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1. General Introduction 

 

Induced herbivore defense 

Herbivores and plants have co-evolved for 350 million years (Karban, 1997). During 

that time two main anti-herbivore defense strategies in plants developed: constitutive and 

inducible defense. Constitutive defenses are permanent independent of the presence of a 

herbivore, while induced defenses are only activated when herbivory occurs. Examples for 

constitutive defenses are physical barriers (thorns, cuticles, trichomes), while the reduction of 

photosynthesis (Kerchev, 2011), protein degradation (Brütting, 2012; Wünsche, 2005), 

reallocation of resources (Orians et al., 2011), biosynthesis and activation of trypsin-

proteinase-inhibiores (TPIs) (Zavala and Baldwin, 2004), and the biosynthesis of several 

secondary defense metabolites (Jansen et al., 2009) are induced after herbivore attack. Plants 

produce an enormous variety of secondary defense metabolites after herbivore attack 

(Mendelsohn and Balick, 1995), such as terpenes, phenolics and N containing compounds 

(alkaloids, cyanogenic glycosides and glycosinolates). Metabolites which function as a 

repellent or toxin, are a direct defense, while volatile organic compounds (VOC) are mostly 

an indirect defense (Kant et al., 2009) strategy against herbivores because they attract the 

herbivores’ enemies (Kessler and Baldwin, 2001).  

The biosynthesis of many secondary defense metabolites is induced by jasmonic acid 

(JA), a phytohormone that accumulates rapidly directly after herbivore attack (JA-burst). JA 

triggers the activation of a complex signal transduction cascade leading to the transcriptional 

activation of several defense responses (Koo and Howe, 2009). The JA-induced responses are 

fine-tuned by other phytohormones such as ethylene (ET) and salicylic acid (SA) (Pieterse et 

al., 2009). In Arabidopsis thaliana ethylene treatment resulted in a transient increase of JA 

(Laudert and Weiler, 1998) and in N. attenuata ET suppressed the JA-induced nicotine 

production (Kahl et al., 2000; Winz and Baldwin, 2001). In contrast, SA acts antagonistic on 

JA-induced herbivore responses likely in a dose-dependent manner (Doares et al., 1995; 

Doherty et al., 1988; Pena-Cortes et al., 1993). This phytohormone is usually well known for 

its regulatory role in pathogen resistance, but many insects also induce JA and SA-related 

responses (Kant et al., 2008). Recent studies provide evidence for an ET-SA cross-talk after 

herbivore attack: ET suppressed SA accumulation in N. attenuata (Diezel et al., 2009a) and 

SA mediated signaling in Arabidopsis (Leon-Reyes et al., 2009). However, phytohormone 

signaling is more complex as other phytohormones such as abscisic acid, auxin, cytokinins, 
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brassinosteroids and gibberellins regulate parts of the herbivore defense signaling network 

(Erb et al., 2012; Pieterse et al., 2009). 

Herbivores are perceived by plants through insect-derived elicitors such as fatty acid-

amino acid conjugates (FACs) (Halitschke et al., 2001; Pohnert et al., 1999; Spiteller et al., 

2004; Yoshinaga et al., 2007), inseptins (Schmelz et al., 2006; Schmelz et al., 2007) or 

caeliferins (Alborn et al., 2007). After herbivore perception, mitogen-activated protein kinases 

(MAPKs) are one of the earliest activated proteins. In N. attenuata (Wu, 2007), tomato and 

potato (Karban and Baldwin, 1997; Li, 2006) the salicylic-acid protein kinase (SIPK) and the 

wound-induced protein kinase (WIPK) or their homologues are at the end of this MAPK 

kinase cascade. In N. attenuata SIPK and WIPK activate a glycerolipase that produces free 

fatty acids which are the substrate of JA biosynthesis (Kallenbach et al., 2010). The following 

JA-burst induces changes in gene activity through a gene regulatory protein complex (Chini et 

al., 2007; Thines, 2007; Yan et al., 2009). One of the jasmonate induced defense genes is the 

well known transcription factor MYB8 that activates phenolamide biosynthesis. 

In addition to the activation of herbivore defense in attacked leaves (local), plants also 

accumulate defensive compounds in non-attacked distal leaves (systemic). A signal transmits 

the “information of an herbivore attack” to the intact parts of the plant and activates a 

systemic response. Although the systemic response has been studied for 40 years, the mobile 

signal itself remains unidentified (Green and Ryan, 1972; Karban and Baldwin, 1997). 

 

Costs of induced herbivore defense  

Defense is costly for the plant because the plant invests limited resources into defense 

that would otherwise be available for growth or reproduction. Therefore, induced defense has 

been postulated to have evolved as a cost-saving strategy (Simms and Fritz, 1990) as 

resources are only invested when needed. Nevertheless, induced defense has been shown to 

reduce the plant’s fitness in an herbivore free environment (Baldwin, 1998). Furthermore, 

several studies demonstrated the impact of herbivore density, presence of competitors and 

resource availability on the costs of defense (Agrawal et al., 2006; Baldwin, 1998; Baldwin 

and Hamilton, 2000; van Dam and Baldwin, 1998).  

These costs are likely due to changes in resource allocation in response to herbivory 

because the plant’s fitness optimization is a process of resource allocation (Baldwin, 2001). 

Therefore, several plant defense theories explain fitness-growth-defense trade-offs by 

predicting the method of resource allocation to different plant functions (reviewed (Stamp, 

2003)). Recent studies have already shown a herbivory-induced resource reallocation (Gomez 
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et al., 2012; Schwachtje et al., 2006) to protect resources from herbivores. Nevertheless, the 

benefits and costs of this allocation are dependent on environmental conditions, and they are 

predicted to be related to life history, ontogeny and phonology of a plant (Orians et al., 2011). 

Previous studies showed costs of induced defense mainly by manipulating JA-levels 

and measuring the impact on plant’s seed production and biomass accumulation. Therefore, 

fitness effects induced by JA are well studied. For example, in Arabidopsis and tomato the 

application of JA reduced seed number (Cipollini, 2007; Redman et al., 2001) and also 

biomass accumulation in tomato. In N. attenuata and Nicotiana sylvestris the costs of JA 

induced defenses were more pronounced in plants grown in competition (Baldwin and 

Hamilton, 2000; van Dam and Baldwin, 1998), demonstrating that the competition for 

limited-resources has a high impact. JA-induced defenses are also mediated by resource 

availability within the plant. For example, protein biosynthesis that is important for growth 

competes with alkaloid biosynthesis for their common amino acid precursors (Hegnauer, 

1988; Lindsey and Yeoman, 1983). Furthermore, JA downregulates genes expressing growth 

related proteins such as ribulose-bisphosphate-carboxylase-oxygenase (RuBisCO) or 

photosystem II (PSII) (Halitschke et al., 2003), which reduces photosynthesis capacity and 

thus available resources.  

Studying the effect of defense on plant’s fitness by manipulating JA levels only takes 

into account the costs caused by defense signaling and the responses downstream, but costs 

induced by earlier signaling are not considered. Furthermore, costs of single defense traits 

downstream of JA cannot be separated from effects caused by JA. Earlier studies have 

explored the costs of single defense traits by crossing cultivars that varied in their defense 

traits (Krischik and Denno, 1983), or by using wild plants with different genetically based 

defense levels (Berenbaum et al., 1986). Zavala and Baldwin (2004) were one of the first who 

studied the costs of a specific plant defense trait by manipulating a specific gene (Zavala and 

Baldwin, 2004; Zavala et al., 2004). Within this thesis, I used a variety of transgenic plants 

impaired in herbivory-induced defense responses to analyze the costs caused by JA signaling 

and a single plant trait (Manuscript III). Furthermore, I used plants silenced in SIPK and 

WIPK signaling to study their impact on plant's fitness (Manuscript I). 

Quantifying the cost of defense for growth by measuring biomass accumulation does 

not discriminate between investments into storage, litter or even defense related processes 

(Chapin et al., 1990). Therefore, compounds of biomass that directly promote resource 

availability for growth, such as photosynthetic proteins, would be a better measure for 
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investment into this plant trait (Chapin et al., 1990). Already Mole (1994) outlined the 

difficulties to demonstrate resource based growth-defense trade-offs and recommended 

quantifying the allocation of a fitness-limiting resource to different plant traits (growth, 

reproduction and defense). Although a few studies addressed the problem by quantifying the 

allocation of nitrogen (N) to seeds, biomass and defense (Baldwin and Hamilton, 2000; 

Ohnmeiss and Baldwin, 1994; Van Dam and Baldwin, 2001), they did not take into account 

that the resource allocation to biomass does not discriminate between different plant 

functions. Furthermore, they only focused on the impact of a single defense metabolite, and 

did not consider the possible influence of different defense traits on resource allocation. In 

contrast, I analyzed the influence of different secondary metabolites on resource allocation 

and by using a photosynthetic protein as a measure for growth I was further able to quantify 

the direct resource allocation to plant growth (Manuscript III). 

 

Nitrogen (N) as currency 

N is a fitness-limiting resource for plants. It is needed for the biosynthesis of amino 

acids, proteins, nucleic acids and secondary metabolites. Plants store N in vacuoles in the 

form of nitrate, but they can also store the nutrient in the form of proteins. The enzyme 

essential for CO2 fixation ribulose-1,5-bisphosphatecarboxylase/oxygenase (RuBisCO), 

which is build out of 8 large (LSU) and 8 small (SSU) subunits, is considered as a N storage 

protein (Millard, 1988) because it is the most abundant protein in plant leaves (Ellis, 1979), 

and its content correlates with N availability (Garciaferris and Moreno, 1994; Imai et al., 

2008; Makino et al., 1984; Millard and Catt, 1988). Herbivory decreases levels of RuBisCO 

(Giri et al., 2006) which suggests the remobilization of N from RuBisCO after elicitation. 

Since RuBisCO expression additionally influences growth (Stitt and Schulze, 1994), 

RuBisCO is a good proxy to measure effects of defense on growth.  

Since N intensive metabolites have a high N demand (Baldwin et al., 1994a) and JA 

decreases a plant’s competitive ability for N assimilation (van Dam and Baldwin, 1998), N 

reserves contained in the plant after herbivore attack can be limited and makes a N allocation 

from N storage, such as RuBisCO, to defense likely. Furthermore, the N allocation within the 

plant is influenced by the N availability in the soil: In Eucalyptus cladocalyx the N allocation 

to cyanogenic glycosides, N containing defense metabolites, correlated with the N availability 

(Simon et al., 2010) and in the wild tobacco an increased N availability decreased the 

biosynthesis of N-intensive metabolites (Lou and Baldwin, 2004). Since N is an essential 

resource, plants have additionally evolved strategies to protect this limiting resource from 
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herbivores by allocating it to roots and storage tissues (Frost, 2008; Hanik et al., 2010; Meloni 

et al., 2012). 

Due to the importance of N for plant growth and defense, it is a good fitness limiting 

resource to study growth-defense trade-offs in a common currency. I compared the N demand 

of defense with the N amount not available for growth by comparing the N-investment into 

both plant functions. Therefore, I defined N-intensive defense metabolites as a measure for 

defense and total soluble protein (TSP), with a special focus on RuBisCO, as a measure for 

growth. A 
15

N-labeling experiment helped to study N partitioning between growth and 

defense within a defined N pool (Manuscript III). 

 

Methods used for N quantification 

 In order to study growth-defense trade-offs in the common N currency, methods for 

simultaneous quantification of N and 
15

N in N-intensive metabolites and proteins are required. 

Isotope-ratio mass-spectrometry combined with an elemental analyzer is a classical method 

for high precision quantification of isotope ratios and total N contents in plant tissues (Brand, 

1996; Brenna et al., 1997). As this method requires 20 µg N for accurate measurements 

(micromass, datasheet 501 of Micromass IsoPrime
TM

 Stable Isotope Ratio Mass 

Spectrometer), it is less suitable for measuring samples with a low mass or low N content. It 

is highly suitable for the analysis of tissue samples, but has limited applicability to measure 

15
N and total N in a single secondary metabolite or protein. 

Small metabolites can be quantified on a UPLC-UV-Tof-MS (Gaquerel et al., 2010) 

that also allows the determination of total N by using the metabolite’s specific N %, but not a 

direct 
15

N-determination. The MS-spectrum dependents on the isotope composition of the 

corresponding compound, so that variations in isotope ratios cause shifts in the isotope pattern 

of a spectrum. Different approaches have been developed to determine the 
15

N-incorporation 

in peptides based on the spectrum patterns (Jehmlich et al., 2008; MacCoss et al., 2005; Pan 

C., 2011; Snijders et al., 2005). One of them was recently modified to extend its applicability 

to the 
15

N-determination of metabolites (Taubert et al., 2011).  

Although methods for the quantification of 
15

N-incorporation of peptides/proteins are 

available, a suitable MS-based method for the absolute quantification of
 15

N-labeled protein 

has been lacking. Most existing MS-based quantification methods only allow the relative 

quantification of proteins because they compare peptide intensities of an unlabeled and a 

labeled sample set (Gouw et al., 2010; Kline and Sussman, 2010; Schaff, 2008; Schulze and 

Usadel, 2010). Available methods for absolute quantification are based on the intensity ratio 
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of the monoisotopic peak of a synthetically labeled standard peptide, which was spiked into 

the sample in known amounts, and the corresponding peptide of the protein of interest. In 

labeled samples, the peak intensities of the monoisotopic peak of a spectrum are altered, 

resulting in incorrect protein quantification. Therefore, the development of a method for 

absolute protein quantification in 
15

N-labeled samples was required. In Manuscipt II, I 

describe the development of such a method. 

 

Nicotiana attenuata, a model plant for studying trade-offs in a common N currency 

 The wild tobacco N. attenuata (Torr. Ex Watscon) is an annual plant germinating in a 

post fire inorganic N-rich environment in response to smoke-derived signals (Baldwin and 

Morse, 1994; Baldwin et al., 1994b). After a fire the wild tobacco produces monocultures in 

which the competition for N is high and even increases with time because 3 years after a fire 

the N supply in the soil decreases dramatically (Lynds and Baldwin, 1998). Therefore, the 

plants are highly selected for competitive ability for N assimilation. Furthermore, the 

monocultures are often the first food source for herbivores appearing after a fire, such as the 

solanaceous specialist Manduca sexta. The plants have developed sophisticated defense 

responses to quickly detect and prevent herbivore feeding (reviewed in (Wu and Baldwin, 

2010)). In addition to the biosynthesis of C-rich compounds such as volatiles or diterpene 

glycosides (DTGs) (Heiling et al., 2010), the plant synthesizes N-rich secondary metabolites 

such as nicotine (Steppuhn et al., 2004), caffeoylputrecine (CP) and dicaffeoylspermidine 

(DCS) (Kaur et al., 2010) and invests N into TPIs (Zavala and Baldwin, 2004; Zavala et al., 

2004) which inhibit proteases in the caterpillar’s midgut. Field studies demonstrated the costs 

caused by the biosynthesis of N-intensive defenses (Abiko et al., 2010; Steppuhn et al., 2004; 

Zavala and Baldwin, 2004; Zavala et al., 2004). As N is a limited resource for the wild 

tobacco’s growth and defense, and its defense signaling is well studied, this plant is the ideal 

model to study growth-defense trade-offs in a common N currency. 

  

Aim of this thesis  

 As outlined above, induced defense reduces the plant’s growth and fitness mainly due 

to the allocation of fitness-limiting resources to defense, reallocation of resources to roots and 

the downregulation of photosynthetic genes. Although the costs downstream and those 

mediated through JA are well studied, costs induced by early defense signaling upstream of 

JA still need to be explored. Furthermore, little is known about the regulation of fitness 

reduction after herbivory through early defense signaling and defense metabolite biosynthesis. 
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Resource based trade-offs are optimally studied by quantifying the partitioning of a fitness-

limiting resource into the different plant functions. N is the optimal nutrient for such studies 

because it is essential for plant growth and defense. In this thesis, I explored the costs of early 

signaling and studied the regulation of resource allocation to growth and defense. I used 

transgenic plants impaired in defense signaling and N as common currency to answer the 

following questions: 

 

 (Manuscript I) Does early herbivore defense signaling, specifically SIPK and WIPK, 

reduce the plants fitness? If yes, what are the growth-defense trade-off underlying 

mechanisms? 

 (Manuscript II) How can N-investment and 
15

N-incorporation into RuBisCO be 

quantified accurately similar to existing methods for defense metabolites? In this 

manuscript I describe the development of a method to quantify simultaneously 
15

N-

labeled proteins, their N content and 
15

N-incorporation which is a necessary tool to 

answer the questions in Manuscript III. 

 (Manuscript III) What is the role of N allocation in mediating trade-offs between 

growth and defense? Does the biosynthesis of N-intensive metabolites, such as 

phenolamides, influence this allocation? How high are the costs of N-intensive 

metabolite biosynthesis quantified in a common N currency compared to costs for 

growth? 
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2. Overview of Manuscripts 

 

Manuscript I 

 

BMC Plant Biology: accepted on 11.09.12, in press 

 

MAPK-dependent JA and SA signaling in Nicotiana attenuata affects plant growth and 

fitness during competition with conspecifics 

 

Stefan Meldau
1
, Lynn Ullman-Zeunert

1
, Geetha Govind, Stefan Bartram and Ian T. Baldwin 

1 
These authors contributed equally. 

 

 

In this manuscript, we analyzed the costs caused by early defense signaling by growing plants 

silenced in SIPK and WIPK in competition with WT. The data demonstrate that SIPK and 

WIPK mediate defense trade-offs by the regulation of JA and SA, whereby higher SA-levels 

partially masked the benefits caused by lower JA-level in SIPK-silenced plants. The plant 

performances, which were related to alteration in phytohormone levels, could not be 

explained by changes in photosynthesis or N assimilation. We concluded that early defense 

signaling is associated with large fitness costs, which are mediated by changes in 

phytohormone levels. 

 

 

Meldau, S. designed and performed field experiments and one glasshouse experiments 

(Figure 1), drafted the introduction and main part of the discussion and submitted the 

manuscript. Ullmann-Zeunert, L. designed and performed the other glasshouse experiments, 

did all statistical analysis, prepared IRMS measurements, drafted the method and results part 

and the discussion about nitrogen assimilation and photosynthesis of the manuscript. Govind, 

G. established and performed in vitro seedling competition assays. Bartram, S. processed 

IRMS measurements. Baldwin, IT. designed field experiments and the seedling competition 

assay and revised the manuscript. 
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Manuscript II 

 

Journal of Proteome Research (2012), 11, 4947-4960 

 

Determination of 
15

N-incorporation into plant proteins and their absolute quantitation: 

a new tool to study nitrogen flux dynamics and protein pool sizes elicited by plant-

herbivore interactions 

 

Lynn Ullmann-Zeunert, Alexander Muck, Natalie Wielsch, Franziska Hufsky, Mariana A. 

Stanton, Stefan Bartram, Sebastian Böcker, Ian T. Baldwin, Karin Groten and Aleš Svatoš 

 

 

In this manuscript the development of a new LC-MS
E
 based method for simultaneous 

determination of 
15

N-incorporation into proteins and their absolute quantification is described. 

We demonstrate that this approach has a high accuracy and precision, and it enables studying 

plant stress under ecologically relevant growth conditions. This method enables N flux studies 

and protein dynamic analysis in response to herbivory which are necessary to explore defense 

trade-offs in a common N currency. 

 

 

Ullmann-Zeunert, L. designed and performed the experiments, prepared IRMS measurements, 

did protein analysis and drafted the manuscript, Muck, A. established the LC-MS
E
 

measurements and processed half of the MS measurements. Wielsch, N. revised the 

manuscript and processed the second half of the MS measurements. Hufsky, F. programmed 

MoLE, and processed the extracted MS-spectra for further analysis. Stanton, M. designed and 

performed experiments. Bartram, S. processed IRMS measurements and gave helpful 

comments. Böcker, S. gave helpful comments for additional experiments and developed the 

final formula for protein quantitation. Baldwin, IT revised the manuscript and helped with 

design of the experiments. Groten, K. designed experiments, supported method development, 

and helped with the manuscript preparation. Svatoš, A. helped with method development, 

revised and submitted the manuscript. 
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Manuscript III 

 

submitted to The Plant Journal at 30.10.2012 

 

Quantification of growth-defense trade-offs in a common nitrogen currency: 

phenolamide production mediates herbivory-induced nitrogen reallocation to proteins in 

wild tobacco  

 

Lynn Ullmann-Zeunert
1
, Mariana Stanton

1
, Natalie Wielsch, Stefan Bartram, Christian 

Hummert, Aleš Svatoš, Karin Groten, Ian T. Baldwin 

1 
These authors contributed equally 

 

 

In this manuscript we examined the influence of N-intensive metabolite biosynthesis on N 

allocation in response to herbivory by using transgenic lines impaired in JA defense signaling 

and phenolamide biosynthesis. N was used as common currency to measure growth-defense 

trade-offs at the same scale. The total N contents of the shoots indicated a N transport from 

the shoot to the roots influenced by phenolamide biosynthesis. A detailed analysis of N pools 

in systemic and local leaves of different age revealed a phenolamide biosynthesis mediated N 

allocation to proteins which is additionally influenced by the leaf type and age. A 
15

N-pulse 

experiment revealed that N used for phenolamide biosynthesis in not coming from the 

putative N storage protein, ribulose-1,5-bisphosphatecarboxylaseoxygenase (RuBisCO). 

 

 

Ullmann-Zeunert, L. designed and performed experiments, prepared IRMS measurements and 

did protein analysis; did statistical analysis and drafted the figures, methods, results and 

discussion of the manuscript and revised the introduction; Stanton, M. designed and 

performed experiments, prepared IRMS measurements and metabolite analysis; drafted the 

introduction and revised all other parts of the manuscript; Bartram, S. processed IRMS 

measurements; Wielsch, N. processed MS
E
 analysis. Hummert C. did correlation analysis and 

drafted heatmaps (Figure 4); Svatoš, A. helped with the MS
E
 measurements; Groten, K. 

designed experiments, and helped with manuscript preparation; Baldwin, I.T. helped with the 

design of experiments, preparing the manuscript and gave helpful comments. 
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2.1 Manuscript I 

 

MAPK-dependent JA and SA signaling in Nicotiana attenuata affects plant 

growth and fitness during competition with conspecifics. 

 

Stefan Meldau
1,2,3*

, Lynn Ullman-Zeunert
1,2.3

, Geetha Govind
2,3,5

, Stefan Bartram
2,3,4

 and Ian 

T. Baldwin
2*

  

 

In press at BMC Plant Biology 

 

1
These authors contributed equally. 

*
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2
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5
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Abstract 

Background: Induced defense responses to herbivores are generally believed to have 

evolved as cost-saving strategies that defer the fitness costs of defense metabolism until these 

defenses are needed. The fitness costs of jasmonate (JA)-mediated defenses have been well 

documented. Those of the early signaling units mediating induced resistance to herbivores 

have yet to be examined. Early signaling components that mediate herbivore-induced defense 

responses in Nicotiana attenuata, have been well characterized and here we examine their 

growth and fitness costs during competition with conspecifics. Two mitogen-activated protein 

kinases (MAPKs), salicylic acid (SA)-induced protein kinase (SIPK) and wound-induced 

protein kinase (WIPK) are rapidly activated after perception of herbivory and both kinases 

regulate herbivory-induced JA levels and JA-mediated defense metabolite accumulations. 

Since JA-induced defenses result in resource-based trade-offs that compromise plant 

productivity, we evaluated if silencing SIPK (irSIPK) and WIPK (irWIPK) benefits the growth 

and fitness of plants competiting with wild type (WT) plants, as has been shown for plants 

silenced in JA-signaling by the reduction of Lipoxygenase 3 (LOX3) levels.  

Results: As expected, irWIPK and irLOX3 out-performed their competing WT plants. 

Surprisingly, irSIPK plants, which have the largest reductions in JA signaling, did not. 

Phytohormone profiling of leaves revealed that irSIPK plants accumulated higher levels of SA 

compared to WT. To test the hypothesis that these high levels of SA, and their presumed 

associated fitness costs of pathogen associated defenses in irSIPK plants had nullified the JA-

deficiency-mediated growth benefits in these plants, we genetically reduced SA levels in 

irSIPK plants. Reducing SA levels partially recovered the biomass and fitness deficits of 

irSIPK plants. We also evaluated whether the increased fitness of plants with reduced SA or 

JA levels resulted from increased nitrogen or CO2 assimilation rates, and found no evidence 

that greater intake of these fitness-limiting resources were responsible.  

Conclusions: Signaling mediated by WIPK, but not SIPK, is associated with large 

fitness costs in competing N. attenuata plants, demonstrating the contrasting roles that these 

two MAPKs play in regulating the plants’ growth-defense balance. We discuss the role of 

SIPK as an important regulator of plant fitness, possibly by modulating SA-JA crosstalk as 

mediated through ethylene signaling. 

 

Key words: fitness costs, induced defense, MAPK, herbivory, Nicotiana attenuata, salicylic 

acid, jasmonic acid, ethylene, nitrogen, photosynthesis 
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Background 

 Plants have evolved effective defense strategies to ward off natural enemies, including 

pathogens and herbivores. Allocation of fitness-limiting resources to anti-pathogen and anti-

herbivore resistance frequently imposes costs on plants, which are readily seen as reductions 

in plant growth and fitness. These fitness costs of defense production play a fundamental role 

in most plant defense theories (reviewed in Herms and Mattson, 1992). Instead of producing 

costly defense metabolites permanently, plants often activate defense pathways only in 

response to signals that implicate the presence of attackers. Such plastic defense pathways, so 

called induced defenses, are generally believed to have evolved as a resource-saving strategy 

(reviewed in Heil and Baldwin, 2002). 

 Fitness costs of induced resistance pathways are frequently evaluated by manipulating 

defense hormone levels, such as jasmonic acid (JA) and salicylic acid (SA), two hormones 

which respectively regulate major anti-herbivore and anti-pathogen defense responses 

(reviewed in Heil and Baldwin, 2002; Glazebrook, 2005; Boss et al., 2010). SA mediates 

plant resistance to biotrophic, hemibiotrophic pathogens and some piercing/sucking 

herbivores (Walling, 2009). Priming of SA-related defense responses increases disease 

resistance and plant fitness in the field (Traw et al., 2007). However, under pathogen-free 

conditions, maintaining the SA-pathway imposes a trade-off for plant growth and fitness 

when compared to plants with genetically reduced SA levels (Abreu and Munne-Bosch, 

2009). 

The jasmonate signaling cascade, including the wound hormone JA-isoleucine (JA-

Ile), is widely considered to be a master regulator of plant resistance to arthropod herbivores 

as well as various pathogens (reviewed in Howe and Jander, 2008). Fitness costs imposed by 

the activation of JA-mediated defense pathways have been measured by treating plants with 

JA or by using plants altered in JA production or perception. Application of JA and SA 

reduces seed production and mutants with reduced sensitivity to these hormones tend to have 

higher fitness correlates in Arabidopsis thaliana grown under controlled conditions in a 

glasshouse experiment (Cipollini, 2002). When native populations of Coyote tobacco 

(Nicotiana attenuata) plants were treated with JA, the JA-mediated resistance traits proved to 

be costly for seed production in the absence of herbivore attack, but benefited plant fitness 

when plants were attacked by herbivores (Baldwin, 1998). 

Upon herbivore or pathogen attack, endogenous SA and JA levels are strongly 

regulated by upstream signaling units that mediate defense responses to various attackers. To 
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understand if the ability to be inducible per se can result in fitness costs, we need to analyze 

the trade-offs in biomass and fitness correlates associated with the signaling units upstream of 

these phytohormone pathways. Following this approach, in A. thaliana, a single R gene 

(RPM1), which is involved in bacterial pathogen recognition, was demonstrated to result in 

large fitness costs to plants grown in the field (Tian et al., 2003). Similarly, it was shown that 

natural variation at a single genomic locus, involved in regulating SA and JA levels, can 

explain growth and resistance phenotypes of a large number of A. thaliana accessions 

(Todesco et al., 2010). Therefore, analyzing costs of such upstream regulators can help 

explain growth and defense polymorphism in natural populations. While these studies 

describe costs of R genes involved in resistance to pathogens, the costs of perception and 

signaling units mediating resistance to herbivores upstream of hormonal sectors remain 

unexplored.  

In N. attenuata, one of its main natural defoliators, the lepidopteran larvae Manduca 

sexta, is perceived through fatty acid-amino acid conjugates (FACs) present in the insect’s 

oral secretions (reviewed in Bonaventure et al., 2011). It was reported recently that FAC 

perception results in growth reductions in N. attenuata (Hummel et al., 2009), but the 

underlying mechanisms remain elusive. One of the earliest molecular events in FAC 

perception is the activation of mitogen-activated protein kinases (MAPK, Wu et al., 2007). 

MAPK activity is important for the induction of plant defense responses upon herbivore 

attack, including the regulation of various hormonal pathways (Figure 1). In N. attenuata, 

salicylic acid-induced protein kinase (SIPK) and wound-induced protein kinase (WIPK), as 

well as their homologues in tomato (Lycopersicum esculentum), cultivated tobacco (N. 

tabacum) and A. thaliana  mediate the activation of defense-related hormonal responses in 

herbivory-induced tissues (Kandoth et al, 2007; Seo et al., 2007; Wu et al, 2007; Schäfer et 

al., 2011). Both, SIPK and WIPK, regulate wound and herbivory-induced JA and JA-Ile 

levels, whereas only SIPK regulates herbivory-induced ethylene (ET) levels in N. attenuata 

(Wu et al, 2007). LecRK1, which is an important negative regulator of herbivory-induced SA 

levels is also regulated by SIPK and WIPK (Gilardoni et al., 2011; Fig.1).  

 N. attenuata is an annual plant that grows in the immediate post-fire environment in 

the Great Basin Desert (Utah, USA) where it occurs in monoculture-like populations, 

surrounded by conspecific competitors. Because this environment is characterized by highly 

reduced nitrogen availability, synchronized seed germination and intense intra-specific 

competition, it represents the primordial agricultural niche.  In such transiently resource-rich 
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environments, plants are strongly selected for competitive abilities which depend on 

maximizing the acquisition and the efficient use of acquired resources. In other words, plants 

are selected to maximize, and not to optimize, resource acquisition. In this manuscript, we 

analyzed the costs of maintaining and activating herbivory-induced signaling pathways when 

plants are grown under the intense resource competition conditions that the plants commonly 

germinate into in nature, using SIPK and WIPK-silenced N. attenuata plants. 

We grew plants transformed with inverted repeat (ir) constructs for SIPK (irSIPK) and 

WIPK (irWIPK) in competition with wild type (WT) plants and analyzed plant growth and 

fitness parameters, with and without simulated herbivory. Quantifying true plant fitness 

requires the meaurements of reproductive success over multiple generations and is therefore 

difficult to assess. Here we measured flower and seed capsules numbers of plants competing 

with each other as parameters to assess the fitness consequences defense signaling pathways 

for plant fitness. Our data reveal that although both MAPK-silenced lines accumulated less JA 

after herbivory, only irWIPK plants benefited from the reduced defensive state with higher 

biomass and fitness. IrSIPK plants accumulated higher levels of SA and when these plants 

were crossed with oeNahG plants that overexpress bacterial salicylate hydroxylase (NahG), to 

lower free SA levels, we could partially recover growth and fitness parameters caused by 

SIPK silencing. Although both kinases are frequently reported to regulate common defense 

pathways, our data demonstrate that SIPK and WIPK regulate different signaling systems that 

regulate N. attenuata’s physiological reconfiguration after herbivore attack and its resulting 

fitness parameters. 

 

Results  

Silencing two herbivory-responsive MAPKs differentially affects plant growth under 

field and glasshouse conditions 

Two mitogen-activated protein kinases, SIPK and WIPK, in N. attenuata have been 

shown to regulate herbivory-induced defense responses (Meldau et al., 2009). As defenses are 

costly and thought to incur trade-offs for plant growth and reproduction (Herms and Mattson, 

1992), we evaluated if silencing SIPK and WIPK benefited plant growth and fitness. Growth 

was first analysed in transgenic irSIPK and irWIPK plants in a paired design with WT in their 

natural habitat in the Great Desert Basin in Utah, USA. Although both transgenic plants have 

similar reductions in their direct and indirect defenses in comparison to WT plants (Meldau et 

al, 2009), surprisingly, irSIPK plants were significantly smaller than WT (Figure 2A, Welch 
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two sample t-test, p = 0.049), whereas irWIPK plants grew similarly to competing WT plants 

(Welch two sample t-test, p-value = 0.17; Figure 2A). A table with all additional statistical 

values is provided in the supplemental material (Supplemental Table 1). 

A similar experiment was carried out in the glasshouse under controlled conditions. 

Defense-related trade-offs in N. attenuata were only found when plants were growing in 

competition with conspecifics (Heil and Baldwin, 2002). Thus, we used a paired design of 

size-matched plants competing for the same resources in individual pots to analyze plant 

growth and fitness. As MAPK activity and JA-levels are highly induced during herbivore 

attack (Wu et al., 2007), we assumed that differences in growth and fitness would be more 

pronounced when the competing plants were elicited by a simulated herbivory treatment 

(wouding and application of M. sexta oral secretions, W+OS, see Material and Methods). In 

addition to irSIPK and irWIPK, we used JA deficient plants (asLOX3) (Halitschke and 

Baldwin, 2003, Meldau et al., 2009) with lower levels of anti-herbivory defense metabolites 

as “positive controls”  as these plants should perform better in comparison to competing WT 

plants. The results of the glasshouse experiments were comparable with the results from the 

field. Independent of treatment, irSIPK plants were smaller than WT and produced fewer 

capsules (Figure 2B), whereas irWIPK plants and asLOX3 plants produced significantly more 

dry mass and greater capsule numbers after treatments (Figure 2B). Although MAPK activity 

and JA levels are highly induced by W+OS treatments, the growth benefits in WIPK and 

LOX3-silenced plants were also observed in the absence of W+OS treatments, which suggests 

that plants are continuously challened by various environmental stresses that activate JA 

signaling (Fig. 2B).  

In N. attenuata, simulated herbivory can already inhibit growth of seedlings (Hummel 

et al., 2009). To assess growth effects of SIPK and WIPK-silenced plants at the seedling stage, 

we performed an in vitro seedling competition assay (Additional Figure 1). Under untreated 

conditions, we did not find growth difference of seedlings (data not shown), whereas wound-

induced WIPK (ANCOVA, F5,344 = 20.79, p = 0.049) and LOX3 (ANCOVA, F5,344 = 20.79, p 

= 3.72e
-07

) grew faster than WT, while SIPK-silenced seedlings grew similarly (ANCOVA, 

F5,344 = 20.79 p = 0.95; Figure 2C). The biomass accumulation of WIPK- and SIPK-silenced 

seedlings reflected the trend found in the seedling root growth assay (Welch two sample t-

test, p = 3.3e-04; Figure 2C). In summary, our data from three different growth assays 

demonstrated that silencing WIPK benefits plant growth and fitness, but that irSIPK plants did 

not benefit from their JA deficiency. 
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IrSIPK plants accumulate more SA in leaf tissues 

SA is known to negatively influence plant growth and development (Vicente and 

Plasencia, 2011). A previous study demonstrated that leaves of irSIPK plants grown in 

individual pots have higher basal SA-levels than do WT plants (see Supplemental Figure 4 in 

Kallenbach et al., 2010,). To test, if SIPK, WIPK or LOX3-silenced plants also have altered 

SA-levels when grown in experimental designs that included an intra-specific competitor, SA-

levels were measured in untreated leaf tissues and 1 h after W+OS treatments. We found 

significantly higher SA-levels for irSIPK plants independent of treatment (Welch two sample 

t-test, control: p =0.002; W+OS: p = 0.048) (Figure 3A). Of the other transgenic lines tested, 

only irWIPK plants accumulated slightly less SA after W+OS treatments when compared to 

competing WT plants (Welch two sample t-test, p = 0.037). However, JA-levels of irSIPK, 

irWIPK and irLOX3 lines were greatly reduced after W+OS treatments compared to the 

corresponding WT (Figure 3B). We thus hypothesized that higher SA-levels may influence 

the growth and fitness phenotype of these JA-deficient plants. To test this hypothesis, irSIPK 

plants were crossed with an overexpression (oe) salicylic acid hydroxylase (NahG) line 

(oeNahG; Hettenhausen et al, 2012). The crossed line, SxN, had SA-levels similar to WT 

(Figure 3A) and lower JA-levels when compared to the corresponding WT plants (Welch two 

sample T-test, p = 0.004; Figure 3B). Notably, JA levels were also reduced in oeNahG, when 

compared to the corresponding WT plants (Figure 3B). A previous report showed that 

oeNahG plants grown in single pots did not show any difference in JA levels 1h after W+OS 

treatments (Gilardoni et al., 2012) and we hypothesize that different growth conditions in our 

competition setup might have caused the altered accumulation of JA in the oeNahG line. 

 

Reducing SA levels in irSIPK plants partially restores the JA deficiency-mediated 

growth promotion found in JA-deficient plants 

To investigate the influence of SA on irSIPK’s growth and reproduction, additional 

competition experiments including SxN and oeNahG plants were carried out. To combine the 

results of several experiments in a single graph, we calculated the relative differences between 

the two competing plants in one pot and expressed them relative to the WT plants used in the 

individual experiments (Figure 4A). Crossing irSIPK with oeNahG resulted in a phenotype 

similar to plants deficient in JA and JA-mediated defenses (irWIPK and irLOX3). SxN plants 

had greater biomass (ANOVA, F2,97=11.12, p =4.5e
-05

; Figure 4B), a higher capsule count 

(ANOVA; Line: F1,58 = 21.18, p = 2.32e
-05

; Treatment: F1,58 = 8.08, p = 0.006; Figure 4C) and 
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higher number of flowers (ANOVA; Line: F1,58 = 45.90, p = 7e
-09

; Figure 4D) than their 

corresponding WT, whereas irSIPK plants did not, indicating that higher SA levels are 

fitness-limiting factors in irSIPK plants. Since SxN acccumulates less JA than oeNahG plants, 

we speculated that the cross would realize greater fitness benefits than the oeNahG plants. 

However, independent of treatment, SxN had a similar increase in growth and fitness when 

compared to their corresponding WT,  as did oeNahG plants (Figure 4), indicating that 

silencing SIPK impairs growth and fitness in N. attenuata also via SA-independent pathways 

and that SIPK-silencing does not effect the oeNahG-mediated growth and fitness promotion.  

In comparison to the data presented in Figure 2B, where irWIPK plants accumulated 

significantly more biomass when plants were treated with W+OS, the experiments presented 

in Figure 4 revealed a constitutively higher biomass in irWIPK plants, when compared to WT 

plants. In addition, the reduced biomass and seed capsule number is also less pronounced for 

irSIPK plants, when data from both experiments are compared.  These effects could be due to 

slightly different soil conditions between the two experimental set-ups (see Material and 

Methods).  

 

Differences in photosynthetic rates do not explain growth and fitness differences of 

irSIPK, irWIPK and irLOX3 plants  

Silencing of ribulose-1,5-bisphosphate carboxylase/oxygenase (RuBisCO)  in N. 

attenuata leads to a decrease in photosynthetic rate and reduced plant growth and lower 

amounts of defense metabolites after treatment with simulated herbivory (Mitra and Baldwin, 

2008). Photosynthetic rates are also influenced by herbivory (Kerchev et al., 2011), biotic 

stress (Bilgin et al., 2010) and plant hormone levels In particular exogenous SA application 

was shown to reduce photosynthetic activity by altering chloroplast structure (Uzunova and 

Popova, 2000), RuBisCO activity (Pancheva and Popova, 1998) and transcript levels of 

photosynthetic genes (Heidel and Baldwin, 2004). Thus, we hypothesized, that irSIPK plants 

would show reduced growth and fitness compared to irWIPK, irLOX3 and WT plants as a 

result of lower photosynthetic rates mediated presumably by its higher SA levels. However, 

irSIPK plants had a similar or even higher photosynthetic rates than WT and the other 

transgenic plants (ANOVA, F2,56=15.7, p = 3.9e
-06

) (Figure 5). Consistent with these results, 

reduced SA levels in SxN plants also did not result in increased photosynthetic rates compared 

to irSIPK plants. These data indicate that 1) photosynthetic rates under these growth 
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conditions are independent of SA levels and 2) lower amounts of photosynthetic products can 

not explain why irSIPK plants did not benefit from reduced JA-mediated defenses. 

JA has been shown to down-regulate photosynthesis-related gene expression 

(Halitschke and Baldwin, 2003). Therefore, higher photosynthetic activity might support the 

growth and fitness of WIPK and LOX3 silenced plants. But irWIPK and irLOX3 plants – 

though they had similar reductions in JA levels compared to WT (Figure 3B) - showed the 

opposite patterns of photosynthetic rates (Figure 5), and even had a lower photosynthetic 

activity compared to WT. Therefore, we conclude that the growth promotion of irWIPK and 

irLOX3 plants is not mediated by improved CO2 assimilation. 

 

Leaf JA and SA-levels do not influence competitive ability for nitrogen aquisition 

 In addition to photosynthetic rates, the availability of nitrogen influences growth and 

defense of plants. Under low nitrogen regimes, N. attenuata plants grew slower and had lower 

levels of nitrogen-intensive defense compounds than plants grown under high nitrogen levels 

(Lou and Baldwin, 2004). Furthermore, when grown in competition, plants impaired in the 

production of trypsin proteinase inhibitors (TPIs), a JA-induced nitrogen-intensive defense, 

produced more seed capsules and were taller than their neighbouring WT plants (Zavala and 

Baldwin, 2004). Based on these results, irSIPK, irWIPK and irLOX3 plants were expected to 

forgo the costs nitrogen investments in nitrogen-intensive defense metabolites (Halitschke et 

al, 2003, Meldau et al, 2009). Several lines of evidence suggest that JA (van Dam and 

Baldwin, 1998) and SA (Nazar et al, 2011, Sarangthem and Singh, 2003) can influence the 

plant’s nitrogen assimilation and metabolism. Based on these findings, we evaluated if the 

differences in growth of the three transgenic lines compared to WT were due to altered 

competitive availabilities for nitrogen acquisition. We grew the three transgenic lines and WT 

in competition pairs and pulse-labeled the pots with nitrogen in form of K
15

NO3. Although 

irWIPK and irLOX3 plants showed higher total nitrogen content than WT plants before 

wounding (ANOVA, F2,102=29.25, p = 9.1e
-11

; Figure 6A), after this treatment they showed a 

similar nitrogen content as WT. In addition, all transgenic lines incorporated similar amounts 

of 
15

N compared to their corresponding WT plants (ANOVA, F5,94 =  0.98, p = 0.44; Figure 

6B) and only SxN showed a treatment effect (Welch two sample t-test, p= 0.009). Moreover, 

seeds of all transgenic lines had similar total N and 
15

N contents (Supplemental Figure 2). 

Therefore, we conclude that JA and SA levels in leaves do not correlate with nitrogen uptake 

and content under these growth conditions. However, we cannot exclude that the growth and 
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fitness phenotype of irWIPK, irLOX3 and irSIPK was influenced by an altered nitrogen 

allocation towards growth and reproduction, once the nitrogen was incorporated by the plant. 

 

Discussion 

Activation of MAPKs is one of the earliest molecular events in response to herbivore 

perception (Wu et al., 2007). In this study, a reversed genetics approach was used to analyse if 

maintaining two herbivory-induced MAPKs, namely NaSIPK and NaWIPK, confer fitness 

costs to a native tobacco species. Our data show that, although silencing these two MAPKs 

abolished herbivory-induced JA production, which is known to impose fitness costs on plants, 

only WIPK-silenced plants benefited from these reductions in terms of increased growth and 

fitness.  These results suggest that in addition to JA signaling and JA-associated defenses,  

SIPK and WIPK regulate different suits of physiological responses after the perception of 

herbivory, responses that have profound effects on a plant’s ability to maximize their fitness.  

One of these responses is SA signaling.   

 

SIPK and WIPK silencing differentially effects SA levels 

SIPK and WIPK have frequently been shown to regulate similar responses to biotic 

and abiotic stresses (Tena et al., 2011). Both MAPKs redundantly regulate defense responses 

and wound and herbivory-induced JA/JA-Ile levels in tomato and N. attenuata (Kandoth et 

al., 2007; Wu et al., 2007; Meldau et al., 2008). In N. attenuata, both kinases regulate 

transcript levels of genes important for defense against herbivores (Wu et al., 2007) including 

LecRK1, which is crucial for herbivory-induced downregulation of SA (Gilardoni et al., 

2011). Interestingly, only SIPK-, but not WIPK-, silencing led to elevated SA levels; WIPK 

even accumulated slightly less SA in leaves after simulated herbivory, suggesting that 

regulation of LecRK1 transcripts is not responsible for the differential accumulations of SA 

levels (Fig. 3B). Silencing SIPK, but not WIPK, impaires herbivory-induced ET levels in N. 

attenuata. Similarily, only plants deficient in MPK6, the homologue of SIPK in A. thaliana, 

but not MPK3 (WIPK homologue)-deficient plants show reduced herbivory-induced ET 

levels (Wu et al., 2007; Schäfer et al., 2011). Diezel and colleagues demonstrated that N. 

attenuata plants impaired in ET biosynthesis or perception accumulated higher levels of 

herbivory-induced SA; similarily, SA-mediated signaling is suppressed by ET in A. thaliana 

(Diezel et al., 2009; Leon-Reyes et al., 2009).Collectively, these results suggest that  the 

increased SA levels in SIPK silenced plants are a result of impaired ET signaling. Future 
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experiments designed to recover ET emissions in SIPK silenced plants will help to understand 

the role of ET in mediating the SA phenotype in irSIPK plants.  

 

Can increased SA mask JA-mediated trade-offs in irSIPK plants? 

JA- and methyl-JA-induced responses were reported to negatively affect growth and 

fitness in several plant species (Redman et al., 2001, Cipollini 2007, Baldwin 1998) and plant 

productivity was enhanced when JA levels or JA/JA-Ile sensitivity were genetically reduced 

(Cipollini 2002, Royo et al., 1999). Reducing JA levels also increased plant growth and 

fitness in WIPK- and LOX3-silenced N. attenuata plants (Figure 2 and 4). In contrast, irSIPK 

plants which showed the highest reductions in herbivory-induced JA levels (Figure 3), did not 

benefit in terms of growth and fitness. Inhibition of JA-induced defense responses by negative 

crosstalk through higher SA levels has been intensively studied (reviewed in Pieterse et al., 

2009). In N. attenuata, elevated SA levels were found to strongly suppress defense responses 

to herbivores (Gilardoni et al., 2011, Diezel et al., 2009). Although oeNahG plants did not 

show differences in basal SA levels, which is consistant with data presented in Gilardoni et 

al., 2012, the oeNahG plants still produced more biomass and fitness when compared to 

competing WT plants. It is possible that SA levels in other tissues than leaves might be 

reduced in oeNahG plants. Future experiments designed to analyze the SA levels in other 

tissues, such as roots, might shed light on this phenomenon. By crossing irSIPK with oeNahG 

plants, we tested if higher SA levels could mask the JA deficiency-mediated growth benefits 

in SIPK silenced plants. Although SxN plants showed similar SA levels when compared to 

oeNahG, the cross accumulated significantly less JA (Figure 3). However, the elevated 

biomass and fitness of oeNahG plants was not further increased by JA-deficiency in SxN, 

demonstrating that SA-independent pathways might also be involved in suppressing growth 

benefits in JA-deficient irSIPK plants. Although we did not observe developmental 

abnormalities in response to SIPK-silencing, these plants might also have other pleiotropic 

effects, which may influence plant growth and fitness. For example, it was shown that 

silencing the NaSIPK-homolog MPK6 in Arabidopsis effects stomata patterning (Bush and 

Krysan, 2007; Wang et al., 2007, 2008). In N. attenuata, stomata size and density of irSIPK 

plants are similar to that of WT plants (data not shown). Future studies designed to identify 

specific phosphorylation targets regulated by SIPK will help to elucidate its important role in 

plant growth and fitness regulation. 
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Mechanisms of JA- and SA-mediated plant growth suppression 

 Contrasting effects of SA on photosynthesis have been described (Pancheva et al., 

1996; Pancheva and Popova, 1998; Slaymaker et al., 2002; Fariduddin et al., 2003; Abreu et 

al., 2009), whereas JA is thought to affect photosynthesis-related gene expression negatively 

(Halitschke and Baldwin, 2003). We did not find a clear correlation between SA or JA levels 

and photosynthetic rates using our set-up (Figure 5). Since our measurements are just 

spatiotemporal snapshots, we cannot rule out that photosynthesis and SA or JA levels are 

correlated at other growth stages or in different tissues.  

Another important trait for plant growth under resource-limited conditions is the 

ability to assimilate nitrogen, a trait that was shown to be altered by JA-treatments in 

competing N. sylvestris plants (Baldwin and Hamilton, 2000). However, similar to our 

photosynthesis measurements, we did not find clear patterns of nitrogen uptake that would 

explain the growth phenotypes of all JA and SA deficient lines (Figure 6, Supplemental 

Figure 2). Our data do not exclude changes in nitrogen metabolism as a growth promoting 

factor. All transgenic lines with reduced JA-signaling showed lower levels of nitrogen-

intensive defense metabolites than did WT (Halitschke and Baldwin, 2003, Meldau et al., 

2009) which may allocate nitrogen resources towards growth and reproduction. Baldwin 

(2001) discussed fitness optimization as a process of resource allocation and demonstrated 

that the biosynthesis of nicotine, a JA-induced nitrogen-intensive defense metabolite, can 

slow growth (Baldwin et al, 1998). JA-induced partitioning of newly fixed carbon and 

nitrogen into additional secondary metabolite pathways was recently described in N. tabacum 

(Hanik et al, 2010a,b) which may lead to an additional reallocation of resources. Further 

experiments with detailed analysis of different nitrogen pools are required to fully understand 

the role of nitrogen partitioning in mediating growth and fitness of plants with and without JA 

and SA perturbations.  

In addition to the regulation of metabolite fluxes, SA and JA can also affect 

developmental processes through the regulation of hormonal pathways. SA can regulate 

growth through modulation of cell expansion, probably via auxin, (Scott et al., 2004; Xia et 

al., 2009) and might regulate the cell cycle through its crosstalk with cytokinin and 

brassinosteroid pathways (Riou-Khamlichi et al., 1999; Hu et al., 2000). JA was also shown 

to effect plant growth through the regulation of the cell cycle and cell number in Arabidopsis 

(Zhang et al., 2008). Thus, the alteration of other hormonal pathways might also influence the 

growth patterns reported here for N. attenuata plants with altered MAPK, JA and SA levels. 
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Costs of inducibility 

 We hypothesized that growth and fitness trade-offs imposed by MAPK signaling will 

only occur when plants were elicited by simulated herbivory since this treatment highly 

activates SIPK and WIPK. With the exception of SIPK-silenced plants, all other transgenic 

lines, including LOX3-silenced and oeNahG plants, produced more dry mass and capsules 

even without simulated herbivory (Figure 2 and 3). These data demonstrate that basal levels 

of WIPK activity, JA or SA impairs growth and fitness of competing N. attenuata plants. In 

their natural enviroment, the synchronized germination of N. attenuata plants in the first 

growing season following fires, which in turn results from the detection of smoke-derived 

germination cues, leads to high intraspecific competition (Baldwin et al. 1994) and our 

growth setup was designed to capture this natural environmental stress. However, competition 

with conspecifics may have induced WIPK activity, JA or SA levels in other tissues than 

leaves, such as their root systems. Therefore the reduced levels of defense traits in other 

tissues might have caused increased growth and fitness in the control, unelicted plants. 

Comparing defense traits in different tissues, such as roots, of N. attenuata plants grown in 

single pots with plants in competition will help to answer these questions.   

Several studies have demonstrated that herbivore attack changes a plant’s 

photosynthetic capacity (Baldwin and Ohnmeiss, 1994; Walling, 2000, Hermsmeier et al, 

2001; Kessler and Baldwin 2002, Halitschke et al., 2011), and that photosynthetic proteins are 

commonly downregulated (Giri et al, 2006). Our data suggest that the JA and SA mediated 

costs for growth and fitness are independent of photosynthetic regulation, but we can not 

exclude that WIPK activity directly influences photosynthetic activity, as our data have 

shown lower photosynthesis in unelicited irWIPK plants (Figure 6). Furthermore, irSIPK, 

irLOX3 and irWIPK plants showed a treatment effect on their photosynthetic activity (Figure 

5). Therefore, LOX3, SIPK and WIPK activities likely play multiple roles in the regulation of 

herbivory-induced photosynthesis.  

 In contrast to their photosynthetic rates, control irWIPK plants as well as irLOX3 

plants had significantly higher total nitrogen contents in their rosette leaves compared to their 

corresponding WT plants (Figure 6). These findings indicate, that costs of basal levels of 

WIPK and LOX3 activity may be amortized by increases in nitrogen resources.  

 The life history of N. attenuata plants may necessitate basic levels of SA, JA and 

WIPK activity, which come with the cost of reduced growth and capsule production. WIPK 

and JA-mediated defenses are elicited by attack from the multitude of herbivores that feed on 
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this plant in nature and these defenses use fitness-limiting resources for their production. 

However, the importance of SA-mediated defense responses in N. attenuata are only poorly 

understood. Our study suggests that maintaining the SA sector must play an important role for 

fitness of N. attenuata not only by moderating JA induced responses, and that SIPK joins two 

other components shown to suppress SA responses during OS elicitation, response that allow 

for unfettered JA-mediated defense production: the ethylene burst (Diezel et al. 2009) and 

LecRK1 (Gilardoni et al., 2011). Analyzing the performance of N. attenuata plants with 

different levels of SA under natural conditions are needed to identify the fitness enhancing 

factors require the clearly costly SA pathway. 

 

Conclusions 

In this study, we analyzed the fitness consequences of maintaining signaling elements 

that mediate early herbivory-induced defense responses in native tobacco, Nicotiana 

attenuata. Our data demonstrate that two herbivory-induced MAPKs, NaSIPK and NaWIPK, 

show strongly diminished JA levels, but only NaWIPK-silenced plants benefited from these 

reduced defense responses with increased growth and fitness levels during our competition 

experiments. We demonstrate that irSIPK-plants do not realize the fitness benefits that are 

commonly enjoyed by JA-deficient plants, partially because NaSIPK-silencing leads to higher 

levels of SA. Photosynthesis and nitrogen acquisition rates can not explain the growth 

differences in our setup, indicating that the observed growth phenotypes are rather mediated 

by resource allocations or signaling mediated growth reductions. Future experiments are 

needed to identify the specific metabolic pathways by which SA- and JA-signaling divert 

resources from growth and reproduction. For this analysis identifying the other regulatory 

targets of SIPK will be essential. Herbivory-induced MAPK activity and JA signaling was 

shown to vary in natural accessions of N. attenuata (Wu et al., 2008; Schuman et al., 2009; 

Kallenbach et al., 2012) and the natural variation in the SA pathway is currently being 

analyzed. Determining the costs of the MAPK, JA and SA-mediated pathways for plant 

growth and fitness contributes to our understanding of the ecological mechanisms behind the 

genetic variation in these induced defense signaling systems. 
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Material and Methods 

Plant growth conditions 

 Germination: Wild-type Nicotiana attenuata Torr. Ex. Watson seeds of the 30
th

 (field 

and first glasshouse experiment, Figure 1) and 31
th

 (other experiments) inbred generations of 

an accession which originated from seeds that were collected at the Desert Inn Ranch in Utah 

1988 (Baldwin et al., 1998) and seeds of different transgenic lines, were sterilized and 

germinated on Gamborg’s 5 media according to Kruegel et al. (2002). For each of the 

constructs, several independently transformed, homozygous lines harboring single insetions 

with similar phenotypes, are available and have been fully characterized. For practical 

reasons, we only used one of the previously described ransgenic lines.  The transformed lines 

used in this study have been previously characterized in the following publications: irSIPK 

(A-109) and irWIPK (A-56) were described in Meldau et al., 2009; oeNahG (A-481) in 

Meldau et al., 2011, Hettenhausen et al., 2012 and Gilardoni et al., 2012; asLOX3(A-300) in 

Halitschke and Baldwin, 2003; irLOX3 (A-562), in Allmann et al., 2010. After using asLOX3 

plants in the first experiments, we used newly generated irLOX3 plants, because of their more 

pronounced reduction in JA levels (22-50% reduction of  the OS-elicited JA burst in asLOX3 

(Halitschke and Baldwin, 2003), 81-83% in irLOX3 (Allmann et al., 2010, as compared to 

WT plants). 

 Glasshouse: For glasshouse experiments the plants were transferred to Teku pots ten 

days after germination. Ten days later the plants were planted into 2L competition pots. A 

transgenic plant was always paired with a WT plant. Pots with two WT plants were used as 

comparison. Plants were grown at 26–28 °C under 16 h of light as described by Kruegel et al. 

(2002). The glasshouse experiment in 2010 was performed with the following modifications: 

Frühsdorfer Nullerde was used as substrate with additional 0.5 g/L PG Multimix (14, 16 

and18 days after transfer to 2L pots), 0.85 g/L phosphate, 0.05 g/L Micromax (Scotts), 0.35 

g/LMgSO47H2O added to the soil. As fertilizer, Peters Allrounder (Scotts) was added (20 

g/400 L day7-14, 40 g/400 L day 14-21, 15-30 g/400L after day 21) with an additional 

amount of Borax (3 g/400 L day 1-7, 2 g/400 L day 7-14, 1 g/400 L after day 14). To perform 

the experiments under nitrogen-limiting conditions, external nitrogen supplementations were 

stopped after plants were transferred to 2L pots in all experiments.  
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 Field: Field experiments were carried out as described by Meldau et al. (2009). In 

brief: seedlings were transferred into hydrated peat pellets fifteen days after germination. 

After gradual adaption to the local environmental conditions over 14 days, irSIPK and 

irWIPK, each paired with one size-matched WT plant, were transplanted into an irrigated field 

plot at the Lytle Ranch Preserve. The release of transgenic plants was carried out under 

APHIS notification (06-242-101 n). Growth was measured 30 days after transplantation to the 

field. 

 

Plant treatment and performance measurements  

Eight days after transfer to 2L competition pots, each plant pair was pulse-labelled 

with 10.2 mg (5.1 mg 
15

N and 5.1 mg 
14

N) nitrogen as KNO3 (Chemotrade, Leipzig; Merck). 

Three days later- giving the plants time to assimilate the labeled nitrogen- the oldest sink leaf, 

youngest source leaf and transition leaf, were wounded (W) with a pattern wheel and the 

puncture wounds immediately treated with 10 µL 1:5 diluted Manduca sexta oral secretion 

(OS) (W+OS) over 3 consecutive days in order to simulate continuous herbivore feeding 

damage. This treatment effectively mimics herbivore attack and allows for uniform induction 

kinetics (Halitschke et al., 2001).  

The oldest sink leaf at the time of labeling was harvested 8 days after the first 

treatment, while samples of untreated plants were used as controls. When all plants were 

elongated and prior to bud formation (6 days after the last treatment), S1 leaves were 

wounded and treated as described for rosette leaves. The flowers, both open and closed, and 

capsules were then counted between day 63 and 65 after germination. The plants were 

harvested 12 days later and oven dried for 3 days to determine the dry mass. 

 

In vitro seedling growth assay 

WT and transgenic lines (irWIPK, irSIPK and irLOX3) of N. attenuata used in the 

glasshouse experiments were used for seedling growth assays. The seeds were sterilized and 

germinated (Kruegel et al., 2002) on full strength media consisting of H3BO3 10 µM, MnSO4 

0.5 µM, ZnSO4 0.5 µM, CuSO4 0.1 µM (NH4)6Mo7O24 0.01 µM, Fe-EDTA 15 µM, KH2PO4 

0.5 mM, MgSO4 1.2 mM, CaCl2 2.0 mM. Nitrogen was supplied as KNO3 at a concentration 

of 2 mM nitrogen (Matt et al., 2001). The seedlings were transferred to 1/4
th

 strength media 

for competition assay when the root length was approximately 1 cm. Special square petri 

dishes (120 X 120 X 17 mm) for competition experiment were made by cutting the solidified 
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1/4
th

 strength media into blocks of 1cm wide with 0.5 cm space between blocks; and 

approximately upper 2 cm was cut. On each block, wild type seedling was paired with 

uniform length seedling of either irWIPK or irSIPK or irLOX3 (see also Additional Figure 1). 

The shoots were placed in the upper air filled portion of the block. After transfer to blocks, 

one of the cotyledonary leaves of each seedling was wounded with the tips of bent forceps 

(making three pin holes). The petri dishes were wrapped with a layer of fabric tape 

(Micropore 3M Health Care, Neuss, Germany) to allow for gas exchange and were placed 

vertically in a growth chamber (Kruegel et al., 2002) to ensure that roots grew to the bottom. 

The shoots grew in the air filled volume of the upper portion of the blocks. The seedlings 

were allowed to adjust to the transfer shock for one day after which the growth of roots was 

monitored on a daily basis. At the end of the 7 day competition experiment, the fresh mass of 

the roots and shoots of both members of the competing pair was determined: the wild type 

and its competing transformed line. 

 

Phytohormone analysis 

 For phytohormone analysis, plants were grown as described above. The plants were 

used only for phytohormone analysis and not included into the other analyses. The youngest 

source leaves were harvested as a control 10 days after transfer to 2L competition pots, and 

then transition leaves were wounded and treated with 20 µL 1:5 diluted M. sexta oral 

secretion. The treated leaves were harvested an hour later after removal of the midrib and 

immediately frozen in liquid nitrogen. After extraction, phytohormones were analysed on an 

LC-MS⁄MS system (Varian 1200 Triple-Quadrupole-LC-MS system; Varian, Palo Alto, CA, 

USA according to Schäfer et al., 2011). 

 

Photosynthesis measurement 

Photosynthesis was measured indirectly by determining CO2 assimilation rates. At 

least 5 replicates were used to analyze photosynthesis using a LI-COR 6400 portable 

photosynthesis system (LI-COR Bioscience) with 400 µmol/mol CO2 concentration and light 

intensity of 1200 µmol/m
2
/s for measurements.  

 

Sample preparation for isotope ratio mass spectrometry  

 
15

N-incorporation of seed and leaves was analyzed by an elemental analyzer – 

continuous flow – isotope ratio mass spectrometry (EA–CF–IRMS). One capsule per plant 
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was harvested 71 days after germination. The capsules were harvested when they showed the 

first signs of opening. Seeds were dried for 2 weeks at room temperature before measurement. 

The leaf blades of the oldest sink leaf at time point of labeling were harvested 5 days after the 

last treatment, dried at 60 °C for 48 h and homogenized before analysis. 

In order to accomodate the high sensitivity of the IRMS, samples were diluted to a 

final labeling of about 1 atom% 
15

N by adding a standard (acetanilide; alice-1) to the sample. 

Seeds weighing 0.3 mg ± 20% (approximately two seeds), were placed in 40 μL tin capsules 

together with 0.7819 mg ± 20% of the standard. Roughly 0.1250 mg ± 20% of the 

homogenized and dried plant material was diluted with 0.8325 ± 20% mg of the standard. The 

exact sample and dilution masses were determined and used to calculate 
15

N abundance. 

Three technical replicates of each sample were analyzed.  

 

Isotope ratio mass spectrometry analysis 

The tin capsules were sealed and combusted (oxidation at 1020 °C, reduction at 650 

°C in a constant helium stream (80 mL min
-1

) quantitatively to CO2, N2 and H2O in an 

elemental analyzer (EuroEA CN2 dual, Hekatech, Wegberg, Germany). After passing a 

CO2/water trap (NaOH/MgClO4) and a chromatographic CN-column at 85 °C, the remaining 

N2 was transferred via an open split to a coupled isotope ratio mass spectrometer (IsoPrime, 

Micromass, Manchester, UK). The laboratory working standard was calibrated using IAEA-

N-1 reference material with a δ
 15

N value of +0.43‰. A caffeine standard (cafice-1) was 

analyzed together with the samples as quality analysis reference material for long-term 

performance monitoring of the entire analytical procedure (for details see Werner et al., 

2001). 

Isotopic ratios of nitrogen 

R15N
=
[15N]

[14N]
         (1.3) 

are expressed in  notation versus the international standard N2(Air) with 
15

Rstd = 0.0036765. 

std

15
std

15

sa

15

sa

15

R

RR
N


        (1.4) 
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Based on the  notation, isotope abundance 
15

N (%) was calculated with 1.6. 
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based on the following equations 

15Nsa (%) =
15Rsa
1+ 15Rsa

×100        (1.7) 
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for labeled plant tissue diluted with acetanilide (alice-1, 
15

Nalice-1 = -1.36, 10.36% N) 

calculations were based on the following relations: 
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       (1.10)

 

 

With 
15

N(%) = atom percent of 
15

N; 
StR = isotope ratio of standard; alice-1 = acetanilid used 

for dilution; sa = measured sample; m = mass; %N = total nitrogen percentage; pt = plant 

tissue sample; totN = total nitrogen mass 

 

Statistical analysis 

All statistical analyses were performed using the software program R (R 

Developmental Core (Team, 2009) and the libraries therein (http://www.r-project.org/). For 

ANOVA analysis, if the assumption of homoscedasticity of variances was violated or the 

residuals did not follow a normal distribution, the response variables were transformed prior 

to the analyses using Box-Cox transformation (Sakia, 1992). The Box-Cox-lambda was 

estimated using Venables’ and Ripley’s MASS library for R. All models were simplified to 

the minimum adequate model using Akike’s information criterion (Ronchetti, 1985). The 

http://www.pubmedcentral.nih.gov/redirect3.cgi?&&auth=0Xk_Y7Dr6l3QVrP483GvfZds3ln0uFY6jmq8LIADP&reftype=extlink&artid=2279396&article-id=2279396&iid=162310&issue-id=162310&jid=440&journal-id=440&FROM=Article%7CBody&TO=External%7CLink%7CURI&rend%20
http://en.wikipedia.org/wiki/Homoscedasticity
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Welch two sample T-test was used, in order to account for heteroscedasticity in some data 

sets. To facilitate comparisons of all statistical analysis, this test was used in all cases. 
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Figure legends 

Figure 1 Herbivory-induced signaling in N. attenuata.  

Oral secretions of Manduca sexta contain fatty acid-amino acid conjugates (FACs), which 

are perceived by Nicotiana attenuata through an unknown perception event (black filled box 

with question mark), leading to the activation of salicylic acid-induced protein kinase (SIPK) 

and wound-induced protein kinase (WIPK). SIPK and WIPK regulate transcripts of LecRK1, 

which is a negative regulator of SA. SIPK and WIPK regulate biosynthesis of jasmonic acid 

(JA) and its isoleucine conjugate (JA-Ile). SIPK, but not WIPK, also regulates ethylene (ET) 

emissions, possibly leading to suppressed SA levels, thereby allowing unfettered JA/JA-Ile-

mediated defense responses. Growth and fitness consequences of SIPK and WIPK-regulated 

signaling are unknown (red box). 

 

Figure 2: Growth and fitness of N. attenuata plants impaired in herbivory-induced defense 

signaling. 

(A) Mean (± SE, n ≥ 9) stalk length of irSIPK and irWIPK plants grown for 44 days in the 

plant`s natural habitat (Utah, USA) compared to size-matched wild type (WT) plants. (B) 

Mean (± SE) dry mass (n ≥ 3, pooled samples, each containing 5 biological replicates) and 

total capsule number (n ≥ 19) of transgenic plants (irSIPK, irWIPK) grown in competition 

with wild type (WT) plants. To simulate herbivory, three rosette leaves of each plant were 

wounded with a pattern wheel (W) and treated with 10 µL 1:5 diluted Manduca sexta oral 
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secretions (OS). Untreated plants served as controls. (C) Mean (± SE , n ≥ 16.) relative root 

growth difference to WT in wounded seedlings grown in competition (asteriks indicate 

significant differences between irLOX3 and irWIPK when compared to irSIPK plants 

(ANCOVA, F2,344 = 13.46, p < 0.001)) and mean (± SE, n = 8) seedling fresh mass grown 

under low nutrient conditions. Asteriks indicate significant differences between a transgenic 

line and WT in one pot (Welch two sample T-test;***: p<0.001; **: p<0.01; *: p<0.05). 

 

Figure 3 Phytohormones in leaves of competing N. attenuata plants. Mean (± SE, n ≥ 4) of 

(A) jasmonic acid (JA) and (B) salicylic acid (SA) levels of transgenic plants grown in 

competition with WT plants in 2L pots. SxN plants are crosses between irSIPK and oeNahG 

plants. Ten days after transfer to 2L pots, the youngest source leaf of each plant was harvested 

as a control and the source-sink transition leaves were wounded with a pattern wheel (W) and 

treated with 20 µL 1:5 diluted Manduca sexta oral secretion (OS) and harvested 1h after 

elicitation. Asteriks indicate significant differences between transgenic line and WT in one 

pot. (Welch two sample T-test;***: p < 0.001; **: p < 0.01; *: p < 0.05) 

 

Figure 4: Reducing SA levels in SIPK-silenced plants restores growth. 

(A) Scheme of the exerimental approach. The transgenic lines (respectively WT plants) were 

grown with size matched WT plants in competition in one pot. One half of the plants was 

wounded with a pattern wheel and treated with Manduca sexta’s oral secretion (W+OS), the 

other half was kept as untreated controls. During the experiment, drymass (“DM”), capsule 

(“C”) and flower (“F”) number were determined. For comparison between treatments, the 

difference between the two plants (Line-WT) in one pot was calculated for each treatment and 

expressed in % of the individual WT of that specific pot (see formula in graphic). Differences 

in (B) dry mass, (C) capsule number and (D) flower number of transgenic lines (irSIPK, 

irWIPK, irLOX3, oeNahG, SxN) compared to competing wild type (WT) plants. Ten days 

after transfer to 2L pots, rosette leaves of transgenic and WT plants were wounded with a 

pattern wheel (W) and treated with 10 µL 1:5 diluted Manduca sexta oral secretion (OS). 

Treatment was repeated for two consecutive days. At the stalk elongation stage, W+OS 

treatment was repeated with expanded S1 leaves. Non-elicited plants were used as controls. 

The minimum adequate model is represented through small letters (a, b; ANOVA, dry mass: 

Line: F2,97 = 11.12, p < 0.001, capsule number: Line: F1,58 = 21.18, p < 0.001, Treatment: F1,58 

= 8.08, p < 0.01; flower number: Line F1,58 = 45.90, p < 0.001). Asterics indicate significant 
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differences between control and W+OS treatment (Welch two sample t-test, *: P<0.05, n.s. = 

no significant difference) 

 

Figure 5: Growth differences of transgenic plants are not correlated with CO2 assimilation 

rates. 

Differences (mean ± SE, n ≥ 4) in photosynthesis rates between transgenic lines 

(irSIPK,irWIPK, irLOX3, oeNahG, SxN) compared to competing wild type (WT) plants 

(calculated as described in Figure 4A). Rosette leaves were OS-elicited as described in Figure 

4. Photosynthesis rate was measured at the youngest treated rosette leaf 1 day after the last 

treatment. The minimum adequate model is represented through small letters (a, b, c; 

ANOVA, F2,56 = 15.70, p < 0.001).  

 

Figure 6: Growth differences in transgenic plants are not correlated with nitrogen uptake. 

Differences (mean ± SE, n ≥ 5) in (A) total nitrogen and (B) 
15

N-incorporation between 

transgenic lines (irSIPK, irWIPK, irLOX3, oeNahG, SxN) compared to competing wild type 

(WT) plants (calculated as described in Figure 4A). 7 days after transfer to 2L pots, the oldest 

sink leaf was marked and each plant pair was pulse-labeled with 5.1 mg nitrogen delivered as 

K
15

NO3 . Three days later, rosette leaves of transgenic plants and WT were OS-elicited as 

described for Figure 4. Leaves were harvested five days after last treatment. Total nitrogen 

and 
15

N-incorpration were determined by IRMS (see Material and Methods). The minimum 

adequate model is represented through small letters (a, b, c; total nitrogen: ANOVA, F2,102 = 

29.251, p < 0.001;
15

N-incorporation). Asterics indicate significant differences between 

control and W+OS treatment (Welch two sample t-test, p < 0.01, n.s. = no significant 

difference)  
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Figure titles 
 

Figure 1 Herbivory-induced signaling in N. attenuata.  

Figure 2: Growth and fitness of N. attenuata plants impaired in herbivory-induced defense 

signaling. 

Figure 3 Phytohormones in leaves of competing N. attenuata plants. 

Figure 4: Reducing SA levels in SIPK-silenced plants restores growth. 

Figure 5: Growth differences of transgenic plants are not correlated with CO2 assimilation 

rates. 

Figure 6: Growth differences in transgenic plants are not correlated with nitrogen uptake. 
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Additional Material 
Figure A1 

 

Additional Figure1(A) Representative picture of the in-vitro seedling assay system. 

Wounded seedlings of transgenic lines (irWIPK or irSIPK or irLOX3; left side) competing 

with wounded WT (wild type; right side) seedlings under low nutrient conditions. (B) 

Representative picture of two WT plants grown in competition in a 2L pot. 
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Figure A2 

 

 

Additional Figure 2 (A) Total nitrogen content and (B) 
15

N-incorporation of transgenic lines 

with impaired defense (irSIPK,irWIPK) or modified phytohormone levels (irLOX3, oeNahG, 

SxN). Mean (± SE, n ≥ 3) grown in competition with WT after simulated herbivory. 7 days 

after transfer to 2L pots the oldest sink leaf was marked and each plant pair was pulse-labeled 

with 5.1 mg nitrogen in K
15

NO3. 3 days later the three rosette leaves of transgenic plants and 

WT were wounded three days in a row with a pattern wheel (W) and treated with 10 µL 1:5 

diluted Manduca sexta oral secretion (OS). After all plants were elongated and had firt buds 

or started flowering,the expanded S1 leaves were treated in a similar way. Non elicited plants 

were used as controls. One capsule per plant was harvested 70 days after germination. Total 

nitrogen and 
15

N-incorpration were determined by IRMS (see Material and Methods). Stars 

indicate significant differences between transgenic line and WT in one pot, and WT and WT 

respectivley (Welch two sample T-test;***: p < 0.001; **: p < 0.01; *: p < 0.05) 
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Abstract 

Induced defenses are thought to be economical: allowing fitness-limiting resources to be 

invested into growth/reproduction when defenses are not needed. To date, this putative 

growth/defense trade-off has not been quantified in a common currency. Here, a novel 

quantification method for 
15

N-labeled proteins enabled a direct comparison of nitrogen (N) 

flux in a common N currency into proteins, specifically, ribulose-1,5-bisposphate 

carboxylase/oxygenase (RuBisCO), with that into small N-containing defense metabolites 

after herbivory with similar accuracy. 

After simulated herbivory, total N decreased in shoots of wild type (WT) Nicotiana 

attenuata plants, but not in two transgenic lines impaired in jasmonate defense signaling 

(irLOX3) and phenolamide biosynthesis (irMYB8). The total N pools in elicited rosette leaves 

and a systemic stem leaf did not correlate with the genetic background, leaf size or total 

soluble protein (TSP) pools, indicating that herbivory initiated a reallocation of N among 

different compounds within the leaf. In elicited WT leaves, a strong decrease in TSP and 

RuBisCO was accompanied by an increase in defense metabolites; irLOX3 plants showed a 

similar, albeit attenuated pattern. IrMYB8 plants were the least responsive to elicitation with 

overall higher levels of RuBisCO. However, the herbivory-elicited decrease in absolute N-

invested in TSP and RuBisCO was much larger than the N-requirements of nicotine and 

phenolamide biosynthesis. We propose that MYB8, by regulating the production of the 

metabolically dynamic phenolamides, indirectly regulates TSP and RuBisCO pool sizes after 

herbivory.
15

N flux studies revealed that N for phenolamide synthesis originates from recently 

assimilated N rather than from RuBisCO turnover.  
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Introduction 

Plants have evolved two general direct strategies against herbivory – constitutive and 

inducible defenses. The biosynthesis of these defenses requires fitness-limiting resources that 

could otherwise be invested into growth and reproduction. Hence, induced plant defenses are 

thought to be a cost-saving strategy compared to constitutive defenses (Karban and Baldwin 

1997) since they are only produced when needed e.g. after herbivory. This cost-saving model 

plays a central role in most theoretical treatments of induced defenses (see Stamp 2003) for a 

review of plant defense hypotheses). Several studies have quantified the costs of induction by 

measuring photosynthesis rates, plant biomass, size and/or yield associated with an increase in 

defense metabolites (Bazzaz et al. 1987, Karban and Baldwin 1997, Zangerl et al. 2002). 

While measurements of the impact of anti-herbivore defenses on plant yield are important for 

understanding their ultimate fitness costs, measurements of plant biomass do not discriminate 

among the relative investments into compounds that function in growth-, storage- and defense 

processes in the analyzed tissues (Chapin et al. 1990) and do not illuminate the mechanisms 

of the putative allocation costs (Stamp 2003). Therefore, the investment into growth is 

preferably estimated by measuring components of biomass that directly promote the 

acquisition of resources for growth, such as photosynthetic proteins (Chapin et al. 1990). 

Additionally, the costs of defense should be measured in a currency of a fitness-limiting 

resource (Baldwin et al. 1998, Mole 1994) as such an approach allows for the direct 

quantitative comparison of investments into growth- and defense-related compounds, as 

revealed by changes in allocations into single compounds within plant tissues. However, a 

lack of suitable methods has thwarted such direct comparisons.  

Nitrogen (N) is essential for the biosynthesis of proteins as well as many other 

molecules including some defense metabolites, and is often a fitness-limiting resource 

determining the growth and reproduction of plants and the herbivores that eat them. N 

availability also influences N allocation to defense metabolites (Baldwin et al. 1998, Lou and 

Baldwin 2004, Simon et al. 2010), making it an ideal currency to study growth-defense trade-

offs in plant-herbivore interactions. Ribulose-1,5-bisphosphate carboxylase/oxygenase 

(RuBisCO), a protein essential for the dark reaction of photosynthesis, is the most abundant 

foliar protein in plants, accounting for 30-50% of the total soluble protein (TSP) in C3 plants 

(Ellis 1979, Makino et al. 1984, Stitt and Schulze 1994), and is thus a major N sink in plants, 

which may function as a potential N storage protein (Millard 1988). Although the amount and 

activity of RuBisCO are not the only factors controlling growth (Stitt and Schulze 1994), 
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changes in RuBisCO expression influence growth and lead to complex changes in N 

metabolism (Matt et al. 2002, Stitt and Krapp 1999, Stitt and Schulze 1994), making this 

enzyme a proxy for defense-related growth costs.  

Nicotiana attenuata is a wild tobacco native to the Great Basin Desert in south-

western USA that germinates from long-lived seed banks upon exposure to cues from burnt 

vegetation (Preston and Baldwin 1999). As a pioneer species, N. attenuata can take advantage 

of the abundant, yet ephemeral, pools of inorganic N in burnt soil (Lynds and Baldwin 1998), 

but is also subject to high intra-specific competition for fitness-limiting resources and attack 

by a diverse herbivore community, including the specialist tobacco hornworm (Manduca 

sexta). Herbivore attack elicits the jasmonic acid (JA) signaling cascade (Kessler et al. 2004), 

which activates JA-responsive transcription factors that lead to the biosynthesis of a plethora 

of induced small metabolites (Figure 1a, Woldemariam et al. 2011), such as the N-intensive 

alkaloid, nicotine, and a variety of phenolamides (PAs), which decrease herbivore 

performance (Baldwin 1999, Kaur et al. 2010, Onkokesung et al. 2010, Steppuhn et al. 2004). 

The biosynthesis of nicotine and PAs requires the same amino acid precursors (ornithine and 

arginine for putrescine and spermidine biosynthesis Kaur et al. 2010, Steppuhn et al. 2004, 

Takano et al. 2012), but the synthesis of nicotine only takes place in the roots (Hibi et al. 

1994), while PAs are synthesized in the attacked leaf (Kaur et al. 2010). 

Nicotine is present constitutively in undamaged N. attenuata tissues. It is also 

inducible and foliar concentrations can increase 4- to 10-fold after real or simulated herbivory 

by repeated wounding (W) and elicitation with M. sexta oral secretions (OS) (Baldwin 1999, 

McCloud and Baldwin 1997). The two major PAs found in N. attenuata are the N-acylated 

polyamines caffeoyl-putrescine (CP) and dicaffeoyl-spermidine (DCS), whose biosynthesis is 

regulated by the transcription factor, NaMYB8 (hereafter, MYB8, Figure 1a). Both CP and 

DCS accumulate constitutively in reproductive tissues and are strongly induced by herbivory 

in leaves (Kaur et al. 2010). Herbivory also causes large scale changes in N. attenuata’s 

transcriptome and proteome, decreasing levels of photosynthetic genes and proteins, including 

RuBisCO (Giri et al. 2006, Halitschke et al. 2003, Voelckel and Baldwin 2004). Due to the 

importance of N for its growth and defense, as well as its post-fire germination behavior, N. 

attenuata is an ideal model in which to study growth-defense trade-offs in a N currency. 

Here we quantified the N-investments into different plant parts and among different N 

pools within a tissue to compare the investments into growth and defense in the same 

currency. A stable isotope labeling technique was used to track N flux among different N 
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pools in locally-elicited and systemic leaves and seeds. We applied 
15

N labeled nitrate to the 

soil because nitrate is the most common form of N taken up by N. attenuata in nature, after 

the soil has been depleted of ammonium (Figure 1, Lynds and Baldwin 1998).  

The N-flux into the three major N-intensive small metabolites of N. attenuata 

(nicotine, CP and DCS) were used as proxies for defense investment that could be compared 

to the N-investment into proteins, and the abundant photosynthetic protein RuBisCO was 

used as a proxy for growth-related investment. This direct comparison of the growth-defense 

trade-offs among relatively large molecules, such as proteins, and small N-containing 

metabolites, has not been previously possible due to a lack of suitable methods. Total soluble 

protein (TSP) is commonly quantified by spectrophotometry, which, although robust, is not 

directly comparable with MS-based methods used for metabolite quantification, and not 

useful for 
15

N-incorporation analysis. TSP also contains, in addition to RuBisCO, other 

proteins that perform multiple functions, which confounds comparisons of N allocation to 

growth and defense. Here we used a novel high-throughput LC-MS
E
 method for absolute 

quantitation of proteins and assessment of 
15

N-incorporation into peptides (Ullmann-Zeunert 

et al. 2012) which allows for the quantification of large proteins with the same accuracy as 

small defense metabolites quantified by UPLC tandem UV-ToF-MS (modified from Gaquerel 

et al. 2010). 

To further disentangle the effects of induced defenses on N allocation after herbivory, 

we compared two previously described transgenic lines, one deficient in JA signaling, irLOX3 

(Allmann et al. 2010), and one deficient in the biosynthesis of PAs, irMYB8 (Kaur et al. 

2010), with wild type (WT) plants (Fig. 1a). This design allows for a direct comparison of N-

flux into specific classes of defense compounds with that into growth-related proteins 

measured in the same N currency, and an evaluation of the hypothesis that RuBisCO is used 

as N-storage compound for defense responses.  

 

Results and Discussion 

Anti-herbivore defense elicitation alters shoot N contents 

Herbivory is known to change resource allocation within plants (Bazzaz et al. 1987, 

Frost and Hunter 2008, Gomez et al. 2010); an example is the allocation of recently 

assimilated N into alkaloids such as nicotine (Baldwin et al. 1994) and the increased 

allocation of N away from the attacked tissue into storage tissues (Frost and Hunter 2008, 

Gomez et al. 2012, Hanik et al. 2010). To estimate the impact of the biosynthesis of N-
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containing defense metabolites on N accumulation in N. attenuata, we compared the shoot N 

contents (% dry mass) of the two transgenic lines impaired in defense responses with WT 

plants after repeated simulated herbivory. Additionally, we estimated the N pool sizes of the 

shoots by multiplying shoot dry mass by the shoot N content (Fig. S1a). The IRMS 

measurements revealed that elicitation by M. sexta OS reduced the N concentration of WT 

shoots (Welch two sample T-test, df=7.24, p=0.032), but not of the transgenic lines (Fig. 2), 

while the N pool sizes were slightly reduced after elicitation for all three genetic backgrounds 

(Fig. S1b). Changes in the N pool sizes of elicited irLOX3 and irMYB8 plants were due to a 

reduction in shoot dry mass (Fig. S1), while elicited WT showed both reduced shoot dry mass 

and reduced shoot N content, suggesting a possible N reallocation within the plant caused by 

the biosynthesis of N-containing defense metabolites.  

Plants can allocate N to roots to protect their resources from consumption by 

herbivores and to reduce the nutritional value of the attacked tissues, which, together with 

increased defenses, can slow herbivore growth and increase their exposure to natural enemies 

(Trumble et al. 1993). Previous studies on tomato demonstrated that N allocation in the form 

of amino acids from the shoot to the roots was rapidly induced by methyl jasmonate (MeJA) 

(Gomez et al. 2010) and M. sexta feeding (Gomez et al. 2012, Steinbrenner et al. 2011). In N. 

attenuata, herbivory has been shown to cause a rapid allocation of carbon from the shoot to 

the roots, which can later be used for regrowth (Schwachtje et al. 2006). The reduced N 

concentration of WT shoots in our experiment suggests that this species can also allocate N 

from the shoot to the roots after herbivory. This inference is consistent with the observation 

that N contents of WT roots increased after elicitation, as measured in a separate experiment 

(Welch two sample t-test, df=4.71, p=0.054; inset, Fig. 2). An alternative explanation is that 

the increased N content of roots may have resulted from increased N assimilation, but 

previous 
15

N labeling experiments in this species have found no evidence for changes in N 

assimilation rate after herbivory (Lynds and Baldwin 1998). Therefore, we conclude that the 

induced biosynthesis of N-containing metabolites after OS-elicitation alters whole-plant N 

partitioning. 

 

OS-elicitation causes large changes in leaf protein and N-containing metabolites not 

reflected in total N pools  

To analyze the influence of anti-herbivore defense induction, especially PA 

biosynthesis, on within-shoot N allocation, we determined the absolute N pools of different 
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leaf types (hereafter, total N pools) and N allocation to seeds by IRMS. Expressing resource 

allocation as concentrations reveals proportional allocations within an organ; however, total 

pool sizes allow for comparisons among organs, since they are a function of both organ size 

and concentration (Chapin et al. 1990). We analyzed locally elicited older (oRL) and younger 

(yRL) rosette leaves to explore the influence of leaf development on N reallocation after 

elicitation, and the first stem leaf (S1) to examine systemic effects. 

Overall, there was no clear effect of genotype or elicitation on the leaf total N pools. 

Total N pools varied among genotypes only in the S1 leaf (ANOVA, F1,27=4.86, p=0.036), 

whereby OS-elicitation only reduced the total N pool of irLOX3 (Two sample t-test, df=8, 

p=0.006) and WT (Two sample t-test, df=8, p=0.021) in the yRL (ANOVA, F1,28=7.40 , 

p=0.011). The N pool size in oRL was unaffected by genotype and elicitation (Fig. 3). As N 

pool size correlates with biomass at the whole-plant scale (Baldwin and Hamilton 2000), we 

evaluated if the observed changes in total N pools of single leaves could be explained by 

changes in growth. Although the leaf size of yRL was reduced after elicitation (ANOVA, 

F1,24=12.33, p=0.002) (Fig. S2a), it did not correlate with total N pools (ANCOVA, p = 

0.187). Similarly, the change in total N pools of S1 leaves was not correlated with changes in 

leaf size (ANCOVA, p=0.406).  

It is possible that changes in the total N pool of a leaf reflect changes in the pool of 

proteins within the leaf. TSP has been previously shown to decrease dramatically after 

herbivory (Brütting 2012 ), as they did in this experiment in yRL after elicitation. However, 

the TSP pool size did not correlate with the total N pool size in the yRL (ANCOVA, p=0.122; 

Fig. 3). Thus, we conclude that although both pools are reduced by elicitation, the total N pool 

of the rosette leaves does not reflect the changes in TSP pool size or leaf size. This result is 

consistent with the hypothesis that total leaf N content and TSP (RuBisCO content) are 

controlled by different mechanisms, as has been shown for rice (Ishimaru et al. 2001).  

TSP pools differed between the transgenic lines in all three leaf types (ANOVA, oRL: 

F1,27=8.70, p=0.007; yRL: F1,27=12.95, p=0.001; S1: F1,27=44.77 , p=3.5*10
-07

; Fig. 3). The 

TSP of irLOX3 and irMYB8 in the yRL was reduced by about 50% after OS-elicitation, while 

WT TSP pools were reduced by 91%. Additionally, both transgenic lines had 2.5 to 3 times 

larger pools of TSP in the S1 leaf than did WT after elicitation (Fig. 3) suggesting that the 

biosynthesis of N-containing metabolites affect protein pool sizes.  

The recently developed method for the absolute quantification of single proteins 

allowed us to quantitatively compare the investment in defense metabolites with that in 
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growth-related compounds, specifically, the photosynthetic protein RuBisCO, with a similar 

accuracy (Ullmann-Zeunert et al. 2012). Being the most abundant soluble protein in plants, 

the total amount of RuBisCO reflected the TSP pattern in the different leaves independent of 

genotypes (ANCOVA, oRL: p<0.0001; yRL: p<0.0001; S1: p=0.42; Fig. 3, Fig.S3a). Overall, 

the data revealed a decrease in RuBisCO LSU and SSU pool sizes after OS-elicitation (Fig. 

S3a), which coincided with an increase in N-containing defense metabolites (Fig. S3b), but 

the effects differed among lines. The two transgenic lines with reduced (irLOX3) and no 

detectable levels of CP and DCS (irMYB8; Fig. S3b) showed a smaller decrease of RuBisCO 

LSU and SSU than did WT in the locally elicited yRL (47-59% in irMYB8/irLOX3 compared 

to 95 (LSU)/92 % (SSU) in WT; Fig. S3a). RuBisCO LSU and SSU levels were unaltered 

after elicitation in the systemic S1 leaf of irMYB8, but strongly declined in WT and irLOX3. 

Overall, irLOX3 showed an intermediate phenotype between WT and irMYB8. The nicotine 

pool sizes showed similar induction patterns for all lines, except in the yRL, where the OS-

elicited nicotine levels were higher in WT than in the transgenic lines. These data suggest that 

the growth-defense trade-offs at the leaf scale are influenced by the biosynthesis of PAs or the 

level of their induction; and they also affect the systemic S1 leaf. Since all transgenic lines 

used in this study accumulated similar amounts of nicotine, it is unclear whether the 

biosynthesis of this alkaloid might affect N allocation to proteins (Fig. S3b). To answer this 

question rigorously, experiments with transgenic lines completely silenced in the flux of N 

into nicotine biosynthesis are needed. In the nicotine-silenced transgenic lines we have 

produced in our laboratory by silencing putrescine N-methyl transferase (irPMT), nicotine 

biosynthesis is silenced, but the elicited flux of N into other alkaloids (anatabine) is not 

(Steppuhn et al. 2004). 

A comparison of the two locally elicited leaves revealed differences in their defense 

and growth pool sizes: while oRL accumulated the largest defense metabolite pools with only 

slight reductions in TSP and both RuBisCO subunits after elicitation, the yRL had the 

strongest reductions in protein pools, with smaller increases in N-containing defense 

metabolite levels than the oRL (Fig. 3, Fig. S3). The optimal defense (OD) theory predicts 

that the allocation of defense metabolites correlates positively with the fitness value of 

different plant parts (McKey 1974, McKey 1979, Rhoades 1979) and many studies have 

demonstrated that younger leaves in N. attenuata contain higher defense metabolite levels 

which presumably have a higher fitness value than do older leaves (Kaur et al. 2010, 

Onkokesung et al. 2012, Zavala et al. 2004) as has been experimentally demonstrated in N. 
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sylvestris (Ohnmeiss and Baldwin 2000). These results appear to contradict our findings, 

because oRL contained higher metabolite levels than did yRL. However, the previous studies 

compared concentrations of metabolites in rosette leaves at different stages of development, 

while here we analyzed metabolite pool sizes of two locally elicited rosette leaves of different 

ages harvested simultaneously from the same plant. Since the plants were just beginning stalk 

elongation at the time of OS-elicitation, both oRL and yRL are likely comparably important 

tissues for later plant growth and reproduction. Several scenarios are possible. The larger 

defense metabolite pools of oRL may reflect their larger nutrient pools, which are probably 

important for regrowth capacity. Alternatively, the smaller pools of TSP and RuBisCO in the 

yRL may reflect a lower N allocation to proteins in younger leaves, which could enhance their 

defense status by reducing the food quality for herbivores. Regardless of their ultimate 

explanations, these data demonstrate that growth-defense trade-offs are dependent on leaf 

development. 

Previous studies demonstrated the importance of leaf N pools for reproduction in N. 

sylvestris (Ohnmeiss and Baldwin 2000 ), thus, growth-defense trade-offs at the leaf scale can 

affect the N allocation to capsules. However, the N pools of seeds in our experiment did not 

change with elicitation or genetic background (Fig. S2b). This could be due to species-

specific differences or differences in the experimental design. N. sylvestris produces a single 

reproductive stalk after rosette growth and extensive root storage, while N. attenuata develops 

multiple floral stalks, and lacks extensive root storage. Alternatively, plants of this experiment 

may have been too young or the W+OS treatment too weak to elicit changes in allocation to 

seeds. Previously, strong alterations in N allocation to reproductive units in N. attenuata were 

only found when control plants grew in direct competition with MeJA-elicited plants under 

low fertilization rates (Van Dam and Baldwin 2001, Baldwin 1998). Additional experiments 

with plants grown in competition are necessary to explore the impact of growth-defense trade-

offs within the leaf on plant fitness. 

 

MYB8 indirectly affects N-investments into proteins 

The pool sizes of growth and defense-related compounds of the two transgenic lines 

indicated an influence of N-containing metabolite biosynthesis on the observed growth-

defense trade-offs, but did not allow for a direct comparison of the N demand of metabolite 

biosynthesis and the decreased N partitioned into TSP and RuBisCO after herbivory. By 

calculating the N-investment into growth and defense per mg of fresh tissue mass after 
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elicitation for all three lines, we were able to further explore the role of PA biosynthesis on N 

reallocation. We combined this approach with 
15

N pulse labeling to follow the investment of a 

defined N pool into both plant functions. 

After elicitation, WT had higher concentrations of N in nicotine, CP and DCS, and 

less in TSP, RuBisCO LSU and SSU per mg fresh mass, while irMYB8 plants showed only 

slight effects of elicitation on N-concentrations (Fig. 4a). IrLOX3 plants showed similar, but 

attenuated, N-allocation patterns as WT did after elicitation. These patterns are consistent 

with the correlation analysis of all measured N pools (Fig 4a, heatmaps). Correlating all 

genotype/treatment groups with each other revealed that OS-elicited WT plants had a strong 

negative correlation with the other genotype/treatment groups in all three leaf types. Only OS-

elicited irLOX3 plants showed a weak positive correlation to WT-OS. In contrast, irMYB8-

OS did not correlate with any other genotype by treatment group. 

Interestingly, the observed N-investment pattern is congruent with previous results on 

the patterns of MYB8 transcript accumulation in N. attenuata as LOX3 plants (which are 

comparable to irLOX3 (Allmann et al. 2010, Halitschke et al. 2004)). After elicitation, 

asLOX3 have 4 times lower transcript levels, while irMYB8 have 10 times lower levels than 

do WT leaves (Onkokesung et al. 2012; Kaur et al. 2010). Hence, the observed intermediate 

phenotype of LOX3-silenced plants is consistent with their respective MYB8 transcript levels. 

MYB8 functions downstream of JA signaling - OS-elicited JA levels are not altered in 

irMYB8 plants (Kaur et al. 2010) - leading to the conclusion that the observed changes in N 

allocation after simulated herbivory do not directly require JA signaling, and are likely caused 

by differences in MYB8 expression and the MYB8-regulated synthesis of PAs.  

MYB8 is rapidly elicited and thought to play a regulatory role in later stages of defense 

deployment (Galis et al. 2010), and is still induced 1-2 days after OS-elicitation (Kaur et al. 

2010). This time-frame agrees with our experimental time-frame, with the strongest changes 1 

day after the last treatment (4 days after first elicitation, see Fig. 1b). One explanation of how 

MYB8 could regulate defense induction at the later time-points is by playing a role in N 

assimilation and allocation. In other plants and algae, members of the R2R3-MYB 

transcription factor family, to which NaMYB8 belongs, have been shown to be crucial for 

increases in the abundance of transcripts of N assimilation genes (Imamura et al. 2009, 

Miyake et al. 2003). Furthermore, a R2R3-MYB transcription factor of Pinus sylvestris which 

regulates lignin biosynthesis, interacts with the glutamine synthetase promoter and has been 

suggested to play a role in N recycling after lignin production (Gomez-Maldonado et al. 
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2004). To further elucidate the putative role of MYB8 in N reallocation, more detailed 

expression and enzyme activity studies targeting N metabolism at later time-points after 

herbivory are necessary.  

Based on our data we cannot differentiate if MYB8 itself or the synthesis of PAs, in 

particular CP and DCS, mediate the changes in N-investment into growth and defense. In 

other studies, PAs have been shown to regulate abiotic and biotic stress responses (Waie and 

Rajam 2003, Walters 2003) and apparently play an important role in growth (Imai et al. 

2004). Silencing MYB8also silences genes further downstream of the transcription factor, and 

in addition to CP and DCS, the synthesis of at least 29 different coumaroyl-, caffeoyl- and 

feruloyl containing metabolites (Onkokesung et al. 2012). It is difficult to pinpoint the effects 

of single compounds in the complex biosynthetic network of a leaf. Applying PAs in different 

amounts to control and elicited leaves of irMYB8 plants, and evaluating their effect on protein 

(RuBisCO) levels, or using mutants for single genes affecting PA biosynthesis downstream of 

MYB8 can help to evaluate if either MYB8 or PAs alone or MYB8 indirectly through PAs 

biosynthesis mediate the changes in N-investment into proteins. 

A comparison of the total N-investment with the 
15

N-investment per mg fresh mass 

revealed a similar pattern, with increased 
15

N in defense compounds and decreased 
15

N in 

LSU and SSU after elicitation. One major difference was that WT and irLOX3 plants 

allocated proportionally more 
15

N than total N into CP and DCS, and less into nicotine, after 

elicitation (Fig. 4b; for a clearer comparison of N- and 
15

N-investment, see Fig. S4). These 

data suggest that recently assimilated N, i.e. 
15

N, is more rapidly invested into the PA 

pathway after elicitation by M. sexta OS, while another unmeasured previously assimilated N 

pool is the major source for nicotine biosynthesis. These findings seemingly contradict 

previous results showing the rapid incorporation of recently assimilated 
15

N into nicotine after 

elicitation, but these results were obtained from plants that were N-starved for 24h before 

application of the 
15

N pulse, and 
15

N was applied at the same time as MeJA to the roots 

(Baldwin et al. 1994, Lynds and Baldwin 1998). These differences in experimental design 

probably led to different source-sink relationships within the plant, resulting in different 

patterns of 
15

N-investments: N-starved plants are known to transport N preferentially to the 

strongest sink (Ohtake et al. 2001); MeJA is a stronger elicitor than OS elicitation (Voelckel 

et al. 2001), and in contrast to our experiments, only roots were treated and not leaves. Larger 

investments of recently assimilated 
15

N into CP and DCS compared to nicotine makes 
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ecological sense, because the OS used was from M. sexta larvae, which are nicotine-tolerant 

but are negatively affected by PAs (Kaur et al. 2010).  

The shift in 
15

N- and total N-investment patterns is not observed in the relative N 

allocation to growth, because the 
15

N-investment into RuBisCO LSU and SSU was 

proportionally similar to the total N-investment in both control and elicited leaves (Fig 4b, Fig 

S4). However, a comparison of the decrease in total N-investment into RuBiSCO and TSP 

after OS-elicitation with the N-requirements of nicotine and phenolamide biosynthesis (Fig. 

4a) suggested that RuBisCO metabolism could be a source of reallocated N to defense 

metabolite biosynthesis. Based on concentrations in the yRL, about 54% of N from RuBisCO 

or 13% of N from TSP could have been invested into PAs and nicotine (Fig. S4).This 

comparison does not take into account the N-requirements of biosynthetic enzymes, hence the 

N demands for defense metabolite biosynthesis is likely underestimated. 

 

N invested into phenolamides does not originate from RuBisCO after herbivory 

To investigate if RuBisCO N is used as a source of N for CP and DCS biosynthesis 

after OS-elicitation, the 
15

N-incorporation (At%) into N-containing metabolites and RuBisCO 

was determined in a time course experiment (see Fig 1b for details). This approach allows one 

to follow the N flux of a known amount of 
15

N, independently of within-leaf N pool sizes. 

The experiment was carried out with the yRL, because this leaf showed the greatest 

differences in N-investment after elicitation (Fig. 4a,b). It is important to note that during the 

experimental period, the 
15

N-incorporation of the whole leaf was constant in all three lines, 

independent of elicitation (Fig. S5), indicating that N is mainly redistributed within the leaves 

and that there is no increased net N-influx into the leaf after elicitation.  

As the 
15

N-incorporation into RuBisCO LSU and SSU was similar, we only report the 

incorporation into LSU. Incorporation into RuBisCO increased at a constant rate until it 

reached a maximum of about 8 At% between 4 and 7 days after the 1
st
 elicitation in all three 

lines, independent of elicitation (Fig. 5). In contrast, 
15

N was rapidly incorporated into CP and 

DCS in elicited leaves until these compounds attained a maximum of about 10-12 At%, 4 

days after the 1
st
 elicitation in WT and irLOX3 plants. Had RuBisCO degradation provided 

the precursors for PA biosynthesis, it should have a similar or higher 
15

N-incorporation as did 

both PAs, since precursor pools will have similar or higher labeled isotope incorporation rates 

as their derived compounds. The large differences in 
15

N-incorporation between CP and DCS 

and LSU make it unlikely that N derived from RuBisCO was used for CP and DCS 
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biosynthesis. In contrast, the data indicates that 
15

N is more rapidly invested into PAs instead 

of RuBisCO (Fig. 4b). PA biosynthesis requires arginine and ornithine (Kaur et al. 2010, 

Takano et al. 2012) both of which are derived from glutamine, the first amino acid produced 

after N assimilation (Fig. 1a). After elicitation, recently assimilated N in glutamine might be 

directly channeled into PA biosynthesis by the preferential synthesis of arginine. An increase 

in arginine levels after herbivory has not yet been reported. Studies on tomato and N. tabacum 

only revealed an early, rapid and transient increase in phenylalanine and tyrosine after 

elicitation (Gomez et al. 2012, Hanik et al. 2010). A kinetic analysis of 
15

N-incorporation into 

amino acids and their quantification combined with the analysis of PAs and RuBisCO in the 

same tissues at later time-points will help to elucidate which precursors are used for defense 

metabolite biosynthesis in N. attenuata. Additionally, turnover studies with labeled glutamine 

or arginine may provide further insights into N-allocation between growth and defense.  

15
N-incorporation into nicotine only increased slightly after elicitation and reached a 

maximum of around 2 At% in all three lines (Fig. 5), though roots had a labeling of about 8 

At%, similar to shoots. Nicotine is a constantly synthesized pool in the roots in N. attenuata, 

which is transported to the shoot, but not metabolized (Baldwin et al. 1994) and contains up 

to 5-8 % of the plant’s total N (Baldwin and Hamilton 2000). It is possible that the newly 

synthesized nicotine might be diluted by the large pool of previously synthesized unlabeled 

nicotine, resulting in a low 
15

N-incorporation. Alternatively, it may be derived from 

previously synthesized (and therefore unlabeled) precursors. Lastly, nicotine pools might 

incorporate N at a slower rate than N pools which have a constant turnover, such as proteins.  

In summary, the 
15

N-incoporation illustrates the flux of a defined 
15

N pulse, 

independent of pool size, and indicates that N invested into CP and DCS is unlikely derived 

from RuBisCO, but is allocated directly to defense processes after assimilation instead of 

growth process. 

 

Conclusion 

 We quantified the investments into growth and defense in a common N currency in 

intact and in elicited plants. This was possible by combining 
15

N pulse-labeling with a novel 

protein quantification method to quantitatively compare the allocation of an important 

growth-limiting resource, N, to growth (RuBisCO) and small defense-related compounds 

(nicotine, PAs) after herbivory with comparable accuracy. Our experiments revealed that in 

the wild tobacco N. attenuata, OS-elicitation reconfigures N allocation at multiple scales (Fig. 
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6). At the whole-plant scale, OS-elicitation likely induces N re-allocation from the shoot to 

the root and at the within-leaf scale, it dramatically decreases N-investment into growth-

related N pools (TSP and RuBisCO) while increasing investment in defense metabolites 

(nicotine, CP and DCS). The transcription factor NaMYB8, by regulating the production of 

metabolically dynamic, PAs, CP and DCS, indirectly mediates N-investments into TSP and 

RuBisCO after elicitation. 
15

N flux studies indicated that the N for PA biosynthesis comes 

from recently assimilated N rather than RuBisCO turnover. Further experiments will focus on 

elucidating the mechanism by which MYB8 and PAs influence N metabolism and 

identification of which compound(s) play regulatory roles. 

 

Experimental Procedures 

Plant germination and growth conditions
 

Seeds of the 31
st 

generation of an inbred WT line of Nicotiana attenuata Torr. ex. 

Watts (Solanaceae) and two stably transformed lines, irMYB8 with reduced expression of the 

transcription factor NaMYB8(A-08-810, Kaur et al. 2010), and irLOX3 silenced in 

lipoxygenase 3 (NaLOX3, A-03-562-2, Allmann et al. 2010), were sterilized and germinated 

according to Kruegel et al. (2002). After germination, plants were cultivated as described in 

Ullmann-Zeunert et al. (2012) for the pulse-labeled plants. 

 

Plant treatment 

Pre-experiment to determine elicitation time-points: 

 Seven days after transfer to 1L single pots, rosette-stage plants were pulse-labeled 

with 5.1 mg 
15

N in 50 mL of a 0.694 g*L
-1

 solution of K
15

NO3 (modified from Van Dam and 

Baldwin 2001) and the oldest sink leaf (hereafter, younger rosette leaf, yRL) and the youngest 

source leaf (hereafter, older rosette leaf, oRL) were labeled for later sampling (Pluskota et al. 

2007). The leaves and roots were harvested 0, 4, 12 h, and 4, 7 and 10 days after the 
15

N-

pulse. Roots were washed to remove excess soil and all samples were dried for 48h at 60
o
C. 

Between 3 and 10 days after the pulse, the leaves and roots had a constant 
15

N-concentration 

(Fig. 1b), indicating that an equilibrium between plants and N-immobilizing microorganisms 

in the soil had been reached. This time-period was chosen for further experiments (Fig. 1b, 

indicated by the grey arrows) since a stable 
15

N-incorporation facilitates the analysis of 

proportional allocation to single compounds. 
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Pulse-labeling experiments:  

Three days after the 
15

N pulse, 3 leaves of rosette-staged plants were wounded with a 

pattern wheel and elicited with oral secretion (OS) of M. sexta on 3 consecutive days 

(Ullmann-Zeunert et al. 2012). Unelicited plants were used as controls. For the whole-shoot N 

analysis, the aboveground biomass of 5 control and elicited plants per genotype was harvested 

4 days after the first elicitation and dried as above.  

For the N-partitioning analysis, the right leaf blades of the locally elicited yRL and 

oRL of a different set of replicates were harvested 4 days after the first elicitation and flash-

frozen in liquid N2. After stalk elongation, the right leaf blade of the first stem leaf (S1) was 

harvested when it reached the source-sink transition stage. Harvest time-points of the S1 leaf 

differed depending on plant development. The first mature seed capsules were harvested at 

the day of opening: seeds were counted, weighed and analyzed for N content. For the kinetic 

analysis, plants received a 
15

N pulse and were elicited as described above, and the locally 

elicited yRL was harvested 0, 1, 3, 4 and 7 days after the first elicitation (Fig. 1b).  

 

Protein extraction and quantification: 

 The TSP and RuBisCO LSU and SSU were extracted and quantified by Bradford 

assay and LC-MS
E
, respectively, as described by Ullmann-Zeunert et al. (2012). The 

15
N-

incorporation of RuBisCO was determined with ProSipQuant (Taubert et al. 2011).  

 

Metabolite extraction and quantification 

 Small metabolites were extracted as in Gaquerel et al. (2010) and analyzed by UPLC-

UV-ToF-MS, using a Dionex RSLC system with a Diode Array Detector (Dionex, Sunnyvale, 

USA) tandem Micro-ToF Mass Spectrometer (Bruker Daltonik, Bremen, Germany). Further 

details on instrument parameters and quantification are described in the Supplemental 

Procedures. Average mass spectra were extracted for
15

N-incorporations using ProSipQuant 

(Taubert et al. 2011), modified for small metabolites based on compound sum formula.  

 

Isotope Ratio Mass Spectrometry Analysis (IRMS) 

The IRMS sample preparation, analysis and following calculations of total N content 

(% dry mass) and 
15

N-incorporation were carried out as described in Meldau et al. (2012). 
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Statistical Analysis 

The R environment was used for statistical analysis (Team 2009). For ANOVA 

analyses, if the assumption of homoscedasticity of variances was violated or the residuals did 

not follow a normal distribution, response variables were transformed prior to the analyses 

using Box-Cox transformation. The Box-Cox-lambda was estimated using Venables’ and 

Ripley’s MASS library for R. All models were simplified to the minimum adequate model 

using Aikaike’s information criterion (Ronchetti 1985). For the correlation analysis (Fig. 4a, 

heatmaps) the data were imported into the environment and vectors containing the following 

variables generated: N-rest protein µg/mg, N-RuBisCO LSU µg/mg, N-RuBisCO SSU 

µg/mg, N-nicotine µg/mg, N-CP µg/mg, and N-DCS µg/mg. These vectors were pairwise 

correlated, calculating Kendall’s τ coefficient (Kendall 1938). In contrast to Pearson’s 

correlation coefficient Kendall’s τ is more robust and not sensitive to the data distribution. For 

a clearer presentation, the heat maps contain both the original and the LOWESS normalized 

data (Cleveland 1979). 
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Supporting Information: 

Supplemental Procedures 

Figure S1: The dry mass and the absolute amount of nitrogen (N) of the shoot (b) do not 

depend on genotype. 

Figure S2: Average leaf size and mass and total N of pooled seeds from the first seed capsule 

in transgenic (irLOX3, irMYB8) and WT plants with and without W+OS treatment. 

Figure S3: Silencing of LOX3 and MYB8 alters the absolute pools of N-containing small 

metabolites and RuBisCO within leaves.  

Figure S4: Increased N investment into nicotine, CP and DCS is accompanied by a decreased 

N investment into RuBisCO. 

Figure S5: 
15

N-incorporation in the yRL does not depend on treatment or genotype. 
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Figure S6: The decrease of N investment into protein pools is greater than N needed for 

biosynthesis of defense metabolites 

Supplemental Statistical Information 
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Figure Legends: 

Figure 1: Overview of experimental strategy used to study growth-defense trade-offs in 

Nicotiana attenuata in a common nitrogen (N) currency.  

a) The biosynthesis of nicotine, caffeoyl-putrescine (CP) and dicaffeoyl-spermidine 

(DCS) is induced after simulated herbivory in wild type (WT) by wounding (W) with a 

pattern wheel and application of oral secretions (OS) of Manduca sexta, but is impaired in the 

transgenic plants silenced in the expression of lipoxygenase 3 (LOX3) or MYB8 by RNAi 

with inverted-repeat (ir) constructs. The concentration of ribulose-1,5-bisphosphate 

carboxylase/oxygenase (RuBisCO) decreases in WT after W+OS, but the effects of jasmonic 

acid (JA) on N-investment into RuBisCO are unclear. Amino acids serve as precursors for 

putrescine and spermidine and for nicotinic acid (NA), which provide N for the synthesis of 

these metabolites. Amino acids are derived from nitrate (NO3
-
) reduction, followed by 

assimilation catalyzed by glutamine synthetase (GS) and glutamate synthase (GOGAT), and 

are also used as precursors for RuBisCO synthesis. JA-Ile=JA- isoleucine; NR=nitrate 

reductase; NiR=nitrite reductase.  

b) 
15

N-incorporation into roots, younger (yRL) and older rosette leaves (oRL) 

following pulse-labeling with K
15

NO3 27 days after germination was determined by isotope-

ratio mass spectrometry (IRMS) (n = 5). Grey arrows indicate elicitation time-frame. During 

this time-frame 
15

N-incorporation was stable. 

 

Figure 2: Total N content in WT shoots decreases after simulated herbivory.  

N content of shoots of irLOX3, irMYB8 and WT (n = 5) was determined by IRMS 4 

days after the first W+OS elicitation. Three rosette leaves of transgenic lines (irLOX3, 

irMYB8) and WT plants were wounded with a pattern wheel and treated with 10µL 1:5 diluted 

M. sexta OS for 3 days in a row. Unelicited plants were taken as controls. Asterisks represent 

significant differences between treatments (*: p ≤ 0.05; n = 5). Inset: The N content of WT 

roots was determined in a separate experiment at the same time-point. DM=dry mass 

 

Figure 3: Silencing of LOX3 and MYB8 alters the N distribution between and within leaves.  

The N pools and total soluble protein (TSP) of leaves (oRL, yRL, S1) of irLOX3, 

irMYB8 and WT, calculated based on leaf mass. The N content was determined by IRMS and 

the TSP was measured by the Bradford assay. Plants were elicited as described for Figure 2. 

yRL and oRL were harvested 4 days after the first W+OS elicitation and when S1 leaves 
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underwent the source-sink transition. Asterisks indicate differences among treatments (*: p ≤ 

0.05; **: p ≤ 0.01; ***: p ≤ 0.001). Letters represent significant differences found using the 

minimum adequate model (n=5). FM=fresh mass. For other abbreviations see Figure 1.  

 

Figure 4: Increased N-investment in nicotine, CP and DCS is accompanied by a decreased N-

investment in protein. 

a) N-investment in residual TSP (TSP - (SSU + LSU)), RubisCO large (LSU) and 

small (SSU) subunit, nicotine, CP and DCS in oRL, yRL and S1 was calculated by 

multiplying the proportion of N in each compound with the concentration of the compound 

for each leaf. The amount of TSP was quantified by the Bradford assay, RuBisCO LSU and 

SSU were determined by LC-MS
E
 and the defense metabolites by UPLC-UV-ToF-MS. Plants 

were elicited as described for Figure 2 and leaves were harvested as described for Figure 3 (n 

= 5). For abbreviations see Figure 1 and 3. Heatmaps represent pairwise correlation z-scores 

for N-investment in all of the above compounds among all genotype/elicitation groups.  

b) 
15

N-investment in RuBisCO LSU and SSU and defense metabolites was calculated 

as 
15

N-incorporation multiplied by the N-investment. Plants were pulse-labeled with K
15

NO3 

3 days before the first treatment. 
15

N-incorporation was determined based on the MS-spectra 

with ProSipQuant (Taubert et al. 2011). 

 

Figure 5: Dynamics of 
15

N-incorporation into nicotine, CP, DCS and LSU demonstrates that 

recently assimilated N, not N derived from LSU metabolism, is rapidly invested into CP and 

DCS biosynthesis after elicitation.  

Three days before the first W+OS treatment plants were pulse labeled with K
15

NO3 

(see Fig. 1a). The yRL at the time of labeling was harvested at indicated time points. 
15

N-

incorporation (n =5) of RuBisCO LSU, nicotine, CP and DCS was determined as described 

for Figure 4. For abbreviations see Figure 1, 3 and 4. 

 

Figure 6: Herbivory-induced trade-offs of N-investment into growth and defense are 

mediated by MYB8. 

N-investment in defense causes a reallocation of N from the shoot to the root. We 

suggest that the synthesis of phenolamides (CP, DCS) regulated by MYB8 is involved in the 

reallocation of N within the local leaf. N invested in phenolamides and in the root-synthesized 

alkaloid nicotine increases after herbivory, while the N-investment in TSP and RuBisCO 
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strongly decreases, but it is unlikely that N invested into phenolamides originates from 

RuBisCO metabolism. The relative changes in N-pool sizes without (C) and with W+OS 

elicitation (OS) are depicted by quadrangles; the height of the left and right side of the 

quadrangle represent relative changes in N-pool sizes of C and OS-elicited plants, 

respectively. All N-pools within the depicted leaf show the ratios of measured values per mg 

fresh mass. Shoot, root and whole-leaf N-pools depicted outside the plant represent ratios of 

N determined per mg dry mass. For abbreviations see Figure 1, 3 and 4. 
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Figures 

Figure 1a: 

 

 



2.3 Manuscript III 

   

   

112 

 

Figure1b: 
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Figure 2: 
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Figure 3: 
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Figure 4a: 
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Figure 4b: 
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Figure 5:  
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Figure 6: 
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Supplemental Figures: 
 

Figure S1: 

 

Figure S1: The dry mass and the absolute amount of nitrogen (N) of the shoot do not depend 

on genotype. 

The total N content of the shoot was calculated by multiplying the N content with 

shoot dry mass.  
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Figure S2a:  

 

Figure S2b) 

 

 

Figure S2: Average leaf size and mass and total N of pooled seeds from the first seed capsule 

in transgenic (irLOX3, irMYB8) and WT plants with and without W+OS treatment. 

Absolute N content of capsules was calculated by multiplying the N concentration by 

the mass of the pooled seeds of the first capsule. 
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Figure S3a: 
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Figure S3b: 

 

 

Figure S3: Silencing of LOX3 and MYB8 alters the absolute pools of N-containing small 

metabolites and RuBisCO within leaves.  

The absolute pool sizes were calculated by multiplying the concentration of the 

compounds with the leaf mass. Asterisks indicate differences between treatments, letters 

significant differences in the minimum adequate model. LOQ=below limit of quantification; 

n.d.=not detectable. 
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Figure S4: 

 

 

Figure S4: Increased N investment into nicotine, CP and DCS is accompanied by a decreased 

N investment into RuBisCO. 

Same data as for Figure 4a without TSP. 
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Figure S5: 

 

Figure S5: 
15

N-incorporation in the yRL does not depend on treatment or genotype 
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Figure S6: 

 

 

Figure S6: The decrease of N investment into protein pools is greater than N needed for 

biosynthesis of defense metabolites 

N-investments were calculated by multiplying the proportion of N present in each compound 

with the concentration of the compound. 
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Supplemental Statistical Information on Supplemental Figures 
 

Figure S1: ANOVA, a) Treatment, F1,28 = 4.68, p = 0.039; b) Treatment, F1,28 = 7.28, p = 

0.011.  

 

Figure S2: a) ANOVA, oRL: non-significant (n.s.); yRL: F1,28 = 14.60, p = 6.762*10
-4

; S1: 

n.s.), b) ANOVA, mass: n.s.; total N: n.s. 

 

Figure S3: ANOVA, a) RuBisCO LSU: oRL: n.s.; yRL: F2,27 = 78.25, p = 5.81*10
-12

; S1: 

F2,26 = 30.084, p = 1.719*10
-7

; RuBisCO SSU: oRL: Line: F1,28 = 7.91, p = 0.009; yRL: F2,27 

= 44.65, p = 2.74*10
-9

; S1: Line: F2,26 = 13.76, p = 8.37*10
-5

; Two sample T-test: irLOX3: p = 

0.035, WT: p = 0.040;b) nicotine: oRL: Treatment: F1,28 = 27.77, p = 1.32*10
-5

; Two sample 

T-test: irLOX3: p = 0.053; irMYB8: p = 0.009; WT: p = 0.020; yRL: F2,27 = 14.69, p = 

4.82*10
-5

; S1: n.s.; CP: oRL: F2,27 = 44.537, p = 2.81*10
-9

; yRL: F1,28 = 77.69, p = 6.31*10
-12

; 

S1: F2,25 = 31.89, p = 1.32*10
-7

; DCS: oRL: F2,27 = 36.09, p = 2.35*10
-8

; yRL: F2,27 = 24.64, p 

= 8.15*10
-7

; S1: Line: F2,25 = 11.66, p = 2.65*10
-4

.  

Significance level indicated by asterisks: *: p≤0.05; **: p≤0.01; ***: p≤0.001, n=5.  

 

Figure S5: n = 121; ANOVA, Line:Treatment:Time: F2,109 = 0.201, p = 0.98 
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Supplemental Procedures 

 
Detection and Quantification of small N-containing metabolites 

Eluted compounds were detected using a Diode Array Detector and subsequently by 

MicroToF Mass Spectrometer (BrukerDaltonik, Bremen, Germany), with the conditions 

described in Gaquerel et al.( 2010). 

Quantification was based on the UV trace at the wavelengths 254 nm (nicotine) and 

320 nm (CP and DCS) using an external standard curve (20, 40, 80, 160, 320, 480 and 640 ng 

on column for nicotine and 10, 20, 40, 80 and 160 ng on column for CP and DCS). 

Extracted ion chromatograms for each compound were generated from raw data using Data 

Analysis software (BrukerDaltonik, Bremen, Germany). 
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4. General Discussion 

 

Induced defense has been postulated to have evolved as a cost-saving strategy (Simms 

and Fritz, 1990), but as outlined in the introduction this defense is still costly for the plant. 

The associated defense costs are defined as a fitness disadvantage, and are assumed to arise as 

a consequence of resource allocation. While JA caused defense costs are well studied, 

knowledge about early signaling in arbitrating costs has been lacking. In this thesis, the role 

of MAPK signaling in mediating fitness consequences of defense has been demonstrated for 

the first time. The data clearly reveal that MAPKs are involved in the regulation of JA-

induced defense trade-offs. In addition, these enzymes are shown to incur costs for 

inducibility in non-elicited plants. Furthermore, I demonstrated that SA partially masks 

benefits caused by lower JA-levels (Manuscript I). 

In order to study the role of resource allocation in mediating growth-defense trade-

offs, a new method for simultaneous protein quantification and determination of 
15

N-

incorporation has been developed (Manuscript II). The new method enabled the direct 

comparison between the N quantity demanded by defense and the loss of N available for 

growth. The data revealed that the increase of N in phenolamides and nicotine is smaller than 

the amount of N no longer present in RuBisCO, which was defined as proxy for growth. 

Furthermore, the respective level of labeling demonstrates that N for phenolamide 

biosynthesis is not coming from RuBisCO. The use of transgenic plants impaired in N-

intensive metabolite biosynthesis revealed, that N-intensive metabolite biosynthesis indirectly 

regulates the resource allocation to growth, and proteins respectively (RuBisCO) 

(Manuscript III).  

 

Inducible and constitutive costs of early herbivore defense signaling 

In Manuscript I, I analyzed the costs of early herbivore defense signaling by growing 

plants silenced in the MAPKs SIPK and WIPK which are induced shortly after herbivore 

attack (Wu, 2007) in competition with WT plants. Both kinases regulate herbivory-induced 

JA-levels and JA-mediated defense metabolite accumulation. Since JA decreases the plants’ 

growth and fitness (Agrawal et al., 2006; Cipollini, 2002; Redman et al., 2001), SIPK and 

WIPK silenced plants were expected to grow better than WT, as has been shown for plants 

with reduced JA-levels (Meldau, personal communication). In the experiments, WIPK 

silenced plants had a similar growth and fitness benefit as LOX3 silenced plants and expressed 
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a similar reduction in JA levels, leading to the conclusion that costs of WIPK signaling are 

mediated by JA.  

As demonstrated in earlier studies LOX3 and WIPK silenced plants have reduced JA-

mediated defense metabolite accumulation (Halitschke and Baldwin, 2003; Meldau et al., 

2009), so that these plants invest less resources into defense than WT. These resources are 

likely to be allocated to growth and reproduction, resulting in better growth and fitness. 

Furthermore, JA has been shown to downregulate photosynthesis related genes (Halitschke et 

al., 2003) and limit the competitive ability for N (Van Dam and Baldwin, 2001), which are 

important factors for growth. Thus, the lower JA levels of the transgenic plants might have 

caused alterations of these two plant traits, leading to the plants’ better growth and fitness. 

But the data of Manuscript I did not show any correlation between photosynthesis or the 

competitive ability for N with JA-levels (Manuscript I). This suggests, that the growth and 

fitness benefit of both transgenic plants caused by their lower JA levels are independent of 

these two plant traits, and that other factors have to be involved. 

Surprisingly, WIPK and LOX3 silenced plants not only showed benefits after 

induction, but also resulted in fitness improvements under non-elicited conditions. The 

constitutive fitness improvement indicates that the plants pay a high cost for having inducible 

defense ability. One explanation might be constitutive reduced nicotine levels which is 

permanently synthesized in Nicotiana species (Baldwin, 1999) and/or alterations of basal TPI 

levels, which have been shown to reduce the plant’s fitness without induction (Zavala et al., 

2004). Since LOX3 silenced plants have lower basal TPI levels than WT (Allmann et al., 

2010), this can explain the observed constitutive fitness benefit of non-elicited plants. In 

contrast, WIPK silenced plants only had lower nicotine and TPI levels than WT after 

induction (Meldau et al., 2009), leading to the conclusion that in these plants other factors are 

responsible for the constitutive fitness benefit.  

Changes in resource allocation might be such a factor because growth and fitness 

performance are a result of resource allocation processes (Baldwin, 2001). In the experiments 

described in Manuscript I both transgenic plants had a 4-12x times higher N-content in rosette 

leaves before elicitation. These results lead to the hypothesis that an altered N metabolism or 

N allocation of LOX3 and WIPK silenced plants, which is independent of herbivory, supports 

their constitutive fitness and growth benefit. Although the N allocation in WIPK silenced 

plants has not been studied in detail yet, changes in N allocation in these plants are likely. A 

microarray analysis revealed that WIPK downregulates enzymes important for amino acid 
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biosynthesis (Meldau, unpublished data), indicating that silencing of WIPK likely results in 

increased amino acid levels, and thus in changes of N allocation. 

Nevertheless, in the experiments of Manuscript I the 
15

N-incorporation into leaves and 

seeds was unaltered in LOX3 and WIPK silenced plants independent of treatment. Since the 

15
N-pulse was given during later rosette growth, the time period for 

15
N accumulation in the 

rosette leaves might have been too short to show the same patterns as of total N. Furthermore, 

changes in N allocation of these transgenic plants might be more pronounced between 

different N-pools than in the absolute N values of leaves and seeds under these growth 

conditions. Thus, a 
15

N-pulse labeling experiment with a parallel analysis of different N-pools 

important for growth, defense and reproduction could give better insights into the role of 

WIPK and LOX3 in N allocation under competitive growth. In such an experiment, WIPK 

silenced plants will likely have higher protein levels than WT generated by increased amino 

acid biosynthesis and possibly resulting in higher N contents of leaves. 

Contrary to the data of Manuscript I, in the experiments of Manuscript III LOX3 

silenced plants did not have a growth or fitness benefit and did not show higher N values in 

leaves of non-elicited plants. These contrary results were likely due to different growth 

conditions (Manuscript I: competition; Manuscript III: single pots), because N. attenuata 

shows fitness differences only when grown under competition (Baldwin et al., 1998; Van 

Dam and Baldwin, 2001) and N allocation within the plant is influenced by competition and 

resource availability (Lynds and Baldwin, 1998; Van Dam and Baldwin, 2001) . Furthermore, 

earlier studies demonstrated that competition for limited resources results in fitness 

differences being more pronounced (Baldwin and Hamilton, 2000; Van Dam and Baldwin, 

2001; Zavala et al., 2004). Overall this suggests that plants only benefit from LOX3 silencing 

under competitive growth conditions.  

In contrast to WIPK-silenced plants, silencing SIPK resulted in a constitutive growth 

and fitness deficit, indicating that SIPK silenced plants did not benefit from their lower JA-

levels as assumed. The data of Manuscript I suggests that in SIPK silenced plants the benefits 

of lower JA-levels are partially masked by higher SA levels, but this masking is not a result of 

a SA impact on resource availability, e.g. photosynthesis or N assimilation (Manuscript I). 

Since fitness optimization is a process of resource allocation (Baldwin, 2001), SA might 

overrule the benefits of reduced JA-levels through influencing a plants’ resource partitioning. 

For example, the higher SA levels might enhance the N allocation from the shoot to root even 

in non-elicited plants, leading to a constitutive growth and fitness deficit after SIPK silencing. 
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In Manuscript III, a transport of N from the shoot to the root in response to herbivory is 

indicated for WT plants. Similar experiments as already described for WIPK silenced plants 

would have to be carried out to explore if 1. N allocation is responsible for the SA mediated 

fitness deficit of SIPK silenced plants and 2. to investigate if SIPK in general regulates N 

allocation with and without herbivory. In such experiments, the use of crosses between SIPK 

silenced plants and NahG overexpressing plants which have comparable SA levels to WT and 

homozygous NahG overexpressing plants which have lower SA levels than WT, would help 

to untangle the role of SA in N allocation. 

An additional explanation for the role of SA in masking JA-mediated growth trade-

offs in SIPK silenced plants might be the interaction with other phytohormones. For example, 

in Arabidopsis an ET mediated cross talk of SA and JA was recently described (Leon-Reyes 

et al., 2009). Since SIPK activates ET biosynthesis (Wu, 2007), SIPK silenced plants likely 

have lower ET values, so that an ET mediated cross-talk in this context is unlikely. 

Nevertheless, SA can regulate plant development over other hormonal pathways. For 

example, a positive cross-talk between SA and cytokinins has been demonstrated in pathogen 

resistance (Choi et al., 2011; Naseem et al., 2012). As both phytohormones also influence 

growth, a cross-talk in this context might be possible. Different to SA, cytokinins have been 

shown to increase growth by increasing cell numbers (Xia et al., 2009) and to regulate 

nutrient homeostasis of N, phosphorus and sulfur (Rubio et al., 2009). Therefore, a 

downregulation of cytokinin levels by SA might explain the lack of a SIPK growth impact. 

Furthermore, SA causes a repression of auxin responsive genes in Arabidopsis by stabilizing 

Aux/IAA repressor proteins, resulting in an inhibition of auxin responses (Wang et al., 2007). 

As auxin is a growth promoting phytohormone (Leopold, 1955), a similar mechanism in N. 

attenuata, might account for the growth deficit of SIPK silenced plants. In soybean a 

decreased expression of genes involved in the auxin signaling pathway already have been 

demonstrated to reduce growth (Liu  et al., 2011). A detailed phytohormone profiling of SIPK 

silenced plants and their crosses which have similar SA levels as WT may reveal such 

phytohormonal mechanisms. The application of SA to crosses of SIPK silenced plants and 

NahG overexpressing plants, which have similar SA levels than WT, combined with 

measurements of different phytohormones would allow testing the hypothesis; if SA in SIPK 

silenced plants influences other phytohormone levels, such as cytokinins or auxin. A parallel 

gene expression analysis of genes may help to elucidate if and how SA directly influences 

phytohormone biosynthesis (levels) or phytohormone signaling pathways. 
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Phenolamide biosynthesis mediates growth-defense trade-offs in a common N currency 

Previous studies have analyzed the costs induced by JA signaling on a plant’s growth 

and defense, but the study of the influence of individual plant traits has had little attention. 

Since phenolamides have a high impact on the plant defense against herbivores (Kaur et al., 

2010), I hypothesized that the biosynthesis of these N-intensive metabolites causes changes in 

the N allocation. Through the use of different transgenic lines, one impaired in JA signaling 

(irLOX3) and one in phenolamide biosynthesis (irMYB8), the differentiation of trade-offs 

mediated by JA or by a single plant trait, e.g. production of N-intensive metabolites, was 

possible. The data demonstrate herbivore-induced changes in N allocation throughout the 

plant and within leaves influenced by phenolamide biosynthesis. 

Analysis of the N content of the whole shoot and WT roots indicated a N transport 

from the shoot to the root for WT, but not for the transgenic lines. Hanik et al. (Hanik et al., 

2010) hypothesized that a N allocation from the shoot to the root is driven by nicotine 

biosynthesis in the roots. My data does not support this hypothesis because the nicotine levels 

in the transgenic lines were not lower than in WT (Manuscript III) and they do not show signs 

of N transport to the root. Previously, for tomato a methyljasmonate (MeJA) induced N 

allocation to roots was described (Gomez et al., 2010). Since LOX3 silenced plants have 

lower JA levels (Allmann et al., 2010), but MYB8 silenced plants do not, in N. attenuata JA is 

unlikely a direct trigger of the N-transport. However, the phenolamide levels are reduced in 

both transgenic lines, which leads to the conclusion that phenolamide biosynthesis supports 

the allocation of N from shoots to roots. As the phenolamide biosynthesis is regulated by JA 

over the transcription factor MYB8, JA might indirectly influence the N transport over 

phenolamide biosynthesis. Nevertheless, the analysis of the transgenic lines’ roots still needs 

to be carried out.  

Phenolamide biosynthesis could alter the transport of amino acids or nitrate resulting 

in the observed N distribution or influence N assimilation. In tomato a N allocation in the 

form of amino acids to the roots after induction has recently been described (Gomez et al., 

2010). In contrast, a transport of nitrate is unlikely because there is only restricted loading of 

nitrate into the phloem (Schobert and Komor, 1992), and if nitrate is transported into the 

phloem, it is transported from older to younger leaves (Fan et al., 2009). Furthermore a higher 

N assimilation in response to elicitation is unlikely, since previous studies have shown neither 

changes in N assimilation after herbivory (Baldwin and Ohnmeiss, 1994; Lynds and Baldwin, 

1998), nor an increase in nitrate reductase activity in roots (Baldwin et al., 1993). Thus, on the 
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whole plant perspective phenolamide biosynthesis most likely influences amino acid transport 

resulting in higher N contents of roots.  

In the leaves, the data (Manuscript III) showed a different N partitioning between N 

pools in the lines and WT. While plants silenced in MYB8 accumulated no phenolamides as 

expected, and invested similar amounts of N into protein (TSP and RuBisCO) before and after 

treatment, WT plants had the highest phenolamide levels and showed the highest reduction of 

protein levels after elicitation. LOX3 silenced plants had an intermediate phenotype. The 

dependency of phenolamide levels and protein levels found in the data supports the 

conclusion that phenolamides act as the mediator. As phenolamides are scavengers of toxic 

radicals, they have already been proposed to be components of defense systems against 

different stresses (Edreva et al., 1995). In transgenic tobacco plants increased spermidine and 

putrescine concentrations and their conjugates have been demonstrated to increase tolerance 

to salinity, drought as well as to fungal infection (Waie and Rajam, 2003). Thus, they 

potentially also increase the tolerance to herbivores by regulating resource allocation within 

the herbivore defense. If an application of phenolamides to control and elicited leaves of 

MYB8 silenced plants would recover the phenotype of WT, e.g. decreased N-investment into 

proteins, the conclusion would be supported. 

Since MYB8 expression levels and phenolamides accumulation followed a similar 

pattern, MYB8 likely influences the N allocation based growth-defense trade-offs within the 

leaves to proteins. This transcription factor was proposed to play a regulatory role in later 

herbivore defense responses (Galis et al., 2010) because MYB8 is also induced 1-2 days after 

elicitation (Kaur et al., 2010). In Pinus sylvestris, a R2R3-MYB transcription factor was 

suggested to regulate N-recycling after lignin biosynthesis (Gomez-Maldonado et al., 2004) 

because of its interaction with the glutamine synthetase promoter. Similar to proteins, 

phenolamide biosynthesis requires amino acids synthesized from glutamine, such as arginine 

and ornithine (Kaur et al., 2010; Takano et al., 2012; Vogt, 2010). Thus, I hypothesize that 

MYB8 might affect N investment into proteins by influencing amino acid biosynthesis, 

possibly by encouraging glutamine channeling into phenolamides through the preferential 

synthesis of arginine. Amino acid profiling of the samples used in Mansucript III could not 

reveal differences in glutamine, arginine or any other proteinogenic amino acid concentration 

between WT and MYB8 silenced plants before and after herbivory (Ullmann-Zeunert, 

unpublished data). While changes in arginine levels after herbivory have not been reported 

yet, an increase of glutamine concentration in the stem of tomato plants was described 
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(Steinbrenner et al., 2011) and phenyalanine and tyrosine increased transiently in the wild 

tobacco after herbivory (Kim et al., 2011a). These changes of amino acid concentration 

appeared shortly after herbivore attack, and showed partly a dependency on the diurnal 

rhythm (Hanik et al., 2010; Kim et al., 2011a; Steinbrenner et al., 2011). Therefore, in my 

study the sampling interval might have been too long and/or sampling too late after elicitation 

to be able to detect differences in amino acid pools in WT and the transgenic plants. An 

additional experiment including earlier sampling time points shortly after herbivore attack and 

sampling at different times of the day, may reveal changes in amino acids abundances. 

Furthermore, a following activity analysis of genes involved in the amino acid biosynthesis 

pathways would shed light on the/help to find genes regulated by MYB8. 

However, the data of this thesis do not answer the question, if N allocation to proteins 

is regulated by MYB8 or directly by phenolamides. Beside several genes with a potential role 

in phenolamide biosynthesis, MYB8 activates genes encoding enzymes of the 

phenolpropanoid metabolism and enzymes involved in the biosynthesis of polyamines shortly 

after herbivore attack (Kaur et al., 2010). MYB8 influences the abundance of at least 29 

further coumaric acid-, caffeic acid- and ferulic acid-containing metabolites 1 day after 

herbivory (Onkokesung et al., 2012), demonstrating that this transcription factor is involved 

in different processes that could influence the N allocation patterns shown in my work. The 

activity and partly the abundance of phenylalanine ammonia-lyase, whose coding gene is 

regulated by MYB8 (Kaur et al., 2010), has for example been demonstrated to regulate the 

resource flux into multiple pathways and is involved in developmental processes that require 

N and thus influences N flux within leaves and the plant (Jones, 1984). In that manner also 

other enzymes of the phenolpropanoid and phenolamide biosynthesis might influence N 

allocation. Furthermore, polyamines and their conjugates can interact with DNA, so that small 

amounts of other MYB8 influenced metabolites could regulate the N allocation pattern via 

DNA interactions (Blagbrough et al., 2003). In order to study the role of other metabolites or 

regulatory elements of phenolamide biosynthesis in N distribution within leaves, transgenic 

lines impaired at different positions of the pathway downstream of MYB8 would be required. 

Beside phenolamides and nicotine, the wild tobacco has other N-intensive defenses, 

such as TPIs, that might influence the N distribution. In N. attenuata, transgenic lines 

impaired in TPI biosynthesis are proposed to have an altered N partitioning to fitness (Zavala 

et al., 2004), but knowledge about their influence on N partitioning within and to other plant 

parts is lacking.  
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RuBisCO degradation, is not a precursor pool for defense metabolite biosynthesis 

In this thesis, the dynamics of RuBisCO after herbivory has been demonstrated in 

detail for the first time. The N-investment data of Manuscript III demonstrated a decrease in 

RuBisCO levels after herbivory, but does not allow for a differentiation between increased 

degradation or a reduction in synthesis as a result of elicitation, which are both likely taking 

place. Since the N freed up by RuBisCO degradation is greater than the amount of the N-

invested into defense metabolites after elicitation, the data allows for the hypothesis that 

RuBisCO N is used for phenolamide biosynthesis. In order to test, the hypothesis, a 
15

N-

labeling kinetic experiment was carried out, and the 
15

N-incorporation into RuBisCO and 

phenolamides was determined after herbivory. At the time point when phenolamides had their 

maximum 
15

N-incorporation, the 
15

N-incorporation in RuBisCO LSU and SSU was only half 

the value (Manuscript III). If the phenolamides were acquiring their N from the degraded 

RuBisCO, the 
15

N-incorporation levels would be expected to be the same or smaller. Since 

this is not the case, the hypothesis is unlikely to be correct.  

As mentioned above, an alternative hypothesis is that N might be channeled into 

phenolamides instead of into RuBisCO by a preferential synthesis of the phenolamide 

precursor arginine in response to herbivory. Although RuBisCO and phenolamides initially 

have different 
15

N-labeling, both compounds reached similar 
15

N-labeling at the end of the 

experiment, so that both can be synthesized from the same amino acid pool. The 
15

N-

incorporation of phenolamides shortly after elicitation might be higher than of RuBisCO, due 

to a faster turnover of the metabolites compared to RuBisCO, which is assumed to have a 

turnover of 5-7 days depending on the species and experimental conditions (Esquivel et al., 

1998; Simpson, 1981). A kinetic analysis of the 
15

N-incorporation and quantity of amino 

acids together with RuBisCO and phenolamides within the same tissue would help to 

elucidate which amino acids are used for phenolamide and RuBisCO biosynthesis after 

herbivory. Furthermore, N allocation studies with labeled arginine and glutamine during 

herbivory would help to get further insights into the amino acid flux to both compounds.  

Furthermore, the data of this thesis showed different dynamics of RuBisCO LSU and 

SSU in response to herbivory (Manuscript III) which has already been shown for other 

environmental stresses (Demirevska et al., 2009; Garciaferris and Moreno, 1994; Prioul and 

Reyss, 1987). In relative concentrations, plants invested less 
15

N into RuBisCO LSU than 

SSU, and a kinetic analysis revealed that only N of RuBisCO LSU, and not N of RuBisCO 

SSU, deceased after elicitation, indicating a different role of both subunits in response to 
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herbivory (Manuscript III). Due to the higher abundance of RuBisCO LSU prior to elicitation, 

the majority is unlikely associated with RuBisCO SSU, thus being more unstable (Cohen et 

al., 2006) and more susceptible for degradation after herbivory. Therefore, RuBisCO LSU 

might provide an easily accessible N source after herbivory. Additionally, RuBisCO LSU has 

been shown to be more sensitive and degrade faster than RuBisCO SSU in response to 

oxidative stresses (Cohen, 2005; Desimone et al., 1996), which increase after herbivory 

(Imbiscuso et al., 2009). Therefore, oxidative stresses might be a further reason for RuBisCO 

LSU’s higher dynamic after elicitation (Manuscicrpt III). These data suggest, that the majority 

of N released from RuBisCO after herbivory is provided by RuBisCO LSU.  

 

A regulation of N-allocation through specific herbivores 

In the 
15

N-labeling experiment (Manuscript III), plants allocated relatively little N into 

nicotine compared to the total N-investment. These plants were elicited with oral secretion of 

the nicotine tolerant specialist M. sexta whose attack has been demonstrated to reduce 

investment into nicotine (Voelckel et al., 2001). In contrast, in a previous study using MeJA 

as a chemical elicitor, plants labeled after wounding demonstrated a rapid allocation of N into 

nicotine (Baldwin et al., 1998), leading to the hypothesis that plants have elicitor dependent N 

allocation responses. As herbivores differ in their elicitors (Alborn et al., 2007; Schmelz et al., 

2006; Spiteller and Boland, 2003), these data lead to a second hypothesis that plants adapt 

their resource allocation depending on the type of attacking herbivore. Indeed, a similar 

mechanism has been found in tomato, which had a variable metabolite allocation in response 

to different herbivores (Steinbrenner et al., 2011). N allocation studies after the treatment with 

different elicitors, possibly of different herbivore groups, and the induction by oral secretion 

of specialists and generalists could help to answer this question. 

The adaptation of resource allocation in response to a type of herbivore might be 

regulated by the herbivore specific induced defense signaling pathways. For example, in N. 

attenuata the generalist Spodoptera exigua and the specialist M. sexta have been 

demonstrated to induce different phytohormone profile patterns because of their different 

elicitor compositions (Diezel et al., 2009b). However, varying N-investment patterns in 

response to generalist and specialists could also be a secondary consequence of their specific 

induced defense mechanism instead of an active process. Resource allocation studies of 

transgenic plants with impaired phytohormone biosynthesis or/and signaling after induction 

with different oral secretions and elicitors could reveal details of the underlying mechanisms. 
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A new tool to study N flux and protein dynamics after herbivory 

Within this thesis (Manuscript II) I describe the development of a new LC-MS
E
 based 

method to determine 
15

N-incorporation into proteins simultaneously with their absolute 

quantity in isotopically labeled samples, and demonstrate its applicability for ecological 

studies (Manuscript III). The newly developed algorithm for 
15

N-calculation allows the 
15

N-

determination of many peptides in a short period of time. Additionally, the quantification 

approach enables the absolute quantification of all proteins contained within one sample 

because it is based on an unlabeled universal internal standard protein. Nevertheless, the 

labeled peptides identification and their processing needs to carried out manually, which is 

time consuming. This is necessary because 
15

N-labeling decreases the efficiency of peptide 

identification by database searching (Nelson et al., 2007), although this process is well 

established for peptides of natural isotopic distribution. Therefore, advancement and 

automation of the peptide identification, processing and extraction to the algorithm MoLE and 

a following automatic calculation of the TICs based on the 
15

N-estimations of MoLE would 

further speed up the quantification procedure. 

In Manuscript II and III, I demonstrate the applicability of the method to study 

ecological questions, while focusing on only a few of the proteins present within the analyzed 

samples. A number of additional proteins involved in carbohydrate metabolism, amino acid 

biosynthesis, ATP synthesis and regulatory proteins, such as 14-3-3 proteins, were identified 

(Ullmann-Zeunert, unpublished data). Recent studies indicate that some of the identified 

proteins might play role in herbivore defense. For example, the upregulation of genes 

encoding for carbohydrate transporters, and enzymes involved in carbohydrate synthesis, such 

as sucrose synthase, were found (Kim et al., 2011b). They are likely involved in abundance 

and allocation of carbohydrates, which have been shown to be altered after herbivore attack 

(Kim et al., 2011b; Steinbrenner et al., 2011). Furthermore, the expression of genes coding 

enzymes of tyrosine and phenolalanine biosynthesis was increased in response to herbivore 

treatment (Kim et al., 2011b), suggesting their regulatory function in amino acid biosynthesis 

in response to this biological stress. Also 14-3-3 proteins are likely involved in the signal 

transduction after herbivore attack because their coding genes and the proteins themselves are 

responsive to MeJA treatment and wounding (Chen et al., 2006; Roberts et al., 2002).The 

newly developed method combined with enzyme activity studies could help to investigate the 

role of these proteins in herbivore defense in more detail. Furthermore, by using extraction 

methods for membrane (Mirza et al., 2006) and/or cellwall proteins (Boudart et al., 2005), the 
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dynamic of carbohydrate transporters, other plasma membrane and cell wall proteins could be 

explored. 

 

Synthesis 

In this thesis, I demonstrate that early herbivory-induced defense signaling by SIPK and 

WIPK reduces the plant’s growth and fitness through regulating JA and SA levels, but the 

mechanism is independent of photosynthesis and N assimilation. If resource allocation is 

involved in this process, still needs to be investigated. Although SIPK and WIPK are part of 

the induced herbivore response, they cause a constitutive growth reduction. In contrast, costs 

induced by phenolamide biosynthesis are expressed as changes in N allocation to growth 

(RuBisCO) instead of in a total growth reduction and could not be shown to be constitutive. 

The comparison of plants impaired in JA signaling with plants impaired in phenolamide 

biosynthesis revealed that the influence of phenolamide biosynthesis on N allocation in 

response to herbivory depends on the expression of MYB8. Overall, this thesis gave first 

evidence about the role of early defense signaling and metabolite biosynthesis in expressing 

trade-offs of induced herbivore defense and demonstrated that the underlying mechanisms are 

complex. Results of this work enable future studies to identify the components of the 

phenolamide biosynthesis pathway that regulate N allocation and the paramenter(s) which are 

influenced by JA and SA and responsible for the costs of SIPK and WIPK signaling. 

Furthermore, I used a new approach to study defense related trade-offs that can be applied to 

other experimental set-ups to study N but also C-investments into single compounds.. 
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5.1 Summary 

 

 Plants and herbivores have coevolved for 350 million years. During that time plants 

developed a plastic defense mechanism which is only induced after herbivore feeding and is 

regulated by a sophisticated signaling cascade: Shortly after herbivore perception by insect-

derived elicitors, mitogen acitvated protein kinase (MAPK) signaling is induced. Herbivory 

induced MAPKs, such as salicylic-acid protein kinase (SIPK) and wound-induced protein 

kinase (WIPK), activate the rapid accumulation of jasmonic acid (JA), which induces further 

downstream defenses. An example of a JA-induced defense is the biosynthesis of nitrogen 

(N)-intensive metabolites such as nicotine, caffeoylputrecine (CP) and dicaffeoylspermidine 

(DCS). The inducible defense has been proposed to have evolved as a cost-saving strategy, 

but depending on the environmental conditions the defense is still costly for the plant because 

defense requires resources that otherwise could be invested into growth or reproduction. 

These costs have been mainly shown by manipulating JA-levels, but costs induced upstream 

of JA still needed to be explored. Furthermore, little was known about the effect of early 

defense signaling on resource allocation. 

In my thesis, the costs induced by SIPK and WIPK and their underlying mechanisms 

were analyzed for the first time. N. attenuata plants silenced in SIPK and WIPK were 

expected to grow better than WT as they have lower JA-levels. In contrast, experiments 

revealed that silencing of WIPK resulted in a growth benefit, but SIPK silenced plants grew 

worse than WT. Phytohormone profiling of leaves revealed higher salicylic acid (SA) levels 

of SIPK silenced plants, likely causing their growth phenotype by masking the JA-deficiency 

mediated growth benefit. Decreasing SA levels by genetic modification recovered the growth 

and fitness deficits of the plants, supporting the hypothesis. By further exploring the JA and 

SA mediated growth-defense trade-offs, no evidence was found that the trade-offs are 

mediated by changes in N assimilation or photosynthesis, indicating that resource allocation is 

involved as resource assimilation was unchanged. 

Resource allocation is optimally studied by quantifying the investment of a fitness-

limited resource into the different plant functions. Previous studies determined changes in 

growth by measuring biomass accumulation, but did not take into account that biomass does 

not discriminate among investments into compounds functioning in growth, storage or 

defense. Thus, plant biomass is not an accurate proxy for plant growth. In contrast, 

components of biomass accumulation that directly promote acquisition of resources for 



5.1 Summary 

   

   

140 

 

growth, such as photosynthetic proteins, are a better measure of investment into growth. N is 

an important nutrient for the plant’s growth and defense and thus a good resource to study 

growth-defense trade-offs in a common currency. In this thesis, N-intensive metabolites were 

defined as proxy for defense, and total soluble protein (TSP) and specifically ribulose-1,5-

bisphosphatecarboxylase/oxygenase (RuBisCO) as proxy for growth.  

Since a suitable method for determining simultaneously N-investment, 
15

N-

incorporation into proteins and their absolute quantity was lacking, in this thesis, the 

development of a new LC-MS
E
 based method for isotopically labeled protein quantification is 

described. Phosphorylase b spiked into leaf protein extracts could reliably be quantified. In 

addition the 
15

N-incorporation of protein extracts of plants grown at different concentration of 

15
N-labeled nitrate was determined with a high accuracy and precision. The experiments 

demonstrated the accurate analysis of multiple proteins of different abundance within one 

sample based on one universal internal standard protein. The applicability of the method to 

ecologically realistic set-ups was shown with plants grown in soil with unknown 
15

N-

incorporation levels. The analysis of proteins relevant for antiherbivore defense demonstrated 

that the approach is suitable to study protein dynamics and 
15

N-flux elicited during herbivore-

insect interaction. 

Based on the new method, analysis of growth defense trade-offs and the direct 

comparison of N-investment into growth and defense in a common N currency were possible 

for the first time. In order to further disentangle effects of single induced defense responses 

and defense signaling on N allocation, transgenic lines impaired in JA-signaling and the 

biosynthesis of phenolamides (N-intensive defense metabolites), were used. In response to 

elicitation the N content of WT shoots decreased, but not of the transgenic lines. In a separate 

analysis of WT roots, the root’s N-content increased after elicitation, indicating a transport of 

N from the shoot to roots. At the leaf scale the absolute N-pool size did not correlate with leaf 

size or changes in a single big N-pool, suggesting that herbivory also causes a reallocation of 

N among different compounds within the leaf. In WT leaves, TSP and RuBisCO showed a 

strong decrease, while the accumulation of CP, DCS and nicotine increased. Plants impaired 

in JA signaling had a similar, albeit attenuated phenotype. In contrast, transgenic lines 

impaired in phenolamide biosynthesis showed almost no decrease in protein amounts and 

only a small accumulation of nicotine. However, the decrease in the N-investment into 

proteins was much larger than N that was invested into defense metabolites. The data strongly 

suggest that phenolamide biosynthesis mediates the N allocation to proteins. Nevertheless, 
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15
N-flux studies revealed that N used for phenolamide biosynthesis was unlikely coming from 

RuBisCO. 

The results of this thesis led to new open research questions that future work will have 

to answer. It is still unclear, if high SA values reduce the plants fitness by changing the 

resource allocation or by regulating other phytohormones. Secondly, it has to be elucidated 

which element of phenolamide biosynthesis pathway regulates N-distribution within the leaf 

after herbivory. Furthermore, I could identify multiple proteins which are hypothesized to 

play a role in the herbivore defense response, but which have not been studied yet due to the 

lack of a suitable method. The newly developed method of this work is going to be automated 

and will enable studying the role of those proteins and allow analysis in a high through put 

manner. 
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5.2 Zusammenfassung 

 

Die Koevolution von Pflanzen und Pflanzenfressern existiert seit 350 Millionen 

Jahren. Während dieser Zeit entwickelten Pflanzen eine dynamische Verteidigungsstrategie, 

die nur nach Pflanzenfraß induziert wird und durch eine ausgeklügelte Signalkaskade 

reguliert wird. Kurz nach der Wahrnehmung des Insekts durch die Pflanze wird eine MAP-

Kinase-Kaskade induziert. Im wilden Tabak, Nicotiana attenuata, stehen an dessen Ende 

SIPK und WIPK, zwei MAP-Kinasen, die die Synthese der Jasmonsäure (JA) aktivieren. Der 

schnelle Anstieg der JA-Konzentration induziert weitere Verteidigungsmechanismen wie zum 

Beispiel die Synthese von N-haltigen Sekundärmetaboliten wie Nicotine, Caffeoylputrecine 

(CP) oder Dicaffeoylspermidin (DCS). Obwohl sich diese Verteidigungsstrategie vermutlich 

Ressourcen spart, weil sie nur induziert wird, wenn sie benötigt werden, kann sie trotzdem 

nach Induktion abhängig von den Umweltbedingungen zu einem Fitnessnachteil der Pflanze 

führen. Nachteile für die Pflanze, die durch die Signalwirkung von JA entstehen, sind gut 

untersucht, aber Kosten, die in der Signalkaskade oberhalb von JA entstehen, waren 

unbekannt.  

 In meiner Doktorarbeit habe ich daher die Kosten, die durch die frühe Signalwirkung 

von SIPK und WIPK entstehen, und deren unterliegende Mechanismen untersucht. 

Gentechnisch veränderte Pflanzen mit reduzierter SIPK und WIPK Expression wurden 

erwartet besser zwachsen als der Wildtyp, weil sie geringere JA-Konzentrationen haben. In 

Experimenten wuchsen WIPK Pflanzen wie erwartet besser, aber SIPK Pflanzen waren 

kleiner als der Wildtyp. Phytohormonanalysen zeigten, dass Pflanzen mit reduzierter SIPK 

Expression konstitutiv hehrere Salicylsäurekonzentrationen (SA) haben, was zu dem 

Wachstumsphänotyp der SIPK Pflanzen geführt haben kann. Nach der Reduzierung der SA 

Konzentrationen durch genetische Modifikation wuchsen die SIPK Pflanzen fast so gut wie 

WIPK Pflanzen. Diese Ergebnisse deuten darauf hin, dass die hohen SA-Konzentrationen 

dazu führen, dass die Fitnessvorteile, die durch die geringeren JA-Konzentrationen 

hervorgerufen werden, überdeckt werden. Weitere Untersuchungen zeigten, dass die Wirkung 

von SA Konzentrationen auf den Wachstumsphänotyp nicht über Veränderungen der 

Photosynthese oder der Stickstoffassimilation erfolgt. Basierend auf den Daten folgerte ich, 

dass eine Signalweiterleitung durch MAP-Kinasen Kosten für die Pflanze verursacht. Diese 

Kosten werden durch JA und SA vermittelt, aber nicht durch ihre Wirkung auf Photosynthese 

oder Stickstoffassimilation beeinflusst. Weil Änderungen der Ressourcenbereitstellung als 
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Ursache ausgeschlossen werden können, könnten Unterschiede der Ressourcenverteilung für 

die Kosten verantwortlich sein 

Ressourcenverteilung wird am besten durch die Quantifizierung der Investition einer 

Fitness-limitierenden Ressource in die verschiedenen Pflanzenfunktionen untersucht. Frühere 

Studien haben Wachstum in Form von Biomasse quantifiziert, haben dabei aber nicht 

berücksichtigt, dass Biomasse kein genaues Maß für Wachstum ist, weil dieser Parameter 

auch von Investitionen in die Speicherung und Verteidigung beeinflusst wird. Im Gegensatz 

dazu sind Bestandteile der Biomasse, die die Akquisition von Ressourcen fördern, wie zum 

Beispiel photosynthetische Proteine, ein besseres Maß für Investitionen in Wachstum. 

Stickstoff (N) ist ein wichtiger Nährstoff für das Wachstum und die Verteidigung der Pflanze 

und damit eine gute Ressource, um Trade-offs zwischen Wachstum und Verteidigung in einer 

gemeinsamen Währung zu untersuchen. Innerhalb dieser Arbeit wurden N-intensive 

Metabolite als Maß für die Verteidigung und das gesamte lösliche Protein (TSP) und speziell 

Ribulose-1 ,5-bisphosphate Carboxylase/Oxygenase (Rubisco) als Maß für das Wachstum 

definiert. Um die N-Investitionen in Wachstum zu messen, fehlte eine geeignete Methode zur 

gleichzeitigen Bestimmung der 
15

N-Einbaurate und der absoluten Menge von Proteinen. 

In dieser Arbeit wurde eine neuen LC-MS
E
 basierende Methode für die 

Quantifizierung isotopenmarkierter Proteine entwicklent, weil ein geeignetes Verfahren zur 

gleichzeitigen Bestimmung der N-Investition und 
15

N-Einbaurate in Proteine fehlte. 

Phosphorylase b, das in bekannten Konzentrationen in Blattproteinextrakte gegeben wurde, 

konnte zuverlässig quantifiziert werden. Des Weiteren wurde die 
15

N-Einbaurate von 

Proteinen mit unterschiedlichem bekanntem 
15

N-Labeling mit einer hohen Genauigkeit und 

Präzision bestimmt. Darüber hinaus zeigten die Experimente, dass die genaue Analyse 

mehrerer Proteine unterschiedlicher Konzentration innerhalb einer Probe möglich ist, weil der 

Ansatz auf einem universellen internen Standardprotein basiert. Die Anwendbarkeit der 

Methode unter ökologische relevanten Bedingungen wurde mit in Erde gewachsenen Pflanzen 

getestet, die eine unbekannte 
15

N-Einbaurate hatten. Darüber hinaus wurde mit der Analyse 

verteidigungsrelevanter Proteine gezeigt, dass der Ansatz zum Untersuchen von 

Proteindynamiken und N-Flussänderungen, die durch/während einer Pflanzen-Insekten-

Interaktion entstanden sind, geeignet ist. 

 Durch die Anwendung der neuen Methode, war es zum ersten Mal möglich, 

Investitionen in Wachstum und Verteidigung in einer gemeinsamen Einheit zu vergleichen. 

Um die Auswirkungen der einzelnen Abwehrreaktionen auf die N-Verteilung besser 
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unterscheiden zu können, wurden transgene Pflanzen verwendet, die entweder in der JA-

Synthese oder in der von Phenolamiden, N-intensive Verteidigungsmetabolite, beeinträchtigt 

waren. Nach simuliertem Pflanzfraß zeigten die Wildtypflanzen einen reduzierten N-Gehalt 

im Spross, nicht jedoch die transgenen Linien. Eine Einzelanalyse der Wildtypwurzel zeigte, 

einen Anstieg ihres N-Gehalts nach der Behandlung, was auf einen N-Transport vom Spross 

zur Wurzel nach Pflanzenfraß hindeutet. Der Stickstoffgehalt der Blätter korrelierte nicht mit 

ihrer Größe oder mit Änderungen eines einzigen großen N-Pools, was zeigt, dass Pflanzenfraß 

zu einer N-Umverteilung innerhalb der Blätter zwischen unterschiedlichen N-Pools führt. 

Eine Analyse der N-Pools ergab, dass im Wildtyp ein starker Rückgang der TSP- und 

RuBisCOgehalte von einem Anstieg der Verteidigungsmetabolite begleitet wurde. Pflanzen 

mit beeinträchtiger JA-Synthese hatten einen ähnlichen Phänotyp wie der Wildtyp nur leicht 

abgeschwächt. Im Gegensatz dazu zeigten Pflanzen mit geschwächter Phenolamidsynthese 

kaum eine Änderung nach simuliertem Pflanzenfraß. Dementsprechend gingen die N-

Investition in Proteine mit einem Anstieg der N-Investition in die Verteidigungmetabolite 

zurück. Die Daten legen nahe, dass Phenolamidbiosynthese die N-Allokation zu Proteinen 

beeinflussen oder sogar reguliert. Dennoch zeigte ein 
15

N-Flussexperiment, dass N für die 

Phenolamidbiosynthese unwahrscheinlich aus RuBisCO kommt. 

 Die Ergebnisse dieser Arbeit haben zu neuen offenen Fragen geführt, die Teil 

zukünftiger Arbeit sein werden. Es ist zum einen ungeklärt ob hohe SA-Werte die Fitness von 

Pflanzen über Änderungen der Ressourcenverteilung oder die Beeinflussung anderer 

Phytohormone beeinflussen. Zum anderen ist immer noch offen, welcher Teil der 

Phenolamidbiosynthese die N-Verteilung nach Pflanzenfraß reguliert. Des Weiteren wurden 

in dieser Thesis viele Proteine identifiziert, von denen angenommen wird, dass sie eine Rolle 

in der Pflanzenverteidigung spielen. Die in dieser Arbeit neu entwickelte Methode könnte vor 

allem nach ihrer geplanten Automatisierung dabei helfen, die Rolle dieser Proteine in der 

Verteidigung im Detail zu untersuchen. 
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