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Salinity is considered one of the major limiting factors for plant growth and agricultural productivity. We are using salt cress
(Thellungiella halophila) to identify biochemical mechanisms that enable plants to grow in saline conditions. Under salt stress, the
major site of Na1 accumulation occurred in old leaves, followed by young leaves and taproots, with the least accumulation
occurring in lateral roots. Salt treatment increased both the H1 transport and hydrolytic activity of salt cress tonoplast (TP) and
plasmamembrane (PM)H1-ATPases from leaves and roots. TPNa1/H1 exchangewas greatly stimulated by growth of the plants
in NaCl, both in leaves and roots. Expression of the PMH1-ATPase isoform AHA3, the Na1 transporter HKT1, and the Na1/H1

exchanger SOS1were examined in PMs isolated from control and salt-treated salt cress roots and leaves. An increased expression
of SOS1, but no changes in levels of AHA3 andHKT1, was observed. NHX1was only detected in PM fractions of roots, and a salt-
induced increase in protein expression was observed. Analysis of the levels of expression of vacuolar H1-translocating ATPase
subunits showed no major changes in protein expression of subunits VHA-A or VHA-B with salt treatment; however, VHA-E
showed an increased expression in leaf tissue, but not in roots,when the plantswere treatedwithNaCl. Salt cress plantswere able
to distribute and store Na1 by a very strict control of ion movement across both the TP and PM.

Much of the recent advances in understanding plant
salt tolerance have come from studies that employ the
salt-sensitive model plant Arabidopsis (Arabidopsis
thaliana). Na1 transporters, including the NHX/SOS
family of Na1/H1 exchangers, and HKT, a Na1 trans-
porter, as well as components of the signaling pathway
that regulate these genes, including SOS2 and SOS3,
have been shown to be involved in plant response to
sodium (for a recent review, see Horie and Schroeder,
2004). Yet, despite this progress, there is still a consen-
sus that certain novel adaptive responses may be
overlooked when using a glycophyte as the exclusive
model. Halophytes may have evolved unique mecha-
nisms or regulatory pathways that are not found in
glycophytes, which would primarily present a stress
response. This belief has fueled the use of the ice plant
(Mesembryanthemum crystallinum) and other halo-
phytes (e.g. Salicornia bigelovii and Atriplex gmelini) to
further our understanding of plant salt tolerance
(Ayala et al., 1995; Adams et al., 1998; Hamada et al.,
2001). Unfortunately, none of these are suitable genetic
models. While for the ice plant, a large expressed

sequence tag database has been amassed, as well as the
start of a mutant collection (Cushman and Bohnert,
1999, 2000), the ability to transform this plant effi-
ciently is still lacking. Recently, several groups have
reported on the use of a close Arabidopsis relative, salt
cress (Thellungiella halophila), as an appropriate halo-
phytic model (Amtmann et al., 2005). Apart from being
salt tolerant, salt cress exhibits many of the advantages
that have made Arabidopsis such a popular model
plant system. These include a small genome of ap-
proximately twice the size of Arabidopsis, a short life
cycle, self-pollination, and abundant seed production
following vernalization, thus allowing for fast and
efficient genetic analysis (Bressan et al., 2001). More
importantly, the plant has proven easy to transform
using the floral-dip method (Bressan et al., 2001) and
shares on average 92% sequence identity with Arabi-
dopsis (Bressan et al., 2001; Volkov et al., 2003; Inan
et al., 2004). In addition, work is in progress to generate
t-DNA-tagged mutant lines (Wang et al., 2003; Inan
et al., 2004). Also noteworthy is the fact that, although
salt cress is classified as a halophyte, it does not appear
to rely on specialized morphological features, such as
salt glands, bladder cells, or metabolic changes, such
as Crassulacean acid metabolism, that are utilized by
other halophytes to tolerate high salinity.

In this study, we report that salt cress is able to tol-
erate high salinity levels for short periods of time;
however, when this plant is stressed for longer dura-
tions at high salt concentrations in soil medium,
growth is inhibited and plants show signs of death.
In aerial tissue, salt cress accumulates Na1 primarily
in older leaves, while in the roots accumulation is lim-
ited to a large, defined taproot. Activities and/or pro-
tein expression of transporters shown to be important
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in Na1 transport were also investigated, including
vacuolar H1-translocating ATPase (V-ATPase) and vac-
uolar H1-translocating inorganic pyrophosphatases (V-
PPase), and plasma membrane (PM) H1-translocating
ATPase (P-ATPase) and the Na1 transporter, HKT1, as
well as tonoplast (TP) and PM Na1/H1 exchangers.

RESULTS

Effect of NaCl on Salt Cress Survival, Ion Content,
and Osmolarity

It has been shown that, with preconditioning (slow
stepwise increases in salt concentration), artificial
maintenance of a constant water content, or short treat-
ment periods, salt cress plants tolerate higher levels of
salinity when compared to Arabidopsis (Volkov et al.,
2003; Inan et al., 2004; Amtmann et al., 2005; Vinocur
and Altman, 2005). In this study, we have tested the
ability of salt cress to tolerate immediate and long-
term exposure to high levels of salinity in the absence
of preconditioning or manipulation of water content,
to reproduce the stress conditions that are tolerated by
true halophytes, including the ice plant, which has
long been used as a model halophyte for plant salinity
tolerance (Adams et al., 1998; Barkla et al., 1999). Soil-
grown salt cress plants treated with increasing con-
centrations of NaCl (50–400 mM) were able to grow
without any visual signs of stress for the first week
(Fig. 1A); however, after 2 weeks of treatment, leaf
chlorosis was observed in plants treated with concen-
trations of NaCl above 200 mM (Fig. 1B), and a loss of

viability (40% survival) was observed after 2 weeks of
high salt treatment (data not shown). We observed
a 41% and 73% decrease in total chlorophyll amounts
in plants treated with 200 or 400 mM NaCl for 2 weeks,
respectively (Table I).

Measurements of the concentration of Na1 in the
cell sap of leaves and roots grown for 1 week with
increasing concentrations of NaCl reflected an accu-
mulation of Na1 from 62.8 to 393.4 mM in leaves and
from 10.2 to 208.1 mM in roots for plants grown in the
presence of 50 to 400 mM NaCl, respectively (Fig. 2). In
leaves, a gradual increase in cell sap Na1 was ob-
served as the NaCl concentrations were increased (Fig.
2); however, the Na1 concentrations did not vary
significantly between the plants treated with 50 or
100 mM, 150 or 200 mM, and 300 or 400 mM NaCl (Fig.
2). In roots, increases in cell sap Na1 concentrations as
a function of external NaCl were also observed, with
a large increment detected between 300 and 400 mM

NaCl (Fig. 2). To obtain more specific information on
the site for Na1 accumulation in salt-treated salt cress,
we separated the plant tissues as young and old leaves
and taproot and lateral roots (Fig. 3), andmeasured the
concentration of Na1 present in the cell sap of each
tissue (Table II). After 1 week of salt treatment, there
were large increases in Na1 accumulation in all tis-
sues, with the highest concentrations detected in cell
sap from old leaves (120 mM Na1), and the lowest lev-
els measured in the taproot (24 mM Na1). Following
2 weeks of treatment, it was clear that the major site for
Na1 accumulation was in old leaves (300 mM Na1),
followed by young leaves (200 mM Na1), and then
taproot (160mMNa1). The least accumulation occurred
in the lateral roots (60 mM Na1; Table II). Concentra-
tions of K1 did not change significantly with respect to
the values for the control plants (e.g. 416 4.3 and 366
3.8 mM, control and 200 mM NaCl-treated leaves, re-
spectively; data not shown).

To determine the effects of NaCl treatment on leaf
water potential, the osmolarity of the cell sap was
measured in leaves from plants treated with different
concentrations of NaCl. While cell sap osmolarity was
greater in salt-treated plants compared to control
plants, it did not increase with increasing concentra-
tions of NaCl (data not shown), only with duration of
treatment. A 1.4- and 3.2-fold increase in osmolarity

Figure 1. Effect of NaCl on growth of salt cress plants. Four-week-old
plants were treated with NaCl (0–400 mM) for 1 (A) or 2 (B) weeks.

Table I. Chlorophyll content in salt cress leaf tissue

Chlorophyll was measured as described in ‘‘Materials and Methods’’
from salt cress control plants and from plants treated with 200 and 400 mM

NaCl for 2 weeks. Units for chlorophyll concentration are mmol
chlorophyll mg21 fresh weight. Data represent means 6 SE of four
replicate experiments. Each replicate experiment was performed using
independent plants.

Treatment Total Chlorophyll Chlorophyll a Chlorophyll b

Control 31.1 6 0.7 21.8 6 4.9 2.6 6 1.2
200 mM NaCl 18.5 6 1.5 17.1 6 1.1 2.9 6 2.2
400 mM NaCl 8.6 6 4.9 5.8 6 1.6 0.15 6 0.05
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was observed in young leaves from salt cress plants
treated for 1 and 2weeks, respectively, while old leaves
showed increases of 2.2- and 4.3-fold, respectively, for
the same time periods (Table III). The osmolarity in the
roots also increased, with taproots showing a 4.2-fold
increase following 2 weeks of NaCl treatment and
lateral roots showing a 2.0-fold increase for the same
time period (Table III). In control plants, there was
little change in cell sap osmolarity over the 2-week ex-
perimental period; the largest increase was measured
in the taproot, which presented a 2.4-fold increase from
week 2 compared to week 1 (Table III).

Characterization of the Purity of TP and PM Fractions

To purify TP and PM fractions from salt cress, micro-
somal membranes were separated on continuous Suc
gradients, and fractions were analyzed for ATPase
hydrolytic activity at either pH 6.5 or 8.0, correspond-
ing to the pH optima of the PM P-ATPase and TP
V-ATPases, respectively. Assays were performed in the
presence of inhibitors that differentiate specific types
of H1-translocating ATPases (Sze, 1985). Peak P-ATPase
activity, measured as vanadate-sensitive, azide-resistant,
and nitrate/bafilomycin-resistant activity, was observed
in fractions 39 to 61, corresponding to 34% to 38% Suc
for both the control and salt-treated plants (data not
shown). In these fractions, ATPase hydrolytic activity
at pH 6.5 was inhibited 89% by 100 mM vanadate, while

the nitrate/bafilomycin and azide sensitivity of this
fraction was only 20% of the total activity (data not
shown). TP V-ATPase activity, measured as bafilomycin-
sensitive, azide-insensitive, and vanadate-insensitive
activity, was highest in fractions 13 to 25, correspond-
ing to 20% to 24% Suc for both the control and NaCl-
treated plants (data not shown). Activity of the
H1-ATPase at pH 8.0 in these fractions was inhibited
90% by 200 nM bafilomycin, while the vanadate- and
azide-sensitive activity of this fraction was only 10% of
the total activity (data not shown). The similar values
of enzyme inhibition obtained from the fractions
isolated from control and salt-treated plants indicated
that salt treatment had no effect on the density of the
membranes. Further evidence for the purity of the
membrane fractions was obtained from western-blot
analysis of membrane proteins. No cross-reactivity
with antibodies against TP marker proteins was ob-
served in the PM fraction, and, conversely, antibodies
against PM marker proteins did not cross-react with
the TP fractions (Fig. 4). Based on these results, PM
and TP fractions were collected at the 34% to 40% Suc
interface and the 0% to 22% Suc interface, respectively,
on discontinuous Suc gradients to ensure purity. To
obtain sealed vesicles used for H1 transport assays, it
was also necessary to isolate PM using the method of
two-phase partitioning of microsomal membranes
(Qiu et al., 2003) because PM vesicles isolated by Suc
density centrifugation, while of sufficient purity, were
not sealed and could therefore only be used for
hydrolytic assays and for western-blot analysis.

Effect of NaCl Treatment on TP V-ATPase and V-PPase
Activity and PM P-ATPase Activity in Salt Cress Leaves

and Roots

Quinacrine fluorescence quenching and recovery
was used to monitor the rate of formation and dissi-
pation of transmembrane pH gradients (inside acid)
generated by activation of the PM P-ATPase and TP
V-ATPase or V-PPase in sealed and purified PM and TP
vesicles. Total fluorescence quenching for all treatments

Figure 2. Changes in cell sap Na1 concentrations in salt cress following
2 weeks of treatment with NaCl. Measurements of Na1 in cell sap
extracted from leaves or roots as described in ‘‘Materials and Methods.’’
Values are means 6 SE of three independent experiments.

Figure 3. Salt cress whole plant structure. A, Eight-week-old salt cress
plant grown in hydroponics for 5 weeks. B, Close-up of the taproot.

Mechanisms of Salinity Tolerance in Salt Cress
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was approximately 70% of the initial fluorescence level
(data not shown), indicating that the final, steady-state
pH gradients generated by the pumps were not af-
fected by treatment conditions. The initial rates of H1

transport were calculated from the rates of quinacrine
fluorescence quenching taken during the first 40 s
following the addition of either ATP (for activation of
the V-ATPase or P-ATPase) or inorganic pyrophos-
phate (for measurements of PPase H1 transport activ-
ity). Hydrolytic activities of the H1 pumps were also
determined to compare with H1 transport activities
according to the method of Ames (1966).

Salt treatment increased both the hydrolytic and H1

transport activity of salt cress TP V-ATPase from leaves
(Tables IVand V). H1 transport activity of the V-ATPase
increased 1.5- and 2.5-fold, while hydrolytic activity
showed an increase of 1.5- and 1.9-fold in plants
treated with 200 and 400 mM NaCl for 2 weeks, re-
spectively. H1 transport of salt cress TP V-ATPase from
roots increased by 1.2-fold, while the hydrolytic activ-
ity showed an increase of 1.5-fold in plants treated
with 200 mM NaCl (Tables IV and V). V-PPase hydro-
lytic activity increased 1.3-fold in leaves of plants
treated with 200 mMNaCl, and no further increase was
observed when plants were grown in 400 mM NaCl
(Table IV). Salt treatment resulted in only a slightly
higher V-PPase hydrolytic activity (1.1-fold) in roots of
200 mM grown plants compared to plants grown under
control conditions (Table IV). H1 transport of salt cress
TP V-PPase from leaves and roots did not increase
upon salt treatment (data not shown).

Vanadate-sensitive P-ATPase hydrolytic activity
was higher in PM vesicles isolated from plants treated
with NaCl as compared to those isolated from un-
treated control plants (Table IV). In leaves, treatment
with 200 mM NaCl produced a 1.3-fold increase in
activity, while plants treated with 400 mM NaCl
showed a 1.7-fold stimulation over values for control
plants (Table IV). Similar increases in P-ATPase H1

transport were also observed: a 1.4-fold increase for
200 mM NaCl and a 1.6-fold increase for 400 mM NaCl
(Table VI). In roots, treatment with 200 mM NaCl
produced a 1.3-fold increase in hydrolytic activity over
control values (Table IV), and similar increases in
P-ATPase H1 transport were observed (Table VI).

To determine whether Na1 was directly regulating
the activity of the proton pumps (P-ATPase, V-ATPase,
and V-PPase), hydrolytic activity was also measured in
the presence of Na1 (200 and 400 mM NaCl). Under
these conditions, Na1 showed no direct effect on the
hydrolysis of ATP by these enzymes (data not shown).

TP and PM Na1/H1 Exchange in Salt Cress Leaf and
Root Tissue

The ability of Na1 to dissipate a preformed trans-
membrane pHgradientwas tested in TP or PMvesicles
isolated from leaves of salt cress plants. Following the
generation of a preset, inside acid pH gradient, by
activation and subsequent inhibition of the V-ATPase
or P-ATPase (Barkla et al., 1999), Na1 was added to the
reaction media and the initial rate of quinacrine fluo-
rescence recovery was measured over the first 100 s.
The initial rate of Na1/H1 exchange in TP vesicles
from leaves and roots of control-treated plants was
very low; however, Na1/H1 exchange was greatly
stimulated by growth of the plants in NaCl. In leaves,
treatment with 200 or 400 mM NaCl resulted in a 13-
and 19-fold increase in activity, respectively (Table
VII). In roots, the induction by NaCl was even greater,
with a 60-fold increase in Na1/H1 exchange activity
following treatment with 200mMNaCl (Table VII). The
Na1/H1 exchange activity of the PM vesicles from
both roots and leaves was also investigated; however,
no Na1-dependent pH recovery of a preformed pH
gradient was detected for any of the growth treat-
ments for all Na1 (or K1) concentrations tested (10 mM

to 500 mM; data not shown).

Table II. Sodium accumulation in salt cress

Cell sap was extracted from the different tissues of control and 200 mM NaCl-treated plants and the Na1 content (mM) was measured as described in
‘‘Materials and Methods.’’ Data represent the means 6 SE of four experiments. Each replicate experiment was performed using independent plants.

Treatment
Young Leaves Old Leaves Taproot Lateral Roots

Week 1 Week 2 Week 1 Week 2 Week 1 Week 2 Week 1 Week 2

Control 2.7 6 0.5 3.5 6 0.1 3.8 6 0.7 4.8 6 0.7 2.2 6 0.8 4.8 6 0.9 0.04 6 0.01 2.3 6 0.7
Salt 50 6 1.7 200 6 23 120 6 11 300 6 32 25 6 0.9 160 6 1.2 26 6 0.4 60 6 1.2

Table III. Osmolarity measurements in salt cress

Cell sap was extracted from the different tissues of control and 200 mM NaCl-treated plants and the osmolarity (mOsmol/kg) was measured as
described in ‘‘Materials and Methods.’’ Data represent the means 6 SE of four experiments. Each replicate experiment was performed using
independent plants.

Treatment
Young Leaves Old Leaves Taproot Lateral Roots

Week 1 Week 2 Week 1 Week 2 Week 1 Week 2 Week 1 Week 2

Control 118 6 3 122 6 3 98 6 4 110 6 5 120 6 10 156 6 11 98 6 12 96 6 10
Salt 162 6 6 385 6 5 218 6 6 474 6 9 269 6 12 657 6 15 114 6 10 196 6 3
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Western-Blot Analysis of TP and PM Transporters

The observed increase in activity of the proton
pumps at the PM and TP suggested induction of these
enzymes at the protein level. Expression of one PM
H1-ATPase isoform, AHA3, was examined in PM iso-
lated from control and salt-treated plants. In leaves
and roots, western-blot analysis using an Arabidopsis
anti-AHA3 antibody directed against the C terminus
of the 100-kD protein (Parets-Soler et al., 1990) cross-
reacted with a polypeptide of expected molecular
mass in the PM fractions from all the treatments (Fig.
5, A and B). However, no consistent changes in the
intensity of band recognition could be observed be-
tween the control membranes and those isolated from

the salt-treated plants, indicating similar amounts of
this P-ATPase isoform were present under all condi-
tions.

Possible changes in the levels of expression of the
salt cress V-ATPase holoenzyme were studied using
polyclonal antibodies directed against the subunits
VHA-A and VHA-B from mung bean (Vigna radiata;
Matsuura-Endo et al., 1992) and a Hordeum vulgare
VHA-E subunit antibody (VHA-E; Dietz and Arbinger,
1996). Western-blot analysis indicated that VHA-A
and -B subunits showed no major changes in protein
expression with salt treatment in both leaves and roots
(Fig. 5A; data not shown). In contrast, VHA-E showed
an increased expression when the plants were treated
with either 200 or 400 mM NaCl in leaves, but not in
roots (Fig. 5, A and B).

Changes in the levels of expression of the salt cress
V-PPase enzyme were studied using polyclonal anti-
bodies (PBA-HK) directed against a peptide sequence
located in a cytoplasmic loop between transmembrane
domains 12 and 13 of the AVP1 protein (Sarafian et al.,
1992; Kim et al., 1994). Increased protein expressionwas
detected in TP from leaves when plants were treated
with either 200 or 400 mM NaCl (Fig. 5A); however, no
major changes in V-PPase protein expression were ob-
served in salt-treated root tissue (Fig. 5B).

The observed increase in TP Na1/H1 exchange ac-
tivity in membrane vesicles isolated from plants trea-
ted with 200 and 400 mM NaCl suggested an increased
expression of one of the NHX family members that are
localized to the TP (Apse et al., 1999; Gaxiola et al.,
1999; Zhang and Blumwald, 2001; Zhang et al., 2001;
Ohta et al., 2002; Fukuda et al., 2004). To test this, we
used an antibody raised against the C-terminal de-
duced 122 amino acids of AtNHX1 (Fig. 6; Qiu et al.,
2004). Sequence analysis indicates that this antibody
would possibly recognize AtNHX1, AtNHX2, and
AtNHX3 (data not shown) based on their high degree
of homology within this region. No detection of a salt
cress protein was observed in either the TP or other
membrane fractions of leaf tissue (Fig. 6A; data not
shown), indicating that the protein responsible for the
NaCl-inducible Na1/H1 exchange activity at the TP in
salt cress leaves was not closely related to the Arabi-
dopsis AtNHX1 protein. In roots, a salt-induced in-
crease in expression of an NHX protein was observed

Table IV. Effect of NaCl on vanadate-sensitive, nitrate-resistant, and azide-resistant ATP hydrolysis in PM (P-ATPase), and nitrate-sensitive, azide-
resistant, and vanadate-resistant ATP hydrolysis (V-ATPase), and V-PPase inorganic pyrophosphate hydrolysis in TP of salt cress leaf and root tissue

Membrane vesicles were isolated by discontinuous Suc gradients from leaves or roots of salt cress treated for 2 weeks with either 200 or 400 mM

NaCl. ATPase activity was assayed as described in ‘‘Materials and Methods.’’ Units for ATP or inorganic pyrophosphate hydrolysis are mmol inorganic
phosphate mg21 protein h21. Data represent means 6 SE of four replicate experiments. Each replicate experiment was performed using independent
membrane preparations. ND, No data available.

Treatment
P-ATPase V-ATPase V-PPase

Leaves Roots Leaves Roots Leaves Roots

Control 10.4 6 0.5 11.2 6 1.2 13.8 6 0.5 10.1 6 0.6 12.1 6 0.3 13.9 6 1.8
200 mM NaCl 13.7 6 0.3 14.5 6 0.1 20.5 6 0.8 14.7 6 0.4 15.9 6 0.5 15.3 6 1.0
400 mM NaCl 18.1 6 1.7 ND 26.8 6 1.2 ND 16.7 6 0.5 ND

Figure 4. Purity of membrane fractions separated by Suc density
gradients from leaf tissue of salt cress plants. Western-blot analysis
was used to confirm the purity of the TP and PM fractions by immuno-
detection using antibodies directed against a PM P-ATPase (AHA3;
100 kD), and the subunit E of the TP V-ATPase (VHA-E; 31 kD). Im-
munodetection was carried out as described in ‘‘Materials and Meth-
ods.’’ Individual blots (eight lanes/blot) were digitally photographed
(Kodak DC-120; Eastman-Kodak) and then images were aligned and
joined using the imaging software Photo Impact SE 3.01 (Ulead Systems)
in order to enable visualization of all representative fractions. Top, Suc
concentrations in collected fractions. Middle, Immunological detection
in the respective fractions of AHA3 and VHA-E. Bottom, Mean intensity
of the protein bands detected, V-ATPase (n) and P-ATPase (:) in
microsomal fractions. Blots are representative of at least four indepen-
dent experiments.

Mechanisms of Salinity Tolerance in Salt Cress
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in the PM fraction (Fig. 6B), but no protein was de-
tected in the TP fraction (data not shown).

The Na1 transporter AtHKT1 and the Na1/H1 ex-
changer AtSOS1 are PM Na1 transporters also known
to be regulated by cellular Na1 homeostasis in Arab-
idopsis (Rus et al., 2001; Shi et al., 2003). The expres-
sion of these transporters was therefore investigated
under conditions of salt stress in salt cress. Using an
ice plant anti-HKT1 antibody directed against the C
terminus of the 56-kD polypeptide (Su et al., 2003),
a protein of the expected molecular mass was identi-
fied in PM fractions from leaves and roots (Fig. 6, A
and B); however, no changes in the intensity of band
recognition could be observed between the control
membrane fractions and those isolated from either
200 or 400 mM NaCl-treated plants (Fig. 6, A and B).
Antibodies raised against the C terminus of the 130-kD
AtSOS1 protein (Qiu et al., 2003) cross-reacted with
a polypeptide of the expected molecular mass in PM
fractions from all treatments, although no measurable
Na1/H1 exchange was detected in PM vesicles iso-
lated from control or salt-treated plants. Furthermore,
an increase in protein expression of AtSOS1 was
detected in plants treated with either 200 or 400 mM

NaCl from leaves and roots (Fig. 6, A and B).

DISCUSSION

With the recent interest in adopting the extremo-
phile salt cress as an Arabidopsis relative model sys-
tem to investigate salinity tolerance (Amtmann et al.,
2005), it is important to study the physiological mech-
anisms responsible for this plant’s adaptation. The
ability to effectively manage and control tissue and
cellular Na1 levels through the activity and expression
of transporters involved in the movement of Na1 is
essential for plant salinity tolerance. Our aim was to
investigate the distribution of Na1 within salt cress
and begin to define the role of Na1 transporters by
studying their activity and expression under salt stress
conditions.

To reproduce the stress conditions that are reported
to be tolerated by true halophytes, our studies were

carried out under conditions of immediate high salin-
ity for long periods, in the absence of preconditioning,
and plants were grown in soil medium. Long-term
exposure to 200 or 400 mM NaCl resulted in dimin-
ished plant growth and a decrease in survival, mea-
sured as a significant reduction in chlorophyll content
in salt cress leaf tissue (Fig. 1; Table I). Taji et al. (2004)
have reported that salt cress treated with 500 mM

NaCl continues to grow for a period of 3 weeks with
no deleterious effects; however, plants were grown in
a perlite-vermiculite mix, which may substantially re-
duce the exposure to salt due to high drainage of the
medium. This is supported by the ability of Arabidop-
sis to survive the same conditions, albeit with notable,
but not complete, chlorosis for a similar 3-week period
(Taji et al., 2004). More similar to our findings are the
results shown in the same paper in which plants were
grown in hydroponics in the presence of 250 mM NaCl.
Under these conditions, only 50% of the salt cress
plants survived the 96-h treatment (Taji et al., 2004).
Other studies have also reported the ability of salt
cress to survive long-term high salinity stress; how-
ever, plants are grown in turface (high drainage ca-
pacity) and subjected to gradual increases in Na1 to
precondition the plants over a period of 26 d, and these
plants are then able to survive for several months (Inan
et al., 2004). It appears that choice of growth medium
and preconditioning play important roles in the ability
of salt cress to survive high salinity.

Following long-term exposure, the major site for
accumulation of Na1 in salt cress occurred in old leaves,
with the least accumulation of Na1 in the lateral roots
(Table II). The use of older leaves as sinks for Na1 ions,
restricting ion deposition in meristematic tissues and
actively growing and photosynthesizing cells, is com-
mon behavior observed in glycophytes (Munns, 2002).
The large, well-defined taproot appears to be the main
site for Na1 accumulation within the salt cress root
system. Following 2 weeks of exposure to NaCl, a
3-fold higher level of Na1 was detected in the taproot
as compared to the lateral roots (Table II). This root
morphology distinguishes salt cress from Arabidopsis

Table VI. Effect of NaCl on the PM P-ATPase H1 transport activity
of salt cress leaf and root tissue

Membrane vesicles were isolated by two-phase partitioning of
microsomal membranes from leaves and roots of salt cress treated for
2 weeks with either 200 or 400 mM NaCl. H1 transport activity was
assayed as described in ‘‘Materials and Methods.’’ Units for initial rates
of ATP-dependent H1 transport are %F mg21 protein min21, where F is
relative fluorescence intensity. Data represent means 6 SE of four
replicate experiments. Each replicate experiment was performed using
independent membrane preparations. ND, No data available.

Treatment
P-ATPase H1 Transport Activity

Leaves Roots

Control 238 6 13 285 6 25
200 mM NaCl 341 6 3.4 376 6 9.4
400 mM NaCl 389 6 4.8 ND

Table V. Effect of NaCl on the V-ATPase H1 transport activity in TP
vesicles from salt cress leaf and root tissue

Membrane vesicles were isolated by discontinuous Suc density
gradients from leaves of salt cress treated for 2 weeks with either 200
or 400 mM NaCl. H1 transport activity was assayed as described in
‘‘Materials and Methods.’’ Units for initial rates of ATP-dependent H1

transport are % F mg21 protein min21, where F is relative fluorescence
intensity. Data represent means 6 SE of four replicate experiments. Each
replicate experiment was performed using independent membrane
preparations. ND, No data available.

Treatment
V-ATPase H1 Transport Activity

Leaves Roots

Control 256 6 8.1 381 6 38
200 mM NaCl 387 6 6.2 469 6 21
400 mM NaCl 627 6 28 ND
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because the primary root of Arabidopsis is much
smaller and less defined. Most plants with taproots
have roots distributed deep within the soil, which pri-
marily serve for increasing water availability and, in
the case of salt cress, as a potential site for Na1 se-
questration. The total Na1 accumulated in salt cress
leaf cell sap in this study (300 mM) is much higher than
that reported by Inan et al. (2004), who showed an
accumulation of approximately 30 mM Na1 over a
28-d period with preconditioning. However, as stated
above, these authors grow the plants in turface, which
may lower the Na1 concentration that the plants are
actually exposed to due to the high drainage capacity
of this medium, thus reducing the accumulation of
Na1 and increasing the viability of the plants.
Measurements of K1 in the different tissues showed

that, over a wide concentration range of Na1, salt cress
plants were able to maintain stable concentrations of
K1. Similar findings were reported by Volkov et al.
(2003) in salt cress plants treated for shorter periods
with lower Na1 concentrations. This suggests that K1

homeostasis is unaffected; however, K1 to Na1 ratios,
ameasure of the plant’s ability to discriminate between
the two ions, reflecting its salinity tolerance (Flowers,
2004), will decrease as Na1 accumulates.

Parallel to the increased Na1 content in salt-treated
salt cress plants, cell sap osmolarity was observed to
increase as a factor of time and Na1 concentration
(Table III). Presumably, Na1 ions are sequestered into
the vacuole and cytoplasmic osmotic potential is main-
tained by the synthesis of compatible solutes. In salt
cress, the synthesis and accumulation of Pro in the
cytoplasm of leaf tissue has been reported upon salt
stress (Inan et al., 2004); however, there are no reports
on compatible solutes present in root tissue.

The transporters involved in increasing Na1 efflux
across the PM and via Na1 compartmentalization
across the TP into the vacuole are widely considered
important determinants of salt tolerance (Zhu, 2001);
however, little is known on their expression or activity
in salt cress. Negligible Na1/H1 exchange activity was
measured in the control plants grown in the absence of
NaCl. Similarly, low exchange rates were observed in
vacuoles isolated from leaves of control Arabidopsis
plants (Apse et al., 1999), although Arabidopsis cell
suspension cultures showed relatively high constitu-
tive Na1/H1 exchange activity when grown in the
absence of NaCl (Qiu et al., 2004). Leaf and root TP
Na1/H1 exchange was highly induced by growth of
the plants in NaCl (Table VII). This inducible activity
could not be attributed to a salt cress homolog of
AtNHX1 because an anti-AtNHX1 antibody (Qiu et al.,
2004) failed to recognize a protein in the TP of either

Figure 5. Expression of P-ATPase, V-ATPase, and V-PPase in salt cress
under salt treatment. Plants were incubated for 2 weeks in the absence
(C) or presence of 200 mM (2) or 400 mM (4) NaCl before isolation of TP
and PM from leaves (A) or roots (B) on discontinuous Suc density
gradients at the 0% to 22% (w/v) and the 34% to 38% (w/v) Suc
interface, respectively. Western-blot analysis was carried out as de-
scribed in ‘‘Materials and Methods’’ using antibodies directed against
P-ATPase (AHA3), V-ATPase subunits (VHA-A, -B, and -E), and V-PPase
(AVP1). Blots are representative of five independent experiments.

Figure 6. Expression of HKT1, SOS1, and NHX1 in salt cress under salt
treatment. Plants were incubated for 2 weeks in the absence (C) or
presence of 200 (2) or 400 mM NaCl (4) before isolation of TP and PM
fractions from leaves (A) and roots (B) on a discontinuous Suc density
gradient at the 0% to 22% and the 34% to 38% Suc interface,
respectively. Western-blot analysis was carried out as described in
‘‘Materials and Methods’’ using antibodies directed against the Na1

transporter HKT1, the PM Na1/H1 exchanger SOS1, and the TP Na1/
H1 exchanger NHX1. Blots are representative of five independent
experiments.
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control or salt-treated salt cress root or leaf tissue de-
spite the high sequence similarity between the Arab-
idopsis and salt cressNHX1 genes (Volkov et al., 2003).
The AtNHX1 antibody did recognize a 50-kD protein
in root tissue that was salt inducible (Fig. 6B); however,
this protein was present only in the PM and not in the
TP, suggesting that the antibody is detecting a closely
related Na1/H1 exchanger isoform that is localized to
the PM, but distinct from SOS1, which has a molecular
mass of 130 kD and is very divergent from NHX1 in
the C-terminal region (Qiu et al., 2003; Fig. 6, A and B).
Similar findings were also observed in the ice plant,
where the AtNHX1 antibody only recognized a salt-
inducible protein in the root PM fraction (B.J. Barkla,
R. Vera-Estrella, and O. Pantoja, unpublished data).
The SOS1 protein was present in untreated tissue and
protein levels were up-regulated by salinity in the PM
of root and leaf salt cress tissue (Fig. 6, A and B).
Previously, SOS1 RNAwas shown to be constitutively
expressed in salt cress plants; however, no induction of
transcript was observed with a 2-h short-term expo-
sure to salinity (Taji et al., 2004), suggesting that longer
treatment periods are required to regulate SOS1.

However, despite the presence of two Na1/H1 ex-
changer isoforms in the PM of root tissue, and one in
leaf tissue, no PM Na1/H1 exchange was detected.
This indicates that the PM Na1/H1 exchange activity
may require activation by regulatory molecules that
are not present in our in vitro transport assays with
isolated membrane vesicles, suggesting a role for a
similar pathway to the Arabidopsis SOS signaling
pathway in salt cress (for review, see Zhu, 2000).

Na1/H1 exchange is driven by the primary H1

pumps at the PM and TP, including TP V-ATPase,
V-PPase, and the PM P-ATPase. It is therefore not
surprising that increases in both the hydrolytic and/or
H1 transport activity of these transporters were ob-
served in salt-treated salt cress plants (Tables IV–VI).
Similar salt-induced increases have been observed
in a number of plant species, including halophytes,
as well as glycophytes (Barkla and Pantoja, 1996).
Changes in pump activity were in some casesmirrored
by changes in levels of expression of the protein(s).

V-PPase protein levels increased in TP from leaves
and roots, reflecting the moderate 1.3- and 1.1-fold
increases in hydrolytic activity, respectively (Fig. 5, A
and B). The V-PPase is presumed to play a minor role
in energizing the TP under the increasing demands
imposed by high levels of Na1/H1 exchange as a
factor of salinity. In the ice plant and Suaeda salsa
halophytes, V-PPase expression and/or activity were
unaffected by growth of the plants in NaCl (Wang
et al., 2001; Barkla et al., 2002). Protein-blot analysis of
TP proteins using antibodies directed against three
subunits of themultimeric V-ATPase (VHA-A, VHA-B,
and VHA-E; Fig. 5) indicated that, in leaf tissue,
solely subunit VHA-E showed increased expression
upon salt stress, while none of these subunits were
regulated at the protein level in roots (Fig. 5; VHA-E).
In the ice plant, transcript levels for subunit E were
also seen to preferentially increase in leaves, but not in
roots, when plants were salt stressed (Golldack and
Dietz, 2001). Subunit E of the V-ATPase is located in
the peripheral stalk connecting the V1 and V0 sectors;
its function has not been well characterized in plants,
but evidence from yeast (Saccharomyces cerevisiae) sug-
gested this subunit is involved in the assembly of
the V1 and V0 sectors of the V-ATPase (Owegi et al.,
2005). This could imply that changes in the amount of
VHA-E regulate the amount of assembled V-ATPase
complexes. However, the role of other subunits in the
salt-induced increase in V-ATPase hydrolytic and H1

pumping activity cannot be ruled out, especially be-
cause in roots there is no salt-induced up-regulation of
VHA-E (Fig. 6B). At the PM, it appears that the salt-
induced increases in H1-ATPase hydrolytic and H1

pumping activity cannot be attributed to the AHA3
isoform because levels of this protein in the PM from
both leaf and root tissue are not affected by NaCl (Fig.
5, A and B). Isoforms of AHA are encoded by a large
multigene family with members showing distinct
expression profiles and biochemical characteristics
(Palmgren, 2001). While there is evidence that AHA3
is induced by salinity in Medicago citrina (Sibole et al.,
2005), it appears that the activity measured in this
study is due to one or more of the other AHA family
members that are expressed in the leaves and/or roots.
Sequence alignment of the AHA3 isoform with other
AHA members indicates that, in the region of the C
terminus, there is high sequence diversity (Harper
et al., 1990), suggesting that the antibody used in this
study would not recognize other isoforms.

Studies have shown that AtHKT1, a Na1 influx
transporter from Arabidopsis (Uozumi et al., 2000),
involved in Na1 recirculation from shoots to roots via
the phloem, is crucial for plant salt tolerance. Muta-
tions in AtHKT1 resulted in overaccumulation of Na1

in Arabidopsis shoot tissue (Berthomieu et al., 2003).
In this study, a salt cress HKT homolog was detected in
both leaves and roots; however, protein expression did
not change upon salt treatment. Whether or not this
transporter is important for salt cress salinity tolerance
requires further investigation.

Table VII. Effect of NaCl on the Na1/H1 exchange activity in TP
vesicles isolated from salt cress leaf and root tissue

Membrane vesicles were isolated by discontinuous Suc density gra-
dient methods from leaves and roots of salt cress treated for 2 weeks
with either 200 or 400 mM NaCl. Na1/H1 exchange activity was
assayed as described in ‘‘Materials and Methods.’’ Units for initial rates
of Na1-dependent H1 transport are %F mg21 protein min21, where F is
relative fluorescence intensity. Data represent means 6 SE of four
replicate experiments. Each replicate experiment was performed using
independent membrane preparations. ND, No data available.

Treatment
Na1/H1 Exchange Activity

Leaves Roots

Control 9.4 6 0.7 2.3 6 0.1
200 mM NaCl 120 6 2.4 138 6 14
400 mM NaCl 178 6 5.5 ND
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In general, there appeared to be little or no correla-
tion between activity and expression (determined by
use of homologous antibodies), of the transport pro-
teins investigated in this study. This lack of induction
of proteins recognized by the antibodies used in this
study may suggest the presence of divergent salt cress
proteins that are responsible for the transport activities
measured. These results may help to explain previous
work with microarrays, which appeared to show few
changes in transcription of salt cress genes in response
to salt stress (Inan et al., 2004; Taji et al., 2004), but
alternatively may reflect that important salt-inducible
genes in salt cress are novel or divergent and do not
hybridize with Arabidopsis microarrays.
This work provides some detailed analyses of phys-

iological mechanisms that underlie salinity tolerance
in salt cress and provides important supporting in-
formation for the future molecular dissection of salt
tolerancemechanisms in this Arabidopsis relativemodel
system. Transport proteins involved in the sequestra-
tion of Na1 into the vacuole, or the removal of Na1

across the PM, including the TP V-ATPase, the Na1/
H1 exchanger, and the PM P-ATPase, appear to be key
mechanisms for salinity tolerance in salt cress as they
have been shown to be in other halophytes, including
the ice plant, S. bigelovii, and A. gmelini (Ayala et al.,
1995; Hamada et al., 2001; Barkla et al., 2002).

MATERIALS AND METHODS

Plant Materials and Growth Conditions

Salt cress (Thellungiella halophila) plants were grown from seeds (derived

from material originally collected from the Shandong Province in China and

kindly supplied by Dr. Hans Bohnert and Dr. Ray Bressan) in soil (Metro mix

500; Scotts) in a propagation tray. Four weeks following germination, in-

dividual seedlings were transferred either to pots containing soil with two

plants per 15-cm-diameter pot or, for experiments using root tissue, a single

plant was transferred to 1-L opaque tubs containing 800 mL of one-half-

strength Hoagland medium (Hoagland and Arnon, 1938). All plants were

watered daily with tap water (unless under treatment), and one-half-strength

Hoagland solution was applied weekly. Salt treatment (200 or 400 mM NaCl)

was initiated 7 weeks after germination (approximately 4 weeks following

transfer to soil or hydroponics conditions) by inclusion in the Hoagland

medium or in the water. Plants were grown in a glasshouse under natural

irradiation and photoperiod. Minimum temperatures ranged from 20�C to

24�C and maximum temperature was maintained at 25�C.

Membrane Isolation and Purification

Membrane vesicles used for hydrolytic assays, TPH1 transport assays, and

western-blot analysis were isolated by Suc density gradient centrifugation.

Leaves and roots of salt cress plants were harvested and sliced into small

pieces. Leaf and root material (30 g fresh weight) was placed directly into

300 mL of ice-cold homogenization medium (400 mM mannitol, 10% [w/v]

glycerol, 5% [w/v] PVP-10, 0.5% [w/v] bovine serum albumin [BSA], 1 mM

phenylmethylsulfonyl fluoride [PMSF], 30 mM Tris, 2 mM dithiothreitol [DTT],

5 mM EGTA, 5 mM MgSO4, 0.5 mM butylated hydroxytoluene, 0.25 mM

dibucaine, 1 mM benzamidine, and 26 mM K1-metabisulfite, adjusted to pH

8.0 with H2SO4), and all subsequent operations were carried out at 4�C. Leaf
and root tissue was homogenized in a commercial blender, filtered through

four layers of cheesecloth, and centrifuged at 10,000g (20 min at 4�C) using
a JA20 rotor (Beckman) in a superspeed centrifuge (model J2-HS; Beckman).

Pellets were discarded and the supernatants were centrifuged at 80,000g

(50 min at 4�C) using a fixed-angle rotor (model 40 Ti; Beckman) in an

ultracentrifuge (model L8-M; Beckman). The supernatant was aspirated and

the microsomal pellet was resuspended in suspension medium (consisting of

400 mM mannitol, 10% [w/v] glycerol, 6 mM Tris/MES, pH 8.0, and 2 mM

DTT). The microsomal suspension was then layered onto either continuous (5%–

46% [w/v] Suc) or discontinuous Suc gradients (consisting of a top layer of

9 mL of 20% [w/v] Suc over 9 mL of 34% [w/v] Suc, on a cushion of 9 mL of

38% [w/v] Suc). Gradients were centrifuged at 100,000g (3 h at 4�C) using a SW
28 swinging-bucket rotor in a Beckman L8-M ultracentrifuge. On a discontin-

uous Suc gradient, TP from salt cress separates at the 0% to 20% Suc interface,

while PM is collected from the 34% to 38% Suc interface. Bands from the

discontinuous gradient were collected, diluted in suspension medium, and

centrifuged at 100,000g in 60 Ti rotor (Beckman) in an ultracentrifuge (model

L8-M; Beckman). Resuspended pellets or fractions (0.5 mL) from the contin-

uous Suc gradient were collected, frozen in liquid N2, and stored at 280�C.
The Suc concentration of fractions from continuous gradients was measured

using a Zeiss refractometer (Zeiss).

PM vesicles used for transport assays were isolated using two-phase

partitioning according to Qiu et al. (2002) with modifications. Leaf or root

tissues (30 g) were placed in 300 mL of ice-cold homogenization medium

consisting of 330 mM Suc, 10% (w/v) glycerol, 0.2% (w/v) BSA, 5 mM EDTA,

5 mM DTT, 5 mM ascorbic acid, 1 mM PMSF, 0.6% (w/v) PVP-10, 0.25 mM

dibucaine, 1 mM benzamidine, 0.5 mM butylated hydroxytoluene, K1-meta-

bisulfite, 1 mg/mL leupeptin, and 50 mM HEPES-KOH (pH 7.5). The tissue

was homogenized in a commercial blender filtered through four layers of

cheesecloth, and centrifuged at 10,000g (20 min at 4�C) using a JA20 rotor

(Beckman) in a superspeed centrifuge (model J2-HS; Beckman). Pellets were

discarded and the supernatants were centrifuged at 80,000g (50 min at 4�C)
using a fixed-angle rotor (model 40 Ti; Beckman) in an ultracentrifuge (model

L8-M; Beckman). The supernatant was aspirated, and the microsomal pellet

was resuspended in a buffer containing 330 mM Suc, 3 mM KCl, 0.1 mM EDTA,

1 mM DTT, 1 mM PSMF 1 mg/mL leupeptin, and 5 mM potassium phosphate

(pH 7.8). The microsomal suspension was added to an aqueous phase system

(36 g final weight) composed of 6.2% (w/w) dextran T-500, 6.2% (w/w)

polyethylene glycol 3350, 5 mM potassium phosphate (pH 7.8), 330 mM Suc,

and 3 mM KCl, 0.1 mM EDTA, 1 mM DTT, and 1 mg/mL leupeptin. The phase

systemwas then centrifuged at 1,000g for 10 min in an HB4 rotor (Beckman) in

a superspeed centrifuge (model J2-HS; Beckman). The final upper phase was

collected, diluted in suspension buffer (330 mM Suc, 10% [w/v] glycerol, 0.1%

[w/v] BSA, 0.1 mM EDTA, 2mMDTT) and centrifuged at 100,000g using a 60 Ti

rotor (Beckman) in an ultracentrifuge (model L8-M; Beckman). Pellets were

resuspended and frozen in liquid N2 and stored at 280�C.

Protein Determination

Protein content of purified TP and PM fractions was measured by

a modification of the dye-binding method (Bradford, 1976) in which mem-

brane protein was partially solubilized with 0.5% (v/v) Triton X-100 for 5 min

before addition of the dye reagent concentrate (Bio-Rad). BSAwas employed

as the protein standard.

H1 Transport Assays and Hydrolytic Activity

Hydrolytic activities of the PM P-ATPase and TP V-ATPase and V-PPase

were measured by the release of inorganic phosphate, according to the

method of Ames (1966), as described previously (Vera-Estrella et al., 1994),

using isolated membrane fractions. The values are presented as micromoles of

inorganic phosphate released per milligram of membrane protein per hour.

The fluorescence quenching of quinacrine (6-chloro-9-{[4-(diethylamino)-

1-methylbutyl] amino}-2-methoxyacridine dihydrochloride) was used to

monitor the formation of inside acid pH gradients across TP and PM vesicles,

as described previously (Barkla et al., 1995; Qiu et al., 2003), with modifica-

tions. Purified TP vesicles (30 mg of protein for TP vesicles and 50 mg for PM

vesicles) were added to 500 mL of buffer consisting of 250 mM mannitol, 10 mM

Tris/MES (pH 8.0), 50 mM TMA-Cl, 6 mMMgSO4, and 3mMATP for TP assays,

and 250 mM mannitol, 10 mM Tris/MES (pH 6.5), 40 mM TMA-Cl, 10 mM KCl,

6 mM MgSO4, and 3 mM ATP for PM assays. Fluorescence quenching was

monitored in a thermostated cell at 25�C using a fluorescence spectrometer

(model LS-50; Perkin-Elmer) at excitation and emission wavelengths of 427

and 495 nm, respectively, both with a slit width of 5 nm. For measurements of

Na1-dependent dissipation of a preformed, inside acid pH gradient, the ATP-

dependent H1 transport activity was inhibited by the addition of 200 nM

bafilomycin A1 (Bowman et al., 1988) in 0.001% (v/v) dimethyl sulfoxide,

250 mM mannitol, and 10 mM Tris/MES (pH 8.0). After a constant level of
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fluorescence was obtained, aliquots of Na1 (as indicated) were added to the

cells and the initial rate of Na1-dependent fluorescence recovery was de-

termined. As shown by Bennett and Spanswick (1983), the rate of fluorescence

quench recovery is directly proportional to proton flux. Thus, the initial rate of

fluorescence quenching or recovery represents initial rates of proton transport.

SDS-PAGE and Protein Immunoblotting

Protein was precipitated by dilution of the samples 50-fold in ethanol:

acetone (1:1 [v/v]) and incubated overnight at230�C according to the method

of Parry et al. (1989). Samples were then centrifuged at 13,000g for 20 min at

4�C using an F2402 rotor in a GS-15R tabletop centrifuge (Beckman). Pellets

were air dried, resuspended with Laemmli (1970) sample buffer (2.5% [w/v]

SDS final concentration), and heated at 60�C for 2 min before loading onto

12.5% (w/v) linear acrylamide minigels. After electrophoresis, the gels were

prepared for immunoblotting. SDS-PAGE-separated proteinswere electropho-

retically transferred onto nitrocellulose membranes (ECL; Amersham) as

previously described (Vera-Estrella et al., 1999). Following transfer,membranes

were blocked with Tris-buffered saline (100 mM Tris, 150 mM NaCl) containing

0.02% (w/v) Na-azide, and 5% (w/v) fat-free milk powder for 2 h at room

temperature. Blockedmembraneswere incubated for aminimumof 3h at room

temperaturewith the appropriate primary antibodies, followedby the addition

of a 1:5,000 dilution of secondary antibodies (goat anti-rabbit or -mouse)

conjugated to horseradish peroxidase. Immunodetectionwas carried out using

the chemiluminescent ECL western-blotting analysis system (Amersham).

Mean intensity of the immunodetectedprotein bandswas calculatedusingECL

Mr markers as loading control standards (Amersham). Images were captured

using Kodak 1D image analysis software (Eastman-Kodak).

Osmolarity, Sodium, and Potassium Measurements

Leaves and roots were collected and washed twice with deionized water.

Tissue (2 g), cut in small pieces, was loaded into a 5-mL syringe containing

a Whatman number 1 filter disk. The material was frozen at 230�C, and the

cell sap was obtained in thawed samples by centrifugation at 1,200g for 15 min

using a S4180 rotor in a GS-15R tabletop centrifuge (Beckman). The osmolarity

of the cell sap was measured in 50-mL samples with a cryoscopic osmometer

(Osmomat 030; Genotec). The concentration of sodium and potassium in the

collected cell sap was determined by flame photometry (model 943; In-

strumentation Laboratory).

Chlorophyll Measurement

Chlorophyll was measured according to Porra et al. (1989). Leaves from

control and salt-treated salt cress plants were collected, washed, cut in small

pieces, and ground in a mortar with 1 mL of 80% (v/v) acetone. Samples were

centrifuged at 12,000g for 10 min and the supernatant collected. Chlorophyll

was measured using a diode array spectrophotometer (Hewlett-Packard).

Absorbance of the chlorophyll a extract was detected at 645 nm; chlorophyll

b at 663 nm. The values were calculated using the molar extinction coefficients

20.2 and 8.02 for chlorophyll a and b, respectively.
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(Nagoya, Japan), Dr. José M. Pardo (Seville, Spain), and Dr. Jian-Kang Zhu

(Riverside, CA) for antibodies against AHA3 (P-ATPase), AVP1 (anti-PAB-

HK, V-PPase), VHA-E (V-ATPase), VHA-A and VHA-B (V-ATPase), NHX1

(TP Na1/H1 exchanger), and SOS1 (PM Na1/H1 exchanger), respectively.

We also thank Dr. Hans Bohnert and Dr. Ray Bressan for the salt cress seeds

and the reviewers for their insightful comments and suggestions.

Received June 30, 2005; revised August 1, 2005; accepted August 4, 2005;

published October 21, 2005.

LITERATURE CITED

Adams P, Nelson DE, Yamada S, Chmara W, Jensen RG, Bohnert HJ,

Griffiths H (1998) Growth and development of Mesembryanthemum

crystallinum (Aizoaceae). New Phytol 138: 171–190

Ames BN (1966) Assay of inorganic phosphate, total phosphate and

phosphatases. Methods Enzymol 8: 115–118

Amtmann A, Bohnert HJ, Bressan RA (2005) Abiotic stress and plant

genome evolution. Search for new models. Plant Physiol 138: 127–130

Apse MP, Aharon GS, Snedden WA, Blumwald E (1999) Salt tolerance

conferred by overexpression of a vacuolar Na1/H1 antiport in Arabi-

dopsis. Science 285: 1256–1258

Ayala F, O’Leary JW, Schumaker KS (1995) Increased vacuolar and plasma

membrane H1-ATPase activities in Salicornia bigelovii Torr. in response

to NaCl. J Exp Bot 47: 25–32

Barkla BJ, Pantoja O (1996) Physiology of ion transport across the

tonoplast of higher plants. Annu Rev Plant Physiol Plant Mol Biol 47:

159–184

Barkla BJ, Vera-Estrella R, Camacho-Emiterio J, Pantoja O (2002) Na1/H1

exchange in the halophyte Mesembryanthemum crystallinum is associated

with cellular sites of Na1 storage. Funct Plant Biol 29: 1017–1024

Barkla BJ, Vera-Estrella R, Maldonado-Gama M, Pantoja O (1999) Ab-

scisic acid induction of vacuolar H1-ATPase activity in Mesembryanthe-

mum crystallinum is developmentally regulated. Plant Physiol 120:

811–819

Barkla BJ, Zingarelli L, Blumwald E, Smith JAC (1995) Tonoplast Na1/H1

antiport activity and its energization by the vacuolar H1-ATPase in the

halophytic plant Mesembryanthemum crystallinum. Plant Physiol 109:

549–556
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