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CATION EXCHANGERs CAX1 and CAX3 are vacuolar ion transporters involved in ion homeostasis in plants. Widely expressed
in the plant, they mediate calcium transport from the cytosol to the vacuole lumen using the proton gradient across the tonoplast.
Here, we report an unexpected role of CAX1 and CAX3 in regulating apoplastic pH and describe how they contribute to auxin
transport using the guard cell’s response as readout of hormone signaling and cross talk. We show that indole-3-acetic acid (IAA)
inhibition of abscisic acid (ABA)-induced stomatal closure is impaired in cax1, cax3, and cax1/cax3. These mutants exhibited
constitutive hypopolarization of the plasma membrane, and time-course analyses of membrane potential revealed that IAA-
induced hyperpolarization of the plasma membrane is also altered in these mutants. Both ethylene and 1-naphthalene acetic
acid inhibited ABA-triggered stomatal closure in cax1, cax3, and cax1/cax3, suggesting that auxin signaling cascades were
functional and that a defect in IAA transport caused the phenotype of the cax mutants. Consistent with this finding, chemical
inhibition of AUX1 in wild-type plants phenocopied the cax mutants. We also found that cax1/cax3 mutants have a higher
apoplastic pH than the wild type, further supporting the hypothesis that there is a defect in IAA import in the cax mutants.
Accordingly, we were able to fully restore IAA inhibition of ABA-induced stomatal closure in cax1, cax3, and cax1/cax3 when
stomatal movement assays were carried out at a lower extracellular pH. Our results suggest a network linking the vacuolar cation
exchangers to apoplastic pH maintenance that plays a crucial role in cellular processes.

Stomata are pores at the surface of the leaves, gating
water loss and gas exchange between plants and the
atmosphere. One stoma is formed by two specialized
guard cells that are able to modulate their size and
shape to control stomatal aperture in response to vari-
ous signals, including water status, hormonal stimuli,

CO2 levels, light, or temperature (Kwak et al., 2008).
These stomatal movements are regulated by ion fluxes
in guard cells, the changes in the osmoticum status
being compensated by water movement, which mod-
ifies the cell’s volume. Ion transport between the cell
and ion stores (vacuole, apoplastic space) must be there-
fore tightly controlled, and any change in the guard
cell’s ability to regulate this can compromise its faculty
to trigger stomatal movement.

Calcium ion (Ca2+) is one ion that regulates stomatal
movements, and its cytosolic concentration is controlled
by both influx, via plasma membrane channels, and re-
lease from internal stores such as vacuoles and the en-
doplasmic reticulum. Calcium transport from the vacuole
is ensured, at least in part, by members of the Cation
Exchanger (CAX) family (Punshon et al., 2012). Six
members of this family are found in Arabidopsis (Arabi-
dopsis thaliana); all use a proton gradient generated by
the vacuolar H+-ATPase (VHA) or the vacuolar pyro-
phosphatase (AVP1) to energize their activity. CAX1 and
CAX3 are the closest homologs within the family
and have been proposed to play similar roles in Ca2+
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homeostasis (Zhao et al., 2008). However, biochemical
characterization highlighted differences in their respec-
tive rates of Ca2+ transport, and they have been proposed
to function as heterodimers, with unique properties as-
sociated with this structure (Cheng et al., 2005).

Among common phenotypes of cax1 and cax3, an
increased sensitivity to abscisic acid (ABA; Zhao et al.,
2008) suggests a function for these transporters in
modulating hormone signaling. ABA is well known
for its role in triggering stomatal closure, whereas
auxin, ethylene, or cytokinins can counteract its effect.
Auxin in particular is also essential in governing plant
development, including root architecture, tropisms
and polarity, apical dominance, tissue differentiation,
and plant development. Tight control of its distribu-
tion throughout the plant is achieved via ubiquitous
and specific expression of members of three trans-
porter families, acting together in mediating indole-3-
acetic acid (IAA) fluxes (Krecek et al., 2009).

The unique pattern of auxin distribution is predomi-
nately due to the asymmetrical localization of members
of the PIN-FORMED (PIN) family of auxin exporters
(Zazímalová et al., 2010). In Arabidopsis, this family
comprises eight members, whose spatiotemporal ex-
pression is responsible for the auxin gradient observed in
many plant tissues (Paponov et al., 2005). In addition,
most members of the ATP-binding cassette (ABC)-type
family of exporter ABCB (ABCB/multidrug resistance/
phosphoglycoprotein) have been shown to mediate auxin
export from the cell (Geisler and Murphy, 2006). Auxin
import is mainly ensured by (1) active transport of IAA
by members of the AUX1/LAX family proteins (Geisler
and Murphy, 2006), and (2) passive diffusion across the
plasma membrane. AUX1 activity was demonstrated to
be pH-dependent (Yang et al., 2006), IAA transport being
optimal at acidic pH (5.5–6), and dramatically reduced at
higher values. It is interesting that passive, pH-dependent
IAA diffusion across the plasma membrane also accounts
for an important part of IAA transport and signaling. At
apoplastic pH (5.5), between 10% and 25% of IAA is
protonated (Yang et al., 2006), which allows for free
diffusion of IAA through the membrane. In contrast,
the ratio between protonated and deprotonated IAA
(IAAH/IAA2) falls to 1% to 5% when pH exceeds 6.5,
preventing it from being passively transported into the
cytoplasm (Yang et al., 2006). These two aspects make
control of the apoplastic pH crucial in the regulation of
auxin signaling, as it modulates all the known routes
of IAA import. Such a tight pH constraint is ensured
by plasma membrane-localized Arabidopsis H+-ATPases
(AHA; Haruta et al., 2010) that transport protons from
the cytosol to the extracellular space.

Our work presents the characterization of two vacu-
olar transporters’ abilities to modulate the apoplastic pH,
and therefore contribute to proper auxin transport and
signaling. Our results highlight the effects of mutations
in CAX1 and CAX3 in plant development and in sto-
matal functioning, providing new insights for under-
standing hormone signaling in plants as well as plant
adaptation to stress conditions via hormone cross talk.

RESULTS

CAX1 and CAX3 Are Highly Expressed in Guard Cells

Based on the role of tonoplast transporters in regu-
lating cytosolic calcium concentration, it was conceiv-
able that Ca2+ transporters expressed in guard cells
played a role in stomatal movements. We decided,
therefore, to examine the CAX gene family and, as
such, evaluated the expression of the family members
in guard cells using microarray data of guard cell and
mesophyll cell transcriptomes (Yang et al., 2008). Fig-
ure 1A shows the level of expression of the five CAX
genes that are present in the ATH1 (Affymetrix) chip in
guard cells and in mesophyll cells. Hydroxyproline-rich
protein (HPRP; At2g21140) and calmodulin-binding
protein (CBP; At4g33050) are shown as positive con-
trols of guard cell- and mesophyll cell-specific expres-
sion, respectively (Jammes et al., 2009). CAX4 seems to
be preferentially expressed in mesophyll cells, whereas
CAX1, CAX2, CAX3, and CAX5 transcripts were pre-
sent at a higher level in guard cells. Considering the
very high expression of CAX1 in guard cells and its
similarity to CAX3, we decided to focus on these two
genes for further studies.

To further verify the expression of CAX1 and CAX3
in guard cells, reverse transcription (RT)-PCR experi-
ments were performed on highly pure protoplasts
from both guard cells and mesophyll cells (Leonhardt
et al., 2004; Fig. 1B), which confirmed that both CAX1
and CAX3 are relatively highly expressed in both cell
types. Specific amplifications of the guard cell marker
gene HPRP and of the mesophyll cell marker gene CBP
(Jammes et al., 2009) indicate a high purity of the
guard cell and mesophyll cell RNA.

Figure 1. CAX1 and CAX3 are expressed in guard cells. A, Ex-
pression levels of five CAX genes in guard cells (closed bar) com-
pared with mesophyll cells (open bar) as assessed by microarray
experiments (Yang et al., 2008). Expression levels were normalized
to ACTIN2 (At4g33050). HPRP (At2g21140) and CBP (At4g33050)
are shown as guard cell- and mesophyll cell-specific expression
control (Jammes et al., 2009), respectively. B, RT-PCR analyses of
CAX1 and CAX3. HPRP and CBP were amplified as cell-type spe-
cific marker genes.
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cax1, cax3, and cax1/cax3 Mutants Are Impaired
in Light-Induced Hyperpolarization of the
Guard Cell Plasma Membrane

Guard cells primarily function in gas exchange but
also in drought stress protection by closing stomata
upon perception of the drought-induced hormone
ABA. Thus, the implication of the CAX1 and CAX3
proteins was evaluated by analyzing the ABA re-
sponse of guard cells in cax1, cax3, and cax1/cax3
(Cheng et al., 2005). Application of 1 mM ABA to sto-
mata, previously open under light, led to a 20% re-
duction in stomatal apertures (Fig. 2A). When exposed
to 5 mM ABA, stomatal apertures were reduced by
about 30% in the wild type and cax1, cax3, and cax1/
cax3 mutants (Fig. 2A). This result suggests that the
cax1 and cax3 mutations did not alter stomatal re-
sponse to ABA.

It is interesting, however, that steady-state stomatal
apertures, prior to ABA treatment, were significantly
different in cax1, cax3, and cax1/cax3 from those in the
wild type (Supplemental Fig. S1; 0.158 6 0.007 for the
wild type, 0.143 6 0.005 for cax1, 0.149 6 0.003 for
cax3, 0.107 6 0.002 for cax1/cax3; P , 0.01 compared
with the wild type), which was later found to be
consistent with the data in a recent study (Conn et al.,
2011). These results suggested that the stomatal re-
sponse to light might be impaired in the mutants. To
test this hypothesis, light-induced stomatal opening
analyses (Kwak et al., 2001) were carried out. After
overnight incubation in the dark, stomatal apertures of
cax1 and cax3 mutants appeared to be similar to that of
wild-type plants, whereas stomatal aperture of cax1/
cax3 was slightly less (Fig. 2B). Incubation in light for
2 h induced stomatal opening in wild-type plants, which
was significantly impaired in cax1, cax3, and cax1/cax3
(0.167 6 0.009 for the wild type, 0.135 6 0.009 for cax1,
0.1316 0.009 for cax3, 0.0976 0.005 for cax1/cax3; P,
0.01 compared with the wild type). Because stomatal
opening is largely controlled by membrane potential
(Merlot et al., 2007), we examined whether there is a
difference in the membrane polarization state of cax1/
cax3 using the fluorescent dye bis-(1,3-dibutylbarbit-
uric acid) trimethine oxonol (DiBAC4; Konrad and
Hedrich, 2008). Figure 2C shows that wild-type guard
cells exhibited relatively weaker fluorescence after 3 h
of exposure to light compared with the cax1/cax3
double mutant, indicating the significantly more depo-
larized state of the plasma membrane (Fig. 2C) in the
double mutant than in wild-type plants. Together,
these results imply that the mutations in CAX1 and
CAX3 lead to a shift of the membrane to more positive
voltages (depolarization) and impaired stomatal re-
sponse to light.

IAA, But Not 1-Naphthalene Acetic Acid, Fails to
Inhibit ABA-Induced Stomatal Closure in cax1, cax3,
and cax1/cax3

Auxin is known to regulate membrane polarization,
and has been shown to induce hyperpolarization in
tobacco (Nicotiana tabacum) guard cells and maize (Zea
mays) protoplasts (Rück et al., 1993). At the guard cell
level, auxin is also known to antagonize ABA-induced
stomatal closure (Snaith and Mansfield, 1982; Tanaka
et al., 2006). Because cax1/cax3 mutants displayed an
altered response in membrane hyperpolarization, we
examined auxin inhibition of ABA-induced stomatal
closure in the cax1, cax3, and cax1/cax3 mutants. Epi-
dermal strips of the plants were treated with 5 mM
ABA in the presence or absence of 10 mM IAA and
measured stomatal apertures. As shown in Figure 3A,
IAA inhibited ABA-induced stomatal closure in wild-
type plants (P , 0.05). In contrast, IAA failed to inhibit
ABA-triggered stomatal closure in cax1, cax3, and
cax1/cax3 mutant plants (P . 0.05), suggesting that
CAX1 and CAX3 influence auxin signaling and/or

Figure 2. cax1, cax3, and cax1/cax3 mutants are impaired in light-
induced stomatal opening. A, Stomatal response to ABA is normal in
cax1, cax3, and cax1/cax3. Epidermal strips were incubated 2 h in an
opening buffer, and treated with 0, 1, and 5 mM ABA for 1 h prior to
measurements of stomatal apertures. Data are mean 6 SEM (n = three
independent experiments, .90 stomata for each data point). B, Light-
induced stomatal opening is impaired in cax1, cax3, and cax1/cax3
compared with wild-type plants. Data are mean 6 SEM (n = five in-
dependent experiments, .100 stomata for each data point). C, cax1/
cax3 guard cells have depolarized membrane potential compared with
that of the wild type. Membrane potential was measured using the
fluorescence dye DiBAC4 in the wild type and cax1/cax3. Higher
fluorescence indicates depolarization of the plasma membrane. Av-
erage fluorescence from 685 (the wild type) and 917 (cax1/cax3)
stomatal complexes is presented. Error bars = SE.
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transport in guard cells. Next, auxin inhibition of hy-
pocotyl elongation in seedlings of cax1, cax3, and cax1/
cax3 was examined. The mutants showed significantly
reduced sensitivity to IAA in hypocotyl growth assays
(P , 0.05; Supplemental Fig. S2), further indicating the
effect of CAX1 and CAX3 on the auxin response.

To determine whether the defective stomatal re-
sponse to IAA in cax1, cax3, and cax1/cax3 was related
to the auxin-induced hyperpolarization of the plasma
membrane (Rück et al., 1993), we monitored the dy-
namic changes in guard cell membrane potential that
IAA causes. Epidermal strips from the wild type and
cax1/cax3 mutants were stained using DiBAC4, in the
presence or absence of IAA, to which ABA was added
8 min after starting to monitor fluorescence. In ABA-
treated wild-type guard cells, comparison between
IAA- and mock-treated samples (Fig. 3B, blue circles)
shows a significantly higher fluorescence in mock-
treated epidermal strips (ABA/IAA + ABA ratio,
21.1 6 8.5%, 4 min after ABA addition). This confirms

that IAA is able to antagonize the ABA-induced de-
polarization of the plasma membrane. In contrast,
fluorescence in cax1/cax3 guard cells (Fig. 3B, red tri-
angles) was similar in IAA-treated samples compared
with mock-treated ones (ABA/IAA + ABA ratio, 1.7 6
6.0%, 4 min after ABA addition), consistent with the
stomatal movement result (Fig. 3A).

To discriminate between IAA transport and IAA
signaling impairment, the responses of these mutant
plants to ethylene were evaluated because a functional
ethylene biosynthetic and signaling pathway is re-
quired for proper IAA-mediated antagonism of ABA-
induced stomatal closure (Tanaka et al., 2006; Acharya
and Assmann, 2009). As shown in Figure 3C, wild-
type plants treated with 5 mM ABA showed stomatal
closure (66 6 0.02% compared with the control),
whereas epidermal strips pretreated with 10 mM
1-aminocyclopropane-1-carboxylic acid (ACC), a pre-
cursor of ethylene, displayed a reduction in ABA-
triggered stomatal closure (80 6 0.03% of the control;

Figure 3. cax1, cax3, and cax1/cax3 mutations impair IAA- but not NAA-inhibition of ABA-induced stomatal closure. A,
IAA-inhibition of ABA-triggered stomatal closure is impaired in cax1, cax3, and cax1/cax3. Changes in stomatal aperture in
response to 5 mM ABA were scored in the presence and absence of 10 mM IAA. Data are mean 6 SEM (n = 3 independent
experiments, .90 stomata for each data point). B, IAA-inhibition of ABA-induced membrane depolarization is abolished in
cax1/cax3 guard cells. Fluorescence ratio (ABA-treated/ABA + IAA-treated) in guard cells is shown for the purpose of clarity,
because of the difference in steady-state membrane polarization between the wild type and cax1/cax3 (see Fig. 2C). Changes in
guard cell-membrane polarization were assessed by DiBAC4 fluorescence in response to ABA in the presence and absence of
10 mM IAA. Cells were challenged with 5 mM ABA at 8 min. Data are mean 6 SEM (793 cells, the wild type; 129 cells, the wild
type + IAA; 917 cells, cax1/cax3; 187 cells, cax1/cax3 + IAA). C, 10 mM ACC inhibits ABA-induced stomatal closure in cax1,
cax3, and cax1/cax3 as well as in the wild type. Data are mean 6 SEM (n = three independent experiments, .90 stomata for
each data point). D, NAA inhibits ABA-triggered stomatal closure in cax1, cax3, and cax1/cax3 as well as in the wild type (5 mM
ABA; 10 mM NAA). Data are mean 6 SEM (n = three independent experiments, .90 stomata for each data point). E, The AUX1
transporter inhibitor NOA blocks IAA inhibition of ABA-induced stomatal closure in the wild type. Stomatal apertures were
measured from epidermal strips treated with 5 mMABA and 5 mM IAA in the presence or absence of 10 mMNOA. Data are mean6
SEM (n = four independent experiments, .82 stomata for each data point). Error bars are smaller than symbols when not visible.
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P , 0.05). This confirms the antagonistic effect of
ethylene on ABA-triggered stomatal closure (Tanaka
et al., 2006). ACC also inhibited ABA-triggered sto-
matal closure in the cax1, cax3, and cax1/cax3 mu-
tants (Fig. 3C; P , 0.01 for all three cax mutants). This
result shows that ethylene properly antagonizes ABA-
triggered stomatal closure in the mutants and suggests
that ethylene-dependent auxin signaling is functional,
suggesting the defect is in mechanisms upstream of
activation of the ethylene signaling pathway.
We then examined whether auxin transport was

affected by the cax1 and cax3 mutations. To this end,
stomatal movement analyses were conducted using
epidermal strips treated with ABA together with
1-naphthaleneacetic acid (NAA). In contrast to IAA,
which mainly requires auxin transporters to cross the
plasma membranes and enter the cell, NAA is an IAA
analog that can freely diffuse through the plasma
membrane (Delbarre et al., 1996; Yamamoto and
Yamamoto, 1998). As expected, 10 mM NAA signifi-
cantly inhibited ABA-induced stomatal closure in
wild-type plants (44.3 6 0.6% closure with ABA alone
versus 18.7 6 2.1% with ABA + NAA, Fig. 3D; P ,
0.05). NAA also antagonized ABA-triggered stomatal
closure in cax1, cax3, and cax1/cax3 (46.2 6 1.7% clo-
sure with ABA alone versus 21.9 6 1% with ABA +
NAA for cax1/cax3, Fig. 3D; P , 0.05), indicating that
auxin signaling cascades are functional in these mu-
tants. This result also suggested impairment of the
auxin influx transporter AUX1. To evaluate this idea,
we decided to pharmacologically inhibit the AUX1
transporter activity to examine whether this could
copy the cax1, cax3, and cax1/cax3 mutations. The
chemical 2-naphthoxyacetic acid (NOA), which in-
hibits auxin influx (Parry et al., 2001; Yang et al., 2006)
without affecting AUX1 trafficking, was used for this
purpose. Consistent with the results in Figure 3A,
wild-type plants treated with 5 mM ABA exhibited
typical stomatal closure (46.3 6 4.6% closure com-
pared with mock-treated plants), which was signifi-
cantly inhibited by 10 mM IAA (24.9 6 0.6% closure,
Fig. 3E). When NOA was added together with IAA,
ABA-induced stomatal closure was not inhibited by
IAA (43.9 6 3.1% closure, Fig. 3E; P , 0.05 compared
with ABA + IAA, P. 0.05 compared with ABA alone),
showing that the application of NOA to wild-type
plants mimics the IAA-insensitive stomatal move-
ments seen in cax1, cax3, and cax1/cax3.

CAX1 and CAX3 Contribute to the Regulation of
Apoplastic pH and Accumulation of Plasma
Membrane-Localized AHA

Previous studies have shown that auxin signaling
can be modulated by pH in the apoplastic space, no-
tably through AUX1 activity and IAA permeability of
the plasma membrane (Li et al., 2005; Vieten et al.,
2007). Our results showing that NAA but not IAA can
inhibit ABA-induced stomatal closure in cax1, cax3,

and cax1/cax3 (Fig. 3, A and D) imply a role for the
AUX1 transporter. Knowing the function of CAX
proteins in proton homeostasis and the effect of apo-
plastic pH in AUX1 activity, we hypothesized that pH
regulation was affected in cax1, cax3, and cax1/cax3.
Given the fact that all of our stomatal aperture mea-
surements were conducted at pH 6.15 and IAA is a
weak acid (pK = 4.8) that cannot be protonated at pH
6.15, we performed stomatal movement assays at a
lower pH (5.6) to test whether pH could affect the
outcome of stomatal movement analysis. Remarkably,
IAA inhibition of ABA-induced stomatal closure was
fully restored in cax1, cax3, and cax1/cax3 (Fig. 4A; P,
0.05 compared with ABA alone). However, we noticed
that although we were able to completely restore the

Figure 4. Apoplastic pH is altered in cax1, cax3, and cax1/cax3. A,
Lower extracellular pH (5.6) restores IAA-inhibition of ABA-induced
stomatal closure in cax1, cax3, and cax1/cax3. Data are mean 6 SEM

(n = 3 independent experiments, .86 stomata for each data point). B,
Measurements of apoplastic pH reveal that cax1, cax3, and cax1/cax3
plants have a higher pH compared with the wild type. Emission
wavelength of HPTS was collected at both 510 and 530 nm. Error bars
in the graph represent SEM of at least two independent experiments. At
least 50 leaves were used for each experiment. C, Western-blot anal-
ysis of plasma membrane proteins shows that the P-type AHA protein
level is significantly reduced in cax1, cax3, and cax1/cax3 compared
with the wild type. Quantification of AHA protein level was normal-
ized to the average protein amount from silver-stained gels. Error bars
in the graph represent SEM, n = three independent experiments.
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steady-state, stomatal aperture in cax1 and cax3, the
cax1/cax3 double mutant still exhibited smaller sto-
matal apertures (Supplemental Fig. S4).

This result strongly suggested that the pH of the
apoplastic space might be affected in the cax mutants.
Apoplastic fluids were retrieved by centrifugation
from wild-type, cax1, cax3, and cax1/cax3 plants and
then subjected to pH measurement using the fluores-
cent dye 8-hydroxypyrene-1,3,6-trisulfonic acid trisodium
(HPTS; Han and Burgess, 2010), whose fluorescence
is pH-dependent (Supplemental Fig. S3). Figure 4B
shows that the apoplastic pH in wild-type leaves was
5.4 6 0.01 as previously reported (Zazímalová et al.,
2010), whereas the apoplastic pH of cax1/cax3 mutants
was significantly higher (5.7 6 0.02; P , 0.01). Remark-
ably, cax1 and cax3 showed an intermediate apoplastic
pH (5.9 6 0.03 for cax1; 5.6 6 0.03 for cax3). Because
the pH of the apoplast has been suggested to be reg-
ulated by plasma membrane P-Type AHAs (Li et al.,
2005), the levels of these proteins were examined.
Western-blot analysis on the total membrane fraction
of wild-type, cax1, cax3, and cax1/cax3 plants revealed
that measure of AHAs in the membrane faction is
significantly reduced in all three mutant plants by
about 50% (Fig. 4C; P , 0.05). Together, these results
suggest that the mutations in CAX1 and CAX3 influ-
ence the abundance of AHAs at the plasma membrane,
resulting in the higher apoplastic pH in the cax
mutants.

DISCUSSION

Vacuoles are very dynamic structures that can oc-
cupy up to 95% of the total volume in many types
of plant cells, and play important roles in various
cellular processes. Stomatal guard cells contain vacuoles
whose structure and volume change during stomatal
movements. Studies have shown that vacuole volume
increases and decreases when stomata open and close,
respectively (Fricker and White, 1990). In addition,
vacuolar ion channels such as vacuolar K+ channels
and slow vacuolar channels play important roles in
regulation of stomatal movements (Kwak et al., 2008).
To test the contribution of other vacuolar transporters
to stomatal movements, expression pattern and levels
in guard cells of the CAX genes that encode vacuolar
cation exchangers were examined. Analysis of micro-
array data revealed the preferential expression, in
guard cells over mesophyll cells, of CAX1 and CAX3,
which prompted us to focus on these two genes for
further experiments. Conn et al. (2011) have shown
data suggesting a higher level of CAX1 and CAX3
expression in mesophyll cells than in the epidermal
layer, which can most likely be attributed to extremely
low expression in epidermal cells.

Cytosolic Ca2+ plays a significant role in signal
transduction pathways, serving as a second messenger
in a variety of cellular activities. Cytosolic Ca2+ con-
centration can change dramatically, which is achieved

by Ca2+ influx from the extracellular space and Ca2+

release from internal stores, regulating subsequent
cellular signal responses. In guard cells, ABA causes
elevation in cytosolic Ca2+ concentration followed by
stomatal closure (Schroeder et al., 2001). CAX1 and
CAX3 have been shown to contribute to Ca2+ transport
and homeostasis (Zhao et al., 2009; Conn et al., 2011;
Manohar et al., 2011a, 2011b; Punshon et al., 2012).
Thus, it was initially presumed that Ca2+ dyshomeo-
stasis caused by the cax1 and cax3 mutations would
affect ABA response in the mutants. It appeared,
however, that cax1, cax3, and cax1/cax3 have normal
ABA sensitivity in stomatal movement assays (Fig.
2A). Instead, auxin inhibition of ABA response in
guard cells was found to be affected by the mutations
in these genes (Fig. 3A). It is important to note that this
result revealed a nonredundant phenotype in the cax1
and cax3 single mutants, suggesting that, at least in
guard cells, both proteins are required to ensure their
physiological function. Because stomatal closure in
response to ABA was normal in the cax1, cax3, and
cax1/cax3 mutants, it was speculated that CAX1 and
CAX3 function in cross talk between ABA and auxin
signaling or that auxin signaling/transport is impaired
in the cax mutants. To test this hypothesis, an experi-
ment that can bypass auxin transport was set up to
evaluate solely auxin signaling cascades in the cax
mutations. Considering that ethylene is required for
proper auxin signaling in guard cells (Tanaka et al.,
2006), epidermal strips were treated with ACC, a
precursor of ethylene, and stomatal response to ABA
was examined. Similar to IAA in wild-type plants,
ACC successfully inhibited ABA-induced stomatal
closure in the wild type, cax1, cax3, and cax1/cax3 (Fig.
3C). Unlike IAA inhibition of ABA-triggered stomatal
closure, ACC inhibition of ABA-induced stomatal clo-
sure requires no IAA transport (Acharya and Assmann,
2009). This result implies that ethylene-dependent
auxin signaling processes were not affected in cax1,
cax3, and cax1/cax3, and the possibility of a reduced
auxin transport was evaluated in these mutants. For
this purpose, epidermal strips were treated with the
membrane permeable auxin analog NAA (Delbarre
et al., 1996). It is interesting that NAA led to full in-
hibition of the ABA-mediated stomatal closure in the
cax1, cax3, and cax1/cax3 mutants (Fig. 3D). This result
suggested that impairment of cross talk between auxin
and ABA in the cax mutants was unlikely due to Ca2+

dyshomeostasis.
Differential stomatal responses to IAA and NAA in

the cax mutants implied the involvement of AUX1
(Yamamoto and Yamamoto, 1998). This hypothesis
was evaluated by the use of the AUX1 inhibitor NOA
(Parry et al., 2001), which copied cax1, cax3, and cax1/
cax3 phenotypes in the wild type (Fig. 3E), indicating
that the IAA insensitivity of cax1, cax3, and cax1/cax3
is due to impaired IAA transport. Whereas such an
effect of vacuolar cation exchangers on auxin influx
was unexpected, proton transporters that can influence
pH homeostasis in cells (Pittman et al., 2005) are
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known to play a role in auxin transport and signaling
(Petrásek and Friml, 2009). Thus, it was conceivable
that the cax1, cax3, and cax1/cax3 mutations could
modify pH homeostasis, resulting in a defect in auxin
transport. A previous study has shown that AVP1
contributes to regulation of apoplastic pH, which plays
a role in auxin import, and therefore organ develop-
ment (Li et al., 2005). Furthermore, previous studies
demonstrated that CAX1 and CAX3 participate in the
release of protons from the vacuole to the cytoplasm,
thus contributing to regulation of cellular pH together
with the VHA, the AVP1, and the plasma membrane
AHA (Manohar et al., 2011). These proteins can mod-
ulate the pH of the vacuole and/or the cytosol, which
can in turn affect the apoplastic pH (Li et al., 2005).
Based on our results, we hypothesized that the cax1,
cax3, and cax1/cax3 mutants have a higher pH in the
apoplast, which was first assessed by performing IAA-
mediated inhibition of ABA-triggered stomatal closure
at a much lower pH (5.6) than is typically used (6.15),
corresponding to that of the apoplast (Bibikova et al.,
1998). Under these experimental conditions, guard
cells exhibited restored IAA response (Fig. 4A). To
directly determine whether the cax mutants have an
altered apoplastic pH, the pH of apoplastic fluids from
wild-type, cax1, cax3, and cax1/cax3 leaves was mea-
sured (François et al., 2002). This revealed that cax1/
cax3 mutants have a significantly higher apoplastic pH
than wild-type plants (Fig. 4B), a condition known to
cause defective IAA influx. The cax1 and cax3 single
mutants showed an intermediate phenotype. It is im-
portant to note that CAX1 and CAX3 do not physically
interact with VHA or AVP1 (Zhao et al., 2009). This
implies that the function of CAX1 and CAX3 is distinct
from that of AVP1 in apoplastic pH regulation (Li
et al., 2005). Overall, these results provide evidence
supporting a previously suggested regulatory network
linking vacuolar pH to apoplastic pH (Martinoia et al.,
2007).
Apoplastic pH changes have long been considered

as a means of regulating physiological processes. In
maize, for instance, maximal elongation of the root tip
is correlated to a minimal pH along a gradient (Felle,
1998). Fasano and colleagues reported changes in the
apoplastic pH upon gravistimulation (Fasano et al.,
2001), further supporting the role of pH in plant de-
velopment and signal transduction in response to stim-
uli. Moreover, previous studies have also indicated a
link between drought response and pH, and it is
noteworthy that xylem sap pH increases upon water
deficiency, which is correlated with a decrease in sto-
matal conductance in Commelina communis and maize
(Wilkinson and Davies, 1997; Bahrun et al., 2002). In
guard cells, auxin-mediated acidification of the apo-
plast has been shown to facilitate IAA transportation
into the cell and plays a role in hyperpolarization of
the plasma membrane. This hyperpolarization in turn
triggers inward K+ channel-mediated currents, which
lead to stomatal opening (Acharya and Assmann,
2009). Therefore, regulation of proton transport across

the plasma membrane is crucial and involves members
of the plasma membrane-localized P-type AHAs
(Acharya and Assmann, 2009). Auxin has been shown
to trigger synthesis and exocytosis of a high-turnover
pool of the P-type AHAs (Hager et al., 1991), sug-
gesting positive feedback regulation of auxin trans-
port. Consistent with this finding, the level of P-type
AHAs in the plasma membrane was affected in cax1
(Cheng et al., 2003), cax3, and cax1/cax3mutants (Zhao
et al., 2008). In both cax3 and cax1/cax3, the previously
reported down-regulation of AHA activity correlates
with our results, showing a significant decrease in the
accumulation of these proteins (Fig. 4C). However, this
result is not in agreement with the previous finding
showing a wild-type level of the AHA proteins in the
cax mutants (Zhao et al., 2008). This can be attributed
to differences in specificity of the antibodies used. It
should also be noted that whereas Cheng et al. (2003)
have reported an increase in the AHA activity in cax1,
we show a down-regulation in the amount of AHA
protein in the cax1, cax3, and cax1/cax3 mutants com-
pared with wild-type plants.

Altogether, our results indicate a fundamental role
of CAX1 and CAX3 vacuolar transporters in modify-
ing apoplastic pH, likely via the regulation of plasma
membrane-localized AHA. Thus, the mutations in
CAX1 and CAX3 result in altered IAA transport and
defective stomatal response to IAA. Based on our
findings, we propose the following model (see Fig. 5).
In wild-type cells, CAX1 and CAX3 mediate proton
export from the vacuole to the cytosol (Fig. 5A). In cax1,

Figure 5. A working model for the mode of IAA transport in the cax
mutants. A, In guard cells, CAX1 and CAX3 transporters contribute to
regulation of cytosolic pH in the cell by exporting H+ from vacuoles. B,
This activity is reduced in cax1, cax3, and cax1/cax3. To maintain
appropriate pH in the cytosol, H+ export into the apoplastic space that
normally occurs in the wild type (C) is down-regulated due at least in
part to the reduced level of AHA2 in the plasma membrane in the cax
mutants (D). This results in a higher pH in the apoplast in the mutant,
which in turn negatively affects AUX1 activity (E) and protonation of
IAA– (F), thus reducing IAA transport and diffusion across the plasma
membrane.
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cax3, and cax1/cax3 mutants, this activity is disrupted,
possibly causing compromised cytosolic proton ho-
meostasis (Fig. 5B). To cope with this, the effect of
P-Type AHAs, which acidify the apoplastic space (Fig.
5C), can be reduced via down-regulation of their ac-
tivity and/or amount (Fig. 5D). This would cause a
higher pH in the apoplastic space in the cax mutants,
resulting in a lower activity of AUX1 in mediating IAA
import, as well as a decreased propensity of IAA to
be under its protonated, membrane-permeable form
(Fig. 5, E and F).

Because these data have been collected from epi-
dermal strips, the extent to which this phenomenon
applies in planta and actually affects photosynthesis
remains to be determined. However, the lower IAA
sensitivity of the cax1, cax3, and cax1/cax3 seedlings
(Supplemental Fig. S2) and the known effect of pH on
stomatal movements (Wilkinson and Davies, 1997;
Bahrun et al., 2002; Acharya and Assmann, 2009) do
suggest an effect of the mutations on in planta physi-
ology. It should also be noted that these results do not
contradict the conclusion by Conn et al. (2011), in
which calcium was shown to be involved in the con-
stitutive stomatal closure in cax1/cax3. Indeed, even
though stomatal response to IAA is restored by low-
ering the apoplastic pH in all of the mutants, the
steady-state aperture in the single mutants was found to
be no different than in the wild type, whereas the sto-
mata remained more closed in cax1/cax3 (Supplemental
Fig. S4). Considering the effect of Ca2+ on stomatal
movements and the fact that it acts downstream of
IAA, it is not surprising that Conn et al. (2011) were
able to fully restore stomatal opening by increasing the
apoplastic Ca2+ concentration. This is also consistent
with previous results suggesting that Ca2+ concentra-
tions are not changed in the single cax1 and cax3 mu-
tants, probably because of functional redundancy
conferred by other Ca2+ transporters (Conn et al., 2011).
Our data show that this redundancy might be suf-
ficient enough to sustain an appropriate Ca2+ level,
but not to maintain apoplastic pH. This is also suggested
by the similar reduction in AHA protein accumula-
tion in the single and double mutants (Fig. 4), further
supporting the idea of a unique function of the hetero-
dimeric CAX1/CAX3 in maintaining ion homeostasis
and pH.

MATERIALS AND METHODS

Stomatal Movement Assays

Plants were grown on Sunshine Redi-earth soil (Sun Gro Horticulture) in a
growth chamber at 22°C under 16 h of light and 8 h of dark conditions for 3 to
4 weeks. To measure stomatal apertures, Arabidopsis (Arabidopsis thaliana)
rosette leaves were blended (Waring) and the resulting epidermal strips kept
for 3 h under light (120 mE m22 s21) in opening solution (10 mM KCl, 10 mM

MES, pH 6.15 or 5.6) to induce stomatal opening prior to stomatal closure
assays (Kwak et al., 2001). Leaves were incubated for an additional 2 h in the
presence of ABA (1 or 5 mM), IAA (10 mM), ACC (10 mM), NAA (10 mM), and/or
NOA (10 mM). Photographs were taken with Scion software (Scion Corpora-
tion), and stomatal width/length ratio was measured using ImageJ software
(National Institutes of Health).

Microarray Data and RT-PCR Analyses

Microarray data from Yang et al. (2008; guard cells versus mesophyll cells,
without ABA treatment) were used as a primary means of evaluating the
expression of CAX genes in guard cells compared with mesophyll cells.
Arabidopsis guard cell and mesophyll cell protoplasts were prepared as
previously described (Leonhardt et al., 2004), and 2 mg of total RNA was used
to generate complementary DNAs. Primer sequences used in the study are
shown in Supplemental Table S1. The guard cell-marker gene CBP (At4g33050)
and the mesophyll cell-marker gene HPRP (At2g21140; Jammes et al., 2009)
were used to verify the purity of guard cell and mesophyll cell protoplasts,
respectively. Actin2 (At5g09810) was amplified as a control. A total of 32 PCR
cycles were performed for CAX1 amplification and 35 cycles for CAX3
amplification.

GUS Histochemical Assay

Arabidopsis plants expressing proCAX1::GUS or proCAX3::GUS were
grown on soil for 3 weeks before GUS staining. Epidermal peels were prepared
and incubated in a GUS solution as described (Jammes et al., 2009) for 3 h
(proCAX1::GUS) or 30 h (proCAX3::GUS).

IAA Inhibition of Hypocotyl Elongation

Inhibition of hypocotyl elongation by IAA was conducted. Seeds were
planted on one-quarter-strength mass spectrometry media and kept for 2 d at
4°C in the dark for stratification. Plates were then transferred to continuous
light (35 mE m22 s21, 22°C) filtered with yellow cellophane for 4.5 d before
measuring hypocotyl lengths.

Measurements of Membrane Potential

To measure dynamic membrane potential changes in guard cells, epidermal
peels of Arabidopsis rosette leaves were used. To prepare peels, the abaxial side
of leaves of 4- to 5-week-old plants was fixed on coverslips with a silicone
adhesive and peeled. Sampleswere then placed in buffer containing 30mMKCl,
10 mM MES, pH 6. After 30 min in darkness, epidermal peels were incubated
under light (250 mmol m22 s21) to promote stomatal opening. After 3 h under
light, 2 mM of the fluorescent dye DiBAC4(3) (Sigma-Aldrich) was added to
the KCl buffer for 10 min. Finally, the coverslip containing the epidermal peel
was washed with KCl buffer and coated with a very thin film of vacuum
grease (Dow Corning) to prevent strip movement. This coverslip formed the
bottom of a microwell chamber, which was immediately filled with 200 mL of
KCl buffer. The microwell chamber was mounted on an inverse confocal laser
scanning microscope (Leica TCS SP2). Fluorescence measurements were con-
ducted with Leica Confocal Software (LCS Lite version 2.61, Leica). The
membrane potential dye was excited at 488 nm with an argon laser; fluores-
cence emission was filtered at 530 6 15 nm and fluorescence intensity was
captured through a 403 objective. To estimate dye fluorescence of whole
guard cells, optical sections of 0.75 mm were made, and fluorescence was
measured on an average image (LCS Lite version 2.61, Leica). Images were
saved every 2 min. All measurements were corrected for background fluo-
rescence that was recorded from reference regions close to the analyzed cells.
Data shown with error bars represent mean values 6 SE.

Apoplastic pH Measurement

Apoplastic fluids were retrieved by the common infiltration-centrifugation
technique. Fifty leaves from wild-type and cax1/cax3 plants were immersed in
50 mL of water and subjected to four, 5-min vacuum cycles, each followed by
rapid vacuum release. The leaves were then quickly dried with a paper towel
and placed in a syringe without a plunger. The exhaust was connected to a
1.5-mL conical tube. The whole mounting was placed in a 15-mL tube and
centrifuged at 1,000g for 10 min at 4°C, and about 200 mL of apoplastic fluids
were collected. On a 96-well plate, 160 mL of this apoplastic fluid was mixed
with 40 mL of a 100 mg/mL HPTS solution (Invitrogen), and fluorescence was
collected at 510 and 530 nm with a plate reader (Excitation = 460 nm, compare
with manufacturer’s instructions). The pH of the solution was determined
against a standard curve made with the Britton-Robinson universal buffer
(0.05 M H3BO3, 0.05 M H3PO4, 0.05 M CH3COOH), adjusted to pHs ranging
from 3 to 8.5 (by 0.5-unit increments) with 1 M NaOH.
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Western-Blot Analyses

Leaves were ground in 2 mM EDTA, 5 mM dithiothreitol, 20% glycerol, 1 mM

phenylmethylsulfonyl fluoride, 1 mg/mL pepstain, 10 mg/mL aprotinin, 10 mg/mL
leupeptin, 50 mM Tris, pH 8.2. The protein extract was filtered through miracloth
(Calbiochem) and centrifuged at 8,000g for 10 min to remove cell debris. The
resulting supernatant was collected and centrifuged for 30 min at 100,000g to pellet
membranes. Twenty micrograms of proteins from this membrane fraction were
separated on a 10% acrylamide/Bis-acrylamide gel and transferred onto a nitro-
cellulose membrane. P-Type AHAswere detected after incubation of the membrane
with anti-AHA antibody (1/2,000; Qiao et al., 2009). Loading control was assessed
by silver staining of the gel.

Supplemental Data

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

Supplemental Figure S1. Steady-state stomatal aperture in the wild type,
cax1, cax3, and cax1/cax3.

Supplemental Figure S2. IAA inhibition of hypocothyl elongation in the
wild type, cax1, cax3, and cax1/cax3.

Supplemental Figure S3. Fluorescence intensity of HPTS as a function of pH.

Supplemental Figure S4. Steady-state stomatal aperture in the wild type,
cax1, cax3, and cax1/cax3 at pHapo 5 5.6.

Supplemental Table S1. Primers used in this study.
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