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Transgenic plants overexpressing the vacuolar H*-pyrophos-
phatase are much more resistant to high concentrations of NaCl
and to water deprivation than the isogenic wild-type strains. These
transgenic plants accumulate more Na* and K™ in their leaf tissue
than the wild type. Moreover, direct measurements on isolated
vacuolar membrane vesicles derived from the AVPT transgenic
plants and from wild type demonstrate that the vesicles from the
transgenic plants have enhanced cation uptake. The phenotypes of
the AVP1 transgenic plants suggest that increasing the vacuolar
proton gradient results in increased solute accumulation and water
retention. Presumably, sequestration of cations in the vacuole
reduces their toxic effects. Genetically engineered drought- and
salt-tolerant plants could provide an avenue to the reclamation
of farmlands lost to agriculture because of salinity and a lack of
rainfall.

alt- and drought-tolerant plants maintain their turgor at low

water potentials by increasing the number of solute mole-
cules in the cell (1-3). The active transport of solutes depends on
the proton gradients established by proton pumps. In plants,
three distinct proton pumps generate proton electrochemical
gradients across cell membranes. The P-type ATPase pumps
cytoplasmic H* across the plasma membrane into the extracel-
lular space. The vacuolar H*-ATPase and the vacuolar H*-
pyrophosphatase acidify the vacuolar lumen and possibly other
intracellular compartments (4).

Plant vacuoles constitute 40-90% of the total intracellular vol-
ume of a mature plant cell (5) and, in concert with the cytosol,
generate the cell turgor responsible for growth and plant rigidity.
Cell turgor depends on the activity of vacuolar H* pumps that
maintain the H™ electrochemical gradient across the vacuolar
membrane, which permits the secondary active transport of inor-
ganic ions, organic acids, sugars, and other compounds. The
accumulation of these solutes is required to maintain the internal
water balance (6).

In principle, increased vacuolar solute accumulation could
confer salt and drought tolerance. The sequestration of ions such
as sodium could increase the osmotic pressure of the plant and
at the same time reduce the toxic effects of this cation. Exposure
to NaCl has been shown to induce the H* transport activity of
vacuolar pumps in both salt-tolerant (7, 8) and salt-sensitive
plants (9). In principle, enhanced expression of either of the
vacuolar proton pumps should increase the sequestration of ions
in the vacuole by increasing the availability of protons. However,
overexpression of the plant vacuolar H*-ATPase would be
difficult because it consists of many subunits, each of which
would have to be overexpressed at the correct level in a single
transgenic plant to achieve higher activity of the multisubunit
complex (10). By contrast, the vacuolar H*-pyrophosphatase of
Arabidopsis is encoded by a single gene, AVPI (11). AVP1 can
generate a H™ gradient across the vacuolar membrane (tono-
plast) similar in magnitude to that of the multisubunit vacuolar
H*-ATPase (5). Heterologous expression of this plant vacuolar
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H*-pyrophosphatase in yeast restored salt tolerance to a salt-
sensitive yeast mutant (12). Here we show that transgenic plants
expressing higher levels of the vacuolar proton-pumping pyro-
phosphatase, AVP1, are more resistant to salt and drought than
are wild-type plants. These resistance phenotypes are associated
with increased internal stores of solutes.

Materials and Methods

Generation of Transgenic Arabidopsis Plants. The A1’P1 ORF was
cloned into the Xbal site of a modified pRT103 plasmid.! This
vector contains a tandem repeat of the 355 promoter. A HindIII
fragment containing the 35S tandem promoter, the AVP1 OREF,
and the polyadenylation signal was subcloned into the HindIII
site of the pPZP212 vector (13). Agrobacterium-mediated trans-
formation was performed via vacuum infiltration of flowering
Arabidopsis thaliana (ecotype Columbia) (14). Transgenic plants
were selected by plating seeds of the transformed plants on plant
nutrient agar plates supplemented with 25 mg/liter kanamycin.
Plants were subsequently selected for two generations to identify
transgenic plants homozygous for the transgene. From 30 inde-
pendent transformants we identified eight lines with enhanced
salt tolerance. Two of these lines are described here. The salt and
drought tolerance of these two lines, AVPI-1 and AVPI-2, are
completely linked to kanamycin resistance, and all three phe-
notypes cosegregate as a single locus in the F, of crosses with
wild-type plants. Quantitation of the intensity of the AVPI band
(Bio-Rad Quantity One software) in Southern blots from wild
type and these two strains suggests that transgenic plants have at
least two copies of 355-4AVPI chimera.

Protein Isolation and Western Analysis. Homogenates of plant shoots
were prepared in a homogenization buffer {50 mM Hepes-
1,3-bis[tris(hydroxymethyl)methylamino|propane, pH 7.4 /250 mM
D-sorbitol/6 mM EGTA/1 mM DTT/0.2% (wt/wt) BSA/1 mM
PMSF/1 pg/ml leupeptide/5 ug/ml pepstatin} as described in ref.
15. These homogenates were centrifuged sequentially for 15 and 30
min at 10,000 and 18,000 rpm, respectively. The 18,000-rpm mem-
brane pellet was resuspended in a resuspension buffer {25 mM
Hepes-1,3-bis[tris(hydroxymethyl)methylamino]propane, pH 7.4/
250 mM D-sorbitol; 1 mM DTT/1 mM PMSF/1 ug/ml leupeptide/
S pg/ml pepstatin} as described in ref. 15. Protein (10 ug) separated
by 10% SDS/PAGE was immunoblotted with antibodies raised
against a keyhole limpet hemocyanin-conjugated peptide corre-
sponding to the putative hydrophilic loop IV of the AVP1 protein
(11). The AVP1 protein was detected by chemiluminescence by
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Fig. 1. AVPT overexpression increases salt tolerance. (A) Western blot of
membrane fractions from wild-type and transgenic plants. Protein (10 ng)
from total membrane fractions isolated from shoots of four wild-type and
four plants of each of the transgenic lines (AVP1-1 and AVP1-2) was separated
by 10% SDS/PAGE. Four SDS/PAGE gels were transferred and immunoblotted
with antibodies raised against a keyhole limpet hemocyanin-conjugated
AVP1 peptide (see Materials and Methods). AVP1 protein was detected by
chemiluminescence. The photograph corresponds to one of four immuno-
blots. WT, wild type. (B) Immunocytochemical localization of AVP1 protein in
wild-type, AVP1-1, and AVP1-2 transgenic plants. Sections of rosette leaves
were probed with the AVP1 antibody. Antibody binding was detected with
NBT/BCIP as substrate (see Materials and Methods). (Bars, 200 um.) (C) Salt
treatment of wild type and two AVPT-overexpressing transgenic lines. Plants
were grown on soil in a 16-h light/8-h dark cycle and treated as described in
Materials and Methods. The photograph shows plants at the 10th day after
treatment with 250 mM NaCl (see Materials and Methods).

using the ECL system from Amersham Pharmacia. Protein content
was determined by Bio-Rad assay. Quantification of the intensity of
AVP1 in the Western blots was performed by using Bio-Rad
Quantity One quantitation software.

Immunolocalization. Rosette leaves were fixed with 4% formal-
dehyde and embedded with paraplast (Sigma). Seven-
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Fig. 2. Na* (A) and K* (B) content from rosette leaves of wild-type and
transgenic plants. White bars correspond to wild-type Na* and K* values
calculated as a percentage of total dry weight (DW), and black and gray bars
correspond to transgenic plants AVP1-1 and AVP1-2, respectively. Values are
means =+ SD (n = 10). (C) Inorganic pyrophosphate-dependent 4>Ca2* uptake
in vacuolar membrane vesicles. Six wild-type (black circles) and six transgenic
plants from line AVP1-2 (black squares) were grown hydroponically for 9
weeks in a 16-h light/8-h dark cycle at 21°C. Root tissue vacuolar membrane
vesicles were isolated and assayed as described in Materials and Methods.
Then, 200-ul aliquots were filtered at the indicated times and washed with
cold buffer as described (17); 5 ug/ml A23187 was added to dissipate the Ca2*
gradient as indicated by the arrow.

micrometer-thick sections were cut with a microtome (Leica,
Northvale, NJ). Immunolocalization was performed as reported
(26). Antibodies raised against a keyhole limpet hemocyanin-
conjugated peptide corresponding to the putative hydrophilic

PNAS | September 25,2001 | vol.98 | no.20 | 11445

GENETICS



WT

Fig. 3.

AVP1-1

AVP1-2

Wild-type and AVPT transgenic plants deprived of water. Eight wild-type plants and eight of each of the two AVP1-overexpressing transgenic lines

(AVP1-1 and AVP1-2) were grown on soil in a 16-h light/8-h dark cycle at 21°C. Plants were watered with a diluted nutrient solution (1/8 MS Murashige & Skoog
salt mixture) every 4 days for 4 weeks. At week 5, the plants were watered and then transferred to a 24°C growth chamber with no further addition of water.
The photograph corresponds to plants at day 10 of water-deficit stress (A) and the same plants 24 h after rewatering (B). WT, wild type.

loop IV of the AVP1 protein (11) were used in a 1:250 dilution.
An alkaline phosphatase-conjugated goat anti-rabbit IgG (Pro-
mega) was used at a 1:1000 dilution. To detect the alkaline
phosphatase activity, a solution with NBT (nitro blue tetrazo-
lium chloride) and BCIP (5-bromo-4-chloro-3-indolyl phos-
phate, toluidine salt; Roche Molecular Biochemicals) was used
as a substrate.

NaCl Stress Treatment and Na* and K+ Content Determination. Plants
were grown on soil in a 16-h light/8-h dark cycle at 21°C and
flooded for 4 h every 4 days with a nutrient solution (1/8 MS
Murashige & Skoog salt mixture, GIBCO/BRL) for 4 weeks.
Beginning at week 5 postgermination, the nutrient solution was
supplemented with NaCl, incrementally increasing with each
successive watering from 50 through 100, 150, and 200 to a final
concentration of 250 mM NaCl. Leaves from the rosette were
excised carefully to determine their Na* and K* content. After
48 h at 75°C, the dry weight was measured. The Na* and the K*
contents were extracted with 1 N HCI solution at 60°C for 1 h.
The supernatants were analyzed by atomic absorption.

45Ca2* Uptake Assays in Vacuolar Membrane Vesicles. Root tissue
vacuolar membrane vesicles prepared as described (15) were
added to a buffer {250 mM sorbitol/25 mM 1,3-bis[tris(hy-
droxymethyl)methylamino]propane-Hepes, pH 8.0/50 mM
KC1/1.5 mM MgSO,/10 uM “*Ca>*} and incubated at 20°C for
10 min before adding 200 uM inorganic pyrophosphate to
initiate uptake. Then 200-ul aliquots were filtered and washed
with cold buffer as described (16); 5 ug/ml A23187 was added
to dissipate the Ca®* gradient.

Quantification of Solute Potential. Leaves from fully watered plants
were excised and floated on deionized water overnight at 4°C.
The leaves were then frozen, thawed, and mechanically dis-
rupted. The resulting sap was analyzed in a vapor pressure
osmometer (5500 WESCOR). The readings (mmol/kg) were
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used to calculate the solute potential (W) expressed in MPa
(mega Pascales) with the formula W5 = — moles of solute (RK),
where R = .008314 and K = 295° (17).

Relative Water Content and Soil Gravimetric Water Content Measure-
ments. Leaves from the rosette were excised, and their fresh
weight was scored immediately. After floating them in deionized
water at 4°C overnight, their rehydrated weight was determined.
Finally, they were dried in an oven at 70°C overnight and
weighed. The relative water content was calculated as indicated:
RWC = (fresh weight — dry weight)/(rehydrated weight — dry
weight). The soil water content of the pots with the plants was
measured at the beginning and end of the experiment. Then the
pots were dried in an oven at 70°C overnight and weighed. The
soil gravimetric water content was calculated by dividing soil
water content by soil dry weight.

Stomatal Aperture Assays. Stomatal aperture changes were mea-
sured as described previously (18). To open the stomata, intact
leaves were floated for 2.5 h in the light (125 pmol'm~2s~!) on
3 ml of a buffer composed of 5 mM KCI/10 mM Mes-Tris, pH
6.15, for measuring Ca”*-induced closure and 5 mM KC1/50 uM
CaCl,/10 mM Mes-Tris, pH 6.15, for measuring abscisic acid
(ABA)-induced closure. After this opening period, ABA or
CaCl, was added to give the appropriate final concentrations (0,
0.1, 1, 10, and 100 uM ABA and 0, 0.01, 0.1, 1, and 10 mM
CaCl,). After a further 3 h, the leaves were blended briefly (15
sec) in the same buffer used to open the stomata. Epidermal
fragments were collected in a 30-um nylon mesh and transferred
rapidly to a microscope slide, and aperture ratios (pore width/
length) were measured as described previously (18).

Results

AVP1 Transgenic Plants with Increased Levels of AVP1 Are Salt-
Tolerant. Two transgenic lines of A. thaliana were analyzed,
AVPI-1 and AVPI-2. Each line contains extra copies of the
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Fig. 4. Solute potential and water retention in wild-type and transgenic
plants. (A) Solute potential of fully hydrated leaves from fully watered wild-
type (WT) and two AVPT-overexpressing lines (AVP1-1and AVP1-2). Values are
means * SD (n = 16). White bars depict wild-type solute potential values, and
black and gray bars represent lines AVP1-1 and AVP1-2, respectively. (B)
Relative water content of wild-type and AVPT transgenic plants under a
water-deficit stress. Eight wild-type plants and eight of each AVP1 transgenic
line were grown and stressed as described (Fig. 3). The RWC of wild-type (open
circles) and transgenic plants AVP1-1 (open squares) and AVP1-2 (solid trian-
gles) was determined every 2 days. One fully expanded leaf per plant (four
plants of each group every 2 days) was removed from the rosette for analysis.
Values are means + SD (n = 4 for each). (Inset) Soil gravimetric water content
(SGWC) was determined at the beginning and end of the experiment. Initial
values were of 3.88 (SD = 0.05), 4.03 (SD = 0.12), and 4 (SD = 0.1) for wild-type
and the transgenic lines AVP1-1 and AVP1-2, respectively. The values at day 8
were of 0.23 (SD = .15), 0.35(SD = .16), and 0.41 (SD = .09) for wild-type and
the transgenic lines AVP1-1 and AVP1-2, respectively. Values are means = SD
(n = 8). White bars depict wild-type soil values, and black and gray bars
represent lines AVP1-1 and AVP1-2, respectively.

35S8-AVPI gene inserted at a single chromosomal location.
Analysis of AVP1 protein levels in membrane fractions isolated
from shoots shows that these transgenic plants express more
AVP1 protein than does the wild type (AVPI-1, 1.6-fold and
AVPI-2,2.4-fold increase over wild type, P = 0.0005; Fig. 14) as
determined from four independent Western blots (see Materials
and Methods). The differences between these transgenic plants
could be caused by the number of copies of AVPI inserted into
the genome or the sites of insertion (Materials and Methods).
Further evidence consistent with the overexpression of the
AVP1 protein in these transgenic plants comes from immuno-
cytochemical localization experiments. In both transgenic lines
the mesophyll cells of the rosette leaves show higher levels of
AVP1 expression than in wild type (Fig. 1B). The transgenic

Gaxiola et al.

plants overexpressing AVP1 are more salt tolerant than wild-
type plants (Fig. 1C). Plants from both AVPI-1 and AVPI-2
transgenic lines grow well in the presence of up to 250 mM NaCl,
whereas wild-type plants grow poorly and exhibit chlorosis. After
10 days in these conditions wild-type plants die, whereas the
transgenic plants continue to grow well.

AVP1 Transgenic Plants Retain More Cations than Wild Type. One
explanation for the increased salt tolerance is that the increase
in AVPI increases the concentration and sequestration of cat-
ions into the vacuole of these transgenic plants. We analyzed the
Na* and K* content from rosette leaves of wild-type and
transgenic plants grown in the presence of 100 mM NaCl, a
concentration with which wild-type plants are still healthy, and
their physiological response to salt is presumably intact (19). The
Na™ content was 20 and 40% higher in transgenic lines AVPI-1
and AVPI-2 than in wild-type plants, respectively (Fig. 24).
Furthermore, the K* content was also higher than in wild type:
39 and 26% in transgenic lines AVP1-1 and AVPI-2, respectively
(Fig. 2B).

The increase in cation concentration is consistent with the
hypothesis that transgenic plants overexpressing AVP1 have an
enhanced H*-pumping capability at their tonoplast, leading to
increased vacuolar solute accumulation by H* co- and counter-
transporters. We tested this hypothesis by measuring “Ca?*
uptake into wild-type and transgenic vacuolar membrane vesi-
cles. Ca?* enters the plant vacuole via the Ca®>*/H™ antiporters
CAX1 and CAX2 (17, 20, 21). Pyrophosphate-driven “Ca?*
uptake into vacuolar membrane vesicles from line AVPI-2
transgenic plants is 36% higher than into wild-type vesicles (Fig.
2C). Application of the Ca?>" ionophore A23187 reduced the
45Ca?* content of the vesicles to background levels, demonstrat-
ing vesicular integrity (Fig. 2C) (16). These data suggest that the
increase in AVP1 results in greater accumulation of cations in
the vacuole, which could be responsible for the increase in salt
tolerance.

Transgenic Plants Are Drought-Tolerant. Wild-type and AVPI trans-
genic plants were tested for drought tolerance by growing the
plants under conditions of water deprivation. Plants were grown
for 4 weeks under a fully watered regimen at 21°C (standard
culture conditions) and then transferred into a chamber with a
3°C warmer temperature and no further addition of water. After
10 days of water deprivation (Fig. 34), plants from each group
were rewatered (Fig. 3B). Deprivation of water for this time was
lethal to wild-type plants, but plants from both transgenic lines,
AVPI-1 and AVPI-2, survived, continued normal growth, bolted,
and set viable seeds.

AVP1 Transgenic Plants Retain More Solutes and Water than Wild
Type. The phenotypes of the transgenic plants suggest that higher
levels of AVP1 result in greater solute accumulation and water
retention than wild type. The solute potential (W, refers to the
concentration of osmotically active particles dissolved in water,
conventionally defined as osmotic pressure) from leaves of
wild-type and transgenic plants overexpressing AVP1 was de-
termined (Materials and Methods, Fig. 44). Values of ¥ for
wild-type plants were less negative (—0.73 MPa, SD = .02) than
the values for transgenic lines AVPI-1 (—0.76 MPa, SD = .01)
and AVPI-2 (—0.88 MPa, SD = .05) with P = 7.5E-08.
Transgenic plants also show a significant difference from wild
type after water deprivation in their RWC (a parameter to assess
water status in the plant. When water uptake by roots matches
water loss by transpiration at the leaves, the RWCis ~0.9). After
6 days of water-deficit stress, the RWC of wild-type plants
decreased more than 50% to a value of 0.44, whereas the RWC
of plants from AVPI-1 decreased only 30% to 0.63, and that of
plants from transgenic line AVPI-2 remained unchanged (Fig.
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4B). At day 8 the RWC values of wild-type plants dropped
further to 0.38, whereas the RWC values of plants from line
AVPI-1 stabilized at 0.6. Only at day 8 did the RWC of plants
from line AVPI-2 start to decrease (0.76). During this time, the
decrease in the soil gravimetric water content (a parameter to
assess the amount of water in the soil) did not differ among the
groups (Fig. 4B Inset).

One explanation for the association of increased drought
tolerance with greater expression of AVP1 is that these plants
have reduced stomatal openings and thereby exhibit a reduction
in water loss by transpiration. Reduced H* pumping and there-
fore endomembrane energization has been reported to hinder
the generation of cytoplasmic Ca?* oscillations in guard cells and
subsequent stomatal closure (18). To examine this possibility we
measured ABA- and extracellular Ca?*-induced stomatal clo-
sure and found that there was no difference between the
transgenic AVPI lines and wild-type plants (Fig. 5). For this
reason we conclude that differential ion retention and not
stomatal closure is the basis for the AVPI phenotypes.

Discussion

Overexpression of the vacuolar H*-pyrophosphatase AVP1 in
transgenic Arabidopsis plants results in drought and salt toler-
ance. We ascribe these properties to the increased accumulation
of solutes. This conclusion is supported by our measurements on
ion accumulation; the transgenic plants accumulate more Na*
and K* in their leaf tissue (Fig. 24). The increased accumulation
of sodium is likely to be a consequence of the activity of the
vacuolar Na*/H™* (sodium/proton) antiporter, AtNHX1 or its
homologues (12, 22), in the presence of increased proton supply.
This compartmentation may prevent Na™ toxicity and facilitate
cellular K* uptake (Fig. 2B) (23). The elevated potassium could
result also from the increased concentration of the AVPI1
protein, which has itself been proposed to function as a H* /K*
symporter with a coupling ratio of 1.3 H* /1.7 K*/1 inorganic
pyrophosphate (9). Direct measurements of transport by using
vacuolar membrane vesicles derived from the AVPI transgenic
demonstrate that vacuoles from these plants have enhanced
cation uptake capability (Fig. 2C).

The net increase in the concentration of solutes in the cell
must lead to an increase in the uptake of water such that these
transgenic plants can maintain turgor (1, 3). Consistent with this
idea is our finding of a decreased solute potential in leaves of
transgenic plants measured at a constant water content (Fig.
4A4). We conclude that the increased solute accumulation as a
consequence of AVP1 overexpression results in a concomitant
increase in retention of water (Figs. 1 and 3). This conclusion is
compatible with the finding that wheat deprived of water is
rendered more tolerant to drought by an increase in cell K*
content (from 100 to 300 mM; ref. 24).

The enhanced tolerance to salinity and drought in transgenic
plants with increased levels of AVP1 is explained most easily by an
enhanced uptake of ions into the vacuole. Presumably, the greater
AVP1 activity provides increased H* to drive the secondary active
uptake of cations into the lumen of the vacuole (Fig. 2C). If so, there
must be a compensatory transport of anions to maintain electro-
neutrality (25). The resulting elevated vacuolar solute content
would confer greater water retention, permitting plants to survive
under conditions of low soil water potentials. Furthermore, at high
Na* concentrations, the increased H* gradient could also enhance
the driving force for AtNHXI1-mediated Na*/H* exchange,
thereby contributing to the Na™* sequestration into the vacuole of
AVPI transgenic plants. Presumably, any toxic effects intrinsic to
Na* are mitigated by this sequestration in the vacuole. This scenario
predicts that a transgenic plant engineered to overexpress both the
AVP1 H" pump and AtNHX1 Na*/H™" antiporter (12, 22) would
tolerate even higher NaCl stresses than AVPI and AtNHX1 single
transgenic plants. Our results suggest that the genetic manipulation
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Fig. 5. ABA- and extracellular Ca2*-induced stomatal closure. Assays were
performed as described in Materials and Methods. Each point is the mean of
60 stomata measured in three separate replicates. Error bars represent = SEM
relative to n = 3 replicates comprising 20 stomata/replicate. Filled squares
correspond to wild type, and open and closed circles correspond to lines
AVP1-1 and AVPI1-2, respectively.

of vacuolar proton-pumping pyrophosphatases in economically
important crops could provide an important avenue for crop
improvement.
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