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Calcium (Ca2+) signals regulate many aspects of plant development, including a programmed cell death pathway that protects
plants from pathogens (hypersensitive response). Cytosolic Ca2+ signals result from a combined action of Ca2+ influx through
channels and Ca2+ efflux through pumps and cotransporters. Plants utilize calmodulin-activated Ca2+ pumps (autoinhibited
Ca2+-ATPase [ACA]) at the plasma membrane, endoplasmic reticulum, and vacuole. Here, we show that a double knockout
mutation of the vacuolar Ca2+ pumps ACA4 and ACA11 in Arabidopsis (Arabidopsis thaliana) results in a high frequency of
hypersensitive response-like lesions. The appearance of macrolesions could be suppressed by growing plants with increased
levels (greater than 15 mM) of various anions, providing a method for conditional suppression. By removing plants from a
conditional suppression, lesion initials were found to originate primarily in leaf mesophyll cells, as detected by aniline blue
staining. Initiation and spread of lesions could also be suppressed by disrupting the production or accumulation of salicylic
acid (SA), as shown by combining aca4/11 mutations with a sid2 (for salicylic acid induction-deficient2) mutation or expression of
the SA degradation enzyme NahG. This indicates that the loss of the vacuolar Ca2+ pumps by itself does not cause a
catastrophic defect in ion homeostasis but rather potentiates the activation of a SA-dependent programmed cell death pathway.
Together, these results provide evidence linking the activity of the vacuolar Ca2+ pumps to the control of a SA-dependent
programmed cell death pathway in plants.

Calcium (Ca2+) signals have been implicated in reg-
ulating many aspects of plant growth and responses to
the environment (for recent summaries, see McAinsh

and Pittman, 2009; Dodd et al., 2010; Kudla et al., 2010).
Some of the most well-studied examples include regu-
lation of guard cells and transpiration (Israelsson et al.,
2006; Pandey et al., 2007; Neill et al., 2008; Sirichandra
et al., 2009), symbiosis and nodulation in legumes
(Oldroyd and Downie, 2004; Kosuta et al., 2008), polar-
ized growth (Bosch and Franklin-Tong, 2008; Bothwell
et al., 2008), pathogen response (Lecourieux et al., 2006;
Ma et al., 2008; Moeder and Yoshioka, 2008), and salt
stress (Mahajan et al., 2008; Qudeimat et al., 2008; Song
et al., 2008). Additionally, in both plants and animals,
cytosolic Ca2+ signals have been linked to the activation
of programmed cell death (PCD; Lecourieux et al., 2006;
Clapham, 2007; Ma and Berkowitz, 2007; Verkhratsky,
2007; Bosch and Franklin-Tong, 2008; Moeder and
Yoshioka, 2008; Reape et al., 2008; Lee and McNellis,
2009; Zhu et al., 2010).

A cytoplasmic Ca2+ signal is shaped by the balance
of activity between Ca2+ influx and efflux. Influx oc-
curs down an electrochemical gradient through vari-
ous ion channels, such as Ca2+-permeable cyclic
nucleotide-gated channels (CNGCs) or voltage-gated
channels such as two-pore channel (TPC; Pottosin and
Schönknecht, 2007; McAinsh and Pittman, 2009; Ward
et al., 2009). Ca2+ can enter the cytoplasm from several
sources, including the apoplast, endoplasmic reticu-
lum (ER), vacuole, chloroplast, or mitochondria. Efflux
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requires energy-dependent Ca2+ pumps (autoinhibited
Ca2+-ATPases [ACAs] and ER-type Ca2+-ATPases) or
cotransport systems, such as Ca2+/proton exchangers
(CAXs; McAinsh and Pittman, 2009). As with chan-
nels, different efflux systems are present in different
membrane systems, each with various regulatory con-
trols. The different subcellular locations of these Ca2+

circuits may contribute to the unique information con-
tent of different Ca2+ signals and help provide a mech-
anism for creating stimulus-specific Ca2+ signatures.
Plants appear to have three groups of ACAs, located

in the plasma membrane, ER, and tonoplast (vacuolar
membrane; Baxter et al., 2003). In Arabidopsis (Arabi-
dopsis thaliana), the vacuoles are equipped with both
CAXs (McAinsh and Pittman, 2009) and two closely
related ACAs, isoforms ACA4 and ACA11 (Geisler
et al., 2000; Lee et al., 2007). While both transport
systems are regulated by autoinhibitors, the activation
signals for CAXs remain to be determined (McAinsh
and Pittman, 2009). However, ACAs are known to be
stimulated by Ca2+/calmodulin, providing a direct
feedback pathway for a Ca2+ signal to turn itself off.
Arabidopsis has eight additional ACAs, three of which
are thought to be located in the ER and five in the
plasma membrane (Baxter et al., 2003; Boursiac and
Harper, 2007). The activity of an ER-located ACA has
been shown to be inhibited through phosphorylation
by a Ca2+-dependent protein kinase (Hwang et al.,
2000). This provides a precedent that the activity of
some ACAs can be modulated by two different Ca2+

signaling pathways, one that activates and the other
that inhibits. Altering the balance between these two
pathways may provide a mechanism to finely regulate
a stimulus-specific Ca2+ signature.
In animal cells, genetic disruptions of Ca2+ pumps

have resulted in multiple phenotypes, including le-
thality, deafness, muscle and skin disorders, increased
frequency of cancer (Okunade et al., 2007; Song et al.,
2008), andmale sterility and apoptosis (Okunade et al.,
2004, 2007; Prasad et al., 2007; Vafiadaki et al., 2009).
In Arabidopsis, disruptions of ER-type Ca2+-ATPases
have revealed defects in vegetative development and
Mn2+ homeostasis, while disruptions of ACAs have
been linked to defects in pollen tube growth, sperm
cell discharge, and cell elongation in vegetative devel-
opment (Wu et al., 2002; Schiøtt et al., 2004; George
et al., 2008; Li et al., 2008).
Evidence that ACAs can modulate biotic and abiotic

stress response pathways has recently been obtained
from experiments with moss and tobacco (Nicotiana
tabacum). In the moss Physcomitrella patens, a knockout
of a gene encoding the vacuolar ACA (PCA1) resulted
in an increased sensitivity to NaCl stress, which was
correlated with a NaCl-triggered cytosolic Ca2+ ele-
vation that was higher in magnitude and longer in
duration (Qudeimat et al., 2008). In tobacco, RNA
interference (RNAi) silencing of NbCA1 resulted in
an accelerated pathogen-triggered PCD response
(Zhu et al., 2010). An ER location for NbCA1 was pro-
posed based on transient expression of a GFP-tagged

pump. The NbCA1-RNAi plants also showed elicitor-
triggered Ca2+ signals that were higher in magnitude
and longer in duration. These two examples confirm
that ACAs can function to modulate the dynamics of
Ca2+ signals triggered by multiple environmental sig-
nals, as expected for a Ca2+/calmodulin-activated Ca2+

pump.
Here, we show that a double disruption of Arabi-

dopsis vacuolar pumps ACA4 and ACA11 results in a
high frequency of apoptosis-like lesions. These lesions
result from a PCD pathway that is dependent on
salicylic acid (SA), similar to PCD pathways associated
with a pathogen-triggered hypersensitive response
(HR) or various lesion-mimic mutants (Kurusu et al.,
2005; Lecourieux et al., 2006; Ma and Berkowitz, 2007;
Gadjev et al., 2008; Ma et al., 2008; Moeder and Yoshioka,
2008; Reape et al., 2008). A role for Ca2+ signals in
many PCD pathways has been well established in both
animal systems (Clapham, 2007) and plant systems
(Kurusu et al., 2005; Lecourieux et al., 2006; Ma and
Berkowitz, 2007; Ma et al., 2008; Moeder and Yoshioka,
2008; Lee and McNellis, 2009; Zhu et al., 2010). How-
ever, in plants, the genetic identification of Ca2+

transport systems involved in PCD has been limited
tomutations associated with Ca2+-permeable ion chan-
nels thought to be associated with the plasma mem-
brane (e.g. CNGC or Glu receptors [Lecourieux et al.,
2006; Ma and Berkowitz, 2007]) and an RNAi silencing
of a proposed ER-located Ca2+ pump in tobacco (Zhu
et al., 2010). Thus, the identification here of ACA4 and
ACA11 as genetic suppressors of a PCD pathway
establishes a link between vacuole-modulated Ca2+

signals and a PCD pathway in plants. This represents
a plant-specific variation on the regulation of PCD, as
the large central vacuole in plant cells is a feature not
found in typical animal cells.

RESULTS

aca4/11 Double Mutants Exhibit HR-Like Lesions

in Leaves

To evaluate the biological functions of ACA4 and
ACA11 in Arabidopsis, we created two independent
sets of double mutants. Two T-DNA insertion mutants
in the Wassilewskija (Ws) ecotype (aca4-1 and aca11-1)
were isolated from the Arabidopsis Knockout Collec-
tion at the University of Wisconsin-Madison (Sussman
et al., 2000). Two additional alleles in the Columbia
(Col) ecotype were obtained from the Salk Collection
(aca4-3 [SALK_029620.50.70.x]; Alonso et al., 2003) and
the Syngenta/Sail Collection (aca11-5 [269_C07.b.1a.
Lb3Fa]; McElver et al., 2001). T-DNA borders for each
insertion were PCR amplified, and the exact site of
insertion was reconfirmed by DNA sequencing (posi-
tions of the left border are shown in Fig. 1). The T-DNA
insertions in aca4-3 and aca11-1 contain a Basta resis-
tance marker, whereas aca4-1 and aca11-5 contain a
kanamycin resistance gene.
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While the T-DNA insertion sites for the two Ws
alleles are located in the first intron (and therefore are
potentially spliced out at some low frequency), the in-
sertion sites for the two Col background alleles, aca4-3
and aca11-5, are located in the coding sequence and are
expected to result in truncations or deletions that
would disrupt the translation of a functional pump
(Fig. 1B). Nevertheless, both sets of double mutants
showed a very similar lesion-mimic phenotype (see
below). This phenotype was shown to be rescued by
the expression of an ACA11 transgene (see below),

indicating that the aca4 and aca11 double mutations
result in a loss of function of vacuolar Ca2+ pumping
activity.

When grown either hydroponically or in soil, single
mutants did not display any strong phenotype. On
rare occasions, aca4-3 exhibited faint chlorotic spots in
leaves (data not shown). In contrast, when the double
mutants aca4-1/11-1 (ecotype Ws) and aca4-3/11-5 (eco-
type Col) were grown in soil or hydroponically (with
commonly used nutrient concentrations), they both de-
veloped HR-like necrotic lesions on leaves, normally
within a few days after transfer from germination
plates (Fig. 2A). Those lesions appeared as spots that
eventually extended to the whole leaf and rosette. At
the time of bolting, mutant plants were significantly
smaller than wild-type controls (Fig. 2B), most likely
due to the cumulative effects of lesions on the plant’s
photosynthetic productivity. Nevertheless, aca4/11
plants can complete their life cycle with no apparent
defects in reproductive development. Seeds from dou-
ble mutant plants showed no detectable alteration in
germination rates (data not shown).

ACA11-GFP Rescues the aca4/11 Lesion Phenotype

To confirm that the lesion phenotype was due to the
absence of ACA4 and ACA11 Ca2+ pumps, the aca4-3/
11-5 double mutant was transformed with a construct
encoding ACA11-GFP under the control of either the
natural ACA11 promoter or the 35S promoter from
Cauliflower mosaic virus. This ACA11-GFP was previ-
ously shown to be targeted to the vacuolar membrane
(Lee et al., 2007). Both constructs provided a complete
rescue of the lesion phenotype (Fig. 2B). Expression
of the expected 137-kD protein was confirmed by a
western blot of each rescued line (Fig. 2C).

Anion Supplements Can Suppress the aca4/11
Lesion Phenotype

Since young plants often showed no lesions while
growing on half-strength Murashige and Skoog me-
dium, we tested whether some component of this
growth medium could function to suppress lesion
formation. To do this, plants were cultivated in hy-
droponic solutions with varying concentrations of
KNO3, NH4NO3, KCl, or KH2PO4 (Fig. 3). We observed
a suppression of lesion formation for aca4-1/11-1 (Fig.
3) when our standard hydroponic medium was sup-
plemented with an additional 15 mM NO3

2 in the form
of 15 mM KNO3 or NH4NO3 (final [NO3

2] = 19.25 mM),
15 mM KH2PO4 (final [PO4

2] = 15.5 mM), or 15 mM KCl
(final [Cl2] = 15 mM). While strong suppression was
observed with a 15 mM NH4NO3 supplement, the
identical concentration of ammonium succinate actu-
ally led to an increase in the rate of lesion induction
(data not shown). Thus, for suppression by NH4NO3,,
it appears that the NO3

2 alone carries the functional
suppressor activity. Since there is not a common ion in
all three nutrient suppressors (KCl, NH4NO3, and

Figure 1. Identification of two independent knockout lines each for
AtACA4 and AtACA11. A, Location and direction of the T-DNA
insertions on the genomic sequence for the alleles aca4-1, aca4-3,
aca11-1, and aca11-5. Alleles 4-1 and 11-1 are in the Ws ecotype, and
alleles 4-3 and 11-5 are in the Col ecotype. Exons (bars) and introns
(lines) are presented according to gene models at the TAIR8 Web site
(http://www.arabidopsis.org) for At2g41560 (ACA4) and At3g57330
(ACA11). The primers corresponding to the T-DNA left border are
245 (5#-CATTTTATAATAACGCTGCGGACATCTAC-3#), 1682 (5#-ATTT-
TGCCGATTTCGGAAC-3#), and 638 (5#-AGGTGAAACTAAATGGTG-
TTG-3#). Primers used to genotype the alleles are as follows: 1346rk
(5#-CCCATCTAGCCACATTTACTATTGTTTTGAAGT-3’), 1346h (5#-GAG-
GGAAGTAAAGAAAGCTTTGAGTTGGAA-3#), 1347d (5#-ACGTCCC-
CATTTTGCCACAT-3#), 1347c (5#-GCCTTTTCAGAAATGGATAAATAGC-
CTTGCTTCC-3#), 621 (5#-AGTAACCATGACCACCAAGAG-3#), 1346g
(5#-TCTAATCCACACTTTTGCATAC-3#), 1347rg (5#-CTTCTCTGTTTTG-
GTCTTTCTTTTTCTTTC-3#), and 1347e (5#-CATTTTATAATAACGCTGC-
GGACATCTA-3#). B, Location of insertions in the context of the protein
topology. Both ACA4 and ACA11 are highly similar and have the same
general topology. Gray arrows indicate the sites at which T-DNA
insertions would be expected to create truncated transcripts and proteins.
The positions of cytosolic and vacuolar loops (black and gray bars,
respectively) and transmembrane segments (white bars with stripes) are
shown. aa, Amino acids.
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KH2PO4), and since the NH4NO3/NH4-succinate ex-
periment indicates that NO3

2 alone can function to
suppress lesions, these results suggest that the ele-
vated mineral anion component of these nutritional
supplements is the functional feature of the nutritional
suppression.
While a nutritional suppression was observed for

both sets of double knockouts (Col and Ws back-
grounds), the conditional suppression in aca4-3/11-5
(Col background) broke down just after plants initi-
ated a floral bolt. This difference between ecotypes
indicates that the observed nutritional suppression
can vary as a function of genetic modifiers, some of
which might regulate physiological changes that occur
during flowering.

Chronology of Lesion Induction

The conditional suppression allowed us to monitor
the induction of lesions following a change in nutrient
supply. After germination, aca4-1/11-1 plants were
grown without lesions in our standard hydroponic
solution supplemented with an additional 15 mM

NH4NO3. Lesions were then triggered by transferring
plants to standard unsupplemented hydroponic solu-
tion. Early lesion formation was then monitored dur-
ing the following 54 to 72 h with diaminobenzidine
staining for the detection of reactive oxygen species
(ROS) and by aniline blue staining for callose deposi-

tion, a standard marker for HR lesions (Dietrich et al.,
1994; Figs. 4 and 5; Supplemental Fig. S1).

In controls, wild-type plants before and after trans-
fer from anion-supplemented conditions showed the
same low frequency of microlesions (callose staining)
and low background levels of ROS (Fig. 4). By contrast,
aca4/11 plants even before transfer showed patches of
elevated levels of ROS (Fig. 4A, 0 h; Supplemental Fig.
S1) as well as a detectably higher frequency of micro-
lesions (Fig. 4B). This indicates that while the anion
supplement prevented any macrolesion expansion, it
only partially inhibited lesion initiation. However, by
54 h after transfer from suppression conditions, the
surface area covered by patches of ROS had increased
more than 2-fold (Fig. 4A). In addition, the number
of lesions increased 2.5-fold (Fig. 4B), with a typical
lesion increasing in surface area by more than 4-fold
from 48 to 72 h (Fig. 4C). In most cases, lesions grew to
occupy the entire leaf surface within 3 to 4 d. Thus, this
analysis indicates that a period between 30 and 54 h
after transfer from lesion suppression conditions pro-
vides the earliest time at which a transition from
microlesion to macrolesion formation can be visual-
ized.

To identify the cell types in which lesions originate,
we mapped the locations of single-cell-sized callose
deposits (microlesions) during a 72-h lesion induction
experiment (Fig. 5; Supplemental Fig. S2). Under nu-
tritionally suppressed conditions, the microlesions

Figure 2. Lesion phenotype in aca4/11 can be suppressed by transgene expression of an ACA11-GFP fusion. A, Lesions are
shown for 20-d-old leaves from plants cultivated hydroponically. Representative images are shown for knockouts and controls in
the Col (top panels) andWs (bottom panels) ecotypes. B, Photograph of soil-grown plants. Col wild-type (WT), aca4-3/11-5, and
aca4-3/11-5 plants transformed by the ACA11-GFP construct under the control of the 35S promoter (35S-ACA11-GFP ) or the
native promoter (ACA11p-ACA11-GFP ) are compared. Rescued lines were recovered at a frequency of 21 out of 28 for the 35S-
ACA11-GFP construct (e.g. seed stock 1355–1358) and two out of eight for the ACA11p-ACA11-GFP construct (ss1353 and
1354). C, Immunodetection of the ACA11-GFP fusion. Membrane proteins (30 mg) from wild-type, aca4-3/11-5, and two lines of
aca4-3/11-5 plants transformed by the ACA11-GFP construct under the control of the 35S promoter (35S-ACA11-GFP ) or the
native promoter (ACA11p-ACA11-GFP ) were analyzed by immunoblot for their reaction with an antibody raised against
GFP. Bands corresponding to the expected size of the GFP-tagged ACA11 were detected at 137 kD.
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detected in aca4/11 appeared evenly distributed
among the internal tissues of the leaf (parenchyma,
mesophyll, and vessels), whereas none were observed
at the epidermis (Figs. 4B, 0 h, and 5). Within 40 h after
transfer to lesion-permissive conditions, the number of
microlesions increased, primarily in locations corre-
sponding to mesophyll cells. In a distribution analysis
of 117 lesions, 85 microlesions were classified as of
mesophyll origin, 25 as parenchyma, and only seven
as epidermal. However, since this staining assay was
destructive, it did not allow us to observe individual
microlesions as they developed into macrolesions.
Nevertheless, this distribution analysis provides
strong evidence that lesions in aca4/11 preferentially
initiate in mesophyll cells.

Within the group of lesion-mimic mutants, some
such as vad1 (Lorrain et al., 2004) show a high frequency
of lesions near the vasculature. This “vascular” pattern
may result from the spread of a lesion-triggering signal
through the vasculature. To test for this in aca4/11, the

distribution of lesion initials was evaluated relative to
vessels. A lesion was considered vessel associated if
was directly adjacent to or within one cell layer (ap-
proximately 25 mm). Between 18 and 30 h after lesion

Figure 3. Nutritional supplements suppress the lesion phenotype of
aca4/11. Nine-day-old seedlings were transferred from in vitro culture
to a standard hydroponic solution supplemented with an additional
15 mM NH4NO3, 15 mM KCl, or 15 mM KH2PO4. Photographs taken
7 d later show the development of lesions in aca4-1/11-1 plants under
standard conditions but not in plants with anion supplements.

Figure 4. ROS production and callose deposition increase rapidly
following the removal of lesion suppression medium. Plants (the wild
type in black circles and aca4/11 in white circles) were grown for 10 d
under “suppressing conditions” provided by a 15 mM NH4NO3 sup-
plement to the standard hydroponic solution. Plants were then trans-
ferred to the standard hydroponic solution for the indicated times
before harvest. A, ROS production was monitored by staining with
diaminobenzidine (DAB). B, Callose deposition was monitored by
staining with aniline blue. C, The area of lesions was calculated from
aniline blue-stained leaves. Values and error bars represent means6 SE

for A and B and median6 75th percentile for C. n = 8 individual leaves
(except for 0 h, for which n = 4).
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induction, only 12% of the initials were located in the
vicinity of a vessel (Supplemental Fig. S3). This suggests
that microlesions initiate independently from a poten-
tial signal spreading through the vascular system.
Together, these lesion-mapping studies suggest that
lesion initials arise predominantly in mesophyll cells
due to a stimulus that is intrinsic to the region sur-
rounding the initial.

Ca2+ Levels in aca4/11 Plants Are Similar to
Wild-Type Levels

To determine if a loss of vacuolar Ca2+ pumps would
affect the total accumulation of Ca2+ (or other ions) in
the leaves, we analyzed mutant and wild-type leaves
for differences in calcium, iron, potassium, magne-
sium, manganese, sodium, phosphorus, and sulfur
(Fig. 6; Supplemental Fig. S4). Plants were cultivated
hydroponically under conditions of nutritional sup-
pression (i.e. with an addition of 15 mM NO3

2), and the
rosettes of both wild-type and aca4/11 plants were
harvested before or 30 h after transfer into a standard
hydroponic solution (lesion-permissive condition).
Samples were analyzed for levels of mineral nutrients
by inductively coupled plasma atomic emission spec-
troscopy (ICP-AES). Of the cations tested, only potas-
sium showed a potentially significant difference between
mutant and wild-type controls, with potassium levels
in the aca4/11 mutant approximately 20% less. While a
transfer to lesion-permissive conditions resulted in an
approximately 20% increase in potassium levels, the
relative difference between the mutant and a wild-
type control was not altered (Supplemental Fig. S4).
For total Ca2+ levels, there were no significant dif-

ferences between the wild type and aca4/11, although

both sets of plants showed a 25% increase in Ca2+

when transferred from nutrient-suppressed to lesion-
permissive conditions. Therefore, our results indicate
that ACA4 and ACA11 are not required for leaves to
achieve normal Ca2+ storage levels. This is consistent
with the hypothesis that CAXs rather than Ca2+ pumps
have a primary role in Ca2+ loading into plant vacuoles
(Hirschi, 1999; Kim et al., 2006).

Cl2 and NO3
2 Levels Decrease More Rapidly in aca4/11

When Switched to Lesion-Triggering Conditions

The relative concentrations were also determined
for each of the three anions used here to suppress aca4/
11 lesions (Fig. 7). In plants grown using a 15 mM KCl
supplement for lesion suppression (Fig. 7, left panels),
chloride content in leaves of both wild-type and aca4-
1/11-1 plants were elevated nearly 10-fold compared
with plants grown with a standard hydroponic solu-
tion. This elevated level was maintained in wild-type
plants during the first 30 h after transfer to our standard
hydroponic conditions. In contrast, the mutants showed
a 32% loss of Cl2 during this same period.

A similar pattern of anion loss by the mutant was
observed for plants transferred from a condition of
nutrient suppression using a 15 mM NH4NO3 supple-
ment (Fig. 7, middle panels). When plants were trans-
ferred from supplemented to standard hydroponic
solution, only the mutant showed a relatively rapid
decrease (22%) in NO3

2 during this first 30-h period.

Figure 5. Lesion initials occur preferentially in mesophyll cells, as
detected by aniline blue staining. Plants were grown and lesions were
induced as explained in Figure 4. Each microlesion was detected as a
callose deposit and recorded according to its relative position on the
leaf. The diagram to the right shows a transverse cut of an Arabidopsis
leaf with labels corresponding to different cell types (E, epidermis; M,
mesophyll cells; P, parenchyma cells; S, stomate).

Figure 6. The aca4-1/11-1 mutants have total Ca2+ levels that are
similar to the wild type (Ws) under both suppressed and lesion-
triggered conditions. Plants were grown hydroponically for 20 d under
lesion-suppressed conditions (i.e. with 15 mM NH4NO3 supplement)
and either harvested directly (lesion-suppressed samples) or transferred
to standard hydroponic solution for an additional 30 h before harvest
(lesion-triggered samples). Ca2+ concentrations were determined by
ICP-AES (n = 12 plants) and are reported as means 6 SE. DW, Dry
weight.
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In contrast to suppression by KCl and NH4NO3,
suppression by 15 mM KH2PO4 was not accompanied
by any detectable changes in free concentration of the
corresponding anion (i.e. PO4

32; Fig. 7, right panels).
However, it is important to note that our assay was
limited to measuring the free concentration of PO4

32

and did not account for other forms of phosphorus.
Since free PO4

32 levels are expected to be tightly
regulated, any difference between the mutant and
the wild type may have been masked by a rapid
homeostasis mechanism that converts PO4

32 to other
forms, such as phytate (Loewus and Murthy, 2000).

Despite the inherent difficulty in accounting for the
fate of free PO4

32 during these suppression/induction

experiments, the relatively rapid loss of NO3
2 and Cl2

in mutants upon moving plants to lesion-triggering
conditions indicates that homeostasis controls for at
least some anions are perturbed by the aca4/11 muta-
tions.

SA Signaling Is Activated in the aca4/11 Mutant

In plants, SA can function as a signaling molecule to
trigger defense responses, including a PCD pathway
(Lorrain et al., 2003). To determine if the lesions
associated with aca4-1/11-1 involved an SA signal, we
examined aca4/11mutants harboring a sid2-5mutation
that disrupts SA biosynthesis (Nawrath and Métraux,

Figure 7. The aca4/11 mutants
show total anion levels similar to
the wild type under lesion-sup-
pressed conditions but a more rapid
loss of Cl2 and NO3

2 when trans-
ferred to lesion induction condi-
tions. Twenty-day-old plants were
grown hydroponically under 15 mM

KCl (left), 15 mM NH4NO3 (mid-
dle), or 15 mM KH2PO4 (right) be-
fore harvesting (white background;
“supp.”) or transferred into regular
hydroponic solution 30 h prior to
harvesting (gray background; “le-
sions trig.”). Anion content was
determined after chloroform/water
extraction using liquid chromatog-
raphy and normalized to the fresh
weight (FW) of extracted leaves.
Average results (6SE) for two inde-
pendent experiments (n . 16 for
KCl and NH4NO3 suppression ex-
periments and n = 6 for KH2PO4

suppression experiments) are pre-
sented for Ws wild-type plants
(black bars) and aca4-1/11-1 plants
(white bars). Within a subgraph,
conditions sharing common labels
(letters) are not significantly differ-
ent from each other (P . 0.05).
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1999) as well as a NahG transgene that encodes an
enzyme that increases the degradation rate of SA
(Gaffney et al., 1993; Delaney et al., 1994). Both strat-
egies resulted in the suppression of lesions (Fig. 8).
This genetic suppression was observed in plants
grown in soil or under standard hydroponic condi-
tions.
To confirm that endogenous SA levels were up-

regulated in aca4/11 mutants, SA was measured in
plants before and 30 h after moving hydroponically
grown plants to lesion-inducing conditions. At both
time points, mutants showed a 2-fold higher level of
SA compared with the wild type (Supplemental Fig.
S5). It is noteworthy that the SA levels were not
significantly reduced when growing plants under sup-
pressed conditions with high-anion supplements (Sup-
plemental Fig. S5, 0 h). This suggests that the small
2-fold increase in SA by itself is not sufficient for lesion
formation but requires other signaling functions that
can somehow be suppressed by factors related to an
increase in nutritional supplements.

Pathogen Defense Responses Occur More Quickly in
aca4/11 Mutants

Infection by the bacterial pathogen Pseudomonas
syringae pv tomato DC3000 was used as a system
to monitor a pathogen response in aca4/11 plants.
The response was evaluated by measuring bacterial
growth (Fig. 9, A and B) as well as the expression of
a defense-related marker gene, PR1 (Fig. 9C; Uknes
et al., 1992). These experiments were done under le-
sion suppression conditions to avoid having any pre-
existing lesions that could potentially alter a pathogen
attack.

Under lesion suppression conditions, the SA-induc-
ible PR1 gene showed no detectable expression in any
of the plants lines tested (Fig. 9C, 0 h). Nevertheless,
when lesion suppression conditions were removed
and aca4/11mutants were allowed to develop their SA-
dependent lesions, an up-regulation of the PR1marker
gene was observed (data not shown).

Although our lesion suppression conditions pre-
vented the formation of spontaneous SA-dependent
lesions as well as the up-regulation of a SA-triggered
pathogen defense marker gene (e.g. PR1), the actual
defense response to a P. syringae pathogen attack was
significantly faster and more effective in the aca4/11
mutant, as indicated by lower bacterial growth at 2
and 3 d post inoculation (Fig. 9A) as well as by a more
rapid induction of a PR1 marker gene (by at least 12 h;
Fig. 9C). This accelerated defense response was de-
pendent upon SA, as shown using the sid2-5 allele to
block SA biosynthesis. By including the sid2-5 muta-
tion with aca4-3 and aca11-5 (Fig. 9B), the aca4/11-
dependent inhibition of bacterial growth was reversed
and the faster pathogen-triggered up-regulation of the
PR1 gene was abolished (Fig. 9C). A visual indication
that aca4/11 knockout accelerated the defense response
was also confirmed by the more rapid development of
HR lesions, which were clearly visible in the aca4/11
mutant at 54 h post inoculation but not yet apparent in
the wild-type control (Fig. 9D). These pathogen-trig-
gered lesions were morphologically indistinguishable
from the spontaneous lesions originally documented
as the characteristic feature of the aca4/11 lesion-mimic
phenotype (Fig. 2).

DISCUSSION

Vacuolar Ca2+ Pumps Can Modulate the Initiation and

Spread of HR-Like Lesions

Our analysis provides genetic evidence for a PCD
pathway in plants whose initiation and cell-to-cell
propagation can be suppressed by the activity of vac-
uolar Ca2+ pumps. This conclusion is based on the
observation that two independent double T-DNA dis-
ruptions of vacuolar Ca2+ pumps ACA4 and ACA11 in
Arabidopsis result in plants that begin developing
lesions in rosette leaves early in development. Mutant
plants, although smaller, can live for long periods of
time and set seed. The lesion phenotype is weak or
absent from single mutants, indicating that ACA4 and
ACA11 provide some level of redundancy. While the
Arabidopsis genome encodes 14 different Ca2+ pumps,
a lesion phenotype has not yet been uncovered for
any other combination of Ca2+ pump disruptions
(McAinsh and Pittman, 2009; J.F. Harper, unpublished
data). Thus, at present, the vacuolar Ca2+ pumps ACA4
and ACA11 define a specific Ca2+ efflux pathway that
can function to suppress a PCD pathway in plants.

It is not yet clear if there is also a specific vacuolar
Ca2+ influx channel involved in triggering the aca4/11-

Figure 8. Lesions in aca4/11 mutants can be suppressed by reducing
the levels of SA. Photographs show aca4-1/11-1 with and without a
sid2-5 mutation 10 d after transfer into hydroponic solution. A similar
phenotype is observedwithNahG expressed in aca4-3/11-5. See Figure
2, A and B, for comparison with aca4/11 mutants.
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PCD pathway. Evidence supporting a role for a TPC-
type Ca2+ channel in a pathogen-induced HR response
was previously reported for rice (Oryza sativa) and
tobacco tissue culture cells (Kadota et al., 2004; Kurusu
et al., 2005). However, these studies proposed a plasma
membrane location for the TPC being analyzed. In
contrast, evidence from Arabidopsis indicates that its
single TPC homolog functions as part of the vacuole
(Peiter et al., 2005; Ranf et al., 2008). In addition, a
knockout of the Arabidopsis homolog (tpc1-2) failed to
show an altered phenotype in response to elicitors or a
fungal infection (Bonaventure et al., 2007; Ranf et al.,
2008). Nevertheless, additional studies will be required
to determine if the vacuolar TPC in Arabidopsis can
function alone or in conjunctionwith other putative Ca2+

channels to trigger an aca4/11-dependent PCD pathway.
The aca4/11 mutant can be classified as having a

lesion-mimic phenotype, since the lesions have fea-
tures consistent with a classical HR but can initiate in a
sterile environment without a pathogen trigger (data
not shown). Lesion-mimic mutants are often classified
as either lesion-initiating or lesion-spreading mutants
(Lorrain et al., 2003). The aca4/11 mutation is unusual,
since both initiation and spreading appear to be en-
hanced. When lesion suppression conditions were
removed (Fig. 4), lesion initiation appeared to increase
and macrolesions grew rapidly to cover most of the
leaf surface within 1 week.

In plants and animals, three different cell death
mechanisms have been described: (1) apoptosis-like
PCD (AL-PCD); (2) autophagy-mediated PCD; and (3)
nonprogrammed necrosis. Since HR lesions are con-
sidered to be a form of AL-PCD, the aca4/11 lesions can
also be classified as a form of AL-PCD. An easily vi-
sualized feature of HR lesions is an increase in callose
synthesis at lesion initials. This requires a reprogram-
ming of the cellular machinery and was observed as a
feature of aca4/11 lesions (Figs. 4 and 5). This supports
the contention that aca4/11 lesions develop as part of a
PCD, as opposed to a spontaneous and rapid cellular
necrosis.

Propagation of aca4/11 Lesions Involves an
SA-Dependent PCD Pathway

Two genetic lines of evidence indicate that aca4/11-
dependent lesions propagate through a SA-dependent
PCD pathway (Fig. 7; Supplemental Fig. S5). First,
lesions were suppressed by a sid2mutation. The sid2-5
mutation used here disrupts the isochorismate syn-
thase gene ICS1 (Wildermuth et al., 2001) and blocks
the production of SA (Nawrath and Métraux, 1999).
Second, lesions were suppressed by the expression of
a NahG transgene. NahG encodes a bacterial salicylate
hydroxylase that degrades SA into catechol (Gaffney
et al., 1993; Delaney et al., 1994). This ability to block
SA signaling and suppress aca4/11 lesions confirms
that lesion development results from a defect in reg-
ulating a specific PCD signal transduction pathway, as
opposed to an uncontrolled cell death resulting from a

Figure 9. A SA-dependent pathogen defense response is accelerated by
an aca4/11 knockout. Leaves of 4-week-old plants (wild-type Col-0,
sid2, sid2/aca4/11, and aca4/11) grown under lesion-suppressed con-
ditions (50 mM KH2PO4) were sprayed with suspensions of P. syringae
DC3000 (optical density at 600 nm = 0.01). A and B, Bacterial growth
determinations were performed at the times indicated. Data points are
averages of three replicate samples 6 SD. CFU, Colony-forming units.
C, Total RNA was isolated from leaves harvested at the indicated time
points after bacterial inoculation. The section labeled PR1 shows an
autoradiogram of a northern blot probed for the defense-related gene
PR1. The section labeled rRNA shows a control for equal loading
of RNA, as visualized by ethidium bromide staining of rRNAs. The
northern blot shown is representative of two independent experiments
showing equivalent results. D, Representative leaves from the different
plant lines assayed are shown 54 h after bacterial inoculation. Note the
fully developed lesions in the aca4/11 leaf, whereas the other leaves
show only yellow chlorotic patches.
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catastrophic defect in Ca2+ homeostasis or vacuolar
degeneration.

Lesion Spread Can Be Suppressed by

Anion Supplements

Interestingly, growth conditions were found that
could separate lesion initiation from its uncontrolled
spreading (Fig. 3). When mutant plants were grown
with high concentrations of various anions, such as
15 to 20 mM NO3

2, PO4
2, or Cl2, a high frequency of

microlesions was still detected by staining leaves with
aniline blue (Figs. 4 and 5; Supplemental Fig. S2).
However, these lesions did not spread, indicating that
the anion supplements functioned primarily to sup-
press a second distinct phase of lesion development
(i.e. spreading). While the mechanism underlying
anion suppression is not clear, suppression by NO3

2

and Cl2 did correlate with an increase in their con-
centrations in rosette leaves, followed by a more rapid
loss compared with the wild type when transferred to
unsupplemented growth conditions (Fig. 7). This sup-
ports a model in which the ionic environment at the
site of lesion initiation and propagation can be altered
to regulate a PCD pathway, potentially through chang-
ing ion conductance properties of either the plasma
membrane or the vacuole.
Multiple studies have implicated nonspecific anion

transporters in membrane depolarization events asso-
ciated with many ion signaling pathways, including
Ca2+ signals and PCD (Ward et al., 1995; Errakhi et al.,
2008a, 2008b). For example, an anion efflux in tobacco
leaf suspension cells was observed as an early re-
sponse to the fungal elicitor cryptogein (Pugin et al.,
1997). A pharmacological inhibition of this anion re-
lease was also observed to prevent the development of
an HR in tobacco leaves (Wendehenne et al., 2002).
Using plants that were transferred from anion sup-

pression to lesion-inducing conditions, the location of
spontaneous lesion initials was found to be predom-
inantly in mesophyll cells, without any correlation to
being near to or far from vascular elements (Fig. 5;
Supplemental Fig. S4). Since microlesions were never
seen to appear in cell types of the root (i.e. no aniline
blue-stained necrotic lesions), it is possible that lesion
initiation and propagation are related to physiological
triggers associated with photosynthetic pathways, as
implicated in several examples of PCD triggered by
abiotic stress (Gadjev et al., 2008).
It is noteworthy that ROS and SA levels in both

anion-suppressed and nonsuppressed plants were ap-
proximately 2-fold higher than in controls (Fig. 4;
Supplemental Fig. S5). Since the anion supplements
did not block ROS and SA production but did prevent
the accumulation of PR1 (Fig. 9, 0 h), this suggests that
the mechanism for anion suppression is at a point
downstream of the initial signaling pathway that
generates increased levels of SA or ROS and upstream
of changes in the transcriptional response that up-
regulates PR1 mRNA levels.

A Loss of aca4 and aca11 Potentiates an Accelerated

Defense Response to P. syringae

An enhanced defense response against a bacterial
pathogen, P. syringae, was observed here for aca4/11
mutants (Fig. 9A). The defense response was tested
under conditions in which spontaneous lesions in
the aca4/11 mutants were suppressed by anion sup-
plements. The initial expression levels for an SA-
up-regulated PR1 marker were undetectable in both
mutants and wild-type controls under these condi-
tions, although aca4/11 mutants already showed a
moderate elevation in SA (Supplemental Fig. S5).
However, following a pathogen inoculation, the aca4/
11 mutants showed a more rapid induction of the PR1
gene, with significant expression within 12 h (Fig. 9C).
The enhanced resistance andmore rapid induction of a
PR1 gene marker were both SA dependent, as indi-
cated using a sid2 mutation to block SA production
(Fig. 9, B and C). These results suggest that even under
lesion-suppressed conditions, the loss of aca4/11 re-
sults in a physiologically altered plant that is precon-
ditioned to a more rapid defense response and,
therefore, confirm that ACA4 and ACA11 act as sup-
pressors of a PCD pathway.

Evidence for Ca2+ Signals in Regulating PCD

Multiple lines of pharmacological and genetic evi-
dence have implicated Ca2+ signals in regulating AL-
PCD pathways in both animals (Clapham, 2007) and
plants (Lecourieux et al., 2006; Ma and Berkowitz,
2007; Bosch and Franklin-Tong, 2008; Moeder and
Yoshioka, 2008; Zhu et al., 2010). In plants, multiple
proteins involved in Ca2+ signaling have been impli-
cated in both positive and negative regulation of PCD.
Recent examples includeCa2+-binding copines (Liu et al.,
2005; Lee and McNellis, 2009), the Ca2+/calmodulin-
interacting protein MLO in barley (Hordeum vulgare;
Kim et al., 2002; Piffanelli et al., 2002), and the
Ca2+/calmodulin-binding transcription factor AtSR1
(Du et al., 2009). With respect to ion channels, a loss-of-
function mutation in CNGC2 (dnd-1) was found to
have a lesion-suppressed phenotype (Clough et al.,
2000). CNGCs in plants include isoforms that have
features of being Ca2+-permeable nonspecific ion chan-
nels that are gated open by cyclic nucleotides and
feedback inhibited by Ca2+/calmodulin (Talke et al.,
2003; Frietsch et al., 2007; Ma and Berkowitz, 2007).
Additionally, a gain-of-function CNGC mutation (chi-
mera of CNGC11 and CNGC12) was identified with a
lesion phenotype (Ma and Berkowitz, 2007; Urquhart
et al., 2007; Moeder and Yoshioka, 2008). With
respect to Ca2+ pumps, RNAi silencing of the to-
bacco NbCA1 showed an acceleration of a pathogen-
triggered PCD pathway (Zhu et al., 2010).

Evidence from both plant and animal examples
provides strong support for the expectation that the
activity of Ca2+ efflux pathways canmodulate themag-
nitude and duration of Ca2+ signals in specific cellular
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locations (Hetherington and Brownlee, 2004; Beauvois
et al., 2006; Qudeimat et al., 2008; McAinsh and
Pittman, 2009; Zhu et al., 2010). For example, in the
moss P. patens, an engineered deletion of a vacuolar
Ca2+ pump altered a salt stress-induced Ca2+ signal to
be longer and of greater magnitude comparedwith the
wild type (Qudeimat et al., 2008).

There are now several examples from plant and
animal systems that implicate Ca2+ efflux systems as
potential regulators of PCD. For example, an apoptosis
phenotype was reported in animal smooth muscle
cells in which the levels of two plasma membrane Ca2+

pumps had been reduced (Okunade et al., 2004;
Prasad et al., 2007). In addition, apoptosis in animal
cells has also been linked to a genetic disruption
of Ca2+ pump activities in ER and Golgi locations
(Okunade et al., 2007; Vafiadaki et al., 2009). In plants,
the RNAi silencing of the Ca2+ pump NbCA1 (Zhu
et al., 2010) provides an example of an endomembrane
Ca2+ pump that functions in modulating the kinetics of
a pathogen-triggered PCD pathway.

The observation here that a loss of ACA4 and
ACA11 increases the frequency of SA-dependent le-
sions is significant because it supports a new model in
which the vacuole participates in modulating certain
Ca2+ signals that can trigger PCD. Future research will
be needed to visualize the Ca2+ signals that are altered
by the loss of ACA4 and ACA11 and to understand the
“upstream” factors that initiate those signals and the
immediate “downstream” targets that link these sig-
nals to the activation of PCD. While it is known that
Ca2+ efflux through ACAs can be turned on and off
(Hwang et al., 2000), it remains to be determined if this
activity is actually regulated as part of a natural
mechanism by which a pathogen or abiotic stress
might trigger the activation of a PCD pathway.

PCD is also involved in many other aspects of plant
development, including senescence, sculpting of tis-
sues, and the terminal differentiation of tracheids
(Jones, 2001; Lam, 2004). While Ca2+ signals have
been implicated in many of these pathways, it remains
to be determined which pathways may involve Ca2+

signals modulated by vacuoles. Nevertheless, from a
genetic perspective, this study identifies one function
of the vacuolar pumps ACA4 and ACA11 as a sup-
pressor of an SA-dependent PCD pathway. This func-
tion also represents a plant-specific variation on the
regulation of PCD, since the large central vacuole in
plant cells is a feature not found in typical animal cells.

MATERIALS AND METHODS

Plant Growth Conditions

Arabidopsis (Arabidopsis thaliana) seeds were surface sterilized for 3 h with

chlorine gas (Clough and Bent, 1998) and then sown on plates on half-strength

Murashige and Skoog medium complemented by 2% Suc and 10 g L21 agar.

After 2 d of vernalization in the dark at 4�C, seeds were germinated under

continuous light at approximately 19�C. Nine-day-old seedlings were trans-

ferred to soil or hydroponics. Unless otherwise stated, plants in growth

chambers were grown at 65% relative humidity, 16 h of light at 21�C, and 8 h of

dark at 19�C. Greenhouse-grown plants were subject to seasonal variations in

light and humidity. Soil used was Special Blend from Sunshine (Sun Gro). For

hydroponic cultures, seedlings were transferred onto a floating foam support

in a 3-L bucket filled with a standard hydroponic solution of 1.25 mM KNO3,

0.75 mM MgSO4, 1.5 mM Ca(NO3)2, 0.5 mM KH2PO4, 50 mM FeEDTA, 50 mM

H3BO3, 12 mM MnSO4, 0.7 mM CuSO4, 1 mM ZnSO4, 0.24 mM MoO4Na2, and 100

mM Na2SiO3. Hydroponic solutions were replaced weekly. For suppression

conditions, the standard hydroponic solution above was supplemented as

stated in the text.

Plant Material and Genotyping

Plants were transformed usingAgrobacterium tumefaciens (GV3101 line) and

a floral dip method (Clough and Bent, 1998). Dry seeds were harvested, and

hygromycin-resistant plants (T1) were identified and grown for seeds. Plant

genotypes were determined by PCR. Leaves of approximately 0.5 cm2 were

harvested and manually ground in an extraction buffer (250 mM NaCl, 200 mM

Tris, pH 8.0, 25 mM EDTA, and 0.1% SDS), and debris was pelleted by a 10-min

centrifugation at 10,000g. DNA in the supernatant was recovered by 66%

ispopropanol precipitation. Touchdown PCR (from 66�C to 60�C in 20.3�C
steps, and then 14 additional cycles with an annealing temperature of 60�C)
was performed in a 25-mL reaction using ExTaq DNA polymerase (Takara)

following the manufacturer’s protocol. Oligonucleotides used for the reaction,

at a final concentration of 0.2 mM, are listed in the legend of Figure 1.

Inoculation of Plants with Pseudomonas syringae

The virulent Pseudomonas syringae pv tomato DC3000 was grown at 28�C on

King B’s medium (40 g L21 Proteose Peptone 3, 20 g L21 glycerin, 10 mL L21

MgSO4 [10% m/v], and 10 mL L21 K2HPO4 [10% m/v]) supplemented with

the appropriate antibiotics: 50 mg mL21 rifampicin. To examine the growth of

the bacteria, 3- to 4-week-old plants were sprayed with a bacterial suspension

containing 53 106 colony-forming units per mL in 10 mM MgCl2 solution with

0.04% Silwet L-77. Bacterial growth was measured at 0, 2, and 3 d after

infiltration by extracting bacteria from leaf discs (0.6 cm2 discs per leaf) and

plating a series of dilutions on the medium supplemented with appropriate

antibiotics.

Plasmid Constructs

Plant expression constructs were made in the pGreenII vector system

(Hellens et al., 2000) with a kanamycin selection marker for bacteria and a

hygromycin marker for plants. The 35S::ACA11-GFP (ps#1658) construct was

described previously (Lee et al., 2007). For the ACA11p::ACA11-GFP construct

(ps#1657), a 2,127-bp sequence upstream of the ATG start codon for ACA11

was PCR amplified from Arabidopsis and replaced the 35S promoter of 35S-

ACA11-GFP (ps#1658). The DNA sequence of each construct is provided in

Supplemental Figure S6.

Northern-Blot Analysis

Total RNA was isolated from leaves using the LiCl-phenol/chloroform

extraction method (Chomczynski and Sacchi, 2006). Total RNA (10 mg) was

separated on 1.5% agarose-formaldehyde gels and blotted onto nylon mem-

branes. The membranes were hybridized with [a-32P]dATP-labeled gene-

specific probes for 16 h at 65�C and washed for 10 min twice with 23 SSC (0.15

M NaCl and 15 mM trisodium citrate), once with 13 SSC, and for 10 min with

0.53 SSC and 1% (w/v) SDS at 65�C.

Western-Blot Analysis

Membrane proteins (30mg)were isolated fromACA11-GFP transgenicmutant

plants and separated by 8% SDS-PAGE. A rabbit anti-GFP antibody (Santa Cruz

Biotechnology)was used to probe awestern blot and visualized using a goat anti-

rabbit IgG antibody (Calbiochem) and Enhanced Chemical Luminescence detec-

tion according to the manufacturer’s protocol (GE Healthcare).

Detection of ROS and Callose

Excised leaves were vacuum infiltrated with a solution of 1 mg mL21 3,3#-
diaminobenzidine (Sigma) and then stored for 3 h on wet paper under lights.
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Leaves were then fixed and bleached overnight with a solution of ethanol:

lactic acid:glycerol (3:1:1 in volume), washed with decreasing ethanol con-

centrations (75%, 50%, 25%), and equilibrated in water. Photographs were

taken with a digital camera using a dissecting microscope. Diaminobenzidine

staining appeared as a brown deposit.

Detection of callose in leaves was performed essentially as described

(Dietrich et al., 1994). The two largest leaves were fixed for 2 h in 10%

formaldehyde, 5% acetic acid, and 45% ethanol, cleared for 2 min in boiling

alcoholic lactophenol (95% ethanol:lactophenol, 2:1), and stained overnight in

a solution of 150 mM K2HPO4, pH 9.5, with 0.01% aniline blue. Leaves were

rinsed in distilled water before observation. Callose deposition was observed

with an Olympus FV1000 confocal microscope with 405-nm excitation and a

440- to 480-nm emission window. Six Z-sections (640 mm3 640 mm) spanning

the whole leaf thickness were taken per leaf. Lesion surface and number were

obtained from an analysis of every section in the stack.

Ion Concentration Measurements

Four- to 5-week old rosette leaves were harvested, and their dry weight was

determined after incubation for 3 d at 110�C. Dried tissue was digested

overnight with 3 mL of concentrated HNO3, and cation content was determined

using ICP-AES (Varian). To determine the concentrations of anions, 4- to 5-week-

old rosette leaves were harvested, weighed, and processed by one of two

procedures. Sampleswere either ground in liquid nitrogen and resuspended in 3

mL of chloroform, or frozen samples were ground directly in 3 mL of HPLC-

grade chloroform using a mixer mill (Retsch). Samples were then incubated in

15-mL polypropylene tubes for 1 h at 50�C. Ultrapure water (5 mL) was added,

and samples were incubated for an additional 1 h. Tubes were centrifuged for

15 min at 2,900g to clear debris from the aqueous phase. The supernatant was

analyzed by anion-exchange chromatography. Aliquots of the supernatant (10

mL) were run on a Dionex HPLC apparatus through a Dionex AS11-HC column

with a gradient of 1 to 60 mM NaOH over 40 min. The column was at room

temperature with a flow rate of 0.27 mL min21. Anions were detected by the

suppressed conductivity method, and NO3
2 was specifically detected by A210.

Peaks were identified using pure anion salt standards purchased from Sigma.

Supplemental Data

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

Supplemental Figure S1. Images of aca4-1/11-1 leaves showing increased

ROS accumulation and callose deposits, as revealed by diaminobenzi-

dine or aniline blue staining.

Supplemental Figure S2. Representative images showing lesion initials

in mesophyll cells in aca4-1/11-1 plants.

Supplemental Figure S3. Frequency of lesion initials with respect to

vessels.

Supplemental Figure S4. Ion concentrations of eight mineral nutrients

in leaves from aca4-1/11-1 and Ws plants.

Supplemental Figure S5. Relative SA levels in aca4-1/11-1 upon lesion

induction.

Supplemental Figure S6. DNA sequence of the ACA11-GFP plasmid con-

structs used for mutant rescues.
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Lorrain S, Vailleau F, Balagué C, Roby D (2003) Lesion mimic mutants:

keys for deciphering cell death and defense pathways in plants? Trends

Plant Sci 8: 263–271

Ma W, Berkowitz GA (2007) The grateful dead: calcium and cell death in

plant innate immunity. Cell Microbiol 9: 2571–2585

Ma W, Smigel A, Tsai YC, Braam J, Berkowitz GA (2008) Innate immunity

signaling: cytosolic Ca2+ elevation is linked to downstream nitric oxide

generation through the action of calmodulin or a calmodulin-like

protein. Plant Physiol 148: 818–828

Mahajan S, Pandey GK, Tuteja N (2008) Calcium- and salt-stress signaling

in plants: shedding light on SOS pathway. Arch Biochem Biophys 471:

146–158

McAinsh MR, Pittman JK (2009) Shaping the calcium signature. New

Phytol 181: 275–294

McElver J, Tzafrir I, Aux G, Rogers R, Ashby C, Smith K, Thomas C,

Schetter A, Zhou Q, Cushman MA, et al (2001) Insertional mutagenesis

of genes required for seed development in Arabidopsis thaliana. Ge-

netics 159: 1751–1763

Moeder W, Yoshioka K (2008) Lesion mimic mutants: a classical, yet still

fundamental approach to study programmed cell death. Plant Signal

Behav 3: 764–767
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