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Introduction 

1 Introduction 

1.1 Plants and environmental stress 

Organisms live in a constantly changing environment. Abiotic factors like the 

temperature, humidity or light are fluctuating as well as the influence by interacting 

partners like symbionts, pathogens or predators (biotic factors). In order to deal with 

these environmental changes, organisms can either adapt to the new conditions or 

avoid unfavorable environments. Sessile organisms like plants are bound to their 

environment and cannot shortly escape if abiotic or biotic factors are changing. 

Thus, they needed to develop strategies to handle different abiotic and biotic stress 

situations. This dissertation focuses on three major environmental stressors of 

plants: Drought conditions, feeding of herbivores and infection by pathogens. 

 

1.1.1 Plant defense against herbivores 

Although plants are frequently attacked by herbivores throughout their lifetime, they 

are able to withstand these attacks by employing different defense strategies. These 

defenses can be either of mechanical or chemical nature. Mechanical barriers build 

the first layer of defense against herbivores (Scholz et al., 2016). Hair-like structures 

on the leave surface called trichomes or epicuticular waxes are known to affect the 

feeding behavior of different herbivores (Eigenbrode and Espelie, 1995, Reymond et 

al., 2004). Further, they prevent the oviposition of female herbivores and by this 

negatively influence the fitness of the herbivore (Eigenbrode and Espelie, 1995, 

Karley et al., 2016, Silva et al., 2017). However, the efficiency of this kind of physical 

barriers is highly dependent on the size of the herbivore (Hanley et al., 2007). They 

might be more helpful against herbivores that are relatively small in size (Mitchell et 

al., 2016). Further, the success of the physical barrier depends on the feeding 

mechanism of the herbivore: Leaf-mining insects that feed within the plant tissue are 

less affected by outer physical barriers than insects that chew on the plant tissue or 

suck on the cell content or the phloem (Hanley et al., 2007, Mitchell et al., 2016). 

Thus, aside these physical barriers, plants produce a huge variety of secondary 

metabolites used as feeding deterrents and toxins (Mithöfer and Boland, 2012). In 

Arabidopsis thaliana, the model plant used in this study, the class of glucosinolates 

is of special interest as a defense against herbivores. Glucosinolates are β-
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thioglucoside-N-hydroxysulfates with variable amino-acid derived side chains 

(Fahey et al., 2001, Figure 1A). Depending on the biosynthetic origin of this side 

chain three groups of glucosinolates are distinguished: aliphatic (derived from 

methionine, leucine, isoleucine, alanine and valine), indole (derived from tryptophan) 

and aromatic glucosinolates (derived either from phenylalanine or tyrosine) (Halkier 

and Gershenzon, 2006). Glucosinolates themselves are not harmful to other 

organisms, but by cleaving off the glucose moiety they turn into toxins such as 

nitriles, thiocyanates, isothiocyanates, epithionitriles and oxazolidine-2-thiones 

(Halkier and Gershenzon, 2006, Figure 1B).  

 

 
Figure 1. Glucosinolates and their breakdown products. (A) Basic chemical structure of a 

glucosinolate: The glucose is linked via a sulfur atom to the variable side chain R and the N-

hydroximinosulfate ester (Halkier and Gershenzon, 2006). (B) Different hydrolysis products of 

Glucosinolates are shown. Both (A) and (B) are modified after Halkier and Gershenzon (2006). 
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The cleavage of glucosinolates into their toxic products is catalyzed by the enzyme 

myrosinase. Because of the high toxicity of the breakdown products for the plant 

itself, myrosinases are stored in separate cells, apart from the glucosinolates. 

However, upon tissue damage, e.g. by feeding of an insect, myrosinases and 

glucosinolates are mixed up and toxins are released (Mithöfer and Boland, 2012). 

Although it has been shown for different species that insects are able to circumvent 

the toxic effects of glucosinolate hydrolysis products by e.g. detoxification or 

excretion (Jeschke et al., 2016), they have been proven to reduce feeding of many 

different insect species (e.g. Müller et al., 2010, Jeschke et al., 2017). However, to 

which extent secondary metabolites serve as feeding deterrents is highly dependent 

on the feeding strategy of the herbivore. Generalist herbivores, such as Spodoptera 

littoralis, that feed on a huge variety of host plants are more impaired than specialist 

insect that only feed on a few plants and thus are adapted to the feeding deterrents 

of the plant (Müller et al., 2010, Schweizer et al., 2013, Jeschke et al., 2017). In 

some cases, specialists even use the specific secondary metabolites to distinguish 

their host plants from non-host plants, leading rather to an attracting effect of 

secondary metabolites than a deterring (Sun et al., 2009). 

Another form of chemical defense is the production of anti-herbivore proteins such 

as protease inhibitors that impair the digestion of the insects (Mithöfer and Boland, 

2012). These proteins are taken up by the insects by feeding on the plant material 

and affect the use of nutrients as well as the destruction of plant-derived anti-

herbivore proteins inside the insect gut (Mithöfer and Boland, 2012).  

Besides secondary metabolites and proteins that directly act on the herbivore (thus 

called direct defense (Mithöfer and Boland, 2012)), plants produce also volatile 

compounds to attract predators or parasitoids of the feeding insect (e.g. Sabelis and 

Van De Baan, 1983, Whitman and Eller, 1990, Kessler and Baldwin, 2001). Since 

volatiles are actually not acting directly on the herbivore but are used as transmitters 

to employ other organisms for help, this kind of defense is called indirect defense 

(Mithöfer and Boland, 2012). Further, they also have been shown to act as systemic 

signals within plants, leading to priming of non-infested plant parts for an upcoming 

herbivore attack (Frost et al., 2007, Heil and Silva Bueno, 2007). 

Since the production of anti-herbivore compounds is quite costly to the plant, some 

defense metabolites are just produced upon actual feeding (Howe and Jander, 

2008). They are classified as induced defenses (Mithöfer and Boland, 2012). 
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However, some of the defense mechanisms, especially the physical barriers, are 

also exhibited by non-attacked plants and thus are classified as constitutive 

defenses (Mithöfer and Boland, 2012). Nevertheless, most of the constitutive 

defense can also be induced upon insect attack, as e.g. glucosinolates, and thus 

can be classified as both (Halkier and Gershenzon, 2006). 

 

1.1.2 Plant defense against pathogens 

Similar to the defense against herbivores, plants developed physical and chemical 

barriers against the attack by pathogens. In order to successfully infect a plant, the 

pathogen needs to first enter the plant tissue. By installing different physical barriers, 

the plant tries to prevent the entry of the pathogen. Openings in the leaf surface, like 

stomata, facilitate the entrance into the inner leaf tissues. Thus, plants close their 

stomata upon pathogen attack (Melotto et al., 2006). Further, they are known to 

strengthen their cell walls by e.g. lignification (Vance et al., 1980) or callose 

deposition (Voigt, 2014). Also changing the composition of cuticular waxes or 

enhancing their quantity helps to prevent pathogen attacks (Reina-Pinto and 

Yephremov, 2009).  

In addition, plants produce secondary metabolites that function as antimicrobial 

compounds. They are classified into phytoalexins and phytoanticipins. 

Phytoanticipins are compounds that are constitutively produced by plants without an 

actual pathogen infection (Vanetten et al., 1994). Glucosinolates serve as 

phytoanticipins against some pathogens, although their function seems to be highly 

dependent on the attacking pathogen (Tierens et al., 2001, Brader et al., 2006, 

Bednarek et al., 2009). On the other side, phytoalexins, are de novo produced upon 

pathogen infection (Vanetten et al., 1994). The main phytoalexin in Arabidopsis is 

camalexin, which has been shown to be toxic to different fungal pathogens 

(Glawischnig, 2007). 

Besides secondary metabolites, plants also use proteins as defense against 

pathogens. These pathogen-related proteins (PR-proteins) are produced upon 

pathogen attack and include e.g. proteinase inhibitors that block the lysis of the plant 

tissues by the pathogen, plant defensins (PDFs) that are known to display antifungal 

activities and chitinases or glucanases to destroy the cell walls of fungal pathogens 

(Loon et al., 2006, Sels et al., 2008). 
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Once the pathogen entered the plant tissue, plants try to inhibit the spreading of the 

pathogen amongst the tissue by programmed cell death around the infection side 

(Heath, 2000). However, this so-called hypersensitive response (HR, Heath, 2000) 

just helps to prevent growth of pathogens that feed on living plant tissue (biotrophs) 

(Mengiste, 2012). Necrotrophic pathogens that kill the plant tissue to get their 

nutrients from the plant, show even enhanced growth upon HR (Govrin and Levine, 

2000, Mengiste, 2012). Thus, the success of defense against pathogens highly 

depends on the pathogens’ lifestyle and the appropriate defense mechanisms.  

 

1.1.3 Drought stress response 

Water is essential for plants to survive. Thus, drought conditions cause severe 

stress in plants. In order to cope with drought conditions plants pursue two major 

strategies at once: minimize dehydration and maximize rehydration (Chaves et al., 

2003). In order to decrease water loss, one of the first reactions of plants is to close 

their stomata and by this limit the transpiration of water via the leaf surface 

(Daszkowska-Golec and Szarejko, 2013). However, the closure of stomata also 

limits the uptake of CO2, used as carbon source for photosynthesis. Thus, a 

common response of plants to drought is a reduction of their photosynthetic activity 

(Chaves et al., 2003). Besides closing stomata, the transpiration rate of the leaves 

can also be limited by an increase of the cuticular wax layer (Kosma et al., 2009). 

Further, plants try to reduce transpiration by decreasing the leaf area by processes 

like leaf rolling (Kadioglu et al., 2012) or by reduced growth of new leaves (Skirycz 

and Inzé, 2010). 

On the other side, the uptake of water into the cells is maximized by the production 

of different osmotic compounds, like the amino acid proline, proteins such as the 

dehydrins or polyols like sorbitol or mannitol (Chaves et al., 2003). They decrease 

the osmotic potential of the plant cell, allowing a water uptake even under low water 

conditions (Chaves et al., 2003). Besides, they might also serve as protectant of the 

cell membrane stability or enzymes under drought conditions (Chaves et al., 2003). 

Plants can also increase the water uptake by an enlargement of their root system, in 

order to get access to water in other soil layers (Chaves et al., 2003, Werner et al., 

2010). However, tremendous growth changes might be rather a response to long-

lasting drought conditions, than a short-term adaption (Chaves et al., 2003). 



 

9 
 

Introduction 

1.2 Perception of stress in plants 

The fact that defense mechanisms are inducible upon the occurrence of stress 

shows that plants can directly react to changes in their environment. A requirement 

for this is the perception of the stress conditions. In case of pathogens the 

recognition process is well studied. Plants perceive the pathogens via molecular 

patterns, either coming directly from the pathogen (pathogen-associated molecular 

patterns, PAMPs) or resulting from the infection (damage-associated molecular 

patterns, DAMPs) (Zipfel, 2014). Typical PAMPs are components existing in the 

surface of bacteria or fungi that are attacking plants, like chitin or peptidoglycans 

(Felix et al., 1993, Gust et al., 2007), or flagellin, the basic substance of the bacterial 

flagellum (Felix et al., 1999). On the other side, DAMPs are plant-derived molecules 

emerging out of the damage caused by the pathogen (Choi and Klessig, 2016), like 

cell wall fragments (e.g. oligogalacturonides, Hahn et al., 1981, Nothnagel et al., 

1983, Ferrari et al., 2013), protein breakdown products (e.g. Peps in Arabidopis, 

Huffaker et al., 2006), high mobility group box proteins (Choi et al., 2016) or 

extracellular adenosine triphosphate (eATP, Chivasa et al., 2009). PAMPs and 

DAMPs are perceived by the plant via pattern recognition receptors in the plasma 

membrane (Zipfel, 2014). Further, pathogens release so-called effectors upon 

infection, to impair the immune response of the plants (Jones and Dangl, 2006) that 

can be recognized by plants via intracellular receptors and lead to a secondary 

defense response (Zipfel, 2014). 

Similar to the recognition of pathogens also herbivores are perceived by either 

elicitors originating their oral secretions (OS), so called herbivore-associated 

molecular patterns (HAMPs, Mithöfer and Boland, 2008) or by DAMPs released 

upon wounding caused by the herbivore feeding (Heil and Land, 2014). However, so 

far less is known about how HAMPs are perceived by the plants (Mithöfer et al., 

2005, Zipfel, 2014). Just for the fatty acid-amino acid conjugate volicitin, a HAMP in 

the OS of Spodoptera exigua, a putative receptor was revealed in maize plants (Zea 

mays, Truitt et al., 2004). However, the protein was not further identified and HAMP 

receptors are still missing in other plant species. A limitation in the identification of 

HAMP receptors might be that also just a few HAMPs are identified (Basu et al., 

2017). Further, their role as recognition pattern seems to be highly dependent on the 

plant species, they are applied to (Acevedo et al., 2015) e.g. Volicitin induced 

defense in maize, eggplant (Solanum melongena) and soybean (Glycine max) 
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(Alborn et al., 1997, Schmelz et al., 2009), but had no effect when applied to A. 

thaliana (Schmelz et al., 2009). Besides HAMPs and DAMPs, the plant may 

recognize the insect feeding also by molecular patterns of the endosymbionts 

present in the gut or salivary glands of the herbivore (Acevedo et al., 2015, Basu et 

al., 2017). 

In contrast to pathogens or herbivores the mechanisms underlying drought stress 

perception are not well understood. Although throughout the past years several 

receptors have been revealed to be important for the drought stress response, in 

most of the cases the ligands of the particular receptors are still unknown (Osakabe 

et al., 2013). However, it seems that the recognition of drought stress is a 

multilayered sensing process, since it might involve perception of several markers at 

once like the turgor pressure, the osmotic potential of the plant cell or the integrity of 

the cellular membrane (Chaves et al., 2003).  

 

1.3 Signal transduction 

Once the plant sensed a certain environmental change, by binding of the respective 

ligand to the receptors inside the cell or at the plasma membrane, this perception 

needs to be translated into the according stress responses. A complex network 

including different signaling molecules, like phytohormones, γ-aminobutyric acid 

(GABA), reactive oxygen species (ROS), phosphorylation events, pH, electrical 

signals or Calcium (Ca2+), transfers the information about the environment from 

receptors into genetic and metabolic changes inside the cell, leading to the 

appropriate response (Mcdowell and Dangl, 2000, Chaves et al., 2003, Maffei et al., 

2007, Plieth, 2016, Scholz et al., 2016, Ramesh et al., 2017). This thesis focuses 

mainly on the connection between two major signaling components: Phytohormones 

and Ca2+ signals. 

 

1.3.1 Phytohormones mediate plant stress responses 

1.3.1.1 Jasmonates 

Jasmonates are phytohormones regulating a broad range of plant responses 

against environmental changes (Wasternack and Song, 2017). In particular, they are 

known for mediating plant defense against herbivores and as wound signaling 
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hormones (Howe and Jander, 2008, Koo and Howe, 2009). Further, it has been 

shown that they play a role in the signal transduction leading to defense against 

necrotrophic pathogens (Glazebrook, 2005) and to drought stress adaptations 

(Kazan, 2015). 

Jasmonates are produced out of α-linolenic acid (Figure 2). Inside chloroplasts, α-

linolenic acid is converted in three steps to 12-oxophytodienoic acid (OPDA), 

catalyzed by the enzymes lipoxygenase (LOX, Bell et al., 1995, Bannenberg et al., 

2008), allene oxide synthase (AOS, Vick and Zimmerman, 1987, Song et al., 1993, 

Laudert et al., 1996) and allene oxide cyclase (AOC) (Hamberg, 1988, Ziegler et al., 

2000, Stenzel et al., 2003). OPDA is then transported into the peroxisome were it is 

reduced by the oxophytodienoic acid reductase 3 (OPR3) to 8-(3-oxo-2-(pent-2-en-

1-yl)cyclopentyl)octanoic acid (OPC-8:0, Vick and Zimmerman, 1986, Müssig et al., 

2000, Schaller et al., 2000, Strassner et al., 2002). Further OPC-8:0 undergoes 

three β-oxidations (Vick and Zimmerman, 1984). Each β-oxidation step shortens the 

carboxyl side chain by two carbons, leading to the production of 6-(3-oxo-2-(pent-2-

en-1-yl)cyclopentyl)hexanoic acid (OPC-6:0), 4-(3-oxo-2-(pent-2-en-1-

yl)cyclopentyl)butanoic acid (OPC-4:0) and finally to jasmonic acid (JA) (Miersch 

and Wasternack, 2000).  

Recently Chini et al. (2018) showed, that JA can be also produced via an OPR3-

independent pathway (Figure 2), where OPDA directly undergoes three β-oxidation 

cycles, leading to the production of first dinor-12-oxophytodienoic acid (dn-OPDA), 

then tretranor-12-oxophytodienoic acid (tn-OPDA) and finally 4,5-didehydro-

jasmonic acid (4,5-ddh-JA). The 4,5-ddh-JA is then reduced by OPR2 to JA (Chini et 

al., 2018). 

Long time JA was thought to be the bioactive jasmonate. However, Staswick and 

Tiryaki (2004) and Fonseca et al. (2009) revealed that the isoleucine conjugate of 

jasmonic acid, jasmonoyl-isoleucine (JA-Ile), is the bioactive form. The production of 

JA-Ile in the cytoplasm is catalyzed by the jasmonic acid-amido synthetase JAR1 

(JASMONATE RESISTANT 1, Staswick and Tiryaki, 2004, Figure 2). 



 

12 
 

Introduction 

 
Figure 2. Jasmonate biosynthesis. Shown is a simplified scheme of the Jasmonate biosynthesis 

via the octadecanoid pathway modified after Wasternack and Song (2017), Chini et al. (2018). 

Enzymes indicated by the red color. Black arrows indicate chemical reactions. Hands indicate 

transport between cell compartments.  
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Once JA-Ile accumulates upon certain stimuli, it binds to its receptor CORONATINE 

INSENSITIVE 1 (COI1) (Fonseca et al., 2009, Sheard et al., 2010). COI1 is part of 

the SCF complex, an E3 ubiquitin ligase (Devoto et al., 2002). Upon binding of JA-

Ile, the SCFCOI1 complex ubiquitinates the jasmonate-ZIM-domain (JAZ) proteins, 

leading to their degradation by the 26S proteasome (Chini et al., 2007, Figure 3). 

JAZ proteins are transcription repressors, binding to MYC and MYB transcription 

factors under low JA-Ile levels (Chini et al., 2007, Chini et al., 2009, Fernandez-

Calvo et al., 2011, Song et al., 2011). JA-Ile perception enables the degradation of 

JAZ proteins and thus the release of the transcription factors, leading to the 

expression of genes relevant for the plant defense (Chini et al., 2007, Fernandez-

Calvo et al., 2011, Figure 3). 

 
 
Figure 3. Perception of JA-Ile and 
induction of downstream defenses. 
Shown is a simplified scheme of the JA-

Ile perception and downstream events 

modified after Wasternack and Song 

(2017). (A) The JAZ proteins repress 

MYC and MYB transcription factors in 

non-stressed plants (low JA-Ile) (B) 

Upon perception of JA-Ile by SCFCOI1 

complex, JAZ proteins are ubiquitinated 

and degraded in the 26S proteasome. 

MYC and MYB transcription factors are 

released and can induce expression of 

JA-responsive genes. Dark red 

diamonds indicate ubiquitin. The green 

arrow indicates gene expression 

 

 

Besides JA-Ile it was also suggested that OPDA has a function as phytohormone on 

its own. It has been shown that OPDA can induce genes that are not inducible upon 

treatment with JA (Taki et al., 2005). Further, OPDA can directly influence the 

development of insects (Dabrowska et al., 2009). However, the mode of action of 

OPDA as independent signal is not clear.   
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1.3.1.2 Salicylic acid 

Another important phytohormone in biotic stress signaling is salicylic acid (SA, 

Figure 4). SA is produced out of chorismate via two independent pathways with 

either isochorismate or phenylalanine as intermediate products (Dempsey et al., 

2011).  
 
 
 
Figure 4. Chemical structure of the phyto-
hormone SA.  
 

 

 

SA is mainly known to mediate the defense against biotrophic pathogens 

(Glazebrook, 2005). Further, the defense against piercing-sucking herbivores relies 

on SA signaling. Feeding of aphids on the phloem of plants mainly triggers SA-

dependent responses (Moran and Thompson, 2001, Li et al., 2006). The defense 

against spider mites seems to be dependent on both JA and SA signaling (Kant et 

al., 2004, Villarroel et al., 2016).  

However, in case of feeding of chewing herbivores or infection with necrotrophic 

pathogens SA is known to antagonize the defense responses induced by JA 

(Cipollini et al., 2004, Spoel et al., 2007, Bruessow et al., 2010). It has been shown 

that SA can directly counteract JA-induced transcription by negatively influencing 

the accumulation of transcription factors necessary for expression of JA-responsive 

genes (Van Der Does et al., 2013) or by inducing the expression of other 

transcription factors that suppress the expression of JA-responsive genes (Caarls et 

al., 2015). On the other hand, some biotrophs produce coronatine, a chemical mimic 

of JA-Ile, to suppress SA-induced defense responses in plants, showing that the 

antagonism is bidirectional (Zheng et al., 2012). It is hypothesized that the 

antagonism between the JA and SA pathway is used by the plant to regulate 

contrasting needs in case of the attack of several pathogens and herbivores at once 

(Pieterse et al., 2012). 
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1.3.1.3 Abscisic acid 

The responses to abiotic stress, like drought, are mainly mediated by the 

phytohormone abscisic acid (ABA, Figure 5) (Tuteja, 2007). ABA is a terpenoid, 

produced out of carotenoids (Nambara and Marion-Poll, 2005). 

 

 
 

Figure 5. Chemical structure the phyto-
hormone ABA. 

 

 

 

The ABA pathway is closely interrelated with JA signaling. On one hand, ABA 

coregulates responses to drought together with JA, e.g. the closing of stomata in 

response to drought (Daszkowska-Golec and Szarejko, 2013). Further, it was shown 

that the ABA accumulation in drought stressed roots is dependent on JA-Ile (De 

Ollas et al., 2015b). On the other side, it is known that ABA is also important for the 

defense against herbivores that is mainly mediated by jasmonates. ABA-signaling 

mutants are more susceptible to herbivory than wild type plants (Bodenhausen and 

Reymond, 2007). Further, MYC2, the transcription factor controlling expression of 

jasmonate responsive genes is coregulated by ABA (Kazan and Manners, 2013). In 

addition, ABA regulates enzymes releasing α-linolenic acid from the chloroplast 

membranes and thus stimulates jasmonate biosynthesis (Wang et al., 2018). Thus, 

ABA seems to play a role in defining defense responses to biotic stress as well. 

 

1.3.2 GABA: signaling molecule and defense compound 

Besides phytohormones also other metabolites function as a signal transmitting 

information about the stimulus into a stress response. The non-proteinogenic amino 

acid GABA (Figure 6) is known for long time as neurotransmitter in animals and 

seems to function as signaling molecule in plants as well (Ramesh et al., 2017).   
 

 

 



 

16 
 

Introduction 

 
Figure 6. Chemical structure of the non-
proteinogenic amino acid GABA. 
 

 

 

GABA has been shown to modulate the activity of anion transporters in the plasma 

membrane of plant cells, leading to a change in the membrane potential and by this 

influencing downstream responses (Ramesh et al., 2015). GABA is known to 

accumulate upon various abiotic and biotic stress treatments (Ramesh et al., 2017). 

Inter alia, GABA is induced within a few minutes in wounded tissue (Ramputh and 

Bown, 1996) and it accumulates in response to herbivores as well (Bown et al., 

2002, Scholz et al., 2015b). In both cases GABA signaling seems to act via a 

jasmonate independent pathway (Scholz et al., 2015b). However, how GABA 

influences downstream defense responses as signaling molecule remains still 

unclear.  

On the other hand, it was hypothesized that GABA might be the defense compound 

itself. Insects feeding on a GABA-rich diet showed reduced growth and delayed 

development (Ramputh and Bown, 1996, Bown et al., 2006, Scholz et al., 2017). 

Since GABA is a neurotransmitter in animals, activating chloride channels, high 

GABA levels in the diet may lead to negative effects on the nervous system of the 

larvae (Bown et al., 2006, Scholz et al., 2017). Thus GABA might function as 

signaling molecule in the defense and as defense itself. 

 

1.3.3 Ca2+ as second messenger in stress responses  

1.3.3.1 Ca2+ signals are fast and stimulus specific 

Before the accumulation of signaling metabolites such as phytohormones, transient 

increases in the intracellular Ca2+ concentrations of plant cells are one of the earliest 

signals that can be measured in response to different environmental stimuli (Dodd et 

al., 2010, see Figure 7 for time line of the signaling events). 
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Figure 7. Time line of stress signaling in 
plants. Upon stress perception (indicated by 

the red arrow) changes in membrane potential 

(Vm) can be measured within seconds, followed 

by transient increases of the intracellular Ca2+ 

concentration. Phytohormone signaling starts 

within minutes after signal perception and can 

be long-lasting. Signaling events activate 

downstream the expression of stress 

responsive genes within minutes and hours which leads later to the production of defensive 

compounds. Figure is modified after Maffei et al. (2007). 

 

In response to drought stress, Arabidopsis seedlings increase their intracellular Ca2+ 

concentration from approximate 100 nM at resting state up to 1.6 µM, within a few 

seconds (Knight et al., 1997). Similarly, wounding or treatment with insect OS or 

PAMPs lead to a rapid increase in the cytosolic Ca2+ concentration of plants (Knight 

et al., 1991, Mithöfer et al., 1999, Blume et al., 2000, Maffei et al., 2004, Vadassery 

et al., 2012a). Although Ca2+ signals can be measured in response to various biotic 

and abiotic stimuli, they differ depending on the particular stimulus (Mcainsh et al., 

1997). E.g. mannitol treatment to mimic drought induced the Ca2+ concentration to a 

higher extent than OS application (Knight et al., 1997, Vadassery et al., 2012a). 

However, Ca2+ increase was prolonged, lasting several minutes, when plants were 

treated with insect OS, whereas mannitol led only to an increase lasting less than 1 

min (Knight et al., 1997, Vadassery et al., 2012a). Besides their duration and height, 

Ca2+ signals may also differ in their frequency and their intracellular or tissue-

specific location (Mcainsh et al., 1997, Dodd et al., 2010). All these spatio-temporal 

characteristics of the calcium signals (calcium signature) encode for information 

about the stimulus occurring (Mcainsh et al., 1997). Further, the interplay with other 

cellular messengers, such as reactive oxygen species, membrane potential changes 

or pH changes might transfer specific information about the environmental change 

into the plant cell (Mcainsh et al., 1997, Plieth, 2016).  
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1.3.3.2 Decoding of Ca2+ signals by Ca2+ sensors 

In order to use the information about the stimulus occurring that is mediated by the 

specific signature of the Ca2+ increase, the plant cell needs to decode these signals 

and transfer it into downstream responses like gene expression or production of 

metabolites. The sensing of Ca2+ ions by Ca2+ binding proteins is the first step of 

decoding.  

In Arabidopsis a huge amount of approximately 250 Ca2+ sensing proteins have 

been identified (Day et al., 2002). All of them carry at least one Ca2+ binding domain, 

the so called EF-Hand (Kretsinger and Nockolds, 1973, Day et al., 2002). These 

domains are built up by two helices, called E- and F-helix respectively, that are 

connected via a loop binding the Ca2+ ion (Figure 8, Kretsinger and Nockolds, 

1973). 

 
 
 
Figure 8. Structure of an EF-Hand. Shown 

is the 3D-structure of an EF-Hand of the 

Calmodulin CaM7 of Arabidopsis thaliana. 

The Ca2+ ion (pink) binds within the loop 

structure that is connecting the E- and the F-

helix. W (grey) indicates a water molecule. 

The image is reused from La Verde et al. 

(2018). 
 

 

 

Upon binding of Ca2+ these proteins undergo a conformational change, allowing 

them to bind to a downstream target, like kinases, phosphatases or other enzymes, 

ion pumps or channels, or transcription factors (Dodd et al., 2010, La Verde et al., 

2018). This leads either directly to a change in gene expression and by this to a 

certain stress response or the Ca2+ signal is translated into another signal mode by 

interaction with the target, leading to further signal transduction events. 

In addition to the EF-Hands some Ca2+ binding proteins possess other functional 

domains. They are classified as sensor responders (Sanders et al., 2002). An 

example for sensor responders is the family of Ca2+-dependent protein kinases 
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(CPKs) in Arabidopsis (Sanders et al., 2002). These proteins possess a kinase 

domain besides their EF-hands that is activated by the conformational change 

initiated by the Ca2+ binding (Sanders et al., 2002). Thus they can directly transform 

the signal into other signals or gene expression changes. 

Apart from sensor responders, most of the Ca2+ sensor families known in 

Arabidopsis just have EF-hands as functional domains and thus are only able to 

bind Ca2+. They are called sensor relays (Sanders et al., 2002). These proteins 

need to interact with other proteins to transform the Ca2+ signal into downstream 

signaling events or stress responses (Sanders et al., 2002, Dodd et al., 2010). 

Amongst the group of sensor relays are Ca2+ sensor families like the calcineurin B-

like proteins (CBLs), calmodulins (CaMs) and calmodulin-like proteins (CMLs) 

(Sanders et al., 2002).  

Evolutionary studies revealed that amongst all the four families of Ca2+ sensing 

proteins only the CML family is unique to the plant kingdom (Edel et al., 2017), 

suggesting that CMLs might have special roles in decoding plant specific Ca2+ 

signals (Zhu et al., 2015). Indeed CMLs have been shown to be specifically 

regulated amongst different developmental stages as well as upon different stress 

treatments in Arabidopsis (Mccormack et al., 2005). Further analysis of mutant lines 

of some CMLs revealed that they regulate plant stress responses. E.g. CML24 

contributes to the HR and thus to the defense against the pathogen Pseudomonas 

syringae (Ma et al., 2008). CML41 mediates the closure of stomata and callose 

deposition upon pathogen infection and thus enhances resistance against P. 

syringae (Xu et al., 2017). Also CML9 (also known as CaM9) and CML8 have been 

shown to regulate the defense against P. syringae (Leba et al., 2012, Zhu et al., 

2017). Besides its role in pathogen defense, CML9 is described to negatively 

regulate abiotic stress responses like the drought stress response (Magnan et al., 

2008). Further, transcripts of CML9 were induced upon mechanical damage and 

treatment with OS of S. littoralis larvae (Magnan et al., 2008, Vadassery et al., 

2012b), suggesting that CML9 might regulate jasmonate dependent stress response 

as well. Thus CML9 might be a key player in regulating diverse stress responses. 

Similarly also CML42 and CML37 have been revealed as regulators of both abiotic 

and biotic stress responses. They mediate the drought stress response of A. 

thaliana as well as the defense against the herbivore S. littoralis (Vadassery et al., 

2012a, Scholz et al., 2014, Scholz et al., 2015c). Interestingly CML42 turns out to be 
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a negative regulator of both stress responses whereas CML37 is a positive one 

(Vadassery et al., 2012a, Scholz et al., 2014, Scholz et al., 2015c), suggesting that 

both might act antagonistically to each other.  

However, although for some CMLs their regulating functions in plant stress 

responses have been identified, less is known about how the Ca2+ sensing by CMLs 

is connected to downstream signaling events. Just for some CMLs the interacting 

partners are known (La Verde et al., 2018). Recently it was shown that ACA8, an 

autoinhibited Ca2+ ATPase, is interacting with CML36 (Astegno et al., 2017). Also 

CML42 and CML37 have been shown to interact with ACAs (Yilamujiang, 2012, 

Scholz, 2015), suggesting that ACAs might have an important function as 

downstream targets of CMLs.   

 

1.3.4 Systemic signal transduction in Arabidopsis in response to herbivory 

Unlike plants, herbivores are motile organisms that are able to move on the whole 

plant in order to feed. Thus it is important for plants to activate defense not only in 

the local infested leaf but also in the systemic parts of the plant that are not yet fed, 

to prepare them for upcoming attacks (Howe and Jander, 2008). In order to spread 

the information about the feeding on the local leaf amongst the whole plant, 

systemic signaling is necessary. Further, since insect movements are rather fast, 

the systemic signaling needs to be equally rapid to ensure a proper defense of 

systemic tissue. In animals, rapid systemic signaling is ensured by the nervous 

system. However, plants lack such a system and thus developed other ways of 

systemic signaling. In the past years it has been shown that signaling molecules can 

be rapidly propagated amongst the plant via the vascular system (Mousavi et al., 

2013, Salvador-Recatalà et al., 2014, Gasperini et al., 2015, Kiep et al., 2015, 

Nguyen et al., 2018). Hereby the plant uses the systemic connections between the 

vasculatures of the single leaves (Mousavi et al., 2013, Salvador-Recatalà et al., 

2014, Gasperini et al., 2015, Kiep et al., 2015, Nguyen et al., 2018).   

In Arabidopsis, these connections result out of the development of the rosette 

(Dengler, 2006). The vasculature of the embryonic leaves, the cotyledons, and the 

first four juvenile leaves develops directly from the vascular cylinder of the hypocotyl 

(Figure 9, Busse and Evert, 1999, Kang et al., 2003, Dengler, 2006). The 

vasculature of the following leaves 5 to 8 arises from branches of the vascular trace 
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of the first four leaves following either the rule n+3 or n+5, whereby n is the number 

of the antecedent leaf (Figure 9, Kang et al., 2003, Dengler, 2006). Leaf 9 and 

following leaves are derived from branches following the rules n+8 and n+5 (Figure 

9, Kang et al., 2003, Dengler, 2006). However, they still share indirect connections 

to other leaves following the n±3 rule, so called contact parastichies (Figure 9, 

Dengler, 2006, Mousavi et al., 2013). Thus all leaves amongst the Arabidopsis 

rosette are connected via their vasculature to other leaves following the rules n±3, 

n±5 and n±8. 

 
Figure 9. Vascular connections amongst leaves in an adult Arabidopsis rosette. Scheme 

represents vascular connections between the leaves of an Arabidopsis rosette. Leaves of the adult 

phase are directly connected following the rule n±8 (light green lines) and n±5 (blue lines), whereby n 

indicates a certain leaf number. Further indirect connections occur, where one leaf is connected via 

another connected leaf following the rule n±3. An example for such indirect connections is given for 

leaf 8, indicated by the orange lines. The vasculatures of leaves 1 to 4 develop directly from the 

vascular cylinder of the hypocotyl that is given by the dark green bar in the basis of the scheme. 

These juvenile leaves are connected to the older leaves via the n±3 or n±5 rule as indicated by the 

dark green lines. Numbers indicate the leaf number, ascending from oldest leaves to younger leaves. 

C indicates the cotyledons. Scheme is modified after Dengler (2006). 

 

It is known from several signals in plants, that they follow these vascular 

connections, when they are systemically propagated. The second messenger Ca2+ 

has been shown to be only induced in systemic leaves that were connected to the 
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leaf locally fed by the herbivore S. littoralis, but not in other uninfested leaves of the 

Arabidopsis rosette (Kiep et al., 2015). The same was true for electric signals that 

are required for the full systemic Ca2+ signal (Mousavi et al., 2013, Nguyen et al., 

2018).  

It has been shown that Ca2+ signaling can affect downstream phytohormone 

responses locally (Bonaventure et al., 2007, Vadassery et al., 2012a, Scholz et al., 

2014, Lenglet et al., 2017), suggesting that also systemic phytohormone elevations 

might follow vascular connections. However, how phytohormones are systemically 

distributed is still not fully understood. Although some studies suggested that 

jasmonates might be induced in systemic connected leaves (Glauser et al., 2009, 

Chauvin et al., 2013), a full study amongst the whole Arabidopsis rosette is still 

missing. Further, less is known about the systemic role of other phytohormones like 

ABA and SA that interact with the jasmonate pathway. In addition, some studies 

point out that the phytohormones themselves get distributed among the rosette 

(Sato et al., 2009, Sato et al., 2011), whereas others show that they are de novo 

synthesized in the systemic leaves (Koo et al., 2009). Still it is not clear how 

systemic phytohormone elevations develop. Thus, systemic phytohormone signaling 

still needs to be further investigated. 

 

1.4 Aims of this study 

As described in the chapters before, the signaling leading to a certain stress 

response is not fully understood. Especially the connection between early signaling 

events like the sensing of Ca2+ signatures and downstream signals like the elevation 

of phytohormones is still under investigation. CMLs might be an important link 

between Ca2+ and phytohormone signaling, since some have been shown to 

influence phytohormone pathways (Magnan et al., 2008, Vadassery et al., 2012a, 

Scholz et al., 2014, Scholz et al., 2015c, Zhu et al., 2017). Therefore, one aim of this 

study is to gain more knowledge about three CMLs that have been shown to 

regulate abiotic as well as biotic stress responses in Arabidopsis thaliana and, 

hence, might be important key players in the regulation of plant stresses in general: 

CML9, CML37 and CML42. Herein the following open questions concerning these 

three CMLs are addressed: 
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1. Does CML9 regulate JA-dependent stress responses like the defense against 

herbivores or the necrotrophic pathogen Alternaria brassicicola? 

2. Are CML37 and CML42 antagonists in the regulation of herbivore defense 

and drought stress response? 

3. Do CML37 and CML42 play a role in the defense against A. brassicicola? 

4. How do CML37 and CML42 transfer their information sensed into 

downstream signaling events and what is the role of the possible interacting 

partner ACA4? 

Besides studying local signal transduction after herbivory, this study aims to clarify 

also the systemic signaling events. Especially the systemic propagation of 

phytohormones needs further investigation. Here I address the following questions: 

 

1. Can the jasmonate precursor OPC-8:0 be transported systemically 

throughout the plant? 

2. Are jasmonates, ABA and SA systemically propagated after herbivore-related 

wounding along the vascular connections between the leaves? 

 

Further, recently it was shown that also GABA is induced systemically in 

Arabidopsis plants (Scholz et al., 2015b, Scholz et al., 2017). However, in these 

studies just several leaves of the Arabidopsis rosette have been investigated. Here I 

studied systemic GABA elevations along with systemic phytohormone elevations in 

a holistic approach addressing the whole Arabidopsis rosette. 
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2 Manuscript overview 

2.1 Manuscript 1 

 

Herbivory-responsive calmodulin-like protein CML9 does not guide 
jasmonate-mediated defenses in Arabidopsis thaliana 

 

Authors:  Heyer, M., Scholz, S. S., Voigt, D., Reichelt, M., Aldon, D., Oelmüller, 

R., Boland, W., Mithöfer, A. 
 

Status: published 2018, PLoS One, 13(5): e0197633. 

doi:10.1371/journal.pone.0197633. 
 

Summary:  

This study investigated the role of CML9 in different jasmonate-regulated defenses 

in A. thaliana. Examining the expression pattern of CML9 revealed that it is 

upregulated by the oral secretion of the herbivore S. littoralis as well as mechanical 

damage and real insect feeding. However, the analysis of four independent knock-

out and two overexpression lines in herbivore performance assays showed that 

CML9 is neither involved in the herbivore defense against S. littoralis nor against T. 

urticae. In addition, the response to the necrotrophic fungus A. brassicicola was 

investigated, since it is jasmonate-mediated as well. In line with the results of the 

herbivore treatment, cml9 mutants displayed a wild type-like reaction to the fungus. 

These results suggest that CML9 is very likely not regulating jasmonate-mediated 

defense pathways. Furthermore the role of CML9 in the plant drought stress 

response was reexamined. In contrast to previous published studies, the drought 

stress reaction of cml9 mutant lines was not altered, suggesting that CML9 is not a 

general regulator of this stress response. 

 
Author contributions: 
Conceptualization:   M. Heyer, D. Voigt, A. Mithöfer 

Formal analysis:   M. Heyer, S. S. Scholz, M. Reichelt  

Funding acquisition:  W. Boland 

Investigation:   M. Heyer, S. S. Scholz, D. Voigt, M. Reichelt 

Methodology:   D. Voigt, M. Reichelt  

Project administration: A. Mithöfer  
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Resources:    D. Voigt, D. Aldon, R. Oelmüller, W. Boland  

Supervision:    R. Oelmüller, A. Mithöfer 

Visualization:   M. Heyer, S. S. Scholz 

Writing – original draft:  M. Heyer, S. S. Scholz, M. Reichelt, A. Mithöfer  

Writing – review & editing: D. Voigt, D. Aldon, R. Oelmüller, W. Boland 
 

Contribution of M. Heyer: 75% 
 

M. Heyer 

• planned all experiments (in consultation with A. Mithöfer and regarding Fig. 4 

in consultation with D. Voigt) 

• conducted the following experiments: 

o Fig. 1 

o Fig. 2 

o Fig. 3 (in collaboration with M. Reichelt, who performed the LC-MS/MS 

measurements and calculated the phytohormone content of single 

samples) 

o Fig. 6 (6b in collaboration with M. Reichelt, who performed the LC-

MS/MS measurements and calculated the phytohormone content of 

single samples) 

o Fig. 7 

o S1 Fig 

• did data processing and statistics of all experiments except Fig. 5 

• visualized all data as the presented Figures, Fig. 5 was done in collaboration 

with S.S. Scholz 

• wrote the original draft of the manuscript except of the methods part 

concerning the fungi treatment (S.S. Scholz), the methods part for the 

quantification of phytohormones was written in collaboration with M. Reichelt, 

the manuscript was revised by A. Mithöfer and the other authors 
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2.2 Manuscript 2 

 

The Ca2+ sensor proteins CML37 and CML42 antagonistically regulate various 
plant stress responses by altering phytohormone responses 

 

Authors:  Heyer, M., Scholz, S. S., Chini, A., Reichelt, M., Kunert, G., Oelmüller, 

R., Mithöfer, A. 
 

Status: submitted June 2019 to Plant, Cell & Environment 
 

Summary:  

The CMLs CML37 and CML42 have been shown before to regulate the defense 

against herbivores and the drought stress response in Arabidopsis, whereby CML37 

turned out as positive and CML42 as negative regulator of both stress reactions. 

Here, we studied if these positive and negative effects of both CMLs are 

antagonistic to each other by employing a double knock out mutant line. Under 

drought as well as under herbivore pressure the double knock out mutants displayed 

wild type-like stress responses, suggesting that both CMLs are antagonistically to 

each other. In both cases CML37 and CML42 regulate the stress response by 

modulating the jasmonate or ABA signaling, respectively. We further investigated 

the interplay between both CMLs and the jasmonate pathway by studying possible 

interaction between the CMLs and the JAR1 enzyme and the JA-Ile receptor COI1. 

However, none of the CMLs interacted with JAR1 or COI1, suggesting that the 

CMLs might interact either with proteins upstream the phytohormone pathway or 

with transcription factors downstream the JA-Ile perception. We further show that 

CML37 and CML42 also antagonistically regulate the defense against the 

necrotrophic fungus A. brassicicola, suggesting a broad importance of the 

antagonism for jasmonate-mediated defense responses. The striking antagonism 

over all tested stress responses implies that CML37 and CML42 might have a 

balancing role in the coordination of different stress responses in the plant. 

 

Author contributions: 
Conceptualization:   M. Heyer, A. Mithöfer 

Formal analysis:   M. Heyer, A. Chini, S. S. Scholz, M. Reichelt, G. Kunert 

Investigation:   M. Heyer, A. Chini, S. S. Scholz, M. Reichelt 

Methodology:   M. Reichelt  
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Project administration: A. Mithöfer  

Resources:    R. Oelmüller  

Supervision:    R. Oelmüller, A. Mithöfer 

Visualization:   M. Heyer, A. Chini, S. S. Scholz 

Writing – original draft:  M. Heyer, A. Chini, M. Reichelt, A. Mithöfer  

Writing – review & editing: S.S. Scholz, G. Kunert, R. Oelmüller 
 

Contribution of M. Heyer: 70%  
 

M. Heyer 

• planned all experiments (in consultation with A. Mithöfer and regarding Fig. 5 

in consultation with A. Chini) 

• conducted the following experiments: 

o Fig. 1 

o Fig. 2 

o Fig. 3 (in collaboration with M. Reichelt, who performed the LC-MS/MS 

measurements and calculated the phytohormone content of single 

samples) 

o Fig. 4 (in collaboration with M. Reichelt, who performed the HPLC/UV 

measurements and calculated the glucosinolate content of single 

samples) 

o Fig. 7 (7b in collaboration with M. Reichelt, who performed the LC-

MS/MS measurements and calculated the phytohormone content of 

single samples) 

• did data processing and statistics of all experiments, statistics for Fig. 4, 6 

and 7 were done partially in collaboration with G. Kunert 

• visualized all data as the presented Figures, Fig. 5 was done in collaboration 

with A. Chini  and Fig. 6 was done in collaboration with S.S. Scholz 

• wrote the original draft of the manuscript, the methods part for the 

quantification of phytohormones and glucosinolates was written in 

collaboration with M. Reichelt and the methods part for the yeast two-hybrid 

in collaboration with A. Chini, the manuscript was revised by A. Mithöfer and 

the other authors 
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2.3 Manuscript 3 

 

Synthesis, metabolism and systemic transport of a fluorinated mimic of the 
endogenous jasmonate precursor OPC-8:0 

 

Authors:  Jimenez-Aleman, G.H.*, Scholz, S. S.*, Heyer, M., Reichelt, M., 

Mithöfer, A., Boland, W. 
 

* These authors contributed equally to the work. 
 

Status: published 2015, Biochimica et biophysica acta: BBA Molecular and cell 

biology of lipids, 1851(12), 1545-1553. 

 doi:10.1016/j.bbalip.2015.09.002 
 

Summary:  

In this study a fluorinated analog of the jasmonate precursor OPC-8:0 (7F-OPC-8:0) 

was synthesized in order to investigate its ability to be translocated systemically 

throughout the Arabidopsis rosette after wounding. It was shown that 7F-OPC-8:0 is 

a true mimic of the endogenous OPC-8:0, since it is metabolized in vivo similar to 

the natural compound. Due to its ability to be metabolized in the plant, treatment 

with 7F-OPC-8:0 lead to an increased jasmonate content and the upregulation of 

jasmonate responsive genes. After testing the biological activity, 7F-OPC-8:0 was 

used for translocation studies. It was applied to wounded local leaves and could be 

detected in vascular connected leaves after 1 h. This result suggests that OPC-8:0 

can be transported systemically after wounding and by this contribute to systemic 

jasmonate signals. With these results, we show further that fluorinated jasmonates 

can be used as a tool to study the metabolism and transport of these compounds 

throughout the plant. 

 

Author contributions: 
Conceptualization: G.H. Jimenez-Aleman, S.S. Scholz, M. Heyer, A. 

Mithöfer, W. Boland 

Formal analysis:  G.H. Jimenez-Aleman, S. S. Scholz, M. Heyer, M. 

Reichelt  

Funding acquisition:  W. Boland 
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Investigation:  G.H. Jimenez-Aleman, S. S. Scholz, M. Heyer, M. 

Reichelt 

Methodology:   G.H. Jimenez-Aleman, M. Reichelt  

Project administration: W. Boland  

Supervision:    W. Boland, A. Mithöfer 

Visualization:   G.H. Jimenez-Aleman, S. S. Scholz, M. Heyer 

Writing – original draft:  G.H. Jimenez-Aleman, S. S. Scholz, M. Heyer 

Writing – review & editing: A. Mithöfer, M. Reichelt, W. Boland 
 

Contribution of M. Heyer: 15%  
 

M. Heyer: 

• planned experiment for Fig. 6 (in consultation with A. Mithöfer und G.H. 

Jimenez-Aleman) 

• conducted the experiment for Fig. 6 

• processed data and did statistics for Fig. 6 

• visualized data as Fig. 6 

• wrote the following parts of the original draft: 

o 2.5. 

o 3. in collaboration with G.H. Jimenez-Aleman und S.S. Scholz 

o 4.3.  

o 4.6. in collaboration with G.H. Jimenez-Aleman 

• revised the whole manuscript  
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2.4 Manuscript 4 

 

A holistic approach to analyze systemic jasmonate accumulation in individual 
leaves of Arabidopsis rosettes upon wounding 

 

Authors:  Heyer, M., Reichelt, M., Mithöfer, A. 
 

Status: published 2018, Frontiers in Plant Science, 9(1569). 

doi:10.3389/fpls.2018.01569 
 

Summary:  

In this study we investigated the systemic pattern of different stress-associated 

phytohormones after herbivore-related wounding among the whole Arabidopsis 

rosette. By analyzing levels of jasmonates, SA and ABA, we showed that mainly JA 

and JA-Ile are induced systemically shortly after wounding. This jasmonate 

response is fast and takes less than 1.6 min to be fully pronounced. However, 

cutting the leaves, e.g. by sampling the leaves, is sufficient to induce similar 

systemic jasmonate levels as continuous wounding related to herbivores, causing 

false-negative results, if single leaves of the whole rosette are sampled at once. 

Thus we developed a sampling method, where rosette is frozen before cutting the 

leaves that allows studying the whole rosette at once in a holistic approach. Using 

this technique, we showed that the jasmonate distribution pattern follows the 

vascular connections between the leaves. As known from other systemic signals, JA 

and JA-Ile are distributed among vascular connected leaves of first and second 

order. Further, our data provide evidence, that the range of distribution can be even 

expanded to vascular connected leaves of third order.  Besides JA and JA-Ile, we 

studied the systemic pattern of their precursor OPDA. However, OPDA was neither 

systemically induced by cutting nor by herbivore-related wounding, suggesting that 

the fast systemic JA and JA-Ile signal might be independent on systemic OPDA. 

Also SA and ABA did not play a role in rapid systemic signaling after wounding. In 

addition we reevaluated the systemic induction of GABA, showing that GABA 

induction follows the same vascular connections as jasmonate signals. However, 

simply cutting leaves was not able to induce systemic GABA elevations, suggesting 

that they are regulated via different time scale and mode than systemic 

phytohormone elevations. 
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the abstract and the conclusions were written in collaboration with A. 

Mithöfer, the manuscript was revised by all authors 
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Data article 
Title: Metabolism and chemical characterization of a fluorinated mimic of the 

endogenous jasmonate precursor OPC-8:0 

Authors: Guillermo H. Jimenez-Aleman,a Sandra S. Scholz,a Monika Heyer,a 

Michael Reichelt,b Axel Mithöfer,a and Wilhelm Bolanda* 

Affiliations: a Department of Bioorganic Chemistry, b Department of Biochemistry. 

Max Planck Institute for Chemical Ecology. Hans-Knöll-Straße 8, 07745 Jena, 

Germany 

Contact email: boland@ice.mpg.de; Tel.: +49(0)3641571200; fax: 

+49(0)3641571202 

Abstract 
Here we describe several physiological responses induced by a fluorinated mimic of 

the jasmonate precursor OPC-8:0 in Arabidopsis thaliana plants. In particular, we 

describe the induction of the jasmonate responsive genes (JRG) JAZ1, GST1 and 

OPR1 by the fluorinated compound 7F-OPC-8:0 (10). The (10)-dependent induced 

levels of JA-Ile, arabidopside A and arabidopside B are presented as well. 

Furthermore, we provide NMR and LC-MS characterization of compound 10 and 

some of its metabolic derivatives. 

Specifications Table  

Subject area Chemistry and Biology 

More specific subject 

area 

Plant physiology 

Type of data Graph, figure, table 

How data was 

acquired 

RT-PCR: Bio-Rad CFX96 Touch™ Real-Time PCR 

Detection System (Bio-Rad, Hercules, USA). NMR: Bruker 

DRX500; Bruker Avance 400. Mass spectroscopy: Bruker 

Daltonics - maXis Ultra High ResolutionTOF; API 5000 

tandem mass (Applied Biosystems);  LTQ Orbitrap XL 

(Thermo Fisher Scientific, Bremen, Germany). 

Data format Analyzed 

Experimental factors RNA-isolation, phytohormone extraction,  

Experimental features RNA isolation: ca. 100 mg leaf material was homogenized 

and RNA extraction and cDNA synthesis as described in [1]. 
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Phytohormone extraction: ca. 250 mg leaf material was 

extracted with 1.5 ml of methanol containing 60 ng of 

[2H6]JA, and 12 ng of JA-[13C6]Ile as internal standards [2]. 

Data source location Jena, Germany. 

Data accessibility Data available with this article.  

 
Value of the data  

• First physiological data for a fluorinated jasmonate compared to endogenous 

cis-OPDA. 

• MS methods may be applicable for other fluorinated jasmonates 

• Interesting profile for arabidopsides levels in fluorinated-jasmonate treated 

plants 

• Useful NMR data of synthetic 7F-OPF-8:0 

Data 

Here we present how a fluorinated jasmonate precursor (7F-OPF-8:0) affects the 

expression of marker JRG JAZ1, GST1 and OPR1. We characterize 7F-OPF-8:0 

(10) and metabolic derivatives by LC-MS and quantify the levels of JA-Ile and 

arabidopsides A and B induced by 10. Furthermore, we provide NMR spectra of this 

compound. In some cases data is directly compared to the endogenous jasmonate 

precursor cis-OPDA. Table S1 contains the list of primers employed for RT-PCR. 

Experimental Design, Materials and Methods 
Plant material and treatments: Arabidopsis thaliana ecotype Columbia was used 

for all experiments and plants were grown as previously described [2]. Four to five 

week old plants, grown under short-day conditions were sprayed with 0.75 ml (50 

µM) of 7F-OPC-8:0 (10) or solvent control (0.125 % ethanol) and incubated for the 

indicated time periods. For cis-OPDA treatments, a solution of this compound (10 

µM, containing 0.1% DMSO) was used. The solvent control was a 0.1% solution of 

DMSO. The cis-OPDA was synthesized according to the procedure previously 

described [3]. 

RNA-isolation and RT-PCR:  For RNA isolation, 1 leaf (~ 100 mg) was harvested 

and stored in liquid nitrogen until use. Samples were homogenized with a 

Genogrinder 2010 (Spex Sample Prep, Stanmore, UK) for 1 min at 1000 rpm. RNA 

extraction and cDNA synthesis was performed as described before [1]. Q-RT-PCR 
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was carried out in 96-well plates on a Bio-Rad CFX96 Touch™ Real-Time PCR 

Detection System (Bio-Rad, Hercules, USA) by the use of Brilliant II QPCR SYBR 

green Mix (Agilent, Böblingen, Germany). Analysis of dissociation curve was 

performed for all primer pairs and RPS18B was used as endogenous control for all 

experiments. The obtained mRNA levels of the genes of interest were normalized to 

the RPS18B mRNA level in each cDNA probe. Expression levels were calculated by 

use of the normalized expression (∆∆Cq) in Bio-Rad CFX Manager Software (3.1). 

Untreated plants were used as control (expression level = 1). The primer pairs used 

are listed in supplementary materials (Table S1). 

Quantification of JA-Ile, arabidopside A, arabidopside B, and MS data: Analysis 

of phytohormones followed previously described methods with some modifications 

[2]. Finely ground leaf material (250 mg) was extracted with 1.5 ml of methanol 

containing 60 ng of [2H6]JA, and 12 ng of JA-[13C6]Ile conjugate as internal 

standards. The homogenate was mixed for 30 min and centrifuged at 13000 rpm for 

20 min at 4 ºC and the supernatant was collected. The homogenate was re-

extracted with 500 µl methanol, mixed and centrifuged and the supernatants were 

pooled. The combined extracts were evaporated under reduced pressure at 30 °C 

and dissolved in 500 µl methanol. Chromatography was performed on an Agilent 

1200 HPLC system (Agilent Technologies). Separation was achieved on a Zorbax 

Eclipse XDB-C18 column (50 x 4.6 mm, 1.8 µm, Agilent). Water and acetonitrile 

containing formic acid (0.05%) were employed as mobile phases A and B 

respectively. The elution profile was: 0-0.5 min, 5% B; 0.5-9.5 min, 5-42% B; 9.5-

9.51 min 42-100% B; 9.51-12 min 100% B and 12.1-15 min 5% B. The mobile phase 

flow rate was 1.1 ml min-1. The column temperature was maintained at 25 °C. An 

API 5000 tandem mass spectrometer (Applied Biosystems) equipped with a 

Turbospray ion source was operated in negative ionization mode. The instrument 

parameters were optimized by infusion experiments with pure standards if available. 

The ion spray voltage was maintained at -4500 eV. The turbo gas temperature was 

set at 700 ºC. Nebulizing gas was set at 60 psi, curtain gas at 25 psi, heating gas at 

60 psi and collision gas at 7 psi. Multiple reaction monitoring (MRM) was used to 

monitor analyte parent ion → product ion: m/z 215.1 →56.0 (CE -24 V; DP -35 V) for 

[2H6]JA; m/z 322.2 →130.1 (CE -30V; DP -50V) for JA-Ile and m/z 328.2 →136.1 

(CE -30V; DP -50V) for JA-[13C6]Ile conjugate. Both Q1 and Q3 quadrupoles were 

maintained at unit resolution. Analyst 1.5 software (Applied Biosystems) was used 
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for data acquisition and processing. Linearity in ionization efficiencies were verified 

by analyzing dilution series of standard mixtures. Phytohormones were quantified 

relative to the signal of their corresponding internal standard. 

For the quantification of arabidopside A and arabidopside B the same extract as 

for phytohormone analysis were used. Samples were analyzed by LC-MS/MS as 

described above with the following modifications: chromatographic gradient was: 0-

0.5 min, 10% B; 0.5-4 min, 10-90% B; 4-7 min 90-100% B; 7-7.5 min 100% B and 

7.5-10 min 10% B. The following MRMs were used: analyte parent ion → product 

ion: m/z 773.5 →291.0 (collision energy (CE )-36 V; declustering potential (DP) -30 

V) for arabidopside A; m/z 801.5 →291.0 (CE -36 V; DP -30 V) for arabidopside B. 

Relative quantification is presented as normalized peak area in relation to the 

internal standard [2H6]JA. 

HRMS (ESI-) for compound 10 was performed on a Bruker Daltonics - maXis 

Ultra High ResolutionTOF instrument by direct injection of a pure sample. The 

identity of compounds 11 and 12 was corroborated by LC-HRMS. MS analysis was 

carried out on a LTQ Orbitrap XL mass spectrometer (Thermo Fisher Scientific, 

Bremen, Germany). Measurement conditions: ESI negative ionization mode; 

capillary temperature 275 C, capillary voltage 35 V; full-scan mass spectra, mass 

range of m/z 100 – 1000; mass resolution of m/Δm 30000. The software XCALIBUR 

(Thermo Fisher Scientific, Waltham, MA, USA) was employed for data interpretation. 

LC was performed on UltraMate 3000 (Thermo Fisher Scientific, Bremen, Germany) 

equipment. Separation was achieved with an Acclaim RSLC C18 column (2.2µm, 

2.1 x 150mm; Thermo Fisher Scientific, Bremen, Germany). Formic acid (0.1%) in 

water and acetonitrile were employed as mobile phases A and B respectively. The 

elution profile was: 0-15 min, 1-100% B; 15-18 min, 100% B; 18-18.1 min 100-1% B; 

18.1-24 min, 1% B. The mobile phase flow rate was 0.3 ml min-1. The column 

temperature was maintained at 25 °C. 

NMR acquisition: NMR spectra were recorded at 300K either on a Bruker DRX500 

spectrometer (operating frequency 500 MHz for 1H and 125 MHz for 13C) or a Bruker 

Avance 400 NMR spectrometer (operating frequency 400 MHz for 1H and 100 MHz 

for 13C). 1H NMR chemical shifts were referenced relative to the residual solvent 

peak CDCl3. As compounds are mostly mixture of isomers, NMR data are reported 

for the major isomer only. 
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Fig. 1 Mean expression (± s.e., n=5) of GST1 (A) and OPR1 (B) in A. thaliana Col-0 

after treatment with 7F-OPC-8:0 (10), cis-OPDA or the respective solvent control. 

Expression was analyzed after 30, 60 and 180 min. All samples were normalized to 

the RPS18B level and untreated plants were used as control. Statistically significant 

differences were determined between the time points of the same treatment and 

were analyzed by One-Way ANOVA (p < 0.05, SNK test). 

 
Fig. 2 Mean expression (± s.e., n=5) of JAZ1 in A. thaliana Col-0 after treatment 

with 7F-OPC-8:0 (10) or solvent control. Expression was analyzed after 30, 60 and 

180 min. All samples were normalized to the RPS18B level and untreated plants 

were used as control. Statistically significant differences were determined between 

the time points of the same treatment and were analyzed by One-Way ANOVA (p < 

0.05, SNK test). 

A B
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Fig. 3 Relative content (± s.e., n=5) of JA-Ile in A. thaliana Col-0 after treatment with 

cis-OPDA and 7F-OPC-8:0 (10). The content of JA-Ile was normalized to the 

respective solvent controls (level = 1). JA-Ile content was determined after 0 

(untreated plants), 30, 180 min. Statistically significant differences were determined 

between the time points of the same treatment and were analyzed by One-Way 

ANOVA (p < 0.05, SNK test). 

 

Fig. 4 Mean relative content (± s.e., n=5) of arabidopside A (A) and arabidopside B 

(B) in Arabidopsis Col-0 after treatment with 7F-OPC-8:0 (10) or solvent control. 

Measurements at 30, 60 and 180 min. Peak area was normalized to the IS [2H]6JA. 

Statistically significant differences were determined between the time points of the 

same treatment and were analyzed by One-Way ANOVA (p < 0.05, SNK test). 
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Fig. 5 MS2 spectrum of 7F-OPC-8:0 (10). The fragmentation pattern of 10 reveals 

the molecular base peak [M-H]- (311.4 m/z) and a peak produced by the loss of HF 

([M-H-20]-, 291.2 m/z) as the most abundant fragments.  

 
Fig. 6 HRMS spectra of compounds 5F-OPC-6:0 (11) (A) and 3F-OPC-4:0 (12) (B).  
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Table 1. Primers used for RT-PCR. 

 
 

 

 

1H-NMR Compound (4) 
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13C- APT-NMR Compound (4) 

Chemical Shift (ppm)220 210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20

CDCL3
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1H-NMR 7F-OPC-8:0 (10) 
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13C NMR 7F-OPC-8:0 (10) 

Chemical Shift (ppm)220 210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30
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HRMS spectrum of 7F-OPC-8:0 (10) 
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4 Unpublished results 

4.1 cml9-1 and cml9-2 display a wild type-like drought stress response 

4.1.1 Material and Methods 

4.1.1.1 Plant growth 

A. thaliana T-DNA insertion lines cml9-1 (T-DNA insertion in an intron, Col-8 

background) and cml9-2 (T-DNA insertion in an exon, Ws-4 background) described 

in Magnan et al. (2008) were used for drought stress treatments. A. thaliana ecotype 

Col-8 and Ws-4 were used as wild type controls respectively. Plants were grown 

under short day conditions as described for Max Planck Institute for chemical 

Ecology (MPI CE) Jena in Heyer et al. (2018b, Manuscript 1). 

 

4.1.1.2 Drought stress treatment 

Drought stress treatment was performed as described in Heyer et al. (2018b, 

Manuscript 1). Pictures were taken at 0 d, 11 d and 18 d of drought treatment to 

document the drought stress reaction of the plants. Experiment was repeated three 

times independently (n = 17). Pictures shown are representative individual plants 

from one independent repeat. 

 

4.1.2 Results 

Magnan et al. (2008) reported that CML9 is a negative regulator of the drought 

stress response in A. thaliana. Both tested knock out mutant lines cml9-1 and cml9-

2 displayed a higher survival rate upon drought stress treatment (Magnan et al., 

2008). However, in Heyer et al. (2018b, Manuscript 1), the drought stress response 

of two other knock out mutant lines (cml9-a and cml9-b) of CML9 was investigated 

and both of them displayed a wild type-like drought stress phenotype. To exclude 

that the different response is due to a secondary effect of the mutant lines used in 

both studies, I re-investigated the drought stress reaction of cml9-1 and cml9-2 

under the drought stress conditions published in Heyer et al. (2018b, Manuscript 1). 

As reported for cml9-a and cml9-b, cml9-1 and cml9-2 were as drought stress 
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tolerant as the corresponding wild type plants. There was no difference neither after 

11 d nor 18 d of drought in the phenotype of wild type and mutant plants (Figure 10). 

 

 
Figure 10: Drought stress phenotype of cml9-1 and cml9-2. cml9-1, cml9-2 and A. thaliana 

ecotype Col-8 and Ws-4 plants after 11 d and 18 d without watering. Untreated plants were used as 

controls (0 d). Plants were re-watered once after 11 d, when drought stress was applied for 18 d. 

 

4.2 aca4 is more susceptible to S. littoralis feeding  

4.2.1 Material and Methods 

4.2.1.1 Plant growth and insect rearing 

Mutant lines aca4-1 and aca4-3 were kindly provided by J. Harper (Boursiac et al., 

2010). SALK_108323C was ordered at the Nottingham Arabidopsis Stock Centre 

(NASC, Nottingham, United Kingdom). Arabidopsis ecotype Col-0 was used as 

control in the larval performance assay. Plants were grown under short day 

conditions as described for MPI CE Jena in Heyer et al. (2018b, Manuscript 1).  

S. littoralis larvae were reared from eggs provided by Syngenta Crop Protection AG 

(Stein, Switzerland) as described in Heyer et al. (2018b, Manuscript 1). 
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4.2.1.2 Semi-quantitative Reverse Transcription (RT)-PCR 

RNA isolation, DNA digestion and cDNA synthesis were performed as described in 

Heyer et al. (2018b, Manuscript 1). Primers for ACA4 were designed using NCBI 

Primer-BLAST (Ye et al., 2012) and Vector NTI1 Express 1.2.0 software (Thermo 

Fisher ScientificTM, Schwerte, Germany). The following Primers were used: ACA4F 

5’ - ATGTCGAACTTGCTAAGGGATTTCG - 3’ and ACA4R 5’ - 

GGCAGAGTTGGAAGAAGAAGGAC - 3’. ACTIN2 was used as housekeeping gene. 

Primers used for ACTIN2 are published in Vadassery et al. (2012a). Phusion® High-

Fidelity DNA Polymerase (New England BioLabs Inc., Ipswich, USA) was used, to 

allow amplification of the whole ACA4  product. PCR was performed according to 

the manufacturer’s protocol, using 10 mM dNTP Mix (InvitrogenTM, Darmstadt, 

Germany). Since residuals of cDNA synthesis are known to block the Phusion 

Polymerase, only 12.5 ng cDNA were added to the PCR reaction. 

 

4.2.1.3 Larval performance assays  

Larval performance assays were performed as described as insect biomass assay 

in Scholz et al. (2014). 

 

4.2.1.4 Statistics 

Larval performance assay was repeated five times independently. For aca4-3 n = 

100 replicates were used and for wild type n = 93. Difference in the gain of weight of 

larvae feeding on either aca4-3 or wild type plants were determined by unpaired 

two-sample Wilcoxon test using R 3.5.1 (R Development Core Team, 2018). 

 

4.2.2 Results 

ACA4 is a vacuolar Ca2+ pump in Arabidopsis that has been shown to be wound-

inducible and plays a role in the defense against pathogens (Geisler et al., 2000, 

Boursiac et al., 2010, Gfeller et al., 2011). Further, it displays a CaM binding domain 

at its N-terminus. The N-terminus of ACA4 is an auto-inhibitory region, preventing 

ACA4 to pump Ca2+ under normal conditions. Upon a Ca2+-signal, CaMs binds to 

the N-terminus and activates the ACA function (Geisler et al., 2000, Heven Sze et 
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al., 2000). Previous works have shown that CML37 as well as CML42 interact with 

ACA4 (Yilamujiang, 2012, Scholz, 2015). To further unravel how ACA4 might 

interplay with CML37 and CML42 in the regulation of the defense against 

herbivores, I examined the functional relevance of ACA4 for the defense response. 

The knock-out mutant aca4-3 (Boursiac et al., 2010) was used for larval 

performance assays. To confirm the full knock out, the absence of the full length 

ACA4 transcript was proven by semi-quantitative RT-PCR. There was no full-length 

ACA4 transcript in aca4-3 mutants, whereas the wild type expressed ACA4 clearly, 

suggesting that aca4-3 is a full knock out (Figure 11A). Nevertheless, in aca4-3 

there was a fragment of about 1100 bp detected (Figure 11A). Sequencing revealed 

that this fragment consists out of exon E1, E4, E5, E6 and E7 of ACA4. ACA4 

consists out of 7 exons in total. The T-DNA in aca4-3 is inserted in the biggest exon, 

E3 (Figure 11B). Since the fragment consists out of exons before and after the T-

DNA insertion, it might be that there was an alternative splicing event, resulting in 

the deletion of E2 and E3 in the mRNA. 

However, although this fragment is expressed, it is highly unlikely that a functional 

Ca2+ pump is still produced in the mutant, if it is processed into a protein. ACAs 

consist out of 10 transmembrane domains (TMD) in total. TMD1 to TMD6 build the 

actual Ca2+ transport domain, whereas TMD7 to TMD10 are domains to stabilize the 

structure of the pump (Geisler et al., 2000, Demidchik et al., 2018 and Figure 12C). 

E3 encodes for the first 4 TMD and partially for the cytoplasmic domains that contain 

the ATP binding site (nucleotide binding site, N) as well as the domain that is 

phosphorylated (P) and the phosphatase that dephosphorylates the P-domain again 

for the next catalytic cycle (actuator domain, A) (The uniprot consortium, 2016, 

Demidchik et al., 2018 and Figure 11C). Thus the expression of the fragment cannot 

lead to a functional ACA. Further, aca4-3 was already successfully used as knock 

out mutant in other studies and confirmed by other lines (Boursiac et al., 2010). 

Thus aca4-3 was used for larval performance assays.  
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Figure 11. Characterization of the aca4-3 mutant line. (A) Semi-quantitative RT-PCR amplifying 

ACA4 of aca4-3 and wild type plants using ACTIN2 as housekeeping gene. Expected product sizes 

are mentioned behind the product name in brackets. Unexpected fragment is labeled with an 

asterisk. (B) Schematic overview of the genetic structure of ACA4. Exons are marked with E (thick 

grey bar) and intron with I (thin black bar). T-DNA insertion of aca4-3 is indicated by the arrow. 

Scheme was modified after Boursiac et al. (2010). (C) Simplified scheme of the ACA4 protein in the 

membrane modified after Demidchik et al. (2018). Transmembrane domains (TMDs) are indicated by 

grey cylinders. N and C mark the N- and C-terminus respectively. At the N-terminus there is the auto-

inhibitory domain including the CaM-binding site (AD), indicated by a circle. The actuator domain (A), 

the nucleotide-binding domain (N) and the phosphorylation domain (P) are indicated by squares. (D) 

Semi-quantitative RT-PCR amplifying ACA4 of SALK_108323C and wild type plants using ACTIN2 

as housekeeping gene. Expected product sizes are mentioned on the left side of the pictures. Color 

was inverted to enhance visibility of the bands.  
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After feeding, S. littoralis larvae gained significantly more weight on aca4-3 than on 

wild type plants (Figure 12). The knock out of ACA4 positively influenced the larval 

performance, suggesting that ACA4 is a positive regulator of the defense response 

against S. littoralis. 

 
Figure 12. Larval performance on aca4-3 
compared to wild type plants. Bars represent 

the gain of weight of S. littoralis larvae ± 

standard error after feeding for one week on 

either aca4-3 or wild type (A. thaliana Col-0) 

plants. Experiment was started with first instar 

larvae that were preweighed to reduce 

variation. Three larvae were placed on each 

plant. Gain of weight was determined by 

weighing larvae after one week again. 

Difference in the gain of weight were 

determined by unpaired two-sample Wilcoxon 

test (p = 0.00001508) and is indicated by the 

three asterisks. 

 

In order to proof the results of the aca4-3 line, two more mutant lines were 

investigated: the aca4-1 line (Boursiac et al., 2010) and SALK_108323C (NASC, 

Nottingham, United Kingdom). However, the SALK_108323C line expressed full 

length transcript of ACA4 and thus was not a knock out mutant (Figure 12D). 

Further, the seed stock of aca4-1 seems to be to old und thus failed to germinate 

and could not be used for experiments. In future studies other lines should be 

employed and further investigated. However, the first results with the aca4-3 line 

already indicate that ACA4 might positively influence the defense against S. 

littoralis. 
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5 Discussion 
In order to react appropriately to abiotic and biotic stresses, plants need to perceive 

and to transduce environmental changes into the respective responses to survive 

the stress situations. Ca2+ and phytohormones are important signals linking the 

perception of environmental stresses to the appropriate stress response (Chaves et 

al., 2003, Maffei et al., 2007, Dodd et al., 2010, Mengiste, 2012, Verma et al., 2016). 

The aim of this study was to gain more mechanistically insights into the connection 

between these two signaling elements and how they influence downstream stress 

responses. Thereby, special emphasis was placed on jasmonate dependent stress 

responses such as the defense against herbivores and necrotrophs, and the ABA 

mediated drought stress response. 

 

5.1 CMLs – missing links between Ca2+ and phytohormone signaling? 

The family of CMLs is of great importance for sensing stress-mediated Ca2+ signals, 

as described above. Further, some of them are known to influence downstream 

phytohormone biosynthesis as well as phytohormone perception (Magnan et al., 

2008, Vadassery et al., 2012a, Scholz et al., 2014, Scholz et al., 2015c, Zhu et al., 

2017) and thus might be important linkers between early Ca2+ signals and 

phytohormone responses in the signal transduction after stress. In order to proof this 

hypothesis, I studied the role of three different CMLs in the response to herbivory, 

drought and necrotrophic fungi. 

 

5.1.1 CML9 is not a key regulator of jasmonate dependent responses 

One of the CMLs investigated here is CML9. CML9 was chosen as a candidate, 

since it was suggested to modulate SA as well as ABA dependent stress responses 

(Magnan et al., 2008, Leba et al., 2012). It mediates the response to abiotic stress 

by influencing the ABA perception (Magnan et al., 2008) and contributes to SA 

dependent responses in the defense against the biotrophic pathogen P. syringae 

(Leba et al., 2012). In addition, expression of CML9 is induced by both ABA and SA 

(Magnan et al., 2008, Leba et al., 2012, Heyer et al., 2018b, Manuscript 1 (Figure 

1)). However, less was known about the role of CML9 in jasmonate dependent 

stress responses. 
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It was shown for two other CMLs, CML37 and CML42, that they are induced upon 

herbivory and that they also play important roles in regulating the defense against 

herbivores (Vadassery et al., 2012a, Scholz et al., 2014). Both of them mediate 

defense responses by altering the jasmonate signaling following herbivore feeding 

(Vadassery et al., 2012a, Scholz et al., 2014), and thus demonstrate an important 

link between Ca2+ and phytohormone signals. Also CML9 was known to be induced 

upon treatment with OS of the herbivore S. littoralis (Vadassery et al., 2012b). 

Further, CML9 is inducible by herbivore-related wounding and feeding of the 

herbivore itself (Heyer et al., 2018b, Manuscript 1 (Figure 1)), suggesting that it 

might be an important regulator of the defense against herbivores as well. 

Thus, in Manuscript 1 (Heyer et al., 2018b) the effect of CML9 on the herbivore 

defense of A. thaliana was intensively studied, employing loss-of-function as well as 

overexpression mutants. However, CML9 mutants displayed mostly a wild type-like 

phenotype to feeding of the herbivores S. littoralis and T. urticae (Heyer et al., 

2018b, Manuscript 1 (Figure 2 and 4)). Also herbivore-induced phytohormones did 

not differ between cml9 and wild type lines (Heyer et al., 2018b, Manuscript 1 

(Figure 3)), suggesting that CML9 is not a linker between Ca2+ and phytohormone 

signals in herbivore defense. 

To further investigate the role of CML9 in other jasmonate mediated stress 

responses, the functional relevance of CML9 for the defense against the 

necrotrophic fungus A. brassicicola was examined. The cml9 mutants showed a wild 

type-like reaction to the fungus treatment (Heyer et al., 2018b, Manuscript 1 (Figure 

5)), suggesting that CML9 is not relevant for the defense against the necrotroph. 

Together the results of the herbivore and the pathogen assays rather exclude a 

fundamental role of CML9 in jasmonate mediated defense responses. It seems that 

CML9 has only a very specific role in defense reactions that are more connected to 

the SA signaling pathway, like the defense against P. syringae as shown by Leba et 

al. (2012). However, this influence on SA dependent stress responses does not 

seem to interfere with jasmonate mediated defenses. 

 

5.1.2 CML9 is not a general regulator of ABA signaling 

Magnan et al. (2008) described CML9 as an essential modulator of ABA mediated 

stress responses. Loss-of-function mutants of CML9 were more tolerant to drought 
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stress than wild type plants, indicating that CML9 negatively regulates the drought 

stress response (Magnan et al., 2008). Surprisingly, these results were not 

confirmed when reexamining the drought stress response of two other cml9 lines in 

Manuscript 1 (Heyer et al., 2018b). Both lines investigated, cml9-a and cml9-b, 

performed as good under drought stress conditions as the wild type plants and 

induced similar levels of ABA as the wild type upon drought (Heyer et al., 2018b, 

Manuscript 1 (Figure 6)), suggesting rather that CML9 is not essential for this stress 

reaction. 

However, in Manuscript 1 (Heyer et al., 2018b) cml9 mutants with a different 

ecotype background were used for the drought stress treatments than in Magnan et 

al. (2008). The ecotype background can have an impact on the outcome of a stress 

performance assay, since there is a natural variation among different ecotypes of 

Arabidopsis concerning their drought tolerance (Bouchabke et al., 2008). To exclude 

such secondary effects, the drought stress experiment was repeated using the 

mutant lines published in Magnan et al. (2008) and their respective ecotype wild 

type plants. Nevertheless, there was no difference in the drought stress reaction 

between the cml9 mutants and the wild type plants (Figure 10), pointing out once 

more that CML9 is not relevant for the drought stress reaction in general as before 

proposed by Magnan et al. (2008). 

On the other side, it cannot be fully excluded, that CML9 might have regulating 

functions under certain conditions. Magnan et al. (2008) showed, that cml9 seeds 

are hypersensitive to ABA, suggesting that CML9 is interfering with the ABA 

pathway in early developmental stages of the plant. The plants used in the drought 

assays of Magnan et al. (2008) were only three weeks old and thus slightly younger 

than in the experiments performed here. If CML9 plays a role in ABA signaling only 

in younger plants it might be one reason for the contradictory results of the two 

drought assays. In addition also different growth conditions and experimental setup 

might have led to a different outcome, as discussed in Manuscript 1 (Heyer et al., 

2018b). It might be as well that CML9 has other functions that under certain 

conditions can influence the drought stress tolerance secondarily. However, the 

additional drought assays performed here indicate that CML9 is not necessarily a 

regulator of the drought stress response and ABA signaling.  
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5.1.3 The two antagonists CML37 and CML42 act at the crossroads of JA and 
ABA signaling 

Besides CML9, CML37 and CML42 are Ca2+ sensors that were known before to 

play a role in abiotic stress responses depending on ABA signaling as well as in 

biotic stress responses depending on jasmonate signaling (Vadassery et al., 2012a, 

Scholz et al., 2014, Scholz et al., 2015c). In particular they have been shown to 

modulate the defense against the insect herbivore S. littoralis (Vadassery et al., 

2012a, Scholz et al., 2014). There, CML37 acts as a positive regulator and CML42 

as a negative regulator of the defense and both are able to influence the defense 

directly via modulating the JA signaling (Vadassery et al., 2012a, Scholz et al., 

2014). Further, CML42 was known to directly affect defense strategies of the plants 

against herbivores negatively, like the constitutive content of aliphatic glucosinolates 

(Vadassery et al., 2012a). Because of the opposite function of both CMLs, one 

research question of this thesis was, if they both antagonize each other.  

To tackle this question, in Manuscript 2 (Heyer et al., 2019) the double knock out 

mutant line cml37 x cml42, generated by crossing the single mutants used in 

previous studies (Vadassery et al., 2012a, Scholz et al., 2014), was further 

investigated. The cml37 x cml42 plants were as susceptible as wild type plants to S. 

littoralis herbivore feeding and exhibited similar levels of jasmonates and constitutive 

glucosinolates as the wild type (Heyer et al., 2019, Manuscript 2 (Figure 2 - 4)). The 

wild type-like phenotype of cml37 x cml42 clearly indicates that the positive effect of 

cml42 and the negative impact of cml37 are balanced out in the double knock out 

mutant, implying that CML37 and CML42 are actually antagonistic regulators of the 

defense against this insect. Similarly, the antagonism of two zinc finger proteins was 

also verified by observing a wild type-like phenotype of the respective double knock 

out line (Epple et al., 2003). 

Moreover, studying the double knock out mutant lines of both CMLs revealed new 

insights into the interplay of CML37 and CML42 in the defense against S. littoralis. 

Previous studies with the respective single knock out lines proposed a model, where 

CML42 and CML37 both act on the JA signaling pathway at different positions: 

Whereas CML37 was shown to directly act on the biosynthesis of OPDA and JA-Ile, 

CML42 was thought to influence only the JA-Ile perception but not its biosynthesis 

(Vadassery et al., 2012a, Scholz et al., 2014). However, the induced and 

constitutive jasmonate levels in cml37 x cml42 were comparable to those of wild 
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type plants (Heyer et al., 2019, Manuscript 2 (Figure 3)), indicating that cml42 can 

compensate the effects of cml37 in the double knock out line and thus has an 

impact on the jasmonate biosynthesis, even though it might be only indirect. The 

same holds true for the regulation of the constitutive glucosinolate levels. After 

studying the single knock out lines, only CML42 seemed to have an impact on the 

constitutive levels of aliphatic glucosinolates, whereas CML37 did not (Vadassery et 

al., 2012a, Scholz et al., 2014). Nevertheless, cml37 can compensate this effect of 

cml42 in the double knock out line (Heyer et al., 2019, Manuscript 2 (Figure 4)) and 

thus has an influence on the glucosinolate content. Therefore, a new model of the 

defense regulation by CML37 and CML42 is predicted here (Heyer et al., 2019 

(Figure 8)), where positive effects of CML37 and negative effects of CML42 on the 

jasmonate and glucosinolate production are balancing each other out and by this 

fine tune the defense reactions against the herbivore. 

Corresponding to their role in the herbivore defense of A. thaliana, CML37 and 

CML42 have similar functions in the defense against the necrotrophic fungus A. 

brassicicola (Heyer et al., 2019, Manuscript 2). Whereas cml37 is more susceptible 

to the fungus, cml42 seems less affected by the pathogen (Heyer et al., 2019, 

Manuscript 2 (Figure 6)), suggesting that CML37 is a positive and CML42 a negative 

regulator of the defense against the necrotroph. Further, CML37 and CML42 are 

acting as antagonists again, since the cml37 x cml42 displays a wild type-like 

phenotype upon the pathogen treatment (Heyer et al., 2019, Manuscript 2 (Figure 

6)). Because of their known influence on the jasmonate pathway in the herbivore 

defense and the fact that the defense against necrotrophs is regulated via the same 

phytohormones (Glazebrook, 2005), it is convincing that both CMLs might act on the 

defense reaction via jasmonates here as well. This suggests that these CMLs might 

play a role in stress reactions that are mediated by jasmonates in general. 

On the other side, CML37 and CML42 are also known as regulators of the drought 

stress response via influencing the ABA pathway (Vadassery et al., 2012a, Scholz 

et al., 2015c). CML37 is positively regulating the ABA elevation upon drought and 

thus the response to this stress, whereas CML42 is a negative regulator (Vadassery 

et al., 2012a, Scholz et al., 2015c). Similar to biotic stress responses, CML37 and 

CML42 act antagonistically in the drought stress regulation as well, as cml37 x 

cml42 again displays a wild type-like phenotype and ABA elevation upon drought 

(Heyer et al., 2019, Manuscript 2 (Figure 7)). Their role in ABA mediated stress 
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responses might be connected with their function in jasmonate signaling and vice 

versa. De Ollas et al. (2015b) provided evidence that JA-Ile is necessary for the 

drought stress induced ABA elevation in roots. Since CML37 and CML42 regulate 

the jasmonate elevation upon herbivory it might be interesting to investigate if this is 

also the case for drought stress to test whether there is a connection to the 

regulation of the ABA levels. However, such a dependency between JA-Ile and ABA 

induction has been only shown for roots and has been excluded for the aerial parts 

of the plants (Savchenko et al., 2014, De Ollas et al., 2015a). Unfortunately, our 

knowledge about the function of CML37 and CML42 is restricted to the shoots. 

Studying their role in the roots might help us to gain more knowledge about the 

possible dependencies between ABA and jasmonate signaling in drought stress.  

On the other side, ABA is also known to be essential for the full defense response 

against herbivores (Bodenhausen and Reymond, 2007) and has been shown to 

regulate jasmonate biosynthesis (Wang et al., 2018) and to coregulate jasmonate 

dependent gene expression (Kazan and Manners, 2013). Thus it might be possible 

that the effect of CML37 and CML42 on jasmonate signaling upon herbivory is 

connected to their effect on the ABA pathway. However, previous studies about 

these CMLs did not record ABA upon herbivory in the single mutants. Collecting 

those additional data will help us to understand in detail how CML37 and CML42 are 

influencing both pathways and if they are connected to each other in a signaling 

network. The fact that CML37 and CML42 have similar functions in both pathways 

suggests that there might be such connections. 

Furthermore since CML37 and CML42 act at the crossroads of these two signaling 

pathways leading to various stress responses, they might be also important in 

balancing different needs of the plants if multiple stressors occur. 

 

5.1.4 Interacting partners of CML42 and CML37 

Although previous studies and the results obtained here strongly indicate that 

CML42 and CML37 link Ca2+ signaling to the jasmonate and ABA pathway 

(Vadassery et al., 2012a, Scholz et al., 2014, Scholz et al., 2015c, Heyer et al., 

2019, Manuscript 2), it is still unclear how they are linking Ca2+ and phytohormone 

signals in detail. To answer this question a further investigation of possible CML37 
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and CML42 interacting proteins was needed. Here, special attention was drawn on 

their possible targets in the jasmonate pathway.  

In previous studies it was shown that CML37 regulates the JA-Ile levels by positively 

influencing the expression and activity of the JA-Ile biosynthesis enzyme JAR1 

(Scholz et al., 2014). On the other hand, it was speculated that CML42 might affect 

the JA-Ile perception via its receptor COI1 (Vadassery et al., 2012a). However, here 

it was shown that none of the two CMLs interacted directly with JAR1 or COI1 

(Heyer et al., 2019, Manuscript 2 (Figure 5)). Nevertheless, preliminary data of yeast 

two-hybrid experiments indicate that CML42 might influence the jasmonate 

dependent gene expression by interacting directly with the transcription factor MYC2 

(A. Chini, unpublished results/personal communication). Although this interaction 

has been only shown for CML42 so far, CML37 might interact with MYC2 or other 

transcription factors controlling jasmonate dependent gene expression as well. 

Similar to soybean (Glycine max) GmCaM1 and GmCML1 (previously named 

GmCAM4) that are antagonistically regulating the MYB2 transcription factor and by 

this the salt stress response of the plant (Yoo et al., 2005), CML37 and CML42 

might interact both with MYC2 and by this fine tune jasmonate dependent defense 

gene expression. As MYC2 is in addition controlling the expression of glucosinolate 

biosynthesis genes (Schweizer et al., 2013) and also ABA dependent gene 

expression (Abe et al., 2003), an interaction between these CMLs and MYC2 might 

also explain the effects of these CMLs on the level of glucosinolates and the drought 

stress response. However, the experiments are still ongoing and these hypotheses 

needs to be further investigated. 

On the other hand, MYC2 cannot be the only interacting protein of the CMLs, since 

they are also influencing the jasmonate biosynthesis (Scholz et al., 2014, Heyer et 

al., 2019, Manuscript 2). However, a positive feedback loop, where jasmonates itself 

control their biosynthesis has been excluded recently (Scholz et al., 2015a). Thus, 

the effects of both CMLs on the jasmonate biosynthesis cannot be explained by the 

possible interaction with MYC2 that is downstream of the JA-Ile perception, because 

that would imply such a positive feedback mechanism. Therefore, CML37 and 

CML42 might interact with other proteins upstream of JAR1 and by this control the 

JA-Ile biosynthesis indirectly. 

In previous studies it was shown that some CMLs interact with different ACAs 

(Yilamujiang, 2012, Scholz, 2015, Astegno et al., 2017). Interestingly CML37 as well 
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as CML42 interact both with ACA4 (Yilamujiang, 2012, Scholz, 2015), a Ca2+ pump 

that controls the uptake of Ca2+ ions into the vacuole (Geisler et al., 2000). It is 

thought that ACA4 plays mainly a role in Ca2+ homeostasis after Ca2+ increase upon 

a certain stimulus in regaining the basal Ca2+ level in the cell and thus helps to 

define the Ca2+ signal itself (Geisler et al., 2000). Further, ACA4 is known to be 

wound-inducible and to negatively regulate together with ACA11 the programmed 

cell death upon pathogen attack (Boursiac et al., 2010, Gfeller et al., 2011). 

However, nothing was known so far about the roles of ACAs in herbivore defense. 

Here, it could be shown that ACA4 might play an important role in the defense 

against the herbivore S. littoralis. Similar to the results gained on knock-out plants of 

its interacting partner CML37, S. littoralis larvae performed better on the aca4-3 

mutant than on wild type plants (Figure 12), indicating that the activity of ACA4 is 

necessary for the full defense response against that herbivore. Since it is known 

from the aca4/11 double knock out mutants that their phenotypes concerning the 

defense against P. syringae is dependent on the presence of the phytohormone SA 

(Boursiac et al., 2010), it might be that there is a connection between ACA4 and 

jasmonates in the defense against herbivores. Thus, ACAs might link CMLs and 

phytohormones. Investigation of the phytohormone levels after S. littoralis feeding in 

aca4-3 will help to gain more insights into that possible connection. 

The fact that ACA4 interacts with CML37 as well as with CML42, implies that ACA4 

might be an important control point for the antagonism of both CMLs. However, 

binding of one of the CMLs to the CAM-binding domain would always lead to an 

activation of the Ca2+ pump activity (Tidow et al., 2012, Demidchik et al., 2018). 

Since a functioning ACA4 is influencing the herbivore defense positively, this raises 

the question how the two CMLs can antagonistically regulate ACA4. Tidow et al. 

(2012) showed that ACAs have two levels of activation since they possess two 

CAM-binding domains: In the basal activated state only one of the CAM-binding 

sites is filled, leading to only low Ca2+ transport activity (Tidow et al., 2012). In order 

to achieve full activity, the second domain needs to be filled by another CAM or 

CML, allowing a higher transport rate of Ca2+ (fully activated state, Tidow et al., 

2012). Thus, the activity of the ACA4 might be fine-tuned by CML37 and CML42 by 

differential binding to the two CAM-binding domains. Different kinetics in binding or 

also differences in the affinity of both CMLs to the binding site might further 
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contribute to this fine tuning. Investigating these interactions further will help to 

understand the interplay of ACA4, CML37 and CML42 in detail. 

 

5.2 Systemic signaling 

5.2.1 Phytohormones are systemic signals following the vascular 
connections between the leaves 

Besides local signaling events after herbivore feeding as described above, plants 

also propagate signals systemically in order to prepare the unfed parts for a possible 

upcoming attack (Howe and Jander, 2008). Ca2+ has been shown to play an 

important role as such a systemic signal upon wounding and herbivory that is 

propagated among the Arabidopsis rosette via the vascular connections between 

the single leaves (Kiep et al., 2015, Nguyen et al., 2018). As described in previous 

chapters, there is a strong connection between Ca2+ and phytohormones in local 

stress signaling in plants (e.g. Vadassery et al., 2012a, Scholz et al., 2014, Scholz 

et al., 2015c, Zhu et al., 2017, Heyer et al., 2019, Manuscript 2). However, the 

propagation of systemic phytohormone signals after herbivore feeding or wounding 

was far less understood than in case of Ca2+ signals. 

Several studies showed before that especially jasmonates accumulate in distal 

leaves of the plant upon wounding or herbivory (Glauser et al., 2009, Koo et al., 

2009, Chauvin et al., 2013, Vos et al., 2013). However, there is still an ongoing 

debate if these systemic jasmonate accumulations are due to a transport of the 

phytohormones or by induced de novo synthesis in the distal leaves (Koo and 

Howe, 2009). Throughout the literature there is evidence provided for both theories: 

Whereas studies in Nicotiana tabacum and Solanum lycopersicum with labeled 

compounds show that JA and JA-Ile can be transported (Sato et al., 2009, Sato et 

al., 2011), a study performed in Arabidopsis rather suggest that they are de novo 

synthesized in systemic leaves (Koo et al., 2009). Here, in Manuscript 3 (Jimenez-

Aleman et al., 2015) it was shown with the help of a fluorinated compound, that the 

jasmonate precursor OPC-8:0 is transported among the Arabidopsis rosette. The 

7F-OPC-8:0 could be found in the locally treated leaf 8, as well as in the distal 

leaves 5 and 11 that are vascularly connected to leaf 8 (Jimenez-Aleman et al., 

2015 (Figure6)). Having verified that 7F-OPC-8:0 behaves similar to the 

endogenous compound (Jimenez-Aleman et al., 2015 (Figure 3 and 4)), the 
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translocation study with 7F-OPC-8:0 indicates that the endogenous compound might 

be transported in a similar way upon wounding. This supports the theory that 

jasmonates can be transported within the plant and thus that systemic 

phytohormone elevations are not only due to de novo biosynthesis. 

The fact that the 7F-OPC-8:0 was translocated to leaves that were vascularly 

connected to the local leaves raised the question if jasmonates are propagated 

among the vascular connections similar to Ca2+ signals (Kiep et al., 2015). Evidence 

for such a transport along the vascular connections was also provided by the work 

of Glauser et al. (2009), showing that wounding of leaf 5 and 8 led to a rapid JA 

increase in leaf 13 but not in the unconnected leaves 12 and 9. Similar results were 

also shown for JA-Ile (Chauvin et al., 2013). However, in these studies only a few 

leaves of the Arabidopsis rosette were measured, but a study on the whole rosette 

level similar to those performed for Ca2+ signals or electric signals (Mousavi et al., 

2013, Kiep et al., 2015) was still missing for jasmonates. Others retraced systemic 

jasmonate levels only based on reporter genes, without measuring the real 

phytohormone levels (Mousavi et al., 2013). Furthermore such systemic studies did 

not exist for other phytohormones like SA or ABA that are interconnected with the 

jasmonate pathway (Cipollini et al., 2004, Bodenhausen and Reymond, 2007, Vos et 

al., 2013). Thus, in Manuscript 4 (Heyer et al., 2018a) a holistic study of jasmonates, 

SA and ABA after herbivore-mimicking wounding was performed. 

However, applying the traditional sampling method on a whole rosette scale 

experiment revealed that already cutting the leaves for sampling purposes induces 

systemic JA and JA- Ile levels (Heyer et al., 2018a, Manuscript 4 (Figure 1 and 2)). 

Additional measurements of the time for sampling per rosette (Heyer et al., 2018a, 

Manuscript 4 (Figure 3)) indicated that these signals were induced within less than 

1.6 min, showing that these systemic jasmonate elevations are extremely fast. 

Similar fast systemic JA and JA-Ile elevations have been reported before by 

Chauvin et al. (2013). However, there leaves were severely wounded and not just 

cut as in case of sampling. Here, cutting the leaves induced similar systemic JA and 

JA-Ile signals as severe, continuous wounding (Heyer et al., 2018a, Manuscript 4 

(Figure 1 and 4)). This suggests that the systemic JA and JA-Ile signals are not 

enhanced by further wounding once they are turned on in the single leaves (Heyer 

et al., 2018a, Manuscript 4, reffered as on-off-system)).  
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Furthermore, fast sampling induced systemic signals were only recorded on the 

level of phytohormone measurements and not when employing JAZ10 as a reporter 

gene (Heyer et al., 2018a, Manuscript 4 (Figure 6)), indicating the need of a 

phytohormone analysis based method to investigate systemic phytohormone 

signaling in detail. 

In order to record systemic phytohormone signals without any distortion by sampling 

induced signals, the freeze-and-cut method was successfully developed in 

Manuscript 4 (Heyer et al., 2018a). By freezing the whole rosette before sampling, 

cutting induced systemic signals could be drastically reduced (Heyer et al., 2018a, 

Manuscript 4 (Figure 7)), allowing the monitoring of systemic phytohormone signals. 

Using this new method, it was shown that JA and JA-Ile are only induced in leaves 

that are vascularly connected to the local leaves similar to Ca2+ signals (Kiep et al., 

2015, Heyer et al., 2018a, Manuscript 4 (Fgure 8)), proving that systemic signaling 

in plants is carried out via the vasculature of the plants as suggested before 

(Mousavi et al., 2013, Salvador-Recatalà et al., 2014, Gasperini et al., 2015, Kiep et 

al., 2015, Nguyen et al., 2018). Furthermore, besides the known vascular 

connections, the results here suggest that the plant also uses additional indirect 

connections amongst the leaves as those predicted before from the vascular 

architecture of the rosette (Dengler, 2006, Heyer et al., 2018a, Manuscript 4 

(Supplementary Figure S1), referred as third order connections). For instance, leaf 

10 was reacting to wounding of leaf 8 (Heyer et al., 2018a, Manuscript 4 (Figure 8)), 

although following the rules of Dengler (2006), it is not vascularly connected to leaf 8 

(see also Fig. 9). Similar results for leaf 10 have been also obtained by Salvador-

Recatalà et al. (2014). However, leaf 10 shares a connection with leaf 5 and 13 that 

are vascularly connected to leaf 8. These third order connections might be used by 

the plant in case of severe wounding, as cutting the midvein, to increase the radius 

of the systemic reacting leaves and by this enhance the chance to defend them 

against herbivore feeding as discussed in Manuscript 4 (Heyer et al., 2018a). Also in 

case of Ca2+ signals, the way of wounding had a huge impact on the appearance of 

systemic signals: Only if the midvein was wounded, there were Ca2+ signals in the 

distal leaves (Kiep et al., 2015). Thus it seems that the plant is indeed reacting with 

different systemic signal patterns according to the severeness of wounding. 

Furthermore in case of herbivory also the elicitors in the OS of the herbivore might 

shape the systemic answer of the plant (Kiep et al., 2015). Although this might be 
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true for Ca2+ signals, this needs to be investigated in further studies for 

phytohormones. Preliminary trials of such a holistic approach investigating systemic 

phytohormones upon S. littoralis feeding where not successful (data not shown), 

since the insect needs to be fixed on the local leaf with a cage that in control plants 

already injured the leaf enough to induce systemic JA and JA-Ile signals on its own. 

However, there might be the possibility to investigate the influence of OS on the 

systemic phytohormone patterns by using the so called SpitWorm. The SpitWorm 

combines mechanical wounding by MecWorm that was used here, with the 

application of insect oral secretion (Li et al., 2018) and thus allows to discriminate 

between effects of wounding and effects of OS. Using such a system would help to 

investigate the impact of OS on systemic phytohormone elevations in future. 

In contrast to the clear systemic induction of JA and JA-Ile, neither SA nor ABA nor 

the jasmonate precursor OPDA was systemically induced upon continuous 

herbivore-related wounding (Heyer et al., 2018a, Manuscript 4 (Figure 8)). In line 

with that, they also did not show any sampling-induced systemic effects in the 

previous experiments with the old sampling method (Heyer et al., 2018a, Manuscript 

4 (Figure 1, 2 and 5)), indicating that they do not function as rapid systemic signal 

upon wounding. Furthermore, since OPDA seems to play only a role in the local 

wound response (Heyer et al., 2018a, Manuscript 4 (Figure 8)), the rapid systemic 

JA and JA-Ile signals are independent of free OPDA and thus not due to a full de 

novo biosynthesis as suggested by Koo et al. (2009). This strengthens again the 

theory that jasmonates might be transported directly from the local to the distal 

leaves. However, as shown in the study of Sato et al. (2011) and also in manuscript 

3 (Jimenez-Aleman et al., 2015) jasmonates are only transported to a low extent, 

indicating that the systemic signals are not totally explained by the transport of these 

compounds. Aside the transport, JA and JA-Ile might be also fast produced from 

stored precursor molecules like arabidopsides that contain OPDA or dnOPDA 

(Hisamatsu et al., 2003). Thus, both theories of the origin of systemic jasmonates 

signals might work together: Partially the phytohormones are transported via the 

vascular connections of the leaves (Heyer et al., 2018a, Manuscript 4), sometimes 

even as precursor molecules (Jimenez-Aleman et al., 2015, Manuscript 3), but 

partially they might be also synthesized, although not de novo. 
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5.2.2 GABA as systemic defense  

In addition to Ca2+ and jasmonates, it was also known that GABA accumulates in 

leaves that are vascularly connected to the wounded leaf (Scholz et al., 2015b, 

Scholz et al., 2017). However, similar to phytohormones a holistic approach taking 

the whole rosette into account was missing for GABA as well. Further, GABA has 

been shown to accumulate in several plant species rapidly, within minutes after 

mechanical stimulation in the local leaves (Ramputh and Bown, 1996, Bown et al., 

2002), raising the question if GABA might be similar to JA and JA-Ile signals 

stimulated by sampling already and thus question previous results obtained with the 

old sampling method (Scholz et al., 2015b, Scholz et al., 2017). However, as shown 

here in Figure 9 (Manuscript 4, Heyer et al., 2018a) GABA is not induced 

systemically by leaf cutting within the rosette sampling time of 2.36 min. This result 

is also in line with previous experiments by Scholz et al. (2017), where wounding 

with a pattern wheel did neither induce local nor systemic GABA elevations within 

the first hours after wounding. Thus, against the results obtained in other plant 

species (Ramputh and Bown, 1996, Bown et al., 2002), GABA accumulation in A. 

thaliana seems to require a severe wounding, like obtained here by treatment with 

the robotic larvae MecWorm. 

In accordance with the fact that sampling cannot induce GABA on its own, previous 

results obtained by Scholz et al. (2017) could be verified using the freeze-and-cut 

method, showing that GABA is accumulating in most of the vascular connected 

leaves, whereas it does not accumulate in unconnected leaves (Heyer et al., 2018a, 

Manuscript 4 (Figure 9)). Similar as already shown for the phytohormone 

experiments, the additional leaf 10 was showing an induced GABA content after 

MecWorm wounding, supporting the theory of third order connections. Taken 

together with the results obtained for systemic jasmonate signals, this promotes the 

theory that systemic signaling in plants happens along the vasculature, as shown 

before by other studies (Mousavi et al., 2013, Salvador-Recatalà et al., 2014, 

Gasperini et al., 2015, Kiep et al., 2015, Nguyen et al., 2018). 

However, although GABA displays a similar induction pattern after severe wounding 

as Ca2+ and jasmonates signals (Kiep et al., 2015, Heyer et al., 2018a, Manuscript 

4), both of them were excluded as trigger for systemic GABA elevations (Scholz et 

al., 2015b, Scholz et al., 2017). Also the data obtained here with simply cutting 

leaves implies that systemic GABA and jasmonate signals are differentially 
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regulated, since GABA is showing a distinct pattern here (Heyer et al., 2018a, 

Manuscript 4 (Figure9)). Further, also GABA itself has been excluded as systemic 

signal (Scholz et al., 2017), implying that there might be another jasmonate and 

Ca2+ independent signaling cascade that is able to induce defense responses, such 

as the accumulation of GABA, in the plant. Since local GABA application can trigger 

systemic GABA production (Scholz et al., 2017) and GABA can influence anion 

transporters and thus shape the membrane potential (Ramesh et al., 2015), Scholz 

et al. (2017) suggested that electric signals might be the systemic signal inducing 

GABA production in distal leaves. On the other side, electric signals were also 

shown, to precede systemic Ca2+ as well as jasmonate signals (Mousavi et al., 

2013, Nguyen et al., 2018). Thus, electric signals might be initial for many systemic 

effects, leading to several independent signaling cascades in distal leaves. 

 

5.3 Outlook 

As described above, Ca2+ and phytohormones are central signaling compounds in 

several stress reactions of the plant. In the present thesis it is shown that CMLs as 

Ca2+ sensors act as linkers between Ca2+ and phytohormone signals in different 

stress responses. Hereby especially CML37 and CML42 are important players in the 

investigated stress treatments. The fact that CML37 as well as CML42 act at the 

crossroads of ABA as well as jasmonate signaling in similar roles suggest that they 

might be also important in balancing these different stress responses. In contrast to 

the greenhouse treatments performed here, plants have to deal with several 

environmental stimuli at once in nature. A tight balancing of different responses is 

thus needed to react appropriate and finally to survive. Thus, future studies should 

include experiments were multiple stressors are applied at once, to untangle how 

CML37 and CML42 interact with the other signaling components in the signal 

network behind these stress responses. Also in this case a further investigation of 

interacting proteins would help to understand the interplay of CML37 and CML42 on 

the signaling network. 

Although this thesis provides strong evidence that CML37 and CML42 are key 

players in the regulation of jasmonate and ABA dependent stress responses, the 

wild type-like phenotype of cml37 x cml42 double knock out mutant also suggests, 

that there might be other Ca2+ sensors that are able to overtake the functions of 
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CML37 and CML42 in the double knock out. One possible candidate was CML9. 

However, it could be excluded here that it would overtake the same functions as 

CML37 or CML42. Other promising candidates might be CML11, CML12, CML16, 

CML17 and CML23 as they have been shown to be upregulated upon S. littoralis 

OS treatment as well (Vadassery et al., 2012b) or CML24, a touch and ABA 

regulated gene, known to mediate the salt stress response (Delk et al., 2005, Lee et 

al., 2005). Further, also other Ca2+ sensor families might step in, like CPKs that are 

known to regulate the herbivore defense or drought stress as well (Kanchiswamy et 

al., 2010, Xu et al., 2010, Yang et al., 2012, Zou et al., 2015). Future studies might 

address how different Ca2+ sensors interact in the regulation of the plant stress 

responses. 

Further, by developing the freeze-and-cut sampling method a tool to investigate 

systemic phytohormone signaling is provided here. In contrast to the local signaling 

pretty less is known about the interplay of different signaling components in the 

systemic signal transduction. CMLs might play also an important role in linking Ca2+ 

and phytohormone signals in systemic leaves. A further investigation of the systemic 

phytohormone patterns of cml mutants, will unravel the possible systemic role of 

those Ca2+ sensors. 
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6 Summary 
Throughout evolution plants developed a huge variety of protective mechanisms in 

order to cope with their constantly changing environment. Aside constitutive 

defenses most of those protective mechanisms are inducible upon occurrence of 

stress. The inducibility of these defenses implies that plants perceive environmental 

stress and transduce this perception via signal transduction cascades into the 

appropriate response. Calcium (Ca2+) as second messenger plays an important role 

in the early signal transduction processes in reaction to many environmental 

stresses. Furthermore, downstream of Ca2+ signals, phytohormones such as 

jasmonates, abscisic acid (ABA) and salicylic acid (SA) are known to mediate plant 

stress responses. However, less is known about how these two parts of the signal 

transduction cascade are interconnected. Ca2+ binding proteins, such asCalmodulin-

like proteins (CMLs), might be important linkers between these two parts of the 

signaling cascade, since they are able to sense the Ca2+ signals and transfer it into 

downstream signaling events.  

Previous studies already indicated that CML9, CML37 and CML42 are able to 

regulate abiotic as well as biotic stress reactions. However, the data presented here 

exclude CML9 as a master regulator of the tested stress responses. It is shown, that 

CML9 is neither essential for the defense against the herbivores Spodoptera 

littoralis and Tetranychus urticae nor the defense against the necrotroph pathogen 

Alternaria brassicicola, that are all mediated by jasmonates. Furthermore, it is 

demonstrated that CML9 is rather not a regulator of the drought stress response 

mediated by ABA, as suggested before by another study. Thus, CML9 is neither a 

key regulator of jasmonate mediated nor of ABA mediated stress responses. 

On the other side, this thesis provides insights into the interplay of CML37 and 

CML42 in controlling stress response. It is demonstrated that both are antagonists in 

the regulation of the defense against herbivore S. littoralis and necrotroph A. 

brassicicola and in the drought stress response. Thereby, CML37 is the positive 

regulator and CML42 the negative one. Together they balance the herbivore 

stimulated jasmonate elevation as well as the drought stress induced ABA elevation 

and thus demonstrate important links to the phytohormone signaling upon these 

stresses. By fine tuning the phytohormone signaling they are also able to influence 

downstream defense mechanisms, like the content of glucosinolates that act as 

feeding deterrents against herbivores. 
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Further, it was investigated how both CMLs are able to affect jasmonate elevations 

by interacting with downstream targets. It is excluded that they directly affect the 

biosynthesis and the perception of the bioactive jasmonate jasmonoyl-isoleucine 

(JA-Ile), since they neither interact with the enzyme promoting the JA-Ile synthesis 

(JAR1), nor with its receptor COI1. This suggests that CML37 and CML42 might 

influence the jasmonate pathway either indirectly by interacting with targets 

upstream the jasmonate production or directly by influencing other components of 

the pathway. The autoinhibited Ca2+-ATPase ACA4 might be such an upstream 

target, since it was shown to interact with both CMLs before. Here evidence is 

provided that ACA4 is necessary for the herbivore defense and thus might be a 

target for CMLs that links to downstream signaling events. 

Taken together, all these results show clearly that CML37 and CML42 are important  

Ca2+ sensing proteins that are the first step in the signal transduction cascade after 

Ca2+ signals leading to phytohormone signaling and by this to the final defense 

response. Because of their striking antagonism in different pathways they might be 

playing a role in the fine tuning of different stress responses. 

Besides these local signaling events, also systemic leaves of a plant are reacting to 

e.g. feeding of an herbivore or wounding. However, these systemic signaling 

processes are far less understood than the local ones - especially in case of 

phytohormones. Here it is shown that a jasmonate precursor 8-(3-oxo-2-(pent-2-en-

1-yl)cyclopentyl)octanoic acid (OPC-8:0) can be translocated from wounded to distal 

unwounded leaves, by using a fluorinated compound 7F-OPC-8:0. Furthermore a 

holistic approach to monitor systemic phytohormone elevations amongst the whole 

Arabidopsis rosette was performed. It is demonstrated that jasmonates are the key 

phytohormones in rapid systemic signaling upon wounding, whereas ABA and SA 

do not seem to play a role. This systemic jasmonate signals were extremely fast, 

taking less than 1.6 min and could be already induced by simply cutting the leaves 

leading to distorted results using old sampling methods. Thus, a new sampling 

method where leaves are frozen before sampling was developed. Using this method 

it could be shown that jasmonic acid (JA) and JA-Ile were only induced in leaves 

that are directly or indirectly connected via their vasculature to the treated leaf, a 

systemic pattern that has been reported before for Ca2+ signals as well. These 

results support the hypothesis that plants use their vascular system to propagate 

systemic signals. Further, this systemic jasmonate induction is independent of the 
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jasmonate precursor 12-oxophytodienoic acid (OPDA), suggesting that systemic JA 

and JA-Ile signals are not due to de novo synthesis. In combination with the results 

obtained in the translocation study with 7F-OPC-8:0, this suggests that they might 

be partially transported or synthesized from other precursor forms.  

Furthermore, using the new sampling method it was verified that the defense 

compound γ-aminobutyric acid (GABA) is only induced in systemic leaves with 

vascular connections to the local leaf. However, in difference to systemic jasmonate 

signals GABA is not induced by sampling, showing that results of previous studies 

using the old sampling method are reliable. Furthermore the different induction 

patterns of jasmonates and GABA provide additional evidence that GABA induction 

is independent of jasmonate signaling. Nevertheless, GABA is a systemic defense 

following a systemic signal propagated among the vasculature of the plant, pointing 

once more out that systemic signaling happens along the vascular system. 

Thus, this work provides new insights into the local and systemic stress signaling in 

plants.
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7 Zusammenfassung 
Während der Evolution bildeten Pflanzen verschiedene Schutzmechanismen aus, 

um sich an ihre ständig ändernde Umwelt anzupassen. Neben konstitutivem Schutz 

verfügen sie auch über Abwehrstrategien, die nur induziert werden, wenn der 

jeweilige Stress auftritt. Die Induzierbarkeit dieser Mechanismen setzt jedoch 

voraus, dass die Pflanze die Umweltveränderung wahrnehmen kann und diese 

Wahrnehmung mittels Signaltransduktionskaskaden in die entsprechende Abwehr 

umsetzen kann. Der Botenstoff Calcium (Ca2+) spielt in der frühen 

Signaltransduktion eine wichtige Rolle und wird durch viele Umweltreize induziert. 

Neben Ca2+-Signalen werden Stressreaktionen außerdem durch Phytohormone wie 

Jasmonate, Abscisinsäure (ABA) und Salizylsäure (SA) vermittelt. Allerdings ist 

wenig darüber bekannt wie Ca2+- und Phytohormonsignale miteinander in der 

Signaltransduktionskette verbunden sind. Ca2+-Bindeproteine, wie z.B. Calmodulin-

like Proteine (CMLs), könnten ein wichtiges Bindeglied zwischen diesen zwei Teilen 

der Signaltransduktion sein, da sie Ca2+-Signale wahrnehmen und dadurch die 

folgenden Signalprozesse beeinflussen können. 

Vorherige Studien zeigten bereits, dass CML9, CML37 und CML42 Reaktionen auf 

abiotischen sowie biotischen Stress regulieren können. Allerdings schließen die hier 

gezeigten Ergebnissen CML9 als Hauptregulator der getesteten Stressreaktionen 

aus. CML9 ist weder für die Abwehr gegen die Herbivoren Spodoptera littoralis und 

Tetranychus urticae notwendig noch in der Abwehr gegen den nekrotrophen 

pathogenen Pilz Alternaria brassicicola. All diese Abwehrmechanismen werden 

durch Jasmonate vermittelt. Des Weiteren wird hier im Gegensatz zu vorherigen 

Studien gezeigt, dass CML9 kein essentieller Regulator der Trockenstressreaktion 

ist, die durch ABA gesteuert wird. Daher ist CML9 weder ein zentraler Regulator von 

Jasmonat- noch von ABA-vermittelten Stressreaktionen. 

Andererseits liefert die hier vorliegende Arbeit neue Einblicke in das Zusammenspiel 

von CML37 und CML42 bei der Steuerung verschiedener Stressreaktionen. Es wird 

gezeigt, dass beide sowohl die Abwehr gegen den Herbivoren S. littoralis und das 

nekrotrophe Pathogen A. brassicicola antagonistisch steuern sowie die 

Trockenstressreaktion. Dabei ist CML37 immer der positive Regulator und CML42 

der negative. Zusammen steuern sie sowohl die durch Herbivorenfraß induzierte 

Jasmonatausschüttung der Pflanze als auch die durch Trockenstress vermittelte 

ABA-Erhöhung und sind somit wichtige Verbindungsglieder zu den 
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Phytohormonsignalen dieser Stressreaktionen. Durch die Feinabstimmung der 

Phytohormonsignale beeinflussen sie außerdem die entsprechenden 

Abwehrmechanismen, wie z.B. den Gehalt an Glukosinolaten, welche als 

Fraßabwehrstoffe gegen Herbivore produziert werden. 

Des Weiteren wurden die Interaktionspartner beider CMLs untersucht, um 

herauszufinden, wie sie die Jasmonatausschüttung kontrollieren können. Da CML37 

und CML42 weder physisch mit dem Enzym JAR1, welches die Synthese des 

bioaktiven Jasmonates Jasmonoyl-Isoleucin (JA-Ile) vermittelt, noch mit dem JA-Ile-

Rezeptor COI1 interagieren, kann ausgeschlossen werden, dass sie direkt die 

Biosynthese oder Wahrnehmung dieses Moleküls beeinflussen. Daher scheinen sie 

entweder mit Proteinen zu interagieren, welche selbst den Jasmonatsignalweg 

beeinflussen können, und haben somit nur einen indirekten Effekt auf Jasmonate 

oder sie beeinflussen andere Komponenten des Jasmonatsignalweges direkt. Die 

autoinhibitorische Ca2+-ATPase könnte ein möglicher Interaktionspartner sein, der 

die CMLs mit weiteren Teilen der Signaltransduktionskette verbindet, da zuvor 

gezeigt wurde, dass beide CMLs mit ACA4 interagieren. In dieser Arbeit wird 

außerdem gezeigt, dass ACA4 für die Abwehr gegen Herbivore notwendig ist. ACA4 

könnte somit ein wichtiges Bindeglied zwischen den CMLs und folgenden Signalen 

in der Signaltransduktion sein. 

Insgesamt deuten all diese Ergebnisse darauf hin, dass CML37 und CML42 

wichtige Ca2+-Sensoren sind, die den Anfang in der Signaltransduktionskaskade 

ausgehend von Ca2+-Signalen zu Phytohormonsignalen bilden und somit die davon 

abhängigen Abwehrmechanismen steuern. Durch ihren ausgeprägten 

Antagonismus in verschiedenen Signalwegen könnten sie außerdem eine Rolle in 

der Feinabstimmung unterschiedlicher Abwehrreaktionen spielen. 

Neben der lokalen Signaltransduktion regieren auch systemische Blätter einer 

Pflanze auf z.B. Herbivorenfraß oder Verwundung. Jedoch sind diese systemischen 

Signalprozesse weniger gut untersucht als die lokalen, was vor allem auf 

systemische Phytohormone zutrifft. In der hier vorliegenden Arbeit konnte mit Hilfe 

einer fluorinierten 8-(3-Oxo-2-(pent-2-en-1-yl)cyclopentyl)-Oktansäure (7F-OPC-8:0) 

gezeigt werden, dass die Jasmonatvorstufe OPC-8:0 von verwundeten Blättern in 

unverwundete, distale Blätter transportiert werden kann. Außerdem wurden 

systemische Phytohormonerhöhungen in einem holistischen Ansatz, bei welchem 

die gesamte Arabdiopsis-Rosette untersucht wurde, erforscht. Dabei konnte gezeigt 
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werden, dass Jasmonate die zentralen systemischen Phytohormone nach 

Verwundung sind, wohingegen ABA und SA in der schnellen, systemischen 

Verwundungsreaktion keine Rolle spielen. Die systemischen Jasmonatsignale sind 

enorm schnell. Sie kamen bereits nach weniger als 1.6 min auf und konnten bereits 

durch einfaches Abschneiden der Blätter induziert werden. Dies führte jedoch zu 

verfälschten Aussagen über die systemische Verteilung der Jasmonate, wenn die 

gesamte Rosette durch einzelnes Abschneiden der Blätter eingesammelt wurde. 

Daher wurde eine neue Methode entwickelt, bei der die Rosette vor dem Ernten 

gefroren wurde. Mit Hilfe dieser Methode konnte gezeigt werden, dass Jasmonsäure 

(JA) und JA-Ile nur in systemischen Blättern akkumulieren, die indirekt oder direkt 

über das Vaskularsystem mit dem verwundeten Blatt verbunden sind. Ein ähnliches 

systemisches Verteilungsmuster wurde bereits für Ca2+ beschrieben. Die hier 

erzeugten Ergebnisse für Phytohormone unterstützen daher die Hypothese, dass 

Pflanzen ihr Vaskularsystem für die Verbreitung systemischer Signale nutzen. 

Außerdem ist diese systemische Jasmonaterhöhung unabhängig von dem 

Jasmonatvorläufer 12-Oxophytodiensäure (OPDA). Daraus folgt, dass die 

systemischen JA- und JA-Ile-Signale nicht durch de novo Synthese entstehen. 

Zusammen mit den Ergebnissen der Transportstudie mit 7F-OPC-8:0 deutet dieses 

Ergebnis darauf hin, dass Jasmonate zum Teil transportiert werden oder aus 

Vorläufermolekülen im systemischen Blatt freigesetzt werden. 

Des Weiteren konnte mit Hilfe der neuen Erntemethode verifiziert werden, dass γ-

Aminobuttersäure (GABA) nur in Blättern induziert wird, welche vaskulär mit dem 

verwundeten Blatt verbunden sind. Außerdem wird GABA, anders als JA und JA-Ile, 

nicht bereits durch das Abschneiden von Blättern induziert, wodurch sichergestellt 

werden konnte, dass die Ergebnisse vorheriger Studien, die die alte Erntemethode 

nutzten, ebenfalls verlässlich sind. Diese Unterschiede in der Induzierbarkeit 

zwischen Jasmonaten und GABA unterstützt außerdem die Theorie, dass die 

GABA-Induktion nicht durch Jasmonate gesteuert wird. Trotzdem wird GABA durch 

ein systemisches Signal induziert, welches entlang der vaskulären Verbindungen 

der Blätter verbreitet wird. Dies unterstützt ein weiteres Mal die Theorie, dass 

Pflanzen ihr Vaskularsystem zur Signalverbreitung nutzen. 

Somit stellt diese Arbeit sowohl neue Einblicke in lokale sowie systemische 

Signalprozesse zur Verfügung. 
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