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1. Introduction  
 
 

Terpenes, also called terpenoids, are the most structurally diverse class of metabolites, with 

currently over 60,000 compounds known (Köksal et al., 2011). Despite this large diversity in 

structures, terpenes follow the so called ‘isoprene rule’, which states that they are synthesized 

from C5 isopentenoid building blocks (Christianson, 2008). They are ubiquitously present in 

every living organism and can be classified as part of either primary or secondary metabolism. 

As primary metabolites terpenes are essential for membrane integrity, e.g. as sterols in 

eukaryotes, hopanoids in bacteria or prenyllipids in archaea (Kannenberg and Poralla, 1999; 

Schaller, 2003; Espenshade and Hughes, 2007; Matsumi et al., 2011). The simplest C15 and C20 

terpenes, farnesol and geranylgeraniol, are lipid-anchors for membrane proteins (Yalovsky, 

2011; Zverina et al., 2012). Other terpenes are vital hormones, e.g. sterols in mammals, insects 

and Brassicaceae (Mitchell et al., 1970; Clouse and Sasse, 1998; Kaneko et al., 2011), 

gibberellins in all plants (Hedden and Thomas, 2012) and juvenile hormones in insects (Belles et 

al., 2005). Plastoquinone, phylloquinone and ubiquinone are part of electron transport chains 

and thereby essential for energy production in cellular metabolism (Bueno et al., 2012; Piller et 

al., 2012). Carotenoids and the phytol side chain of chlorophyll are needed for photosynthesis 

(Shibata et al., 2004; Cazzonelli and Pogson, 2010). As primary metabolites, terpenes are an 

integral part of maintaining vital functions of individual cells and the whole organism.   

Under situations of abiotic or biotic stress, secondary metabolite terpenes increase the 

probability of survival for an organism. The simplest terpene with only 5 carbon atoms, 

isoprene, for example stabilizes the thylakoid membrane of plastids under elevated 

temperatures (Behnke et al., 2007). Under oxidative stress, tocopherols help organisms to 

prevent lipid peroxidation (Nowicka et al., 2013). Other terpenes are used to attract pollinators 

or mating partners, but most are thought to function in defense against herbivores, pathogens 

and predators (Pichersky and Gershenzon, 2002; Huang et al., 2012; Ponzio et al., 2013)(Figure 

1). The defensive role of terpenes is well investigated in plants, whereas for animals, bacteria 

and fungi it is still a subject of future research. For instance in humans no secondary metabolite 

terpenes are known to be produced de novo and animals produce such terpenes only in a very 

few cases.  
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Figure 1: Exemplary defense related terpene structures of Picea abies. Major monoterpenes, 

sequiterpenes and diterpenes of the oleoresin of Picea abies are given. 

 

1.1 Terpene biosynthesis  

 

Despite their broad structural and functional diversity, the initial steps of terpene 

biosynthesis are highly conserved. The basic C5 building blocks, isopentenyl diphosphate (IDP) 

and dimethylallyl diphosphate (DMADP), are synthesized by two pathways, the mevalonate 

(MVA) and the methylerythritol phosphate (MEP) pathways. The MVA pathway uses three units 

of acetyl-CoA as substrate, whereas the MEP pathway starts from glyceraldehyde 3-phosphate 

and pyruvate (Arigoni et al., 1997; Rodríguez-Concepción, 2006). In both pathways, specific 

regulatory enzymes have been identified, for the MVA pathway, 3-hydroxy-3-methyl-glutaryl-

CoA reductase (HMGR), and for the MEP pathway, 1-deoxy-D-xylulose 5-phosphate synthase 

(DXS) and 1-deoxy-D-xylulose 5-phosphate reductoisomerase (DXR) (Hemmerlin et al., 2012). 

The MVA pathway is common to all eukaryotes and some bacteria, whereas the MEP pathway is 

present in most bacteria and photosynthetic eukaryotes (Lombard and Moreira, 2011; 

Hemmerlin et al., 2012). Plants are very distinct since both pathways are present in all species. 

The MVA pathway is localized in the cytosol and the MEP pathway in the plastids (Hemmerlin et 

al., 2012). The MVA pathway produces exclusively IDP, later isomerized to DMADP by 

isopentenyl diphosphate isomerase (IDI). On the other hand, the MEP pathway produces 
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DMADP and IDP in a fixed ratio of 1:5-6 (Hemmerlin et al., 2012), but IDI adapts the ratio for the 

requirements of the organism (Berthelot et al., 2012).  

After formation of the basic C5 building blocks, the smallest terpene with only 5 carbon 

atoms, isoprene, can be produced directly from DMADP (Behnke et al., 2007). However, for the 

biosynthesis of terpenes larger than C5, isoprenyl diphosphate synthases (IDS) are needed. IDS 

catalyze the sequential head-to-tail condensation of IDP with an allylic substrate, usually 

DMADP, but also GDP, FDP and GGDP (Figure 2). Depending on the stereochemistry of the 

product formed, IDS can be classified as either cis- or trans-IDS (Liang et al., 2002). Although 

carrying out the same reaction, they are evolutionarily and structurally distinct from each other. 

Still both types need divalent cations as cofactor for catalysis, in most cases Mg2+ (Liang et al., 

2002; Aaron and Christianson, 2010). Other metal cofactors were tested but most had lower 

catalytic activities (Tholl et al., 2001; Sen et al., 2007; Sen et al., 2007; Sen et al., 2007; 

Vandermoten et al., 2009; Barbar et al., 2013). The catalytic activity of trans-IDS depends on the 

first and second aspartate rich motif (FARM/SARM). The FARM has either the sequence DDxxD 

or DDxxxxD, whereas the SARM is only present as DDxxD. Both motifs bind divalent cations 

(Mg2+) which themselves bind to the phosphates of IDP and DMADP/GDP/FDP and coordinate 

both substrates for the formation of the longer products (Aaron and Christianson, 2010). 

Mutations of the aspartate in either FARM or SARM decrease the catalytic activity (Liang et al., 

2002). Cis-IDS lack the DDxxD motifs of trans-IDS, but instead aspartate and glutamate residues 

are distributed over the enzyme bind Mg2+ and mutations in those residues also decrease the 

catalytic activity (Liang et al., 2002).  

In addition to the classification of cis- and trans-IDS, IDS can be classified by the length of 

their products, either short (C10-C25) , medium (C30-C45) or long-chain (≥C40) prenyl diphosphates 

(Wang and Ohnuma, 2000; Liang et al., 2002). Trans-IDS usually are involved in the biosynthesis 

of short-chain prenyl diphosphates, whereas cis-IDS produce longer prenyl diphosphates, with 

up to 5000 C5 units in natural rubber (Wang and Ohnuma, 2000; Liang et al., 2002). However, a 

medium/long-chain trans-IDS was recently described from Arabidopsis thaliana (Hsieh et al., 

2011) as well as a group of short-chain cis-IDS in several tomato species (Sallaud et al., 2009; 

Schilmiller et al., 2009; Akhtar et al., 2013). The product specificity of short-chain trans-IDS is to 

a large extent regulated by the identity of the amino acids on the N-terminal side of the FARM. 

This is the so called molecular ruler theory because the size of these amino acids limit the size 

of the active site pocket (Wang and Ohnuma, 2000; Liang et al., 2002). Long-chain trans-IDS can 

be distinguished from short-chain trans-IDS by specific amino acid residues, but the length of 
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the prenyl diphosphate produced cannot be predicted accurately (Wallrapp et al., 2013). Short 

and long-chain cis-IDS also differ in the number of amino acids between conserved regions III 

and IV of cis-IDS (Akhtar et al., 2013). The product length of either C10 or C15 short-chain cis-IDS 

from tomato depends on individual amino acid changes (Kang et al., 2014).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2: Outline of terpenoid biosynthesis. The schematic diagram depicts the reactions carried out by 

short-chain isoprenyl diphosphate synthases (IDS). The five carbon building blocks, isopentenyl 

diphosphate (IDP) and dimethylallyl diphosphate (DMADP), produced either by the cytosolic mevalonate  

pathway or the plastidial methylerythritol phosphate (MEP) pathway are the substrates for IDS. 

Sequential condensations of DMADP with 1-3 molecules of IDP mediated by IDS form geranyl- (GDP), 

farnesyl- (FDP) or geranylgeranyl diphosphate (GGDP). The different prenyl diphosphates are then 

converted into individual terpenes, which may either be primary or secondary metabolites. 

 

Commonly short-chain trans-IDS have been named after their product, e.g. geranyl, farnesyl 

or geranylgeranyl diphosphate synthases (GDPS, FDPS and GGDPS). This is unfortunate, as one 

IDS can have more than one product, e.g. IDS1 of Picea abies produces GDP and GGDP (Schmidt 
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et al., 2010). Therefore as an alternative IDS are just named for each species by consecutive 

numbering in order of discovery. In this dissertation both nomenclatures will be used 

depending on the original publication.  

The prenyl diphosphates produced by IDS are then substrates for terpene synthases and 

following enzymes give rise to the enormous variety of terpenes produced. Terpenes are 

classified according to their size as hemiterpenes (C5), monoterpenes (C10), sesquiterpenes (C15), 

diterpenes (C20), sesterterpenes (C25), triterpenes (C30), tetraterpenes (C40) and so on (Tholl, 

2006; Degenhardt et al., 2009). Therefore by controlling the length of produced terpenes IDS 

are situated at a central point of terpene biosynthesis.  

 

1.2  Regulation of terpene biosynthesis 

 

Understanding the regulation of terpene biosynthesis holds much interest for human 

society. For example, terpene regulation has long been known to play a role in diseases linked 

to elevated cholesterol concentrations (Bhatnagar et al., 2008). More recently the function of 

FDPS and GGDPS in regulation of protein prenylation in cancer treatment or during pathogen 

infection has been studied (Dudakovic et al., 2011; Wasko et al., 2011; Dhar et al., 2013). 

Regulation of terpene biosynthesis is also important in the production of high value terpenes in 

strains of Saccharomyces cerevisiae and Escherichia coli engineered to make components of 

pharmaceutical, fragrance or aroma importance (Martin et al., 2003; Morrone et al., 2010; 

Fischer et al., 2013; Maury et al., 2013; Paddon et al., 2013). Recently it was proposed to use 

also engineered plant trichomes of Lamiaceae and Solanaceae for the production of terpenes 

(Tissier, 2012a, 2012b; Lange and Turner, 2013; Staniek et al., 2013; Tissier et al., 2013). All of 

these examples deal with a particular form of pathway regulation in diseased cells or 

engineered organisms and neither is a good representative for regulation of terpene 

biosynthesis under natural conditions.  

 

1.2.1 Plant terpene biosynthesis 

 

In plants, terpene biosynthesis is highly compartmentalized. The MEP pathway together 

with IDS producing GDP and GGDP are usually found in the plastids along with the respective 

terpene synthases while the MVA pathway as well as IDS producing FDP and terpene synthases 

using it as substrate are usually found in the cytosol (Tholl, 2006; Bohlmann and Keeling, 2008; 
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Tholl and Lee, 2011). This implies a large need for control to balance terpene biosynthesis not 

only between primary and secondary metabolism, but also between different subcellular 

compartments.  

For angiosperms Arabidopsis thaliana is the most used model in terpene biosynthetic 

studies because it is easy to grow and the genome was the first to be sequenced. Therefore 

most genes involved in terpene biosynthesis have been identified. For instance A. thaliana has a 

multitude of IDS genes present: one gene originally identified as a GPPS that was more recently 

shown to produce medium/long-chain prenyl diphosphates instead; two FPPS in two splicing 

versions each; and 12 GGPPS of which 10 are described as being functional (Hsieh et al., 2011; 

Tholl and Lee, 2011; Beck et al., 2013). This large number of IDS enzymes indicates a high 

degree of redundancy that  makes it rather difficult to manipulate individual IDS and decipher if 

they have regulatory roles. Curiously, although A. thaliana has so many IDS present, the actual 

amounts of terpenes produced or emitted from flowers and leaves is rather low (Chen et al., 

2003; Tholl and Lee, 2011; Huang et al., 2012).  

Other well studied model plants for terpene biosynthesis include conifers because of 

their ability to produce large quantities of terpenes. The best investigated plant here is the 

Eurasian Norway spruce (Picea abies), whose genome has become recently available (Nystedt et 

al., 2013), and its North American relatives Sitka and white spruce (Picea sitchensis and Picea 

glauca). The resin of conifer species also called oleoresin is mainly comprised of terpenes. 

Conifer oleoresin is stored in specialized resin ducts in spruce and pine or in resin blisters in fir 

(Franceschi et al., 2005). In P. abies 6 different IDS and multiple TPS have already been 

identified to be involved in terpene biosynthesis. Of the 6 IDS, IDS2 produces solely GDP, IDS4 

solely FDP, IDS5 and IDS6 produce GGDP, and IDS1 produces GDP and GGDP (Martin et al., 

2004; Schmidt and Gershenzon, 2007, 2008; Schmidt et al., 2010; Chen et al., 2011; Schmidt et 

al., 2011). IDS3 produces short-chain prenyl diphosphates in vitro, but has close sequence 

similarity to the medium/long-chain IDS from A. thaliana and therefore might not be involved in 

resin terpene biosynthesis (Schmidt and Gershenzon, 2008; Hsieh et al., 2011; Schmidt et al., 

2011). IDS1 is of particular interest since it produces GDP and GGDP, the precursors for 

monoterpene and diterpene resin acids, the most abundant terpene classes in oleoresin of 

needles and bark (Martin et al., 2002; Martin et al., 2003). The oleoresin is employed as a 

defense against herbivores and pathogens of conifers. In the stem the oleoresin is stored under 

pressure in resin ducts. If an herbivore attacks the tree and starts to tunnel into the bark, it may 

rupture a resin duct and the resin flushes the insect out of the entrance hole and seals the 
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wound or traps the insect in the polymerizing resin (Franceschi et al., 2005). It was also shown 

that monoterpenes, sesquiterpenes and diterpene resin acids can be toxic or deterrent to 

insects and their associated pathogens (Gershenzon and Kreis, 1999; Phillips and Croteau, 1999; 

Keeling and Bohlmann, 2006).  

Through its entire life cycle, Norway spruce (P. abies) can be attacked by different 

herbivores and pathogens. Young saplings of 2-5 years as well as young branches of old grown 

trees are fed on by the large pine weevil (Hylobius abietis), which is able to destroy whole plant 

nurseries and reforested areas. The foliage of older trees is a food source to several sawflies, 

like Gilpinia hercyniae, Pristiphora abietina and Cephalcia abietis, and moths like Epinotia 

tedella, Epinotia pygmaeana and Lymantria monacha (Klimetzek and Vite, 1989). Most of these 

only have minor growth-reducing effects on Norway spruce with the exception of the nun moth 

(Lymantria monacha), which has devastating consequences during an mass outbreak on entire 

spruce and pine forests (Wellenstein, 1942; Keena et al., 2010). Although native to Eurasia, the 

nun moth is also being closely monitored in North America because of its devastating effects on 

forests and its ability to feed and develop on conifers native to this region (Keena, 2003). Old 

grown Norway spruce trees can be attacked by several bark beetle species, such as Ips 

typographus, which together with its associated blue stain fungus Ceratocystis polonica can be 

lethal for whole forests (Franceschi et al., 2005)(Figure 3).  

In case of herbivore attack, conifers often react by increasing their defenses producing 

new terpene oleoresin and formation of so called traumatic resin ducts in the cambial layer of 

the bark (Martin et al., 2002; Franceschi et al., 2005; Abbott et al., 2010; Schmidt et al., 2010; 

Zulak and Bohlmann, 2010; Schmidt et al., 2011). A higher production rate and larger quantities 

of oleoresin are associated with a higher resistance against herbivores in spruce trees (Zhao et 

al., 2011). Especially for IDS1, it was shown that transcript accumulation is an important marker 

for a higher terpene accumulation (Schmidt et al., 2011). Therefore as a part of this thesis it was 

investigated, how overexpression of IDS1 influences the amount of terpenes in white spruce 

and what consequences a changed terpene content has for resistance against needle-feeding 

herbivores. 
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Figure 3: Herbivores, pathogens and resulting damage to conifer stands. (A) Large pine weevil 
(Hylobius abietis) feeding on spruce saplings [source: (Lieutier et al., 2004)]; (B) Nun moth 
(Lymantria monach) feeding on spruce needles [source: Petr Kapitola, State Phytosanitary 
Administration, Czekia, Bugwood.org] ; (C) Bark beetle (Ips typographus) tunneling into cambial 
layer of spruce [source: wikipedia.org]; (D) Blue stain fungus (Ceratocystis polonica) stained 
wood [source: (Lieutier et al., 2004)]; (E) Defoliation of a pine stand after feeding by the nun 
moth [source: Die Nonne, Waldschutzblatt 52, Landesforstanstalt Eberswalde]; (F) Spruce stand 
in the Bohemian forest after an bark beetle attack [source: Dr. Axel Schmidt, MPI for Chemical 
Ecology].  
 

1.2.2 Insect terpene biosynthesis 

 

Terpenes of secondary metabolism in insects are not as well studied as in plants. 

However, some examples are known from the literature. For example, bark beetles use 

terpenes as pheromones, either for aggregation (e.g. verbenol) or to warn further bark beetles 

that a particular tree is already overcrowded (e.g. verbenone) (Gilg et al., 2005; Gilg et al., 2009; 
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Blomquist et al., 2010; Song et al., 2013). Aphids produce the monoterpenic nepetalactones and 

nepetalactols to find possible mating partners (Pettersson et al., 2008; Symmes et al., 2012; 

Fernandez-Grandon et al., 2013), and the sesquiterpene (E)--farnesene as an alarm 

pheromone to warn other aphids of an enemy attack (Vandermoten et al., 2012). Other insects 

are able to sequester toxic terpenes from their food source, among them the monarch butterfly 

and several leaf beetles (Dobler et al., 2011; Agrawal et al., 2012). Leaf beetles sequester not 

only terpenes for defense, but depending on the species and their food source also other 

defensive plant compounds (Blum et al., 1972; Hilker and Schulz, 1994; Schulz et al., 1997; 

Termonia and Pasteels, 1999; Kuhn et al., 2007). In addition to this exploitation of defensive 

plant compounds several leaf beetle species have the ability to produce an iridoid-based 

defense de novo (Meinwald et al., 1977; Blum et al., 1978; Pasteels et al., 1982; Soe et al., 

2004). The larvae of the horseradish leaf beetle (Phaedon cochleariae), for example, have 

paired exocrine glands on their thoracal and abdominal segments attached to internal 

reservoirs. In case of an attack the reservoirs release droplets containing the iridoid 

chrysomelidial (Pasteels et al., 1982; Termonia et al., 2001)(Figure 4).  

 

Figure 4: Phaedon cochleariae larvae. The larvae show the droplets excreted by the exocrine glands after 

a simulated attack.  

Parts of leaf beetle terpene biosynthesis have already been elucidated. The early 

biosynthetic steps take place in the larval fat body and use the MVA pathway for DMADP and 

IDP production (Veith et al., 1994; Burse et al., 2007). The particular IDS producing GDP was 

identified as part of this thesis. In the following biosynthetic steps, 8-hydroxygeraniol glucoside 

(8-OH GerGlu) is formed by as yet unidentified enzymes. 8-OH GerGlu is then released into the 

hemolymph and taken up by glandular cells attached to the reservoirs. After uptake into the 
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glandular cells, 8-OH GerGlu is converted to chrysomelidial in several enzymatic steps (Pasteels 

et al., 1982; Pasteels et al., 1990; Lorenz et al., 1993; Soetens et al., 1993; Daloze and Pasteels, 

1994; Veith et al., 1994; Veith et al., 1996; Veith et al., 1997; Brückmann et al., 2002; Burse et 

al., 2007). 3-Hydroxy-3-methyl-glutaryl-CoA reductase (HMGR), an enzyme of the MVA 

pathway, was already identified to be an important regulatory step for chrysomelidal 

biosynthesis and is inhibited by the intermediate 8-hydroxygeraniol (Burse et al., 2008)(Figure 

5). To look for other modes of regulation, the IDS of P. cochleariae was investigated as part of 

this thesis.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5: Outline of chrysomelidial biosynthesis in Phaedon cochleariae larvae. Early biosynthetic steps 

take place in the larval fat body. Intermediates are excreted into the hemolymph or sequestered from the 

food source and subsequentially taken up in to the dorsal glands and converted into chrysomelidial. The 

regulatory enzymes IDS and HMGR are depicted in red [Adapted from (Burse et al., 2009)]. 
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2. Overview of manuscripts 
 

2.1 Manuscript 1 
 

Raimund Nagel, Jonathan Gershenzon, Axel Schmidt  

 

Nonradioactive assay for detecting isoprenyl diphosphate synthase activity in crude plant 

extracts using liquid chromatography coupled with tandem mass spectrometry 

 

Analytical Biochemistry 422; 33–38 (2012) 

 

 

This publication describes a LC-MS/MS based method to quantify isoprenyl diphosphate 

synthase enzyme activity, with higher sensitivity than an assay based on radioactivity. The same 

method also can be used to differentiate between different prenyl diphosphate isomers. As 

proof of principle, isoprenyl diphosphate synthase enzyme activity was quantified in protein 

extracts of different plants and their various tissues. 

 

R.N. designed and performed research, analyzed data and wrote the paper 

J.G. revised the paper and supervised the work  

A.S. designed the research and wrote the paper  

 

 

The reuse in this dissertation is with permission from Elsevier (license number: 3310781200036) 
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2.2 Manuscript 2 
 

Raimund Nagel, Aileen Berasategui, Christian Paetz, Jonathan Gershenzon, Axel Schmidt 

 

Overexpression of an isoprenyl diphosphate synthase in spruce leads to unexpected terpene 

diversion products that function in plant defense 

 

Plant Physiology 164; 555-569 (2014)  

 

 

Overexpression of an IDS in white spruce, increases the total IDS enzyme activity and the in vivo 

prenyl diphosphate concentrations in needles, but not in bark. The major mono-, sesqui- and 

diterpenes of the resin, as well as primary metabolites, like sterols and carotenoids, were 

unchanged. Instead in the needles esters of geranylgeraniol with several fatty acids 

accumulated that can act as a defense against Lymantria monacha larvae. 

 

R.N. designed and performed research, analyzed data and wrote the paper 

A.B. performed research and analyzed data 

C.P. analyzed data 

J.G. revised the paper and supervised the work  

A.S. designed the research and revised the paper  

 

 

The reuse in this dissertation is with permission from American Society of Plant Biologists 
(license number: 3323621293691)  
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2.3 Manuscript 3 
 
Sindy Frick, Raimund Nagel, Axel Schmidt, René R. Bodemann, Peter Rahfeld, Gerhard Pauls, 

Wolfgang Brandt, Jonathan Gershenzon, Wilhelm Boland, and Antje Burse 

 

Metal ions control product specificity of isoprenyl diphosphate synthases in the insect 

terpenoid pathway 

 

Proceedings of the National Academy of Sciences of the United States of America 110; 4194-

4199. (2013) 

 

 

An isoprenyl diphosphate synthase (PcIDS1) of Pheadon cochleariae was identified and 

characterized in this publication. Enzyme activity studies revealed a novel mechanism for 

controlling the product chain length of PcIDS1 depending on the divalent metal co-factor 

present. RNAi experiments targeting PcIDS1 revealed the involvement of this enzyme in the de 

novo biosynthesis of defensive iridoids. 

 

R.N. performed research and analyzed data 

S.F. designed and performed research, analyzed data and wrote the paper 

A.B. and A.S. designed research, analyzed data and wrote the paper 

R.R.B., P.R. and G.P. performed research and analyzed data 

W. Brandt analyzed data 

J.G. and W.B. designed research and wrote the paper 

 

 

The reuse in this dissertation is permission free according to PNAS “Copyright and License to 

Publish”. 
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3. Manuscripts 

 

 

3.1 Manuscript 1 

 

 

Nonradioactive assay for detecting isoprenyl diphosphate synthase activity in crude 

plant extracts using liquid chromatography coupled with tandem mass spectrometry 
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4. General Discussion 

 

The published findings of this thesis focus on the role of IDS in terpene biosynthesis in 

plants and insects. Despite the importance of IDS, regulation of terpene biosynthesis can also 

occur at earlier steps in the MEP and MVA pathways. The aim of this general discussion is to 

embed the function of IDS into this larger framework and compare the findings from insects 

and plants where possible, as well as to discuss the development and limitations of new 

analytical techniques.   

4.1 Regulation of DMADP and IDP biosynthesis 

 

DMADP and IDP are used by IDS to produce longer prenyl diphosphates, and both 

substrates can be produced by either the MEP or MVA pathway. Usually only one of the two 

pathways is present in a given organism, as in insects were only the MVA pathway can be 

found. The exception to this generalization are plants where both pathways occur, but are 

differentially localized (Hemmerlin et al., 2012). Therefore it is convenient to discuss the 

regulation of IDP and DMADP production separately for plants and insects.   

4.1.1 Regulatory mechanisms of MEP and MVA pathways in plants  

 

The MVA pathway in plants is localized to the cytosol and mainly supplies IDP and DMADP 

for the formation of sesquiterpenes and triterpenes (e.g. sterols). Regulation of the MVA 

pathway is mostly attributed to 3-hydroxy-3-methyl-glutaryl-CoA reductase (HMGR), the only 

membrane bound enzyme in this pathway (Bach et al., 1986; Bach et al., 1991; Campos and 

Boronat, 1995). HMGR activity depends on protein abundance and is regulated either 

transcriptionally or by degradation of the enzyme (Re et al., 1995), but also can be affected by 

posttranslational modifications (Hemmerlin et al., 2012). Plants usually have two to five copies 

of HMGR, and it is speculated that various isoforms are used for diverse purposes and are 

differentially regulated (Loguercio and Wilkins, 1998; Hemmerlin et al., 2012). It was shown that 

HMGR responds to various abiotic and biotic stresses (Wegener et al., 1997; Alex et al., 2000; 

Hartmann et al., 2000; Wentzinger et al., 2002; Kai et al., 2006; Rinaldi et al., 2007; Nieto et al., 

2009) and can control the flux towards sterols (Bach, 1986; Hagen and Grunewald, 2000; Harker 

et al., 2003; Harker et al., 2003; Suzuki et al., 2004) and to a certain degree to secondary 

metabolites (Stermer and Bostock, 1987; Choi et al., 1994; Lange et al., 1998). HMGR has both 
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soluble and membrane-bound domains with the membrane-bound part being critical for post-

translational regulation. Overexpression of the soluble part of HMGR alone led to increased 

accumulation of end products, like sterols and sterol esters (Ayora-Talavera et al., 2002; Harker 

et al., 2003; Holmberg et al., 2003; Muñoz-Bertomeu et al., 2007; Sales et al., 2007; Aquil et al., 

2009). Overexpression of the whole enzyme did not lead to more sterols, but sterol esters, 

which are even more important as end products in case of HMGR overexpression, were not 

quantified in those publications (Re et al., 1995; Köhle et al., 2002). 

The plastidal MEP pathway mostly supplies IDP and DMADP for the formation of 

monoterpenes, diterpenes and tetraterpenes. Here the controlling mechanisms are not as clear 

as for the MVA pathway. This is due to the more recent discovery of the MEP pathway, but also 

because of analytical problems in quantifying enzyme activity in planta and the lethality of 

knock-out mutants of all MEP pathway enzyme e.g. in A. thaliana (Hemmerlin et al., 2012). 

Despite these difficulties, the strongest evidence points towards DXS (Lois et al., 2000; Estévez 

et al., 2001; Rodríguez-Concepción et al., 2001; Dudareva et al., 2005; Guevara-García et al., 

2005; Khemvong and Suvachittanont, 2005; Kishimoto and Ohmiya, 2006; Morris et al., 2006; 

Muñoz-Bertomeu et al., 2006; Duchêne et al., 2009; Harada et al., 2009; Kim et al., 2009; 

Wiberley et al., 2009) and in fewer cases DXR (Julliard and Douce, 1991; Mahmoud and Croteau, 

2001; Carretero-Paulet et al., 2002; Bede et al., 2006; Carretero-Paulet et al., 2006; Kolotilin et 

al., 2007) for having the most control over the MEP pathway. HDR in some cases can fine tune 

the MEP pathway flux, as shown in tomato, pine and orange (Botella-Pavía et al., 2004; 

Alquezar et al., 2008; Flores-Pérez et al., 2008; Kim et al., 2009). Similar to HMGR for the MVA 

pathway, DXS and HDR are present in gene families, thought to be regulated differently under 

various situations (Hemmerlin et al., 2012).  

Although both MEP and MVA pathways show a different localization and can be regulated 

independently from each other, there is some evidence of a metabolic crosstalk between 

plastids and cytosol. For example, it was shown that transport of intermediates can take place 

from plastid towards the cytosol (Soler et al., 1993; Bick and Lange, 2003; Flügge and Gao, 2005; 

Gutensohn et al., 2013), but also the other way around (Soler et al., 1993; Nagata et al., 2002; 

Hemmerlin et al., 2003; Schuhr et al., 2003; Gutiérrez-Nava et al., 2004; Skorupinska-Tudek et 

al., 2008). The most likely molecules to be transported are IDP and GDP towards the cytosol and 

FDP towards the plastid, but neither a mechanism of transport nor the exact identity of the 

transported molecule(s) are known (Hemmerlin et al., 2012). Therefore it still is not clear if the 

pools of IDP and DMADP or other prenyl diphosphates are actually connected.  
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4.1.2 Regulatory mechanisms of the MVA pathway in insects 

 

In contrast to plants, only the MVA pathway can be found in animals, and here HMGR was 

identified as the most important regulatory enzyme. HMGR is controlled on the transcriptional 

and post transcriptional level similar to HMGR in plants. Sterols were identified as the key 

negative regulator for HMGR in most animals (Burg and Espenshade, 2011). In contrast to 

plants and most animals, insects do not use the MVA pathway for de novo production of sterols, 

but rely on sterols supplied with their food (Clayton, 1964; Jing et al., 2013). In insects HMGR is 

therefore not regulated by sterols, as demonstrated with a Drosophila melanogaster cell line 

supplied with exogenous sterols (Brown et al., 1983; Havel et al., 1986; Seegmiller et al., 2002). 

Instead the expression of HMGR and to a lesser degree of 3-hydroxy-3-methyl-glutaryl-CoA 

synthase (HMGS) can be regulated by application of juvenile hormone III in bark beetles 

(Tittiger et al., 1999; Tittiger et al., 2000; Hall et al., 2002; Hall et al., 2002; Tittiger et al., 2003; 

Keeling et al., 2006; Bearfield et al., 2009). Knock out of HMGR leads to lethal heart defects in D. 

melanogaster, caused by an altered protein prenylation and RNAi knock down inhibits 

oviposition in Helicoverpa armigera (Yi et al., 2006; Wang et al., 2013).  

In insects that produce terpenes belonging to the secondary metabolism, higher expression 

levels of HMGR and sometimes HMGS can be found in the terpene producing tissues, like the 

midgut of bark beetles (Bearfield et al., 2009), glands of termite soldiers of the species 

Nasatitermes takasagoensis (Hojo et al., 2012) or the fatty body tissue of P. cochleariae (Burse 

et al., 2007; Burse et al., 2008). For the HMGR of P. cochleariae, it was shown that enzyme 

activity can be inhibited by 8-hydroxygeraniol in crude protein extracts from fat body tissue or 

in heterologously overexpressed protein. Inhibition by geraniol, the precursor of 8-

hydroxygeraniol, was less pronounced (Burse et al., 2008). In the same publication it was also 

shown that the inhibition by 8-hydroxygeraniol is strongest in leaf beetles producing iridoid 

defense compounds de novo, but also D. melanogaster HMGR can be inhibited to a certain 

degree by this compound. Questions about the specificity of this inhibition remain and whether 

the HMGR of insects producing defensive terpenes is differentially regulated in comparison to 

insects only needing the MVA pathway for their primary metabolism. It might also be 

interesting to compare the regulatory influence of HMGR and IDS of P. cochleariae in future 

research. 

 



General Discussion4273 

4.2 Prenyl diphosphate detection  

 

The next step in terpene biosynthesis after the MEP and MVA pathways are IDS, which use 

IDP and DMADP to produce longer chain prenyl diphosphates. To study the role of IDS for 

terpene biosynthesis, it is crucial to have the analytical means to detect the reaction products 

of those enzymes, especially in enzyme assays with heterologously expressed IDS to identify 

their product spectrum. In addition, quantification of IDS activity in total protein extracts from 

plants and of the in vivo concentrations of reaction products under various conditions will help 

to broaden our knowledge about a potential regulatory role of IDS in terpene biosynthesis.  

 

4.2.1 IDS enzyme activity in vitro 

 

Recently a publication revealed that of the over 5,800 annotated IDS only 46 were 

biochemically characterized in detail (Wallrapp et al., 2013). In this particular publication 79 

additional IDS were biochemically characterized. However even with this significant increase of 

IDS with known product specificity, assigning the length of prenyl diphosphate products by 

means of sequence comparison is still not accurate. Thus there is a need for a fast and reliable 

method identifying the product distribution of individual IDS. 

Up to now the established essays for detection of prenyl diphosphates made use of 

radioactively-labeled [14C]-IPP as substrate followed by acid or alkaline hydrolysis. The prenyl 

alcohols generated were then measured using radio-gas chromatography (radio-GC), radio-

high-performance liquid chromatography (radio-HPLC), thin layer chromatography (TLC) or 

liquid scintillation counting (LSC)(Zhang and Poulter, 1993; Cunillera et al., 1996; Martin et al., 

2002; Masferrer et al., 2002; Gilg et al., 2005; Manzano et al., 2006; Schmidt and Gershenzon, 

2007, 2008; Chang et al., 2010; Kim et al., 2010; Schmidt et al., 2010). Those methods involve 

radioactive isotopes and hydrolysis, and are therefore rather laborious, time-consuming and 

frequently imprecise. In addition, cleavage of the diphosphate under highly acidic conditions 

usually generates more than one reaction product, making interpretation and quantification 

rather complicated (Schilmiller et al., 2009). If instead of using acid conditions, phosphatases 

are used to cleave the diphosphate enzymatically, the pH needs to be shifted first from the 

optimum for IDS towards that of the phosphatase used. Moreover prenyl diphosphates can be 

suboptimal substrates for commercially available phosphatases (Kurokawa et al., 1971).  
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The method described in Manuscript 1 avoids both issues by using an HPLC-MS/MS based 

method that improves the signal to noise ratio by two orders of magnitude in comparison to a 

radio-HPLC based assay. The method can be used for short-chain products up to GGDP and can 

distinguish between different stereoisomers. This is becoming more and more of an issue due 

to the discovery of a family of short-chain cis-IDS in several tomato species (Sallaud et al., 2009; 

Schilmiller et al., 2009; Akhtar et al., 2013). For prenyl diphosphates larger than GGDP, 

radioactive assays followed by thin layer chromatography are still the method of choice, for 

reasons discussed later under 3.2.3 (Wallrapp et al., 2013). Furthermore, besides the 

identification of the product profile, the same method can also be used to quantify enzyme 

activity of either heterologously expressed proteins or total protein extracts of animals or 

plants. The ability to quantify enzyme activity is a necessary basis for studying the importance 

of individual IDS in vivo by manipulating their expression. Another advantage of the non-

radioactive method becomes apparent when metal cofactors besides Mg2+ are used in IDS 

assays. Most other IDS assay methods involve the cleavage of the diphosphate before analysis, 

but metals such as Co2+ have been shown to inhibit the activity of an E. coli alkaline 

phosphatase  (Wang et al., 2005). This would block quantitative cleavage of phosphate groups 

and thereby prevent quantitative detection of the products formed, leading ultimately to 

incorrect activity data. The IDS characterized in Manuscript 3 is able to accept either Mg2+ or 

Co2+ as a metal cofactor and displays a different prenyl diphosphate product length depending 

on the metal used.  

 

4.2.2 Prenyl diphosphate quantification in vivo 

 

The method developed in Manuscript 1 was also the basis for successfully quantifying 

prenyl diphosphates in vivo, used in Manuscript 2. To the best of my knowledge, this is the first 

time that GDP, FDP and GGDP were quantified in planta together. The most recent method 

describing quantification of GGDP alone dates back to 1983. Here 1.5 kg of etiolated oat 

seedlings were used as starting material and 6 purification steps were needed (Benz et al., 

1983). The method described in Manuscript 2, needs about 2000 times less plant material (0.75 

g) and only 1 purification step. This increases the reliability of the quantification of prenyl 

diphosphates in vivo and makes it more suitable for larger sample sizes. In the aforementioned 

publication, the amounts of GGDP detected in oat seedlings were 10 times higher than amounts 

found in P. abies needles. This might be rationalized by the etiolated state of these seedlings, so 
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that high amounts of GGDP might be needed for the synthesis of chlorophyll to initiate 

photosynthesis. Quantification of GDP was performed in several publications using acid 

hydrolysis, where geraniol is formed from GDP and rearranges to linalool that is subsequently 

quantified by proton transfer reaction mass spectrometry (PTR-MS). Using acid hydrolysis, 

significantly larger amounts of GDP (200 fold) were reported for spruce (20 pmol mg-1 FW) 

compared to 0.1 nmol g-1 FW measured in Manuscript 2 (Nogués et al., 2006; Ghirardo et al., 

2010). This difference might be caused by the presence of already formed linalool or the 

conversion of other terpenes to linalool under the highly acidic conditions, as already discussed 

by the authors themselves (Ghirardo et al., 2010). In contrast, the quantification of prenyl 

diphosphates without acid hydrolysis, as done in Manuscript 2, is not affected by those 

contaminations and allows for the use of an internal standard. 

 

4.2.3 Limitations  

 

Despite the already mentioned advantages of this LC-MS/MS based method for prenyl 

diphosphate detection, e.g. speed and reliability, it still has some limitations. At present it can 

be only used for the detection of GDP, FDP and GGDP. While IDP and DMADP can also be 

detected, they cannot be separated and elute very early in the chromatogram with the flow-

through, preventing any attempt at quantification. Prenyl diphosphates larger than GGDP are 

difficult to detect for two reasons. They are not commercially available and chemical synthesis 

becomes more and more laborious with increasing size due to the increase in the number of 

possible stereoisomers. In addition, ionization of larger diphosphates is suppressed in the ion 

source of the mass spectrometer. This effect is already seen for GGDP compared to FDP and 

GDP. (Manuscript 1). Tuning the LC-MS/MS for the detection of solanesyl diphosphate (C45) 

failed, because no ions were formed even after increasing the sample concentration by 100 fold 

(unpublished data), but geranylfarnesyl diphosphate (C25) was successfully detected from 

enzymatic assays (unpublished data). Which prenyl diphosphates between C30-C45 can be 

detected has to be elucidated in future experiments.  

Quantification of GDP, FDP and GGDP in vivo is possible, but needs relatively large 

quantities of plant material (ca. 1 g). Therefore with the current detection limit it is not possible 

to compare differences in the in vivo concentration of those prenyl diphosphates between 

different cell types of a given tissue, as can be done for transcript abundance, enzyme activity 

and terpene quantification (Abbott et al., 2010).  
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Although in Manuscript 2 internal standards were used for the quantification of GDP, FDP 

and GGDP. These standards only share a similar structure with the analytes and are 

chromatographically separated, it would be more desirable to use isotopically labeled 

compounds instead (Stokvis et al., 2005). Recently a procedure for chemical synthesis of 

hexadeuterated FDP and GGDP was published, which would be useful in supplying standards for 

more reliable prenyl diphosphate quantification in vivo (Subramanian et al., 2013).  

 

4.3 Prenyl diphosphate chain length determination of IDS 

 

The analytical ability to quantify prenyl diphosphates of different chain length in vitro as 

well as in vivo will help to deepen our knowledge about terpene biosynthesis in general, and is 

also a useful tool to understand the molecular mechanism of chain length determination in 

short-chain IDS. A topic researchers attempted to understand for decades. Here mostly side 

directed mutagenesis approaches were used, changing single or multiple amino acid residues 

close to the FARM region in short-chain IDS. Most notably here are amino acids in positions 4, 5, 

8 and 11 before the FARM, they form a pocket accommodating the growing prenyl carbon 

chain. Increasing the size of those amino acids, causes steric hindrance and limits the length of 

the formed prenyl diphosphate, this is also known as the molecular ruler theory (Wang and 

Ohnuma, 2000; Liang et al., 2002; Vandermoten et al., 2009; Vandermoten et al., 2009; Oldfield 

and Lin, 2012). Newer findings also indicate the importance of the dimer interface between the 

two identical subunits, to be relevant for the product specificity (Ogawa et al., 2011; Chang et 

al., 2013). For long-chain IDS it is known that the purified enzyme is in need of detergents or 

phospholipids for an effective turnover. These lipids and detergents help in removal of the 

produced prenyl diphosphates from the active site. In addition to the increase in enzyme 

activity, usage of different detergents produce varying prenyl diphosphate chain length (Pan et 

al., 2013). For short-chain IDS to my best knowledge this was not observed.  

Despite the knowledge about changes of chain length produced by an individual IDS, some 

IDS naturally release prenyl diphosphates of different size. Which is more frequently found for 

long-chain IDS under in vitro conditions (Hsieh et al., 2011; Pan et al., 2013; Wallrapp et al., 

2013), however also short-chain IDS are not restricted to release products of one length. This 

was recently demonstrated for IDS from aphids and bark beetles producing GDP and FDP and 

for IDS1 from Picea abies producing GDP and GGDP without release of intermediately formed 

FDP (Vandermoten et al., 2008; Vandermoten et al., 2009; Schmidt et al., 2010; Keeling et al., 
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2013). The product specificity of the aphid and bark beetle IDS can be modulated by the ratio of 

IDP towards DMADP (Vandermoten et al., 2008; Vandermoten et al., 2009; Keeling et al., 2013), 

being also demonstrated for other IDS, including long-chain IDS (Wallrapp et al., 2013).  

Besides those known factors influencing the chain length, in Manuscript 3 the metal 

cofactor was identified to be of great importance. Influences of the metal cofactor on the 

product profile of an IDS was shown before for an long-chain IDS were exchanging Mg2+ to Co2+ 

increased the product size by one C5 unit (Ohnuma et al., 1993). For short-chain IDS Mg2+ was 

shown to be the preferred cofactor and other metals usually decrease the enzyme activity, but 

changes in product composition by different metal cofactors were not investigated before 

(Tholl et al., 2001; Sen et al., 2007; Sen et al., 2007; Sen et al., 2007; Vandermoten et al., 2009; 

Barbar et al., 2013). The IDS characterized in Manuscript 3 in contrast is able to accept either 

Mg2+ or Co2+ as a metal cofactor, without any reduction in enzyme activity. Instead changing the 

metal cofactor from Mg2+ to Co2+ will decreases the product size by one C5 unit, from FDP to 

GDP. If both metal cofactors are available, Co2+ is the preferred one. Both metals have differing 

atomic radii, which might induce changes in the protein structure resulting in variations of the 

active site pocket size. Exchange of metal cofactors is a newly described way for determining 

the product specificity of IDS. However the exact mechanism and the relevance for other 

insects and also for plant IDS still has to be demonstrated.  

 

4.4 Importance of IDS for the regulation of terpene biosynthesis 

 

Despite the newly developed analytical techniques for prenyl diphosphate detection, which 

have resulted in more knowledge about IDS product specificity in vitro and prenyl diphosphate 

concentrations in vivo, the regulatory role of IDS for terpene biosynthesis can only be assessed 

by manipulation of IDS enzyme abundance and activity either by overexpression or knock 

out/down experiments. In this part of the discussion the results gained by overexpression of 

PaIDS1 in P. glauca (Manuscript 2) and RNAi mediated knock down of PcIDS1 in P. cochleariae 

(Manuscript 3) will be compared with similar approaches from the literature. 
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4.4.1 RNAi and knock out of IDS 

 

Very little information is present in the literature about knock down or knock out of plant or 

insect IDS. In plants, the double knock out of FDPS1 and FDPS2 in Arabidopsis thaliana, induced 

a lethal developmental arrest at very early embryo stages (Closa et al., 2010). In contrast to this, 

knock down by viral induced gene silencing (VIGS) of an FDPS in Nicotiana attenuata reduced 

the transcript abundance, FDPS enzyme activity and the sterol content, but the plants were still 

viable (Jassbi et al., 2008). The advantage of a knock down over a knock out approach becomes 

evident from previous manuscripts, especially when the enzyme being studied is involved in 

primary metabolism like FDPS. In plants, as in most other organisms, FDP and therefore FDPS 

are needed for de novo sterol synthesis. Sterols are essential in regulation of membrane fluidity 

and permeability and can also act as hormones in case of brassinosteroids (Schaller, 2003), thus 

a complete knock-out would be inviable. The remaining activity of the FDPS in knock down 

experiments might be sufficient to supply primary metabolism and still give an observable 

phenotype without lethal effects. Knock down of a GGDPS in N. attenuata, which presumably is 

only involved in secondary metabolism, reduced the amount of diterpene glycosides. This 

impaired defense against the tobacco hornworm, Manduca sexta, but had no adverse side 

effects on general plant viability in the absence of herbivory (Jassbi et al., 2008).   

RNAi mediated knock down of the Phaedon cochleariae IDS1, produced a phenotype not 

making any terpene defense compounds several days after injection, due to reduction of IDS1 

transcript levels and thereby IDS enzyme activity, but did not alter larval development 

(Manuscript 3). This particular IDS has a dual product specificity as it can produce GDP and FDP. 

In contrast to plants, insects and among them P. cochleariae have lost the ability to produce 

sterols de novo and strictly depend on sterols from their food source. Therefore IDS1 is not 

involved in sterol biosynthesis (Clayton, 1964; Jing et al., 2013). Nevertheless insects still need 

FDP to produce juvenile hormones (JH) for an adequate larval development (Belles et al., 2005). 

Since juvenile development is not affected in IDS1 RNAi-treated larvae, it has to be assumed 

that the remaining IDS activity is either sufficient to supply FDP for JH biosynthesis or RNAi is 

not working with the same efficacy in different tissues, a fact already discussed in the literature 

(Belles, 2010). Similar to these results, RNAi-mediated knock down of a GDPS/FDPS from the 

mountain pine beetle, Dendroctonus ponderosae, does not have large effects on the viability of 

these beetles (Keeling et al., 2013). Although instead of larvae, fully developed adult beetle 

were used, which were also artificially treated with juvenile hormone, the same publication 
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showed that RNAi-mediated knock down of a GGDPS in D. ponderosae inhibits the biosynthesis 

of the anti-aggregation pheromone frontalin (Keeling et al., 2013). 

 

4.4.2 Overexpression of IDS 

 

Overexpression of IDS was only successfully utilized in plants, not in animals, with the 

results depending on the individual IDS and the plant species used. FDPS1 overexpression either 

of a short or long form causes severe alterations in cytokinin homeostasis and induces 

senescence in A. thaliana (Masferrer et al., 2002; Manzano et al., 2006). In contrast, 

overexpression of FDPS from different origins in Artemisia annua increases the artemisinin 

amount without severe effects on plant vitality, as observed in A. thaliana, although some 

phenotypic variations in leaf morphology were noticed (Han et al., 2006; Banyai et al., 2010; Kai 

et al., 2011). Here it has to be noted that the biosynthesis of artemisinin may be somewhat 

unique, since IDP and DMADP are not exclusively supplied by the MVA pathway as expected for 

a sesquiterpene. Instead, one IDP unit originates from the MEP pathway (Towler and Weathers, 

2007; Schramek et al., 2010). Unlike the previously mentioned IDS which are all localized in the 

cytosol, overexpression of IDS localized to the plastid, like the native GGDPS of Salvia 

miltiorrhiza in hairy root cultures increased the tanshinone amount (Kai et al., 2011) and 

overexpression of a GDPS in mint increased the total monoterpene content (Lange et al., 2011). 

Overexpression of the bifunctional GDP/GGDP producing IDS1 in P. glauca is increasing the total 

terpene amount (Manuscript 2), but not in the expected way. In contrast to an increase in the 

major terpenes of mint and S. miltiorrhiza after IDS overexpression, in P. glauca a minor class of 

terpenes increased by more than 10,000 fold. Combining the previously mentioned findings, it 

appears that overexpression of IDS in plants is influenced by the subcellular compartment in 

which the enzyme is expressed and might depend on the proportion of IDP and DMADP 

supplied by the MVA and MEP pathways. This proposition was already tested by overexpressing 

a TPS or a TPS together with an IDS either in the cytosol or plastid of Nicotiana tabacum (Wu et 

al., 2006). The authors chose a monoterpene or sesquiterpene producing TPS together with an 

IDS producing GDP or FDP. Overexpression of an IDS producing FDP in combination with a 

sesquiterpene producing TPS increased the amount of sesquiterpenes compared to 

overexpression of the TPS alone. The increase was higher if both enzymes were localized in the 

plastid, rather than in the cytosol, indicating regulatory differences between the two 

compartments. Unfortunately, in their other experiments the authors used an IDS thought to 
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produce GDP as its main product that actually makes medium/long-chain prenyl diphosphates 

instead (Hsieh et al., 2011). Therefore the results showing nearly no increase in terpene 

production after combined overexpression are simply further evidence confirming that this IDS 

makes longer products. 

After overexpression of IDS1 in P. glauca, the in planta concentrations of prenyl 

diphosphates increased. To the best of my knowledge, there are no other studies investigating 

the in vivo concentrations of prenyl diphosphates after overexpression of IDS or other 

manipulations of terpene biosynthesis. Therefore those changes cannot be compared with 

other values from the literature. However the results demonstrate a direct link between the 

transcript abundance and total IDS enzyme activity and the quantities of GDP, FDP and GGDP 

found in planta. Furthermore, they also clearly show that the functionality of IDS 

overexpression depends on differences not only between the different cellular compartments 

(Wu et al., 2006), but also on the combination of promoter and investigated tissue. 

 

4.4.3 Comparison of prenyl diphosphate pool sizes in plants 

 

The previous chapters showed that manipulations of the expression of an IDS, either by 

knock out/down or overexpression can alter the terpene amount of an organism. But, the 

mechanism for this is not clear yet. Quantification of GDP, FDP and GGDP allows us to compare 

their concentrations with those of their direct precursors, namely IDP and DMADP. Depending 

on the resulting ratios, assumptions can be made on whether IDS are a limiting step in terpene 

biosynthesis or not. Prenyl diphosphate amounts in P. glauca vary between 0.1-0.5 nmol g-1 FW 

in needle tissue, whereas DMADP can be found in amounts more than 100 fold higher in 

Populus x canescens (21-36 nmol g-1 DW) and in even higher amounts in several pine species 

(50-650 nmol g-1 FW) and P. abies (100 nmol g-1 FW) in leaf or needle tissue (Rosenstiel et al., 

2002; Behnke et al., 2007; Ghirardo et al., 2010). Even though only DMADP was quantified in 

spruce or poplar, an equilibrium between DMADP and IDP is established by isopentenyl 

diphosphate isomerase (Berthelot et al., 2012). Recently the DMADP:IDP ratio in kudzu 

(Pueraria montana) was determined to be around 2 in light adapted plants (Zhou et al., 2013). 

Although different methods and different species were used for quantifying prenyl 

diphosphates, the available data indicate that the IDS substrates, DMADP and IDP, are present 

in higher amounts than the IDS products, GDP, FDP and GGDP. Therefore IDS enzyme activity 

might be an overall limiting step in terpene biosynthesis.  
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A possible complication in relating prenyl diphosphate pool sizes to flux rates is that some 

plants produce the C5 product, isoprene, from DMADP (Monson et al., 2013). Isoprene is 

produced either by an isoprene synthase, a specialized TPS only accepting DMADP as a 

substrate, or by a TPS that can accept DMADP in addition to GDP (Sharkey et al., 2013). 

Although isoprene may be produced in large amounts, its physiological role is still under debate, 

even though it has been shown to increase thermotolerance in poplar (Behnke et al., 2007; 

Monson et al., 2013). Plants emitting isoprene might have to adapt their terpene metabolism to 

produce greater amounts of DMADP by adjusting the flux of the MEP pathway and/or the ratio 

between IDP and DMADP established by isopentenyl diphosphate isomerase. On the other 

hand, isoprene synthase also could be a drain on DMADP increasing the proportion of IDP 

instead thereby optimizing the conditions for particular IDS to produce a certain prenyl 

diphosphate length. To date, nearly nothing is known about the interplay of IDS, IDI and 

isoprene synthase and the enzymes of the MEP and MVA pathways. However, such information 

is crucial to understand the regulation of terpene biosynthesis.  

 

4.5 Storage and mode of action of terpenes 

 

Knowledge about terpene biosynthesis and its regulation will give us the means to alter the 

qualitative and quantitative amount of terpenes of an organism. However since terpenes are 

used by plants to defend themselves against pathogens and herbivores and are used by insects 

as a defense against predators, both plants and insects need to store those terpenes to be 

readily available in case of an attack. Moreover the stored terpenes should have toxic or 

deterrent properties towards the attacking organism. 

 Yet only few terpenes are known to have distinct molecular targets, like cardenolides that 

target the Na+/K+-ATPases (Agrawal et al., 2012). Many terpenes are thought to act in a more 

general way by disturbing membrane integrity (Cox et al., 2000; Carson et al., 2002; Hammer et 

al., 2004; Di Pasqua et al., 2006; Turina et al., 2006; Di Pasqua et al., 2007; Witzke et al., 2010). 

This mode of toxicity, although not being specific has the advantage that resistance is less likely 

to be acquired by the attacking organism. However this mode of toxicity may not only apply to 

the attackers, but may also affect the producing organism itself. Therefore most organisms 

producing and storing terpenes have developed specialized structures for their storage. In 

plants this includes the resin channels or resin blisters in bark or needles of conifers (Franceschi 

et al., 2005), the trichomes of the Lamiaceae, e.g. mint and basil (Pichersky et al., 2006; Lange 
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et al., 2011), or Solanaceae, e.g. tomato and tobacco (Sallaud et al., 2009; Heiling et al., 2010; 

Tissier et al., 2013) and for insects this includes the defensive glands of leaf beetles and rove 

beetles among others (Termonia et al., 2001; Schierling and Dettner, 2013). If terpenes are not 

confined to storage structures, plants and insects may circumvent toxicity by altering their 

polarity. This can be done by adding sugars to make the terpene more polar and prevent 

integration into the membrane (Termonia et al., 2001; Aharoni et al., 2003; Burse et al., 2007; 

Jassbi et al., 2008; Heiling et al., 2010; Dinh et al., 2013). Alternatively, terpenes can be 

esterified to various fatty acids (Liljenberg and Karunen, 1978; Ekman, 1980; Karunen et al., 

1980; Lütke-Brinkhaus et al., 1985; McKibben et al., 1985; Jondiko and Pattenden, 1989; Reiter 

and Lorbeer, 2001; Dunphy, 2006; Biedermann et al., 2008), which makes them too big to 

integrate into membranes and too lipophilic to be compatible with the amphiphilic nature of 

membranes. Terpene esters are likely to accumulate in storage structures for general lipids, like 

oil bodies (Gaude et al., 2007). Terpene esterification has been described in A. thaliana for 

phytol in senescent leaves or after feeding phytol artificially (Ischebeck et al., 2006), and the 

same class of molecules has also been found in other plants (Csupor, 1970; Liljenberg, 1977; 

Anderson et al., 1984; Pereira et al., 2002; Gaude et al., 2007). In senescent leaves, as plastids 

including the chlorophyll molecule are degraded, the high abundance of chlorophyll should lead 

to large amounts of free phytol after chlorophyll cleavage. To prevent these from becoming 

toxic, they are stored in an esterified form. Overexpression of IDS1 in white spruce appears to 

create a similar scenario. Here geranylgeraniol accumulates over time due to hydrolysis of high 

levels of GGDP and is therefore esterified to several fatty acids. The toxicity of geranylgeraniol is 

demonstrated by the lower survival rate of Lymantria monacha larvae feeding on IDS1 

overexpressing white spruce that have large quantities of those esters present (Manuscript 2). 

Here the esters may be cleaved by the high quantities of esterases present in the gut of 

Lymantria species (Kapin and Ahmad, 1980) and affect the larval growth.  

 

4.6 Future perspectives 

 

This dissertation has increased our understanding of the in vivo significance of IDS in plants 

and insects, added an alternative mechanism for product chain length determination in IDS and 

advanced the methodology of prenyl diphosphate detection, as well as opening up directions 

for future research. Since it is now possible to quantify prenyl diphosphate metabolites in 

planta, this methodology can be applied to questions about pathway regulation. For example, it 
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would be advantageous to compare prenyl diphosphate concentrations in spruce with those 

from other plants to determine whether a correlation exists between the amount of terpene 

end products produced by a plant and the prenyl diphosphate concentrations present. It would 

also be of great interest to investigate how prenyl diphosphate concentrations might change 

upon herbivory, or simulation thereof by methyl jasmonate application.  

To further improve our knowledge about the regulation of terpene biosynthesis and 

especially the role of IDS therein, the approach of overexpressing biosynthetic genes used in 

Manuscript 2 should be supplemented by an RNAi approach. Since the results of Manuscript 2 

showed that IDS are not the only key enzymes of terpene biosynthesis in plants, the combined 

overexpression of IDS, IDI and/or TPS could gain further insights into the regulation. Quite 

recently a similar approach was used in Nicotiana benthamiana were transient overexpression 

of a diterpene TPS together with DXS and GGDPS increased the diterpene content 3.5 fold in 

comparison to overexpression of TPS alone, TPS+DXS or TPS+GGDPS (Brückner and Tissier, 

2013). It would be of great interest if a stable overexpression in a different species, e.g. spruce, 

would have the same results.  

The transport and storage of terpenes should also be investigated since the enhancement 

of terpene production might also lead to unexpected side effects, like the formation of 

geranylgeranyl fatty acid esters. A successful overproduction of desired terpenes might only be 

possible if there is a specialized structure to store them and secretory and/or transport 

mechanisms to move the compounds to the storage site. Transport here most likely occurs with 

the help of ABC-transporters, yet only two of these transporters were described recently, one in 

the plant Nicotiana tabaccum and one in the plant pathogen Grosmannia clavigera (Crouzet et 

al., 2013; Wang et al., 2013).  

This thesis revealed that the identity of the divalent metal ion cofactor can alter the chain 

length of IDS product for an enzyme from the leaf beetle Phaedon cochleariae. Now, it should 

be tested if this phenomenon is specific for the Phaedon cochleariae enzyme or can also be 

observed with IDS from other insects or even plants. It might also be worth investigating how 

this mechanism for chain length determination interacts with the molecular ruler theory, using 

a site directed mutagenesis approach to identify critical amino acid residues near the active site 

or the dimer interface of the Phaedon cochleariae IDS1.  
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5. Summary 

 

Terpenes are essential primary and secondary metabolites in every living organism. As 

secondary metabolites they are important defensive compounds of plants and insects. The 

biosynthesis of terpenes starts with the formation of two C5 intermediates, isopentenyl 

diphosphate (IDP) and dimethylallyl diphosphate (DMADP), formed by the mevalonate (MVA) 

pathway or methylerythritol phosphate (MEP) pathway. In the next step of biosynthesis, 

isoprenyl diphosphate synthases (IDS) condense DMADP with a varying number of IDP 

molecules to produce longer prenyl diphosphates, like geranyl- (GDP, C10), farnesyl- (FDP, C15) 

and geranylgeranyl diphosphate (GGDP, C20). GDP, FDP and GGDP are substrates for terpene 

synthases that produce the various terpene skeletons which can be further modified by other 

enzymes and give rise to the enormous structural diversity of more than 60,000 known terpene 

structures. IDS have a critical role in terpene biosynthesis since they are located at a central 

point where the pathway branches towards products of different sizes. But, there are still many 

open questions about what factors control the product specificity of these enzymes and the 

details of their regulatory role in terpene biosynthesis.  

The published findings of the present dissertation begin with the description of a new LC-

MS/MS based method for identification of the product specificity of individual IDS and the 

quantification of total IDS activity in protein extracts from plants. The method can detect the 

different isomeric forms of the short-chain prenyl diphosphates GDP, FDP and GGDP. This was 

the methodical basis for investigations on the regulatory function of Picea abies IDS1 after 

overexpression in Picea glauca. Here it was shown that overexpression under the control of an 

ubiquitin promoter is only functional in needles, but not in bark of Picea glauca. In needles 

overexpression increases the total IDS-activity 7-fold and the in vivo concentrations of GDP and 

GGDP 4- and 8-fold. Despite those increases in terpene precursors, monoterpenes and 

diterpenes of the defensive oleoresin, as well as the other major terpenoid products, 

carotenoids and sterols, were unaltered. Instead large amounts of geranylgeranyl fatty acid 

esters were formed that were shown to have defensive properties against the needle feeding 

insect Lymantria monacha. Comparison of the in vivo amount of GDP, FDP and GGDP with that 

of DMADP showed, that IDS form a metabolic bottleneck in plant terpene biosynthesis.  

Besides of plants also insect employ terpenes to defend themselves against predators. 

Therefore also insects need IDS to produce those terpenes. One example here is the 
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horseradish leaf beetle Phaedon cochleariae, which has pairs of dorsal glands, that excrete the 

terpene chrysomelidial in case of an attack. Here an IDS, named IDS1, was identified that can 

produce either GDP or FDP, depending on the metal ion cofactor used. The results of the kinetic 

measurements and the structural modelling show that variations of the cofactor are an 

alternative way for IDS enzymes to alter the chain length of the prenyl diphosphate produced. 

With an RNAi approach it was revealed that IDS1 is indeed a key enzyme in chrysomelidial 

biosynthesis. RNAi mediated transcript suppression, reduced the total IDS enzyme activity, the 

amount of intermediates in the larvae and the volume of the defensive secretions.   
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6. Zusammenfassung 

 

Terpene sind essentielle primäre und sekundäre Metaboliten und kommen daher in jedem 

lebenden Organismus vor. Als sekundäre Metaboliten haben sie große Bedeutung als defensive 

Verbindungen von Pflanzen und Insekten. Die Terpenbiosynthese beginnt mit der Produktion 

von Isopentenyldiphosphat (IDP) und Dimethylallyldiphosphat (DMADP), welche entweder auf 

dem Mevalonat- (MVA) oder dem Methylerythriolphosphat-Weg (MEP) erfolgt. Im nächsten 

Schritt der Terpenbiosynthese nutzen Isopentenyldiphosphat Synthasen (IDS) DMADP und 1-3 

IDP Einheiten um längere Prenyldiphosphate, wie Geranyl-(GDP, C10),  Farnesyl- (FDP, C20) und 

Geranylgeranyldiphosphat (GGDP, C20), zu produzieren. GDP, FDP und GGDP ihrerseits sind die 

Substrate von Terpensynthasen, die für eine Vielzahl von Terpenstrukturen verantwortlich sind. 

Diese Terpenstrukturen können in nachfolgenden enzymatischen Reaktionen weiter zu über 

60.000 bekannten Strukturen modifiziert werden. IDS wirken daher an einem zentralen Punkt 

der Terpenbiosynthese, an welchem sich diese in Produkte verschiedener Kettenlängen 

verzweigt. Darüber hinaus regulieren IDS den Fluss der Terpenbiosynthese.  Zu 

Produktspezifität und der regulatorischen Rolle von IDS in der Terpenbiosynthese gibt es jedoch 

immer noch ungeklärte Fragen. 

 Die veröffentlichten Ergebnisse dieser Dissertation beschreiben im ersten Teil eine neu 

entwickelte LC-MS/MS basierte Methode, mit welcher sich die Reaktionsprodukte der IDS, 

sowie die IDS-Gesamtaktivität in Pflanzenextrakten bestimmen lässt. Es kann dabei zwischen 

den verschiedenen Isomeren von GDP, FDP und GGDP unterschieden werden. Diese Methode 

bildet im zweiten Teil der vorliegenden Arbeit eine Grundlage für Untersuchungen zur 

regulatorischen Funktion der Picea abies IDS1 mittels Überexpressionsstudien in Picea glauca. 

Hier konnte gezeigt werden, dass eine funktionale Überexpression des IDS1-Gens unter der 

Aktivität eines Ubiquitinpromotors nur in Nadeln, jedoch nicht in der Borke möglich ist. Die 

Überexpression führte in den Nadeln zu einer 7-fach höheren IDS-Gesamtaktivität und zu 4- und 

8-fach höheren GDP und GGDP Konzentrationen in vivo. Trotz der erhöhten Konzentrationen 

der Terpenvorstufen GDP und GGDP wurden keine vermehrten Mengen von Monoterpenen 

und Diterpenen im Fichtenharz gefunden. Die Mengen an Sterolen und Karotenoiden waren 

ebenfalls unverändert. Stattdessen wurden hohe Mengen an Geranylgeranylfettsäureestern 

produziert, für welche eine Funktion in der Abwehr von nadelfressenden Lymantria monacha 

Larven gezeigt werden konnte. Der Vergleich der in vivo Konzentrationen von GDP, FDP und 
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GGDP mit der von DMADP deutet darauf hin, dass IDS ein limitierender Schritt in der 

Terpenbiosynthese sind.  

Im dritten Kapitel wurde die Bedeutung von IDS für die Terpenbiosynthese von Insekten 

untersucht. Der Meerrettichblattkäfer Phaedon cochleariae nutzt das Terpen Chrysomelidial um 

sich gegen Prädatoren zu verteidigen. IDS1 wurde aus Phaedon cochleariae isoliert und 

charakterisiert. Diese IDS zeigt eine Abhängigkeit in ihrer Produktspezifität von Metallionen, die 

als Cofaktor in der enzymatischen Katalyse wirken. Bei Variation der Metallionen wird entweder 

hauptsächlich GDP oder FDP produziert. Die Resultate der kinetischen Messungen und der 

Strukturmodellierung zeigen, dass Metallionen-Cofaktoren ein alternativer Mechanismus für die 

Regulation der Produktspezifität sind. Mithilfe von RNAi-Versuchen konnte gezeigt werden, 

dass die IDS1 ein Schlüsselenzym der Chrysomelidialbiosynthese ist. Die RNAi vermittelte 

Transkriptverminderung  von IDS1 führte dabei zu einer niedrigeren IDS-Gesamtaktivität, sowie 

zu weniger Chrysomelidial und Intermediaten von dessen Biosynthese in P. cochleariae Larven. 
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