THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 285, NO. 18, pp. 13471-13479, April 30,2010
© 2010 by The American Society for Biochemistry and Molecular Biology, Inc.  Printed in the U.S.A.

Perception of the Arabidopsis Danger Signal Peptide 1
Involves the Pattern Recognition Receptor AtPEPR1 and Its

Close Homologue AtPEPR2™

Received for publication, December 21,2009, and in revised form, March 1,2010 Published, JBC Papers in Press, March 3, 2010, DOI 10.1074/jbc.M109.097394

Elzbieta Krol**'?, Tobias Mentzel"', Delphine Chinchilla’, Thomas Boller", Georg Felix, Birgit Kemmerling/,
Sandra Postell, Michael Arents’, Elena Jeworutzki*, Khaled A. S. Al-Rasheid**, Dirk Becker*>, and Rainer Hedrich*

From the *Department of Molecular Plant Physiology and Biophysics, University of Wuerzburg, 97082 Wuerzburg, Germany, the
Zuerich-Basel Plant Science Centre, Botanical Institute, University of Basel, 4056 Basel, Switzerland, the Izentrum fiir
Molekularbiologie der Pflanzen, Plant Biochemistry, University Tuebingen, Auf der Morgenstelle 5, 72076 Tuebingen, Germany, the
**King Saud University, Zoology Department, College of Science, P. O. Box 2455, Riyadh 11451, Saudi Arabia, and the *Department
of Biophysics, Institute of Biology, UMCS of Lublin, 20-033 Lublin, Poland

Plasma membrane-borne pattern recognition receptors,
which recognize microbe-associated molecular patterns and
endogenous damage-associated molecular patterns, provide the
first line of defense in innate immunity. In plants, leucine-rich
repeat receptor kinases fulfill this role, as exemplified by FLS2
and EFR, the receptors for the microbe-associated molecular
patterns flagellin and elongation factor Tu. Here we examined
the perception of the damage-associated molecular pattern pep-
tide 1 (AzPepl), an endogenous peptide of Arabidopsis identi-
fied earlier and shown to be perceived by the leucine-rich repeat
protein kinase PEPR1. Using seedling growth inhibition, elicita-
tion of an oxidative burst and induction of ethylene biosynthe-
sis, we show that wild type plants and the peprl and pepr2
mutants, affected in PEPR1 and in its homologue PEPR2, are
sensitive to AtPepl, but that the double mutant pepri/pepr2 is
completely insensitive. As a central body of our study, we pro-
vide electrophysiological evidence that at the level of the plasma
membrane, AtPepl triggers a receptor-dependent transient
depolarization through activation of plasma membrane anion
channels, and that this effect is absent in the double mutant
peprl/pepr2. The double mutant also fails to respond to AtPep2
and AtPep3, two distant homologues of AtPepl on the basis of
homology screening, implying that the PEPR1 and PEPR?2 are
responsible for their perception too. Our findings provide a
basic framework to study the biological role of AtPep1-related
danger signals and their cognate receptors.

In plant immunity, a first line of defense is based on the per-
ception of a group of conserved, pathogen-derived molecules,
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called microbe-associated molecular patterns (MAMPs)* by
pattern recognition receptors, which cause the expression of
defense genes as well as metabolic rearrangements, and ulti-
mately activate basal resistance to potential pathogens (1, 2). In
Arabidopsis, the best studied MAMPs are the bacterial flagellin
(active epitope flg22) and elongation factor Tu (active EF-Tu
epitopes elf13, elf18, and elf26), which are recognized by their
cognate leucine rich repeat-receptor-like kinases FLS2 (flagel-
lin-sensitive 2) and EFR (EF-Tu receptor), respectively
(reviewed in Ref. 1). Perception of these MAMPs leads to a set
of responses that can be used to monitor the recognition proc-
ess, including the triggering of ion fluxes, the generation of
reactive oxygen species (ROS), accumulation of ethylene, and
finally up-regulation of defense-related genes; investment into
increased resistance against bacterial pathogens negatively
feeds back on plant growth (3). In addition to these MAMP/
pattern recognition receptor systems, another class of surveil-
lance system recognizes plant-derived molecules previously
known as “endogenous elicitors” and now as DAMPs (damage-
associated molecular patterns): DAMPs are endogenous mole-
cules that newly appear in the intercellular space in response to
the damage caused by a pathogen attack, e.g. cell wall fragments
or effectors derived from cytoplasmic proteins (2, 4). The
recent identification of an endogenous peptide elicitor, AtPepl,
in Arabidopsis thaliana expanded previous work on systemin
signaling in solanaceous plants (5) and provided new insights
into plant defense systems (4—7). Like systemin, AtPepl is
derived from the C terminus of a precursor protein, PROPEP1,
the gene of which is strongly induced in response to cell wall
degradation, wounding, jasmonate, and ethylene or general
elicitor recognition (6). A receptor for AtPepl was purified after
photolabeling with its radioactive marked ligand and subse-
quently cloned (8), providing the first known DAMP/pattern
recognition receptor couple in Arabidopsis. This receptor,
termed PEPR1 (PEP receptor 1), like FLS2 and EFR, belongs to
the group of leucine-rich repeat receptor kinases. Interestingly,

*The abbreviations used are: MAMP, microbe-associated molecular pattern;
FLS2, flagellin-sensitive 2; EFR, EF-Tu receptor; ROS, reactive oxygen spe-
cies; DAMP, damage-associated molecular pattern; PEPR, PEP receptor;
BAK1, BRI1-associated kinase 1; WT, wild type; MES, 4-morpholineethane-
sulfonic acid; TEA, tetraethanolamine.
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the Arabidopsis genome encodes a close homologue of PEPR1
called PEPR2 (4) and at least 6 genes distantly related to the
AtPepl precursor PROPEPI (8); synthetic peptides represent-
ing the C terminus of these homologues, called AtPep2—
AtPep6, were found to cause medium alkalinization like
AtPepl, and all except AtPep4 competed with AtPepl binding
to the PEPRI1 receptor (6).

Here we examine the nature of DAMP signaling and its inter-
relationship to the MAMP system. We focus on plasma mem-
brane-delimited responses induced by the activation of the pat-
tern recognition receptors AtPEPR1, identified by Huffaker et
al. (6), and AtPEPR?2 its closest homologue isolated in the con-
text of this study. We demonstrate that AtPep(s) increase cyto-
solic calcium and activate chloride channels followed by mem-
brane depolarization in a strictly receptor-dependent manner.
Thus, together with growth inhibition and enhanced produc-
tion of ROS and ethylene, the overall response pattern of the
plants to AtPep(s) is reminiscent to the response to MAMPs
such as flg22 or elf18, although differing in amplitude. Our elec-
trophysiological studies are compatible with the hypothesis
that DAMPs and MAMPs, after being recognized through their
receptors, lead to the activation of anion and calcium channels.

EXPERIMENTAL PROCEDURES

Plant Material—The Arabidopsis plants used in this study
were grown as one plant per pot at 20—-21 °C with an 8-h pho-
toperiod, or on plates containing MS salts medium (Duchefa),
1% sucrose, and 0.8% agar under continuous light. The T-DNA
insertion lines SALK_059281 (peprl) and SALK_ 098161
(pepr2) were supplied by the Nottingham Arabidopsis Stock
Centre (Nottingham, United Kingdom). As PEPR1 and PEPR2
are encoded on the same chromosome, their double homozy-
gous plants are rare among the T2 progeny. Thus the double
mutants were created and obtained by screening a segregating
population of crosses of the peprl and pepr2 mutant alleles for
AtPepl-insensitive offspring. Of 134 T2 seedlings 34 showed
partial insensitivity and 4 showed a complete insensitivity to
AtPepl. These 4 were genotyped and turned out to be double
homozygous mutants for pepri/pepr2 and all 34 partially insen-
sitive plants were either homozygous for peprl or pepr2.

Peptides—Peptides of flg22 (QRLSTGSRINSAKDDAAGL-
QIA), AtPepl (ATKVKAKQRGKEKVSSGRPGQHN), AtPep2
(DNKAKSKKRDKEKPSSGRPGQTNSVPNAAIQVYKED),
and AtPep3 (EIKARGKNKTKPTPSSGKGGKHN) (6) obtained
from EZBiolabs were dissolved in water (stock solutions of 1
mum) and diluted in a solution containing 1 mg/ml of bovine
serum albumin and 0.1 m NaCl. For the growth inhibition assay
shown in supplemental Fig. S1, flg22 of Xanthomonas axonopo-
dis var. citri, f1g22,, . (QRLSSGLRINSAKDDAAGLAIS) was
used.

Oxidative Burst—Reactive oxygen species released by leaf tis-
sue was assayed by H,O,-dependent luminescence of luminol.
Leaf pieces of 4-week-old Arabidopsis plants were cut in 2-mm?
pieces and floated overnight in water. One piece per well was
transferred into a 96-well plate (LIA White, Greiner Bio-One)
containing 1 mg of horseradish peroxidase (Sigma) and 100 nm
luminol (Sigma). Luminescence was measured in a plate reader
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(MicroLumat LB96P, Berthold Technologies) for 30 min after
addition of elicitor.

Ethylene Accumulation—For ethylene measurement leaf
material of 4-week-old plants were cut into 1-mm thick stripes
and floated overnight in water. Afterward three leaf stripes (20
mg) were transferred in 6-ml glass vials containing 0.5 ml of an
aqueous solution of the elicitor to be tested. The tubes were
closed with a rubber septa and ethylene accumulating in the
free air space was measured by gas chromatography (GC-14A
Shimadzu) after a 3-h incubation.

Growth Inhibition Assays—Seedlings grown for 5 days on MS
agar plates were transferred to liquid MS medium supplied with
the elicitors indicated (two seedlings per 500 ul of medium in
24-well plates). The effect of treatment with different peptides
on seedling growth was analyzed after 10 days by photography,
weighing (fresh weight) or measuring the length of the longest
root of each seedling.

Membrane Potential Measurements—Prior to measure-
ments, the 7-9-week-old A. thaliana (cv. Columbia) rosette
leaves were glued to a chamber bottom, peeled off from an
abaxial side, and left for recovery for at least 4 h in a standard
solution containing (mm): 0.1 KCI; 1 CaCl,; 5 MES adjusted
with Tris to pH 6. For impalements, microelectrodes from
borosilicate glass capillaries with filament (Hilgenberg, Mals-
feld, Germany) were pulled on a horizontal laser puller (P2000,
Sutter Instruments Co., Novato, CA). They were filled with 300
mMm KCl and connected via an Ag/AgCl half-cell to a headstage
(1 gigaohm, HS-2A, Axon Instruments, Union City, CA). A tip-
resistance was about 20-30 megaohm, whereas the input
resistance of the headstage was 10'® ohm. The reference elec-
trode was filled with 300 mm KCl as well. An Axoclamp-2B
amplifier (Axon Instruments) was used. The cells were impaled
by a hydraulic micromanipulator (MO-103, Narashige, Tokyo,
Japan). In the course of the experiments, leaves were constantly
perfused with 1 ml/min of the standard solution. For stimula-
tion the standard solution was supplemented with 10 nm elici-
tor and 1 mg/ml of albumin (bovine serum albumin, V fraction,
AppliChem). Stimulation was for 5 min. The free running
membrane potential was digitalized with the ME-RedLab inter-
face (Meilhaus Electronic, Puchheim, Germany) and recorded
on a hard disk.

Cytoplasmic Calcium Measurements—Leaf discs of A. thali-
ana Col-0 expressing apoequorin were left under complete
darkness for 6 h in the standard solution supplemented with 5
uM coelenterazine (Synchem, Felsberg/Altenburg, Germany)
for reconstitution. Data were acquired using 96-well microplate
luminometer (Luminoskan Ascent, Labsystems, Helsinki, Fin-
land). The substances were supplied to the wells via a comput-
er-controlled dispensing system. Each experiment ended up
with a discharge by adding 1 m CaCl, in 10% ethanol. The rela-
tive luminescence was determined from the ratio of the actual
luminescence per second and the total luminescence was emit-
ted from the probe (9).

RESULTS
Seedling Growth Inhibition in Response to AtPepl—Charac-

teristically, exogenously applied MAMP signals such as flg22
and elf18 cause a strong inhibition of seedling growth (3). In
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FIGURE 1. Effect of AtPep1 and flg22 peptide on wild type seedlings and pepr1 mutants. Seedlings (5 days old) of Arabidopsis Col-0 WT (A) and pepr1

mutants (B) were incubated for 10 days in MS medium in the presence of AtPep1 (1 um) or flg22 (1 um) or in absence of elicitors. Growth was quantified by
determining the total fresh weight per seedling and length of the longest root per seedling. The experiment was repeated three times with similar results.
Shown are mean = S.E. (fresh weight, n = 6; root length, n = 12). The means shown with the same letters were not significantly different based on the least
significant difference test (p < 0.05). Representative seedlings were photographed.

contrast, Arabidopsis plants expressing the AtPepl precursor
PROPEP1 exhibited increased root and aerial growth compared
with wild type plants (6). To compare the MAMP and DAMP
AtPepl response directly, we incubated Arabidopsis Col-0
seedlings for 10 days in the presence of AtPepl or flg22. Com-
pared with untreated control plants, seedlings grown in the
presence of either flg22 or AtPepl exhibited pronounced
growth retardation (Fig. 1). With respect to fresh weight, flg22
had a stronger effect than AtPepl, whereas AtPepl inhibited
root growth more strongly than flg22 (Fig. 1).

The PEP Receptor Mutant peprl Remains Sensitive to AtPepl—
In gain of function experiments involving heterologous expres-
sion in Nicotiana, the leucine-rich repeat receptor kinase pro-
tein AtPEPR1 was clearly demonstrated to act as a receptor for
AtPepl (8). Interestingly, however, peprl T-DNA insertion
mutant plants remained responsive to AtPepl (Fig. 1). Like
WT, peprl mutants grown in the presence of AtPepl exhibited
a reduction in seedling fresh weight of about 25-50% when
grown in the presence of AtPepl. The reduction of root length
was substantial as well, but less pronounced than in WT plants;
it was similar to the effect seen in response to flg22 (Fig. 1).
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These results indicate that Arabidopsis plants have at least one
additional PEP receptor.

Both PEPRI and Its Homologue PEPR2 Are Involved in
AtPepl Perception—The Arabidopsis genome harbors a close
homologue of the PEPRI that exhibits 72% similarity at the
amino acid level (4). To test whether this putative PEP receptor
2 (PEPR?2) is involved AtPepl signaling also, we analyzed the
corresponding T-DNA insertion mutant. AtPepl caused a sig-
nificant growth inhibition in pepr2 plants, albeit to a somewhat
lesser degree than in WT Col-0 and peprl mutants (Fig. 2, A
and C). Although root growth in Col-0 and peprI mutants was
inhibited by AtPepl to the same extent, the roots of pepr2
mutants appeared to be completely insensitive (Fig. 2, Band C),
indicating that PEPR2 has a predominant role as a receptor for
AtPepl in the roots. To test whether PEPR1 and PEPR2 show
functional redundancy we crossed the peprl and pepr2 single
mutants and searched T2 progeny for the pepr1/pepr2 pheno-
type. The double mutant was completely insensitive to AtPepl
with respect to overall growth and root length (Fig. 2, A and C).
Together, these results show that both, PEPR1 and PEPR2,
function redundantly as receptors for A¢Pepl. In roots, growth
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FIGURE 2. Biological responses of Col-0 WT plants, pepr1, and pepr2 single mutants and pepr1/pepr2 double mutants to AtPep1 (1 um). Open bars
represent untreated controls, filled bars represent AtPep1 treatments. Error bars represent S.E. (n = 6). Asterisks (*) indicate a significant difference based on t
test analysis (p < 0.05). All experiments were repeated three times with similar results. A-C, growth response. Growth was quantified by determining the total
fresh weight per seedling (A) and length of the longest root per seedling (B) after 10 days of growth in the absence or presence of AtPep1 (1 um). Representative
seedlings were photographed (C). D, ROS production. ROS production was registered continuously with cut and preincubated leaf pieces using the luminol
bioassay. The basal level of ROS production before addition of AtPep1 (open bars) is compared with the average ROS production during a 30-min measurement
afteraddition of 1 um AtPep] (filled bars). See supplemental Fig. S1 for the full kinetic of ROS production. E, ethylene production: ethylene production by cutand

preincubated leaf pieces was measured after 4 h of incubation.

inhibition caused via the PEP perception of PEPR2 appears to
be dominant. This correlates to a certain extent with published
microarray data on gene expression of untreated wild type Ara-
bidopsis plants: as analyzed by Genevestigator 3 (10), PEPR2 is
particularly highly expressed in the radicle; however, PEPR1
appears to be expressed in roots and radicles as well.

One hallmark of the defense response elicited by both
MAMPs and DAMPS is the rapid production of ROS (6). When
AtPepl was applied to leaf sections derived from WT Col-0
plants, it elicited ROS generation in a similar way as flg22,
although the signal was about 10 times smaller (supple-
mental Fig. S1). Importantly, upon AtPep1 stimulation, a ROS
signal was not observed with the pepri/pepr2 double mutant
(Figs. 2D and supplemental S1A4). As a control, we examined the
response of the plant lines to flg22 (supplemental Fig. S1B).
Besides a strong variation between different experiments in the
maximal amplitude of ROS generation, the WT, single pepr1,
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and pepr2 mutants as well as the pepr1/pepr2 double mutant all
showed a strong increase in ROS production after a lag phase of
about 2 min. As expected, the fIs2 mutant was completely
insensitive to flg22 (supplemental Fig. S1B).

In previous work with MAMPs, we have frequently assayed
production of ethylene, because enhanced production of this
volatile stress hormone serves a highly reproducible and robust
marker for an ongoing defense process. In our standard assay
with cut and preincubated Arabidopsis leaves, both single pepr
mutants fully responded to AtPepl treatment to the same
extent as WT plants (Fig. 2E). In the peprl/pepr2 double
mutant, however, ethylene production was not enhanced in
response to AtPepl, confirming that the double mutant was
unable to perceive the DAMP.

Early AtPepl Sensing Involves Membrane Depolarization
through Activation of Anion Channels—To investigate the role
of AtPepl in membrane-delimited responses, we studied the
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FIGURE 3. Plasma membrane depolarization in response to various stimuli. Mesophyll cells of WT plants (Col-0, A), the pepr1 mutant (B), or the pepr1/pepr2
double mutant (C) were impaled with a microelectrode, and the electrical potential difference across the plasma membrane was registered continuously after
addition of various stimuli (10 nm) as indicated in the figure. All peptides elicited transient membrane potential depolarizations with flg22 showing the highest
amplitude. Traces are representative measurements of individual experiments (number of repetitions are indicated in Tables 1 and 2). Dose-response curves
(D) of the membrane depolarization in response to AtPep1 were obtained from mesophyll cells of WT plants (Col-0, @), the pepr1 single mutant (O), and the
pepr1/pepr2 double mutant (l). The peak depolarization was determined and expressed as a percentage of the maximal depolarization observed in Col-0 with
100 nm AtPep. Error bars represent S.D. of 6 -13 independent assays per data point.

electrical properties of the plasma membrane. Peeled leaves of
A. thaliana W'T (Col-0) were impaled by voltage recording
microelectrodes. In the presence of 0.1 mm KCland 1 mm CaCl,
in the bath solution, the membrane potential of mesophyll cells
was around —160 mV. Upon application of the MAMPs flg22
and elf18 (10 nm) as a control, the membrane potential of
impaled cells after a lag phase of about 2 min became less neg-
ative by about 80-100 mV (Fig. 3A) and returned to the pre-
stimulus level within 1-1.5 h (11). Upon application of 10 nm
AtPepl, membrane depolarization was of similar kinetics but
significantly smaller amplitude when compared with the one
triggered by flg22. Although the peprl mutant still responded
to AtPepl (Fig. 3B), the peprl1/pepr2 double mutant showed no
change in membrane potential upon A¢Pep1 stimulation at all,
although it was fully sensitive to flg22 and elf18 (Fig. 3C).

To examine the DAMP membrane response quantitatively,
we prepared dose-response curves for AtPepl-induced mem-

APRIL 30, 2010+VOLUME 285-NUMBER 18

TABLE 1

Effect of different ionic compositions of the bath solution on
membrane depolarization

Changes in the relative amplitudes of membrane depolarization in Arabidopsis
thaliana (Col-0) induced by 10 nm AtPepl in the presence of various bath
supplements.

Bath supplement n* Relative amplitude * S.D.
% control
50 mm TEACI 5 26+ 7°
10 mMm CaCl, 5 99 + 25
50 mm K-gluconate, pH 6 4 98 + 15
50 mm K-gluconate, pH 7.1 4 86 + 29
pH7.1 5 94+ 15

“ Number of plants examined.
b Statistically significant.

brane depolarizations in wild type and mutant plants (Fig. 3D).
In WT plants, the apparent effective concentration EC, was
calculated to be 0.10 nm. Saturation was observed at 10 nm
AtPepl, a concentration used in most subsequent experiments.
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(A. thaliana Col-0) and monitored cytosolic calcium changes
following AtPepl application. In these experiments flg22 was
used as a positive control, because the capability of this MAMP
to elevate [Ca“]cyt is well documented (reviewed in Ref. 3).
Stimulation of leaf discs with 10 —20 nM flg22 or AtPep1 caused
a transient rise in [Ca”]Cyt after a lag phase of about 1 min,
which reached its peak after 3—5 min (Fig. 4A). In line with the
differences in depolarization amplitudes, AtPepl was consider-
ably less effective in the generation of calcium signals than flg22
(Fig. 4A and supplemental Table S1). When flg22 and AtPepl
were applied in combination, amplitude of the Ca®>" signal
appeared similar to the one elicited by flg22 alone (Fig. 44),
indicating that both stimuli affected the same pathway.

As a direct link was postulated between H,O, elevation and
plasmalemma calcium channel activation in response to abiotic
(13) and biotic challenges (14), we examined whether the mem-
brane potential changes in response to DAMPs and PAMPs
depend on ROS production. Diphenyleneiodonium, a potent
inhibitor of NADPH oxidases, slightly reduced the resting
potential, but membrane depolarization in response to flg22,
elf18, or AtPepl was not affected (Fig. 4B). Well in line with this
observation, Arabidopsis plants lacking both rbohD and rbohF
oxidases (15—16) showed WT-like membrane depolarization in
response to flg22, elf18, or AtPepl (Fig. 4C).

Several AtPepl-related DAMPs Work through PEPRI and
PEPR Receptors Sharing a Common Associated Receptor Kinase
BAKI1—Based on data base searches, five additional homo-
logues of the precursor protein of AtPepl have been described
in the Arabidopsis genome (6). Synthetic peptides representing
their C-terminal parts, termed, AtPep2—AtPep6, are active as
DAMPs and cause medium alkalization with cultured Arabi-
dopsis cells (6). We found that AtPepl, AtPep2, and AtPep3
were also effective in intact leaves, even in the pepr! mutant
(Fig. 3B and Table 2). In fact, all three peptides tested were
indistinguishable in their efficiency to elicit membrane depo-
larization in wild type plants and peprl mutants. Well in line
with equivalent competence of AtPepl, AtPep2, and AtPep3
is the fact that A¢Pepl pre-treated cells remained desensi-
tized to any AtPep applied. When AtPepl-stimulated cells
had re-gained their resting potential after about 1 h, they still
were in a “refractory state” to a second AtPep(s) application;
responsiveness to AtPep(s) gradually re-appeared in the
course of 3 h in WT plants as well as in peprl mutants
(supplemental Fig. S2A).

Interestingly, the peprl/pepr2 double mutant was com-
pletely insensitive not only to AtPepl, but also to AtPep2 and
AtPep3 (see Table 2). Somewhat surprisingly, the pepri/pepr2
single and double mutant showed a slightly but significantly
enhanced depolarization in response to the MAMPs flg22 and
elf18, pointing to a possible trade-off between MAMP and
DAMP signaling irrespective of addressing different receptors

TABLE 2
Membrane depolarization in response to MAMPs and DAMPs

Amplitudes of membrane depolarization triggered by various elicitors in wild type
A. thaliana (Col-0), single or double pepri/pepr2 and bakl-4 mutants (numbers in
parentheses indicate the number of plants examined).

Amplitude + S.D.

Treatment

wT peprl peprl/pepr2 bakl-4
mV

10 nM AtPepl 79.1 = 10.5 72.0 * 20.6 0* 472 = 124°
(13) (15) (10) (4)

10 nM AtPep2 69.9 * 14.9 61.5+19.1 0 45.5 = 12.5%
(12) (10) (10) (4)

10 nM AtPep3 71.6 = 15.1 57.2 = 12.8% 0 49.2 = 15.7%
(12) ) (10) ©)

10 nm flg22 98.0 = 16.6 116.2 + 21.9% 117.9 = 24.2¢ 427 * 5.4%
(12) 17) © @’

10 nMm elf18 79.7 £ 19.8 97.9 +17.2¢ 96.8 *+ 17.4% 47.8 = 15.7%
(12) 17) (6) (4)

“ Statistically significant in comparison to WT.
b 4. out of 10 examined (remaining 6 was flg22-insensitive).

(PEPR1/PEPR2, FLS2, and EFR). The latter issue was corrobo-
rated through the experiments showing additivity of MAMP-
DAMP-triggered depolarization (supplemental Fig. S2B). More
importantly, however, we were able to show that for all
AtPep(s) as well as for both MAMPs, BAK1 receptor kinase was
indispensable for the full responsiveness (see Table 2 and
supplemental Fig. S2C). This is in good correspondence with
the most recent publication of Schulze et al. (17) reporting on
BAKI1 acting as a general signaling partner for various pattern
recognition receptors and may explain here the postulated
trade-off between MAMP and DAMP perception systems.

DISCUSSION

Earlier studies observed an increase in root and aerial growth
in plants expressing constitutively the AtPepl precursor
PROPEP1, which seems to be in contrast to the effect of AtPepl
on Arabidopsis seedlings observed here (6). However, this
contradiction results rather from different experimental
approaches, rather than from differences between MAMPs and
DAMPs. Meanwhile in this study peptides were supplied in a
form that can be easily perceived by membrane receptors, it is
unclear how PROPEP1 is processed and how the AtPepl is
transported to the apoplast after this processing. Therefore
PROPEP1 overexpression may induce a very mild type of resis-
tance, at low costs, providing an advantage over control plants
in a not sterile environment (18). In fact, our work highlights
the strong parallels between MAMP and DAMP perception in
plants. The early responses seen after stimulation by MAMPs
flg22 or elf18 and DAMPs AtPep(s) were very similar, and both
flg22 or elf18 and AtPepl caused seedling growth inhibition, an
easily assessable assay for elicitor action. These parallels are in
strong accordance with very recent findings of Schulze and col-
leagues (17) and Postel and colleagues (19). Both teams find an
interaction of the leucine-rich repeat receptor-like kinase
BAK1 (BRI1-associated kinase 1) with PRPR1 and PRPR2,

FIGURE 4. Calcium and ROS signaling in response to DAMPs. A, cytoplasmic calcium levels rise following stimulation with AtPep1 and flg22. Leaf pieces of
apoaequorin-transformed Arabidopsis Col-0 plants were preincubated with coelenterazine and then stimulated with different doses of flg22 and AtPep1.
Luminescence was continuously monitored. The traces are the mean of at least 5 individual assays (see supplemental Table S1). Error bars represent S.D. Band
C, MAMP- or DAMP-triggered membrane depolarization is independent of ROS production. When mesophyll cells of WT plants (Col-0) were examined in the presence
of diphenyleneiodonium (B), a plasma membrane response to indicated elicitors (10 nm) was an elicitor-triggered depolarization. Accordingly, wild type plants, rbohD
single mutant and rbohD/F double mutant defected in plasma membrane NADPH oxidase subunit(s) showed wild type membrane responses to 10 nm flg22, 10 nm
elf18,and 10 nm AtPep1 (Q). In the latter depiction of the amplitudes the error bars represent S.D. calculated from 3 to 6 independent repetitions.
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either in a direct yeast two-hybrid approach or in vivo based on
an immunopurification approach. Furthermore, BAK1 and a
second signal corresponding to PEPR1 and PEPR2 are phos-
phorylated in vivo in response to AtPepl stimulation (17). This
indicates that BAK1, which is known to be required for the
signal transduction of FLS2 (20), mediates both MAMP and
DAMP signaling, a finding that enlarges the overlap in DAMP
and PAMP signaling observed in this study. A here reported
significant decrease in amplitudes of MAMP/DAMP-triggered
depolarization in bakl-4 mutants is also well in line with the
signaling overlap. Our electrophysiological data lend good sub-
stance to a general observation that the PAMP/DAMP signal-
ing convergence begins already at the plasma membrane.

Interestingly, whereas Arabidopsis possesses only single re-
ceptors for the MAMPs flg22 and elf18, so that fIs2 or efr muta-
tions are completely insensitive to the respective MAMP, there
is a certain, limited redundancy in the case of DAMPs: AtPepl
perception is mediated by a pair of receptors, PEPR1 and
PEPR?2, and only the double mutant peprl/pepr2 is completely
insensitive to AtPepl, although this overlap between PEPR1
and PEPR2 shows obvious differences in regard to the AtPepl-
dependent growth inhibition. Although AtPepl treatment
results in a strong inhibition of root growth in peprl single
mutants, only a minor effect is seen in pepr2 mutants. The pub-
lic available expression data for the two receptors indicates that
this difference may reflect distinct expression patterns of the
two receptors (10). However, other explanations including vari-
ations in the subsequent downstream signaling of these two
receptors are possible. This observation points out that beside
their high homology, the shared associated partner BAK1 and
their common ligands PEPR1 and PEPR2 might have partially
diverging functions.

The double mutant peprl/pepr2 is also insensitive to the
putative DAMPs AtPep2 and AtPep3, indicating redundancy
also on the side of the danger signals. The early, membrane-
delimited responses of plant cells toward MAMPs are accom-
panied by changes in cytosolic calcium, extracellular pH, ion
fluxes, and generation of reactive oxygen species. Stimulation
of Arabidopsis with DAMPs of the AtPep family resulted in a
transient but substantial membrane potential depolarization.
The underlying currents are carried by anions, essentially chlo-
ride and nitrate (not shown, cf. Refs. 11 and 21). Here we could
show that anion channel activation by MAMPS/DAMPS is
associated with Ca®™ signals (cf. Refs. 11 and 22). Despite the
early reports on ion flux activation by MAMDPs, essentially
nothing is known about the molecular nature of these trans-
porters. The plant genomes identified so far lack the classical
voltage-gated calcium channels. However, nonselective cation
channels of the cyclic nucleotide-gated channel family as well as
the Arabidopsis two-pore channel TPC1 have been implicated
in controlling calcium influx into the cytosol (23, 24). AtTPC1
seems not to be involved in elicitor-triggered calcium signals
(25), but mutants in cyclic nucleotide-gated channels display
phenotypes related to plant defense responses and pro-
grammed cell death (see Refs. 23 and 26, and references
therein). Likewise, knowledge about the nature of the anion
selective channel(s) shaping the time course of the elicitor-trig-
gered membrane potential depolarization is scant until now.
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First recognized by electrophysiological studies (Ref. 27, and
references therein), the molecular identification of anion per-
meable channels is still in progress. Recently, the guard cell slow
anion channel (SLAC1), an aluminum-activated malate chan-
nel, and a nitrate-permeable transporter of the CLC family have
been identified (28 —31). Which of the so far non-characterized
members of the known anion-permeable transporters/chan-
nels could constitute the MAMP/DAMP-sensitive plasma
membrane anion channel? Is the “elicitor channel” directly or
indirectly (e.g. via calcium-dependent kinases; see Refs. 32 and
33) addressed by the increase in cytosolic calcium? To what
extent is BAK1 kinase involved in plasmalemma channel mobi-
lization and why this general partner of many pattern recogni-
tion receptors guarantees elicitor-specific amplitudes of mem-
brane depolarization (c¢f. Table 2)? Forthcoming studies
concerning the evolving paradigms of plant innate immunity
and danger signaling (1), including FLS2, EFR, and PEPR1/
PEPR?2, have to dissect the anion- and calcium channel-associ-
ated steps in elicitor signaling.

In our study, we deliberately focused on a detailed genetic
analysis of the perception of the DAMP APep1 and its relatives,
and on a comparison of the membrane-delimited responses
after DAMP or MAMP stimulation. We found remarkable
parallels between DAMP and MAMP signaling, the strong
similarities in the early responses such as ROS generation,
ethylene production, and the probable involvement of the
same anion channel in DAMP- and MAMP-induced mem-
brane depolarization. Our work lays the foundation for fur-
ther studies on the biology of DAMPs of the AtPepl type. Of
particular interest is the question how DAMPs may contrib-
ute to MAMP-induced pathogen resistance.

Acknowledgment—We thank Silke Robatzek for providing the
NADPH oxidase mutants.

Addendum—A recent manuscript by Yamaguchi ez al. (34) confirms
the role of AtPEPR2 in the perception of Pep peptides and defense
responses in Arabidopsis.
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