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Abstract Perturbing CAX1, an Arabidopsis vacuolar
H*/Ca*" antiporter, and the related vacuolar transporter
CAX3, has been previously shown to cause severe growth
defects; however, the specific function of CAX3 has
remained elusive. Here, we describe plant phenotypes that
are shared among cax! and cax3 including an increased
sensitivity to both abscisic acid (ABA) and sugar during
germination, and an increased tolerance to ethylene during
early seedling development. We have also identified pheno-
types unique to cax3, namely salt, lithium and low pH sen-
sitivity. We used biochemical measurements to ascribe
these cax3 sensitivities to a reduction in vacuolar H*/Ca*
transport during salt stress and decreased plasma membrane
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Abbreviations

35S 35S Cauliflower mosaic virus promoter
ABA Abscisic acid

ACC 1-Aminocyclopropane-1-carboxylic acid
AHA Arabidopsis H*-ATPase

CAX Cation exchanger

MS Murashige and Skoog medium
P-ATPase Plasma membrane H*-ATPase

sCAX N-terminal truncated cation exchanger
V-ATPase Vacuolar-type H*-ATPase

Introduction

Ca®* homeostasis is the nexus between many facets of plant
biology (Allen et al. 1999; Sanders et al. 2002). Ca** trans-
porters on various membranes play an important role in
orchestrating a myriad of biological responses. Although a
growing number of Ca”* transporters have been identified,
it is often difficult to associate functions for particular trans-
porters, possibly due to redundancy among them.

Ca”* can accumulate to millimolar levels in the vacuole,
whereas the concentrations are maintained in the micromo-
lar range in the cytosol (Marty 1999). This concentration
gradient is established across the tonoplast in part by high
capacity H*/Ca®" exchange and via Ca** pumping directly
energized by ATP hydrolysis (Sze et al. 2000). The driving
force for cation exchange activity is the pH gradient generated
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by two electrogenic H* pumps located on the tonoplast, a
vacuolar-type H*-ATPase (V-ATPase) and a H"-pyrophos-
phatase (Sze et al. 1999; Gaxiola et al. 2007). In addition,
plant cells require strict maintenance of pH homeostasis in
the cytosol, which is controlled by a metabolic-based regu-
latory mechanism, referred to as the biochemical pH-stat
(Sakano 1998), and also by H* transport systems incorpo-
rating the plasma membrane H*-ATPase (P-ATPase) and
the above-mentioned tonoplast pumps (Palmgren 2001;
Gaxiola et al. 2007). Some recent work has focused on inte-
grating H* transport processes with biological functions.
For example, studies have clarified how H* pumps alter cell
trafficking and hormone perception (Li et al. 2005; Dettmer
et al. 2006). Regulated H" pumps have also been shown to
have a role in preventing sensitivity to high pH (Fuglsang
et al. 2007). It is conceivable that these events involve
alterations in Ca** levels and, in principle, the H*/Ca** anti-
porters could also have an important role in many of these
same fundamental processes. Indeed, we have previously
provided evidence of a functional link between pH changes
and H*/Ca®* antiport activity, whereby these transporters
may regulate cytosolic Ca®* in response to cytosolic pH
(Pittman et al. 2005).

In plants, H*/Ca®" antiport activity was first measured
biochemically in the tonoplast (Schumaker and Sze 1986).
Plant H*/Ca** antiporters were cloned by the ability of N-
terminal truncated versions of the proteins to function in
Saccharomyces cerevisiae mutants defective in vacuolar
Ca*t transport (Hirschi et al. 1996; Ueoka-Nakanishi et al.
2000; Pittman and Hirschi 2001). The term CAX (CAtion
eXchanger) is now used for the two Arabidopsis transport-
ers, CAX1 and CAX2 (Hirschi et al. 1996). Interestingly,
CAX3, which is most similar to CAX1 (77% identical at
the amino acid level), is at best, a weak vacuolar Ca** trans-
porter when expressed in yeast cells (Shigaki and Hirschi
2000; Cheng et al. 2005). In contrast to CAX1 (Pittman and
Hirschi 2001, 2003; Shigaki and Hirschi 2006), little is
understood regarding the biological properties of CAX3,
although both transporters appear to localize to the plant
tonoplast (Cheng et al. 2003, 2005). The biological roles
these CAX transporters play in cell growth and in response
to environmental stresses is only beginning to emerge.

There is a complex interplay among various ions within
plants, particularly between Na* and Ca* (Marschner
1995). For example, supplemental Ca** is known to miti-
gate the adverse effects of salinity on plant growth (Epstein
1972; Zhu 2002). Interestingly, expression of both CAXI
and CAX3 are up-regulated during Ca®* stress, while only
CAX3 expression is significantly enhanced during Na*
stress (Hirschi 1999; Shigaki and Hirschi 2000). Signaling
molecules that regulate H*/Na* transport may also regulate
CAX transporters (Cheng et al. 2004). However, functional
redundancy and compensatory mechanisms have hindered
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our ability to directly assess the role of CAX transporters in
Na* tolerance.

The interplay among CAX and other transporters has
been shown genetically. Mutants in CAX/ not only exhibit
a 50% reduction in vacuolar H*/Ca®* antiport activity, but
also a 40% decrease in V-ATPase activity and a 36%
increase in vacuolar Ca’*-ATPase activity (Cheng et al.
2003). The cax! lines also have compensatory changes in
gene expression among a battery of transporters, in particu-
lar up-regulation of CAX3 and CAX4. Although CAX2 and
CAX3 deletions showed no alteration in H*/Ca®* antiport
when grown under calcium excess conditions, they also
demonstrate similar reductions in V-ATPase activity
(Pittman et al. 2004; Cheng et al. 2005). While the individ-
ual CAX mutants display subtle phenotypes, stunted
growth and leaf chlorosis are readily apparent when CAX/
and CAX3 are deleted simultaneously (Cheng et al. 2005).
The challenge is to delineate the functional specificity of
these endomembrane H*/Ca* antiporters and decipher how
they are integrated into various biological processes.

In this study, we continue to examine phenotypes associ-
ated with perturbed CAX1 and CAX3 expression. We report
cax phenotypes related to sugar, salt, ethylene, abscisic acid
(ABA) and pH perception. We compare and contrast the
effects of cax! and cax3 on the plasma membrane H*-ATP-
ase and demonstrate the unique biochemical role of CAX3
mediated H*/Ca”* transport during Na® stress. Summing
up, these findings offer insights into the diversity of CAX
functions and the integration of CAX3 activity in salt toler-
ance.

Materials and methods
Plant materials

The caxi-1, cax3-1, cax3-2 and caxl/cax3 lines are in the
Arabidopsis thaliana ecotype Col-0 (Cheng et al. 2003,
2005). The deregulated form of CAX1, the N-terminal trun-
cated CAX1 (sCAX1) expressed under the control of the
35S cauliflower mosaic virus promoter in caxI-1 was
described previously (Cheng et al. 2003, 2005).

Seed germination

For seed germination measurements, Col-0, cax-1, cax3-1,
cax3-2, and caxI-1/sCAX]I lines were harvested at the same
time, dried for 2 days and stored at 4°C for 2 weeks. After
being surface-sterilized, these stratified seeds were sown on
one-half-strength MS (Murashige and Skoog medium;
Murashige and Skoog 1962) agar plates (0.8 % agar, pH
5.6) with or without CaCl, (50 mM and 100 mM), filter-
sterilized ABA (0.1-0.6 uM), or sucrose (0-6%). The
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plates were placed in the cold room for 48 h and then
moved to a growth chamber at 22°C under continuous cool-
fluorescent illumination. Germination was monitored daily,
and at least three independent experiments (about 60 seeds)
were analyzed. For ethylene tolerance, stratified seeds were
sown onto one-half-strength MS agar plates (0.8% agar, pH
5.6) containing filter-sterilized 1-aminocyclopropane-1-
carboxylic acid (ACC, 10 pM-100 pM). Hypocotyls of at
least 50 seedlings from at least three independent trials
were scored after 5 days of growth. Seeds with clearly
emerged radicals were regarded as germinated; daily
germination rate was expressed as a percentage of total
sown seeds. Response comparisons were made with simi-
larly stratified seeds of ein2-1 and ein3-1 (provided by
Dr. Bonnie Bartel, Rice University, USA).

Root elongation and pH assay

Five-day-old seedlings of caxl, cax3, caxl/cax3 and wild-
type controls were grown on one-half-strength MS plates
(0.8% agar, pH 5.6) and transferred onto identical media
containing 50-100 mM NaCl or 10-30 mM LiCl. Plates
were then incubated vertically in a growth chamber at 22°C
under continuous cool-fluorescent illumination. The pri-
mary root length of seedlings was monitored and measured
daily. For pH assays, the pH value of one-half-strength MS
medium was adjusted to pH 4.5 with 5 mM MES, or pH 7.5
with 5 mM Tris-MES buffer. These assays were performed
on seedlings in plates grown vertically in a growth chamber
at 22°C under continuous cool-fluorescent illumination.
The primary root length of seedlings was monitored and
measured daily.

Preparation of membrane vesicles and transport
measurements

Membrane vesicle preparation and Ca’* uptake were per-
formed as described previously (Shigaki et al. 2001; Cheng
et al. 2003). For P-ATPase activity assays, purified plasma
membranes were collected from the 32/40% sucrose gradi-
ent interface. The hydrolytic activity of the P-ATPase was
measured by the release of inorganic phosphate (Pi) accord-
ing to the method of Ames (1966), as previously described
(Vera-Estrella etal. 1999). Plasma membrane vesicles
(15 pg of protein) were incubated in 300 pl of solution con-
taining 50 mM KCl, 1 mM sodium molybdate, 3 mM Tris/
ATP, 6 mM MgSO,, 30 mM Tris/Mes pH 6.8 in the pres-
ence or absence of 200 nM bafilomycin, 10 mM azide and
100 pM vanadate to inhibit the activity of the V-ATPase,
the F-type H*-ATPase and the P-ATPase, respectively. The
reaction medium was incubated at 37°C for 30 min, and
stopped by adding Ames solution (1 volume of 10% ascor-
bic acid to 6 volumes of 0.42% ammonium molybdate in

H,SO,), and the Ag,, was measured using a Hewlett
Packard 8452A Diode-array Spectrophotometer (Hewlett
Packard, Mexico, USA). The vanadate-sensitive, bafilomy-
cin- and azide-resistant activity was calculated and is
presented as pmol of Pi released min~! mg~! of plasma
membrane protein. These values of P-ATPase hydrolytic
activity are in the range of those previously reported for
plants (Vera-Estrella et al. 1999). The time-dependent Ca>*
uptake into plant vacuolar membrane vesicles by Ca>*/H*
exchange was measured using the filtration method
(Pittman and Hirschi 2001).

SDS-PAGE and Western blotting

Plasma membrane fractions were precipitated by dilution of
the samples 50-fold in 1:1 (v/v) ethanol:acetone and incu-
bated overnight at —30°C. The samples were then centri-
fuged at 13,000g for 20 min at 4°C using an F2402 rotor in
a GS-15R table-top centrifuge (Beckman, Mexico, USA).
The pellets were air-dried, re-suspended with sample buffer
(2.5% SDS) and heated at 60°C for 2 min before loading
(20 pg of protein per lane) onto 10% (w/v) linear acrylam-
ide mini-gels. After electrophoresis, SDS-PAGE-separated
proteins were electrophoretically transferred onto nitrocel-
lulose membranes (ECL, Amersham Biosciences) and
Western blot analysis was carried out as described above
using primary polyclonal antibodies directed against either
A. thaliana P-ATPase isoform (AHA3), which also recog-
nizes AHA1 and AHA2 (DeWitt et al. 1996), or HKT1, the
plasma membrane Na*-transporter (Su et al. 2003).

Results and discussion
CAX1 or CAX3 deletion impairs germination under sucrose

Arabidopsis has numerous Ca’* efflux transporters, which
include at least 6 H*/Ca>* antiporters and 14 Ca®*-ATPases
(Sze et al. 2000; Shigaki et al. 2006), thus it can be difficult
to assign roles to individual transporters, due to redun-
dancy. Function may be identified for a protein that has
unique developmental or spatial expression, as is the case
for the Ca>*-ATPase ACA9 that is expressed primarily in
pollen and is required for pollen tube growth and fertiliza-
tion (Schiott et al. 2004). There are multiple CAX trans-
porters in Arabidopsis (Shigaki etal. 2006) and clear
phenotypes have previously been observed with the cax!
knockout lines (Cheng etal. 2003; Catala etal. 2003;
Bradshaw 2005). This may be due in part to the disparate
expression pattern of CAXI compared to the closely related
CAX3 in the older plant. It has been shown previously that
in older seedlings and mature plants, CAX/ is mainly
expressed in leaves and CAX3 is predominantly expressed
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in roots (Cheng et al. 2005). While the expression of CAX/
and CAX3 do not largely overlap in the mature plant, both
genes are strongly expressed during seed germination and
early seedling development (Zhao et al. unpublished). Pub-
licly available microarray data confirm these expression
profiles (http://www.genevestigator.ethz.ch/at/). In order to
more readily compare and contrast the mutants, we thus
focused on comparing phenotypes during seedling growth.

All lines displayed similar germination rates in normal
media (Cheng et al. 2003, 2005; Fig. 1a). Preliminary find-
ings suggested that CAX/ and CAX3 are up-regulated in
seedlings and plants treated with various concentrations of
sugars (data not shown), implicating the involvement of
these transporters in the plant’s response to altered sugar
levels. In order to determine if cax/ and cax3 showed
altered responses to sugar stress during seed germination,
both lines were germinated on media containing various
concentrations of sucrose. Both cax/ and cax3 seeds were
sensitive to high levels of sucrose in a dose-dependent man-
ner, but the sensitivity of cax3 seeds to high sucrose was
much greater than that of cax/ seeds, suggesting that CAX3
may play a significant role in the sucrose response
(Fig. 1b). There was no difference between the cax3-1 and
cax3-2 lines. The caxI lines expressing 35S:sCAX/ germi-
nated in a manner indistinguishable from the wild type,
suggesting that SCAX expression ameliorated the germina-
tion sensitivity of the cax/ lines to high sucrose.

cax] and cax3 knockout seedlings display similar
phytohormone phenotypes

Recent work has suggested that sugar sensitivity during
germination is related to hormone signaling (Rolland et al.
2006). Indeed it has been shown that different hormones
regulate similar processes through various non-overlapping
transcriptional responses (Nemhauser et al. 2006). Previous
studies suggest that cax mutants may have altered
responses to a variety of phytohormones (Catala et al.
2003; Cheng et al. 2003). To directly address hormone phe-
notypes, cax mutants were germinated on various hormone-
containing media. Compared to controls, cax/ and cax3
seeds displayed impaired germination on media supple-
mented with ABA, and the rate of inhibition of germination
was identical for both mutants (Fig. 1c). In contrast, both
caxl and cax3 seeds displayed robust germination on media
containing various concentrations of ACC (Fig. 2a; data not
shown). ACC is the immediate precursor of ethylene in the
biosynthesis pathway and can be used in growth assays to
investigate ethylene responses. All three lines, cax!, cax3
and caxl/cax3, displayed tolerance to ACC, as visualized
by their elongated hypocotyls when grown in the dark,
compared to Col-0, which displayed the characteristic
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Fig.1 Germination phenotypes of cax/ and cax3 mutant seedlings.
The matched seed lots for Col-0 (wild type), caxI-I, cax3-1, cax3-2
and caxI-1/sCAX1 were sown onto one-half-strength Murashige and
Skoog (MS) medium agar plates (a) and the identical medium supple-
mented with increasing concentrations of sucrose (b) or ABA (c). A
time course of germination over 6 days is shown in (a). Germination
rate in the presence of sucrose or ABA after 6 days incubation is shown
in (b) and (c). Plates were incubated at 22°C under continuous fluores-
cence light. All data are means £ SE from three independent experi-
ments (each experiment included 60 seeds per line)

ethylene-dependent inhibition of hypocotyl elongation of
etiolated seedlings (Fig. 2). The length of hypocotyls from
cax mutant seedlings was significantly longer than those
from Col-0 seedlings, although still shorter than seedlings
grown in the absence of ACC, indicating that tolerance to
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Fig. 2 Ethylene sensitivity of cax/ and cax3 mutant seedlings.
a Seeds of Col-0 (wild type) and various cax mutant lines, as indicated,
were germinated on one-half-strength Murashige and Skoog (MS) me-
dium agar plates in the dark, in the absence (upper panel) or presence
(lower panel) of 40 UM ACC. Pictures were taken after 7 days. b Length
of hypocotyls of 6-day-old, Col-0 and cax mutant seedlings grown in
the dark on one-half-strength MS medium containing 40 uM ACC.
Hypocotyl measurements of Col-0 seedlings grown on medium with-
out ACC is shown for comparison (1/2 MS). Data are means +SE of
hypocotyl length from at least three independent experiments (each
experiment included 30 seeds per line)

ACC in the absence of CAXI or CAX3 was not complete
(Fig. 2b). The caxl/cax3 double mutant grown on ACC had
a very slight increase in hypocotyl length compared to sin-
gle mutants, but this was not significantly different; there
was no significant difference in mean hypocotyl length
between all the cax mutant lines (Fig. 2b). The cax! line
expressing 35S:sCAXI was indistinguishable from Col-0.

Our working hypothesis is that genes thought to be
involved in Ca?* homeostasis and hormone responses are
deregulated in the cax mutants. We postulate that Ca>*
homeostasis has been perturbed in the cax mutants; thus, it
is not surprising that cax/ and cax3 lines were sensitive to
sugar, ABA and ethylene. It is well known that Ca>* signal-
ing plays important roles in seed germination and seedling
development (Raz and Fluhr 1992; Finkelstein et al. 2002).
Vacuolar Ca** homeostasis appears to be important in ABA
signaling. ABA induces cytosolic Ca®* elevation, which is
in part due to Ca’* release from the vacuole. Recently, it
has been observed that a fpc/ mutant is insensitive to ABA-
induced repression of germination (Peiter etal. 2005).
TPCI encodes a vacuolar SV-type Ca®* channel required
for Ca®* release, thus it is plausible that vacuolar H*/Ca?*
antiporter mutants that have reduced vacuolar Ca>* uptake
displayed the opposite phenotype.

Many genetic and physiological studies have docu-
mented that overall sensitivity of plant seed germination to
a hormone is at least partially established by the interplay
of several hormones (Beaudoin et al. 2000; Ghassemian
et al. 2000). ABA and ethylene are known to control seed
dormancy and germination, most often through transiently
stimulating an elevation in cytosolic Ca** (Raz and Fluhr
1992; Finkelstein et al. 2002). Our hypothesis is that CAX1
and CAX3 play a role in ABA-dependent seed germination
by regulating ABA-induced Ca* elevation patterns. In con-
trast to the effect of ABA, ethylene has a positive role in
promoting seed germination. It has been shown that ABA
and ethylene counteract each other during seed germination
(Beaudoin etal. 2000; Ghassemian etal. 2000). As
expected, cax! and cax3 mutants were less sensitive to eth-
ylene, as indicated by longer hypocotyl elongation of these
mutants in the presence of the ethylene precursor ACC
(Fig. 2). Furthermore, because sugar signaling involves
both ABA and ethylene signal transduction, it is consistent
that cax/ and cax3 mutants also showed sensitivity to high
sucrose during germination (Fig. 1b).

The responses of cax! and cax3 mutants to ABA and
ethylene were very similar to those of mutants directly
involved in ABA or ethylene signaling pathways, such as
einl and ein2 (Beaudoin et al. 2000; Ghassemian et al.
2000; Leon and Sheen 2003). These characterized mutants
show differential growth responses to ethylene and ABA.
Compared with ein2 mutants, cax! and cax3 were much
more sensitive to ACC, although they were significantly
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less sensitive to ACC as compared to wild-type seedlings
(Fig. 2). Isolation and identification of an array of sugar
mutants suggest that some sugar-insensitive mutants are
actually new loci of ethylene or ABA signaling component
genes such as ctrl (gin4) and aba2 (ginl), whereas sugar
hypersensitive mutants include abil or ein2 (Rolland et al.
2002, 2006). Both caxI and cax3 mutants were not as sensi-
tive to sucrose stress (Fig. 1b) as compared with ein2
mutants (data not shown).

caxl and cax3 seedlings have dissimilar growth rates
in response to NaCl, LiCl and low pH

While many of the sugar and phytohormone-dependent ger-
mination and growth phenotypes were similar in the cax!
and cax3 lines, we were able to delineate important differ-
ences that suggest unique roles for the individual transport-
ers. Previous studies have shown that CAX3 expression is
strongly induced by salt stress (Shigaki and Hirschi 2000;
Cheng et al. 2003) and this has been confirmed in micro-
array experiments (http://www.genevestigator.ethz.ch/at/).
At the same time, CAX/ is only weakly induced by this
stress (Hirschi 1999), suggesting that CAX3 may have a
distinct function in response to NaCl. To follow up on this
observation, we examined the effect of salt stress on the
cax] and cax3 single and double mutants. The two cax3
lines, as well as caxl/cax3, showed significant sensitivity
when grown on media containing 50 and 100 mM NaCl,
whereas the cax/ and control lines displayed equivalently
less sensitivity to this stress (Fig. 3a). In a similar fashion,
the cax3 and caxl/cax3 lines showed similar sensitivity to
10 mM LiCl that was not observed in the control or cax/
lines (Fig. 3b). The cax3 seedlings also showed hypersensi-
tivity to acidic media (pH 4.5), which was not observed in
the Col-0 or cax/ lines (Fig. 3c). Under these conditions,
the caxl/cax3 double mutants were only slightly sensitive
to these conditions (Fig. 3c), exhibiting slower growth and
shorter roots as compared with cax! and Col-0 lines, but
less sensitive than the cax3 lines. In all, the absence of a
cax] phenotype in response to these three environmental
stresses, yet the similarity of the phenotypes for the cax3
and caxl/cax3 mutants, indicates that they are due specifi-
cally to loss of CAX3 function.

To summarize the new phenotypes we have observed in
this study, we have found that caxl-1, cax3-1 and cax3-2
have inhibited seed germination in response to ABA and
sucrose, although the sensitivity to sucrose is greater in
both cax3 lines. Secondly, caxI-1, cax3-1 and cax3-2 have
increased tolerance to the ethylene precursor ACC. The
degree of tolerance is identical for cax/ and cax3, and,
intriguingly, the tolerance to ACC was no greater for the
caxl/cax3 double mutant, although the reason for this is
unclear. Finally, we have shown that the cax3-1, cax3-2
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and caxl/cax3 lines had increased sensitivity to NaCl, LiCl
and acidic pH, but caxI-I was equivalent to Col-0 in
response to all of these environmental stresses.

Transport differences between cax! and cax3 mutant plants

The specific NaCl, LiCl and pH sensitivity of the cax3 lines
may be explained in part by the fact that CAX3 is expressed
predominantly in root tissue (Cheng etal. 2005; http://
www.genevestigator.ethz.ch/at/). This may be of signifi-
cance, as toxic concentrations of ions such as Na' in the
growth medium will initially accumulate in the roots, and
the root is the primary sensor of stresses, such as salt, and
the initial site for cytosolic Ca** elevations in response to
these stresses (Kiegle et al. 2000).

In addition, there may be a biochemical basis for these
phenotypes, which we were interested in investigating. In
an earlier study, cax/, cax3 and caxl/cax3 lines were char-
acterized for their nearly uniform reduction in V-ATPase
activity at the tonoplast (Cheng et al. 2003, 2005). To sum-
marize, previously we showed that V-ATPase activity is
reduced by 40% in caxl lines, by 22% in cax3 lines and by
47% in caxl/cax3 double mutant lines. Conversely, caxl/
lines that overexpressed sCAXI showed a 26% increase in
V-ATPase activity (Cheng et al. 2003). Here, we extended
our analysis to examine changes in P-ATPase activity
among these lines. Plasma membrane vesicles isolated from
cax! plants showed a 32% increase in P-ATPase hydrolytic
activity over activity measured in the wild-type plants
(Fig. 4a). In contrast, P-ATPase activity in cax3 plants was
reduced compared to the wild type (42% reduction;
Fig. 4a). The caxl/cax3 double mutant displayed a 20%
reduction in P-ATPase activity. In an attempt to correlate
these changes in P-ATPase activity to changes at the level
of protein in the different mutants, Western blot analysis
was carried out on purified plasma membrane fractions
using a peptide antibody specific for the three major AHA
isoforms: AHA1, AHA2 and AHA3 (DeWitt et al. 1996;
Fig. 4b). No significant changes in AHA protein expression
were observed suggesting that these specific P-ATPase iso-
forms are not affected in cax! or cax3. This may imply that
differences in post-translational modification between the
mutants are the explanation for the observed P-ATPase
changes. However, we cannot rule out that the changes in
activity are a result of changes in protein levels of other
AHA isoforms from this large multi-gene family (Baxter
et al. 2005). While inconclusive, these results confirm that
there were no related changes in the distribution of the
plasma membranes in the gradients, which could account
for the changes in activity measured in the mutants, as no
significant change in protein abundance of AHA or HKT1
protein, the plasma membrane Na® transporter, were
observed during multiple membrane preparations (Fig. 4b).
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Fig. 3 Salt, lithium and pH sen- a caxi/ b cax1/
sitivity of cax3 mutant seedlings. Col-0 cax3-1 cax3-2 cax1-1 cax3 Col-0 cax3-1 cax3-2 cax1-1 cax3

Five-day-old Col-0 (wild type)
and various cax mutant seed-
lings grown on one-half-strength
Murashige and Skoog (MS) me-
dium agar plates (pH 5.6) were
transferred onto (a) identical
plates or plates supplemented
with 50 mM or 100 mM NaCl
and grown for 5 days, (b) identi-
cal plates or plates supplemented
with 10 mM LiCl and grown for
7 days, and (c) identical plates at
pH4.5,5.6 or 7.5 and grown for
7 days. For all treatments, mean
root length measurements are
shown. All data are means =SE
from at least three independent
experiments
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Previously, we were unable to detect any change in H*/  However, these assays were performed following pre-
Ca?* antiport activity in cax3 lines, while caxl/cax3 dis-  treatment with exogenous calcium application as a means
played caxlI-like antiport activity (Cheng et al. 2005). of heightening H*/Ca* activity, because this has been
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Fig. 4 Plasma membrane H*-ATPase and vacuolar H*/Ca®" antiport
activities in cax/ and cax3 mutants. a P-ATPase hydrolytic activity in
cax mutants. Rates of vanadate-sensitive, bafilomycin- and azide-resis-
tant ATP hydrolysis were calculated and reported as pmol of Pi re-
leased min~' mg~! protein in plasma membrane vesicles isolated from
Col-0, caxl, cax3 and caxl/cax3 Arabidopsis lines. Results are
means + SE of four independent experiments. b Time course of Mg?*-
ATP-energized pH-dependent 10 uM Ca®* uptake into vacuolar mem-
brane vesicles isolated from wild type, caxl and cax3 Arabidopsis
plants determined in the presence of 0.5 mM orthovanadate (a Ca*-
ATPase inhibitor). At 18 h prior to tissue harvest, the plants were pre-
treated with 80 mM NaCl. H*/Ca>* antiport activity was determined as
the difference between Ca®* uptake in the absence and presence of
5 uM carbonyl cyanide p-(trifluoromethoxy)phenylhydrazone (FCCP;
protonophore) and net H*/Ca®* antiport activity is shown after the sub-
traction of the FCCP background values. The Ca** ionophore A23187
(5 pM) was added at the 12 min time point and significantly dissipated
Ca”* accumulation mediated by H*/Ca>* antiport when measured at the
22 min time point. Data are means £ SE from at least three indepen-
dent experiments. ¢ Western blot analysis of plasma membranes from
wild-type and cax mutants. Plasma membrane fractions, containing
20 pg of protein, were separated on 10% SDS-PAGE gels and trans-
ferred to nitrocellulose membranes. Primary antibodies used to probe
protein fractions are: anti-AHA3, which was designed to recognize the
Arabidopsis plasma membrane H*-ATPase AHA3, but also recognizes
isoforms AHA1 and AHA2 (DeWitt et al. 1996); and anti-HKT]I,
which recognizes the Arabidopsis plasma membrane Na* transporter
(Su et al. 2003). Blots are representative of three independent experi-
ments
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shown to induce CAX1 activity (Hirschi 1999). It was
conceivable that these conditions do not induce CAX3-
mediated Ca®* transport, hence there was no difference in
the total H*/Ca®* antiport activity of cax3 and Col-0
(Cheng et al. 2005). Given the before-mentioned salt and
lithium stress phenotype of the cax3 lines, we measured
H*/Ca®" antiport activity when plants had been pretreated
with a sodium stress. When the cax3 lines were grown in
the presence of exogenous sodium (80 mM NaCl), there
was an approximately 50% reduction in vacuolar H*/Ca®*
transport activity compared to the wild type, while there
was no change under these conditions in vacuolar H*/Ca?*
transport activity in the cax/ mutant (Fig. 4c). This sug-
gests that CAX3 is the predominant Ca**/H* antiporter in
the plant under salt stress conditions, while CAXI is
essentially inactive. This correlates with expression data,
as CAX3 is up-regulated by salt but CAX1 is not (Shigaki
and Hirschi 2000).

The sensitivity of the cax3 lines to salt stress may be
related to the observed decrease in P-ATPase activity
observed in this mutant (Fig. 4a). Physiological and genetic
evidence suggests that alterations in P-ATPase activity
cause salt sensitivity (Yan et al. 1998; Young et al. 1998;
Vitart et al. 2001). It is anticipated that reduced P-ATPase
activity at the plasma membrane would down-regulate
plasma membrane H*-coupled Na* efflux transporters, such
as the SOS1 H*/Na* antiporter (Zhu 2002), and thus reduce
the plant’s ability to tolerate salt stress. This, along with the
previously reported decrease in V-ATPase activity (Cheng
et al. 2005), which would lead to reduced activity of a
tonoplast H*/Na* antiporter such as AINHX1 (Zhang and
Blumwald 2001), would result in a plant with a much
higher sensitivity to salt. In a similar manner, the LiCl sen-
sitivity could be due to impaired activity of H*-coupled Li*
transporters at both membranes following down-regulation
of the H* pumps. AINHX1 can transport Li* in addition to
Na* and K* (Venema et al. 2002), while a plasma mem-
brane-localized homolog, AtNHXS, is important for provid-
ing Li* tolerance (An etal. 2007). The possibility also
remains that CAX3 may directly transport Na* or Li* in
addition to Ca", although we have been unable to demon-
strate this. The putative transport of such monovalent met-
als by a CAX-type transporter is not without precedent.
Overexpression of soybean GmCAX1 in Arabidopsis gave
LiCl and NaCl tolerance, leading the authors of this study
to suggest that GmCAX1 may be a Li* and Na* transporter
(Luo et al. 2005).

The sensitivity of cax3 to acidic pH may also be related
to decreased activity of the P-ATPase (Fig. 4a) and V-ATP-
ase (Cheng et al. 2005). Following down-regulation of
H*-pumps at both tonoplast and plasma membrane, pH
homeostasis would also be severely challenged as is
observed in the cax3 mutant (Fig. 3c). In our experiments,
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the P-ATPase activity was also slightly reduced in the cax1/
cax3 knockout, but not as greatly as cax3 (Fig. 4a). These
P-ATPase activity measurements correlated with the pH
phenotypes, as the cax3 lines were more pH sensitive than
the cax1/cax3 lines.

To explain the increase in P-ATPase in caxl, our
hypothesis is that a decrease in H* leak into the cytosol due
to reduction in H* antiport activity (in caxI lines) at the
tonoplast simultaneously dampens V-ATPase, causing
feedback activation of the P-ATPase. Other works suggest
a relationship between P-ATPase activity and Ca>* fluctua-
tions, mediated by ABA (Allen et al. 2000; Brault et al.
2004). Our model fits our observation that when sCAX] is
expressed in transgenic lines, V-ATPase activity increases
(Cheng et al. 2003). While V-ATPase activity is similarly
reduced in both cax! and cax3, this H* feedback mecha-
nism does not explain why only cax!/ lines, and not cax3,
displayed induced P-ATPase activity. We reason that
CAX1 is active under Ca®*-induced conditions, while CAX3
is induced by factors such as Na*. Possibly, the P-ATPase
activity also changes in the cax mutants depending on the
environmental conditions.

An alternative model is that alterations in cytosolic Ca**
elevation patterns following perturbation of CAXI-
dependent or CAX3-dependent H*/Ca®* antiport activity
differentially regulates P-ATPase activity in a Ca**-depen-
dent manner. A recent study has demonstrated that the P-
ATPase isoform AHA?2 is negatively regulated via the
activity of a calcineurin B-like interacting protein kinase
(CIPK) CIPK11 (also named PKS5), which is a homolog of
the salt tolerance regulator SOS2 (Fuglsang et al. 2007).
These CIPK-type kinases are activated through interaction
with calcineurin B-like (CBL) Ca**-binding proteins,
which sense cytosolic Ca?* levels (Batistic and Kudla
2004). The difference in P-ATPase regulation in the cax
mutant backgrounds may be explained by differences in
cytosolic Ca** modulation by CAX1 and CAX3, which
differentially regulate CIPK—-CBL activity. In addition, var-
iation in CAXI and CAX3 tissue expression will mean that
they are co-expressed with different CIPK/CBL isoforms,
which may have varied downstream targets.

CAX transporters appear to play important roles in nutri-
ent acquisition and signal transduction (Hirschi 2004;
Shigaki and Hirschi 2006). This may be intimately associ-
ated with the effect these transporters have on the H* pumps
at both the tonoplast and plasma membrane (Cheng et al.
2003, 2005; Fig. 4a). These indirect, and difficult-to-inter-
pret, alterations in H* pumps on different membranes serve
as a reminder that transgenic plants altered in the expres-
sion of a single transporter will be difficult to predictably
engineer due to complex interactions with other proteins
(Zhang and Blumwald 2001; Hirschi 2004; Park et al.
2005).

Previous work has presented models positing that CAX1
negatively controls specific regulators during adaptation
(Catala et al. 2003). The accumulating phenotypes associ-
ated with the cax/ and cax3 lines suggest that many regu-
lons will be impacted by the activity of these transporters.
An illuminating example of the breadth of functions of anti-
porters is seen with yeast NHX1, an endosomal member of
the NHE family of Na*/H* exchangers (Brett et al. 2005).
While it transports both K* and Na*, it also regulates lumi-
nal and cytoplasmic pH to control vesicle trafficking out of
the endosome. In flowers of morning glory (Ipomoea tri-
color), the vacuolar lumen pH is tightly regulated by an
NHX-type H*/Na™ antiporter and by H* pumps as a means
to control flower color. In these flowers, increased vacuolar
pH is due to increased NHX1 activity, which correlates
with increased V-ATPase and V-PPase activity, in addition
to a twofold increase in P-ATPase activity (Yoshida et al.
2005). Similarly, CAX-type H*/Ca®** transporters may
directly regulate Ca* levels and also impact on the secre-
tory pathway and pH regulation.

Conclusions

Using standard phenotypic analysis of cax/ and cax3, our
data further demonstrate the importance of these transport-
ers in an array of biological responses. Previously, we cata-
logued the striking phenotypes of the caxl/cax3 double
mutants in order to demonstrate the importance of CAX
function within the plant (Cheng et al. 2005); however,
those studies failed to distinguish the biological differences
between CAX1 and CAX3. Here, we have further evalu-
ated hormone and stress phenotypes and biochemical prop-
erties of the cax/ and cax3 lines, strengthening the concept
that these transporters function in diverse cellular events.
The most compelling observation from these studies is the
distinct role of CAX3 during salt stress and the opposing
roles CAX1 and CAX3 play on P-ATPase activity. In sum-
mary, we suggest that functional differences between
CAXI1 and CAX3 explain the responses of these genes to
environmental stress. Firstly, CAX1 and CAX3 appear to
differentially regulate plasma membrane and tonoplast H*
pumps (Fig. 4a; Cheng et al. 2005), which will in turn affect
various cellular functions including H*-coupled ion trans-
porters and pH regulation. Secondly, we have shown fur-
ther evidence that the CAX1 and CAX3 Ca** transport
activities are differentially regulated by environmental
stress: CAX1 by Ca’" stress and CAX3 by Na* stress
(Fig. 4c; Cheng et al. 2005). Finally, we suggest that the
root-specific localization of CAX3, but not CAX1, in older
plants is important in the root response to some environ-
mental stresses. Future work will be needed to address the
specific interactions among the CAX transporters.
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