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Abstract
Stomata in the epidermes of terrestrial plants are important for CO2 absorption and transpirational
water loss, and are also potential entryways for pathogen infection. Stomatal opening and closure
are controlled by distinct mechanisms. Arabidopsis stomata have been shown to close in response
to bacteria and pathogen-associated molecular patterns (PAMPs) as part of PAMP-triggered
immunity (PTI). Here we show that flg22, a PAMP derived from bacterial flagellin, also inhibits
light-induced stomatal opening. Consistent with our observations on stomatal opening, flg22
inhibits the guard cell inward K+ channels (K+

in currents) that mediate K+ uptake during stomatal
opening. Similar to previously documented K+ current changes triggered by exogenous elevation
of H2O2 and nitric oxide (NO), with prolonged duration of flg22 exposure the outward K+

channels (K+
out currents) of guard cells are also inhibited. In null mutants of the flg22 receptor,

FLS2, flg22 regulation of stomatal opening, K+ currents, and K+
out currents is eliminated. flg22

also fails to elicit these responses in null mutants of the sole canonical G protein α subunit, GPA1.
The bacterial toxin, coronatine, produced by several pathogenic strains of Pseudomonas syringae,
reverses the inhibitory effects of flg22 on both K+

in currents and stomatal opening, indicating
interplay between plant and pathogen in the regulation of plant ion channels. Thus, PAMP-
triggered stomatal response involves K+ channel regulation, and this regulation is dependent on
signaling via cognate PAMP receptors and a heterotrimeric G-protein. These new findings provide
insights into the largely elusive signaling process underlying PTI-associated guard cell responses.
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Introduction
Plants have co-existed with microbes, including bacterial pathogens, for millions of years,
and it is inevitable that the interactions between these organisms have resulted in their
coevolution. Higher plants have developed a complicated innate immunity system to resist
pathogen attack, including immune responses to conserved pathogen molecules or
“pathogen-associate molecular patterns” (PAMPs). This suite of immune responses is called
‘PAMP triggered immunity’ (PTI), and is probably the first reaction when a plant is exposed
to a pathogen (Chisholm et al., 2006; Jones and Dangl, 2006).
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One well-characterized PAMP is flagellin, a protein subunit of the bacterial flagellum that
has highly conserved N- and C- termini and is recognized by the plant during host-microbe
interactions (Felix et al., 1999). flg22, a 22-amino-acid peptide derived from flagellin, is
commonly used in pathogen studies and is sufficient to trigger PTI in the model species
Arabidopsis (Felix et al., 1999; Melotto et al., 2006; Chinchilla et al., 2007). Perception of
flg22 in Arabidopsis requires FLS2, a receptor-like kinase (RLK) with an extracellular
Leucine-Rich Repeat (LRR) (Gómez-Gómez and Boller, 2000). In opposition to PTI,
pathogenic bacteria have evolved virulence factors that overcome host defenses. Among
these virulence factors is coronatine (COR), a polyketide toxin that is produced by several
pathogenic strains of Pseudomonas syringae (Bender et al., 1999).

Pathogenic microbes need to reach the plant interior to cause disease, and natural openings
in the plant surface, particularly stomata, provide portals for pathogen invasion (Melotto et
al., 2006; Underwood et al., 2007; Melotto et al., 2008). Recent research has shown that
active control of stomatal closure by guard cells serves as the first line of defense against
pathogen invasion (Melotto et al., 2006). When an Arabidopsis leaf is exposed to bacteria on
the leaf surface, or to the PAMP flg22, guard cells respond so as to decrease stomatal
apertures, thereby retarding pathogen invasion. The flg22-elicited response is dependent
upon the presence of FLS2, as demonstrated by a lack of stomatal closure in fls2 mutant
plants, and can be overcome by the bacterial virulence factor, COR.

Regulation of stomatal closure and opening is best understood in the context of plant
responses to environmental signals such as drought and light. Each pair of guard cells
regulates the aperture of its circumscribed stomatal pore by turgor-driven volume changes.
Stomatal closure in response to drought, in which abscisic acid (ABA) is a major positive
regulator, is initiated when the guard cell membrane depolarizes as a result of inhibition of
H+ extrusion combined with opening of anion channels that mediate the efflux of Cl-,
malate2-, and NO-

3 ions. Membrane depolarization activates voltage-regulated outwardly
rectifying K+ channels, resulting in K+ efflux. Nitric oxide (NO), an ABA-activated protein
kinase, OST1 (Li et al., 2000; Mustilli et al., 2002), and numerous other second messengers,
particularly production of reactive oxygen species (ROS), serve as intermediaries,
conveying the signal from ABA to these target ion transport molecules (Li et al., 2006). The
consequent massive loss of solutes drives water efflux from the guard cells, which deflate
against each other, narrowing the stomatal pore. Melotto and coworkers (2006) showed that
bacteria/PAMP-triggered stomatal closure requires NO and OST1, two of the intracellular
signaling molecules that also operate in guard cells during ABA-induced stomatal closure.

In contrast to stomatal closure, during stomatal opening anion channel activity is reduced
and H+-ATPase activity is increased, hyperpolarizing the membrane potential and activating
a different set of K+ channels, the inwardly rectifying K+ channels which mediate K+

uptake. Malate2- synthesis from starch breakdown and anion import both combine with this
K+ uptake to decrease cellular water potential, resulting in water uptake, guard cell swelling,
and stomatal opening. Other solutes such as sucrose also contribute to this process under
some conditions (Blatt 2000; Schroeder et al., 2001; Pandey et al., 2007).

As is evident from the above description, stomatal closure and stomatal opening are not
simply the reverse of each other, but involve distinct molecular elements. This observation
raises the question of whether, in addition to inducing stomatal closure, PAMPs such as
flg22 also inhibit stomatal opening. Also, despite genetic and biophysical evidence that ion
channel regulation is involved in plant responses to pathogens as a component of specific
gene-for-gene resistance mechanisms (Gelli et al., 1997; Yu et al., 1998; Bent and Mackey
2007), to date there has been only one study which has provided evidence that PAMPs
regulate ion channel activity in guard cells (Ali et al., 2007).
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Heterotrimeric G proteins are composed of Gα, Gβ and Gγ subunits and are important
second messengers in cell signaling. Plants have fewer G-protein components than animals.
For example, the Arabdopsis genome encodes only one canonical Gα subunit (GPA1), one
Gβ subunit (AGB1) and two known Gγ subunits (AGG1 and AGG2). Nevertheless,
Arabidopsis heterotrimeric G proteins participate in numerous signal transduction pathways,
including gene-for-gene mechanisms of pathogen resistance (Suharsono et al., 2002; Perfus-
Barbeoch et al., 2004; Komatsu et al., 2004; Llorente et al, 2005; Trusov et al., 2006, 2007;
reviewed in Assmann 2005a, b; Ding et al., in press). However, whether heterotrimeric G-
proteins participate in guard cell responses to PAMPs is not known.

To gain further understanding of PTI-associated guard cell responses, we investigated
whether, in addition to inducing stomatal closure, PAMPs affect stomatal opening, whether
K+ ion channel regulation is targeted by PAMPs and COR, and whether heterotrimeric G
proteins participate in guard cell responses to PAMPs.

Results
flg22 inhibits light-induced stomatal opening in an FLS2-dependent manner

Light is one of the most important and well studied factors inducing stomatal opening
(reviewed by Shimazaki et al., 2007). By measurement of stomatal apertures in epidermal
peels obtained before and after light treatment of leaves, we found that 5 μM flg22 inhibits
light-induced stomatal opening in wild-type Col-0 plants (Figure 1). This is a specific effect,
since aperture data obtained from fls2 receptor mutant (Salk_line 93905) guard cells show
that flg22 has no effect on light-induced stomatal opening (Figure 1). Thus, flg22 not only
causes stomatal closure (Melotto et al., 2006), it also inhibits stomata from opening.

flg22 inhibits inward K+ current amplitude in Arabidopsis guard cells
Fluxes of K+ and anions through ion channels into and out of the guard cell are key effectors
of stomatal opening and closure, and thus ion channel regulation is an important control
point in the determination of stomatal aperture (Schroeder et al., 2001; Garcia-Mata et al.,
2003). ABA is well known to inhibit inward K+ channel activity and impair stomatal
opening (reviewed by Israelsson et al., 2006; Pandey et al., 2007). Given our observation
that flg22, similarly to ABA, inhibits stomatal opening, we hypothesized that flg22 might
also inhibit inward K+ channel activity. To test this hypothesis, we used the whole-cell
patch-clamp technique to record K+ currents of guard cell protoplasts in the presence and
absence of flg22. In wild-type Col-0 guard cells assayed at 10 min. after whole-cell
formation, inward K+ currents were significantly inhibited in the presence of 5 μM flg22 in
the bath solution as compared to the control. Average inward K+ current density at -219 mV
was reduced from -166 ± 15 pA/pF to -96 ± 9 pA/pF (P <0.01) by flg22 treatment. Outward
K+ currents were not significantly altered by the flg22 treatment in these recordings (Figure
2).

flg22 regulates inward K+ currents in an FLS2-dependent manner
To assess whether the inhibitory effect of flg22 on guard-cell inward K+ currents is
mediated by a specific interaction between flg22 and the FLS2 receptor, we compared the
effects of flg22 on K+ currents of wild-type and fls2 mutant guard cells. The inhibitory
effect of flg22 on inward K+ currents was not observed in the fls2 mutant guard cells (Figure
2), indicating that this effect is specific, and requires FLS2.

Zhang et al. Page 3

Plant J. Author manuscript; available in PMC 2010 January 12.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



flg22 inhibits the K+in currents of guard cells in a scalar manner, but does not affect their
kinetics

To assess whether flg22 alters K+ channel gating, in addition to its effect on the amplitude of
inward K+ currents, we analyzed inward K+ current kinetics. Current values recorded
between -219 mV and -119 mV from cells with obvious inward currents were chosen for the
analysis. The mean value of conductance at each voltage point was plotted as a function of
voltage (Figure 4A) and the relationship was fitted with the Boltzmann equation (see
“Material and Methods” for details on data analysis). The average fitted Gmax of the control
cells is 1.09 ± 0.04 nS/pF, while the average Gmax of flg22-treated cells is 0.65 ± 0.06 nS/pF
(Table 1), a reduction of about 45%. G/Gmax for both control and flg22 treatments were also
fitted with the Boltzmann equation (Figure 4B) and the fitted results were used to derive the
half-maximal activation voltages (V1/2) and effective gating charge (z). There is no
significant difference in V1/2 and z values with or without flg22 treatment (Table 1). Half-
activation times (V1/2) of inward K+ currents were also calculated for the two conditions,
and were found to be statistically identical (Figure 4E).

flg22 gradually inhibits K+out currents in a scalar manner
The inhibition of K+

in currents of guard cells by 5 μM flg22 was observed within 10 min of
whole-cell recording, and no obvious further inhibition was observed at later timepoints
(data not shown), indicating that the maximal effect of flg22 had been achieved. At the 10-
min time point, no significant inhibitory effect of flg22 on K+

out currents was observed
when compared with control (Figure 2). To assess whether there was a time-dependent
effect of flg22 on the K+

out channels of guard cells, recordings taken at a range of time
points after formation of the whole-cell configuration were analyzed. In the control
recordings (no flg22 in the bath solution), there was no obvious decrease of K+

out current
amplitude (Figure 3). However, in the presence of flg22, K+

out currents decreased gradually
over time, and this effect reached statistical significance by 20 min (Figure 3 A, C). In guard
cells of fls2 mutants, at 10 min the mean value of K+

out currents was about the same as that
of Col-0 (Figure 2), and there was no flg22 inhibition of K+

out currents when compared to
Col-0 at 20 min (Figure 3 B, C).

The mean value of the K+
out conductance at each voltage step (-59 mV to 61 mV) for Col-0

guard cells was plotted as a function of voltage (Figure 4C) and the relationship was fitted
with the Boltzmann equation. The Gmax in 10-min recordings with 5 μM flg22 is 0.68 ± 0.08
nS/pF but it decreased to 0.37 ± 0.05 nS/pF in the 20-min recordings (Table 1). G/Gmax for
recordings taken 10 min and 20 min after whole cell formation and in the presence of flg22
were also fitted with the Boltzmann equation (Figure 4D) and the V1/2 and z values were not
significantly altered by flg22 treatment (Table 1). The τ1/2 of K+

out currents was also
calculated for the 10 and 20 min time points, and found to be statistically identical (Figure
4E); τ1/2 values of K+

out currents were also identical between control and flg22 treatments at
10 min (data not shown).

COR reverses PAMP-modulation of stomatal opening and K+in but not K+out currents in
guard cells

COR is a virulence factor that opposes PTI responses, including flg22-induced stomatal
closure (Melotto et al., 2006). Whether COR can also interfere with flg22-mediated
inhibition of stomatal opening is not known and was therefore investigated. While COR (0.5
ng.μl-1) alone had no evident effect on this process, it reversed the inhibitory effect of 5 μM
flg22 (Figure 5A). We also tested whether COR affects PAMP-regulation of inward K+

currents. While COR (0.5 ng.μl-1) alone had no obvious effects on K+ currents, it reversed
the inhibitory effect of flg22 on K+

in currents (Figure 5B; C). By contrast, COR could not
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reverse the slow inhibition of outward K+ currents by flg22 (Figure 6), indicating that
distinct mechanisms underlie flg22 regulation of inward vs. outward K+ channels.

flg22 regulation of stomatal opening and K+ currents in guard cells requires the G-protein
α subunit GPA1

Given the demonstrated role of the Gα subunit, GPA1, in mediating ABA-inhibition of
inward K+ currents and stomatal opening (Wang et al., 2001), we hypothesized that GPA1
might also mediate the inhibitory effects of flg22 on these processes. To assess whether
GPA1 plays a role in guard cell response to PAMPs, Gα subunit null mutants (gpa1-3 and
gpa1-4) (Jones et al., 2003) were also used in assays of light-induced stomatal opening. We
found that flg22 inhibition of stomatal opening is impaired in the gpa1-3 and gpa1-4
mutants (Figure 7A).

To investigate whether alterations in K+ channel response are associated with the alterations
in stomatal movement responses to flg22 that were observed in the gpa1 mutants, we
performed electrophysiological experiments analogous to those of Figure 2 using gpa1-3
and gpa1-4 mutant guard cells. In the absence of flg22 application, the K+ currents of both
gpa1-3 and gpa1-4 guard cells are the same as those of Col-0, a result that is in accordance
with previous reports (Wang et al., 2001;Coursol et al., 2003; Fan et al., 2008). When 5 μM
flg22 was applied, no flg22 inhibition of K+

in currents was observed in either gpa1 mutant
as compared with Col-0 (Figure 7B; C). Furthermore, the slow inhibition of outward K+

currents by flg22 also did not occur in guard cells of gpa1-3 and gpa1-4 null mutants
(Figure 7D).

Discussion
The survival of plants following pathogen exposure requires the plant immune system,
which consists of two interconnected branches (Jones and Dangl, 2006; Chisholm et al.,
2006). One branch almost always occurs inside of the host cell and relies on the expression
of R genes, most of which encode NB (nucleotide binding)-LRR proteins. These NB-LRR
proteins allow the recognition of specific pathogen virulence effectors to cause effector-
triggered immunity (ETI), also known as gene-for-gene immunity. The other branch, PTI, is
based on transmembrane receptors associated with recognition of PAMPs and it triggers
rapid responses as the first line of defense against pathogen attack. While there has been
significant progress in the understanding of PTI at the level of leaf tissue, which mainly
consists of mesophyll cells, little is understood regarding PAMP regulation of stomatal
movement and PAMP signaling specifically in stomatal guard cells. We show here that (i)
the PAMP flg22 inhibits opening of stomata induced by light, and the bacterial virulence
factor COR counteracts this process; (ii) flg22 inhibits K+

in currents in guard cells and COR
prevents this inhibition, and; (iii) flg22 PAMP-inhibition of stomatal opening and K+

currents requires the G-protein α subunit GPA1. These new findings advance our
understanding of the largely elusive process of guard cell-based PTI.

flg22 inhibits stomatal opening and K+in currents
During stomatal opening, activation of plasma membrane H+-ATPases, and the resultant
extrusion of H+ causes hyperpolarization of the membrane potential. This hyperpolarization
provides a driving force for K+ uptake and activates K+

in channels while deactivating K+
out

channels, and thus facilitates net K+ accumulation within the guard cell. Concurrently, Cl-
and NO-

3 enter the cell via presumed anion transporters in the plasma membrane, and
catabolic processes also result in intracellular accumulation of malate and sugars (Schroeder
et al., 2001; Shimazaki et al., 2007). A central role of inward K+ channels in effecting
stomatal opening in response to environmental stimuli is well established (e.g. Kwak et al.,

Zhang et al. Page 5

Plant J. Author manuscript; available in PMC 2010 January 12.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



2001; Lebaudy et al., 2008). Here we show that flg22 inhibits light-induced stomatal
opening and that this effect is dependent on flg22 perception by the FLS2 receptor (Figure
1). Consistent with flg22 inhibition of stomatal opening, flg22 inhibited K+

in currents in an
FLS2-dependent manner. Other mechanisms may also contribute to flg22 inhibition of
stomatal opening. For example, K+ uptake is dependent on membrane hyperpolarization
mediated in part via active H+ extrusion, and flagellin may oppose this process: net H+

influx was measured after flg22 application to tomato leaf tissue (Lanfermeijer et al., 2008),
and other elicitors inhibit H+ ATPase activity (Amborabe et al., 2008).

flg22 inhibition of K+
in currents occurs in a scalar fashion. Even though the Gmax of K+

in
currents was dramatically inhibited by 5 μM flg22, the relative value of Gk/Gmax was about
the same with and without flg22, and the half-activation voltage V1/2 and the half-activation
times (τ1/2) were the same with and without flg22 application (Figure 4E). These data
indicate that flg22 does not change the kinetics of the guard cell K+

in channels. The whole-
cell inward current is the sum of the currents through all the open K+

in channels in the
plasma membrane. A decrease in current can occur by a decrease in the open probability of
the channel, a decrease in the single channel conductance, or a decrease in the number of
activatable channels in the membrane. Because the time constants and voltage-dependence
of the K+

in currents did not change upon flg22 treatment (indicating that the open
probability of the channels is not affected by flg22), yet overall current magnitude was
decreased, we can conclude that flg22 inhibits the K+

in currents either by decreasing the
single channel conductance or by decreasing the number of K+

in channels available for
voltage-activation. The latter phenomenon could occur if flg22 signaling resulted in the
conversion of a proportion of the K+

in channels to a nonactivatable (silent) state, as occurs,
e.g. for low pH suppression of guard cell K+

out currents (Miedema and Assmann, 1996), or
if flg22 resulted in endocytosis of K+

in channels. Regarding the latter possibility, it is
interesting to note that flg22 is known to induce endocytosis of its own receptor, FLS2,
(Robatzek et al., 2006); one could speculate that these endocytotic vesicles also contain K+

channels.

PAMP regulation of guard cell K+ channels had not been previously evaluated. Only one
previous study reported pathogen regulation of these channels, in the context of gene-for-
gene interaction, in which it was shown that the Avr9 elicitor inhibits K+

in channels and
activates K+

out channels of transgenic tobacco guard cells expressing the Cf9 resistance
transgene. In response to Avr9 elicitor, both magnitude and kinetics of the K+ currents were
changed, indicating that the Avr9 elicitor alters K+

in and K+
out channel gating (Blatt et al.,

1999), in contrast to the apparent gating-independent effects of the PAMP flg22.

flg22 inhibits K+out currents
We found that flg22 suppressed K+

out currents (Figures 3, 4, 6). This effect developed
slowly after whole-cell formation, even though the cells had been pre-incubated in flg22.
These results suggest that some change in cytosolic composition as a result of intracellular
perfusion by the pipette solution is a necessary condition for the subsequent slow activation
of a signaling pathway that is responsible for the inhibition of K+

out. Slow inhibition was
also observed when flg22 was added to the bath solution immediately after whole cell
formation (Supplemental Figure S1). By contrast, inhibition of the K+

in currents was
complete and stable at the first recording timepoint, 10 min. after whole cell formation,
regardless of whether the guard cell protoplasts had been pre-exposed to flg22 (Figures 2, 7)
or exposed to flg22 immediately after whole cell formation (Supplemental Figure S1). The
flg22-inhibition of K+

out currents does not appear to be a non-specific deleterious effect: it is
absent from fls2 guard cells, indicating that it is mediated by specific PAMP-receptor
interaction. Analogous to the regulation of K+

in currents, the kinetics of K+
out currents were

not altered by flg22 treatment, indicating that channel open probability was unchanged and
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thus the decrease in current presumably resulted from a decrease in activatable K+
out

channels or single channel conductance.

The flg22-inhibition of K+
out channels in guard cells that we observed is in contrast to P.

syringae pv. pisi -induced K+ efflux from suspension-cultured tobacco cells, as determined
by atomic absorption spectroscopy of extracellular K+ concentration (Atkinson et al., 1985).
This result is also unexpected given the observation that flg22 can induce stomatal closure
(Melotto et al., 2006). Suppression of K+ efflux channels would be expected to oppose
stomatal closure because stomatal closure is dependent on loss of K+. However, these results
could be reconciled if flg22 enhances the driving force for K+ efflux, i.e. the magnitude of
membrane depolarization, sufficiently to overcome the flg22-induced decrease in available
K+

out channels. This could occur if flg22 also activated anion efflux channels or H+ influx,
or decreased H+ ATPase activity (Amborabe et al., 2008; Lanfermeijer et al., 2008). Another
phenomenon that occurs after bacteria or flg22 application is medium alkalinization
(Atkinson et al., 1985; Felix et al., 1999). pH is a well-known regulator of guard cell
function, and external alkalinization activates the K+

out channels and inactivates the K+
in

channels (Blatt 1992; Ilan et al., 1994; 1996). While our patch clamp study of guard cell
protoplasts used a bath solution that included a pH buffer, which would have counteracted
any activation of K+

out by external alkalinization, in situ the K+
out channels of guard cells

may be activated by flg22 or P. syringae via external alkalinization.

A proposed mechanism of flg22 action on guard cell K+ channels
In ABA-regulation of stomatal movements, the movement of K+ into and out of guard cell is
one of the most downstream responses of the guard cell. Based on published reports, the
following signaling cascade can be assembled for ABA inhibition of K+

in channels (Figure
8). ABA activates sphingosine kinase which produces the lipid metabolite, S1P (Coursol et
al., 2003). S1P, a known ligand of GPCRs in mammalian systems, inhibits K+

inchannels in a
GPA1-dependent manner (Coursol et al., 2003), and genetic elimination of either GPA1 or
OST1 prevents ROS production in guard cells (Joo et al., 2005;Mustilli et al., 2002).
Therefore, a logical order of these components is S1P activation of GPA1 which directly or
indirectly activates OST1, resulting in ROS production, which activates Ca2+-permeable
channels at the plasma membrane (Pei et al., 2000;Kwak et al., 2003). Production of ROS
(e.g., H2O2) appears to act at least in part through a MAPK, MPK3 (Gudesblat et al., 2007),
to elicit NO production in guard cells (Garcia-Mata et al., 2003;Sokolovski et al.,
2005;Bright et al., 2006;Yan et al., 2007). NO, acting via cGMP and cADP ribose (cADPR),
elicits Ca2+ release from intracellular stores (Garcia-Mata et al., 2003;Sokolovski et al.,
2005), and elevation of cytosolic Ca2+ is known to inhibit K+

in channels (Schroeder and
Hagiwara, 1989).

Many of the above ABA signaling elements are also known to be related to pathogen
signaling and therefore can be implicated in the regulation of K+ channels observed here. To
organize this information, and provide a framework for future research, we assembled this
information into a speculative model of pathogen signaling in guard cells (Figure 8).
Melotto et al. (2006) previously demonstrated in Arabidopsis guard cells that NO production
and the presence of the ABA-activated Ca2+-independent protein kinase, OST1, were
required for flg22-promotion of stomatal closure. Both ABA and bacteria or flg22 induce
the production of NO and reactive oxygen species (ROS) (Keppler et al., 1989;Felix et al.,
1999;Durner et al., 1998;Delledonne et al., 1998;Ali et al., 2007). The MAPK kinase,
MPK3, is well-known for its involvement in pathogen signaling in leaves (Asai et al., 2002).
Ali et al. (2007) provided evidence that lipopolysaccharides, another bacterial PAMP, could
activate Ca2+ influx through the cyclic-nucleotide-gated channel, CNG2/DND1, in guard
cells and that this process functions upstream of NO production (Garcia-Mata and
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Lamattina, 2007), and non-specific elicitors have also been implicated in activation of Ca2+-
permeable guard cell channels (Klüsener et al., 2002).

Since experimental elevation of H2O2 (Zhang et al., 2001; Kohler et al., 2003), NO (Garcia-
Mata et al., 2003; Sokolovski et al., 2005), and cytosolic Ca2+ (Schroeder and Hagiwara,
1989; Kelly et al., 1995) all have been shown by electrophysiological methods to inhibit
K+

in currents of guard cells, it is reasonable to implicate these elements in flg22-inhibition
of K+

in currents. However, one important distinction is that, at least in Vicia faba guard
cells, NO (Garcia-Mata et al., 2003) and cytosolic Ca2+ elevation (Schroeder and Hagiwara,
1989; Grabov and Blatt, 1997) inhibit K+

in currents by altering K+
in channel gating, i.e. in a

non-scalar manner, whereas our data show scalar inhibition of K+
in currents by flg22. This

scalar inhibition is most similar to that produced by exogenous H2O2 treatment, which, like
flg22, has been reported to inhibit K+

in currents without a change in half-activation time
(Kohler et al., 2003).

With regard to flg22-inhibition of K+
out currents, the scalar effects of flg22 are similar to the

scalar effects of NO on these K+ channels observed in Vicia faba. Unlike the K+
in channels,

K+
out channels are Ca2+-insensitive, and are proposed to instead be regulated by NO via

NO-based protein nitrosylation (Sokolovski and Blatt, 2004). H2O2 effects on these
channels are also likely to be scalar (Kohler et al., 2003). These similarities suggest that
PAMP regulation of K+

out channels in guard cells utilize H2O2 and NO as signaling
elements. NO inhibition of K+

out channels of guard cells occurs at higher concentration than
NO inhibition of K+

in channels (Garcia-Mata et al., 2003; Sokolovski and Blatt, 2004),
which may account for our observation showing that flg22 inhibited K+

in currents quickly
(Figure 3) while suppression of K+

out currents developed slowly (Figure 8). K+
out currents

are also activated in a scalar manner by cytosolic alkalinzation (Blatt, 1992; Miedema and
Assmann, 1996). However, because cytosolic pH was buffered in our study, pH seems less
likely as a mediator of the flg22 effect under our experimental conditions.

Other pathways also may be involved in guard cell response to PAMPs, in addition to
elements shared with abiotic (drought, ABA) signaling cascades. Melotto and coworkers
(2006) showed that in addition to the requirement for ABA-related signaling elements,
bacterium/PAMP-triggered stomatal closure is dependent on salicylic acid (SA). Whether
and how SA-controlled pathways are connected to the ABA pathway in the guard cell is
currently not known. However, SA has been shown to trigger stomatal closure via
generation of ROS (Manthe et al., 1992; Lee, 1998; Mori et al., 2001). Perhaps microbial
and abiotic signals generate both shared and distinct ROS and NO signatures that trigger
both common and unique downstream responses.

Coronatine action on guard cell K+ channels
One interesting contrast in PAMP regulation of K+

in vs. K+
out channels is evident in their

responsiveness to COR. While the plant immune system has evolved to resist microbial
invasion and colonization, virulent pathogens can still infect host plants because successful
pathogens have presumably developed strategies to conquer or avoid plant defense
responses. COR is necessary for successful infection of P. syringae pv. tomato DC3000 in
Arabidopsis leaves and plays multiple roles during pathogenesis (Bender et al., 1999;
Melotto et al., 2006; Underwood et al., 2007; Melotto et al., 2008). Melotto et al. (2006)
showed that COR could reverse flg22- and ABA-induced stomatal closure even though
flg22-induction of NO elevation still occurred. Accordingly, we can infer that COR
interferes with flg22 signaling downstream of OST1, H2O2, and NO, but upstream of the ion
channels controlling solute fluxes across the guard cell plasma membrane (Figure 8).
Interestingly, while COR is able to reverse flg22-inhibition of K+

in currents (Figure 5), it has
no obvious effect on flg22-inhibition of K+

out currents (Figure 6). One possibility is that the
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NO-based protein nitrosylation postulated to mediate NO effects on K+
out but not K+

in
channels (Sokolovski and Blatt, 2004) is not reversible by COR. Failure of the flg22-
mediated K+

out current inhibition to be reversed by COR could be advantageous to the
pathogen, as such failure could potentially contribute to retention of open stomata.

The G-protein α subunit GPA1 is required for flg22 regulation of stomatal movements and
K+ channels

In Arabidopsis, there is only one gene, GPA1, encoding a classical Gα subunit of
heterotrimeric G proteins. By using Arabidopsis gpa1 T-DNA null mutants, GPA1 has been
shown to be required for ABA- and sphingosine-1-phosphate (S1P)-inhibition of K+

in
channels and stomatal opening, and for pH independent S-anion channel activation by ABA
(Wang et al., 2001; Coursol et al., 2003). Our data showing absence of flg22-inhibition of
K+ currents and stomatal opening in gpa1 guard cells (Figure 7) identifies GPA1 as another
common element in PAMP and ABA signaling. Since GPA1 is required for ROS production
in guard cell responses to ozone (Joo et al., 2005), it is reasonable to propose that GPA1 also
functions upstream of ROS in guard cell PAMP-signaling (Figure 8).

Conclusion
The regulation of stomatal movements is a venerable system for the study of the effects of
pathogen products as it has been known since 1969 that the toxin, fusicoccin, produced by
the pathogenic fungus Fusicoccum amygdali Del., stimulates stomatal opening (Turner and
Graniti, 1969), with subsequent biochemical (reviewed in Marre 1979) and
electrophysiological (Assmann and Schwartz, 1992; Lohse and Hedrich, 1992) studies
demonstrating that fusicoccin activates the guard cell H+-ATPase (Kinoshita and Shimazaki,
2001; Merlot et al., 2007). More recent research has identified Ca2+-permeable channels
(Gelli et al., 1997; Zimmermann et al., 1997; Klüsener et al., 2002; Ali et al., 2007) as
targets of pathogen products. Our study provides evidence that guard cell K+ channels are
regulated by PAMPS, and that this regulation occurs in a manner distinct from that evoked
by Avr elicitors during effector-triggered immunity (Blatt et al., 1999).

The multiplicity of shared and distinct downstream responders to microbial and abiotic
signals suggests a fruitful area for further understanding of signal integration and
prioritization in the guard cell. Guard cell signaling has traditionally been studied in the
context of abiotic stresses, yet stomata are a major portal through which many foliar
pathogens enter and exit plants, representing two key steps in disease cycles and
epidemiology (Boureau et al., 2002; Guimaraes and Stotz, 2004; Melotto et al., 2008).
Outbreak of many foliar plant diseases requires high humidity, which could promote
stomatal opening. Future studies integrating abiotic and biotic signals may shed light on the
important question of whether abiotic conditions that promote stomatal opening diminish the
effectiveness of stomata-based restriction of pathogen entry into and exit from the plant,
thereby influencing disease epidemics.

Experimental procedures
Stomatal aperture assay

Wild type Col-0, knockout mutant fls2 (Salk_line 93905) and the gpa1 (gpa1-3 and gpa1-4))
lines, were grown in controlled conditions in growth chambers with a 8h/16h light/dark
photoperiod with a light intensity of 120 μmol m-2 s-1, relative humidity of 80%, and day/
night temperatures of 22°C/20°C. For all assays of stomatal aperture, fully expanded young
leaves from 4-5 week-old plants were used. Whole leaves were excised in the morning
before the lights came on, and were immediately placed in opening solution (10 mM KCl,
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7.5 mM iminodiacetic acid, 10 mM Mes-KOH, pH 6.15) with the adaxial surface upward.
These leaves were kept in darkness for 3 hr to ensure stomatal closure and then the abaxial
epidermes of two leaves of each genotype used were peeled and photographed at 400x total
magnification for subsequent measurement to obtain a 0 hr baseline stomatal aperture. Next,
5 μM flg22 peptide (Alpha Diagnostics, Inc.) (same volume of water was added for control)
or 0.5 ng μl-1COR (Sigma-Aldrich, Inc.) (same volume of ethanol was added as solvent
control) was added to the opening solution and the leaves were subjected to white light (450
μmol m-2 s-1) illumination for another 3 hr to induce stomatal opening. Then the abaxial leaf
epidermes were peeled and photographed as for 0 hr leaves. Stomatal apertures were
subsequently measured from these images using ImageJ (open access software, version
1.37) and at least 110 stomatal apertures were measured in each replicate. All the data
reported here were obtained from 3 independent replicate experiments. Student’s t-test was
used to compare the flg22 effect, and P value < 0.01 was considered as a significant
difference. Aperture measurements were performed blind.

Electrophysiology
Plants used for patch clamp experiments were grown under the same conditions as for
stomatal aperture assays. Arabidopsis guard cell protoplast isolation and solutions used for
K+ current recordings were as previously described (Wang et al., 2001; Coursol et al., 2003).
Except for the instantaneous flg22 treatments (Supplemental Figure 1) all data were
obtained 0.5 hr to 2 hr after protoplasts were introduced into the bath solutions (control
solution or bath solution with 5 μM flg22 and/or 0.5 ng.μl-1 COR added), and recordings
were obtained 10 min after formation of the whole-cell configuration except as otherwise
noted. For the instantaneous flg22 treatments, bath solution with flg22 added was directly
perfused into the chamber immediately after formation of the whole-cell configuration. For
all recordings, the holding potential was set at -79 mV and the voltage family applied was
from -219 to +61 mV with +20-mV increments of 3.9-s duration with 6-s interpulse
intervals.

Data analysis
Time-activated K+ current (Ik for K+ or K+ in out) was calculated for each recording as the
average steady state current between 3.60 to 3.88 s minus the instantaneous current at 20 ms.
Cell capacitances were read directly from the Axon 200B amplifier after full compensation
and immediately before whole-cell recordings. Data were compared with the Student’s t-
test, and results with P ≤ 0.01 were considered as significantly different. The software for
data recording and analysis was pCLAMP 6.0.3 and figures were drawn with SigmaPlot 8.0.

The calculation of K+ channel conductance (Gk) is based on the relationship Gk = Ik/
(Em-Erev), where Em is the applied potential, Erev is the reversal potential, and Ik is the time-
activated K+ current (Ilan et al., 1995; Wang et al., 1998). We obtained the Erev from tail-
current recordings from control and flg22-treated cells, and the value was -59 mV in both
conditions (data not shown). Current values from -219 mV to -119 mV from cells with
obvious inward currents were chosen for the analysis, and conductance was calculated at
each voltage. To derive the maximum conductance, Gmax, the cell conductance/voltage data
were fitted with the Boltzmann equation: Gk=Gmax/{1+exp[-(V-V1/2)zF/RT]} (where V is
the applied potential, V1/2 is the half-activation voltage (i.e., the voltage where G is 50% of
Gmax), z is the effective gating charge,, and R, T and F are the ideal gas constant, absolute
temperature, and Faraday’s constant respectively). Gmax, V1/2and are obtained directly from
the fitted curve. The relationship of Gk/Gmax to voltage was also fitted with the Boltzmann
equation. The calculation of K+

out kinetics followed the identical method as for analysis of
K+

in currents, except that the current densities at voltages from -59 mV to 61 mV were
selected. Data were fitted with SigmaPlot 8.0.

Zhang et al. Page 10

Plant J. Author manuscript; available in PMC 2010 January 12.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Half-activation time (τ1/2) was defined as the time point at which half-maximal current
amplitude was reached, and was calculated directly from the current traces obtained at the
voltages specified in Figure 5E. Current amplitude was defined as the difference in current
magnitude at 20 ms and the mean current value from 3.60 to 3.88 s, measured using
pCLAMP 6.03.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. flg22 inhibits light-induced stomatal opening in Col-0 but not in fls2 plants
Average stomatal apertures (mean ± SE) in epidermal peels taken from leaves of Col-0 and
fls2 before light treatment (0 hr) and after 3 hr in the light with or without 5 μM flg22
treatment. n = 3 experiments, with n>150 apertures measured per experiment.
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Figure 2. K+
in currents are inhibited by flg22 in Col-0 guard cells but not in fls2 guard cells

(A) Typical whole-cell K+ current recordings from Col-0 and fls2 with or without 5 μM
flg22. Time and current scales are indicated.
(B) Average current-voltage relationship (mean ± SE) of time-activated whole-cell K+

currents from cells recorded as in (A).
n = 22 (Col-0); 11 (Col-0 + flg22); 8 (fls2); and 10 (fls2 + flg22).
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Figure 3. K+
out currents are gradually suppressed by flg22 in Col-0 guard cells but not in fls2

plants
(A) Typical whole-cell outward K+ current recordings at 10 min without flg22 (control), and
recordings at different time points with 5 μM flg22 after formation of the whole cell
configuration. Time and current scales are as shown.
(B) Typical whole-cell outward K+ current recordings at 20 min for Col-0 and fls2 without
(control) or with 5 μM flg22. Time and current scales are as indicated.
(C) Average current-voltage relationship (mean ± SE) of time-activated whole-cell outward
K+ currents indicated in (A) and (B). n = 9 (Col-0; 10 min and 20 min); 10 (Col-0 + flg22;
10 min, 15 min and 20 min); 8 (fls2; 20 min); and 10 (fls2 + flg22; 20 min).
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Figure 4. Effect of flg22 on the conductance/voltage relationship of inward- and outward- K+

currents of Col-0 guard cells
(A) Conductance/voltage curves of inward-rectifying K+ currents fitted with the Boltzmann
equation (data were mean values, and n = 9 and 10 for control and flg22 treatment,
respectively)
(B) Relative conductance/voltage curves of K+

in currents fitted with the Boltzmann
equation.
(C) Conductance/voltage curves of K+

out at 10 and 20 min after formation of the whole-cell
configuration fitted with the Boltzmann equation (data are mean values, n = 10 for each time
point)
(D) Relative conductance/voltage curves of K+

out fitted with the Boltzmann equation.
(E) Half-activation time (τ1/2) values (mean ± SE) of K+

in for control and flg22 treatment
(left, voltages are from -219 mV to -139 mV) and K+

out at 10 and 20 min with flg22
treatment (right, voltages are from -19 mV to 61 mV).
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Figure 5. flg22 inhibition of stomatal opening and K+
in currents is prevented by COR in wild

type (Col-0) Arabidopsis guard cells
(A) Inhibition of stomatal opening by flg22 is prevented by COR. n = 3 experiments, with
n>150 apertures measured per experiment.
(B) Typical whole-cell recordings of guard cell K+ currents of Col-0 for control, 5 μM flg22,
0.5 ng.μl-1 COR or 5 μM flg22 + 0.5 ng.μl-1 COR treatments. Time and current scales are
indicated.
(C) Average current-voltage relationship (mean ± SE) of time-activated whole-cell K+

currents from cells recorded as in (A).
n = 9 (Control); 10 (flg22); 7 (COR); and 6 (flg22 + COR)
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Figure 6. flg22 inhibition of outward K+ currents of Arabidopsis Col-0 guard cells could not be
reversed by COR
(A) Typical whole-cell outward K+ currents at 20 min for Col-0 guard cells subjected to
control, 5 μM flg22, 0.5 ng.μl-1 COR or 5 μM flg22 + 0.5 ng.μl-1 COR treatments. Time and
current scales are as indicated.
(B) Average current-voltage relationship (mean ± SE) of whole-cell outward K+ currents
from the cells recorded as in A.
n = 9 (control); 10 (flg22); 7 (COR); and 6 (flg22 + COR)
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Figure 7. Involvement of Gα subunit (GPA1) in flg22 inhibition of guard cell K+ currents
(A) Stomatal apertures of Col-0, gpa1-3 and gpa1-4 plants before light treatment (0 hr) and
after 3 hr in the light with or without 5 μM flg22 treatment. n = 3 experiments, with n>110
apertures measured per experiment.
(B) Typical whole-cell recordings at 10 min of Col-0, gpa1-3 and gpa1-4 guard cell K+

currents in the absence or presence of 5 μM flg22. Time and current scales are indicated.
(C) Average current-voltage relationship (mean ± SE) of time-activated whole-cell K+

currents from cells recorded as in (B). n = 22 (Col-0); 17 (Col-0 + flg22); 31 (gpa1-3); 47
(gpa1-3 + flg22); 16 (gpa1-4) and 26 (gpa1-4 + flg22).
(D) Average current-voltage relationship (mean ± SE) of whole-cell outward K+ currents at
20 min from the cells recorded as in B. n = 22 (Col-0); 17 (Col-0 + flg22); 31 (gpa1-3); 47
(gpa1-3 + flg22); 16 (gpa1-4) and 26 (gpa1-4 + flg22).
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Figure 8. Model of PAMP regulation of Arabidopsis guard cell K+ channels
A model of how proposed common signaling components in ABA and PAMP responses act
to regulate guard cell K+ channels. The model is drawn based on the new information
provided by this study (shown in red) and references cited in the Discussion. Note that a
parsimonious model is shown; thus, if component A is known to activate both component B
and component C, and component B is also known to activate component C, then the
pathway is drawn as A activates B and B activates C.
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Table 1

Fitted parameters for the maximum conductances (Gmax), half-maximal activation voltages (V1/2) and
effective gating charge (z), as derived from the conductance/voltage curves. Data are shown as mean ± SE. n =
9 for control and 10 for flg22 treatment.

IKin IKout

Control 5 μM flg22 10 min 5 μM flg22 10 min 5 μM flg22 20 min

Gmax
(nS/pF)

1.087±0.043 0.650±0.059 0.684±0.082 0.374±0.046

V1/2 (mV) -187±2 -184±3 -21±3 -20±2

z 1.50±0.09 1.71±0.10 1.79±0.18 2.53±0.22
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