursor
usage or pathway crosstalk are conserved between different organs or tissues within one
plant. In Chapters 4 and 5, I hypothesized that GGPP pools for different products are
generated by different GGPSs, in different cells, and also using different substrates,
IPP+DMAPP or GPP+DMAPP. Furthermore, I am convinced that findings in for instance
glands or flowers will often not be applicable to other tissues like leaf parenchyma or
vasculature. For instance, in snapdragon flowers and mint glandular trichomes, all volatile
mono- and sesquiterpenes were derived from plastidial IPP, involving precursor transport
over plastidial membranes (Dudareva et al., 2005; McCaskill and Croteau, 1995). I predict
that this will be different in other parts of the same plants. Moreover, it is unknown whether
in these glands or flowers larger cytosolic terpenes like sterols also incorporate plastidial
precursors to the same extent and whether cytosolic FPP synthesis is disturbed in some
way. Recently, some of the above assumptions were confirmed in strawberry plants, where
contribution of plastidial and cytosolic precursors to volatile monoterpenes was completely
different in fruits than in leaves and even differed among strawberry varieties (Hampel et
al., 2006).
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Strict separation of cytosolic and plastidial terpene (precursor) synthesis was reconsidered
since the appearance of data on precursor cross-talk (Bick and Lange, 2003; Hemmerlin et
al., 2003; Laule et al., 2003). However, a prenyldiphosphate transporter has not been
identified yet. Something that has received less attention is “strict separation” of cytosolic
and plastidial ENZYMES. Whenever unexpected partial incorporation of plastidial IPP into
cytosolic terpenes (and reciprocal) or production of low levels of sesquiterpenes by a
plastid-targeted terpene synthase is observed, researchers are tempted to explain this at
precursor level by IPP-, GPP- or FPP- translocation, or low levels of GPP synthesis in the
cytosol or FPP in plastids, which are all likely explanations. However, residence of
monoterpene synthases in the cytosol or translocation of sesquiterpene synthases into
plastids with low frequency has never been discussed. Incomplete targeting is of course
more likely than gain of targeting, but both should be considered. Especially because
predictions of subcellular targeting of proteins are highly variable and far from reliable for
many proteins. Reports on subcellular localization of terpene synthases are rare (Aharoni et
al., 2004; Sun and Kamiya, 1997; Turner et al., 1999) and methods not sensitive enough to
detect for instance 1-10% mislocalization, whereas this can result in significant amounts of
unexpected terpene products easily detectable by GC/MS.
In conclusion, it has become clear that identification and characterization of genes involved
in terpene biosynthesis is greatly accelerated by rapid expansion of sequence and
expression databases and that this forms the basis of understanding biosynthesis pathways.
However, we should keep expanding the focus to biochemistry, subcellular organization
and crosstalk, regulation and sharing of precursor pools and regulation of biosynthesis on
post-transcriptional level as well as feedback regulations by metabolites and active
emission mechanisms. Only then, we can start to understand and eventually even use this
immensely diverse and complex metabolic toolkit.
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For a short (scientific) summary of the thesis in English, refer to the first paragraphs
of the general discussion (page 119).
SAMENVATTING
Eerst even het geheugen opfrissen.
Planten hebben de capaciteit om een ongeloofelijk aantal verschillende stoffen te
produceren, welke we “metabolieten” noemen. Daarvoor zijn natuurlijk bouwstoffen nodig
die uit de lucht (kooldioxide) en uit de grond (stikstof, fosfor, kalium, etc.) komen. Het
maken van metabolieten door de plant noemen we “biosynthese” en daarvoor worden
“enzymen” gebruikt. Enzymen zijn eiwitten die heel specifieke chemische reacties kunnen
katalyseren, waardoor een nieuw product ontstaat; een metaboliet, of een voorloper
daarvan. Elk enzym en elk ander eiwit wordt gemaakt uit een “gen”, een stukje DNA. Dus,
planten die een verschillende set metabolieten maken, moeten ook verschillende genen
bezitten. Sommige metabolieten bestaan in alle planten, zoals hormonen, suikers en
bladgroen (primaire). Maar wat planten zo uniek maakt, is dat vrijwel elk soort een andere
set specifieke metabolieten maakt die niet per se nodig zijn voor normale groei en
functioneren, maar nuttig kunnen zijn als bvb smaak-, geur- kleur-, afweer-, of gif-stoffen.
Deze noemen we vaak secundaire metabolieten. Metabolieten kunnen ingedeeld worden in
verschillende klassen, gebaseerd op hoe ze gemaakt zijn, van welk voorloper-metaboliet.
Zo kunnen in een metaboliet-klasse zowel primaire als secundaire metabolieten
voorkomen.
In dit proefschrift beschrijf ik het onderzoek dat ik gedaan heb naar de biosynthese van
TERPENEN, die allemaal gemaakt zijn uit de isopreen-bouwsteen, de voorloper. Terpenen
vormen de meest diverse metaboliet-klasse die er bestaat. Een klein aantal terpenen zijn
primaire metabolieten, zoals het groeihormoon gibberelline, bladgroen en carotenen (antioxidant en hulp bij opvangen van licht-energie). Maar het merendeel is secundair
metaboliet. Per plant kunnen dat er zo’n 50-100 verschillende zijn, maar in totaal zijn er
meer dan 40.000 bekend die allemaal heel subtiel verschillen in struktuur en ook
verschillende functies kunnen hebben. Terpenen gemaakt door planten kennen wij mensen
heel goed uit producten die we vaak gebruiken. Tussen de ingredienten van bijvoorbeeld
aftershave, haar-gel, zeep of tandpasta zou je de terpenen linalool, limoneen, of menthol
tegen kunnen komen. Maar de plant zelf gebruikt deze terpenen als bloemgeur, vrucht-geur
en -smaak, bladgeur, gifstof tegen insecten of schimmels, en zelfs als lokgeur voor roofinsecten die bijvoorbeeld bladluis of spint eten. Zoals uit de vorige regel blijkt zijn veel
terpenen vluchtig, ze verdampen in de lucht omdat ze relatief lichte moleculen zijn en
vormen een geur.
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Ik ben voornamelijk moleculair bioloog, en dat betekent in dit geval dat ik geinteresseerd
ben in het identificeren van genen die coderen voor enzymen die nodig zijn voor terpeen
biosynthese. In ons onderzoek gebruikten we voornamelijk tomatenplanten en het is al
langer bekend dat tomatenplanten die door spint aangegeten worden vluchtige terpenen
maken die roofmijten aantrekken, dit zijn: linalool, ocimeen, nerolidol en TMTT (gezonde
planten maken ook al andere vluchtige terpenen). De laatste biosynthese stap voor linalool
en ocimeen wordt uitgevoerd door monoterpeen synthase-enzymen. Ik heb twee genen die
coderen voor monoterpeen synthases geidentificeerd. Een van beide bleek een zgn linaloolsynthase te zijn na analyse van het in het lab nagemaakte en gezuiverde enzym. Ik heb
verder onderzocht in welke delen van de plant deze linalool-synthase actief is (tot expressie
komt) en wanneer precies. Het linalool-synthase gen werd inderdaad geactiveerd door
spint-vraat, maar ook door kunstmatige verwonding van blad. Het planten-hormoon
jasmonzuur bleek essentieel te zijn omdat een mutant zonder jasmonzuur geen linaloolsynthase kon activeren, maar na kunstmatige toediening van het hormoon werd het gen
weer actief. Door het meten van vluchtige stoffen met gas-chromatografie
/massaspectrometrie liet ik zien dat productie van linalool precies hetzelfde patroon volgt.
Het gen linalool-synthase is dus vrijwel zeker direct verantwoordelijk voor linalool
productie van de plant. Dit heb ik nog eens bewezen door een tomatenplant genetisch te
modificeren en het linalool-synthase gen tot over-expressie te brengen, wat resulteerde in
een plant die 400 maal zoveel linalool maakte dan controle-planten. Deze gemodificeerde
plant heb ik gebruikt om te zien wat het effect was van linalool overproduktie op het gedrag
van de spint en de roofmijt. In een beperkt aantal expimenten leek het erop dat roofmijten
een voorkeur hadden voor gemodificeerde planten, maar ook de spint koos ervoor om op
gemodificeerde planten te verblijven. Om verder te onderzoeken wat de rol is van linalool,
maar ook de andere vluchtige terpenen in het afweersysteem van tomatenplanten, moeten
nog veel meer experimenten gedaan worden. Ten eerste moeten meerdere gemodificeerde
planten gemaakt worden, wat erg lastig bleek in dit specifieke geval, en ten tweede zouden
er waarschijnlijk betere resultaten te halen zijn als een combinatie van vluchtige terpenen
gemodificeerd kan worden.
Behalve de productie van vluchtige lok-stoffen maakt een tomatenplant ook afweer-stoffen
die direct giftig zijn voor spint. Deze stoffen heten proteinase remmers en zijn giftig omdat
ze de spijsvertering van spint (en plantenetende insecten) remmen. In hetzelfde onderzoek
heb ik onderzocht of de twee verschillende afweersystemen tegen spint op dezelfde plek
geactiveerd worden of niet. Ik liet zien dat de linalool-synthase alleen aanwezig is en
geactiveerd wordt in de trichomen (de haartjes met een bolletje olie erop), terwijl de
proteinase remmer juist in de groene delen actief is (blad- en stengel-oppervlak) en niet in
de trichomen. Dit lijkt een handige strategie voor de plant omdat de proteinase remmer
gemaakt wordt in de cellen die opgegeten worden, terwijl de productie van vluchtige
terpenen, de signalen waarmee om hulp geroepen wordt, gebeurt in de haren die niet direct
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aangetast worden, zodat de plant dit langer kan volhouden terwijl de spint zijn schade
toebrengt. Ook de vraag hoe deze fysieke scheiding van afweersystemen technisch werkt is
erg interessant. Beide hebben het hormoon jasmonzuur nodig, dus we denken dat er twee
verschillende, plaats-specifieke, jasmonzuur-gevoelige “schakelaars” (transcriptie-factoren)
bestaan; een in trichomen en een in de andere cellen, wat nog niet eerder is aangetoond.
We hebben (met 1 andere collega) ook de biosynthese van een andere vluchtige terpeen
onderzocht: TMTT. Ook TMTT productie wordt geactiveerd door spint-vraat. We hebben
een gen geidentificeerd dat codeert voor een enzym dat een voorloper-metaboliet van
TMTT maakt: GGPP, gemaakt door GGPP-synthase dus. Een stap later is er waarschijnlijk
een di-terpeen-synthase die de laatste voorloper van TMTT maakt, maar het gen daarvoor
is nog niet bekend, ook niet in andere planten. We laten zien dat het GGPP synthase-gen
ook geactiveerd wordt door spint-vraat (net als linalool-synthase). Echter, de activatie door
verwonding of jasmonzuur is veel minder sterk, terwijl een ander hormoon: salicylzuur,
GGPP synthase wel sterk activeert. Wat ons verrasste is dat behandeling met salicylzuur
NIET de productie van het eindproduct TMTT verhoogt. Als mogelijke verklaring dachten
we dat de volgende stap, de di-terpeen synthase, afhankelijk is van jasmonzuur en NIET
geactiveerd wordt door salicylzuur. Dit bleek het geval te zijn. Omdat we het gen niet
kennen, was dit alleen aan te tonen door de activiteit van di-terpeen synthase-enzymen te
testen in een eiwit-mengsel geisoleerd uit bladeren. Dus hiermee laten we zien dat voor de
productie van TMTT zowel jasmonzuur als salicylzuur nodig is, en dat de activatie op
meerdere stappen in de biosynthese werkt (in tegenstelling tot linalool biosynthese).
Wellicht heeft TMTT samen met de andere terpenen als linalool, ocimeen en nerolidol een
rol in afweer tegen spint-vraat. Maar omdat we zien dat biosynthese van linalool en TMTT
verschillend gereguleerd worden, zou het goed kunnen dat de verhoudingen tussen geuren
varieren, afhankelijk van hoeveel en hoe snel blad-schade ontstaat en van het type spint of
insect. Wellicht herkent een roof-insect verschillende geurmengsels en uit werk van
anderen zijn hier sterke aanwijzingen voor.
Als laatste onderwerp van onderzoek heb ik gewerkt aan de vraag hoe verschillende
terpenen gemaakt worden uit gemeenschappelijke voorloper-metabolieten. De algemene
gedachte is dat vluchtige monoterpenen allemaal gemaakt worden uit de voorloper GPP,
terwijl grotere terpenen zoals gibberelline, bladgroen en carotenen uit de dubbel zo grote
voorloper GGPP gemaakt worden. Dit is erg waarschijnlijk, MAAR, het is onbekend of
GGPP direct van de isopreen-bouwsteen gemaakt is, of dat misschien GPP gebruikt kan
worden als basis, om daar bouwstenen aan toe te voegen. Het belangrijkste experiment wat
mij aanwijzingen heeft gegeven was het uitschakelen van het gen dat codeert voor de GPP
synthase (“silencing”). Volgens huidige kennis zou dit leiden tot verlaagde monoterpeen
productie. Het was echter een verrassing dat de planten gestoord waren in hun groei, ze
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waren “dwergen”. Metingen toonden aan dat het gibberelline-gehalte (groeihormoon) sterk
verlaagd was, en ook kon ik de groei van de dwergen herstellen door behandeling met
gibberelline. Dit betekent dat voor de biosynthese van dit belangrijke groeihormoon GPP
nodig is; een nieuwe vinding. Wat bijzonder was is dat de pigment-gehaltes (bladgroen en
caroteen) onveranderd waren in de dwergen. Dit betekent dat de GGPP die voor pigment
biosynthese nodig is NIET gemaakt wordt via GPP, maar direct vanuit isopreenbouwstenen, terwijl GGPP voor gibberelline biosynthese WEL uit GPP gemaakt wordt. Het
naast elkaar bestaan van deze twee verschillende manieren van GGPP synthese kunnen we
alleen verklaren als we aannemen a) dat dit op verschillende plaatsen gebeurt. Het is
inderdaad bekend dat gibberelline biosynthese plaatsvindt in jong vaatweefsel, terwijl
pigmenten in groene parenchym-cellen gemaakt worden, b) dat er verschillende GGPP
synthases bestaan. Het is ook bekend dat verschillende GGPP synthases op varierende
plaatsen in de plant actief zijn, en als laatste c) dat die GGPP synthases in het ene geval
alleen isopreen-bouwstenen (4 stuks) als “substraat” gebruiken en in het andere geval liever
GPP gebruiken en daar dan isopreen-bouwstenen aankoppelen (2 stuks). Dit is mogelijk en
het is al bekend dat de “substraat-voorkeur” van GGPP synthases variert.
Uiteindelijk leidt het meeste wetenschappelijk onderzoek niet op korte termijn tot
toepassingen. Dat is hier ook het geval. Dit onderzoek verschaft inzichten in hoe de
biosynthese van terpenen in elkaar zit, welke genen nodig zijn, welke voorloper
metabolieten gebruikt worden, en ook in welke weefsel-types dit gebeurt. Het is nu bvb
duidelijk geworden dat voorloper metabolieten op verschillende manieren gemaakt worden,
afhandelijk van het weefsel. Ook weten we nu dat de twee afweersystemen tegen spint (en
waarschijnlijk ook veel insecten) in het blad op twee fysiek gescheiden plaatsen
geactiveerd wordt. Al met al zijn dit nuttige bevindingen die het mogelijk maken om
gerichter onderzoek te doen en een betere aanpak te verzinnen om planten te maken die
meer of minder geuren of smaken en die een sterkere afweer hebben tegen bvb spint,
insecten of schimmels.
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welkome afleiding steeds weer aandienden :-).
Natuurlijk gebeurde alles waar het in dit boekje om draait op Anna’s hoeve. Rob, bedankt
voor je subtiel aanwezige maar zeer belangrijke sturing van mijn werk, ook je razendsnelle
en doeltreffende feedback bij het schrijven waren top. Je eerlijke en doorzichtige manier
van werken en begeleiden vind ik super; een fantastische co-promotor (en ook gezellig in
een iets andere rol tijdens voetballen, hardlopen of squashen). Michel, vooral je kritische,
confronterende commentaren en je overzicht kan ik erg waarderen. De AIO’s: twin-AIOBasB; u da man, toffe begintijd gehad als office-mate en thanks voor de opvoeding op
muziek-gebied, ik hoop dat jij wat aan mijn voetbal-lessen hebt gehad ;-). Julian, ouwe
gekmaker, pippeteren met keiharde muziek, hmmm. Kai, super dat we samen een publicatie
hebben, ik heb ook van jouw nadrukkelijke aanwezigheid genoten. Loebie, de hosselaar, ik
mis het rosse in het lab (en in de gang), vooral in de weekeinden en avonden; jij hing ook
altijd rond, als een trouwe hond, success met je laatste jaar. Steef, held, ik ga de koffie met
chocolade missen, zetumop he; ik wil je boekje binnen jaar ontvangen. Noemi, meissie, ik
ben trots op je; gaat het toch goedkomen met het ecoloogje in een moleculair lab. Alex,
petunia’s zijn ook best tof hoor, doe er iets leuks mee. De female-postdoc-gang: Christa,
thanks voor het tippen van de plek bij Rob. Saskia, blonde godin, thanks voor het tippen
van San Diego en Steve, succes met alles. Rossana and Laura, I enjoyed your company in
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the office and I’m glad you adjusted to the weather. Nieuw telg Petra, succes joh, hopelijk
doe je nog iets leuks met MTS1. Verloren zoon Joop, rekenen we toch tot de postdocs
(sorry Kai), keihard balletjes meppen was nog nooit zo bevredigend. Ook Kitty, de
signaling-seniors Alan en Teun, de rest van de crew: Piet, John, Paul, Miriam (zorg goed
voor m’n bench) en de Kas-masters Harold, Ludeck en Thijs, bedankt. Jonge
wetenschappers in wording: Dieuwertje, Elske, Rinse (mafkees, goed man, al die MTS1data) and Eleni (Sweet Eleni, you have a special place in me, being near you has always
been wonderful and I owe you big-time for your support in the stressful times). Andere exPFL'ers: GJ (respect, ik zie je nog wel een keer met een keu), Bas tR (ook een held, mijn
tissue-culture-master). Wessel (ook met een bal onnavolgbaar), Merijn (data-analysekampioen, sorry dude, ik kom niet bij je werken). I also enjoyed the presence of the
charming ladies Ana L. and Dörte.
En de Fyto’s, (vooral leuke borrels, verder meestal ijs-dieven): Gerben, Lotje, Wilfried,
Mobien, Sergio (SERGIO, wat een held, owja dat met die balletjes meppen met Joop, was
maar een grapje hoor; wij weten beter), Wlad, Roos, Ewa, Ringo (spierbal), Jack, Frank,
Martijn, Carolien, KJ, Harrold, Michiel, Petra, Marianne (leuk je weer te zien op de UvA,
nog bedankt nog voor je hulp bij mijn eerste stapjes in het lab in 1999, VU). Nietgenoemden; ook bedankt voor jullie blijkbaar onopvallende maar belangrijke steun.
Rest mij niets anders dan iedereen geluk wensen en tot weerziens, wie weet… in
Amsterdam?
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