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Abstract 

In Arabidopsis thaliana (Arabidopsis) small peptides work as ligands to control a variety of 

developmental and immune responses. Two known peptide ligands, INFLORESCENCE 

DEFICIENT IN ABSCISSION (IDA) and CLAVATA3 (CLV3), are both involved in 

regulating important developmental processes. IDA regulates cell separation by inducing cell 

wall degradation during floral organ abscission and lateral root emergence (Butenko et al., 

2003, Kumpf et al., 2013); CLV3 controls meristem maintenance in the shoot apical meristem 

(SAM) (Fletcher et al., 1999). These two ligands have similarities in their amino acid 

composition and signal through the same class of plasma membrane (PM)-bound receptors, the 

leucine-rich repeat (LRR) receptor-like kinases (RLKs) (Butenko and Simon, in press). 

However, the molecular components mediating the intracellular signaling in response to ligand 

activation is largely unknown. In this thesis we report that both IDA, CLV3 and 

CLAVATA3/EMBRYO SURROUNDING REGION40 (CLE40), a peptide with close 

homology to CLV3, induce an increase in cytosolic calcium (Ca2+) concentrations ([Ca2+]cyt) in 

Arabidopsis plants.  

Ca2+ is a second messenger known to have a function in intracellular signaling across the 

eukaryotic kingdom (Bootman and Berridge, 1995). The ion can bind to and alter the function 

of a variety of intracellular proteins (Kudla et al., 2010). In Arabidopsis an increase in [Ca2+]cyt 

has been reported for a variety of stimuli such as abiotic and biotic stress (McAinsh and Pittman, 

2009). However, little is known about peptide ligand induced Ca2+ responses and how this 

influences and relates to the intracellular signaling mediated by the peptide.  

In this study we set up a system to visualize and quantify Ca2+ responses to peptide treatment 

and show that IDA is capable of inducing a Ca2+ response in Arabidopsis roots. Consistent with 

the genetic and biochemical evidences for HAESA (HAE) and HAESA-LIKE2 (HSL2) being 

the receptors of IDA (Butenko et al., 2014, Stenvik et al., 2008b), the Ca2+ mediated IDA 

response was dependent on these RLK. By taking a genetic, biochemical and live imaging 

approach, in addition to point mutation response studies in HAE and HSL2, we aimed for 

identifying additional proteins involved in mediating the Ca2+ signal. We also show that IDA 

and CLE40 induce different Ca2+ responses is Arabidopsis roots indicating that the Ca2+ 

response is specific for each of these two peptides and thus may be an important intracellular 

signal mediating specific cellular outcomes.  
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1 Introduction 
 

1.1 Peptide ligands in plants 
 

In plants, small peptides are used as ligands for plasma membrane (PM)-bound receptors that 

induce intracellular signaling and ultimately regulate development and responses to abiotic and 

biotic stress (Marshall et al., 2012). Since the identification of Systemin, the first peptide ligand 

in Arabidopsis thaliana (Arabidopsis) found to have signaling activity (Pearce et al 1991), 

secretory and non-secretory peptide ligands have been shown to be essential for the regulation 

of plant growth, architecture, the innate immune response (reviewed in (Marshall et al., 2012, 

Ghorbani et al., 2014), and more recently in the regulation of macronutrient uptake, such as 

nitrogen (Tabata et al., 2014).  

Most known peptide ligands are synthetized as propeptides before being processed by selective 

proteolytic cleavage to a shorter peptide (between 12 and 20 amino acids (aa)) composing the 

mature peptide that works as a ligand to induce intracellular signaling (Matsubayashi, 2011). 

All peptide ligands with signaling activity can be divided into three main groups based on their 

structure: (i) Non-secreted extracellular peptides, (ii) non-secreted intracellular peptides, and 

(iii) secreted extracellular peptides (Matsubayashi, 2014). The group of secreted extracellular 

peptides is the largest and it is further divided into two subgroups: (i) Cysteine-rich peptides 

and (ii) post-translationally modified small peptides (Table 1.1), the signaling properties of the 

latter being the focus point of this thesis. 

Secreted post-translationally modified peptides belong to protein families that with exception 

of a conserved proline-rich Carboxyl-terminal (C-term) domain exhibit great sequence 

diversity. They are first translated into the secretory pathway as prepropeptides, before cleavage 

of the directing signal peptide thus leaving the prepeptide for further processing. Once in the 

secretory pathway they can be structurally altered by specific modifications such as tyrosin 

sulfation, proline hydroxylation and arabinosylation, before being released into the extracellular 

space (Matsubayashi, 2014). In the extracellular space the peptide undergoes further proteolytic 

processing by subtilisin-like serine proteases known as subtilases, and carboxylases, releasing 

the mature peptide which binds to and activates PM-bound receptors.  
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Two of the most well-studied small post-translationally modified peptides involved in 

developmental responses are CLAVATA3 (CLV3), essential for maintaining a defined stem 

cell population in the shoot apical meristem (SAM) (Brand et al., 2000, Stahl and Simon, 2005, 

Fletcher et al., 1999) and INFLORESCENCE DEFICIENT IN ABSCISSION (IDA) involved 

in floral organ abscission and lateral root emergence (Butenko et al., 2003, Kumpf et al., 2013). 

These peptides are similar and it is thus not unexpected that they bind to and signal through the 

same family of PM-localized receptors, the leucine-rich repeat (LRR) receptor-like kinases 

(RLKs).  

Table 1.1 post-translationally modified small peptides 

 

Peptide family 

Gene family 

members in 

Arabidopsis 

 

Receptor Function 

CLV3 and CLE-

Related 
32 

CLV1, BAM1, 

CLV2, RPK2, ACR4, 

TDR/PXY 

Stimulates organogenesis and inhibits 

meristematic growth; can stimulate 

vascular development 

 

IDA and IDA-Like 6 HAE, HSL2 

Inhibits floral abscission  

Lateral root primordium 

development, cell separation 

 

PSK 6 PSKR1 

Promotes cell proliferation and 

longevity, root and hypocotyl elongation 

 

Propep 7 PEPR1 

Promotes innate immune responses (a 

danger signal) 

 

 

Overview of some peptide ligand families belonging to the group of secreted peptide ligands containing 

posttranslational modifications and their LRR-RLK receptors (Section 1.2). RPK2 = RECEPTOR-LIKE 

PROTEIN KINASE2, BAM1 = BARLEY ANY MERISTEM1, TDR/PXY = TDIF RECEPTOR/ 

PHLOEM INTERCALATED WITH XYLEM. 

1.2 Receptor-like kinases 
 

The ability to perceive and process information from peptide ligands via cell surface receptors 

is a property important in most living systems. In animals, the family of receptor tyrosine 

kinases (RTKs) mediates several signaling events at the cell surface (Geer et al., 1994, 

Robertson et al., 2000). Plant RLKs have a similar structure to the RTKs (Walker, 1994). 

However, whereas it is well studied how the RTKs relay ligand-induced signals in animals, 

much less is known about the function of the plant RLKs. In Arabidopsis the RLKs belong to 

a large gene family with at least 610 members (Shiu and Bleecker, 2001). RLKs are divided 
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into groups based on their kinase and extracellular domain (ECD). The LRR-RLKs, the largest 

group of RLKs have an ECD consisting of a variable number of leucine repeats (Shiu and 

Bleecker, 2001). The LRR-RLKs are further subdivided into 15 groups and there is growing 

evidence for the hypothesis that receptors phylogenetically belonging to the same subfamily 

interact with similar peptide ligands (Butenko et al., 2009). 

 LRR-RLKs are known to function in a variety of developmental and growth processes, these 

include sensing of a brassinosteroid signal through the receptor BRASSINOSTEROID 

INSENSITIVE1 (BRI1) (Clouse et al., 1996) and promoting cell proliferation by the 

PHYTOSULFOKINE (PSK) peptide relaying a signal through the PHYTOSULFOKINE 

RECEPTOR1 (PSKR1) (Matsubayashi and Sakagami, 1996). In addition this receptor family 

has been shown to be important in the innate immune response of Arabidopsis through the 

receptors EF-Tu RECEPTOR (Zipfel et al., 2006), PEP1 RECEPTOR1 (PEPR1) (Huffaker et 

al., 2006, Ryan et al., 2007) and FLAGELLIN SENSITIVE2 (FLS2) (Gómez-Gómez and 

Boller, 2000). PEPR1 is activated by an endogenous peptide ligand, PATHOGEN PEPTIDE1 

(PEP1) that is produced by the plant in response to pathogens and enhances the innate immune 

response (Yamaguchi et al., 2006, Krol et al., 2010). FLS2 is the first known LRR-RLK to 

interact with a non-plant made peptide, and recognizes 22 aa of a highly conserved bacterial 

surface molecule, known as flagellin22 (flg22) and induces a defense response in Arabidopsis. 

PSKR1 was first found to be involved in cell proliferation and has later been shown to also have 

a modulating function in salicylate- and jasmonate-dependent defense pathways, thus showing 

that some LRR-RLKs can be involved in modulating both developmental processes and innate 

immunity (Mosher and Kemmerling, 2013, Matsubayashi and Sakagami, 1996).  

All LRR-RLKs are structurally similar containing a variable number of LRR in the ECD, a 

single transmembrane alpha helix spanning the plasma membrane and a partially conserved 

intracellular kinase domain (Shiu and Bleecker, 2001). Despite the fact that there are over 1000 

genes in the Arabidopsis genome encoding putative peptide ligands (Lease and Walker, 2006), 

only 12 receptor-peptide pairs have been identified (Ghorbani et al 2014). However, where 

biochemical and structural studies have been performed it is apparent that receptor activation 

and often co-receptor recruitment is mediated by the peptide binding the ECD following an 

autophosphorylation of the conserved cytoplasmic kinase domain (Butenko et al., 2014, Bojar 

et al., 2014, Ogawa et al., 2008, Matsubayashi et al., 2002, Stahl et al., 2013, Muller et al., 

2008). 
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Amino acids in the kinase domain of LRR-RLKs important for receptor signaling have been 

identified by mutant studies. The fls2-17 mutant contains a Glycine (G) to Aspartate (D) 

mutation in one of the 15 invariant residues found in the kinase domain, leading to an inactive 

receptor with no autophosphorylation activity (Gómez-Gómez et al., 2001, Hanks et al., 1988). 

Conserved residues in the kinase domain are also found to be needed for the CLV3 receptor, 

CLAVATA1 (CLV1) (Clark et al., 1997), and BRI1 (Li and Chory, 1997) phosphorylation 

activity, indicating an essential role of the kinase domain in LRR-RLKs. In addition to having 

a kinase function relaying a phosphorylation cascade, some kinase domains of the LRR-RLKs 

comprise another enzymatic function.  

A partially conserved guanylyl cyclase domain (GCD) is found embedded in the kinase domain 

of numerous LRR-RLKs (Figure 1.1). This domain has in the PSKR1 and BRI1 receptors been 

shown to have catalytic activity converting guanosine 5’triphosphate (GTP) to cyclic guanosine 

monophosphate (cGMP), in the presence of one of the cofactors Magnesium (Mg2+) or 

Manganese (Mn2+) (Kwezi et al., 2007, Kwezi et al., 2011). BRI1 and PSKR1 are proposed to 

act like moonlighting proteins with a dual guanylyl cyclase and kinase activity from the same 

structural domain (Muleya et al., 2014, Irving et al., 2012).  

                         
 

Figure 1.1 Alignment of the GCD in 7 selected LRR-RLKs. The GCD is partially conserved in the receptors 

HAE (At4g28490.1), HSL2 (At5g65710.1), CLV1 (At1g75820.1), FLS2 (At5g46330.1), PEPR1 (At1g73080.1), 

BRI1 (At4g39400.1) and PSKR1 (At2g02220.1). Aa indicated by single letters. Alignment made using Muscle 

with default in Jalview software. Colored by percentage identity. 
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Receptor-ligand pairs are known to induce intracellular responses that lead to specific functions. 

Despite the great number of both ligands and receptors found in Arabidopsis (Matsubayashi, 

2014, Shiu and Bleecker, 2001), only a few receptor-ligand pairs have been identified and even 

fewer are well studied. However, the CLV3 signaling pathway that regulates meristem fate in 

the Arabidopsis shoot is a well-studied example of a ligand-receptor pair with a known function. 

 

1.3 The CLAVATA signaling pathways regulates 
stem cell fate in Arabidopsis 
 

The plant body develops from meristems, a collection of proliferating stem cells that enable the 

plant to increase in size throughout its lifetime. Early during embryogenesis, shoot and root 

apical meristems (SAM and RAM, respectively) are initiated (Barton, 2010). Collectively, 

meristems must balance their cellular constitution to encompass proliferating cells that will 

differentiate into organs, but also maintain a set of undifferentiated pluripotent cells. Meristems 

are therefore organized with one or several rarely dividing cells that are surrounded by small, 

cytoplasmically dense and rapidly dividing cells (Ambrose and Ferrándiz, 2013). Extensive 

molecular and genetic studies in Arabidopsis have shown that a regulatory network involving 

the secreted and post-translationally modified CLV3 peptide ligand is essential for maintaining 

a defined stem cell population in the SAM (Katsir et al., 2011). 

 CLV3 regulates meristem fate in the shoot apical meristem 
 

Meristem fate in the Arabidopsis SAM is dependent on a region of cells called the organizing 

center (OC) found in proximity to the stem cells. The OC expresses the homeodomain 

transcription factor WUSCHEL (WUS) that promotes stem cell fate in adjacent cells in the 

SAM (Sarkar et al., 2007). The 13 aa hydroxyprolinated CLV3 peptide is secreted from stem 

cells located at the tip of the dome-shaped SAM and acts as a negative feedback regulator by 

repressing WUS expression in the OC (Ohyama et al., 2009, Brand et al., 2000). Genetic 

interaction studies with mutants affected in stem cell homeostasis has allowed for the 

identification of the receptors perceiving and transmitting the CLV3 signal. The clv3 mutant 

shows expanded WUS expression and has an enlarged stem cell region at the shoot. Single 

mutants of the LRR-RLK clv1 shows weak clv3-like phenotypes in the SAM and increased 
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WUS expression, while a dominant negative mutant of clv1 has a stronger phenotype than all 

the mutant alleles of CLV1,indicating that CLV1 interacts with other receptors (Dievart et al., 

2003). CORYNE (CRN), a PM-localized pseudo-kinase, was shown to interact with 

CLAVATA2 (CLV2) (Muller et al., 2008, Jeong et al., 1999), a LRR-carrying receptor-like 

proteins (RLP), and this heteromeric complex can furthermore interact with CLV1 (Bleckmann 

et al., 2010). Most LRR-RLKs form dimers, an event important for the functionality of the 

receptor. Both homo- and heterodimers are observed and some LRR-RLKs form higher order 

receptor complexes upon ligand binding (Stahl et al., 2013). The double mutants of clv1 crn or 

clv1 clv2 show a SAM phenotype comparable to clv3 with an enormous stem cell region in the 

shoot, giving genetic evidence for these three proteins to function in two independent but 

complementary signaling pathways with CLV3 (Kayes and Clark, 1998, Muller et al., 2008, 

Brand et al., 2000). In addition, CLV1 is biochemically shown to be the receptor for CLV3 

(Ohyama et al., 2009). It is thus proposed that CLV3 signals through two independent receptors; 

(1) the LRR-RLK CLV1 or (2) a complex of the LRR-RLP CLV2 and the membrane bound 

pseudo-kinase CRN (Figure 1.2) (Guo et al., 2010, Kayes and Clark, 1998, Muller et al., 2008). 

When CLV3 binds to CLV1 and/or CLV2 an intracellular signaling cascade occurs. The 

downstream events are not fully understood, however exogenous CLV3 peptide application 

stimulates MITOGEN ACTIVE PROTEIN KINASE6 (MPK6) activity, also observed in a clv1 

mutant, indicating a function for this kinase in downstream signaling (Betsuyaku et al., 2011). 

The phosphatase POLTERGEIST (POL) has a negative effect on CLV signaling by regulating 

WUS transcriptional levels. pol mutants partially suppress the accumulation of stem cells found 

in clv1 mutants and overexpression of POL blocks stem cell differentiation indicating that the 

two proteins function in the same pathway (Song and Clark, 2005, Song et al., 2006). 

 

 

 

 

 

 

 

Figure 1.2 Proposed mechanism for stem cell 

regulation in the SAM. Stem cells secrete 

CLV3 that signals through CLV1 and 

CLV2/CRN to repress WUS expression. WUS 

is a positive regulator of CLV3 and stem cell 

fate (Stahl et al., 2010).  
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CLV3 is part of a large family of peptide ligands containing a conserved 12 aa sequence known 

as the CLAVATA3/EMBRYO SURRONDING REGION (CLE)-motif. One of these related 

peptides, CLAVATA3/EMBRYO SURRONDING REGION40 (CLE40) has been shown to 

function in RAM maintenance (Stahl et al., 2009). 

 

 CLE40 regulates stem cell fate in the root apical meristem 
 

The quiescent center found in the root meristem RAM plays a similar role to the OC in the 

SAM and expresses the transcription factor WUSCHEL-RELATED HOMEOBOX5 (WOX5) 

that promotes stem cell fate in adjacent cells, the columella stem cells (CSC) (Sarkar et al., 

2007). The CLV3 homologue CLE40 was found to be important in stem cell fate in root in a 

similar way as CLV3 in the SAM. As with CLV3, reduced CLE40 levels allow stem cell 

proliferation and cle40 mutants maintain additional CSC compared to wild type Col-0 (wt) 

plants. Interestingly CLE40 is expressed from differentiated cells adjacent to the stem cell 

region and not the stem cells themselves (Stahl et al., 2009). In similarity to CLV3, CLE40 

signals through CLV1, but it is also known to signals through ARABIDOPSIS CRINKLY4 

(ACR4). When activated, ACR4 restricts both stem cell fate and WOX5 expression (Figure 1.3) 

(Stahl et al., 2009). CLV1 and ACR4 are expressed in overlapping domains in the root, and they 

are found to interact and form homo- and heterodimers that are proposed to be important for 

correct signaling (Stahl et al., 2013). Furthermore, CLV2 and CRN are both expressed in the 

root and have been shown to be required to perceive CLE40 and other related CLE peptides in 

the proximal RAM (Fiers et al., 2005, Pallakies and Simon, 2014).  

 

 

Figure 1.3 Proposed mechanism for stem cell 

regulation in the RAM. The peptide ligand 

CLE40 activates ACR4 that directly or indirectly 

through WOX5 inhibits stem cell fate. CLV1 

forms heterodimers with ACR4 and has been 

shown to play an important role in the RAM (not 

shown) (Stahl et al., 2013, Stahl et al., 2009). 
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A pathway that shows high similarity in signaling, both at the ligand-receptor level and in the 

proteins mediating the intracellular signal, but gives a different final outcome compared to 

CLV3 is the IDA signaling pathway regulating floral abscission and lateral root emergence 

(Figure 1.4) (Butenko and Simon, in press). 

 

 
 

Figure 1.4 Comparing the CLV3 and IDA signaling pathways. Both peptide ligands, IDA and CLV3 are small 

secreted post-translationally modified signaling ligands. Their main receptors, HAE, HSL2 and CLV1 are found 

in the same structural family of LRR-RLKs, and the two pathways share common MITOGEN ACTIVE PROTEIN 

KINASE KINASE (MKK) and MPK in their intracellular signaling. The mature peptides are underlined and 

denoted with an m, o denotes a hydroxyproline, the hydroxyproline at position 7 in the mCLV3 peptide is further 

arabinosylated. TF; transcription factors (Modified from (Butenko and Simon, in press)). 
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1.4 IDA, a peptide ligand regulating floral organ 
abscission 
 

The process of abscission, the active shedding of organs such as seeds, flowers and leaves is an 

important developmental process in most plant species (Jensen and Valdovinos, 1967, Osborne 

and Morgan, 1989). In Arabidopsis, two different abscission processes take place during the 

life of the plant; shedding of seeds and loss of floral organs (Bleecker and Patterson, 1997, 

Patterson, 2001). The first ensures the reproductive success of the plant, the latter the removal 

of organs no longer serving a purpose to the plant, thereby preventing unnecessary energy use. 

Abscission must be tightly regulated and needs to occur at the correct time and place. For this 

to occur, a distinct band of specialized abscission zone (AZ) cells is formed between the plant 

body and the organ to be shed, simultaneously with the development of lateral organs from the 

SAM (Liljegren, 2012). Morphologically the cells in the AZ have characteristics of a cells in 

meristematic state; they are small, cytoplasmically dense, contain only few vacuoles and 

maintain numerous plasmodesmata connections with adjacent cells (Osborne and Morgan, 

1989). Once formed, the AZ can remain in a quiescent state until an intra or extracellular signal 

initiates the abscission process (van Doorn and Stead, 1997, Taylor and Whitelaw, 2001) The 

peptide ligand IDA was discovered in a transfer-DNA (T-DNA) mutant screen where it was 

identified by plants retaining its petals indefinitely (Butenko et al., 2003). Later the importance 

of IDA in floral organ abscission was established by showing that overexpression (OE) of IDA 

leads to premature abscission (Stenvik et al., 2006).  

IDA is specifically expressed in the AZ during floral organ abscission. The expression of an 

IDA promoter β-glucuronidase (GUS) reporter construct showed the gene expression to 

correlate with the cell wall loosening observed prior to cell separation and organ loss (Butenko 

et al., 2003). This, together with the OE effects of the peptide showed IDA to be an essential 

signal inducing cell wall degradation between AZ cells. IDA belongs to a family of 5 related 

IDA-LIKE (IDL) proteins, which all contain a 20 aa conserved C-term domain termed the 

extended PIP (EPIP) domain. This domain was shown to be sufficient for IDA function by 

deletion constructs of the IDA protein where ida mutant phenotype could be rescued by the 

EPIP domain (Stenvik et al., 2008). Furthermore, the EPIP regions of the IDL peptides were 

used for domain-swap experiments where they were inserted as a replacement for the EPIP of 

IDA and tested for rescue of the ida phenotype. The plants showed fully (IDL1) or partially 
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(IDL2-5) complementation of the ida phenotype (Butenko et al., 2003, Stenvik et al., 2008). 

Similarities are found between the CLE domain in CLE peptides, and the EPIP domain in IDA 

and IDL peptides (Figure 1.4). The CLE domain of CLV3 is known to be hydroxyprolinated 

(Kondo et al., 2006, Ohyama et al., 2009) and an activity bio assay based on a release of reactive 

oxygen species (ROS) showed a highly active IDA peptide to be 12 aa long and 

hydroxyprolinated (Butenko et al., 2014). This active IDA peptide will from now on be referred 

to as mIDA.  

 

 IDA signals through the LRR-RLKs HAE and HSL2 
 

HAESA (HAE) and HAESA-LIKE2 (HSL2) are closely related to each other and belong to the 

same class of receptors as CLV1 (Shiu and Bleecker, 2001). Both the HAE and HSL2 receptors 

are expressed in the AZ cells and have a temporal expression pattern that overlaps with IDA 

(Cho et al., 2008, Patharkar and Walker, 2015). Due to functional redundancy no phenotypes 

are observed in hae or hsl2 mutant plants. However, the double mutant of the two receptors, 

hae hsl2, shows the same phenotype as ida. Loss of the IDA OE phenotype is observed in the 

double receptor mutants providing genetic evidence for IDA-HAE/HSL2 as a signaling system 

controlling floral abscission (Figure 1.5) (Cho et al., 2008, Stenvik et al., 2008). Recently it has 

been shown by binding studies that mIDA directly interacts with HSL2 and HAE and is able to 

activate a release of ROS through activation of the HSL2 and HAE receptors (Butenko et al., 

2014, Santiago et al., Submitted). 
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Figure 1.5 Genetic evidence for IDA-HAE-HSL2 as a signaling system. Elongated siliques of (from left to 

right) wt, hae hsl2 double mutant, ida mutant, IDA OE and IDA OE in a hae hsl2 background, Notice the 

abscised floral organs in wt and IDA OE which are retained in the other genotypes (Stenvik et al., 2008). Col = 

wt. 

 

As for CLV1 having a function in meristem maintenance in both SAM and RAM, HAE and 

HSL2 are found to be expressed in the root, and due to a significantly reduced number of lateral 

roots in hae hsl2, been suggested to have a function in lateral root emergence (Kumpf et al., 

2013, Clark et al., 1997, Stahl et al., 2013). This shows that the same, or part of the same, 

signaling module is employed to regulate similar developmental processes in different plant 

organs and developmental stages. Both the single receptor mutants, hae and hsl2 show a 

reduction in lateral root densities, indicating that HAE and HSL2 do not have completely 

redundant function in lateral root emergence. This is in contrast to floral abscission where the 

same two single receptor mutants show no change in abscission phenotype compared to wt 

(Kumpf et al., 2013, Stenvik et al., 2008, Cho et al., 2008). Plants expressing a pIDA:GUS 

construct show prominent expression of IDA in cells overlaying the lateral roots, and ida shows 

a decrease in lateral root number comparable to hae hsl2 mutants, indicating that IDA-

HAE/HSL2 function as a receptor-ligand pair also controlling lateral root emergence (Kumpf 

et al., 2013).  

 Downstream components of the IDA-HAE/HSL2 signaling 
pathway 
 

Downstream of HAE and HSL2 a kinase cascade consisting of MITOGEN ACTIVE PROTEIN 

KINASE KINASE4 (MKK) and MKK5 as well as MPK3 and MPK6 is found (Cho et al., 

2008). This MPK cascade leads to the suppression of a KNOTTED LIKE HOMEOBOX 
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protein, KNOTTED-LIKE FROM ARABIDOPSIS THALIANA (KNAT)1, which then 

elevates the restriction of KNAT2 and KNAT6 (Shi et al., 2011). These transcription factors may 

in turn positively regulate the transcription of genes involved in cell separation, such as cell 

wall remodeling (CWR) enzymes (Figure 1.4, Figure 1.6) (Kumpf et al., 2013). Much is still 

unknown about the components involved in the intracellular signaling occurring downstream 

of HAE and HSL2. However, it has recently been shown that floral organ abscission is regulated 

by a positive feedback loop. The MADS-domain transcription factor AGAMOUS-LIKE15 

(AGL15) is a direct target of MKK6. Phosphorylation of AGL15 relieves repression of HAE 

expression leading to production of HAE transcript, thereby increasing the expression of the 

receptor during the onset of abscission (Figure 1.6) (Patharkar and Walker, 2015). 

 

Figure 1.6 Signaling pathway of the IDA ligand through the receptors HAE and HSL2. IDA binds to and 

activates the receptors HAE and HSL2 that relay a phosphorylation cascade leading to activation of CWR enzymes 

and floral organ loss. The proposed positive feedback loop regulating HAE expression where downstream MPKs 

of HAE and HSL2 activates HAE expression by repressing the AGL15 repressor is also included. HAE and HSL2 

are also proposed to induce a release of extracellular ROS when activated by IDA. 
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When HAE or HSL2 are activated by the IDA peptide a release of the second messengers ROS 

is observed (Figure 1.7) (Butenko et al., 2014). The function of ROS release in IDA signaling 

is partially unknown; however, ROS is believed to regulate cellular expansion, a process 

important in the abscission process (Gapper and Dolan, 2006, Shi et al., 2011). ROS is also 

known to be important in leaf abscission in Capsicum plants where an in vitro abscission system 

revealed a continuous production of ROS in the AZ cells (Sakamoto et al., 2008). ROS has also 

been proposed to activate cell wall degrading enzymes important for abscission (Sakamoto et 

al., 2008). Furthermore, ROS production is related to pathogen responses (Torres et al., 2006). 

Therefore, the IDA-induced ROS response could very well be linked to the upregulation of 

pathogen responsive genes that occurs towards the end of the abscission process when the plant 

is easily exposed to pathogen attacks (Niederhuth et al., 2013). 

 

 

  

 

 

 

 

 

 

 

 ROS and Ca2+ release in response to RLK activation 
 

ROS are dynamic signaling molecules generated by the NICOTINAMIDE ADENINE 

DINUCLEOTIDE PHOSPHATE (NADPH) oxidases, such as the RESPIRATORY BURST 

OXIDASE HOMOLOGS (RBOH), in response to pathogen attack (Torres et al., 2006) and 

abiotic stress (op den Camp et al., 2003). ROS production is also important in certain 

developmental processes such as root hair growth and reproduction (Monshausen et al., 2007, 

Foreman et al., 2003, McInnis et al., 2006).  

Figure 1.7 A ROS release 

occurs in HAE and HSL2 

expressing tissue in response to 

mIDA. Nicotiana benthamian 

(N. benthamiana) leaves 

transiently expressing HSL2 and 

HAE show a ROS release when 

the receptors are activated by the 

mIDA peptide (Values taken 

from (Butenko et al., 2014)). 

Control sample representing 

untransformed N. benthmaniana 

leaves. mIDA concentration of 1 

nM was used on the HSL2 

sample, and 1 µM was used on 

the HAE and control samples. 

ROS release is measured in 

relative light units (RLU). 
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ROS made by PM-localized NADPH oxidases and the small intracellular second messenger, 

calcium (Ca2+) have been proposed to be mutual interconnected signaling molecules enabling 

cell-to-cell communication and long distance signaling in plants (Steinhorst and Kudla, 2013). 

Both Ca2+ induced ROS production and ROS induced Ca2+ signaling are observed in response 

to different stimuli in planta, such as pathogens, drought- and mechanical stress (Kobayashi et 

al., 2007, Monshausen et al., 2009, Demidchik et al., 2007, Pei et al., 2000). RBOHs contain 

Ca2+ binding motifs termed EF hands at the amino-terminal, suggesting that regulation of 

enzymatic activity occurs by the binding of Ca2+ (Kobayashi et al., 2007). In Nicotiana 

benthamiana (N. benthamiana) leaves that naturally express the FLS2 receptor, a rapid Ca2+ 

burst is detected in response to flg22 upstream of NADPH-oxidase-dependent ROS production 

(Segonzac et al., 2011, Keinath et al., 2015). Therefore, the ROS release seen in HAE and 

HSL2-expressing N. benthamiana plants in response to the IDA peptide, leads to the possibility 

that a Ca2+ response occurs.  

IDA has been proposed to have a function in innate immunity by protection of the AZ cells 

after organ loss (Butenko et al., 2014). Therefore, it is conceivable that a Ca2+ response, which 

is highly associated with defense signaling (reviewed in (Lecourieux et al., 2006)), could be 

induced in response to this peptide ligand. Furthermore, IDA, CLV3 and CLE40 have 

similarities in peptide ligand composition, in the receptors perceiving the signal, and 

downstream component (Figure 1.4). However, the final cellular outcome from the peptide 

ligands differ and it is thus clear that the intracellular signaling encompasses differences. One 

possibility is that cytosolic Ca2+ responses vary for each of the peptides, thus promoting 

signaling specificity.  

 

1.5 Ca2+ as a secondary signaling molecule  
 

Ca2+ is one of the most versatile ions in eukaryotes, and works as an important secondary 

signaling molecule both in the plant and animal kingdom (Kudla et al., 2010, Bootman and 

Berridge, 1995). In mammals specific Ca2+ responses are observed in early differentiation of 

neurons (Chemin et al., 2002). In plants, Ca2+ plays an important role in innate immunity as 

well as in response to osmotic pressure, salt-, drought-, oxidative-, cold- and light stress, in 

additional to regulating some developmental processes (Kudla et al., 2010, McAinsh and 

Pittman, 2009). Different stimuli often induce a specific response in terms of spatial and 
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temporal changes in cytosolic Ca2+ concentration ([Ca2+]cyt), known as a Ca2+ signature (Webb 

et al., 1996, McAinsh and Pittman, 2009, McAinsh and Hetherington, 1998). This specific 

response gives an indication of how Ca2+ can be specifically involved in regulating numerous 

cellular responses.  

Ca2+ is toxic in high cytosolic concentrations and the [Ca2+]cyt must therefore be tightly 

regulated (Camello et al., 2002). However, when present the ion can interact with, and modify 

a broad variety of proteins such as kinases, phosphatases and other regulatory proteins (Kudla 

et al., 2010). Ca2+ is found in high concentrations in the extracellular space and in most 

organelles, where the ER, apoplast and vacuole are the main places for intracellular Ca2+ storage 

(Figure 1.8) (Allen and Sanders, 1997, Conn et al., 2011, Stael et al., 2011). In addition, the 

nucleus, mitochondria, and chloroplast contain Ca2+ reservoirs (Nomura et al., 2008, Oldroyd 

and Downie, 2006, Koch, 1990, Kudla et al., 2010). The organelles storing Ca2+ are proposed 

to play a role in the Ca2+ responses observed for different stimuli. Ca2+ pumps and channels are 

found in the membranes of the organelles and different mechanisms, such as phosphorylation- 

and Ca2+ induced Ca2+ release ensure the discharge of Ca2+ from all organelles (Stael et al., 

2011).  

 

 

 

 

Figure 1.8 Overview of 

organellar free [Ca2+] in 

the plant cell. The 

cytoplasm contains low 

concentration in the nM 

range of free Ca2+. Main 

Ca2+ storages are the 

vacuole, ER and apoplast 

where the [Ca2+] are in mM 

ranges. Values are 

approximate and may vary 

depending on the tissue. For 

ER and peroxisomes values 

are taken from the animal 

field. (Values taken from 

(Stael et al., 2011)). 
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 Intracellular effects and relay of Ca2+ signal 
 

The ability of the Ca2+ signal to be translated into a cellular response depends on the 

concentration, time span, cellular localization and presence of proteins that have the ability to 

alter their function in contact with Ca2+ (McAinsh and Hetherington, 1998). In plants Ca2+ 

response proteins have mainly been divided into two groups (Sanders et al., 2002); i) sensor 

relay proteins such as Calmodulin that are activated by Ca2+ and relay the signal by direct 

contact to other proteins, and ii) sensor respond proteins, such as Ca2+ dependent protein kinase 

(CDPK) that have a direct cellular function when activated by Ca2+ (Kudla et al., 2010). 

Currently most known Ca2+ activated proteins affect activation and/or regulation of 

phosphorylation dependent signaling (Harmon et al., 2000).  

CDPK is a large family of protein kinases. In Arabidopsis there are 34 members of the CDPK 

family and 8 CDPK related kinases (Hrabak et al., 2003, Cheng et al., 2002). These kinases 

contain two regulatory Ca2+ binding domains called EF hands at their C-term (Harmon et al., 

2001). When bound to Ca2+ the EF-hands induce a conformational change in the kinase, 

revealing its active site, which in a non-Ca2+ bound state, is hidden by an autoinhibitory domain 

preventing kinase activation (Figure 1.9) (Hrabak et al., 2003). Tomato CDPK5 (TmCDPK5) 

has, based on changes observed by phosphoproteomics analysis in the pedicel AZ cells of 

tomato flowers, been suggested to have a function in the abscission process (Zhang et al., 2015). 

CDPKs are tightly regulated by Ca2+ and thus the intracellular [Ca2+]cyt changes in response to 

a stimuli, often termed a Ca2+ signature, is important for optimal downstream signaling through 

CDPKs. 

 

 Regulation of the Ca2+ signature 
 

To obtain a Ca2+ signature, the cytosolic influx and efflux of Ca2+ from the extracellular space 

and organelles must be tightly regulated. A great number of genes are expected to be involved 

in these Ca2+ fluxes, however how an exact Ca2+ signature is obtained by a given stimuli is not 

completely known (Steinhorst and Kudla, 2014). Ca2+ influx and efflux channels may be 

regulated in a variety of ways such as polarization, phosphorylation or direct activation by 

interaction, the latter being thought to be important in ligand activated Ca2+ signatures (dit Frey 

et al., 2012). 
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1.5.2.1 Ca2+ influx into the cytosol 

 

TWO PORE CHANNEL1 (TPC1) is found as a unique gene in the Arabidopsis genome and 

codes for a possible Ca2+ cytosolic influx channel mainly found on the vacuole but also on the 

PM (Ranf et al., 2008, Sanders et al., 2002, McAinsh and Pittman, 2009). Structurally TPC1 

resembles animal and yeast Ca2+ influx channels with two shaker domains (6 transmembrane 

spans) each containing a putative cation permeable pore. Arabidopsis TPC1 is found to rescue 

cytosolic Ca2+ uptake when expressed in a yeast mutant lacking a voltage gated Ca2+ channel. 

OE of TPC1 in Arabidopsis leaves containing the cytosolic Ca2+ sensor Aequorin (Section 

2.7.1) shows an increase [Ca2+]cyt, indicating a role for TPC1 in cytosolic Ca2+ influx (Furuichi 

et al., 2001). In the rice plant, Oryza sativa, using a heterologous expression system in yeast, 

OsTPC1 is inhibited by voltage dependent Ca2+ channel blockers such as nifepidinin and 

verapamil, indicating that OsTPC1 gives an increase in [Ca2+]cyt in a voltage dependent matter 

(Hashimoto et al., 2004). The OsTPC1 and the Arabidopsis TPC1 contain two regulatory Ca2+ 

binding EF hands indicating that also Ca2+ dependent regulation of the channel may be 

important (Steinhorst and Kudla, 2014, Furuichi et al., 2001, Hashimoto et al., 2004). The 

channel is expressed ubiquitously in Arabidopsis with high expression in the abscission zone 

(Sanders et al., 2002, Cai and Lashbrook, 2008). 

Figure 1.9 Overview of Ca2+ 

channels and pumps 

regulating free [Ca2+]cyt and 

Ca2+ relay proteins 

described in this thesis. 

When active ACA8 and 

ACA10 pumps Ca2+ out of the 

cytoplasm (Section 1.5.2.2). 

CNGCs and TPC1 are non-

selectable cation channels 

releasing Ca2+ cations into the 

cytoplasm when open (Section 

1.5.2.1). CDPK is activated by 

Ca2+ and conducts signals 

through phosphorylation. 
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In contrast to TPC1, 20 genes in the Arabidopsis genome encompass the family of CYCLIC 

NUCLEOTIDE GATED CHANNELS (CNGC). CNGCs are non-selective cation channels that 

may be activated by the cyclic nucleotides; cyclic adenosine monophosphate (cAMP) and 

cGMP (Fortuna et al., 2015). They also contain a Ca2+ binding calmodulin domain. When 

calmodulin is activated by Ca2+ it competes with cyclic nucleotides for binding to the channel 

and inhibits activation of Ca2+ influx (Jia et al., 2014, Ali et al., 2006). In Arabidopsis, different 

CNGCs have been found to be involved in various responses, such as defense during pathogen 

attack, in pollen tube growth and salt stress response (Jin et al., 2014, Seybold et al., 2014). An 

interesting channel, CNGC2 was first identified by cloning of the gene responsible for the 

defence no death1 mutant phenotype that shows an increase resistance to the pathogen 

Pseudomonas syringae (Yu et al., 1998, Clough et al., 2000). This channel has later been shown 

to be important for the Ca2+ signal to a variety of responses including stress and defense and as 

a developmental regulator (Fortuna et al., 2015).  

 

1.5.2.2 Ca2+ efflux proteins  

 

Tight regulation of Ca2+ efflux from the cytosol is important to obtain a distinct Ca2+ signature 

(Qudeimat et al., 2008, dit Frey et al., 2012). The family of phosphorylated (P)-type 2B Ca2+ 

efflux ATPases called AUTOINHIBITED Ca2+ ATPase (ACA) mediate low-affinity high-

capacity efflux of Ca2+ from the cytosol. As the name indicates, ACAs contain an amino-

terminal inhibitory domain (Sze et al., 2000). The family contains 10 members in Arabidopsis, 

and they are found on membranes of ER, vacuole, plastid envelope and PM (Kudla et al., 2010). 

ACA8, ACA9 and ACA10 are found on the PM with ACA9 only expressed in pollen tubes 

(Leydon et al., 2014), and ACA8 and ACA10 more ubiquitously expressed, having related 

functions and overlapping expression patterns (Bonza et al., 2013, George et al., 2008, Cai and 

Lashbrook, 2008). ACA8 and ACA10 have been shown to be involved in both defense and 

developmental responses (George et al., 2008, dit Frey et al., 2012). A defense response that 

has been widely studied is the Ca2+ induced response that is initiated by the LRR-RLK FLS2 

when activated by the bacterial surface peptide flg22. (Jeworutzki et al., 2010, Ranf et al., 2012, 

Keinath et al., 2015). ACA8 and ACA10 have been found to aggregate into lipid rafts 

containing the FLS2 receptor after flg22 activation. This indicates that an activated receptor 

may recruit the Ca2+ ATPases into closer proximity (Keinath et al., 2010). When transiently 

expressed in N. benthamiana leaves, ACA8 and FLS2 have been shown to interact physically 
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by the use of a SPLIT- yellow fluorescent protein (YFP) assay. This interaction is also found 

using Förster resonance energy transfer (FRET)-fluorescent lifetime imaging (FLIM) 

measurements expressing the proteins in protoplast (dit Frey et al., 2012). From these studies a 

mechanism where direct interaction between the two PM proteins is needed for optimal 

conduction of the FLS2 Ca2+ signal has been proposed (dit Frey et al., 2012). ACA8 has also 

been found to interact with other RLKs such as CLV1 (dit Frey et al., 2012) although the 

biological role of this interaction remains to be discovered.  

 

1.6 Aims of study  
 

The main aim of this thesis has been to contribute to the understanding of the intracellular 

signaling occurring in response to the peptide ligand IDA, in particular by investigating the 

ability of IDA to induce a Ca2+ response by the use of cytosolic localized Ca2+ sensors. Given 

the similarities between the IDA and CLV3 signaling system we also wanted to compare the 

Ca2+ response induced by IDA to that induced by CLV3 and CLE40 to investigate the 

specificity of the Ca2+ signature to each of the peptides. The RLK signaling partners for these 

peptides involved in controlling meristem cell homeostasis and cell separation are known, it 

was therefore interesting to establish if a Ca2+ response was dependent on the same receptors. 

Furthermore, we wanted to investigate how the Ca2+ response was regulated, and how it 

influenced the downstream signaling occurring in response to the IDA ligand to further the 

understanding of this signaling system. 
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2 Materials and Methods 
 

2.1 Plant methods Arabidopsis 
 

 Seed sterilization and growth conditions 
 

To prevent contamination, seeds of Arabidopsis were surface sterilized as followed: The seeds 

were treated with 5 minutes (min) intervals of (1) 70 % ethanol (EtOH), (2) Bleach solution (20 

% Chlorox, 0,1 % Tween20) and (3) Wash solution (0,001 % Tween20) before plated out on 

0,1 % Murashige and Skoog (MS) agar plates supplied with 2 % Sucrose (Murashige and 

Skoog, 1962). Plated seeds were cold treated at 4 °Celsius (C) for 24 hours (h) before transferred 

to 18 ºC long day (8 h dark and 16 h light) conditions. After two weeks, the seedlings were 

transferred to soil and grown under the same conditions. 

 

 Plant tissue harvesting  
 

Fresh plant tissue was flash frozen in liquid nitrogen and either used for RNA and/or DNA 

isolation immediately, or stored at - 80 °C. Tissue was harvested under different developmental 

stages dependent on the usage. RNA isolation was performed using seedlings or rosette leaves; 

DNA isolation for genotyping was carried out using small leaf pieces.  

 

 Plant crossing 
 

Emasculation (removal of stamens) was done on plants that were not yet self-fertilized. These 

plants served as the female counterpart. Pollination was performed 3 days later when pollen 

from the male parent was transferred to the stigma of the emasculated flower.  
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 Histochemical β-glucuronidase assay  
 

Gene expression analyses of HAE and HSL2 in root tissue was done using a β-glucuronidase 

(GUS) assay. Arabidopsis plants containing the promotor of the gene of interest fused to gusA, 

the gene encoding the β-glucuronidase gene, were used (Kumpf et al., 2013, Riiser, 2009). 8 

day old seedlings containing the pHAE:GUS or pHSL2:GUS construct were stained by 

incubation in the dark at 37 ºC for 2 h in a solution (50 nM NaPO4, 2 mM K4FE(CN)6, 2 mM 

K3FE(CN)6, 0,1 % Triton X-100, pH = 7.2) containing 2 mM of the substrate, 5-bromo-4-

chloro-3-inodyl β-D-glucuronide known as X-Gluc. X-Gluc is hydrolyzed by β-glucuronidase 

and further oxidized into an easily detectable blue component (Jefferson, 1989). The stained 

roots were fixed on ice for 20 min in FFA solution (10 : 7 : 2 : 1 of EtOH : H2O : acetic acid : 

formaldehyde 37 %) before hydrated in 15 min steps in 50 mM NaPO4 solution containing a 

decreasing EtOH concentration (50 %, 30 %, 10 %, 0 %). Stained roots were observed using 

an Axioplan2 imaging microscope (ZEISS), pictures were taken using an Axio cam HCR 

camera (ZEISS). 

 

2.2 Plant methods Nicotiana benthamiana  
 

 Transient protein expression 
 

Agrobacterium tumefaciens (Agrobacterium) strain c58 pGV2260 containing the gene of 

interest in an expression vector were grown in liquid YEB medium (5 g/l bacto beaf extract, 1 

g/l bacto yeast extract, 1 g/l bacto peptone, 5 g/l sucrose, pH = 4.7, 2 ml/l 1M MgSO4) supplied 

with the correct antibiotic at 28 °C for 48 h. Bacteria were collected by centrifugation (10 min, 

4 °C, 3500 rpm) and resuspendent in acetosyringon medium (H2O containing 15 µM 

Acetocyringon, and 1 mM MgCl2) to a final OD600 of 1,0. The bacterial solution was left on ice 

for a minimum of 2 h. 1/3 of the bacterial solution, 1/3 Acetocyringon medium-, and 1/3 of the 

solution of Agrobacterium strain c58 pGV2260 containing p19, an enhancer of expression 

(Voinnet et al., 2003), were mixed together. The sample was then pressure-infiltrated into 1 

month old N. benthamiana leaves. Protein expression was investigated 2 - 3 days after 

infiltration by detection of different fluorescence, depending on the expression vector used 
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(Section 2.3.11) (Table 2.1). Transient expression of proteins of interest was done in N. 

benthamiana for measurement of protein interactions by FRET (Section 2.8) and measurement 

of ROS (Section 2.6). 

 

2.3 DNA Techniques 
 

 Isolation of plasmid DNA from bacterial cultures 
 

Wizard® Plus SV Miniprep DNA Purification system (Promega) was used to isolate plasmid 

DNA from 5 ml liquid bacterial cultures. The protocol supplied by the manufacturer was 

followed and DNA was eluted in 50 µl nuclease free water.  

 

 Clean up of PCR and gel samples 
 

Wizard® Plus SV PCR and Gel clean up system (Promega) was used to clean DNA from PCR 

and agarose gel samples. The protocol supplied by the manufacturer was followed and DNA 

was eluted in 20 µl nuclease free water.  

 

 Isolation of genomic DNA from Arabidopsis 
 

RED Extract-N-AMPTM Plant PCR Kit (Sigma Aldrich) was used for DNA extraction of 

Arabidopsis leaves for PCR based genotyping (Section 2.3.10). The protocol supplied by the 

manufacturer was followed. The extracted DNA was stored at 4 °C if not used for genotyping 

immediately.  
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 Polymerase chain reaction  
 

Polymerase chain reaction (PCR) was used to amplify specific DNA sequences based on a 

template, free dNTPs and primers that were complementary to the sequence of interest. A 

thermostable DNA polymerase and cycles of three heating steps; denaturation, primer 

annealing and DNA elongation leads to the DNA amplification (Delidow et al., 1996). Different 

thermostable polymerases were used for different purposes. For each polymerase protocols 

supplied by the manufacturer were followed. 

PCR with given polymerases was used for: 

- Screening of positive colonies after cloning standard Taq polymerase (New England 

Biolabs) was used.  

- Cloning purposes, including cloning of the Ca2+ channels and pumps (ACA8, ACA10, 

CNGC2 and TPC1), and deletion and point mutations of the kinase receptors (HAE, 

HSL2), KOD-Hot start polymerase (Novagen) was used. This enzyme contains 

proofreading activity, has a low mutation ratio and is optimized for cloning purposes.  

 

 Primers 
 

Primers (Appendix 2) were designed manually and ordered from LifeTechnologiesTM. 

 

 Agarose gel electrophoresis 
 

To separate DNA and RNA fragments by size, agarose gel electrophoresis was used (Johansson, 

1972). Samples were loaded together with 6 X loading dye (Fermentas) to a 1 % SeaKem® Le 

Agarose (Lonza) gel containing 0.6 µg/ml Ethidium Bromide for visualization of DNA or RNA. 

A 1 kb GeneRuler (Thermo Scientific) was used as a reference to determine fragment sizes. 

Gels were run in a 1 X TAE buffer at 80 Volt for 35 - 40 min. 
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 Gateway® technology as a cloning technique 
 

The Gateway® Technology (LifeTechnologiesTM) is a highly efficient cloning technique taking 

advantage of the site specific recombination proprieties naturally found in bacteriophage 

lambda (Landy, 1989). The recognition sites for the recombination protein are called att sites. 

Each gene and vector is flanked by specific att sites responsible for the wanted recombination. 

The technique consists of two steps; (1) BP reaction produces an entry clone from the gene of 

interest flanked by attB sites and a donor vector flanked by attP sites. (2) The entry clone, now 

consisting of the gene of interest flanked by AttL sites, are used in a LR reaction with a 

destination vector containing attR sites to form an expression clone. The LR reaction allows the 

gene of interest to be cloned into a variety of different expression clones with a simple 

procedure. 

The technology uses two selection systems. The entry clone and destination vector contains 

genes of different antibiotic resistance allowing positive selection for the vector of interest. The 

donor and destination vector contains the ccdB gene that inhibits Escherichia coli (E. coli) 

growth. When recombination is successful the ccdB gene will be exchanged with the gene of 

interest, preventing bacteria not containing the gene of interest to grow. The Gateway® 

Technology was used to clone the Ca2+ channels TPC1 and CNGC2, the Ca2+ ATPases ACA8 

and ACA10, and the deletion and point mutation mutants of HAE and HSL2 (Table 2.1) 

(Section 3.2.12).  

 

 Site-directed mutagenesis 
 

Site-directed point mutations were introduced into the two receptors HAE and HSL2 to analyze 

the importance of specific aa for receptor activity. The QuikChange® Site-directed mutagenesis 

kit (Agilent Technologies) introduces specific point mutations in a gene of interest that is part 

of a circular plasmid. Complement sense and anti-sense primers, both containing the desired 

mutations are run in a PCR with a template plasmid DNA to produce plasmids containing the 

wanted mutation. The site-directed mutagenesis was preformed according to the protocol 

supplied by the manufacturer.  
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HAED819A was made from HAE-pDONRTM/Zeo by the use of primer HAED819A-Fw and 

HAED819A-Rv (Appendix 2). HSL2D817A was made from HSL2-pDONRTM/Zeo by the use of 

primer HSL2D817A-Fw and HSL2D817A-Rv (Appendix 2) (LifeTechnologiesTM). 

 

 Sequencing 
 

Sequencing was performed by GATC Biotech sequencing facility according to supplied 

manual. Genes coding for the receptors HAE and HSL2 containing site-directed point 

mutations, cloned Ca2+ channels and pumps were sequenced. Primers used for sequencing are 

given in Appendix 2. 

 

 
2.3.10 Selection of crossed plants 
 

The R-GECO1 sensor (pGTVII-Bar-U-RG) expressed under a UBQ10 promotor (Keinath et 

al., 2015, Zhao et al., 2011) was crossed into mutant lines of the IDA and CLAVATA signaling 

pathway; hae, hsl2, hae hsl2, ida-2, clv3-2, clv1-20, clv2-gabi and crn-3 (Cho et al., 2008, 

Durbak and Tax, 2011, Fletcher et al., 1999, Kleinboelting et al., 2012, Muller et al., 2008, 

Stenvik et al., 2008). Plants homozygous for the mutant allele were selected either by 

phenotypic screening or by genotyping. Plants homozygous for the mutant alleles which had 

scorable phenotypes included hae hsl2, clv1, clv2, clv3 and crn. For hae and hsl2 genotyping 

with the T-DNA specific Lbb1 primer and HAE right primer (RP), HAE left primer (LP), HSL2 

RP and HSL2 LP (Appendix 2) was performed to identify homozygous mutant lines. For 

genotyping, DNA was extracted from plant material as described above (Section 2.3.3) and the 

PCR was run by using the RED Extract-N-AMPTM Plant PCR Kit (Sigma Aldrich) following 

the protocol provided by the manufacturer. To identify whether homozygous mutant lines also 

were homozygote for the R-GECO1 Ca2+ sensor (Section 2.7.1) about 20 seeds of each 

homozygous mutant line of the F3 generation were screened for expression of the red 

fluorophore (RF) named mCherry from the R-GECO1 sensor (Section 2.8.1.1). A 3 : 1 rate of 

plants expressing the RF was expected for heterozygote plants while expression of RF in all 20 

plants were considered to be plants homozygous for the R-GECO1 sensor. 
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2.3.11 Cloning 
 

All cloned constructs were amplified from complementary DNA (cDNA) (Section 2.4.3) with 

gene-specific primers (Table 2.1) (Appendix 2) compatible to the Gateway® technology 

(Section 2.3.7). Amplified genes were used in a BP reaction with pDONRTM/Zeo to produce an 

entry clone containing the gene of interest in a Zeocin vector. The entry clones were used in an 

LR reaction with given destination vectors to produce an expression vector of interest (Table 

2.1). For the HAE and HSL2 site-directed mutagenesis constructs (Section 2.3.8), and for HAE 

and HSL2 cloned into the pEarleyGate destination vectors, BP clones in pDONRTM/Zeo 

previously made in the lab were used. 

Table 2.1: Overview of constructs made using the Gateway® Technology 

 

Construct Primer for 

amplification of 

gene 

Destination 

vector 

C-term 

Fluorescent 

tag 

Antibiotic 

resistance 

Usage Reference 

ACA8 ACA8 AttB-Fw 

ACA8 AttB-Rv 

1.pEarleyGate101 

2.pABindmCherry 

1.YFP 

2. mCherry 

1.Km 

2. Spec 

FRET-FLIM 

FRET-APB 

(Earley et al., 

2006) 

(Bleckmann 

et al., 2010) 

ACA10 ACA10 AttB-Fw 

ACA10 AttB-Rv 

pABindmCherry mCherry Spec - (Bleckmann 

et al., 2010) 

TPC1 TPC1 AttB-Fw 

TPC1 AttB-Rv 

pABindmCherry mCherry Spec - (Bleckmann 

et al., 2010) 

CNGC2 CNGC2 AttB-Fw 

CNGC2 AttB-Rv 

pABindmCherry mCherry Spec - (Bleckmann 

et al., 2010) 

HAE - pEarleyGate102 YFP Km ROS 

measurements 

(Earley et al., 

2006) 

HSL2 - 1. 

pEarleyGate102 

2. 

pEarleyGate101 

1.CFP 

2. YFP 

1.Km 

2. Km  

1. FRET-FLIM 

2. ROS 

measuremets 

(Earley et al., 

2006) 

HAE 

ΔGCD1 

HAE AttB1 

HAE ΔGCD AttB-

Rv 

pEarleyGate101 YFP Km ROS 

measurements 

(Earley et al., 

2006) 

HSL2 

ΔGCD2 

HSL2 AttB1 

HSL2 ΔGCDAttB-

Rv 

pEarleygate101 YFP Km ROS 

measurements 

(Earley et al., 

2006) 

HAED819A HAE D819A-Fw 

HAE D819A-Rv 

pEarleygate101 YFP Km ROS 

measurements 

(Earley et al., 

2006) 

HSL2D817A HSL2 D817A-Fw 

HSl2 D817A-Rv 

pEarleygate101 YFP Km ROS 

measurements 

(Earley et al., 

2006)                                                                                                                                                                                                                                                                                                                                                                                                                                                                                         

 

Spec = Spectinomycin, Km = Kanamycin. 1) Lacking aa 883 - 993. 2) Lacking aa 883 - 980. FRET-APB and 

FRET-FLIM are described in section 2.8. CFP = CYANO FLUORESCENT PROTEIN, YFP = YELLOW 

FLUORESCENT PROTEIN, GFP = GREEN FUORESCENT PROTEIN. 

 

Constructs were transformed into Agrobacterium strain C58 pGC2260 (Section 2.5.2.1), and 

later used for transient expression in N. benthamiana leaves (Section 2.2.1).  
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2.3.12 Quantification of DNA 

 

Quantification of DNA was done using a NanoDrop® ND-100 Spectrophotometer (NanoDrop 

Technologies). 

 

2.4 RNA techniques  
 

 Isolation of RNA 
 

SpectrumTM Plant Total RNA Kit (SIGMA Aldrich) was used to isolate total RNA from 100 

mg frozen plant tissue. Plant Tissue was shock frozen by using of liquid nitrogen. Isolated RNA 

was run on a 1 % agarose gel. Two bands representing the 28S and 18S ribosomal RNA were 

expected to be observed if isolation was successful.  

 

 Quantification of RNA 
 

Quantification of RNA was done using a NanoDrop® ND-100 Spectrophotometer (NanoDrop 

Technologies). 

 

 Complementary DNA synthesis from RNA 
 

cDNA was synthetized from isolated RNA by the use of SuperScriptTM III First-Strand 

Synthesis System for RT-PCR kit (LifeTechnologiesTM). The protocol supplied by the 

manufacturers was followed. cDNA was made from mRNA by the use of oligo dT primers.  
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2.5 Bacterial methods 
 

 Transformation of bacteria 

 

2.5.1.1 E. coli  

 

Chemically competent E. coli DH5α and XL-1 Blue cells were transformed using the heat-

shock method as described by the manufacturer (AgilentTehcnologies and 

LifeTechnologiesTM). Cells were plated on LA (LB medium with 15 g/l Bacto Agar) plates 

containing correct antibiotic for selection and incubated Over night (O/N) at 37 °C. Positive 

colonies were identified by PCR using gene specific primers (Table 2.2) (Appendix 2). 

 

2.5.1.2 Agrobacterium  

 

Two methods were used for transformation of Agrobacterium. Chemical competent C58 

pGC2260 were transformed by heat shock or by freeze-thaw method. For both methods, 

procedures previously described were followed (Wise et al., 2006). Cells were plated out on 

YEB plates (YEB medium, 15 g/l bacto agar) containing correct antibiotics for the 

Agrobacterium strain and the construct. Plates were incubated at 28 °C until bacterial colonies 

appeared (approximate 28 h). Positive colonies were identified by PCR using gene specific 

primers (Table 2.2) (Appendix 2). 

 

Table 2.2 Overview of gene specific primers used to identify positive bacterial colonies by PCR 

 

Gene Gene specific primers 

HAE HAE LP, HAE RP 

HSL2 HSL2 LP, HSL2 RP 

ACA8 ACA8 LP, ACA8 RP 

ACA10 ACA10 LP, ACA10 RP 

CNGC2 CNGC2 LP, CNGC2 RP 

TPC1 TPC1 LP, TPC1 RP 
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 Storage and growth of bacteria 

 

2.5.2.1 E. coli  

E. coli cultures were grown in liquid LB medium containing appropriate antibiotic for selection 

at 37 °C O/N with shaking. To obtain single colonies cells were plated out on LA (LB medium, 

15 g/l bacto agar) plates. A stock for long-term storage was made of each bacteria culture by 

adding glycerol to a final glycerol concentration of 25 % and stored at - 80 °C. 

 

2.5.2.2 Agrobacterium  

 

Agrobacterium cultures were grown in liquid YEB medium containing appropriate antibiotic 

(Carbincillin 50 mg/l, Rifampicin 50 mg/l and vector/plasmid-depending antibiotic) for 

selection, at 28 °C with shaking until growth was observed. To obtain single colonies cells were 

plated out on YEB plates. A batch for long-term storage was made of each bacteria culture by 

adding glycerol to a final glycerol concentration of 25 % and stored at - 80 °C. 

 

2.6 Detection of reactive oxygen species 
 

The measurement of reactive oxygen species (ROS) released by cells may be used to investigate 

the elicitor signal perception by PM localized receptors. The elicitor may be endogenous plant 

peptides or pathogen derived peptides. ROS detection was measured on N. bethamiana leaves 

transiently expressing the receptors of interest (HAE, HSL2 and mutant version of these) to 

mIDA. The protocol and procedure followed was done as described previously (Butenko et al., 

2014). 1 µM final peptide concentration was added before detection of luminescence, was done 

using the Wallac 1420 VICTOR2™ microplate luminometer (PerkinElmer). Luminescence was 

detected by relative light units (RLU). 

 

All synthetic peptides used in this thesis were ordered from BIOMATIK, with a purity of 

minimum 90 %. 
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2.7 Ca2+ detection methods  
 

Stress responses induced by cold, touch and change in chemical proprieties all induce a Ca2+ 

response (Steinhorst and Kudla, 2014). The samples were therefore handled with accuracy and 

precision.  

 

 Ca2+ sensors 
 

During these experiments, two Ca2+ sensors were used. Both sensors localize to the cytoplasm 

(and nucleus) and can be used to measure [Ca2+]Cyt. 

 

2.7.1.1 R-GECO1 – an intensity based Ca2+ sensor 

R-GECO1 is a Ca2+ sensor belonging to the family of single fluorophore intensity based 

indicators. The sensor consists of three main parts (i) the Ca2+-binding domain of a myosin light 

chain, (ii) a Ca2+ binding calmodulin and (iii) a RF named mApple. Upon Ca2+ binding the 

sensor undergoes a conformational change that leads to an easily detectable increase in the red 

fluorescence properties (excitation (ex): 568 nm, emission (em): 603 nm) (Zhao et al., 2011) 

(Figure 2.1). The R-GECO1 sensor localizes to the cytoplasm and nucleus, and has previously 

been used to measure elicitor-induced Ca2+ responses both in Arabidopsis leaves and in roots 

(Keinath et al., 2015). In this thesis, it was used to measure the peptide ligand induced Ca2+ 

response on Arabidopsis roots.   

 

 

 

Figure 2.1 Mechanism of the R-

GECO1 sensor. A conformation 

change in the sensor is observed 

when Ca2+ (purple dots) bind to the 

myosin light chain (bright grey) and 

the calmodulin domain (dark grey) 

leading to increase in red 

fluorescence emission (modified 

from (Koldenkova and Nagai, 

2013)). 
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2.7.1.2 Aequorin – a bioluminescent based Ca2+ sensor 

 

The Ca2+ sensitive Aequorin (Aq) molecule is naturally found in the jelly fish Aequorea victoria 

and has been used as a Ca2+ sensor for almost 40 years (Kanchiswamy et al., 2014). The 

Aequorin-molecule consists of a 22 kDa apoprotein, named ApoAequorin and a prosthetic 

group, the luciferin molecule coelenterazine. Aq contains three EF hand domains, and upon 

Ca2+ binding to these and in the presence of oxygen, Aq undergoes a conformational change 

that oxygenates coelenterazine to its excited state, coelenteramide. When coelenteramide 

relaxes into ground state it releases detectable blue light of 469 nm (Figure 2.2) (Knight et al., 

1991, Kanchiswamy et al., 2014). Relative Ca2+[cyt] can be calculated from the intensity of 

emitted light (Ranf et al., 2012). In this thesis the cytosolic localized Aq sensor, pMAQ2 has 

been used (Knight et al., 1991). 

 

 Ca2+ detection in the root by direct application of peptide 
 

The method of direct application of peptide onto roots was used to detect Ca2+ responses in wt 

roots in response to the mIDA and mature CLE40 (mCLE40) peptide. For these experiments, 

seedlings containing the cytosolic and nucleus localized Ca2+ sensor, R-GECO1 were used. To 

investigate if the specific Ca2+ responses observed were receptor dependent, the different 

receptor mutants with the R-GECO1 sensor (Section 2.3.10) were used. Given that the R-

GECO1 sensor gives an easily detectable increase in the red fluorescence emission properties 

when bound to Ca2+, it is detectable by a normal fluorescence microscope. All seeds were plated 

out on MS-2 plates and grown vertically, this way the roots grow on the surface of the agar. 5 

Figure 2.2 Mechanism of 

light emission upon 

increased [Ca2+] using the 

Ca2+ sensor Aequorin. 
Increase in Ca2+ concentration 

([Ca2+]) leads to activation of 

Aequorin (Aq) by binding of 

Ca2+ to EF-hands. Active Aq 

oxygenize coelenterazine to 

coelenteramide that emits 

detectable light of 469 nm 

when it relaxes to ground state 

(Kanchiswamy et al., 2014). 
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- 8 days after germination the roots were investigated under the microscope (NIKON SMZ25, 

Nikon Digital Sight DS-Fi2 Camera) using a red filter and a 60 X zoom. 3 µl, of 1 µM peptide 

diluted in liquid MS-2 was gently added directly onto the root without touching. Time-lapse 

pictures were taken every 3 seconds (s) over a time period of 8 min after application of the 

peptide. The results were analyzed using the Nikon Advanced Research software. 

Regions of interest (ROIs) on the roots were used when analyzing the Ca2+ response in response 

to the peptides. All ROIs were of the same size and placed on the same location on the measured 

roots. 5 ROIs were used during the experiments (Figure 2.3): two between the root meristem 

and the beginning of the vascular tissue, and three above the vascular tissue. From the root tip 

and to the end of the RAM, the R-GECO1 sensor tended to accumulate and create a high 

fluorescent signal independent of peptide treatment (result not shown). ROI1 was thus placed 

over the RAM to avoid false positive results due to this accumulation. 

  

 

 Ca2+ detection in the root using the RootChip system 
 

The RootChip system is a microfluidic closed system for analyzing roots in a stable 

environment (Figure 2.4) (Grossmann et al., 2011). For a detailed description of the setup and 

use of a RootChip see http://www.jove.com/video/4290/time-lapse-fluorescence-imaging-

arabidopsis-root-growth-with-rapid. This system was setup and used to measure a Ca2+ 

response in roots expressing the cytosolic R-GECO1 Ca2+ sensor, in response to peptides. 

RootChips (Stanford Microfluidics Foundry) were autoclaved and kept in a sterile environment. 

Seeds were surface sterilized and seeded out in cut-off-pipette tips containing Hoaglands 

Figure 2.3 ROIs as used during analysis 

of the Ca2+ response. Five ROIs were used 

during the experiments, two between the 

root meristem and the beginning of 

vascular tissue, and three above the 

vascular tissue. Fluorescent intensity was 

recorded in each ROI individually. ROI3 

was used to compare results between roots. 

ROIs were made of same size and location 

on each measured root. 

 

 

http://www.jove.com/video/4290/time-lapse-fluorescence-imaging-arabidopsis-root-growth-with-rapid
http://www.jove.com/video/4290/time-lapse-fluorescence-imaging-arabidopsis-root-growth-with-rapid


  Materials and Methods 

33 

medium (1,6 g/l Hoglands nr2 salt mixture (Sigma), 0,5 g/l MES, 10 g/l saccharose(+), pH = 

5,8, 10 g/l plant agar). Pipette tips were placed vertically for the roots to grow down the pipette 

tips. Seedlings were grown in 20 ºC, continuous light for 4 days before pipette tips were 

transferred individually to chambers on the RootChip. Roots were exposed to a constant flow 

of Hoaglands medium to stabilize the environment through the RootChip pressure system. After 

2 min exposure to 1 µM synthetic peptide diluted in Hoaglands buffer was induced by the same 

system. Time-lapse pictures were taken every 6 s over a time period of 10 min after application 

of the peptide. Ti eclipse inverted microscope (Nikon) with a C11440 ORCA-Flash4.0 camera 

(Hamamatsu) was used for the measurements. The results were analyzed using Nikon 

Advanced Research Software. 

 

 

 

Figure 2.4 The RootChip system. A) The chip installed on the microscope, containing seedlings and connected 

to the microfluidics pressure system by tubes. B) Overview of the microscope connected to the pressure system 

that regulates the liquid flow into the RootChip. Photo: Steffen Köhler.  

 Ca2+ detection in seedlings using the Aequorin Ca2+ sensor 
 

For detection of a Ca2+ response with the cytosolic Aq sensor, pMAQ2, the protocol previously 

described (Ranf et al., 2012) was followed. 8 days old seedlings were transferred individually 

to wells in a white flat-bottomed 96 well plate (PerkinElmer OptiPlateTM 96 HB) containing 75 

µl dH2O. 25 µl of a solution containing a 4-fold concentration of benzyl coelenterazine (h-

CTZ) (PJK) was added to each well to a final concentration of 5 µM h-CTZ. The samples were 

kept in the dark O/N at room temperature (RT). A Wallac 1420 VICTOR2™ microplate 

luminometer (PerkinElmer) was used to detect the emitted light the next day. For each well 

light was detected for 0,3 s in intervals of 6 s. Background levels were measured for 1 min 

A B 
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before the response to synthetic peptides were measured for 22 min. If not otherwise stated, a 

final peptide concentration of 1 µM was used. Differences in Aq expression levels due to 

seedling size and expression of sensor were corrected by using luminescence at specific time 

point (L)/Max Luminescence (Lmax). Lmax was measured after peptide treatment by individually 

adding 100 µL 2 M CaCl2 to each well and measuring luminescence constantly for 180 s (Ranf 

et al., 2015). 2 M CaCl2 will disrupt the cells and release the Aq sensor into the solution where 

it will react with Ca2+ and release the total possible response in the sample (Lmax) in form of a 

massive luminescent peak.  

wt plants containing the 35S::ApoAequorin and T-DNA insertion lines of aca8, aca10 and aca8 

aca10, all containing the 35S::ApoAequorin were obtained from the Nottingham Arabidopsis 

Stock center and were used during these experiments.  

 

2.8 Förster resonance energy transfer  
 

Investigation of physical interactions between PM localized receptors (HAE and HSL2) and 

Ca2+ ATPase (ACA8) were done by Förster resonance energy transfer (FRET) measurements. 

FRET is based on non-radiative energy transfer from an excited donor fluorophore to an 

acceptor fluorophore. A criterion for FRET to occur is that the emission spectra of the donor 

must overlap with the absorption spectra of the acceptor The energy transfer can take place 

when the fluorophores are up to 10 nm from each other, and have correct orientation of their 

dipole moment to each other (Piston and Kremers, 2007). We can use this technique to analyze 

interaction between our proteins of interest by tagging proteins of interest with fluorophores 

that form FRET pairs (donor and acceptor fluorophore). FRET will only occur if the interaction 

of the proteins brings the fluorophore close to each other.  

Proteins of interest cloned in frame with donor or acceptor of a FRET pair were co-expressed 

in N. benthamiana (Section 2.2.1), and the FRET efficiency of the samples were measured by 

two methods; FRET-acceptor photobleaching (APB) and FRET-fluorescent lifetime imaging 

microscopy (FLIM). For FRET-APB (Section 2.8.1) the FRET pair consisting of GREEN 

FLUORESCENT PROTEIN (GFP) as the donor and the RF named mCherry as the acceptor, 

was used. Genes of interest were cloned in frame with previously described estradiol inducible 

vectors (Bleckmann et al., 2010).  
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 FRET-acceptor photobleaching  
 

An easy and fast way to measure FRET is by APB. During FRET-APB the intensity increase 

of the donor after bleaching the acceptor is measured. If FRET occurs an increase in the donor 

intensity is observed after bleaching of the acceptor due to a stop in the transfer of energy to 

the acceptor and thus an increase in donor emission. This is called donor dequenching.  

Measurements were done on a ZEISS LSM780 AxioObserve microscope, with a LD C-

Apochromat 40 X /1.1 water objective. 5 frames (256 × 256 pixel, 1 µs pixel time) of donor 

(GFP, ex: 488 nm, em: 521 nm) and acceptor (mCherry, ex: 561 nm, em: 567 nm) fluorophore 

was taken before the acceptor was bleached away with 100 % laser power. Donor intensity was 

measured for 20 frames after bleaching. Donor-only samples, and positive FRET-samples 

containing donor and acceptor fluorophores connected by a linker, were always measured and 

used as controls for the experiments.  

 The FRET efficiency of APB experiments was calculated by equation (eq) 1.  

Eq1: 100*
afterDonor

beforeDonorafterDonor

Intensity

IntensityIntensity
encyEFRETEffici



 
  

 

 FRET-Fluorescence lifetime imaging microscopy  
 

A more reliable, but more time consuming method to measure FRET is by FLIM, where the 

fluorescent lifetime (τ) of the donor fluorophore is measured. If FRET occurs, the energy will 

be transferred from the excited donor to the acceptor fluorophore. The energy transfer from 

donor to acceptor is faster than to ground state of the donor and a decrease in the donor τ will 

be observed. Donor lifetime was measured by time-correlated single-photon counting (Becker 

et al., 2004). Average donor lifetime was estimated by a complex fitting process previously 

described (Stahl et al., 2013). Donor-only samples were measured together with the FRET-

sample of interest to compare the lifetimes. During FRET-FLIM the FRET pair consisting of 

the donor CYANO FLUORESCENT PROTEIN (CFP) (ex: 430 nm, em: 489 nm) and acceptor 

YELLOW FLUORESCENT PROTEIN (YFP) (ex: 515 nm, em: 524 nm) was used (Figure 

2.5).  
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Figure 2.5 Emission and excitation spectra of the two fluorophores, CFP and the YFP. A clear overlap 

between the emission of CFP (cyano straight line) and the excitation of YFP (green dotted line) is observed, making 

these two fluorophores a good FRET pair (made using the Fluorescence SpectraViewer, lifetechnologies.com).  

 

2.9 Statistics 
 

  Standard deviation 
 
Standard deviations (SD) were calculated by the use of eq 2  

 

Eq 2:   

 
1

2







n

xx
SD

 

Where x refers to the individual measurements, x  is the calculated mean and n is the number 

of measurements that makes up the mean. The STDEV function in Excel was used. 
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2.10  Bioinformatics 
 

 

2.10.1 Vector NTI 

 

Vector NTI Vector NTI Advanced® 11 was used to visualize cloning products and analyze 

sequencing results.  

 

2.10.2 Protein structure homology modeling 

The structure of the intracellular domain of HSL2 (aa 672 - 993) was produced by protein 

structure homology modeling from the “Crystal structure of BRI1 kinase domain (aa 865 - 

1196) in a complex with ADP From Arabidopsis thaliana”, Sequence ID: pdb|4OA2|A. Based 

on the aa sequence there is 41 % identity between the two sequences. SWISS-MODEL 

workspace, Alignment mode, was used to create the structural model that was modified by the 

use of PyMOL (Arnold et al., 2006, DeLano, 2002). 
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3 Results 
 

The main objective of this thesis have been to (i) investigate the ability of IDA to induce a Ca2+ 

response by analyzing changes in cytosolic Ca2+ concentrations [Ca2+]cyt in Arabidopsis roots 

containing a cytosolic R-GECO1 Ca2+ sensor. Furthermore, it was important to establish the 

importance of the LRR-RLK receptors HAE and HSL2 in the IDA-induced Ca2+ response. Ca2+ 

is a secondary signaling molecule and Ca2+ responses are involved in a variety of signaling 

events governing defense and development and it was therefore also an objective to (ii) 

investigate and identify protein and/or protein complexes that could be important in conducting 

the specific Ca2+ signal and study how these proteins could relate to the role IDA plays in floral 

abscission. A system where one made it possible to measure Ca2+ response in a stable 

environment was set up. Further, it was interesting to investigate if other peptide ligands related 

to IDA, such as CLE40 and CLV3 could also induce a Ca2+ response, and compare this response 

to the one induced by IDA to investigate the specificity of the Ca2+ signature to each of the 

peptides. The starting point of this thesis has been to investigate if IDA induces a Ca2+ response 

and if this response works downstream of the receptors HAE and HSL2.  

 

3.1 Investigating the role of mIDA inducing a Ca2+ 
response 
 

Genetic interaction and later biochemical studies established the clear relationship between IDA 

and the LRR-RLKs HAE and HSL2 as a signaling system in the regulation of floral organ 

abscission (Stenvik et al., 2008, Butenko et al., 2014, Santiago et al., Submitted). Later it was 

also shown that components of this signaling system were involved in regulating lateral root 

emergence (Kumpf et al 2013), underlining again that signaling components are reused in 

different organs to regulate similar processes. Although some of the signaling components 

acting downstream of IDA have been identified, mostly in the AZ (Cho et al., 2008, Shi et al., 

2011, Patharkar and Walker, 2015), there is still much to be discovered in the intracellular 

signaling occurring downstream of HAE and HSL2. In particular the release of ROS that has 

been shown to occur downstream of the receptors, when transiently expressed in N. 

benthamiana leaves, and has been postulated to play a role in mediating cell expansion and/or 

defense against pathogens during abscission, needs to be further dissected (Butenko et al., 
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2014). A release of ROS is often found in parallel with and dependent on an intracellular Ca2+ 

response (Section 1.5) (Steinhorst and Kudla, 2013) and given the importance of Ca2+ to act as 

a secondary signaling molecule, the starting point of this thesis has been to investigate if IDA 

induces a Ca2+ response and if this response works downstream of the receptors HAE and 

HSL2. 

 

 The IDA peptide induces an intracellular Ca2+ signal 
 

Most of the knowledge about the IDA, HAE-HSL2 signaling system comes from studies done 

on floral abscission in Arabidopsis. However, both IDA and the receptor HAE and HSL2 are 

additionally expressed in the root of Arabidopsis (Kumpf et al., 2013). Other similar peptide 

ligands, such as CLV3 and its close homologue CLE40 signals in the shoot and root using the 

same or related components (Section 1.3), and therefore it is highly likely that IDA and its 

receptors also use the same or similar signaling mechanism in the root as in the shoot. Due to 

technical difficulties in measuring fluorescent signals in AZ tissues, we chose to use the root as 

a model system to measure Ca2+ responses with the idea of transferring knowledge obtained in 

the root to signaling in the AZ.  

Activity of IDA peptides of varying length and amino acid (aa) modifications have previously 

been tested by the use of ROS release as a readout (Butenko et al., 2014). From these studies a 

highly active IDA peptide, denoted-PIPPo was identified. To investigate the capacity of IDA 

to induce a Ca2+ signal, wild type Col-0, from now referred to as wt, Arabidopsis roots 

containing the cytosolic Ca2+ sensor R-GECO1 (Zhao et al., 2011, Keinath et al., 2015) were 

used to analyze if a Ca2+ response would be observed in response to PIPPo, which from now 

on will be referred to as mIDA (Appendix 1). 6 - 10 days old roots were treated with 1 µM 

mIDA by direct application of the peptide (Section 7.3.2). The response was recorded over a 

time period of 500 s. 45 s after peptide application (t = 0) a Ca2+ signal propagating from the 

elongation zone into the maturation and meristematic zone was observed (Figure 3.1). After 

around 400 s a weak Ca2+ signal starts from the meristematic zone and propagates slowly up in 

direction of the maturation zone (Figure 3.1, Movie 1). The intensity of the Ca2+ signal, 

measured by Red fluorescence intensity (RFI), was detected using the area covering ROI3, 

where the signal was initiated. The same ROI was used for all measurements (Figure 2.3). 
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These results show that mIDA induces an increase in the cytosolic Ca2+ concentration ([Ca2+]cyt) 

in ROI3 (Figure 3.1A). When observing the complete root we see that the mIDA induces a Ca2+ 

response that propagates through the root as a wave (Figure 3.1B, Movie 1).  

 
 

Figure 3.1 mIDA induces a Ca2+ response in Arabidopsis roots. Arabidopsis roots containing the cytosolic Ca2+ 

sensor R-GECO1 in response to mIDA. A) Red fluorescence intensity (RFI) versus time (s) showing the Ca2+ 

signal in ROI3 after application of peptide. B) False-color time-laps pictures of the Ca2+response propagating 

through the root. t = time after peptide application. A) and B) show representative figure of the Ca2+ response 

observed in n = 12 roots. 

 

 mIDA induced Ca2+ response depends on the receptors HAE 
and HSL2 
 

Given that IDA controlled cell separation in the AZ and during lateral root emergence is 

dependent on HAE and HSL2 (Stenvik et al., 2008, Kumpf et al., 2013), it was of interest to 

test if the mIDA induced Ca2+ response was dependent on the receptors HAE and HSL2. The 

double receptor mutant, hae hsl2 was crossed into the cytosolic R-GECO1 sensor and hae hsl2 

roots expressing the R-GECO1 sensor were treated with 1 µM mIDA directly added to the roots 

as previously described. The Ca2+ response was measured over a time period of 300 s and as 

for wt changes in the Ca2+ response was observed using ROI3. No changes in [Ca2+]cyt as 

measured by RFI was observed in the hae hsl2 mutant (Figure 3.2, Table 3.1), indicating that 

the Ca2+ response observed in response to mIDA is dependent on one or both of the HAE and 

A 

B 
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HSL2 receptors. To verify that the lack of Ca2+ response was not due to quenching or silencing 

of the R-GECO1 sensor, the roots were immediately after ended measurements, treated with a 

1 mM solution of salt, known to induce a high Ca2+ response (Kiegle et al., 2000). After 

treatment with salt a Ca2+ response was observed (results not shown). 

 
 

Figure 3.2 mIDA does not induce a Ca2+ response in hae hsl2. (RFI) versus time (s) showing the Ca2+ signal in 

ROI3 of hae hsl2 roots in response to mIDA. Representative figure of the Ca2+ response observed in n = 6 roots. 

 

 

3.1.2.1 The role of HAE and HSL2 in relaying the Ca2+ signal 

In the control of floral abscission the HAE and HSL2 receptors function genetically redundant 

(Stenvik et al., 2008). However, in the root, during lateral root emergence, they are shown to 

have different expression patterns and also control the expression of different sets of CWR 

enzymes (Kumpf et al., 2013). It was therefore of interest to see if both receptors could relay 

the Ca2+ signal observed in response to mIDA. hae and hsl2 mutant roots containing the 

cytosolic Ca2+ sensor, R-GECO1 were treated with 1 µM mIDA and the Ca2+ response was 

measured over the same time span as for wt roots (Figure 3.3A, Figure 3.3B). Both receptors 

could relay the mIDA induced Ca2+ response (Figure 3.3, Table 3.1). The intensity of the Ca2+ 

signal, in RFI, covering ROI3 showed that the Ca2+ response in both of the single receptor 

mutants were comparable to the changes in [Ca2+]cyt observed for wt roots expressing the R-

GECO1 sensor (Figure 3.1A, Figure3.3A, Figure 3.3B), with peaks indicating Ca2+ influx into 

the cytosol. The Ca2+ responses to mIDA in the mutant backgrounds propagate through the root 

as a wave starting right above the meristematic zone going towards the meristematic zone and 
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the root tip (Figure 3.3C, Figure3.3D, Movie 21, Movie 3). These responses are comparable to 

that observed in wt roots expressing the R-GECO1 sensor (Figure 3.1B, Movie 1).  

 

 

 

Figure 3.3 Single mutants of hae and hsl2 gives a Ca2+ response to mIDA. A) RFI versus time (s) showing the 

Ca2+ signal in ROI3 of hae (blue). B) Red fluorescence intensity (RFI) versus time (s) showing the Ca2+ signal in 

ROI3 of hsl2 (green). C) False color time laps pictures of mIDA induced Ca2+ response in hae. D) False color time 

laps response of mIDA induced Ca2+ response in hsl2. t = time after peptide application. A) and B) Representative 

figures of the Ca2+ response observed in n = 8 roots of each mutant. 

                                                 
1 Movie taken with 20 s intervals compared to 6 s as for the other movies. 
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Since the two receptors have been shown to have somewhat different functions and expression 

patterns during lateral root emergence (Kumpf et al. 2013), it was of interest to investigate the 

expression of the receptors in the main root and in particular in the area covering ROI3. To 

investigate if the expression pattern of the receptors correlated with were the Ca2+ response 

starts, promotor GUS (pHAE:GUS and pHSL2:GUS) lines were stained and expression patterns 

in the root analyzed. The expression of both receptors was found in the vascular tissue of the 

main root and their expression overlaps in the area covering ROI3. pHSL2:GUS was also highly 

expressed in the root tip (Figure 3.4), as shown previously (Riiser, 2009). 

 

  
 

Figure 3.4 Analysis of GUS expression of pHAE and pHSL2 in roots of 8 days old seedlings. Expression of 

both receptors A) HAE and B) HSL2 were observed in the vascular tissue. HSL2 was also expressed in the root tip. 

Blue squares represent the region on the root corresponding to ROI3. Representative picture of expression 

observed in n = 4 seedlings of each receptor. 

  

3.2 CLE40 induces a Ca2+ response in wt roots which 
differs from that of mIDA 
 

It has previously been hypothesized that different signaling modules utilize similar signaling 

components even if different cellular responses are achieved (Butenko and Simon, in press). In 

particular many similarities are observed between the IDA/IDL and CLV3/CLE signaling 

systems (Butenko and Simon, in press). We therefore wanted to investigate if CLE40, which 

A

 
 

B 
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belongs to the same group of post-translationally modified peptides as IDA, would also induce 

a Ca2+ response in the root. Furthermore, it was of interest to compare the Ca2+ response 

between CLE40 and IDA to investigate the specificity of the response for each of the signaling 

systems. To test for possible Ca2+ response to CLE40, wt roots containing the R-GECO1 sensor 

were treated with 1 µM mCLE40 peptide (Appendix 1) directly on plates. A change in the 

intracellular Ca2+ concentrations of ROI3 was observed, measured by an increase of RFI, 

indicating that mCLE40 also induces a Ca2+ response in wt roots expressing the R-GECO1 

sensor (Figure 3.5A). The response in ROI3 was measured as mainly one peak starting around 

100 s after peptide application and lasting for 200 - 250 s. When looking at time laps pictures 

of the response (Figure 3.5B) we observed that the Ca2+ response to mCLE40 also propagates 

through the root as a wave starting at the vascular tissue and going towards the root tip (Figure 

3.5B, Movie 4). 

 

 
 

Figure 3.5 mCLE40 induces a Ca2+ response in Arabidopsis wt roots. A) RFI versus time (s) showing the Ca2+ 

signal in ROI3 to mCLE40. B) False color time laps picture showing the mCLE40 induced Ca2+ response in wt 

roots expressing the R-GECO1 sensor. Figures showing a representative Ca2+ response observed in n = 6. 

 

 

 

 

A

 
 

B
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The mCLE40 induced Ca2+ response appeared to be different from the Ca2+ response observed 

for mIDA. To verify these observations we compared the Ca2+ response in Arabidopsis wt roots 

containing the R-GECO1 sensor by direct application of mIDA and mCLE40 peptides (Section 

2.7.2). We observed that mIDA and mCLE40 gave different Ca2+ responses and differed mainly 

in the duration and peaks of the Ca2+ response observed in ROI3 (Figure 3.6), and the duration 

of the propagating wave in the whole root (Figure 3.1B, Figure 3.5B, Movie 1, Movie 4). The 

differences observed in the Ca2+ response induced by mIDA and mCLE40 indicates that the 

peptides induce a specific Ca2+ response that may be important for correct signaling. 

 

 
 

Figure 3.6 mIDA and mCLE40 induces different Ca2+ responses in Arabisopsis roots. RFI versus time (s) 

comparing Ca2+ response of mIDA (black) (ROI3) and CLE40 (orange) (ROI3) in wt roots expressing the R-

GECO1 sensor. The responses differs mainly in the starting point after peptide treatment and duration of the signal. 

Figure compares results represented in Figure 3.1 and Figure 3.5. 

 

 The role of the CLE40 receptors in relaying the Ca2+ response 
 

The Ca2+ induced mIDA signal was shown to be dependent on at least one of the receptors HAE 

or HSL2 being present. To investigate whether the receptors perceiving mCLE40 in the root 

were important in conducting the mCLE40 induced Ca2+ response the R-GECO1 sensor was 

crossed into single receptor mutants of the CLE40 signaling pathway (Section 2.3.10) before 

the Ca2+ response to mCLE40 was registered. clv1, clv2 and crn mutant roots were all capable 

of conducting the Ca2+ response (Table 3.1). 
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Table 3.1 Overview of Ca2+ measurements done on Arabidopsis roots 

 

Receptor mutant Peptide (1 µM) N Response No response 

hae mIDA 8 8 0 

hsl2 mIDA 8 8 0 

hae hsl2 mIDA 6 0 6 

clv1 mCLE40 7 7 0 

clv2 mCLE40 11 10 1 

crn mCLE40 12 11 1 
 

Measurements were done by adding the peptide directly on root or by using the RootChip system (Section 3.3). 

 

3.3 Measuring Ca2+ in stable environments 
 

The method of direct application of peptide on roots for measuring Ca2+ response was not 

optimal due to the unstable environment in an open system that may influence the Ca2+ 

response. To ensure less mechanical and abiotic stress on the seedlings and to obtain more 

reproducible Ca2+ measurements and detect small differences in Ca2+ response the ability to do 

measurements in a more stable environment was needed. 

It was thus important to set up a system for Ca2+ measurements in a stable environment. The 

RootChip system was setup as previously described (Section 2.7.3) (Grossmann et al., 2011), 

and 1 µM mIDA peptide was applied to wt roots expressing the R-GECO1 sensor. The response 

observed using the RootChip system where roots were kept in a stable environment, looks 

similar to the response observed in roots treated directly with mIDA (Figure 3.1A, Figure 3.7) 

where the Ca2+ signal starts in the elongation zone and propagates into the maturation and 

meristematic zone before it slowly propagates upwards from the meristematic zone through the 

root. 
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Figure 3.7 Ca2+ response of mIDA measured in stable environment. RFI versus time (s) showing the Ca2+ 

signal to mIDA in ROI3 in wt roots expressing the R-GECO1 sensor when using the RootChip system. 

Representative figure of the Ca2+ response observed in n = 4 roots. 

 

Preliminary results using the RootChip system were also obtained in the single receptor mutants 

hae and hsl2. The double receptor mutant hae hsl2 was excluded from this study as the direct 

peptide application showed that no Ca2+ response was detected in the double mutant 

background (Figure 3.2). For the single mutants a Ca2+ response in ROI3 was detected upon 

mIDA peptide treatment that was comparable to that seen by direct application of the peptide 

(Figure 3.8).  

 

Figure 3.8 mIDA induced Ca2+ response in the single mutants hae and hsl2 using the RootChip system. RFI 

versus time (s) showing the mIDA induced Ca2+ signal in ROI3 of A) hae and B) hsl2 plants expressing the 

cytosolic Ca2+ sensor R-GECO1. Representative figure of the Ca2+ response observed in n = 2 roots for each 

mutant. 

A
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3.4 Ca2+ responses and downstream components 
 

The Ca2+ dependent protein kinases (CDPK) are protein kinases, which perceive Ca2+ signals 

and translate them into protein phosphorylation, thus representing an important tool for signal 

transduction. Interestingly, the enzymes responsible for ROS production, NADPH-oxidases 

have been shown to be among the CDPK substrates (Boudsocq et al., 2010). Moreover, tomato 

CDPK5 (TmCDPK5), has based on changes observed by phosphoproteomics analysis in the 

tomato flower pedicel AZ, been suggested to have a function in the abscission process (Zhang 

et al., 2015). Given the Ca2+ induction of mIDA in the root and the involvement of Ca2+ 

dependent protein kinases in ROS production, we wanted to investigate if CDPKs could play a 

role in regulating floral abscission in Arabidopsis. We first investigated whether the 

Arabidopsis homologue of TmCDPK5, the CALMODULIN-DOMAIN PROTEIN KINASE 

(CPK)5 and its Arabidopsis homologue CPK6 were expressed in the AZ in Arabidopsis by 

using publically available microarray data (Cai and Lashbrook, 2008). Both CPKs were 

expressed during stamen abscission (Figure 3.9A), and thus might be important also in 

Arabidopsis abscission, as observed in Figure 3.9, CPK5 had a higher level of expression than 

CPK6. Mutant lines of the kinases CPK5 and CPK6 were therefore investigated for floral 

abscission phenotypes (Figure 3.9B, Figure 3.9C). No phenotypes in single mutants of the cpk5 

and cpk6 mutants were observed. 

 

Figure 3.9 Role of CPK5 and CPK6 in floral abscission in Arabidopsis. A) Expression levels of CPK5 (pink) 

and CPK6 (brown) in sepal AZ during the different stages of abscission. Data analyzed from public available 

microarray data (Cai and Lashbrook, 2008). 12 -15c represent flower stages. Stage 12 represent the flower right 

before revealing of the petals (anthesis) and at stage 15c the floral organs have abscised. Values represent mean ± 

SD, n = 3. B and C) Phenotypes of Arabidopsis cpk5 and cpk6 mutant flowers. No aberrant abscission phenotypes 

were observed for flowers at anthesis (B) or five days later (C) when floral organs have abscised in wt plants.  
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3.5 Regulation of Ca2+ fluxes  
 

Tight regulation of the Ca2+ response is important for correct downstream signaling in response 

to a stimulus. To obtain understanding of how the downstream components, such as CPK5 and 

CPK6 are activated, it is important to understand how the Ca2+ response is regulated by a 

stimuli. To obtain a specific Ca2+ response, the changes observed in cytosolic Ca2+ 

concentration in response to the peptide must come from tightly regulated influx-, and efflux 

channels (Section 1.5.2).  

 

 Ca2+ influx to cytosol 
 

For roots treated with mIDA the Ca2+ influx was observed shortly (45 s) after application of the 

peptide, the activation of the Ca2+ influx channels must therefore happen fast and it is thus likely 

that the Ca2+ channels important for the influx are found on the PM and that they are directly 

activated by a peptide activated receptor.  

Many CYCLIC NUCLEOTIDE GATED CHANNELS (CNGCs) are found on the PM and may 

be activated by cyclic nucleotides (Fortuna et al., 2015). The receptors HAE and HSL2 contain 

a guanylyl cyclase domain (GCD) (Figure 1.1) that in other receptors has been shown to 

produce cGMP (Wong and Gehring, 2013) that again may activate CNGCs and promote a 

cytosolic Ca2+ influx (Kwezi et al., 2011) which often precedes a ROS response (Steinhorst and 

Kudla, 2013). We therefore wanted to test the functional importance of the GCD of HAE and 

HSL2 receptors. To do this we used constructs with a deleted GCD. The GCD is found on the 

very C-term of the receptors (Figure 3.10) and deletion mutants of the C-term end including the 

GCD, were made in frame with an YFP reporter (Section 2.3.11). The receptors were transiently 

expressed in N. benthamiana leaves (Section 2.2.1) and expression levels and localization to 

the PM was detected by the presence of a fluorescent YFP signal in leaves (results not shown). 

The activity of the GCD deleted and full length receptors were monitored in relative light units 

(RLU), using the previously described ROS release (Section 2.6) (Butenko et al., 2014) in 

response to 1 µM mIDA peptide. Full-length receptors were used as positive controls. 
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No ROS release was observed for receptors lacking the GCD, indicating the importance of this 

domain for receptor activity (Figure 3.11). The kinase domain was needed for a ROS release to 

occur in response to mIDA, as shown by absence of a ROS release in receptor mutants lacking 

the whole kinase domain (Butenko et al., 2014). 

  

Figure 3.11 The C-term aa, including the GCD, were needed for the ROS producing function of the 

receptors HAE and HSL2. The receptors lacking the GCD, A) HAEΔGCD and B) HSL2ΔGCD gave no release 

of ROS when treated with mIDA. Full length recepotors, HAE and HSL2 respectivly were used as positive 

controls. RLU (Relative light units), For both experiments values represent mean ± SD, n = 4. 

 

However, the kinase domain harbors both the kinase- and the guanylyl cyclace functions, so to 

distinguish whether the ROS response was dependent on only the kinase function a point 

mutation in the catalytic domain was introduced. A key Aspartate (D) known to be essential for 

the kinase function (Krupa et al., 2004) was mutated to Alanine (A) in HAE and HSL2 

(HAED819A; HSL2D817A), and ROS release in response to 1 µM mIDA was measured (Figure 

3.12). The receptors with mutated kinases gave no ROS release,showing that an active kinase 

is important for the ROS release. The importance of an active kinase for receptor function opens 
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Figure 3.10 Homology structure of the 

intracellular domain of HSL2 based on 

crystalized BRI1 structure. Protein 

structure of the kinase domain of HSL2 

including the GCD (aa883 to 896) (hotpink) 

and section cut out in deletion mutant, GCD 

and C-term domain (aa883 to 993) (light and 

hot pink). Structure made using Alignment 

mode in SWISS-MODEL and modified in 

PyMOL (Section 2.10.2). 
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up for the possibility that the Ca2+ channels are activated by phosphorylation instead of, or in 

addition to cGMP.  

  

Figure 3.12 Abscence of ROS response was observed in HAE and HSL2 carrying a point mutation in a key 

aa of the kinase the domains. RLU versus time (s) showing that the mutated receptors A) HAED819A, and B) 

HSL2D817A gave no ROS release when a key aa was mutated. Full length recepotors, HAE and HSL2 respectivly 

were used as positive controls. For both experiments values represent mean ± SD, n = 4.  

 

 Ca2+ efflux from cytosol 
 

To obtain the specific response of intracellular Ca2+ changes observed in response to the peptide 

ligands mIDA and mCLE40, the Ca2+ efflux from the cytosol must be tightly regulated. The 

LRR-RLK FLS2 is known to physically interact with the Ca2+ efflux ATPase ACA8 and it is 

proposed that this interaction is needed for the regulated Ca2+ efflux observed when FLS2 is 

activated by flg22 (dit Frey et al., 2012). It was therefore of interest to see whether this was the 

case for the HAE and HSL2 receptors, indicating a role of this ATPase in Ca2+ signaling in 

response to IDA. First, we investigated whether ACA8 and its close homologue ACA10 were 

expressed in the AZ by using publically available microarray data (Cai and Lashbrook, 2008). 

Both genes were regulated during stamen abscission and ACA10 was upregulated shortly before 

the onset of the abscission process (Figure 3.13) making it physiologically possible that direct 

interaction with the receptors could occur. 
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To test for direct interaction between ACA8 or ACA10 to each of the HAE and HSL2 receptors, 

the proteins were cloned in frame with the FRET pair mCherry-GFP and transiently expressed 

under an estradiol inducible promotor in N. benthamiana leaves (Section 2.2.1). As the leaves 

transformed with ACA10 did not express the fluorescent tag it was excluded from the 

measurements and only ACA8 was tested. FRET-APB measurements were done with the 

ATPase ACA8 and the receptors HAE and HSL2 to investigate interaction between the proteins 

(Section 2.8.1). 

Coexpression of the PM-localized proteins was investigated by fluorescence and only cells 

expressing both proteins were used for FRET-APB measurements (Figure 3.14A, Figure 

3.15A). By comparing the FRET efficiency (EFRET) of the donor-sample, HSL2:GFP and 

HAE:GFP to the FRET-sample containing ACA8:mCherry we observe a very weak increase in 

the EFRET of the FRET-sample compared to the donor-sample (Figure 3.14B, Figure 3.15B) 

indicating that an increase in the donor intensity when the acceptor was quenched was observed. 

This indicates that the proteins interact physically at the PM of the measured cells. However, 

by comparing this EFRET values to published data (Bleckmann et al., 2010) we observed that the 

EFRET in the FRET-samples were very weak and it was thus difficult to conclude if there was 

any protein interaction. 
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ACA8 and ACA10 in the sepal 

AZ of Arabidopsis. Expression 

levels of ACA8 (pink) and ACA10 
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Nevertheless, since the FRET-APB results gave a small indication that HAE and HSL2 

physically interact with ACA8, a more sensitive FRET measurement was performed to test the 

interaction. FRET-fluorescent lifetime imaging (FRET-FLIM) has previously been done to 

measure the interaction between FLS2 and ACA8 (dit Frey et al., 2012). ACA8 was cloned in 

frame with a C-term YFP tag, and HSL2 was cloned in frame to a C-term CFP tag (Figure 

3.16A), thus making the CFP-YFP FRET pair used previously in FRET-FLIM measurements 
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Figure 3.14 Receptor interaction 

measured by FRET-APB of HAE:GFP 

and ACA8:mCherry. A) PM localized 

expression of HAE:GFP, ACA8:mCherry 

and merged picture of the two proteins 

showing overlapping expression. B) 

FRET Efficiency (EFRET) of HAE:GFP 

donor-sample (dark blue), and the 

HAE:GFP ACA8:mCherry FRET-

sample (light blue). EFRET is calculated as 

relative increase in GFP (%) after 

photobleaching of the mCherry acceptor. 

Higher EFRET was observed for the FRET-

sample. Values represent mean ± SD, n = 

20. 

Figure 3.15 Receptor interaction 

measured by FRET-APB of 

HSL2:GFP and ACA8:mCherry. A) 

PM localized expression of 

HSL2:GFP, ACA8:mCherry and 

merged picture of the two proteins 

showing overlapping expression. B) 

EFRET of HSL2:GFP donor-sample 

(dark green), and HSL2:GFP 

ACA8:mCherry FRET-sample (light 

green). EFRET is calculated as relative 

increase in GFP (%) after 

photobleaching of the mCherry 

acceptor. Higher EFRET was observed 

for the FRET-sample. Values represent 

mean ± SD, n = 20. 
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with ACA8 (dit Frey et al., 2012, Earley et al., 2006). If FRET occurs an alteration in the 

lifetime of the FRET-sample is expected (Section 2.8.2). FRET-FLIM measurements of HSL2 

and ACA8 were performed, and the average lifetime (τ) of the donor-sample HSL2:CFP and 

the FRET-sample, HSL2:CFP ACA8:YFP, were calculated. No change in τ was observed 

(Figure 3.16B). The FRET-FLIM results indicate no interaction between the ACA8 and HSL2 

proteins, and further interaction between ACA8 and HAE was therefore not tested by FRET-

FLIM. 

 

 

 

 

 

  

 

 

 

 

 

 

 

3.6 Ca2+ response using an Aequorin sensor 
 

Even if no interaction between the ACA8 and the HAE and HSL2 receptors was observed we 

wanted to investigate whether this ATPase, and its close homolog, ACA10 were needed for the 

mIDA induced Ca2+ response. ACA8 has previously been shown to have overlapping functions 

with ACA10, and double mutant aca8 aca10 plants show decreased flg22 induced Ca2+- and 

ROS responses (Bonza et al., 2013, dit Frey et al., 2012). The cytosolic Ca2+ Aequorin (Aq) 

sensor pMAQ2 allows for [Ca2+]cyt to be monitored in vivo with bioluminescence (Ranf et al., 

2012, Knight et al., 1991). Since the Arabidopsis mutants for aca8, aca10 and aca8 aca10 are 

available with the Aq sensor (Arabidopsis stock center), we could directly test for mIDA 

induced Ca2+ response in these mutant backgrounds. To be able to do this we first needed to 
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Figure 3.16 Interaction of HSL2:CFP 

and ACA8:YFP measured by FRET-

FLIM. CFP fluorescent lifetime was 

measured in transiently expressed N. 

benthamiana leaves as shown in A); PM 

localized expression of HSL2:CFP, 

ACA8:YFP and merged picture of the 

two proteins showing overlapping 

expression. B) CFP fluorescent average 

lifetime τ (ns) fitted as previously 

described (Section 2:8:2) of the donor-

only sample; HSL2:CFP (solid green), 

and FRET-sample; HSL2:CFP 

ACA8:YFP (gradient green). No changes 

in τ was observed.Values represent mean 

± SD, n = 20. 
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establish if mIDA could induce a detectable Ca2+ response in wt seedlings containing the Aq 

sensor, pMAQ2 (wt-Aq). wt-Aq seedlings were treated with 1 µM mIDA and the Ca2+ response 

was detected as relative light units (RLU) (Figure 3.17). As a negative control, an IDA peptide 

known to have no activity, IDA- (Butenko et al., 2014) (Appendix 1), was tested and no Ca2+ 

response was detected (Figure 3.17).  

 

 

Figure 3.17 mIDA induces a Ca2+ response in wt-Aq seedlings. RLU, versus time (s) showing Ca2+ response in 

whole seedling to 1 µM mIDA (full line) and the negative control, IDA- (dashed line). Representative figure of 

the Ca2+ response observed in n = 8 seedlings. 

 

Before measuring the Ca2+ response in the ATPase mutants, expression of the Aq sensor in the 

mutants was checked by measuring Max Luminescence (Lmax) (Section 2.7.4). The aca8 aca10-

Aq mutant did not express the Aq sensor (Figure 3.18A) and it was therefore not possible to 

use this line to test for mIDA induced Ca2+ response. Single mutants of aca8-Aq and aca10-Aq 

expressed the Aq sensor (Figure 3.18A) and the weaker expression of the Aq sensor observed 

in aca8-Aq was corrected for during analysis of the results (Section 2.7.4). Both ATPase 

mutants gave a Ca2+ response to mIDA (Figure 3.18B), indicating that if they are important in 

conducting the mIDA signal they must act functionally redundant. 
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Figure 3.18 Ca2+ response to mIDA in wt-Aq and aca8, aca10 and aca8 aca10 mutant backgrounds, all 

containing the cytosolic Ca2+ sensor Aequorin. A) Total luminescence (Lmax) of seedlings for each plant line 

was measured to test for presence of the Aq sensor. Plants were treated with 2 M CaCl2 to destroy the cell walls 

and releasing the sensor into the liquid for it to react with Ca2+. Values represent mean ± SD, n = 5. B) Ca2+ 

response to 1 µM mIDA in wt-Aq (blue), aca8-Aq (orange) and aca10-Aq (grey). Data were normalized by the 

Lmax values measured for each individual seeding and results are thus presented as luminescence counts per second 

relative to total luminescence counts remaining (L/Lmax). Figure showing a representative result for number of 

seedlings measured; n = 10. 

 

 Using the Aequorin sensor to identify signaling components 
 

One of the objectives of this thesis was to investigate if peptide ligands related to IDA, such as 

CLE40 and CLV3 could also induce a Ca2+ response, and additionally to find similarities and 

differences in the responses. Further, we reasoned that, due to the general role IDA plays in cell 

separation processes in the plant, signaling components relaying a Ca2+ response in the root 

may be conserved in the AZ. To develop both of these ideas further we would like to identify 

downstream signaling components related to the Ca2+ response. To do this we propose to treat 

Arabidopsis seeds carrying the Aq sensor with the mutagen ethyl methanesulfonate (EMS) to 

induce random point mutations in the genome. M2 seeds will then be screened for lack or 

reduced ca2+ response as bioluminescent signals when treated with the peptide of interest. This 

method has successfully been used in a screen for mutants with altered Ca2+ levels in response 

to the bacterial flg22 peptide where up to 384 seedlings were screened in few hours (Ranf et 

al., 2012). Two things were necessary to establish prior to this; (i) given the expense of 

synthesizing hydroxyprolinated peptides we wanted to investigate at which dose mIDA would 

still induce a Ca2+ response, and; (ii) we needed to investigate whether CLV3 would induce a 

Ca2+ response. To address point (i) a dose response curve of the Ca2+ response to mIDA was 
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established (Figure 3.19). The lowest concentration giving a response was 100 nM of peptide 

(Figure 3.19). To address point (ii) 1 µM mCLV3 (Appendix 1) was added to wt-Aq seedlings 

and luminescence was recorded. No Ca2+ response was observed (Figure 3.20). Since it is 

known that the phosphatase POLTERGEIST (POL) is a downstream component of the CLV3 

signaling pathway inhibiting the CLV3 signal likely by dephosphorylating the CLV1 receptor 

(Song et al., 2006), we reckoned that a CLV3 signal would be enhanced in a pol mutant 

background. The Aq sensor was therefore crossed into the pol mutant and treated with the 

mCLV3 peptide. A weak Ca2+ response was observed in the pol mutant to mCLV3 (Figure 

3.20) indicating a Ca2+ response to mCLV3 in this background, making it possible to perform 

an EMS mutagenesis for pol-Aq seeds and screen for reduced or lack of Ca2+ response against 

the mCLV3 peptide ligand. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.20 pol mutant containing Aq sensor shows a Ca2+ response to mCLV3. RLU, versus time (s) showing 

a Ca2+ response to 1 µM mCLV3 in pol-Aq (black). Lack of Ca2+ response was observed in wt-Aq seedling treated 

with 1 µM mCLV3 (grey). Figure showing a representative result for number of seedlings measured; n = 8.
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4 Discussion 
 

Ca2+ is a signaling molecule known to function in a variety of intracellular processes in all 

eukaryotes (Bootman and Berridge, 1995). A great number of proteins found in Arabidopsis 

contain Ca2+ binding domains indicating that Ca2+ is important in regulating and mediating 

intracellular signaling. Surprisingly, little is known about Ca2+ responses induced by peptide 

ligands involved in developmental processes, and how this is connected to cellular outcome. It 

was therefore interesting to find that the structurally similar peptide ligands, mIDA, mCLV3 

and mCLE40 induce a cytosolic Ca2+ response in Arabidopsis roots (Figure 3.1, Figure 3.5). 

Furthermore, the observed Ca2+ responses in roots induced by mIDA and mCLE40 differ from 

each other (Figure 3.6), increasing the likelihood that the Ca2+ response is important in 

regulating specific intracellular processes. 

For the response to occur in such a distinct manner, the cytosolic Ca2+ influx and efflux cytosol 

must be tightly regulated. To investigate in more detail how mIDA mediates the Ca2+ response 

we performed experiments to determine which receptors were involved in transmitting the 

signal in addition to potential downstream Ca2+ regulating proteins. The results obtained during 

the investigation are described in this thesis and will be further discussed in this section. Results 

will be compared to those previously described in the published literature, conclusions will be 

drawn and further experimental work will be suggested. 
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4.1 mIDA induces a receptor dependent cytosolic 
Ca2+ release in Arabidopsis 
 

A cytosolic Ca2+ release is observed in response to a variety of stimuli in plants, including 

pathogen elicitors activating the innate immune system by the LRR-RLKs FLS2, PSKR1 and 

PEPR1 (Qi et al., 2010, Aslam et al., 2008). In addition to a cytosolic Ca2+ release, a production 

of extracellular ROS is observed when these receptors are activated by their proper ligands, and 

the two secondary signaling molecules, Ca2+ and ROS, have been proposed to function together 

and mediate crosstalk by activating signaling intermediates (Steinhorst and Kudla, 2013). ROS 

production is observed when the LRR-RLKs HAE and HSL2 are transiently expressed in N. 

benthamiana leaves and treated with mIDA (Butenko et al., 2014). Also, as shown in this thesis, 

shortly after direct application of 1 µM mIDA to Arabidopsis roots containing the cytosolic 

Ca2+ sensor R-GECO1, a Ca2+ response starts in the vascular tissue and propagates through the 

root to the meristematic region as a wave. After about 400 s a weak Ca2+ response starts in the 

meristematic region and propagates up through the root. (Figure 3.1B, Movie 1). The beginning 

and end of the first wave shows a higher [Ca2+]cyt compared to the middle of the wave, as 

observed in RFI measurements in ROI3 (Figure 2.3) where the first two peaks represent the 

beginning and end of the wave (Figure 3.1.A). This indicates that a dynamic process occurs in 

the root cells where it is likely that Ca2+ is actively released into and pumped out of cytosol 

during the response. Each of the single receptor mutants, hae and hsl2 relay the mIDA induced 

Ca2+ response (Figure 3.3) however, the response is lacking when the peptide is applied to hae 

hsl2 mutant plants, indicating that the Ca2+ response depends on the presence of at least one of 

the receptors (Figure 3.2). Since it has been shown by genetic interaction studies during floral 

abscission that these receptors act functionally redundant (Stenvik et al., 2008), it is not 

unexpected that both receptors need to be absent to lose the Ca2+ response observed in the root. 

HAE and HSL2 have overlapping expression in different regions of the root but show also 

distinct expression patterns, for example during lateral root emergence (Kumpf et al., 2013). In 

the main root, both HAE and HSL2 are expressed in the vascular tissue, but only HSL2 

expression is observed in the root tip (Figure 3.4). When analyzing the mIDA induced Ca2+ 

response in ROI3 of the single mutants, hae and hsl2, no obvious changes in the Ca2+ response 

was observed (Figure 3.3A). However, the method used to analyze the Ca2+ responses, by 

making ROIs based on the structure of the root, is not optimal. It does not take into account 

factors such as variations in expression levels of the R-GECO1 sensor in different roots, and as 
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the germination frequency of the seeds varied, the length and development of the main root also 

differed when the measurements were performed. These factors may have influence on the 

specific Ca2+ response observed, and therefore subtle differences between the single mutants 

could have been missed during the analysis. Moreover, to be able to draw more definite 

conclusions on the similarities and differences between the hae and hsl2 mutants, more 

experimental replicates, preferentially using the RootChip, should be performed. Furthermore, 

the Ca2+ response should then be monitored at the same developmental stage and throughout 

the entire root.  

We are currently trying out tools to analyze the whole Ca2+ wave and an important future 

perspective is to implement this for analyzing the mIDA induced Ca2+ response observed in the 

roots.  

 

 mIDA induced Ca2+ response propagates through the root as a 
wave 
 

The mIDA induced Ca2+ response starts at the beginning of the vascular tissue, corresponding 

to a region of overlapping expression for the HAE and HSL2 receptors (Figure 3.4), and 

propagates downwards toward the root tip as a wave (Figure 3.1B, Movie 1). A proposed 

mechanism for how a Ca2+ signal can propagate through the root is based on the production of 

extracellular ROS, generated in a Ca2+ dependent manner, diffusing to neighboring cells and 

activating ROS dependent Ca2+ influx channels, which leads to a cytosolic Ca2+ influx in those 

neighboring cells (Gilroy et al., 2014). This in turn activates Ca2+ dependent ROS production 

and induces a repetitive pattern and further propagation of the signal. Ca2+ may also diffuse 

thorough plasmodesmata to neighboring cells and may induce Ca2+ activated cytosolic Ca2+ 

influx from intracellular Ca2+ storages (Stael et al., 2011). These three factors, (i) diffusion of 

extracellular ROS that activates PM localized Ca2+ channels, (ii) Ca2+ diffusion through 

plasmodesmata and (iii) Ca2+ dependent Ca2+ release from intracellular storages; are proposed 

to play a role in propagating the Ca2+-ROS mediated waves observed in response to stimuli 

(Gilroy et al., 2014). Given that mIDA induces a ROS response in N. benthamiana it is likely 

that the Ca2+ wave observed is ROS dependent. 
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 The observed Ca2+ wave may be dependent on intracellular 
Ca2+ storages 
 

The concentration of intracellular Ca2+ in a plant cell varies highly between different organelles 

and the cytoplasm. The main Ca2+ storage in plants are found in the vacuole, ER and apoplast 

where the [Ca2+] are as much as 500 - 50 000 times higher than in the cytoplasm (Figure 1.8). 

All organelles contain Ca2+ influx and efflux channels in their membranes, making it possible 

for the cells to use the intracellular stored Ca2+ (Stael et al., 2011). In response to mIDA, a rapid 

wave of increased [Ca2+]cyt is observed in the root (Figure 3.1B), and due to the fast cellular 

response observed, it is most likely that this Ca2+ influx happens mainly at the PM where the 

active receptors rapidly can activate PM localized Ca2+ influx channels and release Ca2+ from 

the extracellular space. However, further release of Ca2+ into the cytosol, may come from 

intracellular Ca2+ storages. The main Ca2+ storage organelles contain Ca2+ activated cytosolic 

Ca2+ influx channels in the membrane, indicating that Ca2+ itself, probably first released from 

the PM or propagating through the plasmodesmata can activate cytosolic Ca2+ influx from 

organelles, leading to the Ca2+ wave observed in the root (Gilroy et al., 2014). Since we used a 

cytosolic Ca2+ sensor in these studies, to further dissect the Ca2+ response of mIDA, organelle 

specific Ca2+ sensor will be utilized to visualize where in the cells the Ca2+ is released from and 

how this relates to the Ca2+ response observed. To investigate the specificity of the Ca2+ 

response for mIDA and ensure that it was not a response that would be seen by related post-

translationally modified peptides, we compared the response induced by mIDA to another 

peptide ligand. CLE40 has similarities to mIDA both in peptide structure and the receptors 

mediating the response are found in the same receptor family (Butenko and Simon, in press).  

 

4.2 mCLE40 induces a Ca2+ response in Arabidopsis 
roots 
 

When mCLE40 is applied to Arabidopsis roots containing the cytosolic Ca2+ sensor R-GECO1, 

a Ca2+ response is observed (Figure 3.5, Movie 4). When analyzing RFI intensities in ROI3, we 

noted that this response is weaker and slower than the response observed when roots are treated 

with mIDA, starting at about 130 s after peptide treatment and lasting for 200 s in one slow, 

stable response (Figure 3.5A). When investigating the whole root, we found that the response 

starts where the receptors ACR4 and CLV1 are expressed (Stahl et al., 2013, Stahl et al., 2009), 



Discussion 

62 

and propagates downwards towards the root tip (Figure 3.5B). CLE40 is known to signal 

through CLV1 and ACR4 during distal root meristem maintenance (Stahl et al., 2013), and has 

also been shown to be dependent on CLV2 (Fiers et al., 2005, Pallakies and Simon, 2014). 

Double mutant analysis of acr4 clv1 shows that they act in the same pathway to regulate distal 

stem cell numbers in Arabidopsis roots (Stahl et al., 2013). CLE40 is expressed in both the 

meristematic region and in the stele of Arabidopsis roots (Pallakies and Simon, 2014), 

indicating a role for CLE40 in the region where the Ca2+ response starts. Surprisingly, mCLE40 

induced Ca2+ response was observed in the clv1 mutant (Table 3.1), indicating that mCLE40, 

like mIDA, can mediate a Ca2+ response through other receptors in the root. Since clv2 mutants 

were also capable of mediating a Ca2+ response (Table 3.1), it is possible that ACR4 is acting 

redundantly with both CLV1 and CLV2 in relaying the mCLE40 induced Ca2+ response. 

Therefore, it will be necessary to measure the Ca2+ response in acr4 single mutants and in 

combination with clv1 and clv2 to elucidate the redundant function of these receptors in the 

mCLE40 induced Ca2+ response.  

 

4.3 mIDA and mCLE40 have different Ca2+ 
signatures 
 

A specific Ca2+ response, known as a Ca2+ signature, is known to occur to a variety of stimuli 

(Section 1.5) (Webb et al., 1996, McAinsh and Pittman, 2009). Different Ca2+ signatures are 

also observed when comparing the response to mIDA and mCLE40 in ROI3 of wt roots. mIDA 

induces a complex response of three waves of Ca2+ influx and efflux in the cellular region where 

the differential tissue starts and the receptors are expressed. mCLE40 induces a slower, less 

dynamic Ca2+ response. The mIDA induced response both starts and ends faster than the 

mCLE40 induced response (Figure 3.6), indicating that Ca2+ is more actively released into and 

pumped out of cytosol during the mIDA response. A variety of proteins have been proposed to 

be important in mediating the specific Ca2+ signature observed to a stimuli, and the process of 

actively pumping Ca2+ out of the cytosol has been proposed to be important in for example 

signaling induced by flg22 through the LRR-RLK FLS2. Here a direct interaction between 

FLS2 and the Ca2+ efflux pump ACA8 is important (dit Frey et al., 2012), and it is possible that 

a similar role could be played by HAE and HSL2. 
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 Ca2+ ATPase ACA8 does not physically interact with HAE and 
HSL2 
 

ACA8 has previously been shown to interact with the LRR-RLK FLS2 by using a split YFP 

assay and FRET-FLIM when transiently expressed in N. benthamiana leaves and protoplasts 

(dit Frey et al., 2012). FLS2, HAE and HSL2 are found in the same receptor group of LRR- 

RLKs, and we wanted to test if ACA8 also interacts with the receptors HAE and HSL2. 

Interactions between HAE:GFP and HSL2:GFP to ACA8:mCherry were first measured by 

FRET-APB (Figure 3.14, Figure 3.15). These results indicate a very weak interaction between 

the proteins with EFRET values of the FRET-sample around 3 - 4 % compared to EFRET values of 

donor-samples at 0 %. However, no positive controls were included in these measurements 

since HAE and HSL2 are not yet found to interact with any proteins. When comparing the EFRET 

of the FRET-sample observed in these results, 3 - 4 %, with previously published interaction 

studies (Bleckmann et al., 2010), it is unlikely that HAE:GFP and HSL2:GFP interact with 

ACA8:mCherry. Surprisingly however, when trying this method for proteins known to interact 

such as FLS2 and ACA8 (dit Frey et al., 2012), as a positive control, no interaction was 

observed (Personal communication, Mari Wildhagen). To eliminate the possibility that lack of 

interaction was due to technical constrains of the method, FRET-FLIM, and the fluorescent pair 

CFP-YFP, previously used to show ACA8-FLS2 interaction was used (dit Frey et al., 2012). 

FRET-FLIM did not show an interaction for HSL2:CFP-ACA8:YFP, thus providing no 

evidence for interaction between these proteins. The finding that mIDA induces a Ca2+ response 

in aca8 seedlings expressing the cytosolic Aq sensor, similar to the one observed in wt seedlings 

expressing the same Ca2+ sensor (Figure 3.18), also gives indications that ACA8 is not 

necessary for the mIDA induced Ca2+ response. However, it would be interesting to measure 

the Ca2+ response in the region of a root corresponding to ROI3, in an aca8 mutant in response 

to mIDA to see if the ATPase is needed for the specific Ca2+ signature observed. ACA8 has a 

close homologue, ACA10, with the same cellular localization and similar expression patterns 

as ACA8 (Bonza et al., 2013, George et al., 2008). aca10 mutants containing the cytosolic Aq 

sensor can relay the mIDA induced Ca2+ response in a similar way as aca8 (Figure 3.18) and it 

would be interesting to investigate if these two ATPases functions in a redundant manner in the 

mIDA induced Ca2+ response by measuring the Ca2+ response in the double mutant aca8 aca10 

containing a cytosolic Ca2+ sensor. 
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 HAE and HSL2 may contain a functional guanylyl cyclase 
domain 
 

To further elucidate that the Ca2+ signatures it was interesting to establish a link between Ca2+ 

influx channels and the mIDA mediated signal. CNGC2 has recently been shown to have a 

function in a variety of responses ranging from defense to developmental processes (Fortuna et 

al., 2015).  

CNGCs may be activated by cyclic nucleotides, such as cGMP and cAMP (Fortuna et al., 2015). 

Interestingly some LRR-RLKs have been found to act as guanylyl cyclases, producing cGMP 

(Kwezi et al., 2007, Wong and Gehring, 2013). The brassinosteroid receptor, BRI1 was the 

second protein in Arabidopsis and the first LRR-RLK found to have a functional guanylyl 

cyclace domain (GCD). The GCD was found embedded in the kinase domain of the receptor, 

and the kinase domain is suggested to have a moonlighting function working both as a kinase 

and a guanylyl cyclase (Kwezi et al., 2007, Irving et al., 2012). The PM bound kinases Wall-

associated kinase like 10 and PSKR1 were also found to harbor a functional GCD (Meier et al., 

2010), and sequence alignment shows that numerous of the LRR-RLKs, including HAE and 

HSL2, contain a similar domain (Figure 1.1) (Section 1.2) (Meier et al., 2010, Kwezi et al., 

2011). That BRI1 contains a functional GCD was tested in vitro by expression of a recombinant 

protein containing the domain (Kwezi et al., 2007). Enzyme immunoassay, detecting cGMP by 

antibodies, and mass spectrometry were used to detect cGMP in solution. Both methods 

detected cGMP in solution containing the precursors of cGMP, GTP, one of the co-factors Mg2+ 

or Mn2+, and the BRI1 GCD, indicated the GCD is functional, preferentially in a GTP and 

Mg2+/Mn2+ dependent manner (Kwezi et al., 2007). When deleting the possible GCD of the 

HAE and HSL2 receptors (Figure 3.10) an absence of ROS releases was observed in response 

to mIDA (Figure 3.11). This indicates that the receptors need the domain lacking in these 

deletion constructs for ROS production. However, in the truncated versions of HAE and HSL2 

the whole C-term domain, including the end of the kinase domain (Figure 3.10), was removed 

making it possible that loss of the most C-term aa of the kinase domain, and thereby loss of 

kinase activity, was responsible for the loss of ROS production. Another possibility is that the 

structure of the receptor was altered due to the lack of these C-term aa, thus affecting the activity 

of the kinase. It is therefore not possible to clearly conclude whether the absence of ROS 

observed is due to lack of the GCD, lack of aa in the kinase, or due to structural instability. To 

clarify this, a point mutation in a key aa important for the function of the GCD should be 
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introduced into HAE and HSL2 to verify if the GCD is important for ROS production. In 

PSKR1, the introduction of a Glycine (G) for a Lysine (K) at position 924, decreased the 

guanylyl cyclase activity significantly (Kwezi et al., 2011). This would correspond to G at 

position 885 in HAE and HSL2. The biological significance in vivo of this aa could be tested 

by checking the ability of such a mutation to complement the abscission defect in the hae hsl2 

mutant, as a lack of complementation would indicate the importance of the guanylyl cyclase 

activity in vivo.  

Based on the point mutation in a key aa of the kinase in the receptors HAE and HSL2, we know 

that the kinase function is necessary for ROS release in response to mIDA (Figure 3.12). In 

these receptor mutants containing a point mutation important for kinase function, the GCD was 

intact, and the results show that the GCD alone cannot induce a ROS burst, which would be the 

case if the GCD produced cGMP that activates CNGCs and leads to a Ca2+ influx that induces 

a Ca2+ activated ROS burst. The in vitro results on the GCD of BRI1 (Kwezi et al., 2007), have 

later been questioned based on structural limitations. The crystal structure of the phosphorylated 

BRI1 kinase domain provides evidence that the proposed GCD cannot function as an active 

guanylyl cyclase (Bojar et al., 2014). The structural analysis revealed that the GCD is found 

embedded inside a hydrophobic core making its catalytic activity nearly impossible, and the 

suggested Mn2+/Mg2+ binding sites positioned too far from each other (35 Å) to allow 

Mn2+/Mg2+ binding, which is essential for guanylyl cyclase activity (Kwezi et al., 2007). They 

also showed that no cGMP was produced in vitro by using High Performance Liquid 

Chromatography (Bojar et al., 2014). However, the crystal structure was obtained for the 

phosphorylated BRI1 protein, and it has been proposed for the LRR-RLK PSKR1 that the 

kinase function and the guanylyl cyclase function of the receptor works separately of each other, 

and that the cGMP produced by the GCD inhibits the kinase activity of the receptor (Muleya et 

al., 2014). If this concept is applicable for other LRR-RLKs, the absence of ROS observed in 

the kinase inactive HAE and HSL2 may indicate that the guanylyl cyclase function may be 

important in regulating other downstream components than ROS. It has been proposed that 

[Ca2+]cyt may work as a switch between the kinase and guanylyl cyclase functions of the 

receptor. PSKR1 is involved in both development and defense responses, and it is shown that 

both changes in intracellular cGMP and [Ca2+]cyt is needed for activation of the defense 

response (Tena et al., 2011), raising the possibility that the guanylyl cyclase active variant of 

PSKR1 is involved in the defense related response (Muleya et al., 2014). In this thesis, we 

report that mIDA induces a Ca2+ release into the cytoplasm through the receptors HAE and 
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HSL2 in response to mIDA. It has previously been speculated in if HSL2 has a defense related 

role in the AZ cells to protect the exposed cell surface preceding the loss of floral organs 

(Butenko et al., 2014). Based on what is shown for PSKR1 (Muleya et al., 2014) and results in 

this thesis, it is possible to speculate that HSL2 induces a defense response dependent on the 

GCD and that this response is regulated by the changes observed in [Ca2+]cyt in the plant when 

the receptor is activated (Figure 3.1, Movie 1). The observed changes in [Ca2+]cyt could also 

depend on the cyclic nucleotide gated Ca2+ channel, CNGC2 (Table 2.1). We will therefore 

investigate the possible interaction between CNGC2 and HAE and HSL2 by FRET-APB, which 

due to time limitations was not tested. In addition it would be interesting to investigate whether 

the Arabidopsis mutant of CNGC2 defence no death1, has an abscission phenotype. 

 

4.4 mIDA induced Ca2+ response is followed by ROS 
production 
 

The mIDA induced Ca2+ response and ROS release are both dependent on the receptors HAE 

and HSL2 (Figure 3.1, Figure 3.2) (Butenko et al., 2014), and these two secondary signaling 

molecules are known to have coupled functions (Steinhorst and Kudla, 2013). Two models have 

been proposed to explain the interplay between these signaling molecules: i) In one model ROS 

is produced in the apoplast but the NADPH-oxidases RBOHD and RBOHF as a response to an 

extracellular stress signal. The extracellular localized ROS activates Ca2+ channels and a Ca2+ 

influx into the cytosol occurs. The intracellular Ca2+ then activates PM localized ROS 

producing RBOH directly by binding to EF hands, and indirectly by activating CDPK that 

phosphorylate RBOHs. This creates a positive feedback loop between ROS production and Ca2+ 

release (Kimura et al., 2012). ii) A second model states that during pathogen attack, the stimuli 

first leads to activation of Ca2+ influx channels leading to a rapid elevation in [Ca2+]cyt which 

then acts directly on CDPKs, other kinases and RBOHs to induce ROS production. An 

extracellular release of ROS then in turn activates ROS dependent Ca2+ influx channels, thereby 

creating a positive feedback loop between Ca2+ response and ROS production (Steinhorst and 

Kudla, 2013). Both models result in a positive feedback loop between cytosolic Ca2+ influx and 

extracellular ROS production, important in signal enhancement (Kimura et al., 2012, Steinhorst 

and Kudla, 2013). Moreover, the dual regulation of ROS production, as described in the second 

model, through the requirement for receptor activation and Ca2+ ensures a tight control of ROS 
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amount. ROS is highly toxic for an organism due to its capability to reduce other molecules 

(Salin, 1988), and a double regulation of ROS production prevents overproduction of ROS and 

ensures that dangerously high concentrations of this toxic molecule is not reached. This double 

regulation would also explain the delay observed between the Ca2+ influx and the ROS 

production since both Ca2+ influx to the cytosol and binding of Ca2+ to the RBOHs and 

phosphorylation of the RBOHs must occur before ROS production. When mIDA is applied to 

N. benthamiana leaves expressing the HAE and HSL2 receptors ROS induction is first detected 

after 2 - 3 min (Butenko et al., 2014). However, in Arabidopsis roots, mIDA induces a Ca2+ 

influx within 45 s after peptide application (Figure 3.1B). Based on these results, it is tempting 

to speculate that mIDA induced signaling follows the second model that was proposed to 

explain the relationship between Ca2+ release and ROS production. In such a model, 

phosphorylated HAE and HSL2 receptors would activate Ca2+ influx channels and this in turn 

would stimulate extracellular ROS production by NADPH-oxidases such as RBOHs.  

 Some RBOHs have to be phosphorylated for the Ca2+ induced ROS production to occur 

(Kobayashi et al., 2007). RBOHD and RBOHF are found in publicly available microarray data 

to be highly expressed in the AZ cells during abscission (Cai and Lashbrook, 2008), and it is 

thus possible that these RBOHs are responsible for the mIDA induced ROS release. To pinpoint 

the role of the kinase domain of HAE and HSL2 in ROS production, a mutation in a key aa for 

kinase function was introduced. N. benthamiana leaves transiently expressing HAED819A and 

HSL2D817A, did not show any mIDA induced ROS production (Figure 3.12). Based on these 

results and the time difference observed between the mIDA induced Ca2+ and ROS response, a 

model for the relationship between mIDA induced Ca2+ influx and ROS production is proposed 

(Figure 4.1). Here, binding of mIDA would activate the HAE and HSL2 receptors, the active 

kinase domain could activate, likely by phosphorylation, Ca2+ influx channels increasing the 

level of [Ca2+]cyt, this in turn would activate RBOHD and RBOHF producing ROS which in 

turn would stimulate ROS dependent Ca2+ channels and increase the [Ca2+]cyt. However, it is 

important to take into account that the ROS release was measured using transiently expressing 

receptors and that this may have influenced the activation time of the response. To further 

investigate this model it would be necessary to use a joint system for measuring Ca2+ response 

and ROS release in response to mIDA.  
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Figure 4.1 Proposed mechanism for IDA. IDA activates the receptors HAE and HSL2 that leads to influx of 

Ca2+ into cytosol. Ca2+ activates CDPKs and RBOHs that lead to production of ROS (H2O2) that may work on Ca2+ 

influx channels and create a positive feedback loop between Ca2+ response and a release of extracellular ROS. 

 

 

Furthermore, to establish the functional significance of RBOHD and RBOHF on Ca2+ 

production, it would be interesting to observe the Ca2+ response in the RBOH mutants rbohD, 

rbohF and in the double mutant rbohD rbohF. This could be achieved by introducing the R-

GECO1 sensor into the mutant background and treating these plants with mIDA. An alteration 

in the Ca2+ response observed would be expected if these RBOHs are important in enhancing 

the Ca2+ signal. It would therefore be of great interest to investigate if the Ca2+ wave propagating 

in roots in response to mIDA is ROS dependent. To test this, one could use inhibitors blocking 

the activity of ROS producing enzymes, such as the NADPH-oxidases inhibitor 

diphenyleneiodonium (Frahry and Schopfer, 1998).  

To further support this proposed mechanism, and to identify other components important in the 

mIDA induced downstream signaling, we aim to do an EMS screen and select for mutants that 

show an altered or absent peptide induced Ca2+ response. In addition, to continue to draw 

parallels, both in similarities and differences, between the IDA and CLV3 pathways we propose 

to extend the screen with a mCLV3 peptide. 
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4.5 Seedlings containing the Aequorin sensor may 
be used in an EMS screen with mIDA and mCLV3 
 

The flg22 induced Ca2+ response has been used to screen for differences and/or absence of a 

Ca2+ response in an EMS mutagenesis done on Aequorin (Aq) expressing plants to reveal 

downstream components of the FLS2 signaling pathway (Ranf et al., 2012). A similar EMS 

screen would be interesting to do with the mIDA and mCLV3 peptides. An EMS screen would 

possibly reveal downstream component of the peptide ligand induced cellular responses that 

may be used to better understand the intracellular signaling in response to the respective peptide 

ligands. mIDA induces a Ca2+ response in wt-Aq seedlings (Figure 3.19) indicating that this 

peptide can be used in a screen. However, when seedlings containing the Aq sensor were tested 

for a Ca2+ response to 1 µM mCLV3, no Ca2+ response was observed (Figure 3.20). 

Interestingly, mCLV3 can induce a Ca2+ response in a poltergeist (pol) mutant background 

containing the Aq sensor (Figure 3.20). POL works as an inhibitor of the CLV3 signaling 

pathway, probably by dephosphorylating CLV1 (Song et al., 2006), and by that stimulating a 

stronger CLV3 response. Based on these results, an EMS screening on pol plants expressing 

the Aq sensor may be done to identify downstream components for the CLV3 signaling 

pathway.  

4.6 Summary and future perspectives 
 

In this thesis we show that mIDA induces a receptor dependent Ca2+ response in Arabidopsis. 

Based on the differences observed in the two Ca2+ responses induced by the mIDA peptide 

ligand, and the similar peptide ligand mCLE40, the Ca2+ response is proposed to be a Ca2+ 

signature; a specific response for the mIDA signaling pathway. mIDA has previously been 

shown to induce a receptor dependent release of extracellular ROS (Butenko et al., 2014), a 

second messenger known to function in positive feedback loops with Ca2+ (Steinhorst and 

Kudla, 2013). Based on published literature and results obtained in this thesis we propose a 

model for the relationship been Ca2+ and ROS in a mIDA induced response. First, mIDA binds 

to and activates the receptors HAE and HSL2. The active receptors induce an increase in 

[Ca2+]cyt that activates Ca2+ dependent extracellular ROS production. The produced ROS then 

activates ROS dependent Ca2+ channels and enhances the signal.  
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To further investigate this model, and to understand more about the intracellular signaling  that 

occurs in response to mIDA, an EMS mutagenesis will be performed on Arabidopsis plants 

containing the cytosolic Aequorine (Aq) sensor. Mutant plants will be screened for differences 

or absence of the mIDA induced Ca2+ response. Cloning of the genes responsible for the altered 

Ca2+ response and genetic interaction studies will certainly provide us with more information 

on IDA signaling. Phenotypical investigation of the mutants obtained in both above and below 

ground organs will give insight into how mIDA induced Ca2+ signaling relates to cell 

separation. Furthermore, it will be of interest, at the biochemical level, to continue the 

investigation of how HAE and HSL2 mediate Ca2+ signaling. By using Ca2+ channels and 

pumps already cloned in FRET-APB measurements with HAE and HSL2 and the respective 

protein.
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Appendix 1 Peptide sequences 

 

 

 

aa indicated by single letters, hydroxyoproline indicated by “o”. 

 

 

 

 

 

 

 

 

 

 

 

 

Name aa sequence 

  

mIDA PIPPSAoSKRHN 

IDA- PIPPSAoSKRH 

mCLE40 RQVoTGSDPLHHK 

CLE40R LPQHPHGRSDVT 

mCLV3 RTVoSGoNPLHHH 



Appendix 

82 

Appendix 2 Primer sequences 

 

Name Nucleotide sequence 

  

Gateway cloning  

ACA8 AttB1 5’ GGGGACAAGTTTGTACAAAAAAGCAGGCTCCATGACGAGTCTCTTGAAGTCATCG ‘3 

ACA8 AttB2 5’ GGGGACCACTTTGTACAAGAAGAAAGCTGGTCGAGTGAACCTTCTCTCCAGAAG ‘3 

ACA10 AttB1 5’ GGGGACAAGTTTGTACAAAAAAGCAGGCTCCATGAGTGGACAATTCAATAATTC ‘3 

ACA10 AttB2 5’ GGGGACCACTTTGTACAAGAAAGTCGGGTCACCTGATGAGTTCCTTCTCCACG ‘3 

CNGC2 AttB1 5’ GGGGACAAGTTTGTACAAAAAAGCAGGCTTCATGCCCTCTCACCCC ‘3 

CNGC2 AttB2 5’ GGGGACCACTTTGTACAAGAAAGCTGGGTCTTCGAGATGATCATGCGG ‘3 

TPC1 AttB1 5’ GGGGACAAGTTTGTACAAAAAAGCAGGCTTCATGGAAGACCCGTTGATT ‘3 

TPC1 AttB2 5’ GGGGACCACTTTGTACAAGAAAGCTGGGTCTGTGTCAGAAGTGGAACA ‘3 

HAE AttB1 5’ GGGGACAAGTTTGTACAAAAAAGCAGCCTATGCTTTATTGTCTTATTCTCCTCC ‘3 

HAEΔGCD AttB2 5’ GGGGACCACTTTGTACAAAGCTGGGTCGTAGATATCGCTCTTTTCATTCAC ‘3 

HSL2 AttB1 5’ GGGGACAAGTTTGTACAAAAAAGCAGGCTTCATGCTCACCAATACTAATC ‘3 

HSL2ΔGCD AttB2 5’ GGGGACCACTTTGTACAAGAAAGCTGGGTCGCTCTTCTCATTCACTTTTGACGTATA ‘3 

  

  

Mutagenesis  

HAE D819A Fw 5’ GTCCACCGCGCTGTGAAGTCGAG ‘3 

HAE D819A Rv 5’ CTCGACTTCACAGCGCGGTGGAC ‘3 

HSL2 D817A Fw 5’ ATTGTTCACCGTGCCGTCAAAAGC ‘3 

HSL2 D817A Rv 5’ GCTTTTGACGGCACGGTGAACAAT ‘3 

  

  

Sequencing       

M13F 5’ GTAAAACGACGGCCAG ‘3 

M13R 5’ CAGGAAACAGCTATGAC ‘3 

CNCG2 bp281 Fw 5’ AGTTCCGATCCAGGAAGGAT ‘3 

CNGC2 bp806 Fw 5’ CCAGTTCCTCCCCAAGATTT ‘3 

CNGC2 bp1283 Fw 5’ AAGCAACTGGCTCGAGGTTA ‘3 

CNGC2 bp641 Rv  5’ GTGGATCCCAAACGAGCTT ‘3 

TPC1 bp501 Fw 5’ GCTGGTTGACTTTCTGTATCTG ‘3 

TPC1 bp1252 Fw 5’CGCCTTATCACAACAACTG ‘3 

TPC1 bp572 Rv 5’ CGTATGGGGCGATTCTA ‘3 

ACA8 bp425 Fw 5’ TGGCCAATTTGCTCAAGACT ‘3 

ACA8 bp802 Rv 5’ CCACTCGTCTTCCACCTCTT ‘3 

ACA8 bp1818 Rv 5’ TGCCAGGACAATTTCAGAAGC ‘3 

ACA8 bp2500 Fw 5’ GATCAGTGTATGCCAACATT ‘3 

ACA8 bp2530 Rv 5’ TGAACTTCTGAATGTTGGCA ‘3 

ACA10 bp403 Fw 5’ GAGCTGGAGGGGTAAGAGG ‘3 

ACA10 bp803 Rv 5’ TCCACTCTTCTCCCATCACG ‘3 

ACA10 bp1460 Fw 5’ CATGGGGTCTGCAACAACAA ‘3 

ACA10 bp1811 Rv 5’ GCAGCACCTTTCCAGTGAAT ‘3 

ACA10 bp2406 Fw 5’ AGGTCTCGCAATGGGTATCC ‘3 

Hae genomic 2961 5’ GGGAGAGGACTCGTACAGAG 

Hae Sp2 5’ CTCAAAGAATCGATTTTCAGGTTCA ‘3 

Hae Sp3 5’ CCTTCCATGAGAAAAGTTGTGATCA ‘3 

Hae ASP1 5’ ACGTSTCGSSGTCGTCGGCG ‘3 

Hsl2 232 344 5’ TATAATATCTCCGGTGGCTTTCCC ‘3 

Hsl2 KD AttB2 ASP 5’ GGGGACCACTTTGTACAAGAAAGCTGGGTCTATGTCTTCCTCCGTGAACCC ‘3 

  

  

Genotyping  

Lbb1 5’ GCGTGGACCGCTTGCTGCAACT ‘3 

HAE RP 5’ GTTCGAGAAGTGACAAGCGAG ‘3 

HAE LP 5’ CACCTTCCTTCTCTCCATTCC ‘3 

HSL2 RP 5’ GTCCAATCAAGTGGAGAAACG ‘3 

HSL2 LP 5’ CGTCTTGAGCTAGCCAACAAC ‘3 
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Colony PCR  

HAE RP 5’ GTTCGAGAAGTGACAAGCGAG ‘3 

HAE LP 5’ CACCTTCCTTCTCTCCATTCC ‘3 

HSL2 RP 5’ GTCCAATCAAGTGGAGAAACG ‘3 

HSL2 LP 5’ CGTCTTGAGCTAGCCAACAAC ‘3 

ACA8 RP 5’ TGGCCAATTTGCTCAAGACT ‘3 

ACA8 LP 5’ CCACTCGTCTTCCACCTCTT ‘3 

ACA10 RP 5’ GAGCTGGAGGGGTAAGAGG ‘3 

ACA10 LP 5’ TCCACTCTTCTCCCATCACG ‘3 

TPC1 RP 5’ GCTGGTTGACTTTCTGTATCTG ‘3 

TPC1 LP 5’ CGTATGGGGCGATTCTA ‘3 

CNGC2 RP 5’ AGTTCCGATCCAGGAAGGAT ‘3 

CNGC2 LP 5’ GTGGATCCCAAACGAGCTT ‘3 
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Appendix 3 Abbreviations  

Abbreviation Full name 

  

  

A Alanine 

Aa Amino acid 

ACA AUTOINHIBITED Ca2+ ATPase 

ACR4 ARABIDOPSIS CRINKLY4 

AGL15 AGAMOUS-LIKE 15 

Agrobacterium Agrobacterium tumefaciens 

APB Acceptor photobleaching 

Aq Aequorin (cytosolic Ca2+ sensor) 

Arabidopsis Arabidopsis thaliana 

AZ Abscission zone 

BRI1 BRASSINOSTEROID INSENSITIVE1 

C Celsius 

Ca2+ Calcium 

[Ca2+]cyt Cytosolic Ca2+ concentration 

cAMP Cyclic adenosine monophosphate 

cDNA Complementary DNA 

CDPK Ca2+ DEPENDENT PROTEIN KINASES 

CFP CYANO FLUORESCENT PROTEIN 

cGMP Cyclic guanosine monophosphate 

CLE CLAVATA3/EMBRYO SURROUNDING REGION 

CLE40 CLAVATA3/EMBRYO SURROUNDING REGION40 

CLV1 CLAVATA1 

CLV2 CLAVATA2 

CLV3 CLAVATA3 

CNGC CYCLIC NUCLEOTIDE GATED CHANNEL 

CPK CALMODULIN-DOMAIN PROTEIN KINASE 

CRN CORYNE 

CSC Columella stem cells 

C-term Carboxyl terminal 

CWR Cell wall remodeling  

D Aspartate 

ECD Extracellular domain 

E. coli Escherichia coli 

EPIP Extended PIP 

ER Endoplasmic reticulum 

EtOH Ethanol 

Eq Equation 

flg22 Flagellin22 

FLIM Fluorescent lifetime imaging microscopy 

FLS2 FLAGELLIN SENSITIVE2 

FRET Förster resonance energy transfer 

G Glycine 
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GCD Guanylyl cyclase domain 

GFP GREEN FLUORESCENT PROTEIN 

GTP Guanosine 5’triphosphate 

GUS β-glucuronidase  

h Hours  

HAE HAESA 

HSL2 HAESA-LIKE2 

IDA INFLORESCENCE DEFICIENT IN ABSCISSION 

IDL IDA-LIKE 

K Lysine 

KNAT KNOTTED-LIKE FROM ARABIDOPSIS THALIANA 

LP Left primer 

LRR Leucine-rich repeat 

mCLE40 Mature CLE40 

mCLV3 Mature CLV3 

Mg2+ Magnesium 

mIDA Mature IDA 

Min Minutes 

MKK MITOGEN ACTIVE PROTEIN KINASE KINASE 

Mn2+ Manganese 

MPK MITOGEN ACTIVE PROTEIN KINASE 

MS Murashiage and Skoog 

NADPH NICOTINAMIDE ADENINE DINUCLEOTID PHOSPHATE 

N. benthamiana Nicotiana benthamiana 

OC Organizing center 

OE Overexpression 

O/N Over night 

PCR Polymerase chain reaction 

PEP1 PATHOGEN PEPTIDE1 

PEPR1 PEP1 RECEPTOR 

PM Plasma membrane 

POL POLTERGEIST 

PSK PHYTOSULFOKINE 

PSKR1 PHYTOSULFOKINE RECEPTOR1 

RAM Root apical meristem 

RBOHD RESPIRATORY BURST OXIDASE HOMOLOG 

RF Red fluorophore 

RFI Red fluorescence intensity 

RLK Receptor-like kinase 

RLP Receptor-like protein 

RLU Relative light unit 

ROI Region of interest 

ROS Reactive oxygen species 

RP Right primer 

RTK Receptor tyrosine kinase 

s Second 

SAM Shoot apical meristem 

T-DNA Transfer-DNA 

Tm Tomato 

TPC1 TWO PORE CHANNEL1 
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wt Wild type, ecotype Col-0 

wt-Aq Wt seedlings containing the cytosolic Aq Ca2+ sensor 

WUS WUSCHEL 

WOX5 WUSCHEL-RELATED HOMEOBOX5 

YFP YELLOW FLUORESCENT PROTEIN 

τ Fluorescence lifetime 
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Appendix 4 Supplementary movies 

 

  

 

Movie 1 

 

mIDA response in Arabidopsis wt roots expressing the cytosolic Ca2+ 

sensor R-GECO1. 3 s intervals of false-color time-laps pictures covering 

8 min. Peptide added after 30 s.  

 

 

Movie 2 mIDA response in Arabidopsis hae mutant roots expressing the 

cytosolic Ca2+ sensor R-GECO1. 20 s intervals of false-color time-laps 

pictures covering 8 min. Peptide added after 30 s. Note: Movie taken 

with 20 s intervals.  

 

 

Movie 3 mIDA response in Arabidopsis hsl2 mutant roots expressing the 

cytosolic Ca2+ sensor R-GECO1. 3 s intervals of false-color time-laps 

pictures covering 8 min. Peptide added after 30 s. 

 

 

Movie 4 mCLE40 response in Arabidopsis wt roots expressing the cytosolic Ca2+ 

sensor R-GECO1. 3 s intervals of false-color time-laps pictures covering 

8 min. Peptide added after 30 s. 

 

 

 


