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General introduction 
 

Interactions between plants and invertebrate herbivores have a long history; the first 

evidence of plant damage by arthropods dates back 400 million years ago (Labandeira, 

2007). This timeframe has allowed plants and insects to develop sophisticated mechanisms 

to recognize one another and respond accordingly. On the one hand, phytophagous insects 

use plants as food, mating and oviposition sites; on the other hand, plants are not 

defenseless against their attack and have evolved a broad arsenal of defenses that are either 

constitutively present or produced upon attack. These defenses are tightly regulated by 

plant hormones such as jasmonates, salicylic acid, abscisic acid and ethylene (Fujita et al., 

2006) which are rapidly produced in response to biotic stress. 

 

Nicotiana attenuata as a plant model  

Nicotiana attenuata (Solanaceae) is a wild annual tobacco plant native to the Southwestern 

US which germinates after fires from long-lived seed banks in nitrogen-rich soils after the 

seeds are exposed to cues contained in wood smoke (Baldwin and Morse, 1994; Preston 

and Baldwin, 1999). This synchronized germination behavior creates strong intra-specific 

competition, and N. attenuata plants must allocate their resources to sustain rapid growth 

and maximize seed set. N. attenuata monocultures also experience high herbivore pressure 

and N. attenuata plants respond strongly and specifically to the attack of insects from 

different feeding guilds, presumably in order to maximize the efficiency of their defense 

while maintaining competitive growth (Baldwin, 1998; Voelckel and Baldwin, 2004; 

Diezel et al., 2009). The short generation time, the complexity of induced defenses, self-

compatibility and the availability of genetic transformation tools makes N. attenuata plants 

an ideal model plant for the study of biochemical processes in plants upon herbivore attack 

and the role of these processes in nature. 

 

Perception of insect attack by plants 

When plants are attacked by insect herbivores, they can recognize insect feeding by the 

perception of components present in the insect’s oral secretions (OS) (Alborn et al., 1997; 
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Halitschke et al., 2003; Schmelz et al., 2009), multiple sequential wounding events 

(Mithöfer et al., 2005), or a combination of both. Among the insect elicitors of plant 

defense responses, the first to be isolated was the fatty acid-amino acid-conjugate (FAC) 

volicitin (17-OH-18:3-Gln), which was found in the OS of Spodoptora exigua larvae 

feeding on maize (Zea mays) plants and was shown to induce a volatile blend different 

from that induced by wounding alone (Alborn et al., 1997). Glucose oxidase was first 

identified in the saliva from Helicoverpa zea (Eichenseer et al., 1999) and it has been 

demonstrated to suppress the plant’s defense response (Musser et al., 2002) and activate 

the salicylic acid (SA) pathway (Diezel et al., 2009). Inceptins were found in the OS of S. 

frudgiperda larvae feeding on cowpea (Vigna unguiculata) and have the capacity to induce 

the differential production of jasmonic acid (JA), SA and volatiles in these plants (Schmelz 

et al., 2006). More recently, sulfur-containing compounds, named caeliferins, were 

identified as elicitors in grasshopper (Schistocerca americana) OS (Alborn et al., 2007). In 

a recent study, different elicitors were applied on various plant species and the results 

indicated that elicitation by different insect-derived components is a plant species-specific 

process (Schmelz et al., 2009).  

In the OS of the tobacco hornworm Manduca sexta (a specialized herbivore feeding on 

various Solanaceae species) the main elicitors that induce insect specific defense responses 

are FACs. FACs in M. sexta OS are composed predominantly of linoleic acid (18:2) or α-

linolenic acid (18:3) conjugated to glutamic acid (Glu) or glutamine (Gln) (Halitschke et 

al., 2001). When applied to wounded N. attenuata leaves, FACs induce the differential 

production of signaling molecules such as JA and ethylene (Halitschke et al., 2001; von 

Dahl et al., 2007 ), large scale transcriptomic and proteomic changes (Halitschke et al., 

2003; Giri et al., 2006), and the release of herbivory induced plant volatiles (Gaquerel et 

al., 2009). Moreover, when removed from M. sexta OS, the remaining FAC-free OS 

fraction loses its capacity to elicit insect specific responses in N. attenuata (Halitschke et 

al., 2003; Giri et al., 2006; Gaquerel et al., 2009). 

In contrast to elicitors derived from plant pathogens, insect elicitor perception and mode of 

action is poorly understood. It is known that in maize, volicitin binds to a membrane-

associated protein suggesting a ligand-receptor interaction (Truitt et al., 2004). Additional 

proposed mechanisms for FAC elicitation include their capacity to increase ion 
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permeability in membrane bilayers (Maischak et al., 2007). It has been previously 

demonstrated that volicitin can be transferred from the caterpillar OS into the wound 

surfaces of maize leaves (Truitt et al., 2004) and although the transferred amounts may be 

low (Peiffer and Felton, 2009), they seem sufficient to elicit specific responses against 

insect herbivores (Schittko et al., 2000). In manuscript I, I contributed to the investigation 

of the metabolism of one of the major FACs in M. sexta OS, 18:3-Glu, on wounded N. 

attenuata leaves. We studied the consequences of its metabolism on two processes 

associated to herbivory, the regulation of JA biosynthesis and terpenoid volatile emission. 

 

Oxylipins – signaling molecules in response to stress 

Oxylipins comprise a large family of oxidized fatty acids and their derivatives and are 

abundant molecules in a diverse range of organisms including mammals, mosses, algae, 

bacteria and fungi (Andreou et al.; Funk, 2001; Brodhun and Feussner, 2011). In plants, 

the production of oxylipins from polyunsaturated fatty acids (PUFAs) is immediately 

induced in response to diverse stresses including wounding, and insect and pathogen 

attacks (Turner et al., 2002; Farmer et al., 2003; Mueller, 2004; Taki et al., 2005; Matsui, 

2006; Howe and Jander, 2008; Browse, 2009). The enzymatic biosynthesis of oxylipins in 

plants is initiated by lipoxygenases (9- and 13-LOXs) (Sanz et al., 1998; Hamberg et al., 

1999; Feussner and Wasternack, 2002). These enzymes catalyze the di-oxygenating of 

PUFAs such as linoleic acid (18:2Δ9,12, 18:2) and α-linolenic acid (18:3Δ9,12,15, 18:3) to 

generate 9- and 13-hydroperoxy dienoic (9- and 13-HPODE) and trienoic (9- and 13-

HPOTE) acids, respectively. These hydroperoxides can be metabolized by allene oxide 

synthase (AOS) to initiate the biosynthesis of JA or by hydroperoxide lyase (HPL) to 

initiate the biosynthesis of C6 aldehydes and C12 ω-oxo-acids (Mosblech et al., 2009).  

Oxylipins play essential roles as signaling molecules during plant responses to 

environmental stresses. For example, JA is essential for the induction of defense responses 

against pathogens and insect herbivores (Farmer et al., 2003; Kessler et al., 2004; Browse, 

2005), C6 aldehydes act as signals during pathogenesis and plant–insect communication 

(Croft et al., 1993; Matsui, 2006; Baldwin, 2010) and C12 diacids and ω-oxo-acids were 

originally described as wound-associated hormones (Bonner and English, 1937; 

Zimmerman and Coudron, 1979). 
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Jasmonic acid, an important mediator of plant responses to herbivory 

JA together with some of its precursors and derivatives are signal molecules that function 

as essential mediators of the plant’s wound, antiherbivore, and antipathogen responses, as 

well as in growth and development (Farmer, 1994; Creelman and Mullet, 1997; Turner et 

al., 2002). In N. attenuata these responses are governed by a strong transient burst of JA 

within one hour after herbivore attack that is amplified by elicitors in the insect’s OS such 

as FACs (Halitschke et al., 2001; Howe and Jander, 2008; Schmelz et al., 2009; Stork et 

al., 2009). In unelicited mature leaves, JA is maintained at very low levels, however, upon 

specific stimulations, its biosynthesis is induced within a few minutes (Glauser et al., 

2008). This rapid biosynthetic response results from the activation of constitutively 

expressed JA biosynthetic enzymes which can be activated by substrate availability and/or 

posttranslational modifications. According to the canonical mechanism for JA biosynthesis 

(Vick and Zimmerman,1983), free 18:3 (1, Fig 1.1) forms 13(S)-hydroperoxy-18:3 (13S-

(OOH)-18:3, 2, Fig 1.1) by the action of 13-lipoxygenase (13-LOX) in plastids. 13S-

(OOH)-18:3 can be converted by allene oxide synthase (AOS) into a highly unstable allene 

oxide intermediate that is processed by allene oxide cyclase (AOC) to yield (9S,13S)-12-

oxo-phytodienoic acid (OPDA, 4, Fig 1.1). Similarly, (7S,11S)-10-oxo-phytodienoic acid 

(dinor-OPDA) can be formed from 16:3 through the same pathway (Weber et al. 2007). 

OPDA and dinor-OPDA are transported from the plastid into the peroxisome, where they 

are reduced by the action of OPDA reductase 3 (OPR3) and after two and three cycles of 

β-oxidation, respectively, (3R,7S)-JA (6) is formed (Fig 1.1). JA can be modified, for 

example, by jasmonyl-O-methyl transferase (JMT) to form methyl-jasmonic acid (MeJA) 

(Seo et al., 2001) or by JASMONATE RESISTANT (JAR) that conjugates isoleucine to 

form JA-Ile (7, Fig 1.1) (Wang et al., 2007; Suza and Staswick, 2008). JA-Ile activates the 

SCFCOI1-JAZ complex (Fonseca et al., 2009) which transcriptionally activates genes 

involved in the biosynthesis of defense molecules, among other responses (Fig1.1; Chini et 

al., 2007; Thines et al., 2007). 
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Figure 1.1: Schematic representation of the jasmonic acid biosynthesis pathway in plants. Free α-linolenic 

acid (1) forms 13(S)-hydroperoxy-18:3 (2) by the action of 13-lipoxygenase (13-LOX) in plastids. 2 is 

converted by allene oxide synthase (AOS) into a highly unstable allene oxide intermediate (3) that is 

processed by allene oxide cyclase (AOC) to yield (9S,13S)-12-oxo-phytodienoic acid (OPDA, 4). 4 is 

transported from the plastid into the peroxisome where it is reduced by the action of an OPDA reductase 

(OPR), and after three cycles of β-oxidation involving an acetyl-CoA-transferase (ACX), (3R,7S)-JA (6) is 

formed. 6 can be modified by JASMONATE RESISTANT (JAR) that conjugates isoleucine to form JA-Ile 

(7). 7 activates the SCFCOI1-JAZ complex which transcriptionally activates genes involved in the biosynthesis 

of defense molecules. 

 

Analysis of intermediates of the JA biosynthesis pathway 

To understand how JA biosynthesis is activated in response to wounding and herbivory, 

the quantitative analysis of low abundant intermediates of the JA biosynthesis pathway is 

of major importance. The use of mass spectrometry (MS) coupled to liquid 

chromatography (LC) is ideal for the analysis of the complex mixture of signaling 

molecules which are commonly found in plant tissues. One of the advantages of LC–MS is 

that separation and structural elucidation of compounds can be achieved in a continuous 

manner without the need for purification or derivatization steps. Another advantage of LC–

MS is the use of tandem MS (MS–MS), in which a precursor ion is mass-selected by mass 

analyzer 1, focused into a collision region preceding a second mass analyzer (collision 
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chamber), and their mass fragments analyzed in a third mass analyzer (Lima and Abdalla, 

2002). The capacity to perform multi reaction monitoring (MRM) has the advantage of 

rapid and sensitive detection of several compounds even if they show similar retention 

times during chromatography. Ionization by electrospray (ESI) is one of the most widely 

used tools for LC–MS analysis (Johnson, 2005). However, the efficiency of ion formation 

differs widely among compounds depending on their chemical structure (Nishikaze and 

Takayama, 2007). For example, while small molecules containing free carboxyl groups 

and high numbers of heteroatoms such as JA are ionized efficiently by ESI (Forcat et al., 

2008; Pan et al., 2008; Diezel et al., 2009), aliphatic molecules such as free fatty acids are 

relatively poorly ionized by this technique (Valianpour et al., 2003). 

In manuscript II, I present a method for the simultaneous determination of aliphatic (e.g., 

free fatty acids and oxygenated derivatives) and more polar compounds (e.g. OPDA, JA 

and JA-Ile) by using picolinyl ester derivatives of crude leaf samples an analysis by with 

LC-(ESI)-MS. The method provides a one-step procedure to simultaneously analyze 

aliphatic and polar compounds in small quantities of tissue extracts.  

 

Regulation of JA biosynthesis in N. attenuata 

Due to the large number of enzymes and different cellular compartments involved in JA 

biosynthesis, it is expected that the pathway is regulated at multiple steps. Resolution of 

the structures of the tomato (Solanum lycopersicum) OPR3 and Arabidopsis AOC2 and 

ACX1 has provided insights into potential regulatory mechanisms for these enzymes (e.g. 

oligomerization and phosphorylation; Pedersen and Henriksen, 2005; Breithaupt et al., 

2006; Hofmann et al., 2006). The identification of two plastidial glycerolipases in 

Arabidopsis, DAD1 and DGL (Ishiguro et al., 2001; Hyun et al., 2008), has provided 

genetic evidence for the importance of the release of trienoic fatty acids from plastidial 

lipids in the activation of JA biosynthesis. Some oxylipins have been found esterified to 

galactolipids in Arabidopsis leaves and in this species, preformed JA precursors may 

supply the JA biosynthesis pathway after their release from lipids (Stelmach et al., 2001; 

Hisamatsu et al., 2003; Buseman et al., 2006; Schäfer et al., 2011). Lipid-bound oxylipins 

appear to be restricted to Arabidopsis species (Böttcher and Weiler, 2007). 
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Several regulatory factors with a potential function upstream of JA biosynthesis have been 

identified (Ludwig et al., 2005; Takabatake et al., 2006; Schweighofer et al., 2007; 

Takahashi et al., 2007); however, how these regulators affect JA biosynthesis is at present 

unknown. For example, wounding and herbivory in tobacco and tomato activate the 

mitogen-activated protein kinases salicylate-induced protein kinase (SIPK) and wound-

induced protein kinase (WIPK) (Seo et al., 1999; Kandoth et al., 2007; Wu et al., 2007). 

When SIPK and WIPK expression is silenced in tobacco, the plants accumulate 60% to 

70% less JA than wild type after wounding or OS elicitation (Seo et al., 2007; Wu et al., 

2007). Another regulatory component that affects JA production in N. attenuata is 

Nonexpressor of PR-1 (NPR1), an essential component of the SA signal transduction 

pathway first identified in Arabidopsis (Cao et al., 1994). N. attenuata NPR1-silenced 

plants accumulate 60% to 70% lower JA levels after elicitation than wild type (Rayapuram 

and Baldwin, 2007). NPR1 interacts with the JA and ethylene signaling cascades, and a 

cytosolic role for this factor in the regulation of JA-dependent responses/biosynthesis has 

been proposed (Spoel et al., 2003). In contrast to the mechanisms acting upstream of JA 

biosynthesis, the mechanisms mediating downstream JA responses are better characterized 

(Kazan and Manners, 2008; Browse, 2009). Among the best-characterized regulators of 

these responses is CORONATIVE INSENSITIVE1 (COI1), a gene that participates in 

jasmonate perception and regulates gene expression through its interaction with the 

JASMONATE ZIM-DOMAIN repressors (Chini et al., 2007; Thines et al., 2007). 

In manuscript III, I quantified the initial rates of accumulation of plastid-derived JA 

precursors after wounding and FAC elicitation in N. attenuata leaves to understand the 

early processes regulating the activation of JA biosynthesis after these stimuli in wild type 

and four JA-deficient genotypes previously described: ir-sipk, ir-wipk, ir-npr1, and ir-coi1 

(Rayapuram and Baldwin, 2007; Paschold et al., 2008; Meldau et al., 2009). We show that 

SIPK, WIPK, NPR1, and FACs contribute to the activation of de novo JA biosynthesis by 

affecting diverse early enzymatic steps in this pathway. The identification of a plastidial 

glycerolipase A1 type I protein (GLA1) essential for JA biosynthesis pointed to this 

enzyme as one potential target of some of these activating mechanisms. 
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Figure 1.2: The wild tobacco Nicotiana attenuata (A) germinates after fires in its natural habitat, 

Southwestern US, and has to cope with an unpredictable community of herbivore like Manduca spp larvae 

(B) and Empoasca spp leafhoppers (C). 

 

The ecological role of JA biosynthesis activation in response to insect herbivory 

In its natural habitat, N. attenuata has to cope with an unpredictable insect community 

including piercing-sucking herbivores such as mirids (Tupiocoris notatus) and chewing 

herbivores such as grasshoppers (Trimerotropis spp), armyworm larvae (Spodoptera spp) 

and larvae of the specialist herbivores, the tomato hornworm (Manduca quinquemaculata) 

and the tobacco hornworm (M. sexta) (Fig 1.2). To defend against this great diversity of 

herbivores, N. attenuata evolved a cocktail of JA regulated inducible defense molecules 

like nicotine (Baldwin, 2001; Steppuhn et al., 2004), trypsine protease inhibitors (TPIs) 

(Ussuf et al., 2001; Steppuhn and Baldwin, 2007), 17-hydroxygeranyllinalool diterpene 

glycosides (HGL-DTGs) (Heiling et al., 2010) and phenylpropanoid-polyamine conjugates 

(PPCs) (Kaur et al., 2010). Field studies have demonstrated the essential role of the 

activation of JA biosynthesis and the induction of JA regulated defenses in N. attenuata to 

respond to insect herbivore attack (Kessler et al. 2004; Paschold et al. 2007; Stitz et al., 

2011). For example, when N. attenuata plants are rendered deficient in JA biosynthesis by 

silencing NaLOX3 (as-lox3), these plants are notably stronger damaged by herbivores 

(Kessler et al., 2004). Moreover, the generalist leafhoppers of the genus Empoasca (Fig 
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1.2), a hemipterans that feed on phloem and cell contents of a broad range of host plants 

(Carter, 1952; Gyrisco, 1958), heavily damage as-lox3 whereas these insect are only rarely 

found on WT N. attenuata plants (Kessler et al., 2004).  

In manuscript IV, I used a set of eleven N. attenuata transgenic lines deficient in specific 

steps of JA biosynthesis and perception, and in the accumulation of major insecticidal 

molecules, to disentangle the mechanisms underlying the selection of host plants by 

Empoasca leafhoppers. I demonstrate that the choice of plants for feeding by Empoasca 

leafhoppers is independent of the accumulation of major insecticidal molecules, and were 

not associated with detectable changes in plant volatiles, but depends on the plant´s 

capacity to mediate JA signaling. I exploited this trait and used different levels of damage 

by Empoasca leafhoppers in natural N. attenuata populations as markers of genetic 

variation in JA accumulation and signaling in these plants. 

 

Oxylipins of the hydroperoxide lyase pathway 

Similar to the rapid activation of the JA biosynthesis pathway induced after stress, another 

oxylipin pathway generates the green leaf volatiles (GLVs) hexanal and (3Z)-hexenal as a 

result of the cleavage of 13S-HPODE and –HPOTE by Hydroperoxide lyase (HPL) (Fig. 

1.3). In N. attenuata leaves, the supply of 13S-HPODE and 13S-HPOTE for the 

biosynthesis of hexanal and (3Z)-hexenal requires the activity of the lipoxygenase-2 gene 

(NaLOX2); plants with reduced expression of NaLOX2 have a greatly reduced production 

of GLVs (Allmann et al., 2010). N. attenuata plants with reduced expression of NaHPL 

have similarly reduced production of GLVs (Halitschke et al., 2004). GLVs play essential 

roles as signaling molecules in indirect plant defenses (Croft et al., 1993; Matsui, 2006; 

Allmann and Baldwin, 2010; Baldwin, 2010). 

In addition to GLV production, the cleavage of 13S-HPODE and –HPOTE, respectively, 

by HPL also leads to the formation of 12-oxo-(9Z)-dodecenoic acid ((9Z)-traumatin, 1a, 

Fig 1.3) (Vick and Zimmerman, 1976). In recent years, research has been focused 

primarily on the biochemical and functional characterization of GLVs during herbivore 

and pathogen attacks, and less attention has been paid to the metabolism and signal 

capacities of the C12 derivatives of the HPL pathway. As a result, the metabolic fluxes and 

fates of these molecules under stress conditions are largely unknown in plants. (9Z)-
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traumatin undergoes rapid modifications by diverse enzymatic and non-enzymatic 

reactions, generating multiple potential chemical signals. These modifications change the 

physicochemical properties of the molecules, and in some cases the importance of the 

resulting modified molecules in biological processes has been demonstrated (Zimmerman 

and Coudron, 1979; Ivanova et al., 2001).  

 

 
Figure 1.3: Schematic representation of the hydroperoxide lyase (HPL) pathway in plants and the generation 

of derivatives of 12-oxo-(9Z)-dodecenoic acid ((9Z)-traumatin). In leaves, 18:2 and 18:3 fatty acids are 

released from membranes and dioxygenated by 13-lipoxygenases (13-LOXs) to generate 13S-hydroperoxides 

(13-HPODE and 13-HPOTE, respectively). These molecules are cleaved by HPL to produce C6 aldehydes 

and (9Z)-traumatin (8a). This molecule can undergo several enzymatic and nonenzymatic modifications to be 

converted into the products (10E)-traumatin (8b), (3Z) and (2E)-traumatic acid (9a, 9b), 12-OH-(9Z)- and 

12-OH-(10E)-dodecenoic acid (10a, 10b) and 9-OH-traumatin (11). 11 can be converted into 4-OH-

traumatic acid (12), 9,12-OH-(10E)-dodecenoic acid (13) and 9,12-OH-dodecanoic acid (14). 
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In the case of (9Z)-traumatin (8a, Fig 1.3), the Z-C9-C10 double bond rearranges to E-C10-

C11 to form 12-oxo-(10E)-dodecenoic acid ((10E)-traumatin, 8b, Fig 1.3), and the aldehyde 

group can be auto-oxidized non-enzymatically to form (3Z)- or (2E)-dodecenedioic acid 

((3Z)- or (2E)-traumatic acid 9a, 9b, Fig 1.3) (Zimmerman and Coudron, 1979) or be 

reduced to form (9Z)- or (10E)-12-hydroxydodecenoic acid ((9Z)- or (10E)-12-OH-

dodecenoic acid, 10a, 10b, Fig 1.3) (Grechkin, 2002). (9Z)-traumatin can be oxidized to 9-

hydroxy-12-oxo-(10E)-dodecenoic acid (9-OH-traumatin, 11, Fig 1.3) either enzymatically 

by a LOX-mediated mechanism (Gardner, 1998) or non-enzymatically (Noordermeer et 

al., 2000). A recent study showed that 9-OH-traumatin can be subsequently converted into 

4-hydroxy-(2E)-dodecenedioic acid (4-OH-traumatic acid, 12, Fig 1.3), 9,12-dihydroxy-

(10E)-dodecenoic acid (9,12-OH-(10E)-dodecenoic acid, 13, Fig 1.3) and 9,12-dihydroxy-

dodecanoic acid (9,12-OH-dodecanoic acid, 14, Fig 1.3) in pea (Pisum sativum) seedlings 

(Mukhtarova et al., 2011).  

In manuscript V, I present a detailed analysis of the fluxes and metabolism of C12 

derivatives of the HPL pathway in N. attenuata plants induced by wounding and simulated 

herbivory. Part of this analysis is based on a new LC-MS/MS method developed for the 

quantification of these metabolites. The study reveals new aspects of the biogenesis of C12 

derivatives of the HPL pathway and opens new perspectives for possible roles of these 

metabolites in the regulation of stress responses. 
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Manuscript I 

 
 

Rapid modification of the insect elicitor N-linolenoyl-glutamate via a lipoxygenase 

mediated mechanism on Nicotiana attenuata leaves 

 

Arjen van Doorn, Mario Kallenbach, Alejandro A. Borquez, Ian T. Baldwin and Gustavo 

Bonaventure 

Published in BMC Plant Biology 10 (164), 2010 

 

In manuscript I, we describe the metabolism of the insect elicitor N-linolenoyl-

glutamate (18:3-Glu) on the wounded leaf surface, and show that 18:3-Glu is metabolized 

into at least three different 18:3-Glu derivatives. One of these derivatives was shown to be 

active as an elicitor of jasmonic acid and monoterpenes. 

 

A. van Doorn and G. Bonaventure planned and performed the experiments, 

analyzed data and wrote the manuscript. A. A. Borquez performed experiments and M. 

Kallenbach interpreted the MS/MS spectra and was involved in structural elucidation. I. T. 

Baldwin planed the experiments and corrected the manuscript. 
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A rapid and sensitive method for the simultaneous analysis of aliphatic and polar 

molecules containing free carboxyl groups in plant extracts by LC-MS/MS 

 

Mario Kallenbach, Ian T. Baldwin and Gustavo Bonaventure 

Published in Plant Methods 5 (17), 2009 

 

In manuscript II, we describe a method for the simultaneous detection and 

quantification of free aliphatic molecules and small polar molecules containing free 

carboxyl groups by direct derivatization of leaf extracts with Picolinyl reagent followed by 

LC-MS/MS analysis. The method presented was used to detect 16 compounds in leaf 

extracts of N. attenuata plants. 

 

M. Kallenbach carried out the experiments, analyzed the data and drafted the 

manuscript. I. T. Baldwin participated in the design and coordination of the study and 

helped to draft the manuscript. G. Bonaventure conceived of the study, participated in its 

design and coordination and drafted the manuscript. 
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Manuscript III 

 

Nicotiana attenuata SIPK, WIPK, NPR1, and fatty acid-amino acid conjugates 

participate in the induction of jasmonic acid biosynthesis by affecting early enzymatic 

steps in the pathway 

 

Mario Kallenbach, Fiammetta Alagna, Ian T. Baldwin, and Gustavo Bonaventure 

Published in Plant Physiology 152 (96-106), 2010 

 

Manuscript III describes the early processes regulating the activation of JA 

biosynthesis by wounding and fatty acid- amino acid conjugate (FAC) elicitation in N. 

attenuata leaves. We show that NaSIPK, NaWIPK, NaNPR1, and FACs contribute to the 

activation of de novo JA biosynthesis by affecting diverse early enzymatic steps in this 

pathway and identified a plastidial glycerolipase A1 type I family protein (GLA1) essential 

for JA biosynthesis. 

 

M. Kallenbach and F. Alagna designed and performed the experiments, analyzed 

the data and drafted the manuscript. I.T. Baldwin was involved in experimental design and 

helped to draft the manuscript. G. Bonaventure conceived of the study, designed and 

performed experiments and drafted the manuscript. 
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Manuscript IV 

 

Empoasca leafhoppers attack the wild tobacco Nicotiana attenuata in a jasmonate-

dependent manner and identify jasmonate mutants in nature 

 

Mario Kallenbach, Gustavo Bonaventure, Paola Gilardoni, Antje Wissgott, and Ian T. 

Baldwin 

Submitted to PNAS 

 

In Manuscript IV, we studied host choice mechanisms of Empoasca leafhoppers using 

Nicotiana attenuata plants. These plants are attacked by the leafhoppers when plants are 

rendered deficient (by transformation) in JA accumulation and perception but not in the 

plant’s main JA-elicited defenses in both field and glasshouse experiments. We also report 

that this JA-dependent mechanism of host selection also occurs in native N. attenuata 

populations. 

 

M. Kallenbach carried out the experiments, analyzed the data and drafted the manuscript. 

G. Bonaventure participated in the design and coordination of the study and helped to draft 

the manuscript. P. Gilardoni carried out experiments and helped to draft the manuscript. A. 

Wissgott performed PCR analyses and helped to draft the manuscript. I.T. Baldwin carried 

out field experiments, conceived of the study and its design and coordinated and drafted 

the manuscript.  
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Manuscript V 

 

C12 derivatives of the hydroperoxide lyase pathway are produced by product 

recycling through lipoxygenase-2 in Nicotiana attenuata leaves 

 

Mario Kallenbach, Paola A. Gilardoni, Silke Allmann, Ian T. Baldwin and Gustavo 

Bonaventure 

Published in New Phytologist 191 (1054-1068), 2011 

 

In Manuscript V, we studied the fluxes and metabolism of C12 derivatives of the 

HPL pathway in Nicotiana attenuata plants after wounding and fatty acid- amino acid 

conjugate (FAC) elicitation. The quantification of these metabolites was achieved by the 

development of a new LC-MS ⁄MS method. We reveal new aspects of the biogenesis of 

C12 derivatives of the HPL pathway and rise new hypotheses for possible roles of these 

metabolites in the regulation of stress responses. 

 

M. Kallenbach carried out the experiments, analyzed the data and drafted the 

manuscript. P. Gilardoni carried out experiments. S. Allmann provided the data for the 

characterization of ir-hpl plants. I.T. Baldwin participated in the design and coordination of 

the study and helped to draft the manuscript. G. Bonaventure conceived of the study, 

participated in its design and coordination and drafted the manuscript. 
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Abstract 

Choice of host plants by phytophagous insects is essential for their survival and 

reproduction. This choice involves complex behavioral responses to a variety of physical 

and chemical characteristics of potential plants for feeding. For insects of the order 

Hemiptera, these behavioral responses involve a series of steps including labial dabbing 

and probing using their piercing mouthparts. These initial probing and feeding attempts 

also elicit a rapid accumulation of phytohormones such as jasmonic acid (JA) and the 

induced defense metabolites they mediate. When Nicotiana attenuata plants are rendered 

JA deficient by silencing the initial committed step of the JA biosynthesis pathway, they 

are severely attacked in nature by hemipteran leafhoppers of the genus Empoasca. By 
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producing N. attenuata plants silenced in multiple steps in JA biosynthesis, perception and 

the biosynthesis of the plant’s three major classes of JA-inducible insecticidal defenses, we 

demonstrate that the choice of plants for feeding by Empoasca leafhoppers in both nature 

and the glasshouse is independent of the accumulation of major insecticidal molecules, the 

presence of Candidatus Phytoplasma spp and were not associated with detectable changes 

in plant volatiles, but depends on the plant´s capacity to mediate JA signaling. We 

exploited this trait and used Empoasca leafhoppers to discover genetic variation in JA 

accumulation and signaling hidden in N. attenuata natural populations. 

\body 

 

Introduction 

Plants provide a variety of resources, such as food, mating and oviposition sites, 

and shelter for a majority of phytophagous insect species. Host plant selection by insects 

involves complex behavioral responses to a variety of physical and chemical 

characteristics of the host plant that operate at different spatial scales and include long-

range olfactory (e.g., plant derived volatiles perceived by odor-receptors) and visual cues 

(e.g., plant shape, size and color) and short-range chemotactic and gustatory cues (e.g., 

surface metabolites perceived by chemo-receptors) (1-3). The physical and chemical 

characteristics of plants that insects use for host selection depend on the feeding guild and 

the dietary behavior (e.g., polyphagy or oligophagy) of the insect species (4). For example, 

Drosophila melanogaster flies (order Diptera) use a wide range of olfactory cues such as 

methyl-, ethyl- and propyl-esters of short chain fatty acids generated by microorganisms 

growing on decaying fruit (5) while D. seychella flies use a specific molecule (methyl-

hexanoate) emitted by its exclusive foodplant, Morinda citrifolia (6). Insects with 

mouthparts capable of piercing plant tissues and sucking out liquids (e.g., order Hemiptera) 

use labial dabbing and probing to perceive chemical cues (e.g. waxes, terpenoids, 

acylsugars and alkaloids) on tissue surfaces or internal cellular layers (1-3,7). Interestingly, 

it has been shown that insects can also perceive phytohormones. Helicoverpa zea (order 

Lepidoptera) larvae can perceive jasmonic acid (JA) (8) which accumulates in the 

foodplants during attack and induces de novo synthesis of plant defense metabolites (9,10). 

Thus, one possible scenario is that insects can select plants for feeding based on the plant’s 
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capacity to produce JA (or to signal JA-mediated responses) as a means of eavesdropping 

on the defensive capacity of a potential host plant. 

In some cases insects can suppress the accumulation of plant defense metabolites as 

a mechanism of foodplant selection (11,12). These suppression mechanisms are often 

associated with the alteration of phytohormone biosynthesis or signaling pathways and 

may involve specific enzymes (e.g., glucose oxidase) produced by the insect (13) or 

vectored microorganisms (14,15). Leafhoppers of the genus Empoasca are hemipterans 

(family Cicadellidae) that feed on phloem and cell contents of a broad range of host plants 

(16,17). During feeding, the leafhoppers may induce a "hopper burn" in the plant tissue; 

damage that is characterized by the yellowing of the tissue around the feeding site (18). 

Empoasca leafhoppers can also vector viruses, bacteria and fungi and efficiently transmit 

them to plants as a consequence of their ingestion-egestion feeding behavior (18). For 

example, cell wall-lacking bacteria of the species Candidatus Phytoplasma can be 

transmitted by Empoasca leafhoppers (19,20). Interestingly, the transmission of Ca. 

Phytoplasma spp into the plant can affect the interaction of the plant with the transmitting 

insect via the modification of direct or indirect plant defenses. It has been shown that 

Malus domestica trees infected by Ca. Phytoplasma mali emit larger amounts of the 

volatile, ß-caryophyllene, compared to non-infected trees, a volatile that lures insect 

vectors to infected plants (14). A recent laboratory study performed with Arabidopsis 

thaliana and Macrosteles quadrilineatus leafhoppers, has shown that effector proteins 

produced by Ca. Phytoplasma asteris interfere with the activation of JA biosynthesis in the 

plant and thereby reduce the induction of JA-mediated defense responses (15).  

Nicotiana attenuata (Solanaceae), an annual tobacco plant native to the 

Southwestern US, germinates after fires from long-lived seed banks to form monocultures 

and has to cope with an unpredictable insect community (21). Populations of N. attenuata 

plants are known to harbor significant genetic diversity among individuals and the genetic 

diversity within populations is frequently larger than among populations (22), likely due to 

the plant’s fire-chasing germination behavior and long-lived seed banks (21). In their 

natural environment as well as in the glasshouse, N. attenuata plants respond strongly and 

specifically to the attack of insects from different feeding guilds (23,24). A large number 

of these responses is governed by a strong burst of JA which is amplified by elicitors in the 
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insect’s oral secretions (OS) (10,25-27). The initial steps of JA biosynthesis involve the 

release of trienoic fatty acids (e.g., α-linolenic acid [18:3]) from membrane lipids in the 

chloroplast by the action of glycerolipases (GLA1 in N. attenuata; (28,29)). The released 

trienoic fatty acids are oxidized by 13-lipoxygenases (LOX3 in N. attenuata) to form 

(13S)-hydroperoxy-18:3 (30). This molecule is the substrate for allene oxide synthase 

(AOS) that forms (9Z, 13S, 15Z)-12, 13-epoxy-18:3 which is subsequently cyclized to an 

isomeric mixture of 12-oxo-phytodienoic acid (OPDA) by allene oxide cyclase (AOC) 

(31). OPDA is transported into the peroxisome where the C10-C11 double bond in (9S, 

13S)-OPDA is reduced by an OPDA reductase (OPR) (32). The reduced OPDA (OPC-8:0) 

undergoes three cycles of ß-oxidation, involving acyl-CoA transferase (ACX) (33) and 

finally forming (3R, 7S)-jasmonic acid (JA). JA can be modified, for example, by 

jasmonyl-O-methyl transferase (JMT) to form methyl-jasmonic acid (MeJA) (34) or by 

JASMONATE RESISTANT (JAR) that conjugates isoleucine to form JA-Ile (35,36). JA-

Ile activates the SCFCOI1-JAZ complex (37) which transcriptionally activates genes 

involved in the biosynthesis of defense molecules among other responses (38,39).  

Previously, we have reported that N. attenuata plants rendered deficient in JA 

biosynthesis by silencing NaLOX3 (as-lox3) are heavily damaged by Empoasca 

leafhoppers in nature (40). Here, we used a set of eleven N. attenuata transgenic lines 

deficient in specific steps of JA biosynthesis and perception and deficient in the 

accumulation of major insecticidal molecules to disentangle the mechanisms underlying 

the selection of plants for feeding by Empoasca leafhoppers. In addition, we used these 

insects to discover genetic variation in JA accumulation and signaling in natural N. 

attenuata populations.  

 

Results 

 

Candidatus Phytoplasma spp is not found in Empoasca leafhoppers or the plants they 

attack in the field 

A previous study has shown that Ca. Phytoplasma asteris transmitted by 

Macrosteles quadrilineatus leafhoppers can affect JA biosynthesis in infected A. thaliana 

plants in the laboratory (15). Thus, we first examined whether the interaction between 
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Empoasca leafhoppers and N. attenuata plants involved Ca. Phytoplasma species. For this 

purpose we carried out two different sets of experiments. In the 2009 field season, we 

observed that N. attenuata plants silenced in the expression of COI1 (ir-coi1) were 

severely attacked by adult Empoasca leafhoppers. These adult leafhoppers originated from 

Cucurbita foetidissima plants growing adjacent to our field plot and they are referred to as 

Empoasca spp hereafter. Empoasca spp adults and leaves from Empoasca spp damaged 

and undamaged ir-coi1 plants were collected for analysis (first set). In parallel, adult 

Empoasca leafhoppers were collected and used to establish a colony in our glasshouse (see 

Materials and Methods for details). This colony was composed of a single Empoasca 

species and is referred to as Empoasca sp hereafter. Adult leafhoppers from this in-house 

colony were used to challenge ir-coi1 plants for seven days under glasshouse conditions. 

Adult leafhoppers and attacked and unattacked (control) leaves were collected and used for 

analysis (set 2). The presence of Ca. Phytoplasma spp was analyzed in adult Empoasca 

leafhoppers and leaf samples from both sets. A PCR approach using universal primers for 

the amplification of 16S rRNA (Table S1) (14,41,42) was used for Ca. Phytoplasma spp 

detection (Fig. S1). Ca. Phytoplasma spp were detected in the positive control samples 

(isolated genomic DNA from Ca. Phytoplasma asteris and Callistephus chinensis leaves 

infected with Ca. Phytoplasma asteris) but not in the negative control samples and in 

samples collected from field and glasshouse experiments (Fig. S1; see supporting materials 

and methods for details). These results demonstrate that the interaction between Empoasca 

leafhoppers and N. attenuata plants was independent of the presence of Ca. Phytoplasma 

spp. 

 

Generation of a toolbox of transformed plants to examine Empoasca leafhopper plant 

choice mechanisms 

To examine the mechanisms underlying Empoasca leafhopper plant choice, we 

transformed N. attenuata plants with RNAi inverted repeat (ir) constructs to silence: (i) 

specific steps of JA biosynthesis (ir-lox3 (43), ir-aos, ir-aoc, ir-opr3; ir-acx1 (see 

supporting materials and methods for details)), (ii) JA perception (ir-coi1) (44), and (iii) 

accumulation of JA-dependent defense molecules: nicotine (ir-pmt), trypsin proteinase 

inhibitor (PI, ir-pi), nicotine and PIs (ir-pmt/pi) (45), and diterpene glycosides (ir-ggpps) 
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(46) (Fig. 1A). Additionally, we ectopically expressed the JA methyl transferase 1 (JMT1; 

35S-jmt1) to metabolically deplete jasmonate accumulation by redirecting the flux of JA 

into methyl-JA (MeJA) (47). Compared to control plants, 35S-jmt1 plants have reduced 

levels of JA-Ile after simulated herbivory and they are therefore reduced in their COI1-

mediated JA-signaling capacity (47). 

Plants silenced in the expression of the AOS (ir-aos), AOC (ir-aoc), OPR3 (ir-opr3) 

and ACX1 (ir-acx1) genes were newly generated for this study and two homozygous 

independently transformed lines harboring a single T-DNA insertion (Fig. S2) were 

selected for each genotype. In unelicited leaves, the transcript levels of NaAOS, NaAOC, 

NaOPR3 and NaACX1 were silenced by 10- to 100-fold in the respective lines compared to 

WT (Fig. 1B). In leaves elicited with synthetic fatty acid-amino acid conjugate (FAC), to 

amplify the induction of the JA biosynthesis pathway (28), the target transcripts were 

reduced by 5- to 100-fold in the respective lines compared to WT at 60 min after elicitation 

(Fig. 1C). Consistent with the reduced expression of the JA biosynthesis genes, all lines 

showed significantly reduced levels of JA and JA-Ile after FAC elicitation (Fig. S3). ir-

acx1 plants lost their capacity to suppress JA accumulation in the 3rd generation and one 

line was therefore used as an additional control (line A466) to the plants transformed with 

the empty vector (EV) construct. 

This set of transgenic lines, deficient in JA-accumulation, JA-perception and JA-

dependent defense molecules, allowed us to study in detail the steps of the JA biosynthesis 

and signaling pathways that are responsible for feeding choice decisions of Empoasca 

leafhoppers. 

 

Defense molecules or volatiles do not direct initial Empoasca leafhopper feeding in 

nature 

To examine Empoasca leafhopper plant choice in nature, all of the transgenic N. 

attenuata lines mentioned above were grown in a fully randomized design in a field plot in 

the Great Basin Desert during the 2009 field season (Fig. 2A-B). ir-aos plants did not 

survive transplantation to the field and were not included in the analysis. An adjacent 

Medicago sativa (alfalfa) field served as a source of Empoasca spp adults that were 

encouraged to move into the N. attenuata plantation by mowing the alfalfa field (Fig. 2C). 
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Eight days after mowing, we quantified Empoasca spp attack as the percentage of total 

canopy area damaged (Fig. 2D). Importantly, although the degree of damage was 

expressed per total canopy area for normalization, we observed that 80 to 90% of the 

canopy damage inflicted by Empoasca leafhoppers occurred on stem leaves.  

ir-lox3, ir-aoc, 35S-jmt1 and ir-coi plants were heavily damaged by Empoasca spp 

(Fig. 2D). Interestingly, opr3 plants had wild type levels of Empoasca spp damage (Fig. 

2D) even though the levels of JA and JA-Ile in these plants were strongly reduced (Fig. 

S3). The reduced levels of Empoasca spp damage on ir-opr3 plants can be explained 

however by their reduced number of stem leaves due to decelerated growth in the field 

(Fig. S4). Thus, when the experiment was conducted, the canopy of ir-opr3 plants was 

dominated by rosette leaves. An alternative explanation for these observations is the 

possibility that OPDA plays a role in the mechanisms underlying the interaction between 

Empoasca leafhoppers and N. attenuata plants. This possibility was however ruled out 

with additional experiments (see below). The damage to plants with reduced levels of JA-

dependent defense molecules (ir-pmt, ir-pi, ir-pmt/pi and ir-ggpps) was not distinguishable 

from that of control plants (Fig. 2D). These results demonstrated that Empoasca 

leafhoppers feed preferentially on plants with reduced jasmonate accumulation and 

perception capacities for feeding rather than plants with reduced accumulation of nicotine, 

PIs and DTGs (ir-pmt, ir-pi, ir-pmt/pi and ir-ggpps).  

To test whether Empoasca leafhopper feeding choice in nature was driven by 

constitutively emitted volatiles from N. attenuata plants, we first trapped leaf volatiles 

from unattacked ir-lox3, ir-aoc, ir-opr3, 35S-jmt1, ir-coi1, ir-pmt, ir-ggpps, EV and A466 

plants grown in the field. Ultra-high resolution GC analysis detected 197 volatiles 

constitutively released from these plants. These 197 volatiles were subjected to principal 

component analysis (PCA) (48) for which the genotypes were grouped in two classes 

based on their significant differences in Empoasca spp damage (Fig. 2D). Principal 

components (PCs) 1 and 2 explained 44% of the variation but did not separate the two 

plant classes (Fig. S4C). Secondly, we tested whether herbivory-induced plant volatiles 

(HIPVs) –which consist of green leaf volatiles (GLVs) released immediately upon insect 

attack and terpenoids released during the following photoperiod (48)– affected Empoasca 

spp feeding choices. For this, we caged three adult Empoasca leafhoppers on leaves of the 
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genotypes mentioned above and trapped HIPVs for 4 h during two different periods: i) 

immediately after caging the leafhoppers (0-4 h) and, ii) 24 h after caging the leafhoppers 

(24-28 h). HIPVs differentially emitted by Empoasca spp feeding from the different 

transgenic lines were defined as compounds with a fold change (FC) of 1.5 ≤FC ≤0.66 and 

a P-value <0.05 when compared to unattacked plants of the same genotype. A total of 83 

HIPVs of 197 volatiles detected were identified as differentially accumulating among all 

the genotypes (Table S2). These 83 HIPVs were used for PCA analysis (48) in which the 

two volatile trapping periods were individually analyzed and, as mentioned above, the 

genotypes were grouped in two classes based on their significant differences in Empoasca 

spp damage (Fig. 2D). PCs 1 and 2 explained 50% of the variation within the first trapping 

period and 52% of the variation within the second trapping period but for both trapping 

periods, PC1 and PC2 did not separate the two plant classes (Fig. 2E-F). Thus, in 

summary, these results demonstrate that with an ultra-high resolution analysis of plant 

volatiles neither the detectable constitutively released volatiles nor HIPVs were associated 

with Empoasca spp feeding preferences in the field.  

 

Empoasca leafhopper damage correlates with reduced levels of OPDA and JA 

accumulation  

The field observations showed clearly that Empoasca spp preferentially attacked 

plants with reduced jasmonate accumulation and signaling capacity. To more directly 

evaluate the association between the Empoasca leafhopper feeding preferences observed in 

the field (Fig. 2D) with the jasmonate producing capacities (OPDA, JA and JA derivatives) 

of the transgenic N. attenuata lines used, we first assessed the capacity of EV, A466, ir-

lox3, ir-aoc, ir-opr3, ir-coi1, 35S-jmt1, ir-ggpps, ir-pi, ir-pmt and ir-pmt/pi plants to 

accumulate jasmonates after a standardized mechanical wounding under glasshouse 

conditions (Fig. 3A). Principal component analysis (PCA) separated the transgenic N. 

attenuata lines deficient in JA accumulation and perception from controls and lines 

deficient in JA-dependent defense molecules (Fig. 3B). PC 1 explained almost all (99.7%) 

variance present in the data and was positively influenced by jasmonate levels (loading 

factors between 0.2 and 0.4) but negatively by Empoasca spp damage (loading factor: -

0.34) (Fig. 3B). A correlation analysis between the amount of Empoasca spp damage 
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quantified in the field and the capacity of the plants to accumulate jasmonates after 

standardized mechanical wounding revealed that damage correlated negatively with the 

capacity of the plants to accumulate OPDA and JA (JA vs. damage: Pearson’s R²= 0.36, 

P= 0.03; OPDA vs. damage: Pearson’s R²=0.50, P=0.01, Figs. 3C-D). We therefore 

hypothesized that the extent of initial Empoasca leafhopper feeding on N. attenuata plants 

depended either on OPDA or JA accumulation or on their respective signaling capacities. 

 

Empoasca leafhopper feeding preferences depend on the plants’ capacity to mediate JA 

signaling 

To examine which jasmonate triggers initial feeding of Empoasca leafhoppers on 

N. attenuata plants, we first analyzed the induction of jasmonate biosynthesis in WT leaves 

after Empoasca sp feeding. For this experiment, twenty-five adult Empoasca sp from the 

glasshouse colony were caged on single leaves of N. attenuata wild type (WT) plants. 

After 24h, the levels of OPDA, JA, JA derivatives and methyl-JA (MeJA) were quantified. 

The levels of OPDA, JA, JA-Ile, 11/12-hydroxy-JA-Ile and 11/12-carboxy-JA-Ile were 

significantly increased (3- to 8-fold) in leaves attacked by Empoasca sp compared to 

control leaves (Figs. 4A-B, Table S3A). 11/12-hydroxy-JA, MeJA and JA-amino acid 

conjugates other than JA-Ile were not detected in leaves. Thus, the induction of OPDA and 

JA accumulation by Empoasca sp feeding is consistent with a potential role of these two 

jasmonates in the plant selection process. 

To determine the predominant factor influencing plant selection by Empoasca sp 

(i.e. OPDA or JA accumulation or mediated signaling) we performed choice experiments 

using N. attenuata WT (control), ir-lox3, ir-coi1 and 35S-jmt1 plants in the glasshouse. 

Leaves were treated either with lanolin (control treatment) or with lanolin containing 

MeJA. Two days after the treatment, the plants were challenged with 150 adult Empoasca 

sp and the percentage of leaf damage was determined after 7 days (Fig. S5A). Lanolin 

treated ir-lox3, ir-coi1 and 35S-jmt1 plants were damaged significantly more by Empoasca 

sp than lanolin-treated WT plants (Fig. 4C). Treatment of ir-lox3 plants with MeJA 

decreased Empoasca sp damage significantly by 8-fold compared to the lanolin treatment, 

whereas it did not decrease damage in ir-coi1 and 35S-jmt1 plants (Fig. 4C).  
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To evaluate the accumulation of jasmonates after external MeJA application, the 

levels of OPDA, JA, JA derivatives and MeJA were quantified in unchallenged WT, ir-

lox3, ir-coi1 and 35S-jmt1 plants treated with lanolin or MeJA (Table S3B). None of the 

jasmonates analyzed were detected in lanolin-treated leaves. JA levels accumulated to 2.5 

to 4.6 nmol g-1 FM in MeJA-treated leaves of WT, ir-lox3, ir-coi1 and 35S-jmt1 plants 

(Fig. 4D, Table S3B) indicating that the levels of JA did not affect Empoasca sp feeding 

damage. JA-Ile was detected in low amounts (0.01-0.02 nmol g-1 FM) in MeJA-treated 

leaves of WT, ir-lox3 and 35S-jmt1 plants, but in significantly higher amounts in MeJA-

treated ir-coi1 leaves (0.14 nmol g-1 FM), consistently with the lower metabolism of JA-Ile 

in ir-coi1 plants (44,49,50). Thus, since Empoasca sp feeding damage was similar on 

lanolin and MeJA treated ir-coi1 plants, JA-Ile levels did not directly affect Empoasca sp 

feeding choice. In MeJA-treated leaves, MeJA was only detected in leaves of 35S-jmt1 

plants (1 nmol g-1 FM) (Fig. 4D, Table S3B) but also did not directly affect Empoasca sp 

feeding. OPDA was detected in similar amounts in MeJA-treated leaves of control and 

35S-jmt1 plants (0.01-0.02 nmol g-1 FM) (Fig. 4D) but was not detected in ir-lox3 and ir-

coi1 plants consistent with the activation of the JA biosynthetic pathway by exogenous 

MeJA (23). Although OPDA levels in MeJA treated 35S-jmt1 plants were similar to those 

of MeJA treated WT leaves, Empoasca sp feeding on 35S-jmt1 was not affected by MeJA 

treatment. This demonstrated that OPDA or its associated signaling cascade was not 

involved in the plant selection process by Empoasca sp. The results revealed that 

Empoasca sp feeding on N. attenuata can be reduced by external MeJA application to lines 

silenced in JA biosynthesis but not in lines silenced in JA perception (ir-coi1) or in plants 

in which the flux of JA is redirected to an inactive jasmonate (35S-jmt1). 

To provide independent evidence of the deficiency in JA-mediated defense 

signaling in ir-coi1 and 35S-jmt1 plants, the induction of trypsin proteinase inhibitor (PI) 

activity (as an indicator of induced defenses mediated by JA-mediated COI1 signaling 

(51)), was quantified in WT, ir-lox3, ir-coi1 and 35S-jmt1 plants elicited with MeJA. 

Compared to lanolin-treated leaves, PI activity was induced to an activity of 2-2.5 nmol 

mg protein-1 in MeJA treated leaves of control and ir-lox3 plants, not induced in leaves of 

ir-coi1 and was reduced by 60% (0.9 nmol mg protein-1) in 35S-jmt1 plants (Fig. 4E). 

Although MeJA treatment of 35S-jmt1 plants partially induced JA-mediated defenses (i.e. 
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PI activity), damage by Empoasca sp on MeJA treated 35S-jmt1 plants was similar to that 

on lanolin-treated 35S-jmt1 plants. These experiments demonstrated that MeJA treatment 

induced defense responses (i.e. PI activity) in N. attenuata and were consistent with the 

results obtained from the field with N. attenuata ir-pi lines (Fig. 2D) (i.e. the choice of 

plants for feeding by Empoasca leafhoppers is independent of PI levels). 

Finally, to evaluate if the Empoasca sp in-house colony used for these experiments 

was free of Ca. Phytoplasma spp, we analyzed the presence of Ca. Phytoplasma spp in 

severely Empoasca sp-damaged leaves from WT, ir-lox3, ir-coi1 and 35S-jmt1 plants and 

ten adult Empoasca leafhoppers from the colony. Phytoplasma was not detected in either 

leaf or leafhopper samples (Fig. 5B; see supporting materials and methods for details). 

 

Empoasca leafhopper attack identified variations in JA accumulation in nature 

The work presented above demonstrated that Empoasca spp damage could be used 

to identify genetically modified N. attenuata plants deficient in JA accumulation and 

signaling in the field and glasshouse. We next asked: could Empoasca spp attack also 

identify natural variation in JA accumulation and signaling? During the 2009 field season, 

a natural population of 100 N. attenuata plants was screened using Empoasca spp 

(collected from C. foetidissima plants) to discover genetic variation in JA accumulation 

hidden in natural populations. Two of the plants in the population showed Empoasca spp 

damage, and after leaf elicitation with Manduca sexta oral secretions (OS) in the field, 

these plants accumulated less JA than neighboring unattacked plants of the same 

population (Fig. 6A-B). OS-elicitation provides a standard method to assess the maximal 

capacity of the plants to produce JA after an insect-associated response. Moreover since 

the OS was collected from M. sexta larvae, the analysis allowed us to exclude the 

possibility that factors (in addition to phytoplasma) introduced by Empoasca spp attack 

were responsible for the suppression of the JA burst. Self-pollinated seeds from the two 

plants showing Empoasca spp damage and their closest undamaged neighbors were 

collected and grown in the glasshouse. Consistent with the field results, elicitation of 

leaves with M. sexta OS elicited smaller JA bursts in the progeny of the two plants 

previously showing Empoasca spp damage compared to the progeny of previously 

unattacked plants (Fig. 6C-D).  
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A second screening of native N. attenuata populations was carried out during the 

2011 field season. In this case and in contrast to 2009, we used natural infestations of 

Empoasca spp originating from C. foetidissima plants growing within natural N. attenuata 

populations. We screened two populations consisting of approximately 400 and 200 N. 

attenuata plants (Fig. 6E) and found three and two plants, respectively, that were highly 

damaged by Empoasca spp compared to neighboring plants at similar growth stages (Fig. 

S5C). Undamaged leaves from the five plants showing Empoasca spp damage and from 

undamaged neighbor plants were M. sexta OS-elicited and harvested 60 min after the 

treatment. All five plants showing Empoasca spp damage accumulated significantly lower 

JA levels than their undamaged neighbors within a population but not between populations 

(Fig. 6F). The analysis of phytoplasma in leaves and Empoasca spp collected in both plant 

populations was again negative (Fig. S5D; see supporting materials and methods for 

details). These results demonstrated that the initial Empoasca leafhopper feeding choice 

can be used to identify variations of JA accumulation or signaling in N. attenuata 

populations. In addition, these experiments allowed us to exclude any role of Empoasca 

spp feeding in the suppression of the JA signaling in these plants.  

 

Discussion 

 

Volatile release is not associated with Empoasca leafhopper damage 

Plant selection by Empoasca leafhoppers can be guided by perceiving non-volatile 

molecules during the first feeding but also by perceiving specific volatile cues released 

from plants appropriate for feeding. Several studies have highlighted the fundamental role 

of plant volatiles in plant selection by herbivore insects (52,53). For example, Manduca 

moths can distinguish N. attenuata plants already infested by M. sexta larvae and 

preferably lay eggs on uninfested plants (54). Furthermore, Empoasca fabae leafhoppers 

are more arrested by volatiles emitted from an alfalfa genotype susceptible to E. fabae than 

from a resistant alfalfa genotype (55). Additionally, phytopathogen infections can cause 

dramatic changes in volatile emissions and these emissions can lure insect vectors to 

infected plants (14). Our studies were focused on the initial selection of plants for feeding 
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by Empoasca leafhoppers. We therefore analyzed N. attenuata volatile emissions before 

and during the first stages of leafhopper attack rather than tracking long term changes. 

Changes in plant volatiles released from both unattacked and Empoasca spp-attacked 

plants and analyzed by ultra-high resolution GCxGC-ToF mass spectrometry were not 

associated with Empoasca spp feeding preferences. While we cannot exclude the 

possibility that unmeasured volatiles might play a role, our results are consistent with the 

conclusion that the choice of plants for feeding by Empoasca leafhoppers is based on plant 

characteristics perceived during the initial probing process (see below). 

 

Empoasca leafhopper plant choice is not associated with the presence of Ca. 

phytoplasma spp in nature and the glasshouse  

Recent laboratory studies have shown that Ca. Phytoplasma asteris infection 

reduces JA biosynthesis in A. thaliana plants (15) and that Ca. Phytoplasma mali 

infections induces Malus domestica to emit higher amounts of ß-caryophyllene to lure 

insect vectors (14). In nature, the proportion of Ca. Phytoplasma spp infected leafhoppers 

is low (approximately 2%, (56)) and in our study the choice of N. attenuata plants by 

Empoasca leafhoppers was not associated with the presence of Ca. Phytoplasma spp in 

both natural and laboratory environments. 

 

The major defense molecules of N. attenuata do not affect initial Empoasca leafhopper 

feeding 

Since Fraenkel (57) first argued for a defensive function of plant secondary 

metabolites, many laboratory studies have described defensive metabolites induced by 

herbivore attack (7). We demonstrate that Empoasca leafhopper feeding on N. attenuata 

plants is independent of the accumulation of the three major classes of insecticidal 

compounds in N. attenuata (i.e. nicotine, trypsin proteinase inhibitors (PIs) and diterpene 

glycosides (DTGs)). The biosynthesis of these molecules is regulated by JA signaling, and 

they are known to strongly influence the herbivore community on N. attenuata in field 

experiments (45,46,58). Although the total herbivore damage on ir-pmt, ir-pi, ir-pmt/pi and 

ir-ggpps plants was significantly higher compared to control plants (Fig. S4D), damage by 

Empoasca spp were similar to that on control plants (Fig. 2D) in the field. Furthermore, in 
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the glasshouse, MeJA treatment of 35S-jmt1 plants significantly induces the activity of PIs 

but these plants were similarly attacked by Empoasca leafhoppers to lanolin treated 35S-

jmt1 plants. Empoasca leafhopper performance may be affected by nicotine, PIs or DTGs 

but the initial feeding choice of Empoasca leafhoppers (as reflected by the initial feeding 

damage) is clearly not affected by these molecules. 

 

JA signaling mediates Empoasca leafhopper plant choice 

In nature, Empoasca leafhoppers preferentially select N. attenuata plants for 

feeding when they are rendered deficient in JA accumulation or JA perception (Fig. 2D). 

Eleven ir-lines deficient in JA accumulation, perception and JA regulated defense 

molecules were analyzed in the field to disentangle the mechanisms responsible for feeding 

preferences of Empoasca leafhopper. We also re-assessed as-aos plants which were 

previously shown to be similarly attacked by Empoasca spp compared to WT (Fig. S6A 

(40)). We found that the wound-induced accumulation of JA was similar to that of EV 

control plants (Fig. S6B): a likely explanation for why Empoasca spp did not attack as-aos 

plants in the 2003 field season (40). Our results demonstrate that initial Empoasca spp 

feeding on N. attenuata plants in the field negatively correlates with the accumulation of 

jasmonates (Fig. 3). To examine these correlations, wound-induced jasmonate 

accumulation rather than Empoasca spp induced JA accumulation was used because (i) 

Empoasca spp feed differentially on the different genotypes analyzed and (ii) Empoasca 

spp feed at irregular times. Therefore we used a single wounding elicitation to provide 

rigorous quantitative measures for comparisons of JA bursts amongst genotypes. 

The results demonstrated that in the glasshouse and in the field, the capacity to 

induce defense responses mediated by JA signaling dictates the initial feeding choice of 

Empoasca spp. Treatment with MeJA elicits the accumulation of JA in ir-coi1 but not JA-

mediated defenses and therefore, did not decrease Empoasca spp feeding damage 

compared to lanolin treated plants (Fig. 4). MeJA treatment induces JA-mediated defenses 

in 35S-jmt1 but attack from Empoasca spp was not decreased (Fig. 4). Thus, initial 

Empoasca spp feeding can be either directly mediated by the plant’s JA signaling capacity 

or most likely by JA-dependent responses via COI1. The identification of single molecules 

or a combination of molecules (including signaling complexes) that Empoasca spp 



Chapter 6 - Manuscript IV 
_________________________________________________________________________ 

_________________________________________________________________________ 
-105- 

perceives in the plant will require experiments in which the response of Empoasca spp to 

the exposure of these molecules can be determined. These responses can range from 

behavioral responses (e.g., attraction, repulsion) to the recording of electrical signals from 

the precibarial sensilla (60) that are likely used by Cicadellidae leafhoppers in assessing 

the JA bursts elicited by their ingestion-egestion mode of feeding. Imaging techniques 

commonly used to study, for example, calcium signaling in Drosophila melanogaster 

neurons upon excitation with specific molecules can be developed for Empoasca spp (5). 

These experiments will have to be coupled with the isolation of molecules from the plant 

and, in later steps, with the generation of transgenic plants deficient in the accumulation of 

specific molecules. 

JA is a chemical and functional analog of eicosanoids in animals, and during the 

divergence of plants and animals, the function of these oxygenated derivatives of fatty 

acids in mediating defense responses against sucking insects has been conserved. 

Hematophagous insects induce the accumulation of eicosanoids in the bite zone that elicits 

inflammation and defensive behavioral responses in the host (61). Thus, as for blood-

feeding dipterans, the responses induced by phytophagous hemipterans are associated with 

the production of oxygenated forms of fatty acids. During the course of evolution, 

Empoasca spp have acquired the capacity to select appropriate hosts with diminished 

defensive response by indirectly perceiving JA signaling (e.g. the SCFCOI1-JA-Ile complex) 

after feeding. As an evolutionary counter-response, animal and plant hosts may have 

amplified their attack-elicited signaling to function as an aposematic signal, warning of 

impending defense responses to these eavesdropping potential grazers.  

In summary, we demonstrate that Empoasca spp leafhoppers select plants for 

feeding in nature by eavesdropping on JA-mediated signaling. Given their high mobility, 

Empoasca spp leafhoppers may probe plants at random in the field and settle on those with 

lower levels of JA-mediated signaling for sustained feeding. This behavior can be used to 

identify natural variation in JA accumulation in native populations. This native tobacco 

uses fires to synchronize its germination from long-lived seed banks to grow in dense 

populations characterized by intense intraspecific competition and variable herbivore 

pressures (21). Hence, we hypothesize that growth-defense tradeoffs are likely severe for 

this plant, and these tradeoffs likely provide the selective pressure to maintain these JA-
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signaling mutants in native populations, despite the clear disadvantages of being defense-

impaired. Once we have completed the sequencing of the N. attenuata genome, we will 

characterize in greater detail these JA-signaling mutants that Empoasca leafhoppers have 

identified for us from natural populations. 

 

Material and Methods 

 

Plant material and growth  

Seeds of the 30th and 31st generations of an inbred line of Nicotiana attenuata were 

used as the wild-type (WT) genotype in all experiments. The inbred line originated from 

seeds collected in 1988 from a natural population at the DI ranch in southwestern Utah, 

USA. Seeds were germinated and plants were grown as described (62). 

We used plants harboring an empty vector construct (EV, line A-03-9-1 (63)) as 

controls in all field experiments, stably transformed lines: ir-lox3 line A-03-562-2 (43), ir-

aos, ir-aoc, ir-opr3, ir-acx1, ir-coi1 line A-04-249-A-1 (44) and 35S-jmt1 line A-07-291-2 

(47) as plants that are silenced to various degrees in their JA production, signaling and 

perception capabilities and lines silenced in the expression of JA-mediated direct defenses: 

diterpene glycosides (DTGs, ir-ggpps line A-07-231-3 (46)), nicotine (ir-pmt line A-03-

108-3 (45)), proteinase inhibitors (PIs; ir-pi line A-04-186-1 (45)) and nicotine and PIs 

together (ir-pmt/pi line A-04-103-3 (45)). 

 

Plant treatments 

In the glasshouse, tissue was collected from the first fully elongated leaf at nodes 

+1 (64) of rosette stage (~30 day old) N. attenuata plants. Wounding was performed by 

rolling a fabric pattern wheel three times on each side of the midvein. To analyze 

differences in jasmonate accumulation between plants, leaves were treated with water (W), 

synthetic fatty acid-amino acid conjugate (FAC) or Manduca sexta oral secretions (OS). 

For FAC elicitation, the wounds were supplied immediately with 0.6 pmol of synthetic N-

linolenoyl-glutamic acid (18:3-Glu; 20 µL of a 0.03 nmol/mL solution in 0.02% (v/v) 

Tween 20/water). For OS elicitation we used M. sexta OS, stored under argon at -20°C 
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immediately after collection until usage. The wounds were supplied with 20 µL of 1:5 

(v/v) diluted OS. Leaf tissue was collected at different times and immediately frozen in 

liquid nitrogen for subsequent analysis. 

For the screening of native N. attenuata plants in the field, the least damaged non-

senescing leaves available on each plant were used. The leaves were randomly chosen as 

either control or elicited leaves. Wounding and OS elicitation was performed as described 

above for the glasshouse treatments. Tissue was collected 60 min after elicitation and 

immediately frozen between dry ice blocks. 

For methyl jasmonate (MeJA) treatment, 34.6 µL of pure MeJA (Sigma-Aldrich, 

Taufkirchen, Germany) were dissolved in 5 mL of pure lanolin (Roth, Karlsruhe, 

Germany) to attain a final concentration of 7.5 µg µL-1. 20 µL of either pure lanolin or 

MeJA-containing lanolin were applied to the abaxial-side of leaf bases of the first three 

fully elongated leaves (positions +1, +2, +3) (64) of rosette-stage plants. Choice 

experiments were performed 2 days after treatments. For jasmonate and PI activity 

analysis, tissue was collected from the untreated leaf portion 3 days after the treatment and 

immediately frozen in liquid nitrogen. 

To analyze the changes in jasmonate levels after Empoasca sp attack, 25 adult 

leafhoppers were caged onto WT leaves with two 50 mL plastic containers (Huhtamaki, 

Bad Bertricher, Germany) or two empty 50 mL plastic containers were placed onto WT 

leaves as controls. After 24 h, the plastic container together with leaf and insects were 

removed from the plant and flushed with CO2 for 15 s to anaesthetize the leafhoppers. All 

Empoasca sp were removed and the leaves immediately frozen in liquid nitrogen. Control 

leaves were treated similarly in the absence of Empoasca sp. 

 

Insect collection and treatment 

For all experiments in the field, Empoasca leafhoppers were collected from infested 

Cucurbita foetidissima plants growing adjacent to the field plot at the Lytle Ranch 

Preserve in SW Utah during the 2009 and 2011 field seasons, respectively. For field 

experiments, we collected Empoasca spp adults on the day of the experiments, between 4 

AM and 6 AM, when the leafhoppers are relatively immobile and easier to collect. 

Leafhopper adults were kept in plastic containers until the start of the experiment.  
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To establish a glasshouse colony of Empoasca sp, approximately 400 adults were 

collected from C. foetidissima growing at the Lytle Ranch Preserve on May 30th 2009 and 

on June 16th 2011, respectively, and placed in an adapted Plexiglas container (1 x 2 x 1.5 

m3) in the glasshouse and reared on C. moschata, C. maxima and C. pepo plants, which 

were replaced weekly. So far, we have not been able to identify the Empoasca species used 

in this study because of their poorly understood phylogeny of the genus (18). We assume 

that the species is Empoasca fabae but further corroboration is required to ascertain the 

actual species. We would greatly appreciate expert knowledge regarding the identity of the 

leafhopper species. We can provide males as voucher specimens, stored in 80% ethanol, as 

well as living individuals as long as our in-house colony remains viable. For the glasshouse 

experiments, Empoasca sp adults were collected from the colony immediately before use, 

anaesthetized with CO2 for 15 s and separated in 50 mL plastic containers in different 

numbers according to the experiment. 

 

Field experiments 

Seeds of the following N. attenuata genotypes: empty vector (EV), ir-lox3, ir-aos, 

ir-aoc, ir-opr3, A466 (ir-acx1), ir-coi1, 35S-jmt1, ir-ggpps, ir-pi, ir-pmt and ir-pmt/pi, were 

imported under APHIS notification number 07-341-101n and the field experiments were 

conducted under notification number 06-242-3r-a2. All transformed N. attenuata 

genotypes mentioned above were used for experiments in the experimental field plot at the 

Lytle Ranch Preserve near Santa Clara, Utah in 2009.  

For germination, seeds were treated with 1 mM gibberellic acid (GA3) in 1:50 (v/v) 

diluted liquid smoke (House of Herbs, Passaic, NJ), germinated on agar plates containing 

Gamborg’s B5 medium (Duchefa, Haarlem, The Netherlands) and grown in a shade house. 

After 2 weeks, young seedlings were transplanted into Jiffy 703 pots (Jiffy Products, 

Shippegan, New Brunswick, Canada), fertilized with approximately 300 µg Borax (7.5 mg 

L-1 Na2[B4O5(OH)4]*8 H2O in water) and grown outdoors for 2 weeks. At 28-30 days after 

germination, plants were planted into the field plot and a plastic label carrying the APHIS 

identification number of each genotype was buried under the roots of each plant to ensure 

unambiguous genotype identifications. A 10 cm bamboo stick with the APHIS 

identification code was placed in the soil by each plant. The field plot consisted of 26 rows 
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separated by open irrigation troughs which allowed plants to be watered every second day 

until they were established rosette-stage plants. 

Size matched EV, ir-pi, ir-pmt, ir-pmt/pi and ir-ggpps plants (10 to 15 plants per 

genotype) were planted in a fully randomized design. A466, ir-lox3, ir-aos, ir-aoc, ir-opr3 

and ir-coi1 plants were planted in a randomized design, each paired with a size-matched 

EV plant (15 pairs per genotype). 35S-jmt1 plants were planted pairwise with a size-

matched EV plant (26 pairs). All plants were monitored daily during reproductive growth 

and all flowers of each genotype were removed before their corollas opened and could 

release pollen. Rosette diameter and stem length was determined continuously between 

15th and 29th of May 2009 (24 to 38 days after plantation). 

An alfalfa field adjacent to the field plot provided a source of Empoasca spp 

leafhoppers. We mowed this field on May 27th 2009 to encourage movement of 

leafhoppers to the N. attenuata plantation. We quantified the damage caused by Empoasca 

spp feeding as a percentage of the leaf area damaged normalized to the total plant area 8 

days after the mowing of the alfalfa field (44 days after transplantation). 

 

Jasmonate analysis 

The analysis of OPDA, JA, JA-Ile, MeJA, JA-Val, 11/12-hydroxy-JA, 11/12-

hydroxy-JA-Ile and 11/12-carboxy-JA-Ile was performed as previously described (29,47). 

The principal component analysis (PCA, Fig. 3B) was performed using the Metaboanalyst 

software (65,66). The grouping of the transgenic N. attenuata lines, necessary for PCA 

analysis, was done by separating lines deficient in JA accumulation and perception from 

controls and lines deficient in JA dependent defense molecules. For this analysis levels of 

jasmonates and Empoasca spp damage were normalized using autoscaling. 

 

Analysis of PI activity 

Leaf tissue from 40-day-old ir-lox3, ir-coi1, 35S-jmt1 and WT plants was harvested 

2 days after treatment with either lanolin or MeJA containing lanolin. The analysis of PI 

activity was performed as previously described (67).  

 

Empoasca sp choice experiments 
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Six leaves of each three plants of WT, ir-lox3, ir-coi1 and 35S-jmt1 were treated 

with either pure lanolin or MeJA containing lanolin (7.5 µg µL-1) as described above. Two 

days after the treatment, the plants were placed in a fully randomized design within a 

containment cage and challenged with 150 Empoasca sp adults. After 7 days, the 

percentage of canopy leaf area damaged by Empoasca sp of treated leaves (Fig. 5A) was 

determined.  

 

Identification of natural variation of JA accumulation capacities in native populations 

of N. attenuata 

Native N. attenuata plants growing in the Great Basin desert, southwestern Utah, 

were selected for analysis (22). In 2009, we selected one population consisting of 

approximately 100 plants (Fig. 5A) and in 2011, we selected two populations consisting of 

approximately 200 and 400 plants (Fig. 5E).  

In 2009, all plants in the population were carefully inspected and plants showed no 

evidence of Empoasca spp feeding damage or the presence of Empoasca spp adults or 

nymphs on the plants. Fifty Empoasca spp adults were collected from infested C. 

foetidissima plants growing adjacent to our field plot and released into the native 

population. Two days after this release, the plants were re-screened for Empoasca spp 

damaged leaves and two plants were found that had been attacked. Leaves from these two 

plants and an unattacked control plant were OS elicited as described, harvested 60 min 

after elicitation and immediately frozen on dry ice for subsequent jasmonate analysis. 

Flowers from these plants were bagged to exclude flower visitors, and seed capsules from 

these self-pollinated flowers were collected from both Empoasca spp attacked plants and 

their closest undamaged neighbors. Seeds from each plant and 30x inbred WT plants were 

grown in the glasshouse. Leaves were either left unelicited (control) or were OS-elicited as 

described above and harvested after 60 min for jasmonate analysis.  

In 2011, we screened all 600 plants of the two populations and five plants with 

visible Empoasca spp damage were found. Leaves from these plants and their nearest 

undamaged neighbors were either unelicited or OS elicited as described, harvested 60 min 

after elicitation and immediately frozen on dry ice for subsequent jasmonate analysis. 
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Figure legends 

Fig. 1. Lines of transformed plants generated to dissect the mechanisms of Empoasca spp 

feeding choice. (A) Enzymes of the jasmonate biosynthetic and signaling pathway and of 

jasmonate-regulated direct defenses in N. attenuata. All enzymes in red font were silenced 

by RNAi while JMT (blue font) was ectopically expressed to generate a toolbox of 

transformed plants to examine Empoasca spp feeding choice in nature. (B) RNAi lines 

were generated by transforming N. attenuata plants with constructs harboring an inverted 

repeat (ir) fragment of each gene. Silencing efficiency of two independently transformed 

homozygous ir-lines with a single T-DNA insertion was determined in unelicited leaves 

and leaves harvested 60 min after fatty-acid amino-acid (FAC) elicitation by qPCR 

analysis. Transcript levels were quantified by comparing the levels of corresponding genes 

to the eukaryotic elongation factor 1A-α (NaEF1A-α) (average ± SE, n=3, asterisks 

indicate statistically significant differences, Student t-test with Welch correction, WT 

versus ir-line, *: P< 0.05, **: P< 0.01, ***: P< 0.001). 

 

Fig. 2. Empoasca spp select plants deficient or modified in JA accumulation or perception 

for feeding in the field, independently of released herbivory induced volatiles (HIPVs). (A) 

Timeline of experimentation during the 2009 Utah field season. (B) Design of the field plot 

and the location of the different N. attenuata genotypes within the field plot. (C) In the 

field, N. attenuata plants were grown adjacent to a Medicago sativa (alfalfa) field, a source 

of Empoasca spp. Empoasca spp damage (white circles) on N. attenuata was determined 

as the percentage of canopy area exhibiting the characteristic damage resulting from 

Empoasca spp attack. (D) Eight days after the mowing of the alfalfa field, damage was 

quantified on: empty vector (EV) and A466 controls, lines silenced in JA biosynthesis (ir-

lox3, ir-aoc, ir-opr3) and perception (ir-coi1), lines silenced in JA-dependent defense 

molecules: diterpene glycosides (ir-ggpps), trypsin proteinase inhibitors (PIs; ir-pi), 
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nicotine (ir-pmt) and both nicotine and PIs,(ir-pmt/pi), and lines ectopically expressing a 

jasmonic acid methyl transferase (35S-jmt1). Asterisks represent significant differences 

compared to control plants, n= 7-10, Student t-test, *: P<0.05, **: P<0.01, ***: P<0.001, a: 

P=0.07). (E-F) After caging Empoasca leafhopper on single leaves, HIPVs were collected 

for 4 h during two different periods: i) immediately after caging the leafhoppers (0-4 h) 

and, ii) 24 h after caging the leafhoppers (24-28 h). A total of 83 HIPVs of 197 detected 

emitted by Empoasca spp feeding with a fold change (FC) of 1.5 ≤FC ≤0.66 (P-value 

<0.05) when compared to volatiles released from unattacked plants of the same genotype. 

These 83 HIPVs were used for principal component analysis (PCA) analysis in which the 

two volatile trapping periods were individually analyzed. N. attenuata plants were grouped 

in two classes based on Empoasca spp damage (black: no significant differences in 

Empoasca spp damage compared to controls; red: significant differences) and principal 

components (PCs) 1 and 2 of the transgenic lines were plotted against each other. 

 

Fig. 3. Wound-elicited JA and OPDA levels correlate with Empoasca spp damage. (A) All 

lines analyzed in the field were grown in the glasshouse and jasmonate accumulations in 

treated leaves were analyzed 1 h after wounding (numbers represent average ±SE, n=5, *: 

The damage data is the same as shown in Fig. 2D and it has been included here for 

comparison and to assist with the understanding of the results in this figure). (B) Principal 

component analysis (PCA) separated the transgenic N. attenuata lines deficient in JA 

accumulation and perception from controls and lines deficient in JA-dependent defense 

molecules. (C-D) Empoasca spp damage observed in the field negatively correlated with 

the wound-induced JA and OPDA levels observed in the glasshouse (Pearson correlation; 

JA vs. damage: Pearson’s R²= 0.36, P= 0.03; OPDA vs. damage: R²= 0.50, P= 0.01). 

 

Fig. 4. Initial Empoasca sp feeding induces jasmonate accumulation and is triggered by JA 

signaling capacities. (A-B) 25 Empoasca sp were caged on N. attenuata WT leaves 

jasmonate accumulation was measured. OPDA and JA levels were measured 24 h after 

Empoasca sp feeding in control and attacked leaves (bars represent average ± SE, n= 4, 

Asterisks represent significant differences compared to control plants, Student t-test, **: P 

< 0.01; ***: P < 0.001). In glasshouse bioassays, MeJA treatment of leaves enhances the 
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resistance to Empoasca sp attack of WT (control) and ir-lox3 plants, but not of ir-coi1 and 

35S-jmt1 plants. Leaves of WT, ir-lox3, ir-coi1 and 35S-jmt1 plants were either treated 

with lanolin or lanolin containing MeJA. (C) Two days after the treatment, plants were 

challenged with 150 Empoasca sp adults and damage was recorded after 7 days (damage is 

shown as the percentage of canopy area; average ±SE; n=15-18, different letters indicate 

statistically significant differences, Student t-test, P <0.05). (D) Levels of MeJA, JA, JA-

Ile and OPDA were quantified in MeJA-treated leaves of WT, ir-lox3, ir-coi1 and 35S-jmt1 

plants 3 days after the treatment (Table S3; average ±SE; n= 4-9; different letters indicate 

statistical significance among lines and within analytes, Student t-test, P < 0.05, nd: not 

detected). (E) To analyze JA signaling capacities, we determined the levels of trypsin 

proteinase inhibitor (PI) activity in lanolin and MeJA-treated leaves 3 days after the 

treatment (average ±SE; n= 6, different letters indicate statistically significant differences, 

Student t-test, P <0.05, nd: not detected). 

 

Fig. 5. Empoasca spp identified natural variation in JA accumulation in genetically diverse 

native N. attenuata populations. (A) During the 2009 field season, approximately 50 

Empoasca spp were released into a native N. attenuata population (ca. 100 plants) and 

Empoasca spp damage on all plants was determined after 2 days. (B) Two plants with 

detectable Empoasca spp damage were found. Leaves from both plants and a non-attacked 

control plant were elicited with M. sexta oral secretion (OS) and harvested for jasmonate 

analysis after 60 min. Both plants showing Empoasca spp damage had lower OS-elicited 

amounts of JA compared to control plants (average ±SE, n= 3-4; bars sharing same the 

letters are not significantly different, Student t-test, P<0.05). (C) Selfed seeds from these 

plants and neighboring undamaged plants (N1, N2) were grown in the glasshouse, OS-

elicited and harvested for jasmonate analysis after 60 min. (D) JA accumulations in plants 

from two accessions showing Empoasca spp damage in the field were significantly lower 

than those plants derived from undamaged neighbors (average ±SE, n= 4; bars sharing 

same the letters are not significantly different, Student t-test, P<0.05). (E) During the 2011 

field season, two areas with approximately 400 and 200 native N. attenuata plants were 

surveyed to identify Empoasca spp damaged plants. We found five plants with increased 

Empoasca spp damage compared to neighboring plants in the same developmental stage. 
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(F) Leaves of these 5 plants and undamaged neighbor plants were OS elicited and 

harvested for JA analysis after 60 min. All plants with Empoasca spp damage had lower 

elicited JA values compared to their undamaged neighbors (average ±SE, n= 3; asterisks 

are indicating statistical significance of the Empoasca spp attacked plant compared to their 

respective neighbors, Student t-test, *: P < 0.05; ***: P < 0.001). 
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Supporting information 

 

Supporting Materials and Methods 

 

Generation of ir-aos, ir-aoc, ir-opr3 and ir-acx1 plants 

N. attenuata plants silenced in the expression of the AOS, AOC, OPR3 and ACX1 

genes by inverted repeat gene silencing (ir) were generated using Agrobacterium-mediated 

transformation as previously described (1). Partial sequences of NaAOS (240 bp), NaAOC 

(258 bp), NaOPR3 (277 bp) and NaACX1 (369 bp) cDNAs were PCR amplified using the 

primers listed in Table S4 and cloned in pSOL and pRESC vectors as inverted repeat (IR) 

constructs, respectively (2,3). At least 10 independent transgenic lines per genotype were 

selected for homozygosity on agar plates supplemented with hygromycin (3). Homozygous 

plants were selected for the identification of lines efficiently silenced in either AOS, AOC, 

OPR3 or ACX1 mRNA accumulation and carrying one T-DNA insertion as described 

below.  

To determine the silencing efficiency of the transformed lines, total RNA was 

extracted from ~0.1 g of leaf tissue with TRIzol® (Invitrogen, Karlsruhe, Germany), 

DNase-I (Fermentas, St. Leon-Rot, Germany) treated according to the manufacturer’s 

instructions and 5 μg of total RNA were reverse-transcribed using oligo(dT)18 and the 

SuperScript-II Reverse Transcriptase kit (Invitrogen, Karlsruhe, Germany) according to the 

manufacturer’s instructions. Quantitative real-time PCR was conducted using the core 

reagent kit (qPCR Core Kit for SYBR Green I; Eurogentec, Köln, Germany) and gene 

specific primer pairs (Table S4) in a Stratagene 500 Mx3005P (Stratagene, Waldbronn, 

Germany) instrument. All qPCR reactions were performed with 3 biological replicates. 

The eukaryotic elongation factor 1A-α (NaEF1A-α) was used as an internal standard for 

data normalization. The relative amounts of all mRNAs were calculated using the 

comparative threshold cycle method as described in User Bulletin No. 2 from PE-Applied 

Biosystems (Applied Biosystems, Foster City, CA). 

For determination of the T-DNA insertion number (Fig. S2), genomic DNA from 

the stably silenced lines and WT N. attenuata plants was isolated by the 

cetyltrimethylammoniumbromide (CTAB) method. DNA samples (10 μg) were digested 
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with Xbal (New England Biolabs, Ipswich, MA) overnight at 37°C according to the 

manufacturer’s instructions and separated on a 0.8% (w/v) agarose gel using standard 

conditions. DNA was blotted onto Gene Screen Plus Hybridization-Transfer membranes 

(Perkin Elmer Life and Analytical Sciences, Boston, MA) using the capillary transfer 

method. A gene-specific probe for the hygromycin resistance gene hptII was generated by 

PCR using the primer pairs HYG1-18 (5′-CCGGATCGGACGATTGCG-3′) and HYG3-20 

(5′-CGTCTGTCGAGAAGTTTCTG-3′). The probe was labeled with [α-32P]dCTP (Perkin 

Elmer) using the RediprimeII kit (GE Healthcare, Freiburg, Germany) according to the 

manufacturer’s instruction. For each construct, we chose two independently transformed 

homozygous lines harboring a single insertion for the transgene and exhibiting the 

strongest silencing of the expression of the endogenous targeted gene for further 

experimentation. These lines corresponded to: ir-aos, lines A-04-414-3, A-04-417-3; ir-

aoc, lines A-07-457-1, A-04-523-2; ir-opr3, lines A-07-498-3, A-04-499-3 and ir-acx1, 

lines A-07-466-1, A-07-468-3. 

 

Volatile Collection and Analysis 

In 2009, volatiles from Empoasca spp attacked plants were collected from the 

following genotypes: EV, A466, ir-lox3, ir-aoc, ir-opr3, ir-coi1, 35S-jmt1, ir-ggpps and ir-

pmt. Three adult leafhoppers were caged onto the leaves between two 50 mL plastic 

containers (Huhtamaki, Bad Bertricher, Germany, www.polarcup.de). Leaves used were 

labeled with cotton string and the Empoasca sp damage caused by this experiment was 

determined afterwards and subtracted from following damage determinations. Volatiles 

were collected on charcoal traps (OrboM32, Sigma-Aldrich) by drawing air through the 

cage with a vacuum pump. To avoid UV-mediated oxidation of the emitted volatiles, 

charcoal traps were covered with aluminum foil. The constitutive volatile emission of each 

leaf used for the experiment was collect for 2h before the start of the experiment. 

Herbivory induced plant volatiles were trapped between 0 and 4h and between 24 and 28 h 

after the start of the experiment. Charcoal traps were spiked with 400 ng of tetralin (Sigma-

Aldrich, Germany, www.sigma-aldrich.com) and eluted into a GC vial with 500 µL of 

dichloromethane. Samples were analyzed on an GCxGC-ToF-MS (Agilent 6890N GC, 

Agilent Technologies, Böblingen, Germany) coupled with an LECO Pegasus III Tof-MS 
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(LECO, Mönchengladbach, Germany) and data processing was performed as described in 

(4). Sample mixes from each trapping period, containing an aliquot of all samples 

collected, were analyzed by GCxGC-ToF-MS. Raw data obtained after analysis were first 

deconvoluted using the LECO ChromaToF software (version 2.21). Known artifact peaks 

and contaminants were removed and peak lists combined to create a reference peak file 

containing 197 analytes. All samples were processed against the reference peak file using 

LECO ChromaToF software. Peak areas were corrected against the peak area of tetralin 

and the mean of 3 independent replicates was normalized by autoscaling for statistical 

analysis. All analytes with a fold change (FC) of 1.5 ≤FC ≤0.66 and a P-value <0.05 when 

compared to untreated plants of the same genotype were considered as induced after 

Empoasca spp feeding, resulting in a matrix of 83 different analytes (Table S2). The 

Metaboanalyst software (5,6) was used to perform principal component analysis (PCA). 

The grouping of the transgenic N. attenuata lines, necessary for PCA analysis, was done 

by separating lines similarly damaged by Empoasca spp in the field compared to controls 

from lines damaged significantly more by Empoasca spp. 

 

Detection of Ca. Phytoplasma spp 

In 2009, when the first Empoasca spp individuals were observed on Curcubita 

foetidissima plants growing adjacent to the field plot, the first signs of Empoasca spp 

feeding damage were observed on ir-coi1 plants in the field plot. Several Empoasca spp 

adults from C. foetidissima plants were collected to test for the presence of Ca. 

Phytoplasma spp in the first generation of leafhoppers of the 2009 field season. In parallel, 

leaves from field-grown ir-coi1 and EV control plants without previous Empoasca spp 

damage were collected as putative phytoplasma-free plants (control for negative infected 

plants). After one day, three Empoasca spp per plant (6 replicate plants in total) were 

caged on leaves without previous herbivore damage of EV and ir-coi1 plants between two 

50 mL plastic containers (Huhtamaki, Bad Bertricher, Germany) to force Empoasca spp to 

feed on these plants. After 3 days, the insects were removed and frozen on dry ice. Cages 

remained on the leaves for another 5 days. Five days after the initial Empoasca spp caging, 

we caged another 3 Empoasca spp adults on 3 replicates of previously attacked EV and ir-

coi1 leaves. All leaf tissues and Empoasca spp from the second caging were collected 8 
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days after the initial feeding and frozen on dry ice. Additionally, ir-coi1 plants were placed 

either inside the cage of the Empoasca sp glasshouse colony or in an empty cage (to 

control for any cage effects). After 7 days, more than 80% of ir-coi1 leaves on plants inside 

the colony showed the characteristic signs of Empoasca sp feeding and adult Empoasca sp 

were collected and leaf material was harvested from Empoasca sp-damaged and control 

leaves. 

To determine the presence of Ca. Phytoplasma spp in the choice assay (Fig. 4) ten 

Empoasca sp adults and leaf material from the most damaged leaves of WT, ir-lox3, ir-coi1 

and 35S-jmt1 plants were collected. 

During 2011 field season, leaf material from the 5 native N. attenuata showing 

Empoasca spp damage was collected for phytoplasma detection. Additionally, Empoasca 

spp adults were collected from the native N. attenuata populations that were screened. 

For the detection of phytoplasma, DNA was isolated from leaf material and 

leafhoppers using the Agentcourt® Cholopure Kit (Agencourt Bioscience Corporation, 

Beverly, MA, USA) following the manufacturer’s instructions. As controls, we included 

DNA material from uninfected (negative control for phytoplasma infection) and infected 

China aster (Callistephus chinensis, positive control for Ca. Phytoplasma spp infection) 

and from the phytoplasma strain Aster Yellow- Witches’ broom (AY-WB, Candidatus 

Phytoplasma asteris), kindly provided by Dr. Saskia Hogenhout (John Innes Center, 

Norwich Research Park, Norwich, UK).  

We used different group-specific and universal primers for the detection of 

phytoplasma based on the 16S rRNA sequence (Table S1A) using either direct or nested 

PCR according as described in previous studies (7-9). The PCRs were performed in a final 

volume of 50 μL containing 100-200 ng of template, 1x PCR buffer (Sigma-Aldrich, 

Taufkirchen, Germany), 0.5 μM of each primer, 100 μM of the four dNTPs (Invitrogen, 

Karlsruhe, Germany) and 1U JumpStart™ Taq DNA Polymerase (Sigma-Aldrich). All 

primer pair combinations and PCR conditions are listed in Table S1B. For nested PCR, a 

1:50 (v/v) dilution in water of the products of the preceding direct PCR was used as a 

template. All PCR products were resolved in 1% (w/v) agarose gels and the extracted 

bands were cloned into the pGEM-T easy vector (Promega, Madison, WI) and sequenced 

on an ABI Prism 377 XL DNA sequencer using the BigDye terminator kit (PE-Applied 
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Biosystems, Weiterstadt, Germany). Sequence data were analyzed using the Lasergene 

software package (DNASTAR, Madison, WI). Sequence similarity searches were 

performed in both GenBank using the BLAST algorithms and in The Ribosomal Database 

Project (RDP; http://rdp.cme.msu.edu/). 

 

Supporting Figures 

 

Fig. S1. Empoasca spp collected in Utah during the 2009 field season do not harbor or 

transmit Ca. Phytoplasma spp to N. attenuata plants during feeding. Ca. Phytoplasma spp 

detection assays were performed with different combinations of PCR conditions and 

primers (Table S2B): (1) direct PCR using fU5/rU3 primer pairs, (2) direct PCR using 

P1/P7 primer pairs followed by nested PCR using R16F2n/R16R2 primer pairs, (3) direct 

PCR using R16mF2/R16R1 primer pairs followed by nested PCR using R16F2n/R16R2 

primer pairs, (4) direct PCR using R16F2n/R16R2 primer pairs and (5) direct PCR using 

R16mF2/R16R1 primer pairs. Sample reference: lane 1 (no template sample, mock); lane 2 

(DNA extracted from uninfected China aster (Callistephus chinensis) leaves, leaf control); 

lane 3 (DNA extracted from Aster Yellow- Witches’ broom (AY-WB, Candidatus 

phytoplasma asteris), AY-WB); lane 4 (DNA extracted from AY-WB-infected China aster 

leaves, AY-WB infected leaves); lane 5 (DNA extracted from ir-coi1 plants grown in Utah 

showing no signs of Empoasca spp feeding, ir-coi1 control); lane 6 (DNA extracted from 

ir-coi1 plants grown in Utah and enclosed with 3 Empoasca spp adult leafhoppers, ir-coi1); 

lane 7 (DNA extracted from ir-coi1 plants grown in Utah and twice subjected to Empoasca 

spp leafhopper feeding over 8 days, ir-coi1 damaged); lane 8 (DNA extracted from 1 

Empoasca spp adult fed on sample 6, E1); lane 9 (DNA extracted from 1 adult Empoasca 

spp fed on ir-coi1 leaves which had been previously attacked by leafhoppers [sample 7], 

E2); lane 10 (DNA extracted from undamaged ir-coi1 plants grown in the glasshouse, ir-

coi1 control); lane 11 (DNA extracted from ir-coi1 plants grown in glasshouse on which 3 

adult Empoasca sp leafhoppers were clip-caged for 7 days, ir-coi1); lane 12 (DNA 

extracted from 3 adult Empoasca sp collected from the glasshouse colony, E3). All PCR 

products were purified from the gel and sequenced. Only the bands labeled in samples 3 

and 4 (positive controls) matched Ca. phytoplasma spp 16S-ribosomal DNA sequences. 
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Fig. S2. Southern blot analysis of stably transformed ir-lines. The number of T-DNA 

insertions in the genomic DNA of stably silenced N. attenuata plants was assessed by 

digesting 10 μg of genomic DNA extracted from plants of the T2 generation with Xbal and 

separation of the digested DNA fragments on a 0.8 % (w/v) agarose gel. The DNA was 

blotted onto Gene Screen Plus Hybridization Transfer membranes using the capillary 

transfer method. A gene-specific probe for the hygromycin resistance gene hptII was 

generated by PCR using the primer pairs HYG1-18 (5′-CCGGATCGGACGATTGCG-3′) 

and HYG3-20 (5′-CGTCTGTCGAGAAGTTTCTG-3′). The probe was labeled with [α- 

32P] dCTP using the Rediprime II kit according to the manufacturer’s instructions. 

 

Fig. S3. Kinetics of OPDA, JA and JA-Ile accumulations in stably transformed ir-lines and 

WT plants after FAC-elicitation. We examined the consequences of silencing the different 

genes of the JA biosynthetic pathway in plants of the T2 generation of RNAi silenced lines 

by comparing the accumulation of OPDA, JA and JA-Ile with those in WT in FAC-elicited 

leaves at different times after elicitation (average ± SE, n=4, stars indicate statistically 

significant differences, Student t-test WT versus line, *: P< 0.05, **: P< 0.01, ***: P< 

0.001 for lines with bold font, +: P< 0.05, ++: P< 0.01, +++: P< 0.001 for lines presented 

in regular font). One independently transformed line of each construct was used for further 

experiments (bold font: ir-aos line 417, ir-aoc line 457, ir-opr3 line 498 and ir-acx1 line 

466). 

 

Fig. S4. Growth parameters, analysis of volatiles released from unattacked leaves and total 

herbivore damage of plants deficient in JA biosynthesis and perception in the 2009 field 

season. (A-B) The rosette diameter and stem length of empty vector (EV), ir-lox3, ir-aoc, 

ir-opr3 and ir-coi1 plants were measured between 15th and 29th of May 2009 (24 to 38 days 

after transplanting plants into the field plantation). (C) Leaf volatiles were collected for 2 h 

from unattacked leaves (Table S2). N. attenuata plants were grouped in two classes based 

on Empoasca spp damage (black: no significant differences in Empoasca spp damage 

compared to controls; red: significant differences). 197 volatiles were detected and 

analyzed by principal component analysis (PCA) and principal components (PCs) 1 and 2 
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of the transgenic lines were plotted against each other. (D) Total herbivore damage was 

quantified on: empty vector (EV) and A466 controls, lines silenced in JA biosynthesis (ir-

lox3, ir-aoc, ir-opr3) and perception (ir-coi1), lines silenced in JA-dependent defense 

molecules: diterpene glycosides (ir-ggpps), trypsin proteinase inhibitors (PIs; ir-pi), 

nicotine (ir-pmt) and both nicotine and PIs,(ir-pmt/pi), and lines ectopically expressing a 

jasmonic acid methyl transferase (35S-jmt1). Asterisks represent significant differences 

compared to control plants, n= 7-10, Student t-test, *: P<0.05, **: P<0.01, ***: P<0.001. 

 

Fig. S5. Empoasca sp feeding preferences are independent of Ca. Phytoplasma spp in the 

glasshouse and on five jasmonate-deficient accessions identified by Empoasca spp damage 

during the 2011 field season. (A) During choice assays, severely Empoasca sp damaged N. 

attenuata leaves were used to analyze for the presence of Ca. phytoplasma spp. Examples 

of leaves showing 1, 7, 15 and 30% canopy area damaged are shown. (B) Empoasca sp did 

not harbor or transmit Ca. Phytoplasma spp to N. attenuata plants. Ca. Phytoplasma spp 

detection assays were performed with different combinations of PCR conditions and 

primers: (1) direct PCR using fU5/rU3 primer pairs, (2) direct PCR using P1/P7 primer 

pairs followed by nested PCR using R16F2n/R16R2 primer pairs, (3) direct PCR using 

R16mF2/R16R1 primer pairs followed by nested PCR using R16F2n/R16R2 primer pairs 

and (4) direct PCR using R16F2n/R16R2 primer pairs. Sample reference (left to right): 

lane 1 (no template sample, mock); lane 2 (DNA extracted from ir-coi1 plants grown in 

Utah showing no signs of Empoasca sp feeding, leaf control); lane 3 (DNA extracted from 

Aster Yellow- Witches’ broom (AY-WB, Candidatus Phytoplasma asteris, AY-WB); lane 

4 (DNA extracted from AY-WB-infected China aster leaves, AY-WB infected leaf); lane 5 

(DNA extracted from leafhopper damaged WT leaves, WT); lane 6 (DNA extracted from 

leafhopper damaged ir-lox3 leaves, ir-lox3); lane 7 (DNA extracted from leafhopper 

damaged ir-coi1 leaves, ir-coi1); lane 8 (DNA extracted from leafhopper damaged 35S-

jmt1 leaves, 35S-jmt1); lane 9 (DNA extracted from 10 adult Empoasca sp collected from 

the in-house colony, GH). 

Empoasca spp damage to plants in native populations provides a rapid visual 

screening tool for plants deficient in jasmonate signaling and identified 5 plants with 

reduced JA accumulations among approximately 600 plants in native populations during 
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the 2011 field season (Figure 5E-F). (C) For all Empoasca spp attacked plants (E), their 

location, their characteristic Empoasca spp damage and the distance to the non-damaged 

neighboring plants, which served as controls, were recorded (n/a: quantification of 

Empoasca spp damage was not possible because plants had been extensively damaged by 

other herbivore species, particularly Tupiochorus notatus). (D) Ca. Phytoplasma spp 

detection in these plants and adult Empoasca spp from the corresponding areas were 

performed by different combinations of PCR conditions and primers: (1) direct PCR using 

fU5/rU3 primer pairs, (2) direct PCR using P1/P7 primer pairs followed by nested PCR 

using R16F2n/R16R2 primer pairs, (3) direct PCR using R16mF2/R16R1 primer pairs 

followed by nested PCR using R16F2n/R16R2 primer pairs and (4) direct PCR using 

R16F2n/R16R2 primer pairs. Sample reference: lane 1 (no template sample, mock); lane 2 

(DNA extracted from ir-coi1 plants grown in Utah showing no signs of Empoasca spp 

feeding, leaf control); lane 3 (DNA extracted from Aster Yellow- Witches’ broom (AY-

WB, Candidatus Phytoplasma asteris), AY-WB); lane 4 (DNA extracted from AY-WB-

infected China aster leaves, AY-WB infected leaf); lane 5 (DNA extracted from native 

plant 1 leaves (P1); lane 6 (DNA extracted from native plant 2 leaves (P2); lane 7 (DNA 

extracted from native plant 3 leaves (P3); lane 8 (DNA extracted from native plant 4 leaves 

(P4); lane 9 (DNA extracted from native plant 5 leaves (P5); lane 10 (DNA extracted from 

10 adult Empoasca spp collected in the area around native plants 1-3 (Pop1); lane 11 

(DNA extracted from 10 adult Empoasca spp collected in the area around native plants 4-5 

(Pop2). 

 

Fig. S6. Previously published levels of Empoasca spp leaf damage quantified on as-lox3 

and as-aos plants during the 2003 field season and wound-elicited JA accumulation in as-

aos leaves. (A) Previous research in our group demonstrated that Empoasca spp 

leafhoppers only fed on plants silenced by antisense RNA in NaLOX3 expression (as-lox3) 

but not on plants silenced by antisense RNA in NaAOS expression (as-aos) (10). (B) We 

re-assessed as-aos plants and found that silencing of AOS expression in as-aos plants was 

not sufficient to reduce the wound-elicited JA burst (average ± SE, n= 5; asterisks 

represent significant difference compared to EV leaves, Student t-test, ***: P<0.001). 
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Supporting tables 

 

Table S1. List of primers and PCR conditions used for Ca. Phytoplasma spp analysis. 

 

Table S2. Constitutive and Empoasca spp feeding induced volatile emission on transgenic 

N. attenuata lines in the field. Volatiles emitted from untreated plants were collected for 2h 

prior the start of the experiment. Herbivory induced plant volatiles (HIPVs) were collected 

for 4 h (0-4 h; immediately after the start of leafhopper feeding) and for 4 h after the 

following photoperiod (24 h after the start of the experiment). Volatiles analysis was 

performed on a GCxGC-ToF-MS instrument. Numbers represent the average of the 

normalized peak area (n=3, nd: not detected, the relative standard deviation is below 40% 

and not shown for clarity). A total of 83 HIPVs emitted by Empoasca spp feeding with a 

fold change (FC) of 1.5 ≤FC ≤0.66 (P-value <0.05) when compared to untreated plants of 

the same genotype.  

 

Table S3. Empoasca spp feeding and MeJA treatment induce jasmonate accumulation. (A) 

25 Empoasca spp were caged on N. attenuata WT leaves to elicit jasmonate accumulation. 

Jasmonate levels were measured levels 24 h after Empoasca spp feeding in control and 

attacked leaves (Emp. fed). Values represent average ± SE, n= 4, nd: not detected. (B) 

Leaves of WT, ir-lox3, ir-coi1 and 35S-jmt1 plants were treated by exogenous MeJA 

application. Jasmonates levels were measured 2 d after MeJA treatment (average ± SE, n= 

6, nd: not detected). 

 

Table S4. List of primers used for cDNA synthesis to generate constructs for NaAOS, 

NaAOC, NaOPR3 and NaACX1 and to quantify silencing efficiency. 
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Figure S5
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Table S1 
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Table S2 (continued) 
 

 
 
 
 
 
 



Chapter 6 - Manuscript IV 
_________________________________________________________________________ 

_________________________________________________________________________ 
-141- 

Table S2 (continued) 
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Table S2 (continued) 
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Table S2 (continued) 
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Table S2 (continued) 
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Table S2 (continued) 
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Summary and Synthesis 
During the 400 million-year-long history in which plants and phytophagous 

herbivores have co-evolved (Labandeira, 2007), both, plants and insects developed 

sophisticated mechanisms to recognize one another and respond accordingly. Plants have 

evolved mechanisms to recognize and respond to insect feeding by the perception of 

components present in insect oral secretions (OS), while insects have evolved mechanisms 

to detoxify a wide range of plant secondary metabolites. Many plant defense mechanisms 

are specifically induced in response to herbivory and tightly regulated by plant signaling 

molecules such as jasmonates, salicylic acid, abscisic acid and ethylene (Fujita et al. 2006) 

which are rapidly produced in response to biotic stress.  

The wild tobacco Nicotiana attenuata responds strongly and specifically to insect 

attack from different feeding guilds. For example, during attack by the specialist herbivore 

Manduca sexta, the plant recognizes fatty acid amino acid conjugates (FACs), present in 

the insect’s OS (Halitschke et al., 2001). The major FAC in M. sexta OS is the conjugate of 

α–linolenic acid and glutamic acid (18:3-Glu). In Chapter 3 we demonstrated that 18:3-Glu 

is rapidly oxidized by the activity of a lipoxygenase (LOX) to form additional active and 

inactive elicitors (Fig. 8.1). In particular, 13-oxo-13:2-Glu was an active elicitor which 

enhanced the biosynthesis of the phytohormone jasmonic acid (JA) and the differential 

emission of two monoterpenes. Metabolism of 18:3-Glu and the formation of the LOX 

product 13-OOH-18:3-Glu occurred within seconds; after approximately 2 min of contact 

with wounded leaf tissue, more than half of the applied 18:3-Glu was metabolized by LOX 

activity. Experiments with plants silenced in the expression of NaLOX2 and NaLOX3, two 

LOX isoforms in N. attenuata, revealed that NaLOX2 most likely catalyzes the oxidation 

of 18:3-Glu (Fig. 8.1). 18:3-Glu was not metabolized when applied to non-wounded leaf 

tissue. This suggested that cell disruption is required to bring LOX enzymes into contact 

with 18:3-Glu. Altogether, this study suggests a degree of specificity in the responses 

elicited by modified forms of 18:3-Glu, and raises the possibility that the metabolism of 

18:3-Glu may play a role in the tuning of some plant defense or tolerance responses to 

insect herbivores. 
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Figure 8.1: Activation and regulation of oxylipin signaling pathways in N. attenuata in response to 

herbivory. When Manduca sexta feeds on Nicotiana attenuata, the plant perceives fatty acid-amino acid 

conjugates like 18:3-Glu present in the insect’s oral secretions. After contact with wounded leaf tissue, 18:3-

Glu is rapidly modified into active and inactive metabolites catalyzed by LOX2 (Chapter 3). This metabolism 

of 18:3-Glu may play a role in the fine tuning of plant responses to insect herbivory. In response to 

herbivory, the plant induces the jasmonic acid biosynthesis. Here, 18:3-Glu together with the regulatory 

factors salicylate induced protein kinase (SIPK) and nonexpressor of PR-1 (NPR1) affect JA biosynthesis by 

enhancing the supply of α-linolenic acid through GLA1 whereas wound induced protein kinase (WIPK) 

affect basal allene oxide synthase (AOS) activity (Chapter 5). After stimulus, the produced JA is conjugated 

to isoleucine by JASMONATE RESISTANT 4 and 6 (JAR4/6) to form JA-Ile. JA-Ile binds to SCFCOI which 

participates in the activation of defense response against insect herbivores. The plants’ capacity to mediate 

this JA signaling is essential to survive in nature (Chapter 6). Besides the activation of JA biosynthesis, leaf 

wounding and insect herbivory does also results in the generation of green leaf volatiles such as (3Z)-hexenal 

and C12 molecules such as (9Z)-traumatin through the cleavage of e.g. 13-OOH-18:3 by hydroperoxy lyase 

(HPL). 98% of the (9Z)-traumatin formed is converted into 9-OH-traumatin: two-thirds by product recycling 

through LOX2 and one-third by non-enzymatic oxidation. Approximately 40% of the de novo produced 9-

OH-traumatin is conjugated to glutathione, consistent with this oxylipin being a reactive electrophile species 

(Chapter 7). 

The biosynthesis of JA and its derivatives is induced within minutes after 

perception of wounding and herbivore elicitors (Glauser et al., 2008). These jasmonates 

function as signal molecules mediating plant’s anti-herbivore responses. In N. attenuata, a 

strong transient burst of JA occurs within one hour after herbivore attack (Halitschke et al., 

2001; Howe and Jander, 2008; Schmelz et al., 2009; Stork et al., 2009). To understand how 

the induction of JA biosynthesis is activated in response to wounding and herbivory, I 

developed a simple, rapid, specific and sensitive method for the simultaneous detection 

and quantification of intermediates of the JA biosynthesis pathway which are either free 

aliphatic molecules or small polar molecules containing free carboxyl groups (Chapter 4). I 

used the advantages of derivatization of free carboxyl groups in a two-step reaction with 

1,1’-carbonyldiimidazole and 3-(hydroxymethyl)-pyridine. The first step formed a reactive 

carbimidazol amide within 1 min at room temperature. This amide was quantitatively 

converted into a β-picolinyl ester within 10 min at 37° C. These mild conditions allowed 

for the derivatization and analysis of labile signaling molecules. Furthermore, the reaction 

did not affect esterified carboxy groups (Christie, 2003) and could therefore be performed 

with crude leaf extracts. When the β-picolinyl esters were analyzed by liquid-
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chromatography-electrospray ionization-mass spectrometry (LC-ESI-MS), all derivatized 

molecules gave a specific 3-picoline fragment ion with a mass to charge ratio (m/z) of 92 

in the positive ionization mode. This fragment ion can was used to create specific 

transitions of the [M+H]+ molecular ion to the 3-picoline moiety in multi-reaction-

monitoring (MRM) mode. I tested and validated this method for 26 compounds including 

precursors and intermediates of JA biosynthesis such as free fatty acids and other plant 

signaling molecules. 

The sensitive and quantitative analysis of JA biosynthesis intermediates allowed for 

the study of early regulatory factors that affect JA production upon insect herbivory. It has 

been shown that two mitogen-activated protein kinases (salicylate-induced protein kinase, 

SIPK, and wound-induced protein kinase, WIPK; Wu et al., 2007), and a regulatory 

component of the salicylic acid pathway (nonexpressor of PR-1, NPR1; Rayapuram and 

Baldwin, 2007) can affect the accumulation of JA in N. attenuata. However, it was not 

known how these regulators affect JA biosynthesis. I demonstrated how FAC elicitation 

and SIPK, WIPK, and NPR1 participate in mechanisms affecting early enzymatic steps of 

the JA biosynthesis pathway in N. attenuata (Chapter 5). I also investigated the effects of 

CORONATINE INSENSITIVE1 (COI1) which participates in JA perception and is one of 

the best-characterized genes mediating downstream JA responses (Kazan and Manners, 

2008; Browse, 2009). I used lines silenced in the expression of these four genes (ir-sipk, ir-

wipk, ir-npr1 and ir-coi1) and analyzed changes in the levels of substrates and 

intermediates of the JA biosynthesis pathway within 10 minutes after induction by 

simulated herbivory (leaf wounding and FAC elicitation). In the course of this study, a 

plastidial glycerolipase of the lipase A1-I family (GLA1) essential for JA biosynthesis in N. 

attenuata (Fig 8.1) was identified. I showed that the levels of major membrane lipids did 

not change significantly within 10 min after simulated herbivory. Furthermore, I showed 

that total levels of free fatty acids (FFA) in wild-type (WT) N. attenuata plants did not 

significantly change within this period after wounding or FAC elicitation. This was 

consistent with data from plants silenced in GLA1 expression, in which FFA levels also 

did not significantly change within 10 min after stimulus. Together, the results suggested a 

rapid and channeled supply of 18:3 for JA biosynthesis. FFA levels were not affected by 

silencing WIPK; however, the levels of all unsaturated FFA were reduced in ir-sipk, ir-
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npr1 and ir-coi1 plants, suggesting a general alteration in FFA homeostasis in these plants. 

In contrast to FFA levels, 13-hydroperoxy-18:3 (13-OOH-18:3) levels increased linearly 

within 5 min after wounding, and FAC application amplified this increase. FAC elicitation 

did not increase 13-LOX activity or protein levels compared to unelicited plant tissue, 

which suggested that FAC elicitation enhances the supply of 18:3 by differential activation 

of GLA1. In ir-wipk plants, the kinetic of 13-OOH-18:3 was similar to WT upon wounding 

and FAC elicitation; however, in ir-sipk and ir-npr1 plants levels of 13-OOH-18:3 were 

strongly reduced independently of reduced 13-LOX activity or protein levels. Therefore, 

the data indicated that the supply of 18:3 via GLA1 is one step in JA biosynthesis activated 

by SIPK and NPR1 (Fig 8.1). Compared to 13-LOX activity, allene oxide synthase (AOS) 

activity was reduced in ir-sipk, ir-npr1, ir-coi1 as well as in ir-wipk plants, accompanied by 

a strong reduction of (9S,13S)-12-oxo-phytodienoic acid (OPDA) accumulation compared 

to WT after wounding and FAC elicitation. That these lines had similar levels of AOS 

mRNA compared to WT plants suggested altered posttranslational modification of AOS. 

WIPK-mediated mechanisms may affect basal AOS activity, which may in turn limit 

OPDA accumulation after elicitation (Fig 8.1). In summary, I demonstrate that signal 

transduction mechanisms involving SIPK, WIPK, NPR1, and the insect elicitor 18:3-Glu 

affect different early JA biosynthetic steps.  

The activation of JA biosynthesis after herbivore attack is essential for N. attenuata 

to survive in nature. After induction, JA is conjugated to isoleucine by JASMONATE 

RESISTANT (JAR) to form JA-Ile (Suza and Staswick, 2008; Wang et al., 2007). JA-Ile 

binds to SCFCOI and activates the SCFCOI complex to mark the JAZ repressors of gene 

transcription for degradation. This de-represses genes involved in the biosynthesis of 

defense molecules, among other responses, thus activating defense (Chini et al., 2007; 

Thines et al., 2007). In N. attenuata, the best-characterized defenses molecules induced by 

JA are nicotine (Baldwin, 2001; Steppuhn et al., 2004), trypsine protease inhibitors (TPIs; 

Ussuf et al., 2001; Steppuhn and Baldwin, 2007) and 17-hydroxygeranyllinalool diterpene 

glycosides (HGL-DTGs; Heiling et al., 2010; Fig. 8.1). Previous reports have 

demonstrated that N. attenuata plants rendered deficient in JA biosynthesis by silencing 

LOX3 (as-lox3) suffer more damage from insect herbivores in the plant’s native habitat 

(Kessler et al., 2004). Moreover, generalist leafhoppers of the genus Empoasca, 
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hemipterans that feed on phloem and cell contents of a broad range of host plants (Carter, 

1952; Gyrisco, 1958), heavily damage as-lox3, whereas these insects are only rarely found 

on WT N. attenuata plants (Kessler et al., 2004). The mechanisms underlying the selection 

of plants for feeding by Empoasca leafhoppers were not known. To disentangle these 

mechanisms, I used N. attenuata plants transformed with RNAi inverted repeat (ir) 

constructs to silence the expression of genes involved in six specific steps of JA 

biosynthesis and perception; in the accumulation of the three major classes of JA-mediated 

defense molecules (Chapter 6; Fig. 8.1); and, in addition, plants with a JA “sink” created 

by ectopically expressing JMT1 (JA-O-methyl transferase1; Stitz et al., 2011). These ten 

different lines of transformed plants were grown in a fully randomized design in a field 

plot in N. attenuata’s native habitat, the Great Basin Desert, SW USA. A field of alfalfa (a 

preferred host of Empoasca spp) was grown adjacent to the field plot and mowing of the 

alfalfa field encouraged the leafhoppers to move into the N. attenuata plantation. I 

quantified the initial feeding choice of the leafhoppers by determining the canopy area 

damaged by Empoasca spp. Whereas plants silenced in JA biosynthesis, accumulation or 

perception were heavily damaged by Empoasca leafhoppers, plants deficient in the 

accumulation of nicotine, TPIs or HGL-DTGs were damaged similarly to control plants. 

To demonstrate that the initial feeding choice was a direct result of silencing JA signaling, 

I assayed the levels of JA and its derivatives, the presence of Candidatus Phytoplasma (a 

bacteria vectored by leafhoppers (Galetto et al., 2011; Pérez et al., 2010) and volatiles 

released from attacked plants, known to influence insect feeding choice (Mayer et al., 

2008). The results of the field experiments demonstrated that initial Empoasca leafhopper 

feeding choice was independent of the accumulation of major defense metabolites, the 

presence of Ca. Phytoplasma spp, and emitted plant volatiles. In the glasshouse, I 

performed a feeding choice assay using exogenous JA treatment of plants deficient in JA 

biosynthesis, accumulation and perception. This treatment reduced Empoasca leafhopper 

feeding on JA biosynthesis-deficient lines, but not on plants deficient in JA perception. 

Together with the field experiments, these results demonstrated that the initial feeding 

choice by Empoasca leafhoppers depended on the plants' capacity to mediate JA signaling. 

This feeding trait was exploited in nature and Empoasca leafhoppers were used to discover 

genetic variation in JA accumulation and signaling hidden in N. attenuata natural 
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populations. Empoasca leafhopper introduced into a population readily selected plants for 

feeding that were reduced in their JA accumulation capacities compared to unattacked 

control plants. Furthermore, natural infestations of Empoasca leafhoppers in two separate 

native N. attenuata populations also identified plants with reduced JA accumulation 

capacities compared to their uninfested neighbors. An analysis of the progeny of these 

plants demonstrated that the reduction of JA accumulation is heritable and was not caused 

by Empoasca leafhopper feeding. In summary, this part of my thesis highlights the 

similarities that have evolved between hematophagous (blood feeding) and phytophagous 

insects: both feeding guilds eavesdrop on the oxylipin signals (prostaglandins and 

jasmonates, respectively) elicited at the attack site to select hosts with diminished 

defensive responses. The work also shows how an insect herbivore can be used to identify 

natural variation in a major defense signaling pathway in plants.  

Together with many other important studies reviewed, for example in (Howe and 

Jander, 2008), my thesis demonstrated the fundamental role of the rapid activation of the 

JA biosynthesis pathway in response to insect herbivory. But the accumulation of JA is 

only one response in plants induced after insect herbivore attack. The hydroperoxide lyase 

(HPL) pathway, for example, generates the green leaf volatiles (GLVs) hexanal and (3Z)-

hexenal as a result of the cleavage of 13S-OOH-linoleic acid (13S-OOH-18:2) and 13S-

OOH-18:3 by HPL. GLVs play essential roles as signaling molecules in indirect plant 

defenses (Croft et al., 1993; Matsui, 2006; Allmann and Baldwin, 2010; Baldwin, 2010). In 

N. attenuata leaves, the biosynthesis of hexanal and (3Z)-hexenal requires the activity of 

NaLOX2 (Allmann et al., 2010). In recent years, research has been focused primarily on 

the biochemical and functional characterization of GLVs during herbivore attack. 

However, the other half of the cleaved 13S-OOH-18:2 and 13S-OOH-18:3 forms 12-oxo-

(9Z)-dodecenoic acid ((9Z)-traumatin, Fig. 8.1; Vick and Zimmerman, 1976). Less 

attention has been paid to the metabolism and signal capacities of (9Z)-traumatin and other 

C12 derivatives of the HPL pathway. As a result, the metabolic fluxes and fates of these 

molecules under stress conditions are largely unknown in plants. (9Z)-traumatin undergoes 

rapid modifications by diverse enzymatic and non-enzymatic reactions, generating multiple 

potential chemical signals (Zimmerman and Coudron, 1979; Ivanova et al., 2001). In my 

thesis, I performed a detailed analysis of the fluxes and metabolism of C12 derivatives in N. 
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attenuata plants induced by wounding and FAC elicitation (Chapter 7). I developed a LC-

MS/MS based method for the quantification of C12 derivatives and demonstrated that in N. 

attenuata, approximately 98% of the initially produced (9Z)-traumatin was converted into 

9-hydroxy-10(E)-traumatin (9-OH-traumatin). In contrast, the remaining 2% of the (9Z)-

traumatin was rapidly metabolized by either rearrangement of the Z-C9-C10 double bond to 

E-C10-C11 to form 12-oxo-(10E)-dodecenoic acid ((10E)-traumatin, Fig 8.1), by auto-

oxidation of the aldehyde group to form (3Z)- and (2E)-dodecenedioic acid ((3Z)- and 

(2E)-traumatic acid Fig 8.1), or by reduction of the aldehyde group to form (9Z)- and 

(10E)-12-hydroxydodecenoic acid ((9Z)- and (10E)-12-OH-dodecenoic acid, Fig 8.1). For 

the formation of 9-OH-traumatin, both, enzymatic and non-enzymatic mechanisms have 

been proposed in other plant species (Gardner, 1998; Noordermeer et al., 2000) and I 

demonstrated that both mechanisms occur in N. attenuata. I used protein extracts from WT 

and ir-lox2 plants and performed in vitro assays with synthetic (9Z)- and (10E)-traumatin. 

By using heat inactivation and LOX inhibitors, I could demonstrate that one third of de 

novo produced 9-OH-traumatin is synthesized non-enzymatically, but two thirds are 

produced enzymatically by product recycling through LOX2 activity. 9-OH-traumatin is a 

reactive electrophile species (Gardner et al. 1998) and approximately 40% of the produced 

9-OH-traumatin was conjugated to glutathione within 1 h after elicitation. In summary, in 

this part of my thesis I disentangled the metabolism of C12 derivatives in N. attenuata 

leaves upon wounding and FAC elicitation by developing a method for the quantification 

of C12 metabolites. Additionally, I could show by microarray analysis that C12 derivatives 

are potential signaling molecules for the induction of gene expression during the response 

to wounding and herbivory. 

Oxylipins are fundamental in orchestrating responses to biotic and abiotic stresses. 

They comprise a large family of many different structures and can be found in almost all 

living organisms. Their function as signaling molecules most likely co-evolved in these 

organisms. In this thesis, I focused on two major oxylipin signaling pathways found in 

plants, the AOS pathway responsible for JA production and the HPL pathway responsible 

for the production of GLVs and C12 metabolites. I showed that metabolism of insect 

elicitors at the wound site can tune the induction of oxylipin signaling pathways, how these 

pathways are activated upon insect herbivore attack and which function these signaling 
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pathways fulfill in nature. To understand how oxylipin signaling has shaped intra- and 

inter-specific interactions in nature, we have to know how oxylipin biosynthesis is 

regulated and how oxylipin signaling affects the interaction of plants with insects in nature. 
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Zusammenfassung 

 

Während der seit 400 Millionen Jahren andauernden Evolutionsgeschichte von 

Pflanzen und pflanzenfressenden Insekten, haben sowohl Pflanzen als auch Insekten 

raffinierte Mechanismen entwickelt, um die Anwesenheit des jeweils anderen zu bemerken 

und dementsprechend zu reagieren. Während Pflanzen gelernt haben, ein fressendes Insekt 

anhand von Substanzen im Oralsekret (OS) des Insekts zu identifizieren, haben Insekten 

gelernt, eine Vielzahl giftiger Pflanzenmetabolite zu entgiften. Die pflanzlichen 

Verteidigungsmechanismen sind dabei größtenteils nicht ständig aktiv, sondern werden 

erst induziert, sobald ein Pflanzenfresser beginnt an der Pflanze zu fressen. Die 

Aktivierung dieser Verteidigungsmechanismen geschieht nicht unkontrolliert, sondern 

wird durch eine Vielzahl von Signalmolekülen sehr genau reguliert. Diese Substanzen, zu 

denen u.a. Jasmonate, Salizylsäure, Abzisinsäure und Ethylen gehören, werden 

unverzüglich nach Insektenfraß in der Pflanze gebildet und koordinieren die Verteidigung 

der Pflanze.  

Der wilde Tabak Nicotiana attenuata reagiert intensiv und spezifisch auf den Fraß 

unterschiedlichster Insektenarten. Beispielsweise wird eine fressende Raupe des 

Tabakschwärmers Manduca sexta anhand der im OS der Raupe vorhandenen Fettsäure-

Aminosäure-Konjugate (FAC) erkannt. Das quantitativ häufigste FAC im M. sexta OS ist 

das Konjugat von α–Linolensäure und Glutaminsäure (18:3-Glu). In Kapitel 3 konnten wir 

zeigen, dass dieses FAC bei Kontakt mit der verwundeten Blattoberfläche sofort 

metabolisiert wird. Diese enzymatische Reaktion wurde durch Lipoxygenase (LOX) 

katalysiert und generierte aktive und inaktive Metaboliten. Vor allem das gebildete 13-oxo-

13:2-Glu war ein aktives Signalmolekül und verstärkte im Vergleich zu mechanischer 

Verwundung die Biosynthese von Jasmonsäure (JA) sowie die Emission zweier 

Monoterpene. Die Metabolisierung von 18:3-Glu nach Kontakt mit dem verwundeten 

Blattmaterial geschah sehr schnell, innerhalb von Sekunden war das LOX-Produkt 13-

OOH-18:3-Glu nachweisbar und bereits nach 2 Minuten war ungefähr die Hälfte des 

aufgetragenen 18:3-Glu verstoffwechselt. Durch die Verwendung von Pflanzen, mit 
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reduzierter Expression zweier N. attenuata LOX Isomere, LOX2 und LOX3, konnten wir 

zeigen, dass höchstwahrscheinlich LOX2 die 18:3-Glu Metabolisierung katalysiert. Dies 

geschah jedoch ausschließlich bei Verwundung von Blattmaterial woraus man schießen 

kann, dass die Zerstörung von Pflanzenzellen notwendig ist, um LOX Enzyme in Kontakt 

mit 18:3-Glu zu bringen. Zusammengenommen ließ sich aus den erhaltenen Daten 

schließen, dass die Metabolisierung von 18:3-Glu eine Feinabstimmung der pflanzlichen 

Verteidigungsmechanismen darstellt und es sich hierbei um eine weitere Stufe der 

insektenspezifisch gesteuerten Abwehr handelt. 

Eine grundlegende Reaktion der Pflanze ist die unmittelbare Aktivierung der JA 

Biosynthese und ihrer Derivate innerhalb weniger Minuten nach Insektenfraß. Diese so 

genannten Jasmonate steuern die pflanzlichen Verteidigungsmechanismen gegen 

Herbivoren. In N. attenuata akkumuliert JA transient innerhalb einer Stunde nach 

Insektenfraß. Um zu untersuchen, wie genau die JA Biosynthese nach Verwundung und 

Insektenfraß aktiviert wird, entwickelte ich eine einfache, schnelle, sowie spezifische und 

sensitive analytische Methode um Zwischenprodukte der JA Biosynthese simultan zu 

detektieren und zu quantifizieren. Die Methode konnte für Moleküle mit freien 

Carboxylgruppen genutzt werden, die durch eine zweistufige Reaktion derivatisiert 

wurden. Die erste Reaktion bildete bei Raumtemperatur innerhalb 1 Minute aus der 

Carbonsäure mit 1,1‘-carbonyldiimidazol eine reaktives Carbimidazol das in der zweiten 

Reaktion innerhalb von 10 Minuten bei 37°C mit 3-hydroxymethyl)-pyridine quantitativ zu 

einen β–Picolinylester reagierte. Diese milden Bedingungen ermöglichten auch die 

Derivatisierung und Analyse sensibler Moleküle. Außerdem wurden durch die Reaktion 

veresterte Carboxylgruppen nicht umgeestert. Daher konnten auch nicht aufgearbeitete 

Proben verwendet werden. Wurden β–Picolinylester flüssigkeitschromato-graphisch (LC) 

aufgetrennt und nach positiver Elektrosprayionization (ESI) massen-spektrometrisch (MS) 

analysiert, ergaben alle β–Picolinylester ein spezifisches Fragmention mit einem Masse-

Ladungs-Verhältnis (m/z) von 92. Dieses Fragmention wurde benutzt, um die β–

Picolinylester im MS-multi-reaction monitoring (MRM) Modus anhand des Übergangs 

vom Molekülion [M+H]+ zum Ion m/z= 92 zu quantifizieren. Die entwickelte Methode 

wurde für 26 verschieden Substanzen getestet und validiert.  
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Die quantitative Bestimmung von Zwischenprodukten der JA Biosynthese 

ermöglichte die Untersuchung von Faktoren, die die JA Produktion nach Insektenbefall 

beeinflussen. Zuvor konnte bereits gezeigt werden, dass zwei mitogen-aktivierte 

Proteinkinasen (salizylat-induzierte und durch Verwundung induzierte Proteinkinase, SIPK 

und WIPK) und eine regulatorische Komponente des Salizylsäuresignalweges 

(nonexpressor of PR1, NPR1) die JA Produktion in N. attenuata beeinflussen. Allerdings 

war bisher nicht bekannt, wie die JA Biosynthese durch diese Komponenten reguliert wird. 

Ich konnte zeigen wie SIPK, WIPK und NPR1 die frühen enzymatischen Schritte der JA 

Biosynthese in N. attenuata nach Verwundung und FAC Applikation (W+FAC) 

beeinflussen. Des Weiteren untersuchte ich Effekte von CORONATINE INSENSITIVE 1 

(COI1), einem Gen das an der Wahrnehmung von JA und der Steuerung von JA 

regulierten Abläufen in der Pflanze beteiligt ist, und hierbei eines der am besten 

erforschten Gene darstellt. Mit Hilfe von transgenen Linien, die jeweils in der 

Transkription eines dieser Gene reduziert waren (ir-sipk, ir-wipk, ir-npr1 und ir-coi1), 

analysierte ich quantitative Änderungen von Substraten und Intermediaten der JA 

Biosynthese innerhalb von 10 Minuten nach W+FAC. Im Verlauf dieser Arbeit wurde eine 

Lipase (GLA1) identifiziert, die wesentlich an der JA Biosynthese in N. attenuata beteiligt 

ist. Ich konnte zeigen, das sich in Wild-Typ (WT) Pflanzen innerhalb von 10 min nach 

W+FAC weder die Menge an Membranlipiden noch an freien Fettsäuren (FFA) signifikant 

änderte. Innerhalb dieser Zeit blieb der Gehalt an FFA auch konstant wenn die Expression 

von GLA1 reduziert wurde. Diese Daten ließen darauf schließen, dass 18:3 durch einen 

schnellen und gerichteten Mechanismus für die JA Biosynthese bereitgestellt wird. In ir-

sipk, ir-npr1 und ir-coi1 Pflanzen war die Menge aller ungesättigten FFA im Vergleich zu 

WT Pflanzen reduziert, wodurch man in diesen Pflanzen von einer generellen Änderung 

der homöostatischen FFA Menge ausgehen konnte. In Gegensatz zu FFA stieg der Gehalt 

an 13-hydroperoxi-18:3 (13-OOH-18:3) innerhalb von 5 min nach Verwundung linear an. 

FAC Applikation verstärkte diesen Effekt noch, änderte jedoch nicht die Aktivität von 13-

LOX oder den Proteingehalt. Dies indizierte, das FAC Applikation den 13-OOH-18:3 

Gehalt dadurch erhöhte, das GLA1, und somit die Bereitstellung von 18:3, aktiviert wurde. 

In ir-wipk Pflanzen glich der Gehalt an 13-OOH-18:3 dem von WT Pflanzen, war jedoch 

in ir-sipk und ir-npr1 Pflanzen stark reduziert. Da auch hier die Aktivität und der 
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Proteingehalt an 13-LOX unverändert in Vergleich zu WT war, ließ sich daraus 

schlussfolgern, dass SIPK und NPR1 die Bereitstellung von 18:3 durch GLA1 aktivieren 

und dadurch die JA Biosynthese regulieren. Im Gegensatz zur 13-LOX Aktivität, war die 

Aktivität von Allene oxide synthase (AOS) sowohl in ir-sipk, ir-npr1, ir-coi1 als auch in ir-

wipk Pflanzen reduziert, was sich auch in einem verminderten Gehalt an (9S,13S)-12-oxo-

phytodienonsäure (OPDA) widerspiegelte. WIPK-vermittelte Prozesse könnten die 

Grundaktivität von AOS beeinflussen, wodurch die Akkumulierung von OPDA nach 

W+FAC beeinflusst wird. Zusammenfassend konnte ich zeigen, dass FACs und die 

Mechanismen der Signalübertragung an denen SIPK, WIPK und NPR1 beteiligt sind, 

unterschiedliche Stufen der JA Biosynthese beeinflussen.  

Um in der Natur zu überleben, ist die Aktivierung der JA Biosynthese nach 

Insektenfraß von essentieller Bedeutung. JA wird durch JASMONATE RESISTANT 

(JAR) mit Isoleucine zu JA-Ile konjugiert, welches an den SCFCOI-Komplex bindet. Diese 

Bindung führt zur Markierung und zum Abbau von JAZ Proteinen, welche die 

Transkription von Genen spezifisch unterdrücken. Dadurch werden Gene reaktiviert die an 

der Biosynthese von Verteidigungssubstanzen beteiligt sind. In N. attenuata zählen 

Nikotin, Trypsin-Protease Inhibitoren und glykosidische 17-hydroxi-geranyllinalool-

diterpene (HGL-DTGs) zu den am besten untersuchten JA induzierten Verteidigungs-

substanzen. Wird die JA Biosynthese in N. attenuata Pflanzen ausgeschaltet, im Speziellen 

durch gentechnische Verminderung der LOX3 Transkription (as-lox3), werden die 

Pflanzen in ihrem natürlichen Lebensraum, der Great Basin Wüste im Südwesten der USA, 

vermehrt von Herbivoren befallen. Mehr noch, Zwergzikaden der Spezies Empoasca, die 

normalerweise nur selten auf wilden N. attenuata Pflanzen zu finden sind, verursachten 

starken Schaden an as-lox3 Pflanzen. Die zugrunde liegenden Mechanismen sind jedoch 

weitgehend unerforscht. Daher benutzte ich zehn verschieden transformierte Linien von N. 

attenuata, um diese Mechanismen genauer zu untersuchen. Die zehn Linien setzten sich 

aus sechs Linien mit verminderter Genexpression von JA Biosynthese- und JA 

Wahrnehmungsgenen, aus drei Linien mit verminderter Akkumulierung von JA regulierten 

Verteidigungssubstanzen, und aus einer Linie mit einer durch Überexpression von JMT1 

(JA-O-methyl transferase1) generierten JA Senke zusammen. Alle transformierten Linien 

wurden im Feldversuch auf Empoasca Schaden untersucht. Während Pflanzen, die an der 
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JA-Biosynthese, -Wahrnehmung oder durch eine JA Senke manipuliert wurden, stark 

durch Empoasca Zwergzikaden befallen waren, zeigten Pflanzen, die weniger Nikotin, TPI 

oder HGL-DTG akkumulieren, kaum das für Empoasca typische Schadbild. Um zu zeigen, 

dass die Wahl der Wirtspflanze durch Empoasca direkt mit der Manipulation der JA 

Signalkaskade in Verbindung steht, untersuchte ich außer dem Fraßschaden auch die 

Gehalte an JA und JA-Derivaten, das Vorhandensein von Candidatus Phytoplasma 

(Bakterien, die durch Zwergzikaden übertragen werden) und die Emission flüchtiger Stoffe 

von attackierten Pflanzen. Zusätzlich untersuchte ich das Fressverhalten von Empoasca in 

Gewächshausexperimenten in denen ich Linien mit reduzierter JA-Biosynthese, -

Akkumulierung oder -Wahrnehmung benutzte um durch exogenes JA die Resistenz gegen 

Empoasca wiederherzustellen. Dies gelang, wenn die Biosynthese von JA, jedoch nicht 

wenn die Wahrnehmung von JA in den Pflanzen manipuliert war. Zusammengenommen 

konnten die Feld- und die Gewächshausversuche zeigen, dass die Größe des Schadens von 

Empoasca an N. attenuata Pflanzen davon abhängt, wie gut die JA Signalkaskade in der 

Pflanze vermittelt wird. Das Fressverhalten von Empoasca bot die Möglichkeit, um 

Variationen der JA-Signalkaskade in natürlichen N. attenuata Populationen zu 

untersuchen. Brachte man Empoasca in eine natürliche N. attenuata Population ein, oder 

untersuchte man den natürlichen Befall von Empoasca innerhalb von Populationen, fand 

man die Insekten, und den durch sie verursachten Schaden, ausschließlich an Pflanzen, die 

eine verminderte JA Biosynthesekapazität aufwiesen. Zusammenfassend zeigte dieser Teil 

meiner Ergebnisse, wie anhand von Insektenschäden ein tieferer Einblick in die natürliche 

Variation eines grundlegenden Verteidigungsmechanismus‘ von Pflanzen erhalten werden 

kann. 

In meiner Arbeit konnte ich die elementare Rolle der Aktivierung der JA 

Signalkaskade in der Pflanze nach Insektenbefall unterstreichen. Jedoch ist die Produktion 

von JA nur ein Aspekt der Pflanzenverteidigung nach Herbivorie. Beispielsweise führt die 

Verwundung von Pflanzenmaterial zur unverzüglichen Emission so genannter grüner 

Blattduftstoffe (GLVs) durch die Spaltung von 13S-OOH-linolsäure (13S-OOH-18:2) und 

13S-OOH-18:3 durch Hydroperoxi-Lyase (HPL). In N. attenuata Pflanzen wird die 

Bildung von GLVs, bzw. die Synthese der benötigten Peroxide, durch die LOX isoform 

LOX2 geregelt. Pflanzen mit reduzierter Expression an LOX2 (ir-lox2) zeigen eine 
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substantiell verminderte Emission an GLVs. GLVs spielen eine bedeutende Rolle als 

Signalmoleküle in der indirekten Pflanzenverteidigung und die biochemische und 

funktionelle Charakterisierung von GLVs während Insektenfraßes war innerhalb der 

letzten Jahre Bestandteil vieler Studien. Dabei wurde jedoch die potentielle Funktion der 

anderen Spaltprodukte der Reaktion von 13S-OOH-18:2 und 13S-OOH-18:3 mit HPL 

vernachlässigt. Die Spaltung führt ebenfalls zur Bildung von 12-oxo-(9Z)-dodecenoic acid 

((9Z)-traumatin). Nach der Synthese wird (9Z)-traumatin durch eine Vielzahl von 

enzymatischen und nicht-enzymatischen Reaktionen modifiziert wodurch eine Reihe 

potentieller Signalmoleküle entstehen. Als Teil meiner Arbeit entwickelte ich eine LC-

MS/MS basierte Methode zur quantitativen Bestimmung dieser C12 Stoffwechselprodukte 

und analysierte das Verhalten dieser Stoffe nach W+FAC. Ich konnte zeigen, dass circa 

98% des entstandenen (9Z)-traumatins in 9-hydroxi-10(E)-traumatin (9-OH-traumatin) 

umgewandelt wurden und die restlichen 2% in andere Substanzen, entweder durch 

Umlagerung der Doppelbindung oder Oxidation bzw. Reduktion der Aldehydgruppe. Die 

Bildung von 9-OH-traumatin kann sowohl enzymatisch als auch nicht enzymatisch 

ablaufen und ich konnte zeigen, dass in N. attenuata beide Mechanismen vorkommen. Ich 

verwendete Proteinextrakte aus WT und ir-lox2 und führte in vitro Reaktionen mit 

synthetischem (9Z)-traumatin und (10E)-traumatin durch. Durch Inaktivierung von LOX 

Enzymen mittels Erhitzen oder spezifischen Inhibitoren konnte ich nachweisen, dass ein 

Drittel des gebildeten 9-OH-traumatins nicht-enzymatisch entsteht, jedoch zwei Drittel 

enzymatisch durch Produktrecycling via LOX2. 9-OH-traumatin ist ein reaktives, 

elektrophiles Molekül und wurde in N. attenuata innerhalb 1 Stunde nach W+FAC zu circa 

40% mit Glutathion konjugiert. Zusammen genommen, konnte ich durch die Entwicklung 

einer Methode zur quantitativen Bestimmung von C12 Molekülen, in diesem Teil meiner 

Arbeit den Stoffwechsel von C12 Molekülen in N. attenuata aufzeigen. Mithilfe eines 

Microarrays konnte ich außerdem zeigen, dass diese Moleküle eine potentielle 

Signalfunktion für die Aktivierung von Genexpression nach W+FAC besitzen. 
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Oxidationsprodukte ungesättigter Fettsäuren, sogenannte Oxylipine, spielen eine 

entscheidende Rolle bei der Regulation von Antworten auf biotischen und abiotischen 

Stress. Diese Substanzgruppe besteht aus einer Vielzahl von Molekülen und kann in fast 

allen Lebewesen nachgewiesen werden. In der vorliegenden Arbeit habe ich die zwei 

größten Oxylipinsignalkaskaden der Pflanzen untersucht: Die AOS-Signalkaskade, die zur 

Bildung von JA führt, und die HPL-Signalkaskade die zur Bildung von GLVs und C12 

Molekülen führt. Ich habe gezeigt, wie diese Signalkaskaden nach Insektenbefall aktiviert 

werden, wie die Verstoffwechselung von Molekülen im Insekten OS diese Aktivierung 

optimieren kann und welche Rolle diesen Signalkaskaden in der Natur zukommt. Um zu 

verstehen, wie Oxylipinsignale intra- und interspezifische Wechselbeziehungen geformt 

haben, muss man wissen wie die Oxylipinbiosynthese reguliert ist und wie Oxylipinsignale 

die Wechselbeziehung von Pflanzen und Insekten in der Natur beeinflussen.  
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