
Guard cell SLAC1-type anion channels mediate flagellin-induced
stomatal closure

Aysin Guzel Deger1,2, S€onke Scherzer1, Maris Nuhkat3, Justyna Kedzierska1, Hannes Kollist3, Mikael Brosch�e3,4,

Serpil Unyayar2, Marie Boudsocq5, Rainer Hedrich1 and M. Rob G. Roelfsema1

1Molecular Plant Physiology and Biophysics, Julius-von-Sachs Institute for Biosciences, Biocenter, University of W€urzburg, Julius-von-Sachs-Platz 2, D-97082 W€urzburg, Germany; 2Faculty of

Science and Letters, Department of Biology, University of Mersin, 33343 Mersin, Turkey; 3Institute of Technology, University of Tartu, Nooruse 1, Tartu 50411, Estonia; 4Division of Plant

Biology, Department of Biosciences, University of Helsinki, PO box 65, FI-00014 Helsinki, Finland; 5Institute of Plant Sciences Paris-Saclay, UMR9213/UMR1403 CNRS-INRA-Universit�e

Paris Sud-Universit�e Evry Val d’Essonne-Universit�e Paris Diderot, Saclay Plant Sciences, Bat 630, rue Noetzlin, 91405 Orsay, France

Author for correspondence:
M. Rob G. Roelfsema

Tel: +49 931 3186121
Email: roelfsema@botanik.uni-wuerzburg.de

Received: 24 November 2014

Accepted: 29 March 2015

New Phytologist (2015) 208: 162–173
doi: 10.1111/nph.13435

Key words: ABA, Arabidopsis thaliana,
flg22, guard cells, innate immunity,
microbe-associated molecular pattern
(MAMP), S-type anion channel, stomata.

Summary

� During infection plants recognize microbe-associated molecular patterns (MAMPs), and this

leads to stomatal closure. This study analyzes the molecular mechanisms underlying this

MAMP response and its interrelation with ABA signaling.
� Stomata in intact Arabidopsis thaliana plants were stimulated with the bacterial MAMP

flg22, or the stress hormone ABA, by using the noninvasive nanoinfusion technique. Intracel-

lular double-barreled microelectrodes were applied to measure the activity of plasma mem-

brane ion channels.
� Flg22 induced rapid stomatal closure and stimulated the SLAC1 and SLAH3 anion channels

in guard cells. Loss of both channels resulted in cells that lacked flg22-induced anion channel

activity and stomata that did not close in response to flg22 or ABA. Rapid flg22-dependent

stomatal closure was impaired in plants that were flagellin receptor (FLS2)-deficient, as well as

in the ost1-2 (Open Stomata 1) mutant, which lacks a key ABA-signaling protein kinase. By

contrast, stomata of the ABA protein phosphatase mutant abi1-1 (ABscisic acid Insensitive 1)

remained flg22-responsive.
� These data suggest that the initial steps in flg22 and ABA signaling are different, but that

the pathways merge at the level of OST1 and lead to activation of SLAC1 and SLAH3 anion

channels.

Introduction

Pathogenic bacteria take advantage of stomatal pores in the leaf
surface to enter their host plants. During infection, plant cells
recognize microbe-associated molecular patterns (MAMPs), such
as flagellin or chitosan, and counteract the microbial invasion by
stomatal closure (Melotto et al., 2006, 2008; Schulze-Lefert &
Robatzek, 2006; Boller & Felix, 2009). In guard cells of barley,
chitosan triggers the activation of S-type anion channels and
induces stomatal closure (Koers et al., 2011). Likewise, the
drought hormone ABA causes stomatal closure, by activating the
S-type anion channels, slow anion channel 1 (SLAC1) and
SLAC1 homolog 3 (SLAH3) (Roelfsema et al., 2012). Because of
these similarities in responses to ABA and MAMPs, we compared
stomatal responses induced by both stimuli and studied the sig-
naling pathways that target the SLAC1 and SLAH3 anion chan-
nels.

Nonhost defense responses occur early after infection and are
triggered by binding of MAMPs to plasma membrane receptor-
like kinases (RLKs) or receptor-like proteins (RLPs) (Boller &
Felix, 2009). One of the best studied RLKs is the FLagellin

Sensing 2 (FLS2) receptor of Arabidopsis thaliana, which can rec-
ognize a 22-amino-acid residue stretch of the flagellin protein
from Pseudomonas syringae (flg22) (Felix et al., 1999; Gomez-
Gomez & Boller, 2000; Sun et al., 2013). Upon binding of flg22,
FLS2 forms a complex with a second RLK, BRI1-associated
kinase 1 (BAK1), or one of its somatic embryogenesis-related
kinase (SERK) homologs (Chinchilla et al., 2007, 2009; Ranf
et al., 2011). The early signaling phase of nonhost resistance is
characterized by a number of responses, occurring within 5 min
after stimulation with MAMPs (Boller & Felix, 2009). In several
cell types, this phase has been associated with a transient depolar-
ization of the plasma membrane (Pelissier et al., 1986; Kuchitsu
et al., 1997; Jeworutzki et al., 2010). Membrane depolarization
in mesophyll cells is associated with a rise in the cytosolic free
Ca2+ concentration (Blume et al., 2000; Lecourieux et al., 2005;
Hedrich, 2012) and activation of NADPH oxidases that produce
reactive oxygen species (ROS) (Nurnberger et al., 1994; Torres
et al., 2002; Hedrich, 2012).

Guard cells respond to various abiotic (Hetherington &
Woodward, 2003) and biotic stress conditions, but the extent to
which these responses are based on the same molecular
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machinery is unknown. Microbial invasions are recognized via
MAMPs such as flg22, whereas drought evokes changes in the
cytosolic concentration of the stress hormone ABA. An overlap of
both signaling pathways can be expected, as the ABA-insensitive
ost1 and ost2 (Open Stomata 1 and 2) mutants were reported to
lack responses to flg22 (Melotto et al., 2006; Liu et al., 2009).
However, the direct role of OST1 in the guard cell response to
flg22 was questioned by a later study (Montillet et al., 2013).
With respect to ABA responses, the function of the OST1 pro-
tein kinase in guard cells is firmly established. OST1 phosphory-
lates and activates the anion channel SLAC1 (Geiger et al., 2009;
Lee et al., 2009; Vahisalu et al., 2010), whereas a second S-type
anion channel, SLAH3, is activated by calcium-dependent pro-
tein kinases (CPKs) in an OST1-dependent manner (Geiger
et al., 2011; Demir et al., 2013). In contrast to the ABA
responses, little is known about targeting of guard cell anion
channels by flg22.

Molecular mechanisms that mediate flg22-induced stomatal
closure and their overlap with the ABA-signaling chain were stud-
ied with a combination of two microcapillary-based techniques.
First, the noninvasive nanoinfusion technique was applied (Han-
stein & Felle, 2004; Koers et al., 2011), in which microcapillaries
are guided through open stomata to stimulate stomata in intact
plants with flg22 and ABA. Second, intracellular double-barreled
microelectrodes were used to monitor the ion channel activity of
single guard cells. These studies showed that flg22 activates the
anion channels SLAC1 and SLAH3 and that these channels are
required for rapid stomatal closure. Based on the results with sev-
eral signaling mutants, we found that MAMP- and ABA-signal-
ing pathways meet at the level of the protein kinase OST1.

Materials and Methods

Plant growth and material

Seeds of Arabidopsis thaliana (L.) Heynh. were sown on sterilized
soil and grown in a climate cabinet with a 12 : 12 h, 22 : 16°C,
day : night cycle and a photon flux density of 150 lmol m�2 s�1.
After 14 d, the seedlings were transferred to cut-off centrifuge
tubes (diameter 27 mm), filled with sterilized soil and grown
under the same conditions as before. The mutants ost1-2 and
abi1-1 (ABA Insensitive 1-1) were in the Landsberg erecta (Ler)
background, whereas cpk3/5/6/11, rbohD/F (Respiratory Burst
Oxidase Homologs-D/F), slac1-3 and slah3-1 were in Columbia 0
(Col-0) and FLS2 was expressed in Wassilewskija (Ws-0) (Zipfel
et al., 2004). The slac1-3 (SALK_099139) and slah3-1 (GK-
371G03) seeds were obtained from the Nottingham Arabidopsis
Stock Centre (http://arabidopsis.info/). The slac1-3/slah3-1 dou-
ble mutant was obtained through standard crossing and genotyp-
ing in the F2 and F3 generation using slac1–3 LP AACTTCTT
CTTCGCTCCTTGG, slac1-3 RP GACCATTTCTTTG
CCTGTTTG, Salk Lba TGGTTCACGTAGTGGGCCATCG,
LB-GK2 CCCATTTGGACGTGAATGTAGACAC, SLAH3
C-terminus-rev GGATAATGGTGGTCACGAGCAG, and
SLAH3 N-terminus-for ACCCCATTTCCACCTTCGG
TATG. The cpk3/5/6/11 quadruple mutant was obtained by

crossing cpk3 (SALK_022862; Mori et al., 2006) and cpk5/6/11
(Boudsocq et al., 2010). The quadruple mutant was genotyped
with the following primers: for the Salk lines, LBb salk
GCGTGGACCGCTTGCTGCAACT with CPK3 LP TCACC
TGCATTAATGGATCAAC and CPK3 RP GTCCACCATG
TTAAACCTGCC, CPK6 LP CTCGCAACTAACGCTTAC
CTG and CPK6 RP TTTTGGGATCTATAATGATCGATG,
CPK11 LP AAATGATGGTGTTTTTATTTATGTAAAG and
CPK11 RP AAACCAATTAGGCGATGAACC; for the sail line,
LBa sail TTCATAACCAATCTCGATACAC and CPK5 LP
TCGTTCCAAATTGACCTTGAC and CPK5 RP GAG
GAAACAGCGGAGAGAGAC.

Reverse transcription polymerase chain reaction (RT-PCR)
analysis

Total RNA was isolated from 10-d-old seedlings of Col-0 and
the cpk3/5/6/11 mutant using the NucleoSpin® RNA II kit
(Macherey-Nagel, D€uren, Germany). cDNA was synthesized
from 1 lg of total RNA using 0.5 lg of oligo(dT) primer and
SSII reverse transcriptase (Life Technologies, Carlsbad, CA,
USA). RT-PCR analysis was carried out with the following prim-
ers: CPK3-for GACACAGCAAGTCCAAATC and CPK3-rev
AACTGGAATGCGGTGTAC; CPK5-for GACGAAGGCG
ATAACAATAA and CPK5-rev CCGCTCTAGTTTGTTGA
GAT; CPK6-for AAATCCACCACCACTACTGT and CPK6-
rev ACTGAAATGCAGAGACAAGAT; and CPK11-for GA
GACGAAGCCAAACCCTA and CPK11-rev GCTGTAAA
CTCCGAGAAATC. CPK4 was used as a control and amplified
with primers CPK4-for TCCATACGAAACACCAAGA and
CPK4-rev GTTCCTCATAGTTCTGCTCC.

Nanoinfusion experiments

Plants aged 5–6 wk old were mounted into a holder on the
microscope table of an upright microscope (Axioskop 2FS, Zeiss,
Jena, Germany). The plants were tilted and a fully grown leaf
was attached with its adaxial side to an acrylic glass block, using
double-sided adhesive tape. Stomata on the abaxial side of the
epidermis were visualized with a water immersion objective (Ach-
roplan 940/0.8 W, Zeiss) and a drop of bath solution A (5 mM
KCl, 0.1 mM CaCl2 and 5 mM K/citrate pH 5) was placed
between the objective and the leaf surface. Images were captured
with a camera (IMAG-K4, Walz, Effeltrich, Germany) at an
interval of 0.5 s using Kappa Cameras software (Kappa Camera
Control, Kappa, Gleichen, Germany).

Nanoinfusion (Hanstein & Felle, 2004; Koers et al., 2011)
was carried out with borosilicate glass capillaries (inner/outer
diameter = 0.56/1.0 mm; Hilgenberg, Malsfeld, Germany),
pulled on a horizontal laser puller (P2000, Sutter Instrument,
Novato, CA, USA). The tip was broken to obtain an opening of
c. 1 lm. The microcapillaries were backfilled, either with control
solution containing 10 mM K/Mes (2-(N-morpholino) ethane-
sulfonic acid), pH 6, 1 mg ml�1 BSA and 29 10�3% v/v
dimethyl sulfoxide, or with the same solution including 10 lM
ABA or 20 nM flg22. The capillaries were manipulated into an
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open stoma with a micromanipulator (MHW-3, Narishige,
Tokyo, Japan). Before nanoinfusion, stomata were monitored for
at least 10 min, to exclude stomatal closure induced by mechani-
cal stimulation. Solutions were injected into the apoplast by
applying a back-pressure of 140 kPa for 0.1–2.5 s, using a pneu-
matic drug injector (PEDS-02; NPI Electronic, Tamm, Ger-
many). Successful nanoinfusion was evident from changes in the
transparency of cells in the epidermis.

Microelectrode measurements

Guard cells were impaled with double-barreled microelectrodes
in intact plants as well as epidermal peels. Leaves of intact plants
were fixed on the microscope table as described earlier for the
nanoinfusion procedure. Epidermal peels were gently peeled
from the abaxial side of Arabidopsis leaves with tweezers and
attached to microscope slides with medical adhesive (Medical
Adhesive B, Aromando, D€usseldorf, Germany). Directly after
isolation of the epidermis, the microscope slides were transferred
to Petri dishes with bath solution B (50 mM KCl, 0.05 mM
CaCl2, and 1 mM K/bis-TRIS propane (BTP), pH 6.0). Stoma-
tal opening was induced with white light at a photon flux density
of 150 lmol m�2 s�1. Before measurement, the microscope slides
were mounted into measuring chambers that were filled with
bath solution C (50 mM KCl, 1 mM CaCl2 and 1 mM BTP, pH
6.0). Mesophyll tissue was obtained by cutting a rosette leaf along
its central vein. After attaching the adaxial side of the leaf tissue
to double-sided adhesive tape, the abaxial epidermis was gently
removed with tweezers, thereby gaining access to the spongy
mesophyll. The tissue was rapidly transferred to bath solution D
(5 mM KCl, 1 mM CaCl2, and 10 mM Mes/BTP, pH 6.0)
and allowed to recover from the isolation procedure for at least
12 h.

Mesophyll cells and guard cells were impaled with single- and
double-barreled microelectrodes, respectively. All electrodes were
pulled from the same glass capillaries as used for nanoinfusion.
For producing double-barreled electrodes, two capillaries were
aligned, heated, and twisted by 360° and pre-pulled on a custom-
ized vertical electrode puller (L/M-3PA, HEKA, Lambrecht,
Germany). Sharp tips of single- and double-barreled electrodes
were made on a horizontal laser puller (P2000, Sutter), the elec-
trodes were backfilled with 300 mM KCl or 300 mM CsCl and
had resistances ranging from 60 to 100MΩ for single barreled
electrodes and 160 to 240MΩ for double barreled electrodes.
The electrodes were connected with Ag/AgCl half-cells to head
stages (HS-2A9 0.01; Axon Instruments, Molecular Devices,
Sunnyvale, CA, USA) of two-electrode voltage clamp amplifiers
(Axoclamp 2B or Geneclamp 500; Axon Instruments). The refer-
ence electrode consisted of a glass capillary filled with 300 mM
KCl and plugged with 2% w/v agarose in 300 mM KCl, con-
nected to ground by an Ag/AgCl half-cell. Pulse protocols were
applied with patch clamp software (Pulse, HEKA) and data were
sampled at 1 or 0.1 kHz and filtered with a low-pass Bessel filter
at 200 or 20 Hz. Microelectrodes were impaled into the cells of
interest, with a lightweight piezo-driven micromanipulator
(MM3A; Kleindiek, Reutlingen, Germany).

Amperometric hydrogen peroxide (H2O2) detection

The production of H2O2 by mesophyll cells was monitored based
on the method described previously by Amatore et al. (2006).
Measurements were carried out with a platinum-iridium elec-
trode (MicroProbes, Gaithersburg, MD, USA), which was cut
back to a disc of c. 100 lm in diameter. The platinum-iridium
disc was gently placed in close proximity to mesophyll cells
(MHW-3, Narishige) and held to a constant voltage of 600 mV
with an amperometry amplifier (VA 10X, NPI Electronic). Oxi-
dation of H2O2 at the tip of a platinum-iridium microelectrode
resulted in a current signal, which was low-pass-filtered at 20 Hz
and recorded with patch master software (Patch Master, HEKA).
The electrode was calibrated in freshly prepared bath solutions
with defined H2O2 concentrations (Supporting Information Fig.
S1a,b). Flg22-induced currents at the electrode were interpreted
as H2O2 production, based on the observation that the addition
of 6050 Uml�1 catalase prevented the stimulus-induced current
signal and no flg22-induced signals were observed with the
AtrbohD mutant (Fig. S1c).

Results

Pathogen-derived flg22 induces rapid stomatal closure

Stomatal responses to flg22 were studied with the nanoinfusion
technique (Hanstein & Felle, 2004; Koers et al., 2011), in which
a microcapillary (opening c. 1 lm) is positioned through an open
stoma in its substomatal cavity (Fig. 1a). A solution can be
infused into the intracellular spaces of the leaf by pressure injec-
tion. The onset of nanoinfusion was evident by a change in opti-
cal properties of the leaf surface, causing epidermal cells and
guard cells to appear more transparent with better visibility
(Fig. 1b). Stomata within these leaf patches were monitored for
agonist-induced, time-dependent changes in aperture.

The FLS2 receptor has a high affinity for flg22 and saturates at
concentrations as low as 10 nM (Felix et al., 1999; Jeworutzki
et al., 2010). We therefore used a concentration of 20 nM flg22,
to fully stimulate FLS2 receptors, while preventing unspecific
peptide responses. In wild-type leaves, nanoinfusion of flg22 trig-
gered fast stomatal closure after a lag time of 17 min (SE = 1,
n = 13) (Fig. 1b,c; Movie S1). As a reference, stomata were also
stimulated with the stress hormone ABA, which is fully active at
a concentration of 10 lM (Roelfsema & Prins, 1995; Roelfsema
et al., 2006). Nanoinfusion of ABA triggered a very similar
response to that of flg22, but the lag time was much shorter
(7 min, SE = 1, n = 13) (Fig. 1b,c). Even though the flg22- and
ABA-induced responses differed in lag time, stomatal closure
occurred with the same maximal velocity: 0.24 lmmin�1

(SE = 0.04, n = 13) and 0.26 lmmin�1 (SE = 0.02, n = 13) for
flg22 and ABA, respectively.

Flg22 inhibits K+ uptake channels and activates S-type
anion channels

Stomatal closure in general, and ABA-induced closure in particu-
lar, is provoked by the extrusion of K+ salts from guard cells
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(Roelfsema & Hedrich, 2005). The impact of flg22 on ion trans-
port was therefore tested by impaling guard cells in intact leaves
with double-barreled microelectrodes. Guard cells were first stim-
ulated by nanoinfusion of 20 nM flg22 through an open stoma,
followed by impalement of a guard cell in a neighboring stoma
(Fig. 2a). In experiments with KCl-filled electrodes, plasma
membrane K+ efflux channels gave rise to slowly emerging
outward currents at positive voltages, whereas the activity of K+

uptake channels facilitates slowly activating inward currents at
most negative voltages (Fig. 2b,c) (Roelfsema & Hedrich, 2005;
Kollist et al., 2014). Stimulation with flg22 weakly inhibited

these K+ uptake channels, whereas the activity of K+ efflux chan-
nels was unaffected. These results are in line with a previous study
carried out with the patch clamp technique (Zhang et al., 2008).

Nanoinfusion of flg22 also caused an increase of the inward
current at potentials ranging from �140 to �60 mV (Fig. 2c). In
this voltage range, K+-selective uptake and efflux channels are not
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Fig. 1 Nanoinfusion of flg22 and ABA triggers rapid stomatal closure in
intact Arabidopsis leaves. (a) Illustration of the nanoinfusion technique
used to induce flg22- and ABA-dependent stomatal closure. A
microcapillary was moved into the substomatal cavity of an open stoma
and used to infuse solutions into the intercellular space. Movement of
neighboring stomata was monitored on an upright microscope. (b) Images
of a stoma in the abaxial epidermis of an Arabidopsis leaf stimulated by
nanoinfusion of 20 nM flg22. Images were obtained just before (left
panel), directly after (middle panel), and 35min after stimulation with
flg22 (right panel). Note that the leaf becomes transparent because of
solution infused into the intercellular space. (c) Time-dependent changes
in average stomatal aperture before and after stimulation with control
solution (closed circles, n = 8), 10 lMABA (open circles, n = 13), or 20 nM
flg22 (open triangles, n = 13); the arrow indicates the time point of
nanoinfusion. Data are presented as average values of 8 to 13 stomata of
at least three independent experiments, and error bars represent� SE.
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Fig. 2 Nanoinfusion of flg22 stimulates S-type anion channels in guard
cells. (a) Illustration of the nanoinfusion technique, combined with the
voltage-clamp technique, using intracellular double-barreled
microelectrodes in a guard cell of a neighboring stoma. (b) Guard cells of
Arabidopsis thaliana acc. Landsberg erecta in intact plants were impaled
with double-barreled microelectrodes, filled with 300mM KCl, and
clamped at a holding potential of �100mV. A bipolar step protocol (upper
panel) was used to obtain current traces within 30min after nanoinfusion
of control solution (left lower panel) or 20 nM flg22 (right lower panel). (c)
Current–voltage plots of guard cells clamped from a holding potential of
�100mV to test pulses ranging from �200 to 20mV, as shown in (b).
Data are presented as average values of eight guard cells, and error bars
represent� SE. (d) K+ efflux channels were blocked by filling electrodes
with 300mM CsCl and clamping guard cells to a holding potential of
0 mV. A bipolar step protocol (lower panel) was used to obtain current
traces within 30min after nanoinfusion of control solution (left upper
panel) or 20 nM flg22 (right upper panel). (e) Current–voltage
relationships for guard cells clamped from a holding potential of 0 mV to
test pulses ranging from 60 to �140mV, as shown in (d). Data are
presented as average values of 10 guard cells, and error bars
represent� SE.
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active (Roelfsema & Prins, 1997) and the inward currents are
therefore most likely to be carried by plasma membrane anion
channels. To test this hypothesis, the activity of anion channels
was measured with microelectrodes filled with Cs+, thereby
inhibiting K+ efflux channels. The guard cell plasma membrane
was clamped from a holding potential of 0 mV, with block pulses
ranging from 60 to �140 (Fig. 2d). Under these conditions, the
plasma membrane conductance was dominated by S-type anion
channels, which slowly deactivate and conduct inward currents at
the most negative test potentials (Linder & Raschke, 1992; Vahi-
salu et al., 2008; Geiger et al., 2009). Nanoinfusion of 20 nM
flg22 stimulated the activity of these S-type anion channels in
guard cells (Fig. 2d,e).

Flg22 stimulates the S-type anion channels SLAC1 and
SLAH3

Guard cell S-type anion channels are encoded by SLAC1 and
SLAH3 (Negi et al., 2008; Vahisalu et al., 2008; Geiger et al.,
2011) and represent key targets for ABA-induced stomatal clo-
sure (Geiger et al., 2009, 2011; Lee et al., 2009; Roelfsema et al.,
2012). However, the relative contribution of both genes to the S-
type anion channel conductance of guard cells has not yet been
resolved. To evaluate the impact of flg22 signaling on S-type
anion channels in guard cells, we isolated single loss-of-function
mutants for SLAC1 and SLAH3 and generated the double
mutant (Fig. 3). Guard cells in epidermal strips were impaled
with electrodes filled with CsCl to block currents carried by K+

efflux channels. Under these conditions, a high activity of S-type
anion channels was measured when stimulating guard cells with
voltage pulses from a holding potential of 0 mV to test voltages
ranging from 40 to �100 mV (Fig. 3a,b).

Loss of SLAH3 function did not significantly alter the conduc-
tance of the S-type anion channels, but S-type anion currents
were clearly reduced in slac1-3 (Fig. 3a,c). This suggests a major
role for SLAC1, which is in line with its important function in
stomatal closure (Negi et al., 2008; Vahisalu et al., 2008; Roelf-
sema et al., 2012). However, S-type anion currents were only
abolished in the slac1-3/slah3-1 double mutant (Fig. 3a,c), show-
ing that both the SLAC1 and SLAH3 channels contribute to the
anion conductance of Arabidopsis guard cells. The contribution
of both channels is not simply additive, which may be a result of
post-translational regulation of SLAC1 and SLAH3 by protein
kinases (Geiger et al., 2009, 2011; Lee et al., 2009).

Because of the presence of two S-type anion channels in guard
cells, we tested the relative contribution of SLAC1 and SLAH3
to the flg22-induced increase in anion channel conductance.
Guard cells in intact plants of the single slac1-3 and slah3-1
mutants, as well as the double mutant, were impaled after nano-
infusion with 20 nM flg22 or a control solution (Fig. 4a). As in
epidermal strips, slowly deactivating S-type channels were
detected in the slah3-1 and slac1-3 single mutants, but not in the
slac1–3/slah3-1 double mutant (Fig. 4a). Flg22 was able to acti-
vate S-type anion channels in both single mutants, but the slac1-
3/slah3-1 double mutant was insensitive to MAMP stimulation
(Fig. 4b). The stomata of all three S-type channel loss-of-function

mutants were more open in comparison to the Col-0 wild-type
(Fig. 5a). Nanoinfusion of 20 nM flg22 into leaves of slac1-3 and
slah3-1 resulted in stomatal closure, but the stomata did not close
completely (Fig 5a). Loss of both the SLAC1 and SLAH3 chan-
nels resulted in stomata that were completely insensitive to flg22
stimulation (Fig 5a).

The flg22- and ABA-signaling pathways merge at OST1

Flg22 targets the same anion channels in guard cells as previously
shown for ABA (Geiger et al., 2009, 2011; Lee et al., 2009;
Brandt et al., 2012; Scherzer et al., 2012), suggesting that both
stimuli evoke very similar responses. The protein kinase OST1
plays a central role in guard cell ABA signaling (Joshi-Saha et al.,
2011), but its role in flg22 responses is controversially discussed
(Melotto et al., 2006; Montillet et al., 2013). We therefore com-
pared the responses of ost1-2 stomata to ABA and flg22 with the
Ler wild-type in which this mutant was isolated, using the nano-
infusion technique (Mustilli et al., 2002). In intact leaves, ost1-2
stomata did not close in response to ABA (data not shown) or to
flg22 (Fig. 5b). It appears that OST1 is essential for rapid stoma-
tal closure triggered by 10 lM ABA, as well as 20 nM flg22.

OST1 can activate SLAC1 by phosphorylation of its N-termi-
nal domain (Geiger et al., 2009; Vahisalu et al., 2010), but it is
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Fig. 3 Both SLAC1 and SLAH3 contribute to the S-type anion conductance
of guard cells. (a) Guard cells of Arabidopsis thaliana acc. Columbia 0
(Col-0) were impaled with double-barreled electrodes filled with 300mM
CsCl and clamped to a holding potential of 0 mV. Experiments were
carried out with epidermal strips to ensure identical extracellular ion
concentrations for all guard cells. (b) Bipolar step protocol used to obtain
current traces of the wild-type, and the slac1-3, slah3-1, and slac1-3/
slah3-1 loss-of-function mutants as shown in (a). (c) Current–voltage
relationship for guard cells of Col-0 (closed circles), slah3-1 (open
triangles), slac1-3 (closed triangles), and slac1-3/slah3-1 (open circles).
Data are presented as average values of eight to 11 cells, and error bars
represent� SE.
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unable to stimulate SLAH3 (Geiger et al., 2011). By contrast,
both channels can be activated by several CPKs (CPK3, 6, 21
and 23), as well as by CIPK23 (Geiger et al., 2010, 2011; Brandt
et al., 2012; Scherzer et al., 2012; Demir et al., 2013; Maierhofer
et al., 2014). CPKs (CPK4, 5, 6 and 11) are also involved in the
flg22-induced production of ROS by NADPH oxidases (Boud-
socq et al., 2010; Dubiella et al., 2013). Based on current knowl-
edge, a link between CPKs, ROS production, and the flg22-
induced activation of anion channels is to be expected.

Because of the functional redundancy among CPKs, we gener-
ated a quadruple loss-of-function mutant of CPK3, 5, 6 and 11
(Fig. 6a). The ability of this mutant to produce ROS in response
to flg22 was tested with a platinum-iridium disc electrode, which
had a linear dependency on the H2O2 concentration (Fig. S1a,b).
In wild-type mesophyll tissue, the electrode detected an increase
in ROS concentration, equal to 15 lM H2O2, c. 10 min after
flg22 application (Fig. 6b). The ROS signal was likely to be pro-
duced by plasma membrane-bound RBOHD proteins, as no
flg22-dependent ROS production was recorded for the rbohD
mutant (Fig. S1c). Furthermore, this ROS production and the
associated depolarization are specific for flg22, as these responses
are not triggered by the inactive flg22-D2 peptide, which lacks

two amino acids at the C-terminus (Fig. 6c) (Bauer et al., 2001).
In contrast to the Col-0 wild-type, mesophyll cells of the cpk3/5/
6/11 quadruple mutant did not produce ROS in response to
flg22 (Fig. 6b). Nonetheless, the MAMP was capable of inducing
a depolarization of cpk3/5/6/11 mesophyll cells (Fig. 6c), just as
in the wild-type (Jeworutzki et al., 2010). This suggests that
CPK3, 5, 6 and 11 are required for flg22-induced ROS produc-
tion, but not for the flg22-induced depolarization of mesophyll
cells.

The role of the four CPKs in guard cell signaling was tested by
nanoinfusion of flg22. In the cpk3/5/6/11 mutant, 13 out of 16
stomata closed in response to flg22 application (Figs 6d, S2a).
We also tested the double loss-of-function mutant of the
NADPH oxidases AtRBOHD and F, which have been implicated
in ABA and flg22 responses of guard cells (Kwak et al., 2003;
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Fig. 4 Flg22 stimulates the activity of SLAC1, as well as SLAH3. (a) Guard
cells of intact Arabidopsis thaliana acc. Col-0 plants were impaled with
double-barreled electrodes, filled with 300 mM CsCl, and clamped from a
holding potential of 0 mV. Bipolar step protocols (upper panel) were
applied to obtain current traces for the single slah3-1 and slac1-3 loss-of-
function mutants, as well as the slac1–3/slah3–1 double mutant. Data
were obtained within 30min after stimulation by nanoinfusion with flg22.
(b) Current–voltage relationship for guard cells stimulated by nanoinfusion
with control solution (open circles) or 20 nM flg22 (closed circles),
obtained with pulse protocols as shown in (a). Data are presented as
average values of eight cells, and error bars represent� SE.
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Fig. 5 The S-type anion channels SLAC1 and SLAH3, and the protein
kinase OST1 are essential for rapid flg22-induced stomatal closure. (a)
Time-dependent stomatal movement induced by nanoinfusion of 20 nM
flg22 in slac1-3 (closed circles, n = 9), slah3-1 (open circles, n = 16), slac1-
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data from Fig. 1c). Data are given as average values of nine to 16 stomata
from at least four independent experiments, and error bars represent� SE;
arrows indicate the time point of nanoinfusion. (b) Time-dependent
stomatal movement of Arabidopsis thaliana acc. Landsberg erecta (Ler)
stimulated by nanoinfusion of control solution (closed circles, n = 20),
10 lMABA (open circles, n = 20), and 20 nM flg22 (closed triangles,
n = 21), as well as the response of the ost1-2mutant to flg22 (open
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at least four independent experiments, and error bars represent� SE.
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Macho et al., 2012). Nanoinfusion of flg22 caused closure of
nine out of 11 stomata of rbohD/F, while eight out of 12 stomata
were ABA-responsive (Figs 6d, S2b). This shows that neither the

loss of CPK3/5/6/11 nor that of RBOHD/F causes complete loss
of sensitivity to flg22 and ABA.

The guard cell signaling chains, activated by flg22 and ABA,
share OST1 and seem not to differ with respect to downstream
components. However, flg22 and ABA-dependent signaling are
likely to diverge upstream of OST1, suggested by the variation in
response time (Figs 1c, 5b) and the nature of their receptors.
Whereas the ABA receptor complex resides within the cytosol
(Ma et al., 2009; Park et al., 2009), flg22 is recognized in the
extracellular space by the FLS2 receptor (Gomez-Gomez & Bol-
ler, 2000). The FLS2 receptor is not functional in the naturally
occurring Ws-0 accession (Gomez-Gomez et al., 1999) and we
tested the stomata of this accession by nanoinfusion. Stomata of
Ws-0 did not close after nanoinfusion of flg22, but did display
ABA sensitivity (Figs 6d, S2c). Complementation of Ws-0 with a
functional FLS2 receptor (Zipfel et al., 2004) renders stomata
sensitive to flg22 (Figs 6d, S2c). This shows that the FLS2 recep-
tor is essential for the rapid flg22-induced stomatal closure, but
not for ABA responses.

In the ABA signaling pathway, OST1 is inhibited by a class of
type 2C protein phosphatases (Cutler et al., 2010; Raghavendra
et al., 2010), including ABI1. In the abi1-1 mutant (Koornneef
et al., 1984), ABI1 constitutively inhibits OST1 (Gosti et al., 1999;
Yoshida et al., 2006; Vlad et al., 2009) and prevents the ABA-
induced activation of SLAC1 (Geiger et al., 2009; Lee et al., 2009)
and SLAH3 (Geiger et al., 2011). Consequently, the stomatal con-
ductance of abi1 plants is approximately twice as high as in the Ler
wild-type (Merilo et al., 2013) and stomata are approximately twice
as wide open (Fig. 7a). As expected, stomata of abi1-1 did not close
after stimulation with ABA (Fig. 7a). However, despite the ABA
insensitivity, stomata of abi1-1 were still responsive to flg22
(Fig. 7a). This suggests that the guard cell signaling pathways of
flg22 and ABA meet at OST1, downstream of the ABA receptor
complex that includes ABI1 (Cutler et al., 2010) and the flg22
receptor complex with FLS2 (Boller & Felix, 2009).

Discussion

In guard cells of intact Arabidopsis leaves, the bacterial MAMP
flg22 triggers rapid stomatal closure after a lag time of c. 15 min.
This response could be linked to the activation of the two anion
channels, SLAC1 and SLAH3; loss of these S-type anion chan-
nels renders stomata flg22-insensitive. Anion channels release
anions into the guard cell wall, thereby depolarizing the plasma
membrane (Roelfsema et al., 2012; Kollist et al., 2014). Owing
to this depolarization, guard cells also extrude K+ through K+

efflux channels, they lose osmolytes and shrink, and so the stoma-
tal pores close. S-type anion channels thus seem to function as
master switches for MAMP-induced stomatal closure (Roelfsema
et al., 2012).

Activation of S-type anion channels by OST1, CPKs, and
CIPKs

Heterologous expression experiments in Xenopus laevis oocytes
revealed that OST1 activates the SLAC1 anion channel by
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Fig. 6 Calcium-dependent protein kinases 3 (CPK3), 5, 6, and 11 are
essential for the flg22-induced reactive oxygen species (ROS) production
of mesophyll cells, but not for their depolarization or for stomatal closure.
(a) Expression level of CPKs in wild-type Arabidopsis thaliana acc. Col-0
and the cpk3/5/6/11mutant, analyzed by reverse transcription
polymerase chain reaction (RT-PCR). The expression of CPK3, CPK5,
CPK6, and CPK11 is abolished in the quadruple mutant, while that of the
control CPK4 is not affected. (b) Hydrogen peroxide (H2O2) production of
mesophyll tissue measured with a platinum microdisc electrode in Col-0
(open circles) and the cpk3/5/6/11mutant (closed circles) stimulated with
flg22, as well as Col-0 exposed to flg22-D2 (open triangles). Error bars
represent� SE of six experiments. (c) Membrane potential recordings of
mesophyll cells of Col-0 (open circles) and cpk3/5/6/11 (closed circles)
stimulated with flg22, as well as Col-0 exposed to flg22-D2 (open
triangles). Error bars represent� SE of six experiments. (d) Normalized
data of stomatal closure, induced by nanoinfusion of control solution,
10 lMABA, or 20 nM flg22. The stomatal apertures at the start of the
experiments were set to 1 and final apertures, measured after 40min for
ABA responses or 50min for flg22 and control experiments, are shown
relative to the starting values. Data are shown for the cpk3/5/6/11
quadruple mutant, the rboh-D/F double loss-of-function mutant,
Wassilewskija (Ws-0), and Ws-0 transformed with a functional FLS2
receptor. In cpk3/5/6/11, three out of 16 stomata did not respond to
flg22, whereas in rbohD/F, two out of 11 and four out of 12 stomata did
not close in response to flg22 and ABA, respectively. Data are given as
normalized values (aperture before nanoinfusion = 1) of at least eight
experiments. Error bars represent� SE.
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phosphorylation of its N-terminal domain (Geiger et al., 2009;
Lee et al., 2009; Vahisalu et al., 2010). Within this domain, phos-
phorylation of Ser120 is essential for channel activation, but is
not sufficient (Geiger et al., 2009). In the slac1-7 mutant, OST1
can no longer activate SLAC1 as a result of a Ser120Phe muta-
tion (Vahisalu et al., 2010). The slac1-7 mutation causes reduced
stomatal closure in response to several stimuli, including high
atmospheric CO2 concentrations, low relative air humidity, dark-
ness, and ozone (Merilo et al., 2013). This suggests that

phosphorylation of SLAC1 by OST1 is relevant for its activation,
but it is unlikely to be the only mechanism that regulates this S-
type anion channel in guard cells. Most likely, SLAC1 is activated
in guard cells by at least two signaling mechanisms, a ‘shortcut
pathway’ in which OST1 phosphorylates SLAC1, and a second
‘loop pathway’ that involves CPKs (Fig. 7b).

Several lines of evidence point towards an important role for
CPKs in regulating stomatal movement. First, several members
of this protein family, for example, CPK3, 6, 21 and 23, are
capable of activating SLAC1 in the Xenopus oocyte expression
system (Geiger et al., 2010; Brandt et al., 2012; Scherzer et al.,
2012). Moreover, CPK21 is also capable of activating SLAH3,
which cannot be activated by OST1 (Geiger et al., 2011; Demir
et al., 2013). These data indicate that CPKs act in a ‘loop path-
way’ (Fig. 7b) by which ABA or flg22 can also activate S-type
anion channels. The role of CPKs in stomatal closure is sup-
ported by mutants that have lost either CPK6, both CPK3 and 6,
or CPK4 and 11 (Mori et al., 2006; Zhu et al., 2007; Ye et al.,
2013). In the cpk6 loss-of-function mutants, guard cells were less
responsive to a yeast elicitor (YEL), whereas cpk3/6 or cpk4/11
double mutants had impaired responses to ABA.

In contrast to the results with single and double cpk loss-of-
function mutants, nanoinfusion experiments revealed neither the
loss of ABA nor flg22 sensitivity in the cpk3/5/6/11 quadruple
mutant (Fig. 6). These contrasting results may be explained by
the existence of several mechanisms through which OST1 can
activate SLAC1 (Fig. 7b). Whereas OST1 might signal through
distinct CPKs at a given growth phase of plants, direct activation
of SLAC1 by OST1 can occur at different stages. Moreover,
SLAC1 and SLAH3 can also be activated by the CBL-interacting
protein kinase (CIPK) 23, which interacts with the Calcineurin
B-like (CBL) proteins 1 and 9 (Maierhofer et al., 2014) (Fig. 7b).
The conditions under which these alternative pathways down-
stream of OST1 are targeted by flg22 or ABA requires further
studies.

Role of Ca2+ and ROS signals in MAMP-induced stomatal
closure

Elevation of the cytosolic free Ca2+ concentration results in a
rapid activation of S-type anion channels in guard cells (Chen
et al., 2010; Stange et al., 2010). Flg22 may therefore stimulate
SLAC1 and SLAH3 through these cytosolic Ca2+ signals
(Fig. 7b). In line with this mechanism, flg22 was shown to trigger
a transient elevation of the cytosolic free Ca2+ concentration in
various cell types, including guard cells (Lecourieux et al., 2005;
Jeworutzki et al., 2010; Ranf et al., 2011; Thor & Peiter, 2014).
Upon elevation of the cytosolic Ca2+ concentration, specific
CPKs will be activated depending on their Ca2+ affinity, which
was shown to vary considerably between the members of the CPK
protein family (Geiger et al., 2010; Boudsocq et al., 2012). Some
CPKs do not show any regulation by Ca2+, which suggests that
these proteins are regulated via Ca2+-independent mechanisms.

In addition to the activation of anion channels, flg22-stimu-
lated CPKs can also activate plasma membrane RBOH proteins
that produce ROS in the extracellular compartment (Felix et al.,
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Fig. 7 Abscisic acid and flg22 signaling pathways merge at OST1. (a)
Time-dependent stomatal movement of the Arabidopsis thaliana acc.
Landsberg erecta (Ler) abi1-1mutant, stimulated by nanoinfusion of
control solution (closed circles, n = 11), 10 lMABA (open circles, n = 14),
and 20 nM flg22 (closed triangles, n = 13); for comparison, data of the Ler
wild-type stimulated with flg22 (open triangles, n = 21) from Fig. 5(b) are
shown. Data are given as average values of 11–14 stomata from at least
four independent experiments, and error bars represent� SE; arrows
indicate the time point of nanoinfusion. (b) Schematic representation of
the signaling pathway for flg22-induced membrane responses in guard
cells. Flg22 binds to receptor-like kinase FLS2 in the plasma membrane,
which interacts with the BRI1-associated kinase 1 (BAK1) and somatic
embryogenesis-related kinase (SERK) coreceptors. The interaction
between both receptors leads to OST1 activation, either through the
inhibition of PP2Cs or by an alternative mechanism. OST1 can directly
phosphorylate and activate SLAC1, which releases anions into the guard
cell wall. OST1 may activate Ca2+-permeable channels, causing a cytosolic
Ca2+ signal. The cytosolic Ca2+ signal will activate calcium-dependent
protein kinases (CPKs), which can activate SLAC1, as well as SLAH3.
Likewise, Ca2+ can bind to calcineurin B-like (CBL) proteins that interact
with CBL-interacting protein kinases (CIPKs), which in turn can activate
SLAC1 and SLAH3. Alternatively, OST1 could be capable of activating
CPKs or CIPKs through a Ca2+-independent mechanism.
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1999; Ranf et al., 2011; Dubiella et al., 2013). In mesophyll cells
of Arabidopsis, the flg22-induced ROS production depends on a
subset of CPKs, including CPK5, 6 and 11 (Boudsocq et al.,
2010; Dubiella et al., 2013). Consistently, we found that flg22-
triggered ROS production is absent in the cpk3/5/6/11 quadruple
mutant. Recently, the cytosolic Botrytis-induced kinase 1 (BIK1),
which is activated by the FLS2–BAK1 receptor complex, was
reported to activate RBOHD in a Ca2+-independent manner
(Kadota et al., 2014; Li et al., 2014). At this point it is unclear
how the BIK1- and CPK-dependent pathways are intercon-
nected. Despite the absence of ROS signals in mesophyll cells of
cpk3/5/6/11, flg22 still evoked a depolarization, indicating that
anion channel activation in this cell type is independent of ROS
signaling.

In guard cells of Arabidopsis, ABA evokes the production of
ROS by RBOH proteins, which suggests a similar response to
that triggered by flg22 in mesophyll cells (Kwak et al., 2003).
However, the ROS production of guard cells evoked by YEL does
not depend on AtRBOHD and F and thus guard cells seem to
possess an alternative mechanism of producing ROS (Khokon
et al., 2010). Flg22-induced ROS have not yet been measured in
guard cells, and inconsistent results were obtained for stomatal
responses of NADPH oxidase mutants. Whereas nanoinfusion of
flg22 triggered stomatal closure in the AtrbohD/F double mutant
(Fig. 6d), this response was absent in submerged seedlings and
epidermal peels of AtrbohD (Macho et al., 2012; Li et al., 2014).
Likewise, stomatal closure in epidermal strips was found to
depend on AtRBOHD and F (Kwak et al., 2003), whereas sto-
mata of the AtrbohD/F double mutant still responded to nanoin-
fusion of ABA (Fig. 6d). Comparison of these sets of data
suggests that the requirement for NADPH oxidases to close sto-
mata depends on the experimental conditions. Consequently, the
role of ROS signals in the regulation of guard cell anion channels
needs further attention.

Signaling pathway upstream of OST1

In contrast to the similarities in flg22 and ABA signaling down-
stream of OST1, the upstream perception mechanisms are very
different. Whereas the PYR/PYL/RCAR ABA receptors are
located in the cytosol (Ma et al., 2009; Park et al., 2009), flg22 is
perceived by the FLS2 receptor in the plasma membrane
(Figs 6d, 7b). Upon flg22 binding, the FLS2 receptor interacts
with BAK1 and homologous SERKs (Chinchilla et al., 2007,
2009; Roux et al., 2011; Sun et al., 2013). These flg22-stimulated
receptor complexes interact with several receptor-like cytoplasmic
kinases that are likely to forward the MAMP signal to activate
OST1 in guard cells (Fig. 7b) (Lu et al., 2010; Shi et al., 2013;
Ranf et al., 2014).

The cytosolic ABA receptor proteins interact and inhibit type
2C protein phosphatases (PP2C), including ABI1 (Ma et al.,
2009; Park et al., 2009). Owing to the PP2C inhibition, OST1
becomes activated in the presence of ABA and provokes stomatal
closure (Cutler et al., 2010; Raghavendra et al., 2010). The point
mutation in abi1-1, which results in ABI1G180D, prevents its
interaction with ABA receptors (Ma et al., 2009; Park et al.,

2009). This causes ABI1G180D to remain active in the presence of
ABA and thus prevents ABA responses. However, stomata of
abi1-1 still close in response to flg22, which suggests that activa-
tion of OST1 by flg22 is not affected by the inability of ABA
receptors to bind to ABI1. Previously, it was shown that activa-
tion of OST1 by an osmotic shock is also unaffected in abi1-1
seedlings (Vlad et al., 2010). This suggests that OST1 can be acti-
vated by mechanisms that do not depend on ABI1 interaction
with the ABA receptors.

OST1, a central hub in guard cell signaling

The OST1 protein kinase seems to be a key regulator for trigger-
ing stomatal closure (Mustilli et al., 2002; Roelfsema et al., 2012).
Its role has been studied most intensively with respect to ABA
responses, but OST1 is also required for stomatal closure in
response to other stimuli, such as CO2 and ozone (Xue et al.,
2011; Merilo et al., 2013). Here we show that OST1 is essential
for flg22-dependent stomatal closure, as was previously reported
by Melotto et al. (2006). By contrast, Montillet et al. (2013)
found that stomata of ost1-2 close in response to flg22. The differ-
ence in results between these studies is probably caused by differ-
ences in the experimental conditions. In this study, we stimulated
stomata by nanoinfusion of a solution with 20 nM flg22 into
intact leaves, whereas Montillet et al. (2013) and Melotto et al.
(2006) applied 10 lM flg22 to stomata in isolated epidermal
peels. In addition to the higher MAMP concentration, Montillet
et al. (2013) also grew plants at a light: dark cycle of 18 : 6 h,
while our study and that of Melotto et al. (2006) used a light: dark
cycle of 12 : 12 h. Our study showed that stomatal closure trig-
gered by 20 nM flg22 depends on OST1. It is likely that such low
MAMP concentrations are more relevant for innate immunity
and will thus trigger stomatal closure during bacterial infections.

It is likely that the mechanism causing MAMP-dependent acti-
vation of S-type channels is conserved in seed plants, because in a
study with tobacco Bright Yellow-2 (BY-2) cells expressing the
Arabidopsis SLAC1 channel, Cl� extrusion was triggered by the
tobacco-specific MAMP cryptogein (Kurusu et al., 2013). This
suggests that the tobacco defense signaling pathway in BY-2 cells
is capable of activating the Arabidopsis SLAC1 anion channel.
Even though the activation of anion channels is common in plant
cell immunity, the signaling pathways leading to this response are
likely to vary between cell types. Whereas OST1 is highly
expressed in guard cells and plays a key role in stomatal closure,
ABA responses in other cell types are dependent on two addi-
tional OST1-homologous protein kinases, SnF1 Related
Kinase2.2/2D (SnRK2.2/2D) and SnRK2.3/2I (Fujii & Zhu,
2009; Fujita et al., 2009).

Insights into cell type-specific differences and commonalities
in early pathogen defense responses could help to improve plant
pathogen resistance. In this respect, the OST1 protein kinase is
an interesting target for plant breeding, as it integrates signals
related to abiotic conditions, such as humidity and the intracellu-
lar CO2 concentration, and biotic signals, such as the presence of
MAMPs. Thus, modifying this hub can potentially improve both
drought and pathogen tolerance. Therefore a better
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understanding of OST1 functions will not only lead to insights
into the mechanisms that control transpiration, but could also
lead to new strategies to improve crop yield.

Acknowledgements

This work was supported by grants from the Deutsche Fors-
chungsgemeinschaft (DFG) to M.R.G.R. (GK 1342), the Deut-
scher Akademischer Austauschdienst (DAAD) to A.G.D., The
Mersin University, Scientific Research Project Unit (BAP), to
S.U., and the European Social Fund (Mobilitas Top Researchers
grant MTT9) to M. Brosch�e. The research leading to these
results has received funding from the European Research Council
under the European Union’s Seventh Framework Programme
(FP/20010-2015)/ERC Grant Agreement number 250194-Car-
nivorom.

References

Amatore C, Arbault S, Bouton C, Coffi K, Drapier JC, Ghandour H, Tong YH.

2006.Monitoring in real time with a microelectrode the release of reactive

oxygen and nitrogen species by a single macrophage stimulated by its

membrane mechanical depolarization. ChemBioChem 7: 653–661.
Bauer Z, Gomez-Gomez L, Boller T, Felix G. 2001. Sensitivity of different

ecotypes and mutants of Arabidopsis thaliana toward the bacterial elicitor
flagellin correlates with the presence of receptor-binding sites. Journal of
Biological Chemistry 276: 45669–45676.

Blume B, Nurnberger T, Nass N, Scheel D. 2000. Receptor-mediated increase in

cytoplasmic free calcium required for activation of pathogen defense in parsley.

Plant Cell 12: 1425–1440.
Boller T, Felix G. 2009. A renaissance of elicitors: perception of microbe-

associated molecular patterns and danger signals by pattern-recognition

receptors. Annual Review of Plant Biology 60: 379–406.
Boudsocq M, Droillard MJ, Regad L, Lauriere C. 2012. Characterization of

Arabidopsis calcium-dependent protein kinases: activated or not by calcium?

Biochemical Journal 447: 291–299.
Boudsocq M, Willmann MR, McCormack M, Lee H, Shan LB, He P, Bush J,

Cheng SH, Sheen J. 2010. Differential innate immune signalling via Ca2+

sensor protein kinases. Nature 464: 418–422.
Brandt B, Brodsky DE, Xue S, Negi J, Iba K, Kangasjarvi J, Ghassemian M,

Stephan AB, Hu HH, Schroeder JI. 2012. Reconstitution of abscisic acid

activation of SLAC1 anion channel by CPK6 and OST1 kinases and branched

ABI1 PP2C phosphatase action. Proceedings of the National Academy of Sciences,
USA 109: 10593–10598.

Chen ZH, Hills A, Lim CK, Blatt MR. 2010. Dynamic regulation of guard cell

anion channels by cytosolic free Ca2+ concentration and protein

phosphorylation. Plant Journal 61: 816–825.
Chinchilla D, Shan L, He P, de Vries S, Kemmerling B. 2009.One for all: the

receptor-associated kinase BAK1. Trends in Plant Science 14: 535–541.
Chinchilla D, Zipfel C, Robatzek S, Kemmerling B, Nurnberger T, Jones JDG,

Felix G, Boller T. 2007. A flagellin-induced complex of the receptor FLS2 and

BAK1 initiates plant defence. Nature 448: 497–500.
Cutler SR, Rodriguez PL, Finkelstein RR, Abrams SR. 2010. Abscisic acid:

emergence of a core signaling network. Annual Review of Plant Biology 61: 651–
679.

Demir F, Horntrich C, Blachutzik JO, Scherzer S, Reinders Y, Kierszniowska S,

Schulze WX, Harms GS, Hedrich R, Geiger D et al. 2013. Arabidopsis
nanodomain-delimited ABA signaling pathway regulates the anion channel

SLAH3. Proceedings of the National Academy of Sciences, USA 110: 8296–8301.
Dubiella U, Seybold H, Durian G, Komander E, Lassig R, Witte C-P, Schulze

WX, Romeis T. 2013. Calcium-dependent protein kinase/NADPH oxidase

activation circuit is required for rapid defense signal propagation. Proceedings of
the National Academy of Sciences, USA 110: 8744–8749.

Felix G, Duran JD, Volko S, Boller T. 1999. Plants have a sensitive perception

system for the most conserved domain of bacterial flagellin. Plant Journal 18:
265–276.

Fujii H, Zhu JK. 2009. Arabidopsis mutant deficient in 3 abscisic acid-activated

protein kinases reveals critical roles in growth, reproduction, and stress.

Proceedings of the National Academy of Sciences, USA 106: 8380–8385.
Fujita Y, Nakashima K, Yoshida T, Katagiri T, Kidokoro S, Kanamori N,

Umezawa T, Fujita M, Maruyama K, Ishiyama K et al. 2009. Three SnRK2
protein kinases are the main positive regulators of abscisic acid signaling in

response to water stress in Arabidopsis. Plant and Cell Physiology 50: 2123–
2132.

Geiger D, Maierhofer T, Al-Rasheid KAS, Scherzer S, Mumm P, Liese A, Ache

P, Wellmann C, Marten I, Grill E et al. 2011. Stomatal closure by fast abscisic

acid signaling is mediated by the guard cell anion channel SLAH3 and the

receptor RCAR1. Science Signaling 4: ra32.
Geiger D, Scherzer S, Mumm P, Marten I, Ache P, Matschi S, Liese A,

Wellmann C, Al-Rasheid KAS, Grill E et al. 2010. Guard cell anion channel

SLAC1 is regulated by CDPK protein kinases with distinct Ca2+ affinities.

Proceedings of the National Academy of Sciences, USA 107: 8023–8028.
Geiger D, Scherzer S, Mumm P, Stange A, Marten I, Bauer H, Ache P, Matschi

S, Liese A, Al-Rasheid KAS et al. 2009. Activity of guard cell anion channel

SLAC1 is controlled by drought-stress signaling kinase-phosphatase pair.

Proceedings of the National Academy of Sciences, USA 106: 21425–21430.
Gomez-Gomez L, Boller T. 2000. FLS2: an LRR receptor-like kinase involved in

the perception of the bacterial elicitor flagellin in Arabidopsis.Molecular Cell 5:
1003–1011.

Gomez-Gomez L, Felix G, Boller T. 1999. A single locus determines sensitivity

to bacterial flagellin in Arabidopsis thaliana. Plant Journal 18: 277–284.
Gosti F, Beaudoin N, Serizet C, Webb AAR, Vartanian N, Giraudat J. 1999.

ABI1 protein phosphatase 2C is a negative regulator of abscisic acid signaling.

Plant Cell 11: 1897–1909.
Hanstein SM, Felle HH. 2004. Nanoinfusion: an integrating tool to study

elicitor perception and signal transduction in intact leaves. New Phytologist 161:
595–606.

Hedrich R. 2012. Ion channels in plants. Physiological Reviews 92: 1777–1811.
Hetherington AM, Woodward FI. 2003. The role of stomata in sensing and

driving environmental change. Nature 424: 901–908.
Jeworutzki E, Roelfsema MRG, Anschutz U, Krol E, Elzenga JTM, Felix G,

Boller T, Hedrich R, Becker D. 2010. Early signaling through the Arabidopsis
pattern recognition receptors FLS2 and EFR involves Ca2+-associated opening

of plasma membrane anion channels. Plant Journal 62: 367–378.
Joshi-Saha A, Valon C, Leung J. 2011. Abscisic acid signal off the STARTing

block.Molecular Plant 4: 562–580.
Kadota Y, Sklenar J, Derbyshire P, Stransfeld L, Asai S, Ntoukakis V, Jones

JDG, Shirasu K, Menke F, Jones A et al. 2014. Direct regulation of the

NADPH Oxidase RBOHD by the PRR-Associated Kinase BIK1 during plant

immunity.Molecular Cell 54: 43–55.
Khokon MAR, Hossain MA, Munemasa S, Uraji M, Nakamura Y, Mori IC,

Murata Y. 2010. Yeast Elicitor-induced stomatal closure and peroxidase-

mediated ROS production in Arabidopsis. Plant and Cell Physiology 51: 1915–
1921.

Koers S, Guzel-Deger A, Marten I, Roelfsema MRG. 2011. Barley mildew and

its elicitor chitosan promote closed stomata by stimulating guard-cell S-type

anion channels. Plant Journal 68: 670–680.
Kollist H, Nuhkat M, Roelfsema MRG. 2014. Closing gaps: linking elements

that control stomatal movement. New Phytologist 203: 44–62.
Koornneef M, Reuling G, Karssen CM. 1984. The isolation and characterization

of abscisic-acid insensitive mutants of Arabidopsis thaliana. Physiologia
Plantarum 61: 377–383.

Kuchitsu K, Yazaki Y, Sakano K, Shibuya N. 1997. Transient cytoplasmic pH

change and ion fluxes through the plasma membrane in suspension-cultured

rice cells triggered by N-acetylchitooligosaccharide elicitor. Plant and Cell
Physiology 38: 1012–1018.

Kurusu T, Saito K, Horikoshi S, Hanamata S, Negi J, Yagi C, Kitahata N, Iba

K, Kuchitsu K. 2013. An S-Type anion channel SLAC1 is involved in

cryptogein-induced ion fluxes and modulates hypersensitive responses in

tobacco BY-2 cells. PLoS ONE 8: e70623.

� 2015 The Authors

New Phytologist� 2015 New Phytologist Trust
New Phytologist (2015) 208: 162–173

www.newphytologist.com

New
Phytologist Research 171



Kwak JM, Mori IC, Pei ZM, Leonhardt N, Torres MA, Dangl JL, Bloom RE,

Bodde S, Jones JDG, Schroeder JI. 2003. NADPH oxidase AtrbohD and

AtrbohF genes function in ROS-dependent ABA signaling in Arabidopsis.
EMBO Journal 22: 2623–2633.

Lecourieux D, Lamotte O, Bourque S, Wendehenne D, Mazars C, Ranjeva R,

Pugin A. 2005. Proteinaceous and oligosaccharidic elicitors induce different

calcium signatures in the nucleus of tobacco cells. Cell Calcium 38: 527–538.
Lee SC, Lan WZ, Buchanan BB, Luan S. 2009. A protein kinase-phosphatase

pair interacts with an ion channel to regulate ABA signaling in plant guard

cells. Proceedings of the National Academy of Sciences, USA 106: 21419–21424.
Li L, Li M, Yu LP, Zhou ZY, Liang XX, Liu ZX, Cai GH, Gao LY, Zhang XJ,

Wang YC et al. 2014. The FLS2-associated kinase BIK1 directly
phosphorylates the NADPH Oxidase RbohD to control plant immunity. Cell
Host & Microbe 15: 329–338.

Linder B, Raschke K. 1992. A slow anion channel in guard-cells, activating at

large hyperpolarization, may be principal for stomatal closing. FEBS Letters
313: 27–30.

Liu J, Elmore JM, Fuglsang AT, Palmgren MG, Staskawicz BJ, Coaker G. 2009.

RIN4 functions with plasma membrane H+-ATPases to regulate stomatal

apertures during pathogen attack. PLoS Biology 7: e1000139.
Lu DP, Wu SJ, Gao XQ, Zhang YL, Shan LB, He P. 2010. A receptor-like

cytoplasmic kinase, BIK1, associates with a flagellin receptor complex to initiate

plant innate immunity. Proceedings of the National Academy of Sciences, USA
107: 496–501.

Ma Y, Szostkiewicz I, Korte A, Moes D, Yang Y, Christmann A, Grill E. 2009.

Regulators of PP2C phosphatase activity aunction as abscisic acid sensors.

Science 324: 1064–1068.
Macho AP, Boutrot F, Rathjen JP, Zipfel C. 2012. ASPARTATE OXIDASE

plays an important role in Arabidopsis stomatal immunity. Plant Physiology 159:
1845–1856.

Maierhofer T, Diekmann M, Offenborn JN, Lind C, Bauer H, Hashimoto K,

Al-Rasheid KAS, Luan S, Kudla J, Geiger D et al. 2014. Site- and kinase-

specific phosphorylation-mediated activation of SLAC1, a guard cell anion

channel stimulated by abscisic acid. Science Signaling 7: ra86.
Melotto M, Underwood W, He SY. 2008. Role of stomata in plant innate

immunity and foliar bacterial diseases. Annual Review of Phytopathology 46:
101–122.

Melotto M, Underwood W, Koczan J, Nomura K, He SY. 2006. Plant stomata

function in innate immunity against bacterial invasion. Cell 126: 969–980.
Merilo E, Laanemets K, Hu H, Xue S, Jakobsen L, Tulva I, Gonzales-Guzman

M, Rodriguez PL, Schroeder JI, Brosche M et al. 2013. PYR/RCAR receptors

contribute to ozone-, reduced air humidity-, darkness- and CO2-induced

stomatal regulation. Plant Physiology 162: 1652–1668.
Montillet J, Leonhardt N, Mondy S, Tranchimand S, Rumeau D, Boudsocq M,

Garcia AN, Douki T, Bigeard J, Lauri�ere C et al. 2013. An abscisic acid-

independent oxylipin pathway controls stomatal closure and immune defense

in Arabidopsis. Plos Biology 11: e1001513.
Mori IC, Murata Y, Yang YZ, Munemasa S, Wang YF, Andreoli S, Tiriac H,

Alonso JM, Harper JF, Ecker JR et al. 2006. CDPKs CPK6 and CPK3

function in ABA regulation of guard cell S-type anion- and Ca2+-permeable

channels and stomatal closure. PLoS Biology 4: 1749–1762.
Mustilli AC, Merlot S, Vavasseur A, Fenzi F, Giraudat J. 2002. Arabidopsis

OST1 protein kinase mediates the regulation of stomatal aperture by abscisic

acid and acts upstream of reactive oxygen species production. Plant Cell 14:
3089–3099.

Negi J, Matsuda O, Nagasawa T, Oba Y, Takahashi H, Kawai-Yamada M,

Uchimiya H, Hashimoto M, Iba K. 2008. CO2 regulator SLAC1 and its

homologues are essential for anion homeostasis in plant cells. Nature 452: 483–
486.

Nurnberger T, Nennstiel D, Jabs T, Sacks WR, Hahlbrock K, Scheel D. 1994.

High-affinity binding of a fungal oligopeptide elicitor to parsley plasma-

membranes triggers multiple defense responses. Cell 78: 449–460.
Park SY, Fung P, Nishimura N, Jensen DR, Fujii H, Zhao Y, Lumba S,

Santiago J, Rodrigues A, Chow TFF et al. 2009. Abscisic acid inhibits type 2C

protein phosphatases via the PYR/PYL family of START proteins. Science 324:
1068–1071.

Pelissier B, Thibaud JB, Grignon C, Esquerretugaye MT. 1986. Cell-surfaces in

plant-microorganism interactions. 7. Elicitor preparations from 2 fungal

pathogens depolarize plant membranes. Plant Science 46: 103–109.
Raghavendra AS, Gonugunta VK, Christmann A, Grill E. 2010. ABA

perception and signalling. Trends in Plant Science 15: 395–401.
Ranf S, Eschen-Lippold L, Frhlich K, Westphal L, Scheel D, Lee J. 2014.

Microbe-associated molecular pattern-induced calcium signaling requires the

receptor-like cytoplasmic kinases, PBL1 and BIK1. BMC Plant Biology 14: 374.
Ranf S, Eschen-Lippold L, Pecher P, Lee J, Scheel D. 2011. Interplay between

calcium signalling and early signalling elements during defence responses to

microbe- or damage-associated molecular patterns. Plant Journal 68: 100–113.
Roelfsema MRG, Hedrich R. 2005. In the light of stomatal opening: new

insights into ‘the Watergate’. New Phytologist 167: 665–691.
Roelfsema MRG, Hedrich R, Geiger D. 2012. Anion channels: master switches

of stress responses. Trends in Plant Science 17: 221–229.
Roelfsema MRG, Konrad KR, Marten H, Psaras GK, Hartung W, Hedrich R.

2006. Guard cells in albino leaf patches do not respond to photosynthetically

active radiation, but are sensitive to blue light, CO2 and abscisic acid. Plant,
Cell & Environment 29: 1595–1605.

Roelfsema MRG, Prins HBA. 1995. Effect of abscisic acid on stomatal opening

in isolated epidermal strips of abi mutants of Arabidopsis thaliana. Physiologia
Plantarum 95: 373–378.

Roelfsema MRG, Prins HBA. 1997. Ion channels in guard cells of Arabidopsis
thaliana (L.) Heynh. Planta 202: 18–27.

Roux M, Schwessinger B, Albrecht C, Chinchilla D, Jones A, Holton N,

Malinovsky FG, Tor M, de Vries S, Zipfel C. 2011. The Arabidopsis leucine-
rich repeat receptor-like kinases BAK1/SERK3 and BKK1/SERK4 are required

for innate immunity to hemibiotrophic and biotrophic pathogens. Plant Cell
23: 2440–2455.

Scherzer S, Maierhofer T, Al-Rasheid KAS, Geiger D, Hedrich R. 2012.

Multiple calcium-dependent kinases modulate ABA-activated guard cell anion

channels.Molecular Plant 5: 1409–1412.
Schulze-Lefert P, Robatzek S. 2006. Plant pathogens trick guard cells into

opening the gates. Cell 126: 831–834.
Shi H, Shen QJ, Qi YP, Yan HJ, Nie HZ, Chen YF, Zhao T, Katagiri F, Tang

DZ. 2013. BR-SIGNALING KINASE1 physically associates with

FLAGELLIN SENSING2 and regulates plant innate immunity in Arabidopsis.
Plant Cell 25: 1143–1157.

Stange A, Hedrich R, Roelfsema MRG. 2010. Ca2+-dependent activation of

guard cell anion channels, triggered by hyperpolarization, is promoted by

prolonged depolarization. Plant Journal 62: 265–276.
Sun YD, Li L, Macho AP, Han ZF, Hu ZH, Zipfel C, Zhou JM, Chai JJ. 2013.

Structural basis for flg22-induced activation of the Arabidopsis FLS2–BAK1
immune complex. Science 342: 624–628.

Thor K, Peiter E. 2014. Cytosolic calcium signals elicited by the pathogen-

associated molecular pattern flg22 in stomatal guard cells are of an oscillatory

nature. New Phytologist 204: 873–881.
Torres MA, Dangl JL, Jones JDG. 2002. Arabidopsis gp91phox homologues

AtrbohD and AtrbohF are required for accumulation of reactive oxygen

intermediates in the plant defense response. Proceedings of the National Academy
of Sciences, USA 99: 517–522.

Vahisalu T, Kollist H, Wang YF, Nishimura N, Chan WY, Valerio G,

Lamminmaki A, Brosche M, Moldau H, Desikan R et al. 2008. SLAC1 is
required for plant guard cell S-type anion channel function in stomatal

signalling. Nature 452: 487–491.
Vahisalu T, Puzorjova I, Brosche M, Valk E, Lepiku M, Moldau H, Pechter P,

Wang YS, Lindgren O, Salojarvi J et al. 2010.Ozone-triggered rapid stomatal

response involves the production of reactive oxygen species, and is controlled

by SLAC1 and OST1. Plant Journal 62: 442–453.
Vlad F, Droillard MJ, Valot B, Khafif M, Rodrigues A, Brault M, Zivy M,

Rodriguez PL, Merlot S, Lauriere C. 2010. Phospho-site mapping, genetic

and in planta activation studies reveal key aspects of the different

phosphorylation mechanisms involved in activation of SnRK2s. Plant Journal
63: 778–790.

Vlad F, Rubio S, Rodrigues A, Sirichandra C, Belin C, Robert N, Leung J,

Rodriguez PL, Lauriere C, Merlot S. 2009. Protein phosphatases 2C regulate

New Phytologist (2015) 208: 162–173 � 2015 The Authors

New Phytologist� 2015 New Phytologist Trustwww.newphytologist.com

Research

New
Phytologist172



the activation of the Snf1-related kinase OST1 by abscisic acid in Arabidopsis.
Plant Cell 21: 3170–3184.

Xue SW, Hu HH, Ries A, Merilo E, Kollist H, Schroeder JI. 2011. Central

functions of bicarbonate in S-type anion channel activation and OST1 protein

kinase in CO2 signal transduction in guard cell. EMBO Journal 30: 1645–1658.
Ye WX, Muroyama D, Munemasa S, Nakamura Y, Mori IC, Murata Y. 2013.

Calcium-dependent protein kinase CPK6 positively functions in induction by

yeast elicitor of stomatal closure and inhibition by yeast elicitor of light-

induced stomatal opening in Arabidopsis. Plant Physiology 163: 591–599.
Yoshida R, Umezawa T, Mizoguchi T, Takahashi S, Takahashi F, Shinozaki K.

2006. The regulatory domain of SRK2E/OST1/SnRK2.6 interacts with ABI1

and integrates abscisic acid (ABA) and osmotic stress signals controlling

stomatal closure in Arabidopsis. Journal of Biological Chemistry 281: 5310–
5318.

Zhang W, He SY, Assmann SM. 2008. The plant innate immunity response in

stomatal guard cells invokes G-protein-dependent ion channel regulation. Plant
Journal 56: 984–996.

Zhu SY, Yu XC, Wang XJ, Zhao R, Li Y, Fan RC, Shang Y, Du SY, Wang XF,

Wu FQ et al. 2007. Two calcium-dependent protein kinases, CPK4 and

CPK11, regulate abscisic acid signal transduction in Arabidopsis. Plant Cell 19:
3019–3036.

Zipfel C, Robatzek S, Navarro L, Oakeley EJ, Jones JDG, Felix G, Boller T.

2004. Bacterial disease resistance in Arabidopsis through flagellin perception.

Nature 428: 764–767.

Supporting Information

Additional supporting information may be found in the online
version of this article.

Movie S1 Movie of stomatal closure induced by nanoinfusion of
20 nM flg22.

Fig. S1 Sensitivity of platinum-iridium disc electrode to H2O2

production by mesophyll tissue.

Fig. S2 Time-dependent stomatal movement induced by nanoin-
fusion of control solution, 10 lM ABA, or 20 nM flg22 in
selected accessions and mutants.

Please note: Wiley Blackwell are not responsible for the content
or functionality of any supporting information supplied by the
authors. Any queries (other than missing material) should be
directed to the New Phytologist Central Office.

New Phytologist is an electronic (online-only) journal owned by the New Phytologist Trust, a not-for-profit organization dedicated
to the promotion of plant science, facilitating projects from symposia to free access for our Tansley reviews. 

Regular papers, Letters, Research reviews, Rapid reports and both Modelling/Theory and Methods papers are encouraged. 
We are committed to rapid processing, from online submission through to publication ‘as ready’ via Early View – our average time
to decision is <27 days. There are no page or colour charges and a PDF version will be provided for each article. 

The journal is available online at Wiley Online Library. Visit www.newphytologist.com to search the articles and register for table
of contents email alerts.

If you have any questions, do get in touch with Central Office (np-centraloffice@lancaster.ac.uk) or, if it is more convenient,
our USA Office (np-usaoffice@lancaster.ac.uk)

For submission instructions, subscription and all the latest information visit www.newphytologist.com

� 2015 The Authors

New Phytologist� 2015 New Phytologist Trust
New Phytologist (2015) 208: 162–173

www.newphytologist.com

New
Phytologist Research 173


