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ABSTRACT Pathogen recognition at the plant cell sur-
face typically results in the initiation of a multicomponent
defense response. Transient influx of Ca?* across the plasma
membrane is postulated to be part of the signaling chain
leading to pathogen resistance. Patch-clamp analysis of pars-
ley protoplasts revealed a novel Ca?*-permeable, La3*-
sensitive plasma membrane ion channel of large conductance
(309 pS in 240 mM CaCl,). At an extracellular Ca?* concen-
tration of 1 mM, which is representative of the plant cell
apoplast, unitary channel conductance was determined to be
80 pS. This ion channel (LEAC, for large conductance elicitor-
activated ion channel) is reversibly activated upon treatment
of parsley protoplasts with an oligopeptide elicitor derived
from a cell wall protein of Phytophthora sojae. Structural
features of the elicitor found previously to be essential for
receptor binding, induction of defense-related gene expres-
sion, and phytoalexin formation are identical to those re-
quired for activation of LEAC. Thus, receptor-mediated stim-
ulation of this channel appears to be causally involved in the
signaling cascade triggering pathogen defense in parsley.

Plants use a large arsenal of defense reactions to resist invading
microbial pathogens (1-4). The molecular basis of pathogen
recognition at the plant cell surface and of signaling cascades
leading to the initiation of plant defense responses, however,
is largely unknown. Perception of fungal pathogen-derived
signals, referred to as elicitors, is believed to be mediated by
specific receptors residing in the plant plasma membrane
(5-8). Intracellular signal conversion and transduction include
changes in the ion permeability of the plasma membrane,
generation of reactive oxygen species, and alterations in the
phosphorylation status of various proteins, giving rise to
signal-specific responses of the plant (9-12).

The nonhost resistance response of parsley (Petroselinum
crispum) leaves to infection with zoospores of the phytopatho-
genic fungus, P. sojae, has been found to be closely mimicked
in parsley cell cultures upon treatment with fungus-derived
elicitors (13, 14). An oligopeptide (Pep-13) originating from a
cell wall glycoprotein of the fungus induces transcriptional
activation of defense-related genes and phytoalexin produc-
tion in parsley cells and protoplasts (15, 16). Recognition of the
elicitor by its receptor, a 91-kDa plasma membrane protein,
rapidly stimulates large, transient influxes of Ca?>* and H* and
effluxes of K* and CI~ (15, 17, 18). Pharmacological studies
revealed that this pattern of ion fluxes, and in particular
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extracellular Ca®*, is necessary for the production of reactive
oxygen species (oxidative burst), defense-related gene activa-
tion, and phytoalexin production (18). Both omission of Ca*
from the extracellular medium and inhibitors of animal slow-
type Ca?* channels abolished these plant responses (15, 19).
Furthermore, identical structural features of the elicitor were
found to be essential for receptor binding and initiation of all
plant responses analyzed, indicating a sequence of events that
may constitute part of a signaling cascade triggering pathogen
defense in plants (15).

Ca?" channels in the plasma membrane have been suggested
to provide a major pathway for Ca?* influx into higher plant
cells (20-22). To identify plasma membrane ion channels that
mediate Ca?" influxes and thereby contribute to elevated
levels of cytosolic Ca?* in elicitor-treated parsley cells (23), we
applied the patch-clamp technique to parsley protoplasts. Here
we report the electrophysiological identification of a large
conductance Ca?*-permeable ion channel, which was specif-
ically activated upon addition of elicitor.

MATERIALS AND METHODS

Plant Cell Culture/Protoplast Preparation. Cell suspension
cultures of parsley (P. crispum) were maintained as described
(24). Parsley protoplasts were isolated from 5-day-old cultured
cells (25).

Elicitor Treatment/Inhibitor Studies. Elicitors and inhibi-
tors were applied as stock solutions at concentrations given in
the text. Elicitor-stimulated production of furanocoumarin
phytoalexins was routinely tested (25) for each protoplast
preparation used in patch-clamp experiments. The elicitor-
induced oxidative burst and phytoalexin production in cul-
tured parsley cells were quantified as described in ref. 15.
Viability of cultured parsley cells was checked 24 hr after
addition of inhibitor (11).

Patch-Clamp Experiments. Patch-clamp experiments with
freshly prepared parsley protoplasts were performed using
standard protocols (26) and the experimental setup as de-
scribed (27). Digitized data (VR10, Instrutech, Elmont, NY)
were stored on videotape and analyzed using a TL-1 DMA
interface and patch-clamp software PCLAMP 5.5.1 (Axon Instru-
ments, Foster City, CA). Unless stated otherwise, the bath
solution was 240 mM CacCl,, 10 mM Mes/Tris (pH 5.5) and the
pipette solution was 150 mM KCl, 2 mM MgCl,, 2 mM ATP,
10 mM Mes/Tris (pH 6.8). In both solutions osmolality was
adjusted to 640 mosmol with D-sorbitol as was done in

Abbreviation: LEAC, large conductance elicitor-activated ion chan-

nel.

S.Z. and T.N. contributed equally to this work.

#Present address: Max-Planck-Institut fiir Molekulare Pflanzenphysi-
ologie, K.-Liebknecht-Strasse 25, D-14476 Golm, Germany.

ITo whom reprint requests should be addressed.



2752 Plant Biology: Zimmermann et al.

experiments with reduced extracellular Ca?* concentrations.
Removal of elicitor or inhibitor from the bath solution was
achieved by perfusing the recording chamber with 5 ml of fresh
bath solution (10-fold chamber volume, flow rate 1-2 ml/min).
To assure establishment of whole-cell configuration, the ac-
cessibility of the protoplast interior (series resistance, whole-
cell capacitance) was regularly checked throughout each ex-
periment. Membrane voltage values were corrected for the
liquid junction potential as described (28). Channel activity
was quantified as Npo = 2)_; np,, where po is the open
probability of the single channel, p, is the probability that n
channels are open simultaneously, and N is the apparent
number of channels. The value of p, was calculated according
to ref. 29. Npo was calculated from 60 sec of recording
obtained between 5 and 6 min after onset of any treatment.
Elicitor-induced increase in large conductance elicitor-
activated ion channel (LEAC) activity (Npo) was expressed as
the ratio between the activities in the elicited and in the
nonelicited state for each individual protoplast analyzed.
Mechanosensitive ion channel activity was evoked as described
(30).

RESULTS AND DISCUSSION

To identify plasma membrane ion channels that may contrib-
ute to macroscopic Ca?" influxes observed in elicitor-treated
parsley cells (23), we applied the patch-clamp technique to
parsley protoplasts. Under asymmetric ionic conditions de-
signed to resolve Ca?"-inward currents, we were able to detect
a channel (LEAC) that exhibited openings often lasting for
some hundred milliseconds or even seconds (Fig. 14). The
high Ca?* concentration in the bath solution, corresponding to
the ion concentration used during protoplast isolation (25),
greatly facilitated resolution of single channels mediating
Ca?"-inward currents. In addition, long open times, a limited
number of channels that opened simultaneously, and a large
current amplitude of this channel enabled us to detect single
channel openings in whole-cell configuration (Fig. 14). The
single channel conductance determined in whole-cell config-
uration and in excised outside—out membrane patches was
309 = 24 pS and 325 = 35 pS, respectively (Fig. 1B). Expect-
edly, the number of active channels in excised membrane
patches was much lower than that observed in whole-cell
configuration (not shown). The activity of this channel did not
significantly depend on the membrane potential within the
physiologically relevant voltage range (—30 to —150 mV).
Current amplitudes smaller than those mediated by LEAC
were detected at higher membrane potentials (see Vi, = —110
mV, Fig. 14), which may either represent different channel
activities or sublevels of LEAC (Fig. 1A4).

Reduction of the extracellular concentration of CaCl, from
240 mM to 5 mM (the minimum concentration at which
unitary LEAC currents could be resolved in whole-cell con-
figuration) resulted in both a shift of the reversal potential
toward more negative voltages (A—34 mV, Fig. 24) and a
decrease in single channel conductance (Fig. 2B). Single
channel conductances determined from mean current ampli-
tudes at 240 mM, 50 mM, 10 mM, and 5 mM CaCl, were 309
pS (n = 15),245 pS (n = 5), 216 pS (n = 4), and 186 pS (n =
3), respectively. A negative shift of the reversal potential
(against a positive shift of the reversal potential for Cl7)
indicates a preferential cation permeability of LEAC. There-
fore, under our experimental conditions, Ca?* (influx) and K+
(efflux) rather than Cl~ represent major charge carriers of this
channel. To explicitly rule out the existence of Cl~ efflux, KCl
in the pipette solution was substituted by K*-gluconate for
which the anion is considered to be incapable of permeating
ion channels. Channel amplitude and channel open probability
remained unchanged under these conditions, demonstrating
that LEAC did not mediate Cl~ efflux. The reversal potential
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F1G. 1. Activity of a large conductance ion channel in the plasma
membrane of parsley protoplasts. (4) Single channel recordings in the
whole-cell configuration with the membrane potential (V) clamped
to —50, =70, =90, and —110 mV. (B) I-V plot of unitary currents from
recordings in whole-cell (O, n = 15) and outside—out configuration (M,
n = 6), respectively. Freshly prepared parsley protoplasts were used for
patch-clamp analyses under the conditions described in Materials and
Methods.

of the channel, as determined by linear regression (Fig. 24),
did not correspond to that of one particular cation, suggesting
that both Ca?* and K* were transported. Under biionic
conditions (given that LEAC is impermeable to anions and
disregarding alterations of the internal Ca®* concentration)
the relative permeability ratio for Ca?* to K™ (Pca2+/Px+) at
240 mM extracellular CaCl, was 0.16 as calculated by the
Goldman-Hodgkin-Katz equation (E;.y = RT/2F In
4Pcar+[Ca?out/Px+[K ]in) (29). Assuming constant perme-
ability for the K*-outward current, as well as regarding
variable Ca?*-inward currents at varying extracellular Ca?*
concentrations, nonlinear fits of both currents revealed in-
creasing Pcao+/Px+ at decreasing extracellular Ca?>* concen-
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FiG. 2. Cation permeability of LEAC. (4) I-V plot of unitary
currents recorded in whole-cell mode at various extracellular Ca?*
concentrations [240 mM (@), 50 mM (a), 10 mM (M), and 5 mM (o),
respectively]. (B) Single channel conductance of LEAC as a function
of extracellular Ca?* concentration. Single channel conductances from
A were plotted vs. extracellular Ca?* concentration. The graph was
fitted to Michaelis—-Menten Kinetics according to y = ymaxCa? " out/(Ka
+ Ca2*oy) with ybeing LEAC conductance. (Inser) Lineweaver—-Burk
plot of the data shown in B. The broken line may facilitate determi-
nation of single channel conductances at lower external Ca?* concen-
trations than those tested. (C) Inhibition of LEAC by the Ca?* channel
inhibitor La(NO3)3. Channel activity was recorded in whole-cell mode
(Vm = —50 mV) in standard bath solution either in the absence or
presence of 1.5 mM La(NO3)s. Arrows indicate time points of addition
of inhibitor [La(NO3)3] and removal of inhibitor (wash) by perfusion
of the recording chamber.

trations (not shown). Thus, a reduction of the external Ca?*
concentration toward physiological concentrations would re-
sult in an increased Ca?* permeability of LEAC. In addition,
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in the physiological range of plant membrane potentials (more
negative than the reversal potential of LEAC), currents me-
diated by LEAC would largely correspond to Ca?* influx.

LEAC unitary conductance was saturated at higher external
Ca?* concentrations (Fig. 2B). A Lineweaver-Burk plot of the
Michaelis—-Menten kinetics (Fig. 2B Inset) revealed a unitary
channel conductance of 80 pS at an extracellular Ca?>" con-
centration of 1 mM, which is representative of the plant cell
apoplast (31). Taken together, an unusually large Ca?* con-
ductance associated with the particular gating behavior char-
acterize LEAC as a new type of plant Ca®>"-permeable ion
channel. To our knowledge, there is no report yet on a plant
ion channel with comparably large Ca?* conductance.

LEAC activity could be completely and reversibly inhibited
within seconds upon the addition of La(NOs3); (1.5 mM, n =
5) (Fig. 2C) and GdCl; (1 mM, n = 6) (not shown), which are
inhibitors of a wide range of Ca?* channels (31, 32). Similar
inhibitory effects of both La(NO3); and GdCl; were also
observed at concentrations of 125 uM (n = 8) and 50 uM (n =
4), respectively. Both inhibitors also blocked the elicitor-
induced production of reactive oxygen species and phytoalex-
ins in parsley cells when added at these concentrations (not
shown), whereas viability of parsley cells was not significantly
affected by treatment with either inhibitor.

LEAC could be activated by P. sojae-derived elicitors, such
as the peptide elicitor Pep-13 (Figs. 34 and 4) and a fungal cell
wall preparation (Fig. 4). This activation was solely attributable
to an increased channel activity (Npo, ref. 29), since the
unitary channel conductance remained virtually unchanged.
Conductances were 343 = 32 pS (n = 4) and 365 = 45 pS (n =
4) for Pep-13 and the fungal cell wall elicitor, respectively, and
309 £ 24 pS (n = 15) in nonelicited protoplasts (Fig. 3B).
Addition of water did not activate LEAC (not shown).

A heterogeneous ligand sensitivity of LEAC was observed
because only 70% of the protoplasts analyzed were elicitor-
responsive, a situation comparable to the abscisic acid-
mediated activation of Ca?>* and K permeable channels in
Vicia faba guard cells (33). In addition, relatively large varia-
tions of LEAC elicitor responsiveness in individual protoplasts
(ranging for example from 2- to 45-fold for Pep-13) were
observed, which is typical for single-cell analyses with cells
from a nonsynchronously growing cell culture (see SD values
in Fig. 4). Both findings, however, may as well reflect differ-
ences in the physiological fitness of individual protoplasts
caused by protoplast preparation.

Activation of LEAC by either elicitor could be observed only
in whole-cell configuration but not in membrane patches in
outside—out configuration (not shown, n = 7). This, as well as
a delay in channel activation of 2-5 min with respect to
addition of elicitor, suggests that the elicitor did not activate
LEAC directly but through components mediating signal
transfer between the elicitor receptor and the ion channel.
Removal of the elicitor from the bath solution resulted in a
decline of channel activity, indicating that LEAC activation is
reversible (Fig. 34).

As summarized in Fig. 4, LEAC could be efficiently acti-
vated by those elicitors that were previously shown to strongly
induce macroscopic Ca?* influx and phytoalexin production in
parsley cells (15). A structural derivative of Pep-13, in which
the tyrosine residue at position 12 was replaced by alanine
(Pep-13/A12), retained its capacity to efficiently stimulate all
three responses. In contrast, another single amino acid ex-
change within Pep-13 (tryptophan by alanine at position 2,
Pep-13/A2) rendered this analog largely inactive with respect
to LEAC activation, corresponding to observed losses of
stimulation of Ca?* uptake and phytoalexin formation (15),
even when this derivative was applied at 10-fold higher con-
centrations than Pep-13. Similarly, deletion of one C-terminal
and two N-terminal amino acid residues from Pep-13 (Pep-10)
completely abolished both the ability of this derivative to
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F1G. 3. Activation of LEAC by the oligopeptide elicitor Pep-13. (4) Whole-cell recordings of LEAC activity (VVm = —50 mV) under standard
conditions before addition (trace 1), 5 min after addition of 100 nM Pep-13 (trace 2), and 5 min after removal of Pep-13 by perfusion (trace 3).
Arrows indicate time points of addition of elicitor (trace 1, Elicitor) and start of perfusion (trace 2, Wash). Traces represent recordings of reversible
activation by elicitor of LEAC for an individual protoplast (n = 4). Stimulation by elicitor of LEAC activity was 15-fold in this particular experiment.
Channel activity was quantified as described in Materials and Methods. (B) I-V plot of unitary currents recorded in whole-cell mode without elicitor
(O, taken from Fig. 1B, n = 15), and after addition of 50 ug/ml of the fungal cell wall elicitor (A, n = 4) or 100 nM Pep-13 (m, n = 4), respectively.

stimulate LEAC and phytoalexin production. Since identical
structural characteristics of the elicitor were also found to be
responsible for specific interaction of Pep-13 with its receptor
(15), our findings provide strong evidence that LEAC activa-
tion by fungal elicitor is a receptor-mediated process. Further-
more, stimulation with the same signal specificity of a multi-
facetted plant defense response comprising ion fluxes, oxida-
tive burst, ethylene biosynthesis, activation of defense-related
genes, and phytoalexin formation (15) indicates that LEAC
constitutes a key element of the signal transduction chain
initiating pathogen defense in parsley. This is further substan-
tiated by the fact that Ca?* channel inhibitors, which efficiently
inhibit LEAC, block elicitor-induced oxidative burst and phy-
toalexin production as well.

A mechanosensitive ion channel activity in the parsley
plasma membrane was evoked upon suction, which exhibited
very similar gating behavior, single channel conductance
(320 £ 24 pS in 240 mM CaCl,), and sensitivity toward
La(NOs3)3 and GdCl; as LEAC (not shown). However, whether
LEAC and the mechanosensitive ion channel are identical or
represent distinct channels remains to be elucidated. Stretch-
operated channels have been identified on the plasma mem-
brane of several plants and found to be not highly selective for
Ca?*, but also allow K* to permeate (30, 31). Complex
behaviors of adaptation and linkage have been ascribed to
these channels, which suggest multiple pathways of regulation,

e.g., in mediating the plant response to pathogen infection (31,
34). Furthermore, a mechanically activated oxidative burst,
which may be mediated by stretch-sensitive channels has been
reported from plant cells (35).

LEAG, the first plant plasma membrane ion channel shown
to be activated by a phytopathogen-derived signal, is very likely
to contribute to the elicitor-induced macroscopic ion fluxes
observed in parsley (15, 18). Long open times of LEAC, its
cation permeability, a large unitary Ca’?* conductance at
physiological extracellular Ca?* concentrations, and the elic-
itor inducibility of LEAC may account for the significant
increase in cytoplasmic Ca?* concentration (23) in elicitor-
treated parsley cells. Alternatively, membrane depolarization
by Ca?* influx through LEAC could activate Ca?>* and/or
voltage-dependent anion channels as well as outward-
rectifying K* channels (36). Since similar macroscopic ion
fluxes have been detected in other plants upon elicitor treat-
ment (10, 37-41), the existence of functional homologs of
LEAC in these species can be anticipated. A Ca?*-permeable
ion channel with similar unitary conductance and gating
behavior was found to reside in the plasma membrane of
tobacco protoplasts (unpublished results). However, activation
of this channel by fungal elicitor remains to be analyzed.

Activation of LEAC by a fungal elicitor exemplifies the
hypothesis that the plasma membrane of higher plants harbors
a number of Ca?"-permeable ion channels, of which a major
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fungal cell wall elicitor (n = 6), Pep-13 (n = 10), and structural
derivatives of Pep-13 (n = 6, Pep-13A/12; n = 8, Pep-13/A2;n = 7,
Pep-10, respectively). Npo was calculated from 60 s of recording
obtained between 5 and 6 min after addition of elicitor as described
in Materials and Methods and normalized to background activity
recorded before addition of elicitor. Note the logarithmic scale used
to plot increase in LEAC open probability. Data obtained from
nonresponsive parsley protoplasts ({J, see text for explanation) are
included. Mean values *£ SD, excluding those for nonresponsive
protoplasts, are given. Elicitor concentrations used in patch-clamp
experiments were 50 ug/ml fungal cell wall elicitor, 100 nM (Pep-13,
Pep-13/A12), and 1 uM (Pep-13/A2, Pep-10), respectively. Amino
acid sequences of Pep-13 and its structural derivatives are given in
one-letter code. Underlined boldface letters represent alanine substi-
tution sites within Pep-13.

part are quiescent but can be rapidly recruited for Ca?*-
dependent signal transduction. Complementary to the func-
tional analysis of plant disease resistance genes and of plant
mutants impaired in pathogen defense, structural analysis of
signal transduction intermediates, such as plant ion channels,
will substantially broaden our knowledge on the organization
of signaling cascades involved in plant pathogen defense.
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