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Le CALCILUM, C'EST LA VIE

“Bvery reader ... knows that he or she stavted life as a stngle
cell. Less familiar is the debt we owe to calelum in our earliest
seconds. Penetratlon of the egg by the paternal sperm initinted
an epigenetic caleium wave that wmoved quickly as a hollow
band across the cytoplasm. (n the wake of this calelum wave,
processes  were  activated  that  led to  cell  division,
differentintion, growth, and our eventual appearance as
mature adults.

As Lt L satd Ln France, “Le caletum, c'est la vie.”

A calelum wave marked the onset of our existence, ano will
quite probably wark our demise: rreversible fatlure of
calelum-wave generation tn the heart s the wost common
cause of death.

Therefore, calelum waves are a Life-and-death issue.”

Awthov% Trewavas
Plant Physiology, May 1999

A caleium wave tnitiated at fertilization results in egg activation:

15 seconds 19 seconds 25 seconds 21 seconds | 26 seconds

_ - http://www.mun.ca/blology/desmiod/orian/BlOL2520/DB_Chi2/flg12 25.pg

tow [Ca?") high [Ca>"]
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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 Ca’" concentration ([Ca%]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), AtPepl, as well as a cell wall extract (CWE) from the
root-colonizing fungus Piriformospora indica induce prolonged but characteristic [Ca%]cyt changes in
seedlings or roots, respectively. Interestingly, the residual [Ca%]cyt elevations induced by flg22, elf18
and Pepl were virtually identical in bakl despite distinct [Ca%]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 [Ca%]cyt elevations were not dependent on BAKI1. Further
differences in defence gene expression and growth arrest responses to flg22 and elfl8, were also,
in part, controlled by BAK1.

Despite the pivotal role of Ca®" as second messenger in MAMP signalling, little is known about the
Ca*"-permeable channels and transporters at the diverse Ca>" stores shaping the [CaN]cyt elevations
and their regulation. A putative role of the plasma membrane-resident Ca®-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
[CaN]cyt elevations. In addition, a feedback impact on the [CaN]cyt elevation of signalling components
acting concomitantly with Ca*" signalling was analysed. Indeed, the Ca*"-dependent and phosphatidic
acid-regulated ROS accumulation leads to a subsequent additional [CaN]cyt elevation. Conversely,
a prolonged ROS accumulation in mpk3 had no impact on the Ca®" response. A reduced inositol
hexakisphosphate level did also not affect Ca®" signalling but resulted in an enhanced flg22-mediated
root growth arrest. Finally, the Ca*"/CaM-dependent transcription factor CAMTA3 appears to regulate
a subset of flg22-induced defence genes.

As a parallel approach, besides novel fIs2 and bakl 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 [Ca®']
elevations in response to flg22, elf18, Pepl 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

Wihrend der Besiedlung von Pflanzen verraten sich Pathogene durch konservierte Pathogen/Mikroben-
assoziierte Molekiillmuster (“pathogen/microbe-associated molecular patterns, PPMAMPs*), die von
spezifischen Mustererkennungsrezeptoren (“pattern recognition receptors, PRRs”) erkannt werden und
intrazelluldre Signalkaskaden auslosen, die zu PAMP-induzierter Immunitdt (“PAMP-triggered
immunity, PTI”) fiihren. Schnell auftretende Veréinderungen der zytosolischen Ca’’-Konzentration
([Ca%]zyt) sind dabei Voraussetzung fiir 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 aminosdurenlanges Flagellinpeptid, und elf18, ein 18 aminosduren-langes Peptid des Elongations-
faktor Tu, losen beide generell dhnliche, anhaltende Erhohungen der [CaN]Zyt mit unterschiedlicher
Verzogerung und Amplitude in Arabidopsis thaliana aus. Die Oligosaccharid-enthaltenden MAMPs
Peptidoglykan, Lipopolysaccharid (LPS) und Chitinoligomere (ch8), das von Pflanzen stammende
beschiddigungsassoziierte Molekiillmuster (“damage-associated molecular pattern, DAMP®), AtPepl,
sowieso ein Zellwandextrakt (“cell wall extraxt, CWE®) des wurzelbesiedelnden Pilzes Piriformospora
indica 16sen gleichfalls anhaltende charakteristische Erhéhungen der [Ca2+]zyt in Keimlingen bzw. in
Wurzeln aus. Interessanterweise sind die verbleibenden Erhéhungen der [Ca2+]Zyt in bakl-Mutanten
ausgelost durch flg22, elfl8 und Pepl fast identisch ungeachtet der unterschiedlichen
[Caz+]zyt—Amplituden im Wildtyp und weisen auf eine differentielle Signalamplifizierung durch BAK1
hin, eine Kinase assoziiert mit mehreren Rezeptoren. Im Gegensatz dazu sind die Erhéhungen der
[CaN]Zyt ausgelost durch LPS, ch8 oder CWE nicht abhingig von BAK1. Weitere Unterschiede in der
Genexpression und der Wachstumsinhibierungsreaktion zwischen flg22 und elfl18 sind teilweise
ebenfalls durch BAK1 reguliert.

Trotz der herausragenden Rolle von Ca®" als sekundirer Botenstoff in MAMP-Signalkaskaden ist nur
wenig iiber die Ca**-Kanile und Transporter an den unterschiedlichen Ca®*-Speichern bekannt, die
die Erh6hungen der [C;12+]zyt formen, und ihre Regulation. Eine mogliche Beteiligung des plasma-
membranstindigen Ca*'-Kanals “defence-no-death 1”7 (DND1) oder des vakuolidren Kationenkanals
“two-pore channel 17 (TPC1) an MAMP-Signalkaskaden wurde durch direkte Aequorin-basierte
Messungen von stressinduzierten Erhohungen der [Ca%]Zyt widerlegt. Weiterhin wurde ein Riick-
kopplungseffekt der parallel zu den Ca**-Signalen agierenden Signalkomponenten auf die Erhohung der
[CaN]Zyt untersucht. Die Ca**-abhingige und durch Phosphatidylsiure regulierte Akkumulation von
AOS fiihrt in der Tat zu einer nachfolgenden weiteren Erhohung der [Ca2+]zyt. Im Gegensatz dazu
hat eine Verlédngerung der AOS-Akkumulation in der mpk3-Mutante keinen Einfluss auf die
[Ca2+]zyt—Antw0rt. Ein verringerter Inositolhexakisphosphatspiegel hatte ebenfalls keinen Einfluss auf
die Erhéhungen der [Ca%]zyt, fiihrte allerdings zu einer verstiarkten flg22-vermittelten Wurzel-
wachstumsinhibierung. Der Ca*’/CaM-abhingige Transkriptionsfaktor CAMTAS3 schlieBlich reguliert

scheinbar einen Teil der flg22-induzierten Abwehrgene.
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In einem parallelen Ansatz wurden sowohl neue fIs- und baki-Allele als auch Mutanten mit einer
veranderten Erhhungen der [Ca®"] (changed calcium elevation, cce) aus Reporterlinien isoliert, die
Aequorin im Zytosol oder der vakuoldren Mikrodomédne expremieren. Diese cce-Mutanten zeigen
entweder eine verringerte oder eine verstirkte Erhohung der [Ca®"] in Reaktion auf flg22, elf18, Pepl
und einige ebenso auf ch8 und LPS. Die cce-Mutanten werden sich daher niitzlich fiir die Aufklérung

der frithen Signaltransduktion in Planzen-Pathogen-Wechselwirkungen erweisen.
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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, Ca®" 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, Ca®" 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

24 . .
components and second messengers, and Ca®" in particular.

1.1. Calcium as second messenger in plants
1.1.1.  Ca®™ 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, Ca*" 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 Ca’" 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 ef al., 1991), heat (Gong et al.,
1998), oxidative stress (Price ef 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;
Niirnberger 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, Ca®* is involved in developmental processes, such as regulation of the circadian

clock (Johnson ef al., 1995), photomorphogenesis (Shacklock et al., 1992; Bowler et al., 1994), pollen
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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 ef 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 Ca’” needs to fulfil certain criteria: i) the “resting” concentration of free Ca®’,
i. e. in unstimulated condition, in the cytosol needs to be maintained at low level; ii) a rise in the free
cytosolic Ca®" concentration ([Caz+]cyt) must be transient; thus, appropriate attenuation mechanism are
required for returning to resting levels; iii) Ca*" needs to specifically bind to proteins or enzymes to
further transduce the information. A unique feature of Ca’" as second messenger is that the
concentration of Ca®" cannot be controlled via biosynthesis and degradation but Ca>" rather needs to be
stored in appropriate compartments and its abundance is regulated via release from and replenishing of

these stores.

1.1.2. Ca® homeostasis — a prerequisite for Ca’" signalling

Nutritional supply and structural cell wall integrity demand high [Ca®"] levels in the apoplast (Conn et
al., 2011). On the contrary, owing to the low solubility of Ca*'/phosphate compounds, an ATP-based
energy metabolism in the cytosol necessitates maintenance of low free [Caz+]cyt of <100 nM (Clapham,
1995; Malho et al., 1998). Concurrently, Ca®" is constantly supplied to intracellular compartments,
some of which also function as Ca®" 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 [Caz+]cyt homeostasis network, which was also a prerequisite for the
evolution of [Ca%]cyt signalling. Thus, Ca®" influx into the cytosol through Ca*"-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 Ca’" into the apoplastic

space or intracellular compartments (Figure 1-1, p. 5; see below).

2 .
Ca’" extrusion systems

Due to the electrochemical gradient of Ca® across the plasma- and endomembranes (Figure 1-1, p. 5),
Ca®" extrusion from the cytosol is an active, energy-consuming transport process. Besides maintaining
low [Ca%]cyt in resting cells, the efflux transport is important for restoring resting [Caz+]cyt after release

¥ and for loading Ca’” into internal compartments and stores with regard to its

of “signalling Ca
biochemical and signalling function, such as ER, golgi-, endosome-, pre-vacuolar compartments,
plastids or vacuoles (Figure 1-1, p. 5; Sanders ef al., 2002).

Ca®" efflux from the cytosol is achieved by the combined action of Ca’**-ATPases and Ca”'/cation
antiporters (CaCA) that utilize ATP or electrochemical gradients of H" or Na for Ca*" transport,
respectively. In plants, these are mainly H'/Ca®" antiporters of the cation exchanger family (CAX) with

different Ca>" specificities and capacities (Shigaki ef 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 ef 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 Ca>" deficiency
symptoms, despite an increased overall Ca*" content, due to an increased vacuolar Ca*" accumulation
(Hirschi, 1999). A prominent role for CAX1 and its closest homolog, CAX3, in Ca®" homeostasis is
further illustrated by an increased free apoplastic [Ca®"] in the cax//cax3 double mutant, caused by
compensatory changes in other Ca®" 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 Ca** homeostasis, such as an overall low [Ca’] < 10 mM in the epidermis
vs. [Ca*]> 60 mM in the mesophyll, which may also affect Ca>" signalling processes (Conn et al.,
2011). Other, yet uncharacterized CaCA potentially involved in Ca*" homeostasis are cation calcium
exchangers (CCX), with similarity to mammalian Na'/Ca*" exchangers, and a group of antiporters with
EF hand motifs, suggesting Ca**-dependent regulation (Shigaki et al., 2006).

Ca’"-ATPases in plants either belong to the ER-type Ca*-ATPases (ECA; (phosphorylated) Pys-type
ATPases) or the autoinhibited Ca**-ATPases (ACA; Pyp-type ATPases; Sze et al., 2000). While ACAs
are activated by acidic phospholipids (Bonza et al., 2001; Meneghelli et al., 2008) or by Ca’>"/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 Ca*"-dependent protein kinases
(CDPKs; Hwang et al., 2000). By contrast, no regulatory mechanisms were described so far for ECAs,
which also display lower Ca*" 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, Ca*"-ATPases probably fulfil multiple
functions in Ca®" homeostasis. Owing to their distinct Ca®" affinity, Ca**-ATPases (high affinity but low
capacity) and Ca®" antiporters (low affinity but high capacity) are suggested to have complementary
functions in Ca®" homeostasis. While antiporters, such as CAX1, may account mainly for general
restoration of the resting [Ca%]cyt following high [Ca*'] during signalling, Ca’"-ATPases are thought to
contribute to fine control of [CaN]cyt (Hirschi, 1999).

Ca**-permeable channels

The [Ca®"] difference between apoplast or intracellular compartments with a high [Ca®"] and the cytosol
with a low [Ca*"], allows passive influx of Ca®" into the cytosol along the electrochemical gradient
through channels residing in the plasma- or endomembranes (Figure 11, p. 5). In comparison to Ca”'-
specific channels in the mammalian system, plant channels are rather nonselective cation channels that
are also Ca%—perrneable (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 Ca*’/CaM binding,
suggesting a negative feedback regulation of channel activity (Hua ef 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 ef al., 2001; Kang and Turano, 2003; Sivaguru et
al., 2003; Kang et al., 2004; Meyerhoft 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 ef al., 2002; Hetherington and Brownlee, 2004;
Nakagawa et al., 2007). Additionally, annexin proteins were suggested as further Ca®>" entry points in
plants (Hofmann et al., 2000; Cantero et al., 2006; Mortimer et al., 2008). Apparently, annexins can
form Ca®"-permeable channels or pores themselves or evoke [Ca%]cyt elevations indirectly by activation
of other Ca”—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 Ca*"-binding EF hand motifs, a Ca’’-dependent activation was reported for
TPC1/SV channel, thereby making it a good candidate for a proposed direct Ca**-induced Ca®' release
(CICR) from the vacuole (Ward and Schroeder, 1994; Bewell et al., 1999; Hetherington and Brownlee,
2004; Peiter et al., 2005). Further information on TPCI is provided in chapter 2.1. Furthermore,
electrophysiological analyses suggest ligand-gated channels at vacuolar and ER endomembranes
capable of mediating Ca*" release into the cytosol. The second messenger nicotinic acid adenine
dinucleotide phosphate (NAADP) is supposed to mediate Ca*" release solely from the ER (Navazio et
al., 2000), while inositol-tris/hexakis-phosphate (InsP;/InsPs) 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 ef al., 2003). Several plant genome
sequences, however, did not reveal the existence of InsP; or cADPR/ryanodine receptors or any ADP
ribosyl cyclase with similarity to the mammalian counterparts in higher plants. Strikingly, an InsP;-
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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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 InsP; generation, with evidence
emerging for a role of InsPg, rather than InsPs, in (Ca®") signalling (Munnik and Testerink, 2009). In
conclusion, Ca®" release mechanisms from internal stores in plants, such as vacuole and ER, remain

speculative to date.

Ca**-binding proteins

In addition to the Ca®"-permeable channels and Ca*" transporters mentioned above, Ca**-binding
proteins in the cytosol as well as intracellular compartments contribute to Ca®" homeostasis. The ER
contains various Ca’’-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 [Ca®'], while CRT over-expressing plants are less sensitive,

suggesting a prominent role for the ER as exchangeable Ca®* store in Ca*" homeostasis (Persson ef al.,
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Figure 1-1. ca’ *-permeable channels and transporters at the different Ca” stores in Arabidopsis.

Localization of the main classes of Ca® *_permeable channels allowing Ca®" influx into the cytosol and Ca
transporters responsible for Ca”" efflux. While the 20 CNGC and 20 GLR channels constitute large protein families
only one TPC channel exists in Arabidopsis. Ca®" extrusion is achieved by P-class ca® -ATPases, ten ACAs and
four ECAs, and six Ca®"/H" antiporters of the CAX class. (Figure adapted from Kudla et al., 2010)

Abbreviations: CNGC = cyclic nucleotide- gated channel; cNMP = cyclic nucleotlde monophosphate GLR =
glutamate receptor-like channel; CAS = ca’ -sensing receptor; ECA = ER-type Ca *_ATPase; ACA = autoinhibited
Ca’'-ATPase; CAX = cation exchanger; TPC = two-pore channel; HMA1 = ca’ */heavy metal-ATPase; IP3s =
inositol- trls/hexakls -phosphate; cADPR = cyclic ADP-ribose; NAADP = nicotinic acid adenine dinucleotide
phosphate; “Ca** ” symbols indicate Ca”* stores.

2+



INTRODUCTION 6

2001; Wyatt et al., 2002; Jia et al., 2009). A high-capacity Ca*"-binding protein, CAS (Ca**-sensing
receptor), was recently found to localize to the thylakoid membrane in chloroplasts (Nomura ef al.,
2008; Weinl et al., 2008). Strikingly, cas mutant plants are affected in cytosolic [Ca®"] homeostasis,
show retarded growth under low Ca®* conditions and are impaired in stomatal closure, probably due to
altered Ca*" signalling (Han et al., 2003; Nomura et al., 2008; Weinl et al., 2008). Additionally, Ca’'-
binding proteins are found in the vacuole and also cytosolic Ca**-binding proteins have some capacity

to buffer free cytosolic Ca*" (Clapham, 1995; Malho et al., 1998).

1.1.3.  Alternative concepts: “Ca’" signature* versus “chemical on-off switch”

In view of the ubiquitous employment of Ca®" as second messenger, the question arises whether this
simple cation can relay specific information. Real-time in vivo monitoring of cellular Ca*" levels in
plants provides evidence that different stimuli induce [C212+]cyt elevations with specific spatio-temporal
patterns — the so-called “Ca’" signature” (Webb ef al., 1996; Trewavas, 1999). This concept, adapted
from the animal system, proposes that signal-specific information is encoded in certain parameters of
the [Ca%]cyt elevation, e. g. duration, amplitude, frequency in the case of oscillations, spatial distribution
and source of the Ca®’, and relayed to downstream Ca" sensors. Indeed, the various Ca*-permeable
channels, Ca®" transporters and Ca”" sources described above, provide a whole toolkit for shaping such
unique and specific [Ca%]cyt elevations by precise control of concerted Ca®" 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 Ca>*
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 Ca®" may simply serve as a “chemical
on-off switch”, i. e. that a [Ca’"] rise above a certain threshold is sufficient to activate Ca*'-dependent
pathways, but components other than Ca®>" are causal for the response specificity (Scrase-Field and
Knight, 2003). Moreover, some changes in [Ca%]cyt may reflect indirect perturbations of the Ca*"/ion
homeostasis or nutritional Ca*" fluxes (Plieth, 2001). To date, there are some examples with a definite
Ca®" 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
Ca’" signature and the end response was illustrated in guard cells, where artificially imposed
Ca”" 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 Ca®" elevations above a certain threshold regardless of the pattern (Allen et al., 2000,
2001). Thus, Ca*" signalling in stomatal closure includes examples for both, threshold- and signature-
mediated signalling. Actually, the contribution of [Ca%]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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Ca”" is only poorly diffusible in the cytosol due to buffering by Ca*"-binding proteins. Hence, [Ca’"].y
elevations occur only spatially restricted but can rapidly reach high but short-lived concentrations
locally (Clapham, 1995; Trewavas, 1999). However, an initial local [CaN]cyt elevation at, for instance,
the plasma membrane, can either directly, through Ca**-activated channels, or indirectly, via generation
of Ca*"-releasing second messengers, induce a subsequent Ca’" release, for example, from internal
stores. This successive local release of Ca®" at the plasma or endomembranes, referred to as
“Ca**-induced Ca*" release (CICR)”, thereby facilitates the formation of complex spatio-temporal
patterns, such as oscillations or waves (Trewavas, 1999). As Ca*" is involved in various pathways,
concomitant signals converge at the level of Ca*" signalling (Knight and Knight, 2001; Dodd e al.,
2010). Furthermore, previous stimuli can affect the response to further signals, e. g. owing to refractory
states, depletion or up-regulation of Ca*" signalling or decoding components (Knight e 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 [Caz+]cyt amplitudes, providing cells with a
basic “Ca”" memory” (Knight ef al., 1996, 1998; Trewavas, 1999). Additional complexity arises from
quantitative differences of stimuli and cell-type specificity of Ca®" signals. In combination, all these
features allow integration and concurrent processing of various stimuli at the level of Ca®" signalling
with characteristics of “scale-free networks” (Dodd et al., 2010). In conclusion, Ca®" is speculated
to even enable “intelligent responses” in analogy to simple neural networks (Trewavas, 1999;
Dodd et al., 2010).

In addition to [Ca%]cyt elevations, also intracellular organelles such as nucleus and chloroplasts are able
to generate their own [Ca®'] elevations. For instance, nuclear [Ca®"] elevations ([Ca*'],.) occur through
Ca®" influx from the nuclear envelope, and these [Caz+]nuc elevations are coupled to cytosolic
Ca®" 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 Ca>" signals in nodulation during

Rhizobium—legume symbiosis (Oldroyd and Downie, 2006).

1.1.4.  In vivo methods for measuring [Ca™]

The insights into cellular Ca*" dynamics gained over the last years were facilitated by the development
of sensitive Ca®" reporters that allow non-invasive, quantitative and kinetic in vivo monitoring of even
small changes in the Ca®" concentration at whole-plant and single-cell level, and the corresponding
sensitive detection equipment. The two prominent Ca** reporters used in plants to date are aequorin and
cameleon probes that facilitate in vivo Ca*" imaging and quantification (Allen ef al., 1999; Brownlee,
2000; Plieth, 2001; Rudd and Franklin-Tong, 2001). Both are Ca**-binding proteins that change their
biochemical properties upon Ca>* 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 ef al.,
1991, 1996; Sedbrook et al., 1996, Brownlee, 2000; Mithéfer and Mazars, 2002). These Ca" reporters

overcome the difficulties associated with loading of Ca*"-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 Ca*'-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; Mithofer 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 ef 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 Ca’"-binding linker, which

facilitate single-cell Ca®” imaging (Figure 1-2, p. 8; Allen et al., 1999; Brownlee, 2000).

1.1.5. Deciphering the ,,Ca*" code“- Ca’*" sensors

Since Ca" cations can coordinate six to eight uncharged oxygen atoms, Ca>" binding to suitable protein
domains can induce conformational changes (Sanders ef al., 1999). The most prominent of such Ca*'-
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 Ca*" with high affinity, combination of several EF hand motifs confers cooperative Ca*" 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

Ca*"-binding can either affect the activity of the Ca*-binding protein itself, through intramolecular
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Figure 1-2. Principle biochemical function of aequorin and cameleon ca® probes

A) Apoaequorin spontaneously reconstitutes with its luminophore coelenterazine to functional holoaequorin in the
presence of oxygen. Upon binding of three Ca®" ions coelenterazine is converted into coelenteramide
accompanied by release of CO2 and emission of light in the visible range (A = 469 nm). The amount of emitted
light correlates with the Ca®" concentration. (Figure adapted from Mithofer 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 Ca”* both, CFP and YFP,
fluoresce independently, while upon ca’ 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 Ca®" 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 Ca*"-binding protein itself is a Ca**-sensor and has response activity
(sensor responder), the Ca®"-binding protein in the latter case constitutes only a Ca*'-sensor (sensor
relay) that relays the information to a separate responder (Sanders ef al., 2002). Thus, Ca*"-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 ef al., 2000; Kim ef 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 Ca*"-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 ef 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 Ca*’/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 Ca*"-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 Ca**-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 “Ca®" 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 [Ca%]cyt elevations further necessitates a close proximity of Ca"
channels and Ca>" sensors (Berridge, 2006). This can, for instance, be achieved by direct association of
the Ca’" sensor with a Ca®" 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, Ca’’ sensors can recruit their target
proteins to destined microdomains or protein complexes upon Ca®” binding (Batistic et al., 2010).
Taken together, the cellular location of Ca®* channels and Ca®* sensors, as well as the flexibility of the
Ca*"-decoding network provide further levels of regulation and integration of diverse signals at the level
of Ca®" 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 (Hiickelhoven, 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 Ill-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 PTL, which confers immunity to a broad host
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(Figure 1-3, p. 11) proposed by Dangl and like the hypersensitive response (HR), a cell death
reaction. (Figure from Jones and Dangl, 2006)

evolutionary arms-race between PTI, ETS 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; Hiickelhoven, 2007). Additionally, some
proteinaceous DAMPS are released from a precursor, e. g. upon wounding, such as systemin from
prosystemin in tomato (McGurl ef 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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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

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;
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rich glyco-peptides; RALF = rapid alkalinization inducing factor

conserved epitope of 13 amino acids (Pep13),
in parsley and potato (Niirnberger ef al., 1994b; Brunner et al., 2002; Halim et al., 2004), or the quorum
sensing signals acyl homoserine lactones in tomato (Schuhegger ef 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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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
1999; Gomez-Gomez and Boller, 2000;
Chinchilla et al., 2006). Within seconds of flg22 binding, FLS2 hetero-oligomerizes with another LRR-
RLK, BAK1 (BRIl-associated kinase 1; Figure 1-6, p. 17; Chinchilla et al., 2007; Heese et al., 2007,

kinase domain (Felix ef al., 1999; Gomez-Gomez et al.,

Schulze et al., 2010), which was originally identified as “co-receptor” of the brassinosteroid receptor
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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 (RLKSs), 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)
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BRI1 (Brassinosteroid insensitive 1; Li ef al., 2002; Nam and Li, 2002). Although BAKI, 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 ef 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-BAKI1 receptor complex (Figure 1-6, p.17;
Chinchilla ef 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 elfl8, 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, AtPepl, as it associates with the two AtPep LRR-
RLKSs, 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 AtPepl but also PGN, LPS and harpin
elicitor protein (HrpZ) in Arabidopsis (Shan ef al., 2008), as well as CSP and the oomycete infestin in
tobacco (Heese ef al., 2007; Chaparro-Garcia ef al., 2011). The residual responses in bak/ 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 BRIl (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; lizasa 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 Yxx® endocytosis motif (Y is tyrosine, X any, and ® 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 Ca®" into the
cytosol is accompanied by an efflux of K™ and anions like nitrate or Cl" (Jabs et al., 1997; Blume et al.,
2000; Miiller 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 Ca®", 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 ef al., 2000). Intriguingly, the second product of the PLC-mediated DAG
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production is inositol-(1,4,5)-trisphosphate (InsPs), an established Caztreleasing second messenger in
the animal system, which may also account for Ca®* 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;
Hiickelhoven, 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 (O, ), produced in the apoplast by NADPH
oxidases, into H,O,, 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 Pepl3 in parsley (Ligterink et al., 1997) or flg22 in Arabidopsis (Asai ef 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/MKKS5-MPK3/MPK6 and MEKK 1-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 Ca*-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 ef 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 BAKI, and probably also EFR and CERKI, it
becomes phosphorylated upon ligand-induced FLS2-BAKI1 interaction, in turn phosphorylates FLS2
and BAKI1 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. WRKYsSs) 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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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,
includinzg influx of apoplastic Ca” into the cytosol, and concomitant membrane depolarization. Subsequently, Ca*
and Ca“"-dependent protein kinases (CDPKs) presumably activate the generation of ROS like H.O> 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 FRK7 expression on MAPKs,
NHL10 expression is regulated by both. The signalling steps leading from FLS2/BAK1 activation to Ca®" 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 (Gohre 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 ef 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 CERKI1 for
proteasome-mediated degradation (Gohre et al., 2008; Gimenez-Ibanez et al., 2009). Additionally,
signalling events downstream of the receptor are subject to effector-mediated manipulation, such as
MAPKSs, which are irreversibly inactivated by the phosphothreonine lyase HopAll (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 ef 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 Ca*" to attenuate host MAMP signalling (Aslam et al., 2008). Ca®" chelation
may, additionally, lead to weakening of the cell wall structure to facilitate access of bacteria to host
cells, since Ca’" mediates non-covalent cell wall cross-linking (Hiickelhoven, 2007). This observation

further reinforces the crucial role of Ca®* and Ca”" signalling in plant immunity.

1.2.5. Ca’ in plant — microbe interactions: the role of Ca’** in MAMP signalling

The general requirement of a Ca®" 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 Ca®" imaging revealed the characteristics of different MAMP-
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induced [Ca’"] elevations in various species (Knight ef al., 1991). The Phytophthora MAMP, Pep13,
after a short lag phase, induces a characteristic biphasic [Ca%]cyt elevation with a high transient primary
peak that continues into a prolonged [Caz+]cyt elevation of ~30 minutes (Blume ef al., 2000). A detailed
pharmacological study revealed that the prolonged plateau phase mainly required influx of apoplastic
Ca®", while the primary Ca®" peak potentially involves Ca”" 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 Ca’", in particular on the second sustained [Ca%]cyt
elevation (Niirnberger et al., 1994b; Jabs et al., 1997; Ligterink et al., 1997; Blume et al., 2000). Based
on an electrophysiological characterization, the Pep13-induced [Ca%]cyt elevation is mediated by a Ca*'-
permeable, La’*-sensitive plasma membrane ion channel of large conductance, which is hardly voltage-
dependent and reversibly activated upon receptor-mediated Pepl3 perception (Zimmermann et al.,
1997). Similarly, biphasic [CaN]cyt elevations were elicited by fungal B-glucans in soybean cells, while
chitinoligomers only induced a single Ca®" peak (Mithofer er al., 1999). Likewise, biphasic Ca®"
responses were observed in suspension-cultured tobacco cells upon treatment with elicitins like
cryptogein, OGAs, LPS, the linear B-1,3-glucan laminarin and N-acetylchitopentaose (ch5). Like in
parsley, the [Ca%]cyt elevations were necessary for downstream responses (Tavernier et al., 1995;
Lecourieux et al., 2002). According to inhibitor studies, the biphasic [Ca%]cyt elevations involve influx
from extra- as well as intracellular Ca®" stores mediated by 0, H,0,, nitric oxide (NO) or PLC-derived
InsP; (Lecourieux et al., 2002; Lamotte et al., 2004). Moreover, the two TPC homologs, NtTPCla and
NtTPC1b, were reported to mediate Ca®" influx across the plasma membrane in tobacco cells upon
stimulation with the elicitor cryptogein but also cold shock, sucrose, H,O, 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 ef 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 [Ca%]cyt elevations is CNGC?2, also
known as defence-no-death (DND1; Clough ef al., 2000). DND1 shows constitutive defence responses
and elevated SA levels but no HR upon inoculation with avirulent bacteria, demonstrating that DND1-
mediated Ca®" 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 [Ca%]cyt elevations in Arabidopsis (Ali et al., 2007; Ma et al., 2009). The role of
DNDI as well as TPC1 in stress-induced Ca®* 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 Ca** signalling, however, is not restricted to pathogens, but also plays a central role in
Rhizobium-legume as well as arbuscular mycorrhizal symbiosis (Miiller 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 Ca>" signalling is rather limited. To date, the majority of the
Ca®" 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 Ca*" signalling in Arabidopsis thaliana on whole
seedlings or plant level by using the available genetic tools. To this end, Ca®" 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 Ca’* signalling and other early signalling components.
Therefore, mutants of established and potential MAMP-induced signalling components were

analysed for a role in Ca®" signalling by quantitative aequorin-based [Cay]cyt measurements.

2) Screen for mutants altered in MAMP-induced Ca®* signalling:
Changed Calcium Elevation (CCE).
This includes setting up a quantitative and high-throughput screening system using aequorin-based

[Ca®"] measurements and initial characterization of isolated cce mutants.

3) [Ca®] elevations induced by yet uncharacterized or novel — pathogenic as well as beneficial —
MAMPs in Arabidopsis.
The [Ca®"] elevations induced by the DAMP AtPepl, the MAMPs chitin, LPS (in collaboration
with Ulrich Zahringer, Research Center Borstel) and PGN (in collaboration with Andrea Gust /
Thorsten Niirnberger, ZMBP Tiibingen), and a cell wall extract from the beneficial fungus
Piriformospora indica (in collaboration with Jyothilakshmi Vadassery / Ralf Oelmiiller, 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 Ca®* 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 Pepl, provide a solid base for genetic dissection of MAMP-induced early signalling events,
particularly Ca®* signalling. Hence, the first part of this work aims at assessing the role of Ca®"
signalling in different mutant backgrounds by direct [Ca%]cyt measurements and parallel analysis

of downstream responses.

2.1. Two-pore channel 1 - a putative Ca’* 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 ef al., 2004; Kurusu et al., 2005; Lin et al., 2005).
Due to their plasma membrane localization and their permeability to Ca*", TPC channels were therefore
regarded as good candidates for the long-sought MAMP-activated Ca®" influx channels. Re-evaluation
of the localization by co-expression and electrophysiological studies, contrarily, proved a tonoplast
localization for AtTPCI. The finding that TPC1 mediates the well-established SV currents at the
vacuole (Peiter e al., 2005) in combination with its Ca®"-dependent activation and its permeability
to mono- as well as divalent cations, suggested TPC1/SV channel to mediate CICR upon an initial
[Caz+]cyt elevation leading to mass influx of Ca®" from the vacuole into the cytosol. However, [Ca%]cyt
elevations induced by diverse abiotic and biotic factors were not affected in #pc/ knockout or
TPC1-overexpressing Arabidopsis plants. The tested stimuli ranged from cold, hyperosmotic, salt and
oxidative stress, elevation in extracellular Ca>" concentration to the bacterial peptide MAMPs flg22 and
elf18. Likewise, stress-induced gene expression was not altered in #pc/ mutants or TPCl-over-
expressors. Taken together, a putative role for TPC1 in stress-induced Ca®" signalling in Arabidopsis
could not be confirmed. Instead, the data obtained in this and other studies collectively suggest a

function of TPC1 in Ca**-dependent K™ homeostasis.
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2.1.2. Publication
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Summary

The putative two-pore Ca®* channel TPC1 has been suggested to be involved in responses to abiotic and biotic
stresses. We show that AtTPC1 co-localizes with the K*-selective channel AtTPK1 in the vacuolar membrane.
Loss of AtTPC1 abolished Ca®*-activated slow vacuolar (SV) currents, which were increased in AtTPCT-over-
expressing Arabidopsis compared to the wild-type. A Ca’*-insensitive vacuolar cation channel, as yet
uncharacterized, could be resolved in tpc1-2 knockout plants. The kinetics of ABA- and CO»-induced stomatal
closure were similar in wild-type and tpc1-2 knockout plants, excluding a role of SV channels in guard-cell
signalling in response to these physiological stimuli. ABA-, K*-, and Ca?*-dependent root growth phenotypes
were not changed in tpc7-2 compared to wild-type plants. Given the permeability of SV channels to mono- and
divalent cations, the question arises as to whether TPC1 in vivo represents a pathway for Ca?* entry into the
cytosol. Ca®* responses as measured in aequorin-expressing wild-type, tpc7-2 knockout and TPCT-over-
expressing plants disprove a contribution of TPC1 to any of the stimulus-induced Ca®* signals tested, including
abiotic stresses (cold, hyperosmotic, salt and oxidativel, elevation in extracellular Ca?* concentration and
biotic factors (elf18, flg22). In good agreement, stimulus- and Ca?*-dependent gene activation was not affected
by alterations in TPC17expression. Together with our finding that the loss of TPC7did not change the activity of
hyperpolarization-activated Ca®*-permeable channels in the plasma membrane, we conclude that TPC1, under
physiological conditions, functions as a vacuolar cation channel without a major impact on cytosolic Ca®*
homeostasis.

Keywords: SV channel, TPC1, Arabidopsis thaliana, vacuole, Ca®* signalling, K* homeostasis.

Introduction

AtTPC1, a putative Ca** channel

In plants, an array of plasma membrane and endomembrane
Caz"fperrneable channels has been characterized electro-
physiologically {Sanders etal, 2002). In Arabidopsis
thaliana, a sole member with homology to the voltage-
dependent Ca?* channel (Cay) family in animal systems
exists (Arabidopsis Genome Initiative, 2000). In contrast to
these four-domain-containing channels in animals, with a
total of 24 transmembrane spans, the Arabidopsis singleton
AtTPC1 is composed of only two domains with six
transmembrane spans each. Two EF-hand motifs within

© 2007 The Authors
Journal compilation © 2007 Blackwell Publishing Ltd

the cytosolic linker suggest Ca?*-dependent regulation of
the protein.

Ca?* transport activity has been postulated for AtTPCT
and its homologs in tobacco (NtTPC1Ta and NtTPC1Tb), rice
(OsTPC1) and wheat (TaTPC1), after heterologous expres-
sion in yeast (Furuichi et al, 2001, Kadota et al., 2004;
Kurusu et al., 2004; Wang et al., 2005). NtTPC1s have been
characterized as a pathway for Ca®* entry across the plasma
membrane in tobacco cells in response to cold shock,
sucrose, H,0,, salicylic acid, as well as elicitors (Kadota
et al., 2004; Kawano et al., 2004; Lin et al., 2005). OsTPC1
has been proposed to localize in the plasma membrane and
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to represent a key regulator of elicitor-induced defence
responses (Kurusu et al., 2005). TaTPC1 has been reported
to reside in the plasma membrane and to function in
response to abiotic stresses (Wang et al., 2005). In strong
contrast, a vacuolar localization of AtTPC1 was also found
(Carter et al., 2004; Peiter et al., 2005). Careful electrophys-
iological analysis showed that patches excised from tpc7-
2 knockout vacuoles lack cation currents of the slow
vacuolar (SV) type, while AtTPCT-over-expressing cells
exhibited elevated SV channel activities (Peiter et al., 2005).

SV channels in the vacuole

Slowly activating vacuolar (SV) channels open in response
to depolarization in the presence of elevated cytosolic Ca®*
concentrations (Hedrich and Neher, 1987). Interestingly, in
addition to K* and Na*, significant permeability for Ca®* has
been documented in the presence of Ca®* as the major
charge carrier (Allen and Sanders, 1996; Pottosin et al., 2001;
Ward and Schroeder, 1994), thus stimulating an ongoing
discussion about the role of SV channels as a source for
Ca?*-induced Ca®* release (CICR) across the vacuolar mem-
brane, and subsequent elevation of cytosolic Ca** concen-
tration (Barkla and Pantoja, 1996; Bewell etal., 1999;
Pottosin et al, 1997; Sanders etal., 2002; Ward and
Schroeder, 1994, 1997). In guard cells, SV channels may also
mediate K* efflux during stomatal closure. Thus, the
molecular identification of the SV channel as a distantly
related member of the voltage-dependent Ca** channel
family (Furuichi et al., 2001) has re-opened the question of
its physiological role in K and Ca** homeostasis.

In this study, we re-evaluated the localization of TPC1, and
extended the electrophysiological analysis of tpc7-2 mutants
and TPC1 over-expressors to the whole-vacuole level, sup-
porting the finding that TPC1 causes SV-type currents in
Arabidopsis thaliana. Germination and root growth assays,
as well as gas exchange measurements, revealed no phe-
notype in tpc1-2 mutants under the various conditions
tested. The question of whether TPC1 transports Ca®* into
the cytosol was addressed using the aequorin Ca®* reporter
system. From a detailed comparison of Ca?* responses and
Ca®*-dependent gene activation between wild-type, tpci-
2 knockout and TPCT-over-expressing plants, a function in
Ca®* release from the vacuole or Ca®* entry via the plasma
membrane in response to various biotic and abiotic stresses
can be excluded. Together, our results suggest that TPC1
functions as a cation channel without impact on cytosolic
Ca** homeostasis.

Results

Transient co-expression of AtTPC1 with the vacuolar K*
channel AtTPK1(Czempinski et al., 2002; Schénknecht et al.,
2002) N-terminally fused to mRFP1 and mGFP4, respectively,

gave rise to fluorescence signals predominantly in the vac-
uolar membrane and not in the plasma membrane
(Figure 1a). These data obtained in onion epidermal cells
confirm the results from Arabidopsis mesophyll cells (Peiter
et al., 2005), and are in contrast to the localization of AtTPC1,
OsTPC1 and TaTPC1 in the plasma membrane of BY-2 and
onion epidermal cells {(Kawano et al., 2004; Kurusu et al.,
2005; Wang et al., 2005).

Loss of TPC1 abolishes Ca**-activated SV currents

We used the whole-vacuole configuration of the patch-
clamp technique to enable the detection of possibly low
numbers of active channels in the tpc7-2 mutant, which
could escape observation in excised patches. The results
shown in Figure 1(b,c) completely confirm studies on
excised patches by Peiter et al. (2005). In the wild-type, SV
currents in the mesophyll vacuole are able to saturate the
patch—-clamp amplifier at 20 nA, while no SV currents were
recorded in tpc71-2 mutants under the same conditions. SV
currents in TPCl-over-expressing vacuoles exceeded those
obtained in the wild-type (Figure 1b,c), and emphasize the
fact that, under reducing conditions, K* release into the
cytosol (inward currents in Figure 1b,c) can occur between
-50 mV and the Nernst potential for K*, which is +17 mV
under the experimental conditions used (Figure 1b). In
excised vacuolar side-in patches, single channels of about
43 pS could be resolved in membranes from wild-type and
TPC1-over-expressing plants, but were absent from tpe1-2
patches (Figure 1d). Instantaneous currents, probably due to
the activity of fast vacuolar (FV) channels (Hedrich and
Neher, 1987; Schdonknecht et al., 2002), were not affected by
alterations in TPC1 expression (Figure 1e).

When cytosolic Ca®* concentrations were reduced in wild-
type samples using 10 mm EGTA in the absence of CaZ*, SV
channels remained silent due to their intrinsic Ca®* sensitiv-
ity (Hedrich and Neher, 1987), but another time-dependent
current component became visible at voltages >140 mV
(Figure 2a,c). The lack of SV channels in the tpc1-2 mutant
allowed us to show that the latter conductance is activated
independently of the cytosolic Ca®* concentration
(Figure 2b,c). We therefore named this channel the Ca®*-
insensitive vacuolar channel (CIVC). A single channel con-
ductance of 13 pS further distinguishes CIVC from the SV
and FV channels (Figure 2d). Although how CIVC is activated
in vivo remains unknown, its Ca%* insensitivity, together with
a significant Na* permeability Py,:P¢ of 1.06 + 0.02 (n = 3),
as determined in the tpc7-2 mutant, suggests that it may
complement SV functions under conditions inhibiting
Ca®*-sensitive FV channels, i.e. elevated cytosolic Ca®*
concentrations (Allen and Sanders, 1996).

In contrast to the tonoplast localization shown here and
elsewhere (Carter et al., 2004; Peiter et al., 2005), TPC1
has been proposed to represent a plasma membrane

© 2007 The Authors

Journal compilation © 2007 Blackwell Publishing Ltd, The Plant Journal, (2008), 53, 287-299
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Figure 1. TPC1 functions in the vacuolar mem-
brane.

(a) TPC1-RFP1 (red) and TPK1-GFP (green) fluo-
rescence after transient expression in onion
epidermal cells. Bars = 20 pm.

({b) Current-voltage relations of steady-state cur-
rents determined from traces as shown in (c), for
wild-type (closed circles, n = 13), tpc7-2 mutants
{open circles, n=9) and TPC7-over-expressing
plants (open squares, n=6). Data represent
means + SE.

(c) Whole-vacuolar currents from wild-type (left),
tpe1-2 knockout plants (middle) and TPCT-over- Overlay
expressing plants (right). Currents were elicited
by 600 msec test voltages between -74 and
+86 mV in 20 mV increments. The presence of
SV-type currents in wild-type and TPCT-over-
expressing samples and their absence in tpc1-2
were observed without exception.

(d) Single-channel fluctuations in vacuolar side-
in patches from vacuoles derived from wild-type
(left) and TPC7-over-expressing plants (right),
but not in those from tpc1-2 plants (middle).
Currents were measured at the voltages indi-
cated. The traces were selected to show open- (c)
ings of a single SV channel and could already be

resolved at negative voltages (compare Fig-

ures 1b, 2a and 4a,b).

(e) Instantaneous currents in wild-type (left),

tpc1-2 knockout  (middle} and  TPCT-over-

TPC1-RFP
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expressing plants (right). Currents were mea-
sured €2 min after whole-vacuolar access, be-
fore disappearance in Ca®*-containing solutions.
Test pulses were applied between -74 and (d)
+86 mV in 20 mV increments, starting from a
holding potential of 54 mV. Traces are repre-
sentative for 31 (Col-0), 15 (TPC? over-expres-

sors) and 40 (tpc7-2) measurements., =14 mv
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Ca**-permeable channel (Furuichi et al, 2001; Hashimoto
et al., 2004; Kadota et al., 2004; Kawano et al., 2004; Kurusu
et al., 2004, 2005; Lin et al., 2005; Wang et al., 2005). The
dominant plasma membrane Ca-permeable channel is
activated by hyperpolarization (Grabov and Blatt, 1998; Pei
et al., 2000; Stoelzle et al., 2003). In the mesophyll plasma
membrane of wild-type and tpc7-2 mutant plants, we
resolved similar cation current amplitudes upon hyper-
polarization (Figure 3), excluding the possibility that AtTPC1
mediates this type of Ca®* current.

Root growth and germination of tpc1-2 mutants

SV channels in the tonoplast are Ca®*-permeable (Allen and
Sanders, 1994; Peiter et al., 2005; Pottosin et al., 2001; Ward
and Schroeder, 1994). In the species tested so far, SV
channels are equally permeable to K* and Na*, and,

© 2007 The Authors

accordingly, a value of Py.:P¢ of 0.96 + 0.06 (n = 3) was
determined in Arabidopsis under bi-ionic conditions. How-
ever, elevated vacuolar Na*, Cs* or Ca?* concentrations shift
the voltage dependence of the channel towards depolarized
potentials, and reduce the possibility of cation release to the
cytoplasm (Figure 4a,b) (Allen and Sanders, 1996; Ivashikina
and Hedrich, 2005). Thus, any cation release function of
TPC1 depends on the vacuolar and cytosolic cation compo-
sition. Under standard growth conditions, tpc7-2 plants do
not develop a characteristic phenotype, and a prediction
concerning the exact role of TPC1 in K* and/or Ca®
homeostasis is therefore difficult. We tested a putative role
of TPCT7in germination and root growth under various cat-
ionic conditions. On agar plates containing K* concentra-
tions between 50 um and 1 mm, germination rates were
similar in the wild-type and the tpc7-2 mutant (Figure 4c).
Germination rates were also unaffected by changes in water

Journal compilation © 2007 Blackwell Publishing Ltd, The Plant Journal, (2008), 53, 287-299
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Figure 2. Comparison of Ca®*-sensitive and -insensitive channels in wild-type
and tpc1-2 mutant plants.

{a) Whole-vacuolar currents from wild-type plants recorded before (left) and
after (right) exchange of 1 mm Ca®* against 10 mm EGTA in the bath solution.
{b) Whole-vacuolar currents from tpc7-2 mutants recorded as in (a).

{c) Corresponding current-voltage relations of whole-vacuolar currents in the
presence (closed symbols) and from the same cells in the absence (open
symbols) of Ca®* for wild-type (squares, n = 5) and tpc1-2 (circles, n = 3). Data
represent means + SE.

(d) Single-channel fluctuations for Ca®*-insensitive channels in tpc1-2 at the
indicated voltages.

Currents were measured at test voltages between -74 and +226 mV in 20 mV
increments, except for wild-type SV currents in the presence of Ca*, which
were recorded between -74 and +146 mV only [left traces in (a); closed
squares in (c)].

Iv (mV) 0:2 . ﬁ

50 100

-0.7-
10—+
13- =

Figure 3. Hyperpolarization-activated Ca*-permeable channels in the plasma
membrane are not affected in the tpc1-2 mutant.

Current-voltage relations of hyperpolarization-activated channels in wild-
type (n = 11, closed circles) and tpc1-2 knockout plants (n = 20, open circles).
Data represent means + SE. Currents were elicited in the whole-cell config-
uration by voltage ramps from +99.5 to —181.5 mV over 2000 msec. Pipette
solution: 150 mm K-gluconate, 10 mm EGTA, 3 mm MgCl,, 1 mm MgATP,
10 mm HEPES, pH 7.4/Tris; bath solution: 40 mm Ca-gluconate,, 10 mm MES,
pH 5.6/Tris.

potential (0, 5, 10 and 20% PEG 8000, data not shown). No
difference in root growth between wild-type and mutant was
observed at K™ concentrations between 5 and 105 mm (Fig-
ure 4d). Ca**-dependent effects on root growth were also
equal in wild-type and tpc1-2 mutant seedlings (Figure 4e).
The phytohormone ABA inhibits root growth at 10-50 pm in

the wild-type, and this did not differ in the tpc7-2 mutant
(Figure 4f).

Stomatal closure in the tpc1-2 mutant

Ca**-activated SV channels in the tonoplast have been pro-
posed to fulfil a dual function, i.e. K* homeostasis and CICR
during stomatal responses to ABA and CO,, for example
(MacRobbie, 2000; Sanders etal., 2002). We used gas
exchange measurements in order to follow the kinetics of
stomatal movement in the intact leaf. After feeding 100 um
ABA via the petiole, stomatal closure was comparable
between tpeT-2 and wild-type plants (Figure 5a), in agree-
ment with previous observations (Peiter ef al., 2005). In
response to elevated CO, concentration, which, like ABA,
induces a rise in the cytoplasmic [Ca®"] (Webb et al., 1996),
stomata of wild-type and tpc1-2 leaves closed with the same
kinetics (Figure 5b), indicating that the lack of TPC1 does not
interfere  with guard-cell Ca®* signalling. The results
furthermore show that, if TPC1 does play a role as a K*
channel, it is not rate-limiting for stomatal closure.

TPC1 does not contribute to Ca** responses and
gene expression induced by abiotic stresses

Cold, mannitol and high salinity, as well as oxidative stress,
induce a transient rise in the cytosolic Ca®* concentration,
involving Ca®* entry via the plasma membrane, as well as
Ca®" release from intracellular stores including the vacuole.
Depending on the stimulus, the degree of vacuolar contri-
bution to the Ca®* signature varies, with mannitol and salt
stress drawing on the vacuolar Ca?* store to a larger extent
than cold and Hy0; (Knight et al., 1996, 1997b). We used
these abiotic stress stimuli in order to determine the role of
TPC1 as a mediator of Ca?* release into the cytosol. Changes
in [Ca®le,, were resolved using Ca**-induced cytosolic
aequorin luminescence, and showed no difference between
wild-type, tpc1-2 mutant and TPC7-over-expressing plants
(Figure 6a-d). According to these results, TPC1 does not
contribute to the Ca®* release pathway involved in the ele-
vation of [Caz"]wt in response to any of the stimuli tested.
Elevation of the extracellular Ca®* concentration has been
shown to raise the cytosolic Ca®* concentration by drawing
on extra- and intracellular Ca®* stores (Han et al., 2003;
McAinsh et al., 1995). No difference in cytosolic Ca®* con-
centration changes between wild-type, tpc1-2 mutant and
TPC1-over-expressing plants was measurable in response to
10 mm external Ca* (Figure 6e).

As a complementary approach, we determined stress-
induced gene activation known to require an upstream Ca**
signal. Expression of A’-pyrroline-5-carboxylate synthetase
(P5CS1), the first enzyme of the proline biosynthesis path-
way, was equally induced in wild-type, tpc1-2 knockout and
TPC1-over-expressing plants in response to mannitol and

© 2007 The Authors
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Figure 4. Regulation of wild-type TPC1 activity
by cations, and lack of germination and root
phenotype in tpc7-2 mutants.

{(a) Steady-state current-voltage relations of
wild-type SV currents in the presence of
100 mm K* (open circles and line, n=6), Na*
{closed triangles, n=3) or Cs* (closed circles,
n = 5) on the vacuolar side.

{b) Relative open probabilities of SV channels in
the presence of 100 mm K* (open circles), Cs*
{closed circles) or Na* (closed triangles) on the
vacuolar side. Data were fitted using the Boltz-
mann equation with half-maximal activation
potentials (V) of —6.2 + 2.6 mV (n = 6) for K*,
+426+56mV (n=4) for Cs*, and
+75.6 + 16 mV (n = 5) for Na*.

Data in (a) and (b) represent means = SE. Whole-
vacuolar currents were recorded at test pulses o
between -74 and +126 mV in 20 mV increments,
starting from a holding potential of =54 mV in
standard external solution.

{c) Germination of tpc1-2 (open symbols) versus
wild-type seeds (closed symbols) in the presence
of various K" concentrations. Data represent
means + SE (n = 6; total of 90 seeds) for 50 um
{triangle), 500 um (square) and 1 mm (circle) KCI.
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salt treatment (Figure 6f), confirming that the elevation in
[Caz"]c\,t required for gene activation (Knight et al., 1997b)
was not altered in tpc7-2 knockouts or TPC1over-expressors.
Similarly, Ca®*-dependent induction of RD29a by osmotic/
drought, cold and salt stresses (Cheong et al., 2003; Kim
et al., 2003; Wu et al., 1997) and induction of GST1 by H,0,
(Rentel and Knight, 2004) was comparable in tpci-2 knock-
out, TPC1-over-expressing and wild-type plants (Figure 6f).

TPC1 does not contribute to Ca®* responses, oxidative
burst or gene expression induced by biotic interactions

Induction of defence responses induced by pathogen-asso-
ciated molecular patterns (PAMPs) was tested using the
bacterial elongation factor Tu N-terminal peptide, elf18, as
well as the peptide flg22 that corresponds to the conserved
N-terminal part of bacterial flagellin. Both peptides have
been shown to act as potent elicitors of the pathogen
response, including extracellular alkalinization, oxidative
burst and defence gene activation (Felix et al, 1999;
Gomez-Gomez et al., 1999; Kunze et al., 2004; Zipfel et al.,

© 2007 The Authors

0.15 mm

1.5 mm 15 mm 0 pm 10 pm 50 pm

2006), while their role in Ca** signalling during the defence
response has not yet been documented. We show here that
treatment of leaf discs with elf18 induced a prolonged Ca®*
response after a lag phase of about 1 min (Figure 7a), indi-
cating that the peptide is effective in elicitation of Ca®*
responses as has been shown for other peptide/protein
elicitors, such as pep13 in parsley (Blume et al., 2000;
Zimmermann etal, 1997) and cryptogein in tobacco
(Lecourieux et al., 2002). A Ca* signature of similar ampli-
tude and kinetics was induced by treatment with flg22
(Figure 7a). Changes in [Caz"]w, are required for down-
stream defence reactions, including accumulation of reac-
tive oxygen species during the plant-pathogen interaction
(Nirnberger and Scheel, 2001). Treatment with the elicitors
elf18 and flg22 induced the production of reactive oxygen
species such H,0, (Figure 7d, and data not shown), and this
production could be completely blocked using the NADPH
oxidase inhibitor diphenylene iodonium chloride (DPI,
25 um), or the Ca®* channel blocker LaCls (10 mm), indicating
Ca® dependence of the oxidative burst via NADPH oxidase
(data not shown). Accordingly, elf18 led to increased FRKT
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Figure 5. Kinetics of stomatal closure in wild-type and tpc1-2 mutant plants.
{a) Gas exchange in wild-type (closed circles) and tpc7-2 knockout plants
{open circles) before and after feeding 100 um ABA (arrow) via the petiole of
detached leaves.

(b) Gas exchange in intact leaves of wild-type (closed circles) and tpci-
2 knockout plants (open circles) after a shift from 50 to 1500 ppm CO; (arrow).
Data represent means = SE (n=3 for WT; n=5 for tpci-2). Stomatal
movement is expressed as the change in water loss relative to the maximum
value.

and GSTT1 expression in seedlings (Figure 7c), as was pre-
viously shown for the peptide elicitor flg22 (Asai et al., 2002).
No difference in the elf18- and flg22-induced Ca®* signature,
oxidative burst and marker gene activation was observed
between wild-type, tpc7-2knockout and TPCTl-over-
expressing plants (Figure 7a,c,d, and data not shown). flg22
induced a growth inhibition of the same extent in tpcT-
2 knockout, TPCT-over-expressing and wild-type seedlings
(data not shown). H,0, accumulation in leaves infiltrated
with an avirulent pathogen, Pseudomonas syringae pv.
tomato (avrB), was also comparable between wild-type and
tpe1-2 knockout plants (Figure 7e).

We could not detect any Ca® elevation following the
addition of salicylate (Figure 7b), which accumulates during
the plant defence response (Niirnberger and Scheel, 2001). It
should be noted that the use of free salicylic acid caused
some disturbance of the Ca?* homeostasis (data not shown),
probably due to non-specific pH effects. However, salicylate
induced PR-1 expression to a similar extent in wild-type,
mutant and over-expressing plants (Figure 7¢). These
results show that salicylate does not induce a rise in
cytosolic Ca®* concentration, as has been previously
reported using salicylic acid (Lin et al., 2005). In conclusion,
by probing for defence-related Ca* signatures and oxidative
burst, as well as downstream gene activation, we could

disprove any role of TPC7 in these plant defence signal
transduction pathways.

Finally, taken all together, our analyses covering electro-
physiology, in vivo measurements of Ca?* signatures and
Ca®*-dependent stress responses support our hypothesis
that AtTPC1 does not function as a Ca®* channel in vivo.

Discussion

AtTPC1 function in pathogen responses

TPC1 is considered to represent a key regulator of elicitor-
induced hypersensitive cell death, activation of MAP kinases
and defence-related genes in rice and tobacco cells (Kadota
et al., 2004; Kurusu et al., 2005). As the elicitor-induced oxi-
dative burst was not suppressedin OstpcTknockout mutants,
TPC1 was suggested as a downstream candidate for H,0,-
induced Ca?* entry. Our data strongly argue against this
hypothesis, as Ca®* responses to H,0, at 10 mm (Figure 6d),
100 um and 25 um (data not shown) were identical, and
downstream expression of GSTTwas not altered (Figure 6f)
in wild-type, tpc1-2 mutant and TPC1-over-expressing Ara-
bidopsis plants. In response to the peptide elicitors elf18 and
flg22, a transient rise in [Caz*]m could be demonstrated. Its
amplitude and kinetics were similar in wild-type, tpci-
2 knockout and TPCT-over-expressing plants. No reduction
or delay in MAPK activation was observed in tpc7-2 mutant
plants treated with either elf18 or flg22, compared to wild-
type plants (data not shown). Pathogen-related gene
expression and a pathogen-induced oxidative burst occurred
independently of the AtTPCTexpression level. In accordance
with our results using bacterial pathogens and elicitors that
predominantly induce salicylate signalling, Bonaventure
et al. (2007) recently reported no difference between wild-
type and tpc1-2 knockout plants in response to infection with
the necrotrophic fungus Botrytis cinerea, which induces the
jasmonate pathway, or in MeJA-induced root growth inhibi-
tion. Instead, the effects that they did observe, such as en-
hanced resistance to B. cinerea and elevated oxylipin levels,
were seen only in a gain-of-function mutation of AtTPC1
(fou2) that probably leads to mis-regulation of its function -
indicating that AtTPC1 per seis not involved in these defence
processes.

Taken together, this leads us to conclude that TPC1 does
not play a crucial role in the signalling pathways of plant
defence induced by bacterial or fungal pathogens, nor of the
defence-related plant hormones salicylate and jasmonate.

AtTPC1 function in Ca®* homeostasis

In several reports, TPC1 has been suggested to mediate Ca**
entry across the plant plasma membrane in response to cold
shock, sucrose, oxidative stress, elicitors and salicylic acid
(Furuichi et al., 2001; Kadota et al., 2004; Kawano et al.,

© 2007 The Authors
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Figure 6. Elevation of cytosolic Ca?* concentra-
tion and gene activation induced by abiotic
stresses are not altered in tpc7-2 mutants and
TPC1 over-expressors.

{a) Cold shock was applied by addition of 1 vol-
ume ice-cold water.

{b) Osmaotic stress was simulated by the addition
of 600 mm mannitol.

{c) Ca®* response (300 mm NaCl).

{d) Oxidative stress was induced by 10 mm H,0,.
(e) External Ca®* concentration was elevated to
10 mm.

{f) Results from RT-PCR analysis of four stress-
related genes: RD29a induced by cold, mannitol
and NaCl stress, GST1 induced by oxidative
stress, and P5CSTinduced by mannitol and NaCl
stress were visualized in wild-type (WT), tpci1-2
{KO) and TPCT-over-expressing line 10.21 (OX).
EFTx was used as a constitutive control. Num-
bers of PCR cycles are indicated in parentheses.
UC, untreated  control; W, water  control;
Man, mannitol.

For (a), cytosolic Ca®* concentrations were cal-
culated from relative aequorin luminescence
measured in leaf discs using 1 sec integration
intervals, for (b)-(d) in seedlings using 0.5 sec
integration intervals, and for (e) in leaf discs
without lower epidermis using 2 sec integration
intervals. Data represent means + SD, n = 5. Left
graphs: pMAQ2/TPCT (WT) (solid lines), pMAQ2/
tpc1-2 (KO) (open circles). Right graphs: pMAQ2
{solid lines), pMAQ2/35S::TPC1{0X) (open trian-
gles). Two independent controls were performed
{see Experimental procedures for details). Dotted
lines represent data obtained upon application of
water as a control.

2004; Lin et al., 2005), and across the plasma membrane of
yeast cells after heterologous expression (Hashimoto et al.,
2004; Wang et al., 2005). In contrast, our results obtained
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from aequorin luminescence measurements strongly sug-
gest that TPC1 is not involved in the Ca®* response to any of
the tested stimuli (Figures 6 and 7). The discrepancy between
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Figure 7. Elevation of cytosolic Ca®* concentra-
tion, oxidative burst and gene activation in
response to biotic stresses are not altered in
tpc1-2 mutants and TPCT over-expressors.

(a) Ca® response after challenge with the elici-
tors elf18 or flg22 (1 pm, leaf discs, 10 sec inte-
gration interval) following a lag phase of about
1min in two independent wild-type controls

0.0 — T T T T T T T ]
10
Time (min)

1 um fig22 1 um flg22

o
w

03

flg22

[ca™1,, (um)
o

(lines in left and right graphs, respectively),
tpc1-2 (open circles) and TPCT-over-expressing
lines (open triangles). Data represent
means + SD, n > 5.

(b) Lack of [Ca®™] elevation after addition of
500 pm sodium salicylate (seedlings, 10 sec inte-
gration interval). Data represent means + SD,
n = 5. Symbols as in (a).

(c) Results from RT-PCR analysis of gene expres-
sion induced by biotic stresses: FRKT and GST?
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(d) Oxidative burst in response to treatment with
1 pm elf18 in leaf slices from wild-type (closed
circles), tpci-2 (open circles) and TPCT-over-
expressing line 10.21 {open triangles), as deter-
mined using a luminol-based assay.
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avirulent Pseudomonas syringae pv. tomato
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Leaves were infiltrated with Pst DC 3000 avrB
(upper images) or 10 mm MgS0, (lower images).
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our results and those obtained for aequorin-expressing BY-2
wild-type and TPC71-co-suppressing and -over-expressing
cell lines may be due to the sensitivity of the aequorin-based
method to differences in total luminescence between the
plant lines used for comparison. In particular, the free Ca*
level is in a double logarithmic relationship to the aequorin
luminescence. For properquantification and comparability of
[Caz"]c‘,tr it is absolutely necessary to convert these lumi-
nescence values into actual [Ca®*] (van Der Luit et al., 1999;
Knight et al., 1996, 1997a; Rentel and Knight, 2004). For our

[WT KO OX[WT KO OX[WT KO OX|

Ca®* measurements and RT-PCR experiments
were performed as described in Figure 6.

— e s PR1
(27x)

TPC1
7 45027%)

——————— — i EF1c

(28x)

tpci-2

studies, we introgressed the pMAQ2 apoaequorin transgene
into the tpc1-2 mutant and TPCT over-expressor genetic
background to ensure similar aequorin levels. However, we
observed a strong reduction of the total aequorin lumines-
cence in all progeny homozygous for the tpc7-2 mutation.
Thus, we carefully selected independent Arabidopsis wild-
type lines fromthe crossesto pMAQ2 to serve as independent
controls for knockouts and over-expressors, respectively (see
Experimental procedures for details). Our data using lines
with comparable total aequorin luminescence and calibrated
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[Ca®*], show that, for the stimuli tested, TPC1 apparently
does not contribute to Ca* entry into the cytosol, either from
external or internal stores. We cannot, however, exclude a
potential role in Ca* release from the vacuole in very local
Ca® responses, which would escape observation by the
cytosolic aequorin reporter.

We demonstrate that hyperpolarization-activated Ca**
currents across the plasma membrane are independent of
TPC1 expression. Instead, we confirm that TPC1 causes SV
currents in the vacuolar membrane and show that
it co-localizes with AtTPK1, a Ca?*-activated vacuolar
K*-selective (VK) channel (Gobert et al., 2007).

Caz*m-dependent activation and Ca?* permeability have
led to the hypothesis of the SV channel as mediator of CICR
from vacuoles. Due to a small open probability in the
physiological voltage range of —-30 to 0 mV, it has been
questioned whether SV channel-mediated CICR occurs
in vivo (Pottosin et al., 1997). However, potentiation of the
Ca®*-dependent activation is induced by cytosolic Mg?* (Pei
et al., 1999), revealing a Ky (Ca®*) that is similar to that
reported initially in the presence of T mm Mg?* (Hedrich and
Neher, 1987) and allows gating around 0 mV. Further
activating conditions, such as reducing agents and alkaline
pH (Carpaneto et al., 1999; Schulz-Lessdorf and Hedrich,
1995), could support channel opening and allow CICR to
occur at physiological voltages. According to the results
presented here, TPC1 cannot be the source for Ca®* release
during CICR, as wild-type-like Ca?* signatures were
ohserved in response to various biotic and abiotic stresses,
including elevation of extracellular [Ca®*] in TPC1 mutants
and over-expressors. (Figures 6 and 7). The latter observa-
tion is in agreement with the very recent finding that an
extracellular Ca®*-induced Ca®* increase exists in guard cells
and mesophyll cells, and involves the Ca2*-sensor receptor
CAS, which triggers Ca®* release from intracellular stores via
second messenger (IP3) production, and therefore very likely
requires ligand-gated rather than voltage-gated Ca®* chan-
nel activity (Tang et al, 2007). In guard cells, elevated
external Ca®* leads to Ca®* inhibition of plasma membrane
K* channels (Dietrich et al., 1998; Grabov and Blatt, 1999;
Schroeder and Hagiwara, 1989). The Ca®" insensitivity of
stomata from the tpc7-2 mutants (Peiter et al., 2005) there-
fore does not necessarily indicate alterations in vacuolar
Ca® release, but may suggest changes in cellular K*
homeostasis. Together, the data presented here strongly
suggest that TPC1 functions in CaZ* signalling as a target
rather than as a source for Ca®* release from the vacuole.

Under in vivo situations, the fractional Ca®* current in the
presence of competing K* and Na* ions has not yet been
quantified. The relative Ca®* permeability of TPC1 is only
moderate compared to the high Ca®* selectivity of related
voltage-dependent Cay channels in animal systems (Potto-
sin et al., 2001). In good agreement, a glutamate residue
within the pore region that is responsible for high Ca®*
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selectivity is conserved between Cay channels (Zagotta,
20086), but is missing in both pore domains of AtTPC1 and its
homologs in other plant and animal species (Hashimoto
et al, 2004). Phylogenetic analyses of ion channel
sequences suggest that the divergence of TPC1 from a
common ancestor preceded that of Na* and Ca®* channels
(Anderson and Greenberg, 2001). Given the absence of the
|atter four-domain Ca?* and Na* channels from the Arabid-
opsis genome, the enigmatic function of the two-pore
channel singleton in cation homeostasis requires future
research.

Experimental procedures

Plant material and growth conditions

The AtTPC1 T-DNA mutant line (SALK_145413, tpc1-2) was either
obtained from D. Sanders (York, UK) (Peiter et al., 2005) or inde-
pendently retrieved from the SALK collection (Alonso et al., 2003),
and plants homozygous for the insertion were identified by PCR,
using primer pairs TPC1fw and TPC1rv for verification of the wild-
type gene and Lba1 and TPC1rv for the T-DNA insertion (see Table
1). The absence of TPC7 mRNA in homozygous tpc7-2 plants was
confirmed by RT-PCR using the TPC1-specific primers TPC1fw and
TPC1rv (see Table 1).

TPC1-over-expressing lines (numbers 5.6 and 10.21) were kindly
provided by E. Peiter (York, UK), H. Knight (Durham, UK) and
D. Sanders (Peiter et al., 2005), and aequorin-expressing pMAQ2
plants by M. Knight (Durham, UK) and H. Knight. All plant lines used
were in the Col-0 background. Seeds were stratified at 4°C for at
least 2 days prior to germination. Plants were grown on soil in
climate chambers under 8 h:16 h (short day) conditions, or on agar
plates under constant light at 22°C.

Electrophysiological recordings

Mesophyll tissue of leaves from 5-10-week-old plants was
enzymatically digested (1% BSA, 0.05% pectolyase Y-23 (ICN; http://
www.mpbio.com), 0.5% cellulase-R10 (Yakult http://www.
yakutt.co.jp), 0.5% macerozyme-R10 (Yakult), 1 mm CaCly, 10 mm
MES, pH 5.6/Tris) at 22°C for 1 h, and washed twice with 400 mm
p-sorbitol. Vacuoles were released from the protoplasts by osmotic
lysis (10 mm EGTA, 10 mm HEPES, pH 7.4/Tris, sorbitol to
200 mOsM/kg). Vacuolar currents were studied in the whole-vacu-
olar and vacuolar side-in configuration using an EPC-7 patch-clamp
amplifier (List Medical Electronics) and an LIH 1600 interface (HEKA
Elektronik; http://www.heka.com). Patch-clamp recordings were
performed as described previously (Dietrich and Hedrich, 1998;
Hamill et al., 1981). The external (cytoplasmic) solution consisted of
50 mm K-gluconate, 0.2 mm Ca-gluconate,, 0.8 mm CaCl,, 2 mm
DTT, 10 mm HEPES pH 7.4/Tris. The pipette (luminal) solution was
composed of 100 mm K-gluconate, 2 mm DTT, 10 mm EGTA, 10 mm
HEPES pH 7.4/Tris. Solutions were adjusted to an osmolarity of
400 mOsM/kg using p-sorbitol. Any deviations from standard
solutions are indicated in the figure legends.

Gas exchange measurements

Wild-type and tpc1-2 plants were analyzed using a gas exchange
fluorescence system (GFS-3000, Heinz Walz GmbH (http:/

Journal compilation © 2007 Blackwell Publishing Ltd, The Plant Journal, (2008), 53, 287-299
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Table 1 Primers used in this study

Gene

AtP5CS1 (At239800)
AtRD29a (At5952310)
AtGST1 (At1g02930)
AtFRK1 (At2919190)
AtPR1 (At2g14610)
ATPC1 (At4g03560)
AtEF1a (At1g07920)

Other primers used

Length (bp)
560
365
364
340
480
269

653

Primer name

P5CS1-F
P5CS1-R
RD29a-F
RD29a-R
GST1-F
GST1-R
FRK1-F
FRK1-R
PR1-F
PR1-R
tpc1-2 F2
tpc1-2 R2
EF1a-F
EF1a-R

LBa1l
TPC1fw
TPC1rv
TPC1-fwd
tpc1-2 rev
Aeq-fwd
Aeq-rev

Sequence

5-GGAGGAGCTAGATCGTTCAC-3’
5-TCAGTTCCAACGCCAGTAGA-3
5-GAACACTCCGGTCTCTCTGC-3'
5-GCGAATCCTTACCGAGAACA-3’
5-TGTCGAGCTCAAAGATGGTG-3
5-GGACTCACCAAGCCTGTGTT-3
5-TGAAGGAAGCGGTCAGATTT-3'
5-CTGACTCATCGTTGGCCTCT-3
5-AATTTTACTGGCTATTCTCG-3
5-GTATGGCTTCTCGTTCAC-3
5-TGGGGAAACAGCTACCTTCA-3
5-AGAGCTTTTTGTTCCCAGCA-3
5-TCACATCAACATTGTGGTCATTGGC-3
5-TTGATCTGGTCAAGAGCCTCAAG-3

5-TGGTTCACGTAGTGGGCCATCG-3’
5-GGCAGGTTGCCGAGTTTGTC-3
5-GCAGTAGATACACAGCACGC-3’
5-GAGAAGAATGTTGGAGAAAGCCTTTGG-3
5-CGCAGAAAATGGTCCCTAAA-3
5-ATGAAATATGGTGTGGAAACTGATT-3
5-GTTGTCTTGTCATCTCATCAACATC-3'

www.walz.com). Stomatal opening was promoted by superfusion
of intact leaves with air containing 50 ppm CO,, and subsequent
stomatal closure was induced by 1500 ppm CO,. For ABA-induced
stomatal closure, detached leaves were opened in the presence of
100 ppm CO; in the light, and 100 um ABA was fed via the petiole.
Humidity and light intensities were 11 000 ppm H,0.,s and
250 umol m™2 sec™' PAR (photosynthetic active radiation), respec-
tively.

Aequorin luminescence measurements

Plants expressing the aequorin apoprotein under control of the 35S
promoter in the cytosol were used and were derived from the same
homozygous pMAQ?2 line (single insertion of aequorin, M. Knight,
School of Biological and Biomedical Sciences, Durham University,
UK, pers. comm.). Aequorin-expressing tpcT1-2 mutants and TPCT-
over-expressing lines were generated by crossing of tpc7-2 and
TPC10.21 with pMAQ2 plants. In case of the knockout, F; und F3
progeny from pMAQ2 x tpc1-2 crosses homozygous for the tpe1-2
mutation (knockout) and progenies segregating for the wild-type
TPC1 genotype (as a control, see below) were used. Plants were
screened by PCR using primers spanning the T-DNA insertion (tpc1-
2 F2/R2, see Table 1), as well as primers for the T-DNA insertion
(LBa1) and the TPC1 gene (tpc1-2 rev), and primers specific for the
aequorin cDNA (Aeqg-fwd/rev), using genomic DNA. Genotypes
were confirmed by RT-PCR using primers spanning the T-DNA
insertion (tpc1-2 F2/tpc1-2 rev and tpc1-2 R2) for all lines used. In
case of the over-expressor, F; progeny from pMAQ2 x TPC10.21
crosses heterozygous for the 35S::TPC1 insertion were used, and
original pMAQ2 plants were used as a control. Plants were screened
by PCR using TPC1-specific primers (TPC1 fwd/tpc1-2 rev) spanning
eight introns to discriminate between genomic TPCT and the in-
serted TPCTcDNA.

We observed a reduction in total aequorin luminescence in all F,
and F; progeny from pMAQ2 x tpc1-2 crosses tested, and therefore

used TPC7 wild-type genotypes from the same generation as
independent controls. Only plants with comparable amounts
of total aequorin luminescence were selected for experiments,
allowing comparison of the relative luminescence levels and
calculated [Ca®*].,, values.

Leaf discs (diameter 3 mm, 4-8-week-old plants) were cut from
mature leaves and floated individually in wells of a 96-well plate on
100 pl H,0/10 um native coelenterazine per well (5 mm stock in
methanol, Molecular Probes/Invitrogen, http://www.invitrogen.
com/) in darkness for at least 4 h for reconstitution. For treatment
with external CaCl,, the lower epidermis was removed prior to
reconstitution (1 mm MES-KOH, pH5.7, 100 um KCI, 10 pm
coelenterazine) to allow direct contact of the CaCl, with the
mesophyll tissue. Seedlings were grown axenically on MS agar
plates (1 x MS, 1% sucrose, 1% agar), and used when 6-7 days old.
Intact seedlings were placed individually in wells of a 96-well plate
and reconstituted overnight as described above. Luminescence was
measured using a Luminoskan Ascent 2.1 luminometer (Labsys-
tems (http://www.thermo.com)). After 30-60 sec recording, treat-
ment was applied by addition of 50 pl of a threefold concentrated
solution in water via an automatic dispenser, and measurements
were continued for the indicated time. Controls were performed by
addition of an equal volume of water. Remaining aequorin was
discharged by automatic injection of 1 volume 2 m CaCl,/20%
ethanol, and luminescence recorded for another 8-10 min until
values were within 1% of the highest discharge value.

In the case of cold-shock treatment, luminescence was measured
in a Lumat LB 9501/16 luminometer (Berthold; http:/www.
berthold.com). Reconstituted leaf discs were transferred individu-
ally to single tubes containing 200 ul H,0/10 um coelenterazine, and
allowed to recover for at least 15 min from the touch response.
Tubes were placed individually into the luminometer chamber, and
luminescence recorded at 1 sec integration intervals. After 30 sec,
cold shock was applied by manual addition of 1 volume of ice cold
water, and measurements were continued for 3 min. Remaining
aequorin was discharged as described above.
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Relative luminescence values were calculated and converted into
actual Ca* concentrations using the calibration equation below as
described in detail by Rentel and Knight (2004):

pCa = 0.332588(—log k) + 5.5593

where k is the luminescence counts per sec/total luminescence
counts remaining.

Oxidative burst in Arabidopsis leaves

Luminol assay. Reactive oxygen species were assayed by H,0,-
dependent luminescence of luminol (Gomez-Gomez et al., 1999).
Mature Arabidopsis leaves were cut in 1 mm slices and floated
overnight on H,0. Slices were transferred to a 96-well plate (four
slices per well) containing 200 pl of H,O, 200 pm luminol, 2 ug
horseradish peroxidase. Luminescence was measured in the
Luminoskan Ascent 2.1 luminometer with a 1 sec integration time
at 12 sec intervals. After 60 sec, 1 um elf18 or an equal volume of
water was added manually, and luminescence recorded for further
30 min. This assay is not quantifiable and allows only qualitative
estimation of H,0, production.

DAB staining. Leaves of wild-type and tpc1-2 plants were infil-
trated with avirulent P. syringae pv. tomato Pst DC3000 avrB
{ODggo = 0.2, washed twice in 10 mm MgSQ,) and buffer control.
Four hours after infection, leaves were transferred to diamino-
benzidine solution {1 mg mI~" DAB pH 3.8) and incubated in dark-
ness for 18 h. Chlorophyll was cleared for 10 min in boiling 98%
ethanol.

Semi-quantitive RT-PCR experiments

One-week-old seedlings grown as described above were transferred
to liquid medium (1 x MS, 1% sucrose) in 24-well plates (two or
three seedlings/1 ml per well). Seedlings that were 12-14 days old
were treated by exchanging the medium with medium containing
10 pm elf18, 0.5 mm NaSA, 10 mm H;0,, 0.6 m mannitol, 0.3 m NaCl
or water as control. For cold treatment, the medium was exchanged
with ice-cold medium, and seedlings were kept on ice. Whole
seedlings were harvested at the time points indicated, frozen in
liquid nitrogen and stored at —80°C. Total RNA was prepared using
RNeasy plant mini-preps (Qiagen, http://www.giagen.com/). First-
strand synthesis was performed with 1 g of total RNA (DNase
I-treated, Fermentas; http://www.fermentas.de) using 200U
RevertAid M-MuLV reverse transcriptase (Fermentas), oligo(dT)s
primer (MWG Biotech; http:/www.mwg-biotech.com) and RiboLock
RNase inhibitor (Fermentas) according to the manufacturers’
instructions. A 0.5 pl aliquot of cDNA was used in a 50 ul PCR
reaction containing 2.5 U Taq polymerase (New England Biolabs;
http://www.neb.com), HiFi buffer (Fermentas), 1.5 mm MgCl,,
200 pm dNTPs and 200 nm primers (MWG Biotech). Amplification
conditions were 1 min at 94°C; x cycles of 15 sec at 94°C, 20 sec at
50°C and 45 sec at 72°C, followed by 5 min at 72°C. Optimal PCR
cycle numbers determined to be in the non-saturated range have
been established previously for each primer pair and are indicated
in the text. PCR products were analyzed on 2% TAE agarose gels
containing ethidium bromide. Primers were chosen to span at least
one intron if possible.

Primers used
The primers used in this study are listed in Table 1.
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Root growth measurements and germination assay

Wild-type and tpci-2 seedlings were grown on agar plates in
climate chambers under a 16 h/8 h light/dark regimen at 22°C.
K*-dependent seed germination was observed for a period of
264 h on modified half-strength MS agar plates in which KNO; and
KH,PQ,4 had been replaced by NH,NO; and NH,PO,. Final [K*] was
adjusted to 50 um, 500 um or 1 mm using KNOs. The medium
contained 1.8% K*-depleted agar (Xu et al., 2006). For root growth
measurements, plants were grown on half-strength MS medium
containing 1% sucrose and 0.8% agar for 4 days, and then trans-
ferred to plates with modified half-strength MS media containing
1% sucrose and 1% purified agar (A7921, Sigma, http://www.
sigmaaldrich.com/). For variations in Ca®* contents, 1.5 mm CaCl,
was replaced by 0, 0.15, 1.5 and 15 mm CaCl,, respectively. Note
that 0 mm corresponds to approximately 50 pm Ca?*. For ABA-
dependent root growth experiments, plants were transferred to
half-strength MS plates containing 10 or 50 pm (+) cis,trans-ABA
in 10 mm KCI and 1.5 mm CaCl,. Root growth within 4 days after
transfer was measured using IMAGEJ analysis software (http:/
rsb.info.nih.gov/ij).

TPC1-GFP construct, transient expression,
and confocal fluorescence imaging

For localization of TPC1 in onion epidermal cells, AtTPC1 cDNA
lacking its stop codon was inserted in-frame with mrfp1 (Campbell
et al., 2002) into pPily (Ferrando et al., 2000), creating 2 x 35S-pro-
motor:TPCT-mrfp1. In similar fashion, AtTPK7 cDNA was inserted
into pPily in-frame with mgfp4 (Haseloff et al., 1997), creating
2 x 35S-promotor: TPK1-mgfp4. Onion epidermal cells were then
co-transfected by biolistic delivery of tungsten particles (tungsten
M-17, Bio-Rad, http://www.bio-rad.com/) coated with equal
amounts of both plasmids. After 1-2 days, transfected cells were
imaged using a Zeiss LSM5 Pascal confocal microscope (http:/
www.zeiss.com/) in multi-track mode. mGFP4 fluorescence was
measured using a 488 nm excitation wavelength and an emission
band path of 505-530 nm, while mRFP1 was excited at 543 nm and
fluorescence emission was detected using a longpass filter
LP560 nm. Images were processed using zeiss Lsm software and
ADOBE PHOTOSHOP Elements 2.0.
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2.2 Impact of different signalling components on MAMP-induced Ca** 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 Ca" response. ROS, for instance H,O,, are themselves capable of
inducing [Ca2+]cyt alterations. Likewise, phospholipid signalling presumably is Ca**-dependent but in
turn produces the putative Ca® -releasing second messengers InsPs/InsPs. To analyse the interplay
between early signalling events and their possible impact on Ca>" 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 Ca>" 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 Dal (pldal) 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 InsPg
levels did not impair [Ca2+]cyt elevations but, intriguingly, resulted in an enhanced flg22-mediated root
growth arrest. Last but not least, Ca®/CaM directly activate expression of early defence genes, such as
ZATI12, 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 elfl8-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 elfl8 elicitation.
Intriguingly, BAK1 differentially contributes to flg22- vs. elfl8-mediated responses. Such, MAMP-
induced [Ca2+]cyt amplitudes were virtually identical in bakl in contrast to significantly distinct peak
heights in the wild type. Despite these comparable Ca’" responses in bakl, Ca*'-dependent defence
gene expression and growth arrest were strongly dependent on BAK1 in response to flg22 but not elf18.
However, other Ca®"-dependent responses, such as ROS accumulation and MAPK activation were
similarly reduced in bakl in response to both MAMPs. Unlike in bakl, [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 BAKI 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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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 Ca®" 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 bak! mutants, BAK1 had no or minor effects on
the same responses elicited by elfl18. As the residual Ca®* elevations induced by diverse
MAMPs/DAMPs (flg22, elf18 and Pepl) were virtually identical in bak]/ mutants, a differential BAK1-
mediated signal amplification to attain MAMP/DAMP-specific Ca®" 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 Ca*" peak, demonstrating a
feedback effect of ROS on Ca® signalling. Conversely, mpk3 mutants showed a prolonged ROS
accumulation but this did not significantly impinge on the overall Ca*" response. Thus, fine-tuning of
MAMP/DAMP responses involves interplay between diverse signalling elements functioning both up-

or downstream of Ca®* 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 Ca®* concentration ([Caz+]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 ef al., 2002). Superoxide dismutases rapidly convert

membrane-impermeant superoxide (O,™), produced in the apoplast by NADPH oxidases, into H,0,,
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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 MEKK 1-MKK1/MKK2-
MPK4) and Ca*’-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-TwWEFR (EF-Tu receptor), with the peptides flg22 and elfl18 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 ef al., 2002; Nam and Li, 2002).
While sometimes referred to as a “co-receptor”, BAKI1 is not involved in flg22 binding but its
association with FLS2 is necessary for full responsiveness (Chinchilla et al., 2007; Heese et al., 2007).
BAKI1 also contributes to signalling pathways activated by several other PAMPs, as well as AtPepl, 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, Ca’ 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, Ca>" is just a simple ion. A longstanding paradigm to explain stimulus-
specific responses is the concept of the “Ca’" signature” (Webb et al., 1996), where duration, amplitude,
frequency and spatial distribution are thought to encode stimulus-specific information that is decoded
by various Ca**-binding proteins, like calmodulins (CaM), Ca*"-dependent CaM-binding transcription
factors (CAMTAs) and CDPKs. Alternatively, Ca®** may act as a “chemical on-off switch”, where Ca*"
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
(Géhre and Robatzek, 2008) or secretion of extracellular polysaccharides that sequester apoplastic Ca®*
to impair MAMP/DAMP signalling (Aslam et al., 2008). Thus, changes in [CaN]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 Ca®* signalling. We concentrated on such components that act in the same time frame as Ca>"
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 [Ca“]cyt elevations in Arabidopsis seedlings.

As assessed by aequorin luminescence-based Ca®* imaging, several MAMPs or DAMPs, such as
bacterial flg22 and elf18, fungal N-acetylchitooctaose (ch8), and the plant-derived DAMP, Pepl, elicit
[Ca2+]cyt increases in Arabidopsis seedlings (Figure 1a). Specificity is demonstrated by the lack of
[CaN]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 LaCl;,
a Ca”" channel blocker, or BAPTA, a membrane-impermeant Ca>" chelator, completely abolished the
MAMP/DAMP-induced [CaN]cyt elevations (Figure S2), showing that an initial influx of apoplastic
Ca®" across the plasma membrane is required for establishing the [Ca%]cyt response.

Dose response curves showed that, with the exception of Pepl, the tested MAMPs/DAMPs reached
apparent saturating concentrations for inducing [Ca%]cyt elevations between 100nM to 1 uM
(Figure S3). The MAMPs or DAMPs, which were applied at 1 uM for general comparison, induced
[CaN]cyt elevations with a typical pattern (Figure la): after a lag phase of about 40 sec (flg22/ch8) to
1 min (elf18/Pepl), the [Caz+]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 [CaN]cyt amplitude (Figure la,c). Interestingly, two distinct peaks were
detectable for flg22, whereas for elf18 and Pepl 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 [Ca%]cyt
responses in isolated roots was compared to the aerial seedling parts. No significant differences in
amplitude or kinetics of MAMP/DAMP-induced [Ca%]cyt elevations between intact and root-dissected
seedlings (Figure 1c, S5) were found for flg22, elf18 and ch8. Pepl-induced [Ca%]cyt amplitudes were
slightly enhanced in root-dissected seedlings, probably due to wounding effects (Figure 1c, S5). Taken
together, the detected flg22/elf18-induced [Ca%]cyt elevations of intact seedlings represent that of the
aerial tissues. Whereas ch8 and Pepl 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 [CaN]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 CERKI (Chitin elicitor receptor
kinase 1), PEPRI1/2 (Pep receptor 1/2) and BAKI are similarly expressed in roots and aerial parts
(Figure 1d). Thus, the observed MAMP/DAMP-induced [Ca%]cyt elevations in roots mirror the

expression levels of the corresponding receptors.
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Plant growth arrest in the presence of MAMPs/DAMPs is well documented, but there appear to be
organ-specific differences e. g. for Pepl (Krol ef al., 2010). We therefore re-evaluated growth inhibition
of Col-0 seedlings on flg22- or elfl8-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 uM. 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

2 .
“early” events such as [Ca’].y elevations.
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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 24 independent experiments (n = 30). Letters indicate statistically significant differences between
the [Ca eyt 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 uM)
or water as control. Letters indicate statistically significant differences between the [Ca ]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).
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Figure 2. Flg22- and elf18-induced growth inhibition reveals different phenotypes in Arabidopsis
seedlings.

(a) Col-0 seedlings were grown on agar plates + 1 uM 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).

[Ca”]cyt elevations induced by flg22, elf18 and Pepl, but not ch8 are delayed and reduced in bakl

mutants.

To investigate the role of Ca®’ signalling, several signalling components were tested for their
contribution to MAMP-induced [CaH]CyT elevations. The receptor mutants, fIs2, efi and cerkl, were
insensitive to their respective MAMPs, but reacted normally to other tested MAMPs/DAMPs
(Figure S6). By contrast, mutants of the BAKI “co-receptor” did not show complete insensitivity, but
delayed and reduced [Ca2+]CyT responses to flg22, elf18 and Pepl (Figure 3a-c,e). Ch8-induced [Ca2+]CyT
elevations in bak! 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 clf18) or slightly reduced (for Pepl) in baki-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).
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+ SD of 24 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 [CaZ+]cyt amplitudes in
Col-0 or bak1 mutants induced by 1 uM flg22 (black
bars), 1 uM elf18 (grey bars) or 1 uM Pep1 (shaded
bars). Letters indicate statistically significant
differences between [CaZ+]cyt amplitudes induced by

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.
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Strikingly, the distinct flg22-, elf18- and Pepl-induced [Ca%]cyt elevations in wild type were reduced in
bakl 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 bakl-4 and wild type plants (Krol ef al., 2010). Thus, BAK1-receptor
interaction determines the distinct amplitudes of [Caz+]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 bak/ 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 [Caz+]cyt elevations and

ROS accumulation, but enhanced flg22-mediated root growth arrest.

BAKI belongs to the five-membered family of somatic-embryogenesis receptor-like kinases (SERK)
and is accordingly also named SERK3 (Hecht ef al., 2001). To assess if the other SERKs are involved
in early MAMP and DAMP signalling, the aequorin transgene was introduced into serkl-1, serk2-1,
serk4-1 and serk5-1. All four mutants showed normal [Ca2+]cyt responses and ROS accumulation upon
flg22 and elfl8 elicitation (Figure 4a-d), thereby confirming earlier reports (Chinchilla et al., 2007;
Heese et al., 2007). While ch8-induced [Ca%]cyt responses were not altered in any of the other serk
mutants, Pepl induced wild-type-like [Ca%]cyt elevations in serkl-1, serk2-1 and serk5-1, but a slightly
reduced [Caz+]cyt increase in serk4-1 (data not shown). Whereas none of the bakl or serk mutants
showed any differential growth arrest to elf18 compared to the wild type (Figure S7), root growth of the
bakl 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 serkl-1 and serk5-1 (Figure 4e,f). As [CaN]cyt elevations (Figure 4a,b) and ROS accumulation
(Figure 4c,d) were unaltered in both mutants, SERK?2 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 bakl, none of the four serk mutants showed a phenotype with regard to
[CaN]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 ef 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 elfl8 elicitation was monitored. For better comparison,
the protoplast-based FRKI-promoter-luciferase (pFRKI-LUC) expression assay, previously used to
demonstrate differential roles of BAKI between flg22, elfl8 and chitin (Shan et al, 2008),
was employed. LUC-expression driven by two additional defence-related promoters, NHL1(0 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 uM flg22 or (b) 1 uM elf18 compared to Col-0.
For clarity, graphs are depicted offset. Arrows mark time of MAMP application. Data represent mean + SD of =2 3
independent experiments (n =40). Letters indicate statistically significant differences between the [CaZ+]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 (H202) production induced by (c) 1 uM flg22 or (d) 1 uM elf18 was monitored using a luminol-based
assay in leaf discs of bak? 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 uM 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 =23
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 uM 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
PNHLI10-LUC, pFRKI-LUC and pPHII-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 pNHLI0-LUC,
PFRKI-LUC and pPHII-LUC. In bakl mutants, all three<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>