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Abbreviations 

Abbreviations 

ACC  1-aminocyclopropane- 1 -carboxylate 

ET  Ethylene 

ETP  Ethephon 

FAC  Fatty acid-amino acid conjugates 

ISR  induced systemic resistance 

JA  Jasmonic acid 

1-MCP  1-methylcyclopropene 

NPR1  Non-expressor of PR-1 

OS  Manduca sexta Oral secretion 

SA  Salicylic acid 

SAR  systemic acquired resistance 

w + w  wounding plus water  

w + OS wounding + Oral secretion 

WT  wild type 

 

 

 

 

 

 

 

 



 3

Table of Contents 

Table of Contents 

 

1. Abstract          6 

1.1. English Abstracṭ̣̣        6 
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Abstract 

1. Abstract 

 

1.1 English Abstract 

 

The phytohormones, salicylic acid (SA), jasmonic acid (JA), and ethylene 

(ET), mediate plant responses to pathogen and herbivore attack through a complex 

network of regulatory interactions. JA/SA and JA/ET cross-signaling are known to 

tailor defense responses, in contrast SA/ET interactions are not well-studied, 

particularly in responses to herbivore attack. When Nicotiana attenuata is attacked by 

Manduca sexta, larval oral secretions (OS) elicit rapid and transient JA and ET bursts 

which are greater than those elicited by wounding. When N. attenuata plants growing in 

native populations in Utah were OS-elicited, OS elicitation also found to results in 

bursts in both free and total SA. These results were confirmed with greenhouse-grown 

plants.  Treating wild type (WT) plants separately with ethephon and 1-

methylcyclopropene (1-MCP), an ET releaser and ET receptor antagonist, decreased 

and increased, respectively, the OS-elicited SA burst. When transformed N. attenuata 

plants, silenced in OS-elicited ET production (ir-aco) or perception (35s-etr1a) were 

OS-elicited, the OS- and wound-elicited SA bursts were amplified in both genotypes, 

demonstrating that the ability to produce or perceive ET suppresses the SA response. 

Fatty acid-amino acid conjugates (FACs) in OS are the elicitors of the JA and ET bursts 

but not the SA burst. SA/ET cross-communication likely tunes responses to different 

herbivores: attack from M. sexta, a specialist, elicits a larger ET and a smaller SA burst 

than does attack from Spodoptera exigua larvae, a generalist.  
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We propose that by suppressing the SA burst, the ET burst reduces SA/JA antagonism 

and allows for the unfettered activation of JA-mediated defense responses.  
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Zusammenfassung 

1.2. Deutsche Zusammenfassung 

 

 Die Pflanzenhormone, Salizylsäure (SA), Jasmonsäure (JA) und Ethylen (ET) 

vermitteln gemeinsam Abwehrreaktionen von Pflanzen gegen Pathogene und 

Herbivoren. Die Interaktion der JA/SA und JA/ET Signalwege sind bekannt für ihre 

maßgeschneiderte Verteidigungsantwort, währenddessen SA/ET Interaktionen im 

Miteinander und/oder Gegeneinander von Pflanze und Herbivor bis jetzt noch nicht 

tiefgreifend erforscht wurden. Beim Befall von Nicotiana attenuata mit Manduca sexta, 

lösen orale Sekrete (OS) der Raupe schnelle und transiente JA und ET Ausbrüche aus, 

welche die Mengen, ausgelöst durch Verwundung allein, weit übertreffen. N. attenuata 

Pflanzen, die in natürlichen Populationen in Utah gewachsen sind, zeigen nicht nur eine 

Zunahme des Hormongehaltes von JA, sondern auch sowohl von freier als auch 

konjugierter SA, nach Auslösung mit OS auf. Diese Daten konnten von im 

Gewächshaus generierten Daten bestätigt werden. Weder Fettsäure-Aminosäure 

Konjugate, welche als Auslöser der JA und ET Produktion gelten, noch ß-Glucosidase 

Aktivität in OS konnten für die Anhebung des SA Gehaltes verantwortlich gezeichnet 

werden. Die Steigerung der ET Emission durch die Behandlung von Wildtyppflanzen 

(WT) mit entweder dem ET Präkursor 1-Aminocyclopropan-1-Carboxylat (ACC) oder 

dem ET Auslöser Ethephon, resultierte in keinem Effekt zu den produzierten SA 

Mengen bzw. darin, diese zu verringern. Die Inhibierung der ET Wahrnehmung durch 

Vorbehandlung von WT Pflanzen mit dem ET-Rezeptor-Antagonisten 1-

Methylcyclopropan, oder durch den Einsatz von transformierten 35s-etr1a Pflanzen, 
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wies eine drastische Erhöhung der SA Mengen nach OS Behandlung auf, was die 

antagonistische Rolle von ET auf die SA Produktion demonstriert. Die Kommunikation 

der SA/ET Signalwege scheint massgeblich an der Abstimmung der Reaktion der 

Pflanze auf verschiedene Herbivoren beteiligt zu sein: bei Befall mit M. Sexta - einem 

Spezialisten, im Gegensatz zu Spodoptera exigua - einem Generalisten, werden größere 

Mengen an ET und geringere Mengen an SA produziert. Schlussfolgernd kann gesagt 

werden, daß durch die Inhibierung des SA Gehaltes, die ET Produktion im 

Zusammenspiel mit NPR1 stattfindet, um eine uneingeschränkte JA-vermittelte 

Verteidigung zu ermöglichen, auch wenn Pflanzen von Herbivoren attackiert werden, 

die ebenso SA Signalwege initiieren.  
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Introduction 

2. Introduction 

 

Plants are continuously challenged by a variety of biotic agents that attack in 

different ways, over different spatial scales and with different consequences for the 

plant’s Darwinian fitness. To survive, plants recognize and respond differently to 

various attackers deploying chemical or morphological defenses mechanisms to kill, 

starve, poison, repel, and trap attackers or attract their natural enemies. Each attacker, 

depending on its natural history, evolves different counter responses to these plant 

defenses, which in turn increases the need for a plant to recognize different attackers 

and tailor specific defense responses.  

How plants cope with these demands is subject of intensive research, and it is 

clear that three phytohormones and their interactions play a central role: salicylic acid 

(SA), jasmonic acid (JA) and ethylene (ET) (Reymond and Farmer, 1998; De Vos et al., 

2006). SA is known to play a central role in defense against biotrophic pathogens, by 

containing their spread with a preventive cell suicide, known as the hypersensitive 

response (HR). SA, which functions as a signal in the HR, in turn elicits a long-lasting, 

induced resistance mechanism against a broad range of invading pathogens, known as 

systemic acquired resistance (SAR) (Ross, 1961; Ryals et al., 1996; van Loon et al., 

1998; Potlakayala et al., 2007). JA, on the other hand, plays a key role as an elicitor of 

defense responses against necrotrophic pathogens by initiating the SA-independent 

induced systemic resistance (ISR) (Pieterse et al., 1998; Vijayan et al., 1998) and 

against herbivores (Halitschke and Baldwin, 2005). There is also considerable evidence 

for dose-dependent antagonism of SA on JA-mediated herbivore defenses (Doherty et  
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al., 1988; Péna-Cortes et al., 1993; Doares et al., 1995; Baldwin et al., 1997) as well as 

pathogen defenses (Stout et al., 1999; Gupta et al., 2000; De Vos et al., 2006; Mur et al., 

2006). Little is known about JA’s effects on SA signaling, but in JA- and coronatine-

insensitive (coi) mutants, SA-mediated gene expression and defenses are greatly 

enhanced (Kloek et al., 2001; Li et al., 2004) and JA treatment suppresses SA-

dependent pathogen related (PR) protein expression (Niki et al., 1998). 

The gaseous hormone ET, in addition to its central role in many physiological 

processes such as fruit ripening and senescence, modulates defense responses, 

particularly those mediated by the JA cascade, rather than eliciting defense responses on 

its own (reviewed in von Dahl and Baldwin, 2007). For example, the ET burst elicited 

by herbivore attack enhances the production of JA-elicited proteinase inhibitors in 

tomato (O’Donnell et al., 1996) but suppresses JA-elicited nicotine production in the 

native tobacco, Nicotiana attenuata (Kahl et al., 2000; Winz and Baldwin, 2001). In all 

examples studied to date, ET tunes JA responses but little is known, about JA to 

influence ET production or the responses it mediates. While both ET/JA and JA/SA 

interactions are important for various pathogen responses, the ET/SA interactions are 

not well-studied in plant responses to herbivory.  

One of the best-studied model systems for plant-insect interactions is the 

relationship between the native tobacco species N. attenuata Torr. ex. Wats. and its 

specialized herbivore, the tobacco hornworm Manduca sexta (Lepidoptera, Sphingidae). 

N. attenuata, a species native to the Great Basin Desert/USA, also known as Wild 

Tobacco or Coyote Tobacco (Goodspeed 1954) is a member of the Solanaceae, one of 

the most fascinating families in the plant kingdom, with about 2500 species.  
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The family is also known as the nightshade family and includes many plants which are 

used both for their nutritional and pharmacological properties including Datura (Datura 

spec.), eggplant (Solanum melongena), deadly nightshade (Atropa belladonna), chilli 

pepper (Capsicum annuum) potato (Solanum tuberosum), tomato (Lycopersicon 

esculentum) and many others. Seeds of N. attenuata, a primarily selfing annual, 

germinate into the immediate post-fire environment in response to smoke-derived 

signals (Baldwin, 1994; Preston, 2000; Baldwin et al., 2005).  

 

 

Figure 1: single flowering N. attenuata 
plant (A) and a flowering population 
(B) in their natural habitat in the 
Great Basin desert, Utah/USA (Image 
in (B) taken by Danny Kessler) 
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M. sexta larvae prefer to feed on the foliage of N. attenuata, but various other 

members of the solanaceaeous group can also serve as hosts. They have a short life 

cycle, lasting about 30 to 50 days, in which the larvae stage lasts on average 20 days. At 

the end of the larval stadium, which means after reaching the fifth larval instar, the 

caterpillar burrows underground and pupates. In most habitats, M. sexta has on average 

two generations per year. M. sexta as a specialist has evolved nicotine detoxification 

mechanisms and also accumulates a considerable amount of nicotine in its 

haemolymph, which causes grave mortality to its parasitoids (Barbosa et al., 1991). To 

thwart this adaptation, N. attenuata has evolved mechanisms to fine-tune its defense 

signaling, presumably via ET. 

 

 

 

 

 Figure 2: typical post-fire environment in which N. attenuata occurs as a pioneering plant  
 Images taken by Danny Kessler ( A) and Rayko Halitschke (B) 
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Here we provide evidence that the dramatic ET burst, which is elicited when 

larvae of the tobacco hornworm M. sexta attack their host plant N. attenuata (Kahl et 

al., 2000; von Dahl et al., 2007), plays a central role in mediating the JA/SA 

antagonism. The effectiveness of N. attenuata’s JA-elicited defenses against herbivore 

attack and the relevance of JA signaling in the plant’s native habitat have been well 

established (Baldwin, 1998; Kessler et al., 2004; Paschold et al., 2007). Given the 

importance of JA-mediated defenses against M. sexta attack, we were surprised to find 

that OS-elicited N. attenuata plants growing in native populations exhibited both the 

expected JA burst and a more delayed SA burst, which could potentially antagonize the 

JA-dependent responses.  

Defense responses of plants start upon the introduction of elicitors contained in 

herbivore saliva vectored during feeding (Roda et al., 2004). Two classes of OS-derived 

elicitors have been isolated from lepidopteran larvae: enzymes like ß-glucosidase and 

 Figure 3: Manduca quinquemaculata moth sucking nectar on Datura wrightii flowers and 
 larvae of its closely related species M. sexta feeding on N. attenuata. Images are taken by 
 Danny Kessler (A) and Georgios Wenetiadis (B)  

(A) (B) 
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fatty acid-amino acid conjugates (FACs). A detailed study by Halitschke et al. (2003) 

showed that the two major FACs found in M. sexta OS are able to induce 86% of the 

transcriptional responses shown in N. attenuata after herbivore attack. They 

demonstrated that this transcriptional remodeling is connected to the induction of JA. 

Although, JA and ET signaling is activated when FACs are introduced into wounds 

during feeding (Halitschke et al., 2001; von Dahl et al., 2007) the elicited SA burst 

neither depends on the presence of FACs nor on the activity of β-glucosidase that could 

release SA from its sugar conjugates (Malamy et al., 1992). However, ET insensitive 

plants pre-treated with the ET receptor antagonist, 1-methylcyclopropane (1-MCP), or 

ectopically expressing a mutant ET receptor accumulated dramatically increased SA 

levels after OS elicitation, suggesting ET-dependent suppression of the SA burst during 

herbivore attack.  

Besides the specialist herbivore M. sexta the generalist Spodoptera exigua 

(Lepidoptera, Noctuidae) also uses N. attenuata as a host species. S. exigua is native to 

Southeast Asia but first discovered in North America about 1876. It annually re-invades 

the southern half of the United States where N. attenuata is growing naturally, as the 

weather warms, because the herbivore would die off during the cold period. 

Overwintering is generally limited to Arizona, Florida, and Texas. The eggs are laid in 

numbers of about 80 per nest and the caterpillar burrows into the soil below the plant 

where it pupates without a cocoon. The life cycle can be completed in as few as 24 days 

(undergoing five instars), and six generations have been reared during five months of 

summer in Florida (Wilson 1934). 
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The observation of the opposing regulation of SA and ET accumulation during 

the attack of two different herbivores was striking: feeding of the specialist M. sexta 

larvae elicited a larger ET and a smaller SA burst in comparison to the hormone levels 

in response to feeding of the generalist S. exigua larvae.  

 

 

 

 

 

 

 

 Figure 4: Spodoptera exigua moth (A) and its larvae (B) on N. attenuata. 
 Images are taken by Danny Kessler 
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3. Materials and Methods 

 

3.1 Plant growth: 

   

Wild type Nicotiana attenuata Torr. Ex. Watson. (synonymous with N. 

torreyana Nelson and Macbr.; Solanaceae) plants were obtained from an inbred line in 

its 22th generation that originated from seeds collected on the DI ranch in Utah in 1998. 

Seeds of WT and genetically transformed 35s-etr1b plants (A-03 538-1), ectopically 

expressing the Arabidopsis thaliana mutant ethylene receptor etr1-1 under the control 

of a CaMV 35S promoter (von Dahl et al., 2007) were germinated on Gamborg’s B5 

medium (Krügel et al., 2002). In short: seeds were sterilized and incubated in 0.1 M 

gibberellic acid (GA3) and 1:50 diluted liquid smoke (v/v) (House of Herbes, Passaic, 

NY, USA) before germination on Gamborg’s B5 at a 26°C/16 h 155 µm/s/m2 light: 

24°C/8 h dark cycle (Percival, Perry Iowa, USA). When seedlings entered an age of 10 

d, they were planted singly into Teku pots (Waalwijk, The Nederlands) and transferred 

into 1-L pots after an additional 10 d. Plants were grown in the greenhouse with a 

day/night ratio of 16 (26-28ºC)/8 (22-24ºC) h under supplemental light from Master 

Sun-T PIA Agro 400 or Master Sun-T PIA Plus 600 W Na lights (Philips, Turnhout, 

Belgium).  
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3.2. Insect rearing and feeding experiments: 

 

Manduca sexta (Tobacco hornworm) eggs, purchased from Carolina Biological 

Supply (USA) were cultured in climate chambers until hatching. Freshly hatched larvae 

(neonates) were placed onto leaves growing at the +1 nodal position of individual plants 

in clip-cages for feeding experiments. For collection of OS, larvae were reared on N. 

attenuata leaves until the 3rd instar. Spodoptera exigua (Beet armyworm) larvae 

hatched from eggs supplied by the Plant Protection Centre of Bayer AG (Monheim, 

Germany) were cultured on artificial diet consisting of 300 g/L agar, 400 g/L bean flour, 

3 g/L sodium ascorbate, 3 g/L ethyl p-hydroxybenzoate, and 1 g/L formaldehyde with a 

photoperiod of 14-16h photophase at 22°C
 
to 24°C until reaching the third instar.   

Caterpillar herbivory bioassays were performed in clip-cages. One 3rd instar S. 

exigua or two 1st instar M. sexta larvae per plant were allowed to feed on +1 leaves for 

three days. 

 

3.3. Experimental Setup and plant treatment: 

 

Plants were selected in natural populations in the southwestern of the USA at the 

time they were about to elongate. Two groups with three plants each were chosen for 

one treatment. These three plants grew within 20 cm of each other. Every six-plant 

group were separated from the next six-plant group by 5 meters. One group was 

wounded six times with a pattern wheel on the second fully developed leaf and the other 

group was wounded the same way and treated with 20 µL M. sexta oral secretion  
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(diluted 1:1 with H2O), which was applied immediately to the wound. Control plants 

remained untreated. At defined time points the treated leaves were harvested. 

In the glasshouse, the three youngest fully expanded leaves (position +1, +2 and 

+3) were mechanically wounded with a pattern wheel by producing four rows of 

punctured holes on each side of the mid-vein. Fresh wounds were treated with 20 µL of 

M. sexta oral secretion (OS) (diluted 1:1 with H2O), 1-aminocyclopropane-1-carboxylic 

acid (ACC, Sigma); in 5mM MES (6mg/mL), ethephone (6 mg/mL 5 mM MES) or 5 

mM MES. Control plants remained untreated.  

 

 

 

 

To inhibit ethylene perception plants were exposed to 1-methylcyclopropane (1-

MCP). Six plants were placed into a 20-L container and exposed to 1-MCP for 8 h 

during the dark cycle. Following Kahl et al., (2000), 500 mg of Ethylblock (0.43% 1-

MCP, van der Sprong, Roelofarendsveen, Netherlands) was weighed into a vial and 10 

mL of an alkaline solution (0.75% KOH + NaOH) was added to release 1-MCP. Fatty  

 

 Figure 5: A 25 day old N. attenuata plant beeing treated for phytohormone analysis with a 
 fabric pattern wheel, by rolling over the leaf surface on both sides parallel to the mid-vein 
 (A) and adding OS immediately onto the punctured wounds (B).  
 Images taken by Danny Kessler 
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acid/amino acid conjugates (FACs) were applied to fresh wounds in 20 µL of 0.05% 

Triton-X-100 (Sigma) at a concentration of 50ng µL-1 (0.12 mM) N-linolenoyl-L-Gln 

(18:3-Gln, 1) and 138ng µL-1 (0.34 mM) N-linolenoyl-L-Glu (18:3-Glu, 3).   

 

3.4 Analysis: 

  

3.4.1. JA and SA quantification 

 Free SA and JA was extracted from 200-300 mg of fresh plant leaf material that 

was homogenized in FastPrep tubes containing 900 mg FastPrep matrix (BIO 101, 

Vista, CA, USA) and extracted in 1 mL of ethylacetate spiked with 200 ng (or 100ng 

for SA quantification in herbivore experiment) of D4-SA and 13C2-JA, as internal 

standards. Samples were homogenized twice by reciprocal shaking at 6.5 m s-1 for 45 

seconds and centrifuged at 13,000 rpm for 20 min at 4°C. Supernatants from 2 

extraction steps were pooled and evaporated until dryness. The dried residue was 

dissolved in 500 μL of 70% of methanol, vortexed and centrifuged.  Subsequent 200 µL 

of the supernatant were transferred in HPLC vials and analyzed by HPLC-MS/MS. 

Conjugated SA was extracted as described previously (Malamy et al., 1992). 

The first 2 extraction steps were conducted in the same way as in the procedure for free 

SA extraction with the exception that the extraction buffer was 90% MeOH, which was 

spiked with 100 ng of internal standard. For the second extraction step, pure MeOH was 

used. The supernatants were pooled and evaporate to dryness at 30°C in an Eppendorf  
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Concentrator. The dried extracts were dissolved in 0.5 mL H2O and vortexed for 1 min. 

After addition of 0.5 mL 0.2 M acetate buffer (pH 4.5) containing 0.1 mg/mL ß-

glucosidase (22 units/mg, Sigma), the samples were incubated at 37°C for 3 h and 

centrifuged (5min at 13,000 rpm). Finally, 200 µL of the supernatants were transferred 

to HPLC vials for quantification by HPLC-MS/MS. 

 

3.4.2. HPLC-MS/MS 

SA and JA measurements were conducted on a Varian 1200 Triple-Quadrupole-

LC-MS system (Varian, Palo Alto, CA, USA). 15 μL of each sample were injected onto 

a ProntoSIL column (C18; 5 μm, 50 × 2 mm, Bischoff, Germany) attached to a 

precolumn (C18, 4x2mm, Phenomenex, USA). The mobile phase comprised solvent A 

(0.05% formic acid) and solvent B (0.05% formic acid in acetonitrile) used in a gradient 

mode [time/concentration (min/%) for B: 0:00/15; 1:30/15; 4:30/98; 12:30/98; 

13:30/15; 15:00/15] with a flow rate of  [time/flow (mL/min): 0:00/0.4; 1:00/0.4; 

1:30/0.2; 10:00/0.2; 10:30/0.4; 12:30/0.4; 15:00/0.4]. The compounds were detected in 

the ESI negative mode. Molecular ions (M-H) with m/z 137 and 141 generated from 

endogenous SA and internal standard, respectively, were fragmented under 15V 

collision energy. The ratios of ion intensities of their respective daughter ions, m/z 93 

and 97, were used to quantify endogenous SA.  

For endogenous JA and its internal standard, molecular ions (M-H) with m/z 209 

and 211, respectively, were fragmented under 12V collision energy. The ratios of ion  
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intensities of their respective daughter ions, m/z 59 and 61, were used for JA 

quantification. 

 

3.4.3. β-glucosidase assay: 

The presence of β-glucosidase activity was determined, following the procedure 

described in Mattiacci et al., (1995), in SA-inducing and non-SA-inducing M. sexta OS. 

OS samples were assayed in triplicates. The incubation mixture, which contained 5 mM 

4-nitrophenyl  β-D-glucopyranoside (Sigma, Steinheim, Germany) in 1 mL 0.1 M Tris 

buffer and 125 µL of OS solution (diluted 1:1 with H2O), was briefly vortexed and 

incubated in a water bath for 2h at 30 °C. The reaction was stopped by immersing the 

incubation tubes in boiling water for 10 min. All tubes were centrifuged at 10,000 x g 

for 10 min after incubation and the absorbance of the supernatant was measured in an 

Ultrospec 3000 (Pharmacia Biotech) spectrophotometer. The concentration of p-

nitrophenol, the reaction product, was determined at 400 nm by using a molar extinction 

coefficient of 18,130. One unit was defined as the amount of enzyme hydrolyzing 1 

µmol of substrate per min at 30 °C. 
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3.4.4. Ethylene measurements: 

Ethylene emissions were measured continuously and non-invasively in real-time 

with a photoacoustic spectrometer (INVIVO, Adelzhausen, Germany) as described in 

von Dahl et al., (2007) for “stop-flow” measurements. The youngest fully expanded 

leaves of slightly elongated plants were subject to feeding by 3 neonate M. sexta larvae 

or one 3rd instar S.exigua larvae for 22 h. Leaves were excised at the onset of the 

experiment and transferred to 250-mL cuvettes and the headspace was allowed to 

accumulate over the entire feeding period. The cuvettes were flushed by a flow of 

purified air at 130 to 150 mL min-1 which had previously passed through a liquid N2 

cooling trap to remove CO2 and H2O.  

 

3.4.5. Statistical analysis: 

All statistical analyses were performed with StatView Version 5.0 (SAS 

Institute Inc. Copyright© 1992-1998) software. Prior to statistical analysis the data was 

tested for homogeneity of variances and data presented in Figs. S1, 1, 3C and 4 were 

log transformed. Statistical analysis was performed using ANOVA or the Student’s t-

test as indicated.  
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4. Results 

 

4.1. OS-elicitation of SA and JA bursts in N. attenuata plants growing 

in nature 

 

 Five groups of three similarly sized and minimally damaged N. attenuata plants 

of unknown genetic diversity growing in a native population in a one-year-old burn in 

southwest Utah had their leaves wounded with a pattern wheel and the wounds were 

immediately treated with either water (W) or M. sexta oral secretions (OS), or were left 

unwounded (time point zero). The concentrations of both free SA and total SA 

increased after 180 min in both W and OS-treated plants in comparison to untreated 

control plants (Fig. 6 (A), Fig. 7). OS elicitation amplified the W-elicited increase in 

free SA levels two-fold above controls. Changes in total SA amounts mirrored those of 

the free SA levels, but were three-fold higher (Fig.7). JA levels responded as has been 

demonstrated for glasshouse-grown N. attenuata plants (Ziegler et al., 2001): OS 

elicitation amplified the W-induced increase 3.5-fold with maximum values attained 60 

min after elicitation (Fig. 6 (B)). These results demonstrate that neither strict genotypic 

nor environmental control are necessary to detect OS-elicited SA and JA bursts, as these 

responses are readily detected in relatively undamaged plants of unknown genetic origin 

growing in a native population.  
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Figure 6. OS-elicited SA and JA accumulation in natural-grown N. attenuata plants 
Mean ± SE (n = 5) free SA (A) and JA (B) levels per fresh mass (FM) in N. attenuata plants 
growing in a native population in SW Utah. Fully mature leaves were wounded with a fabric 
pattern wheel and the wounds were either treated with water (w + w, black line) or M. sexta oral 
secretions (w + OS, red line). Control plants (0 min) were left unwounded. Asterisks indicate 
significant differences among treatments at the indicated time points (ANOVA, F12,51 = 5.327, * 
= P < 0.05; *** = P < 0.001).  

*

***
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 4.2. OS- and FAC-elicited SA levels in glasshouse-grown plants  

 

 Free and total SA levels of glasshouse-grown N. attenuata plants elicited with 

OS, W or left untreated as controls changed similarly to the pattern observed in field-

grown plants. Maximum values were attained 120 min after elicitation (Fig. 7) and OS 

treatment resulted in significantly higher SA levels in comparison to W-elicited SA 

levels (Student’s t-test; P = 0.0231).  

 

 

 

Previous work by Halitschke et al., 2003 demonstrated that fatty acid/amino acid 

conjugates (FACs) found in OS are necessary and sufficient for the elicitation of both 

the JA (ANOVA, F2,13 = 68.984, P < 0.05; Fig. 8A) and ethylene bursts (von Dahl et al., 

2007). To determine if FACs were also responsible for the elicitation of the SA burst, 

we tested the two most abundant FACs found in OS. Treatment of puncture wounds 

with these FACs at concentrations found in M. sexta OS did not significantly increase 

* Figure 7: OS-elicited SA 
accumulation in glasshouse 
grown N. attenuata plants 
Mean ± SE (n = 5) free SA 
levels of wounded N. 
attenuata plants 60 and 120 
min after immediately 
treating wounds with M. 
sexta oral secretions (w + 
OS; green line) or water (w 
+ w; black line). SA levels of 
untreated plants are shown at 
0 min. Asterisks indicate 
significant differences to the 
controls at the individual 
time point (ANOVA, * = P < 
0.05).  
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free SA levels above those found when puncture wounds were treated with water or the 

detergent-containing buffer (ANOVA, F2,14 = 2.717, P = 0.87; Fig 8B). 

 

  

  

 

A 

B 

Figure 8. FACs are 
not the elicitors of 
the SA burst. 
Mean ± SE (n = 5) 
free JA (A) and SA 
(B) levels in N. 
attenuata leaves of 
untreated plants 
(ctrl; open circle, 
dotted line) or plants 
that were wounded 
and subsequently 
treated with fatty 
acid amino acid 
conjugates (FAC; 
green squares, green 
line) or with the 
detergent containing 
solution (triton; 
black squares, black 
line). Leaves were 
harvested 30, 60 and 
180 min after the 
treatments.  
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In addition to FACs, at least one more class of elicitors of indirect defense responses is 

known to occur in the OS of herbivores: lytic enzymes such as β-glucosidase (Mattiacci 

et al., 1995). The ability of OS-treatment to amplify the W-elicited SA burst varied 

from one OS sample to another (Fig. 2B).  

 

 

 
Figure 9: ß-glucosidase is not the elicitor of the SA burst. 
Mean ± SE β-glucosidase activity (n = 3) in SA-eliciting (red bars) and non-SA-eliciting (green 
bars) M. sexta oral secretions (OS) at pH 6 and 9 (ANOVA, F3,7 = 93.856, P < 0.001). Inset: 
Mean ± SE (n = 5) SA levels in N. attenuata WT plants 180 min after wounding and treatment 
of the wounds with water (w, white bar), non-SA-eliciting OS (OS1, green bar), SA-eliciting 
OS (OS2, red bar) or β-glucosidase at concentrations present in M. sexta OS (β-gluc, striped , 
grey bar). Different letters indicate significant differences among treatments. 

pH 
6 9 
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To determine if β-glucosidases present in M. sexta OS could account for this variability 

in SA-eliciting ability, we measured β-glucosidase activity in SA-inducing as well as in 

non-SA-inducing OS. Comparable β-glucosidases activity in both OS samples was 

detected. Moreover, β-glucosidases activity did vary between measurements made at 

pH 6 and pH 9, the range of midgut pHs found in Lepidopteran species (Fig. 9).  
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4.3. Ethylene suppresses the OS-elicited SA burst 

 

When wounded leaves of WT N. attenuata plants were treated with ethephone 

(ETP), an ET releaser, SA levels decreased by 30% in comparison to those in wounded 

leaves that were wounded and treated only with water (Fig. 10A). After the addition of 

ACC, a precursor of ET, to wounded leaves, SA levels did not differ from the SA levels 

measured after water or ethephone addition to wounds (ANOVA, F3,14 = 6.659, P< 0,05; 

Fig. 10A). In contrast, OS-elicited SA levels increased by 25% when WT plants were 

rendered ethylene insensitive by a preceding overnight exposure to 1-MCP an ethylene 

receptor antagonist (Fig. 10B).  

To further explore the role of ethylene signaling in the regulation of the SA 

burst, transgenic N. attenuata plants rendered ET insensitive by the ectopic expression 

of the mutant etr1-1 receptor of Arabidopsis (35s-etr1b) were used. OS-elicited 35s-

etr1b plants accumulated significantly higher free SA levels (nearly three-fold) 

compared to OS-elicited WT plants (Fig. 10C).   
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Figure 10: Ethylene 
suppresses OS-elicited SA 
accumulation. 
Mean ± SE (n = 5) free SA 
levels in:  A) wild type 
(WT) N. attenuata plants 
120 min after wounding 
and treating the wounds (+ 
w) with water (w, green 
bar), 1-ACC (ACC, grey 
bar) or ethephone (ETP, 
orange bar). Control plants 
remained untreated (crtl, 
white bar; ANOVA, P < 
0.05); B) 120 min after OS 
elicitation of WT plants 
that were previously 
exposed to 1-MCP (+ 
MCP, orange bar) to block 
their ET receptors and 
control unexposed plants (- 
MCP, green bar); and C) 
120 min after OS 
elicitation of WT (green 
bar) and ET-insensitive 
35s-etr1a (orange bar) 
plants. Different letters 
indicate significant 
differences between 
treatments of the 
respective panels 
(Student’s t-test; P < 0.05). 
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Together these results suggested that ethylene negatively regulates the SA burst, 

as increased ethylene levels suppressed SA accumulation and rendering plants ethylene 

insensitive, amplified the SA levels. 
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4.4 Differential elicitation of SA and ET by a generalist and specialist 

herbivore.  

  

The two most abundant Lepidopteran herbivores found on N. attenuata plants 

growing in their native habitats are the specialist, M. sexta, and the generalist S. exigua 

(Steppuhn et al., 2004). These two species were chosen to compare the plants’ SA/ET 

responses. Larvae number and instars were adjusted to ensure that damage amounts 

were comparable between treatments. During the 22h feeding period, three neonate M. 

sexta larvae removed 0.235 cm2 ± 0.04 leaf area while one third instar S. exigua larvae 

removed 0.353 cm2 ± 0.083 (Student’s t-test, P = 0.212). 

 

 

S. exigua attack significantly increased SA levels in WT plants in comparison to plants 

attacked by M. sexta larvae (ANOVA, F2,14 = 2.602, P < 0.05). Free SA levels of 

control plants increased six-fold after attack of S. exigua (Fig. 12A). ET emissions  

Figure 11: leafarea 
consumed by the N. 
attenuatas most 
abundant lepidopteran 
herbivores 
Mean ± SE (n = 8) 
leafarea consumed by M. 
sexta (grey bar) and S. 
exigua (black bar) after a 
22h feeding period.  
(P = 0.212) 



 35

Results 

 

showed the opposite pattern. ET emission of N. attenuata plants increased up to three-

fold in response to M. sexta larvae attack, whereas only a slight increase was measured 

in plants attacked by S. exigua larvae (Fig. 12B). This antagonistic pattern of SA and 

ET levels in response to two different Lepidopteran species is consistent with the 

hypothesis that ET is a negative regulator of SA accumulation. 

 

 

Figure 12: 
Differential 
elicitation of SA 
and ET by attack 
from two 
lepidopteran 
herbivores.  
A) Mean ± SE (n 
= 8) free SA levels 
in untreated wild 
type N. attenuata 
plants (ctrl, white 
bar) and 1 day 
after continuous 
feeding by M. 
sexta (grey bar) or 
S. exigua (black 
bar) larvae.  
B) Mean ± SE  
(n = 3) ethylene 
emission of 
excised leaves 
during 22 h of 
continuous feeding 
by M. sexta (grey 
bar) or S. exigua 
larvae (black bar) 
and of leaves that 
were left 
undamaged (crtl, 
white bar). 
Different letters 
indicate significant 
differences 
between 

(ANOVA, P 
< 0.05).  
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5. Discussion: 

 

In response to herbivore and pathogen attack, plants activate not one but many 

signal cascades that recruit a suite of defenses. The specificity of the defense response 

elicited against a particular attacker is in part tailored by the cross-communication 

between these signal transduction pathways (Feys and Parker, 2000; Glazebrook, 2001; 

Thomma et al., 2001; Heidel and Baldwin, 2004). Biotic attackers, to borrow from 

Shakespeare, “not as single spies, but in battalions come” and many herbivores function 

as Trojan horses, vectoring and inoculating plants with pathogens during feeding. Given 

the high probability that many homopteran insects, such as aphids and whiteflies, 

transmit disease-causing viruses and pathogens, it is not surprising that plants activate 

SA signaling in response to their attack (Moran and Thompson, 2001; Moran et al., 

2002; Kaloshian and Walling, 2005; Pegadaraju et al., 2005; De Vos et al., 2006).  

Insects, on the other hand may exploit aspects of the plant’s signal cascade 

architecture to their advantage. The SA/JA antagonism, for example, may benefit 

silverleaf whiteflies that activate SA signaling when they attack their host plant, which 

in turn suppresses JA-regulated defenses that are more effective than SA-regulated 

defenses in deterring whiteflies (Zarate et al., 2007). Similar responses may occur with 

grazing insects, which are “recognized” by plants when components of their OS, such 

as FACs, β-glucosidases or proteolytic products of ATPases (inceptins) are introduced 

into wounds during feeding (Mattiacci et al., 1995; Halitschke et al., 2003; Schmelz et 

al., 2006). Given the plant’s adaptation to fend off its attackers, it is possible that by 

harboring plant pathogens (or their elicitors) in their midguts, grazing insects elicit SA  
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signaling to antagonize the more effective JA-mediated defenses, as whiteflies 

apparently do. 

 The effects of SA treatment on JA-mediated defenses are commonly interpreted 

as evidence of the SA/JA antagonism. When SA, its methyl ester (MeSA), or SA 

mimics are applied to wounded or herbivore-attacked plants, the JA burst, JA-mediated 

gene expression, levels of JA-elicited defensive metabolites, as well as resistance to 

some herbivores are suppressed (Doherty et al., 1988; Péna-Cortes et al., 1993; Doares 

et al., 1995; Baldwin et al., 1997; Fidantsef et al., 1999; Stout et al., 1999; Stotz et al., 

2002; Cipollini et al., 2004). Suppressed JA signaling in Arabidopsis plants mutated in 

mpk4 can be partially attributed to the plants’ high SA levels (Wiermer et al., 2005). In 

WT Arabidopsis SA is thought to antagonize JA signaling during pathogen infection, 

which is corroborated by the diminishment of this antagonism in pathogen-elicited SA-

deficient NahG plants that have high levels of LOX2 transcripts and JA (Spoel et al., 

2003). Additionally, N. tabacum plants inoculated with tobacco mosaic virus showed 

attenuated wound-induced JA and nicotine levels (Preston et al., 1999). We recently 

reported that in N. attenuata NPR1 silencing dramatically increases OS-elicited levels 

of free and total SA and that the resulting SA/JA antagonism inhibited a number of JA-

elicited direct and indirect defenses. Ir-npr1 plants, silenced in their NPR1 expression,  

were highly vulnerable to herbivores in both the field and the glasshouse (Rayapuram 

and Baldwin, 2007).  

These examples show that the SA/JA antagonism is real, and therefore plants 

should be able to control the antagonism if they are to adaptively tailor their defense 

responses. Here we demonstrated that while FACs in OS are not responsible for  



 38

Discusssion 

 

eliciting the SA burst, the FAC-elicited ET burst plays an important role in suppressing 

the OS-elicited SA burst. ET thereby presumably mitigates SA/JA antagonism. OS-

elicited WT plants pre-treated with a competitive inhibitor of ethylene receptors, 1-

MCP, as well as OS-elicited transgenic 35s-etr1b plants, which are impaired in ET 

perception, accumulate up to 3-fold more SA than OS-elicited WT plants (Fig. 10C). 

Both 35s-etr1b plants and 1-MCP treated WT plants are impaired in their ability to 

perceive ET and are known to synthesize more ET in response to OS elicitation than 

WT plants (von Dahl et al., 2007). This suggests that either ET production or ET-

perception is responsible for the altered SA burst. Since the increases in total SA mirror 

the increases in free SA (Suppl. Fig. 1), we infer that the SA burst results from de novo 

biosynthesis. In line with this observation it is unlikely that the ET burst regulates the 

release of free SA from the larger pool of conjugated SA. Interestingly, besides the 

increased SA burst and severely impaired JA-mediated defenses of NPR1-silenced N. 

attenuata plants their OS-elicited ET burst does not differ from that of OS-elicited WT 

plants (Rayapuram and Baldwin, 2007). This suggests that the FAC-elicited ET burst 

represents a conditional means of modulating SA/JA antagonism in addition to that 

provided by NPR1 (Scheme 1).   

 We conclude that FACs indirectly suppress the SA burst by eliciting an ET 

burst, but the factors in OS which elicit the SA burst remain elusive. Ahmad and 

Hopkins (1992) demonstrated that M. sexta OS contain ß-glucosidase activity and we 

were able to rule out the hypothesis that ß-glucosidase functioned as the elicitor of the 

SA burst (Fig. 9). The hypothesis that larval derived ß-glucosidase could potentially 

hydrolyze sugar conjugated SA to produce a burst of free SA was particularly appealing  
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in the context of Mattiacci et al. (1995) pioneering work demonstrating that ß-

glucosidase in OS of Pieris brassicae larvae elicited indirect defenses. However, the 

application of OS-equivalent activities of ß-glucosidase to leaves did not elicit an SA 

burst, and ß-glucosidase activity of OS was not correlated with their ability to elicit SA 

accumulation (Fig. 9). Moreover, the changes in total SA mirrored the changes in free 

SA (Suppl. Fig.1), making the hydrolysis from conjugates an unlikely explanation for 

the burst of free SA. The fact that different collections of M. sexta OS differ in their 

ability to elicit an SA burst, suggests that larvae may differently harbor pathogenic 

factors in their OS. Pathogen-associated molecular patterns (PAMPs) such as flagellin 

(Felix and Boller, 2003; Zipfel et al., 2006) may be present in larval OS and may be 

introduced during feeding to elicit the SA burst. Identification of the OS-derived 

elicitors of the SA burst will help to determine if herbivores actively manipulating SA 

signaling in plants as a means of using SA/JA antagonism to thwart JA-mediated plant 

defenses.  

 The ten fold larger ET burst of N. attenuata plants attacked by M. sexta larvae 

as compared to the ethylene emitted by plants attacked by S. exigua larvae was 

accompanied by a 5-fold larger SA burst in S. exigua-attacked plants in comparison to 

plants attacked by M. sexta larvae (Fig. 12). These results demonstrate a potential of the 

SA/ET cross-communication to tune responses to different herbivores. Moreover the 

data is consistent with the hypothesis that generalist herbivores, such as S. exigua, may 

enhance their fitness by activating the SA pathway concomitantly with the JA pathway 

to weaken JA-mediated resistance by means of the SA/JA antagonism (Stotz et al., 

2002; Cipollini et al., 2004). One issue that should be inserted in the argumentation is  
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the fact, that Spodoptera exigua larvae fed on artificial diet previously and hence their 

OS contents could be modified in comparison to larvae which fed on N. attenuata 

leaves. This modification could also account for the differentially regulated SA bursts. 

But if PAMPs are indeed the elicitors of the SA burst, it would be interesting to 

understand how generalist herbivores increase PAMP titers in their OS without risking 

microbial infections. On the other hand this may be the risk that specialist herbivores 

avoid by the adaptation to their hosts’ JA-mediated defenses. 

In this study we found, that SA is induced by herbivory, depending on the 

herbvivores saliva and we show that ET suppresses SA accumulation during herbivore 

attack, which minimizes SA/JA antagonism and as a result allows for the unhampered 

activation of JA-mediated defense responses (Scheme 1). How and whether the ET 

burst interacts with NPR1 signaling in modulating SA/JA antagonism and the analysis 

of the herbivore-derived elicitor of the SA burst are questions that deserve more 

attention in the future. 
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Scheme 1. Model of OS-elicited signaling crosstalk in M. sexta-attacked  N.attenuata leaves. 
When M. sexta larvae attack and feed on plants, fatty acid-amino acid conjugates (FACs) from 
the larval oral secretions (OS) are introduced into wounds during feeding. Treating wounds with 
the two most abundant FACs in M. sexta OS is sufficient to elicit both ET and JA bursts, but not 
the SA burst,  that are elicited when wounds are treated with OS. The elicitors of the SA burst in 
OS remain unknown. Increased ET emissions suppresses the SA burst, which, in turn, is known 
to inhibit the JA burst and JA-dependent defenses.  We propose that the FAC-elicited ET burst 
represents a conditional means of modulating SA/JA antagonism and thereby adds flexibility to 
the regulation of the SA/JA antagonism provided by NPR1 in N. attenuata (Rayapuram and 
Baldwin, 2007). 
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Supplemental Figures: 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S1. Conjugated SA increases concomitantly with free SA 
Mean ± SE (n= 5) free (square symbols) and total (triangles) SA per fresh mass (FM) of 
wild type N. attenuata plants growing in a native population in SW Utah. Fully mature 
leaves were wounded with a fabric pattern wheel and the wounds were either treated with 
water (w + w, dashed line) or M. sexta oral secretions (w + OS, solid line). Control plants 
(0 min) were left unwounded. Asterisks indicate significant differences among treatments 
(ANOVA, F12,51  = 5.327, P < 0.05).  



 43

References 

6. References 

 

Ahmad SA, Hopkins TL (1992) Phenol beta-glucosyltransferase and beta-glucosidase 

activities in the tobacco hornworm larva Manduca sexta (L) - properties and 

tissue localization. Arch Insect Biochem Physiol 21: 207-224 

Baldwin IT, Morse L (1994) Up in smoke 2. Germination of Nicotiana attenuata in 

response to smoke-derived cues and nutrients in burned and unburned soils. J 

Chem Ecol 20: 2373-2391 

Baldwin IT (1998) Jasmonate-induced responses are costly but benefit plants under 

attack in native populations. Proc Natl Acad Sci USA 95: 8113-8118 

Baldwin IT, Zhang ZP, Diab N, Ohnmeiss TE, McCloud ES, Lynds GY, Schmelz 

EA (1997) Quantification, correlations and manipulations of wound-induced 

changes in jasmonic acid and nicotine in Nicotiana sylvestris. Planta 201: 397-

404 

Baldwin IT, Preston CA, Krock B (2005) Smoke and mirrors: reply to Fotheringham 

and Keeley. Seed Sci Res 15: 373-375 

Barbosa P, Gross P, Kemper J (1991) Influence of plant Allelochemicals on the 

Tobacco hornworm and its parasitoid, Cotesia congregata. Ecology 72: 1567-

1575 

Cipollini D, Enright S, Traw MB, Bergelson J (2004) Salicylic acid inhibits jasmonic 

acid-induced resistance of Arabidopsis thaliana to Spodoptera exigua. Mol Ecol 

13: 1643-1653 

De Vos M, Van Zaanen W, Koornneef A, Korzelius JP, Dicke M, Van Loon LC, 

Pieterse CMJ (2006) Herbivore-induced resistance against microbial pathogens 

in Arabidopsis. Plant Physiol 142: 352-363 

Doares SH, Narvaezvasquez J, Conconi A, Ryan CA (1995) Salicylic-acid inhibits 

synthesis of proteinase-inhibitors in tomato leaves induced by systemin and 

jasmonic acid. Plant Physiol 108: 1741-1746 

 



 44

References 

 

Doherty HM, Selvendran RR, Bowles DJ (1988) The wound response of tomato 

plants can be inhibited by aspirin and related hydroxybenzoic acids. Physiol Mol 

Plant Pathol 33: 377-384 

Felix G, Boller T (2003) Molecular sensing of bacteria in plants - The highly conserved 

RNA-binding motif RNP-1 of bacterial cold shock proteins is recognized as an 

elicitor signal in tobacco. J Biol Chem 278: 6201-6208 

Felton GW, Korth KL (2000) Trade-offs between pathogen and herbivore resistance. 

Curr Opin Plant Biol 3: 309-314 

Feys BJ, Parker JE (2000) Interplay of signaling pathways in plant disease resistance. 

Trends Genet 16: 449-455 

Fidantsef AL, Stout MJ, Thaler JS, Duffey SS, Bostock RM  (1999) Signal 

 interactions in pathogen and insect attack: expression of lipoxygenase, 

proteinase inhibitor II, and pathogenesis-related protein P4 in the tomato, 

Lycopersicon esculentum. Physiol Mol Plant Pathol 54: 97-114 

Glazebrook J (2001) Genes controlling expression of defense responses in Arabidopsis 

- 2001 status. Curr Opin Plant Biol 4: 301-308 

Gupta V, Willits MG, Glazebrook J (2000) Arabidopsis thaliana EDS4 contributes to 

salicylic acid (SA)-dependent expression of defense responses: Evidence for 

inhibition of jasmonic acid signaling by SA. Mol Plant-Microbe Interact 13: 

503-511 

Halitschke R, Baldwin IT (2005) Jasmonates and related compounds in plant-insect 

interactions. J Plant Growth Regul 23: 238-245 

Halitschke R, Gase K, Hui DQ, Schmidt DD, Baldwin IT (2003) Molecular 

interactions between the specialist herbivore Manduca sexta (Lepidoptera, 

Sphingidae) and its natural host Nicotiana attenuata. VI. Microarray analysis 

reveals that most herbivore-specific transcriptional changes are mediated by 

fatty acid-amino acid conjugates. Plant Physiol 131: 1894-1902 

Halitschke R, Schittko U, Pohnert G, Boland W, Baldwin IT (2001) Molecular 

interactions between the specialist herbivore Manduca sexta (Lepidoptera, 

Sphingidae) and its natural host Nicotiana attenuata. III. Fatty acid-amino acid  



 45

References 

 

conjugates in herbivore oral secretions are necessary and sufficient for 

herbivore-specific plant responses. Plant Physiol 125: 711-717 

Heidel AJ, Baldwin IT (2004) Microarray analysis of salicylic acid- and jasmonic 

acid- signalling in responses of Nicotiana attenuata to attack by insects from 

multiple feeding guilds. Plant Cell Environ 27: 1362-1373 

Kahl J, Siemens DH, Aerts RJ, Gäbler R, Kühnemann F, Preston CA, Baldwin IT 

(2000) Herbivore-induced ethylene suppresses a direct defense but not a putative 

indirect defense against an adapted herbivore. Planta 210: 336-342 

Kaloshian I, Walling LL (2005) Hemipterans as plant pathogens. Annu Rev 

Phytopathol 43: 491-521 

Kessler A, Halitschke R, Baldwin IT (2004) Silencing the jasmonate cascade: Induced 

plant defenses and insect populations. Science 305: 665-668 

Kloek AP, Verbsky ML, Sharma SB, Schoelz JE, Vogel J, Klessig DF, Kunkel BN 

(2001) Resistance to Pseudomonas syringae conferred by an Arabidopsis 

thaliana coronatine-insensitive (coi1) mutation occurs through two distinct 

mechanisms. Plant J 26: 509-522 

Krügel T, Lim M, Gase K, Halitschke R, Baldwin IT (2002) Agrobacterium-

mediated transformation of Nicotiana attenuata, a model ecological expression 

system. Chemoecol 12: 177-183 

Li J, Brader G, Palva ET (2004) The WRKY70 transcription factor: A node of 

convergence for jasmonate-mediated and salicylate-mediated signals in plant 

defense. Plant Cell 16: 319-331 

Malamy J, Hennig J, Klessig DF (1992) Temperature-dependent induction of 

salicylic-acid and its conjugates during the resistance response to tobacco 

mosaic-virus infection. Plant Cell 4: 359-366 

Mattiacci L, Dicke M, Posthumus MA (1995) Beta-glucosidase - an elicitor of 

herbivore-induced plant odor that attracts host-searching parasitic wasps. Proc 

Natl Acad Sci USA 92: 2036-2040 

 

 



 46

References 

 

Moran PJ, Cheng YF, Cassell JL, Thompson GA (2002) Gene expression profiling 

of Arabidopsis thaliana in compatible plant-aphid interactions. Arch Insect 

Biochem Physiol 51: 182-203 

Moran PJ, Thompson GA (2001) Molecular responses to aphid feeding in Arabidopsis 

in relation to plant defense pathways. Plant Physiol 125: 1074-1085 

Mur LAJ, Kenton P, Atzorn R, Miersch O, Wasternack C (2006) The outcomes of 

concentration-specific interactions between salicylate and jasmonate signaling 

include synergy, antagonism, and oxidative stress leading to cell death. Plant 

Physiol 140: 249-262 

Niki T, Mitsuhara I, Seo S, Ohtsubo N, Ohashi Y (1998) Antagonistic effect of 

salicylic acid and jasmonic acid on the expression of pathogenesis-related (PR) 

protein genes in wounded mature tobacco leaves. Plant Cell Physiol 39: 500-507 

O’Donnell PJ, Calvert C, Atzorn R, Wasternack C, Leyser HMO, Bowles DJ 

(1996) Ethylene as a signal mediating the wound response of tomato plants. 

Science 274: 1914-1917 

Paschold A, Halitschke R, Baldwin IT (2007) Co(i)-ordinating defenses: NaCOI1 

mediates herbivore-induced resistance in Nicotiana attenuata and reveals the 

role of herbivore movement in avoiding defenses. Plant J 51: 79-91 

Pegadaraju V, Knepper C, Reese J, Shah J (2005) Premature leaf senescence 

modulated by the Arabidopsis PHYTOALEXIN DEFICIENT4 gene is 

associated with defense against the phloem-feeding green peach aphid. Plant 

Physiol 139: 1927-1934 

Péna-Cortes H, Albrecht T, Prat S, Weiler EW, Willmitzer L (1993) Aspirin 

prevents wound-induced gene-expression in tomato leaves by blocking jasmonic 

acid biosynthesis. Planta 191: 123-128 

Pieterse CMJ, van Wees SCM, van Pelt JA, Knoester M, Laan R, Gerrits N, 

Weisbeek PJ, van Loon LC (1998) A novel signaling pathway controlling 

induced systemic resistance in Arabidopsis. Plant Cell 10: 1571-1580 

 

 



 47

References 

 

Potlakayala SD, Reed DW, Covello PS, Fobert PR (2007) Systemic acquired 

resistance in canola is linked with pathogenesis-related gene expression and 

requires salicylic acid. Phytopathology 97: 794-802 

Preston CA, Lewandowski C, Enyedi AJ, Baldwin IT (1999) Tobacco mosaic virus 

inoculation inhibits wound-induced jasmonic acid-mediated responses within 

but not between plants. Planta 209: 87-95 

Preston CA, Baldwin IT (2000) Positive and negative signals regulate germination in 

the post-fire annual, Nicotiana attenuata. Ecology 81: 293-293 

Rayapuram C, Baldwin IT (2007) Increased SA in NPR1–silenced plants antagonizes 

JA and JA-dependent direct and indirect defenses in herbivore-attacked 

Nicotiana attenuata in nature. Plant J in press 

Reymond P, Farmer EE (1998) Jasmonate and salicylate as global signals for defense 

gene expression. Curr Opin Plant Biol 1: 404-411 

Roda A, Halitschke R, Steppuhn A, Baldwin IT (2004) Individual variability in 

herbivore-specific elicitors from the plants perspective. Mol Ecol 13: 2421-2433 

Ross AF (1961) Systemic acquired resistance induced by localized virus infections in 

plants. Virology 14: 340-& 

Ryals JA, Neuenschwander UH, Willits MG, Molina A, Steiner HY, Hunt MD 

(1996) Systemic acquired resistance. Plant Cell 8: 1809-1819 

Schmelz EA, Carroll MJ, LeClere S, Phipps SM, Meredith J, Chourey PS, Alborn 

HT, Teal PEA (2006) Fragments of ATP synthase mediate plant perception of 

insect attack. Proc Natl Acad Sci USA 103: 8894-8899 

Spoel SH, Koornneef A, Claessens SMC, Korzelius JP, Van Pelt JA, Mueller MJ, 

Buchala AJ, Metraux JP, Brown R, Kazan K, Van Loon LC, Dong XN, 

Pieterse CMJ (2003) NPR1 modulates cross-talk between salicylate- and 

jasmonate-dependent defense pathways through a novel function in the cytosol. 

Plant Cell 15: 760-770 

Steppuhn A, Gase K, Krock B, Halitschke R, Baldwin IT (2004) Nicotine's 

defensive function in nature. PLOS Biol 2: 1074-1080 

 



 48

References 

 

Stotz HU, Koch T, Biedermann A, Weniger K, Boland W, Mitchell-Olds T (2002) 

Evidence for regulation of resistance in Arabidopsis to Egyptian cotton worm by 

salicylic and jasmonic acid signaling pathways. Planta 214: 648-652 

Stout MJ, Fidantsef AL, Duffey SS, Bostock RM (1999) Signal interactions in 

pathogen and insect attack: systemic plant-mediated interactions between 

pathogens and herbivores of the tomato, Lycopersicon esculentum. Physiol Mol 

Plant Pathol 54: 115-130 

Thomma B, Tierens KFM, Penninckx I, Mauch-Mani B, Broekaert WF, Cammue 

BPA (2001) Different micro-organisms differentially induce Arabidopsis 

disease response pathways. Plant Physiol Biochem 39: 673-680 

van Loon LC, Bakker P, Pieterse CMJ (1998) Systemic resistance induced by 

rhizosphere bacteria. Annu Rev Phytopathol 36: 453-483 

Vijayan P, Shockey J, Levesque CA, Cook RJ, Browse J (1998) A role for jasmonate 

in pathogen defense of Arabidopsis. Proc Natl Acad Sci USA 95: 7209-7214 

von Dahl CC, Baldwin IT (2007) Deciphering the role of ethylene in plant-herbivore 

interactions. J Plant Growth Regul 26: 201-209 

von Dahl CC, Winz RA, Halitschke R, Kühnemann F, Gase K, Baldwin IT (2007) 

Tuning the herbivore-induced ethylene burst: the role of transcript accumulation 

and ethylene perception in Nicotiana attenuata. Plant J 51: 293-307 

Wiermer M, Feys BJ, Parker JE (2005) Plant immunity: the EDS1 regulatory node. 

Curr Opin Plant Biol 8: 383-389 

Winz RA, Baldwin IT (2001) Molecular interactions between the specialist herbivore 

Manduca sexta (Lepidoptera, Sphingidae) and its natural host Nicotiana 

attenuata. IV. Insect-induced ethylene reduces jasmonate-induced nicotine 

accumulation by regulating putrescine N-methyltransferase transcripts. Plant 

Physiol 125: 2189-2202 

Zarate SI, Kempema LA, Walling LL (2007) Silverleaf whitefly induces salicylic 

acid defenses and suppresses effectual jasmonic acid defenses. Plant Physiol 

143: 866-875 

 



 49

References 

 

Ziegler J, Keinanen M, Baldwin IT (2001) Herbivore-induced allene oxide synthase 

transcripts and jasmonic acid in Nicotiana attenuata. Phytochemistry 58: 729-

738 

Zipfel C, Kunze G, Chinchilla D, Caniard A, Jones JDG, Boller T, Felix G (2006) 

Perception of the bacterial PAMP EF-Tu by the receptor EFR restricts 

Agrobacterium-mediated transformation. Cell 125: 749-760 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 50

Acknowledgements 

7. Acknowledgements 

 

I gratefully thank Prof. Dr. Ian T. Baldwin for supervising this project, and for 

his encouragement and patience. I thank him especially for all of his helpful suggestions 

and discussions, and for giving me the opportunity to work on this interesting project in 

the Department of Molecular Ecology in Jena as well as in Utah.  

Further, I would like to thank Dr. Caroline von Dahl and Dr. Rayko Halitschke 

for introducing me to the field of ecology and to fieldwork itself, and in addition – of 

course – for a lot of help in getting the manuscript into good shape.  

This diploma thesis would not have been written or the analyses performed 

without the invaluable help and guidance of Eva Rothe and Dr. Matthias Schöttner. 

Special thanks go to Danny Kessler for supporting me greatly in nearly every 

direction and for introducing me to the fieldwork in Utah. 

I would also like to thank my family, including Gabriele and Frank Diezel, 

Matthias, Liv and Dela Diezel for always being there for me and listening to my 

complaints during the rainy days. 

I want to thank André Tkacz, Georgios Wenetiadis and Stefan Rödiger for 

helpful discussions about my diploma project, although without knowing exactly what I 

was doing, and of course discussions beyond the science of biology. 

I`m very thankful to Jana and Torsten Markert, Jana Pausch, Jörg Kindermann 

and Jörg Hornickel for turning my time of studying into a very enjoyable time. 

Many thanks to the members of the Molecular Ecology group, especially to 

Anke Steppuhn, Emmanuel Gaquerel, Tina Riedel, Melanie Skibbe, Stefan Meldau, 

Meredith Schuman and Evelyn Körner for their ideas, valuable suggestions and all the 

nice distractions as well. 

 

 

 



 51

Selbständigkeitserklärung 

Selbständigkeitserklärung 

  

Hiermit erkläre ich, dass ich die vorliegende Arbeit selbstständig und nur unter 

Verwendung der aufgeführten Hilfsmittel und Literatur-Quellen angefertigt habe. 

 

 

 

 

                  Jena, den 03.10.2007 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


