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Death Don’t Have No Mercy and Neither Does Calcium:
Arabidopsis CYCLIC NUCLEOTIDE GATED CHANNEL2 and
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Plant innate immune response to pathogen infection includes an elegant signaling pathway leading to reactive oxygen
species generation and resulting hypersensitive response (HR); localized programmed cell death in tissue surrounding the
initial infection site limits pathogen spread. A veritable symphony of cytosolic signaling molecules (including Ca2*, nitric
oxide [NO], cyclic nucleotides, and calmodulin) have been suggested as early components of HR signaling. However,
specific interactions among these cytosolic secondary messengers and their roles in the signal cascade are still unclear.
Here, we report some aspects of how plants translate perception of a pathogen into a signal cascade leading to an innate
immune response. We show that Arabidopsis thaliana CYCLIC NUCLEOTIDE GATED CHANNEL2 (CNGC2/DND1) conducts
Ca2t into cells and provide a model linking this Ca2* current to downstream NO production. NO is a critical signaling
molecule invoking plant innate immune response to pathogens. Plants without functional CNGC2 lack this cell membrane
Ca?* current and do not display HR; providing the mutant with NO complements this phenotype. The bacterial pathogen-
associated molecular pattern elicitor lipopolysaccharide activates a CNGC Ca2t current, which may be linked to NO

generation due to buildup of cytosolic Ca2t/calmodulin.

INTRODUCTION

Plants have an innate immune response to bacterial infection
similar in some ways to that of animals (NUrnberger et al., 2004).
One component of plant innate immunity is localized plant cell
apoptosis; necrotic lesions formed around the initial site of infec-
tion limit pathogen spread. A decade ago, in an article entitled
“Death Don’t Have No Mercy,” Dangl et al. (1996) reviewed the
stepsinvolved in this plant programmed cell death/hypersensitive
response (HR) to avirulent pathogens, indicating that cell mem-
brane Ca?* flux occurs early in this signaling pathway. Subse-
quently, Dangl referred to the signaling molecule nitric oxide (NO)
as the “concert master” in HR and plant innate immunity (Dangl,
1998). Since this time, the role of NO in plant signaling has been
an active area of investigation (Romero-Puertas et al., 2004;
Wendehenne et al., 2004; Crawford and Guo, 2005; Delledonne,
2005; Lamotte et al., 2005). However, the specific gene product
facilitating HR-related inward Ca2* currents is unknown, as is the
mechanism by which these Ca?* currents are transduced into a
rise in NO.

The production of reactive oxygen species (ROS) is involved in
HR as an early plant response to initial pathogen perception and
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rise in cytosolic [Ca?t] (Grant et al., 2000). ROS generation is
associated with HR-related apoptosis. ROS interacts with NO to
potentiate HR to pathogens (Torres et al., 2006), and the ratio of
specific ROS forms and NO act in HR signaling (Delledonne et al.,
2001). Furthermore, some evidence suggests Ca2* flux into plant
cells occurs both upstream and downstream from ROS genera-
tion during plant innate immune response to pathogens (reviewed
in Torres et al., 2006).

Little is known in general about the channels that facilitate
Ca?*flux into the plant cell. No specific ion channel gene product
has yet been associated with Ca?* uptake into plants (White
et al., 2002; White and Broadley, 2003). One homolog (CNGC?2)
of the large (20 members in Arabidopsis thaliana) family of cyclic
nucleotide gated channels (CNGCs) has been shown to conduct
Ca?* and K+ when expressed in heterologous systems (Leng
et al.,, 1999, 2002; Hua et al., 2003a, 2003b). Recent reviews
suggest that CNGCs may be involved in Ca?* uptake into plants
(White et al., 2002) and plasma membrane Ca?* currents asso-
ciated with signal transduction cascades (Hetherington and
Brownlee, 2004). However, we know little about the molecular
architecture of native channels comprised of CNGC subunits.
Animal homologs of plant CNGCs are heterotetramers formed
from at least two (Flynn et al., 2001), and in many cases three
(e.g., Zheng and Zagotta, 2004), different CNGC gene translation
products. Computational molecular modeling of the quaternary
structure of channels formed by CNGC2 (and other plant CNGC)
polypeptides suggests that plant CNGCs also function as tetra-
mers (Hua et al., 2003a); it is unknown whether or not plant
CNGCs are heteromeric. Furthermore, publicly accessible ex-
pression profiling databases (e.g., see Talke et al., 2003) indicate
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that many or most of the plant CNGCs (including CNGC2) have
overlapping expression profiles. Therefore, it is at present
unclear whether or not translational arrest of one plant CNGC
would alter conductance properties across native plant cell
membranes.

An Arg-dependent nitric oxide synthase (NOS) enzyme cata-
lyzes HR-related NO generation in plants (Delledonne et al., 1998;
Durner et al., 1998). A gene encoding a plant NOS enzyme has not
yet been identified and/or cloned (Crawford et al., 2006; Zemojtel
et al., 2006). However, analysis of a loss-of-function Arabidopsis
mutant has demonstrated the involvement of the Arabidopsis
NITRIC OXIDE ASSOCIATED PROTEIN1 (NOAT; formerly named
At NOST) translation product in a pathway leading to Arg-
dependent NO generation (Guo et al., 2003) and implicated this
gene product in signal cascades responding to pathogen infec-
tion of plants (Zeidler et al., 2004; Crawford and Guo, 2005). Loss-
of-function At noa’ mutants have reduced basal NO levels and
reductions in signaling-associated NO generation (Zeidler et al.,
2004; Bright et al., 2006; Zhao et al., 2006). NO activates
nucleotide cyclases in plants and animals (Durner et al., 1998);
recent reviews (Wendehenne et al., 2001; Delledonne, 2005)
therefore place cyclic nucleotide monophosphate rise down-
stream from NO generation in HR signaling. Here, we use the
defense no death1 (dnd1) Arabidopsis mutant (Clough et al.,
2000) that has a null mutation in the CNGC2/DND1 gene
and displays no HR to link cyclic nucleotide monophosphate-
dependent Ca?*+ flux to NO generation and HR of plants to
pathogen infection.

RESULTS AND DISCUSSION

NO Involvement in Plant Pathogen Signaling

Much evidence implicates NO as involved in the HR response to
pathogens (for reviews, see Wendehenne et al., 2001, 2004;
Romero-Puertas et al., 2004; Delledonne, 2005; Lamotte et al.,
2005). Particularly compelling support for NO involvement in HR
signaling is the demonstration that inhibitors of enzymatic NO
synthesis block HR in Arabidopsis leaves inoculated with an
avirulent pathogen (Delledonne et al., 1998). However, whether
or not NO generation is causal to and/or required for the HR
response to pathogens is still unclear. Some evidence specifi-
cally indicates that in Arabidopsis, NO may not be involved as a
signaling component controlling HR, but rather acts to facilitate
cell-to-cell spread of the HR at the infection site and temporally
potentiate HR response to pathogens (Zhang et al., 2003).

We used the Arabidopsis dnd1 mutant, which lacks a functional
cyclic nucleotide gated channel (CNGC2) and also displays no
classic HR to avirulent pathogens (Clough et al., 2000), to further
characterize the role of NO in the HR response of Arabidopsis.
Guo et al. (2003) used application (to the growing medium) of the
NO donor sodium nitroprusside (SNP) to revert some At noat
(formally, At nos7) mutant phenotypes to the wild type. More
recently, Bright et al. (2006) and Zhao et al. (2006) also reverted
some At noal mutant phenotypes to the wild type using SNP
application. Here, we demonstrated that addition of SNP to dnd1
plants in a similar manner partially overcomes the lack of HR
response to the avirulent bacterial pathogen Pseudomonas

syringae (Figure 1). Pictures of representative (Arabidopsis wild-
type and dnd1) leaves inoculated with P. syringae pv syringae
(Pss) from one experiment are shown in Figure 1B (also see Figure
1D). Quantified evaluations of HR development and concomitant
tissue collapse using a standard HR scoring system (see
Methods) from the same experiment are shown in Figure 1C.
Ethanol bleaching has been used as a convenient assay to
provide enhanced visualization of HR development in leaves
responding to an avirulent pathogen (Schornack et al., 2004;
Weber et al., 2005). HR development and tissue collapse in
leaves of dnd1 plants pretreated with SNP and inoculated with
Pss were visualized in another experiment (with a different set of
plants) after ethanol bleaching (Figure 1E). Additional experi-
ments were undertaken with another P. syringae pathovar, P.
syringae pv tomato DC3000 (Pst), containing the avirulence gene
avrRpt2. As was the case with Pss, dnd1 plants did not undergo
HR when inoculated with Pst avrRpt2*, and pretreatment with
SNP complemented this phenotype. In this experiment, SNP
effects on dnd1 leaves were demonstrated after ethanol bleach-
ing; Figure 1F shows the tissue collapse evident in dnd1 leaves
inoculated with Pst avrRpt2* only upon pretreatment with SNP.
Yu et al. (1998) used autofluorescense of tissue undergoing
apoptosis to document the absence of HR response to Pst
avrRpt2+ in dnd1 leaves. We used a similar assay to further
evaluate the effect of SNP on HR in dnd1 leaves inoculated with
Pst avrRpt2+. In their work, Yu et al. (1998) observed autofluo-
rescence associated with confluent cell apoptosis at the edge of
the inoculation zone in wild-type leaves that was absent in dnd1
leaves. Measurement of autofluorescence at the edge of the
inoculation zone in dnd1 leaves shows evidence of HR only when
plants were pretreated with SNP (Figure 1G); the —SNP image is
similar to that shown by Yu et al. (1998) for dnd1. Addition of SNP
has no apparent effect on the wild-type HR response to Pss
(Figures 1B and 1C). Treatment of wild-type and dnd1 plants with
SNP in the absence of pathogen infection did not induce any
observable HR symptoms (Figure 1A; data not shown).

Results shown in Figure 1 indicate that the lack of NO gener-
ation in the dnd7 mutant is causal to the block of signaling leading
to HR. Furthermore, these results are consistent with the asser-
tion that in Arabidopsis, NO generation is required, but not
sufficient, for the signaling pathway leading to HR. These studies
provide new genetic evidence for a role of NO in the plant HR to
pathogens. Application of SNP to dnd7 plants only partially
restores HR. We speculate that this could be due to either (1) the
possibility that artificially generating NO in plants by application
of SNP does not completely mimic the situation in wild-type
plants responding to avirulent pathogens (Pss or Pst avrRpt2™) in
terms of the level and/or specific site of NO accumulation, or (2)
other unknown factors contribute to block of HR generation in
dnd1 plants responding to infection with avirulent pathogen.

Lipopolysaccharide, NO, and Ca2* Signaling

In the study reporting the cloning of At NOA1, Guo et al. (2003)
used the Arabidopsis guard cell as a model system to demon-
strate the role of NOS (i.e., using Arg as substrate in contrast with
nitrite-dependent NO generation) in signal transduction path-
ways. Their studies employed the NO-specific fluorescent dye
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Figure 1. Application of SNP Reverses the Lack of HR of dnd1 Plants to Infection with Avirulent Pathogen.

(A) Application of SNP in the absence of pathogen had no effect on the wild-type or dnd7 plant phenotype. Wild-type Arabidopsis plants are shown on
the left, and dnd1 plants are shown on the right. The top two panels show 8-week-old plants grown in the absence of SNP. The bottom two panels show
plants grown as above for 6 weeks and then irrigated for 2 weeks with solutions containing 100 uM SNP.

(B) Photographs of representative leaves detached from wild-type (left panels) and dnd1 (right panels) plants 24 h after inoculation with Pss. Plants were
grown either in the absence (top panels) or presence (bottom panels; irrigation for 2 weeks as in [A]) of SNP. Arrows indicate necrotic regions of dnd1
leaves undergoing HR.

(C) Quantitative scoring of HR in leaves of wild-type and dnd1 plants inoculated with Pss either in the absence (open bars) or presence (closed bars) of
SNP. Results are presented as means of a minimum of 25 leaves per treatment *+ SE.

(D) Enlarged image of a portion of a (+SNP) dnd17 leaf shown in the bottom right panel of (B) highlighting the region inoculated with Pss; note the
flattened region undergoing tissue collapse.

(E) A leaf (representative of three replicate treatments) from a dnd7 plant pretreated with SNP and inoculated with Pss. Leaves were removed from
plants 48 h after treatment and bleached in ethanol. An arrow indicates the inoculated region, which appears more transparent and flattened compared
with the rest of the leaf (also see leaves in [F]). This experiment was repeated a total of four times. Representative results from one of these experiments
are shown in (A) to (D), and results from a different experiment are shown in (E).

(F) Ethanol-bleached dnd1 leaves excised 9 h after inoculation with Pst avrRpt2+. Leaves shown in the left panel are from plants pretreated with SNP (as
above); the panel on the right shows leaves from dnd17 plants treated with water.

(G) Prior to ethanol bleaching, autofluorescence of leaves shown in (F) was evaluated as described by Balagué et al. (2003). The leaf shown in the left
panel is from an SNP-pretreated plant; the leaf in the right panel is from a dnd1 plant treated with water. Regions at the edge of the inoculation zone are
shown in both cases. We are aware that leaf veins display spontaneous autofluorescense; only interveinal regions are shown for +SNP and —SNP
leaves. The arrow indicates autofluorescense occurring at the edge of the inoculation zone in dnd1 plants pretreated with SNP. A similar region of the
inoculation zone was imaged for —SNP plants. Other experiments (data not shown) indicated that pretreatment of wild-type plants with SNP did not
affect the HR response to Pst avrRpt2+ and that wild-type plants display no HR response to Pst avrRpt2-.

diaminofluorescein diacetate (DAF-2DA) to monitor NO genera-
tion in vivo. Application of the dye along with various effectors/
inhibitors to leaf epidermal peels with exposed, intact guard cells
allows for real-time observation of NO generation in a cell
responding to an external stimulus (Guo et al., 2003). Here, we
followed a similar approach to elucidate components of the
signaling pathway leading to NO generation in plants responding
to pathogen infection. It should be noted that guard cells have
been previously shown to display classic innate immune re-
sponse to both pathogen-associated molecular pattern (PAMP)

compounds and pathogens (Lee et al., 1999; Wright et al., 2000),
justifying our use of this model system here.

We compared NO generation in guard cells isolated from wild-
type and dnd1 plants upon application of lipopolysaccharide
(LPS). LPS is a ubiquitous component of Gram-negative bacteria,
including P. syringae (Zeidler et al., 2004). Molecules such as LPS
are elicitors of plant (and animal) innate immune response and as
such are known as PAMPs (Nurnberger et al., 2004; Delledonne,
2005). LPS has recently been shown to induce a burst of NOS-
dependent (i.e., Arg) NO generation in Arabidopsis (suspension
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cells and epidermal peels) (Zeidler et al., 2004). LPS has been
shown to induce a cytosolic Ca?+ spike and associated oxidative
burstintobacco (Nicotiana tabacum) cells (Braun et al., 2005) and
potentiate expression of plant defense mechanisms responding
to pathogen infection in pepper (Capsicum annuum) leaves
(Newman et al., 2002). These studies, then, support the rationale
of using LPS to probe the signal cascade leading to pathogen-
induced NO generation. It should be noted that no studies to date
have linked LPS application in the absence of a pathogento HRin
Arabidopsis. However, the focus of our work is to probe the
signaling pathway leading to NO generation. Clearly, generation
of NO alone does not lead to HR; as mentioned above, we
observed no HR symptoms in wild-type or dnd1 plants when SNP
was supplied inthe absence of the avirulent pathogen (Figure 1A).

It should be noted that our assay of NO generation within intact
cells (i.e., monitoring fluorescence changes of an NO-specific
dye) is indirect. However, the use of this experimental approach
was calibrated by Zeidler et al. (2004) with a direct NO assay. They
found that whether NO was quantified directly using electron
paramagnetic resonance imaging with Fe, and diethyldithiocar-
bamate as a spin trap, or indirectly using the dye DAF-2DA as we
do here, LPS similarly caused NO generation in Arabidopsis cells.
Recent work by Planchet and Kaiser (2006) also supports the
efficacy of DAF-2DA measurement of NO production by plant
cells. As shownin Figure 2, LPS application evokes NO generation
in guard cells of wild-type plants, and this response is inhibited in
dnd1 guard cells (cf. Figures 2A and 2B); this result is consistent
with the Ca?+-conducting channel CNGC2 as involved with
elicitor/PAMP-dependent NO generation and, presumably, plant
innate immune response to pathogens. Our observations regard-
ing LPS and NO generation were done using epidermal peels,
similar to the studies of Guo et al. (2003) and Zeidler et al. (2004).
Epidermal peels of Arabidopsis leaves typically do not contain
intact mesophyll cells, but guard cells are present and viable (Guo
etal., 2003). In our use of this model system, we do not imply that
our observations are necessarily exclusive to guard cells. Inhibi-
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tion of NO generation is not due to a lack of dye loading in the cells
of the mutant. Incubation in solutions containing the NO donor
SNP resulted in dye fluorescence in the wild-type and dnd7 guard
cells, demonstrating a functional assay for NO presence in both
cases (Figure 2C). For experiments involving use of DAF-2DA
fluorescence to monitor NO generation, results are presented (in
Figures 2 and 3) as images representative of at least three
replicates. Quantification of treatment means for NO generation
in these experiments is shown in Figure 4; treatment differencesin
the quantification analysis (Figure 4) show similar trends as can be
observed in Figures 2 and 3.

There are a number of potential enzymatic (e.g., nitrate reduc-
tase and NOS) and nonenzymatic sources of NO generation in
plants. Results shown in Figure 3 are consistent with an Arg-
dependent (i.e., NOS) pathway as the source of LPS-induced NO
in wild-type guard cells, a response inhibited in guard cells
prepared from the dnd71 mutant. LPS-dependent NO generation
in wild-type guard cells (Figure 3A) was completely blocked
by addition of the NOS inhibitor NG-nitro-L-Arg-methyl ester
(L-NAME) (Figure 3C). No LPS-dependent NO generation was
observed in dnd1 epidermal peels in the presence of L-NAME as
well (Figure 3D). The inactive isomer D-NAME had no effect on
LPS-dependent NO generation (Figures 3l and 3K). Zeidler et al.
(2004) found that LPS-dependent NO generation was inhibited in
epidermal peels of At noal mutants; a result consistent with our
assertion here that the LPS-dependent NO generation inhibited
in dnd1 epidermal peels occurs through an Arg-dependent NO
generation pathway in wild-type tissue.

Prior patch clamp studies from this lab documented the pres-
ence of cyclic nucleotide-activated, inward-rectified, Ca2+-
conducting channels (such as CNGC2, which is absent from the
dnd1 mutant; see Clough et al., 2000) in the plasma membrane of
Arabidopsis (and Vicia faba) guard cells (Lemtiri-Chlieh and
Berkowitz, 2004). In these studies, Gd3+ was found to be a potent
blocker of this guard cell inward Ca?* current (Ic,). Gd3+ has no
effect on guard cell K+ channels at concentrations that effectively
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Figure 2. LPS Activation of NO Generation in Wild-Type and dnd7 Guard Cells.

Leaf epidermal peels prepared from wild-type (top panels) or dnd1 plants (bottom panels) were loaded with the NO-sensitive dye DAF-2DA prior to
incubation in reaction buffer alone (buffer control) (A), 100 pg/mL LPS (B), or 50 .M SNP (C). In each case, corresponding fluorescence and bright-field
images are shown; the area of the peel subjected to analysis was greater than that shown in each case. This experiment was repeated a total of three
times. Representative cells from one of these experiments are shown. In each experiment, a minimum of three epidermal peels was used as treatment

replicates (as was also done for the experiments shown in Figure 3).
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Figure 3. The Signaling Pathway Leading from LPS Perception to NO Generation Involves Ca?*, CAM, and NOS.

LPS activation of NO is blocked by chelation of extracellular Ca?*+ with 2 mM EGTA (J) and by inhibitors of Ca?* channels (100 uM Gd3+; [B]), Arg-
dependent NOS (200 uM L-NAME; [C] and [D]), and CaM (50 uM W7; [G] and [H]). Also shown are results with the W7 analog W5 at 50 pM (F), the
L-NAME isomer b-NAME at 200 pM (K), and the K+ channel blocker TEA at 10 mM (L). In all cases, DAF-2DA was loaded into cells of the epidermal
peels and fluorescence was measured after addition of LPS. For each treatment, fluorescence and bright-field images are shown. Results from several
experiments are compiled in this figure; controls (i.e., application of LPS alone to wild-type epidermal peels) for each experiment are shown in (A), (E),
and (I). Results from epidermal peels prepared from wild-type ([A] to [C], [E] to [G], and [I] to [L]) and dnd ([D] and [H]) plants are shown. Experiments

were repeated at least two times; representative images are shown.

block Ic, (Lemtiri-Chlieh et al., 2003). A critical objective of the
studies included in this report is to link Ca®*+ conductance through
plasma membrane ion channels to (downstream) generation of
NO in a signal cascade. One experimental approach we took to
address this research objective was to examine the effects of
Gd3+ on LPS-activated NO generation in the guard cell. Results
shown in Figures 3A and 3B indicate that this Ca?+ channel
blocker substantially reduces LPS-activated NO generation in
wild-type guard cells. By contrast, the K+-selective channel
blocker tetraethylammonium (TEA) had no effect on LPS-acti-
vated NO generation (Figures 3l and 3L). Since LPS-activated NO
generation is inhibited in dnd1 guard cells (Figure 2B), the results
shown in Figure 3 demonstrating sensitivity of LPS-activated NO
generationto Gd3+ and insensitivity to TEA in wild-type guard cells
are consistent with cell membrane inward Ca?* conductance
(through a Gd3*-sensitive CNGC present in wild-type cells) me-
diating LPS activation of NO. Further evidence that LPS activation
of NO generation involves cell membrane Ca?+ channels is

presented in Figures 31 and 3J; chelation of Ca?* in the reaction
solution blocks NO generation. Quantitative analysis of channel
blocker, NOS inhibitor, calmodulin (CaM) antagonist, and Ca2*
chelator effects on NO generation are shown in Figure 4.

These results, then, link plasma membrane Ca?+ conductance
to downstream NO generation in Arabidopsis cells responding to
LPS. Consistent with this conclusion, we find that infiltration of
Gd®* into (wild-type) Arabidopsis leaves inoculated with Pss
prevents HR (Figure 5). Drop test assays (see Supplemental
Figure 1A online) demonstrate no adverse effect of Gd3* on Pss
growth, indicating that the effect of Gd3+ we find on HR devel-
opmentinthe plant (Figure 5) is due to the channel blocker effects
on plant signaling as opposed to direct effects on the pathogen.

In a fashion similar to the work shown here, Lamotte et al.
(2004) found that the fungal polypeptide elicitor/PAMP crypto-
gein can induce NO production in N. tabacum cell cultures and
that this NO generation is blocked by La3t (a Ca2t channel
blocker that acts in a fashion similar to Gd®+ used here) and by
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Figure 4. Quantitative Analysis of in Vivo NO Generation Monitored
Using DAF-2DA Fluorescence.

The maximum fluorescence intensity that could be measured was 250
units/pixel (see Methods). Results shown are from three independent
experiments. Results in (A) correspond to images shown in Figure 2; (B)
and (C) correspond to images shown in Figure 3. In all cases, results are
presented as mean (n = 3) fluorescence intensity per pixel (i.e., averaged
over the area of a guard cell pair; see Methods) =+ SE. In all cases, closed
bars represent measurements taken on wild-type tissue; open bars
denote measurements of epidermal peels prepared from dnd7 plants.
The experiment shown in (A) compares fluorescence intensity of wild-
type and dnd1 guard cells in reaction buffer alone (Buffer), reaction buffer
with 100 png/mL LPS added, or reaction buffer with 50 .M SNP added.
For (B) and (C), all measurements were undertaken with 100 pg/mL LPS
in the reaction solution. Measurements taken with LPS alone added to

EGTA. The important prior work of Lamotte et al. (2004) does
identify a link between an elicitor/PAMP, inward Ca?+ conduc-
tance, and NO similar to the model we develop here. However,
the signaling steps mediating cryptogein involvement in HR
signal cascades may be somewhat unique. Planchet et al. (2006)
recently suggested that cryptogein-mediated NO generation in
N. tabacum may be mediated by nitrate reductase rather than an
Arg-dependent NOS-type enzyme (in contrast with what we find
here with LPS; Figure 3) and that the role cryptogein may play in

HR might be complex and/or not yet fully characterized (also see
Planchet and Kaiser, 2006). We undertook further tests of the
Gd3+ effect on pathogen-related necrosis beyond that done with
Arabidopsis shown in Figure 5. Interestingly, we find that infil-
tration of Gd3+ into N. tabacum (the same variety, Xanthi, used by
Planchet et al. [2006] for their in planta studies of cryptogein and
NO) blocked HR in plants inoculated with Pst avrRpom1+ (see
Supplemental Figure 1B online). Prior studies have documented
that P. syringae pv tomato (DC3000) causes HR in N. tabacum
(Lépez-Solanilla et al., 2004). In addition to Arabidopsis and N.
tabacum, we found that Gd3t infiltration blocked pathogen-
related necrosis in V. faba inoculated with two different pathovars
of P. syringae as well (see Supplemental Figure 1C online).

Calcium-Permeable Channels and the dnd7 Mutant

No change in ion conductance profiles has yet been demon-
strated in cells of the dnd1 plant; this mutant has a null mutation in
the CNGC2 gene. As noted in the Introduction, channels formed
by CNGC2 alone (i.e., upon expression in heterologous systems)
are capable of conducting several different cations. The subunit
composition of native plant channels comprised at least in part by
the CNGC2 polypeptide is unknown, and more than one type of
CNGC may be presentin a particular plant membrane, allowing for
functional redundancy. Therefore, it cannot be presumed what (or
even if a) specific plasma membrane cation conductance would
be affected in the dnd7 mutant. Here, we present patch clamp

Figure 5. Coinfiltration of a CNGC Ca2+ Channel Blocker with Avirulent
Pathogen Prevents HR in Wild-Type Arabidopsis.

Leaves were inoculated with Pss (2 X 108 colony-forming units/mL) alone
(control) or Pss with 100 uM Gd3*. Photographs were taken after 19 h
(top two panels), and then leaves were immersed in ethanol and
photographed after 4 d (bottom two panels). Leaves shown are repre-
sentative of at least three individual inoculations.



recordings from wild-type and dnd7 guard cell plasma mem-
branes (Figure 6). Studies presented in Figure 6 provide evidence
that native plasma membrane ion channel complexes containing
CNGC2 are inwardly rectified Ca2*-conducting channels. Appli-
cation of cAMP to the bath solution activates an inward Ca?+ (as is
convention, Ba?+ is used as the charge carrier in these patch
clamp recordings; Gelli and Blumwald, 1997; Peng et al., 2005)
current in wild-type Arabidopsis guard cell protoplasts. We have
characterized this ligand-gated inward Ca2* channel current in
guard cell (for characterization of the guard cell Ca2* current, see
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Lemtiri-Chlieh et al., 2003) and mesophyll cell protoplasts pre-
pared from leaves of wild-type Arabidopsis plants previously
(Lemtiri-Chlieh and Berkowitz, 2004). In this prior work, the cAMP-
activated current was completely blocked by 50 uM Gd3*, and
reversal potential (E,e,) Of currents recorded in the patch config-
uration was near the Nernst equilibrium potential of Ba2* (Eg,) and
far away from Ex and Eg,, evidence consistent with our assertion
that the ligand activates a Ca?t-conducting channel. This cAMP-
activated current is absent from guard cell protoplasts prepared
from leaves of dnd1 plants (Figure 6).
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Figure 6. Patch Clamp Analysis Identifies a Cyclic Nucleotide Gated Ca?+ Channel in the Plasma Membrane of Guard Cell Protoplasts Prepared from
Wild-Type Plants; This Current Is Absent from dnd7 Guard Cell Protoplasts.

(A) Current/voltage relationships from voltage ramp command protocols recorded in the whole-cell configuration are shown for representative wild-type
(left panel) and dnd1 (right panel) guard cell protoplasts. Current traces from voltage ramps prior to (—db-cAMP; gray current traces) and after (+db-
cAMP; black current traces) addition of 1 mM db-cAMP to the perfusion bath are shown. The time period between addition of db-cAMP to the perfusion
bath solution and initiation of the voltage ramp shown is noted in parentheses. As described in an earlier publication (Lemtiri-Chlieh and Berkowitz,
2004), this inward Ba2+ current is present in wild-type protoplasts in the absence of exogenously added cAMP (e.g., note the flickery channel opening
events recorded in the absence of ligand at ~—140 to —160 mV); we speculate that sufficient endogenous cyclic nucleotide may be present in the cell to
activate some of the channels present in the membrane. However, when the channel is present in the plasma membrane, we note that adding cyclic
nucleotide (at levels used here) always increases the magnitude of the whole-cell current, as is shown here in the case of wild-type protoplasts (Lemtiri-
Chlieh and Berkowitz, 2004). Coincident with the dwarf phenotype of dnd7 plants (Figure 1A) and smaller leaves of the mutant (Figure 1B), we
anecdotally note that dnd7 guard cell protoplasts are smaller than wild-type cells and are extremely difficult to patch. When forming giga-ohm seals with
dnd1 guard cells, the protoplast often is sucked up into the patch pipette. We successfully patched three dnd7 guard cells (from three different
protoplast preparations) for long enough time periods to allow for db-cAMP addition and incubation of the protoplast in activating ligand for >15 min; the
recording shown is representative of these three experiments. In all three cases, application of db-cAMP did not increase the inward Ba?* current (see
[B]). We observed cyclic nucleotide activation of current in wild-type guard cells in 13 of 15 cells tested.

(B) Calculated mean current at various step voltages (+SE) for dnd7 guard cells in the absence (squares) and presence (circles) of 1 mM db-cAMP (n =3
in both cases). The calculated current/voltage relationship does not appear rectified and reverses at ~0 mV, suggesting that leak current may
contribute significantly to the measured values in dnd7 cells. However, note that the calculated current at each voltage does not appear to be affected
by addition of db-cAMP in these cells.
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In our prior study of the cAMP effects on the Ca®*-conducting
channel in wild-type cells (Lemtiri-Chlieh and Berkowitz, 2004), we
noted that inward current in the presence of the activating ligand
cAMP was 440% (+=28%, n = 7) the level recorded in the absence
of cAMP at —140 mV. In the recordings shown in Figure 6A, current
at this voltage in the presence of cCAMP was 480% of the level in
the absence of cAMP with the wild-type guard cell (a 380% in-
crease), while current recorded from dnd1 guard cells with cAMP
was 118% of the level measured in the absence of cAMP (i.e.,
an 18% increase with dnd1 guard cells). As shown in Figure 6B,
mean currents (averaged from the three dnd7 guard cells tested)
showed no significant change associated with cAMP addition
over a range of voltages. For example, at —80 mV, the average
current recorded from dnd1 guard cells was —10.6 = 1.1 pA and
—10.9 * 0.3 pAin the absence and presence of cAMP (Figure 6B).

Results shown in Figure 6 link a specific gene product in plants
with the presence of a functional Ca?* channel in a plant cell
plasma membrane. This work also provides direct electrophys-
iological evidence that a specific CNGC isoform is functionally
expressed in the plasma membrane of plant cells. Bindschedler
et al. (2001) have shown that modulators of cytosolic cAMP
levels affect PAMP-induced ROS generation. Thus, results
presented here (Figures 1 to 6) are consistent with prior spec-

ulations by Bindschedler et al. (2001) about CNGC involvement in
a plant innate immunity signal cascade.

Regulation of NO Synthesis: Filling in the Steps of the
Signal Transduction Cascade

The studies we report here that link a CNGC2-dependent Ca?+
current (Figure 6) to NO generation in the HR signaling cascade
(Figures 1 to 5) allow us to further probe the specific steps of this
pathogen perception/innate immunity signal transduction path-
way. Results shown in Figures 3E to 3H address the question of
what molecular mechanism transduces a plasma membrane
Ca2+ current to an increase in NO synthesis; this work suggests
involvement of CaM or a CaM-like protein in the signaling
cascade. Previous work (e.g., Chiasson et al., 2005) along several
different lines has indicated that CaM (or a CaM-like protein) is
involved in plant pathogen signaling and the innate immune
response, although much is unclear at present regarding what
role(s) CaM plays in plant response to pathogens. Speculations
include effects on cell redox state, gene expression, phytoalexin
synthesis, and mitogen-activated protein kinase pathways and
direct involvement in synthesis of ROS (Neill et al., 2002; Ortega
et al., 2002; Bouché et al., 2005; Chiasson et al., 2005).
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Figure 7. LPS Effects on a Ca2+-Conducting Channel Recorded in the Whole-Cell Configuration from Wild-Type Arabidopsis Guard Cell Protoplasts.

(A) Recordings were made at various command potentials (as indicated to the right of the current traces in millivolts) in the absence (Control; left panel)
or (at a minimum of) 15 min after addition of 100 wg/mL LPS to the perfusion bath solution (LPS; right panel). Note the single channel events recorded
from the guard cell in the absence of LPS. Vertical and horizontal bars represent current and time scales, respectively. Results shown are from one
protoplast. Similar results were obtained from a total of three protoplasts in three independent experiments. In the absence of LPS addition to the
perfusion bath, the currents recorded at hyperpolarizing voltages did not decrease over the time period used for this experiment (data not shown).

(B) Ramp recordings measured prior to (Control) and >15 min after addition of LPS to the perfusion bath. Ramp currents were recorded from the same

protoplast used for the recordings in (A).

(C) Current/voltage relationship generated from the single channel events recorded in the absence of LPS from the experiment shown in (A). Means
(+5sE) of single channel events recorded at various command potentials are shown. The Nernst equilibrium potential for Ba?* (Eg,) corrected for ionic
activity is +41.5 mV; note that the reversal potential calculated for the current (+-36 mV) is close to Eg, and far away from Ex (—75 mV) and Eg, (—25 mV),

indicating that LPS is inhibiting a Ca?*-conducting channel.



As discussed above, no specific plant gene product has yet been
identified as encoding a NOS-type protein. Some studies suggest
that plant NOS may have functional and regulatory properties
similar to cloned animal NOS proteins (Wendehenne et al., 2001).
CaM binds to and activates all animal NOS isoforms (Nedvetsky
et al., 2002); in vitro assays of plant NOS activity typically include
Ca?*+/CaM complex (Planchet et al., 2006). We therefore reasoned
that a requirement for Ca2+/CaM (or a CaM-like protein) activation
of NOS in planta could provide a mechanism linking CNGC2-
dependent plasma membrane inward Ca2* currents (Figure 6) to
NO generation in the HR signaling cascade (Figures 1 and 2).
Conductance of Ca?+ through CNGC2 could lead to a spike of
cytosolic Ca®* in plant cells responding to pathogeninfection. Arise
in the level of Ca?+/CaM could therefore occur downstream from
CNGC2 function in a plant innate immunity signaling pathway. The
CaM antagonist N-(6-aminohexyl)-5-chloro-1-naphthalenesulfo-
namide (W7) blocks LPS-dependent NO generation in guard cells
isolated from either wild-type or dnd1 plants (cf. Figures 3E and 3G
for wild-type cells, see Figure 3H for dnd1 fluorescence in the
presence of W7, and see Figure 2B for dnd1 fluorescence in the
absence of W7). Significantly, the inactive structural analog of W7,
N-(6-aminohexyl)-1-naphthalenesulfonamide (W5), had no effect
on NO generation (cf. Figures 3E and 3F). Thus, these results are
consistent with CNGC2-dependent Ca?* conductance leading to
NO generation by a rise in cytosolic Ca?+/CaM. We acknowledge
the possibility that the antagonist W7 is not specific for CaM but also
affects calcium-dependent kinases (e.g., Osuna et al., 2004). The
possibility exists, therefore, that calcium-dependent kinases are
involved in the signaling pathway linking CNGC2-dependent
plasma membrane inward Ca?* currents to NOS-dependent NO
generation. However, the most direct explanation for the results
shown in Figures 3E to 3G is that W7 prevents CaM activation of
NOS in vivo. Further evidence supporting CaM involvement in the
plant signaling cascade linking pathogen/PAMP-dependent Ca?+
influx to the plant innate immune response involving NO generation
and HR is presented in Supplemental Figure 2 online. In addition to
W7 blocking the elicitor/PAMP-induced NO generation as shown
in Figure 3, we find that the CaM antagonist W7 also prevents
HR response to avirulent pathogens (see Supplemental Figure 2
online).

PAMP Activation of CNGC Current

Experiments were undertaken (Figures 7 and 8) to determine if
LPS activation of a current could be observed in the same cells in
which we demonstrated that LPS activation of NO generation is
dependent on inward Ca?* influx through CNGCs (as shown in
Figures 2 and 3). In the first series of experiments, whole-cell
currents were recorded from guard cell protoplasts ~ 15 min after
addition of LPS to the perfusion bath. In no case (three wild-type
Arabidopsis protoplasts and three V. faba protoplasts, all from
different preparations isolated from different plants) did we ob-
serve any increase in current at hyperpolarizing potentials after
addition of LPS. We did note a modest reduction in current due
to LPS; representative currents recorded from one Arabidopsis
cell are shown in Figure 7. Currents recorded (prior to and >15 min
after addition of LPS) at various step voltages are shown in Figure
7A. Ramp recordings are shown for the same cell in Figure 7B.
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In a prior study characterizing native CNGC currents in Arabi-
dopsis guard cells (Lemtiri-Chlieh and Berkowitz, 2004), we
noted that flickery (fast inactivating) inward Ca2?*-conducting
channel openings can be observed prior to addition of exoge-
nous activating ligand (see also legend of Figure 6 and wild-type
recording in absence of added cAMP at —140 to —160 mV); these
background currents could be due to endogenous cAMP. A plot
(over the linear range of change) of the current/voltage relation-
ship of these single channel openings (from the experiment
shown in Figure 7A) is shown in Figure 7C. The reversal potential
of the current/voltage relationship (for details, see legend of
Figure 7) indicates that the current occurs primarily though a
Ca?+-conducting channel.

Prior work from this lab has demonstrated physical binding
and a functional interaction between plant CaM isoforms and
several plant CNGCs, including CNGC2 (Hua et al., 2003b; Ali
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Figure 8. LPS Activates an Inwardly Rectified Ca?* Channel in Guard
Cell Protoplasts Preincubated with the CaM Antagonist W7.

Voltage ramps recorded in the whole-cell configuration are shown.
Studies were done with wild-type Arabidopsis (A) or V. faba (B) guard cell
protoplasts.

(A) Recordings were made in standard perfusion buffer (see Methods)
(trace 1), with 50 .M W7 added (trace 2), and after addition of 100 wg/mL
LPS and 50 wM W7 to the perfusion bath (trace 3). Trace 1 was recorded
prior to addition of W7. For the W7 + LPS treatment (trace 3), the
protoplast was preincubated for >20 min in W7 prior to adding LPS to the
perfusion bath.

(B) Voltage ramps recorded from a V. faba guard cell protoplast under
similar conditions (traces 1 to 3) as described above (A) for Arabidopsis.
In this experiment, a ramp recording was also made in the presence of
W7, LPS, and 50 uM Gd?3* (trace 4). Recordings were made from three dif-
ferent V. faba protoplasts; representative results from one cell are shown.
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Figure 9. Model of Proposed Early Events in Plant Innate Immune Response/HR to Avirulent Pathogen and/or LPS.

(1) The presence of an extracellular PAMP/elicitor is recognized by an (unknown) receptor in the plant cell plasma membrane. (2) Pathogen/PAMP
elicitor recognition by a receptor activates CNGC2 current (either by an increase in cytosolic level of activating ligand through the upregulation of
a nucleotide triphosphate cyclase or by some other unknown mechanism). (3) Activation of inward CNGC2 current results in a (transient) increase
in cytosolic Ca?*. (4) Cytosolic Ca?*/CaM level increases due to influx of Ca?* into the cell. (5) Ca?+/CaM rise in cytosol inhibits CNGC2, ending
the transient cytosolic Ca2+ spike. (6) Ca2*/CaM rise activates NOS, leading to an increase in NO generation. (7) NO generation, in concert with
other required factors (e.g., presence of the avirulent pathogen), can lead to HR, innate immunity signaling, and, perhaps, diffusion of a signal (NO)
to neighboring cells that could result in further CNGC activation (NO is thought to enhance plant cell cytosolic nucleotide triphosphate cyclase

activity).

et al., 2006). Application of CaM (in the presence of free cytosolic
Ca?*) to the cytosolic side of the channel (expressed in human
embryonic kidney cells) inhibited cyclic nucleotide-activated
inward current through CNGC2 (Hua et al., 2003b). Based on
these results, we speculate that the same (presumed) rise in
Ca?+/CaM after application of LPS that activates NOS (i.e., see
Figures 3E to 3G) may prevent us from observing a sustained
increase in the guard cell Ca2* current as shown in Figure 7.
Perhaps the activation of NO by LPS may require just a spike in
cytosolic Ca?+ rise that could be facilitated by temporary open-
ing of a CNGC; sustained opening of the CNGC during signal
transduction could be prevented by CaM block.

In another series of experiments, we monitored LPS effects on
currents of guard cell protoplasts that had been first incubated in
the CaM antagonist W7 (prior to addition of LPS to the perfusion
bath). As shown in Figure 8A, preincubation of Arabidopsis guard
cell protoplasts in W7 results in an increase of an inwardly
rectified, hyperpolarization-activated current upon addition of
LPS to the perfusion medium. For example, current at —100 mV
in the presence of W7 alone was —7.2 pA, and in the presence of
W7 and LPS (i.e., LPS is added after preincubation in W7 for
20 min), current increased to —32.5 mV, a level of current 450%

of the level measured with W7 but in the absence of LPS. In a
second cell (data not shown), the current at —100 mV was
—26 pAin the presence of W7 and LPS. When CaM action is first
blocked in Arabidopsis guard cell protoplasts by preincubation
in W7, addition of LPS to the perfusion medium results in an
increase in the measured current.

As mentioned above, we observed no increase in current upon
LPS addition to V. faba guard cell protoplasts in the absence of W7
(data not shown), and results were similar to those shown for
Arabidopsis in Figure 7. In the experiment shown in Figure 8B, we
evaluated effects of LPS on V. faba guard cell protoplasts
preincubated in W7. In a fashion similar to results with Arabidop-
sis, we see activation of current upon addition of LPS when
protoplasts are preincubated in W7. For example, at —140mV, the
mean (= SE) current recorded from three V. faba cells (including the
one shown in Figure 8B) was —31.7 = 12.1 pA in the presence of
W7 alone and increased to —80.3 = 10.1 pAinthe presence of W7
and LPS. Application of Gd3+ to the perfusion medium along with
LPS and W7 completely blocked the current in this experiment,
suggesting that LPS activates a Ca®+-conducting channel.

Presumably, W7 prevents Ca?+/CaM block of CNGC2, which
could occur as cytosolic Ca?* rises in response to LPS activation



of CNGC2. Consistent with this point, note the difference be-
tween the —W7 and +W?7 tracings shown in Figure 8A for
Arabidopsis. With V. faba guard cell protoplasts, there was no
apparent difference in current at hyperpolarizing voltages in the
presence and absence of W7 (Figure 8B). Perhaps the endog-
enous levels of the secondary messenger molecules CaM and
cAMP are not the same in Arabidopsis and V. faba.

The fact that we are able to observe an increase in inward
current at hyperpolarizing voltages upon addition of LPS (instead
of reduction of current) when Arabidopsis protoplasts are pre-
incubated in W7 is consistent with our conclusion from the work
shown in Figure 7 (i.e., that the inhibitory effect of CaM on CNGCs
may prevent a sustained increase in current when LPS is added
to the perfusion bath in the absence of W7). When CaM action is
first blocked in guard cell protoplasts by preincubation in W7,
addition of LPS to the perfusion medium now results in an
increase in the measured current (Figure 8). In these series of
experiments with Arabidopsis and V. faba guard cell protoplasts,
we noted no increase in current in a total of six protoplasts tested
when LPS was added without prior exposure to W7 and an
increase in current in a total of five (out of five tested) protoplasts
when LPS is added after a preincubation in W7.

The results of the experiments in Figure 8 provide preliminary
evidence that when the action of CaM in the cytosol is blocked
(i.e., in the presence of W7), a Ca?+-conducting channel is
activated in response to LPS. These results are consistent with
activation of CNGC2 by the pathogen PAMP/elicitor LPS. We
acknowledge that direct and definitive evidence supporting this
conclusion would be generated by demonstration of a lack of
LPS-activated current in dnd7 guard cell protoplasts preincu-
bated in W7 for >20 min, as was done with protoplasts isolated
from wild-type plants in the experiments shown in Figure 8.
However, results in Figures 7 and 8 provide indirect evidence
consistent with LPS activation of a CNGC current. Sustained LPS
activation of the inward cation current occurs only in the pres-
ence of W7. The most straightforward explanation for this ob-
servation is that the LPS-responsive channel is blocked by CaM
(or a CaM-like protein). Of all the known plant ion channels, only
CNGCs have a CaM binding domain; they would be the only
candidates for channels directly modulated by CaM. An alter-
native explanation for the results shown in Figures 7 and 8 could
be that W7 allows for LPS activation of a Ca®* current by
preventing a Ca2+- or Ca2+/CaM-activated protein kinase (i.e.,
alternative protein targets of W7 other than CaM or a CaM-like
protein) from inhibiting an ion channel. To our knowledge, no
evidence has yet been published showing block of a plant Ca2+-
conducting channel by any Ca?*- or Ca®t/CaM-activated pro-
tein kinase; hence, there is no experimental evidence supporting
this alternative explanation for results shown in Figures 7 and 8.

Our results (along with the prior studies from this lab; Hua et al.,
2003b; Ali et al., 2006) demonstrating CaM block of CNGCs
suggest that PAMP presence outside the cell could eventually
result in a subsequent block of the channel due to the same
buildup of cytosolic Ca?*/CaM that leads to an activation of NOS
and NO generation in the innate immunity signaling pathway in a
plant cell responding to pathogen infection. We offer no evidence
identifying the mechanism by which LPS activates the Ca?*
current. However, we speculate that LPS effects on the CNGC2-
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dependent current may occur by activation of a nucleotide
triphosphate cyclase in the cytoplasm, thus leading to an in-
crease in the ligand that activates the channel (Figure 6).

Summary: Development of a New Model of Early Steps in the
HR/Innate Immunity Signal Cascade

Work presented here provides new information about plant
Ca?*-conducting ion channels, their role in innate immune re-
sponse to pathogens and the HR signaling cascade, and the
involvement of NO in this signaling cascade. Specific conclu-
sions supported by the presented data are as follows. (1)
Arabidopsis CNGCs function in the native plant plasma mem-
brane. We show evidence that native CNGC2 is a plasma
membrane-localized channel protein (i.e., note the difference in
whole-cell currents present in wild-type and dnd7 guard cell
protoplasts shown in Figure 6). (2) CNGC gene products (as
shown here with CNGC2) function in the plant as cell plasma
membrane Ca2* channels (Figure 6). (3) Plasma membrane
inward Ca?* currents are linked to NO generation in vivo (Figures
2 to 5) and HR in planta during innate immunity signal cascades
(Figure 5; see Supplemental Figures 1 and 2 online) by increases
in cytosolic levels of Ca?*+/CaM. (Of course, this assertion about
plasma membrane Ca2* current involvement in cytosolic Ca?+
rise and downstream signaling does not preclude the likely
contribution of Ca?*+-activated Ca?+ channels in the tonoplast
contributing to Ca®* spikes during signal cascades [Lamotte
et al., 2004; Peiter et al., 2005; Sokolovski et al., 2005].) (4) LPS
application to plant cells induces NO generation through the
activation of CNGC2 inward Ca?+ current (Figures 3, 6, and 8). (5)
The presence of a plasma membrane Ca?*+ channel blocker
prevents (the HR component of) innate immunity signaling in
response to infection by an avirulent pathogen within the intact
plant (Figure 5; see Supplemental Figure 1 online). (6) NO is
required for HR. Our work with SNP and HR in the dnd7 mutant
(Figure 1) suggests that NO is required but not sufficient alone
(i.e., in the absence of a pathogen) to initiate an HR response in
Arabidopsis. The aforementioned conclusions about the inter-
play of Ca?* conductance through plasma membrane CNGC2,
NO, and the cytosolic secondary messengers cyclic nucleotide,
CaM, and Ca?* in early events of PAMP/pathogen perception
signaling cascades in plants are summarized in the model
presented in Figure 9.

METHODS

Plant Material

Vicia faba (New England Seed Co.) or Arabidopsis thaliana wild-type
(Columbia ecotype) and dnd1 (Clough et al., 2000) plants were grown in a
growth chamber on LP5 potting mix containing starter fertilizer (Sun Gro)
at 12 h light (100 nE)/12 h dark (except where noted in figure legends) and
21°C. After 3 weeks of growth in flats, Arabidopsis seedlings were
transplanted into pots containing the same mix. As characterized by
Clough et al. (2000), the dnd7 Arabidopsis genotype is homozygous for a
null mutation in the gene (At5g15410) encoding CNGC2. The dnd1 allele
contains a G-to-A point mutation that creates a stop codon in exon 3 at
Trp290, generating a severely truncated and nonfunctional CNGC2
coding sequence. V. faba plants were used after 4 to 6 weeks of growth.
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Nicotiana tabacum plants were grown in potting mx in a greenhouse
under ambient conditions with supplemental lighting (mercury halide
lamps); fully expanded nonsenescing leaves were used.

HR Evaluation

Wild-type and dnd1 Arabidopsis plants were grown on LP5 potting mix
(as above) for 6 to 7 weeks. Plants were then irrigated with half-strength
Murashige and Skoog medium with or without 100 uM SNP twice a week
for 2 more weeks prior to infection with Pseudomonas syringae. Our use
of SNP applied to growing medium as a NO donor to plants follows the
strategy used by Guo et al. (2003) to revert some (At noal) mutant
phenotypes associated with low leaf NO to the wild type. As a control,
Guo et al. (2003) demonstrated that application of sodium ferrocyanide,
an SNP analog that does not release NO (but generates the SNP
breakdown product cyanide), had no effect on their phenotype. Modolo
etal. (2002) and Zhao et al. (2006) demonstrated that sodium ferrocyanide
did not reproduce the effect of SNP application on a NO-related pheno-
type as well. He et al. (2004) demonstrated that SNP application mim-
icked some NO-related phenotypes displayed by an Arabidopsis mutant
that has constitutively high endogenous NO. Like Guo et al. (2003),
Graziano et al. (2002) supplied SNP to the growing medium of plants
through the irrigation water and similarly demonstrated complementation
of some NO-dependent plant phenotypes. Significantly, Graziano et al.
(2002) duplicated SNP irrigation treatment effects on the plant with supply
of gaseous NO in a growth chamber and also by treatment with S-nitroso-
N-acetylpenicillamine, an SNP analog that does not generate cyanide as
a breakdown product. They also demonstrated NO release by the SNP
treatment in their work. We can presume from recent studies (Floryszak-
Wieczorek et al., 2006) that NO release into the growth chamber atmos-
phere occurs from the SNP-irrigated growth medium. The aforementioned
studies provide an experimental basis for our strategy of treating plants
with this NO donor.

P. syringae pv syringae strain 61 (Pss) and P. syringae pv tomato
(DC3000) (Pst) were used for the experiments shown in this report
(pathovars are noted in figure legends). In the case of Pst, avrRpt2+,
avrRpt2—, avrRpm1+, or avrRpm1~ strains were used. Avirulence of the
Pss pathogen strain on wild-type Arabidopsis has been demonstrated
previously (Losada et al., 2004). Unless stated otherwise, all chemicals
were from Sigma-Aldrich. Bacteria were cultured in Luria-Bertani medium
(10 g/L tryptone, 5 g/L yeast extract, 5 g/L NaCl, pH 7.0, and 100 pg/mL
rifampicin) overnight at 28°C, washed once in 10 mM MgCl,-6H,0, and
resuspended at 2 X 108 colony-forming units/mL (for Pss) or 5 X 108 (for
DC3000) in 10 mM MgCl,-6H,0. For some experiments, other concen-
trations of inoculum were used; titers are noted in figure legends.
Interveinal regions of the abaxial surface of fully mature, nonsenescing
leaves of plants were inoculated by syringe injection (Katagiri et al., 2002).
A 1-mL blunt-end syringe was used to deliver inoculum to the intercellular
subcuticular space. HR symptoms were scored (one to six, with six
representing 100% tissue collapse with tissue browning) 24 h after
infection as described by Jackson et al. (1999). HR-related tissue necro-
sis was also evaluated after incubation of leaves detached from plants
(time after infection noted in figure legends) in ethanol with gentle shaking
for a minimum of 3 (Arabidopsis) or 7 (V. faba) d. When autofluorescence
of leaf tissue was monitored prior to ethanol bleaching, images were
captured using an inverted Olympus IX70 microscope and green fluo-
rescence protein excitation and emission filters. Digitized images were
acquired using a MagnaFire CCD camera and software (Optronics).

In Vivo NO Analysis

NO was measured in guard cells of leaf epidermal peels prepared from
leaves of 6-week-old wild-type and dnd7 plants (grown as described
above) using DAF-2DA fluorescence as described by Guo et al. (2003)

with the following modifications. The epidermal peels were stained in
loading buffer (5 mM MES-KOH, 0.25 mM KClI, and 1 mM CaCly,, pH 5.7)
containing 50 wM DAF-2DA and then washed three times with buffer
alone. After dye loading and washing, the peels were incubated for 15 to
20 min in Sigma-Aldrich NOS assay kit reaction buffer with additions as
noted in figure legends. Peels were transferred either to reaction buffer
containing 100 wg/mL Pseudomonas aeruginosa phenol-extracted LPS
(or buffer control) or preincubated for 5 to 10 min first in reaction buffer
containing inhibitors/ligands as follows: 50 uM SNP, 200 uM L-NAME or
D-NAME, 50 uM W7 or W5, 2 mM Na,EGTA, 10 mM TEA, or 100 pM
GdClz. When peels containing guard cells were incubated with these
compounds, they were then transferred to reaction mix containing
reaction buffer, 100 pg/mL LPS, and with or without the specific com-
pounds as indicated in the figures. The epidermal peels were placed
underneath a cover slip on a microscope slide with several drops of
reaction mix. NO-dependent DAF-2DA fluorescence was monitored over
time; for each treatment, images show the maximum fluorescence
intensity. NO-dependent DAF-2DA fluorescence and bright-field images
were captured using an inverted Olympus IX70 microscope and green
fluorescence protein excitation and emission filters. Digitized images
were acquired using a MagnaFire CCD camera and software.

We note that LPS preparations can be contaminated with other
bacterial components that can affect cell immune responses (Zeidler
et al., 2004). Relevant to the work in this report, Zeidler et al. (2004) have
shown that the LPS prepared from 15 different bacteria (including the P.
aeruginosa LPS we used) prepared using a range of methods all similarly
induced NO in Arabidopsis cells. As indicated above, work shown in this
report was done with phenol-extracted LPS. However, we repeated some
key experiments with phenol-extracted LPS further purified using Se-
pharose gel filtration and found similar results as those reported in Figures
2 and 3 (data not shown). In addition, we found that our LPS induction of
NO in intact guard cells in epidermal peels could be reproduced using a
peptide PAMP from a plant fungal pathogen (data not shown). These
points support our use of our LPS preparations as a PAMP.

Quantitative analysis of DAF-2DA fluorescence was undertaken using
Imaged processing/analysis software developed from NIH Image (Abramoff
et al., 2004) available at http://rsb.info.nih.gov/ij/download.html. The
digitized image showing maximum fluorescence for a guard cell pair
from an epidermal peel represented a treatment replicate; a minimum of
three epidermal peels were analyzed as replicates for each treatment. In
many cases, a digital image captured more than one guard cell pair at
maximal fluorescence intensity (the average number of guard cell pairs
analyzed for an individual replicate was approximately three). When more
than one guard cell pair was analyzed for a replicate, the fluorescence
intensities for the guard cell pairs in the image were averaged and that
value used as a single treatment replicate. For analysis of fluorescence
intensity of an individual guard cell pair, the bright-field and fluorescence
images of an epidermal peel were stacked in the ImageJ program
(allowing for a guard cell pair to be identified and size-expanded within
the field of view and its area highlighted in the fluorescentimage even if the
field was completely dark). Brightness of the selected fluorescence image
was recorded within the defined range of 256 shades of gray per unit area
averaged over the entire region of the guard cell pair. In many cases, the
control treatment fluorescence intensities were overexposed (i.e., reach-
ing 256 arbitrary light units/pixel over the region of the guard cell pair) (see
Figure 4). Therefore, the quantitative analysis of NO generation in epider-
mal peels presented in this work is likely an underestimation of differences
between the treatments.

Electrophysiology

Guard cell protoplasts were isolated from leaves of 5- to 6-week-old
Arabidopsis or 3-week-old V. faba plants exactly as described previously
(Lemtiri-Chlieh et al., 2003; Lemtiri-Chlieh and Berkowitz, 2004). After



enzymatic digestion of abaxial epidermal peels of leaf tissue and centrif-
ugation purification, guard cells were kept on ice in 1 to 2 mL of medium
containing 0.42 M mannitol, 10 mM MES, 200 wM CaCly,, 2.5 mM KOH (pH
5.5 and osmolality at 466 mOsm/kg) and used for patch clamp recordings
for several hours after isolation. Whole-cell recordings of Ic, were
obtained as described (Lemtiri-Chlieh and Berkowitz, 2004). Protoplasts
were placed in an ~0.4-mL recording chamber, allowed to settle, and
then perfused continuously at flow rates of ~0.5 mL/min with a bath
solution containing 50 mM BaCl,, 1 mM KCI, and 10 mM MES-KOH, pH
5.5, an osmolality adjusted to 470 mOsm/kg using mannitol, and with
additions as noted in the figures. The perfusion system in all our exper-
iments was gravity driven (~0.5 mL/min; it takes several minutes for the
ligand to reach the recording chamber via the tubing). The flow rate is
about one chamber volume per minute.

Patch pipettes (5 to 10 wm) contained 5 mM BaCl,, 20 mM KCI, and
10 mM HEPES-KOH, pH 7.5, with an osmolality adjusted to 500 mOsm/kg
with mannitol. Experiments were performed at room temperature (20 to
22°C) using standard whole-cell patch clamp techniques, with an
Axopatch 200B Integrating Patch Clamp amplifier (Axon Instruments).
Voltage commands and simultaneous signal recordings and analyses
were assessed by a microcomputer connected to the amplifier via a
multipurpose input/output device (Digidata 1320A) using pClamp 9.0
software (Axon Instruments). All current traces shown were low-pass
filtered at 2 kHz before analog-to-digital conversion and were uncor-
rected for leakage current or capacitive transients. Membrane potentials
were corrected for liquid junction potential.

After giga-ohm seals were formed in a cell-attached configuration, the
whole-cell configuration was achieved by gentle suction, and the mem-
brane was immediately clamped to a holding potential of —30 mV.
Protoplasts were perfused for a minimum of 3 to 5 min prior to initiating
any recordings. Whole-cell recordings were made using ramp (typically
200 mV ramps over 2 s) or gap-free protocols with the membrane clamped
to various command voltages (as indicated in the figures). All individual
recordings shown and/or mentioned in this report were undertaken on
guard cell protoplasts isolated from different plants (i.e., each individual
recording was made on protoplasts from different preparations).

The lipophilic cAMP analog dibutyryl-cAMP (db-cAMP) was solubilized
in deionized water and stored in aliquots of 50 to 100 pL at a concen-
tration of 0.1 M. A few minutes before the experiment, db-cAMP solutions
were diluted to the final desired concentration. Recordings of cAMP-
activated current presented in this work were made after exposure of
protoplasts to activating ligand for many minutes (~10 min or more).

It should be noted that cyclic nucleotide typically activates animal
CNGCs in native membranes within seconds. In our studies of native
cyclic nucleotide activated current in plant cells (also see Lemtiri-Chlieh
and Berkowitz, 2004), we typically see ligand activation of current in the
whole-cell configuration many minutes after addition of cyclic nucleotide
to the perfusion medium. Alternatively, prior work from this lab has
demonstrated activation of plant CNGCs within seconds after exposure
to ligand when recordings are made in the patch configuration. We
speculate that the long incubation times required for ligand activation in
the whole-cell configuration could be due to either of two possibilities. (1)
CaM binds to animal CNGCs at the N terminus, while the cyclic nucleotide
binding domain is at the C terminus; the effect of CaM is allosteric
(Trudeau and Zagotta, 2004). With plant CNGCs, the two binding domains
are both at the C terminus; they physically and functionally overlap (Hua
etal., 2003b; Ali et al., 2006). Clearly, the molecular mechanism mediating
CaM block of ligand activation in plant and animal CNGCs is different.
Therefore, projections about ligand activation from animal CNGCs to the
plant homologs should be made with caution; they are dissimilar proteins
in this particular respect. Perhaps it takes many minutes for the exoge-
nously added activating ligand to compete with bound CaM (present in
the cytoplasm of protoplasts but diffused away from membrane patches).
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(2) Another explanation for the long activation times is the possibility that
plant cells have relatively higher levels of cyclic nucleotide phosphodi-
esterases than animal cells; the lower ambient levels of cyclic nucleotides
in plant cells is consistent with this possibility (Newton and Smith, 2004).
Perhaps, high phosphodiesterase activity present in the plant cytoplasm
necessitates long incubation times (required for buildup of ligand con-
centration) when channels are activated within the milieu of the intact
cytoplasm. To out knowledge, no one has yet published results showing
ligand activation of plant CNGCs in intact protoplasts over shorter time
periods than reported here.

Accession Numbers

The Arabidopsis Genome Initiative locus identifier numbers for the genes
mentioned in this article are At5g15410 (CNGC2) and At3g47450 (At
NOS1/NOAT).

Supplemental Data

The following materials are available in the online version of this article.

Supplemental Figure 1. Gd3+ Effects on Growth of P. syringae
Cultured on Solid Medium and on Pathogen-Related Necrosis in V.
faba and N. tabacum.

Supplemental Figure 2. The CaM Antagonist W7 Prevents Pathogen-
Related Necrosis in Planta.
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