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For salinity stress tolerance in plants, the vacuolar type H*-ATPase (V-ATPase) is of prime importance in energizing sodium
sequestration into the central vacuole and it is known to respond to salt stress with increased expression and enzyme
activity. In this work we provide information that the expressional response to salinity of the V-ATPase is regulated tissue
and cell specifically under developmental control in the facultative halophyte common ice plant (Mesembryanthemum
crystallinum). By transcript analysis of subunit E of the V-ATPase, amounts did not change in response to salinity stress in
juvenile plants that are not salt-tolerant. In a converse manner, in halotolerant mature plants the transcript levels increased
in leaves, but not in roots when salt stressed for 72 h. By in situ hybridizations and immunocytological protein analysis,
subunit E was shown to be synthesized in all cell types. During salt stress, signal intensity declined in root cortex cells and
in the cells of the root vascular cylinder. In salt-stressed leaves of mature plants, the strongest signals were localized
surrounding the vasculature. Within control cells and with highest abundance in mesophyll cells of salt-treated leaves,
accumulation of subunit E protein was observed in the cytoplasm, indicating its presence not only in the tonoplast, but also

in other endoplasmic compartments.

The facultative halophyte common ice plant
(Mesembryanthemum crystallinum L. Aizoaceae) has
become a model plant for studying salinity stress
responses at physiological, biochemical, and gene
levels. Mechanisms involved in adaptation to salinity
stress in the common ice plant include metabolic
transition from C; to crassulacean acid metabolism
(CAM), synthesis and cytoplasmic accumulation of
osmoprotective metabolites, and accumulation of so-
dium in the vacuolar compartment (Adams et al.,
1998). The salt-inducible shift from C; to the more
water conserving CAM metabolism involves tran-
scriptional induction of CAM-specific genes as the
phosphoenolpyruvate carboxylase isogene Ppcl
(Cushman and Bohnert, 1997). Increased synthesis of
osmoprotectants D-ononitol, D-pinitol, and of Pro in
response to salinity allows osmotic adjustment of the
cytoplasm by balancing the increased osmotic poten-
tial caused by sodium sequestration inside the vacu-
ole (Adams et al., 1998). Stress-induced synthesis of
compatible solutes is transcriptionally activated as
shown for the myo-inositol O-methyl transferase Imt1
in the biosynthetic pathway of the osmoprotectants
D -ononitol and D -pinitol (Vernon and Bohnert, 1992;
Ishitani et al., 1996).

Knowledge of sodium chloride uptake and trans-
port processes in halophytes is mainly based on
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physiological and biochemical studies. Ion transport
systems responsible for cytoplasmic sodium ho-
meostasis in the common ice plant have to be iden-
tified on the gene level yet. Salinity-induced
Na®/H™ antiport at the tonoplast has been demon-
strated physiologically in common ice plant, suggest-
ing that vacuolar sodium sequestration is mediated
by a secondary active Na* /H™ antiporter energized
by the proton motive force, which is generated and
maintained by primary active H" transport at the
tonoplast (Barkla et al., 1995). Considerable and fast
increase in vacuolar type H"-ATPase (V-ATPase) ac-
tivity was observed in tonoplast vesicles from com-
mon ice plant plants irrigated with high NaCl con-
centrations (Ratajczak et al., 1994), demonstrating the
prime importance of the V-ATPase in the adaptation
of common ice plant to high sodium concentrations.

The V-ATPase is a multimeric enzyme localized in
endomembranes of eukaryotic cells that establishes
an electrochemical H"-gradient. It has been identi-
fied at the vacuolar membrane (Liittge and Ratajczak,
1997). V-ATPases consist of a hydrophilic domain
(Vy) on the cytosolic side and a hydrophobic
membrane-integral domain (V,). Based on biochem-
ical findings, the V; complex is composed of eight
subunits with three copies each of subunit A (cata-
lytic subunit) and B (non-catalytic ATP binding) and
probably one copy each of subunits C, D, E, F, G, and
H that are known to be essential for V-ATPase stalk
assembly, at least in yeast (Arai et al., 1988; Ratajczak,
2000). The most abundant subunits of the V, domain
are six copies of subunit c involved in proton trans-
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location (for review, see Sze et al., 1999). Recently, a
100-kD polypeptide of yet unidentified function has
been found to be associated with the unassembled V
domain, but not with the active V-ATPase (Li and
Sze, 1999).

Transcriptional changes of subunits of the vacuolar
ATPase in response to salinity stress have been re-
ported from a number of plants. Salt-induced tran-
scriptional activation of V-ATPase subunits A, B, E,
and c have been shown in common ice plant (Dietz
and Arbinger, 1996; Low et al., 1996, Tsiantis et al.,
1996). Salt-induced increase of V-ATPase subunit A
transcription has been observed in salt-adapted and
salt-stressed cell suspension cultures of tobacco
(Narasimhan et al., 1991) and of subunits A and c in
the halotolerant sugar beet (Kirsch et al., 1996). In
leaves of the glycophytic tomato, subunit A tran-
scription increased transiently following NaCl treat-
ment, but showed lower pre-stress levels after 3 d of
stress (Binzel, 1995). Accumulation of subunit E in
barley was only slightly modified by salt stress (Dietz
et al., 1995; Dietz and Arbinger, 1996). Expression of
subunit D in Arabidopsis was not changed by so-
dium chloride exposure (Kluge et al., 1999). It is
apparent that salt stress affects V-ATPase gene ex-
pression differently in glycophytes and halophytes.
However, a comparative analysis is not available and
in addition, knowledge on cell-specific expression of
V-ATPase genes is completely missing, although it is
likely to provide clues on the physiological impor-
tance of the V-ATPase for adaptation to salinity
stress.

Employing in situ hybridization and protein im-
munocytochemistry, this study addresses for the first
time the question of tissue- and cell-specific expres-
sion of the V-type H"-ATPase in plants. Emphasis is
laid on the adaptive role of the V-ATPase for growth
on saline substrates. This approach takes advantage
of the developmental control of halotolerance in the
common ice plant. Therefore, the expression of sub-
unit E of the V-ATPase was analyzed in 3-, 5-, and
10-week-old plants that differ in their ability to adapt
to salinity stress and was compared with the expres-
sion of the stress marker genes Imt1 and Ppcl.

RESULTS

Developmental Differences of Salt-Inducible
Expression of V-ATPase Subunit E

Experimental conditions were established to inves-
tigate the transcription of V-ATPase subunit E in
response to salinity (Fig. 1). In 5-week-old common
ice plant, transcripts of subunit E were found in roots
and leaves with northern analysis (Fig. 1A). In-
creased expression was observed in leaves of plants
exposed to 400 mm NaCl for 72 h, whereas the tran-
script level did not significantly change in salt-
stressed roots. Quantitation of subunit E transcript
by reverse transcriptase (RT)-PCR is shown in Figure
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Figure 1. Tissue-specific differences in transcript accumulation of
V-ATPase subunit E in common ice plant. A, Northern-blot analysis
of total RNA (15 pg per lane) isolated fom leaves (Lc) and roots (Rc)
of 5-week-old unstressed plants and leaves (Ls) and roots (Rs) from
5-week-old plants stressed with 400 mm NaCl for 72 h. The northern
blot was hybridized with a digoxigenin-labeled probe corresponding
to the full-length AtpvE cDNA sequence. The lanes were loaded with
aliquots from the same RNA preparation as used for the transcript
quantitation shown in C. B, Amplification of a fragment of the coding
region of AtpvE (TR) by RT-PCR. Linearity of amplification was tested
in up to 24 amplification cycles in 5-week-old common ice plant. C,
Quantitation of transcript amounts of V-ATPase subunit E in 3-, 5-,
and 10-week-old common ice plant.

1, Band C. A 336-bp fragment of the coding region of
AtpvE cDNA was amplified by gene specific primers.
Linearity of signal amplification was tested in up to
24 amplification cycles (Fig. 1B). In plants stressed for
72 h, the RT-PCR signal increased in leaves, but the
amount was unchanged in the roots. Since northern
analysis and RT-PCR indicated identical expression
patterns, RT-PCR was preferred for expressional
analysis in the following.

To investigate a developmental requirement for the
salt-response of subunit E, expression was studied in
salt-sensitive 3-week-old and in mature 10-week-old
plants. In 3-week-old plants salt stress had no major
effect on the abundance of subunit E in leaves and
roots, whereas in older plants the signal strength
increased in the leaves the same way it was observed
in 5-week-old common ice plant (Fig. 1C).
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In Situ Hybridizations and Immunocytological Analysis

To provide information on the cell specificity of
expression of subunit E, in situ hybridizations and
protein cytolocalizations were performed in leaf tis-
sue, root tips, and mature roots of common ice plant
at the age of 3, 5, and 10 weeks. At the age of 3 weeks,
in control and stressed plants, mRNA and protein of
subunit E were present in all cells with the strongest
signals in the vasculature (not shown). In Figure 2,
leaf sections of 5- and 10-week-old common ice plant
are shown focusing on a vascular bundle. Signals of
subunit E were obtained in all cell types on the RNA
and protein level. In non-stressed control plants the
signal strength was the same in the epidermis, in
mesophyll cells, and in the vascular bundles. In
leaves of stressed plants the signals were most con-

Vacuolar H"-ATPase in Common Ice Plant

centrated in cells surrounding the xylem and in the
cambial tissue. Transcripts and protein of subunit E
were also present in the bladder cells, which are a
morphological characteristic of the ice plant as
shown in Figure 2, B, G, and H.

In situ hybridizations and protein cytolocalizations
of subunit E in root cross sections are shown in
Figures 3 and 4. In untreated and in salt-stressed
3-week-old plants (Fig. 3, A and B) subunit E expres-
sion was detected in the vascular cylinder, in cells of
the exodermis, and the outer cortex, whereas the cells
of the inner cortex showed lower signal intensity. At
5 weeks of age (Fig. 3, C and D), in control root tips
at a distance of about 200 um from the meristem,
signals were found in the vascular cylinder, in the
cortex, and the strongest expression was in the epi-

Figure 2. In situ hybridization and immunocy-
B tological analysis of V-ATPase subunit E in
leaves of common ice plant. A, In situ hybrid-
ization in a leaf cross-section, focusing on a
vascular bundle of 5-week-old control plants.
Antisense. B, In situ hybridization in a leaf cross-
section of 5-week-old plants stressed for 72 h.
The insert shows a bladder cell from a leaf cross

section of 10-week-old common ice plant
treated with 400 mm NaCl for 72 h. Antisense.

C, Immunolocalization in a leaf cross-section of
5-week-old control plants stressed with 400 mm
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hybridization. E, Immunolocalization of subunit
E in leaves of 10-week-old control plants. Sub-
unit E localization is shown with red fluores-
cence signals. F, Immunological detection of
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V-ATPase subunit E in 10-week-old plants
stressed with 400 mm NaCl for 72 h. G, Immu-
nolocalization of subunit E in leaves of 5-week-
old control plants. On the right side, a bladder
cell protrudes from the epidermis. H, Immuno-
logical detection of V-ATPase subunit E in
5-week-old plants stressed with 400 mm NaCl
for 72 h.
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dermis. In root tips of salt-treated plants all cells
showed signals of decreased intensity. A different
expression pattern could be found in cross-sections
of roots at about a 5-cm distance from the meristem
(Fig. 3, E and F). In situ hybridization showed ex-
pression of subunit E in all cell types. In non-stressed
plants, cells of the vascular bundle showed higher
density than cortex cells with a strong expression in
cells of the endodermis. In salt-treated roots of
5-week-old plants subunit E expression was de-
creased to a similarly low level in all cell types.

The cell type and salt-specific expression observed
for the transcript level was confirmed on the protein
level using immunolocalization (Fig. 4). In control
plants of 3 weeks age subunit E protein was abun-
dant in the exodermis and the cortex, and was par-
ticularly strong in the vascular tissue (Fig. 4A). In
salt-treated roots subunit E amounts decreased. Cells
of the vascular cylinder showed higher signal densi-
ties than the cortex cells. In the innermost cortex
layer subunit E signals were very faint. A similar
down-regulation of subunit E protein upon salt stress
was seen in the tip, as well as in the mature part of
roots of 5-week-old plants (Fig. 4, C-F). In roots of
10-week-old common ice plant subunit E transcripts
and proteins were predominantly detected in the
cortex, with no difference between salt-treated and
untreated roots.

The patchy subcellular signal distribution of the
subunit E protein shown for a mesophyll cell of
leaves indicates that the protein is not uniformly
distributed within the cells (Fig. 5). The staining pat-
tern suggests that subunit E is not only associated
with the tonoplast, but is also found in the cytoplas-
mic compartment and probably the plasma mem-
brane. This is supported by the diffuse distribution of
the protein in cells without a large central vacuole as
found for the cambial tissue in the leaf vasculature
and the epidermal cells at the root tip.

Transcript Abundance of V-ATPase Subunit E,
Imtl1, and Ppcl

In pea, Kawamura et al. (2000) detected two iso-
forms of V-ATPase subunit E proteins with western-
blot analysis. In the present study we quantitated
subunit E RNA by RT-PCR with specific oligonucle-
otides for the non-translated region of the gene to test
whether a single gene or isoforms of V-ATPase sub-
unit E were monitored by transcript analyses. The
same age-dependent expression pattern of subunit E
as shown in Figure 1 was observed by PCR amplifi-
cation of a 304-bp fragment of the 3'-non-translated
region of AtpvE with gene specific primers in the
common ice plant at the age of 3, 5, and 10 weeks
(Fig. 6). These data indicate that differences in tran-
scriptional activation of subunit E in response to
salinity stress reflect tissue-specific regulation of the
expression of one gene and are not due to the addi-
tional expression of another isoform.

1646

2 A A B
e — \
[- :‘E}.: ‘.30}:]!1'. W PN 4 30 pm
he s~ LA >
2 @0y
it ) "‘- d
N C D
N
.§’
j
3 : ¥
. 60 60 um
E| [, F

120 pmy

Figure 3. In situ hybridization of V-ATPase subunit E to root cross-
sections of control plants and plants treated with 400 mm NaCl for
72 h. A, 3-week-old plant. Cross-section about 5 cm from the tip.
Control. Antisense. B, Same as A, but salt stressed. Antisense. C,
5-week-old plant. Cross-section about 200 um from the tip. Control.
Antisense. D, Same as C, but salt stressed. Antisense. E, 5-week-old
plant. Cross-section about 5 cm from the tip. Control. Antisense. F,
Same as E, but salt stressed. Antisense. G, Ten-week-old plant.
Cross-section about 8 cm from the tip. Salt stress. Antisense. H,
Ten-week-old plant. Cross-section about 8 c¢cm from the tip. Salt
stress. Sense.

To compare the salt-dependent regulation of
V-ATPase subunit E with the regulation of osmolyte
production and CAM induction in salt-stressed com-
mon ice plant, the expression of Imt1 and Ppcl tran-
scripts were examined together with subunit E (Fig.
6). At all three developmental stages the Imt] gene
was weakly expressed in non-stressed leaf tissue. Salt
stress led to increased transcript levels of Imtl in
leaves and roots with the strongest induction in
leaves of 10-week-old plants. A weak signal of Ppcl
was observed in leaf tissue of common ice plant at

Plant Physiol. Vol. 125, 2001
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Figure 4. Immunolocalization of V-ATPase subunit E in root cross-
sections of control plants and plants treated with 400 mm NaCl for
72 h. A through F are labeled as in Figure 3. G, Ten-week-old plant.
Cross-section about 8 cm from the tip. Control. H, Same as G, but
salt-stressed.

the age of 10 weeks. The expression of the Ppcl gene
was salt-inducible in leaves at all three developmen-
tal stages.

To compare salt-dependent expression of subunit E
with other V-ATPase subunits, gene specific primers
were designed for subunits A, B, F, and ¢ and were
included in the analysis. For transcript quantitations,
for each subunit a cycle number in the linear range of
amplification was chosen. All subunits investigated
showed the same expressional pattern, indicating co-
ordinate regulation of different subunits from the V;
and V, domains of the V-ATPase in response to
salinity stress (Fig. 7).
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As a physiological reference parameter related to
salt stress, whole tissue accumulation of sodium was
determined in dependence of plant age (Fig. 8). In
general, less sodium was accumulated in roots than
in leaves upon salt treatment. Highest sodium con-
centrations were found in leaves of 5-week-old
plants. It is interesting that leaves of 10-week-old
plants accumulated less Na™ than leaves of 3-week-
old plants during the 3 d treatment, most likely due
to the development of side shoots with their func-
tional bladder cells as an additional storage place for
excess sodium.

Analysis of Signaling Pathways Involved in Salt-
Induced Gene Expression

To obtain information on possible components of
the signaling pathways controlling the salt-inducible
gene expression of the V-ATPase subunit E, Imt1, and
Ppcl, selected signal transduction activators and in-
hibitors were studied for their effect on transcript
accumulation. The signaling effectors were applied
via the transpiration stream to detached leaves for
6 h. The uptake of sodium into detached leaves was
quantitated by inductively coupled plasma atomic
emission spectrometry (ICPAES) analysis (Fig. 9C).
As shown in Figure 9, A and B, an increase of tran-
script amounts of subunit E, Imt1, and Ppcl could be
induced during a 6-h salt stress treatment of de-
tached leaves. Transcript levels of subunit E and Ppcl
were comparable with non-detached leaves, whereas
the Imtl expression was considerably higher. EGTA
and membrane permeable EGTA/AM were applied
to the detached leaves as calcium-chelating agents for
depletion of extracellular and intracellular calcium
concentration. Neomycin acts as an inhibitor of phos-
pholipase C and inhibits the turnover of inositol
phospholipid (Smith et al., 1995). Forskolin activates
adenylate cyclase, thus causing an elevation of intra-
cellular cAMP levels (Adashi and Resnick, 1986).
Mastoparan activates pertussis toxin sensitive
G-proteins (Yokokawa et al., 1989) and cholera toxin
inhibits GTPase activity (Kahn and Gilman, 1986). All
of these signaling effectors have been successfully
used in plants (Legendre et al., 1992; Kurosaki and
Nishi, 1993; Knight et al., 1997).

The effects of the pharmacological agents on salt-
inducible synthesis of V-ATPase subunit E, Imt1, and
Ppcl were monitored by RT-PCR. As seen in Figure
9D, chelating Ca?" inhibited the salt stress induced
synthesis of Ppcl transcripts, but had no effects on
the expression of subunit E and Imt1. The application
of mastoparan prevented the induction of subunit E,
Imt1, and Ppcl in response to salt stress. Neomycin,
forskolin, and cholera toxin did not affect the synthe-
sis of the three transcripts.
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Figure 5. Immunolocalization of V-ATPase subunit E in leaf mesophyll cells of 5-week-old control plants (A) and plants
treated with 400 mm NaCl for 72 h (B). C, 5-week-old control plant stained with pre-immune serum.

DISCUSSION

Increase in E Expression in Leaves Accompanies
Acquisition of Salt Tolerance

The facultative halophyte common ice plant shows
developmental differences in salinity tolerance and is
thus an attractive model plant for studying the salt-
dependent expression of the V-ATPase. The life cycle
of the common ice plant spans from the juvenile
stage at which NaCl treatment results in severe
growth inhibition to the halotolerant mature plant
(Adams et al., 1998). In this work we have shown that
the expression of V-ATPase subunit E was not in-
creased in roots upon salt stress in young salt-
sensitive plants or in halotolerant old plants. These
data indicate that increased levels of V-ATPase in
roots do not play a major role in establishing salt
tolerance for two reasons: Na" is not accumulated in
roots; and V-ATPase levels are unchanged by salt
treatment. In a converse manner, subunit E transcript
levels increased in leaves of older plants, but again
were unaffected in leaves of juvenile plants, although
these leaves accumulated considerable amounts of
Na™. This suggests that the salt sensitivity of young
plants might be related to a lack of salt sequestration
capacity of the leaves. This interpretation is sup-
ported by the finding that the other investigated
stress marker genes Imtl and Ppcl were already re-
sponsive to salt at that early stage of plant develop-
ment. It is interesting that the salt-dependent up-
regulation of V-ATPase expression in leaves was not
restricted to photosynthetic cells that are involved in
the metabolic switch from C; photosynthesis to
CAM.

V-ATPase Expression Is Abundant in Specific Cells

The in situ hybridizations and immunocytochem-
istry demonstrate that the V-ATPase is not uniformly
expressed in all plant cells. In control plants, cells
with particularly high level of V-ATPase expression
were the epidermis and the parenchyma cells inside
the vascular cylinder of the roots, as well as in the
vascular bundles of the leaves, on the transcript and
protein level. It may be hypothesized that these are
sites where a high capacity for homeostatic buffering
of ions and metabolites inside the vacuole is essential
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in responding to sudden environmental changes. The
response to salt stress affected the leaf vascular bun-
dles and mesophyll cells with increased subunit E
transcript level. No up-regulation of subunit E ex-
pression was seen in any root cell. In contrast, the
highly sensitive in situ hybridizations and histo-
chemical analyses even indicated down-regulations
in selected root cells.

At all three developmental stages lower amounts of
sodium were associated with the roots than with the
leaves, indicating efficient transport from the roots to
the leaves once the sodium is taken up into the
symplast of the roots. Cell-specific differences of sub-
unit E transcript abundance and protein levels in
salt-treated plants compared with control plants in-
dicate the involvement of these cells in sodium accu-
mulation or exclusion. The down-regulation of
V-ATPase expression in the roots suggests that roots
are apparently unable to accumulate Na* and that
Na™ is passed to the xylem for translocation to the
leaves. Thus, differences of subunit E amounts may
reflect the transport routes of sodium in the plant:
uptake of sodium mainly in the root tip, long dis-
tance transport to the leaves, and cell-specific distri-
bution in the leaves with a high transient buffer
capacity in the parenchyma cells of the vascular bun-
dles, and final a deposition in epidermal bladder
cells.

Histochemical staining of subunit E as shown for a
leaf mesophyll cell (Fig. 5) clearly indicated that the
protein localization is not restricted to the tonoplast,
but subunit E seems to be localized also in the cyto-
plasm and probably the plasma membrane. These
data support previous findings of the subcellular
distribution of the V-ATPase in plant cells. With
membrane fractionations and immunogold labeling,
the V-ATPase was found to be present in the endo-
plasmic reticulum, the Golgi apparatus, provacuoles,
and the plasma membrane (Herman et al., 1994; Rob-
inson et al., 1996). The cytosolic distribution of sub-
unit E protein may be also due to a localization on
small vesicles and the endoplasmic reticulum. Sub-
unit E is a soluble protein, so it may be synthesized in
the cytosol. It is interesting that in salt-stressed leaves
of common ice plant the diffuse appearance of sub-
unit E was enhanced in all cells, with highest signal
intensities in cells surrounding the xylem. We sug-
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Figure 6. Quantitation of transcript amounts of V-ATPase subunit E
using a probe including the extreme 3’ end of the coding region and
part of the 3’-non-translated region of the gene (NTR), of Imt1, and
PpcT in 3-, 5-, and 10-week-old common ice plant. RNA from leaves
(Lc) and roots (Rc) of unstressed plants and leaves (Ls) and roots (Rs)
from plants stressed with 400 mm NaCl for 72 h was quantitated by
RT-PCR. Transcripts were amplified in the linear range of amplifica-
tion with 23 cycles for subunit E, Twenty-five cycles for Imt1, and 25
cycles for Ppcl. Actin served as a loading control.

gest that these increased protein amounts indicate
transport of sodium into the central vacuole through
vesicles or provacuoles similar to intracellular so-
dium sequestration in Saccharomyces cerevisiae. In
yeast, sodium is primarily accumulated in prevacu-
oles and then deposited into large vacuoles by vesicle
trafficking and probably membrane assembly (Nass
and Rao, 1998; Gaxiola et al.,, 1999). The sodium
uptake in the provacuoles is mediated by the
Na"/H" exchanger Nhx1 and is energized by the
vacuolar H"-ATPase, while water channels are in-
volved in the osmotically driven water uptake in
these organelles (Nass and Rao, 1998; Gaxiola et al.,
1999).
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In the glycophyte Arabidopsis, Apse et al. (1999)
found the plant homolog of the Na™/H™" exchanger,
AtNHX1, to colocalize with the V-ATPase in tono-
plast, as well as Golgi/endoplasmic reticulum-
enriched membrane fractions in wild-type plants and
in salt-tolerant AtNHX1-overexpressing plants. For
common ice plant it was recently suggested that wa-
ter channel proteins do not strictly localize only to
the plasma membrane or tonoplast, but also to the
endosomal compartment and might undergo intra-
cellular trafficking (Kirch et al., 2000). These findings
strongly support the hypothesis that vesicles or pro-
vacuoles might be involved in intracellular sodium
detoxification in plant cells.

Five Different Subunits of the V-ATPase Respond to
Salt Stress in Parallel

Expression of subunits A, B, E, F, and ¢ increased
upon salt stress in leaves, but not in roots of 5-week-
old plants treated with 400 mm NaCl for 72 h. The
extent of stimulation was similar for all subunits and
apparently coordinated. Low et al. (1996) compared
the expression of V-ATPase subunits A, B, and c
during a 24-h salt stress and found differential accu-
mulation of the subunits in 4-week-old soil-grown
common ice plant. In fully expanded leaves only
subunit ¢ amounts increased, whereas in roots and
young leaves the mRNAs of subunits A, B, and ¢
were up-regulated in a coordinate way. Tsiantis et al.

0.3 kb" e e G e— Subunit A

0.3 kb{ = = == w== - = | Subunit B

03kbd = 7 &% «~= | Subunit F
S — Subunit ¢
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Figure 7. Quantitation of V-ATPase subunits A, B, F, and c tran-
scripts by RT-PCR. Template DNA was obtained from leaves (Lc) and
roots (Rc) of unstressed plants and leaves (Ls) and roots (Rs) from
stressed plants. Transcripts were amplified with specific primers as
outlined in “Materials and Methods” in the linear range of amplifi-
cation with 25 cycles for subunit A, 20 cycles for subunit B, 21 cycles
for subunit E, 28 cycles for subunit F, 20 cycles for subunit ¢, and 25
cycles for actin.
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Figure 8. Age-dependent sodium uptake in common ice plant. So-
dium contents of roots and leaves of hydroponically grown 3-, 5-,
and 10-week-old plants. Plants were grown without sodium or
treated with 400 mm NaCl for 72 h (n = 6).

(1996) observed an increase of subunit ¢ transcript
levels in roots and leaves of 6-week-old hydroponi-
cally grown common ice plant salt stressed for 24 h.
Comparing these studies with the results from this
work, it may be concluded that non-stoichiometric
regulation of transcript levels of the V-ATPase sub-
units is transient and restricted to short-term stress in
common ice plant, whereas longer salt treatment
causes coordinate changes of transcript amounts. The
coordinate increase of the subunits observed in leaves

of salt-adapted plants in this study indicates an in-
crease of the amount of the holoenzyme complex—an
observation consistent with the increased V-ATPase
activity found in salt-adapted leaves of common
ice plant (Ratajczak et al., 1994; Barkla et al., 1995). A
coordinated salt-induced increase of transcript
amounts of V-ATPase subunits has been reported for
other halotolerant plants as well. In the halotolerant
sugar beet, transcripts of the V-ATPase subunits A
and ¢ were found in root and leaf tissue and NaCl
treatment caused an increase of the transcript levels
in leaves, but not in the roots (Kirsch et al., 1996; Lehr
etal., 1999), similar to what is shown in Figures 1 and
6 of this study. This indicates that coordinate en-
hanced steady-state transcript levels of V-ATPase
subunits are a characteristic for salinity-stressed
halotolerant plants.

Distinct Signaling Pathways Induce Transcription of
Subunit E, Imt1, and Ppcl

In whole plants and detached leaves, the transcript
levels of subunit E, Imt1, and Ppcl responded simi-
larly to salt stress in 5- and 10-week-old plants and to
mastoparan treatment. However, specific differences
occurred in salt response during other treatments: No
effect of salinity stress was seen on subunit E expres-
sion in 3-week-old plants, whereas Imt1 and Ppcl

A 03kb{- =] Subunit E B 03kb[—~ w=a]|Subunit E
0.7 kb{Z] Imtl 0.7 kb-El Imtl
0.8 kh-|:| Ppel 0.8 kb-:l Ppel
1.0 kbE] Actin 1.0 kh.E Actin
C S C S
C D 0.3 Kb v v — — Subu“it E
g l:g 0.7 kb-| ) e — — | Imtl
EZ 60
3 20
= 1.0 kb- Nl bt St b — Actin
C S

S E NMFK MPCT

Figure 9. Pharmacological study of salt-induced expression of V-ATPase subunit E, Imt1, and PpcT in detached leaves of
5-week-old common ice plant. A, Intact plant stress. RT-PCR-quantitation of transcript amounts of V-ATPase subunit E, Imt1,
and Ppcl in leaves of unstressed plants (label C) and plants stressed for 6 h with 400 mm NaCl (label S). Transcripts were
amplified with 21 cycles for subunit E and 25 cycles for Imt1 and Ppc1. Actin is shown as a loading control. B, Salt effect
on detached leaves. Quantitation of transcript amounts of V-ATPase subunit E, Imt1, and PpcT in non-treated detached
leaves (C) and detached leaves stressed for 6 h with 400 mm NacCl (S) as described for Figure 8A. C, Sodium concentration
in leaves of non-stressed control plants (C) and in detached leaves stressed for 6 h with 400 mm NaCl (S) (n = 2). D,
Pharmacological analysis of salt-induced expression. Transcript amounts of V-ATPase subunit E, Imt1, and Ppcl were
quantified in detached leaves stressed for 6 h with 400 mm NaCl (S), or with 400 mm NaCl supplemented with 20 mm
EGTA/0.8 mm EGTA/AM (E), 50 um neomycin sulfate (NM), 400 um forskolin (FK), 10 um mastoparan (MP), or 120 nm
cholera toxin (CT). Transcripts were amplified within the linear cycle range with 21 cycles for subunit E, 20 cycles for Imt1,

and 27 cycles for Ppcl.
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transcripts accumulated; in the detached leaf system,
Imt1 was particularly responsive to the salt feeding;
and upon feeding Ca”*-chelating agents, Ppcl was
not inducible by salt stress. The data show that the
three key mechanisms contributing to the salt stress
tolerance of the ice plant occur distinctly during the
plant’s life cycle and are regulated independently of
each other. The development and tissue-independent
expression of Imtl upon salt stress indicates that
genetic induction of osmolyte production is not cou-
pled to the ability of vacuolar sodium sequestration.
The latter apparently requires a certain morphologi-
cal and physiological stage and is different in leaf
and root tissue.

The results also strongly suggest the involvement
of calcium in the signal transduction pathway lead-
ing to Ppcl synthesis under salt stress. This supports
the recent finding that stress-induced Ppc1 transcrip-
tion was inhibited by chelating extracellular calcium
in common ice plant (Taybi and Cushman, 1999).
Modifications of stress-induced gene expression
were not observed when applying neomycin that
interferes with the inositol triphosphate pathway,
forskolin that modifies the activity of adenylate cy-
clase, and cholera toxin to detached leaves. These
results do not necessarily imply that the affected
signaling events are not involved in the pathways
activating the synthesis of the proteins. Assuming
that salt stress activates expression of these genes to
a maximum level, no further increase of the tran-
scription could be expected from compounds activat-
ing the involved cross-talking signaling pathways.
Thus, only the inhibition of salt-induced transcrip-
tion by pharmacological compounds may be ob-
served using this experimental approach.

GTP-binding proteins seem to be involved in
stress-responsive V-ATPase stimulation, induction of
osmolyte synthesis, and of CAM in common ice
plant. Next to their role for signal transduction pro-
cesses, GTP-binding proteins may be involved in
vesicle trafficking and membrane fusion events (Val-
enti et al., 1998).

In plants the existence of isoforms has been re-
ported for several V-ATPase subunits. For common
ice plant, subunits c and B are, for instance, encoded
by small gene families (Low et al., 1996; Tsiantis et
al., 1996). With western-blot analysis, two isoforms of
V-ATPase subunit E proteins have recently been
found in pea (Kawamura et al., 2000). For the com-
mon ice plant it is not known whether subunit E is
expressed by one or more genes. In our experiments
we were using gene-specific oligonucleotide primers
in expression studies that were derived from the
transcribed and from the highly gene-specific 3'-non-
transcribed region of the sequence. We detected the
same gene in root and leaf tissue at all developmental
stages. The same stress-induced modifications of
transcript amounts were monitored with the trans-
lated and non-translated regions of the gene, proving
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that the expression of the subunit E gene analyzed in
this study is regulated by salt.

Our analyses clearly indicate a tight regulation of
subunit E expression under salt stress in a tissue- and
cell-specific way under developmental control. Ac-
cording to these findings the adaptation of the com-
mon ice plant to increased salinity is not due to a
general and uniform cell response to stress that me-
diates tolerance, but is a complex multicellular whole
plant response that depends on intercellular signal-
ing processes.

MATERIALS AND METHODS
Plant Material

Common ice plant (Mesembryanthemum crystallinum) was
grown in a growth chamber with 10 h of light (300 pE m >
s7!, 23°C) and 14 h of darkness (18°C) with 50% relative
humidity. Seeds were germinated in vermiculite soaked
with one-half-strength Hoagland nutrition solution (Os-
trem et al., 1987). Plants were transferred to hydroponic
tanks with one-half-strength Hoagland nutrition solution 3
weeks after germination. Aeration of the hydroponic cul-
tures was started 1 week after transferring the plants. For
salt stress, the nutrient solution was supplemented with
400 mmM NaCl for 72 h. Unstressed control plants were
grown in parallel and harvested at the same time. Plants
were harvested 5 h after the onset of illumination. For leaf
analysis, the second youngest leaf pair of the plants was
used.

RNA Extraction, Northern Analysis, RT-PCR, and
Measurement of Sodium Concentration

RNA from roots and leaves was isolated by guanidinium
thioisocyanate extraction (Chomczynski and Sacci, 1987).
Northern analyses were performed according to standard
procedures with 15 ug of total RNA per lane (Sambrook et
al., 1989). The detection probe corresponding to the com-
mon ice plant V-ATPase subunit E full-length cDNA clone
AtpvE (Dietz and Arbinger, 1996) was prepared by PCR
with digoxigenin-dUTP (Roche Diagnostics Mannheim)
as a label. Signal detection was performed with anti-
digoxigenin alkaline phosphatase conjugated Fab frag-
ments and disodium 3-(4-methoxyspiro{1,2-dioxetane-
3,2’~(5'-chloro)tricyclo[3.3.1.1>”]decan}4-yl)phenylphosphate
as substrate. Filters were washed with 0.5X SSC at 42°C for
30 min.

cDNA for RT-PCR was synthesized from each 3 ug of
total RNA with Superscript RT II (Gibco-BRL, Cleveland)
in 20-uL reactions. The cDNA was diluted 1:10 and 10-uL
aliquots of cDNA were used as template for PCR amplifi-
cations in 50-uL standard reactions. The following sequence-
specific forward and reverse primers were used for PCR
amplifications: coding region of V-ATPase subunit E (Gen-
Bank accession no. X92118) 5'-GAGAAGGCCAC-
CGAGATC-3' and 5-GCAACGCAACAAGACAGC-3/,
non-coding region of V-ATPase subunit E 5'-GTTGACGA-
CATCCATCTT-3" and 5'-GATTGG TAGTGGACTCAA-3;
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Imt1 (GenBank accession no. M87340) 5'-TGGCAGTGACA
TTAGCAA-3" and 5'-AGCAATGACATGAGGCAA-3'; Ppcl
(GenBank accession no. X13660) 5'-ATCCGAGAGTAA-
CACCTG-3’ and 5'-CACGTTGCAGAAGCTCAA-3’; Actin
5'-GTGATCTCCTTGCTCATACG-3" and 5-GGNACTG-
GAATGGTNAAGG-3’; V-ATPase subunit A (GenBank ac-
cession nos. AA762035 and AA856216) 5'-GATCCTGTTA-
CAT CTGCA-3’' and 5'-AGACTGACTTGTAGAACG-3';
V-ATPase subunit B (GenBank accession no. AA713368) 5'-
GCTAGAGGGCAGAAGATT-3" and 5'-GTGGTGTGAT
GATACGCT-3’; V-ATPase subunit F (GenBank accession
no. AA832528) 5'-GGA CATTGCGGTTGTACT-3' and 5'-
TGATATGGCTGCTCGACT-3’; and V-ATPase subunit ¢
(GenBank accession no. X94999) 5'-ACCGTCTTCAATGGC-
GAT-3' and 5'-CGACAATGAGACCGTAGA-3'.

PCR cycle parameters were 94°C for 1:30 min in the first
cycle and 1 min in all consecutive cycles, followed by 1 min
at 55°C, 2 min at 72°C with cycle numbers as indicated, and
a final extension at 72°C for 10 min. The PCR products
were separated on 1.7% (w/v) agarose gels and stained
with ethidium bromide. Photographic images were ob-
tained with a gel documentation system (INTAS, Gottin-
gen, Germany). To verify the amplification of the correct
sequences, the fragments were cloned in PCR-TOPO-2.1
and PCR-TOPO-II (Invitrogen, Carlsbad, CA), respectively,
and sequenced (DNA sequencing facility, University of
Bielefeld, Germany).

Sodium concentration was measured with an ICPAES
according to Brune et al. (1995).

In Situ Hybridization and
Immunolocalization of Proteins

Root or leaf sections were fixed with formaldehyde-
acetic acid, dehydrated, and were embedded with Para-
plast Plus (Fisher Scientific, Pittsburgh) according to Mc-
Khann and Hirsch (1993). Ten-micrometer sections were
mounted on poly-L-Lys-coated microscopic slides. pBlue-
script plasmid harboring the full-length AtpvE was linear-
ized with NotI and Xhol, respectively, and sense and anti-
sense RNA transcripts were synthesized by T3 and T7 RNA
polymerase with digoxigenin-UTP (Roche Diagnostics
Mannheim) as a label. Transcripts were hydrolyzed to an
average length of 200 nucleotides by alkaline treatment
(Cox and Goldberg, 1988). In situ hybridizations were per-
formed according to Yamada et al. (1995). Signal detection
was performed with antidigoxigenin alkaline phosphatase
conjugated Fab fragments and 5-bromo-4-chloro-3-indolyl-
phosphate and nitroblue tetrazolium as substrates.

Immunolocalization of common ice plant subunit E pro-
teins of V-ATPase was performed according to Maliga et al.
(1995) with polyclonal antibodies against the subunit E of
the V-ATPase from barley (Betz and Dietz, 1991) or preim-
mune serum in 1:200 dilution. An alkaline phosphatase
conjugated goat anti-rabbit IgG was used as secondary
antibody, and naphthol-AS-phosphate and Fast Red TR
were used as substrates (Roche Diagnostics Mannheim).
No specific signals were obtained by preimmune serum
staining of tissue sections.
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Microscopic images were obtained with a cooled
charged-couple device camera coupled to an Axioskop fluo-
rescence microscope (Zeiss, Germany) and processed
through Axiovision (Zeiss) and Adobe Photoshop (Adobe
Systems, Mountain View, CA).

Detached Leaf Experiments

Leaves were cut with scalpel blades, transferred to each
3 mL of 0.1-strength Hoagland nutrition solution (Ostrem
et al., 1987) in 24-well plates, and cut a second time in the
nutrient solution to prevent air embolism. The nutrient
solution containing wells were covered with Parafilm to
avoid evaporation. Preliminary experiments showed that
no induction of Imtl, Ppcl, and subunit E occurred in
detached leaves incubated in 0.1-strength Hoagland nutri-
tion solution compared with non-detached leaves (results
not shown). The solution was supplemented with 400 mm
NaCl or 400 mM NaCl and effectors, i.e. 20 mm EGTA /800
um EGTA/AM (Calbiochem, La Jolla, CA), 50 um neomy-
cin sulfate (Calbiochem), 400 u™m forskolin (Calbiochem), 10
uM mastoparan (Sigma, St. Louis), or 120 nm cholera toxin
(Calbiochem). The detached leaves were incubated for 6 h.
Detached leaves and non-detached leaves were harvested
at the same time. RNA extraction and RT-PCR were carried
out as described above.
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