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LE CALCIUM, C’EST LA VIE 
 

“Every reader … knows that he or she started life as a single 

cell. Less familiar is the debt we owe to calcium in our earliest 

seconds. Penetration of the egg by the paternal sperm initiated 

an epigenetic calcium wave that moved quickly as a hollow 

band across the cytoplasm. In the wake of this calcium wave, 

processes were activated that led to cell division, 

differentiation, growth, and our eventual appearance as 

mature adults. 

As it is said in France, “Le calcium, c’est la vie.”  

A calcium wave marked the onset of our existence, and will 

quite probably mark our demise: Irreversible failure of 

calcium-wave generation in the heart is the most common 

cause of death.  

Therefore, calcium waves are a life-and-death issue.” 

 

Anthony Trewavas 
Plant Physiology, May 1999 

 

 

 

 

 

 

 

 

 

 

 

http://www.mun.ca/biology/desmid/brian/BIOL3530/DB_Ch12/fig12_25.jpg 

A calcium wave initiated at fertilization results in egg activation: 
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SUMMARY 

During infection of plants, pathogens betray themselves through conserved “pathogen/microbe-
associated molecular patterns” (P/MAMPs) that are recognized by specific “pattern recognition 
receptors” (PRRs) and initiate intracellular signalling cascades leading to PAMP-triggered immunity 
(PTI). Rapid changes in the free cytosolic Ca2+ concentration ([Ca2+]cyt) are prerequisite for 
establishment of downstream responses, such as accumulation of reactive oxygen species (ROS), 
activation of mitogen-activated protein kinases (MAPKs), and induction of defence gene expression. 
The bacterial MAMPs, flg22, a 22 amino-acid peptide of flagellin, and elf18, a 18 amino-acid peptide 
of elongation factor Tu, both induce a generally similar prolonged [Ca2+]cyt elevation in Arabidopsis 
thaliana although with distinct lag time and amplitude. Likewise, the oligosaccharide-containing 
MAMPs peptidoglycan, lipopolysaccharide (LPS) and chitinoligomers (ch8), the plant-derived 
“damage-associated molecular pattern” (DAMP), AtPep1, as well as a cell wall extract (CWE) from the 
root-colonizing fungus Piriformospora indica induce prolonged but characteristic [Ca2+]cyt changes in 
seedlings or roots, respectively. Interestingly, the residual [Ca2+]cyt elevations induced by flg22, elf18 
and Pep1 were virtually identical in bak1 despite distinct [Ca2+]cyt amplitudes in the wild type, 
suggesting a differential signal amplification by BAK1, a kinase associated with several receptors. In 
contrast, LPS-, ch8- or CWE-induced [Ca2+]cyt elevations were not dependent on BAK1. Further 
differences in defence gene expression and growth arrest responses to flg22 and elf18, were also,  
in part, controlled by BAK1. 
Despite the pivotal role of Ca2+ as second messenger in MAMP signalling, little is known about the 
Ca2+-permeable channels and transporters at the diverse Ca2+ stores shaping the [Ca2+]cyt elevations  
and their regulation. A putative role of the plasma membrane-resident Ca2+-permeable channel  
defence-no-death 1 (DND1) or the vacuolar cation channel two-pore channel 1 (TPC1) in MAMP 
signalling, however, was disproved by direct aequorin-based measurement of stress-triggered  
[Ca2+]cyt elevations. In addition, a feedback impact on the [Ca2+]cyt elevation of signalling components 
acting concomitantly with Ca2+ signalling was analysed. Indeed, the Ca2+-dependent and phosphatidic 
acid-regulated ROS accumulation leads to a subsequent additional [Ca2+]cyt elevation. Conversely,  
a prolonged ROS accumulation in mpk3 had no impact on the Ca2+ response. A reduced inositol 
hexakisphosphate level did also not affect Ca2+ signalling but resulted in an enhanced flg22-mediated 
root growth arrest. Finally, the Ca2+/CaM-dependent transcription factor CAMTA3 appears to regulate  
a subset of flg22-induced defence genes. 
As a parallel approach, besides novel fls2 and bak1 alleles, mutants with changed calcium elevation 
(cce) in response to flg22 were isolated from reporter lines expressing cytosolic or vacuolar 
microdomain-localized aequorin. These cce mutants showed either reduced or enhanced [Ca2+] 
elevations in response to flg22, elf18, Pep1 and some also to ch8 and LPS. Therefore, the cce mutants 
will be useful to unveil early signalling events in plant-microbe interactions. 
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ZUSAMMENFASSUNG 

Während der Besiedlung von Pflanzen verraten sich Pathogene durch konservierte Pathogen/Mikroben-
assoziierte Molekülmuster (“pathogen/microbe-associated molecular patterns, P/MAMPs“), die von 
spezifischen Mustererkennungsrezeptoren (“pattern recognition receptors, PRRs”) erkannt werden und 
intrazelluläre Signalkaskaden auslösen, die zu PAMP-induzierter Immunität (“PAMP-triggered 
immunity, PTI”) führen. Schnell auftretende Veränderungen der zytosolischen Ca2+-Konzentration 
([Ca2+]zyt) sind dabei Voraussetzung für die Aktivierung nachfolgender Antworten, wie die 
Akkumulation aktiver Sauerstoffspezies (AOS), die Aktivierung Mitogen-aktivierter Proteinkinasen 
(MAPKs) und die Induzierung von Abwehrgenexpression. Die bakteriellen MAMPs, flg22, ein  
22 aminosäurenlanges Flagellinpeptid, und elf18, ein 18 aminosäuren-langes Peptid des Elongations-
faktor Tu, lösen beide generell ähnliche, anhaltende Erhöhungen der [Ca2+]zyt mit unterschiedlicher 
Verzögerung und Amplitude in Arabidopsis thaliana aus. Die Oligosaccharid-enthaltenden MAMPs 
Peptidoglykan, Lipopolysaccharid (LPS) und Chitinoligomere (ch8), das von Pflanzen stammende 
beschädigungsassoziierte Molekülmuster (“damage-associated molecular pattern, DAMP“), AtPep1, 
sowieso ein Zellwandextrakt (“cell wall extraxt, CWE“) des wurzelbesiedelnden Pilzes Piriformospora 
indica lösen gleichfalls anhaltende charakteristische Erhöhungen der [Ca2+]zyt in Keimlingen bzw. in 
Wurzeln aus. Interessanterweise sind die verbleibenden Erhöhungen der [Ca2+]zyt in bak1-Mutanten 
ausgelöst durch flg22, elf18 und Pep1 fast identisch ungeachtet der unterschiedlichen  
[Ca2+]zyt-Amplituden im Wildtyp und weisen auf eine differentielle Signalamplifizierung durch BAK1 
hin, eine Kinase assoziiert mit mehreren Rezeptoren. Im Gegensatz dazu sind die Erhöhungen der 
[Ca2+]zyt ausgelöst durch LPS, ch8 oder CWE nicht abhängig von BAK1. Weitere Unterschiede in der 
Genexpression und der Wachstumsinhibierungsreaktion zwischen flg22 und elf18 sind teilweise 
ebenfalls durch BAK1 reguliert. 
Trotz der herausragenden Rolle von Ca2+ als sekundärer Botenstoff in MAMP-Signalkaskaden ist nur 
wenig über die Ca2+-Kanäle und Transporter an den unterschiedlichen Ca2+-Speichern bekannt, die  
die Erhöhungen der [Ca2+]zyt formen, und ihre Regulation. Eine mögliche Beteiligung des plasma-
membranständigen Ca2+-Kanals “defence-no-death 1” (DND1) oder des vakuolären Kationenkanals 
“two-pore channel 1” (TPC1) an MAMP-Signalkaskaden wurde durch direkte Aequorin-basierte 
Messungen von stressinduzierten Erhöhungen der [Ca2+]zyt widerlegt. Weiterhin wurde ein Rück-
kopplungseffekt der parallel zu den Ca2+-Signalen agierenden Signalkomponenten auf die Erhöhung der 
[Ca2+]zyt untersucht. Die Ca2+-abhängige und durch Phosphatidylsäure regulierte Akkumulation von 
AOS führt in der Tat zu einer nachfolgenden weiteren Erhöhung der [Ca2+]zyt. Im Gegensatz dazu  
hat eine Verlängerung der AOS-Akkumulation in der mpk3-Mutante keinen Einfluss auf die  
[Ca2+]zyt-Antwort. Ein verringerter Inositolhexakisphosphatspiegel hatte ebenfalls keinen Einfluss auf 
die Erhöhungen der [Ca2+]zyt, führte allerdings zu einer verstärkten flg22-vermittelten Wurzel-
wachstumsinhibierung. Der Ca2+/CaM-abhängige Transkriptionsfaktor CAMTA3 schließlich reguliert 
scheinbar einen Teil der flg22-induzierten Abwehrgene.  
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In einem parallelen Ansatz wurden sowohl neue fls- und bak1-Allele als auch Mutanten mit einer 
veränderten Erhöhungen der [Ca2+] (changed calcium elevation, cce) aus Reporterlinien isoliert, die 
Aequorin im Zytosol oder der vakuolären Mikrodomäne expremieren. Diese cce-Mutanten zeigen 
entweder eine verringerte oder eine verstärkte Erhöhung der [Ca2+] in Reaktion auf flg22, elf18, Pep1 
und einige ebenso auf ch8 und LPS. Die cce-Mutanten werden sich daher nützlich für die Aufklärung 
der frühen Signaltransduktion in Planzen-Pathogen-Wechselwirkungen erweisen. 



    IV 

ACKNOWLEDGEMENTS 

 
Mein besonderer Dank gilt Herrn Prof. Dr. Dierk Scheel und Dr. Justin Lee, die mir diese spannenden 
Projekte zur Bearbeitung überlassen, mir dabei sehr viel Freiheit für meine Ideen eingeräumt und mir 
immer Vertrauen entgegengebracht haben. Außerdem möchte ich mich für die exzellente Betreung, die 
stetige Unterstützung und die vielen bereichernden Diskussionen ganz herzlich bedanken. 
 
Weiterhin möchte ich mich bei allen Gutachtern für die Übernahme der Gutachten bedanken. 
 
Vielen Dank an alle Kooperationspartner, die uns diverse Materialien zur Verfügung gestellt haben und 
so die Bearbeitung der Projekte wesentlich erleichtert bzw. erst möglich gemacht haben. 
 
Weiterhin möchte ich mich bei der ganzen Abteilung „Streß- und Entwicklungsbiologie“ am Leibniz-
Institut für Pflanzenbiochemie in Halle für die gute Zusammenarbeit und die angenehme 
Arbeitsatmosphäre bedanken. Besonderer Dank gilt hierbei Lennart für sein Durchhaltevermögen bei 
den Protoplastenexperimenten, Pascal für seine immerwährende Unterstützung und Hilfsbereitschaft 
und allen anderen ehemaligen und aktuellen Mitgliedern unserer Arbeitsgruppe. Vielen Dank auch an 
Lore für ihre Beratung in allen genetischen Fragen. 
 
Besonderer Dank gilt auch Christel und Nicole für die technischen Unterstützung und den Gärtnern 
Petra Jansen und Thomas Franz, die stetig und geduldig bemüht waren, Ordnung in mein  
(Samen-)Chaos zu bringen. 
 
Meiner Familie danke ich für ihre Unterstützung und Hilfe in allen Lebenslagen. Besonders bedanken 
möchte ich mich bei meinem Lebenspartner Dirk, der mir immer den Rücken freigehalten, sich nie 
beschwert hat und einfach immer da war, auch wenn es im Labor mal wieder später wurde. 
 
 

VIELEN DANK EUCH ALLEN 

 

THANK YOU ALL 
 



TABLE OF CONTENTS    V 

TABLE OF CONTENTS 

 

Summary ................................................................................................................................................ I 

Zusammenfassung .................................................................................................................................. II 

Acknowledgements .............................................................................................................................. IV 

Table of Contents ................................................................................................................................... V 

List of Figures ..................................................................................................................................... VII 

List of Abbreviations .......................................................................................................................... VIII 

1. Introduction .................................................................................................................................. 1 

1.1. Calcium as second messenger in plants .................................................................................. 1 

1.1.1. Ca2+ fulfils diverse functions in plants ............................................................................ 1 

1.1.2. Ca2+ homeostasis – a prerequisite for Ca2+ signalling ..................................................... 2 

1.1.3. Alternative concepts: “Ca2+ signature“ versus “chemical on-off switch” ....................... 6 

1.1.4. In vivo methods for measuring [Ca2+] ............................................................................. 7 

1.1.5. Deciphering the „Ca2+ code“- Ca2+ sensors ..................................................................... 8 

1.2. Innate immunity in Arabidopsis thaliana .............................................................................. 10 

1.2.1. The concept of “Microbe- or Damage-Associated Molecular Patterns” (M/DAMPs) .. 10 

1.2.2. Perception of MAMPs and DAMPs .............................................................................. 13 

1.2.3. MAMP-induced signalling downstream of the receptor (complex) .............................. 15 

1.2.4. Mechanisms of pathogens to interfere with MAMP and DAMP signalling ................. 18 

1.2.5. Ca2+ in plant – microbe interactions: the role of Ca2+ in MAMP signalling ................. 18 

1.3. Objectives .............................................................................................................................. 20 

2. Results .......................................................................................................................................... 21 

2.1. Two-pore channel 1 - a putative Ca2+ channel in stress responses ........................................ 21 

2.1.1. Aims and summary ........................................................................................................ 21 

2.1.2. Publication ..................................................................................................................... 22 

2.2. Impact of different signalling components on MAMP-induced Ca2+ signalling ................... 35 

2.2.1. Aims and summary ........................................................................................................ 35 

2.2.2. Manuscript ..................................................................................................................... 36 

2.2.3. Additional results .......................................................................................................... 54 

  



TABLE OF CONTENTS    VI 

2.3. Screen for mutants with „changed calcium elevation“ (cce) in MAMP signalling .............. 57 

2.3.1. Aims and summary ........................................................................................................ 57 

2.3.2. Manuscript ..................................................................................................................... 58 

2.4. Lipopolysaccharides induce [Ca2+]cyt elevations in Arabidopsis thaliana seedlings ............. 78 

2.4.1. Aims and summary ........................................................................................................ 78 

2.4.2. Manuscript ..................................................................................................................... 79 

2.5. Peptidoglycans as MAMPs induce Ca2+ signalling in Arabidopsis thaliana ........................ 93 

2.5.1. [Ca2+]cyt elevations stimulated by peptidoglycans in Arabidopsis ................................. 93 

2.5.2. Summary of publication ................................................................................................ 93 

2.6. A cell wall extract from the endophytic fungus Piriformospora indica stimulates  
Ca2+ signalling in Arabidopsis thaliana roots ....................................................................... 94 

2.6.1. Aims and summary ........................................................................................................ 94 

2.6.2. Publication ..................................................................................................................... 95 

2.7. Contribution to publications and manuscripts ..................................................................... 109 

3. Discussion and Perspectives ..................................................................................................... 111 

3.1. The role of Ca2+ signalling in innate immunity in Arabidopsis........................................... 111 

3.2. Components shaping MAMP-induced Ca2+ signatures in Arabidopsis .............................. 115 

3.3. Do MAMP-induced Ca2+ signatures encode MAMP-specific information? ....................... 119 

3.4. [Ca2+]cyt elevations as quantitative and kinetic read-out for early signalling events ........... 124 

3.5. Conclusions ......................................................................................................................... 125 

4. References ................................................................................................................................. 126 

5. Appendix ................................................................................................................................... 147 

5.1. Supporting information to 2.2.2 .................................................................................. 147 

5.2. Supporting information to 2.3.2 .................................................................................. 153 

5.3. Publication and supporting information to 2.5.2 ......................................................... 158 

5.4. Supporting information to 2.6.2 .................................................................................. 170 

 

 
 



    VII 

LIST OF FIGURES 

(if not part of a publication or manuscript) 

Figure 1–1. Ca2+-permeable channels and transporters at the different Ca2+ stores in Arabidopsis. .........5 

Figure 1–2. Principle biochemical function of aequorin and cameleon Ca2+ probes ................................8 

Figure 1–3. Zigzag model .......................................................................................................................11 

Figure 1–4. Evolutionary occurrence of MAMPs, DAMPs and effectors and their cognate perception 
systems. ....................................................................................................................................................12 

Figure 1–5. Perception of MAMPs, DAMPs and effectors as general “danger signals” activates a 
common set of defence responses. ...........................................................................................................13 

Figure 1–6. Overview of flagellin-stimulated early signalling in Arabidopsis. ......................................17 

Figure 2–1. Flg22-induced ROS accumulation is reduced in pldα1. ......................................................54 

Figure 2–2. Scheme of PA and InsP6 synthesis pathways. ......................................................................55 

Figure 2–3. Flg22-mediated root growth inhibition, but not [Ca2+]cyt elevation, is enhanced in ipk1. ....55 

Figure 2–4. Flg22-induced gene expression and root growth arrest is impaired in camta3. ...................56 

Figure 2–5. [Ca2+]cyt elevations induced by S. aureus peptidoglycan in Arabidopsis leaf strips.............93 

Figure 3–1. Overview of early flg22-stimulated signalling steps in Arabidopsis. ................................120 

Figure 3–2. Comparison of different MAMP- and DAMP-induced [Ca2+]cyt elevations in intact 
seedlings and isolated roots. ...................................................................................................................123 

 

 



    VIII 

LIST OF ABBREVIATIONS 

 

ABA abscisic acid 

ACA autoinhibited Ca2+-ATPase 

Aeqcyt  cytosolic apoaequorin (pMAQ2) 
expressing Arabidopsis Col-0 

Aeqvmd vacuolar microdomain 
apoaequorin (HVA1) expressing 
Arabidopsis C24 

ANOVA analysis of variance 

AR alkalinization response 

ATP adenosine triphosphate 

Avr avirulence protein 

Ax21 sulfated Xanthomonas peptide  

BAK1 BRI1-associated kinase 1 

BAPTA 1,2-bis(o-aminophenoxy)-ethane-
N,N,N',N'-tetraacetic acid 

BIK1 Botrytis-induced kinase 1 

BRI1 brassinosteroid insensitive 1 

C24 Arabidopsis thaliana accession 
C24 

[Ca2+]cyt free cytosolic Ca2+ concentration 

CaCA Ca2+/cation antiporter 

cADPR cyclic ADP-ribose 

CaM calmodulin 

CAMTA Ca2+/CaM-binding transcriptional 
activator 

CAS Ca2+-sensing receptor 

CAX cation exchanger 

CBL calcineurin B-like protein 

CCaMK Ca2+-CaM-dependent kinase 

CCE changed calcium elevation 

CCX cation calcium exchanger 

cDNA complementary DNA 

CDPK Ca2+-dependent protein kinase 

CERK1 chitin elicitor receptor kinase 1 

chX N-acetylchito-X-ose 

  

  

  

CICR Ca2+-induced Ca2+ release 

CIPK CBL-interacting protein kinase 

CML calmodulin-like protein 

CNGC cyclic nucleotide-gated channel 

cNMP cyclic nucleotide monophosphate 

Col-0 Arabidopsis thaliana accession 
Columbia-0 

CRK CDPK-related kinase 

CRT calreticulin 

CSP cold shock protein 

CTZ-n/h coelenterazine native/h 

DAG diacylglycerin 

DAMP damage-associated molecular 
pattern 

DGK diacylglycerol (DAG) kinase 

DGPP diacylglycerin pyrophasphate 

DNA deoxyribonucleic acid 

DND1 defence no death 

DPI diphenylene iodonium chloride 

e. g. exempli gratia (for example) 

ECA ER-type Ca2+-ATPase 

EDS1 enhanced disease susceptibility 1 

EF hand helix-loop-helix Ca2+-binding 
domain 

EFR EF-Tu receptor 

EF-Tu translational elongation factor Tu 

elf18 N-terminal EF-Tu peptide (acetyl-
SKEKFERTKPHVNVGTIG) 

EMS ethylmethanesulfonate 

EPS extracellular polysaccharide 

ER endoplasmic reticulum 

etc. et cetera (and so on) 

ETI effector-triggered immunity 

ETS effector-triggered susceptibility 



    IX 

EZ root elongation zone 

flg22 N-terminal flagellin peptide 
(QRLSTGSRINSAKDDAAGLQIA) 

FLS2 flagellin-sensitive 2 

FOU2 fatty acid oxygenation up-
regulated 2 

FRET fluorescence resonance energy 
transfer 

fwd forward 

GLR glutamate receptor-like channel 

HR hypersensitive response 

HrpZ harpin elicitor protein 

i. e. id est (which means) 

InsP3/IP3 inositol-(1,4,5)-trisphosphate 

InsP6/IP6 inositolhexakisphosphate 

IPK1 inositolpolyphosphatekinase 1 

IPS1/2 inositolphosphate synthase 1/2 

ISR induced systemic resistance 

JA jasmonic acid 

LOS lipooligosaccharide 

LPS lipopolysaccharide 

LRR leucine-rich repeat 

LysM lysin motif 

MAMP microbe-associated molecular 
pattern 

MAP3K MAPK kinase kinase 

MAPK mitogen-activated protein kinase 

min. minute 

MKK MAPK kinase  

MS Murashige-Skoog medium 

NAADP nicotinic acid adenine 
dinucleotide phosphate 

NADPH nicotinamide adenine dinucleotide 
phosphate 

NO nitric oxide 

NPP1 necrosis-inducing protein 1 

OGA oligogalacturonide 

OPS O-polysaccharide 

p. page 

PAMP pathogen-associated molecular 
pattern 

Pep13 Phytophthora transglutaminase 
peptide (VWNQPVRGFKVYE) 

PEPR1/2 AtPep receptor 1/2 

PGN peptidoglycan 

PLC/PLD phospholipase C/D 

PROPEP AtPep peptide precursor 

PRR pattern recognition receptor 

PTI PAMP-triggered immunity 

R resistance protein 

Rboh respiratory burst oxidase homolog  

rev reverse 

RLCK receptor-like cytoplasmic kinase 

RLK receptor-like kinase 

R-LPS rough lipopolysaccharide 

RNA ribonucleic acid 

ROS reactive oxygen species 

(RT-)PCR (reverse transcriptase) polymerase 
chain reaction 

SA salicylic acid 

SAR systemic acquired resistance 

SERK somatic embryogenesis receptor-
like kinase 

S-LPS smooth lipopolysaccharide 

SNP single nucleotide polymorphism 

SV slow vacuolar 

T-DNA transfer DNA 

TLR toll-like receptor 

TPC two-pore channel 

vmd vacuolar microdomain 

vs.  versus (against) 

WRKY WRKY-domain-containing 
transcription factor 



INTRODUCTION    1 

1. INTRODUCTION 

Living organisms constantly need to adapt to numerous continuously changing environmental factors. 
This adaptation is of special importance for sessile organisms, such as plants, that cannot evade adverse 
conditions by relocation. To accomplish this, plant cells must be competent to perceive given stimuli 
and relay the external information into cellular responses through re-programming of gene expression 
and metabolic processes. To react appropriately to multiple different stimuli, the cell must also be able 
to integrate the information of these stimuli and compute a response in order to adapt to all stimuli 
adequately or “intelligently”. In addition to external stimuli, cells in multicellular associations need to 
integrate internal information from neighbouring or distant cells and tissues. 
During the signal transduction process, a perceived stimulus is translated into the molecular and 
biochemical “language” of the cell using the different biochemical properties of proteins or enzymes 
and of non-proteinaceous molecules. The different classes of signalling components are often shared by 
diverse signalling pathways. For instance, Ca2+ is a ubiquitous second messenger involved in nearly all 
aspects of plant life. Whereas proteins, such as kinases or transcription factors, may comprise large 
gene families of several individuals with, for example, specific domain structures and expression 
patterns to determine specific outputs, Ca2+ is just a simple ion. This raises the question of how and to 
which extent signalling specificity is maintained during signal transduction by common signalling 
components and second messengers, and Ca2+ in particular.  

1.1. Calcium as second messenger in plants 

1.1.1. Ca2+ fulfils diverse functions in plants 

Calcium is an important plant nutrient due to its structural function in membranes and the cell wall, as 
countercation in (in)organic salts in the vacuole, and for biochemical processes, such as protein 
processing in the ER secretory pathway (Sanders et al., 2002; White and Broadley, 2003). Within the 
plant, Ca2+ is mainly transported from roots to shoots via the apoplast/xylem by the transpiration 
stream, but symplastic transport accounts for the supply of intracellular compartments and possibly of 
tissues with a low transpiration rate, such as growing aerial parts, and phloem-fed tissues, such as fruits, 
seeds and tubers (White and Broadley, 2003). In addition, free Ca2+ plays a crucial role as second 
messenger in response to a wide variety of environmental and developmental factors. These range from 
abiotic stimuli, such as salt, drought (Knight et al., 1997), cold (Knight et al., 1991), heat (Gong et al., 
1998), oxidative stress (Price et al., 1994; Clayton et al., 1999) and accordingly regulation of stomatal 
aperture (McAinsh et al., 1995; Allen et al., 2001), mechanical stimuli (Knight et al., 1991) and 
wounding (Moyen et al., 1998) to biotic factors like bacterial or fungal pathogens (Stab and Ebel, 1987; 
Nürnberger et al., 1994a; Tavernier et al., 1995) but also beneficial interactions, for instance 
Rhizobium-legume (Ehrhardt et al., 1996) or arbuscular mycorrhizal symbiosis (Navazio and Mariani, 
2008). Concurrently, Ca2+ is involved in developmental processes, such as regulation of the circadian 
clock (Johnson et al., 1995), photomorphogenesis (Shacklock et al., 1992; Bowler et al., 1994), pollen 



INTRODUCTION    2 

tube (Franklin-Tong et al., 1996; Malho and Trewavas, 1996) and root hair growth (Bibikova et al., 
1997; Monshausen et al., 2008), self-incompatibility (Franklin-Tong et al., 1993) and hormonal 
responses, for instance, to abscisic acid (ABA; McAinsh et al., 1992), gibberellin (Chen et al., 1997), 
auxin (Felle, 1988; Galon et al., 2010a), ethylene (Zhao et al., 2007), salicylic acid (SA; Du et al., 
2009) or jasmonic acid (JA; Walter et al., 2007). 
As second messenger Ca2+ needs to fulfil certain criteria: i) the “resting” concentration of free Ca2+,  
i. e. in unstimulated condition, in the cytosol needs to be maintained at low level; ii) a rise in the free 
cytosolic Ca2+ concentration ([Ca2+]cyt) must be transient; thus, appropriate attenuation mechanism are 
required for returning to resting levels; iii) Ca2+ needs to specifically bind to proteins or enzymes to 
further transduce the information. A unique feature of Ca2+ as second messenger is that the 
concentration of Ca2+ cannot be controlled via biosynthesis and degradation but Ca2+ rather needs to be 
stored in appropriate compartments and its abundance is regulated via release from and replenishing of 
these stores. 

1.1.2. Ca2+ homeostasis – a prerequisite for Ca2+ signalling 

Nutritional supply and structural cell wall integrity demand high [Ca2+] levels in the apoplast (Conn et 
al., 2011). On the contrary, owing to the low solubility of Ca2+/phosphate compounds, an ATP-based 
energy metabolism in the cytosol necessitates maintenance of low free [Ca2+]cyt of < 100 nM (Clapham, 
1995; Malho et al., 1998). Concurrently, Ca2+ is constantly supplied to intracellular compartments, 
some of which also function as Ca2+ stores, by symplastic transport (Figure 1–1, p. 5; Sanders et al., 
2002; Cheng et al., 2003; White and Broadley, 2003; Cheng et al., 2005). A balance of all requirements 
is attained by a tightly regulated [Ca2+]cyt homeostasis network, which was also a prerequisite for the 
evolution of [Ca2+]cyt signalling. Thus, Ca2+ influx into the cytosol through Ca2+-permeable channels 
(Figure 1–1, p. 5; see below), some of which may also open at physiological “resting” conditions 
(White and Broadley, 2003), is antagonized by removal systems that export Ca2+ into the apoplastic 
space or intracellular compartments (Figure 1–1, p. 5; see below).  

Ca2+ extrusion systems 

Due to the electrochemical gradient of Ca2+ across the plasma- and endomembranes (Figure 1–1, p. 5), 
Ca2+ extrusion from the cytosol is an active, energy-consuming transport process. Besides maintaining 
low [Ca2+]cyt in resting cells, the efflux transport is important for restoring resting [Ca2+]cyt after release 
of “signalling Ca2+”, and for loading Ca2+ into internal compartments and stores with regard to its 

biochemical and signalling function, such as ER, golgi-, endosome-, pre-vacuolar compartments, 
plastids or vacuoles (Figure 1–1, p. 5; Sanders et al., 2002). 
Ca2+ efflux from the cytosol is achieved by the combined action of Ca2+-ATPases and Ca2+/cation 
antiporters (CaCA) that utilize ATP or electrochemical gradients of H+ or Na+ for Ca2+ transport, 
respectively. In plants, these are mainly H+/Ca2+ antiporters of the cation exchanger family (CAX) with 
different Ca2+ specificities and capacities (Shigaki et al., 2001; Shigaki and Hirschi, 2006). Of the six 
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Arabidopsis CAX antiporters, CAX1-4 reside in the vacuolar membrane but other CAXs may also 
localize to the plasma membrane (Figure 1–1, p. 5; Hirschi et al., 2000; Cheng et al., 2002a, 2003, 
2005; Luo et al., 2005). CAX antiporters are regulated by an N-terminal autoinhibitory domain, protein-
protein interaction or heterodimerization (Pittman et al., 2002; Cheng and Hirschi, 2003; Cheng et al., 
2003, 2004, 2005; Shigaki and Hirschi, 2006; Zhao et al., 2009). Accordingly, expression of CAX1,  
a high capacity vacuolar antiporter, lacking the autoinhibitory domain, led to Ca2+ deficiency 
symptoms, despite an increased overall Ca2+ content, due to an increased vacuolar Ca2+ accumulation 
(Hirschi, 1999). A prominent role for CAX1 and its closest homolog, CAX3, in Ca2+ homeostasis is 
further illustrated by an increased free apoplastic [Ca2+] in the cax1/cax3 double mutant, caused by 
compensatory changes in other Ca2+ antiporters and ATPases, with pleiotropic effects on plant growth 
and metabolism (Conn et al., 2011). Furthermore, the authors highlight the importance of cell type-
specific differences in the Ca2+ homeostasis, such as an overall low [Ca2+] < 10 mM in the epidermis  
vs. [Ca2+] > 60 mM in the mesophyll, which may also affect Ca2+ signalling processes (Conn et al., 
2011). Other, yet uncharacterized CaCA potentially involved in Ca2+ homeostasis are cation calcium 
exchangers (CCX), with similarity to mammalian Na+/Ca2+ exchangers, and a group of antiporters with 
EF hand motifs, suggesting Ca2+-dependent regulation (Shigaki et al., 2006).  
Ca2+-ATPases in plants either belong to the ER-type Ca2+-ATPases (ECA; (phosphorylated) PIIA-type 
ATPases) or the autoinhibited Ca2+-ATPases (ACA; PIIB-type ATPases; Sze et al., 2000). While ACAs 
are activated by acidic phospholipids (Bonza et al., 2001; Meneghelli et al., 2008) or by Ca2+/CaM 
binding to a regulatory domain to release the autoinhibitory domain (Harper et al., 1998; Baekgaard et 
al., 2006), they can be inhibited by phosphorylation, for instance by Ca2+-dependent protein kinases 
(CDPKs; Hwang et al., 2000). By contrast, no regulatory mechanisms were described so far for ECAs, 
which also display lower Ca2+ specificity than ACAs (Bonza and De Michelis, 2010). Both, ACAs and 
ECAs localize to the plasmamembrane or endomembranes of various compartments (Kudla et al., 2010) 
(Figure 1–1, p. 5). According to their diverse localization, Ca2+-ATPases probably fulfil multiple 
functions in Ca2+ homeostasis. Owing to their distinct Ca2+ affinity, Ca2+-ATPases (high affinity but low 
capacity) and Ca2+ antiporters (low affinity but high capacity) are suggested to have complementary 
functions in Ca2+ homeostasis. While antiporters, such as CAX1, may account mainly for general 
restoration of the resting [Ca2+]cyt following high [Ca2+] during signalling, Ca2+-ATPases are thought to 
contribute to fine control of [Ca2+]cyt (Hirschi, 1999). 

Ca2+-permeable channels 

The [Ca2+] difference between apoplast or intracellular compartments with a high [Ca2+] and the cytosol 
with a low [Ca2+], allows passive influx of Ca2+ into the cytosol along the electrochemical gradient 
through channels residing in the plasma- or endomembranes (Figure 1–1, p. 5). In comparison to Ca2+-
specific channels in the mammalian system, plant channels are rather nonselective cation channels that 
are also Ca2+-permeable (Demidchik et al., 2002; Sanders et al., 2002). These include, among others, 
the classes of cyclic nucleotide-gated channels (CNGCs), glutamate receptor-like channels (GLRs) or 
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two-pore channels (TPC) as deduced from genome analyses (Lacombe et al., 2001; Maser et al., 2001; 
Demidchik et al., 2002; Very and Sentenac, 2002; Hetherington and Brownlee, 2004; Tapken and 
Hollmann, 2008). The characterized CNGCs all localize to the plasma membrane, as may GLRs, and 
are involved in a range of nutritional and developmental aspects and pathogen defence  
(Figure 1–1, p. 5; Balague et al., 2003; Gobert et al., 2006; Yoshioka et al., 2006; Ali et al., 2007; 
Frietsch et al., 2007; Urquhart et al., 2007; Guo et al., 2008; Ma et al., 2008). CNGCs are commonly 
activated by the cyclic nucleotides cAMP or cGMP and inhibited by overlapping Ca2+/CaM binding, 
suggesting a negative feedback regulation of channel activity (Hua et al., 2003; Ali et al., 2006). GLRs 
are activated by glutamate, glycine and some other amino acids, and implicated in a range of 
physiological processes, such as nutrition, cold stress, aluminium toxicity, ABA biosynthesis and 
stomatal closure (Dennison and Spalding, 2000; Kim et al., 2001; Kang and Turano, 2003; Sivaguru et 
al., 2003; Kang et al., 2004; Meyerhoff et al., 2005; Qi et al., 2006; Stephens et al., 2008; Cho et al., 
2009). Additionally, electrophysiological studies reveal voltage-dependent, i. e. depolarization-  
or hyperpolarization-activated, and stretch-activated channels at the plasma membrane and possibly 
endomembranes that are yet to be identified (Demidchik et al., 2002; Hetherington and Brownlee, 2004; 
Nakagawa et al., 2007). Additionally, annexin proteins were suggested as further Ca2+ entry points in 
plants (Hofmann et al., 2000; Cantero et al., 2006; Mortimer et al., 2008). Apparently, annexins can 
form Ca2+-permeable channels or pores themselves or evoke [Ca2+]cyt elevations indirectly by activation 
of other Ca2+-permeable channels (Hofmann et al., 2000; Mortimer et al., 2008; Laohavisit et al., 2009; 
Laohavisit and Davies, 2011), but up to now their exact function in plants remains elusive. 

The sole two-pore channel in Arabidopsis, TPC1, comprises the most abundant channel in the tonoplast 

where it is responsible for slow vacuolar (SV) currents (Figure 1–1, p. 5; Peiter et al., 2005). As 

suggested by the two Ca2+-binding EF hand motifs, a Ca2+-dependent activation was reported for 

TPC1/SV channel, thereby making it a good candidate for a proposed direct Ca2+-induced Ca2+ release 

(CICR) from the vacuole (Ward and Schroeder, 1994; Bewell et al., 1999; Hetherington and Brownlee, 

2004; Peiter et al., 2005). Further information on TPC1 is provided in chapter 2.1. Furthermore, 

electrophysiological analyses suggest ligand-gated channels at vacuolar and ER endomembranes 

capable of mediating Ca2+ release into the cytosol. The second messenger nicotinic acid adenine 

dinucleotide phosphate (NAADP) is supposed to mediate Ca2+ release solely from the ER (Navazio et 

al., 2000), while inositol-tris/hexakis-phosphate (InsP3/InsP6) and cyclic ADP-ribose (cADPR) 

additionally seem to act at the tonoplast (Figure 1–1, p. 5; Allen et al., 1995; Muir and Sanders, 1996; 

Martinec et al., 2000; Navazio et al., 2001; Lemtiri-Chlieh et al., 2003). Several plant genome 

sequences, however, did not reveal the existence of InsP3 or cADPR/ryanodine receptors or any ADP 

ribosyl cyclase with similarity to the mammalian counterparts in higher plants. Strikingly, an InsP3-

receptor homolog exists in the green algae Chlamydomonas (Wheeler and Brownlee, 2008). This 

finding raised the hypothesis that certain classes of ion channels were lost during evolution of higher 

plants, probably due to the absence of evolutionary pressure as a result of the different lifestyle of 
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Figure 1–1. Ca2+-permeable channels and transporters at the different Ca2+ stores in Arabidopsis. 
Localization of the main classes of Ca2+-permeable channels allowing Ca2+ influx into the cytosol and Ca2+ 
transporters responsible for Ca2+ efflux. While the 20 CNGC and 20 GLR channels constitute large protein families 
only one TPC channel exists in Arabidopsis. Ca2+ extrusion is achieved by P-class Ca2+-ATPases, ten ACAs and 
four ECAs, and six Ca2+/H+ antiporters of the CAX class. (Figure adapted from Kudla et al., 2010)  
Abbreviations: CNGC = cyclic nucleotide-gated channel; cNMP = cyclic nucleotide monophosphate; GLR = 
glutamate receptor-like channel; CAS = Ca2+-sensing receptor; ECA = ER-type Ca2+-ATPase; ACA = autoinhibited 
Ca2+-ATPase; CAX = cation exchanger; TPC = two-pore channel; HMA1 = Ca2+/heavy metal-ATPase; IP3/6 = 
inositol-tris/hexakis-phosphate; cADPR = cyclic ADP-ribose; NAADP = nicotinic acid adenine dinucleotide 
phosphate; “Ca2+” symbols indicate Ca2+ stores. 

sessile plants (Hetherington and Brownlee, 2004; Wheeler and Brownlee, 2008). Hence, plants may 

possess a different repertoire of channels than animals. Similar distinctions between the animal and 

plant system appear to exist in the phospholipase C (PLC)-mediated InsP3 generation, with evidence 

emerging for a role of InsP6, rather than InsP3, in (Ca2+) signalling (Munnik and Testerink, 2009). In 

conclusion, Ca2+ release mechanisms from internal stores in plants, such as vacuole and ER, remain 

speculative to date.  

Ca2+-binding proteins 

In addition to the Ca2+-permeable channels and Ca2+ transporters mentioned above, Ca2+-binding 

proteins in the cytosol as well as intracellular compartments contribute to Ca2+ homeostasis. The ER 

contains various Ca2+-binding proteins, such as molecular chaperone binding proteins, calnexin, 

calsequestrin and calreticulin (CRT; White and Broadley, 2003). Arabidopsis expressing anti-sense 

CRT are more sensitive to low external [Ca2+], while CRT over-expressing plants are less sensitive, 

suggesting a prominent role for the ER as exchangeable Ca2+ store in Ca2+ homeostasis (Persson et al., 
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2001; Wyatt et al., 2002; Jia et al., 2009). A high-capacity Ca2+-binding protein, CAS (Ca2+-sensing 

receptor), was recently found to localize to the thylakoid membrane in chloroplasts (Nomura et al., 

2008; Weinl et al., 2008). Strikingly, cas mutant plants are affected in cytosolic [Ca2+] homeostasis, 

show retarded growth under low Ca2+ conditions and are impaired in stomatal closure, probably due to 

altered Ca2+ signalling (Han et al., 2003; Nomura et al., 2008; Weinl et al., 2008). Additionally, Ca2+-

binding proteins are found in the vacuole and also cytosolic Ca2+-binding proteins have some capacity 

to buffer free cytosolic Ca2+ (Clapham, 1995; Malho et al., 1998). 

1.1.3. Alternative concepts: “Ca2+ signature“ versus “chemical on-off switch” 

In view of the ubiquitous employment of Ca2+ as second messenger, the question arises whether this 
simple cation can relay specific information. Real-time in vivo monitoring of cellular Ca2+ levels in 
plants provides evidence that different stimuli induce [Ca2+]cyt elevations with specific spatio-temporal 
patterns – the so-called “Ca2+ signature” (Webb et al., 1996; Trewavas, 1999). This concept, adapted 
from the animal system, proposes that signal-specific information is encoded in certain parameters of 
the [Ca2+]cyt elevation, e. g. duration, amplitude, frequency in the case of oscillations, spatial distribution 
and source of the Ca2+, and relayed to downstream Ca2+ sensors. Indeed, the various Ca2+-permeable 
channels, Ca2+ transporters and Ca2+ sources described above, provide a whole toolkit for shaping such 
unique and specific [Ca2+]cyt elevations by precise control of concerted Ca2+ influx and efflux at the 
plasma- and endomembranes. Although this analogy to animal systems appears plausible, concerns 
have been raised about this concept in plants since for most stimuli no direct coupling between the Ca2+ 
signature and the end response has been proven, but most data are rather correlative (Plieth, 2001; 
Scrase-Field and Knight, 2003). An alternative notion is that Ca2+ may simply serve as a “chemical  
on-off switch”, i. e. that a [Ca2+] rise above a certain threshold is sufficient to activate Ca2+-dependent 
pathways, but components other than Ca2+ are causal for the response specificity (Scrase-Field and 
Knight, 2003). Moreover, some changes in [Ca2+]cyt may reflect indirect perturbations of the Ca2+/ion 
homeostasis or nutritional Ca2+ fluxes (Plieth, 2001). To date, there are some examples with a definite 
Ca2+ signature - response coupling, but these might be the exception rather than the rule (Scrase-Field 
and Knight, 2003; Dodd et al., 2010; Kudla et al., 2010). Such a direct connection between the  
Ca2+ signature and the end response was illustrated in guard cells, where artificially imposed  
Ca2+ oscillations, with a frequency, duration and number resembling ABA-induced responses, evoked 
long-term stomatal closure in the absence of any stimulus. Remarkably, short-term stomatal closure was 
induced by any Ca2+ elevations above a certain threshold regardless of the pattern (Allen et al., 2000, 
2001). Thus, Ca2+ signalling in stomatal closure includes examples for both, threshold- and signature-
mediated signalling. Actually, the contribution of [Ca2+]cyt elevations to specificity may vary for 
different stimuli between the two extreme positions of specific signature or simple chemical switch and 
thus needs to be carefully and critically assessed in each single case. 
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Ca2+ is only poorly diffusible in the cytosol due to buffering by Ca2+-binding proteins. Hence, [Ca2+]cyt 
elevations occur only spatially restricted but can rapidly reach high but short-lived concentrations 
locally (Clapham, 1995; Trewavas, 1999). However, an initial local [Ca2+]cyt elevation at, for instance, 
the plasma membrane, can either directly, through Ca2+-activated channels, or indirectly, via generation 
of Ca2+-releasing second messengers, induce a subsequent Ca2+ release, for example, from internal 
stores. This successive local release of Ca2+ at the plasma or endomembranes, referred to as  
“Ca2+-induced Ca2+ release (CICR)”, thereby facilitates the formation of complex spatio-temporal 
patterns, such as oscillations or waves (Trewavas, 1999). As Ca2+ is involved in various pathways, 
concomitant signals converge at the level of Ca2+ signalling (Knight and Knight, 2001; Dodd et al., 
2010). Furthermore, previous stimuli can affect the response to further signals, e. g. owing to refractory 
states, depletion or up-regulation of Ca2+ signalling or decoding components (Knight et al., 1998; 
Knight and Knight, 2000, 2001). Thus, repeated stimulation of cells with the same signal may lead to 
stimulus acclimation, observable, for instance, as decreasing [Ca2+]cyt amplitudes, providing cells with a 
basic “Ca2+ memory” (Knight et al., 1996, 1998; Trewavas, 1999). Additional complexity arises from 
quantitative differences of stimuli and cell-type specificity of Ca2+ signals. In combination, all these 
features allow integration and concurrent processing of various stimuli at the level of Ca2+ signalling 
with characteristics of “scale-free networks” (Dodd et al., 2010). In conclusion, Ca2+ is speculated  
to even enable “intelligent responses” in analogy to simple neural networks (Trewavas, 1999;  
Dodd et al., 2010). 
In addition to [Ca2+]cyt elevations, also intracellular organelles such as nucleus and chloroplasts are able 
to generate their own [Ca2+] elevations. For instance, nuclear [Ca2+] elevations ([Ca2+]nuc) occur through 
Ca2+ influx from the nuclear envelope, and these [Ca2+]nuc elevations are coupled to cytosolic  
Ca2+ signals or even generated independently (Malho et al., 1998; Pauly et al., 2001; Lecourieux et al., 
2005; Mazars et al., 2009). An example is the involvement of nuclear Ca2+ signals in nodulation during 
Rhizobium–legume symbiosis (Oldroyd and Downie, 2006). 

1.1.4. In vivo methods for measuring [Ca2+]  

The insights into cellular Ca2+ dynamics gained over the last years were facilitated by the development 
of sensitive Ca2+ reporters that allow non-invasive, quantitative and kinetic in vivo monitoring of even 
small changes in the Ca2+ concentration at whole-plant and single-cell level, and the corresponding 
sensitive detection equipment. The two prominent Ca2+ reporters used in plants to date are aequorin and 
cameleon probes that facilitate in vivo Ca2+ imaging and quantification (Allen et al., 1999; Brownlee, 
2000; Plieth, 2001; Rudd and Franklin-Tong, 2001). Both are Ca2+-binding proteins that change their 
biochemical properties upon Ca2+ binding in a dose-dependent manner. The main advantage is that both 
proteins can be expressed ectopically in plants and even targeted to different cellular locations,  
e. g. cytosol, nucleus or “microdomains” adjacent to internal stores, such as the vacuole (Knight et al., 
1991, 1996; Sedbrook et al., 1996; Brownlee, 2000; Mithöfer and Mazars, 2002). These Ca2+ reporters 
overcome the difficulties associated with loading of Ca2+-sensitive fluorescent dyes regarding cell-wall 
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permeability, unequal distribution and lack of precise compartment targeting (Rudd and Franklin-Tong, 
2001). Aequorin is a Ca2+-sensitive luminescent protein that spontaneously reconstitutes with its 
luminophore coelenterazine (CTZ) or synthetic CTZ derivatives that confer distinct light emission 
properties (Figure 1–2, p. 8; Shimomura et al., 1993; Mithöfer and Mazars, 2002). Aequorin with its 
high dynamic range is suitable for accurate quantification and whole plant or organ imaging, but due to 
a low light intensity, single-cell imaging is not feasible (Knight et al., 1992; Sedbrook et al., 1996; 
Allen et al., 1999; Rentel and Knight, 2004). By contrast, ratiometric cameleon reporters are FRET 
(fluorescence resonance energy transfer)-based probes harbouring a Ca2+-binding linker, which 
facilitate single-cell Ca2+ imaging (Figure 1–2, p. 8; Allen et al., 1999; Brownlee, 2000).  

1.1.5. Deciphering the „Ca2+ code“- Ca2+ sensors 

Since Ca2+ cations can coordinate six to eight uncharged oxygen atoms, Ca2+ binding to suitable protein 
domains can induce conformational changes (Sanders et al., 1999). The most prominent of such Ca2+-
binding domains is the so-called helix-loop-helix “EF hand” motif, with up to 250 predicted EF hand-
containing proteins encoded in the Arabidopsis genome (Day et al., 2002). While a single EF hand can 
bind Ca2+ with high affinity, combination of several EF hand motifs confers cooperative Ca2+ binding 
(White and Broadley, 2003; Yang and Poovaiah, 2003; McCormack et al., 2005). Other Ca2+-binding 
domains are constituted by C2 domains, e. g. in phospholipases, or endonexin-folds, e. g. in annexins 
(Delmer and Potikha, 1997; Hofmann et al., 2000; Wang, 2001). A conformational change induced by 
Ca2+-binding can either affect the activity of the Ca2+-binding protein itself, through intramolecular 

Figure 1–2. Principle biochemical function of aequorin and cameleon Ca2+ probes 
A) Apoaequorin spontaneously reconstitutes with its luminophore coelenterazine to functional holoaequorin in the 
presence of oxygen. Upon binding of three Ca2+ ions coelenterazine is converted into coelenteramide 
accompanied by release of CO2 and emission of light in the visible range (λ = 469 nm). The amount of emitted 
light correlates with the Ca2+ concentration. (Figure adapted from Mithöfer and Mazars, 2002) 
B) Ratiometric cameleon probes are composed of two fluorescent proteins with different excitation and emission 
wavelengths, such as cyan- (CFP) and yellow-fluorescent proteins (YFP) in the “yellow cameleon”, separated by a 
flexible Ca2+-binding linker consisting of a CaM and CaM-binding M13 domain. As the emission range of CFP 
overlaps with the excitation range of YFP, the fluorescence energy of CFP can excite YFP, so-called FRET 
(fluorescence resonance energy transfer), if both are in close proximity. Thus, without Ca2+ both, CFP and YFP, 
fluoresce independently, while upon Ca2+ binding a conformational change within the linker brings CFP and YFP 
close together and allows FRET to occur, thereby enhancing the emission of YFP compared to decreased CFP 
emission. According to this change in the emission ratio of CFP:YFP such probes are called ratiometric. The FRET 
efficiency corresponds to the Ca2+ concentration. (Figure adapted from Plieth, 2001; Rudolf et al., 2003) 
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interactions, or the activity of an interacting protein partner, through intermolecular interaction. 
Whereas in the first case, the Ca2+-binding protein itself is a Ca2+-sensor and has response activity 
(sensor responder), the Ca2+-binding protein in the latter case constitutes only a Ca2+-sensor (sensor 
relay) that relays the information to a separate responder (Sanders et al., 2002). Thus, Ca2+-binding can 
be conveyed into various downstream activities, such as protein (de)phosphorylation (Kutuzov et al., 
2001; Cheng et al., 2002b; Hrabak et al., 2003; Takezawa, 2003; Luan, 2009; Weinl and Kudla, 2009; 
Boudsocq et al., 2010) or transcriptional regulation (Galon et al., 2010b), but also modulation of ion 
channel or transporter activity (Harper et al., 1998; Hwang et al., 2000; Hua et al., 2003; Meneghelli  
et al., 2008), metabolic or biosynthesis enzyme activity (Hsieh et al., 2000; Kim et al., 2002; Yang and 
Poovaiah, 2002; Du and Poovaiah, 2005; Kobayashi et al., 2007; Ogasawara et al., 2008), cytoskeleton-
associated processes (Reddy and Reddy, 1999; Reddy et al., 1999; Reddy, 2001b; Bouche et al., 2005) 
et cetera. 
Typical Ca2+-binding sensor proteins are calmodulins (CaMs), calmodulin-like proteins (CMLs) or 
calcineurin B-like proteins (CBL; Kudla et al., 1999; Shi et al., 1999; McCormack et al., 2005; DeFalco 
et al., 2010). The existence of seven canonical CaMs and 50 CMLs with distinct expression patterns in 
Arabidopsis suggests diverse functions for these proteins, which are further increased by interaction 
with multiple target proteins (Yang and Poovaiah, 2003; McCormack et al., 2005). While CaMs are 
merely considered as sensor proteins, a responder function for AtCAM7 as direct transcriptional 
regulator was recently reported (Kushwaha et al., 2008). Otherwise, CaMs can regulate gene expression 
via interaction with Ca2+/CaM-binding transcriptional activators (CAMTAs) and other transcription 
factors (Bouche et al., 2002; Du and Poovaiah, 2004; Park et al., 2005; Yoo et al., 2005; Doherty et al., 
2009; Du et al., 2009; Galon et al., 2010b). Although CBLs exclusively interact with CBL-interacting 
protein kinases (CIPKs), the combinatorial possibilities of separated sensor (10 AtCBLs) and 
interacting responder (26 AtCIPKs) could accommodate diverse signals through the plethora of flexible 
combinable modules (Kudla et al., 1999; Shi et al., 1999; Kolukisaoglu et al., 2004; Luan, 2009; Weinl 
and Kudla, 2009). By contrast, the 34 sensor responder Ca2+-dependent protein kinases (CDPKs) and 
eight CDPK-related kinases (CRKs) in Arabidopsis can only serve a comparatively limited number of 
signals (Reddy, 2001a; Cheng et al., 2002b; Hrabak et al., 2003). The third class of Ca2+-regulated 
kinases in plants, the Ca2+-CaM-dependent kinases (CCaMKs), which play a crucial role in symbiosis, 
are absent in Arabidopsis (Hrabak et al., 2003; Gleason et al., 2006). 
It is evident that “Ca2+ deciphering” mechanisms comprise another important layer in maintaining 
stimulus specificity. Only a cell that is competent to decode a certain stimulus can finally relay the 
signal into downstream responses. Additionally, differential expression and localization of decoding 
systems in distinct cell types or caused by acclimation to previous stimuli will substantially affect the 
end response. The local restriction of [Ca2+]cyt elevations further necessitates a close proximity of Ca2+ 
channels and Ca2+ sensors (Berridge, 2006). This can, for instance, be achieved by direct association of 
the Ca2+ sensor with a Ca2+ channel or through membrane tethering, which may further underlie 
dynamic regulation (Dammann et al., 2003; Hua et al., 2003; Yang and Poovaiah, 2003; Cheong et al., 
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2007; Batistic et al., 2008; Meneghelli et al., 2008). Furthermore, Ca2+ sensors can recruit their target 
proteins to destined microdomains or protein complexes upon Ca2+ binding (Batistic et al., 2010). 
Taken together, the cellular location of Ca2+ channels and Ca2+ sensors, as well as the flexibility of the 
Ca2+-decoding network provide further levels of regulation and integration of diverse signals at the level 
of Ca2+ signalling (Cheong et al., 2003; DeFalco et al., 2010). 

1.2. Innate immunity in Arabidopsis thaliana 

As sessile organisms, plants are exposed to continuously changing environmental factors, like light, 
temperature, water and nutrient availability and mechanical stress. In addition to such abiotic factors, 
plant survival is permanently threatened by insect and vertebrate herbivores, as well as diverse classes 
of (phytopathogenic) microbes, such as bacteria, fungi, oomycetes, viruses and nematodes. Although 
some of the microbes are beneficial to the plant, particularly in the rhizosphere, the majority of (foliar) 
microbes constitute potential pathogens (Gomez-Gomez and Boller, 2002). Despite, plants are mostly 
healthy as they have evolved efficient survival strategies. These include preformed physical and 
chemical barriers, like cell wall, cuticle and antimicrobial compounds, aimed at hindering pathogen 
entry, as well as inducible defence responses (Hückelhoven, 2007). For inducible reactions it is crucial 
that pathogens are recognized immediately in order to rapidly mount appropriate defence mechanisms 
before pathogens proliferate to high numbers. Pathogens, in turn, try to evade recognition or suppress 
defence responses, while plants evolve new recognition strategies. Hence, a dynamic evolutionary 
arms-race exists between pathogenic microbes and their potential host plants (Boller and He, 2009). 

1.2.1. The concept of “Microbe- or Damage-Associated Molecular Patterns” (M/DAMPs) 

Plants have evolved diverse sensitive recognition mechanisms for “danger signals”. These range from 
perception of patterns characteristic for a whole class of microbes by a broad host range to pathovar-
host-specific interactions, and also include detection of indirect microbe-induced perturbations (Boller 
and Felix, 2009). So-called “pathogen- or microbe-associated molecular patterns” (P/MAMPs, formerly 
named general elicitors), which are (i) characteristic for a certain class of microbes, (ii) indispensable 
for survival and therefore evolutionarily conserved and (iii) absent from the host, are detected by 
specific cell-surface “pattern recognition receptors” (PRRs; Boller and Felix, 2009). This is thought  
to provide a first layer of defence that, if successful, leads to PAMP-triggered immunity (PTI;  
Figure 1–3, p. 11). Pathogens, in turn, try to evade recognition by PAMP variation, which is often 
difficult due to essential PAMP function, or to suppress PAMP signal transduction. Most prominent are 
“effectors”, including avirulence (Avr) proteins, that are delivered into the host cell cytoplasm via the 
type III-secretion system to interfere with host signalling, thus causing “effector-triggered 
susceptibility” (ETS; Figure 1–3, p. 11). Vice versa, plants acquired intracellular “receptors”, named 
resistance (R) proteins, that either directly target the effector or detect effector-induced cellular 
manipulations (guard hypothesis), thereby resulting in “effector-triggered immunity” (ETI,  
Figure 1–3, p. 11; Jones and Dangl, 2006). In contrast to PTI, which confers immunity to a broad host 
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Figure 1–3. Zigzag model 
The zigzag model illustrates the evolutionary arms-race 
between pathogen and host. A first layer of host defence 
constitutes the recognition of conserved pathogen-
associated molecular patterns (PAMPs) leading to PAMP-
triggered immunity (PTI). Pathogens try to suppress PTI 
with the help of effectors, including avirulence (Avr) 
proteins, thus resulting in effector-triggered susceptibility 
(ETS). Hosts, in turn, evolved perception mechanisms for 
effectors, resistance (R) proteins conferring effector-
triggered immunity (ETI). While PTI often displays 
moderate reactions, effectors stimulate stronger responses, 
like the hypersensitive response (HR), a cell death 
reaction. (Figure from Jones and Dangl, 2006) 

range, ETI is race-specific, i. e. only a plant 
cultivar carrying a certain R gene is resistant 
to a particular pathogen strain harbouring the 
corresponding Avr gene (Chisholm et al., 
2006; Jones and Dangl, 2006). Therefore, this 
hypothesis was originally named “gene-for-
gene resistance” (Flor, 1942). Furthermore, 
ETI is assumed to generally induce stronger 
and more robust immune reactions than PTI, 
as illustrated by the hypersensitive response 
(HR), a programmed cell death reaction aimed 
at restricting growth of biotrophic pathogens 
(Tsuda and Katagiri, 2010). The dynamic co-
evolutionary arms-race between PTI, ETS and 
ETI, is illustrated in the “Zig-Zag model” 
(Figure 1–3, p. 11) proposed by Dangl and 
Jones (2006). The molecular characterization 
of several PAMP/PRR and Avr/R gene pairs, however, revealed that nature does not always fit this 
classification into PAMPs or effectors and PTI or ETI. For instance, common effectors and PAMPs 
with a limited host range exist (Figure 1–4, p. 12) and some PAMPs also induce HR (Elbaz et al., 2002; 
Naito et al., 2008; Thomma et al., 2011). 
In addition to PAMPs and effectors, plants are also able to sense direct mechanical damage or indirect 
herbivore- or microbe-induced damage through “damage-associated molecular patterns” (DAMPs or 
endogenous elicitors; Figure 1–5, p. 13; Boller and Felix, 2009). These are, for instance, cell wall 
fragments released by microbial cell wall-degrading enzymes (Figure 1–5, p. 13), such as 
oligogalacturonides (OGAs; D'Ovidio et al., 2004; Denoux et al., 2008; Brutus et al., 2010) or cutin 
monomers (Schweizer et al., 1996; Fauth et al., 1998; Hückelhoven, 2007). Additionally, some 
proteinaceous DAMPS are released from a precursor, e. g. upon wounding, such as systemin from 
prosystemin in tomato (McGurl et al., 1992; Ryan and Pearce, 1998) or AtPep peptides from PROPEP 
precursor proteins in Arabidopsis (Huffaker et al., 2006; Huffaker and Ryan, 2007). Since these 
DAMPs are also perceived by PRRs and induce similar defence responses, it was concluded that plants 
do not distinguish between PAMPs, DAMPs and effectors but these are rather generally sensed as 
“danger signals”, which, depending on the interaction strength, lead to defence responses of different 
intensity (Figure 1–5, p. 13; Boller and Felix, 2009; Thomma et al., 2011). In principle, MAMPs, 
DAMPs and effectors can also be classified, in analogy to the animal innate immune system, as “non-
self” (MAMPs and directly sensed effectors) and, intriguingly, “modified-self” (DAMPs and effectors 
sensed by “guard” R proteins; Matzinger, 2002).  
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Figure 1–4. Evolutionary occurrence of MAMPs, DAMPs 
and effectors and their cognate perception systems. 
Widespread distribution of MAMPs, DAMPs and effectors in 
whole pathogen or plant classes indicates evolutionary early 
occurrence, while evolutionary recent innovations are 
specific for certain species. Generally, MAMPs are 
considered as conserved patterns with widely distributed 
perception systems. In comparison, effectors are rather 
species-specific. Recent findings, however, led to the re-
classification of certain narrow-distributed effectors, such as 
AvrXA21, as MAMPs. Thus, the classification into MAMPs, 
DAMPs or effectors may not be strictly maintained but may 
be replaced by the general term “danger signal”. (Figure 
adapted from Boller and Felix, 2009) 
Csp = cold shock protein; PGN = peptidoglycan; HypSys = hydroxyproline-
rich glyco-peptides; RALF = rapid alkalinization inducing factor 

Cell wall or other surface components are due 
to their exposed position to a potential host 
and their occurrence in whole microbial 
classes, predestined as PAMPs/MAMPs. 
Accordingly, fungal chitin (Felix et al., 1993; 
Miya et al., 2007; Wan et al., 2008) and 
ergosterol (Granado et al., 1995; Laquitaine et 
al., 2006; Lochman and Mikes, 2006), 
oomycete β-glucans (Sharp et al., 1984; 
Cheong et al., 1991; Umemoto et al., 1997), 
bacterial lipopolysaccharides (LPS; see 2.4; 
Silipo et al., 2010), peptidoglycans (PGN; see 
2.5; Gust et al., 2007) and flagellin monomers 
(Felix et al., 1999), act as MAMPs in diverse 
plant species. Likewise, secreted proteins/ 
molecules can be easily sensed by host cells, 
such as fungal xylanase (Fuchs et al., 1989; 
Ron and Avni, 2004), an oomycete 
transglutaminase, in particular, a highly 
conserved epitope of 13 amino acids (Pep13), 

in parsley and potato (Nürnberger et al., 1994b; Brunner et al., 2002; Halim et al., 2004), or the quorum 
sensing signals acyl homoserine lactones in tomato (Schuhegger et al., 2006). Intriguingly, also 
intracellular proteins can act as potent MAMPs, although it is yet unknown how they exactly get 
exposed to the host (Schwessinger and Zipfel, 2008). For instance, the translational elongation factor Tu 
(EF-Tu; Kunze et al., 2004), the most abundant intracellular bacterial protein, is sensed as MAMP in 
Arabidopsis, and, likewise, bacterial cold shock protein (CSP) in tobacco (Felix and Boller, 2003). 
Whereas perception systems for some MAMPs, such as chitin or flagellin, are evolutionarily “ancient” 
and thus widespread in the plant kingdom, others appear evolutionarily “young”, as their recognition is 
limited to certain plant species (Figure 1–4, p. 12; Boller and Felix, 2009). This is the case for EF-Tu, 
that, although it is a common and highly conserved protein in bacteria, is only sensed by Brassicaceae 
(Kunze et al., 2004), or the secreted sulfated Xanthomonas Ax21 peptide (formerly AvrXA21) and its 
respective receptor Xa21, where both, the occurrence of the MAMP as well as the receptor is limited to 
certain species (Xanthomonas oryzae pv. oryzae in rice), which led to an initial classification as effector 
(Lee et al., 2009). Likewise, OGAs and cutin monomers are quite “old” DAMPs, while systemin and 
the AtPep peptides are evolutionarily quite “new” (Figure 1–4, p. 12; Boller and Felix, 2009). 
Furthermore, several examples from plants and animals reveal that innate immunity, although relying 
on the recognition of microbial patterns in both kingdoms, has developed independently in plants and 
animals and is probably the result of convergent evolution (Zipfel and Felix, 2005). For instance, both, 
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Figure 1–5. Perception of MAMPs, DAMPs and effectors as general “danger signals” activates a common 
set of defence responses. 
MAMPs, DAMPs and effectors are commonly sensed as “danger signals” by plasma membrane-resident pattern 
recognition receptors (PRRs), such as receptor-like proteins (RPLs) or kinases (RLKs), or resistance (R) proteins. 
Co-evolution thereby continuosly drives the aquirement of new effectors on the pathogen and new PRRs and R 
proteins on the plant side. Thus, MAMPs, DAMPs and effectors and their respective receptors can be widely 
distributed among pathogens/plants or limited to certain species depending on their evolutionary occurrence. 
Principally, a common set of immune responses is activated but the defence reactions can vary in intensity and 
kinetics. (Figure from Boller and Felix, 2009) 

plants and animals, are able to sense bacterial flagellin, albeit via distinct conserved epitopes  
(Gomez-Gomez and Boller, 2002). 

1.2.2. Perception of MAMPs and DAMPs 

In Arabidopsis, the most conserved N-terminal part of bacterial flagellin, represented by the 22-amino-
acid peptide flg22, which corresponds to the active epitope of Pseudomonas aeruginosa flagellin and is 
by itself fully active as PAMP, is recognized by the receptor-like kinase (RLK) FLS2 (Flagellin-
sensitive 2). FLS2 comprises a glycosylated extracellular domain, consisting of 28 leucine-rich repeats 
(LRRs), responsible for ligand binding, a transmembrane domain and an intracellular serine/threonine 
kinase domain (Felix et al., 1999; Gomez-Gomez et al., 1999; Gomez-Gomez and Boller, 2000; 
Chinchilla et al., 2006). Within seconds of flg22 binding, FLS2 hetero-oligomerizes with another LRR-
RLK, BAK1 (BRI1-associated kinase 1; Figure 1–6, p. 17; Chinchilla et al., 2007; Heese et al., 2007; 
Schulze et al., 2010), which was originally identified as “co-receptor” of the brassinosteroid receptor 
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BRI1 (Brassinosteroid insensitive 1; Li et al., 2002; Nam and Li, 2002). Although BAK1, which 
contains only 4(-5) LRRs, is not involved in ligand binding, its interaction with FLS2 is required for full 
responsiveness (Chinchilla et al., 2007; Heese et al., 2007). Ligand binding (to LRRs 9–15) is proposed 
to induce a conformational change in FLS2 according to the “address-message concept”, where one part 
of the ligand mediates binding and another part receptor activation (Meindl et al., 2000). Subsequently, 
the FLS2- and BAK1-kinase domains get into close proximity, thereby enabling trans-phosphorylation 
events that finally result in activation of the FLS2-BAK1 receptor complex (Figure 1–6, p. 17; 
Chinchilla et al., 2009; Schulze et al., 2010). Although plants sense the most conserved part of flagellin 
as MAMP, which is also crucial for flagellum assembly and therefore for motility, some bacterial 
strains can “afford” mutations in this region to evade recognition, such as Agrobacterium tumefaciens 
and Sinorhizobium meliloti (Felix et al., 1999).  
In analogy to flagellin/FLS2, EF-Tu and the respective peptide elf18, the conserved acetylated  
N-terminal fragment of EF-Tu, are perceived by the cognate receptor EFR (EF-Tu receptor; Kunze et 
al., 2004; Zipfel et al., 2006). Like FLS2, EFR is an LRR-RLK comprising 21 LRR domains that 
presumably also interacts with BAK1 (Chinchilla et al., 2007). Furthermore, BAK1 is also involved in 
signalling induced by the plant-derived DAMP, AtPep1, as it associates with the two AtPep LRR-
RLKs, PEPR1 and PEPR2 (Krol et al., 2010; Postel et al., 2010; Yamaguchi et al., 2010). Arabidopsis 
contains seven AtPep peptides, which are released by processing of their respective precursors 
PROPEP1-7 upon stimulation, for instance, by wounding or pathogen attack. Processed AtPep peptides, 
in turn, also induce defence responses leading to sort of a feedforward amplification loop (Huffaker and 
Ryan, 2007). Due to specific expression patterns in distinct tissues and induced by different stimuli, 
such as the phytohormone JA, SA, ethylene, pathogens etc., AtPep peptides probably exert multiple 
functions in stress signalling (Huffaker et al., 2006; Huffaker and Ryan, 2007). Taken together, BAK1 
acts as “partner” kinase for multiple MAMP- and DAMP-activated signalling pathways. Accordingly, a 
loss of BAK1 impairs not only responses to flg22, elf18 and AtPep1 but also PGN, LPS and harpin 
elicitor protein (HrpZ) in Arabidopsis (Shan et al., 2008), as well as CSP and the oomycete infestin in 
tobacco (Heese et al., 2007; Chaparro-Garcia et al., 2011). The residual responses in bak1 mutants may 
indicate partial redundancies with BAK1 homologs, as BAK1 belongs to the 5-membered somatic 
embryogenesis receptor-like kinase (SERK) group and is also named SERK3 (Hecht et al., 2001; 
Albrecht et al., 2008). In addition, BAK1 plays an important role in development, particularly as an 
interacting kinase for BRI1 (Li et al., 2002; Nam and Li, 2002), and, together with its closest homolog 
SERK4, in cell death, although its exact function there remains yet elusive (He et al., 2007; 
Kemmerling et al., 2007; He et al., 2008). However, signalling activated by other MAMPs, such as 
chitin or the necrosis-inducing protein from Phytophthora sojae (NPP1) is independent of BAK1 (Shan 
et al., 2008). This is probably a consequence of the different structure of the chitin receptor, CERK1 
(Chitin elicitor receptor kinase 1), an RLK containing three extracellular lysin-motifs (LysM; Miya et 
al., 2007; Wan et al., 2008; Iizasa et al., 2010; Petutschnig et al., 2010). LysM domains are supposed to 
generally bind carbohydrates (Knogge and Scheel, 2006; Buist et al., 2008), such as chitin or the 
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lipochitooligosaccharide Nod factor, while LRR domains may commonly confer peptide- or protein-
protein binding (Kobe and Kajava, 2001) but are also able to engage various other molecules including 
lipids and nucleic acids (Ronald and Beutler, 2010). 
Receptor components are subjected to tight regulation. FLS2 is internalized by ligand-induced 
endocytosis, mediated by a PEST-like endocytosis motif and ubiquitination/proteasome function, which 
may represent not only catabolism or recycling of the activated receptor but may have specific 
intracellular signalling function (Robatzek et al., 2006; Salomon and Robatzek, 2006). Likewise, EFR 
and other PRRs carry a C-terminal typical YxxΦ endocytosis motif (Y is tyrosine, X any, and Φ a bulky 
hydrophobic amino acid; Salomon and Robatzek, 2006). Two recent screens for reduced MAMP 
sensitivity revealed roles of ethylene in regulating transcriptional steady-state levels of FLS2 (Boutrot et 
al., 2010; Mersmann et al., 2010). Similarly, various components of the ER secretory pathway and 
quality control were shown to be required for proper processing and export of functional EFR, but not 
FLS2, receptors to the plasma membrane (Li et al., 2009; Lu et al., 2009; Nekrasov et al., 2009; Saijo  
et al., 2009). 
The vital contribution of PTI to innate immunity is highlighted by the enhanced susceptibility of several 
PRR receptor mutants (Zipfel et al., 2004, 2006; Wan et al., 2008) and, particularly, by cross-family 
transfer of PRRs, e. g. AtEFR into tobacco and tomato, that confers broad-spectrum resistance  
to otherwise adapted pathogens (Lacombe et al., 2010).  

1.2.3. MAMP-induced signalling downstream of the receptor (complex) 

Generally, different MAMPs and DAMPs appear to activate a common set of signalling events and 
defence responses by sharing main signalling components (in addition to the adapter kinase BAK1). 
One of the earliest commonly observable signalling events after PRR activation are ion fluxes across 
the plasma membrane and concomitant membrane depolarization, which typically occur 30-60 seconds 
after MAMP application (Figure 1–6, p. 17). Thereby, an increased influx of H+ and Ca2+ into the 
cytosol is accompanied by an efflux of K+ and anions like nitrate or Cl- (Jabs et al., 1997; Blume et al., 
2000; Müller et al., 2000; Lecourieux et al., 2002; Ranf et al., 2008; Jeworutzki et al., 2010). These ion 
fluxes are easily detectable in suspension-cultured cells, as they lead to alkalinization of the growth 
medium (Granado et al., 1995; Tavernier et al., 1995; Felix et al., 1999; Kunze et al., 2004). The rapid 
change in the [Ca2+]cyt was shown to be a prerequisite for downstream responses (Figure 1–6, p. 17), 
due to the second messenger function of Ca2+, for instance, induced by Pep13 in parsley, cryptogein in 
tobacco or OGAs in soybean (Tavernier et al., 1995; Jabs et al., 1997; Lecourieux et al., 2002; Navazio 
et al., 2002). Furthermore, a production of the second messenger phosphatidic acid (PA) and its 
phosphorylated derivative diacylglycerol-pyrophosphate (DGPP) was demonstrated in tomato cell 
suspension cultures treated with the MAMPs flg22, xylanase or N-acetylchitotetraose (ch4) and was 
mainly accounted for by the combined activity of phospholipase C (PLC) and diacylglycerol (DAG) 
kinase (DGK; van der Luit et al., 2000). Intriguingly, the second product of the PLC-mediated DAG 
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production is inositol-(1,4,5)-trisphosphate (InsP3), an established Ca2+-releasing second messenger in 
the animal system, which may also account for Ca2+ release from plant vacuoles and ER (see 1.1.2). 
Subsequently, generation of reactive oxygen species (ROS) may directly confine pathogen growth via 
toxic effects and cell wall strengthening or may exert signalling functions (Torres et al., 2006; 
Hückelhoven, 2007). The Arabidopsis NADPH oxidases, RbohD and RbohF, contribute to ROS 
generation in response to pathogen attack (Torres et al., 2002) but MAMP-induced ROS are mainly 
produced by RbohD in Arabidopsis (Figure 1–6, p. 17; Zhang et al., 2007). Superoxide dismutases 
rapidly convert membrane-impermeant superoxide (O2ˉ•), produced in the apoplast by NADPH 
oxidases, into H2O2, which can enter cytosol and nucleus to execute intracellular functions. Mitogen-
activated protein kinase (MAPK) cascades are known to be activated upon elicitation with several 
MAMPs, such as Pep13 in parsley (Ligterink et al., 1997) or flg22 in Arabidopsis (Asai et al., 2002). 
MAPK cascades are combinatorial modules consisting of an upstream MAPK kinase kinase (MAP3K) 
that activates MAPK kinases (MKKs) by phosphorylation, while MKKs further activate MAPKs via 
dual phosphorylation of a conserved T-D/E-Y motif. Ultimately, MAPKs (in)activate multiple 
substrates to modulate metabolic processes or gene expression. In Arabidopsis flg22 elicitation  
activates MAP3K-MKK4/MKK5-MPK3/MPK6 and MEKK1-MKK1/MKK2-MPK4 (Figure 1–6, p. 17; 
Rodriguez et al., 2010). While activation of MPK6 is involved in ethylene generation, which is 
activated within minutes of MAMP application, as well as ethylene signalling (Liu and Zhang, 2004; 
Bethke et al., 2009), MPK4 seems to negatively regulate defence responses (Petersen et al., 2000). 
Additionally, the Ca2+-dependent protein kinases CPK4, CPK5, CPK6 and CPK11 were shown to 
(partially) redundantly regulate flg22-induced gene expression re-programming, as well as ROS 
accumulation (Figure 1–6, p. 17; Boudsocq et al., 2010; Rodriguez et al., 2010). 
Besides these “classical” signalling events, several receptor-like cytoplasmic kinases (RLCK), such as 
BIK1 (Botrytis-induced kinase 1) and its homologs PBL1 and PBL2, were recently reported to also be 
involved in signalling induced by several MAMPs like flg22, elf18 and chitin. While membrane-
tethered BIK1 interacts with unstimulated FLS2 and BAK1, and probably also EFR and CERK1, it 
becomes phosphorylated upon ligand-induced FLS2-BAK1 interaction, in turn phosphorylates FLS2 
and BAK1 and is subsequently released from the FLS2-BAK1 complex (Figure 1–6, p. 17; Lu et al., 
2010b; Zhang et al., 2010). Thus, BIK1 and its homologs may attribute for activation of signalling 
components not directly associated with the receptor complex. Like BAK1, these RLCKs and many 
other signalling components like NADPH oxidases, MAPKs, CDPKs and several transcription factors 
(e. g. WRKYs) are shared not only between multiple MAMPs and DAMPs but also by other stimuli, 
such as abiotic stresses, hormones and developmental stimuli, and are thought to constitute convergence 
and integration points (Chinchilla et al., 2009; Kudla et al., 2010; Rodriguez et al., 2010; Rushton et al., 
2010). Although these mostly comprise protein families with, for instance, distinct expression patterns 
or specific protein-interaction-domains, the common employment of transduction cascades raises the 
question of how signalling specificity is maintained. 
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Gene expression re-modulation occurs already within 30 min 
after MAMP application (Ramonell et al., 2002; Navarro et al., 
2004; Denoux et al., 2008). A striking percentage of up-
regulated genes are comprised by RLKs, several of which might 
have yet unknown function in immunity, and other MAMP-
activated signalling components (Asai et al., 2002; Navarro et 
al., 2004; Zipfel et al., 2006; Postel et al., 2010). Only recently, 
the RLK BIR1 was identified that can associate with BAK1 and 
appears to negatively regulate defence responses and cell death 
(Gao et al., 2009). Taken together, this suggests that MAMP 
perception generally alerts a plant of a potential danger and sets 
a “ready-to-defend” state. In agreement, MAMP perception in 
guard cells also triggers closure of stomata to prevent pathogen 
invasion, since stomata in their open state are potential entry 
points for many foliar pathogens (Melotto et al., 2006; Zeng 
and He, 2010). Several hours after elicitation, MAMPs induce 
deposition of callose to fortify cell walls, which is dependent on 
ROS generation (Kohle et al., 1985; Jacobs et al., 2003; Zhang 
et al., 2007; Luna et al., 2011). Furthermore, MAMP perception 
not only induces local responses but also establishment of 
resistance in distant tissues through SA-mediated systemic 
acquired resistance (SAR; Mishina and Zeier, 2007; Vlot et al., 
2009) or potentially JA/ethylene-mediated induced systemic 
resistance (ISR), e. g. by LPS from rhizobacteria (Pieterse et al., 
1996, 1998). Long-term application of several MAMPs, such as 
flg22 and elf18, also leads to seedlings growth arrest, which is 
often used as a measure of MAMP responsiveness and applied 
for genetic screening (Gomez-Gomez et al., 1999; Chinchilla  
et al., 2007; Li et al., 2009; Nekrasov et al., 2009). 
  

Figure 1–6. Overview of flagellin-stimulated early signalling in Arabidopsis. 
Upon binding of flagellin/flg22 to its receptor kinase FLS2 this associates with the BAK1 kinase. Trans-
phosphorylation is thought to activate the FLS2-BAK1 receptor complex. The receptor-like cytoplasmic kinase 
BIK1, associated with unstimulated FLS2, is released upon trans-phosphorylation with FLS2/BAK1 and may 
activate downstream targets in the cytosol. FLS2 activation triggers rapid ion fluxes across the plasma membrane, 
including influx of apoplastic Ca2+ into the cytosol, and concomitant membrane depolarization. Subsequently, Ca2+ 
and Ca2+-dependent protein kinases (CDPKs) presumably activate the generation of ROS like H2O2 by the plasma 
membrane-resident NADPH oxidase, RbohD. In parallel, activation of CDPKs and two mitogen-activated protein 
kinase (MAPK) cascades results in re-programming of gene expression, for instance via WRKY class transcription 
factors (TFs). While regulation of PHI1 expression is dependent on CDPKs and FRK1 expression on MAPKs, 
NHL10 expression is regulated by both. The signalling steps leading from FLS2/BAK1 activation to Ca2+ and 
MAPK signalling, however, remain yet elusive. (Figure adapted from Ronald and Beutler, 2010) 
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1.2.4. Mechanisms of pathogens to interfere with MAMP and DAMP signalling 

The central role of MAMP and DAMP signalling in innate immunity is further substantiated by the 
various effectors, with diverse biochemical functions, that target immune receptor complexes and 
downstream components to disrupt signalling (Göhre and Robatzek, 2008). P. syringae, for instance, is 
estimated to secrete up to 30 different effectors during infection (Chang et al., 2005). Due to its shared 
function in several signalling pathways, BAK1 is a predestined object of effector manipulation (Lu et 
al., 2010a). Indeed, the Pseudomonas effector AvrPto targets BAK1 (Shan et al., 2008) or PRRs like 
FLS2 and EFR (Xiang et al., 2008). AvrPto also impairs chitin signalling by a yet unknown mechanism 
(Shan et al., 2008). Similarly, AvrPtoB ubiquitinates and therefore marks FLS2 and CERK1 for 
proteasome-mediated degradation (Göhre et al., 2008; Gimenez-Ibanez et al., 2009). Additionally, 
signalling events downstream of the receptor are subject to effector-mediated manipulation, such as 
MAPKs, which are irreversibly inactivated by the phosphothreonine lyase HopAI1 (Zhang et al., 2007). 
While the majority of bacterial effectors act inside the host cell, fungal and oomycete effectors are 
probably mainly secreted into the apoplast but possibly may be taken up by host cells via endocytosis 
(Chisholm et al., 2006). Fungal LysM effectors, for instance the secreted Cladosporium fulvum 
extracellular protein 6 (Ecp6), compete with chitin receptors for chitin binding to suppress signalling 
and mask the invading fungus (Bolton et al., 2008; de Jonge et al., 2010). Due to their widespread 
occurrence and functional conservation, LysM effectors may also qualify as PAMPs rather than 
effectors, thereby demonstrating again the difficulties of a strict MAMP–effector differentiation 
(Thomma et al., 2011). 
Plant stomata are not only central regulation points of plant catabolism but also entry points for many 
foliar pathogens and thus, subject to tight regulation from the plant side on the one hand, and targets for 
manipulation by the pathogen on the other hand. In agreement, some Pseudomonas strains secrete 
coronatine, an isoleucine-JA mimic, or syringolin A, an irreversible proteasome inhibitor, to gain access 
to the leaf interior by re-opening stomata that were closed upon MAMP perception (Melotto et al., 
2006; Melotto et al., 2008; Schellenberg et al., 2010).  
Last but not least, a different strategy to the classical cytoplasmic bacterial effectors was recently 
reported. Pathogenic, but also symbiotic bacteria secrete extracellular polysaccharides (EPS) 
sequestering apoplastic Ca2+ to attenuate host MAMP signalling (Aslam et al., 2008). Ca2+ chelation 
may, additionally, lead to weakening of the cell wall structure to facilitate access of bacteria to host 
cells, since Ca2+ mediates non-covalent cell wall cross-linking (Hückelhoven, 2007). This observation 
further reinforces the crucial role of Ca2+ and Ca2+ signalling in plant immunity.  

1.2.5. Ca2+ in plant – microbe interactions: the role of Ca2+ in MAMP signalling 

The general requirement of a Ca2+ influx into the cytosol for activation of defence responses in plants 
has long been observed and is now well established (Stab and Ebel, 1987; Yang et al., 1997; Scheel, 
1998). Meanwhile, aequorin-based Ca2+ imaging revealed the characteristics of different MAMP-
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induced [Ca2+] elevations in various species (Knight et al., 1991). The Phytophthora MAMP, Pep13, 
after a short lag phase, induces a characteristic biphasic [Ca2+]cyt elevation with a high transient primary 
peak that continues into a prolonged [Ca2+]cyt elevation of ~30 minutes (Blume et al., 2000). A detailed 
pharmacological study revealed that the prolonged plateau phase mainly required influx of apoplastic 
Ca2+, while the primary Ca2+ peak potentially involves Ca2+ release from internal stores. Apparently, all 
tested later responses, such as ROS accumulation, MAPK activation, defence gene expression and 
production of phytoalexins, are dependent on Ca2+, in particular on the second sustained [Ca2+]cyt 
elevation (Nürnberger et al., 1994b; Jabs et al., 1997; Ligterink et al., 1997; Blume et al., 2000). Based 
on an electrophysiological characterization, the Pep13-induced [Ca2+]cyt elevation is mediated by a Ca2+-
permeable, La3+-sensitive plasma membrane ion channel of large conductance, which is hardly voltage-
dependent and reversibly activated upon receptor-mediated Pep13 perception (Zimmermann et al., 
1997). Similarly, biphasic [Ca2+]cyt elevations were elicited by fungal β-glucans in soybean cells, while 
chitinoligomers only induced a single Ca2+ peak (Mithöfer et al., 1999). Likewise, biphasic Ca2+ 
responses were observed in suspension-cultured tobacco cells upon treatment with elicitins like 
cryptogein, OGAs, LPS, the linear β-1,3-glucan laminarin and N-acetylchitopentaose (ch5). Like in 
parsley, the [Ca2+]cyt elevations were necessary for downstream responses (Tavernier et al., 1995; 
Lecourieux et al., 2002). According to inhibitor studies, the biphasic [Ca2+]cyt elevations involve influx 
from extra- as well as intracellular Ca2+ stores mediated by O2

ˉ•/H2O2, nitric oxide (NO) or PLC-derived 
InsP3 (Lecourieux et al., 2002; Lamotte et al., 2004). Moreover, the two TPC homologs, NtTPC1a and 
NtTPC1b, were reported to mediate Ca2+ influx across the plasma membrane in tobacco cells upon 
stimulation with the elicitor cryptogein but also cold shock, sucrose, H2O2 or salicylic acid (Furuichi et 
al., 2001; Kadota et al., 2004; Kawano et al., 2004; Lin et al., 2005). Likewise, the rice OsTPC1 and 
wheat TaTPC1 homologs have been proposed to reside in the plasma membrane and to function in 
response to elicitors (Kurusu et al., 2005) or abiotic stresses (Wang et al., 2005), respectively. In strong 
contrast, AtTPC1 was found to localize to the tonoplast (Carter et al., 2004; Peiter et al., 2005). Another 
candidate Ca2+-permeable channel contributing to MAMP-induced [Ca2+]cyt elevations is CNGC2, also 
known as defence-no-death (DND1; Clough et al., 2000). DND1 shows constitutive defence responses 
and elevated SA levels but no HR upon inoculation with avirulent bacteria, demonstrating that DND1-
mediated Ca2+ influx across the plasma membrane is crucial for establishment of HR-like cell death (Yu 
et al., 1998; Clough et al., 2000; Ali et al., 2007; Ma et al., 2009). Additionally, DND1 was reported to 
mediate LPS-induced [Ca2+]cyt elevations in Arabidopsis (Ali et al., 2007; Ma et al., 2009). The role of 
DND1 as well as TPC1 in stress-induced Ca2+ responses in Arabidopsis seedlings was examined as part 
of this work and will therefore be further discussed in chapter 2.1 (p. 21) and 2.4 (p. 78). 
MAMP-induced Ca2+ signalling, however, is not restricted to pathogens, but also plays a central role in 
Rhizobium-legume as well as arbuscular mycorrhizal symbiosis (Müller et al., 2000; Yokoyama et al., 
2000). While the pathogen-induced signalling activates innate immune responses to restrict pathogen 
growth and invasion, signalling events leading to beneficial symbiosis are characterized by events that 
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are favourable for both partners, which may include the active suppression of MAMP-induced defence 
responses (Dodd et al., 2010).  

1.3. Objectives 

Although Arabidopsis thaliana is among the best studied model plants, particularly in innate immunity, 
the knowledge about MAMP-induced Ca2+ signalling is rather limited. To date, the majority of the  
Ca2+ signalling work in plant immunity has been performed in suspension-cultured cells. Although this 
system enables synchronous elicitation of mostly a single cell type, these cells might react substantially 
different compared to cells in whole plants. Moreover, studies in suspension-cultured cells are not 
easily amenable to genetical experimentation and heavily dependent on pharmacological manipulation, 
which – due to possible unspecific side effects – require critical assessment. Hence, this work aims at 
providing novel insights into MAMP-induced Ca2+ signalling in Arabidopsis thaliana on whole 
seedlings or plant level by using the available genetic tools. To this end, Ca2+ elevations induced by 
various MAMPs in Arabidopsis seedlings or leaf discs were characterised and genetically analysed as 
part of this work (published and unpublished results) as detailed below. 
 

1) Analysis of the interplay between Ca2+ signalling and other early signalling components. 
Therefore, mutants of established and potential MAMP-induced signalling components were 
analysed for a role in Ca2+ signalling by quantitative aequorin-based [Ca2+]cyt measurements. 

2) Screen for mutants altered in MAMP-induced Ca2+ signalling:   
Changed Calcium Elevation (CCE).  
This includes setting up a quantitative and high-throughput screening system using aequorin-based 
[Ca2+] measurements and initial characterization of isolated cce mutants. 

3) [Ca2+] elevations induced by yet uncharacterized or novel – pathogenic as well as beneficial – 
MAMPs in Arabidopsis.  
The [Ca2+] elevations induced by the DAMP AtPep1, the MAMPs chitin, LPS (in collaboration 
with Ulrich Zähringer, Research Center Borstel) and PGN (in collaboration with Andrea Gust / 
Thorsten Nürnberger, ZMBP Tübingen), and a cell wall extract from the beneficial fungus 
Piriformospora indica (in collaboration with Jyothilakshmi Vadassery / Ralf Oelmüller, University 
of Jena) were examined.  
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2. RESULTS 

The examination of early elicitor-activated signalling events, for instance, in tobacco, soybean and 
parsley cells, has demonstrated a crucial role of [Ca2+]cyt elevations for activation of defence responses, 
and this is assumed to be generally alike in most plant species. However, the underlying genetic 
components yet remain largely elusive. Despite its prominent role as model plant in innate immunity, 
MAMP-induced Ca2+ signalling in Arabidopsis thaliana has not yet been studied in great detail.  
The availability of the complete Arabidopsis Col-0 genome sequence, genetically defined mutants, tools 
for producing stable transgenics and the discovery of highly active peptide elicitors, such as flg22, elf18 
and Pep1, provide a solid base for genetic dissection of MAMP-induced early signalling events, 
particularly Ca2+ signalling. Hence, the first part of this work aims at assessing the role of Ca2+ 
signalling in different mutant backgrounds by direct [Ca2+]cyt measurements and parallel analysis  
of downstream responses. 

2.1. Two-pore channel 1 - a putative Ca2+ channel in stress responses 

2.1.1. Aims and summary 

Plasma membrane resident TPC channels in tobacco and rice were reported to contribute to biotic and 
abiotic stress responses (Kadota et al., 2004; Kawano et al., 2004; Kurusu et al., 2005; Lin et al., 2005). 
Due to their plasma membrane localization and their permeability to Ca2+, TPC channels were therefore 
regarded as good candidates for the long-sought MAMP-activated Ca2+ influx channels. Re-evaluation 
of the localization by co-expression and electrophysiological studies, contrarily, proved a tonoplast 
localization for AtTPC1. The finding that TPC1 mediates the well-established SV currents at the 
vacuole (Peiter et al., 2005) in combination with its Ca2+-dependent activation and its permeability  
to mono- as well as divalent cations, suggested TPC1/SV channel to mediate CICR upon an initial 
[Ca2+]cyt elevation leading to mass influx of Ca2+ from the vacuole into the cytosol. However, [Ca2+]cyt 
elevations induced by diverse abiotic and biotic factors were not affected in tpc1 knockout or  
TPC1-overexpressing Arabidopsis plants. The tested stimuli ranged from cold, hyperosmotic, salt and 
oxidative stress, elevation in extracellular Ca2+ concentration to the bacterial peptide MAMPs flg22 and 
elf18. Likewise, stress-induced gene expression was not altered in tpc1 mutants or TPC1-over-
expressors. Taken together, a putative role for TPC1 in stress-induced Ca2+ signalling in Arabidopsis 
could not be confirmed. Instead, the data obtained in this and other studies collectively suggest a 
function of TPC1 in Ca2+-dependent K+ homeostasis.  
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2.1.2. Publication 
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2.2. Impact of different signalling components on MAMP-induced Ca2+ signalling 

2.2.1. Aims and summary 

While most downstream responses are crucially dependent on an initial [Ca2+]cyt elevation, they still 
may have a feedback impact on the Ca2+ response. ROS, for instance H2O2, are themselves capable of 
inducing [Ca2+]cyt alterations. Likewise, phospholipid signalling presumably is Ca2+-dependent but in 
turn produces the putative Ca2+-releasing second messengers InsP3/InsP6. To analyse the interplay 
between early signalling events and their possible impact on Ca2+ signalling, the second chapter of this 
thesis, consisting of a submitted manuscript and additional unpublished results, focussed on such 
signalling events that act in a similar time frame as Ca2+ signalling. Complete abrogation of the ROS 
production in the rbohD mutant indeed revealed a feedback impact of ROS on the [Ca2+]cyt elevation. 
This secondary ROS-induced [Ca2+]cyt elevation results in a second peak or prolonged plateau. 
Furthermore, a reduced ROS accumulation in phospholipase Dα1 (pldα1) suggests a role for 
phosphatidic acid (PA) upstream of ROS generation, while knockout of MPK3 led to a prolonged but 
not enhanced ROS production without affecting the [Ca2+]cyt elevations. Likewise, decreased InsP6 
levels did not impair [Ca2+]cyt elevations but, intriguingly, resulted in an enhanced flg22-mediated root 
growth arrest. Last but not least, Ca2+/CaM directly activate expression of early defence genes, such as 
ZAT12, via the transcription factor CAMTA3 in response to flg22. 
Additionally, specificity within the signalling pathways stimulated by different MAMPs was observed. 
Although different MAMPs are thought to converge at early signalling steps and thus to induce a 
stereotypic defence program, the detailed comparison of flg22- and elf18-induced responses revealed 
qualitative and quantitative differences. While seedling growth on elf18-containing medium mainly 
resulted in strong reduction of shoot size, flg22 predominantly affected root growth. Since both 
MAMPs induced defence responses in shoots but only weak reactions in roots, the distinct growth 
inhibition phenotypes were not simply caused by tissue-specific perception. Moreover, flg22-induced 
gene expression kinetics were transient compared to a prolonged induction upon elf18 elicitation. 
Intriguingly, BAK1 differentially contributes to flg22- vs. elf18-mediated responses. Such, MAMP-
induced [Ca2+]cyt amplitudes were virtually identical in bak1 in contrast to significantly distinct peak 
heights in the wild type. Despite these comparable Ca2+ responses in bak1, Ca2+-dependent defence 
gene expression and growth arrest were strongly dependent on BAK1 in response to flg22 but not elf18. 
However, other Ca2+-dependent responses, such as ROS accumulation and MAPK activation were 
similarly reduced in bak1 in response to both MAMPs. Unlike in bak1, [Ca2+]cyt elevations or ROS 
accumulation were neither reduced nor delayed in any of the other BAK1-homologous serk mutants. 
Moreover, loss of SERK2 or SERK4 resulted in an even opposite phenotype, an enhanced flg22-
mediated root growth arrest. Thus, the role of BAK1 as “co-receptor” and the other SERK kinases 
appears more complex than initially assumed and may involve different regulation at distinct signalling 
levels. Taken together, early signalling elements are not strictly hierarchical organized but form a 
complex interrelated signalling network.  
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2.2.2. Manuscript 

Interplay between calcium signalling and early signalling elements during defence responses to 
microbe- or damage-associated molecular patterns 

Stefanie Ranf, Lennart Eschen-Lippold, Pascal Pecher, Justin Lee* & Dierk Scheel 
 
Leibniz Institute of Plant Biochemistry, Stress and Developmental Biology, Weinberg 3, D-06120 Halle 
*For correspondence: fax +49 34555821409; phone +49 34555821410; e-mail jlee@ipb-halle.de 
Running title: Calcium signalling in Arabidopsis innate immunity 
Keywords: Arabidopsis thaliana, MAMP, calcium, ROS, BAK1, SERK 

SUMMARY 

While diverse microbe- or damage-associated molecular patterns (MAMPs/DAMPs) typically trigger a 
common set of intracellular signalling events, comparative analysis between the MAMPs flg22 and 
elf18 revealed MAMP-specific differences in Ca2+ signalling, defence gene expression and MAMP-
mediated growth arrest in Arabidopsis thaliana. Such MAMP-specific differences are, in part, 
controlled by BAK1, a kinase associated with several receptors. Whereas defence gene expression and 
growth inhibition mediated by flg22 were reduced in bak1 mutants, BAK1 had no or minor effects on 
the same responses elicited by elf18. As the residual Ca2+ elevations induced by diverse 
MAMPs/DAMPs (flg22, elf18 and Pep1) were virtually identical in bak1 mutants, a differential BAK1-
mediated signal amplification to attain MAMP/DAMP-specific Ca2+ amplitudes in wild type plants may 
be hypothesized. Furthermore, abrogation of reactive oxygen species (ROS) accumulation, either in the 
rbohD mutant or through inhibitor application, led to loss of a second Ca2+ peak, demonstrating a 
feedback effect of ROS on Ca2+ signalling. Conversely, mpk3 mutants showed a prolonged ROS 
accumulation but this did not significantly impinge on the overall Ca2+ response. Thus, fine-tuning of 
MAMP/DAMP responses involves interplay between diverse signalling elements functioning both up- 
or downstream of Ca2+ signalling. 

INTRODUCTION 

Plant defence is initiated through the recognition of conserved microbe/pathogen-associated molecular 
patterns (M/PAMPs) or plant-derived damage-associated molecular patterns (DAMPs) by specific 
pattern-recognition receptors (PRR). Activation of PRRs initiates a set of common defence responses 
eventually leading to immunity (reviewed in Boller and Felix, 2009). One of the earliest signalling 
events after MAMP/DAMP perception is a rapid change in the cytosolic Ca2+ concentration ([Ca2+]cyt) 
and concomitant membrane depolarization (Blume et al., 2000; Lecourieux et al., 2002; Ranf et al., 
2008; Jeworutzki et al., 2010). Subsequently, generation of reactive oxygen species (ROS) may directly 
confine pathogen growth via toxic effects and cell wall strengthening or may exert signalling functions 
(Torres et al., 2006). The Arabidopsis NADPH oxidases, RbohD and RbohF, contribute to ROS 
generation in response to pathogen attack (Torres et al., 2002). Superoxide dismutases rapidly convert 
membrane-impermeant superoxide (O2ˉ•), produced in the apoplast by NADPH oxidases, into H2O2, 
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which can enter cytosol and nucleus to execute intracellular functions. Activation of mitogen-activated 
protein kinase (MAPK) cascades (MAP3K-MKK4/MKK5-MPK3/MPK6 and MEKK1-MKK1/MKK2-
MPK4) and Ca2+-dependent kinases (CPK4/5/6/11) leads to gene expression re-programming 
(Boudsocq et al., 2010; Rodriguez et al., 2010). 
The best studied PAMP/PRR pairs in Arabidopsis to date are flagellin/FLS2 (Flagellin sensitive 2) and 
EF-Tu/EFR (EF-Tu receptor), with the peptides flg22 and elf18 functioning as the elicitor-active 
PAMPs, respectively (Felix et al., 1999; Gomez-Gomez et al., 1999; Gomez-Gomez and Boller, 2000; 
Kunze et al., 2004; Zipfel et al., 2006). Upon flg22 binding, FLS2 hetero-oligomerizes with another 
receptor-like kinase (RLK), BRI1-associated kinase 1 (BAK1), which was originally found as interactor 
of the brassinosteroid receptor BRI1 (Brassinosteroid insensitive 1; Li et al., 2002; Nam and Li, 2002). 
While sometimes referred to as a “co-receptor”, BAK1 is not involved in flg22 binding but its 
association with FLS2 is necessary for full responsiveness (Chinchilla et al., 2007; Heese et al., 2007). 
BAK1 also contributes to signalling pathways activated by several other PAMPs, as well as AtPep1, a 
plant-derived DAMP (Shan et al., 2008; Krol et al., 2010). Similarly, further signalling components like 
MAPKs, CDPKs and WRKY transcription factors are shared not only between multiple 
MAMPs/DAMPs but also by other stimuli, such as abiotic stresses, hormones and developmental cues 
(Kudla et al., 2010; Rodriguez et al., 2010; Rushton et al., 2010). Moreover, Ca2+ is a ubiquitous 
second messenger involved in nearly all aspects of plant life (Dodd et al., 2010; Kudla et al., 2010). 
This raises the question of how and to which extent signal specificity is maintained by common 
signalling components. Whereas MAPKs, CDPKs and WRKY transcription factors comprise large gene 
families of several individuals with, for example, specific domain structures and expression patterns to 
determine specific outputs, Ca2+ is just a simple ion. A longstanding paradigm to explain stimulus-
specific responses is the concept of the “Ca2+ signature” (Webb et al., 1996), where duration, amplitude, 
frequency and spatial distribution are thought to encode stimulus-specific information that is decoded 
by various Ca2+-binding proteins, like calmodulins (CaM), Ca2+-dependent CaM-binding transcription 
factors (CAMTAs) and CDPKs. Alternatively, Ca2+ may act as a “chemical on-off switch”, where Ca2+ 
levels beyond a certain threshold are necessary and sufficient to trigger responses (Scrase-Field and 
Knight, 2003; Dodd et al., 2010). 
The relevance for these signalling components in immunity can be inferred from the strategies used by 
pathogens to interfere with their function. These include effector proteins delivered into host cells 
(Göhre and Robatzek, 2008) or secretion of extracellular polysaccharides that sequester apoplastic Ca2+ 
to impair MAMP/DAMP signalling (Aslam et al., 2008). Thus, changes in [Ca2+]cyt is one of the earliest 
and vital events for signalling. As the interaction and mutual relations of many early MAMP/DAMP 
signalling components in Arabidopsis are not well understood, these were analysed for a possible 
impact on Ca2+ signalling. We concentrated on such components that act in the same time frame as Ca2+ 
signalling, like BAK1 and homologous somatic embryogenesis receptor-like kinases (SERK), MAPKs 
and NADPH oxidases. 
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RESULTS 

Different MAMPs and DAMPs induce specific [Ca2+]cyt elevations in Arabidopsis seedlings. 

As assessed by aequorin luminescence-based Ca2+ imaging, several MAMPs or DAMPs, such as 
bacterial flg22 and elf18, fungal N-acetylchitooctaose (ch8), and the plant-derived DAMP, Pep1, elicit 
[Ca2+]cyt increases in Arabidopsis seedlings (Figure 1a). Specificity is demonstrated by the lack of 
[Ca2+]cyt increase in the controls, comprising either water or inactive forms of the MAMPs/DAMPs 
(Figure 1, S1; Felix et al., 1999; Kunze et al., 2004). Pre-treatment of seedlings with either LaCl3,  
a Ca2+ channel blocker, or BAPTA, a membrane-impermeant Ca2+ chelator, completely abolished the 
MAMP/DAMP-induced [Ca2+]cyt elevations (Figure S2), showing that an initial influx of apoplastic 
Ca2+ across the plasma membrane is required for establishing the [Ca2+]cyt response. 
Dose response curves showed that, with the exception of Pep1, the tested MAMPs/DAMPs reached 
apparent saturating concentrations for inducing [Ca2+]cyt elevations between 100 nM to 1 µM 
(Figure S3). The MAMPs or DAMPs, which were applied at 1 µM for general comparison, induced 
[Ca2+]cyt elevations with a typical pattern (Figure 1a): after a lag phase of about 40 sec (flg22/ch8) to 
1 min (elf18/Pep1), the [Ca2+]cyt steeply increased, followed by a short plateau phase and a slow decline 
to resting level over 30-40 min. Maximum peak heights differed between the tested MAMPs/DAMPs, 
with flg22 having the highest [Ca2+]cyt amplitude (Figure 1a,c). Interestingly, two distinct peaks were 
detectable for flg22, whereas for elf18 and Pep1 the “twin peaks”, while regularly visible in individual 
plots (Figure S4), were merged to a prolonged plateau phase in the composite plot representing  
the average of more than 30 seedlings (Figure 1a).  

Root- and shoot-specific differences in response to MAMPs and DAMPs. 

Since flagellin, EF-Tu and chitin are not specific for foliar microbes, their ability to induce [Ca2+]cyt 
responses in isolated roots was compared to the aerial seedling parts. No significant differences in 
amplitude or kinetics of MAMP/DAMP-induced [Ca2+]cyt elevations between intact and root-dissected 
seedlings (Figure 1c, S5) were found for flg22, elf18 and ch8. Pep1-induced [Ca2+]cyt amplitudes were 
slightly enhanced in root-dissected seedlings, probably due to wounding effects (Figure 1c, S5). Taken 
together, the detected flg22/elf18-induced [Ca2+]cyt elevations of intact seedlings represent that of the 
aerial tissues. Whereas ch8 and Pep1 induced rather similar responses in seedling shoots and roots, 
roots were insensitive to elf18 and showed only a minor response to flg22 (Figure 1b,c). The shape of 
the flg22-induced [Ca2+]cyt curve in roots resembled that in seedlings induced by lower flg22 
concentrations (Figure S3a). Accordingly, the FLS2 and EFR receptors are highly expressed in whole 
seedlings and rosette leaves but only marginally in roots, while CERK1 (Chitin elicitor receptor 
kinase 1), PEPR1/2 (Pep receptor 1/2) and BAK1 are similarly expressed in roots and aerial parts 
(Figure 1d). Thus, the observed MAMP/DAMP-induced [Ca2+]cyt elevations in roots mirror the 
expression levels of the corresponding receptors. 
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Figure 1. MAMPs and DAMPs induce specific [Ca2+]cyt elevations in Arabidopsis seedlings and roots. 
(a,b) [Ca2+]cyt elevations upon application (marked by arrow) of the MAMPs/DAMPs flg22, elf18, ch8, Pep1 and 
water as control in (a) intact Col-0 seedlings or (b) isolated roots were monitored over time. Data represent 
mean ± SD of ≥ 4 independent experiments (n ≥ 30). Letters indicate statistically significant differences between 
the [Ca2+]cyt amplitudes induced by the distinct MAMPs/DAMPs, with the statistically significant groups categorized 
by different letters (Kruskal-Wallis / Dunn’s post test; p < 0.001). 
(c) Comparison of the maximum [Ca2+]cyt amplitudes in intact seedlings (black bars), root-dissected seedlings 
(without [w/o] roots; grey bars) or isolated roots (shaded bars) induced by the indicated MAMPs/DAMPs (all 1 µM) 
or water as control. Letters indicate statistically significant differences between the [Ca2+]cyt amplitudes induced in 
the distinct tissues, separately calculated for each MAMP/DAMP, with the statistically significant groups 
categorized by different letters (Kruskal-Wallis / Dunn’s post test; p < 0.001). 
(d) Expression of MAMP/DAMP receptors in Arabidopsis seedlings, rosettes and roots (upper panel; AT-93) or in 
distinct Arabidopsis root tissues (lower panel; AT-191). Data were obtained from public database 
(Genevestigator v3). 

Plant growth arrest in the presence of MAMPs/DAMPs is well documented, but there appear to be 
organ-specific differences e. g. for Pep1 (Krol et al., 2010). We therefore re-evaluated growth inhibition 
of Col-0 seedlings on flg22- or elf18-containing agar plates. Seedlings on flg22-plates had short roots 
with many lateral roots, while the shoots were smaller, sometimes with slightly yellowish leaves, and 
very variable in size. By contrast, seedlings on elf18-plates had tiny, dark brown cotyledons and long, 
thin primary roots without lateral roots (Figure 2a). Thus, flg22 mainly inhibits root growth, whereas 
elf18 predominantly affects shoots (Figure 2b,c). Quantification, based on root length for flg22 and 
fresh weight for elf18 (Figure 2b,c), corroborates the [Ca2+]cyt elevation dose response data (Figure S3) 
that maximum inhibition is attained between 100 nM to 1 µM. Hence, while at first sight, many 
MAMP-induced responses appear similar, detailed comparison based on flg22 and elf18 revealed that 
MAMP-specific differences exist in both “late” responses like MAMP-induced growth inhibition and 
“early” events such as [Ca2+]cyt elevations. 
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[Ca2+]cyt elevations induced by flg22, elf18 and Pep1, but not ch8 are delayed and reduced in bak1 
mutants. 

To investigate the role of Ca2+ signalling, several signalling components were tested for their 
contribution to MAMP-induced [Ca2+]cyt elevations. The receptor mutants, fls2, efr and cerk1, were 
insensitive to their respective MAMPs, but reacted normally to other tested MAMPs/DAMPs 
(Figure S6). By contrast, mutants of the BAK1 “co-receptor” did not show complete insensitivity, but 
delayed and reduced [Ca2+]cyt responses to flg22, elf18 and Pep1 (Figure 3a-c,e). Ch8-induced [Ca2+]cyt 
elevations in bak1 mutants, in contrast, were essentially identical to wild type (Figure 3d). Similarly, 
MAPK activation, a downstream response of [Ca2+]cyt elevations, was clearly reduced and delayed  
(for flg22 and elf18) or slightly reduced (for Pep1) in bak1-4 upon elicitation but not upon ch8 
elicitation (Figure 3f). Hence, these findings are in agreement with the published role of BAK1 in early 
signalling for FLS2, EFR (Chinchilla et al., 2007) and PEPR1/2 (Krol et al., 2010), but not CERK1  
(Shan et al., 2008). 

Figure 2. Flg22- and elf18-induced growth inhibition reveals different phenotypes in Arabidopsis 
seedlings. 
(a) Col-0 seedlings were grown on agar plates ± 1 µM flg22 or elf18 for 14 days and representative seedlings were 
photographed. Inserts show enlarged photographs of elf18-induced upper seedling parts. Identical results were 
obtained in ≥ 3 independent experiments. 
(b) Root length of Col-0 seedlings grown for 14 days on agar plates containing the indicated concentrations of 
flg22 (black bars) or elf18 (shaded bars). 
(c) Fresh weight of 5-days-old Col-0 seedlings grown for further 15 days in liquid medium containing the indicated 
concentrations of flg22 (black bars) or elf18 (shaded bars). 
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  the distinct MAMP/DAMPs, separately calculated for 
each genotype, with the statistically significant groups 
categorized by different letters (Kruskal-Wallis / Dunn’s 
post test; p < 0.001). 
(f) MAPK activation upon application of the indicated 
MAMPs/DAMPs in bak1-4 compared to Col-0 was 
analysed by anti-pTEpY Western blot at indicated time 
points. Amido-black-stained membranes show equal 
loading. Three independent experiments revealed 
comparable results. 

Figure 3. [Ca2+]cyt elevation and MAPK activation is 
delayed and reduced in bak1 seedlings upon flg22, 
elf18 and Pep1, but not ch8 elicitation. 
(a-d) [Ca2+]cyt elevations in bak1 seedlings induced by 
the indicated MAMPs/DAMPs compared to Col-0. 
Dashed lines/arrows indicate reduction of peak height 
in bak1-4 compared to Col-0. Black arrows mark time 
of MAMP/DAMP application. Data represent mean 
± SD of ≥ 4 independent experiments (n ≥ 10). Letters 
indicate statistically significant differences between the 
[Ca2+]cyt amplitudes in the distinct genotypes, 
separately calculated for each MAMP/DAMP, with the 
statistically significant groups categorized by different 
letters (Kruskal-Wallis / Dunn’s post test; p < 0.001). 
(e) Comparison of the maximum [Ca2+]cyt amplitudes in 
Col-0 or bak1 mutants induced by 1 µM flg22 (black 
bars), 1 µM elf18 (grey bars) or 1 µM Pep1 (shaded 
bars). Letters indicate statistically significant 
differences between [Ca2+]cyt amplitudes induced by 
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Strikingly, the distinct flg22-, elf18- and Pep1-induced [Ca2+]cyt elevations in wild type were reduced in 
bak1 mutants to virtually identical peak height (Figure 3e) and shape for all three MAMPs/DAMPs 
(Figure 3a-c). Different amplitudes for MAMP/DAMP-induced membrane depolarization have 
similarly been observed between bak1-4 and wild type plants (Krol et al., 2010). Thus, BAK1-receptor 
interaction determines the distinct amplitudes of [Ca2+]cyt elevation (Figure 3a-c,e) and membrane 
depolarization induced by different MAMPs/DAMPs in wild type plants, with BAK1 acting as signal 
amplifier to accelerate and boost the overall response. The residual responses observed in bak1 mutants 
might originate from signalling solely via the receptors or from partially redundant BAK1 homologs 
(see below) or other receptor complex constituents. 

Other SERK family members do not show altered flg22/elf18-induced [Ca2+]cyt elevations and 
ROS accumulation, but enhanced flg22-mediated root growth arrest. 

BAK1 belongs to the five-membered family of somatic-embryogenesis receptor-like kinases (SERK) 
and is accordingly also named SERK3 (Hecht et al., 2001). To assess if the other SERKs are involved 
in early MAMP and DAMP signalling, the aequorin transgene was introduced into serk1-1, serk2-1, 
serk4-1 and serk5-1. All four mutants showed normal [Ca2+]cyt responses and ROS accumulation upon 
flg22 and elf18 elicitation (Figure 4a-d), thereby confirming earlier reports (Chinchilla et al., 2007; 
Heese et al., 2007). While ch8-induced [Ca2+]cyt responses were not altered in any of the other serk 
mutants, Pep1 induced wild-type-like [Ca2+]cyt elevations in serk1-1, serk2-1 and serk5-1, but a slightly 
reduced [Ca2+]cyt increase in serk4-1 (data not shown). Whereas none of the bak1 or serk mutants 
showed any differential growth arrest to elf18 compared to the wild type (Figure S7), root growth of the 
bak1 mutants was considerably less sensitive to flg22 (Figure 4e,f). Interestingly, flg22-mediated root 
growth inhibition was significantly enhanced in serk2-1 and serk4-1 mutants, while comparable to wild 
type for serk1-1 and serk5-1 (Figure 4e,f). As [Ca2+]cyt elevations (Figure 4a,b) and ROS accumulation 
(Figure 4c,d) were unaltered in both mutants, SERK2 and SERK4 probably do not exert their function 
in flg22 signalling at the early stages, but act further downstream in the pathway leading to growth 
arrest. Taken together, unlike bak1, none of the four serk mutants showed a phenotype with regard to 
[Ca2+]cyt responses or ROS accumulation. Nevertheless, it cannot be excluded that additional 
phenotypes might only become visible in higher order mutants. For instance, a role for SERK4 in cell 
death control only became evident in the serk3serk4 double mutant (He et al., 2007). 

BAK1 differentially contributes to responses induced by flg22 and elf18. 

To further elucidate the role of BAK1 in conferring MAMP- and DAMP-specific information, defence-
related gene expression upon flg22 and elf18 elicitation was monitored. For better comparison,  
the protoplast-based FRK1-promoter-luciferase (pFRK1-LUC) expression assay, previously used to 
demonstrate differential roles of BAK1 between flg22, elf18 and chitin (Shan et al., 2008),  
was employed. LUC-expression driven by two additional defence-related promoters, NHL10 and PHI1 
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Figure 4. Flg22-mediated root growth inhibition, but not [Ca2+]cyt elevation, is enhanced in serk2-1 and 
serk4-1. 
(a,b) [Ca2+]cyt elevations in serk mutant seedlings induced by (a) 1 µM flg22 or (b) 1 µM elf18 compared to Col-0. 
For clarity, graphs are depicted offset. Arrows mark time of MAMP application. Data represent mean ± SD of ≥ 3 
independent experiments (n ≥ 40). Letters indicate statistically significant differences between the [Ca2+]cyt 
amplitude of the mutant compared to wild type, separately calculated for each mutant-wild type pair, with the 
statistically significant groups categorized by different letters (Student’s t-test; p < 0.001). 
(c,d) ROS (H2O2) production induced by (c) 1 µM flg22 or (d) 1 µM elf18 was monitored using a luminol-based 
assay in leaf discs of bak1 and serk mutants compared to Col-0. Data are given as relative light units (RLU) and 
represent mean ± SE of ≥ 3 independent experiments (n ≥ 20). Letters indicate statistically significant differences 
at the time of maximum ROS accumulation in the wild type, with the statistically significant groups categorized by 
different letters (Kruskal-Wallis / Dunn’s post test; p < 0.05). 
(e) Root growth inhibition (1 µM flg22) of different serk mutants (black bars) each compared to its respective wild-
type control (shaded bars). Data are given as % inhibition compared to untreated control; mean ± SE of ≥ 3 
independent experiments (n ≥ 60); * indicates statistically significant difference; ns = not significant (2-way ANOVA 
genotype x treatment; p < 0.001). 
(f) Photographs of representative Col-0 and serk mutant seedlings grown in the presence (+; two seedlings) or 
absence (-; one seedling) of 1 µM flg22. Identical results were obtained in ≥ 3 independent experiments. 
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(Boudsocq et al., 2010), was also included. Interestingly, by incorporating a time-course profiling 
aspect, different kinetics could already be detected between flg22- and elf18-induced expression of 
pNHL10-LUC, pFRK1-LUC and pPHI1-LUC in wild type protoplasts. Whereas expression of all three 
genes was generally more transient upon flg22 treatment, a long lasting response was observed after 
elf18 application within the tested time frame (Figure 5). 
Moreover, BAK1 differentially contributed to flg22- and elf18-induced expression of pNHL10-LUC, 
pFRK1-LUC and pPHI1-LUC. In bak1 mutants, all three constructs showed a loss of flg22-induced 
expression (Figure 5a-c), whereas elf18 activated all three promoter-constructs, although slightly 
delayed for pNHL10 (Figure 5d-f). Two to three hours after elf18 elicitation, pNHL10 and pFRK1 
activity in the bak1 mutants was even higher than in wild type, whereas pPHI1 activity did not reach 
wild-type levels (Figure 5d-f). Hence, BAK1 is not or only partially required for the early phase of 
elf18-induced NHL10 and FRK1 expression but is required to attenuate the expression of these two 
genes subsequently. 
Like Chinchilla et al. (2007), we found that flg22-mediated growth inhibition is strongly reduced in 
bak1 seedlings compared to wild type (Figure 4e,f), while no reduction was observed after elf18 
treatment (Figure S7). In conclusion, besides the obvious distinct characteristics in the kinetics of 
defence gene expression and the growth inhibition phenotype upon flg22 vs. elf18 application, striking 
differences were noticed regarding the involvement of BAK1 in both responses. 

Feedback effect of MAMP- and DAMP-induced RbohD-mediated ROS accumulation on [Ca2+]cyt 
signalling. 

Another typical early response, occurring within minutes of MAMP and DAMP perception, is an 
accumulation of ROS. This is dependent on [Ca2+]cyt changes since pre-treatment with LaCl3, to inhibit 
Ca2+ channels, also abrogates ROS accumulation in Arabidopsis leaf discs (Figure S8). Nevertheless, 
some ROS, like hydrogen peroxide (H2O2), are themselves capable of inducing [Ca2+]cyt elevations  
(Pei et al., 2000; Rentel and Knight, 2004; Ranf et al., 2008). To test any possible feedback impact of 
ROS on [Ca2+]cyt elevations in response to different MAMPs and DAMPs, a pharmacological as well as 
a genetic approach were used. The NADPH oxidases, rbohD and rbohF, account for most of the 
pathogen-responsive oxidative burst (Torres et al., 2002). In agreement with published results (Zhang et 
al., 2007; Mersmann et al., 2010), RbohD appears to be the major source of MAMP-induced ROS since 
the flg22/elf18-induced ROS accumulation was eliminated in the rbohD mutant (see Figure 7a,b), but 
not significantly altered in rbohF (Zhang et al., 2007). Interestingly, when the flg22- and elf18-induced 
[Ca2+]cyt elevations in aequorin-transgenic rbohD mutant lines were analysed, the first Ca2+ peak was 
comparable to the wild type, while the second peak was abolished (Figure 6a,b). The plateau-phase of 
the Pep1-induced [Ca2+]cyt elevation was likewise reduced to a single maximum in rbohD (Figure 6c).  
A minor phenotype was observed after ch8 elicitation (Figure 6d). Similar results were obtained with 
the NADPH oxidase inhibitor diphenylene iodonium chloride (DPI; Figure 6e-h). Thus, 
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Figure 5. Different patterns of defence gene promoter activity were observed in Col-0 and bak1 protoplasts 
upon flg22 and elf18 elicitation. 
Promoter activities of the defence genes (a,d) NHL10, (b,e) FRK1 and (c,f) PHI1 were monitored in Col-0 and 
bak1 protoplasts upon application of (a-c) 100 nM flg22 and (d-f) 100 nM elf18. Data are depicted as fold-induction 
compared to untreated control; mean ± SE of ≥ 4 independent experiments (n ≥ 20). Letters indicate statistically 
significant differences at selected time points, with the statistically significant groups categorized by different letters 
(Kruskal-Wallis / Dunn’s post test; p < 0.05). 

MAMP/DAMP-induced ROS indeed have a feedback effect on the [Ca2+]cyt response by inducing an 
additive [Ca2+]cyt elevation causing a second peak or prolonged plateau. However, flg22-mediated root 
growth arrest in rbohD was comparable to wild type (data not shown; Mersmann et al., 2010). Thus, 
while ROS have a significant but overall minor feedback contribution to the “Ca2+ signature”, the later 
growth inhibition response is independent of this rapid ROS generation. 
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Figure 6. Feedback effect of MAMP/DAMP-induced ROS accumulation on [Ca2+]cyt elevations. 
(a-d) [Ca2+]cyt elevations in rbohD seedlings induced by the indicated MAMPs/DAMPs compared to Col-0. Arrows 
mark time of MAMP/DAMP application. Data represent mean ± SD of ≥ 3 independent experiments (n ≥ 20).  
(e-h) [Ca2+]cyt elevations induced by the indicated MAMPs/DAMPs in Col-0 seedlings pre-treated with 25 µM 
diphenylene iodonium chloride (DPI; in DMSO) or DMSO alone as control for 5 min. Arrows mark time of 
MAMP/DAMP application. Data represent mean ± SD of ≥ 2 independent experiments (n ≥ 15). 
Letters indicate statistically significant differences, separately calculated for each time point, with the statistically 
significant groups categorized by different letters (Student’s t-test; p < 0.001). 
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Flg22 induces a wild type-like [Ca2+]cyt elevation, but a prolonged ROS generation in mpk3. 

MAPK activation is usually detectable two to three minutes after flg22 or elf18 elicitation (Figure 3f) 
and therefore occurs in the same time frame as the [Ca2+]cyt elevations. Although MAPK activation has 
been reported to be downstream of [Ca2+]cyt elevation in tobacco (Lecourieux et al., 2002), LaCl3 and 
BAPTA reduced but did not completely abolish MAPK activation in flg22-treated Arabidopsis 
suspension-cultured cells (Figure S9). Nevertheless, this demonstrates that MAPK activation is at least 
partially dependent on the [Ca2+]cyt elevation. Conversely, unlike the rbohD mutant shown above 
(Figure 6a,b), mutations in MPK3 or MPK6 did not significantly alter the flg22 or elf18-induced 
[Ca2+]cyt elevation (Figure 7c,d). By contrast, ROS accumulation in leaf discs of mpk3, but not mpk6, 
mutants was significantly prolonged upon flg22 and elf18 elicitation (Figure 7a,b). This correlates to  
a mild but statistically significant enhancement of the growth inhibition by flg22 in the mpk3 mutants, 
while the mpk6 mutant is slightly less sensitive to flg22 (Figure 7e). 
  

Figure 7. MAMP-induced ROS accumulation, but not [Ca2+]cyt elevation, is prolonged in mpk3. 
(a,b) ROS (H2O2) production induced by (a) 1 µM flg22 or (b) 1 µM elf18 was monitored using a luminol-based 
assay in leaf discs of mpk3 and mpk6 mutants compared to Col-0 and rbohD as controls. While mpk3-1 and  
mpk6-3 are T-DNA insertion lines, mpk3-DG is a fast neutron deletion mutant (see table S1). Data are given as 
relative light units (RLU) and represent mean ± SE of ≥ 5 independent experiments (n ≥ 120). Letters indicate 
statistically significant differences, separately calculated for each time point, with the statistically significant groups 
categorized by different letters (Kruskal-Wallis / Dunn’s post test; p < 0.05). 
(c,d) [Ca2+]cyt elevations in mpk3 and mpk6 seedlings compared to Col-0 induced by (c) 1 µM flg22 or (d) 1 µM 
elf18. For clarity, graphs are depicted offset. Arrows mark time of MAMP application. Data represent mean ± SD of 
≥ 4 independent experiments (n ≥ 20). 
(e) Root growth inhibition (10 µM flg22) of mpk3 and mpk6 mutants (black bars) each compared to its respective 
wild-type control (shaded bars). Data are given as % inhibition compared to untreated control; mean ± SE of ≥ 4 
independent experiments (n ≥ 40); * indicates statistically significant difference (2-way ANOVA genotype x 
treatment; p < 0.001). 
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DISCUSSION 

Response specificity encoding in [Ca2+] amplitude or signature. 

A hallmark of MAMP- and DAMP-induced [Ca2+]cyt elevations, either in Arabidopsis shown here or in 
other systems, such as parsley, tobacco and soybean cell suspensions (Mithöfer et al., 1999; Blume  
et al., 2000; Lecourieux et al., 2002), are [Ca2+]cyt elevations that are sustained as compared to the 
“spike-like” transient [Ca2+]cyt elevations induced by most abiotic stimuli (Knight et al., 1996, 1997; 
Rentel and Knight, 2004; Ranf et al., 2008). However, for valid comparison between different stimuli, 
nearly synchronous elicitation in the multicellular Arabidopsis seedlings should be attained. Thus, 
liquid-grown seedlings were used here, which due to direct contact of the complete surface with the 
surrounding medium and presumably due to a less developed cuticle, facilitated MAMP/DAMP 
accessibility. Additionally, near saturating MAMP concentrations were applied to further reduce 
accessibility variation and to compare the maximum [Ca2+]cyt elevation-inducing capacities of different 
MAMPs and DAMPs. Another advantage, over leaf discs, is that intact seedlings are not “primed” by or 
“refractory” from wounding. 
Under the above-mentioned conditions, differences in lag phases and [Ca2+]cyt amplitudes were 
observed (Figure 1). Aslam and co-workers (2009), who also observed different [Ca2+]cyt amplitudes, 
suggested that this may be accounted by differential MAMP diffusion rates through the cell wall matrix. 
However, such diffusion rate differences for the relatively small peptide MAMPs or DAMPs being 
compared here are unlikely. Distinct lag phases for flg22 and elf18 were also observed for medium 
alkalinization in Arabidopsis suspension-cultured cells (Zipfel et al., 2006) and distinct MAMP/DAMP-
induced membrane depolarization in leaves with the epidermis removed (Krol et al., 2010). Thus, the 
differences are most probably intrinsic characteristics of the receptor-mediated perception of the distinct 
MAMPs. 
Despite the overall similar [Ca2+]cyt kinetics, the lag phases and amplitudes differed between the tested 
MAMPs and DAMPs. It is conceivable that such qualitative, quantitative or kinetic differences in 
[Ca2+]cyt elevations encode information contributing to the MAMP-specific responses. On the contrary, 
bak1 mutants show similar MAPK activation (Figure 3f) as well as distinct downstream responses, like 
gene expression (Figure 5) and growth arrest (Figure 4e, S7) to different MAMPs, despite virtually 
identical [Ca2+]cyt elevations (Figure 3a,b,e). This strongly argues against the concept that the  
“Ca2+ signatures” convey MAMP-specific information into downstream responses. The presented data 
therefore substantiate the notion of a “chemical on-off switch” or “threshold” function for Ca2+ in 
MAMP and DAMP signalling (Scrase-Field and Knight, 2003; Dodd et al., 2010). 
Concerning the question whether [Ca2+]cyt elevations encode and transmit MAMP-specific information, 
it should also be considered that aequorin-based [Ca2+] imaging provides an average response of whole 
seedlings or tissues consisting of different cell types whose individual responses can differ substantially 
(see below). Hence, while it may reveal differences in some cases, as illustrated by the rbohD analysis, 
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the underlying single cell/tissue Ca2+ signatures may not always be deducible from aequorin-based 
[Ca2+] imaging of whole seedlings (Dodd et al., 2010).  

Organ/tissue-specific differences in MAMP/DAMP responses. 

As the [Ca2+]cyt measurements show that both, flg22 and elf18, are effectively sensed in aerial parts and 
only marginally in roots (Figure 1), the distinct shoot and root growth arrest phenotypes cannot be 
simply explained by specific perception in these tissues. Based on callose deposition and reporter gene 
expression, Millet and co-workers (2010) also reported that roots are insensitive to elf18, but react 
strongly to chitin all over the mature zone, whereas flg22-induced responses were only detectable in the 
root elongation zone (EZ). By contrast, flg22-induced membrane depolarization was also detected in 
root hairs (Jeworutzki et al., 2010). As FLS2 is expressed throughout the entire root (Robatzek et al., 
2006) and no enhanced FLS2 transcript level is observed in the EZ (Figure 1d), the minor flg22-induced 
[Ca2+]cyt elevation measured in whole roots is probably due to a weak response in the entire root rather 
than a localized response in the EZ. 
Thus, in contrast to chitin, the bacterial MAMPs flg22 and elf18 apparently only have minor 
contributions to PTI in roots compared to shoots. However, as illustrated by the pivotal roles of Ca2+ 
signalling in roots during legume–rhizobia, arbuscular mycorrhizal symbiosis and beneficial interaction 
of Arabidopsis with the endophytic growth-promoting fungus Piriformospora indica (Harper and 
Harmon, 2005; Oldroyd and Downie, 2006; Navazio et al., 2007; Vadassery et al., 2009), perception of 
other MAMPs in roots is important for several other plant-microbe interactions. 

The role of BAK1 in early and late signalling. 

The nearly identical [Ca2+]cyt kinetics (Figure 3a-c) and membrane-depolarization (Jeworutzki et al., 
2010) induced by flg22, elf18 and Pep1 in bak1 mutants led to the hypothesis that a similar basal level 
of early signal transduction activation by these diverse MAMPs or DAMPs exists, and this is further 
differentially amplified and accelerated by the receptor-associated kinase BAK1. Using ROS 
accumulation and growth arrest as markers for early and late responses, respectively, Chinchilla and  
co-workers (2007) surmised that flg22-induced early and late responses are both altered in bak1, 
whereas BAK1 is only required for early signalling but not for late responses induced by elf18. Our 
current gene expression studies now suggest that BAK1 also has different regulatory functions in elf18-
induced defence gene expression at early time points, well within the time frame of [Ca2+]cyt elevations 
and MAPK activation. Whereas [Ca2+]cyt elevations and MAPK activation revealed nearly identical 
phenotypes for both flg22 and elf18 in bak1 (Figure 3), different phenotypes were observed regarding 
gene expression in bak1 (Figure 5), although regulation of the analysed promoters was reported to be 
dependent on MAPK (pFRK1) or CDPK activity (pPHI1) or both (pNHL10; Boudsocq et al., 2010). 
Taken together, a differential involvement of BAK1 can be observed at early and late signalling phases. 
One possible explanation for the diverse BAK1 regulatory roles at various signalling steps may be the 
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BAK1 association with receptors of numerous signalling pathways (Postel et al., 2010), as well as 
several receptor-like cytoplasmic kinases (Lu et al., 2010; Zhang et al., 2010), which are connected 
with MAMP signalling pathways. For instance, BAK1 also interacts with the Pep receptors (PEPR1/2) 
and this is suggested to provide a feed-forward amplification loop of MAMP signals (Postel et al., 
2010). Thus, specificity in MAMP and DAMP signalling is, in part, determined by BAK1, possibly via 
differential amplification at distinct steps. 

The Ca2+/ROS feedback loop. 

Inhibitor studies suggest that MAMP and DAMP-induced RbohD-mediated ROS generation is strictly 
dependent on an initial upstream [Ca2+]cyt elevation (Figure S8). This is supported by the Ca2+-
dependent regulation of RbohD, either direct Ca2+ activation by binding to the N-terminal EF-hand 
motifs in RbohD (Ogasawara et al., 2008) or indirectly via Ca2+-activated CDPK-dependent 
phosphorylation (Kobayashi et al., 2007; Boudsocq et al., 2010). Nevertheless, ROS have a feedback 
effect on the [Ca2+]cyt response (Figure 6). Intriguingly, complete abrogation of MAMP-induced ROS 
generation in the rbohD mutant or by inhibition with DPI, did not result in an overall reduction of the 
[Ca2+]cyt elevations but rather affected solely the second peak or prolonged plateau. In tobacco cells, 
DPI similarly inhibited the second of two OGA-triggered [Ca2+]cyt peaks (Lecourieux et al., 2002). The 
timing of the second [Ca2+]cyt peak, with a maximum at around five minutes after flg22 elicitation 
(Figure 1a), correlates with the kinetics of MAMP-induced ROS accumulation, which is measurable 
starting from three to four minutes after flg22 elicitation (Figure 4c,7a). Accordingly, the less 
pronounced second [Ca2+]cyt peaks for elf18 or Pep1 and particularly ch8, are generally associated with 
a lower, and in some cases delayed, ROS production (Figure 4d, 7b and data not shown). In any case, 
the secondary ROS-induced [Ca2+]cyt elevation is transient, which is comparable to a direct H2O2-
induced [Ca2+]cyt elevation (Rentel and Knight, 2004). This may be due to saturation and refractory 
period of the H2O2 perception system; and may also explain why the prolonged ROS response in mpk3 
mutants did not significantly alter the [Ca2+]cyt elevation induced by flg22 or elf18 (Figure 7c,d). The 
“double Ca2+ peak” reported here has so far not been reported by others for the Arabidopsis system 
(Jeworutzki et al., 2010; Krol et al., 2010; Qi et al., 2010), which could be due to different experimental 
setup, in particular the integration intervals for luminescence measurement. Alternatively, leaf discs do 
not show an H2O2-induced [Ca2+]cyt elevation (data not shown). Hence, in line with a possible different 
H2O2 refractory period speculated above, the use of wounded/excised plant material may lead to this 
second Ca2+ peak being overlooked.  
Although H2O2 triggers [Ca2+]cyt elevations and H2O2-responsive plasma membrane Ca2+-permeable 
channels have been described (Pei et al., 2000; Rentel and Knight, 2004), it is unclear from the current 
data whether RbohD-derived O2ˉ• or its dismutation product H2O2 directly or indirectly activate Ca2+-
permeable channels and if the ROS-triggered [Ca2+]cyt elevation involves Ca2+ influx from the apoplast 
or release from internal stores. Moreover, apoplastically generated and membrane-permeant ROS like 
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H2O2 are able to diffuse to or into neighbouring cells to activate signalling. Indeed, RbohD-derived 
ROS have been implicated in long-distance signalling in abiotic stress reactions (Miller et al., 2009). In 
conclusion, although speculative, it appears plausible that the feedback effect between ROS and Ca2+ 
signalling observed here, may similarly allow cell-to-cell propagation of MAMP/DAMP signals. 

The role of MAPKs in early MAMP signalling. 

Loss of MPK3, but not MPK6, leads to a substantially prolonged ROS accumulation upon elicitation 
with flg22 or elf18, while the maximum ROS levels were not increased (Figure 7a,b). Although the 
ROS accumulation is strictly dependent on the [Ca2+]cyt elevation, this does not result from a prolonged 
[Ca2+]cyt increase. Surprisingly, a previous screen for components involved in the flg22-induced ROS 
response did not reveal a phenotype for mpk3 (Mersmann et al., 2010). This might result from the 
different conditions used: Mersmann and co-workers analysed ROS accumulation at lower flg22 
concentrations in intact seedlings grown in liquid medium and pre-treated with 10 nM flg22. However, 
although such pre-treatment was designed to reduce variability of the ROS assay (Mersmann et al., 
2010), it may pre-stimulate the ROS catabolic pathway and mask the prolonged ROS accumulation in 
the mpk3 mutant.  
It has been proposed that MPK3 and MPK6 act upstream of the ROS production, as expression of 
constitutively active MKK5 leads to ROS-dependent callose formation without a MAMP stimulus and 
MPK3/6 inactivation via the effector protein HopAI1 diminishes ROS accumulation (Zhang et al., 
2007). Such artificial over-expression of constitutively active MKKs or effector proteins lacks stimulus-
specific regulation, and hence, the observed ROS accumulation may be due to indirect effects. Several 
lines of evidence rather point to MPK3/6-independent MAMP/DAMP-induced ROS production 
(Figure 7, S9): (i) loss of MPK3 is associated with a prolonged, rather than a reduced ROS 
accumulation, (ii) loss of MPK6 has no impact on ROS accumulation and (iii) activation of ROS 
production is strictly Ca2+-dependent, whereas MAPK-activation is only partially Ca2+-dependent. The 
prolonged ROS accumulation and the enhanced root growth inhibition phenotype in mpk3 (Figure 7), 
instead, point to a possible role for MPK3 in down-regulating MAMP- and DAMP-induced signalling. 
Generally, all activated signalling components need to be eventually attenuated to prevent  
over-stimulation. 
In conclusion, different MAMP- and DAMP-induced signalling pathways converge at very early stages 
by sharing main signalling components, like ion channels (Krol et al., 2010), NADPH oxidase, MAPK 
cascades, several defence genes (Navarro et al., 2004; Zipfel et al., 2006; Denoux et al., 2008), and, in 
some cases, the common signalling partner BAK1 (Chinchilla et al., 2007; Krol et al., 2010). While this 
is generally true, we show through kinetic analyses of [Ca2+]cyt elevations, MAPK activation, promoter 
activity and MAMP-induced growth arrest that there are specific differences between flg22- and elf18-
induced responses. Moreover, BAK1 is differentially required in several signalling steps induced by 
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different MAMPs, but, in particular, in late as well as early elf18-induced responses. Hence, BAK1 
participates in MAMP-specific response maintenance. 
Finally, together with published data, the observations here accentuate the role of Ca2+ as a second 
messenger in MAMP and DAMP signalling and collectively support a threshold-dependent “on-off 
switch” function for Ca2+. [Ca2+]cyt elevations are crucial for downstream responses such as ROS 
accumulation, which in turn, contributes to Ca2+ signalling in a positive feedback loop. Thus, the 
interplay between components acting up- or downstream of Ca2+ forms the complex MAMP/DAMP 
signalling network that awaits further discovery.  

SUPPORTING INFORMATION 

Supporting information is available in the appendix 5.1 (p. 147). 
Figure S1. Inactive MAMPs do not evoke [Ca2+]cyt elevations. 
Figure S2. MAMP-induced [Ca2+]cyt elevations are abolished in LaCl3- or BAPTA-treated seedlings. 
Figure S3. Dose-dependent [Ca2+]cyt elevations. 
Figure S4. Individual traces of MAMP/DAMP-induced [Ca2+]cyt elevations in seedlings. 
Figure S5. MAMP/DAMP-induced [Ca2+]cyt elevations in root-dissected compared to intact seedlings. 
Figure S6. MAMP/DAMP-induced [Ca2+]cyt elevations in receptor mutants. 
Figure S7. Elf18-induced growth arrest in bak1 and serk mutants. 
Figure S8. LaCl3 pre-treatment inhibits MAMP-induced ROS accumulation. 
Figure S9. Flg22-induced MAPK activation is reduced in LaCl3- or BAPTA-treated Arabidopsis cells. 
Table S1. Mutant lines. 
Table S2. Primers for promoter cloning. 

EXPERIMENTAL PROCEDURES 

Plant material and growth conditions 

All Arabidopsis thaliana lines were in Col-0 background (Table S1). Seeds were surface-sterilized if 
required and stratified at 4°C for ≥ two days. Plants were grown on soil in climate chambers under short 
day or on ATS agar plates (Estelle and Somerville, 1987) or in liquid MS medium (0.5xMS, 0.25% 
sucrose, 1mM MES, pH5.7) in 24-well plates (10 seedlings / well) under long day conditions at  
20-22°C. 

Elicitors 

Flg22, elf18 and AtPep1 (Felix et al., 1999; Kunze et al., 2004; Huffaker et al., 2006) were synthesized 
using an Abimed EPS221 (www.abimed.de) system. N-acetylchitooctaose (ch8) was provided by  
N. Shibuya (Albert et al., 2006). 

Aequorin luminescence measurements 

For aequorin luminescence measurements, Col-0 plants expressing cytosolic p35S-apoaequorin were 
used (pMAQ2; Knight et al., 1991). Mutant lines were generated by crossing or Agrobacterium-
mediated transformation (Table S1). 8-days-old liquid-grown seedlings or roots of 10-days-old 
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seedlings from agar plates were placed individually in 96-well plates in 10 µM coelenterazine / H2O 
(native coelenterazine, P.J.K., www.pjk-gmbh.com) in the dark over night. Luminescence was recorded 
by scanning each row in 6sec intervals (Luminoskan Ascent 2.1, Thermo Scientific, www.thermo.com). 
Remaining aequorin was discharged and Ca2+ concentrations were calculated according to Rentel and 
Knight (2004). In case of aequorin-transformation, for clarity only one of ≥ three independent lines 
(Table S1) is shown, if all lines behaved similar. Statistical analysis was performed using GraphPad 
Prism 5.0 (www.graphpad.com) as indicated in figure legends. 

Protoplast transient expression assay 

Protoplasts were isolated and transformed according to Yoo et al. (2007). pFRK1-, pNHL10- and 
pPHI1-promoter-luciferase constructs were used as reporters (Table S2; Asai et al., 2002; Boudsocq et 
al., 2010). pUBQ10-GUS was co-transfected for normalization (Sun and Callis, 1997). Luminescence of 
protoplast suspensions containing D-luciferin (200 µM, Invitrogen, www.invitrogen.com) and treated 
with indicated MAMPs/DAMPs was recorded in 96-well plates at indicated intervals (Luminoskan 
Ascent 2.1). Results are expressed as LUC/GUS ratios relative to untreated controls. For statistical 
analysis a Kruskal-Wallis test with Dunn’s post test (p < 0.05) was performed using GraphPad 
Prism 5.0. 

Immunoblot analysis 

14-days-old liquid-grown seedlings were equilibrated in fresh MS for > 2h. Medium was discarded and 
after 30 min recovery seedlings were elicited with 1 µM elicitor in MS. Seedlings were harvested at 
indicated time points. Protein extraction and immunoblot with anti-pTEpY (α-phospho-p44/42-ERK; 
CST, www.cellsignal.com) were performed as described (Saijo et al., 2009). 

ROS detection in Arabidopsis leaves 

ROS production was assayed as described (Gomez-Gomez et al., 1999) using 3 mm leaf discs in 96-
well plates measured in 2 min intervals (Luminoskan Ascent 2.1). For statistical analysis a Kruskal-
Wallis test with Dunn’s post test (p < 0.05) was performed using GraphPad Prism 5.0. 

Root growth inhibition 

Seedlings were grown vertically on agar plates ± 1 µM flg22 for 14 days or 5-days-old seedlings were 
transferred to plates ± 10 µM flg22 for 20 days. Two-way ANOVA was performed on log2-transformed 
root length data (genotype x treatment; p < 0.001; R statistical package; Delker et al., 2010). Data were 
depicted as % root growth inhibition compared to control. 

ACKNOWLEDGEMENTS 

We are grateful to Sacco de Vries, Birgit Kemmerling, Marc Knight, Naoto Shibuya, Gary Stacey and 
Cyril Zipfel for providing material, Frédéric Brunner and Malou Fraiture for help with protoplast assays 
and Carolin Delker, Yvonne Pöschl and Ivo Große for advice in statistics. We thank Christel Rülke and 
Nicole Bauer for technical assistance. This work is supported by a DFG grant (LE2321/1-2) within the 
priority project SPP1212. L. E.-L. and P. P. are financed by the BMBF project ProNet-T3 
(03ISO2211B) and the DFG project SFB648-B1, respectively. 

REFERENCES 

Due to high redundancy of references between the different chapters, the references are combined in the 
common REFERENCE section (chapter 4, p. 126).  



RESULTS    54 

Figure 2–1. Flg22-induced ROS accumulation is reduced in pldα1. 
(a,b) ROS (H2O2) production induced by the indicated MAMPs/DAMPs was 
monitored using a luminol-based assay in leaf discs of pld mutants 
compared to Col-0. Data are given as relative light units (RLU) and 
represent mean ± SE of ≥ 9 independent experiments (n ≥ 160). Different 
letters indicate statistically significant differences at the time of maximum 
ROS accumulation in the wild type, with the statistically significant groups 
categorized by different letters (Kruskal-Wallis / Dunn’s post test; p < 0.05). 
(c) Root growth inhibition (1 µM flg22) of pld mutants (black bars) each 
compared to its respective wild-type control (shaded bars). Data are given 
as % inhibition compared to untreated control; mean ± SE of ≥ 3 
independent experiments (n ≥ 60); * indicates statistical significant 
difference (2-way ANOVA genotype x treatment; p < 0.001). 

2.2.3. Additional results 

ROS generation is reduced in pldα1 after elicitation with flg22 and elf18. 

Components of phospholipid signalling are proposed to be involved in MAMP and DAMP signalling in 
plants. Phospholipase C (PLC) generates diacylglycerol (DAG) that can be phosphorylated to 
phosphatidic acid (PA) by DAG-kinase (DGK), whereas phospholipase D (PLD) directly catalyses  
PA formation (Figure 2–2). PA accumulation has been shown for several MAMPs/DAMPs including 
flg22, N-acetylchitotetraose (ch4) and xylanase in tomato (van der Luit et al., 2000). Recently,  
the requirement of PA for ABA-induced activation of RbohD and subsequent stomatal closure was 
proven genetically. In this case, PA was produced, at least in part, via PLDα1 and activated RbohD  
by direct binding (Zhang et al., 2009). Therefore, PLDα1 and PLDδ, the two predominant  
PLD isoforms in Arabidopsis, were tested for involvement in early MAMP/DAMP signalling.  
Both, PLDα1 and PLDδ, contain a C2-domain and require Ca2+ for their activation (Qin and Wang, 
2002), thus suggesting a role downstream of [Ca2+]cyt elevations. Accordingly, the flg22/elf18-induced 
ROS accumulation in leaf discs of the pldα1-1 single as well as the pldα1/δ (pldα1-1pldδ-1) double 
mutant was consistently reduced (Figure 2–1a,b). The ROS production in the pldδ-1 single mutant was 
too variable between independent experiments to draw reliable conclusions. Moreover, no additive 
effects on ROS accumulation were observed in pldα1/δ. As observed already for other mutants 
impaired in ROS production, the tested pld mutants showed no difference to wild type regarding root 
growth arrest (Figure 2–1c). 
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An ipk1 mutant shows an enhanced flg22-mediated root growth inhibition. 

An initial apoplastic Ca2+ influx via the plasma membrane is often necessary for Ca2+ release from 
internal stores, the so-called Ca2+-induced Ca2+ release (CICR; Bewell et al., 1999). In animal systems, 
the second messenger InsP3 mediates CICR by stimulating InsP3-gated channels at internal stores 
(Navazio et al., 2000; Navazio et al., 2001; Lemtiri-Chlieh et al., 2003). In contrast, the Ca2+-releasing 
second messenger in plants may instead be InsP6 (Lemtiri-Chlieh et al., 2003; Munnik and Testerink, 
2009), which can be produced by a PLC/lipid-dependent or lipid-independent pathway involving 
inositolphosphate synthases (IPS) and inositolpolyphosphate kinase (IPK; Figure 2–2; Munnik and 
Vermeer, 2010). Inositol derivatives have been implicated in basal resistance to viral, bacterial and 
fungal pathogens (Murphy et al., 2008). 
However, mutants of IPK1 and two IPS 
(IPS1 and IPS2), with substantial 
decrease in the overall InsP6 content 
(Stevenson-Paulik et al., 2005; Murphy 
et al., 2008), were not affected in flg22-
induced [Ca2+]cyt elevations (Figure 2–
3a). Nevertheless, flg22-mediated root 
growth inhibition was significantly 
enhanced in the ipk1 mutant compared 
to wild type (Figure 2–3b,c), although 
this is probably not mediated by Ca2+ 
signalling. 
  

Figure 2–3. Flg22-mediated root growth inhibition, but not [Ca2+]cyt elevation, is enhanced in ipk1. 
(a) Flg22-induced [Ca2+]cyt elevations in ips1, ips2 and ipk1 seedlings compared to Col-0. For clarity, graphs are 
depicted offset. Arrows mark time of MAMP/DAMP application. Data represent mean ± SD of ≥ 5 independent 
experiments (n ≥ 20). 
(b) Root growth inhibition (1 µM flg22) of ips1, ips2 and ipk1 mutants (black bars) each compared to its respective 
wild-type control (shaded bars). Data are given as % inhibition compared to untreated control; mean ± SE of ≥ 3 
independent experiments (n ≥ 60). * indicates statistical significant difference; ns = not significant (2-way ANOVA 
genotype x treatment; p < 0.001). (c) Photographs of representative Col-0 and mutant seedlings from (a) grown in 
the presence (+; two seedlings) or absence (-; one seedling) of 1 µM flg22. 

 

Figure 2–2. Scheme of PA and InsP6 synthesis pathways. 
PA synthesis: phospholipase C (PLC) hydrolyses PtdIns4P (PIP) 
/ PtdIns(4,5)P2 (PIP2) to InsP2/InsP3 and diacylglycerol (DAG), 
which can be phosphorylated by DAG kinase (DGK) to 
phosphatidic acid (PA). PA can also be directly produced from 
structural lipids like phosphatidylcholine (PC) or phosphatidy-
lethanolamine (PE) by phospholipase D (PLD). 
InsP6 synthesis: a) lipid-dependent: PLC-mediated PIP/PIP2-
hydrolysis yields InsP2/InsP3. b) lipid-independent: Ins3P 
synthesis from Glc6P by myo-Ins3P synthase (IPS) followed by 
phosphorylation to InsP2. Both pathways converge at this step. 
InsP2/InsP3 can be subsequently phosphorylated by inositol-
polyphosphate kinase 2 (IPK2) to InsP5 and to InsP6 by IPK1. 
Ptd = phosphatidyl, Ins = inositol, Glc = glucose, P = phosphate. 
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camta3 mutants show a reduced flg22-mediated root growth arrest and altered expression of the 
early defence gene ZAT12. 

CAMTA transcription factors have been reported to play roles in abiotic and biotic stresses (Bouche 
 et al., 2002; Doherty et al., 2009). CAMTA3 negatively regulates systemic acquired resistance (SAR) 
by direct binding to the promoter of EDS1, a gene required for pathogen-induced SA synthesis. This 
function is dependent on Ca2+/CaM-binding (Galon et al., 2008; Du et al., 2009). To test putative 
contributions of CAMTA3 to MAMP signalling, gene expression was analysed in seedlings treated with 
flg22 for 30 minutes by quantitative RT-PCR (Figure 2–4a; performed by L. Eschen-Lippold). Two 
camta3 mutants showed reduced ZAT12 induction to a level comparable or even more pronounced to 
that seen in bak1-4 (Figure 2–4a). Further evidence for CAMTA3 requirement in MAMP responses is 
shown by the reduced flg22-mediated root growth arrest in both camta3 mutants (Figure 2–4b,c). As 
flg22-induced [Ca2+]cyt elevations in camta3 were comparable to wild type (Figure 2–4d), CAMTA3 
does not appear to regulate genes required for [Ca2+]cyt elevation but appears to regulate a subset of 
flg22-induced defence genes.  

Additional experimental procedures: quantitative real-time RT-PCR 

14-days-old liquid-grown seedlings were equilibrated in fresh MS for 24h and elicited with flg22 (1 µM 
final concentration) or MS as control. Total RNA was isolated using TRIZOL reagent according to 
standard protocols. First strand cDNA synthesis was performed with DNaseI-treated RNA according to 

Figure 2–4. Flg22-induced gene expression and root growth 
arrest is impaired in camta3. 
(a) ZAT12 expression in camta3, fls2, bak1-4 and Col-0 seedlings 
30 min after flg22, medium (M) application or untreated controls (U) 
analysed by qRT-PCR. Data represent mean ± SE of three 
independent experiments (n ≥ 8). Statistically significantly different 
groups are categorized by different letters (Kruskal-Wallis / Dunn’s 
post test; p<0.05). (b) Root growth inhibition (1 µM flg22) of camta3 
mutants (black bars) each compared to its respective wild-type 
control (shaded bars). Data are given as % inhibition of untreated 
controls; mean ± SE of ≥ 3 independent experiments (n ≥ 60); 
* indicates statistically significant difference; ns = not significant (2-
way ANOVA genotype x treatment; p<0.001). (c) Photographs of 
seedlings from (b) grown in the presence (+) or absence (-) of flg22. 
(d) [Ca2+]cyt elevations in camta3. Arrows mark time of flg22 
application. Data represent mean ± SD of ≥ 4 independent 
experiments (n ≥ 40). 
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manuals (RevertAidTM Reverse Transcriptase; Fermentas, www.fermentas.com). Quantitative real-time 
PCR was performed with MaximaTM Probe qPCR Master Mix (Fermentas, www.fermentas.de) on an 
Mx3000P QPCR System (Agilent, www.agilent.com). For statistical analysis a Kruskal-Wallis with 
Dunn’s post test (p < 0.05) was performed with GraphPad Prism 5.0. Hydrolysis probes were Universal 
ProbeLibrary Probes (Roche, www.roche.de): AtZAT12 (At5g59820) probe #66 (fwd: 
ctttgggaggacacatgagg; rev: caaagcgcgtgtaaccaac) and AtPP2A (reference gene; At1g13320; probe #29; 
(fwd: gaccggagccaactaggac; rev: aaaacttggtaacttttccagca) 

2.3. Screen for mutants with „changed calcium elevation“ (cce) in MAMP signalling 

2.3.1. Aims and summary 

The discovery of several MAMPs and their cognate receptors in the recent years has resulted in 
significant progress in our understanding of innate immunity signalling in plants. Although several 
components of receptor complexes have been elucidated, the Ca2+-permeable channels and pumps 
shaping the MAMP-induced Ca2+ signatures and their activation and regulation by upstream signalling 
components are yet unknown. To fill these gaps in our current knowledge, a quantitative high-
throughput screening system was designed. Screening for mutants with “changed calcium elevation” 
(cce) upon flg22 elicitation was performed by applying quantitative [Ca2+] measurements on EMS-
mutagenised aequorin-expressing Arabidopsis seedlings. In addition to the cytosolic aequorin line 
(Aeqcyt, Col-0 background), an Arabidopsis line expressing aequorin in the vacuolar microdomain 
(Aeqvmd, C24 background) was included in the screen that may yield mutants in Ca2+ release from the 
vacuole, which due to its size and capacity is a major Ca2+ store in plants. The screening concept was 
validated by the isolation of several novel fls2 and bak1 mutant alleles in both reporter lines.  
Due to the different accession background, Aeqcyt in Col-0 and Aeqvmd in C24, the two aequorin reporter 
lines showed a different sensitivity to flg22 and elf18. Thus, while reacting more strongly to flg22 than 
Aeqcyt/Col-0, Aeqvmd/C24 was less sensitive towards elf18 treatment as assessed by seedling growth 
inhibition. Furthermore, Aeqvmd/C24 bak1 mutants showed a reduced elf18-mediated growth arrest 
generally not observed in Aeqcyt/Col-0 bak1 mutants, which may therefore directly correlate with the 
reduced elf18 sensitivity of Aeqvmd/C24. 
Moreover, several other mutants with changed calcium elevation (cce) were isolated either showing a 
reduced or enhanced/prolonged [Ca2+] elevation in response to flg22 and elf18. The Aeqvmd/C24 cce 
mutants were all altered in the elf18- in addition to the flg22-mediated growth arrest. Generally, the 
reduced or enhanced growth inhibition reflected the corresponding reduced or enhanced [Ca2+] 
elevations, respectively. According to their response to the set of different MAMPs and DAMPs tested, 
i. e. flg22, elf18, Pep1 and ch8, the cce mutants can be further categorized in those only altered in 
flg22-, elf18- and Pep1-induced [Ca2+] elevations compared to those also altered in their response  
to ch8. This suggests that the cce mutants are all affected in components shared by different MAMP and 
DAMP signalling pathways. Hence, the cce mutants will be helpful to further define early signalling 
events in innate immunity in Arabidopsis in the future.  
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ABSTRACT 

Calcium acts as a second messenger for signalling to a variety of stimuli including MAMPs (Microbe-
Associated Molecular Patterns), such as flg22 and elf18 that are derived from bacterial flagellin and 
elongation factor Tu, respectively. Here, Arabidopsis thaliana mutants with changed calcium elevation 
(cce) in response to flg22 treatment were isolated and characterized. Besides novel mutant alleles of the 
flg22 receptor, FLS2 (Flagellin-Sensitive 2), and the receptor-associated kinase, BAK1 (Brassinosteroid 
receptor 1-Associated Kinase 1), the new cce mutants can be categorized into two main groups – those 
with a reduced or an enhanced calcium elevation. Moreover, cce mutants from both groups show 
differential phenotypes to different sets of MAMPs. Thus, these mutants will facilitate the discovery of 
novel components in early MAMP signalling and bridge the gaps in current knowledge of calcium 
signalling during plant-microbe interactions. Last but not least, the screening method is optimized for 
speed (covering 384 plants in three or ten hours) and can be adapted to genetically dissect any other 
stimuli that induce a change in calcium levels. 

INTRODUCTION 

Calcium is a crucial second messenger in diverse biotic and abiotic signalling pathways. How such  
a “simple” cation like Ca2+ can encode specificity for signal transduction is a longstanding enigma. 
Possible answers to this question could be the so-called “Ca2+ signature”, alterations in the magnitude, 
frequency and duration, as well as the cellular localization of the Ca2+ changes, e. g. locally restricted 
cytosolic or organelle Ca2+ changes, or the Ca2+ sources, external or different internal stores (Webb et 
al., 1996; McAinsh and Hetherington, 1998; Trewavas, 1999; Rudd and Franklin-Tong, 2001; White 
and Broadley, 2003). Alternatively, Ca2+ may simply serve as a “chemical on-off switch” that activates 
downstream responses if it exceeds a certain threshold (Scrase-Field and Knight, 2003). In either 
scenario, the Ca2+ signal is ultimately decoded and translated into downstream biochemical responses 
via diverse Ca2+-binding proteins, such as calmodulins (CaM) or calcineurin B-like (CBL) proteins, and 
Ca2+-regulated enzymes, e.g. calcium-dependent protein kinases (CDPKs; DeFalco et al., 2010;  
Kudla et al., 2010). 
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Due to their size and their capacity to store Ca2+ ([Ca2+]apo ~50-150 μM, [Ca2+]vac >10 μM), the apoplast 
and the vacuole are likely the major plant Ca2+ stores (Allen and Sanders, 1997). Nevertheless, the 
nucleus, ER, chloroplasts and mitochondria are also capable of storing and releasing Ca2+ (Oldroyd and 
Downie, 2006; Nomura et al., 2008; Weinl et al., 2008; Kudla et al., 2010). Using an aequorin- 
Ca2+ reporter targeted to the cytoplasmic-face of the tonoplast, the so called “vacuolar microdomain” 
(vmd), a differential contribution of vacuolar Ca2+ was described for various abiotic stresses (Knight  
et al., 1996). Peiter et al. (2005) reported a vacuolar cation channel, two-pore channel 1 (TPC1), 
potentially involved in Ca2+ signalling, but aequorin-based Ca2+ measurements revealed no contribution 
of TPC1 to stress-induced Ca2+ signalling (Ranf et al., 2008). Nevertheless, a TPC1 gain-of-function 
mutation, fou2 (fatty acid oxygenation up-regulated 2), led to reduced sensitivity to luminal Ca2+ and a 
higher vacuolar Ca2+ accumulation (Bonaventure et al., 2007a; Beyhl et al., 2009), which indicates 
cation homeostasis function of TPC1. 
An initial apoplastic Ca2+ influx via the plasmalemma is often necessary for Ca2+-induced Ca2+ release 
(CICR) from internal stores either directly or mediated by second messengers, e. g. inositol 
trisphosphate or hexakisphosphate (IP3/IP6), cyclic ADP-ribose (cADPR), nicotinic acid adenine 
dinucleotide phosphate (NAADP) or sphingosine-1-phosphate, that stimulate ligand-gated channels at 
internal stores, such as the vacuole and the ER (Bewell et al., 1999; Navazio et al., 2000, 2001; Ng  
et al., 2001; Lemtiri-Chlieh et al., 2003). For instance, TPC1 was shown to be the NAADP receptor in 
the animal system, but no comparable role has so far been reported for the plant TPC1 homolog 
(Calcraft et al., 2009). Other second messengers or signals that can modulate Ca2+ fluxes include 
reactive oxygen species (ROS). In root hair tips, RbohC-mediated ROS stimulate hyperpolarization-
activated Ca2+ channels to form a tip-focused Ca2+ gradient (Foreman et al., 2003). Further, MAMP-
induced Ca2+ elevations are partially dependent on the Ca2+-dependent ROS production (Ranf et al., 
submitted, figure 6, p. 46). Taken together, second messengers or other signals, such as ROS constitute 
a complex regulatory network in [Ca2+]cyt homeostasis. 
Microbes activate intracellular signalling cascades in their potential hosts through recognition of 
conserved microbe- or damage-associated molecular patterns (MAMPs/DAMPs), which are perceived 
by specific pattern recognition receptors (PRRs; Boller and Felix, 2009). These are typically leucine-
rich repeat (LRR) containing receptor-like kinases, such as FLS2 (Flagellin-sensitive 2), EFR 
(Elongation factor Tu receptor) or PEPR1/PEPR2 (AtPep receptor 1/2), which recognize the MAMPs, 
flg22 (N-terminal flagellin-derived peptide), elf18 (N-terminal fragment of elongation factor Tu) or the 
DAMP, AtPep1, respectively (Gomez-Gomez et al., 1999; Gomez-Gomez and Boller, 2000; Kunze et 
al., 2004; Chinchilla et al., 2006; Huffaker et al., 2006; Zipfel et al., 2006; Krol et al., 2010; 
Yamaguchi et al., 2010). Within seconds of flg22 binding, FLS2 hetero-oligomerizes with BAK1 
(BRI1-associated kinase 1; Chinchilla et al., 2007), a kinase originally found as an interactor of the 
brassinosteroid hormone receptor, BRI1 (Li et al., 2002). Similarly, BAK1 can also associate with 
PEPR1/PEPR2 (Postel et al., 2010) and possibly with EFR, since BAK1 is rapidly phosphorylated in 
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vivo not only in response to flg22, but also elf18 and AtPep1 (Schulze et al., 2010). Accordingly, loss of 
BAK1 impairs responses to these MAMPs/DAMPs (Ranf et al., submitted, figure 3, p. 41; Krol et al., 
2010). Thus, BAK1 acts as protein partner for multiple pathways in plant immunity but also in 
development (Chinchilla et al., 2009; Postel and Kemmerling, 2009). However, signalling induced by 
other MAMPs, such as chitin is independent of BAK1 (Shan et al., 2008), which may be a consequence 
of the different structure of the potential receptor(s) required for perceiving chitin, CERK1 (Chitin 
elicitor receptor kinase 1), a LysM-containing receptor-like kinase in Arabidopsis (Miya et al., 2007; 
Wan et al., 2008; Iizasa et al., 2010; Petutschnig et al., 2010) and CeBiP (Chitin elicitor binding 
protein) in rice (Kaku et al., 2006). 
Generally, the earliest signalling events after MAMP or DAMP perception are ion fluxes across the 
plasma membrane including influx of Ca2+ into the cytosol (Blume et al., 2000; Lecourieux et al., 2002; 
Ranf et al., 2008; Jeworutzki et al., 2010), which is a prerequisite for most downstream responses.  
For instance, ROS are generated in a Ca2+-dependent manner by the NADPH oxidase RbohD in 
Arabidopsis (Torres et al., 2002). Subsequently, activation of mitogen-activated protein kinase  
(MAPK) cascades and CDPKs leads to gene expression re-programming (Boudsocq et al., 2010; 
Rodriguez et al., 2010). Phytopathogenic bacteria can suppress host immunity by secretion of 
extracellular polysaccharides to sequester apoplastic Ca2+ and attenuate host MAMP signalling (Aslam 
et al., 2008) – an observation that supports the pivotal role of Ca2+ signalling in plant immunity. 
In plants, little is known about the molecular identity of the Ca2+-permeable channels and  
Ca2+ transporters controlling the various Ca2+ stores and their regulation by upstream components 
(Kudla et al., 2010; Verret et al., 2010). Here, we report an optimized high-throughput screening system 
aimed at identifying components regulating MAMP-induced [Ca2+] elevations by quantitative  
[Ca2+] measurements. As proof of concept numerous novel alleles of the upstream receptor FLS2 and 
the receptor-associated kinase BAK1 were identified. Additionally, this screen revealed several other 
mutants with changed calcium elevation (cce) that either show a reduced or enhanced [Ca2+] elevation 
in response to a set of different MAMPs and DAMPs. 

RESULTS 

Flg22 and elf18 induce Ca2+ elevations in Arabidopsis Aeqcyt and Aeqvmd seedlings. 

Alterations in the Ca2+ concentration ([Ca2+]) can be monitored in vivo with the bioluminescent Ca2+-
binding protein aequorin (Knight et al., 1991). Apoaequorin can be expressed ectopically in plants and 
spontaneously reconstitutes to functional holoaequorin upon addition of the native luminophore 
coelenterazine (CTZ-n) or chemically modified derivatives, such as coelenterazine-h (CTZ-h), for 
enhanced sensitivity (Shimomura et al., 1993; Mithöfer and Mazars, 2002). In this study, two 
established Arabidopsis aequorin-transgenic lines were used, which either express apoaequorin in the 
cytosol (Aeqcyt, pMAQ2, Col-0 background) or targeted to the so-called vacuolar microdomain (vmd), 
the cytoplasmic-face of the tonoplast, as a pyrophosphatase (H+-PPase)-apoaequorin fusion protein 
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(Aeqvmd, HVA1, C24 background; Knight et al., 1996). Thus, the Aeqvmd line serves as a reporter for 
Ca2+ fluxes occurring at the vacuole. 
The total amount of reconstituted aequorin in a sample can be estimated by disrupting the cells and 
discharging the released aequorin with excess Ca2+. The Ca2+ level correlates with the light emission 
from aequorin and is depicted as L/Lmax ratio, where the actual aequorin luminescence (L) at any 
measurement point is normalized to the total remaining aequorin (Lmax; Figure 1A left). In the case of 
the cytosolic aequorin (Aeqcyt) reconstituted with CTZ-n, L/Lmax can be further converted into actual 
[Ca2+]cyt using an empirical calibration that takes into account the double-logarithmic relationship 
between aequorin luminescence and [Ca2+] (Figure 1A right; Knight et al., 1996). By contrast, absolute 
calibration of [Ca2+]vmd is not feasible and is shown only as L/Lmax ratio, as in the Aeqvmd line not all 
aequorin molecules are exclusively targeted to the tonoplast (Knight et al., 1997) and CTZ-h, which 
confers a different (i. e. higher) quantum yield, was used (Shimomura et al., 1993). Furthermore, only 
qualitative but not quantitative comparisons should be made between the Aeqcyt and Aeqvmd lines. 
The bacterial MAMPs, flg22 and elf18, the fungal N-acetylchitooctaose (ch8), as well as the plant-
derived DAMP, AtPep1 (Pep1), induce a prolonged increase of [Ca2+]cyt in Arabidopsis Aeqcyt seedlings 
(Figure 1A; depicted as L/Lmax ratio (left) or after calibration (right)). [Ca2+] elevations were also 
observed in the Aeqvmd line for all tested MAMPs ands DAMPs (Figure 1B). Although a quantitative 
comparison of the [Ca2+] elevations between the Aeqcyt and Aeqvmd lines is not possible, the [Ca2+] 
elevations were qualitatively very similar for the tested stimuli (Figure 1). In both cases, after a 
MAMP/DAMP-specific lag phase, a rapid rise and a prolonged decline of [Ca2+] that lasted for around 
30 minutes is observed. The different MAMPs and DAMPs thereby induced [Ca2+] elevations with 
specific [Ca2+] peak heights, peak patterns and slightly different lag phases. Taken together, the 
observed [Ca2+] elevations in both aequorin reporter lines, Aeqcyt and Aeqvmd, point to a potential 
involvement of vacuolar Ca2+ in MAMP signalling. 
To uncover new components in early MAMP signalling, we screened for an altered [Ca2+] response 
(changed calcium elevation, cce) to flg22 in two ethylmethanesulfonate (EMS)-mutagenised 
populations of the Aeqcyt and the Aeqvmd lines. Potentially, the Aeqvmd line may yield mutants impaired 
in second messenger-evoked Ca2+ release from the vacuole. For the mutant screen flg22 was used,  
as in both lines, Aeqcyt and Aeqvmd, the flg22-induced [Ca2+] elevations were strongest and most 
consistent (Figure 1). 

Setup of a quantitative high-throughput Ca2+-based screening system in 384 well plates. 

To maximize throughput and minimize screening costs, e.g. for CTZ-n/h and flg22 peptide, 384-well 
plates were used in combination with a plate-reader luminometer equipped with an automatic injection 
system. Details of the protocol are provided in supplemental information (Protocol 2A). A complete 
384 well-plate, containing M2 seedlings corresponding to 32 individual M1 lines (12 segregating M2 
seedlings per M1 line), was measured automatically including discharge in less than 10 hours without 
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any additional hands-on time. However, such quantitative measurements required discharging of the 
sample and thereby sacrificing the putative mutant seedlings. Alternatively, in a qualitative screen 
(without discharge), candidate seedlings can be rescued from 384 well-plates after flg22 elicitation if 
the phenotype is already visible without quantification. This way, a complete 384 well-plate was 
measured automatically in less than 3 hours. In any case, the phenotype of putative mutants was 
confirmed in the next generation by analyzing 8-12 offspring seedlings in 384 well-plates in the same 
way (Figure S1). 

High-throughput screening requires high-throughput sample preparation and data calibration 
techniques. 

Most quantitative high-throughput screens of plant mutant populations are logistically challenging in 
terms of manpower and space requirement. To obtain most consistent results, sterile plant growth in 
liquid medium was preferred over growth on soil for several reasons: the use of 8-10 days-old seedlings 

Figure 1. MAMPs and DAMPs induce specific [Ca2+]cyt elevations and potentially release of vacuolar Ca2+ in 
Arabidopsis seedlings. 
(A) [Ca2+]cyt elevations in Aeqcyt/Col-0 seedlings induced by the indicated MAMPs/DAMPs. Data are shown as 
L/Lmax-normalized values in the left graph and after conversion to [Ca2+]cyt in the right graph. 
(B) [Ca2+] elevations in Aeqvmd/C24 seedlings induced by the indicated MAMPs/DAMPs. Data are shown as L/Lmax-
normalized values. To facilitate visualization, the lower part of the left graph is shown enlarged in the right graph. 
Arrows mark time of MAMP/DAMP application and data represent mean ± SD of ≥ 3 independent experiments 
(n ≥ 30) for both (A) and (B). 
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significantly lowered (i) growth time, (ii) space-requirements in often space-limited environmentally 
controlled growth chambers and (iii) costs and time for plant maintenance compared to use of adult 
plants; sterile growth in liquid medium further (iv) limited environmental variability, (v) allowed more 
even growth of mutants in sucrose-supplemented medium, e.g. those suffering from growth defects and 
(vi) allowed direct and synchronized access of the applied MAMPs to the whole seedling, due to  
a poorly developed cuticle and direct contact with the surrounding medium.  
In order to significantly shorten hands-on labour time in preparation of sterile seedlings, an optimized 
and modified high-throughput vapour-phase sterilization technique was developed (Clough and Bent, 
1998; see Protocol 1 in supplemental information). This enabled M2 seeds of 192 individual M1 lines  
to be sterilized in a single run and grown with optimized time and space utilization. 
To facilitate processing of the large data files obtained from quantitative measurements of 384 well-
plates, an R-based script was written to convert data into L/Lmax or [Ca2+]cyt, respectively, and to 
graphically plot the quantified data against a wild-type control for easy data examination in pdf format 
(Figure S1). Thus, data calibration did not require any specialized software or hardware and could be 
run on an average computer system by the sole use of free available software (“freeware”). 

Isolation of new fls2 alleles. 

Screening of EMS-mutagenised populations of the Aeqcyt/Aeqvmd lines for an altered [Ca2+] response 
was performed with flg22. Currently, M2 seedlings corresponding to 2300 Aeqvmd and 2800 Aeqcyt 
individual M1 lines have been analysed, which resulted in 19 mutants in the Aeqvmd line and 16 mutants 
in the Aeqcyt background. Characterizing the obtained mutants against other MAMPs such as elf18, 
rapidly distinguished those that are flg22-specific, i. e. likely affected in the FLS2 receptor, or showed 
altered responses to several MAMPs. Through sequencing of FLS2 and allelism analysis (data not 
shown), ten novel fls2 alleles were uncovered (Figure 2A; table SI). These included mutations of exon-
intron borders, single nucleotide insertions/deletions causing frame shifts, nonsense mutations, as well 
as missense mutations leading to non-conservative amino acid exchanges. The different mutations and 
their location within the FLS2 receptor protein are summarized in figure 2A. Additionally, two single 
nucleotide polymorphisms (SNPs) between Aeqcyt/Col-0 and Aeqvmd/C24 are also shown in figure 2A. 

Figure 2. Ca2+-based screening reveals novel fls2 alleles. 
(A) Schematic illustration of the fls2 mutations. Mutations in the Aeqcyt (Col-0) background are marked with black 
and mutations in the Aeqvmd (C24) background with gray arrowheads. Open arrowheads mark SNPs between 
Aeqvmd /C24 and Col-0. Abbreviations: fs = frame shift; splice = mutation of exon-intron border; “-“ = nonsense 
mutation; SP = signal peptide; LRR = leucine-rich repeat domain; NT/CT = N/C-terminal LRR domain; TM = 
transmembrane domain; JM = juxtamembrane domain; S/T kinase = serine/threonine kinase domain (gray bar = 
catalytic loop, dashed lines = proton and ATP binding sites) 
(B) FLS2 protein accumulation was analysed by immunoblot using anti-FLS2 antibodies. Amido-black-stained 
membranes show equal loading. Three independent experiments revealed identical results. 
(C) [Ca2+]cyt elevations in Aeqcyt fls2 mutant seedlings induced by 1 µM flg22 each compared to its respective wild-
type control. Arrows mark time of flg22 application. Data represent mean of calibrated [Ca2+]cyt ± SD of ≥ 4 
independent experiments (n ≥ 30). 
(D) [Ca2+] elevations in Aeqvmd fls2 mutant seedlings induced by 1 µM flg22 each compared to its respective wild-
type control. Arrows mark time of flg22 application. L/Lmax-normalized data are shown as mean ± SD of ≥ 6 
independent experiments (n ≥ 45). 
(E) Root growth inhibition (1 µM flg22) of different fls2 mutants (black bars) each compared to its respective wild-
type control (shaded bars). Data are given as % inhibition compared to untreated control; mean ± SE of ≥ 3 
independent experiments (n ≥ 45); * indicates statistically significant difference (p < 0.001). 
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The presence of FLS2 receptor protein was analysed by immunoblot with anti-FLS2 antibodies 
(Schulze et al., 2010). Generally, mutations of exon-intron borders, frame shifts or nonsense mutations 
resulted in complete loss of FLS2 receptor protein and flg22 responsiveness (Figure 2B-E). In addition 
to analysis of [Ca2+]cyt elevations, MAMP-induced growth arrest was examined routinely to evaluate 
MAMP responsiveness. Due to the strong effect of flg22 on roots (Ranf et al., submitted, figure 2, 
p. 40), flg22-induced growth arrest was determined by root length measurements. In accordance to the 
loss of FLS2 receptor, fls2-25, -26, -28, -30 and -32 were insensitive or strongly impaired in sensitivity 
to flg22 regarding [Ca2+]cyt elevation (Figure 2C/D) and root growth arrest (Figure 2E) as observed for 
fls2-T, a T-DNA insertion null mutant (Ranf et al., submitted, figure 4, p. 43).  
Mutants with amino acid exchanges still contained FLS2 receptor protein, although in variable amounts. 
As reported for the fls2-17 allele with an identical mutation but in the Landsberg-erecta background 
(Gomez-Gomez and Boller, 2000), a glycine1064 to arginine mutation within the fls2-27 kinase domain 
(Figure 2A) not only caused a strong reduction of the FLS2 protein level (Robatzek et al., 2006) but 
also a second band with slightly larger apparent mass on immunoblot (Figure 2B). Nevertheless, fls2-27 
was completely flg22-insensitive regarding [Ca2+]cyt elevation (Figure 2C middle) and root growth 
arrest (Figure 2E). Similarly, the exchange of serine320 to leucine within the LRR domain (LRR10) of 
fls2-33 (Figure 2A) led to strong reduction of FLS2 protein and a faint second band with slightly lower 
apparent mass on immunoblot (Figure 2B). Accordingly, the flg22-induced [Ca2+] elevation in fls2-33 
was almost abolished (Figure 2D middle). Furthermore, despite normal FLS2 protein levels 
(Figure 2B), the mutation of serine437 to phenylalanine within the LRR domain (LRR16) in fls2-31 
(Figure 2A) also completely abrogated [Ca2+] elevation (Figure 2D left) and root growth inhibition 
(Figure 2E). By contrast, two amino acid exchanges within the kinase domain of fls2-29 and fls2-34 
(Figure 2A) resulted in a more or less pronounced reduction in FLS2 protein content (Figure 2B) that 
was accompanied by only a partial reduction of flg22-induced [Ca2+] elevations (Figure 2C/D right) and 
root growth inhibition (Figure 2E). Taken together, depending on the mutation, residual [Ca2+] 
elevations were observed in some fls2 mutants and this correlated with the degree of root growth 
inhibition caused by growing them on flg22-containing medium (Figure 2).  

Isolation of new bak1 alleles. 

As BAK1 associates not only with the FLS2 receptor, but is also involved in elf18 and Pep1 signalling 
(Chinchilla et al., 2007; Krol et al., 2010; Ranf et al., submitted, figure 3, p. 41), those mutants with 
altered responses to flg22 and elf18 possibly comprise mutations in BAK1. Accordingly, sequencing of 
BAK1 and allelism analysis revealed 10 novel bak1 alleles (Figure 3A; table SII). The different 
mutations ranged from mutations of exon-intron borders and nonsense mutations to missense mutations 
leading to non-conservative amino acid exchanges and are, together with their location within the 
BAK1 protein, indicated in figure 3A. Using antibodies directed against BAK1 (Schulze et al., 2010), 
the BAK1 protein content in different mutants was analysed by immunoblot (Figure 3B). Most of the 
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bak1 mutants in the Aeqcyt background showed no detectable BAK1 protein, including the bak1-6 and  
bak1-11 mutants that both contain amino acid exchanges within the kinase domain (Figure 3A/B). 
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Figure 3. Ca2+-based screening reveals novel bak1 alleles. 
(A) Schematic illustration of the bak1 mutations. Mutations in the Aeqcyt (Col-0) background are marked with black 
and mutations in the Aeqvmd (C24) background with gray arrowheads. 
Abbreviations: splice = mutation of exon-intron border; “-“ = nonsense mutation; SP = signal peptide; LRR = 
leucine-rich repeat domain; NT = N-terminal LRR domain; PR = proline-rich domain; TM = transmembrane 
domain; JM = juxtamembrane domain; S/T kinase = serine/threonine kinase domain (gray bar = catalytic loop, 
dashed lines = proton and ATP binding sites) 
(B) BAK1 protein accumulation was analysed by immunoblot using anti-BAK1 antibodies. Amido-black-stained 
membranes show equal loading. Three independent experiments revealed identical results. 
(C/F) [Ca2+]cyt elevations in Aeqcyt bak1 mutant seedlings induced by (C) 1 µM flg22 and (F) 1 µM elf18 each 
compared to its respective wild-type control. Arrows mark time of MAMP application. Data represent mean of 
calibrated [Ca2+]cyt ± SD of ≥ 3 independent experiments (n ≥ 45). 
(D/G) [Ca2+] elevations in Aeqvmd bak1 mutant seedlings induced by (D) 1 µM flg22 and (G) 1 µM elf18 each 
compared to its respective wild-type control. Arrows mark time of MAMP application. L/Lmax-normalized data are 
shown as mean ± SD of ≥ 5 independent experiments (n ≥ 20). 
(E/H) Growth inhibition of different bak1 mutants (black bars) each compared to its respective wild-type control 
(shaded bars) was analysed by (E) root length (1 µM flg22) or (H) fresh weight (100 nM elf18) examination. Data 
are given as % inhibition compared to untreated control; mean ± SE of ≥ 3 independent experiments (n ≥ 24); 
* indicates statistically significant difference, ns = not significant (p < 0.001). 
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As illustrated for bak1-6 and bak1-11, all these bak1 null mutants showed a similar delay and strong 
reduction of the flg22- or the elf18-induced [Ca2+]cyt elevation (Figure 3C/F) as observed for the T-DNA 
insertion line bak1-4 (Ranf et al., submitted, figure 3, p. 41). In addition, these bak1 null mutants more 
or less resembled the flg22-mediated root growth arrest phenotype of bak1-4 (Figure 3E). Due to a 
growth phenotype with very short roots, flg22-induced root growth inhibition could not be assessed in 
bak1-10. Remarkably, bak1-11 was completely insensitive to flg22 regarding growth arrest despite a 
virtually identical [Ca2+]cyt elevation to bak1-6 (Figure 3E). Since EMS mutants without back crosses 
were analysed here, it is not clear if this growth inhibition phenotype is caused by the bak1 mutation or 
a second site mutation. Alternatively, as brassinosteroid signalling was not investigated here, some of 
the growth phenotype might be due to altered brassinolide signalling. 
The Aeqcyt bak1 mutant exhibiting normal BAK1 protein level, bak1-12, with a conservative exchange 
of aspartate507 to asparagine within the kinase domain (Figure 3A/B), showed only a weak reduction in 
[Ca2+]cyt elevations (Figure 3C/F right) and growth arrest (Figure 3E) compared to bak1 null mutants. 
By contrast, all three bak1 mutants in Aeqvmd background, with non-conservative amino acid exchanges 
in the kinase domain, contained normal amounts of BAK1 protein (Figure 3A/B). For these mutants, the 
different levels of reduction in the flg22- and elf18-induced [Ca2+] elevations (Figure 3D/G) were well 
reflected in the distinct flg22-mediated root growth arrest (Figure 3E). As reported for bak1-4 
(Chinchilla et al., 2007), the newly isolated bak1 mutants in Aeqcyt/Col-0 background also did not show 
an altered growth inhibition in response to elf18 (Figure 3H). However, two out of the three bak1 
mutants in Aeqvmd/C24 background – in particular, the bak1-14 allele – showed reduced sensitivity to 
elf18 regarding growth arrest (Figure 3H), which correlated with the distinct elf18-induced [Ca2+] 
elevations (Figure 3G). This unexpected finding may be attributed to the different accession 
background (see Discussion).  

Quantitative screening reveals potentially novel components in MAMP signalling. 

In addition to the fls2 and bak1 mutants described above, cce mutants with reduced or enhanced [Ca2+] 
elevations were isolated. Characterizations for six of these mutants are presented below. None of these 
cce mutants were specific for a single MAMP, but all showed altered [Ca2+] elevations to flg22 and 
elf18 (Figure 4A-C/G-I). Sequence analysis revealed no mutations in FLS2 or BAK1. Accordingly, the 
cce mutants contained normal levels of FLS2 and BAK1 proteins with the exception of cce2 that 
showed reduced FLS2 levels (Figure 4F). However, like all other cce mutants, cce2 also showed  
a reduced [Ca2+] response to elf18 (Figure 4G). Thus, cce2 is not simply an fls2 mutant, but shows  
a complex phenotype. 
To further evaluate the cce mutants, the maximum peak height and total sum of the [Ca2+] alterations 
induced by flg22 and elf18 were analysed statistically (Figure 4D/J). Two examples from cce mutants 
with reduced [Ca2+] elevation in the Aeqcyt or Aeqvmd background are illustrated in figure 4A/G and 
4B/H, respectively. The [Ca2+] amplitudes were reduced by about 20% in response to flg22 or elf18 in 
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cce1 and by about 35% in cce2 (Figure 4D/J). While the [Ca2+] elevations in cce1 were only reduced, a 
slight delay was observed in cce2 (Figure 4A/G). The flg22-induced root growth arrest of cce1 and cce2 
reflected the reduction observed in the [Ca2+] amplitude, while the elf18-induced growth arrest was 
comparable to wild type (Figure 4E/K). In both Aeqvmd cce mutants, cce5 and cce6, the [Ca2+] 
elevations were similarly reduced, by about 60%, and delayed upon flg22, as well as elf18 elicitation 
(Figure 4B/H). However, the flg22-induced root growth inhibition was only reduced in cce5, whereas 
no reduction was observed for cce6 (Figure 4E), despite the virtually identical [Ca2+] amplitudes 
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Figure 4. cce mutants show reduced or enhanced responses to flg22 and elf18. 
(A/G) [Ca2+]cyt elevations in Aeqcyt cce mutant seedlings induced by (A) 1 µM flg22 and (G) 1 µM elf18 each 
compared to its respective wild-type control. Arrows mark time of MAMP application. Data represent mean of 
calibrated [Ca2+]cyt ± SD of ≥ 3 independent experiments (n ≥ 45). [Ca2+] peaks chosen for calculation (D/J) are 
marked with (1) or (2). 
(B/C, H/I) [Ca2+] elevations in Aeqvmd cce mutant seedlings induced by (B/C) 1 µM flg22 and (H/I) 1 µM elf18 each 
compared to its respective wild-type control. Arrows mark time of MAMP application. L/Lmax-normalized data are 
shown as mean ± SD of ≥ 3 independent experiments (n ≥ 26). [Ca2+] peaks chosen for calculation (D/J) are 
marked with (1) or (2). 
(D/J) Statistical analysis of MAMP-induced [Ca2+] elevations in cce mutants. Amplitudes of the [Ca2+] peaks ([Ca2+] 
max) or the overall sum of the [Ca2+] elevation ([Ca2+] sum) induced by (D) 1 µM flg22 or (J) 1 µM elf18 were 
calculated for each cce mutant line and are given as % of the respective wild-type control. Data represent 
mean ± SD of ≥ 3 independent experiments (n ≥ 26). * indicates statistically significant difference, ns = not 
significant (p < 0.001). [Ca2+] peaks chosen for calculation are marked with (1) or (2) in (A-C) and (G-I). 
(E/K) Growth inhibition of different cce mutants (black bars) each compared to its respective wild-type control 
(shaded bars) was analysed by (E) root length (1 µM flg22) or (K) fresh weight (100 nM elf18) examination. Data 
are given as % inhibition compared to untreated control; mean ± SE of ≥ 3 independent experiments (n ≥ 24); 
* indicates statistically significant difference, ns = not significant (p < 0.001). 
(F) FLS2 and BAK1 protein accumulation was analysed by immunoblot using anti-FLS2 and anti-BAK1 antibodies. 
Amido-black-stained membranes show equal loading. Three independent experiments revealed identical results. 
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(Figure 4B). In contrast to the Aeqcyt mutants, cce1 
and cce2, both Aeqvmd mutants, cce5 and cce6, showed 
reduced sensitivity to elf18 regarding growth arrest 
that reflected the respective [Ca2+] amplitudes 
(Figure 4H/K). Furthermore, cce mutants with 
enhanced [Ca2+] elevations upon flg22 or elf18 
application were isolated (Figure 4C/I). While the 
overall shape of the [Ca2+] elevations induced by flg22 
or elf18 were similar between cce10 and cce11, both 
mutants showed clearly distinct characteristics in 
response to both MAMPs (Figure 4C/I). The second 
[Ca2+] peak induced by flg22 and the subsequent decline of the [Ca2+] elevation were significantly 
enhanced in both mutants (Figure 4C/D). The first flg22-induced [Ca2+] peak, on the contrary, was only 
increased in cce10, while comparable to wild type in cce11 (Figure 4C/D). This difference in the first 
[Ca2+] peak, that also determines the absolute maximum of the [Ca2+] elevation, is reflected in the flg22-
induced root growth arrest, which is enhanced in cce10 but not cce11 (Figure 4E). Although the [Ca2+] 
elevation upon flg22 elicitation was increased and prolonged in cce10, the elf18-induced [Ca2+] 
response showed nearly a duplication of the maximum [Ca2+] peak but quickly returned to wild type 
[Ca2+] levels (Figure 4I/J). Vice versa, unlike the normal flg22-induced [Ca2+] maximum, the elf18-
induced [Ca2+] amplitude was strongly enhanced in cce11 and, furthermore, persisted into a sustained 
elevated [Ca2+] level (Figure 4I/J). In agreement with the increase in the absolute maximum of the 
elf18-induced [Ca2+] elevations in cce10 and cce11, both mutants were significantly more sensitive to 
elf18-mediated growth arrest (Figure 4K). 
In order to expand the potential phenotypes beyond flg22 and elf18, the cce mutants were further tested 
against the fungal MAMP ch8 and the Arabidopsis-derived DAMP Pep1. This led to two different 
phenotype categories in the cce mutants (summarized in table I). One group (cce5, cce6 and cce10) 
comprises mutants that showed altered [Ca2+] elevations to flg22, elf18 and Pep1 but no change in their 
response to ch8, whereas the second group contains mutants with altered [Ca2+] responses to all four 
tested MAMPs and DAMPs (cce1, cce2 and cce11).  
In summary, the current screen for cce mutants resulted not only in the identification of additional 
alleles of fls2 and bak1 but also of potentially novel signalling components. These showed distinct and 
characteristic [Ca2+] responses and growth arrest phenotypes to flg22 and elf18 that were either reduced 
or enhanced in comparison to the wild type. Moreover, some cce mutants from both groups, reduced  
or enhanced response, could be sub-categorized into those that showed additional phenotype to Pep1 
and/or ch8. Thus, all cce mutants obtained so far are affected in common rather than MAMP-  
or DAMP-specific signalling components.  

Table I: [Ca2+] response of cce mutants to 
different MAMPs and DAMPsa 

cce- flg22 elf18 Pep1 ch8 

1 ↓ ↓ ↓ ↓ 

2 ↓↓ ↓↓ ↓↓ ↓ 

5 ↓↓ ↓↓ ↓↓ — 

6 ↓↓ ↓ ↓ — 

10 ↑↑ ↑↑ ↑↑ — 

11 ↑ ↑↑ ↑↑ ↑↑ 
 

a) the reduced or increased [Ca2+]cyt response to the MAMPs 
and DAMPs are depicted by the number of corresponding 
arrows. 
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DISCUSSION 

The power of high-throughput Ca2+-based screening 

Despite the crucial role of Ca2+ as second messenger in MAMP/DAMP signalling, little is known about 
the molecular components involved in Ca2+ signalling and the upstream connection to the receptor. As  
a very early response occurring within minutes after stimulus application, [Ca2+] measurements are 
linked to MAMP/DAMP-induced receptor complex activities and reflect early upstream signalling 
events in a quantitative and kinetic manner. Here a high-throughput Ca2+-based screening system aimed 
at elucidating the missing links in early MAMP/DAMP-stimulated Ca2+ signalling is presented. 
Optimization of the screening system minimized hands-on labour time in sample preparation and data 
evaluation, as well as screening costs while maintaining quantitative and kinetic analyses in a high-
throughput manner. Using this setup to screen for cce mutants in response to flg22 resulted in several 
novel alleles of fls2, the flagellin receptor, as well as bak1, a receptor-associated kinase (Table SI/II). 
Besides serving as proof of principle for the Ca2+-based screening, the rapid isolation of novel fls2 and 
bak1 alleles will be instrumental for further functional characterization of distinct domains within FLS2 
and BAK1. Moreover, several potentially novel cce mutants were isolated with either reduced or 
enhanced responses to different sets of MAMPs/DAMPs (Table I). These also included mutants that did 
not show an altered growth arrest induced either by flg22 or elf18, which could be potentially useful for 
uncoupling signal transduction pathways linking and distinguishing between defence and 
developmental processes. Although the growth response is regularly used to isolate MAMP signalling 
mutants due to the fast and facile screening of huge mutant pools (Chinchilla et al., 2007; Nekrasov  
et al., 2009), it may not be suitable for all mutants (e.g. cce6 and cce11; Figure 4E) and may not be 
applicable for all MAMPs. The elf18-induced growth inhibition in Col-0, for instance, is impaired in 
mutants with reduced EFR receptor levels (Li et al., 2009; Nekrasov et al., 2009; Saijo et al., 2009) but 
not in bak1-4 (Figure 3H; Chinchilla et al., 2007) or other potential signalling mutants downstream of 
the receptor (e.g. cce1 and cce2; Figure 4K). Additionally, not only whole seedlings, but also excised 
tissues, such as isolated roots or mature leaf discs, can be used for [Ca2+] measurements to analyse 
specific responses in such tissues. 
A drawback in Ca2+-based screening is the need of aequorin-transgenic mutant pools, which excludes 
the use of established pools like T-DNA insertion or transposon lines. Such aequorin-transgenic mutant 
pools are mainly generated by EMS mutagenesis or similar techniques, where identification of mutants 
requires intensive mapping. However, this might be easily overcome through the advance in current 
deep sequencing technologies that have reached acceptable genome coverage to permit rapid mutation 
identification (Schneeberger et al., 2009). 
In conclusion, the Ca2+-based screening system provided here is highly suitable for identification of 
receptor complex constituents as well as early signalling components activated by any MAMP and 
DAMP inducing [Ca2+] elevations in a single screen. As Ca2+ is a ubiquitous second messenger 
involved in diverse signalling pathways, Ca2+-based screening is not restricted to MAMP and DAMP 



RESULTS    73 

signalling but is generally applicable for any stimulus involving Ca2+ signalling and in intact seedlings 
as well as specific tissues. 

cce mutants comprise potentially novel components in MAMP signalling. 

Overall, the obtained cce mutants were not specific for a single MAMP or DAMP, but all showed 
altered [Ca2+] elevations to several MAMPs and DAMPs that were either reduced or enhanced. 
Furthermore, all mutants showed distinct characteristics in their responses. For instance, the mutants 
cce10 and cce11 differed in their response pattern to flg22 and elf18, i. e. the [Ca2+] elevations were 
either increased or prolonged or a combination of both depending on the applied MAMP (Figure 4C/I). 
In the different mutants distinct phenotype patterns were observed to the set of tested MAMPs/DAMPs 
(summarized in table I). Besides the different flg22- and elf18-induced phenotypes described above, 
some cce mutants also showed an altered response to Pep1 but not to ch8 (Table I). The signalling 
pathways activated by the three MAMPs/DAMPs, flg22, elf18 and Pep1, share the common kinase 
component BAK1 (Chinchilla et al., 2007; Krol et al., 2010). Thus, these cce mutants are probably 
affected in similarly shared signalling components like BAK1, which are specific for a certain class of 
receptors. However, these are unlikely to be from the SERK family of BAK1 homologs since serk 
mutants do not have any impact on MAMP-induced [Ca2+] elevations (Ranf et al., submitted, figure 4, 
p. 43). Interestingly, one of the mutants with an enhanced [Ca2+] response (cce11) as well as two 
mutants with a reduced [Ca2+] elevation (cce1 and cce2), showed altered responses not only to flg22, 
elf18 and Pep1 but also to ch8 (Table I). As responses to these MAMPs and DAMPs are mediated by 
two completely different classes of receptors, i. e. LRR- or LysM-containing receptors (Gomez-Gomez 
et al., 1999; Gomez-Gomez and Boller, 2000; Zipfel et al., 2006; Miya et al., 2007; Wan et al., 2008), 
the broad spectrum of phenotypes of these mutants potentially indicate that unknown common 
components are affected. 
Most of the cce mutants also showed normal levels of FLS2 and BAK1 protein (Figure 4F), suggesting 
that components downstream of the receptor but upstream of or involved in Ca2+ signalling are causal 
for the observed phenotypes. An exception is the cce2 mutant that contained less FLS2 protein 
(Figure 4F). As FLS2 is not mutated in cce2, the reduced protein level might be due to alterations in the 
molecular machinery controlling FLS2 receptor level. Steady-state FLS2 levels, for instance, are 
regulated by ethylene signalling (Boutrot et al., 2010; Mersmann et al., 2010), whereas the EFR 
receptor, and to a lesser extent the FLS2 receptor, are subject to a strict and specific ER-mediated 
quality control (Li et al., 2009; Nekrasov et al., 2009; Saijo et al., 2009). Nevertheless, cce2 also shows 
a reduced [Ca2+] response to elf18, Pep1 and ch8 (Table I) and thus, potentially, immune receptors  
in general are affected, thereby causing the observed broad-spectrum phenotype. Taken together,  
all cce mutants obtained so far are affected in common signalling components shared by diverse 
MAMPs and DAMPs. 
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C24 seedlings reveal accession-specific differences in MAMP sensitivity and a potential role for 
BAK1 in late elf18-induced growth arrest. 

As the two aequorin reporter lines used in this screen, Aeqcyt and Aeqvmd, are in different Arabidopsis 
accessions, Col-0 and C24 respectively, accession-specific differences in MAMP responses were 
observed during evaluation of the obtained mutants. This is particularly well illustrated by the different 
sensitivities to flg22 and elf18 regarding growth arrest in the two accessions (Figure 2E/3H). While C24 
seedlings were more sensitive to flg22 than Col-0 (Figure 2E), they were remarkably less affected by 
elf18 compared to Col-0 (Figure 3H). Although the [Ca2+] elevations in Aeqcyt and Aeqvmd cannot be 
compared directly, the [Ca2+] amplitudes evoked by the different MAMPs/DAMPs within each 
accession show a comparatively distinct pattern (Figure 1). The [Ca2+] amplitude induced by elf18 in 
Col-0 lies between the flg22- and the ch8-induced response (Figure 1A), while in C24 seedlings elf18 
induced the lowest and flg22 an exceptionally high [Ca2+] amplitude (Figure 1B). In good agreement to 
public gene expression profiling data, EFR expression is significantly reduced in C24 in comparison to 
Col-0, while FLS2 expression appears slightly enhanced (Figure S2B). Moreover, the FLS2 receptor 
level in Aeqvmd/C24 was much higher than in Col-0 as detected by immunoblot analysis with anti-FLS2 
antibodies, while BAK1 levels were comparable (Figure S2A). 
Concerning the distinct growth arrest sensitivity, receptor expression and FLS2 protein level, the 
specific [Ca2+] amplitude patterns appear to reflect general differences in sensitivity towards flg22  
vs. elf18 in Col-0 and Aeqvmd/C24. This is further supported by SNPs detected in FLS2, EFR and BAK1 
in Aeqvmd/C24 compared to Col-0. Three SNPs in BAK1 are located in intron regions, while sequencing 
of Aeqvmd/C24 FLS2 revealed two conservative amino acid exchanges in comparison to Col-0, one 
within the leucine-rich repeat domain (LRR7, D255E) and one within the kinase domain (K971R) quite 
close to the proton acceptor site (D997; Figure 2A). Moreover, one of three SNPs in C24 EFR is a 
synonymous substitution, while the other two lead to non-conservative lysine to glutamate (K116E) and 
glutamate to valine (E134V) exchanges in LRR1 and LRR2, respectively, which can potentially affect 
ligand binding. Remarkably, only the FLS2 SNP leading to the D255E exchange and the EFR SNP 
leading to the E134V exchange are annotated in public database (http://polymorph-
clark20.weigelworld.org; Clark et al., 2007; Zeller et al., 2008), whereas the K971R exchange within 
the FLS2 kinase domain and the K116E exchange in the EFR LRR1 domain appear to be specific for 
Aeqvmd. As the two FLS2 and the two EFR SNPs in Aeqvmd are located in regions important for activity, 
i. e. ligand binding LRR or kinase domain, they might, either directly or indirectly, e. g. via protein 
stability, be relevant for the observed differences in sensitivity towards flg22 and elf18, respectively. 
Taken together, several different aspects, such as expression of receptor genes, receptor protein 
accumulation and SNPs leading to amino acid exchanges, may account for the difference in sensitivity 
of the accessions Col-0 and Aeqvmd/C24 towards flg22 and elf18 regarding [Ca2+] elevations and 
MAMP-mediated growth arrest. 



RESULTS    75 

In addition to this general difference in elf18 sensitivity, also a differential role of BAK1 in the late 
elf18-induced growth arrest was observed between Col-0 and Aeqvmd/C24. As reported, the null T-DNA 
insertion mutants bak1-3 and bak1-4, both in Col-0 background, are only impaired in flg22- but not 
elf18-induced growth arrest, while BAK1 is involved in the early accumulation of reactive oxygen 
species in response to both MAMPs (Chinchilla et al., 2007). Accordingly, also none of the bak1 
mutants in the Aeqcyt/Col-0 background were impaired in elf18-mediated growth arrest (Figure 3H) and, 
similarly, none of the Aeqcyt cce mutants (Figure 4K), while all of them were clearly reduced in the 
flg22-induced growth inhibition (Figure 3E/4E). By contrast, two of the three bak1 mutants and all cce 
mutants in the Aeqvmd/C24 background showed an altered growth arrest to elf18 (Figure 3H/4K), which 
also reflected the reduction in the elf18-induced [Ca2+] elevations (Figure 3G/4H-I). Whether these 
point mutation bak1 mutants might differ from the bak1 null mutants by interfering with normal BAK1 
signalling, for instance via the four other BAK1-homologs, or alternatively, whether brassinosteroid 
signalling might be affected in these mutants, remains to be determined. Bearing these constraints in 
mind, BAK1, and similarly the yet-to-be-identified CCEs, play a role not only in the early [Ca2+] 
elevation but also the late growth inhibition induced by elf18 in Aeqvmd/C24 seedlings. As both 
accession show a differential sensitivity towards elf18, the observed role of BAK1 in the elf18-induced 
growth arrest in Aeqvmd/C24 may be directly linked to the reduced elf18-sensitivity. In conclusion, the 
analysis of MAMP and DAMP responses in different Arabidopsis accessions potentially reveals 
additional phenotypes not discovered in standard accessions used in routine laboratory experiments 
such as Col-0. Exploring natural diversity to uncover potential components in MAMP and DAMP 
signalling should also receive more consideration in the future. 

SUPPLEMENTAL DATA 

Supplemental data are available in the appendix 5.2 (p. 153). 
Figure S1. Output examples of R-based data calibration. 
Figure S2. Col-0 and C24 seedlings show differential expression and accumulation of immune 
receptors. 
Table SI. fls2 mutants. 
Table SII. bak1 mutants. 
Table SIII. Primers for PCR and sequencing. 
Protocol 1. Seed sterilization. 
Protocol 2. [Ca2+] measurements in 96/384 well plates. 

METHODS 

Plant material and growth conditions 

The Arabidopsis thaliana line Aeqcyt/pMAQ2 in Col-0 background and Aeqvmd/HVA1 in C24 
background were obtained from M. and H. Knight (Knight et al., 1991, 1996). Mutagenesis was 
performed using EMS at two concentrations (0.2% and 0.4%, w/v) according to standard protocol 
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(Arabidopsis: A laboratory manual, ISBN: 0-87969-573-0) and M1 plants were harvested individually. 
T-DNA insertion lines fls2-T (At5g46330, SALK_062054) and bak1-4 (At4g33430, SALK_116202; 
Chinchilla et al., 2007) were obtained from B. Kemmerling and efr-1 (At5g20480, SALK_044334; 
Zipfel et al., 2006) from C. Zipfel. Seeds were surface-sterilized, if required (see protocol 1 in 
supplemental information), and stratified at 4°C for ≥ 2 days. Plants were grown on soil in climate 
chambers under short day or on ATS agar plates (Estelle and Somerville, 1987) or in liquid MS medium 
(0.5 x MS, 0.25 % sucrose, 1 mM MES, pH 5.7) in 24-well plates (10 seedlings / well) under long day 
conditions at 20-22°C. 

Sequencing 

For sequence analysis FLS2, EFR and BAK1 were amplified from genomic DNA by PCR with gene-
specific primers (Table SIII) using Phusion® Hot Start High-Fidelity DNA Polymerase (Finnzymes, 
Espoo, Finland). Purified PCR products were sequenced using the indicated primers (Table SIII). 

Elicitors 

Flg22, elf18 and AtPep1 (Pep1; Gomez-Gomez et al., 1999; Kunze et al., 2004; Huffaker et al., 2006) 
were synthesized using an Abimed EPS221 (Abimed, Langenfeld, Germany) system.  
N-acetylchitooctaose (ch8) was provided by N. Shibuya (Albert et al., 2006). 

Aequorin luminescence measurements 

For aequorin luminescence measurements Col-0 plants expressing p35S-apoaequorin (pMAQ2) in the 
cytosol (Aeqcyt) or C24 plants expressing p35S-apoaequorin as cytoplasmic-faced H+-PPase-fusion 
(HVA1) in the tonoplast (Aeqvmd) were used (Knight et al., 1991, 1996). 8-days-old liquid-grown 
seedlings were placed individually in 96- or 384-well plates in 10 µM CTZ / dH2O (CTZ native/h, 
P.J.K., Kleinblittersdorf, Germany) in the dark over night. Luminescence was recorded by scanning 
each row in 6 sec (96-wells) or two rows in 10 sec intervals (384-wells) using a Luminoskan Ascent 2.1 
luminometer (Thermo Scientific, Schwerte, Germany). Detailed protocols are available as supporting 
information (protocol 2). Remaining aequorin was discharged and Ca2+ concentrations were calculated 
according to Rentel and Knight (2004): pCa = 0.332588(-log(L/Lmax)) + 5.5593 
L/Lmax = luminescence counts per sec/total luminescence counts remaining 
Amplitudes of the [Ca2+] peaks and the overall sum of the [Ca2+] elevation were calculated for each cce 
mutant line and are given as % of the respective wild-type control. For statistical analysis Student’s  
t-test (p < 0.001) was performed using GraphPad Prism 5.0.  

Immunoblot analysis 

Seedlings were grown for 14 days in MS medium. Total protein and membrane proteins were 
solubilized in 25 mM Tris-HCl pH 8.0, 150 mM NaCl, 1% (w/v) octylphenoxypolyethoxyethanol 
(Nonidet P-40) and Serva inhibitor mix HP (www.serva.de). Immunoblot was performed with  
anti-FLS2 and anti-BAK1 antibodies (Chinchilla et al., 2006; Schulze et al., 2010). 

Growth inhibition 

For root growth analysis seedlings were grown vertically on agar plates ± 1 µM flg22 for 14 days. For 
fresh weight examination 5-days-old seedlings from agar plates were transferred individually into 48-
well plates ± 100 nM elf18 (1ml / well / seedling) for 15 days. To distinguish between growth 
differences due to treatment vs. genotype effects, two-way ANOVA was performed on log2-transformed 
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root length or fresh weight data (genotype x treatment; p < 0.001; R statistical package; Delker et al., 
2010). Data were depicted as % growth inhibition compared to control. 
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2.4. Lipopolysaccharides induce [Ca2+]cyt elevations in Arabidopsis thaliana seedlings 

2.4.1. Aims and summary 

The third objective of this thesis is the characterization of the Ca2+ responses induced by different 
MAMPs and DAMPs. While the well-established MAMPs and DAMPs flg22, elf18, Pep1 and ch8 are 
covered in the previous section, the following chapter will focus on the less-studied MAMPs 
lipopolysaccharide (LPS) and peptidoglycan (PGN). Since the peptide MAMPs can be synthetically 
produced and their cognate perception systems have been discovered, the specificity of their MAMP 
activity was genetically and biochemically demonstrated. In contrast, LPS and PGN need to be purified 
from bacterial cultures and thus may contain MAMP-active contaminants if not properly purified. 
Indeed, in animal systems, such highly active contaminants in LPS and PGN preparations led to 
contradictory reports about their perception. Since in most plants studies very high concentrations of 
LPS were applied, this raised concerns about the specificity of the observed phenotypes for LPS and 
potential MAMP-active contaminants in the LPS preparations used. Furthermore, inter-strain 
differences between distinct bacterial species, as well as intra-strain variability of LPS further hinders 
comparability of different studies. 
Here, analysis of the [Ca2+]cyt elevation in Arabidopsis seedlings induced by a widely used commercial 
source of Pseudomonas aeruginosa LPS preparation pointed to a substantial contamination with 
bacterial EF-Tu protein, which is highly active as MAMP. Re-evaluation of the Ca2+-releasing activity 
of P. aeruginosa LPS using preparations from different strains, as well as provided by different 
laboratories all resulted in comparable [Ca2+]cyt elevations. Several Xanthomonas campestris LPS 
preparations, tested in comparison, also induced comparable but lower [Ca2+]cyt elevations. Furthermore, 
the purified LPS preparations still induced significant [Ca2+]cyt elevations at 100-fold lower 
concentrations as regularly used in plant studies, pointing to a sensitive perception system. In general, 
the LPS-induced Ca2+ response resembled the typical characteristics observed with other MAMPs, such 
as a prolonged [Ca2+]cyt elevation. Intriguingly, in contrast to published results (Shan et al., 2008),  
LPS-induced [Ca2+]cyt elevations were independent of BAK1. Moreover, neither LPS- nor flg22- or 
elf18-induced [Ca2+]cyt elevations were altered by loss of DND1, thus disproving the purported role for 
this cyclic nucleotide-gated channel in MAMP-induced Ca2+ signalling as suggested (Ali et al., 2007; 
Ma et al., 2009). In conclusion, purified LPS acts as MAMP in Arabidopsis, even at low concentrations. 
The data further illustrate the importance of critical assessment of the purity and specificity of MAMP 
preparations used to study innate immunity.  
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2.4.2. Manuscript 

Lipopolysaccharides induce calcium elevations in Arabidopsis thaliana independent of the adapter 
kinase BAK1 and the calcium permeable channel DND1   

Stefanie Ranf1, Lennart Eschen-Lippold1, Ulrich Zähringer2, Justin Lee1 & Dierk Scheel1 
 
1Leibniz Institute of Plant Biochemistry, Stress and Developmental Biology, Weinberg 3, D-06120 Halle, Germany 
2Division of Immunochemistry, Research Center Borstel, Leibniz-Center for Medicine and Biosciences, Parkallee 1-40, 23845 
Borstel, Germany 
Keywords: Ca2+ signalling, MAMP, lipopolysaccharide, Pseudomonas, Xanthomonas, Arabidopsis thaliana 

SUMMARY 

Cell wall components, due to their exposed location, are predestined as pathogen/microbe-associated 
molecular patterns (P/MAMPs) that are perceived by a potential host to induce defence responses. The 
glyco-conjugate lipopolysaccharide (LPS) is the main component in the outer cell envelope of Gram-
negative bacteria and belongs to the most potent MAMPs in mammalian systems. By contrast, 
comparatively high LPS concentrations (50-100 µg/ml) are necessary to elicit defence responses in 
plants, thereby raising concerns about the purity of the applied preparations. Using a sensitive system 
for monitoring changes in cytosolic Ca2+ ([Ca2+]cyt), a wide collection of purified LPS preparations from 
Pseudomonas and Xanthomonas was found to induce [Ca2+]cyt elevations in Arabidopsis thaliana at 
concentrations (~0.5 µg/ml) that are > 100-fold lower than those reported previously. Hence, this points 
to a sensitive perception system for LPS in Arabidopsis. Moreover, [Ca2+]cyt elevations induced by the 
purified LPS preparations were independent of the adapter kinase BAK1 (Brassinosteroid receptor 1-
associated kinase 1), which associates with several MAMP receptors, including EFR (Elongation factor 
Tu (EF-Tu) receptor). Conversely, a commercial LPS preparation showed reduced [Ca2+]cyt elevations 
in bak1 but also in efr mutant seedlings compared to wild type seedlings, pointing to a contamination 
with bacterial EF-Tu protein. Furthermore, LPS-induced [Ca2+]cyt elevations in Arabidopsis were not 
mediated by the Ca2+-permeable plasma membrane channel CNGC2/DND1 (Cyclic nucleotide-gated 
channel 2/defence no death 1). Taken together, previous reports on roles of BAK1 and CNGC2/DND1 
in LPS signalling need to be re-evaluated.  

INTRODUCTION 

Specific pattern recognition receptors (PRRs) perceive conserved microbe/pathogen-associated 
molecular patterns (M/PAMPs) to initiate defence responses. One of the earliest signalling events 
observable is a rapid change in the cytosolic Ca2+ concentration ([Ca2+]cyt), which is a prerequisite for 
most downstream responses, such as accumulation of reactive oxygen species (ROS), activation of 
mitogen-activated and Ca2+-dependent protein kinases and defence gene expression (Blume et al., 2000; 
Boller and Felix, 2009; Boudsocq et al., 2010; Ranf et al., submitted, see 2.2).  
Currently, the best studied MAMP/PRR pairs in Arabidopsis thaliana are flagellin/FLS2 (Flagellin-
sensitive 2) and EF-Tu/EFR (Elongation factor Tu receptor), with the peptides flg22 and elf18 
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functioning as the respective MAMPs (Felix et al., 1999; Gomez-Gomez et al., 1999; Gomez-Gomez 
and Boller, 2000; Kunze et al., 2004; Chinchilla et al., 2006; Zipfel et al., 2006). Upon ligand binding, 
FLS2 associates with the adapter kinase BAK1 (Brassinosteroid receptor 1-associated kinase 1), and 
this is required for full responsiveness to flg22 (Chinchilla et al., 2007; Heese et al., 2007). Meanwhile, 
BAK1 was also found to act in signalling pathways activated by several other MAMPs/elicitors like 
elf18, harpin elicitor protein (HrpZ), peptidoglycan (PGN) and lipopolysaccharides (LPS), but not 
chitin in Arabidopsis (Shan et al., 2008) and infestin and bacterial cold-shock protein in tobacco  
(Heese et al., 2007; Chaparro-Garcia et al., 2011). 
Due to their exposed position to any potential host, cell wall components are predestined as MAMPs. 
Indeed, PGN from Staphylococcus aureus acts as MAMP in Arabidopsis (Gust et al., 2007) and chitin-
oligomers from fungal cell walls are sensed by the Arabidopsis RLK CERK1 (Chitin elicitor receptor 
kinase 1; Miya et al., 2007; Wan et al., 2008; Petutschnig et al., 2010). These cell wall components fit 
the definition of MAMPs as they are representative for a whole class of microbes and indispensable for 
survival. Another such typical MAMP could be LPS. This common glyco-conjugate is the main 
component in the outer cell envelope of Gram-negative bacteria. The common structure of these 
tripartite amphiphilic macromolecules consists of lipid A, which functions as membrane anchor and is 
linked to a saccharide part consisting of a conserved oligosaccharide core region and a variable  
O-polysaccharide moiety (OPS). LPS lacking the OPS is also referred to as lipo-oligosaccharide (LOS) 
or rough (R-)LPS due to the rough appearance of the bacterial colonies in contrast to smooth wild type 
colonies (S-LPS; reviewed in Molinaro, 2009). 
Besides its structural function as cell wall component, LPS plays a role in adhesion and as a protective 
barrier to antimicrobial compounds while allowing nutrient uptake (Kingsley et al., 1993; Dow et al., 
1995; Titarenko et al., 1997; Deng et al., 2010). LPS therefore enables bacteria to survive in harsh 
environments including those inside the host. Due to its cell surface localization, LPS is also highly 
suited for interaction with the host. In mammals, LPS/lipid A is recognized by the innate immune 
system after association with an LPS-binding protein via a CD14/MD-2/TLR4 receptor complex 
leading to inflammatory responses and possibly septic shock (Miyake, 2004). The lipid A part of LPS 
therefore acts as typical PAMP in the mammalian innate immune system and belongs to the endotoxins, 
whereas the OPS component comprises strong antigenic activity in the adaptive immune system  
(Zipfel and Felix, 2005; Knirel et al., 2006).  
LPS also acts as MAMP in different dicotyledonous plants species, including Arabidopsis thaliana 
(Coventry and Dubery, 2001; Meyer et al., 2001; Newman et al., 2001; Newman et al., 2002; Gerber 
and Dubery, 2004; Zeidler et al., 2004; Braun et al., 2005; Silipo et al., 2005; Deng et al., 2010), and in 
rice (Desaki et al., 2006). However, LPS from diverse bacteria showed differential activities in different 
plant species in their ability to induce defence responses. LPS from different bacteria, as well as 
purified lipid A, for example, induce NO production in an Arabidopsis cell suspension culture and 
leaves (Zeidler et al., 2004). Whereas Escherichia coli and Ralstonia solanacearum-derived LOS are 
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inactive, LOS from Xanthomonas induces pathogenesis-related (PR) gene expression in a biphasic 
manner. Interestingly, the core oligosaccharide only induces the first phase, whereas the lipid A only 
induces the second phase, suggesting that both parts can be recognized separately (Silipo et al., 2005). 
The LPS of many phytopathogenic bacteria like Pseudomonas, Xanthomonas and Erwinia contain OPS 
consisting of a rhamnose backbone. Synthetic nona-rhamnans, probably due to a specific coiled 
structure, strongly induce PR gene expression (Bedini et al., 2005). LPS of endophytic bacteria, on the 
contrary, prevalently contain monosacchrides other than rhamnose in their OPS (Molinaro, 2009). LPS 
also plays a role in induced systemic resistance by plant growth-promoting rhizobacteria (van Loon  
et al., 1998; Bakker et al., 2007) and in nodule formation/colonization in the Rhizobium-legume 
symbiosis (Niehaus and Becker, 1998; Albus et al., 2001; Scheidle et al., 2005; Tellstrom et al., 2007). 
Thus, LPS is involved in pathogenic as well as symbiotic plant-microbe interactions. 
In summary, both plants and animals have the ability to sense different parts of LPS, namely the lipid A 
component, the core oligosaccharide, as well as the OPS. The underlying perception mechanisms for 
the different LPS components in plants, however, are yet unknown. Recently, Shan and co-workers 
(2008) suggested an involvement of BAK1 in several MAMP-receptor complexes, including LPS from 
Pseudomonas aeruginosa, and the Ca2+-permeable plasma membrane channel CNGC2/DND1 was 
reported to mediate LPS signalling in Arabidopsis (Ali et al., 2007; Ma et al., 2009). 
The data reported here show that Arabidopsis thaliana Col-0 seedlings respond very sensitively to 
treatment with various Pseudomonas and Xanthomonas LPS preparations with typical [Ca2+]cyt 
elevations reminiscent of other MAMP-induced [Ca2+]cyt changes in Arabidopsis. However, the 
obtained data further demonstrate that the LPS-induced [Ca2+]cyt responses are independent of BAK1 
and CNGC2/DND1. 

RESULTS  

LPS as MAMP – is it really LPS? 

An elevation of the cytosolic Ca2+ concentration, [Ca2+]cyt, belongs to the very first responses activated 
after binding of a MAMP ligand to its receptor. Alterations in [Ca2+]cyt therefore reflect the activity of 
the receptor complex in a quantitative and kinetic manner. Arabidopsis Col-0 seedlings expressing 
apoaequorin in the cytosol were used to assess the capability of different LPS preparations to induce 
[Ca2+]cyt elevations. This included several LPS preparations from different Pseudomonas strains and 
Xanthomonas campestris pathovars provided by different laboratories, as well as different batches of  
a widely used commercial Pseudomonas aeruginosa preparation. 
Remarkably, the three different batches of the commercial P. aeruginosa (LPScom) preparation showed 
different efficacies in inducing [Ca2+]cyt elevations (Figure 1a). While LPS-1com and LPS-2com induced 
reproducible but distinct [Ca2+]cyt elevations, LPS-3com did not show any activity in this assay. 
Moreover, analysis of LPS-2com revealed a substantial reduction of the [Ca2+]cyt amplitude in the efr-1 
and efr-2 mutant background (Figure 1b). These T-DNA insertion mutants are both null mutants of the 
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Figure 1. Commercial LPS preparations induce distinct [Ca2+]cyt elevations in Col-0 and a reduced [Ca2+]cyt 
elevation in efr reveals a potential contamination. 
(a) [Ca2+]cyt elevations in Col-0 seedlings induced by three different batches of a commercial P. aeruginosa LPS 
preparation (50 µg/ml). Arrows mark time of LPS application. Data represent mean ± SD of ≥ 3 independent 
experiments (n ≥ 10). 
(b-d) [Ca2+]cyt elevations in efr seedlings induced by (b) 50 µg/ml LPS-2com, (c) 1 µM elf18 or (d) 1 µM flg22 
compared to Col-0. Arrows mark time of MAMP application. Data represent mean ± SD of ≥ two independent 
experiments (n ≥ 6). 

EFR receptor and hence completely insensitive to elf18 (Figure 1c), whereas both lines react normally 
to treatment with other MAMPs like flg22 (Figure 1d). As the EFR receptor is specific for sensing the 
bacterial EF-Tu protein, the reduction of the [Ca2+]cyt elevation in the efr mutants appears to be caused 
by a substantial contamination of LPS-2com with EF-Tu protein. The residual [Ca2+]cyt elevation in the 
efr mutant background, of less than 25% of the wild type response, might be due to LPS.  

LPS do induce Ca2+ elevations in Arabidopsis seedlings. 

The results obtained with the commercial LPS preparations raised the necessity to re-evaluate if LPS 
indeed acts as a MAMP and induces [Ca2+]cyt elevations in plants. Thus, purified LPS preparations from 
different Pseudomonas strains, namely P. aeruginosa, P. alcaligenes, P. syringae, and P. fluorescens 
were tested. These LPS preparations all induced [Ca2+]cyt elevations with amplitudes and kinetics 
(Figure 2a-d) that are comparable to those obtained with LPS-1com (c. f. Figure 1a/8c). Additionally, 
several LPS preparations of different X. campestris pathovars induced similar although lower [Ca2+]cyt 
elevations in Col-0 seedlings (Figure 2e). More importantly, these LPS preparations, including  
LPS-1com, also induced normal [Ca2+]cyt responses in efr-1 and efr-2 mutant seedlings (Figure 3).  
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Most of the reported LPS-induced responses in Arabidopsis, as well as other plant species required high 
LPS concentrations in the range of 50-100 µg/ml. The requirement of such high LPS levels generally 
questions the specificity of the analysed responses for LPS. To further examine the concentration range 
of LPS sufficient for the induction of [Ca2+]cyt elevations, dilution series of the different purified LPS 
preparations were examined. Strikingly, 10-fold lower LPS concentrations of 5-10 µg/ml still induced 
nearly maximum [Ca2+]cyt amplitudes, although with a slight delay compared to higher concentrations 
(Figure 4a-c). A further > 10-fold dilution (0.5-0.2 µg/ml) still stimulated significant and reproducible 

Figure 2. Different purified Pseudomonas or 
Xanthomonas LPS preparations induce com-
parable [Ca2+]cyt elevations in Col-0. 
(a-d) Different (a) P. aeruginosa, (b) P. syringae, 
(c) P. alcaligenes und (d) P. fluorescens LPS 
preparations (50 µg/ml, see table 1) all induce 
comparable [Ca2+]cyt elevations in Col-0 seed-
lings. Arrows mark time of LPS application. Data 
represent mean ± SD of n ≥ 4. 
(e) LPS preparations from different X. campestris 
pathovars (50 µg/ml) induce comparable [Ca2+]cyt 
elevations in Col-0 seedlings. Arrows mark time 
of LPS application. Data represent mean ± SD  
of n ≥ 4. 
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Figure 3. Different purified Pseudomonas or 
Xanthomonas LPS preparations induce normal 
[Ca2+]cyt elevations in efr seedlings. 
(a) P. aeruginosa (LPS #3), (b) P. alcaligenes 
(LPS #1) und (c) X. campestris (LPS #2) LPS 
preparations (50 µg/ml) induce comparable 
[Ca2+]cyt elevations in efr and Col-0 seedlings. 
Arrows mark time of LPS application. Data 
represent mean ± SD of n ≥ three independent 
experiments (n ≥ 8). Several other independently 
analysed purified LPS preparations revealed 
similar results. 

  

Figure 4. Purified Pseudomonas or Xanthomonas LPS preparation-induced [Ca2+]cyt elevations are dose-
dependent. 
[Ca2+]cyt elevations induced by the indicated concentrations of (a) P. aeruginosa LPS #9, (b) P. aeruginosa 
LPS #5, (c) P. alcaligenes LPS #1 und (c) X. campestris LPS #2 in Col-0 seedlings. Arrows mark time of LPS 
application. Data represent mean ± SD of n ≥ 3. Several other independently analysed purified LPS 
preparations revealed similar results. 
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[Ca2+]cyt elevations albeit with decreased 
amplitudes and slower kinetics. X. campestris 
LPS preparations generally stimulated lower 
[Ca2+]cyt elevations compared to Pseudomonas 
LPS preparations (Figure 4d). Accordingly, 
LPS concentrations of 5-10 µg/ml still induced 
lower but significant [Ca2+]cyt elevations, 
whereas concentrations < 2 µg/ml were 
ineffective. Thus, analysis of [Ca2+]cyt 
elevations induced by different LPS pre-
parations reveals a sensitive perception system 
for Pseudomonas- and Xanthomonas-derived 
LPS in Arabidopsis Col-0 seedlings. 
In addition, P. aeruginosa (LPS #3) and 
P. alcaligenes (LPS #1) LPS induced an 
accumulation of reactive oxygen species in Arabidopsis Col-0 leaf discs comparable to N-acetyl-
chitooctaose (ch8) (Figure 5). Taken together, these data demonstrate that Pseudomonas and 
Xanthomonas LPS indeed have MAMP/elicitor activity in Arabidopsis. 

LPS-induced Ca2+ elevations are inhibited by La3+ and protein kinase inhibitor. 

Pre-treatment of Col-0 seedlings with 10 mM LaCl3, a Ca2+ channel inhibitor, completely abolished the 
[Ca2+]cyt elevations induced by different Pseudomonas and X. campestris LPS preparations (Figure 6). 
Thus, the LPS-induced [Ca2+]cyt elevations appear to be mediated by specific La3+-sensitive Ca2+-
permeable channels. A possible Ca2+-permeable plasma membrane channel is CNGC2/DND1, which is 
reported to be responsible for LPS-induced [Ca2+]cyt elevations (Ali et al., 2007; Ma et al., 2009). 
However, [Ca2+]cyt elevations induced by several different Pseudomonas and X. campestris LPS 
preparations, as well as the established MAMPs, flg22 and elf18, were not reduced in dnd1 null mutant 
seedlings (Figure 7). 
Additionally, pre-treatment of seedlings with the general protein kinase inhibitor K252a abrogated 
[Ca2+]cyt elevations in response to different Pseudomonas and X. campestris LPS preparations 
(Figure 6). This points to phosphorylation events upstream of the [Ca2+]cyt elevations. In analogy to the 
FLS2 or CERK1 receptors being protein kinases, such phosphorylation events could imply protein 
kinase activities of the LPS receptor or receptor-associated kinases. 

LPS-induced Ca2+ elevations are independent of BAK1. 

As suggested by Shan et al. (2008), signalling induced by many different MAMPs involves BAK1 as a 
“co-receptor”. This includes not only flg22, elf18 and HrpZ but also P. aeruginosa LPS, as well as 

Figure 5. Purified Pseudomonas LPS preparations 
induce ROS accumulation in Col-0 leaf discs com-
parable to ch8. 
ROS (H2O2) production induced by the indicated 
MAMPs was monitored in Col-0 leaf discs using a 
luminol-based assay. Data are given as relative light 
units (RLU) and represent mean ± SE (n ≥ 16). Two 
independent experiments revealed similar results. 
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S. aureus PGN. All these MAMPs induced lower expression of the MAMP-responsive gene, FRK1, in 
protoplasts derived from bak1 compared to Col-0, whereas, chitin stimulated normal FRK1 expression 
in the bak1 background. Accordingly, bak1-3 and bak1-4 seedlings show a delayed and reduced 
[Ca2+]cyt response to flg22 and elf18, but not to ch8 (Figure 8f; Ranf et al., submitted, figure 3, p. 41). 
Likewise, [Ca2+]cyt elevations induced by the presumably contaminated LPS-2com were delayed and 
reduced in bak1 seedlings (Figure 8d). By contrast, the different purified Pseudomonas and 
X. campestris LPS preparations, as well as LPS-1com stimulated [Ca2+]cyt peaks in bak1 seedlings 
comparable to the wild type response (Figure 8a-c,e). Thus, the same LPS preparation, LPS-2com, that 
exhibited a reduced [Ca2+]cyt elevation in efr mutants (Figure 1b), also elicited an attenuated response in 

bak1 mutants (Figure 8d), whereas all purified 
preparations stimulated wildtype-like [Ca2+]cyt 
peaks in both mutant backgrounds (Figure 3/8). In 
conclusion, the reduced [Ca2+]cyt elevation in efr 
and bak1 seedlings induced by LPS-2com can be 
attributed to a contamination with EF-Tu protein, 
which requires BAK1 for full signalling. In 
addition, reduced [Ca2+]cyt peaks were observed in 
efr and bak1 mutants upon application of 
commercial S. aureus PGN preparations, thereby 
pointing to similar (EF-Tu) contaminations (data 
not shown). Taken together, the data provided 
here demonstrate that purified Pseudomonas and 
X. campestris LPS preparations act as MAMPs in 
Arabidopsis in terms of their ability to induce 
[Ca2+]cyt elevations and that LPS-induced Ca2+ 
signalling is independent of BAK1. 
  

Figure 6. Pre-treatment with LaCl3 or the protein 
kinase inhibitor K252a abolishes [Ca2+]cyt elevations 
induced by Pseudomonas or Xanthomonas LPS 
preparations. 
Pre-treatment of Col-0 seedlings with 10 mM LaCl3 or 
10 µM K252a for 30 min inhibits [Ca2+]cyt elevations 
induced by LPS preparations (50 µg/ml) from (a) 
P. aeruginosa (LPS #3), (b) P. alcaligenes (LPS #1) und 
(c) X. campestris (LPS #2). Arrows mark time of MAMP 
application. Data represent mean ± SD of n ≥ 4. 
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DISCUSSION 

The exposed position on the cell surface, the abundant presence in all Gram-negative bacteria and the 
complete absence in the host, as well as the generally conserved structure of the lipid A-core 
component, warrant the classification of LPS as a MAMP. In mammalian systems, indeed, LPS belongs 
to the most potent MAMPs - being active in apparently trace amounts (< 1ng/ml; Miyake, 2004). In 
plants, knowledge of LPS signalling is more fragmentary, with some growing evidence in the last years 
that LPS can act as a MAMP in different plant species. Such activated responses include an [Ca2+]cyt 
increase and ROS accumulation in tobacco (Meyer et al., 2001; Braun et al., 2005), as well as NO 
production and defence gene expression in Arabidopsis (Zeidler et al., 2004; Silipo et al., 2005; Livaja 
et al., 2008). Nevertheless, comparatively high LPS concentrations of 50-100 µg/ml were necessary to 

Figure 7. [Ca2+]cyt elevations induced by 
Pseudomonas or Xanthomonas LPS preparations 
are not impaired in dnd1. 
(a-c) [Ca2+]cyt elevations in dnd1 seedlings induced by 
50 µg/ml (a) P. aeruginosa LPS #3, (b) P. alcaligenes 
LPS #1 and (c) X. campestris LPS #2 compared to 
Col-0. Arrows mark time of LPS application. Data 
represent mean ± SD of ≥ two independent 
experiments (n ≥ 8). Several other independently 
analysed LPS preparations revealed similar results. 
(d-e) [Ca2+]cyt elevations in dnd1 seedlings induced by 
(d) 1 µM flg22 or (e) 1 µM elf18 compared to Col-0. 
Arrows mark time of LPS application. Data represent 
mean ± SD of ≥ three independent experiments 
(n ≥ 20). 
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elicit plant defence responses (Molinaro, 2009). This is in strong contrast to the situation in mammalian 
systems and to other MAMPs in plants, most of which are active in the nano- to picomolar range. 
Therefore, it was suggested that plants may possess only a low affinity perception system for LPS 
(Zeidler et al., 2004; Silipo et al., 2010). Alternatively, aggregation of the amphiphilic LPS might 
hinder its access through the cell wall matrix and binding to its receptor(s) (Braun et al., 2005; 
Zähringer et al., 2008). On the contrary, LPS preparations used in this study were capable of inducing 
significant [Ca2+]cyt elevations in Arabidopsis seedlings at 100-fold lower concentrations of ~0.5 µg/ml 
(Figure 4). Hence, this points to a sensitive perception system for LPS in Arabidopsis. The low affinity 
NO-inducing (Zeidler et al., 2004) and the sensitive [Ca2+]cyt elevation-inducing perception, however, 
might originate from recognition of distinct LPS moieties, as observed for Xanthomonas lipid A and 
core oligosaccharide (Silipo et al., 2005). Furthermore, the LPS-induced [Ca2+]cyt elevations resembled 
the typical kinetics observed for other MAMPs, which include a lag phase of < 1 minute, a rapid 
increase to a short plateau of MAMP-specific [Ca2+]cyt amplitude, and a slow decline lasting over  
~30 minutes (c. f. Figure 1c,d /Figure 2a-d; Ranf et al., submitted, figure 1, p. 39). 
The complex structure of LPS differs substantially between bacterial strains, but even a single 
bacterium comprises a mixture of structural LPS variants. Pseudomonas, for example, contains in 
parallel R-LPS and S-LPS, which carry either linear oligo-rhamnans or complex OPS (Kannenberg and 
Carlson, 2001; Zipfel and Felix, 2005; Knirel et al., 2006). The complex LPS composition is apparently 
also subject to dynamic regulation; for instance with bacteria adapting to environmental conditions 
through modulation of lipid A acylation or changes in the ratio of R- and S-type glycoforms 
(Kannenberg and Carlson, 2001; Knirel et al., 2006; Silipo et al., 2008). In this respect, P. aeruginosa 
isolates of cystic fibrosis patients contain modified LPS and PGN to evade detection by the innate 
immune system (Knirel et al., 2001; Knirel et al., 2006; Cigana et al., 2009). Similarly, phytobacteria 
can alter their LPS structures during symbiotic interactions (Kannenberg and Carlson, 2001). Thus, 
plant pathogens have been speculated to alter the LPS composition after plant host invasion to avoid 
recognition (Silipo et al., 2008). Besides the LPS structural variants showing different biological 
activities as MAMPs in plants, the purification conditions can have further impact on the LPS activity 
through the loss or modification of critical moieties (Knirel et al., 2006). The phosphoramide group in 
the Xanthomonas core oligosaccharide, for example, is sensitive to hydrolysis and loss of negative 
phosphate or galacturonic acid residues impedes LOS activity, as interaction with putative receptors is 
supposed to depend on electrostatic interactions (Silipo et al., 2005). Thus, structural differences due to 
culture or purification conditions might explain the inactivity of LPS-3com and the very low residual 
activity of LPS-2com (Figure 1a). 
Eventually, it cannot be excluded that the observed activities are not caused by LPS itself but might 
potentially be due to the presence of minor, highly-active contaminants in the LPS preparations  
(Zipfel and Felix, 2005). In this regard, several reports from the animal field have raised the suspicion 
of misinterpretation of results due to contamination of PAMP preparations. Highly active 
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lipoprotein/lipopeptide contaminants in PGN preparations are suggested as the bona fide TLR2 (toll-
like receptor 2) ligands rather than PGN (Travassos et al., 2004; Zähringer et al., 2008). Indeed,  
re-purification of such PGN preparations completely abolished TLR2 activation (Travassos et al., 
2004). Likewise, Hirschfeld et al. (2000) demonstrated that LPS signalling via TLR2 was due to highly 
active contaminants in commercially available LPS preparations, while purified LPS only activates 
TRL4. Drosophila can distinguish between Gram-negative and -positive bacteria on the basis of specific 

Figure 8. Different purified Pseudomonas LPS preparations induce normal [Ca2+]cyt elevations in bak1 
seedlings in contrast to a commercial preparation. 
[Ca2+]cyt elevations induced by 50 µg/ml (a) P. aeruginosa LPS #3, (b) P. alcaligenes LPS #1, (c) P. aeruginosa 
LPS-1com, (d) P. aeruginosa LPS-2com, (e) X. campestris LPS #2 or (f) 1 µM elf18 in bak1 compared to Col-0 
seedlings. Arrows mark time of MAMP application. Data represent mean ± SD of ≥ two independent experiments 
(n ≥ 3). Several other independently analysed purified LPS preparations revealed similar results as in (a-c) and (e). 
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PGN forms and not, as earlier reported, by recognition of LPS (Leulier et al., 2003). It is also 
noteworthy, that several plant PAMPs were found serendipitously when bacterial culture preparations 
were analysed for other PAMP activities. Flagellin, for instance, was the actual active component in an 
harpin preparation from Pseudomonas syringae pv. tabaci (Felix et al., 1999), EF-Tu in boiled extracts 
from an E. coli mutant lacking flagellin (Boller and Felix, 2009) and bacterial cold-shock protein (CSP) 
in an S. aureus PGN preparation (Felix and Boller, 2003). Along this line, it should be noted, that the 
core oligosaccharide of Pseudomonas LPS is extensively phosphorylated (Knirel et al., 2006). Such 
highly negative phosphate charges can build strong interactions with undesirable contaminants. 
However, applying harsh purification conditions might diminish the PAMP activity of the purified 
product due to chemical modifications. This study based on different – both purified and commercial – 
Pseudomonas LPS preparations pointed to significant contaminations in commercially available PAMP 
preparations. Analysis based on the efr mutants revealed that bacterial EF-Tu protein was probably the 
predominant component in LPS-2com (Figure 1b), as well as in commercially available PGN 
preparations (data not shown). Such EF-Tu contaminations in commercial LPS and PGN preparations 
could also explain the BAK1-dependent FRK1-expression observed by Shan and co-workers (2008). In 
support of this, the purified Pseudomonas LPS preparations did not significantly induce FRK1 or 
NHL10 expression in Col-0-derived protoplast, while both genes were strongly up-regulated by flg22 or 
elf18 elicitation (data not shown). Likewise, published gene expression data reveal only weak and 
delayed LPS-induced gene expression in comparison to other MAMPs (Zeidler et al., 2004; Livaja  
et al., 2008). For instance, a set of typically MAMP-responsive WRKY transcription factors was 
unaffected by LPS (Livaja et al., 2008), suggesting substantial differences in “late” gene expression 
responses between LPS and other MAMPs. However, using purified LPS preparations and examining  
a very early LPS response, namely [Ca2+]cyt elevation, no evidence was found for a BAK1 involvement 
in initial receptor complex activation as seen with other well-established MAMPs like flg22 and  
elf18 (Figure 8). 
In contrast to earlier reports in adult dnd1 leaves (Ali et al., 2007; Ma et al., 2009), [Ca2+]cyt elevations 
induced by purified LPS preparations were not reduced in dnd1 seedlings (Figure 7a-c). This 
discrepancy in the results may be due to the growth conditions employed; for instance, the young dnd1 
seedlings grown in sterile liquid culture used here, neither showed a dwarf phenotype nor any other 
visible phenotypes typical for dnd1 grown on soil. Constitutive defence activation observed for the 
dnd1 dwarfed plants might lead to pleiotropic secondary effects on MAMP responses. Additionally, 
neither flg22- or elf18-stimulated [Ca2+]cyt elevations nor flg22-mediated root growth arrest were 
reduced in dnd1 (Figure 7d-e; data not shown). In agreement, flg22-induced membrane depolarization 
in mesophyll cells was also not impaired in dnd1 (Jeworutzki et al., 2010). In conclusion, 
CNGC2/DND1 does not appear to mediate MAMP-induced Ca2+ influx in general. 
In conclusion, LPS, even in low concentrations, is active as a MAMP in Arabidopsis with respect to the 
capacity to induce [Ca2+]cyt elevations and this is independent of BAK1 and CNGC2/DND1.  
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However, only the elucidation of the exact structural components causing the different activities within 
the LPS and their respective receptors will clarify the role of LPS in plant-microbe interactions. Most of 
the characterized PAMPs, in either mammalian or plant systems, are active at very low concentrations. 
Therefore, special care has to be taken to ensure that elicitor preparations of microbial origins are free 
of potent contaminants, such that the observed activity is indeed caused by the enriched/purified 
component. Unfortunately, commercial PAMP preparations do not always fulfil such criteria and hence 
should be used with caution. 

EXPERIMENTAL PROCEDURES 

Plant material and growth conditions 

The Arabidopsis thaliana line pMAQ2 in Col-0 background was obtained from M. Knight (Knight et 
al., 1991, 1996). T-DNA insertion lines bak1-3 (At4g33430, SALK_034523) and bak1-4 (At4g33430, 
SALK_116202; Chinchilla et al., 2007) were obtained from B. Kemmerling and efr-1 (At5g20480, 
SALK_044334) and efr-2 (At5g20480, SALK_068675; Zipfel et al., 2006) from C. Zipfel. Aequorin-
transgenic lines were described in Ranf et al. (submitted, see 2.2). Seeds were surface-sterilized, if 
required and stratified at 4°C for ≥ 2 days. Plants were grown on soil in climate chambers under short 
day or in liquid MS medium (0.5 x MS, 0.25 % sucrose, 1 mM MES, pH 5.7) in 24-well plates (10 
seedlings / well) under long day conditions at 20-22°C. 

Elicitors 

Flg22 and elf18 (Felix et al., 1999; Kunze et al., 2004) were synthesized on an Abimed EPS221 
(www.abimed.de) system. N-acetylchitooctaose (ch8) was provided by N. Shibuya (Albert et al., 2006). 
LPS preparations (see table 1) were provided by U. Zähringer LG/Immunchemie (Research Center 
Borstel) and Y. A. Knirel (N.D. Zelinsky Institute of Organic Chemistry in Moscow, Russia) 

Table 1 
  

LPS # Bacterial strain provided by 
1 P. alcaligenes strain 537 LG Immunchemie 
2 X. campestris pv. malvacearum GSPB 1386 Y.A. Knirel 
3 P. aeruginosa H4 LG Immunchemie 
4 X. campestris pv. malvacearum HVS GSPB 2388 Y.A. Knirel 
5 P. aeruginosa mutant H4 LG Immunchemie 
6 P. aeruginosa R5 LG Immunchemie 
7 P. aeruginosa PAC 1R-∆algC mutant LG Immunchemie 
8 P. aeruginosa mutant PAN1 LG Immunchemie 
9 P. aeruginosa PA01wt LG Immunchemie 
10 P. aeruginosa PA01-∆algC mutant LG Immunchemie 
11 P. aeruginosa F1 (Habs 6) LG Immunchemie 
16 P. alcaligenes strain 537 LG Immunchemie 
21 P. syringae pv. Porri NCPPB 3365 Y.A. Knirel 
22 X. campestris pv. phaseoli var. Fuscan GSPB 271 Y.A. Knirel 
23 X. campestris pv. begoniae GSPB 525 Y.A. Knirel 
24 P. syringae pv. atrofaciens IMV 2399 Y.A. Knirel 
26 P. fluorescens strain ATCC 49271 LG Immunchemie 
1 com P. aeruginosa 10 (LOT 100K4063) Sigma Aldrich (L8643) 
2 com P. aeruginosa 10 (LOT 019K4065) Sigma Aldrich (L8643) 
3 com P. aeruginosa 10 (LOT 010M4055) Sigma Aldrich (L8643) 
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Aequorin luminescence measurements 

For aequorin luminescence measurements, Col-0 plants expressing p35S-apoaequorin (pMAQ2) in the 
cytosol (Knight et al., 1991, 1996) were used. 8-days-old liquid-grown seedlings were placed 
individually in 96-well plates in 10 µM coelenterazine / H2O (native coelenterazine, P.J.K., www.pjk-
gmbh.com) in the dark over night. Luminescence was recorded by scanning each row in 6 sec intervals 
using a Luminoskan Ascent 2.1 luminometer (Thermo Scientific, www.thermo.com) as described (Ranf 
et. al., submitted, protocol 2B, p. 157). Remaining aequorin was discharged and Ca2+ concentrations 
were calculated according to Rentel and Knight (2004). 

ROS detection in Arabidopsis leaves 

ROS production was assayed as described (Gomez-Gomez et al., 1999) using 3 mm leaf discs in  
96-well plates measured in 2 min intervals (Luminoskan Ascent 2.1).  
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2.5. Peptidoglycans as MAMPs induce Ca2+ signalling in Arabidopsis thaliana 

2.5.1. [Ca2+]cyt elevations stimulated by peptidoglycans in Arabidopsis 

The results obtained with commercial peptidoglycan (PGN) preparations from the Gram-positive 
bacterium Staphylococcus aureus also point to contaminants causal for the observed [Ca2+]cyt elevations. 
Thus, the [Ca2+]cyt elevation-inducing activity of PGN in Arabidopsis was tested with purified S. aureus 
PGN preparations provided by Andrea Gust (Tübingen). Since the macromolecular PGN preparations 
are not water soluble, PGN was dispersed in water by sonication. To facilitate access of the PGN 
suspension into the leaf interior, thin-cut leaf strips instead of seedlings or leaf discs were used for 
measuring [Ca2+]cyt elevations. The purified PGN preparations reproducibly induced a prolonged 
[Ca2+]cyt elevation after a lag phase of two to three minutes in leaf strips at a concentration of 100 µg/ml. 
Application of 500 µg/ml PGN increased the [Ca2+]cyt amplitude, but it was still significantly lower than 
the flg22-induced [Ca2+]cyt peak, and probably not yet in the saturating range. However, higher PGN 
concentrations were not applied due to the low 
solubility, since the insoluble particles induce a 
significant touch response. For the same reason, 
mixing of the PGN suspension with the leaf 
strips was not feasible. Thus, only a small 
portion of the PGN may have reached the leaf 
interior and the kinetics and amplitudes of PGN-
induced [Ca2+]cyt elevations can not be directly 
compared to those induced by small soluble 
peptide elicitors like flg22 using leaf strips. 
Nevertheless, PGN-induced [Ca2+]cyt elevations 
generally resemble the typical prolonged 
MAMP-induced [Ca2+]cyt response observed for 
other MAMPs. 

2.5.2. Summary of publication 

The PGN [Ca2+]cyt measurements were published in collaboration with Andrea Gust under my co-
authorship. Due to space limitations, here only the data obtained as part of this work are shown in detail 
but the complete publication is available in the appendix 5.3 (p. 158). In summary, the authors provide 
evidence that PGN indeed acts as a PAMP in Arabidopsis, which, in addition to [Ca2+]cyt elevations, 
induces medium alkalinization in suspension-cultured cells, activates MAPK cascades and production 
of the phytoalexin camalexin. PGN treatment further results in expression of pathogenesis-related 
protein 1 (PR1) as illustrated by GUS staining in PR1-transgenic plants and activates a set of typical 
defence genes as assessed by microarray analysis. While muramyl dipeptides activate immune 
responses in animals, they are inactive in Arabidopsis. Instead, PGN is apparently sensed via its 

Figure 2–5. [Ca2+]cyt elevations induced by S. aureus 
peptidoglycan in Arabidopsis leaf strips. 
[Ca2+]cyt elevations induced by the indicated 
concentrations of S. aureus PGN in Arabidopsis leaf 
strips or flg22 as control. MAMPs were applied after one 
minute. Data represent mean ± SD of n ≥ 3 independent 
experiments (n ≥ 3). 
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polysaccharide backbone. Comparison of the PGN activity to the structurally related polysaccharide 
PAMP chitin, furthermore, revealed independent perception mechanisms for both PAMPs. Taken 
together, this suggests that PGN is specifically sensed by Arabidopsis with the PAMP-active epitope 
residing in the sugar backbone. This suggests convergent evolution of the perception systems in plants 
and animals. 
 

2.6. A cell wall extract from the endophytic fungus Piriformospora indica stimulates Ca2+ 
signalling in Arabidopsis thaliana roots 

2.6.1. Aims and summary 

Ca2+ is not only a pivotal second messenger in plant-pathogen interactions, but also plays a key role in 
the Rhizobium-legume and arbuscular mycorrhizal symbiosis. The endophytic fungus Piriformospora 
indica can colonize roots of many plant species including Arabidopsis. P. indica colonization thereby 
leads to plant growth promotion and enhanced resistance towards various abiotic and biotic stresses. 
Remarkably, a cell wall extract (CWE) from the fungus also promoted growth of Arabidopsis seedlings, 
although to a lower extent. Mutants insensitive to the fungus also did not react to the CWE and both, 
fungus and CWE, stimulated the expression of a similar set of genes. Moreover, the CWE can be used 
to study a putative role of Ca2+ signalling in the beneficial P. indica-plant interaction. Indeed, the CWE 
stimulated a [Ca2+]cyt elevation in the roots of aequorin-transgenic Arabidopsis and tobacco plants, as 
well as in suspension-cultured tobacco BY-2 cells. The [Ca2+]cyt elevation was significantly more 
pronounced in roots than in shoots. Likewise, Ca2+-dependent activation of MAPKs by the CWE was 
much stronger in roots than in leaves compared to flg22, which strongly activates MAPKs in leaves but 
only weakly in roots. Furthermore, loss of MPK6 impaired the P. indica-stimulated growth promotion. 
Inhibitor studies with La3+ and BAPTA point to an initial Ca2+ influx from the apoplastic space.  
A tobacco BY-2 cell line expressing nuclear-targeted aequorin additionally revealed nuclear  
CWE-stimulated [Ca2+] elevations. A protein kinase inhibitor completely abrogated the [Ca2+]cyt 
elevation, indicating upstream phosphorylation events. Together with the refractory nature of the  
Ca2+ response to repeated CWE application, this suggests a receptor-mediated perception of the CWE. 
Apparently, the CWE did not stimulate ROS production or activation of defence gene expression. 
Taken together, Ca2+ signalling appears to contribute crucially to the beneficial interaction  
of Arabidopsis or tobacco with P. indica. 
 
Supporting information is available in the appendix 5.4 (p. 170). 
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2.6.2. Publication 
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signals induced by abiotic and biotic stresses.   
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Writing: design and preparation of figures for above data (45 %); strong participation in writing of the 
manuscript (30 %) 
Other contributions: M. Dunkel, D. Becker and R. Hedrich performed co-expression studies; 
P. Wünnenberg and P. Dietrich performed all other assays; P. Dietrich wrote the manuscript. 
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Submitted to Molecular Plant 
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mutant experiments (90 %) 
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Writing: design and preparation of figures (100 %); writing of the manuscript (90 %) 
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Other contributions: J. Grimmer characterized the Aeqcyt mutants as part of a diploma thesis under my 
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Writing: design and preparation of figures (100 %); writing of the manuscript (90 %) 
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Plant J, 59, 193-206 

Own contributions: 
Experimentation: design and performance of analysis of MAPK activation by anti-pTEpY immunoblot; 
initial CWE-induced [Ca2+] measurements in Arabidopsis roots/leaf discs and training and supervision 
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Data analysis: analysis of MAPK activation and training and supervision of J. Vadassery in analysis of 
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Writing: critical reading and corrections of manuscript (20 %) 
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3. DISCUSSION AND PERSPECTIVES 

3.1. The role of Ca2+ signalling in innate immunity in Arabidopsis 

MAMPs and DAMPs induce Ca2+ signalling in Arabidopsis. 

Pioneering work, mainly performed in suspension-cultured parsley, tobacco and soybean cells, has 
demonstrated a crucial role for Ca2+ as second messenger in MAMP and DAMP signalling (see 1.2.5; 
p. 18). Likewise, several MAMPs, such as flg22, elf18, ch8, LPS and PGN, and the DAMP Pep1 induce 
[Ca2+]cyt elevations in Arabidopsis seedlings and leaves as has been shown as part of this work 
(summarized in Figure 3–2; p. 123) and in part also by other groups (Aslam et al., 2009; Ma et al., 
2009; Jeworutzki et al., 2010; Krol et al., 2010; Qi et al., 2010). To facilitate discussion, the major 
points, indicated by the numbers  to , are summarized in an updated signalling scheme in figure 3–1 
(p. 120). In general, the [Ca2+]cyt elevations, also in Arabidopsis, belong to the first observable responses 
after receptor activation (Figure 3–1 , p. 120), occurring mostly within one minute after MAMP and 
DAMP addition (Figure 3–2; p. 123). Based on inhibitor studies with the Ca2+ channel blocker La3+ and 
the Ca2+ chelator BAPTA, these [Ca2+]cyt elevations result from an initial influx of Ca2+ from the 
apoplast (Figure S2, p. 147; Figure 3–1 a, p. 120) but subsequently Ca2+ release from internal stores 
may occur (Figure 1, p. 62; Figure 3–1 b, p. 120). Furthermore, these [Ca2+]cyt elevations are 
prerequisite for most, if not all, later responses. Electrophysiological studies show that Ca2+ is tightly 
coupled with or even upstream of plasma membrane depolarization, which likely involves Ca2+-
activated anion (Cl-) channels (Figure 3–1 , p. 120; Jeworutzki et al., 2010). 

ROS accumulation is strictly Ca2+-dependent. 

Inhibition of [Ca2+]cyt elevations with La3+ suggests that the MAMP-stimulated ROS generation, which 
is mainly catalysed by the plasma membrane-resident NADPH oxidase, RbohD (Zhang et al., 2007; 
Mersmann et al., 2010), is strictly dependent on Ca2+ (Figure S8, p. 150; Figure 3–1 , p. 120). This is 
corroborated by the various means of Ca2+-dependent regulation mechanisms of RbohD. First of all, 
Ca2+ directly regulates RbohD activity by binding to two EF hand motifs located in the cytoplasmic  
N-terminal extension inducing conformational changes (Figure 3–1 , p. 120; Ogasawara et al., 2008). 
RbohD is synergistically activated by phosphorylation. In potato, StCPK4 and StCPK5, phosphorylate, 
and thereby activate, StRbohB at two N-terminal serine residues (Kobayashi et al., 2007). In 
Arabidopsis CPK4, 5, 6 and 11, are implicated to act partially redundantly in activation of RbohD, since 
the quadruple mutant is strongly impaired in MAMP-induced ROS accumulation (Figure 3–1 , p. 120; 
Boudsocq et al., 2010). All four CDPKs localize to the cytoplasm as well as the nucleus. A majority of 
the Arabidopsis CDPKs, however, contain potential sites for myristoylation and palmitoylation 
conferring membrane tethering (Cheng et al., 2002b; Hrabak et al., 2003). While CPK4 and CPK11 do 
not harbour myristoylation sites according to in silico analysis, CPK5 and potentially CPK6 are 
myristoylated in vitro and may also be partially membrane-associated in vivo (Hrabak et al., 2003). 
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Thus, membrane tethering of CPK5 and CPK6 may bring them into close proximity to plasma 
membrane resident Ca2+-permeable channels for activation, as well as to their substrate RbohD for 
phosphorylation. 
A link to phospholipid signalling is indicated by the recent demonstration that ABA-induced ROS 
generation in guard cells and subsequent stomatal closure requires production of PA by PLDα1 and that 
PA directly activates RbohD by binding to the N-terminal extension (Zhang et al., 2009).  
PA accumulates, for instance, also in suspension-cultured tomato cells upon elicitation with flg22, 
xylanase or chitin (van der Luit et al., 2000). PLDα1 and PLDδ, the most prominent of the twelve PLD 
isoforms in Arabidopsis, are both implicated in response to high salt, dehydration and wounding, where 
they have partially redundant functions (Bargmann et al., 2009a, 2009b). Unlike PLDα1, which was 
shown to be crucial for ROS generation (Sang et al., 2001; Zhang et al., 2009), PLDδ may be activated 
by ROS rather than involved in its production (Zhang et al., 2003). In accordance with a potential PA 
activation of RbohD upon MAMP application, flg22- and elf18-induced ROS accumulation was 
significantly impaired in pldα1 and pldα1/δ mutant leaf discs and, on average, no additive effects on 
ROS accumulation were observed for pldδ (Figure 2–1, p. 54; Figure 3–1 , p. 120). Quantification of 
the PA species produced in pld mutants upon elicitation will give clearer insight into the role of PLDα1, 
and possibly PLDδ in MAMP and DAMP signalling. Further investigations are needed to confirm  
a putative direct PA activation of RbohD in analogy to ABA signalling. 
The α- and δ-class PLDs, in turn, appear to be under Ca2+-dependent regulation as is suggested by the 
presence of Ca2+-binding C2 domains and shown through in vitro activity assays (Qin and Wang, 2002). 
Unfortunately, aequorin-based quantification of the flg22- and elf18-induced [Ca2+]cyt elevations in the 
pldα1 and pldα1/δ mutants attempted within this work were not consistent between independently 
transformed lines (data not shown). Examination of independent pld mutant alleles may therefore help 
to clarify the role of Ca2+ in PA signalling (Figure 3–1 , p. 120). 
Remarkably, most of the reported biotic stimuli (ch4-7, flg22, xylanase, Avr4 and Nod factor) in 
different systems accumulated PA via the PLC-DGK pathway (Figure 2–2, p. 55) with the exception of 
xylanase/tomato, ch7/rice and Nod factor/alfalfa that additionally activated a PLD pathway (van der 
Luit et al., 2000; Laxalt et al., 2001; den Hartog et al., 2003; Yamaguchi et al., 2003; de Jong et al., 
2004; Yamaguchi et al., 2005). The reduced flg22-induced ROS accumulation in pldα1 and pldα1/δ 
observed in this work (Figure 2–1, p. 54; Figure 3–1 , p. 120), points to a significant role for PLD in 
MAMP/DAMP signalling in Arabidopsis. The residual ROS accumulation in the pldα1 and pldα1/δ 
mutant might be due to additional PA production via other PLD isoforms or PLC-DGK or additional 
RbohD activation mechanisms as discussed above (Kobayashi et al., 2007; Ogasawara et al., 2008; 
Boudsocq et al., 2010). Moreover, PA probably has additional roles in MAMP/DAMP signalling, for 
instance in ethylene signalling (Testerink et al., 2007). Additionally, ABA-induced and possibly also 
MAMP-induced stomatal closure is promoted by PA, since it activates not only RbohD-mediated ROS 
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accumulation but also inhibits the protein phosphatase ABI1 by membrane recruitment in guard cells 
(Zhang et al., 2004; Melotto et al., 2006; Zhang et al., 2009; Mersmann et al., 2010). 

MAPK activation is partially Ca2+-dependent. 

In tobacco, cryptogein-induced MAPK activation is strictly dependent on the [Ca2+]cyt elevation, since it 
is abrogated by La3+ (Lebrun-Garcia et al., 1999; Lecourieux et al., 2002). Likewise, Pep13-induced 
MAPK activation in suspension-cultured parsley cells is completely abolished by pre-treatment with 
La3+ or BAPTA (Scheel and Lee, unpublished results). By contrast, under the same conditions MAPK 
activation upon flg22 elicitation is only diminished in suspension-cultured Arabidopsis cells or 
mesophyll protoplasts (Figure S9, p. 150; Boudsocq et al., 2010). This may indicate a partially  
Ca2+-independent pathway of MAPK activation in Arabidopsis (Figure 3–1 , p. 120). Alternatively, 
this may be a secondary effect of the inhibitor treatment. 
Several reports in Arabidopsis and tobacco suggested a role for MAPKs upstream of ROS production 
(Zhang et al., 2007; Asai et al., 2008). MPK3 and MPK6 inactivation via the ectopically over-expressed 
effector protein HopAI1 diminished flg22-induced ROS accumulation, while constitutively active 
MKK5 induced ROS-dependent callose deposition without MAMP stimulus (Zhang et al., 2007). Since 
MAPKs are also involved in various other signalling pathways (Rodriguez et al., 2010), such as 
ethylene biosynthesis (Liu and Zhang, 2004) and signalling (Bethke et al., 2009), and ethylene in turn 
regulates FLS2 expression (Boutrot et al., 2010) and ROS generation (Mersmann et al., 2010), the 
strong disturbance of the otherwise strictly regulated MAPK activation and ROS accumulation by over-
expression of effectors or constitutively active MKKs, may lead to pleiotropic perturbations and may 
therefore not be necessarily indicative for their physiological function. In contrast, loss of MPK6 did 
not affect MAMP-induced ROS accumulation, while loss of MPK3 resulted in a prolonged ROS 
response (Figure 7, p. 47; Figure 3–1 , p. 120). Together with the enhanced flg22-induced root growth 
inhibition in mpk3 mutants this may indicate a role for MPK3 in signalling attenuation. Activated 
signalling components generally need to be down-regulated at a certain stage to prevent overreaction 
but also to allow re-stimulation (Schwessinger and Zipfel, 2008). ROS levels are particularly strictly 
controlled as illustrated by the diverse scavenging systems, since an excessive ROS accumulation has 
direct detrimental effects and may lead to cell death (Davletova et al., 2005; de Pinto et al., 2006; 
Miller et al., 2007). 

Ca2+-dependent defence gene expression. 

While there has been significant progress in the identification of Ca2+ sensor modules implicated in 
abiotic stress signalling in the recent years (Kudla et al., 2010), comparably little is known about Ca2+ 
sensors in biotic signalling pathways. Besides regulating RbohD activity, CPK4, 5, 6, and 11, and 
partially also MPK3 and MPK6, contribute to MAMP-induced Ca2+-dependent defence gene expression 
(Figure 3–1 , p. 120; Asai et al., 2002; Boudsocq et al., 2010). All four CDPKs localize also to the 
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nucleus (Boudsocq et al., 2010), explaining how they can serve such distinct functions as regulation of 
plasma membrane-resident RbohD and nuclear gene expression. In comparison to protein kinases, the 
employment of Ca2+- or Ca2+/CaM-dependent transcription factors provides a rather direct route for 
Ca2+ regulation of gene expression (Figure 3–1 , p. 120). Accordingly, a prominent role in stress-
regulated gene expression has emerged for the CAMTA-class of Ca2+/CaM-dependent transcription 
factors. Auxin-regulated gene expression, for instance, is partially controlled by CAMTA1 (Galon  
et al., 2010a) and cold-stimulated gene expression by CAMTA1 and CAMTA3 (Doherty et al., 2009). 
Microarray analysis of camta3 mutants further suggests that defence gene expression upon biotic 
stresses is negatively controlled by CAMTA3 (Galon et al., 2008). In agreement, CAMTA3 inhibits 
expression of EDS1, a central regulator of SA-mediated defence signalling and SAR, by direct binding 
to the EDS1 promotor in a Ca2+/CaM-dependent manner (Du et al., 2009). Since EDS1 expression was 
only modestly induced upon flg22 application, a role for CAMTA3 in MAMP signalling was tested by 
analysing expression of ZAT12, which is rapidly and strongly induced by abiotic and biotic signals 
including flg22 (Rizhsky et al., 2004; Davletova et al., 2005; Miller et al., 2009). Indeed, flg22-
stimulated ZAT12 expression and flg22-mediated root growth arrest were significantly reduced in 
camta3 mutants (Figure 2–4, p. 56). Since ZAT12 carries canonical CAMTA-binding motifs (vCGCGb) 
in its promoter (Doherty et al., 2009), CAMTA3 probably binds the ZAT12 promoter directly. Taken 
together, this suggests a dual role of CAMTA3 in gene regulation – as transcriptional activator, e. g. of 
ZAT12 expression, or as negative regulator, e. g. of EDS1 expression.  
It remains to be shown, however, if the activation of nuclear-localized CDPKs and CAMTAs is 
conferred by nuclear [Ca2+] changes or by translocation to the nucleus upon activation in the cytosol as 
reported for parsley MAPKs (Figure 3–1 , p. 120; Lee et al., 2004). Although direct evidence for 
nuclear MAMP-induced [Ca2+] changes in Arabidopsis is missing, it seems plausible in analogy to 
tobacco, where specific cytosolic and nuclear [Ca2+] changes can occur independently and can induce 
distinct responses (van Der Luit et al., 1999; Pauly et al., 2001; Lecourieux et al., 2005). In tobacco, 
indeed, flg22 induces nuclear [Ca2+] elevations (Lecourieux et al., 2005).  

MAMP- and DAMP-induced Ca2+ signalling in roots. 

Although the majority of innate immunity studies focus on leaf tissues, roots are, as well, able to sense 
MAMPs and DAMPs, although with different efficiencies (summarized in Figure 3–2; p. 123; Millet  
et al., 2010). While ch8- and Pep1-induced [Ca2+]cyt elevations in seedling shoots and roots were 
similar, roots reacted only weakly to flg22 and were even insensitive to elf18 and LPS (Figure 3–2; 
p. 123; data not shown). The different sensitivities to the tested MAMPs and DAMPs in roots compared 
to shoots appear to correlate directly with the distinct expression patterns of the respective PRRs in 
roots, with very low expression levels of FLS2 and EFR (Figure 1, p. 39). Thus, apparently, the 
bacterial MAMPs flg22, elf18 and LPS, in contrast to ch8, only have minor contribution to PTI in roots. 
Nevertheless, Ca2+ signalling in roots, for instance, is crucial for Rhizobium-legume and arbuscular 
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mycorrhizal symbiosis (Harper and Harmon, 2005; Oldroyd and Downie, 2006; Navazio et al., 2007). 
Nod factors, for instance, induce a rapid Ca2+ influx and subsequent nuclear Ca2+ oscillations, which are 
decoded by a single Ca2+/calmodulin-dependent protein kinase (CCaMK), DMI3 (Mitra et al., 2004; 
Gleason et al., 2006). However, Arabidopsis does not contain CCaMKs (Hrabak et al., 2003; Gleason et 
al., 2006). 
Ca2+ signalling also takes place during the beneficial interaction with the growth-promoting fungus 
Piriformospora indica that, among other species, also associates with Arabidopsis by root-colonization 
(Verma et al., 1998; Varma et al., 1999; Barazani et al., 2005; Sherameti et al., 2008). Root-
colonization, nevertheless, needs to be strictly regulated, since excess colonization, for instance in some 
ethylene signalling mutants, leads to activation of defence responses (Camehl and Oelmüller, 2010; 
Camehl et al., 2010). Thus, the maintenance of a beneficial interaction between both symbiotic partners 
is regulated by ethylene. Intriguingly, a crude P. indica cell wall extract (CWE) itself was sufficient to 
induce growth promoting effects, although to a lower extent than the living fungus (Figure 1, p. 97). 
Moreover, this CWE triggered [Ca2+]cyt elevations, resulting from an initial influx of apoplastic Ca2+, 
quite specifically in Arabidopsis roots and only weakly in shoots (Figure 2, p. 98). Furthermore, the 
kinetics were reminiscent of other MAMP-induced [Ca2+]cyt elevations in Arabidopsis seedlings, 
regarding lag phase, [Ca2+]cyt amplitude and the typical subsequent prolonged decrease to resting level 
(Figure 3–2; p. 123). The data based on inhibitor studies and refractory behaviour point to a receptor-
mediated but BAK1-independent perception of the CWE (data not shown). In addition to the cytosolic 
[Ca2+] response, the CWE also stimulated prolonged nuclear [Ca2+] changes in tobacco (Figure 2, 
p. 98). As these occur several minutes delayed compared to the cytosolic [Ca2+] response, they may be 
independently generated by a nuclear Ca2+ release system (Figure 3–1 , p. 120; Lecourieux et al., 
2005; Mazars et al., 2009). The identification of the underlying molecular structure will determine if the 
CWE-active epitope qualifies as a bona fide MAMP, since the fungus, and therefore presumably also 
the CWE, is recognized by different plant species. 

3.2. Components shaping MAMP-induced Ca2+ signatures in Arabidopsis 

The Ca2+-permeable channel DND1 does not mediate MAMP-induced Ca2+ signalling. 

The cyclic nucleotide-gated channel 2 / defence-no-death 1 (CNGC2/DND1) plays not only a crucial 
role in establishment of HR but is also handled as a candidate mediating the instantaneous MAMP-
induced Ca2+ influx across the plasma membrane based on the observation that LPS- and AtPep3-
induced [Ca2+]cyt elevations were strongly reduced in dnd1 leaves (Ali et al., 2007; Ma et al., 2009;  
Qi et al., 2010). On the contrary, [Ca2+]cyt elevations induced by several MAMPs, such as flg22, elf18 
and several purified LPS preparations (Figure 7, p. 87), as well as flg22-induced plasma membrane 
depolarization, which is tightly coupled with Ca2+ influx, were not diminished in dnd1 seedlings (grown 
in sterile medium) or mesophyll cells, respectively (Jeworutzki et al., 2010). In accordance, 
downstream flg22-mediated root growth arrest was not impaired in dnd1 seedlings (data not shown). 



DISCUSSION AND PERSPECTIVES   116 

AtPep1 also induced comparable [Ca2+]cyt elevations in dnd1 and wild type (data not shown). Moreover, 
a reduced ROS accumulation upon flg22 elicitation was reported for dnd1 seedlings (Mersmann et al., 
2010). These contrasting results may be explained by the different growth conditions used, which 
ranged from sterile grown seedlings used here or pre-treated with flg22 (Mersmann et al., 2010) to adult 
leaves from soil-grown plants (Jeworutzki et al., 2010; Qi et al., 2010). Since dnd1 mutants 
constitutively express defence genes and accumulate high SA levels (Yu et al., 1998), the growth 
conditions may lead to pleiotropic effects. Thus, soil-grown plants are dwarfed and partially show 
lesion-mimic phenotypes (Clough et al., 2000), while seedlings in liquid culture appear healthy and 
have wild-type size (data not shown). In conclusion, taking the negative results obtained in this work 
and by others into account, a role of DND1 in early MAMP-induced Ca2+ signalling as reported appears 
very questionable. 

The vacuolar cation channel TPC1 does not contribute to stress-induced Ca2+ signalling. 

Two-pore channel 1 (TPC1), originally reported as plasma membrane channel mediating abiotic and 
biotic stress-induced [Ca2+]cyt elevations in tobacco (Furuichi et al., 2001; Kadota et al., 2004) and 
biotic defence responses in rice (Kurusu et al., 2005), is, contrarily, located in the tonoplast in 
Arabidopsis and mediates slow-vacuolar (SV) currents (Figure 1, p. 24; Figure 3–1 , p. 120; Carter et 
al., 2004; Peiter et al., 2005). A proposed role for TPC1/SV channel in Ca2+-induced Ca2+ release 
(CICR) from the vacuole, via direct Ca2+-regulation of TPC1 by its two EF hand motifs (Ward and 
Schroeder, 1994; Bewell et al., 1999; Hetherington and Brownlee, 2004; Peiter et al., 2005), however, 
could not be confirmed by aequorin-based [Ca2+]cyt quantification upon application of several (SA-
inducing) biotic (Figure 7, p. 29) or abiotic stimuli (Figure 6, p. 28; Figure 3–1 , p. 120). Intriguingly, 
loss of TPC1, the most abundant tonoplast channel in Arabidopsis encoded by a single gene, does not 
have obvious detrimental growth effects (own observations; Peiter et al., 2005; Bonaventure et al., 
2007a). While loss of TPC1 reduced expression of some JA-induced defence genes, the gain-of-
function mutation fou2, that renders the channel hyperactive, results in enhanced defence gene 
expression and resistance upon infection with necrotrophic pathogens and resembles K+ starvation-
induced gene expression patterns (Bonaventure et al., 2007a, 2007b). While not affected in ABA- or 
CO2-induced stomatal closure, tpc1 is impaired in the response to external Ca2+ without affecting 
[Ca2+]cyt oscillations (Figure 6, p. 28; Peiter et al., 2005; Islam et al., 2010). Moreover, this phenotype 
may be due to the enhanced expression and Ca2+ sensitivity of TPC1 in guard compared to mesophyll 
cells (Rienmuller et al., 2010). Meanwhile, in the animal system, TPCs were identified as receptors for 
the second messenger NAADP that stimulates Ca2+ release from lysosomal and endosomal stores 
through TPC1 (Brailoiu et al., 2009; Calcraft et al., 2009) but so far, no function for TPC1 in plant 
NAADP signalling has been reported. The lack of the two EF hand motifs in animal TPCs further 
suggests a different, Ca2+-independent mode of regulation (Ishibashi et al., 2000). In conclusion, a role 
in stress-induced or guard cell Ca2+ release for TPC1 was disproved. Instead, the data collectively 
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suggest a role for TPC1 as downstream Ca2+ sensor in cation homeostasis, particularly in K+ 
homeostasis (Bonaventure et al., 2007b; Pottosin and Schonknecht, 2007; Beyhl et al., 2009). 

Interplay between Ca2+ and other early signalling elements. 

A major objective of the current work is to identify components involved in regulating and shaping 
MAMP-induced [Ca2+]cyt elevations. Since the roles of two purported Ca2+ channels, DND1 and TPC1, 
are questionable, a combined approach to search for such components was applied: (i) mutant pools, 
produced by EMS mutagenesis, were screened for changed calcium elevation (cce) mutants (see 2.3) 
and (ii) known or potential early signalling components were analysed for their impact on MAMP-
induced [Ca2+]cyt elevations (see 2.2). The latter approach included signalling components such as the 
NADPH oxidase, RbohD, or MPK3 and MPK6 that are themselves, strictly or at least partially, 
dependent on the [Ca2+]cyt elevation, respectively. Whereas loss of MPK3 or MPK6 did not significantly 
impinge on flg22- or elf18-induced [Ca2+]cyt elevations (Figure 7, p. 47), a feedback effect of RbohD-
derived ROS on [Ca2+]cyt elevations was observed for flg22, elf18 and Pep1 and to a lesser extent also 
for ch8 (Figure 6, p. 46). Intriguingly, complete abrogation of MAMP-induced ROS generation in the 
rbohD mutant or by inhibition with DPI, did not result in an overall dramatic reduction of the [Ca2+]cyt 
elevations but rather affected specifically the second peak. This second peak is well visible in response 
to flg22, but in the case of elf18 and Pep1 often merges with the first peak to a prolonged plateau 
(Figure 6, p. 46; figure S4, p. 148). Thus, in the latter case the plateau was reduced to a single peak in 
rbohD. Thus, MAMP- or DAMP-induced ROS trigger an additive [Ca2+]cyt elevation visible as second 
peak or prolonged plateau (Figure 3–1 , p. 120). In tobacco cells, ROS similarly induced a second 
OGA-triggered [Ca2+]cyt peak and enhanced the cryptogein-induced [Ca2+]cyt response (Lecourieux  
et al., 2002). The timing of the second [Ca2+]cyt peak, with a maximum at around five minutes after 
flg22 elicitation (Figure 6, p. 46), thereby correlates with the ROS production kinetics, starting three to 
four minutes after flg22 elicitation (Figure 4, p. 43). Accordingly, the second [Ca2+]cyt peak, as well as 
the ROS production are around one or two minutes delayed upon elf18 or Pep1 treatment due to the 
longer lag phase (~1 minute) in comparison to flg22 (~40 seconds) and the lower ROS accumulation 
(Figure 4, p. 43; data not shown). Ch8, in contrast, with a similar [Ca2+]cyt elevation lag phase as flg22 
(~40 seconds) but only a delayed (~4 minutes) and significantly lower ROS accumulation than flg22 
and elf18 (Figure 5, p. 85), accordingly, shows only a minor secondary [Ca2+]cyt elevation at around 
7 minutes (Figure 6, p. 46). Regardless of the duration of the ROS accumulation (~30 minutes for 
flg22), the secondary ROS-induced [Ca2+]cyt elevation appears to only last a few minutes, comparable to 
a directly H2O2-triggered [Ca2+]cyt elevation (Figure 6, p. 28; Rentel and Knight, 2004), maybe owing to 
saturation and refractory period of the H2O2 perception system. This is further indicated by the 
unaltered secondary [Ca2+]cyt elevation induced by flg22 in mpk3 mutants despite the significantly 
prolonged ROS response (Figure 7, p. 47). Although H2O2-responsive Ca2+-permeable channels in the 
plasma membrane have been described (Pei et al., 2000; Rentel and Knight, 2004), it can not be 
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concluded from the current data whether apoplastic RbohD-derived O2ˉ• or its dismutation product H2O2 
directly or indirectly activate Ca2+-permeable channels and whether the ROS-triggered [Ca2+]cyt 
elevation is caused by Ca2+ influx from the apoplast or internal stores (Figure 3–1 , p. 120). Since 
H2O2 is membrane-permeant it can not only activate signalling in the cell interior but also at or in 
neighbouring cells (Figure 3–1 , p. 120). Indeed, in abiotic stress reactions, RbohD-derived ROS 
trigger long-distance signalling (Miller et al., 2009). Although the authors concluded from inhibitor 
studies with La3+ and BAPTA that ROS-mediated cell-to-cell signalling does not require Ca2+ (Miller  
et al., 2009), this appears rather unlikely with regard to the multiple Ca2+-dependent regulation modes 
of RbohD. The inhibitor concentration or distribution may not have been sufficient to suppress H2O2-
triggered Ca2+ signalling completely, since the Ca2+-ROS signalling loop may be self-sustaining and 
may only require an initial local trigger. Alternatively, H2O2 may release Ca2+ from internal stores, 
which is not inhibited by La3+ or BAPTA. In conclusion, it appears plausible that the feedback effect 
between ROS and Ca2+ signalling observed here, may also allow cell-to-cell propagation of MAMP and 
DAMP signals (Figure 3–1 , p. 120). 

MAMP-induced Ca2+ release from internal stores. 

While a primary influx of apoplastic Ca2+ across the plasma membrane appears to be crucial to initiate 
MAMP-induced Ca2+ signalling (Figure 3–1 a, p. 120), this does not exclude subsequent release of 
Ca2+ from internal stores (Figure 3–1 b, p. 120). In the majority of cases, the distinction between Ca2+ 
release from external and internal stores is based on pharmacological studies. Thus, using the classical 
inhibitors successfully used for animal models, it was proposed that plants rely on the same Ca2+ release 
mechanisms, namely InsP3- and cADPR/ryanodine-responsive Ca2+ channels residing in the vacuolar 
and ER endomembrane systems (see 1.1.2; Figure 1–1, p. 5), albeit genetic evidence is yet missing. On 
the contrary, the examination of several plant genomes revealed no homologs to these animal channels 
in higher plants (Wheeler and Brownlee, 2008). Moreover, assessing the phospholipid composition and 
the repertoire of the corresponding enzymes in plants suggests that PA and InsP6 may constitute the 
actual second messengers in plants (Munnik and Testerink, 2009).  
Most inhibitors have been adapted from animal systems without evaluation of their effectiveness and 
specificity in plants. Noteworthy, often enormously high concentrations are required for effects in 
plants, which may lead to unspecific or even toxic side effects. Hence, conclusions based on 
pharmacological studies need to be carefully and critically assessed. In case of the interplay between 
Ca2+ and ROS signalling, the data obtained from experiments with the NADPH oxidase inhibitor DPI 
could be confirmed by a genetic approach using rbohD knockouts (Figure 6, p. 46). Inhibitor 
manipulations of flg22-induced [Ca2+]cyt and [Ca2+]vmd elevations, performed in Arabidopsis seedlings, 
further suggested a contribution of PLC-derived InsP3/InsP6 (Figure 2–2, p. 55) to Ca2+ release from 
internal stores (data not shown). Due to the quite high inhibitor concentrations required, however, this 
was not further followed up but, instead, tested genetically. Genetic analysis may, however, be 
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hampered by functional redundancies, since Arabidopsis comprises nine PLC genes. Flg22-induced 
[Ca2+]cyt elevations were unaltered in several plc single as well as a plc3plc6plc9 triple mutant (data not 
shown). Likewise, a knockdown of the last enzyme in the InsP6 synthesis pathway, IPK1, did not affect 
flg22-induced [Ca2+]cyt elevations (Figure 2–3, p. 55). Although the overall InsP6 content was 
substantially reduced in ipk1 (Stevenson-Paulik et al., 2005; Murphy et al., 2008), the residual enzyme 
activity may still have been sufficient for signalling. Thus, further independent knockout alleles, also in 
combination with knockout of IPK2α/β (Figure 2–2, p. 55), need to be examined for MAMP-induced 
[Ca2+]cyt elevations. Until now, there is no genetic evidence for a contribution of PLC-derived 
InsP3/InsP6 in MAMP-induced Ca2+ signalling. Furthermore, PLDα1, which apparently is causal for 
about 50% of the flg22-induced ROS accumulation (Figure 2–1, p. 54), directly produces PA from 
structural phospholipids without generation of InsP3 or InsP6 (Figure 2–2, p. 55).  
Nevertheless, inositol derivatives have been implicated in plant immunity. For instance, ips2 and ipk1 
are impaired in basal resistance and nuclear localized IPS1 contributes to programmed cell death 
(Murphy et al., 2008; Meng et al., 2009). Intriguingly, flg22-mediated root growth inhibition was 
enhanced in ipk1 but not ips1 or ips2 compared to wild type (Figure 2–3, p. 55). The flg22-mediated 
root growth phenotype in ipk1 is probably not mediated by Ca2+ signalling. Instead, InsP6 may, for 
example, act through gene expression regulation as shown in yeast and animals (York, 2006; Alcazar-
Roman and Wente, 2008; Michell, 2008; Shears, 2009) or through its function in auxin signalling. InsP6 
is required for auxin binding to the auxin receptors TIR1 (transport inhibitor response 1), AFB2, and 
AFB3 (auxin signalling F-box proteins 2 and 3), which are targeted by the flg22-induced microRNA393 
(Navarro et al., 2006; Tan et al., 2007), thereby providing a speculative but plausible link between flg22 
and auxin signalling involving InsP6. It will be interesting to examine the role of auxin and InsP6 in 
MAMP responses, since the underlying mechanism for growth inhibition, which is regularly analysed 
as measure of MAMP responsiveness, is not identified. It is not known yet if the growth arrest is caused 
by specific hormonal-regulated processes or is a simple trade-off of the energy consuming defence 
responses. Intriguingly, seedlings growth arrest has so far been only reported for the peptides flg22, 
elf18 and Pep1 requiring BAK1 for full responsiveness, a crucial co-receptor in brassinosteroid 
signalling (Felix et al., 1999; Nam and Li, 2002; Chinchilla et al., 2007; Krol et al., 2010). 
To further address the potential involvement of Ca2+ release from internal stores in MAMP signalling,  
a genetic screen was performed using the Aeqvmd reporter line with aequorin localized to the vacuolar 
microdomain (see 2.3). This screen may potentially result in mutants altered in Ca2+ release from the 
vacuole, the major internal Ca2+ store of plants. 

3.3. Do MAMP-induced Ca2+ signatures encode MAMP-specific information? 

An intriguing question in Ca2+ signalling in general concerns the information transmitted by the Ca2+ 
signals. Does the MAMP-induced “Ca2+ signature” encode and relay MAMP-specific information or do 
MAMP-induced [Ca2+]cyt elevations merely act as “Ca2+ switches” in a threshold-dependent manner?  
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MAMP- and DAMP-induced [Ca2+]cyt elevations show some common characteristics. 

The analysis of several MAMP- and DAMP-induced [Ca2+]cyt elevations in Arabidopsis seedlings 
revealed typical common characteristics (summarized in Figure 3–2; p. 123): after a lag phase of mostly 
one minute or less, the [Ca2+]cyt steeply increases to the maximum amplitude. In some cases, a biphasic 
response is visible with two distinct peaks but often the peaks merge to a prolonged “plateau” phase. 
Subsequently, the [Ca2+]cyt declines slowly back to resting level over 30-40 minutes. All in all, similar 

Figure 3–1. Overview of early flg22-stimulated signalling steps in Arabidopsis. 
 Upon flg22 binding, the FLS2 receptor kinase associates with the BAK1 kinase and trans-phosphorylation is 
thought to activate the FLS2-BAK1 receptor complex. The cytoplasmic kinase BIK1 is presumably released from 
the receptor complex upon trans-phosphorylation with FLS2/BAK1.  FLS2 activation triggers a rapid influx of 
apoplastic Ca2+ into the cytosol, which is not mediated by the cyclic nucleotide-gated Ca2+-permeable channel 
DND1. Subsequently, Ca2+ may also be released from internal stores, e. g. through second-messenger-activated 
channels.  Concomitant ion fluxes, e. g. through Ca2+-activated anion channels, lead to plasma membrane 
depolarization.  Activation of PLDα1, presumably in a Ca2+-dependent manner, generates PA.  Ca2+, CDPKs 
and PA synergistically activate the plasma membrane-resident NADPH oxidase RbohD that generates apoplastic 
O2ˉ•, which is rapidly converted to H2O2 by superoxide dismutases (SOD).  The (partially) Ca2+-dependent 
activation of MPK3, in parallel, appears to attenuate ROS accumulation. Activation of CDPKs and MAPK cascades 
further results in gene expression re-modulation.  Gene expression is also directly controlled via Ca2+- or 
Ca2+/CaM-dependent transcription factors, such as CAMTA3 that, for instance, activates expression of the early 
defence gene ZAT12. This may involve nuclear [Ca2+] elevations.  The tonoplast cation channel TPC1 does not, 
in contrast to earlier predictions, mediate Ca2+-induced Ca2+ release from the vacuole.  The Ca2+-dependent 
generation of H2O2 feeds back on the [Ca2+]cyt elevations since membrane-permeant H2O2 triggers a subsequent 
additional [Ca2+]cyt elevation either through Ca2+ influx from the apoplast or Ca2+ release from internal stores.  
The diffusible H2O2 may also trigger [Ca2+]cyt elevations in neighbouring cells. 
Abbreviations: CDPK = Ca2+-dependent protein kinase; DND1 = defence-no-death; IP3/6 = inositol-tris/hexakis-
phosphate; MAPK = mitogen-activated protein kinase; PA = phosphatidic acid; PLD = phospholipase D; ROS = 
reactive oxygen species; TPC1 = two-pore channel 1 
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to MAMP-induced [Ca2+]cyt responses observed, for instance, in parsley or tobacco cells (Blume et al., 
2000; Lecourieux et al., 2002; Lecourieux et al., 2005), MAMP-induced [Ca2+]cyt elevations in 
Arabidopsis appear to be generally sustained (Figure 3–2; p. 123). In most cases, a primary influx of 
apoplastic Ca2+ across the plasma membrane is required to initiate the [Ca2+]cyt response, as illustrated 
by the complete inhibition with La3+ or BAPTA (Figure 6, p. 86; figure S2, p. 147). However, a 
secondary Ca2+ influx from external or release from internal stores may account for the different “fine 
structures” observed for the responses to distinct MAMPs, for instance the ROS-induced second peaks 
induced by flg22 in Arabidopsis (Figure 6, p. 46) or OGAs in tobacco (Lecourieux et al., 2002).  

MAMP- and DAMP-induced [Ca2+]cyt elevations – what can be compared? 

Since the PGN preparations are hardly soluble in water, this may account for the delayed and low 
[Ca2+]cyt response observed upon application of PGN suspensions (Figure 2–5, p. 93). Likewise the 
solubility of LPS correlates with its molecular structure with S-LPS being more soluble than R-LPS 
forms. Additionally, it is unlikely, that the macromolecular forms of PGN, LPS and chitin constitute the 
physiologically elicitor-active forms. Instead, plant-derived apoplastic enzymes, such as chitinases, 
glucanases and proteases, are likely necessary to release elicitor-active fragments that subsequently can 
be perceived by cell wall-associated or plasma membrane-resident PRRs (Zipfel and Felix, 2005; 
Hückelhoven, 2007; Göhre and Robatzek, 2008). This is, for instance, illustrated by the fungal 
C. fulvum effector protein Avr4 that binds long-chain chitin oligosaccharides to protect fungal hyphae 
from chitinase attack (van den Burg et al., 2004; van den Burg et al., 2006; de Jonge et al., 2010). 
Furthermore, cell-wall localised or plasma membrane-associated binding proteins may be required to 
assist perception and transduction of certain MAMP signals, as is, for example, the case for the chitin-
binding protein CeBIP in rice or the glucan-binding protein GPB from soybean that also has an intrinsic 
endoglucanase activity (Zipfel, 2009). Since these binding proteins lack intracellular (kinase) domains 
for signal transduction, they need to interact with another transmembrane transducer containing 
intracellular signalling domains (Zipfel, 2009). Moreover, LPS perception in the mammalian system is 
conferred by an LPS-binding protein (LBP), a lipid transferase that catalyzes LPS transfer from the 
bacterial membrane to CD14 and finally TLR4 for signal transduction (Miyake, 2004). Thus, the 
enzymatic activity of LBP is crucial for processing and exposing LPS to the host perception system, 
since membrane-bound LPS is inactive as PAMP (Miyake, 2004). The peptide MAMPs, flg22 and 
elf18, instead directly bind their cognate RLK-PRRs (Chinchilla et al., 2006; Zipfel et al., 2006). 
Nevertheless, recognition of the respective full-length proteins flagellin and EF-Tu may also require 
processing by host enzymes to facilitate perception, since, for instance, the flg22 epitopes are not 
surface exposed within the flagellum and thus not directly accessible for receptor binding (Zipfel and 
Felix, 2005). Optimized small synthetic peptides that are easily accessible for receptor binding, such as 
flg22, elf18 and Pep1 and fully active as MAMPs or DAMPs are regularly used in innate immunity 
studies. They were also preferentially used in this work not only because of the advantages in handling 
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and availability but also to avoid potential contaminations in MAMP preparations from cultures (see 
also 2.4). Likewise, the water soluble chitin oligosaccharide ch8 was used instead of an undefined 
mixture of chitin fragments derived from ground crab shells. It is, however, generally difficult to 
compare Ca2+ responses induced by small synthetic peptides on the one hand, and poorly soluble 
macromolecules on the other hand, since host processing may account for different kinetics. 

MAMP- and DAMP-specific differences in [Ca2+]cyt elevations are partially controlled by BAK1. 

To achieve synchronous elicitation, which is a prerequisite for resolving kinetic characteristics in a 
multicellular system, apparent saturating MAMP concentrations and liquid-grown seedlings were used 
to overcome the variation caused by different cell wall accessibility and to compare the maximum 
[Ca2+]cyt elevation-inducing capacities of different MAMPs and DAMPs (Figure 3–2; p. 123). 
Nevertheless, all MAMPs used were also active at low concentrations (Figure 4, p. 84; figure S3, 
p. 148). Under saturating conditions, MAMP-specific differences in lag phases and [Ca2+]cyt amplitudes 
were observed that most probably are intrinsic characteristics of the distinct MAMPs and their 
respective receptor complexes rather than simple differences in diffusion rate through the cell wall 
matrix as suggested (Figure 3–2; p. 123; Aslam et al., 2009). In medium alkalinization assays in 
suspension-cultured Arabidopsis cells, which are more readily accessible to peptides compared to intact 
tissues or organs, also distinct lag phases for flg22 and elf18 were observed (Zipfel et al., 2006). LPS-
induced [Ca2+]cyt amplitudes, for instance, all were in the same range of maximum ~150 nM regardless 
of the different molecular weight and steric conditions, i. e. smooth or deep rough LPS forms (Figure 2, 
p. 83). Furthermore, the three peptide MAMPs/DAMPs, flg22, elf18 and Pep1, showed highly 
reproducible and characteristic [Ca2+]cyt amplitudes throughout all experiments (Figure 3–2; p. 123). 
While flg22 induced [Ca2+]cyt amplitudes of up to 300 nM, elf18 reached a maximum amplitude of 
~200 nM and Pep1 only ~170 nM (Figure 1, p. 39). Strikingly, the [Ca2+]cyt amplitudes were almost 
identical in bak1 mutants under the same conditions, ~150 nM for all three MAMPs or DAMPs 
(Figure 3, p. 41). This suggests that flg22, elf18 and Pep1 are generally quantitatively similarly 
perceived but the signal is differentially amplified by the receptor-associated kinase BAK1 thereby 
resulting in the MAMP-specific [Ca2+]cyt amplitudes. Ch8- and LPS-triggered [Ca2+]cyt elevations, 
conversely, are not altered in bak1. Moreover, BAK1 also accelerates early flg22, elf18 and Pep1 
responses, as the lag phases of the [Ca2+]cyt responses are severely delayed in bak1 mutants (Figure 3, 
p. 41). Taken together, although MAMP- and DAMP-induced [Ca2+]cyt elevations share some 
characteristics, at the same time MAMP- and DAMP-specific variations in certain parameters are 
observable (Figure 3–2; p. 123). Similarly, different MAMPs and DAMPs induce generally a common 
set of defence responses, but these often differ in a qualitative, quantitative or kinetic manner. For 
instance, both, flg22 and elf18, induce the same defence genes, albeit with distinct kinetics (Figure 5, 
p. 45), and both mediate a prominent seedling growth arrest but with obviously different phenotypes 
(Figure 2, p. 40). Hence, it appears possible and also plausible that the distinct [Ca2+]cyt elevations 
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encode information contributing to the MAMP-specific responses. On the contrary, bak1 mutants show 
similar as well as distinct downstream responses to different MAMPs, despite nearly identical [Ca2+]cyt 
elevations (Figure 3, p. 41). This strongly argues against the conception that the [Ca2+]cyt elevations 
(alone) are sufficient to convey MAMP-specific information into downstream responses. Taken 
together, the obtained data support a threshold function for Ca2+ in MAMP and DAMP signalling,  
as has also been suggested by Dodd and co-authors (2010). 

Limitations of aequorin-based Ca2+ reporters. 

Regarding the question whether [Ca2+]cyt elevations encode and transmit MAMP-specific information it 
needs to be considered that aequorin-based [Ca2+] imaging always gives an average response of whole 
seedlings/tissues consisting of different cell types whose individual responses can differ substantially. 
For instance, the different Ca2+ content between guard and mesophyll cells (Conn et al., 2011) may 
influence MAMP-induced Ca2+ signatures in these cell types. Distinct root cell types, for instance, react 
differentially to salt but equally to cold stress (Kiegle et al., 2000). Hence, the underlying single cell 
Ca2+ signatures can not be simply deduced from aequorin-based [Ca2+] imaging of whole seedlings. 
Aequorin-based measurements, for example, can not reveal if the MAMP-induced [Ca2+]cyt elevations 
are based on sustained Ca2+ influx or are an overlay of asynchronous oscillations. While Ca2+ imaging 
upon elicitation with Pep13 in suspension-cultured parsley cells point to a sustained elevated [Ca2+] 
level rather than oscillations (Blume et al., 2000), this question could not be addressed in Arabidopsis 
by aequorin-based measurements of whole seedlings.  
Nevertheless, the data provided here demonstrate that aequorin-based [Ca2+] measurements are 
applicable for mutant analysis. Thus, synchronous elicitation revealed “fine structures” of the [Ca2+]cyt 
response as illustrated in rbohD. Though, it can not be concluded if these secondary ROS-induced  

Figure 3–2. Comparison of different MAMP- and DAMP-induced [Ca2+]cyt elevations in intact seedlings and 
isolated roots. 
[Ca2+]cyt elevations upon application (marked by arrow) of the indicated MAMPs and DAMPs in intact Col-0 
seedlings (left panel) or isolated roots (right panel) were monitored over time by aequorin-based [Ca2+]cyt 
measurements. 
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Ca2+ release/influx occurs in the same or in neighbouring cells or from external or internal stores. 
Resolution of [Ca2+]cyt elevations at the single cell level is so far only feasible in single cell systems 
such as guard cells or root hairs but even there the resolution of the intracellular locations of the [Ca2+] 
elevations is limited. In the case of mesophyll cells, direct cell access is difficult in intact tissues and 
thus protoplasting is required, which, in turn, might alter the Ca2+ signatures. While suspension-cultured 
cells are highly applicable for synchronous elicitation and often comprise only a single but re-
differentiated cell type, their analysis is mostly limited to pharmacological studies. Bearing these 
constraints in mind, the presented work, demonstrates that aequorin-based [Ca2+] quantification is 
indeed applicable for diagnostic purposes in reverse as well as forward genetic screening. 

3.4. [Ca2+]cyt elevations as quantitative and kinetic read-out for early signalling events 

Measuring alkalinization of the growth medium of suspension-cultured cells is a well-established assay 
to assess the putative elicitor activity of a test substance by an early, sensitive and quantifiable response 
(Felix et al., 1993; Tavernier et al., 1995; Felix et al., 1999). Since the ion fluxes causal for the medium 
alkalinization response (AR) occur temporally close to the receptor activation and constitute a defined 
biochemical response, the medium alkalinization reflects the activity of the receptor complex. Stimulus-
induced [Ca2+]cyt elevations, which are tightly coupled to ion fluxes and AR (Jeworutzki et al., 2010), 
likewise resemble the activity of upstream receptor complex and signalling components. Moreover, 
[Ca2+] measurements are applicable to distinct tissues, such as whole seedlings, leaf discs, roots or 
epidermal strips. Currently, mutant analysis of MAMP-induced defence responses is mainly performed 
by analysing ROS accumulation or MAMP-mediated seedling growth arrest. While the growth arrest 
response is well quantifiable, it is a “late” response whose biochemical mechanism is yet unresolved. 
As a “late” response, seedling growth arrest assays are not only time-consuming but also suffer from 
various unpredictable developmental or environmental cues leading to pleiotropic side effects. ROS 
accumulation, on the other hand, is a well-defined early response. However, ROS accumulation cannot 
be accurately quantified and is very variable in leaf discs and particularly in seedlings between different 
but even within a single experiment. Pre-treatment of seedlings with low MAMP concentrations has 
been reported to reduce variability between the responses of individual seedlings (Mersmann et al., 
2010). However, such pre-treatment with MAMPs, in turn, or wounding, during leaf discs preparation, 
may have “priming” effects altering the end response. [Ca2+] measurements, either based on aequorin or 
ratiometric cameleon technology, instead, yield very accurate quantification due to the internal 
normalization, which is well reproducible even between independent experiments, thus allowing robust 
statistical evaluation. Additionally, the [Ca2+] response yields high temporal resolution in single cells as 
well as multicellular tissues if the stimulus is applied synchronously. This can, for instance be achieved 
by using liquid-grown seedlings or thinly-cut leaf strips. Hence, like the AR, [Ca2+] measurements are 
highly applicable for assessing early upstream MAMP-induced activities, including receptor complex 
components, in the whole seedling system and, most importantly, are highly suited for rapid and 



DISCUSSION AND PERSPECTIVES   125 

sensitive high-throughput mutant screens (see 2.3). Moreover, Ca2+ reporters can be targeted to  
(i) distinct cell types (Kiegle et al., 2000) or (ii) distinct intracellular locations (Knight et al., 1996; 
Mithöfer and Mazars, 2002), thus allowing dissection of signalling processes at sub-tissue and even 
sub-cellular level in combination with mutant analysis. The efficacy of Ca2+ screening was 
demonstrated in this work by the isolation of several additional fls2 and bak1 alleles, as well as several 
novel cce mutants (see 2.3). Intriguingly, one subset of cce mutants shows only altered responses to 
flg22, elf18 and Pep1, while the other mutants additionally show altered [Ca2+] elevations upon ch8 and 
LPS elicitation (Table 1, p. 71; data not shown). Thus, all isolated cce mutants are common components 
of signalling pathways shared by several MAMPs. 

3.5. Conclusions 

The detailed comparison of [Ca2+]cyt elevations triggered by diverse MAMPs and DAMPs, such as the 
peptides flg22, elf18 and Pep1 and the polysaccharide-containing ch8, LPS and PGN, revealed common 
as well as MAMP/DAMP-specific characteristics. Distinct MAMPs and DAMPs further stimulate a 
common set of defence responses by sharing several signalling components. Nevertheless, early and 
late responses have been shown to differ quantitatively as well as qualitatively in response to certain 
MAMPs or DAMPs. Ca2+ signalling plays a pivotal role in all studied MAMP and DAMP signalling 
pathways. Although the MAMP/DAMP-specific characteristics of the [Ca2+]cyt elevations may 
contribute to the MAMP/DAMP specificity of some downstream responses, it is, based on the presented 
data, unlikely that the [Ca2+]cyt elevations are by themselves sufficient to convey MAMP/DAMP 
specificity. Instead, BAK1 appears to differentially regulate certain early as well as late MAMP/DAMP 
responses. Furthermore, feedback effects between different early signalling components were 
uncovered. In conclusion, MAMP- and DAMP-stimulated signalling pathways are not hierarchical but 
multilayered and manifold interrelated which may result in differential signal amplification or 
attenuation at several levels leading to distinct end responses. The novel isolated cce mutants, which are 
also commonly involved in signalling by several MAMPs, will be useful to further unveil the early 
signalling events in innate immunity. Taken together, the various signalling components acting in, up- 
and downstream of Ca2+ signalling form a complex and versatile signalling network. 
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Figure S2. Pre-treatment with LaCl3 or BAPTA abolishes MAMP-induced [Ca2+]cyt elevations. 
(a-c) Pre-treatment of Col-0 seedlings with 10 mM LaCl3 or 10 mM BAPTA for 30 min inhibits [Ca2+]cyt elevations 
induced by the indicated MAMPs. 
(d) Both inhibitors slightly raise the [Ca2+]cyt resting level as observed in the water control.  
Arrows mark time of MAMP application. Data represent mean ± SD of two independent experiments (n ≥ 3). 

Figure S1. Inactive forms of MAMPs do not evoke [Ca2+]cyt 
elevations. 
(a) The shorter flg15∆5 peptide or the flg22-analogous peptide 
from Agrobacterium tumefaciens (A. tum) do not induce [Ca2+]cyt 
elevations in Arabidopsis seedlings in comparison to the 
categorical Pseudomonas aeruginosa (P. aer) flg22 peptide. 
(b) The shorter elf12 peptide is inactive in eliciting [Ca2+]cyt 
elevations in comparison to the elf18 peptide. 
(c) Ch6 does not induce [Ca2+]cyt elevations in comparison to ch8. 
Arrows mark time of MAMP application. Data represent 
mean ± SD of ≥ 3 independent experiments (n ≥ 12). 
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Figure S3. MAMP/DAMP-induced [Ca2+]cyt elevations are dose-dependent. 
[Ca2+]cyt elevations in Arabidopsis seedlings induced by the indicated concentrations of (a) flg22, (b) elf18, (c) 
Pep1 and (d) ch8. Nearly saturating concentrations reveal similar patterns for all the tested MAMPs/DAMPs but 
distinct [Ca2+]cyt amplitudes. At lower concentrations, the [Ca2+]cyt responses were also very similar in shape, but 
in general the maximum peak heights were lower and the maxima occurred at later times. Arrows mark time of 
MAMP/DAMP application. Data represent mean ± SD of ≥ 3 independent experiments (n ≥ 8). 

Figure S4.   Individual   
traces of MAMP/DAMP-
induced [Ca2+]cyt eleva-
tions in seedlings. 
Five individual traces 
(illustrated by different 
colours) of [Ca2+]cyt eleva-
tions in Col-0 seedlings 
upon application of the 
indicated MAMPs/DAMPs. 
While individual traces 
illustrate the occurrence of 
distinct Ca peaks, these 
“fine structures” are not 
always visible in average 
graphs (dotted black line). 
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Figure S5. MAMPs/DAMPs induce comparable [Ca2+]cyt elevations in intact and root-dissected 
Arabidopsis seedlings. 
[Ca2+]cyt elevations upon application (marked by arrow) of the MAMPs/DAMPs flg22, elf18, ch8 and Pep1 in root-
dissected Col-0 seedlings are comparable to intact seedlings (cf. fig. 1a). To facilitate comparison, an overlay of 
the [Ca2+]cyt elevations in intact (shown in figure 1a) and root-dissected (w/o roots) seedlings is included. Thus, 
the [Ca2+]cyt response in intact seedlings mostly originates from the aerial parts, which under the growth 
conditions used also comprise the bulk of the seedling fresh weight. Water was used as control. Data represent 
mean ± SD of ≥ 3 independent experiments (n ≥ 24). 

Figure S6. MAMP/DAMP-induced [Ca2+]cyt 
elevations in receptor mutants. 
[Ca2+]cyt elevations induced by flg22, elf18, 
Pep1 and ch8 in seedlings of the receptor 
mutants (a) fls2, (b) efr-1 and (c) cerk1-2. 
Arrows mark time of MAMP/DAMP application. 
Data represent mean ± SD of ≥ 2 independent 
experiments (n ≥ 6). 
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Figure S7. Elf18-induced growth arrest in 
bak1 and serk mutants. 
5-days-old seedlings from agar plates were 
transferred to liquid medium ± 1 µM elf18 and 
fresh weight was analysed after 15 days. 
Growth arrest of bak1, serk and efr (control) 
mutant seedlings (black bars) each compared 
to its respective wild-type control (shaded 
bars). Data are given as % inhibition compared 
to untreated control; mean ± SE of n ≥ 7 
seedlings; * indicates statistical significant 
difference; ns = not significant (2-way ANOVA 
genotype x treatment; p < 0.001). 

Figure S8. Flg22- and elf18-induced ROS accumulation is abolished by LaCl3 pre-treatment. 
(a,b) ROS (H2O2) production induced by the indicated MAMPs was monitored using a luminol-based assay in 
Col-0 leaf discs pre-treated with 10 mM LaCl3 for 30 min. Data are given as relative light units (RLU) and 
represent mean ± SE of n ≥ 16. Two independent experiments revealed similar results. 

Figure S9. Flg22-induced MAPK activation is 
reduced, but not abolished by pre-treatment 
with LaCl3 and BAPTA. 
(a,b) MAPK activation upon flg22 application in 
Arabidopsis suspension-cultured cells was analysed 
by anti-pTEpY Western blot at indicated time points. 
Cells were pre-treated with 10 mM LaCl3, 10 mM 
BAPTA or water as control for 2 h. Anti-MPK6 
Western blot shows equal amounts of MPK6 protein 
in untreated and inhibitor pre-treated samples. 
Amido-black-stained membranes show equal 
loading. Three independent experiments revealed 
comparable results. 
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Table S1. Mutant lines used in the reverse genetic screen 

Mutant lines used are listed below showing AGI code, identity of insertion line, primers used 
for genotyping, kind and number of aequorin transgenic lines (T = transformants, C = crossing) 
and references. 
 

mutant AGI code insertion 
line 

genotyping primers aeq. 
lines 

reference obtained 
from 

fls2 At5g46330 SALK 
062054 

fwd: gttgtccggtgatgttcctgag 
rev: cggtgaaatgattcctcccaa 

T (3)  B. 
Kemmerling 

efr-1 At5g20480 SALK 
044334 

fwd: tccagatataagccggttgg 
rev: tcatttccctcggaatcaag 

T (4) Zipfel et al., 
2006 

C. Zipfel 

cerk1-2 At3g21630 GABI-
KAT 
096F09 

fwd: ggagaagtgtctgcaaaagtag 
rev: ctaccggccggacataagactg 

T (3) Wan et al., 
2008 

G. Stacey 

bak1-3 At4g33430 SALK 
034523 

fwd: atctgacggaattggtgagc 
rev: cttgtagcgtcaggacagca 

T (3) Chinchilla et 
al., 2007 

B. 
Kemmerling 

bak1-4 At4g33430 SALK 
116202 

fwd: ccggagatattcctgttaatgg 
rev: acaagcaatctttcggttgg 

T (3) Chinchilla et 
al., 2007 

B. 
Kemmerling 

serk1-1 At1g71830 SALK 
044330 

fwd: cgtgacaacagcagtccgtggcaccatcgg 
rev: cccttttaatcgaaccatagcac 

C Albrecht et 
al., 2008 

S. De Vries 

serk2-1 At1g34210 SAIL 
119-G03 

fwd: ctctggtatgggaagatggtaatgtggtctgag 
rev: cggctagtaactgggccgcatagatcc 

C Albrecht et 
al., 2008 

S. De Vries 

serk4-1 At2g13790 SALK 
057955 

fwd: gcagctgaagaagacccaga 
rev: acgctcaagtggagtaatga 

C Albrecht et 
al., 2008 

S. De Vries 

serk5-1 At2g13800 SALK 
147275 

fwd: ctgaagaagacccagagg 
rev: ttgcttaatggaagtggagaga 

C Albrecht et 
al., 2008 

S. De Vries 

rbohD At5g47910 dSpm 
trans-
poson 

fwd: gtcgccaaaggaggcgccga 
rev: ggatactgatcataggcgtggctcca 

C +  
T (1) 

Torres et 
al., 2002 

J. Dangl 

mpk3-1 At3g45640 SALK 
151594 

fwd: atttttgtcaacaatggcctg 
rev: tctgccttttcacggaatatg 

T (5) Wang et al., 
2007 

S. Zhang 

mpk3-DG At3g45640 deletion fwd: atgaacaccggcggtggccaata 
rev: aaccgtatgttggattgagtgct 

T (3) Miles et al., 
2005 

B. Ellis 

mpk6-3 At2g43790 SALK 
127507 

fwd: tgatacggattgtttcgcgct 
rev: atcgctttgcgttttcgttca 

T (3) Bethke et 
al., 2009 

NASC 

   SALK_LBa1: 
tggttcacgtagtgggccatcg 

   

   SAIL_LB: 
gccttttcagaaatggataaatagccttgcttcc 

   

   dSpm_transposon: 
ggtgcagcaaaacccacacttttacttc 

   

   GABI_T-DNA rev: 
atattgaccatcatactcattgc 
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Table S2. Primers for cloning of promoters 

To clone the NHL10 and PHI1 promoters into the pFRK1-LUC vector, BamHI and NcoI restriction 
sites were added to the 5’- and 3’-primers (underlined), respectively, allowing direct exchange of the 
original FRK1 promoter. 
 

primer sequence 

pNHL10_5’-BamHI ggatccaccaatgacgaccaaagagtg 

pNHL10_3’-NcoI ccatgggatagtaattttgtggagaattatattg 

pPHI1_5’-BamHI ggatccagtagttggagaaaattggctaagg 

pPHI1_3’-NcoI ccatggttaatttctgtaatgtagaagcaagaaaac 
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5.2. Supporting information to 2.3.2 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S1. Output examples of R-based data calibration. 
(A/B) Pdf-output files show the R-based calibration of [Ca2+]cyt measurements in a 384 well-plate. The left panel 
shows the screening result (12 segregating M2 seedlings per individual M1 line) and in the right panel, the 
subsequent validation of the mutant phenotype (8 M3 seedlings). As examples (A) a bak1 and (B) a cce mutant 
with reduced [Ca2+]cyt elevation are shown. The black graphs show single seedlings measurements and the blue 
graph the average of all seedlings per line. A wild-type reference graph is shown in red. Numbers above graphs 
indicate the well coordinates on the 384 well-plate. 
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Table SI: fls2 mutants 

fls2- nucleotide mutation amino acid mutation 

25 - 2981 A (insertion) frame shift (I 972 N) 

26 C 2659 T Q 865 - 

27 G 3340 A G 1064 R 

28 A 2661 x (deletion) frame shift (A 866 Q) 

29 C 3541 T L 1131 F 

30 G 3205 A exon-intron border 

31 C 1376 T S 437 F 

32 G 222 A W 52 - 

33 C 1025 T S 320 L 

34 C 3124 T R 1020 W 

 

Table SII: bak1 mutants 

bak1- nucleotide mutation amino acid mutation 

6 G 3904 A C 545 Y 

7 G 1052 A exon-intron border 

8 C 1415 T R 138 - 

9 G 2762 A W 249 - 

10 G 2334 A exon-intron border  

11 G 3008 A G 306 R 

12 G 3708 A D 507 N 

13 C 3498 T L 437 F 

14 G 2988 A G 299 D 

15 G 3035 A A 315 T 

 

Figure S2. Col-0 and C24 seedlings show differential 
expression and accumulation of immune receptors. 
(A) FLS2 and BAK1 protein accumulation in Aeqcyt/Col-0 
and Aeqvmd/C24 seedlings was analysed by immunoblot 
using specific anti-FLS2 and anti-BAK1 antibodies. 
Amido-black stained membranes show equal loading. 
Three independent experiments revealed identical 
results. 
(B) Comparative expression of MAMP/DAMP receptors in 
Arabidopsis Col-0 and C24 seedlings grown in liquid 
culture. Data were obtained from public database 
(Genevestigator v3, AT-407; (Delker et al., 2010). 
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Table SIII: Primers for PCR and sequencing 

Gene PCR primers Sequencing primers 

FLS2 FLS2_fwd 
FLS2_rev 

5'-TATTGCGTCTTGGCCTTTTC-3' 
5'-GGGACAAACGTCATCTCCAT-3' 

1) 
2) 
3) 
4) 
5) 

5'-ATCCGTGACATGATCCCTCA-3' 
5'-CCATTTAACTGGTTCGATTCC-3' 
5'-CAAGCCATTAATTGGGAAGC-3' 
5'-TTCCAGAGAGTCTCGCCAAT-3' 
5'-TCCCATCGTTCATTGTGATCT-3' 

EFR EFR_fwd 
EFR_rev 

5'-TGTTTTGGGTAGCACTTTGC-3' 
5'-CCCAACATTTGTTCTGTTTCG-3' 

1) 
2) 
3) 
4) 
5) 
6) 

5'-CACACACGTTTATGTGTTTTGACTG-3' 
5'-AGGCTTCAGTACTTGAACATGAG-3' 
5'-TGGCGAACTGCACTCAATTA-3' 
5'-TTGTTGGACTAGGTGCTTCG-3' 
5'-ACTTTGGGGATGTTCCATGA-3' 
5'-TCAGAGGCACCATTGGCTAT-3' 

BAK1 BAK1_fwd 
BAK1_rev 

5'-GGGCTTTTCTCGTATTCTGC-3' 
5'-TGGGTTTTAGCTTTCAACAACA-3' 

1) 
2) 
3) 
4) 
5) 
6) 
7) 

5'-CCTTGTGTGGGTGGTAGCTT-3' 
5'-TGTACATGGTTTCATGTTACTTGC-3' 
5'-AATACGTTTTTAATAAGCAGCCTAA-3' 
5'-TTTTAAAGTTTGTATTTTTGCTCTCA-3' 
5'-TTTGTCTTTGAAATGTTATTCAACTG-3' 
5'-GCAGTTCCAGACAGAGGTTGA-3' 
5'-ACCGATGTCTTTGGGTATGG-3' 
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5.3. Publication and supporting information to 2.5.2 
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Supporting information 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
  

Figure S1. PGN from various Gram-positive bacteria 
induces a similar pH-shift. 
Extracellular pH was measured over a time course in 
Arabidopsis thaliana Ler cell suspension cultures treated 
with 100 μg/ml PGN from S. aureus (squares), B. subtilis 
(triangles), Streptomyces spp. (crosses) or water as a 
control (circles). 

Table S1: Primers used for RT-PCR analyses 

Figure S2. PGN from the Gram-negative bacterium 
E. coli triggers early defense responses. 
A. Extracellular pH was monitored over a time course in 
6 d old Arabidopsis thaliana Ler cell suspension cultures 
treated with 100 nM Flg22 (triangles), 100 μg/ml PGN 
from S. aureus (solid squares) or E. coli (open squares), 
100mg/ml E. coli LPS (open circles) or water as a 
control (solid circles). 
B. PR-1:GUS transgenic Arabidopsis leaves were 
infiltrated with 1 μM Flg22, 10 or 100 μg/ml S. aureus 
PGN, 10 or 100 μg/ml E. coli PGN, 10 or 100 μg/ml 
E. coli LPS or water as a control and stained for GUS 
activity after 24 h. 
C. Leaves infiltrated with 1 μM Flg22, 100 μg/ml PGN 
from S. aureus or E. coli, 100 μg/ml E. coli LPS or water 
were harvested at indicated time points and used for 
RT-PCR analysis with specific primers for At1g51850 or 
At2g39200 . Equal cDNA amounts were controlled by 
amplification of the constitutively expressed EF1a gene. 
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5.4. Supporting information to 2.6.2 

Supplementary data (Appendix S1) 

Ca2+ measurements 

One root or leaf disc was transferred into a well of a 96 well plate containing 100 µl of reconstitution 
solution. For leaf measurements, seedlings were grown in MS media for 3 weeks and the leaf disc was 
incubated overnight with 10 µM coelenterazine. Bioluminescence counts in Arabidopsis from roots or 
shoots were recorded at 5 sec intervals for 20 min, recorded as relative light units (RLU/sec) with a 
microplate luminometer (Luminoscan Ascent, version 2.4, Thermo Fischer Scientific, Germany). After 
a 1-min background reading, the CWE was added manually to the well and readings in RLU were taken 
for 20 min. Calibrations were performed by estimating the amount of aequorin remaining at the end of 
experiment by discharging all remaining aequorin in 0.1 M CaCl2, 10 % ethanol, and the counts were 
recorded for 10 min. The luminescence counts obtained were calibrated using the equation by Rentel et 
al. (2004) that takes into account double logarithmic relationship between concentration of free Ca2+ 
present in the cell and the remaining aequorin discharged at any point of time. The calibration equation 
is: pCa = 0.332588(-log k) + 5.5593, where k is a rate constant equal to luminescence counts per sec 
divided by total remaining counts. For Ca2+ measurements in transgenic tobacco (N. tabacum L. cv. 
BY-2) cell lines expressing the Ca2+ sensing protein apoaequorin either in the cytosol or in the nucleus 
were used and readings were taken at 1 sec interval for 12 min (Mithöfer and Mazars, 2002). 

Comparison of the P. indica CWE activity with known elicitors 

Laminarin, a linear β-1.3-glucan from the brown algae Laminaria digitata, stimulates a [Ca2+]cyt 

increase and induces defense responses in cell suspension cultures of tobacco (Lecourieux et al., 2002) 
and grapevine (Aziz et al., 2003). Laminarin (1 mg/ml) induces a [Ca2+]cyt elevation in the leaves of 
Arabidopsis, but no response was observed in the roots (Supplemental Fig. S5a). Lipopolysaccharides 
(LPS), a microbe associated molecular pattern (MAMP) found in bacteria, induce a [Ca2+]cyt elevation 
in the leaves and a much lower response in the roots. The [Ca2+]cyt in leaves reached a maximum at 
1 min after application of LPS (1 mg/ml), but it induces a second sustained [Ca2+]cyt increase giving a 
biphasic peak unlike P. indica CWE. The response in the roots showed only a weak parabolic increase 
and thus differs substantially from the signature obtained with the CWE (Supplemental Fig. S5b). 
Pathogen-derived chitin elicitors (chitotetraose, CH4 and chitopentaose, CH5) produced no Ca2+ 
elevation in the roots (data not shown). Thus, P. indica CWE is the only elicitor tested that gave a clear 
response in the roots.  
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Supplementary figures 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure S1. The effect of the cell wall extract (CWE) 
on Arabidopsis growth. 

Figure S2. Genes which are up-regulated in the wild-
type roots after the application of the cell wall extract 
(CWE) are not up-regulated in the Piriformospora indica-
insensitive mutant pii-3. 

Figure S5. Tissue specific ‘Ca2+ signatures’ 
of various biotic elicitors in Arabidopsis. 

Figure S4. Changes in cytosolic Ca2+ ([Ca2+]cyt) in 
Arabidopsis roots on treatment with 10 mM H2O2. 

Figure S3. Piriformospora indica cell wall extract 
(CWE) induces changes in cytosolic Ca2+ ([Ca2+]cyt) in 
apoaequorin-transformed Arabidopsis seedlings. 
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