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The plasma membrane proton pump ATPase (H1-ATPase) plays a major role in the activation of ion and nutrient transport and
has been suggested to be involved in several physiological processes, such as cell expansion and salt tolerance. Its activity is
regulated by a C-terminal autoinhibitory domain that can be displaced by phosphorylation and the binding of regulatory 14-3-3
proteins, resulting in an activated enzyme. To better understand the physiological consequence of this activation, we have
analyzed transgenic tobacco (Nicotiana tabacum) plants expressing either wild-type plasma membrane H1-ATPase4 (wtPMA4)
or a PMA4 mutant lacking the autoinhibitory domain (DPMA4), generating a constitutively activated enzyme. Plants showing
4-fold higher expression of wtPMA4 than untransformed plants did not display any unusual phenotype and their leaf and root
external acidification rates were not modified, while their in vitro H1-ATPase activity was markedly increased. This indicates
that, in vivo, H1-ATPase overexpression is compensated by down-regulation of H1-ATPase activity. In contrast, plants
that expressed DPMA4 were characterized by a lower apoplastic and external root pH, abnormal leaf inclination, and twisted
stems, suggesting alterations in cell expansion. This was confirmed by in vitro leaf extension and curling assays. These data
therefore strongly support a direct role of H1-ATPase in plant development. The DPMA4 plants also displayed increased salt
tolerance during germination and seedling growth, supporting the hypothesis that H1-ATPase is involved in salt tolerance.

The H1-ATPase transports protons out of the cell
across the plasma membrane, thus establishing the
proton electrochemical gradient that contributes to the
maintenance of the intracellular and extracellular pHs
and drives secondary transport of ions and metabo-
lites. As solute transport is directly related to osmotic
water movement, the H1-ATPase is also a key player
in turgor regulation and thus regulates the cell size,
e.g. during stomatal aperture (for review, see Sussman,
1994; Morsomme and Boutry, 2000; Palmgren, 2001;
Lefebvre et al., 2003). The H1-ATPase has also been
proposed to play a direct role in the regulation of
growth and development. It is regulated at both the

transcriptional and posttranslational levels by auxin,
a major growth hormone, and so has been proposed
to be a key player in cell elongation. According to
the acid growth theory, upon activation by auxin, the
H1-ATPase acidifies the apoplasm and thus activates
enzymes involved in cell wall loosening (for review,
see Rayle and Cleland, 1992; Hager, 2003). The trans-
ducing pathway leading from auxin to H1-ATPase
activation is unknown. The H1-ATPase might be in-
volved in another way, as acidification of the extracel-
lular space is expected to facilitate transport of the
protonated form of auxin into the cell and so further
stimulate the cell response (Leyser, 2005). However,
whether the effect of auxin on cell elongation actually
requires cell wall acidification by H1-ATPase is still a
matter of controversy (Grebe, 2005, 2006; Kutschera,
2006).

Plant H1-ATPases are encoded by a multigene fam-
ily organized into five subfamilies (Arango et al., 2003;
Baxter et al., 2003). The expression of several members
in various species has been examined and shown to
have different cell or tissue specificities, sometimes
with important overlap. For example, the plasma
membrane H1-ATPase genes NpPMA2 and NpPMA4
from Nicotiana plumbaginifolia are both highly ex-
pressed in several cell types from various plant organs
and both are presumably involved in various trans-
port functions, such as in root hairs and epidermal
cells, phloem companion cells, and guard cells
(Moriau et al., 1999). The simultaneous expression of
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these two isoforms, which belong to two different
subfamilies, raised the possibility of different kinetics
or regulatory properties. This was addressed by heter-
ologous expression of these isoforms and Arabidopsis
(Arabidopsis thaliana) H1-ATPase isoforms in yeast
(Saccharomyces cerevisiae). Expression of three Arabi-
dopsis H1-ATPase isoforms (AHA1, 2, and 3) showed
that they had different kinetic parameters, such as
Km, Vmax, and optimal pH (Palmgren and Christensen,
1993). Expression of N. plumbaginifolia PMA2 and
PMA4 allowed replacement of the yeast H1-ATPases,
but conferred different growth properties, PMA2 al-
lowing yeast growth at external pHs above 5.5, but
PMA4 allowing growth down to pH 4.0. These func-
tional differences were linked to a different proton
pumping capability (Luo et al., 1999).

Although the H1-ATPase has been suggested to
be involved in various and sometimes complex phys-
iological processes, genetic evidence is still limited. In
Arabidopsis, Young et al. (1998) analyzed transgenic
plants expressing AHA3 with an altered C terminus.
When grown in vitro, the Arabidopsis transformants
were more resistant to acid medium, suggesting a role
for this plasma membrane H1-ATPase in cytoplasmic
pH homeostasis. However, no effect was reported for
plants grown under normal conditions. Plants homo-
zygous for AHA4 disruption showed a dramatic re-
duction in rosette growth when grown under salt
stress conditions and this correlated with a 4- to 5-fold
increase in the Na to K ratio in leaf tissues (Vitart et al.,
2001). Gene disruption of AHA10 resulted in seed
coats with a transparent testa, a marked reduction in
proanthocyanidin levels, and fragmentation of the
vacuole in seed coat endothelial cells, suggesting a
role of this plasma membrane H1-ATPase in endo-
membrane biogenesis (Baxter et al., 2005). We previ-
ously showed that preventing N. plumbaginifolia PMA4
expression (by cosuppression) had pleiotropic effects
on plant growth and development: Sugar transport
from the mature leaves was reduced and development
retarded, the flowers were male sterile, and guard cells
were affected, with a reduced stomatal aperture (Zhao
et al., 2000). These results demonstrated that PMA4 is
actively involved in several physiological traits that
rely on transport activity.

Enzymatic regulation of H1-ATPase has been well
documented following the identification of an auto-
inhibitory domain in its C-terminal region that keeps
enzyme activity at a low level (Palmgren et al., 1991).
The H1-ATPase can be stimulated by displacement of
the autoinhibitory domain upon phosphorylation of
the penultimate residue, a Thr, and the subsequent
binding of 14-3-3 regulatory proteins (Fuglsang et al.,
1999; Svennelid et al., 1999; Camoni et al., 2000;
Maudoux et al., 2000). It was recently shown that
this activation results in the formation of a complex of
six H1-ATPases and six 14-3-3 proteins (Kanczewska
et al., 2005; Ottmann et al., 2007). However, there is
little information on how this regulatory system oper-
ates during plant growth and development. A notable

exception is the formation of the H1-ATPase/14-3-3
complex in guard cells upon blue light activation
(Kinoshita and Shimazaki 1999, 2002); this complex
can also be seen in the plant upon addition of fusicoc-
cin, a fungal toxin, that irreversibly prevents dissoci-
ation of the H1-ATPase/14-3-3 complex (Baunsgaard
et al., 1998; Fullone et al., 1998; Olsson et al., 1998;
Piotrowsky et al., 1998; Oecking and Hagemann, 1999;
Kanczewska et al., 2005). The crystal structure of the
complex of a plant 14-3-3 protein and the last 52 amino
acid residues of PMA2 revealed a previously uniden-
tified mode of interaction in which a 14-3-3 dimer simul-
taneously binds two H1-ATPase C termini (Ottmann
et al., 2007).

In spite of these various genetic and biochemical
data, a role of H1-ATPase in plant cell expansion and
organ development has not yet been directly demon-
strated. Here, we report the analysis of tobacco (Nico-
tiana tabacum) plants that ectopically expressed either
wild-type NpPMA4 (wtPMA4) or NpPMA4 lacking
the last 103 residues (DPMA4), corresponding to the
C-terminal autoinhibitory region. We provide evi-
dence that, in contrast to wtPMA4 overexpression,
which did not induce any phenotypic modification,
expression of the constitutively activated DPMA4
resulted in greater in vivo proton pumping activity,
increased salt tolerance, and altered plant develop-
ment, possibly related to cell expansion.

RESULTS

DPMA4 Has Higher Activity and Sustains Yeast Growth
Better Than Wild-Type wtPMA4

We previously produced transgenic tobacco plants
expressing two different PMA4 constructs, one con-
sisting of the full-length N. plumbaginifolia PMA4
(wtPMA4) and the other PMA4 lacking the last 103
C-terminal codons (DPMA4; Zhao et al., 2000). The
latter construct was expected to code for a constitu-
tively activated enzyme and was used because we
thought that overexpression of an activated isoform
might result in a stronger effect on the plant. Both were
placed under the control of the PMA4 transcription
promoter reinforced by the enhancer from the cauli-
flower mosaic virus 35S promoter (Zhao et al., 1999).
Before characterizing these plants, we used heterolo-
gous expression in yeast to determine whether the
truncated PMA4 had a higher ATPase activity as
expected. The wild-type and truncated PMA4 cDNAs
were placed under the control of the strong constitu-
tive transcriptional promoter of PMA1, the major yeast
H1-ATPase gene, and were introduced into the yeast
strain YAK2, deleted of its own two H1-ATPase genes
(de Kerchove d’Exaerde et al., 1995). N. plumbaginifolia
wtPMA4 and DPMA4 were able to sustain the growth
of these yeast cells lacking their own H1-ATPases.
However, DPMA4 allowed faster growth than PMA4
(Fig. 1A). The specific ATPase activity, determined on
a purified plasma membrane fraction, was 1.9-fold
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higher in DPMA4-expressing cells than in wtPMA4-
expressing cells (Fig. 1B). Because the amounts of the
two enzymes in the plasma membrane fraction deter-
mined by western blotting were not significantly
different (data not shown), we conclude that the
molecular activity of DPMA4 was clearly increased.

Identification of wtPMA4-Overexpressing or

DPMA4-Expressing Transgenic Tobacco Plants

Several transgenic tobacco plants expressing
wtPMA4 or DPMA4 had been obtained, but not char-
acterized at the physiological level (Zhao et al., 2000).
They were brought to the next generation and the
expression of wtPMA4 or DPMA4 was confirmed for
most of them (data not shown). While wtPMA4 plants
did not show any abnormal phenotype, several
DPMA4 plants showed abnormal inclination of leaves
and twisted stems (examples will be shown below).
Five lines (wtPMA4 28 and 29, DPMA4 41, 51, and 72)
were chosen randomly and brought to the third and
fourth generation for detailed characterization. All
data reported here were obtained with third or fourth
generation plants and were observed for all lines
retained for each construct.

PMA4 and DPMA4 levels in leaf and root micro-
somal fractions were compared to those in untrans-
formed plants by western blotting using anti-PMA4
antibodies. The wtPMA4 plants showed a 3- to 4-fold
increase in PMA4 levels in leaf (Fig. 2, A and C) and
root tissues (Fig. 2, B and D). In the DPMA4 plants, the
truncated form (white columns) was present at a level
close to that of the endogenous PMA4 (black columns),
which, however, was present at only about half the
levels seen in an untransformed plant. PMA2, the
other major H1-ATPase isoform in N. plumbaginifolia
(Arango et al., 2003), was present at a similar level in
transgenic and control plants, showing that ectopic

Figure 1. Growth and ATPase activity of yeast cells expressing wild-
type or truncated N. plumbaginifolia H1-ATPase PMA4. A, Growth of
yeast strain YAK2 transformed with the wild-type PMA4 gene (wtPMA4)
or the truncated PMA4 gene (DPMA4). Serial 2-fold dilutions were
spotted on a plate at pH 4.0. B, Specific activity of plasma membrane
H1-ATPase from YAK2 transformed with the complete PMA4 gene
(wtPMA4) or truncated PMA4 gene (DPMA4).

Figure 2. PMA4 protein levels in
transgenic and untransformed to-
bacco plants. Microsomal proteins
(15 mg) from the leaves (A and C)
and roots (B and D) of wtPMA4
(lines 28 and 29), DPMA4 (lines
41 and 72), or untransformed (wild
type) plants were separated on 10%
SDS-PAGE, blotted, and subjected
to immunodetection with anti-
PMA4 or anti-PMA2 antibodies
and I125 conjugated protein A for
quantification. A and B, Phosphor-
image of a representative immuno-
blot performed as described above.
C and D, Graphical representation
of the phosphorimager counts cor-
responding, respectively, to A and
B, expressed as a percentage of that
for the untransformed plant. The
white and black bars for DPMA4
indicate, respectively, DPMA4 and
endogenous PMA4. Error bars indi-
cate the SEM.
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expression of wtPMA4 or DPMA4 had no effect on
PMA2 expression.

We then examined whether the lower expression of
DPMA4 compared to wtPMA4 was also observed at
the transcription level. We performed a semiquantita-
tive reverse transcriptase (RT)-PCR experiment on
RNA extracted from matures leaves of a wtPMA4
and a DPMA4 line to determine the PMA4 expression
level. The fragment amplified was common for the
endogenous PMA4, wtPMA4, and DPMA4, to follow
the total transcript level and encompassed an exon-
intron junction to rule out nuclear DNA amplification.
The data were normalized to the RNA level of an in-
ternal control (the ATP2.1 gene encoding the b-subunit
of mitochondrial ATP synthase). In wtPMA4 plants,
PMA4 transcript levels were 4.5-fold higher that in
untransformed plants, while, in DPMA4 plants, PMA4
transcript levels were 2.1-fold higher than in untrans-
formed plants (Fig. 3B). This lower increase for DPMA4
compared to wtPMA4 is in agreement with the ob-
served lower protein expression although the differ-
ence was larger in the latter case, suggesting a different
posttranscriptional fate.

Measurement of the External pH

To estimate H1-ATPase activity in vivo, we moni-
tored the time course of changes in the external pH of
leaf discs incubated in medium (Amborabé et al.,
2001). The initial pH was similar for untransformed
(wild type) and wtPMA4 leaf discs, but lower for
DPMA4 discs (Fig. 4), suggesting that the apoplastic
pH of the latter was lower. The pH decreased slightly
faster for wtPMA4 than for wild-type leaf discs, but
fell more rapidly with leaf discs from DPMA4 plants
(acidification rate increased by 80%).

Most of this external acidification depended on
H1-ATPase activity, since it was abolished by eryth-
rosin B, an H1-ATPase inhibitor (data not shown).

We then determined whether the lower starting pH
and higher acidification activity seen with DPMA4
plant leaf discs correlated with a lower apoplastic pH.
We measured the leaf apoplastic pH using an infiltra-
tion technique (Husted and Schjoerring, 1995; Table I).
The apoplastic pH of wild-type and wtPMA4 plants
was not significantly different (5.79 and 5.74, respec-
tively). These values were very similar to those found
by López-Millán et al. (2000). However, the apoplastic
pH of DPMA4 leaves was significantly lower at pH
5.35, whereas the apoplastic air and water volumes
were unchanged (Table I). We therefore conclude that
the higher acidification rate observed in DPMA4 leaf
discs results in a lower apoplastic pH.

Root External Acidification

The pH changes induced by plant roots are mainly
caused by H1-ATPase-catalyzed proton release com-
bined with, among other things, nutrient uptake in the
form of cations (e.g. NH4

1) or the release of HCO3
2,

organic acid anions, and other ions (Hinsinger et al.,
2003). To monitor the root external pH, the root sys-
tems from plants grown in hydroponic conditions
were trapped within a thin (1.5 mm) agar film con-
taining the pH-sensitive dye, bromocresol purple.
After 1 h, the dye changed color from purple (alkaline
environment) to yellow (acidic environment) around
the roots of DPMA4 plants, but a much smaller change
was seen for the roots of the wild-type and wtPMA4
plants (Fig. 5). We therefore conclude that DPMA4 ex-
pression results in a lowering of the root external pH.

In Vitro Plasma Membrane H1-ATPase Activity

To compare the in vitro ATPase activity of the
wtPMA4 and DPMA4 plants, ATPase-specific activity
was determined on a purified leaf plasma membrane

Figure 3. RT-PCR analysis of PMA4 mRNA from transgenic and un-
transformed plants. A, Typical ethidium bromide-stained gel of RT-PCR
assays, performed with single-strand cDNA synthesized from RNA
extracted from mature leaves of wtPMA4 (line 28), DPMA4 (line 41),
and untransformed (wild type) plants. Two pairs of PCR primers were
used, one for the PMA4 gene and the other for the internal control gene
ATP2.1. PCR products are expected at 1,185 (PMA4) and 652 bp
(ATP2.1). The PCR products were electrophoresed on an agarose gel
after 24 (lanes 1), 26 (lane 2), 28 (lane 3), or 30 (lane 4) reaction cycles.
M indicates the lane containing a SmartLadder marker (Eurogentec). B,
Graphical representation of RT-PCR analysis showing PMA4 mRNA
levels compared to those in control plants. Bands were quantified with
a PhosphorImager. The PMA4/ATP2.1 (internal control) ratio is ex-
pressed relative to that for the untransformed plant (wild type). Data
represent the mean 6 SEM for three independent experiments.
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fraction. In contrast to the in vivo data, the wtPMA4
plants showed a 2.3-fold higher activity than the un-
transformed wild-type and DPMA4 plants (Fig. 6A).

H1-ATPase proton pumping activity was estimated
by measuring the rate of ATP-dependent quenching of
the fluorescence of 9-amino-6-chloro-2-methoxyacridine
(ACMA), a well-known pH probe. As shown in Figure
6B, vanadate-sensitive proton pumping activity was
more than 3-fold higher in wtPMA4 plants than in
wild-type plants. These ATPase and proton pumping
data therefore contrast with those observed in vivo

and possibly result from release of inhibition during
subcellular fractionation (see ‘‘Discussion’’).

Alteration of Plant Development in DPMA4

Transgenic Plants

Analysis of transgenic plants over four generations
showed that, in contrast to the untransformed and
wtPMA4 plants, DPMA4 plants displayed several
developmental abnormalities. Soon after transfer to
soil, young DPMA4, but not wtPMA4, plants usually
showed abnormal inclination of developing leaves,
some of which had temporary their lower surface
facing upwards (Fig. 7, A and B). After a few weeks,
the emerging stem did not grow straight but bent and
some leaves were bumpy and twisted (Fig. 7B). At a
later stage, the plants had a more normal leaf archi-
tecture, but the stems remained twisted due to an
increased internode curvature (Fig. 7C). These data
indicate that the activated PMA4 interferes with de-
velopmental processes. This phenotype might reflect a
deregulated cell expansion and is in agreement with
the role of H1-ATPase in cell expansion proposed by
the acid growth theory (Hager, 2003). We therefore
determined whether the DPMA4 leaf had a higher
capacity for cell expansion. When expansion of leaf
discs was measured after 24 h incubation in medium,
it was twice as high for DPMA4 plants than for
wtPMA4 or untransformed plants (Fig. 8A). Another
phenotype sometimes associated with cell expansion
is leaf strip curvature or epinasty (Keller and Van
Volkenburgh, 1997). When leaf strips were incubated
for 24 h in medium and their curvature measured, it
was more than 2-fold higher in DPMA4 leaf strips than
in untransformed plants (Fig. 8B), indicating a pro-
pensity of this material to expansion in an asymmet-
rical way, the adaxial face growing faster than the
abaxial face.

At the flowering stage, DPMA4 flowers were char-
acterized by pale and joined petals (Fig. 7D). Antho-
cyanin content was reduced by up to 60% (data not
shown). The pollen yield was generally severely re-
duced (Fig. 7D) and this pollen had a reduced viability
according to the Alexander’s staining: 46.6% 6 12.5%
(line 72) or 54.8% 6 4.9% (line 41) stained pollen for
DPMA4 compared to 86.7% 6 4.8% for the untrans-
formed (n 5 11 flowers 3 200 pollen grains).

Figure 4. Time course of pH variation in the bathing medium of leaf
discs. A, The lower epidermis of leaf discs of wtPMA4 (line 28), DPMA4
(line 41), and untransformed (wild type) plants was stripped off and the
discs floated on medium containing 250 mM mannitol, 0.5 mM CaCl2,
and 0.25 mM MgCl2, and the pH was recorded over time. B, Rate of
pH change. Values represent the means 6 SEM for two independent
experiments each performed as in A with lines 28 and 29 (wtPMA4) and
lines 41 and 72 (DPMA4).

Table I. Apoplastic pH, air, and water volume of control and transgenic tobacco leaves

Data are the means 6 SD of two separate experiments each with two wtPMA4 lines (28 and 29) and two
DPMA4 lines (41 and 72).

Line Apoplastic pH Apoplastic Air Volume Apoplastic Water Volume

mL g21 fresh weight21 mL g21 fresh weight21

wtPMA4 5.74 6 0.08 214 6 20 51 6 8
DPMA4 5.35 6 0.05a 203 6 28 49 6 12
Control 5.79 6 0.03 195 6 22 47 6 6

aSignificant difference (P , 0.05).
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Western-blotting analysis indicated that the DPMA4
expression was very high in the upper part of the
petals (corresponding to the anthocyanin-stained re-
gion) as well as in the anther tissues (Fig. 7F).

The yield of seed pods was generally reduced and
some plants did not give any mature seed pod (Fig.
7E). Flower abortion varied between 20% to 100%. As a
consequence, while the number of flowers was typi-
cally between 50 and 70 for wild-type plants, the
flowering period was extended for the DPMA4 plants
and the number of flowers increased generally above
100 and sometimes up to 200 per plant (data not
shown). Reciprocal crosses between DPMA4 and un-
transformed plants showed that the seed yield was
restored when DPMA4 plants were pollinated with
wild-type pollen. In contrast, pollination of wild-type
plants with DPMA4 pollen generally produced a very
low number of seeds. These results strongly indicate
that the function of the male, but not the female, organ
is compromised in DPMA4 plants.

In contrast to wtPMA4 plants, in the progeny of self-
pollinated DPMA4 plants when seed pods were ob-
tained, homozygous plants for the DPMA4 phenotype,
and the coexpressed kanamycin marker gene were
never obtained, indicating that homozygous DPMA4
plants are not viable, possibly due to the higher
DPMA4 expression. Furthermore, even when polli-
nated with wild-type pollen, the number of seeds that
germinated varied from pod to pod and could be less
than 20%, indicating that lethality could also affect
heterozygous seeds. All experiments involving DPMA4
plants, including those above, were therefore per-
formed on heterozygous plants selected on kanamycin.

Increased Salt Stress Resistance of DPMA4 Plants

Involvement of the proton pump in plant resistance
to salt stress has been suggested by the up-regulation
of H1-ATPase genes seen in the presence of salts (for
review, see Morsomme and Boutry, 2000; Palmgren,
2001). However, direct evidence is still lacking. To in-
vestigate this, we sowed seeds from DPMA4, wtPMA4,
and untransformed plants in standard Murashige and
Skoog medium with or without NaCl supplementa-
tion. We mentioned before that no homozygous DPMA4
seeds could be obtained. The tests were therefore

Figure 5. Visualization of the external pH along the roots of wtPMA4
(line 29), DPMA4 (lines 72 and 41), and untransformed (wild type)
plants. Plants were grown in hydroponic conditions for 10 d, then
incubated for 1 h in an agarose gel film containing bromocresol pur-
ple. The yellow color corresponds to zones where the pH has been
acidified.

Figure 6. ATPase and proton transport activity of plasma membranes
from wtPMA4 (lines 28 and 29), DPMA4 (lines 41 and 72), and
untransformed (wild type) leaves. A, Vanadate-sensitive ATPase activity
determined by measuring Pi release colorimetrically. B, Initial rate of
H1 pumping of the H1-ATPase determined by the ACMA fluorescence
quenching technique.
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performed on plates supplemented with kanamycin;
the untransformed plants that germinated, but showed
sensitivity to kanamycin once the cotyledons devel-
oped, were eliminated from the calculations. On stan-
dard Murashige and Skoog medium, all the lines

germinated synchronously to a level close to 100% for
the wild type (Fig. 9A) and wtPMA4 plants (data not
shown). Under these conditions, the germination yield
of DPMA4 seeds was reduced to various extents
according to the seed lot, as mentioned before. In the

Figure 7. Morphological phenotypes of DPMA4 and untransformed (wild type) plants. A, Abnormal leaf bending. An
untransformed (wild type) plant and a DPMA4 plant (line 41) were transferred to soil. After 3 weeks, the same plants were
photographed at the indicated time. The wild-type plant shows normal development, while the DPMA4 plant displays
intermittently bended leaves. Below is an enlargement of the DPMA4 plant showing an upsidedown leaf. Images are
representative of several plants of lines 41 and 72. B, Twisted stem and leaves. The untransformed (wild type) plant grows straight
and its leaves display normal bending. The two DPMA4 plants (lines 41 and 72) have a twisted stem and abnormally bending
leaves. C, Twisted stem. The leaves were removed from the stems of mature plants to display their curvature. Stems from
untransformed (wild type) plants display a low and regular node bending. Stems from DPMA4 plants (lines 41 and 72) display
large and irregular bending. Bar 5 10 cm. D, The DPMA4 flower (line 72) is pale and the ends of the petals show no indentation.
The pollen yield is lower than for the wild-type plant. E, Pods are formed on the wild-type flower stem while DPMA4 flowers drop
off. F, Western-blotting analysis of a microsomal fraction (15 mg proteins) from the upper (colored) part of the petal (P) and from
anthers (A) of an untransformed plant (wild type) and a DPMA4 plant (line 72). Immunodetection was performed with anti-PMA4
or anti-PMA2 antibodies. Similar data (D–F) were obtained for line 41.
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presence of 200 mM NaCl, germination was delayed.
However, DPMA4 seeds germinated faster and with a
better yield than wild-type seeds (Fig. 9B). The better
salt resistance of DPMA4 plants was also shown by the
fact that, after germination, only plantlets from these
lines were able to develop green leaves in addition to
cotyledons in medium containing 150 mM NaCl (Fig. 9,
C–F).

Root growth in saline conditions was also examined.
To avoid any artifact due to the germination delay,
seeds were germinated synchronously in the absence
of salt, then transferred to Murashige and Skoog plates
with or without 200 mM NaCl. The untransformed
(Fig. 9G) and wtPMA4 (data not shown) plants were
able to grow in the presence of salt, indicating that the
accumulation of salt in germinating plantlets is crucial
and that avoiding salt stress during this early stage
might help the plants to cope with highly saline media.
Nevertheless, DPMA4 plant roots showed better growth
in saline conditions than those of untransformed plants
(Fig. 9H). Thus, expression of DPMA4 increased resis-
tance to salt stress compared to untransformed plants.

DISCUSSION

Regulation of H1-ATPase Activity

We designed a constitutively activated PMA4
H1-ATPase isoform by deleting the entire C-terminal
region. Expression in yeast demonstrated that this
truncated PMA4 (DPMA4) had higher ATPase and
proton pumping activity and conferred better growth
to yeast cells than the full-length form. Ectopic DPMA4
expression in tobacco led to transgenic plants that
expressed DPMA4 at a lower level than that seen for
full-length wtPMA4. Comparison of the transcript and

protein levels showed a lower enzyme to RNA ratio
for DPMA4 plants than for wtPMA4 plants. This might
be explained by a lower stability of DPMA4 protein.
However, no DPMA4 transgenic plant had DPMA4
mRNA levels as high as the wtPMA4 mRNA levels seen
in wtPMA4 plants, suggesting that high H1-ATPase
activity could be detrimental for plant cells and that
counter selection of plants showing high DPMA4 ex-
pression possibly occurred during transformation or
regeneration.

Although DPMA4 expression was not particularly
high in leaves and roots of transgenic plants and was
compensated to some extent by a reduction in endo-
genous wtPMA4, the in vivo H1-ATPase activity was
clearly enhanced. This was evidenced by the lower leaf
apoplastic pH and the higher external acidification rate
in leaves and roots. In contrast, several-folds over-
expression of wtPMA4 did not modify the plant phe-
notype or increase the external acidification. We can
rule out the possibility that the overexpressed PMA4
was misfolded or kept in internal membranes, since
purified plasma membranes from wtPMA4 plants had
higher ATPase and proton pumping activity than those
from untransformed and DPMA4 plants, thus contrast-
ing with the in vivo results. We can therefore propose
that, in vivo, the increased levels of wtPMA4 were
compensated by down-regulation of H1-ATPase activ-
ity. This raises the question of how this could occur. A
first hypothesis might be that this compensation is due
to less H1-ATPase activation by phosphorylation of the
penultimate residue, a Thr, and the subsequent binding
of 14-3-3 proteins. This would illustrate the importance
of this regulatory mechanism. However, this hypothe-
sis might be questioned by several observations. First,
taking into account the increase of PMA4 enzyme in
wtPMA4, this compensation effect implies that in wild-
type plants, H1-ATPase is activated to a large extent
in most cell types by this mechanism under normal
growth conditions. Yet, H1-ATPase/14-3-3 complex
formation has only been observed in guard cells upon
blue light activation (Kinoshita and Shimazaki, 1999,
2002), in different tissues upon addition of the toxin,
fusicoccin (Baunsgaard et al., 1998; Fullone et al., 1998;
Piotrowsky et al., 1998; Oecking and Hagemann, 1999),
and in metabolically activated culture cells (Kanczewska
et al., 2005). Moreover, DPMA4 expression in the
DPMA4 plants was low and at the same level as the
endogenous PMA4 which itself was reduced by half
(Fig. 2). Yet, this moderate expression of an activated
H1-ATPase was sufficient to induce various pheno-
types. Therefore, we cannot expect that in the wild type,
the H1-ATPase is activated to a large extent in most
tissues because this would give an activity similar to
that of DPMA4 and thus lead to an abnormal phe-
notype. Finally, if the higher ATPase amount in
wtPMA4 plants was compensated by a lower activa-
tion by phosphorylation of the penultimate Thr and
lower binding of 14-3-3 proteins, we should have ob-
served the same H1-ATPase activity ratio in vitro
with isolated membranes since the membrane-bound

Figure 8. In vitro expansion of leaf discs and curvature of leaf strips. A,
Area increase of leaf discs. Leaf discs (1 3 1 cm) from mature leaves
were incubated for 24 h as indicated in ‘‘Materials and Methods’’ and
the leaf disc area expressed as a percentage of the initial leaf disc area
was calculated (mean 1 SEM, n 5 5, three independent experiments). B,
Curvature of leaf strips. Leaf strips were incubated for 24 h as indicated
in ‘‘Materials and Methods.’’ Images were taken after 24 h and the strip
curvature measured (mean 1 SEM, n 5 10, five independent experi-
ments).
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H1-ATPase/14-3-3 complex is stable (Kanczewska
et al., 2005) and thus the phosphorylated Thr is pro-
tected from phosphatases in vitro. Yet, in vitro, we
observed higher ATPase activity for the wtPMA4 lines.

An alternative hypothesis to explain the compensa-
tion effect is that down-regulation in wtPMA4 plants is
caused by a still unidentified negative regulatory mech-
anism. Fine tuning of H1-ATPase activity is expected.
Indeed, this enzyme is a major component of the
plasma membrane and therefore a high ATP con-
sumer, and has many physiological roles that might
require more than a single regulatory mechanism. In
addition, it has been shown that PMA2 that is not ac-
tivated by Thr phosphorylation and binding of 14-3-3
proteins still keeps approximately half the activity of
the activated form (Maudoux et al., 2000). Thus, there
is still room for down-regulation. Actually, there is
evidence that, in addition to the now well character-
ized activating phosphorylation of the penultimate
Thr residue, inhibitory phosphorylation events also
occur. For instance, in vivo H1-ATPase dephosphor-
ylation in tomato (Solanum lycopersicum) cells activates
the enzyme (Vera-Estrella et al., 1994; Xing et al., 1996).
Systemin, a primary wounding signal, is suggested
to inhibit H1-ATPase activity via Ca21-dependent

phosphorylation of H1-ATPase in cultured tomato
cells (Schaller and Oecking, 1999). The Ca21-dependent
phosphorylation of H1-ATPase and the resulting inhi-
bition of H1 pumping have been reported in root cells
of oat (Avena sativa) and beet (Beta vulgaris) (Schaller
and Sussman, 1988; Suzuki et al., 1992; Lino et al.,
1998). Desbrosses et al. (1998) have suggested that the
plasma membrane H1-ATPase in tobacco cells is acti-
vated through dephosphorylation. Recently, a new
phosphorylation site (Ser-931) has been identified in the
C-terminal region of AHA2, an Arabidopsis H1-ATPase
(Fuglsang et al., 2007). However, phosphorylation of
this residue results in preventing binding of 14-3-3
proteins and therefore ATPase activation, but does not
seem to inhibit the enzyme. This residue is therefore
unlikely to correspond to the phosphorylated residue
hypothesized here in wtPMA4 plants.

The fact that this putative inhibitory regulation in
wtPMA4 plants was not observed in vitro might result
from phosphatase action during cell homogeniza-
tion and fractionation. Another alternative is that the
binding of a still unknown regulatory protein causes
H1-ATPase down-regulation in wtPMA4 plants.

If the hypothesis of phosphorylation- or regulatory
protein-dependent H1-ATPase inactivation is correct,

Figure 9. Phenotype analysis of transgenic and control plants grown on salt medium. A and B, Cumulative germination rates of
DPMA4 (lines 51 an 72) and untransformed (wild type) seeds in a medium with (B) or without (A) 200 mM NaCl. Means 6 SEM

(n 5 50, four independent experiments) and sigmoidal regression curves (R2 . 0,98) are presented. For the heterozygous DPMA4
line, kanamycin-sensitive seedlings were not taken into account. C to E, Phenotype of wild type (C) and DPMA4 line 51 (D) and
line 72 (E) seedlings on 200 mM NaCl. Plants were photographed 25 d after the first plants germinated (bar, 1 cm). DPMA4 plants
were grown on medium supplemented with kanamycin. Kanamycin-sensitive plants are white. F, Fresh weight of wild-type and
DPMA4 plantlets grown in the same conditions as in C to E. G and H, Root growth under saline conditions. Ten days after
germination on standard Murashige and Skoog medium, the plantlets were transferred for 14 d to Murashige and Skoog medium
with or without 200 mM NaCl. G, Representative picture of the phenotype (bar, 1 cm). H, Means 6 SEM (n 5 5, three independent
experiments); the black bars are the results in Murashige and Skoog and the white bars those in Murashige and Skoog 1 200 mM

NaCl. [See online article for color version of this figure.]
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how can we explain that this inhibition was not
observed in the DPMA4 plants, which were character-
ized by a constitutively activated enzyme? The sim-
plest explanation is that the putative negative regulation
involves residues in the C-terminal region and thus
absent in DPMA4. Alternatively, it could involve res-
idues elsewhere, but resulting in enhancement of the
inhibitory action of the C-terminal regulatory domain,
e.g. by increasing its interaction with the rest of the
enzyme. In this case, the removal of the inhibitory
domain would prevent any effect of the hypothesized
inhibitory regulation.

Evaluating this hypothesis of a PMA2 negative
regulation will require more in-depth analysis, for
instance by analyzing phosphorylated residues of over-
expressed PMA4 provided with a tag allowing its
purification and characterization.

A previous report showed that Arabidopsis trans-
genic plants expressing the AHA3 isoform activated by
deletion within its inhibitory C-terminal region dis-
played reduced growth inhibition when seedlings were
grown in vitro at a pH below 5.0 (Young et al., 1998).
These authors suggested that, in these young seedlings
lacking a cuticle, the alkaline phloem might be more
sensitive than other cells within the stem, leaves, and
roots to the steeper pH gradient across the plasma
membrane. However, no unusual phenotype other
than this lower sensitivity to acid stress was reported
for these plants expressing activated AHA3. This dif-
ference with the data reported here for DPMA4 plants
might be explained in at least two ways. First, in the
Arabidopsis plants, the AHA3 transcription promoter
used directs expression exclusively to the phloem com-
panion cells (De Witt et al., 1991), whereas the promoter
used in our study for DPMA4 has a broad range of
expression (Zhao et al., 1999). Second, the deletion in
the activated AHA3 consisted only of the last 46
C-terminal residues, while that in DPMA4 was 103
residues, i.e. the whole C-terminal region following the
last transmembrane span. The first half of the C-terminal
region was therefore still present in the activated AHA3.
As this region still contains residues belonging to the
autoinhibitory domain (Dambly and Boutry, 2001), it is
possible that this deleted AHA3 form is less activated
than DPMA4.

Alteration of Plant Development

In addition to cell division, plant growth is accom-
plished by an irreversible increase in cell size. For cell
wall expansion to occur, three conditions must be met:
(1) adequate turgor must exist inside the cell; (2) ex-
tensibility must be achieved through rearrangement or
loosening of the existing cell wall; and (3) synthesis
and deposition of newly formed wall components
must occur (Cosgrove, 1997). The so-called acid growth
theory suggests hydrogen ions as the cell wall-loosening
factor. Secreted protons decrease the apoplastic pH and
wall-loosening processes are thereby activated (Rayle
and Cleland, 1992; Hager, 2003). This theory is sup-

ported by several observations: (1) external acidification
of some plant tissues, notably coleoptiles, induces their
elongation; (2) addition of auxin induces tissue expan-
sion correlated with H1-ATPase activation and de-
creased external pH; and (3) fusicoccin, a toxin that
strongly activates H1-ATPase, induces cell elongation.
However, several aspects of the acid growth theory are
still controversial (e.g. Grebe, 2005, 2006; Kutschera,
2006). For instance, decreasing the external pH does
not always induce cell expansion. One reason might be
the difficulty in crossing the cuticular barrier. This
usually requires removing or damaging the epidermis
so that the lower pH external medium can access
the internal tissues. The reverse genetics approach
adopted in this article is original in several ways. First,
the lower external pH did not require damaging the
epidermis and was not induced by external applica-
tion of any chemicals, but by acting directly on the
enzyme that generates the transmembrane pH differ-
ence. Second, the effect of a lower external pH can be
studied in the whole plant at any developmental stage
without harming any tissue. Finally, activating the
H1-ATPase not only increases the transmembrane pH
difference, but is also expected to increase the trans-
membrane potential difference. This might be impor-
tant when considering cell expansion, since, besides
wall loosening, it also requires sustained osmotic
pressure, which depends, in part, on active ion and
nutrient transport. Some transport, such as K1 through
channels, depends more on the transmembrane po-
tential difference than on the transmembrane pH
difference.

The various DPMA4 phenotypic properties were
consistently observed for three lines for which third
and fourth generation seeds were available. We can
therefore conclude that the phenotypic properties of
the DPMA4 plants are directly linked to DPMA4
expression and are not an artifact due to genomic
insertional events. What did we learn from the DPMA4
phenotype? The size of DPMA4 plant organs was not
modified compared to untransformed plants. This does
not exclude the possibility that H1-ATPase has an
important role to play in this aspect, since, as men-
tioned above, high DPMA4 expression might have
been counter selected if linked to a lethal phenotype.
However, DPMA4 expression induced several devel-
opmental modifications of the plant, namely bent
leaves, twisted stems, pale petals, and male sterility.
Upon transfer of DPMA4 plants to soil, intermittent
abnormal leaf inclination and chaotic stem bending
were observed. The former phenotype disappeared in
more mature plants, but stem bending remained dur-
ing the whole growth. Sometimes leaves were bumpy,
due to an interveinal surface larger than the surface
provided by the veinal network. Microscopic observa-
tion of stems or leaves did not show any consistent cell
morphological change in DPMA4 plants. Determining
statistically significant differences in cell size or num-
ber was not possible, since the phenotype easily iden-
tified at the macroscopic level might result from the
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accumulated effect of a small increase in cell expan-
sion or division in each of many cells. However, the
observation that mature DPMA4 leaf discs had an
increased expansion rate in vitro is a strong indication
that the phenotype is related to deregulated cell ex-
pansion.

How leaf expansion is coordinated is still debated,
but it is generally thought to result from expansion
promotion by some cell types and expansion restric-
tion by others. Because of their loose organization, the
mesophyll cells probably do not play a direct role.
Based on various observations, the epidermis has been
considered to restrict the expansion of underlying tis-
sues, while the veins drive expansion (Van Volkenburgh,
1999). Although there was an interveinal surface in-
crease in some DPMA4 leaves, interveinal leaf discs
incubated in vitro were still capable of expanding more
than wild-type leaf discs, suggesting that, in vivo, the
expansion capacity was not fully used. Together with
the observation that the surface of the whole leaf was
not significantly modified, this suggests that, in vivo,
the network of the main veins, rather than the epider-
mis, limits leaf expansion. Another and nonexclusive
hypothesis is that a low external pH is not the only
factor responsible for activating cell expansion. For
instance, proteins, such as expansins and endotrans-
glycosylases, are required to weaken the wall (Van
Volkenburgh, 1999). Finally, it is also possible that the
apoplastic pH of DPMA4 plants is not low enough to
have a full effect on cell elongation. As mentioned above,
the constitutive expression of DPMA4 might well have
made it impossible to obtain transgenic calli or plants
with high DPMA4 expression because of lethal growth
or developmental problems. In this respect, the use of
inducible transcription promoters would be an inter-
esting approach.

The in vitro leaf strip expansion observed for
DPMA4 was not random, but epinastic, due to faster
growth of the upper (adaxial) than the lower (abaxial)
leaf surface. The epinasty observed in DPMA4 leaf
strips is reminiscent of the phenotype observed with
plants that overexpress auxin binding protein 1 (Jones
et al., 1998) and supports the hypothesis that auxin-
induced cell expansion and leaf epinasty are mediated
by H1-ATPase activation. This does not exclude the pos-
sibility that auxin, in addition to activating H1-ATPase,
might influence cell expansion by an additional effect.
Indeed, auxin-induced growth of tobacco leaf tissues
has been observed without cell wall acidification
(Keller and Van Volkenburgh, 1998).

While auxin is known to stimulate H1-ATPase,
H1-ATPase also has a direct effect on auxin transport.
Auxin is a weak acid and therefore H1-ATPase acti-
vation, which results in a lowering of the external pH,
should facilitate uptake of the protonated auxin into
the cell. Li et al. (2005) showed that a change in the
expression of a vacuolar pyrophosphatase alters the
amounts of both H1-ATPase and PIN1, an auxin
transporter, in the plasma membrane, and results in
altered morphogenesis. In this case, it was difficult to

distinguish the respective effects of modification of
PIN1 or H1-ATPase. Likewise, the phenotype of the
DPMA4 plants might indirectly result from improved
auxin uptake. However, this hypothesis is not sup-
ported by the in vitro observation of DPMA4 leaf disc
expansion and strip curvature, which were readily
observed in the absence of auxin added to the me-
dium. At least in this case, a more direct effect of the
transmembrane pH difference is probably involved.

Another developmental problem observed in
DPMA4 plants was male sterility. Pollen formation is a
critical developmental stage and male sterility has been
observed when PMA4 expression is prevented by
cosuppression (Zhao et al., 2000). Failure in pollen
formation might be correlated with the high DPMA4
expression observed in the anther tissues. However,
contrary to other phenotypic properties displayed by
DPMA4 plants, seed pod development and seed viabil-
ity varied among DPMA4 plants and also among flow-
ers from the same plant. This variation might be due to
a threshold hypothesis often suggested to explain leaf
variegation (Wang et al., 2000). In the case where
DPMA4 expression would pass a threshold, interfer-
ence with cell processes might contribute, in a snowball
effect, to irreversible developmental alteration.

The reduced petal pigmentation seen in DPMA4 flow-
ers was unexpected, as anthocyanins accumulate in the
vacuole. However, an indirect role of H1-ATPase in the
formation of flavonoids has been recently supported by
the observation that disruption of AHA10 in Arabidopsis
results in much reduced levels of proanthocyanidin in
the seed coat endothelium (Baxter et al., 2005). These
authors proposed that AHA10 might be recruited to
acidify endosomes or a provacuolar compartment and
either influence the uptake or transformation of proto-
anthocyanidin precursors or control membrane traffick-
ing. Although analysis of a PMA4-GFP fusion protein
in tobacco did not give any indication that PMA4 or
DPMA4 can be recruited into internal membranes
(Lefebvre et al., 2004), we cannot rule this out in partic-
ular cell types or under particular circumstances.

H1-ATPase and Salt Tolerance

Sodium is highly toxic when it accumulates within
the cell. Several exclusion mechanisms exist to main-
tain the sodium concentration low within the cytosol.
One of these involves exclusion within the vacuole,
which relies on Na1/H1 antiport energized by the
tonoplast H1-ATPase and pyrophosphatase. Another
involves Na1 efflux out of the cell through a Na1/H1

antiporter (SOS1 in Arabidopsis) thought to be acti-
vated by the pH gradient generated across the
plasma membrane by H1-ATPase (for review, see
Blumwald et al., 2000; Zhu, 2003; Yamaguchi and
Blumwald, 2005). The role of the latter has been
inferred from the observation of increased H1-ATPase
activity under salt stress conditions (for review, see
Morsomme and Boutry, 2000; Palmgren, 2001). More
direct evidence was provided by the observation that
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an Arabidopsis mutant disrupted in the H1-ATPase
AHA4 gene has increased sensitivity to salt stress
(Vitart et al., 2001). Here, we showed that expressing
a constitutively activated H1-ATPase increased salt
tolerance during the germination and growth of seed-
lings. However, considering the altered development of
DPMA4 plants, the ubiquitous expression of an ac-
tivated H1-ATPase is not an interesting solution for
improving salt tolerance of crop plants. This would
require the use of a more specific transcription pro-
moter, e.g. active in the root epidermis or induced by
salt stress.

MATERIALS AND METHODS

Plant Materials and Transgene Constructs

Tobacco (Nicotiana tabaccum) ‘SR1’ was used as the wild-type plant. Gene

constructions and the production of wtPMA4 and DPMA4 transgenic plants

have been described previously (Zhao et al., 2000). Third or fourth generation

plants were used in the experiments reported here. Wild-type and transgenic

seeds were germinated on agar medium containing Murashige and Skoog

salts (Murashige and Skoog, 1962), 3% Suc, and, for transgenic seeds, 100 mg

L21 of kanamycin. Plants at the 4 to 5 leaf stage were transferred to peat pellet

(Jiffy Products International AS) for 2 weeks, then to soil and grown in the

greenhouse under 16 h light (185 mmol m22 s21). The plants were fed with 6-6-6

NPK once a week. All the data reported in this article were obtained with, in

addition to the nontransformed parental line, two wtPMA4 lines (lines 27 and

28) and two or three DPMA4 lines (41, 51, and 72).

Yeast Transformation and Cell Fractionation

The PMA4 or DPMA4 cDNA used for plant transformation was introduced

into the plasmid 2mp(PMA1) under the control of the yeast (Saccharomyces

cerevisiae) PMA1 transcription promoter (Luo et al., 1999). Transformation of

the YAK2 yeast strain was followed by growth on 5-fluoro-orotic acid to

counter select plasmids bearing the yeast H1-ATPase gene and to determine

whether the plant H1-ATPase allowed growth of yeast (Luo et al., 1999).

Plasma membrane purification and ATPase assays were performed as de-

scribed previously (Dambly and Boutry, 2001).

RNA Isolation and RT-PCR Analysis

Total RNA was isolated from tobacco leaves by acid guanidinium thiocy-

anate/phenol/chloroform extraction (Chomczynski and Sacchi, 1987). The

RNA pellet was suspended in 1% diethylpyrocarbonate and the concentration

estimated spectrophotometrically at 260 nm.

A two-step semiquantitative RT-PCR method was used. The first cDNA

strand was synthesized using 2.5 mg of total RNA as template in 25 mL of

reaction mixture, which included 0.5 mg of oligo-(dT)18n primer and 200 units

of Moloney murine leukemia virus RT (Promega). Three microliters of the

first-strand cDNA was used to amplify fragments specific for PMA4 or ATP2-

1 (encoding the b-subunit of mitochondrial ATP synthase and used as an

internal control; Boutry and Chua, 1985). The primers (0.5 mM each) were: 5#-

ATGGCAAAAGCTATCAGC-3# (PMA4 5#), 5#-GATACCGGCTCGTGCCTC-3#
(PMA4 3#), 5#-TGAGCTCATCCATACCCAAA-3# (ATP2 5#), and 5#-TCTTT-

GCTGGTGTTGGTGAA-3# (ATP2 3#). The cDNA yield was measured accord-

ing to the PCR signal generated from the internal standard from 24 to 30 cycles

starting with 2 mL of cDNA solution. The volume of each cDNA pool was

adjusted to give the same exponential phase PCR signal for ATP2 after

24 cycles. An aliquot (10 mL) of each PCR reaction mixture was subjected to

electrophoresis in an agarose gel and the ethidium bromide-stained band

quantified using a Molecular Imager system (Bio-Rad Laboratories).

Preparation of Plant Microsomal and

Plasma Membrane Fractions

Fresh leaf tissues (100 g) of fully expanded leaves were homogenized at

2�C in a Waring blender (Waring Laboratory) in 400 mL of homogenization

buffer (50 mM Tris-HCl, pH 8.0, 250 mM sorbitol, 2 mM EDTA, 0.7% [w/v]

polyvinylpyrrolidone, 5 mM dithiothreitol) and the protein inhibitor cocktail

(1 mM phenylmethylsulfonyl fluoride, 0.1 mg mL21 of leupeptin, and 1 mg

mL21 each of pepstatin, chymostatin, antipain, and aprotinin), and the

homogenate filtered through two layers of Miracloth (Calbiochem) and

centrifuged twice at 10,000g for 15 min at 4�C, then the supernatant was

centrifuged at 20,800g for 60 min at 4�C. The final pellet was suspended in

500 mL of 5 mM KH2PO4, 3 mM KCl, 330 mM Suc, and the protease inhibitor

cocktail, pH 7.8. Plasma membranes were prepared by phase partition

(Larsson et al., 1987), the membrane pellet being finally suspended in 400 mL

of 10 mM Tris-HCl, pH 6.5, and 330 mM Suc.

Protein concentrations were measured as described by Bradford (1976),

using bovine serum albumin as a standard.

Western-Blotting Analysis

Microsomal proteins (20 mg) were separated by SDS-PAGE (10% acrylam-

ide) and electrophoretically transferred to a nitrocellulose membrane (Immo-

bilon; Millipore), which were then probed with rabbit antibodies against

PMA4 or PMA2 (Moriau et al., 1999) and I125-conjugated protein A (Amer-

sham Pharmacia Biotech) for quantitative immunodetection using a GS-525

Molecular Phosphorimager system (Bio-Rad Laboratories).

Plant ATPase Assays

ATPase assays was performed by measuring the release of phosphate in

15 min at 30�C in 100 mL of 1 mM MgATP, 1 mM free Mg21 (MgCl2), 50 mM

MES-NaOH (pH 6.5), 1.25 mM phosphoenol pyruvate, 25 mM K2SO4, 5.2%

(w/v) glycerol, 0.15% (w/v) Brij 58, 7.5 mM NaN3, 75 mM KNO3, 0.3 mM

sodium molybdate, and 2 mg of protein.

ATP-Dependent Proton Transport Assay

Proton transport into plasma membrane vesicles was measured by the

quenching of ACMA using an AMINCO-Bowman Series II spectrofluorom-

eter (Thermo Spectronic). The reaction mixture (1.5 mL) contained 50 mM

MES-NaOH (pH 6.5), 25 mM K2SO4, 5.2% (w/v) glycerol, 0.15% Brij 58, 0.2 mM

ACMA, and 75 mg of protein. After equilibration of the vesicles with the dye

for 3 min at 30�C, 1 mM of MgATP was added, and the fluorescence monitored.

After 5 min, the ionophore, nigericin, was added to a final concentration of

130 mM, producing an immediate reversal of fluorescence quenching. The

addition of vanadate before MgATP completely prevented the fluorescence

quenching by MgATP. Fluorescence was measured with an excitation wave-

length of 410 nm and an emission wavelength of 480 nm.

Determination of Apoplastic Volumes and pH

Leaf apoplastic air and water volumes and the apoplastic pH were

measured as described previously (Husted and Schjoerring, 1995).

Measurement of External Acidification

Tobacco leaf discs (around 100 mg fresh weight) were excised from the

leaves after peeling off the lower epidermis and preincubated (peeled face

down) for 30 min in 300 mM mannitol, 0.5 mM CaCl2, 0.25 mM MgCl2

(Amborabé et al., 2001). The discs were then transferred to 6 mL of fresh

medium in a vial (3 cm) on a magnetic stirrer for aeration. The pH was

measured with a pH microelectrode linked to a C832 multiparameter analyzer

(Consort).

Pollen Viability Staining

Pollen viability was estimated using Alexander’s stain (Alexander, 1980).

Root External Acidification

Plants were transferred for 2 weeks to half-concentrated Hoagland nutrient

solution (Sigma Chemical). Spatial localization of acidification was deter-

mined by positioning the root system between two glass sheets separated by
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1.5 mm thick insets filled with the same nutrient solution containing 0.009%

bromocresol purple and 1% agarose (pH 6.2; Vansuyt et al., 2003).

Determination of Leaf Surface Expansion and

Strip Curvature

The methods for leaf disc surface expansion and leaf strip curvature

measurements were adapted from those of Keller and Van Volkenburgh

(1998). Fully developed leaves from plants at the early stage of flowering

were used. Leaf strips (2 3 10 mm) and discs (1 3 1 cm) were cut from the

interveinal region in the middle of the leaf and incubated for 24 h at room

temperature in 10 mM Suc, 10 mM KCl, and 0.5 mM MES, pH 6.0. Leaf discs

were photographed with a digital camera and their surfaces estimated as their

pixel content divided by the pixel content of a 1 cm2 control surface imaged on

the same picture. Leaf strip curvature was estimated as the angle made by the

two tangents to the two terminal parts of each strip.

Sequence data from this article can be found in the GenBank/EMBL data

libraries under accession number X66737.
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