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1. General Introduction 

Plants are able to fix solar energy and convert into biomass, a feature that clearly 

distinguishes them from most other organisms. Consequently all other organisms consume plant 

material either directly or indirectly, and these trophic interactions of plants and arthropods are 

nearly as old as plants themselves. The earliest fossil records of arthropod damage to plants date 

back as long as 400 million years ago (mya) (Labandeira et al., 1994; Labandeira, 2013). 

However, not all interactions that evolved between plants and arthropods are detrimental and in 

several cases, such as pollination, plants benefit from interaction with insects. Even though the 

evolutionary beginnings of insect-mediated pollination systems are thought to have originated 

between the Permian and Jurassic period (150-200 mya, (Crepet, 1979)), direct paleobiological 

evidence for this beneficial interaction still remains scarce today (Ramírez et al., 2007). Plant can 

benefit from insect-mediated pollination either by the prevention of inbreeding depression or, in 

the case of self-incompatible angiosperms, by increased outcrossing (Waser and Price, 1989, 

1991; Kaye and Lawrence, 2003).  

1.1 Friend or foe, attract or kill – plants insect dilemma 

The extended time frame of coexistence between them has allowed both plants and 

insects to evolve sophisticated mechanisms to recognize one another and to respond according to 

the dual nature of their interactions. The majority of modern angiosperms face a dilemma: on one 

hand, they are used by insects as nutritional sources and oviposition sites, and hence need to 

repel or kill phytophagous insects by using a multitude of defenses; on the other hand, they need 

to attract insects which can act as associates and increase the plant fitness via increased 

outcrossing rates. Plants achieve this by offering nutritional rewards (pollen, nectar) and 

guidance toward their reproductive organs via olfactory and visual cues. However, both of these 

aspects in plant life share certain regulatory traits.  

Both the precisely timed regulation of organogenesis prior to pollination and many of the 

plant defenses against herbivores are controlled and integrated by signaling events mediated by a 

number of hormonal networks. These networks are based on groups of small mobile molecules 

with different chemical properties and functions in plant life. Amongst the known and best 

investigated groups of plant hormones are auxins, gibberellins, cytokinins, salicylic and abscisic 

acid (Santner et al., 2009). A particularly versatile group of plant regulatory molecules comprise 



Introduction 

 
2 

jasmonic acid (JA) and its derivatives, collectively referred to as jasmonates (JAs). Being 

involved both in the regulation of plant growth and development as well as in plant defense 

against herbivores and pathogens, JAs exert a dual role in plant signaling (Wasternack and 

Hause, 2013). Due to the central role of these signaling molecules in important aspects of plant 

life, currently a large body of research is devoted to the further elucidation of the JAs 

biosynthesis, their signaling transduction and biological functions. 

1.2 Jasmonic acid – characterization of a plant signaling molecule 

By extracting essential oils of Jasminum grandiflorum flowers, Demole isolated in 1962 

for the first time JA’s methyl ester methyl jasmonate (MeJA) from plant tissues (Demole et al., 

1962). The isolation of MeJA’s free acid from the culture filtrate of the fungus Lasiodiplodia 

theobromae took another decade, and Aldridge indicated in the same work a possible function 

for JA as a growth inhibitor (Aldridge et al., 1971). However, the proof of a physiological 

function of MeJA required another decade when in 1980 Ueda’s group described a senescence-

promoting effect for MeJA (Ueda and Kato, 1980). Shortly thereupon Dathe demonstrated a 

growth inhibitory effect of JA and the inhibition of root growth became the most common assay 

to screen for JA signaling mutants (Dathe et al., 1981). After Vick and Zimmermann had 

elucidated the biosynthesis of JA (Vick and Zimmerman, 1983a), initial analyses focused on its 

mode of action and Weidhase demonstrated that protein patterns in barley leaves were changed 

by application of MeJA or JA (Weidhase et al., 1987). Subsequently, the first connection 

between MeJA and inducible plant defenses was described for proteinase inhibitors in tomato 

leaves, which upon wounding or MeJA application were synthesized in the treated leaves 

(Farmer and Ryan, 1990).  

The next milestone in the elucidation of JA signaling was the isolation of the first JA-

insensitive mutant (Feys et al., 1994). The mutant was discovered by assays using coronatine 

(COR), a bacterial toxin sharing structural and functional features with JA (Weiler et al., 1994) 

and which led to the name coronatine insensitive1 (coi1). After the gene was cloned, it was 

found to encode an F-box protein that is involved in the E3 ubiquitin-proteasome pathway. It is 

fascinating that the involvement of F-box proteins is not restricted not to JA signaling alone, but 

instead is also shared by other plant hormonal signaling pathways such as those for gibberellins 

or auxins (Xie, 1998; Ruegger et al., 1998; Sasaki et al., 2003).  

Staswick later found, that for full signaling action, JA requires conjugation to the amino 

acid isoleucine via the action of JAR1 (Staswick and Tiryaki, 2004; Staswick et al., 2002). This 
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finding also supported  an earlier report by Krumm showing that COR might mimic a JA-amino 

acid conjugate rather than JA itself (Krumm et al., 1995a). The next landmark was the discovery 

of the JAZMONATE ZIM DOMAIN (JAZ) proteins which act as negative regulators in JA-

inducible gene expression (Yan et al., 2007; Thines et al., 2007; Chini et al., 2007; Oh et al., 

2013). In the presence of jasmonates, the JAZ proteins are targeted for degradation by the 

SCFCOI1 (Skp1/Cullin/F-box) complex and thereby enable the otherwise repressed transcription 

of JA-responsive genes. Since then, the COI1 protein has been shown to be a jasmonate receptor 

and understanding of the underlying mechanisms of its regulatory function in the transcriptional 

machinery has greatly progressed (Yan et al., 2009; Pauwels et al., 2010; Song et al., 2011; Yan 

et al., 2013). 
 

1.3 Transgenics and the elucidation of JA biosynthesis  

Substantial progress in the elucidation of JA biosynthesis and signaling was gained by 

different genetic approaches in plant biology. Analyzing mutations was for many decades the 

major method of connecting genetics to the biochemistry and physiology of plants. Tracking 

mutated genes allows the mapping of genetic structures to protein functions and hence, to the 

plant’s physiology. The undisputed advantage of this technique is the potential to gain 

unambiguous information about the function of the gene’s product for the plant. This method of 

genetic investigation became known as “forward genetics”. The uniquely direct approach of 

“reverse genetics”, in contrast, investigates gene biochemical and biological functions starting 

from its sequence. This technique has gained further importance in plant sciences due to the 

recent increase in available DNA sequence information and the ability to infer putative gene 

functions based on the comparison of a sequence within the same or even between different 

species. Sequence information together with the accidental discovery of post transcriptional gene 

silencing (Napoli et al., 1990) and other molecular biological tools, has allowed the manipulation 

of transcript levels by silencing or ectopically expressing genes in order to examine their role in 

plant physiology. These same techniques have played a decisive role in the elucidation of JA-

biosynthesis. 

A major source of the fatty acid substrates for JA biosynthesis are glycerolipids in 

chloroplast membranes of which, following deacylation, 18:3 α-linolenic acid is released upon 

biotic stress or mechanical damage by the action of phospholipase1 (GLA1, PLA1) (Ellinger et 

al., 2010; Bonaventure et al., 2011). The synthesis of JA is then initiated according to the 
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canonical oxylipin pathway (Vick and Zimmerman, 1983b) by the oxygenation of α-linolenic 

acid at the C-13 position by a lipoxygenase (LOX).  

 

Figure 1: Schematic model of the jasmonate biosynthetic pathway in green plants. α-linolenic acid (1) 
derived from plastid membranes via the action of glycerolipase (GLA) is converted to 13(S)-
hydroperoxy-18:3 (2, 13-HPOT) by the action of 13-lipoxygenase (LOX). Allene oxide synthase (AOS) 
processes 2 resulting in the instable allene oxide intermediate 12,13-epoxy-linolenic acid (3, 12,13-EOT) 
which is subsequently converted by allene oxide cyclase (AOC) to form (9S,13S)-12-oxo-phytodienoic 
acid (4, OPDA). After translocation into the peroxisomes, OPDA is reduced by the action of OPDA 
reductase (OPR) to 3-oxo-2-(2’-pentenyl)-cyclopentane-1-octanoic acid (5), followed by three cycles of 
β-oxidation involving an acetyl-CoA-transferase (ACX) to form (3R,7S)-jasmonic acid (6). 6 can be 
converted into various derivatives like jasmonoyl-isolecucine (7, JA-Ile) via JASMONATE RESISTANT 
(JAR), or methyl jasmonate (8, MeJA) via jasmonic acid O-methyltransferase (JMT). The latter is 
reversible via the action of methyl jasmonate esterase (MJE). 
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The resulting 13(S)-hydroperoxy-linolenic acid is converted by allene oxide synthase (AOS) into 

an unstable allene oxide intermediate which subsequently is converted by allene oxide cyclase 

(AOC) into the stable oxylipin (9S,13S)12-oxo-phytodienoic acid (OPDA). After translocation 

from the plastid into the peroxisome, OPDA is reduced by OPDA reductase 3 (OPR). The 

resulting 3-oxo-2-(2’-pentenyl)-cyclopentane-1-octanoic acid is subjected to three cycles of β-

oxidation by an acetyl-CoA-transferase (ACX), giving rise to (3R/7S)-JA. This cascade is widely 

conserved in different plant species including tomato (Wasternack et al., 2006) and the wild 

tobacco Nicotiana attenuata (Kallenbach et al., 2012). Once JA is transported to the cytoplasm, 

it serves as a precursor for the synthesis of a broad range of JA derivatives (Gfeller et al., 2010).  

Today it is widely accepted that JA itself has little or no bioactivity. Accordingly, to date, 

physiological interaction with the JAs receptor COI1 has been demonstrated only for one JA 

derivative, the isoleucine conjugate jasmonoyl-isoleucine (JA-Ile). Another JA derivative is 

produced by the methylation of JA resulting in methyl jasmonate (MeJA), a reaction which in 

Arabidopsis thaliana is catalyzed by jasmonic acid O-methyltransferase (AtJMT) (Seo et al., 

2001). However, no direct bioactivity for JA’s methyl ester has been reported so far and in the 

case of N. attenuata, strong evidence suggests that de-methylation to JA by the activity of 

jasmonic acid methyl esterase (JME) is a prerequisite for MeJA bioactivity (Wu et al., 2008; 

Stuhlfelder et al., 2004). 

1.4 New approaches to investigate old questions  

Our understanding of JAs biosynthesis is largely biased toward the transcriptional 

regulation of JAs biosynthetic genes (Paschold et al., 2008; Howe and Schilmiller, 2002) or the 

modulating effect of several transcription factors on JAs. But upon mechanical damage, the JA 

levels in the leaves of many plant species increase within a few minutes, which is too rapid to 

result entirely from the transcriptional regulation of JAs biosynthetic genes. Consequently, the 

flux and metabolism of the JAs pathway is also determined by other factors such as the 

availability of its fatty acid precursors. Accordingly it has been demonstrated in several plant 

species, that JA pools could not be augmented by the overexpression of AOS in Nicotiana 

tabacum and Arabidopsis thaliana or AOC in tomato (Solanum lycopersicum), whereas the 

wounding induced JA burst was amplified (Miersch et al., 2004; Laudert et al., 2000; Stenzel et 

al., 2003). However, as useful as single gene silencing and knock out mutants are, the resulting 
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interruption of the JA biosynthesis per se is inadequate to fully elucidate the multiple control 

mechanisms used by plants to modulate the signaling output of the pathway.  

An alternative approach to investigate biosynthetic pathways and their homeostasis has 

previously been reported for tryptophan in Arabidopsis and carotenoids in cauliflower. Here the 

authors ectopically expressed enzymes causing the diversion of the metabolic output of the 

biosynthetic pathway which resulted in a “metabolic sink” and allowed for new insights into the 

regulation of the affected pathways (Yao et al., 1995; Li and Van Eck, 2007). An enzymatic 

mechanism utilized by plants to regulate hormonal homeostasis of bioactive signaling molecules 

is the methylation via carboxyl methyltransferases encoded by the SABATH gene family. For 

several phytohormones such as auxins, gibberellins and JA, the corresponding carboxyl 

methyltransferases have lately been characterized (Qin et al., 2005; Varbanova et al., 2007; Seo 

et al., 2001).  

In manuscript I, I applied the theory of creating a metabolic sink in the JAs signaling 

pathway in our model plant N. attenuata. I redirected the JAs flux towards the formation of 

MeJA by ectopically expressing AtJMT without disrupting the rest of the JA biosynthesis. 

Furthermore, we aimed to increase in separate transgenic lines the efficiency of this metabolic 

diversion by simultaneously silencing N. attenuata methyl jasmonate esterase (NaMJE), thereby 

preventing the demethylation of MeJA. We examined the consequences of this metabolic sink on 

JAs kinetics and the leaf tissue specific propagation of JAs bursts following on induction by 

simulated herbivory induction. Analysis of metabolic networks and downstream gene expression 

further contributed to a better understanding of JAs homeostasis. 

1.5 The foe – Jasmonates in the defense against herbivorous insects 

Our planet would not be green if plants, as the trophic base of terrestrial ecosystems were 

incapable of defending themselves against the multitude of herbivores they must face as a result 

of their sessile lifestyle. However, the biosynthesis of defenses requires valuable resources and 

therefore can inflict high costs on plant fitness. A commonly observed solution to this problem is 

the use of induced plant defenses against herbivores (Karban and Baldwin, 1997; Baldwin, 

1998). This involves rapid reconfiguration of plant metabolism to synthesize a broad set of 

phytochemicals (Kessler and Baldwin, 2002) and represents a good example of highly plastic 

plant traits.  
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The discovery that JAs are the endogenous wound signals used by plants to activate 

inducible defenses was a hallmark in the unraveling of plant-herbivore interactions (Farmer and 

Ryan, 1990; Gundlach et al., 1992; Farmer and Ryan, 1992). Since then, a large number of 

laboratory and field studies have demonstrated the susceptibility of JAs mutants and transgenic 

plants to a wide range of arthropod herbivores of all feeding guilds. Amongst others, this 

includes spider mites (Acari), beetles (Coleoptera), leafhoppers (Homoptera) and caterpillars, 

such as the larvae of the lepidopteran Manduca sexta (Kessler and Baldwin, 2002; Howe, 2004). 

A specialist herbivore on various solanaceous species, the tobacco hornworm Manduca sexta is 

frequently closely associated with N. attenuata in their native habitat in the southwestern US 

(Figure 2).  

Once the seeds of this annual plant have been exposed to smoke cues from above ground 

fires, they germinate and emerge from long-lived seed banks. This synchronized germination 

behavior results in a near-monoculture with severe intra-specific competition, forcing the plants 

to allocate their resources in order to sustain rapid growth and maximal seed set. Constituting the 

first green islands in an otherwise plant-depleted post-fire environment, these pioneer plants also 

experience high herbivory pressure and N. attenuata has been shown to reply both strongly to a 

variety of insect attacks.  

N.attenuata can respond to herbivory with both direct and indirect defenses. Indirect 

defenses act by increasing the attractiveness of attacked plants to predators of the herbivore 

through volatile metabolites(Allmann and Baldwin, 2010; Kessler and Baldwin, 2001). More 

important for many plants are direct defenses in which the herbivore itself is targeted by plant 

secondary metabolites. Amongst the best characterized compounds employed by N.attenuata for 

direct defense are diterpene glycosides (DTGs) (Jassbi et al., 2008; Heiling et al., 2010) and 

especially nicotine (Steppuhn et al., 2004) which, together with anti-digestive proteinase 

inhibitors (TPIs), can also act synergistically against herbivores (Steppuhn and Baldwin, 2007).  

The high plasticity conferred by the inducibility of herbivore defenses allows the plants 

to maximize the efficiency of these defenses upon attack, while otherwise maintaining 

competitive growth (Voelckel and Baldwin, 2004; Baldwin, 1998). The short generation time 

together with the complexity of induced defenses and the availability of genetic transformation 

tools turn N.attenuata into an ideal model plant to investigate JAs mediated inducible defenses 

and metabolic changes under lab and field conditions. 
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Figure 2. Larvae of the hawk moth M. sexta (A) are a major threat to the large monoculture-like N. 
attenuata populations emerging from post-fire soils (B, C). In an otherwise vegetation-poor habitat, 
N.attenuata stands attract rare herbivores such as tree crickets (D) as well as common folivores like 
grasshoppers (E). N.attenuata generative tissues are also under high herbivory pressure by caterpillars of 
both M. sexta and M. quinquemaculata (F). 

Today it is known that the induction of most inducible plant defenses requires the 

formation of JA-Ile which is amplified upon tissue damage inflicted by herbivores (Kang et al., 

2006). Nevertheless, plants are producing a multitude of chemically diverse JA metabolites 

whose function is widely unexplored (Gfeller et al., 2010). How would plant fitness be affected, 

if the plant could still produce JA and all its precursors, but lost most other JA-derivatives due to 

a severely augmented flux of JA towards MeJA formation? In manuscript II, I use transgenic N. 

attenuata plants ectopically expressing AtJMT to investigate the ecological consequences of the 

redirection of flux in the JA biosynthetic pathway. To achieve this we planted 35S-jmt plants into 

N. attenuata’s native habitat in the Great Basin Desert in Utah and evaluated alterations in plant 



Introduction 

 
9 

development and susceptibility to the native herbivore community. Additional targeted and 

untargeted metabolomics analysis of leaves obtained from field-grown 35S-jmt plants were 

conducted to help understand the changes in herbivory-induced metabolic processes correlated 

with the observed phenotypes in the field.  

Detailed protocols and guidelines on which these field experiments with N. attenuata 

were based are summarized in manuscript III and IV, two book chapters which represent a 

large portion of the methodological expertise gained during 20 years of field research by 

numerous scientists in the Department of Molecular Ecology at the MPI for Chemical Ecology.  

1.6 The friend –Jasmonates in flower development and pollinator attraction 

 To realize their Darwinian fitness, plants need to produce viable seeds for a new 

generation. The rerequisite to successful pollination and hence, seed set, in most angiosperms is 

the precisely and timed coordinated development of floral organs allowing viable pollen released 

from the anthers to be deposited on the stigma of receptive gynoecia. Therefore, in strong 

contrast to inducible defenses, these developmental processes essentially require a high level of 

robustness. An additional requirement for successful fertilization in many angiosperms is the 

presence of pollinating insects which can act as plant associates by transporting pollen. In order 

to attract and guide pollinators to their reproductive organs, plants employ various attractive 

cues, the expression of which are also finely timed due to their high resource demand s 

(Nicolson, 2004).  

The molecular and genetic pathways regulating floral development have been subject to a 

large body of research and today it is an unquestioned fact that the coordinated development of 

fully functional flowers requires signaling by of a plethora of different phytohormones. Amongst 

the best investigated hormonal signaling networks in flower development are the interactions 

between JAs and auxin (Nagpal et al., 2005). Interestingly, gibberellins and JAs are also tightly 

inter connected and the biosynthesis of both in reproductive tissues is developmentally controlled 

by the homeotic master regulator AGAMOUS (Ito et al., 2007; Gómez-Mena et al., 2005; Cheng 

et al., 2009; Ito, 2011).  

The initial discovery of the central regulatory role of JA in floral development was an 

unexpected finding. Generated for a complete different purpose, the first mutant line with 

defective JA biosynthesis became the starting point for the investigation and understanding of 
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JAs signaling in floral development. The role of the high abundant 18:3 α-linolenic acid in 

chloroplasts was unclear and the production of a triple mutant for the desaturase encoding genes 

fad3 fad7 fad8 was supposed to help elucidating the role of trieonic acids in photosynthesis 

(McConn and Browse, 1996). However, the mutant plants showed overall normal photosynthetic 

activity but were surprisingly male sterile due to reduced JA levels. Supplementation of the triple 

mutant plants with exogenous JA rescued male fertility. Ishiguro and coworkers (Ishiguro et al., 

2001) later showed that the male-sterile mutant of DEFECTIVE IN ANTHER DEHISCENCE1 

(DAD1) was affected in the initial step of JA-biosynthesis and that DAD1 encodes a 

phospholipase exclusively expressed in filaments. In the same work, Ishiguro also demonstrated 

the elementary role that JA-biosynthesis plays in floral maturation, including in synchronous 

anther dehiscence and opening of Arabidopsis polypetalous flowers.  

Male sterility is also a characteristic trait of the most prominent Arabidopsis JAs 

perception mutant affected in COI1 (Feys et al., 1994) and its homologs in other species such as 

N. attenuata (Paschold et al., 2007). Interestingly, tomato plants deficient in JA perception also 

show substantially reduced fitness, but with the noteworthy difference that in this case the female 

fertility is compromised (Li et al., 2004). This suggests a certain degree of functional 

diversification in JAs dependent floral development amongst species. Further support for this 

idea was derived by the results of another group investigating tomato embryo development. 

Goetz and coworkers demonstrated with a crucial role for OPDA during tomato embryo 

development (Goetz et al., 2012), thereby providing another interesting example for disparity in 

developmentally regulated JAs signaling amongst plant species. For Arabidopsis, which 

produces polypetalous flowers with unfused petals (Figure 3A, right panel), floral maturation has 

been thoroughly examined and Reeves and coworkers showed in their excellent work the 

outlines for a regulatory network during coordinated flower maturation (Reeves et al., 2012). 

Their report highlights the importance of the JA-auxin interplay for coordinated flower 

maturation with a focus on transcriptional networks and modulations preceding anthesis.  

Interestingly it was demonstrated that the output of the herbivory induced JA cascade in 

N. attenuata can influence the flower opening phenology, resulting in a shift of the main visiting 

pollinators (Kessler et al., 2010). Kessler’s work thereby provided the first evidence for a 

feedback mechanism between herbivory induced JAs bursts and floral maturation. These 

observations suggest that JAs might also impart a certain degree of plasticity to floral 

development, an observation which previously was restricted to the regulation of inducible  
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Figure 3. Petal development strongly differs amongst angiosperms. (A) Sympetalous plants such as 
N.attenuata produce flowers in which petals are fused forming a more or less tubular corolla (left panel). 
In contrast polypetalous flowers like those of Arabidopsis, after opening display single, unfused petals 
(right panel). (B) Simplified model depicting known regulatory functions of JAs during floral maturation 
of sympetalous and polypetalous plants.  
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herbivore defenses. However, the long standing assumptions that endogenous JA-Ile regulates 

floral maturation and the expression of floral pollinator rewards such as nectar secretion still 

awaits to be proved. Furthermore, little is known about the opening process of sympetalous 

flowers with fused petals (Figure 3A, left panel) which requires an impressive movement, since 

the helically furled limb of these flowers unfolds within minutes or hours. 

In manuscript V I used transgenic lines of Nicotiana attenuata, a plant developing sympetalous 

flowers with complex pollination biology, to investigate how JAs homeostasis coordinates 

distinct metabolic processes underlying corolla maturation and flower opening. By using plants 

in which JAs signaling has been differentially manipulated, I show that JA-Ile but not COI1 is 

required for full corolla opening. Our results show that this clearly contrasts with the regulation 

of limb-based emission of the pollinator attractant benzylacetone, which is mediated by the 

COI1/JA-Ile signaling duet similar to nectary maturation and nectar secretion.  
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2.  List of Manuscripts: Contents and Author’s Contributions 

Note: the formatting and terminology used in the original manuscripts has been maintained, and 
so there are some minor formatting and terminology differences among chapters. 
 

Manuscript I 

“Ectopic expression of AtJMT in Nicotiana attenuata: creating a metabolic sink has tissue-

specific consequences for the jasmonate metabolic network and silences downstream gene 

expression” 

Michael Stitz, Ian T. Baldwin, Klaus Gase, and Emmanuel Gaquerel 

Plant physiology 2011, (157:1), 341–54 

 

This study establishes the mechanistic function and scientific values of creating a 

metabolic sink in the jasmonic acid (JA) biosynthetic pathway of Nicotiana attenuata. Ectopic 

expression of Arabidopsis thaliana JA-O-methyltransferase (35S-jmt) amplified methylation of 

endogenous JA, an effect which was reinforced in different transgenic lines by simultaneously 

suppressing the reveres reaction by silencing N. attenuata methyl jasmonate esterase (35S-jmt/ir-

mje). This redirection of the herbivore induced JA burst cut off the proliferation of other 

jasmonates such as Jasmonoyl-isoleucine (JA-Ile). Examination of the auto regulatory function 

of JA homeostasis by transcriptional analysis revealed that the expression for genes involved in 

JA biosynthesis and herbivory defense are uncoupled. This manuscript further addresses, by 

refined jasmonate kinetics in dissected leaf tissues, the specific role played by leaf lamina and 

vasculature for the propagation of the herbivory induced jasmonate burst. 

 

The plasmids for ectopic expression and silencing were constructed by Klaus Gase, Ian T. 

Baldwin synthesized and contributed the labeled methyl jasmonate standard. I screened and 

characterized the transformed lines and carried out all experiments and analyzed the data. The 

manuscript I drafted with Emmanuel Gaquerel who conducted the jasmonate network analyses. 

Emmanuel Gaquerel and I developed the experimental design. Ian T. Baldwin participated in 

design of the study and refined with us the manuscript to its final version. 
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Manuscript II 

“Diverting the flux of the JA pathway in Nicotiana attenuata compromises the plant’s 

defense metabolism and fitness in nature and glasshouse”  

Michael Stitz, Ian T. Baldwin, and Emmanuel Gaquerel 

PloS one 2011, (6:10), e2925 

 
This manuscript investigates alterations in Nicotiana attenuata’s secondary metabolism 

and performance in nature caused by the molecular biological redirection of the herbivore 

induced jasmonate burst. Glasshouse experiments revealed the substantially increased 

vulnerability of 35S-jmt plants to Manduca sexta larvae and further showed that the strong 

reductions in seed capsules production, and hence fitness, typical for 35S-jmt plants could be 

restored by hand-pollination. The growth of 35S-jmt plants and WT empty vector was 

comparable in field trials, but 35S-jmt plants were subject to a bigger fraction of the native 

herbivores that also caused significantly more canopy loss. By analyzing secondary metabolites, 

we demonstrated that this greater susceptibility was caused by reduced emissions of volatile 

organic compounds (indirect defenses) and profound alterations in the production of direct 

defenses. Complementation experiments with JA-Ile, the formation of which is outcompeted by 

the methylation reaction in 35S-jmt plants, partly restored the impaired defense traits of 

transgenics. These results demonstrate that MeJA, the major JA metabolite in 35S-jmt plants, is 

not an active signal in defense activation. 

 

I carried out all experiments and analyzed all data except for the analysis of metabolic 

networks which was a joint effort with Emmanuel Gaquerel. Emmanuel Gaquerel and I 

developed the experimental design. Field release experiments were planned with Ian T. Baldwin, 

Emmanuel Gaquerel and I performed them in close collaboration with Danny Kessler and Celia 

Diezel. I drafted the manuscript with Emmanuel Gaquerel and together with Ian T. Baldwin the 

manuscript was refined to its final version. 
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Manuscript III 

 “Jasmonate Signaling in the Field, Part I: Elicited Changes 
in Jasmonate Pools of Transgenic Nicotiana attenuata Populations” 

Emmanuel Gaquerel, Michael Stitz, Mario Kallenbach, Ian T. Baldwin 

In A. Goossens, L. Pauwels (Eds.), Jasmonate Signaling: Methods and Protocols Chapter 7, (pp. 
83-95). New York: Humana Press. 

 

This book chapter describes a comprehensive toolbox developed for the analysis of 

jasmonate signaling under field conditions. The here presented methods were optimized in the 

last 20 years with a focus on the plant-herbivore interactions of the wild tobacco Nicotiana 

attenuata in the Great Basin desert, its native habitat. We provide detailed guidelines for the 

analysis of herbivory-induced changes in the jasmonate pools of field grown plants. Plant 

selection and field release of previously characterized transgenic lines are thereby covered as 

well as the simulation of metabolic elicitation by chewing herbivore attack and the quantification 

of the resulting changes in jasmonate fluxes. 

 

I and Mario Kallenbach conducted the experiments and designed the figures and we 

wrote the first draft of the manuscript with Emmanuel Gaquerel who defined the structure of the 

book chapter with Ian T. Baldwin. Ian T. Baldwin refined with us the manuscript to its final 

version. 

 

Manuscript IV 

“Jasmonate Signaling in the Field, Part II: Insect-Guided Characterization  
of Genetic Variations in Jasmonate-Dependent Defenses of Transgenic and Natural 

Nicotiana attenuata Populations” 

Emmanuel Gaquerel, Michael Stitz, Mario Kallenbach, Ian T. Baldwin 

In A. Goossens, L. Pauwels (Eds.), Jasmonate Signaling: Methods and Protocols Chapter 8, (pp. 
97-109). New York: Humana Press. 

In this second book chapter we describe the analysis of jasmonate-dependent defenses 

and provide detailed guidelines of how the impact of these defense traits on the plant’s native 

herbivore community can be evaluated under field conditions. These protocols are based on 



Manuscript overview 

 
22 

previous field releases of transgenic lines manipulated in jasmonate biogenesis, metabolism or 

perception, aiming to investigate associations between plant’s defensive trait expression and 

susceptibility to native herbivores. We further describe how leafhoppers of the species Empoasca 

which evolved mechanisms to eavesdrop on plants jasmonate signaling, can be deployed as 

“bloodhounds” to identify individual N.attenuata plants with natural variations in jasmonate 

signaling. 

 

I and Mario Kallenbach conducted the experiments, designed the figures and we wrote 

the first draft of the manuscript with Emmanuel Gaquerel who defined the structure of the book 

chapter with Ian T. Baldwin. Ian T. Baldwin refined with us the manuscript to its final version. 

 

Manuscript V 

“JA-Ile coordinates metabolic networks for corolla opening, anthesis and floral 

attractants/rewards in wild tobacco through COI-1 dependent and independent 

mechanisms” 

Michael Stitz, Markus Hartl, Ian T. Baldwin, and Emmanuel Gaquerel 

Submitted to PloS biology (09.2013)   

 
In this manuscript we investigated the regulation of the jasmonate (JAs) homeostasis and 

especially the role of JA-Ile in the maturation and opening process of the sympetalous flowers 

produced by N. attenuata. Using transgenic lines in which JA biosynthesis was interrupted (via 

silencing allene oxide cyclase, ir-aoc), redirected (35S-jmt/ir-mje) or the JAs perception 

impaired by silencing of the JA-Ile receptor coronatine insensitive1 (ir-coi1), we demonstrate 

that JA-Ile regulates flower opening through a COI1 independent mechanism. We further show 

that in contrast with the herbivore induced foliar JAs burst, the developmentally regulated floral 

JAs accumulation underlies a JA-Ile mediated and COI1 dependent negative feedback loop. A 

central role for the JA-Ile/COI1 signaling duet was also found in the regulatory mechanisms of 

N. attenuata’s complex pollination ecology. We demonstrate that the expression of both, floral 

pollinator attractants such as limb-based benzylacetone emissions, and pollinator rewards (nectar 

secretion), are dependent on endogenous JA-Ile signaling via COI1. Finally, this manuscript 
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provides concrete evidence for a connection between JAs signaling and the regulation of the 

energy metabolism in expanding corolla limbs. 

 

I carried out all experiments and analyzed all data except for the transcriptomic network 

which was a joint effort with a major contribution of Emmanuel Gaquerel. Experiments were 

planned and designed by me and Emmanuel Gaquerel. Markus Hartl conducted the nectar 

measurements. The manuscript I drafted with Emmanuel Gaquerel and Markus Hartl, Ian T. 

Baldwin refined it. 
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Figure S1: 35S-jmt-1 plants were as vulnerable to herbivorous mirids as EV plants in the field. 
Mean (± SD) damage caused by mirids (Tupiocoris notatus) to field grown 35S-jmt-1 and empty-vector 
(EV) plants measured 20 days after plants were transplanted to the field. Asterisks represent significant 
differences between EV and 35S-jmt-1 (unpaired t-test; * P<0.05).                    
doi:10.1371/journal.pone.0025925.s001 

 

 

Figure S2: Principal component analysis of volatile blends emitted by 35S-jmt-1 and EV plants in 
the field. Principal component (PC) analysis of 42 volatile organic compounds emitted from field-grown 
plants after wounding and OS-elicitation of leaf (W+OS) revealed a distinction between volatile blends 
emitted by 35S-jmt-1 and empty-vector (EV) transformed plants 24–29 h after elicitation but not 0–1.5 h 
after elicitation. Volatile emissions were expressed as peak areas standardized to the internal standard (IS) 
tetralin peak response and log2-transformed before analysis. doi:10.1371/journal.pone.0025925.s002 
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Figure S3: Loadings exerted on component 1 and component 2 of the PLSDA by each of the 42 
most abundant volatiles emitted in nature. The 42 most abundant and consistently detected VOCs 
during GCxGC-TOFMS analyses of the sample-set were selected for statistical processing. Volatile 
compounds are categorized as aromatic (Aro.) compounds, green leaf volatiles (GLVs) – alcohol (Alc.), 
aldehyde (Ald.), hexenylesters (Hexenylest.) and terpenoids (Terp.) – mono- (Mono.) and sesquiterpenes 
(Sesquit.). Mono- and sesquiterpenes as well as hexenyl-esters contributed the most to the genotype 
distinction afforded by component 2 (Figure 5A). ‘Early’ and ‘late’ volatile blends were clearly 
discriminated on the first component of the partial least square discriminant analysis, PLSDA (Figure 5A) 
projection plot. In agreement with previous reports [36] and as visualized from the examination of the 
loadings on component 1, increases in terpenoid and hexenylester production after one day concomitant 
with vanishing emissions of non-esterified GLVs accounted for this group separation. Volatile emissions 
are expressed as peak areas standardized to the internal standard (IS) tetralin peak response and log2-
transformed before analysis.                  doi:10.1371/journal.pone.0025925.s003 

 

http://www.plosone.org/article/info%3Adoi%2F10.1371%2Fjournal.pone.0025925#pone-0025925-g005
http://www.plosone.org/article/info%3Adoi%2F10.1371%2Fjournal.pone.0025925#pone-0025925-g005
http://www.plosone.org/article/info%3Adoi%2F10.1371%2Fjournal.pone.0025925#pone.0025925-Allmann1
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Figure S5: Differential regulation of the metabolomic profile of field grown 35S-jmt-1 plants after 
W+OS elicitation compared to EV controls. Differential expression in m/z features of the metabolomic 
profiles of field grown 35S-jmt-1 and EV control plants was assessed using the SAM algorithm 
implemented in the TIGR MEV platform version 4.6. The delta value (Delta Table in File S1) was set in 
order than the FDR did not exceed 1%. The fold-change threshold was set to 2.          
doi:10.1371/journal.pone.0025925.s005 

 

 

Figure S4: Ectopically expressing AtJMT in N. attenuata 
reduces herbivory-induced transcript levels of NaHPL. 
Mean (± SD, n = 5) accumulation of hydroperoxide lyase 
(HPL) transcripts 2 h after W+OS elicitation. Asterisks 
represent significant differences between WT and 35S-jmt-
1 (unpaired t-test; *** P<0.0001). NaHPL transcripts were 
quantified as described in File S2.             
doi:10.1371/journal.pone.0025925.s004 

 

http://www.plosone.org/article/info%3Adoi%2F10.1371%2Fjournal.pone.0025925#pone.0025925.s009
http://www.plosone.org/article/info%3Adoi%2F10.1371%2Fjournal.pone.0025925#pone.0025925.s010
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Figure S6: Representative (n = 4–5) UPLC-TOFMS extracted ion chromatograms computed for 
precursor ions corresponding to different metabolic classes deregulated in 35S-jmt field-grown 
plants. Elemental formulas (Elem. Formula) – relative mass errors (in ppm) were for all predicted 
elemental formulas below 8 ppm – were calculated using Smart Formula from the UPLC-TOFMS 
operating software. Candidate formulas were ranked according to both mass deviation and isotope pattern 
accuracy reflected in the sigma value. MS/MS+ spectra for some of the reported parent ion have been 
published by our group in [39] and the strategy used for compound annotation is explained in this 
publication. Indexes after nitrogen atoms indicate that structural rearrangements during in-source or CID-
MS/MS fragmentation did not allow the unequivocal assignment of the phenylpropanoid residues to 
either the N1, N5, or N10 positions of spermidine. C: core molecule; G: glycosylated DTG; G+M: 
glycosylated+malonylated.          
doi:10.1371/journal.pone.0025925.s006 

 

http://www.plosone.org/article/info%3Adoi%2F10.1371%2Fjournal.pone.0025925#pone.0025925-Schittko1
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Figure S7:Caffeoylputrescine is absent from extracts of 35S-jmt-1 plants and partly restored in JA-
Ile, but not in JA complemented leaves. Mean (± SD) caffeoylputrescine accumulation in local and 
systemic leaves of induced rosette-stage leaves from wild-type (WT, black bars) and lines ectopically 
expressing AtJMT (35S-jmt-1, white bars; 35S-jmt-2, grey bars) harvested 3 days after one fully expanded 
leaf per plant was wounded by a fabric pattern wheel and treated with distilled water (W+W), JA (0.1 
µmoles, W+JA) or JA-Ile (0.1 µmoles, W+JA-Ile). Bars sharing the same letters are not significantly 
different (unpaired t-test, n = 5).  doi:10.1371/journal.pone.0025925.s007 

 

  

 

 

 

  

Figure S8: Constitutive and W+OS-induced levels 
of direct defenses are strongly reduced in 
glasshouse grown 35S-jmt-1 plants. Mean (± SD, n 
= 5) (A) trypsin proteinase inhibitor (TPI) activity, 
(B) nicotine and (C) diterpene glycosides (DTGs) 
accumulation in rosette leaves from wild type (WT) 
and 35S-jmt-1 plants before (‘Constitutive’) and 3 
days after that one fully expanded leaf per plant 
was W+OS elicited. The untreated orthostichous 
leaf above the elicited leaf (‘Local’) was analyzed as 
the systemic leaf (‘Systemic’). Asterisks represent 
significant differences between WT and 35S-jmt-1 
plants (unpaired t-test; * P<0.05; ** P<0.001, *** 
P<0.0001). 
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Supplemental File S2 

METHODS FOR FIGURE S4 
Quantitative real-time PCR analysis 

Total RNA from five biological replicates per line was extracted as described in Linke et al. [1]. 

RNA extracts were treated with DNAse using the DNA-free™ Kit from Ambion (Applied 

Biosystems/Ambion, Austin). cDNA was synthesized from 500 ng RNA using SuperScript II Reverse 

Transcriptase (Invitrogen, Germany) and a poly-T primer. Quantitative real-time PCR (qRT-PCR, 

Stratagene 500 Mx3005P, Waldbronn, Germany) was conducted with 30 ng cDNA using the core reagent 

kit (Eurogentec, http://www.eurogentec.be) and pairs of gene specific primers:  

NaACTIN forward: 5´-GGTCGTACCACCGGTATTGTG-3´ 

NaACTIN reverse: 5´-GTCAAGACGGAGAATGGCATG-3´ 

NaHPL forward: 5´-CACTTAGACTTAGTCCACCTGTGC-3´ 

NaHPL reverse: 5´-AACACAAACTTTTCAGGATCATCA-3´ 

 qPCR products were detected after reaction with SYBR Green (qPCR Core Kit for SYBR Green 

I; Eurogentec, Köln, Germany). Relative gene expression was calculated using a 200-fold dilution series 

of cDNAs synthesized from RNA samples of the same experiment and normalized, according to Pfaffl et 

al. [2], by the expression value N. attenuata ACTIN gene. 

 

References: 

1. Linke C, Conrath U, Jeblick W, Betsche T, Mahn A, et al. (2002) Inhibition of the plastidic ATP/ADP 
transporter protein primes potato tubers for augmented elicitation of defense responses and 
enhances their resistance against Erwinia carotovora. Plant Physiology 129: 1607-1615. 

2. Pfaffl MW, Horgan GW, Dempfle L (2002) Relative expression software tool (REST (c)) for group-
wise comparison and statistical analysis of relative expression results in real-time PCR. Nucleic 
Acids Research 30. 

3. Kessler A, Baldwin IT (2001) Defensive function of herbivore-induced plant volatile emissions in 
nature. Science 291: 2141-2144. 

4. Gaquerel E, Weinhold A, Baldwin IT (2009) Molecular interactions between the specialist herbivore 
Manduca sexta (Lepidoptera, Sphigidae) and its natural host Nicotiana attenuata. VIII. An unbiased 
GCxGC-ToFMS analysis of the plant´s elicited volatile emissions. Plant Physiology 149: 1408 - 1423. 
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Table SI. W+OS-elicited emissions for the 22 most abundant VOCs. 

Mean (± SD, n = 5 to 6) emissions of terpenoids, GLVs and aromatic compounds of Empty-Vector (EV) 

and 35S-jmt1plants relative to the internal standard, tetralin. One leaf (+1 position) of each rosette stage 

plant was mechanically wounded and treated with M. sexta oral secretions (W+OS). Volatiles were 

collected as described in Kessler et al. [1] 24 to 29 h after elicitation. Samples were analyzed by GCxGC-

TOF-MS and two-dimensional separations were attained using an RTX-5MS column followed by a DB-

17 column, providing retention time RT1 (first dimension) and RT2 (second dimension) as described in 

Gaquerel et al. [2]. Asterisks represent significant differences between WT and 35S-jmt -1 (unpaired t-

test; * P < 0.05; ** P < 0.001, *** P < 0.0001; n.d. = not detected) 

  
     

Class Compound RT (s)      
 

    RT1 RT2           EV       35S-jmt-1    

Terpenoids  α-cedrene  1266 2.61 0.27 ± 0.03 0.13 ± 0.01   

 
α-pinene  396 2.06 0.22 ± 0.07 0.09 ± 0.02 

 

 
α-terpineol  906 3.09 0.63 ± 0.13 0.12 ± 0.02 ** 

 
β-myrcene  528 2.24 0.31 ± 0.3 0.09 ± 0.02 *** 

 
β-pinene  486 2.43 0.16 ± 0.03 0.08 ± 0.01   

 
limonene  600 2.35 0.18 ± 0.01 0.1 ± 0.01 ** 

 
trans-α-bergamotene  1302 2.39 0.2 ± 0.04 0.07 ± 0.01 * 

  trans-β-caryophyllene  1272 2.57 0.02 ± 0.01 0.03 ± 0.01   

GLVs 1-hexanol 276 2.6 0.28 ± 0.06 0.29 ± 0.07   

 
cis-3-hexen-1-ol 246 2.63 13.23 ± 2.47 2.35 ± 0.46 ** 

 
cis-3-hexenyl acetate  570 2.95 1.17 ± 0.02 0.16 ± 0.03 * 

 
cis-3-hexenyl butyrate  912 2.7 0.54 ± 0.01 0.06 ± 0.02 * 

 
cis-3-hexenyl formate  384 2.99 0.01 ± 0.03 0 ± 0   

 
cis-3-hexenyl isobutyrate  834 2.61 0.98 ± 0.01 0.05 ± 0.01 * 

 
cis-3-hexenyl propionate  756 2.78 0.41 ± 0.25 0.38 ± 0.14   

 

cis-3-hexenyl-2-
methylbutanoate 990 2.56 0.17 ± 0.00 0.01 ± 0.00 * 

 
ethyl benzoate  876 3.86 0.04 ± 0.08 0.01 ± 0.01   

 
hexanal  174 1.83 0.17 ± 0.06 0.23 ± 0.07 

 

 
hexyl isobutyrate 840 2.41 0.02 ± 0.03 n.d.   

  hexylbutyrate 918 2.51 0.05 ± 0.03 0.02 ± 0.01 
Aromatic 
compounds benzaldehyde  462 4.74 0.2 ± 0.02 0.16 ± 0.03 

  benzylalcohol  624 4.48 0.05 ± 0.19 0.05 ± 0.01 
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Abstract 
Jasmonic acid and its derivatives (JAs) are thought to play central roles for floral 

maturation. The binding of jasmonoyl-L-isoleucine (JA-Ile) to the F-box CORONATINE 

INSENSITIVE1 (COI1) is required for many JAs-dependent physiological responses, 

but its role in anthesis and pollinator attraction traits remains largely unexplored. By 

complementing signaling deficiencies of transgenic Nicotiana attenuata plants with 

methyl jasmonate, JA-Ile and its functional homologue, coronatine (COR), we 

demonstrate that: (i) JA-Ile/COR-based signaling regulates corolla limb opening and a 

JAs negative feedback loop; (ii) production of floral volatiles and nectar requires JA-

Ile/COR perception through COI1; (iii) limb expansion involves COI1-independent JA-

Ile-induced changes in limb fresh mass and carbohydrate metabolism. These findings 

demonstrate a master regulatory function of the JA-Ile/COI1 duet for the main function 

of a sympetalous corolla, that of advertising for and rewarding pollinator services. 

Flower opening, in contrast, requires an alternative JA-Ile signaling pathway that 

recruits COI1-independent changes in primary metabolism. 
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Introduction 
In most angiosperms, floral development culminates with anthesis and stigma 

receptivity, the time in the flower maturation process at which sepals and petals of fertile 

flowers open to expose the reproductive inner organs to allow for pollination. Non-

reproductive flower organs [1, 2] also fulfill other crucial functions essential for plants’ 

evolutionary success [3, 4]. For instance, petals frequently play a dual role in protecting 

the valuable reproductive organs and providing the all-important advertising services 

required to assure the optimal rate of successful out-crossed pollinations by producing a 

multitude of chemical and visual cues to attract animal pollinators, optimizing their 

behavior and minimizing the collateral damage that comes when these advertisements 

also attract florivores [5–9]. Unlike flower pigments, the synthesis of which usually 

occurs during early developmental stages, floral volatile and nectar production typically 

occurs after anthesis and is rapidly terminated after successful pollination [10–13]. This 

coordination of corolla opening with the metabolic requirements of the production of 

pollinator advertisements and rewards is as important as the well-studied coordination 

of the optimal spatial arrangements of anthers and gynoecium in allowing flowers to 

successfully optimize their reproductive function [14].  
During flower maturation, the speed and rate at which floral organs elongate 

strongly varies with the flower’s developmental stage [15, 16]. Recent studies have 

shown that the developmental progression of distinct floral organs post-organogenesis 

is controlled by the interaction of differing hormonal networks that vary in their dynamics 

[17]. In this respect, the complex molecular machineries that coordinate morphogenesis 

and tissue growth via the interaction of gibberellins [18, 19], cytokinins [20] and auxins 

[21, 22] have been extensively investigated [17, 23]. Others, such as abscisic acid 

(ABA) have received less attention but the few reports indicate an involvement of this 

phytohormone in floral development [24, 25]. One prominent group of plant growth 

regulator compounds with fundamental functions in floral development consists of 

jasmonic acid (JA) and its derivatives, hereafter referred to as jasmonates (JAs). JAs 

occur ubiquitously in the plant kingdom and are known to regulate diverse processes 

ranging from root growth, anther dehiscence and fruit ripening to plant defenses against 

insects and pathogens [26–30]. In response to stress or developmental cues, JA is 

synthesized from linolenic acid via several enzymatic reactions referred to as the 
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octadecanoid pathway [28, 31–33]. All genes encoding enzymes in this pathway, 

including phospholipase (PLA), lipoxygenase (LOX), allene oxide synthase (AOS), 

allene oxide cyclase (AOC), and 12-oxo-phytodieonic acid reductase (OPR), have been 

cloned from Arabidopsis and various other plants such as tomato and Nicotiana 

attenuata [34–36]. Previous work has shown that in response to elicitation by biotic or 

abiotic stresses, JAs accumulate transiently in patterns that are controlled by several 

feedback loops [37, 38]. In contrast, less is known about regulation of JAs biosynthesis 

in distinct floral tissues, though the existence of regulatory mechanisms differing from 

those reported in vegetative tissues has been suggested [39, 40]. 

Research with Arabidopsis mutants insensitive to coronatine (COR), a bacterial 

toxin which acts as structural and functional homolog of the phytohormone jasmonoyl-

isoleucine (JA-Ile), provided the first recognition of the role of JAs in floral development 

[41]. Mutations at the CORONATINE INSENSITIVE1 (coi1) locus result in the 

production of flowers with non-dehiscing anthers [27]. Later studies identified the COI1 

protein as the F-box component of an SCF-type E3-ubiquitin ligase complex [42] 

required for all JA-mediated responses examined to date. COI1 activity is mediated by 

the degradation of JASMONATE ZIM-DOMAIN PROTEINS (JAZ proteins) via the 26S 

proteasome [43–45] which in turn alleviates a negative transcriptional control over key 

MYB and basic helix-loop-helix (bHLH) transcription factors [46–48]. Comparable roles 

for COI1 homologs in many other model plants have been confirmed [29, 49–51]. In 

several cases such as the dehiscence of anthers or the growth of petals of Arabidopsis 

thaliana flowers, JAs signaling has been shown to interact with other hormones such as 

auxins [52–54]. In contrast to the JAs-dependent regulation of male fecundity and petal 

growth in polypetalous plant species such as A. thaliana, little is known about the role 

that JAs play in the timely development and opening process of functional petal 

complexes developed by sympetalous plants. 

The developmental progression of floral tissues is tightly connected to 

fundamental changes in primary and secondary metabolism [11, 55]. For instance, the 

rapid expansion of petal tissues is associated with a rapid increase in soluble sugar 

levels in many plant species [56–59]. The role played by carbohydrate metabolism in 

the coordination of developmental transitions and flowering time has recently received 

more attention [60–62]. Sugar and energy metabolisms are thereby of central 

importance for the petals’ osmotic pressure and energy-demanding processes that are 
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required for anthesis and the expression of floral metabolic traits [58, 59, 63]. While 

cross-regulations between carbohydrates and gibberellins during flower development 

have been established [64], little is known about possible connections between floral 

carbohydrate metabolism and JAs signaling since most studies on JAs signaling 

metabolic output have been restricted to plant leaves and roots [65, 66]. 

To understand the function of JAs homeostatic controls and signaling in 

coordinating flower development and the deployment of pollinator attraction traits, we 

analyzed flowers of N. attenuata transgenic lines in which either the JAs flux was 

redirected or total JAs biosynthesis or JA-Ile perception via COI1 was disrupted. Using 

a multidisciplinary approach, we demonstrate that the formation of functional corollas 

with completely opened limbs in N. attenuata requires JA-Ile mediated, but COI1- and 

MYB305- independent, signaling. We further show that the rapid increases in corolla 

JAs levels are developmentally regulated by a negative feedback mechanism requiring 

the interaction of JA-Ile with COI1, whereas the expression of floral pollinator attraction 

traits is positively regulated by this interaction. Finally, we provide concrete evidence for 

a connection between JAs signaling and the regulation of energy metabolism in the 

expanding corolla limb, results which significantly expand our understanding of JAs-

mediated floral maturation processes.  
 

Results  
Stepwise interruptions in jasmonate (JAs) signaling have organ-specific effects 
on the maturation of Nicotiana attenuata flowers  

To investigate the role of JAs biosynthesis and perception through 

CORONATINE INSENSITIVE1 (COI1) for floral development and anthesis, we 

examined a set of transgenic N. attenuata lines altered at different steps of the JAs 

signaling pathway (Figure 1A). Total JAs biosynthesis is interrupted in ir-aoc by 

silencing ALLENE OXIDE CYCLASE (AOC) [36, 67], thereby preventing the formation 

of oxo-phytodieonic acid (OPDA) whose biological activity has been recently discussed 

[68, 69]. Ectopic expression of Arabidopsis thaliana JASMONIC ACID METHYL 

TRANSFERASE (JMT) and simultaneous silencing of METHYL JASMONATE 

ESTERASE (MJE) in JMT/mje redirects jasmonic acid (JA) towards inactive methyl 

jasmonate (MeJA) and conversely reduces the formation of jasmonoyl-L-isoleucine (JA-
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Ile) and other JA-conjugates [70]. Silencing COI1 on the other hand interrupts JA-Ile 

perception through the F-box protein COI1 [49].  
From rigorous examinations of flower development in the glasshouse, we 

observed that ir-aoc plants produced flower corollas that are longer than WT with limbs 

that failed to open completely. ir-aoc styles were shorter than those of WT flowers and 

anthers of this line show impaired dehiscence. Additionally, when compared to WT 

flowers, the nectary glands located at the base of the ir-aoc flowers displayed weaker 

pigmentation which reflects defects in nectary maturation and nectar production. Like ir-

aoc, JMT/mje corolla limbs also failed to expand completely, but style shortening and 

the juvenile character of nectary glands in JMT/mje were more pronounced whereas 

corolla length and anther dehiscence were similar to those of WT. As previously 

reported in N. attenuata and other plant species, interrupting COI1-based JAs 

perception caused severe impairments in anther dehiscence. Additionally, styles and 

corollas of ir-coi1 were shorter than those of WT flowers. Strikingly, the limb expansion 

of ir-coi1 flowers was not affected whereas nectaries remained light green during the 

floral life-time. COI1 expression was strongly silenced in corolla (93.1%), nectary 

(92.3%), style (92.6%) and anther (81.6%) tissues (Figure 1—figure supplement 1) and 

silencing efficiencies matched those previously reported for different ir-coi1 plant tissues 

by Paschold et al. [49]. Hemizygous plants obtained by crossing JMT/mje and ir-coi1 

(JMT/mje X ir-coi1) recapitulated morphological alterations of JMT/mje plants to a 

stronger degree, except that anther dehiscence was additionally impaired. These 

observations suggest that developmental alterations in floral development strongly 

depend on the nodes altered in the JAs pathway.  

 
JAs control synchrony and velocity of floral organ growth 

We recorded the size of floral tissues dissected from individual buds 

developmentally-determined by the length of their corolla (Figure 2A). Sepals elongated 

only marginally over the examined developmental frame whereas corollas and filaments 

expanded synchronously until anthesis. Interestingly, we found that the growth of styles 

of WT and ir-coi1 progressed linearly with corolla length, while style elongation in ir-aoc 

and JMT/mje was abruptly halted when the corolla reached ~13 mm. To determine the 

timing of JAs regulatory functions over floral maturation, we defined a fixed range of 
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sampling times with the first day being defined as the day at which the corolla protruded 

the sepals (Figure 2B inset; 1DAP) and the day of anthesis (corolla limb fully expanded) 

as the final stage of our examinations. To clarify when alterations in size and maturation 

of corollas were determined in transgenic plants, we examined the duration and daily 

increase in corolla length during the accelerated expansion phase until anthesis. All 

monitored transgenic flower buds reached anthesis 1 day later than WT ones. While WT 

flowers characteristically remain open for 2 to 3 consecutive nights, flowers of 

transgenic plants typically wilted during the second night after anthesis.  

Consistent with the above observations, relative elongation rates of corollas, 

filaments and styles of individual flowers were consistently reduced, with the strongest 

effects detected for ir-aoc and JMT/mje style elongation (Figure 2—figure supplement 

1). Relative growth rate (RGR) calculations revealed that WT flower length increased 

exponentially for two days prior to anthesis whereas all transgenic flowers showed an 

additional day of exponential corolla elongation, but had overall reduced relative growth 

rates compared to WT (Figure 2—figure supplement 2). We collected corollas and 

examined whether total JAs pool dynamics showed a similar delay as observed for the 

floral growth. Total JAs accumulation peaked at 2DAP in WT corolla tissues and then 

decreased sharply until anthesis (4DAP) which strongly contrasted with the corolla 

tissues of ir-aoc plants which accumulated ~ 120 times less JAs at the same DAP. 

However, while redirecting JA flux (JMT/mje) or impairing JAs perception (ir-coi1) 

delayed the peaking time and altered the relative composition of JAs pools, the overall 

magnitude of the accumulated JAs pools was only marginally affected. 

 
Transcriptional activation of JAs biosynthesis precedes JA-Ile accumulation and 
rapid flower maturation 

From the above results, we inferred that a developmentally-tuned elevation in the 

JAs pathway flux was required during the initial phase of corolla elongation. To examine 

this inference, we quantified corolla transcript levels of central JAs biosynthesis genes 

from 1 DAP until anthesis (Figure 3A,B). We additionally measured the transcript levels 

of NaJAZd, a recently identified transcriptional repressor of JA accumulation in 

complete N. attenuata flowers [71] and NaMYB305, the N. attenuata ortholog of 

Arabidopsis MYB21, a transcription factor in various plants species known for its role in 



 Jasmonates dynamics and flower maturation  Manuscript V 
 

 
107 

floral development [14, 72, 73]. Expression of the JAs biosynthesis transcripts NaAOS 

[36] and NaTD [74] peaked in WT, ir-aoc and ir-coi1 corollas at 1 DAP and decreased 

during corolla expansion. NaOPR3 [36] expression, in contrast, peaked at 2 DAP and 

remained low at the other time points. Transcript accumulation for NaTD, which supplies 

Ile for JA-Ile formation, was impaired in ir-aoc and ir-coi1 flowers at all time points 

tested. NaJAZd transcript levels exhibited a different accumulation pattern as its peak of 

expression matched the genotypes’ stage at anthesis, an accumulation dynamic that 

was also observed for NaMYB305.  

 To visualize the impact of gene expression modulations on JAs homeostasis, we 

analyzed individual JAs dynamics during corolla elongation (Figure 3C). OPDA levels 

rose in WT until anthesis and then dropped rapidly, a pattern also observed in JMT/mje 

corollas, with the noticeable difference that OPDA peaking levels were ~30% higher 

than in WT and dropped before anthesis. In ir-coi1 highest levels of OPDA were ~ 50% 

lower but, as in WT, peaked at anthesis. As expected, ir-aoc corolla tissues showed 

severe reductions in corolla OPDA (~ 98% less) and JA (~ 99% less). In WT corollas, 

JA peak levels at 2 DAP coincided with that of NaOPR3 transcripts and total JAs pools. 

In line with the delayed maturation of these genotypes, JA accumulation in JMT/mje and 

ir-coi1 corollas was shifted by one DAP. As expected, the reduction in JA levels in 

JMT/mje (~ 40% less than WT) was mirrored by a massive MeJA accumulation absent 

in WT, ir-aoc and ir-coi1 corollas. Redirecting the JA flux towards MeJA in JMT/mje also 

translated into a dramatic reduction of JA-Ile levels similar to that observed in ir-aoc 

(~100 times lower than in WT). ir-coi1 corollas showed a distinct pattern by constantly 

accumulating more JA-Ile resulting in ~50% higher peak levels than in WT corollas. 

Accumulation of JA-Glc followed that of JA, with the exception that in ir-coi1 tissues, JA-

Glc levels remained high until anthesis. In line with the JA dynamics, levels of inactive 

11- and 12-OH-JA (OH-JA) catabolites were temporarily shifted in all genotypes. 
 

Treatments with JA-Ile, MeJA and COR impact JAs fluxes and restore aberrant 
patterns of floral development 

To evaluate if alterations in the limb opening of ir-aoc and JMT/mje were directly 

caused by impaired JA-Ile accumulation, we conducted JA-Ile supplementation 

treatments and observed that exogenous applications of JA-Ile restored complete limb 

opening in ir-aoc and JMT/mje flowers (Figure 4A). We also conducted treatments with 
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MeJA and coronatine (COR). Following demethylation by a methyl-jasmonate-esterase 

(MJE), MeJA can serve as precursor for JA-Ile formation in WT, ir-aoc and ir-coi1. The 

bacterial phytotoxin COR is a structural and functional homologue of JA-Ile that induces 

characteristic JA-responses [27, 41] and due to its high bioactivity/permeability is 

frequently used to investigate signaling functions of JA-Ile [75]. Neither MeJA nor COR 

treatments could restore the delay in anthesis of transgenic flowers (Figure 2—figure 

supplement 3). We next assessed the effects of the treatments on the maturation of 

individual floral organs. COR treatments had a profound growth-promoting effect on the 

corolla length and fully restored limb expansion of ir-aoc, JMT/mje and notably that of 

JMT/mje X ir-coi1 flowers (Figure 4B,C). ‘Back-crossing’ with WT plants did not change 

floral phenotypes of either JMT/mje or ir-coi1 (Figure 4—figure supplement 1). As 

expected, MeJA treatment rescued limb opening only of ir-aoc but not of JMT/mje or 

JMT/mje X ir-coi1 corollas. We observed similar COR and MeJA growth-promoting 

effects for style elongation, but neither styles of ir-aoc nor JMT/mje treated flowers 

attained the size of WT flowers. None of the phenotypic alterations of ir-coi1 flowers 

was significantly affected by the treatments.  

Striking differences were observed in size and relative composition of corolla JAs 

pools following complementation treatments (Figure 4—figure supplement 2A). While 

increasing JAs pool levels of transgenic flowers, MeJA treatment caused a slight 

reduction of maximal JAs pools in WT. Strong reductions in JAs pools after COR 

treatments were observed in WT as well as in JMT/mje corollas collected prior to 

anthesis. Interestingly, this retro-control effect of JA-Ile/COR signaling over total JAs 

accumulation did not affect the relative contribution of JA-Ile to WT JAs pools or the 

expression of NaTD (Figure 4—figure supplement 2B, Figure 3—figure supplements 1) 

and was impaired in ir-coi1 flowers. Shifted dynamics of JA-Ile and its catabolite OH-JA-

Ile compared with those of other JAs in the corolla of non-treated ir-coi1 flowers (Figure 

3—figure supplement 2) are further suggesting a role for COI1 in controlling JA-Ile 

metabolism. 

 

Floral sensitivity to COR-mediated limb opening is restricted to the initial phase 
of corolla elongation  

Transcriptional programs controlling flower maturation are activated early during 

morphogenesis [14]. To gain more insights into the timing of COR/JA-Ile signal 
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transduction for limb opening, we assessed the latest developmental stage in which 

exogenously supplied JAs would trigger limb opening. Sensitivity assays conducted with 

complete inflorescences (Figure 5A) showed that only floral buds 9 mm or younger (1 

DAP) of JAs deficient plants (ir-aoc) responded to COR treatments and fully opened 

their limbs at anthesis. COR treatment of buds at later stages (>9 mm) failed in inducing 

complete limb opening (Figure 5B). 
 

Floral nectar secretion requires COI1 signaling and is partly restored by COR 
treatment in JAs deficient plants  

Floral nectar volume can be influenced by exogenous JAs application [76]. 

Transcription factors of the R2R3-MYB family are known to be involved in stamen 

maturation [77] and the function of MYB305 in controlling nectar secretion in ornamental 

tobacco has recently been described [73, 78]. Here we investigated whether JAs 

biosynthesis itself and/or signaling via COI1 were required for N. attenuata floral nectar 

secretion. Compared to WT, ir-aoc flowers secreted substantially less nectar and no 

nectar was detected in ir-coi1 (Figure 6A). COR treatments partly restored floral nectar 

secretion only in ir-aoc flowers, which strongly indicated that COI1 signaling is required 

for nectar secretion. To verify whether the restoration of nectar volume in ir-aoc 

translated from changes in transcriptional regulation, we measured the expression of 

nectar-related transcripts in nectary tissues (Figure 6B). ir-aoc nectaries had reduced 

transcript levels for β-AMYLASE1 (NaBAM1), the transcription factor MYB305, and the 

nectary specific protein NECTARIN1 (NaNEC1 or NaSWEET9). These findings were 

consistent with the strong reduction of NaMYB305 transcript levels in nectaries of 

untreated ir-coi1 flowers whereas NaMYB305 expression in corolla-, style and anther 

tissues of this line was not significantly affected (Figure 3B and Figure 6—figure 

supplement 1). However, COR treatment only partly restored the regulation of these 

transcripts in ir-aoc nectary tissues, a finding in agreement with aforementioned 

changes in floral nectar volumes. 

 

COI1-dependent JA-Ile signaling controls upstream steps in the emission of the 
floral pollinator attractant benzylacetone (BA)  

N. attenuata flowers typically open at night and release BA that attracts night-

active hawk moth pollinators for outcrossing [5, 79]. Since the corolla limb is the main 
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source for BA emissions [5], we assessed whether defective limb opening affected the 

emission of BA (Figure 7A). BA emissions in the headspace of JAs deficient flowers 

which were defective in limb opening (ir-aoc, JMT/mje) were substantially reduced 

compared to that of WT flowers. Strikingly, BA was also largely absent from the 

headspace of fully expanded ir-coi1 flowers, indicating that BA emissions require intact 

COI1 signaling. To examine whether JA-Ile/COR signaling is required for BA emission, 

we measured BA levels in the headspace of MeJA and COR treated flowers. COR 

increased BA emission levels of ir-aoc and JMT/mje to those detected in the headspace 

of WT control flowers, while MeJA amplified BA release only in ir-aoc flowers. 

Consistent with earlier findings [13], BA emissions were substantially lower during the 

second night of anthesis (Figure 7A, inset) and were similar amongst all groups.  

The biosynthesis of BA is poorly understood other than that the activity of the 

polyketide synthase CHALCONE SYNTHASE1 (CHAL1) is required [80]. To clarify 

whether alterations in BA emissions resulted from a deregulation in CHAL1 expression, 

we measured NaCHAL1 transcript abundance (Figure 7B). Importantly, maximal 

NaCHAL1 expression in corolla tissues of all genotypes was detected in open flowers, 

irrespective of the treatments or the time required to attain anthesis. These results 

suggested that the complete opening of the limb alone is not sufficient for BA emission 

and requires intact COI1-dependent JAs regulation of metabolic steps other than the 

expression of NaCHAL1. 
 

Limb opening correlates with JAs dependent increases in limb fresh mass and 
ABA levels  

To better understand the mechanisms behind corolla limb expansion, we 

monitored the opening process of single corollas of nocturnal WT and transgenic 

flowers (Figure 8A). Although ir-aoc and JMT/mje control flowers failed in expanding 

their limbs to WT levels, the first phase of defective limb expansion in these two lines 

co-occurred with the complete opening of WT and ir-coi1 limbs. MeJA and COR 

treatment did not affect the temporal dynamic of the limb unfolding process in any of the 

tested genotypes, although they triggered a complete opening of ir-aoc and JMT/mje 

limbs.  

In several species anthesis coincides with rapid changes in petal fresh mass and 

osmotic potential that correlate with dynamic reconfigurations of carbohydrate 
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composition [81, 82]. We quantified changes in limb fresh mass at the beginning and at 

the completion of anthesis (3 and 7:30pm, Figure 8B). WT (~9.9mg) and ir-coi1 

(~9.4mg) limbs’ fresh mass did not differ at 3pm and increased until anthesis to ~14.3 

and ~12.7mg, respectively. ir-aoc and JMT/mje limbs in contrast were at 3pm (46 and 

55%) and at 7:30pm (36 and 47%) substantially lighter than WT limbs. In agreement 

with above observations, MeJA and COR (ir-aoc) or COR alone (JMT/mje) restored the 

limb fresh mass at both stages of anthesis.  

It has been previously demonstrated that ABA is involved in the process of petal 

unfolding and BA emission [83, 84]. Accordingly, ABA levels measured at the beginning 

and completion of anthesis showed strong reductions especially in dissected limbs of 

JAs deficient flowers (Figure 8B). MeJA (ir-aoc) and COR (ir-aoc, JMT/mje) treatments 

could largely restore ABA levels in limbs of transgenic plants and similar results 

obtained for ABA measurements in complete corollas (Figure 8—figure supplement 1) 

demonstrated a continuous increase in ABA levels until anthesis. The observation that 

the complementation treatments restore ABA in ir-aoc and JMT/mje corollas and limbs 

close to WT/ir-coi1 levels prompted us to conduct an ABA supplementation treatment 

according to Ré et al. [83]. However, applications of ABA failed to restore the limb 

opening of JMT/mje flowers (Figure 8—figure supplement 2). 

 

Limb opening is associated with global changes in carbohydrate and energy 
metabolism 

Dynamic changes in carbohydrate metabolism during flower opening have been 

repeatedly reported in different plants [57, 81, 82, 85]. In light of the pronounced 

developmental effects seen after COR treatments, we conducted a microarray 

experiment to identify genes coding for biological processes differentially regulated after 

COR treatment of ir-aoc flowers (Figure 8—figure supplement 3-5). Amongst the 297 

up- and 51 down-regulated genes by COR, numerous were, as expected, related to 

auxin/jasmonate signaling or cell wall modification. A larger group though was assigned 

to carbohydrate/energy metabolism and glycolysis. Genes differentially regulated by the 

coronatine treatment in ir-aoc corollas were summarized in supplementary file 1A. This 

table also mentions differentially regulated genes being directly homologous to known 

genes in Arabidopsis (supplementary file 1B). 
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Carbohydrates and especially intermediates of the tricarboxylic acid cycle (TCA 

cycle) exert key regulatory functions for the osmotic potential and turgidity of plant cells 

[57, 86]. We investigated dynamics of limb carbohydrate and energy metabolism before 

and after corolla opening and detected that several glycolysis substrates (fructose, 

glucose/hexoses) were significantly reduced in closed limbs of ir-aoc and JMT/mje 

compared to WT, but remained unaffected in ir-coi1 limbs (Figure 9). Sucrose was more 

abundant in ir-coi1, suggesting either a greater sucrose transport into ir-coi1 corollas or 

different levels of invertase activity in ir-coi1 compared to in WT, ir-aoc and JMT/mje. In 

contrast, aromatic compounds were equally altered in all transgenic lines as seen for 

caffeic acid (>90% less than in WT) (Figure 9—figure supplements 1,3). 

The TCA cycle is a central hub interconnected with numerous aspects of a 

plant’s metabolism and citrate has frequently been reported to act as a feedback 

regulator on its own flux [87–89]. We found significantly higher citrate levels in closed 

limbs of ir-aoc (~35%) and JMT/mje (~60%) flowers, which implied a possible feedback 

inhibition. Indeed, compared to WT we observed reduced levels for several 

intermediates of the TCA cycle in closed limbs of ir-aoc and JMT/mje and ir-coi1. 

Amongst these intermediates, malate may be of particular importance for the expanding 

limb due to its previously described role in regulating turgor and cell expansion [86, 90]. 

Although COR and MeJA treatments had only a limited effect on oxalacetate, these 

treatments largely restored the levels of citrate, succinate and especially malate (Figure 

9—figure supplement 2). Comprehensive descriptions of JA-Ile/COR regulatory 

functions over primary metabolism are presented in Figure 9—figure supplement 1-3. 

Together, these results demonstrated a key role for JAs as signals in tuning the 

interconnected metabolic networks in expanding corolla limbs.  
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Figures 
 

 
Figure 1. Floral phenotypes of Nicotiana attenuata wild-type (WT) and transgenic plants 
impaired in different steps of the jasmonate (JAs) signaling cascade. (A) Simplified model 

of the jasmonate pathway with emphasis on the sites of transgenic modifications used in this 

work. Silencing ALLENE OXIDE CYCLASE (ir-aoc) interrupts JAs biosynthesis in an early step 

before the formation of oxo-phytodienoic acid (OPDA); ectopically expressing Arabidopsis 

thaliana JASMONIC ACID METHYL TRANSFERASE (JMT) and simultaneously silencing 

METHYL JASMONATE ESTERASE (MJE) redirects jasmonic acid (JA) towards inactive methyl 

jasmonate (MeJA) and abolishes the conjugation of JA to isoleucine; silencing CORONATINE 

INSENSITIVE1 (COI1) interrupts jasmonoyl-L-isoleucine (JA-Ile) perception through the F-box 

protein COI1. (B) Top row of panels show a complete flower of WT, ir-aoc, JMT/mje, ir-coi1 and 

of a cross between JMT/mje and ir-coi1 (JMT/mje X ir-coi1) at anthesis. Corresponding 

gynoecia (stigma, style and nectary plus ovary) and stamen (filament with anther) are shown in 

the middle panels while the bottom panels show dissected nectaries at the base of the ovary. 

Each row of pictures was taken with the same magnification. Scale bar, 5mm for corollas and 

gynoecia/filaments; 1mm in case of nectary/ovary. 
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Figure 2. Altered composition and timing of JAs pool accumulation are associated with 
asynchrony in organ maturation and delayed anthesis. (A) Scatter plots showing sepal, 

gynoecium and filament lengths relative to the corolla length of individual flowers along floral 

maturation (complete flower size ranging from 7.8 to 38 mm). (B) Mean (± SE, n = 5) corolla 

length measured every day (5:00 pm) day from the first day after the corolla protruded the 

sepals (1 DAP, white inset, C = corolla orange highlighted, S = sepal) until anthesis of 

transgenic flowers (5 DAP). Colored insets in graphs indicate time of corolla limb opening. 

Photographs in the lower panel depict the degree of floral maturation over 5 consecutive days. 

Scale bar, 10 mm. (C) Mean (+ SE, n = 3) summed levels of the six most abundant jasmonates 

detected at indicated DAPs in dissected corolla tissues of different genotypes; oxophytodieonic 

acid (OPDA), jasmonic acid (JA), the sum of 12- and 11-hydroxy-jasmonic acids (OH-JA), 

jasmonoyl-L-isoleucine (JA-Ile), jasmonic acid-12-O-glucose (JA-Glc) and methyl jasmonate 
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(MeJA). Asterisks denote significant differences between JAs pool levels of WT and transgenic 

tissues at the same DAP in Bonferroni post hoc tests following a one-way ANOVA (***, p < 

0.000; **, p < 0.001; *, p < 0.05) after data were square-root transformed.  
 

   
Figure 3. Transcriptional and homeostatic controls over JA-Ile levels during corolla 
maturation are deregulated in transgenic lines. (A) Simplified model of the jasmonate 

biosynthetic pathway highlighting genes analyzed by qRT-PCR. (B) Mean transcript abundance 

(+ SE, n = 3, relative to gene expression of ELONGATION FACTOR 1-ALPHA (EF1α) of 

ALLENE OXIDE SYNTHASE (NaAOS), OPDA REDUCTASE (NaOPR), THREONINE 

DEAMINASE (NaTD), JASMONATE-ZIM DOMAIN PROTEIN D (NaJAZd) and NaMYB305 in 

dissected corolla tissues during expansion of wild type, ir-aoc and ir-coi1 flowers until the first 

day of anthesis (indicated by colored arrows). (C) Levels of the six most abundant jasmonates 

(OPDA, JA, 12-OH-JA, JA-Ile, JA-Glc and MeJA) as detected at the indicated DAP in corolla 

tissues of wild type, ir-aoc, JMT/mje and ir-coi1 flower buds (Mean ± SE, n = 3, each replicate 
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was obtained from 20+ pooled tissues of 3 plants). Asterisks (ir-aoc), tildes (JMT/mje) and plus 

signs (ir-coi1) indicate significant differences between tissues of wild-type and transgenic plants 

collected on the same DAP (unpaired t-test; */~/+ p <0.05, **/~~/++ p <0.001, ***/~~~/+++ p 

<0.0001).  
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Figure 4. JA-Ile, MeJA and coronatine (COR) complementation experiments fully rescue 
limb opening and partly style elongation in JAs deficient flowers. (A) Corolla limbs of the 

indicated genotypes after inflorescences were treated every other day with either control (0.02 

% TWEEN & 0.02 % ethanol) or 500µM JA-Ile solutions. (B) Photographs show complete 

flowers (upper panel), corolla limbs (middle panel) and gynoecia (lower panel) of the indicated 

genotypes. Inflorescences were treated every other day with either control (ctrl, white bars), 100 

µM MeJA (green bars) or 1 µM COR (red bars) solutions. Scale bar, A-B 10 mm. (C) Elongation 

of corollas, corolla limb expansion and length of corresponding gynoecia were monitored 10 

days after initial treatment and quantified for wild type, ir-aoc, JMT/mje, ir-coi1 and JMT/mje X ir-

coi1 flowers (mean + SE, n = 15). Asterisks indicate significant differences between ctrl and 

MeJA or COR treated tissues of the same genotype (unpaired t-test; * p <0.05, ** p <0.001, *** 

p <0.0001).  
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Figure 5. Complete expansion of corolla limbs requires COR/JA-Ile signaling during early 
floral bud development. (A) Photographs depict development of two complete ir-aoc 

inflorescences over 6 days. On day one and every other day, intact inflorescences were treated 

with a COR (upper row) or a control solution (lower row). Dots of the same color indicate the 

same floral bud in each picture over the examined time frame. Straight arrows indicate corollas 

at anthesis, tildes abscised flowers. (B) Left, developmental age and size of individual buds 

present on the inflorescences before the initial treatments. Tables on the right indicate time after 

initial treatments and state of the single developing corollas with [x] indicating expanding buds, 

[+] defective or [O] complete limb opening and [~] abscised flowers. Photographs of one of two 

independent experiments with similar results are shown. 
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Figure 6. Expression of nectar-related transcripts and floral nectar secretion are 
compromised in JAs deficient N. attenuata flowers. (A) Mean (+ SE, n = 11-18) nectar in 

flowers of plants that had been treated for 10 days every other day with either ctrl (white), 100 

µM MeJA (green) or 1 µM COR (red) solutions. Right box shows schematic overview of 

transcriptional control during nectar secretion. A two-factorial ANOVA revealed (Fgenotype= 

197.28, p < 0.000; FTreatment= 1.24, p = 0.29; FTreatment*genotype= 2.56, p < 0.039). Different letters 

indicate significant differences in Bonferroni-corrected post hoc test following a one-way 

ANOVA (p <0.05). (B) Transcript abundance (relative to ELONGATION-FACTOR 1ALPHA 

(EF1α) gene expression) of floral nectar related genes for the transcription factor MYB305 

(NaMYB305), BETA-AMYLASE (NaBAM) and NECTARIN1 (NaNEC1) measured in nectary 

tissues of WT and ir-aoc flowers collected on the day of anthesis (mean + SE, n = 3; each 

replicate was obtained from 30+ pooled tissues of 4 plants). Different letters indicate significant 

differences in Bonferroni-corrected post hoc test following a one-way ANOVA (p <0.05). 

  



Manuscript V   Jasmonates dynamics and flower maturation 

 
120 

 
Figure 7. Benzylacetone emission and CHALCONE SYNTHASE1 expression (NaCHAL1) 
are differentially affected in JAs biosynthesis/perception-deficient flowers. (A) Relative 

floral emission of benzyl acetone (mean + SE, n = 11-17) for WT, ir-aoc, JMT/mje and ir-coi1 

flowers during the first and the second night (inset) of anthesis. Buds of flowers monitored for 

benzylacetone emission had previously been treated every other day for 10 days with either 

control (white), 100 µM MeJA (green) or 1 µM COR (red) solutions. A two-factorial ANOVA with 

factor treatment and factor genotype revealed significant effects (FTreatment= 4.98, p < 0.008; 

Fgenotype= 22.68, p < 0.000; FTreatment*genotype= 6.445, p < 0.000). Different letters indicate significant 

differences in Bonferroni-corrected post hoc following an ANOVA (p<0.05). (B) Transcript 

abundance (relative to gene expression of ELONGATION-FACTOR 1ALPHA (EF1α) of 

CHALCONE SYNTHASE1 (NaCHAL1) in dissected corolla tissues of WT, ir-aoc and ir-coi1 

plants at the indicated day after protrusion (DAP) and treatments (mean + SE, n = 3, each 

replicate was obtained from 20+ pooled tissues of 3 plants). Asterisks represent significant 

differences between WT ctrl and treated transgenic flowers at anthesis (unpaired t-test; * p 

<0.05, ** p <0.001). 
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Figure 8. Rapid changes in limb fresh mass and abscisic acid (ABA) levels during 
anthesis are compromised in transgenic lines with defective limb opening. (A) Corolla 

limb expansion over time of characteristic single wild type, ir-aoc, JMT/mje and ir-coi1 nocturnal 

flowers of inflorescences treated for 10 days every other day with control, MeJA or COR. (B) 
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Mean fresh mass (+ SE, n = 3-5) and ABA levels (+ SE, n = 3, each replicate was obtained from 

20+ pooled tissues of 3 plants) of dissected corolla limbs measured prior to and after completion 

of anthesis (3:00 and 7:30 pm) of flowers that had been treated every other day for 10 days with 

either control (white), 100 µM MeJA (green) or 1 µM COR (red) solutions. Two-factorial 

ANOVAs with factor treatment and factor genotype revealed significant effects for limb fresh 

mass (closed limbs: Ftreatment= 67.25, p < 0.000; Fgenotype= 97.45, p < 0.000; Ftreatment*genotype= 

34.84, p < 0.000; open limbs: Ftreatment= 36.82, p < 0.000; Fgenotype= 55.75, p < 0.000; 

Ftreatment*genotype= 26.94, p < 0.000) and for ABA levels (closed limbs: Ftreatment= 6.43, p < 0.006; 

Fgenotype= 98.59, p < 0.000; Ftreatment*genotype= 9.35, p < 0.000; open limbs: Ftreatment= 21.05, p < 

0.000; Fgenotype= 74.43, p < 0.000; Ftreatment*genotype= 9.48, p < 0.000). Different letters indicate 

significant differences in Bonferroni-corrected post hoc following an ANOVA (p <0.05). 
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Figure 9. Accumulation of carbohydrates and intermediates in energy metabolism is 
impaired in closed limbs of JAs-deficient flowers. (A) Relative changes (%) in metabolite 

accumulation compared to WT as detected in closed corolla limbs before anthesis of control 

treated ir-aoc, JMT/mje and ir-coi1 flowers. Blue bars indicate higher, yellow bars lower level 

than WT. Asterisks indicate significant differences compared to WT levels (mean ± SE, n = 3, 
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each replicate was obtained from 20+ pooled tissues of 3 plants). Glucose, combined glucose 

and hexoses; G6P, glucose 6-phosphate; F6P, fructose 6-phosphate; GADP, glyceraldehyde 3-

phosphate; PEP, phosphoenolpyruvate. Derivatized metabolic extracts were analyzed by 

GCxGC-TOF-MS as described in Gaquerel et al. (2009). Asterisks denote significant differences 

between WT and transgenic tissues (B) Relative sugar levels (mean + SE, n = 3) were 

quantified at beginning (closed) and after (open) completion of anthesis in control (ctrl/white) 

methyl jasmonate (MeJA/green) or coronatine (COR/red) treated limb tissues. Asterisks indicate 

significant differences between COR and MeJA treated versus control tissues of the same 

genotype (unpaired t-test; * p <0.05, ** p <0.001, *** p <0.0001). 

 

 

 
Figure 10. Model summarizing JAs accumulation, transcriptional regulation and 
metabolic processes associated with corolla elongation and limb opening. Fine-tuned JA-

Ile signaling during early floral development controls N. attenuata corolla developmental 

progress and limb opening. Transcriptional and metabolite profiles highlight an early 

developmentally regulated burst in jasmonate pools and further support a negative feedback 
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function of JA-Ile/COR on JAs biosynthesis. Increases in limb fresh mass, corolla transcript 

levels of MYB305 and of JAZD, ABA and soluble carbohydrate levels and the subsequent 

complete limb expansion are not impaired in ir-coi1. However, signaling via the jasmonate 

receptor COI1 is essential for benzylacetone emission and the expression of MYB305 in floral 

nectaries. JAs and COI1 mediate the control over nectary maturation and floral nectar secretion. 
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Figure supplements 
 

  
Figure 1—figure supplement 1. NaCOI1 transcript levels are silenced to similar levels in 
all floral tissues of ir-coi1 plants. Transcript abundance (relative to gene expression of 

NaACTIN) of NaCOI1 in individual floral tissues of WT and ir-coi1 plants on the day before 

anthesis (mean + SE, n = 3, each replicate was obtained from 20+ pooled tissues of 3 plants). 

Asterisks represent significant differences between the same floral tissue of WT and ir-coi1 

(unpaired t-test; *, p <0.05; **, p <0.001). 
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Figure 2—figure supplement 1. The growth rate of different flower organs is altered in 
JAs biosynthesis/perception-deficient transgenic lines during rapid corolla elongation. 
Best fits for exponential regressions obtained from ln-transformed corolla size (mm) values were 

used to calculate relative time from corolla protrusion (expressed in DAP) during the duration of 

the WT corolla exponential elongation phase (2 DAP) in the different genetic backgrounds. Ln-

transformed 10 x tissue size (mm) values measured from individual flowers of the different 

genotypes were plotted against this relative time difference to model the growth of these tissues 

during the phase of rapid growth in WT flowers. Except for sepals, the different plots highlight 

major decreases in the growth rate and outcome sizes (scaled down by ln-transformation) at the 

end of the measurement time window for the different organs of the transgenic lines compared 

to those of WT plants. Dashed lines indicate WT floral organ length of corolla (yellow), style 

(red), sepals (blue), gynoecium (white) and filaments (purple) at the end of WT exponential 

elongation phase (2 DAP).  
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Figure 2—figure supplement 2. Relative growth rate calculations indicate phase-specific 
effects of JAs signaling deficiency on corolla growth. Corolla length was recorded after 

dissection from independent flowers collected during the corolla exponential expansion phase of 

WT flowers (first two days after corolla protrusion, 1 DAP to 3 DAP, range of WT corolla sizes: 8 

to 25.3 mm). The duration (Δ in upper panel) of the corolla exponential phase is approximately 

one day longer in all JAs biosynthesis/perception transgenic plants tested. Best fits for 

exponential regressions calculated for ln-transformed corolla size (mm) values for each 

genotype are presented. Corollas’ relative growth rates (RGR) per day were calculated 

according to [16]. 
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Figure 2—figure supplement 3. Delayed maturation of ir-aoc, JMT/mje, and ir-coi1 cannot 
be recovered by MeJA or coronatine (COR) treatment. Mean (± SD, n = 5) increase in 

corolla length in intervals of 1 day from 1 DAP (the day after the corolla protruded the sepals) 

until anthesis. Plants were treated prior measurements every other day for 10 days with 100 µM 

MeJA, 1 µM COR or a control solution. Insets indicate days of corolla limb opening. 

  

 
Figure 3—figure supplement 1. Reduced NaTD transcript levels in JAs but not in COI1 
deficient corollas are partly rescued by MeJA/COR application. Transcript abundance 

(relative to gene expression of ELONGATION-FACTOR 1ALPHA (EF1α)) of THREONINE 

DEAMINASE (NaTD) in dissected corolla tissues of WT, ir-aoc and ir-coi1 flowers at indicated 

day after protrusion (DAP) and treatments (mean + SE, n = 3, each replicate was obtained from 

20+ pooled tissues of 3 plants). MeJA/COR inhibit the developmental decline in AOC flowers 

more strongly than those in COI flowers. Asterisks represent significant differences between ctrl 

and treated tissues of the same genotype and DAP (unpaired t-test; *, p <0.05; **, p <0.001; **, 

p <0.001; *** p <0.0001). 
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Figure 3—figure supplement 2. Silencing COI1 expression remodels developmentally-
controlled effects on JA-Ile accumulation. (A) Correlation matrices for basal JAs levels in 

untreated corollas of WT and ir-coi1 plants (Supplemental Method 5). Expression vectors 

obtained for the developmental regulation of JAs levels in WT and ir-coi1 corollas during the 

complete time line were used to compute intra-genotype pairwise Pearson correlation 

coefficients. Significant shifts in the correlation of JA-Ile and its main catabolite (OH-JA-Ile) with 

other JAs were observed when silencing coi1, which is clearly seen in increases in JA-Ile and 

OH-JA-Ile levels in ir-coi1 corollas (B) Mean (± SE, n = 3, each replicate was obtained from 20+ 

pooled tissues of 3 plants) levels of JA-Ile and its main catabolite OH-JA-Ile in WT and ir-coi1 

corollas, highlighting the feedback control effect of COI1 on the homeostasis of JA-Ile. DAP: 

days after protrusion of corolla through sepals. 

 

 

 



 Jasmonates dynamics and flower maturation  Manuscript V 
 

 
131 

Figure 4—figure supplement 1. Crosses between WT and ir-coi1 and JMT/mje plants 
exhibit corolla phenotypes of their transgenic parents. Flowers of heterozygous plants 

derived by crosses between WT and JMT/mje show the characteristic defective limb opening for 

JAs deficient plants. The back cross with ir-coi1 shows complete limb opening and the typically 

un-dehiscing anthers of homozygous ir-coi1. Scale bar, 5 mm. 

 
Figure 4—figure supplement 2. COR application reveals a negative feedback effect of JA-
Ile signaling on developmentally-regulated JAs pools of corollas. (A) Mean (+SE, n = 3) 
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summed levels (lower panels) of the seven most abundant JAs (JA, OH-JA, OPDA, JA-Glc, JA-

Ile, OH-JA-Ile and MeJA) as detected at the indicate time after protrusion (DAP) in corolla 

tissues treated either with control, COR and MeJA solutions. JAs were quantified as described 

in the method section by HPLC-MS/MS analysis. Total JAs were expressed in pmol per corolla 

to take into account relative differences in genotype water contents. 100% stacked columns 

above jasmonate pools depict relative contribution of each JAs to the total jasmonate pools of 

wild type, ir-aoc, JMT/mje and ir-coi1 corollas (normalized to 100%). Each replicate was 

obtained from 20+ pooled tissues of 3 plants. Grey dashed lines indicate the maximum levels 

measured in control corollas for each genotype. Asterisks indicate significant differences 

between control and MeJA or COR treated tissues of the same genotype and DAP (unpaired t-

test; *, p <0.05, ** p <0.001, *** p <0.0001). (B) Relative contribution (%) of JA-Ile to jasmonate 

pools in corollas of control (blue), COR (red) or MeJA (green) treated plants. COR application 

increases the relative contribution of JA-Ile to the JAs pools. 

 

  
Figure 6—figure supplement 1. Floral expression of NaMYB305 primarily expressed in 
nectary tissues is impaired in COI1 deficient nectaries. Transcript abundance (relative to 

gene expression of NaACTIN) of NaMYB305 in individual floral tissues of WT and ir-coi1 plants 

at the day before anthesis (mean + SE, n = 3, each replicate was obtained from 8+ pooled 

tissues of 4 plants). Asterisks represent significant differences between the same floral tissue of 

WT and ir-coi1 (unpaired t-test; *, p <0.05; **, p <0.001; **, p <0.001; *** p <0.0001). 
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Figure 8—figure supplement 1. Developmentally controlled abscisic acid (ABA) 
accumulation during corollas expansion involves COR/JA-Ile signaling. Levels of abscisic 

acid (ABA) as detected at the indicated day after corollas protruded sepals (DAP) in dissected 

corolla tissues of wild type, ir-aoc, JMT/mje and ir-coi1 flower buds (Mean ± SE, n = 3, each 

replicate was obtained from 20+ pooled tissues of 3 plants). Flower insets show opening state 

of flowers at anthesis. Grey dashed lines denote ABA levels of WT flowers at first night of 

anthesis. Asterisks (COR) and plus signs (MeJA) represent significant differences compared to 

control treated tissues of the same genotype. (unpaired t-test; */+ p <0.05, **/++ p <0.001, 

***/+++ p <0.0001).  

 

 
Figure 8—figure supplement 2. ABA treatment does not restore corolla limb opening in 
JAs deficient flowers. WT and JMT/mje were treated every other day with 200 µM ABA as 

described in Ré et al., [83], 1 µM coronatine (COR) or with a control solution. The opening of 

flower corollas was monitored one week after initial treatments. Scale bar, 10 mm. 
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Figure 8—figure supplement 3. Coronatine application on ir-aoc flowers activates 
transcriptomic changes in flower signaling, metabolic and developmental processes. (A) 

Experimental design for sample collection, microarray analysis and statistical analysis. Floral 

buds at 4 DAP (4 days after corolla protruded and appeared outside sepals) of ir-aoc - treated 

with ctrl (control) or 1µM COR (coronatine) solution - were dissected and 3 biological replicates 

of each tissue (complete corolla, style and gynoecium tissues) were collected. Individual 

replicates were obtained from 20+ flowers of each 2 plants. cDNA synthesized from extracted 
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RNA pools were combined with an equal contribution of each tissue types. Microarray data (3 

replicates obtained from 3 independently produced pools of cDNA) were 75-percentile 

normalized and analyzed using significance analysis of microarray (SAM, Benjamini-Hochberg 

FDR threshold of 5%) for differentially regulated genes between ctrl- and COR-treated flowers 

(B,C) Hierarchical clustering analysis (HCA) on differentially regulated genes and classification 

of encoded biological processes. Expression vectors for significantly up- (COR>ctrl) (B) and 

down-regulated (C) (ctrl>COR) genes were scaled using the Z-score function and aggregated 

by HCA using the Euclidean distance as clustering metric and the complete linkage method. 

Gene ontologies (GO) were attributed to differentially regulated probe sets according to best 

BlastX hits obtained with the Arabidopsis TAIR10 proteome for an e-value threshold of 1e-15. 

Pie charts depict relative proportions in up- and down-regulated biological processes. Biological 

processes were arbitrarily grouped as large process groups and examples of the main 

processes represented in each group are provided. For this Figure, unlike in Figure 8—figure 
supplement 4, biological process overrepresentation was not tested using hypergeometric 

tests.  
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Figure 8—figure supplement 4. BINGO analysis of biological process overrepresentation. 
Overrepresentation analysis of ir-aoc flower genes significantly up- and down-regulated by the 

coronatine treatment identifies specific reconfigurations of primary and secondary metabolism 

transcriptional machineries. Up- and down-regulated genes by the coronatine treatment 

compared to the control solution and identified by SAM were independently analyzed using the 
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BINGO plugin available for the network visualization software Cytoscape. GO terms were 

attributed according to best BlastX hits obtained with the Arabidopsis TAIR6 proteome for an e-

value threshold of 1e-15. Overrepresentation for particular processes was assessed using 

hypergeometric tests with a Benjamini-Hochberg FDR correction threshold of 5% versus whole 

annotated genes. GO networks were constructed using the Cytoscape Hierarchical layout. Node 

size is proportional to the number of genes associated to a particular GO and node color 

denotes for the FDR-corrected P-value for a GO relative enrichment. 

 

Figure 8—figure supplement 5.  
Table1: Differential gene regulation in floral tissues of N.attenuata ir-aoc after coronatine 

treatment. 
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Figure 9—figure supplement 1. Accumulation of carbohydrates and intermediates of 
energy metabolism in limbs at anthesis is reduced in JAs-deficient lines but not in ir-
coi1. Relative changes (%) in metabolite accumulation compared to WT as detected in corolla 

limbs at anthesis of control treated ir-aoc, JMT/mje and ir-coi1 flowers. Green bars indicate 

higher and red bars lower level than WT. Asterisks indicate significant differences compared to 

WT levels (mean + SE, n = 3, each replicate was obtained from 20+ pooled tissues of 3 plants). 
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Glucose, combined glucose and hexoses; G6P, glucose 6-phosphate; F6P, fructose 6-

phosphate; GADP, glyceraldehyde 3-phosphate; PEP, phosphoenolpyruvate. Derivatized 

metabolic extracts were analyzed by GCxGC-TOF-MS as described in Gaquerel et al. (2009). 

Asterisks denote significant differences between limb tissues of WT and corollas tissues of 

transgenic (unpaired t-test; * p <0.05, ** p <0.001, *** p <0.0001).  
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Figure 9—figure supplement 2. Developmental changes in carbohydrate composition and 
accumulation of intermediates of the TCA cycle during anthesis are regulated via JAs 
signaling independently of COI1. Metabolite accumulation was monitored in closed and open 

corolla limbs of WT, ir-aoc, JMT/mje and ir-coi1 flowers after control (Ctrl/white), methyl 

jasmonate (MeJA/green) and coronatine (COR/red) treatment (mean + SE, n = 3, each replicate 

was obtained from 20+ pooled tissues of 3 plants). Glucose, combined glucose and hexoses. 

Samples were analyzed by GCxGC-TOF-MS as described in [110]. 
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Figure 9—figure supplement 3. Limb accumulation of amino acids and other metabolites 
specifically compromised by JAs deficiency but not by COI1 silencing is rescued by 
MeJA or COR applications. Metabolite accumulation was monitored in closed and open 

corolla limbs of WT, ir-aoc, JMT/mje and ir-coi1 flowers after control (Ctrl/white), methyl 

jasmonate (MeJA/green) and Coronatine (COR/red) treatment (mean + SE, n = 3, each 

replicate was obtained from 20+ pooled tissues of 3 plants). Samples were analyzed by 

GCxGC-TOF-MS as described in [110].  
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Discussion 
JAs are the ´jack of all trades´ in plant signaling with key functions in the 

deployment of defense responses against herbivores and in regulating root elongation 

and flower development. In this study, we used a set of transgenic plants altered in 

distinct steps of the JAs signaling cascade to examine the role of JAs in regulating the 

maturation and opening of the sympetalous flowers of N. attenuata. We demonstrate 

that, while independent of COI1, synchronized floral organ maturation requires intact 

JA-Ile formation and is preceded by a rapid rise in JAs levels regulated by complex 

transcriptional modulations activated prior to corolla exponential elongation. Consistent 

with a novel direct function of JA-Ile for N. attenuata pollination, expression of the main 

pollinator attractants – nectar secretion and BA emission – is severely compromised in 

JA-Ile and/or COI1 signaling deficient lines. While the expression of NaMYB305 in the 

nectaries is dependent on JA-Ile and COI1, the NaMYB305 transcript levels 

continuously rise in the corollas of both JA-Ile and COI1 signaling deficient lines. Finally, 

we show that JA-Ile is a key signal for ABA accumulation in corollas and the global 

shifts in limb metabolism, fresh mass and complete opening during anthesis. Together, 

these data robustly demonstrate that the process of anthesis in sympetalous flowers 

depends on JA-Ile-mediated, but largely COI1 independent, changes in limb 

carbohydrate and energy metabolism (Figure 10). 
 
Synchrony of organ maturation and limb opening requires JA-Ile formation 

Efficient fertilization requires in most flowering plants the formation of generative 

organs as well as the temporal coordination of petal/corolla, filament and style 

development before the opening of mature flowers at anthesis. Several of these critical 

steps involve tight controls by the JAs pathway but the identity of signals within this 

pathway or their tissue specific dynamics are not fully understood [27, 42, 53, 91, 92]. 

Here we show that distinct genetic manipulations of the JAs signaling cascade in 

sympetalous flowers of N. attenuata result in overlapping and distinct aberrations in 

flower organ development, suggesting that different JAs have organ- and/or phase-

specific developmental cue functions. For instance, style length was consistently 

reduced in all transgenic lines whereas alterations in the length of corollas and 
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filaments, anther dehiscence and limb expansion varied greatly amongst the transgenic 

lines (Figure 4).  

A framework for auxin and JAs antagonistic signaling effects on petal growth has 

recently been described in Arabidopsis thaliana, a plant producing flowers with 

polypetalous corollas. The current working model postulates that JA-induced expression 

of BIGPETALp (BPEp), a basic helix-loop-helix (bHLH) transcription factor preferentially 

expressed in petals, controls petal size by restricting cell expansion [53, 93]. But the 

consequences of the JAs depletion for corolla/petal expansion depend on where in JAs 

biosynthesis/perception the alterations are made. Increases in sympetalous corolla 

length as seen in ir-aoc flowers are consistent with the increases in petal length of A. 

thaliana opr3 mutant plants in which JAs biosynthesis is interrupted downstream of 

OPDA formation [53]. The other lines impaired in JA-Ile formation/perception either 

showed corollas as long (JMT/mje) or shorter (ir-coi1) than those of WT. This suggests 

that metabolites synthesized downstream of AOC which are still produced in JMT/mje 

and ir-coi1 genotypes may compensate for the growth restricting function of JAs in the 

synergistic action of JA-Ile with AUXIN RESPONSE FACTOR8 (ARF8) and BPEp [52]. 

This inference is consistent with the observation that exogenous applications of MeJA 

or coronatine failed to restore corolla elongation of ir-aoc to WT levels. 

Additional work indicates that Arabidopsis MYB24 and MYB25 may play a more 

direct role than BPEp in regulating petal elongation [14]. Consistent with this view, we 

observed a delay in the expression of MYB305 in JAs-deficient plants that paralleled 

that observed for the elongation of the corolla and the time needed to reach anthesis. 

However, we cannot rule out that alterations in our transgenic lines in the accumulation 

of other phytohormones such as auxin may have contributed to the observed 

phenotypes. 

N. attenuata COI1-silenced flowers like those of A. thaliana [27], but in contrast 

with female sterile tomato coi1 mutants [29, 94], produce fertile pollen but are male 

sterile due to impaired anther dehiscence [49]. As previously reported for singly-

transformed N. attenuata JMT plants, JA-Ile deficiency can additionally decrease fertility 

by shortening style length and thereby separating the stigma from the anthers and 

decreasing self-pollinations [95]. Notably, interrupting JAs biosynthesis before OPDA 

formation in ir-aoc flowers caused both shortened styles and delayed anther 

dehiscence, thereby suggesting that intermediates of the JAs- pathway which are 
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formed downstream of AOC and upstream of the JA derivatization may act in the 

regulation of anther dehiscence.  

Impairments in JAs biosynthesis, but surprisingly not in COI1 signaling, cause a 

loss of the synchronous organ elongation that characterizes WT corollas and styles 

(Figure 2A), whereas anthesis was consistently delayed for one day (Figure 2B) in all 

transgenic lines due to severely reduced relative growth rates (RGR) of corolla tissues 

during the exponential elongation phase (Figure 2—figure supplement 2). Highest RGR 

coefficients in WT and the loss of synchronized corolla and style elongation in ir-aoc 

and JMT/mje (2 DAP) coincides with a rapid increase of JAs pools in WT corollas 

(Figure 2C). This finding together with the complete (limb) or partial (style) restorations 

observed after MeJA/COR applications (Figure 4) reinforces the conclusion that 

developmentally-tuned JAs pools essentially coordinate flower maturation and corolla 

opening. Most striking amongst the floral alterations documented in this study was that 

ir-aoc, JMT/mje and the cross of JMT/mje with ir-coi1 but not COI1-only silenced flowers 

failed to fully expand their corolla limbs during their lifetime. In other words, the JAs 

receptor protein COI1 seems to be dispensable for limb expansion whereas plants with 

impaired JA-Ile production are abrogated in limb expansion.  

Consistent with this interpretation is the observation that the defective limb 

opening of plants silenced for COI1 and additionally impaired in JA-Ile biosynthesis 

(JMT/mje X ir-coi1) could be restored by the application of COR. Interestingly, defective 

limb opening could only be rescued for floral buds below a size of ~ 9 mm (Figure 5) 

suggesting that full limb opening depends on intact JAs biosynthesis during early corolla 

elongation but this does not require a functional COI1. In respect of the timing, our 

results parallel previous reports concerning anther maturation in which the authors 

demonstrated that the elongation of the filaments and the dehiscence of the anthers 

require JAs biosynthesis before the bud opens [91, 96]. These results strongly point to 

the existence of an additional COI1-like protein in N. attenuata. The presence of this 

gene has been proven and its characterization, which is beyond the scope of this article, 

will be presented in a future publication. 

 

JAs homeostasis underlies floral developmental regulation 
Oxylipin signatures differ significantly among floral organs [39] and JAs 

biosynthesis has been shown to increase after morphogenesis in female organs [39] 
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and during flower maturation in anthers [91, 96]. The regulation of JAs biosynthesis is 

embedded into a partly understood transcriptional and signaling network that involves 

AGAMOUS plus ARF6 and ARF8 transcription factor activities [22, 96]. The analysis of 

tissue-specific JAs dynamics presented in this study highlights the presence of a 

pronounced and transient increase in the size of the JAs pools during maturation and 

demonstrates the existence of an independent regulation of the turn-over of JA-Ile in the 

maturing corolla.  

Redirecting JA towards MeJA formation in JMT/mje without altering the upstream 

flux, allowed us to demonstrate that the peak of total corolla JAs production is delayed 

for two days when the formation of active JA-derivatives is disabled (Figure 2, 3, Figure 

4—figure supplement 2), a pattern not observable in ir-aoc due to their completely 

disrupted JAs synthesis. Arabidopsis knock-out mutants for MYB21-5 and MYB24-5, 

two MYB305 orthologs, show increased cis-jasmone levels in complete flowers due to 

an interruption of a negative feedback-loop on JA-biosynthesis mediated by these two 

transcription factors [14]. However, whereas the expression of MYB305 in dissected 

nectaries tissues of N. attenuata ir-aoc and ir-coi1 flowers was strongly impaired, that in 

corolla tissues was only delayed. This suggests that the JAs and COI1 dependent 

regulation of MYB305 expression is strongly tissue specific in sympetalous flowers. 

Decreases in total JAs, but not in JA-Ile pools, following COR treatment in WT 

and JMT/mje corollas are also consistent with the existence of negative feedback 

control on JAs accumulation during corolla maturation. This feedback mechanism is 

regulated by JA-Ile/COI1-signaling and compensated by an independent COI1-

mediated turn-over control of JA-Ile levels. The differential developmental expression 

patterns of JAs biosynthesis and signaling transcripts indicate that independent 

transcriptional set-points shape JAs homeostasis. Alternatively it may be possible that 

the negative feedback could also be involved in the regulation of dynamic changes in 

the rate of floral organ growth as the rate of corolla expansion is highly correlated with 

changes in JAs pools. 

 

The duet of JA-Ile and COI1 controls traits for pollinator attraction  
To maximize its outcrossing success, N. attenuata flowers attract night-active 

hawk moth pollinators [5] via BA emission and reward them with floral nectar containing 

highly varying nicotine concentrations [97]. It has previously been shown that floral 
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nectar secretion in Brassica napus can be increased by the application of various JAs 

including JA-Ile and coronalon, another JA-Ile structural and functional homologue 

similar to COR [76]. These experiments assume that endogenous JA-Ile signaling 

controls nectar secretion but this assumption was not formally tested in these studies. 

We show that all silenced lines tested produce less or no (ir-coi1) nectar and possess 

immature nectaries as indicated by the lack of orange-red coloration typical of mature 

WT nectaries. This clearly illustrates the essential character of JA-Ile/COI1 signaling for 

nectary maturation, the regulation of the synthesis of β-carotene pigments and for floral 

nectar secretion (Figure 6A).  

In ornamental tobacco, the transcription factor MYB305 is primarily expressed in 

ripening nectaries and controls nectary starch metabolism [73, 78]. MYB305 has been 

shown to regulate floral phenylpropanoid production, nectar secretion and the 

accumulation of proteins such as NECTARIN1 (NEC1 or NaSWEET9) which together 

with its Arabidopsis ortholog, AtSWEET9, has recently been demonstrated to function 

as a sucrose efflux transporter essential for nectar secretion [98]. The strongly reduced 

NaMYB305 transcript levels in nectary tissues of ir-aoc (Figure 6) increased after COR 

application and this treatment also partly restored the nectar secretion in ir-aoc flowers 

(Figure 6B). Consistent with the MYB305-dependent regulation of NEC1, we detected 

increased transcript levels of NEC1 in COR-treated ir-aoc nectaries. However, the 

reduced expression of some genes coding for floral proteins could not be rescued by 

the COR treatment as is the case of the N. attenuata homologue of an Arabidopsis 

nectary-specific β-AMYLASE (BAM) [99]. The JAs dependency of NaMYB305 

expression in nectaries was further supported by tissue specific transcript 

measurements in dissected floral tissues, showing that NaMYB305 transcript levels 

were compromised in nectaries by COI1 silencing (Figure 6—figure supplement 1).  

Silencing the expression of the MYB305 ortholog EOBII In Petunia results in 

floral corollas that fail to enter anthesis, whereas in MYB305-silenced N. attenuata 

plants, flowers prematurely abscised [72]. However, while the accumulation of MYB305 

transcripts was also delayed in dissected corolla tissues of ir-coi1 and ir-aoc flowers, 

maximal levels at the onset of anthesis were similar to those of WT corollas at anthesis 

(Figure 3B). Interestingly, A. thaliana mutants for COI1 and the MYB305 orthologs 

MYB21 and MYB24 produce polypetalous flowers with delayed anther dehiscence 

which fail to open [14], a phenotype that clearly distinguishes them from N. attenuata ir-
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coi1 plants which exhibit fully open sympetalous corollas. These phenotypic differences 

might be derived from a differential regulation of JAZ proteins controlling floral JAs 

signaling or by different floral tissue-specific JA-Ile gradients which in turn would 

differentially influence JAZ proteins stability, as shown for JAZ8 in Arabidopsis [100].  

Lines with defective limb opening failed to emit BA to the levels emitted from WT 

flowers (Figure 7A). Even though COR and MeJA treatments increase CHAL1 transcript 

abundance, unaltered expression levels of this gene in ir-coi1 flowers, which do not emit 

BA, point towards a JA-Ile-dependent control of BA formation/emission other than 

through limb opening or CHAL1 expression, an hypothesis previously formulated in Ré 

et al [83].  

 

Limb opening is accompanied by a JA-Ile-mediated but COI1-independent 
remodeling of carbohydrate metabolism 

Monitoring floral opening during the first night of anthesis revealed no apparent 

time shift for full or partial limb expansion amongst the genotypes irrespective of the 

treatments (Figure 8A). Anthesis is paralleled by a substantial increase of petal fresh 

mass, quantitatively caused by a water influx driven by a rapid increase in the cellular 

osmolarity of petal cells [81, 82]. Interrupting or diverting JAs biosynthesis resulted in 

lower limb fresh mass at the beginning and end of the limb expansion (Figure 8B). The 

unaltered fresh mass of the ir-coi1 limb implies that COI1 is not required for the 

regulation of limb fresh mass and complete expansion. The substantial reduction in ABA 

levels in JAs deficient corollas suggests an important regulatory function of JA-Ile on the 

crosstalk between the JAs and ABA signaling pathways. However, ABA 

complementation alone proved to be insufficient to rescue complete limb expansion 

(Figure 8—figure supplement 2). 
Several previous reports discussed the reprogramming of petal carbohydrate and 

energy metabolism that accompanies flower maturation and opening [57, 58, 81]. GO 

enrichment analysis highlighted strong transcriptional modulations in floral energy 

metabolism of JAs deficient plants and indicates that JAs substantially regulate 

carbohydrate metabolism during floral maturation. In JAs biosynthesis deficient flowers 

we found major alterations in limb carbohydrate and energy metabolism whereby 

soluble sugars like fructose or combined glucose/hexoses and the intermediates of the 

TCA cycle were particularly affected (Figure 9). Interestingly, malate, the accumulation 
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of which was distinctly compromised, is one of the major osmotica involved in the 

regulation of cellular turgor [86, 89].  

Little is known about macro-metabolic remodeling occurring during corolla 

development. However, Müller et al. [59] demonstrated that fundamental changes in 

floral primary metabolism can function in roles beyond osmotic regulation and recent 

studies demonstrated signaling activity for sugars in plant development [60, 61, 101, 

102]. We notably observed a correlation between the MeJA/COR responsive increase in 

CHAL1 transcripts and sugar levels in ir-aoc corollas, a pattern consistent with the 

previously reported sugar dependent expression of CHAL in Petunia [64, 103, 104]. 

This deregulation in energy metabolism might account for the defective limb opening, as 

indicated by the MeJA/COR inducible restoration of primary metabolites and opening of 

ir-aoc and JMT/mje limbs. In this respect, this study constitutes the demonstration of the 

regulatory function of the JAs cascade over floral carbohydrate and energy metabolism, 

a process likely relevant to other plant species. 

Altogether, our data provide robust evidence for JA-Ile’s role as an essential 

regulator for synchronous organ maturation, floral volatile emission and complete limb 

opening of sympetalous flowers at anthesis. Dissecting these complex interactions 

provides novel insights into floral JAs homeostatic regulation and largely unexplored 

interplays between JAs and floral sugar metabolism. Further investigations of the 

underlying regulatory network through multidisciplinary approaches such as the one 

presented here are likely to unravel novel molecular partners in JAs signaling. 

 
 

Material and methods 

Plant material and growth conditions 
Wild-type Nicotiana attenuata Torr. ex Watson seeds from an inbred line in its 

30th generation were used for all experiments. The original seeds were collected in 1988 

from an isolated population at the DI ranch in southwestern Utah, USA. Before 

germination on agar plates containing Gamborg B5 media, all seeds were sterilized and 

incubated with diluted smoke and 0.1 M GA3 as described in Kruegel et al. [105]. Plants 

silenced in different steps of the JAs cascade were obtained from seeds of homozygote 

plants of previously published transgenic N. attenuata lines: ir-aoc [36], ir-coi1 [49], 

JMT/mje [70]. Plants of all genotypes were grown with a day/night cycle of 16 h (26°C–
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28°C) / 8h (22°C–24°C) under supplemental light from Master Sun-T PIA Agro 400 or 

Master Sun-TPIA Plus 600-W sodium lights (Philips). 
 
Floral morphology analysis 

Evening flowers fully open around 7:30 pm, therefore all morphological 

measurements were conducted at that time. The starting point for recording corolla 

elongation and for the maturation timeline for flowers of all genotypes was the day when 

corolla tips started protruding from the sepals (one day after protrusion = 1DAP) which 

typically happened when buds had reached a length of ~8 mm. Subsequently, 

measurements of corolla lengths were conducted on a daily base until all monitored 

buds had completed anthesis, the final stage for our examinations. These stages widely 

correspond to developmental stages 2 and 12 of Nicotiana tabacum and N. 

tomentosiformis flowers [10, 106] 
 Dimensions of single sepals, gynoecia, pistils, and filaments were recorded, after 

disruptive assessment of individual floral buds with constantly increasing corolla length 

(+0.5 mm steps) from 7 mm till anthesis using a digital caliper gauge with an accuracy 

of ± 0.03 mm. The evening preceding the recording of the opening timeline, all open 

flowers were removed. The next day, individual floral buds at the right stage were 

labeled and pictures were taken in 30min intervals from 3pm until completion of 

anthesis at 7:30pm. 

 

Relative corolla growth calculation and analysis of organ-specific development 
The duration of the corolla exponential phase is approximately one day longer in 

all jasmonate biosynthesis/signaling transgenic plants tested (Figure 2—figure 

supplement 2). Corolla, filament, pistil, gynoecium and sepal sizes were recorded from 

independent flowers after dissection during the corolla exponential expansion phase of 

WT flowers (first two days after corolla protrudes, stages 1 to 3, range of WT corolla 

sizes: 8 to 25.3 mm). Data presented in Figure 2 and were used to plot logarithmic 

growth graphs. To this end, ln-transformed 10 x corolla length (mm) values at each DAP 

presented in Figure 2A were used to conduct exponential regressions limited to the 

duration of the corolla exponential growth. Calculations were conducted in Excel 2010 

independently for data-sets corresponding to each genotype. The resulting equations 

were used to infer a relative developmental age expressed in DAP from the ln-
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transformed 10 x corolla length measurement presented in Figure 2. This 

developmental age was assigned to the different tissues dissected from a flower with a 

given corolla length. Ln-transformed 10 x tissue sizes vs. relative developmental ages 

are plotted in Figure 2—figure supplement 1. 

Relative growth rates (RGR) were calculated on a day-basis using corolla size 

data presented in Figure 2. Calculations were done according to Hilm and Malmberg 

[16] which described corolla RGR as the slope of ln(10xcorolla length) over time. The 

RGR being constant when absolute growth rate is exponential; for the duration of the 

exponential phase, we used the following equation: RGR DAPi-j = ln (lengthj / lengthi) / 

(DAPi - DAPi). 

 

Floral restoration treatments  
For all experiments, plants were randomly assigned to treatment groups and 

treatments were conducted when the apical bud cluster exposed first corollas outside of 

sepals. Treatments of WT and transgenic plants were conducted continuously for 3 

weeks in the morning of every other day by dipping the complete apical bud-cluster into 

treatment solutions. For restoration assays, plants were subjected either to control (0.02 

% TWEEN and 0.1 % Ethanol); 500 µM JA-Ile, 100 µM methyl jasmonate (Sigma 

Aldrich), 200 µM abscisic acids (Sigma Aldrich) or 1 µM coronatine (Sigma Aldrich), 

each in an aqueous 0.02 % TWEEN and 0.1 % Ethanol solution.  
 
JAs and ABA analysis 

Flowers used for all analyses were collected from the apical and 3 top most 

branching inflorescences. Floral buds of all genotypes with the average length as 

measured for the 1st to the 5th day after they had protruded the sepals were harvested 

the day after treatments. Tissues of flowers at anthesis were sampled in the early 

evening (7 pm) after the WT corolla limbs had completely unfolded. Immediately after 

the removal of floral buds, the sepals, gynoecium and anthers were quickly removed 

and corollas were flash frozen. Each of the three collected biological replicates was 

generated by pooling corolla tissues of >20 flowers of two individual plants. 

Approximately 50 mg of frozen tissues were homogenized to a fine powder by shaking 

with 2 steel beads (5 mm) in 2 mL reaction tubes using a Genogrinder© (SPEX Certi 

Prep, Metuchen, NJ) at a frequency of 1200 strokes/minute for 60 seconds. JAs and 
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ABA were extracted by shaking for 3 min with 1 mL ethylacetate containing internal 

standards (IS) for ABA ((+)-cis,trans-D6-abscisic acid), JA (9,10- D2-dihydro-jasmonic 

acid), JA-Ile (jasmonoyl-13C6-isoleucine) and MeJA ([1, 2, 13-13C]methyl jasmonate, 

synthesized by esterification of [1, 2, 13-13C3]JA with 13C methanol as previously 

described in (Zhang and Baldwin, 1997).  

Samples were analyzed as previously described by Wang et al. [107]. Briefly, 10 

µL of the resulting extracts were analyzed for jasmonates using a Varian 1200 L liquid 

chromatography-MS/MS/MS system (Varian, Palo Alto, CA, USA) working with an 

electrospray ionization source (ESI). All JAs, with the exception of MeJA, were detected 

in the negative ionization mode. MS/MS transitions for selective detection were 

optimized as described in Stitz et al. [70]. JA IS response was used for the 

quantification of 12 and 11-hydroxy-jasmonic-acid (OH-JA) and 12-oxo-phytodieonic 

acid (OPDA) and concentrations were adjusted using previously calculated response 

factors. Peak response factors for OPDA (1.28) and OH-JA (1.06) were applied as 

previously described in [70]. To avoid systematic errors inherent to transgenic 

line/treatment-specific differences in tissue fresh mass, concentrations were expressed 

per corolla after normalization by the fresh mass of a single dissected corolla for a given 

stage, genotype and treatment. 

For the statistical analysis of JA-Ile turnover (Figure 3—figure supplement 2), 

Pearson correlation coefficients were calculated among the different JAs using 

biological replicate values at each DAP and for each genotype independently. 
 

Gene expression analysis 
Total RNA was extracted as described in Linke at al. [108]. RNA extracts were 

treated with DNAse using the DNA-free™ Kit from Ambion (Applied 

Biosystems/Ambion, Austin). cDNA was synthesized from 2µg RNA using SuperScript II 

Reverse Transcriptase (Invitrogen, Germany) and a poly-T primer. Quantitative real-

time PCR (qRT-PCR, Stratagene 500 Mx3005P, Waldbronn, Germany) was conducted 

with 150 ng cDNA using the core reagent kit (Eurogentec, http://www.eurogentec.be) 

and pairs of gene specific primers (see below). qPCR products were detected after 

reaction with SYBR Green (qPCR Core Kit for SYBR Green I; Eurogentec, Köln, 

Germany). Relative gene expression was calculated according to Pfaffl et al. [109], by 

the expression value the N. attenuata ELONGATION FACTOR 1-ALPHA (EF1α). 
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Following primers were used for NaAOS forward primer [fw], 5´-GACGGC-

AAGAGTTTTCCCAC-3´, NaAOS reverse primer [rv], 5´-

TAACCGCCGGTGAGTTCAGT-3´; NaBAM fw, 5´-ACACAGATCAGTGGGGAAGG -3´, 
NaBAM rv, 5´-ACAATGGTGTCCCCTAG-CAG-3´; NaCHAL1 fw, 5´-

TCATTTGGATAGTATGGTCGGG-3´, NaCHAL1 rv, 5´-ACCGTTGAT-

AGCGCCATCGC-3´; NaCOI1 fw, 5´-CAGGGCATCTTCAGCTGGTC-3´, NaCOI1 rv, 5´- 

CGGGATGCTCAGCAACGA-3´; NaEF1 fw, 5´-CCACACTTCCCACATTGCTGTCA-3´, 
NaEF1 rv, 5´-CGCATGTCCCTCACAG-3´; NaJAZd fw, 5´-

GAGATTGTAGATTCCGGCAAGGTCA-3´, NaJAZd rv, 5´-

TTCTCAGCTGAATCACCTGA-3´; NaMYB305 fw, 5´-ATGCTAAGTGGGGAAA- 

CAG-3´, NaMYB305 rv, 5´-GCAATTGCATGGACCAGA-3´; NaNEC1 fw, 5´-

TGCTGTTTTTGCC- 

GCTCCT-T-3´, NaNEC1 rv, 5´-ACCACATCGTGGCACAGAGAGT-3´; NaOPR fw, 5´-

ATGCCA- 

GATGGAA-CTCATGCTATTT-3´, NaOPR rv, 5´-TATCAAACTTGCCAAGATTCTGAGC-

3´; NaTD fw, 5´-TAAGGCATTTGATGGGAGGC-3´, NaTD rv, 5´-

TAAGGCATTTGATGGGAGGC-3´. 

 
Microarray Analysis 

Floral buds of COR and control-treated ir-aoc plants were harvested the morning 

before the flowers would open. Flowers were rapidly dissected and nectary, pistil and 

corolla tissues were separately flash frozen in liquid nitrogen and used for RNA 

isolation. Total RNA was isolated with TRIZOL reagent and labeled cRNA with the 

Quick Amp labeling kit (Agilent). Each sample was hybridized on Agilent single color 

technology arrays (44K 60-mer oligonucleotide microarray designed for N. attenuata 

transcriptome analysis, http://www.agilent.com, GEO accession number GPL13527). 

Agilent microarray scanner (G2565BA) and the Scan Control software were used to 

obtain the spot intensities. All microarray data with each probe name were deposited in 

the NCBI GEO database (GSE52765). We confirm that all details are MIAME compliant. 

The resulting gene expression profiles were analyzed using GeneSpring GX software 

(Silicon Genetics, Redwood City, CA). Raw intensities were normalized using the 75th 

percentile value and log2 and baseline transformed prior to statistical analysis. Probes 
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were filtered based on their quality control metrics: correlation cutoff 0.8, fold cutoff 1.5, 

P-value cutoff 0.05. 

Significantly overrepresented GO categories were identified using the BiNGO 

plugin for Cytoscape (Maere et al., 2005). A P-value significance for each differentially 

regulated gene was calculated using a hypergeometric test with a Benjamini and 

Hochberg false discovery rate correction. P < 0.05 was used as threshold for 

significantly enriched GO categories. 

 

Floral volatile analysis 
In the evening before the day of volatile collection, all open flowers were 

removed from the plants to prevent volatile trapping from flowers in their second night of 

anthesis. On the next morning, individual flowers that open the night of the same day (5 

DAP average length), were enclosed in food quality plastic cups with a single hole on 

top. Two pieces of polydimethylsiloxane (PDMS; ROTH, Karlsruhe, Germany) tubing of 

similar size were placed in each plastic cup at 3pm, were removed 21 h later and stored 

at -20°C until further use. Two new pieces of PDMS-tubing were placed (3 pm) into the 

containers to trap floral headspace volatiles during the second night of anthesis (21 h). 

Analysis of the absorbed volatile compounds was performed using a thermal desorption 

unit (TDU), connected to a gas chromatography–mass spectrometer (GCMS-QP2010) 

from Shimadzu (Kyoto, Japan) equipped with a DB-5 column (Agilent, Waldbronn, 

Germany). Benzylacetone (BA) was identified by comparing its retention time and mass 

spectrum with those of a commercial BA standard (Sigma, Taufkirchen, Germany) 

analyzed with the same instrument and settings. Peak areas were integrated and 

normalized to the size of the PDMS tubing. 
 
Nectar secretion assessment 

N. attenuata flowers remain open for two consecutive nights which necessitates 

ensuring that nectar is only collected from flowers of the same stage. For this reason 

flowers to open for the first night of anthesis were labeled the morning before their first 

opening. Standing floral nectar volume was determined between 5 and 7 am after the 

first night of anthesis by inserting a standardized 25 µl glass capillary into the corolla 

until it reached the tip of the ovary just above the nectary. To obtain complete nectar 

volumes, capillaries were held with one hand, the corolla tube with the other hand, then, 
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against the counter pressure of the inserted capillary, corolla tubes were removed. This 

causes the nectar, due to the capillary effect, quantitatively to be ‘sucked up’ the 

capillary and nectar volume was then measured in millimeters in the capillary and 

converted into microliters as described in [79]. 

 

Carbohydrate and primary metabolite analysis 
Approximately 40 mg of flash frozen limb tissues were homogenized to a fine 

powder by shaking with 2 steel beads (5 mm) in 2 mL reaction tubes using a 

Genogrinder© (SPEX Certi Prep, Metuchen, NJ) at a frequency of 1200 strokes/minute 

for 40 seconds. Metabolites were extracted by shaking for 1 min with 400µl of 80% 

methanol / 20% ammonium acetat buffer (84 mM). 100 µL of each limb extract was 

dried and subsequently derivatized by methoximation/MSTFA (N-Methyl-N-

Trimethylsilyltrifluoroacetamide) and afterwards 1 µL was analyzed on a GCxGC-ToF-

MS (6890N GC; Agilent Technologies) coupled with an LECO Pegasus III ToF-MS 

(LECO). The LECO ChromaToF software version 4.34 was used to acquire and process 

the data (including automatic peak deconvolution). Processed peaks were reported at a 

signal-to-noise ratio of 10, since we previously estimated this value as the minimum 

value for accurate peak integration and identification of forward and reverse alignments 

[110]. Peak integration was first conducted using unique masses detected during 

automated deconvolution and then manually supervised for selectivity and sufficient 

intensity in order to improve the accuracy peak area integration.  

 Metabolites reported in Figure 9 and Figure 9—figure supplements were 

identified by comparison of their two dimensional retention times (RI) and mass spectra 

with those of authentic standards analyzed under the same conditions. Metabolites of 

interest (phenylalanine, quinic acid and fumarate) for which no standard was available 

were annotated, after manually supervised automated mass spectral matching -- 

thresholds set to match factor >650 (maximum match: 1000) and RI deviation <10 % -- 

based on the mass spectral and RI collection data available at the Golm Metabolome 

Database (http://gmd.mpimp-golm.mpg.de/search.aspx).  

 

Statistical analysis 
Most statistics were performed with StatView (Abacus Concepts Inc., 

http://www.statview.com) and the general level of significance applied was α = 0.05. 
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Jasmonate pools were calculated for corollas of each DAP by summing, for each 

treatment, the average (n = 3) OPDA, JA, MeJA, OH-JA, JA-Glc and JA-Ile levels of 

individual corolla samples. Jasmonate pools were then presented as bar charts and 

analyzed by Student’s t-test. 

All other statistical analyses were conducted with SPSS 17.0 (IBM). One- and 

two-factorial ANOVAs were followed by Bonferroni/Tukey post hoc tests. When 

necessary, data were log2 transformed (benzyalacetone) or square-root transformed 

(transcript abundance of NaMYB305, NaNEC1 in nectary tissue). Bonferroni p-value 

corrections were used to correct for nonparametric multiple comparisons. 

 
Accession numbers 

The Genbank accession numbers for the most relevant genes discussed in this 

article are as follows: NaAOC (EF467332), NaAOS (AJ295274), NaOPR3 (EF467331), 

NaMJE (EU196055), AtJMT (DI053904), NaTD (AY928105), NaCOI1 (EF025087), 

NaJAZd (JQ172762), NaMYB305 (GT184412), NaCHAL1 (EU503226).  
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4. General Discussion 

The aim of this thesis was to investigate the role of jasmonate (JAs) flux and homeostasis 

during floral development and the regulation of anti-herbivore defenses. To that end, we 

developed new approaches that enabled us to circumvent typically limitations encountered in the 

molecular biological examination of biosynthetic and signaling pathways. Building on the 

overview of plant signaling in 4.1, this general discussion will summarize knowledge gained 

about the regulation of JA homeostasis from our interdisciplinary approach. In 4.2, the effects of 

the molecular biological redirection of the JAs cascade are evaluated after induction by 

herbivory and on a tissue specific level. In 4.3, we evaluate the consequences for plant fitness of 

the redirection of JA flux towards methyl jasmonate with a focus on defense against naturally 

occurring herbivores. In 4.4, the importance of the JAs signaling cascade for flower opening and 

the synchronized maturation of floral organs is discussed with a special focus on the floral 

expression of cues for pollinator attraction and rewards. In 4.5 I summarize the possible 

regulatory differences between the JAs signaling cascade induced by herbivory and that triggered 

during development. 

4.1 Survive and reproduce – plants’ raison d’être 

Germination, growth, development, maturation, reproduction and senescence: all stages 

of the plant life cycle require tight regulation for optimal adaptation to the fluctuating conditions 

of nature. The diversity and complexity of these processes requires regular adaptation of plant 

metabolism to ensure cost efficiency and thereby optimal fitness for the plant. A common 

solution for this conflict of interest is the inducible employment of defenses “on demand”, 

thereby avoiding the fitness costs of constitutive defenses, as demonstrated for herbivory-

induced defenses in Nicotiana attenuata (Baldwin, 1998). This plasticity in plants’ response to 

the threat of herbivory has been shown in many plant species to be largely mediated by jasmonic 

acid (JA) and its derivatives, the jasmonates (JAs). However, JAs do not only regulate the 

inducible defenses which increase survival in a world of herbivores: they are also crucially 

involved in plant development, and especially in the development of plant reproductive organs 

(Creelman and Mullet, 1995; Hause et al., 2000; Wasternack and Hause, 2013), traits which are 

strongly conserved (Lempe et al., 2013). In numerous plant species, including tomato and wild 

tobacco, it has been shown that the endogenous production of JAs is substantially amplified upon 

the initiation of developmental cues or damage inflicted by herbivores (Pena-Cortés et al., 1993; 
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Baldwin et al., 1994). Despite a large body of research in the field of jasmonate signaling, many 

questions concerning the role of tissue-specific JAs homeostasis and signaling and the effects of 

the JAs on expression of pollinator attraction cues remained unclear. 

4.2 Redirecting instead of interrupting: new tools to dissect JAs homeostasis 

The recent advances in molecular biology and analytical chemistry have opened new 

doors to address old questions in a variety of biological and ecological fields, including plant 

physiology, plant defense against herbivores and pollination biology. The adaptation of  

Agrobacterium tumefaciens for the targeted genetic manipulation of plants enabled tremendous 

advances in the understanding of all steps in the plant life cycle (Bevan, 1984). Today, there are 

two common approaches utilized to investigate the functions of genes and their products. In the 

first, the expression of an endogenous target gene is augmented (overexpression) by transgenic 

introduction of an additional copy of the gene. Using this procedure incidentally resulted in the 

discovery of a cellular mechanism which causes post-transcriptional gene silencing (RNA 

interference/RNAi) and was further developed to a technique commonly used today to 

specifically reduce the accumulation of a gene product (Napoli et al., 1990; Blokland et al., 

1994). However, genetically interrupting specific steps of a biosynthetic pathway, or the 

complete pathway, of a signal molecule like JA is insufficient to unravel all control mechanisms 

applied by plants to regulate their signaling output. Nevertheless, the complexity of this control 

mechanism is of eminent importance for our understanding of hormonal homeostasis and, 

therefore, the full elucidation of hormonal signaling cascades requires the development of novel 

tools.  

Manuscript I of this thesis introduced a new transgenic approach that I used to investigate 

JAs homeostasis in the wild tobacco Nicotiana attenuata, and which allowed us to elegantly 

circumvent the aforementioned limitations. Methylation is one of the catalytic reactions used by 

plants to adjust their pools of active hormones to environmental conditions and signaling 

demands (Qin et al., 2005; Varbanova and Yamaguchi, 2007). Seo and coworkers identified a 

jasmonic acid O-methyltransferase (AtJMT), the activity of which results in the methylation of 

JA and, hence, the formation of Methyl jasmonate (MeJA) in Arabidopsis (Seo et al., 2001). In 

the same work they further showed that AtJMT expression is developmentally regulated, and 

involved in plant defense against pathogens. However, no effects on the accumulation and 
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dynamics of herbivory-induced JAs pools, herbivore defenses, or floral development were 

reported.  

By ectopically expressing jasmonic acid O-methyltransferase (AtJMT) in N. attenuata, 

we engineered a pronounced redirection of the JA flux towards the formation of methyl 

jasmonate, while reducing the formation of other JAs (Figure 1). We attempted to further 

increase the efficiency of this metabolic sink in additional lines by simultaneously silencing the 

expression of the methyl jasmonate esterase (NaMJE) which catalyzes the reverse reaction. 

However, leaf infiltration assays with JA / MeJA showed that the remarkable efficiency of JMT 

in methylating and re-methylating JA was not significantly amplified by silencing MJE 

expression in 35S-JMT/ir-mje plants. 

These manipulations caused only marginal changes in the constitutive accumulation and 

composition of JAs in leaf petioles, laminas or midveins, compared to the same tissues in 

untreated WT plants. Surprisingly, the levels of MeJA, a minor jasmonate in N. attenuata WT 

plants, were unaltered in transgenic control plants. However, N. attenuata is known to react to 

damage inflicted by larvae of the specialist herbivore Manduca sexta with a rapid accumulation 

of JAs, at least twofold that observed after mechanical damage. Halitschke and coworkers could 

show that this increase in JAs proliferation is due to plants’ ability to recognize fatty acid amino 

acid conjugates present in the oral secretions (OS) of the caterpillar (Halitschke et al., 2001).  

To ensure reproducibility of herbivore elicitation in our experiments, we diluted 

Manduca sexta caterpillar OS and applied them to puncture wounds made by rolling a pattern 

wheel over leaf laminas. Following this simulated herbivory treatment, the jasmonate picture 

changed dramatically in all leaf tissues of our transformed plants with redirected JAs flux 

(Figure 1). In treated leaves of transgenics, we detected MeJA hyperaccumulation that happened 

at the expense of other JAs, while the transcriptional regulation of JA biosynthesis remained 

unaltered. This, and the unaltered JAs control levels in our transgenic plants underline the crucial 

regulatory role that substrate availability exerts for the regulation of the JA pathway. Similarly, 

the overexpression of JA biosynthetic genes in tobacco, Arabidopsis, and tomato affected foliar 

JA and OPDA levels only after induction (Laudert et al., 2000; Stenzel et al., 2003). On the other 

hand, JAs biosynthesis in floral organs of transgenic tomato plants constitutively overexpressing 

allene oxide cyclase (AOC) was substantially increased (Miersch et al., 2004). These 

fundamental differences in the regulation of JAs biosynthesis depending on the physiological 
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context underline the complexity of its homeostatic regulation either by robust developmental 

cues, or unpredictable herbivory. Evidence for tissue-specific differences in JAs biosynthesis has 

previously been discussed by Hause and Stenzel, who reported elevated expression of AOC in 

vascular tissues of tomato relative to other tissues (Stenzel et al., 2003).  

 

Figure 1. Simplified scheme summarizing the alteration in metabolism and signaling caused by the 
creation of a metabolic sink in N. attenuata’s JA pathway. Arrows’ thickness and font size are 
proportional to the intensity of metabolite fluxes and activation of gene expression in leaf lamina tissue 
after simulated M. sexta herbivory. LOX3, 13S-lipoxygenase AOS, allene oxide synthase; AOC, allene 
oxide cyclase; OPR3, 12-oxophytodienoic acid reductase-3; AtJMT, Arabidopsis jasmonic acid O-
methyltransferase; MJE, methyl jasmonate esterase; COI1, coronatine insensitive1. 

In manuscript V we assessed the dynamics of JAs accumulation in dissected flower 

corollas of several N. attenuata genotypes, including plants with redirected JA flux (JMT/mje). 

The results revealed alterations in the developmentally elicited JAs accumulations of JMT/mje 

corolla tissues that, despite comparable MeJA hyperaccumulation, strongly differed in their 

dynamics from those observed in leaf tissues. The redirection of the JA flux towards MeJA 
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formation resulted in elevated accumulation of the JA precursor OPDA, and, most importantly, 

peak levels of cumulative JAs pools were strongly delayed in JMT/mje corolla tissues. In 

contrast, no alterations in the extent or timing of peaking levels of herbivory-induced JAs pools 

were detected in local leaf laminas of metabolic sink plants when compared to WT. However, 

JAs pool sizes were noticeably reduced in the local and systemic leaf vasculature of transgenic 

plants, providing evidence for the important role especially exerted by petiole tissues for the 

transmission of the local JAs “burst” to distal tissues. The results further indicate that MeJA 

alone is incapable of inducing changes in the transcriptional regulation of local or systemic JAs 

biosynthesis, thereby supporting the earlier report from Wu, showing that signaling activity of 

exogenously applied MeJA requires prior de-esterification by the plant (Wu et al., 2008).  

4.3 Survival – redirection of the JA-flux and anti-herbivore defenses  

Re-routing endogenously produced JA proved to be a useful tool to investigate the 

regulation of JAs homeostasis under control conditions or after induction by simulated 

herbivory. Even though it has been shown that exogenously applied MeJA requires 

demethylation prior functioning as an inducer of defense (Wu et al., 2008), other reports showed 

increased endogenous MeJA levels in Arabidopsis to increase plants’ defense against 

necrotrophic pathogens (Seo et al., 2001). However, no ecological study has yet investigated the 

effects of increased endogenous MeJA levels on defense against herbivores, and nothing is 

known so far about the consequences for plants’ ecological fitness caused by redirection of the 

JAs pathway.  

The main part of the work presented in manuscript II focused on exploring the 

consequences of the redirection of the JA pathway in 35S-jmt-1 plants for the ecological 

performance of these transgenic plants under natural conditions. When transplanted into N. 

attenuata’s natural habitat in the great basin desert of Utah, 35S-jmt-1 plants grew to similar 

height and diameter as empty vector (EV) control plants. Although the appearance of the first 

flowers was slightly delayed, the magnitude of this effect was not comparable with that 

previously reported in Arabidopsis (Cipollini, 2007). Due to its lifestyle as a fire-chasing annual, 

N. attenuata is confronted with unpredictable attack from a vast range of herbivores, including 

generalist herbivores such as grasshoppers and larvae of the lepidopteran Spodoptera exigua. 

However, one of the most devastating threats for N. attenuata is the larva of the specialist 

Manduca sexta. Resistance against these and other herbivores in N. attenuata is normally 
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provided by the inducible accumulation of a broad set of phytochemicals that can act for 

example as toxins or as digestibility reducers (Karban and Baldwin, 1997).  

Previous reports showed that some JAs-inducible defense traits were constitutively 

increased in Arabidopsis plants with re-routed JA flux (Cipollini, 2008). The accumulation of 

these defensive compounds is compromised in plants that are impaired in the initial steps of JA 

biosynthesis, as shown by Halitschke and Baldwin in plants silenced for the expression of 

lipoxygenase 3 (as-lox3) (Halitschke and Baldwin, 2003). 35S-jmt-1 plants had JAs levels similar 

to as-lox3 plants, and both genetic manipulations resulted in comparably increased susceptibility 

to M. sexta larvae in glasshouse bioassays. This clearly differs from the effects seen in 

Arabidopsis JMT plants (Cipollini, 2008) and further rules out that upstream components of JA 

biosynthesis such as OPDA positively regulate anti-herbivore defense in N. attenuata. In field 

bioassays with the transgenic plants  described in detail in manuscripts III and IV, we determined 

the damage inflicted by insects of different feeding guilds to the leaf canopy and found 35S-jmt-

1 plants to be hyper-susceptible to feeding and oviposition by a large variety of herbivorous 

insect species, including some that are typically not found on N. attenuata WT plants (Figure 2). 

   

Figure 2. Field trials using transgenic plants with redirected JA-flux (35S-jmt-1) reveal increased 
susceptibility to the native herbivore community. Field grown 35S-jmt-1 plants were subject to herbivory 
by insects which are rarely found on empty-vector control (EV) plants. Dipteran larvae and Empoasca 
leafhoppers, for example, are typically not found on N. attenuata. 
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This observed increase in the vulnerability of 35S-jmt-1 plants to herbivory was most 

likely caused by the reduced induction of direct and indirect defenses. Accordingly, we found 

strongly reduced levels of the direct defense compounds nicotine, diterpene glycosides (DTGs) 

and anti-digestive proteinase inhibitors (TPIs) in field grown plants. With JAs-complementation 

experiments under glasshouse conditions, we could demontrate that these reductions were to 

large extent based on the prevention of JAs formation in 35S-jmt-1 plants. Metabolomic profiling 

further revealed that M. sexta-OS-elicited and JA-dependent levels of defense-related phenolic 

amine conjugates (Kaur et al., 2010) were strongly altered by our metabolic sink. Our results 

further suggest that herbivore-infested 35S-jmt-1 plants receive less protection by natural 

predators of herbivores. Some predators are attracted by the green leaf volatiles (GLVs) and 

terpenoids emitted from wound sites of plants, and both volatile groups were found to be less 

abundant in the headspace of OS-elicited 35S-jmt-1 leaves. 

Although exogenous application of MeJA is commonly used for the analysis of JA-

dependent gene expression (Li et al., 2002), remarkably little is known about the function of 

endogenous MeJA formation in plant defenses. Interestingly, MeJA was only a minor jasmonate 

in well-defended N. attenuata WT plants, both under control conditions and after OS-elicitation 

which causes augmented accumulation of several JAs. In contrast to other studies investigating 

increased endogenous MeJA formation (Seo et al., 2001), we demonstrated that the defensive 

state of 35S-jmt plants did not benefit, but rather suffered from increased MeJA levels. Together 

with complementation treatments, our results support other data showing that endogenous MeJA 

requires de-esterification (Wu et al., 2008) and conjugation to isoleucine prior to acting as a 

defense elicitor. The defenseless phenotype of 35S-jmt-1 resembled that of JA-Ile-deficient 

plants (Kang et al., 2006), a finding which was in agreement with the JAs profile of 35S-jmt-1.  

These results on the ecological consequences of the forced redirection of the JA-flux 

towards MeJA are consistent with two hypotheses concerning the control of the JA pathway 

during herbivory: first, the flux of compounds within the JA pathway requires tight but dynamic 

control to allow for maximal JA-Ile production at the damage site. Second, this ability represents 

a central determinant for the plant’s plasticity in the expression of defense traits that render 

possible the reproduction and survival under herbivore pressure in nature.  
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4.4 Reproduction – JAs homeostasis in floral development and pollinator attraction 

 The successful reproduction of angiosperms essentially depends on the tightly regulated 

development and maturation of their reproductive organs, and to allow for outcrossing, many 

species also depend on insect associates acting as pollen vectors. The basis for both aspects is the 

ability of plants to buffer their developmental phenotypes against all kinds of perturbations 

(Lempe et al., 2013). This robustness in development requires sophisticated and reliable 

signaling networks. JAs are involved in the regulation of floral development as well as the 

induction of plastic defenses. However, knowledge about the identity of signals within these 

interconnected networks, and their dynamics, remains incomplete.  

In manuscript V, we focused on JAs signaling in the late development of N. attenuata 

sympetalous flowers. Due to N. attenuata’s complex pollination ecology, pollinator attraction 

cues and the opening process of the corolla limb were of special interest for our study. In 

addition to plants with redirected JA-flux described in manuscript I, we included previously 

established transgenic lines in our experimental setup that were manipulated at distinct other 

steps in the JAs signaling cascade. Our results revealed overlapping and non-overlapping 

aberrations in N. attenuata floral organ development, which were dependent on the kind of 

manipulation, thereby suggesting that different JAs have organ- and/or phase-specific 

developmental cue functions (for an overview, see Figure 3).  

For example, we found that the style length was consistently reduced in all transgenic 

lines, which resulted in stigma-anther separation and possibly, strongly impaired self-pollination 

of the plant, even if anthers dehisce normally. For instance we demonstrate in manuscript II 

strongly reduced spontaneous capsule production by 35S-jmt-1 plants in the absence of 

pollinators. However, seed set could be restored to WT levels by hand pollination with 35S-jmt-1 

pollen, an observation indicating that neither the fertility of male nor of female reproductive 

organs was directly affected by the redirection in the JA-cascade. In agreement with this 

hypothesis, both number and weight of seeds in capsules of transgenic plants did not differ from 

WT (Stitz et al., 2011a). Instead, differences in numbers of seed capsules were associated with 

shortened styles in 35S-jmt-1 flowers.  
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Figure 3. Schematic overview of phenotypic alterations in sympetalous N. attenuata flowers at anthesis 
caused by manipulations in the JAs cascade. (Photographies are presented in manuscript V) (A) 
Individual steps of the JAs cascade at which transgenic plants investigated in this thesis were 
manipulated. (B) Different developmental effects observed in transgenic compared to WT flowers. 
Completely interrupting the JAs cascade by silencing NaAOC caused impaired limb opening and 
increased corolla length, reduced fertility due to delayed anther-dehiscence / shortened styles, and 
reduced nectar secretion and benzylacetone (BA) emission. Redirection of JA in JMT/mje caused similar 
effects but left anther maturation and corolla elongation unaltered. ir-coi1 plants with reduced JA-Ile 
perception showed reduction in BA emission, nectar secretion, anther dehiscence, and style elongation, 
but limbs opened like WT. JMT/mje x ir-coi1 cross plants with reduced JA-Ile production shared all 
alterations of ir-coi1 except for impaired corolla limb opening. (AOC, allene oxide cyclase; OPDA, oxo-
phytodienoic acid; JA, jasmonic acid; JA-Ile, jasmonoyl-isolecucine; JMT, jasmonic acid O-
methyltransferase; MeJA, methyl jasmonate; COI1, CORONATINE INSENSITIVE1). 
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In contrast to the elongation of styles, the effects on corolla length, anther dehiscence and limb 

expansion strongly varied among the different transgenic lines. Fertility in COI1-silenced 

flowers was reduced due to delayed anther dehiscence as described for Arabidopsis (Feys et al., 

1994), contrasting with reduced female fertility observed in tomato (Li et al., 2004). Notably, 

reproduction of ir-aoc plants faced possible limitations from both sides: hindered self-pollination 

by increased stigma-anther separation and reduced male fertility due to delayed anther 

dehiscence. Anthesis itself was amongst the traits consistently delayed for 1 day in all lines.  

The synchronicity of style and corolla elongation was affected differentially among the 

lines. Interestingly, only reduced JA-Ile formation caused a loss of synchronicity whereas, in ir-

coi1, floral organs showed a similar pattern in organ elongation as observed for WT flowers. 

Highest relative growth rates in WT correlated with peak levels reached in corolla JAs pools 

early after they had protruded the sepals. JAs pools in transgenics differed strongly in their 

composition and reached peak levels later than WT, which correlated with reduced growth rates 

in all transgenics. Notably, is that only the use of the JMT/mje line, with rerouted JA-flux, 

allowed for the observation that the peak of the developmentally controlled output of the JA 

biosynthetic pathway is delayed by 2 days. This pattern was most probably caused by the 

developmental delay, but was undetectable in ir-aoc. Our results emphasize that those 

developmentally-induced JAs bursts are of central importance for the coordinated flower 

development, enabling the robust formation of a functional floral complex.  

 Most remarkable amongst the phenotypic alterations caused by the manipulations in the 

JAs-cascade was the varying degree of limb expansion observed amongst the different transgenic 

lines. All lines deficient in JA-Ile accumulation produced flowers which were impaired in 

completely open their corolla limbs during the full time span of anthesis. Surprisingly, the 

deficiency in JA-Ile perception in plants with silenced expression of COI1 encoding for the only 

JAs receptor described to date (Yan et al., 2009) remained without consequences for the limb 

opening. Moreover, this impaired opening of corolla limbs could be restored by treatments with 

JA-Ile or its structural and functional homolog coronatine (COR). This was also due for JMT/mje 

x ir-coi1 flowers which have reduced JA-Ile accumulation and perception, thereby emphasizing 

the dispensability of COI1 for limb expansion.  

 The process of anthesis itself is paralleled by a substantial increase of petal fresh mass, 

quantitatively caused by a water influx driven by a rapid reduction in the osmotic potential of 
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petal cells (Norikoshi et al., 2013; Yap et al., 2008). Diverted or interrupted JAs biosynthesis 

resulted in reduced fresh mass at the beginning and completion of limb expansion. In contrast, ir-

coi1 flowers had fresh masses comparable to WT, and expanded in the same time, to the full 

extent. The same distribution amongst genotypes was observed for alterations in levels of a wide 

range of primary metabolites, including carbohydrates and intermediates of the tricarboxylic acid 

(TCA) cycle. Earlier reports have discussed a reprogramming of carbohydrate and energy 

metabolism that accompanies flower opening in several species (Evans and Reid, 1988; Bieleski, 

1993). Our COR and MeJA treatments could largely restore the WT levels of primary metabolite 

accumulation. This accounted as well for the reduced accumulation of malate, an intermediate of 

the TCA cycle which serves as one of the major osmotica for the regulation of cellular turgor 

(Fernie and Martinoia, 2009; Sweetlove et al., 2010).  On the other hand, we are just starting to 

understand the macrometabolic remodeling during anthesis, and Müller recently demonstrated 

that changes in energy metabolism execute functions beyond osmotic regulation (Müller et al., 

2010). Further, there is increasing evidence for a signaling function of sugars (Yu et al., 2013; 

Bolouri Moghaddam and den Ende, 2013; Yang et al., 2013). In agreement with this, and 

previous reports on sugar-inducible chalcone synthase (CHAL) gene expression in Petunia 

(Tsukaya et al., 1991; Moalem-Beno et al., 1997), we observed a correlation between the 

MeJA/COR-induced increases in CHAL1 transcripts, and sugar accumulation in ir-aoc corollas. 

Taken together, manuscript V presented in this thesis comprises the first demonstration of the 

regulatory function of JAs over floral carbohydrate and energy metabolism.  

 CHAL1 catalyzes a crucial step in the biosynthesis of benzylacetone, the main floral 

volatile attractant for pollinators emitted from N. attenuata corolla limbs (Euler and Baldwin, 

1996; Kessler et al., 2008). Once hawkmoth pollinators are attracted to night-opening WT 

flowers, they are rewarded by floral nectar produced by the fully matured nectary glands at the 

base of the gynoecium (Figure 3). We found both pollinator attractants and rewards 

quantitatively reduced or, close to zero (ir-coi1), in all transgenic lines. In line with an earlier 

report showing that floral nectar secretion could be enhanced by various JAs (Radhika et al., 

2010), our results experimentally support the long lasting assumption that the JA-Ile /COI1 

signaling duet is essential for nectary maturation and nectar secretion. All transgenic plants, but 

especially ir-coi1, produced flowers with nectaries of juvenile appearance during anthesis, 

lacking the dark orange coloration of mature WT nectaries likely caused by reduced 

accumulation of β-carotenes (Horner et al., 2007). Compared to control plants, COR treatment of 
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ir-aoc plants partly restored the reduced levels of nectar secretion and transcript levels of the 

transcription factor MYB305, which has been shown to be involved in regulation of premature 

floral senescence and nectar production. However, the limited restoring effect on nectar secretion 

and transcriptional regulation, as seen for other nectary specific transcripts, indicates that other 

signals are likely involved in nectar formation. 

 Compared with nectar secretion, the reduced BA emissions in the headspace of JMT/mje 

and ir-aco flowers could be restored to WT levels by the application of MeJA or COR. Notably, 

BA levels in ir-coi1 flowers with fully expanded limbs were as strongly reduced as those of 

transgenics with impaired limb opening, thereby implying that full limb expansion alone is 

insufficient for BA emissions. Together with unaltered expression of CHAL1 in ir-coi1 flowers, 

this indicates a JA-Ile dependent regulatory mechanism for BA biosynthesis and / or emission 

that must be independent of flower opening or CHAL1 expression as discussed by Ré et al (Ré et 

al., 2011).  

4.5 The JAs cascade in defense and development 

 The lifestyles of many plants and, especially, that of N. attenuata require a high degree of 

plasticity in the expression of defense traits in order to not lose resource competition with their 

close conspecific neighbors (Baldwin, 1998). Many plants solve this by employing their defenses 

inducibly (Karban and Baldwin, 1997), through increased biosynthesis of JAs which mediate the 

accumulation of various secondary metabolites active against aggressors (Figure 4, lower panel). 

JAs signaling and regulation of anti-herbivore defenses have been demonstrated to require the 

JAs receptor protein COI1, mediating transcriptional regulation for defense expression via the 

binding of JA-Ile (Yan et al., 2009; Li et al., 2004; Xie, 1998). Application of exogenous JAs can 

thereby augment the flux through the JAs pathway via a positive feedback loop, and further, 

induce the expression of JAs biosynthesis-related transcripts (Wasternack, 2007). However, we 

showed that a redirection of the JA-flux towards the formation of MeJA did not alter the 

transcriptional regulation, the quantitative output, or the temporal regulation of the local 

herbivore induced JAs burst. 

In contrast to inducible defenses, floral development requires robustness allowing for the 

formation of fertile flowers that might ensure reproduction independent of perturbation. An 

exception is the JAs-mediated shift in the flower opening phenology upon high levels of 

herbivory described by Kessler (Kessler et al., 2010). The JAs-cascade during floral growth 
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Figure 4. Simplified model summarizing differences in regulation of the JA signaling cascade depending 
on the eliciting cues. JAs signaling in flowers contributes to the robust control of processes mediating 
floral development, ensuring coordinated organ maturation, expression of pollinator attraction traits like 
floral nectar secretion and benzylacetone (BA) emissions dependent on COI1. JAs biosynthesis in 
corollas underlies a negative feedback by COI1. Our results indicate that corolla limb opening depends on 
signaling via an unknown JAs receptor. JAs signaling for induction of plant defense confers high 
plasticity to the plant, allowing for fine-tuned resource allocation and high defense only upon herbivore 
attack. The herbivore induced burst in JAs accumulation is timely restricted and underlies a positive 
feedback regulation via COI1. (TPI, trypsin-proteinase inhibitors; DTGs, Diterpene glycosides; GLVs, 
green leaf volatiles). 

is characterized by its developmental induction and by its tight temporal regulation (Ito et al., 

2007; Ito, 2011). We showed that the distinct burst early during corolla maturation is strongly 

shifted by the redirection of the JA pathway, causing a severe delay in floral maturation. Most 

importantly, we show for corolla JA-biosynthesis, and in clear contrast to the foliar JA-cascade, 

that exogenous applications of JAs reduce the output of the floral JA pathway by a negative 

feedback via COI1, but without affecting JA-Ile levels. Our results demonstrate that the JA-Ile 

controlled corolla opening in N. attenuata is independent of COI1, thereby proposing the 

existence of an alternative JAs receptor that may play a role in herbivore defenses as well. 
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Summary 

Completion of a plant’s life cycle is a multifaceted challenge that can be condensed into 

two elementary tasks: survival and reproduction. Due to their sessile lifestyle and their position 

at the bottom of the food chain, plants must defend themselves against numerous herbivores. 

They accomplish this via the accumulation of secondary metabolites that can exert toxic effects 

on herbivores or interfere with their digestion.  From the plant’s perspective, this accumulation 

of defense metabolites is costly due to the consumption of limited resources and can lead to 

reduced competitiveness of the individual plant. However, in a world crowded with herbivores, 

undefended plants would barely survive long enough to reproduce successfully. Many plants 

escape this dilemma by employing their defenses inducibly, imparting plasticity to the plant’s 

metabolism plastic and ensuring high ecological fitness through efficient resource allocation 

upon herbivory. 

While plants on one hand aim to repel or kill harmful insects through the use of toxic 

chemicals, angiosperms in particular need to attract insects to their reproductive organs to ensure 

fertilization. In return for nutritious floral nectar secretions or pollen, these pollinating plant 

associates are guided to the flower by noticeable coloration and the emission of floral volatile 

attractants. In contrast to the inducibility of plant defenses against herbivores, the phenotypic 

expression of flowers requires robustness to ensure plant reproduction even in face of 

environmental variation.  

One group of small plant molecules exerting an essential signaling role in both of these 

fundamental aspects of plant’s life cycle are the oxylipins, jasmonic acid (JA) and its various 

derivatives, collectively referred to as jasmonates (JAs). To date, the elucidation of JA-

biosynthesis and signaling cascades acting in plant defenses and floral development has 

progressed tremendously due to the rapid development of new molecular biological and 

analytical methods. Nevertheless, many questions concerning the regulatory role of JAs-

homeostasis during induction of anti-herbivore defenses or of developmentally regulated flower 

maturation still remain open. 

The goal of my work presented in this thesis was to investigate the regulatory role of JAs-

homeostasis during the herbivore induced defense activation and floral development in the wild 

tobacco Nicotiana attenuata. Biosynthetic pathways are most commonly investigated by 

silencing or overexpression of genes whose products catalyze individual steps within the 
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pathway. However, the complete interruption of a pathway per se prevents the full elucidation of 

the multiple control mechanisms enabling plants to constantly adjust the output of their signaling 

pathways. To evade aforementioned limitations, we developed a new approach by ectopically 

expressing in N. attenuata a gene coding for a methyltransferase that specifically catalyzes the 

methylation of JA to methyljasmonate (MeJA). Using molecular and chemical analytical 

methods, I demonstrated the efficiency of this enzymatically redirected JA-flux. The 

examination of JAs-accumulation patterns upon herbivory in locally treated and untreated 

systemic leaves revealed tissue-specific consequences of creating a metabolic sink in the JAs-

cascade. Furthermore, I show that the metabolic rerouting of JA-flux towards MeJA formation 

caused no effect on the direct or indirect transcriptional regulation of JA-biosynthesis. 

With experiments under glasshouse and field conditions, I furthermore show that the JA 

redirection in our transgenic plants caused dysfunctional signal transduction which lead to a 

defenseless phenotype due to impaired accumulation of defense metabolites. These results 

underline that neither the MeJA accumulated in transgenic plants upon induction, nor precursors 

of JA-biosynthesis positively regulate defenses against herbivorous insects. Furthermore, 

alterations caused in floral morphology by the diversion of JA-flux reduced plant ecological 

fitness by negatively affecting the seed capsule production.  

Finally, I investigated the role of JAs-homeostasis and perception in the regulation of 

maturation and opening of N. attenuata flowers. To that end, I used different stable transgenic 

lines in which the JAs-signaling cascade was manipulated at distinct steps, including the 

perception of JAs via CORONATINE INSESNITIVE1 (COI1). With allometric measurements 

and chemical analytical methods, I demonstrate that jasmonoyl-isoleucine (JA-Ile) regulates JAs-

homeostasis in flowers and the floral maturation. Moreover, we show that JA-Ile accumulation 

and its perception via COI1 are required for both floral nectar secretion from matured nectaries 

and floral emission of the pollinator attractant benzylacetone (BA). Furthermore, we restored 

impaired limb opening of JA-Ile deficient flowers via the exogenous application of JA-Ile or a 

homologue which strongly suggests the existence of an alternative JAs receptor in N.attenuata 

and thereby raises further questions to be investigated in JAs dependent flower development. 
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Zusammenfassung 

Zum vollenden des Lebenszyklus müssen Pflanzen vielerlei Herausforderungen 

bewältigen, die sich auf zwei elementare Kernaufgaben zusammenfassen lassen: Überleben und 

Reproduktion. Aufgrund ihrer sessilen Lebensweise sowie ihrer Stellung in der Nahrungskette 

müssen sich Pflanzen dabei gegen eine Vielzahl von Fraßfeinden verteidigen. Dies gelingt ihnen 

zu einem großen Teil durch die Anreicherung pflanzlicher Sekundärmetaboliten, die auf 

verschiedenste Tiergruppen toxisch wirken oder deren Verdauung hemmen können. Die 

Anreicherung dieser Sekundärmetaboliten verursacht jedoch nicht unerhebliche Kosten für die 

Ressourceneffizienz und somit auch der Konkurrenzfähigkeit der einzelnen Pflanze, während der 

Verzicht auf jegliche Verteidigung in einer Welt voller Feinde das sichere Ende bedeuten würde. 

Viele Pflanzen entgehen diesem Dilemma durch eine hohe phänotypische Plastizität. Sie 

produzieren diese Verteidigungsmetaboliten erst nach Induktion durch Herbivoren, um das Wohl 

der Pflanze nur dann zu verteidigen, wenn dies auch tatsächlich in Gefahr ist.  

Während Pflanzen einerseits also versuchen, schädliche Insekten mit spezifischen 

Chemikalien zu vertreiben oder gar zu töten, liegt andererseits vor allem vielen Samenpflanzen 

daran, Insekten als verlässliche Pollenüberträger zu ihren Reproduktionsorganen zu locken. Zu 

diesem Zweck setzten sie nicht nur auf auffallende Formen und Farben der Blüten, sondern auch 

auf die Emission von Duftstoffen als Leitsystem sowie nahrhaften Blütennektar oder Pollen als 

Belohnung für die Bestäuber. Im Gegensatz zur induzierbaren Abwehr von Fraßfeinden verlangt 

die phänotypische Ausbildung der Blütenorgane höchste Robustheit, um auch unter 

schwankenden Umweltbedingungen eine erfolgreiche Fortpflanzung zu garantieren. 

Eine Gruppe pflanzeneigener Signalstoffe, der in beiden grundlegenden Lebensbereichen 

der Pflanzen eine tragende Rolle zukommt, sind die zu den Pflanzenhormonen gehörenden 

Jasmonate (JAs). Diese Gruppe mehr oder weniger bioaktiver Oxylipine setzt sich aus 

Jasmonsäure (JA) und der aus ihr endogen in Pflanzen produzierten Derivate (JAs) zusammen. 

Die Aufschlüsselung der JA-Biosynthese sowie zugehöriger JA-Signalwege in der 

Pflanzenverteidigung und Blütenentwicklung hat in den letzten Jahren, dank der rasant 

fortschreitenden Methodenentwicklung in der Molekularbiologie, weitreichende Fortschritte 

erzielt. Viele Fragen hinsichtlich der regulatorischen Rolle der JA-Homöostase während der 

Induktion der Abwehr gegen Herbivore oder der entwicklungsgesteuerten Blütenreifung konnten 

mit den gegenwärtigen Methoden  jedoch bis heute nicht hinreichend beantwortet werden.  
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Zielsetzung meiner Arbeit war die Untersuchung der Rolle der JA-Homöostase für die 

regulation der induzierbaren Verteidigung sowie der Blütenentwicklung in dem wilden Tabak 

Nicotiana attenuata. Üblicherweise wird für die Aufschlüsselung eines Biosyntheseweges der 

Biosyntheseweg selbst mittels Silencing oder Überexpression eines beteiligten Gens 

unterbrochen. Das verhindert jedoch eine vollständige Entschlüsselung der Selbstregulation des 

untersuchten Biosynthese- oder Signalweges. Zur Umgehung dieses Problems etablierte und 

charakterisierte ich eine neue Methode zur Untersuchung des pflanzlichen JA-Signalweges. Ich 

überexprimierte in N. attenuata ektopisch das Gen für eine Methyltransferase welche JA 

spezifisch und quantitativ zu Methyljasmonat (MeJA) methyliert, wodurch die vollständige 

Unterbrechung des gesamten Stoffweges vermieden wurde. In verschieden Experimenten mit 

den stabilen Transformanten konnte ich die Funktionalität und Effizienz dieser enzymatischen 

Umleitung im JA-Metabolismus nachweisen. Dazu untersuchte ich in induzierten, lokal und 

systemisch unbehandelten, Blattgeweben die spezifischen Konsequenzen dieser Umlenkung auf 

die Zusammensetzung der durch Herbivoren induzierten Akkumulation von JAs. Zudem zeigte 

ich, dass diese metabolische Umleitung keinen Effekt auf die direkte oder indirekte 

transkriptionelle Regulation der JA-Biosynthese selbst hat.  

In Labor- und Feldexperimenten zeigte ich außerdem, dass die Umlenkung der 

Jasmonsäure zu MeJA die Pflanzen geradezu wehrlos macht, aufgrund dysfunktionaler 

Signalweiterleitung und somit ausbleibender Akkumulation von Verteidigungsmetaboliten. 

Diese Resultate bestätigen die Annahme, dass das weder metabolische Vorstufen von JA noch 

das in transformierten Pflanzen überrepräsentierte MeJA direkte Aktivität oder Schutz gegen 

Fraßfeinde vermitteln. Des Weiteren konnte ich zeigen, dass die Umleitung der Jasmonsäure in 

den Blüten transformierter Pflanzen morphologische Änderungen verursacht, die eine Reduktion 

in der ökologischen Fitness der Pflanze auf Grund reduzierter Samenbildung verursachen. 

Abschließend untersuchte ich die Rolle des JA-Signalweges und der JA-Homöostase für 

die Reifung und Öffnung der Blüten von N. attenuata. Dazu setzte ich mehrere Linien stabiler 

Transformanten ein, welche an verschiedene Stellen des JA-Signalweges manipuliert wurden. 

Mit allometrischen Messungen sowie molekularbiologisch und chemisch-analytischen 

Experimenten zeigte ich, dass JA-Isoleucin (JA-Ile) nicht nur die Reifung und JAs-Homöostase 

der Blüten kontrolliert, sondern auch essentiell in die Regulation der Emission des 

Blütenduftstoffes Benzylacetone (BA) und der Sekretion von Blütennektar involviert ist. 

Außerdem konnte ich zeigen, dass weder die Synchronizität im Wachstum der Blütenorgane, 
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noch die vollständige Blütenöffnung des JA-Ile-Rezeptorproteins COI1 bedürfen. Die 

unvollständige Blütenöffnung aller Pflanzen mit reduziertem JA-Ile kann hingegen durch 

Applikationen mit JA-Ile behoben werden. Diese Ergebnisse deuten auf die Existenz eines 

weiteren Rezeptorproteins für JA-Ile in N. attenuata hin und eröffnen weiter reichende 

Fragestellungen im Gebiet der JA-abhängigen Blütenentwicklung. 
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	Figure 9. Accumulation of carbohydrates and intermediates in energy metabolism is impaired in closed limbs of JAs-deficient flowers. (A) Relative changes (%) in metabolite accumulation compared to WT as detected in closed corolla limbs before anthesis...

