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Most of the symplastic water transport in plants occurs via aquaporins, but the extent to which aquaporins contribute
to plant water status under favorable growth conditions and abiotic stress is not clear. To address this issue, we con-
stitutively overexpressed the Arabidopsis plasma membrane aquaporin, PIP1b, in transgenic tobacco plants. Under fa-
vorable growth conditions, PIP1b overexpression significantly increased plant growth rate, transpiration rate, stomatal
density, and photosynthetic efficiency. By contrast, PIP1b overexpression had no beneficial effect under salt stress,
whereas during drought stress it had a negative effect, causing faster wilting. Our results suggest that symplastic wa-
ter transport via plasma membrane aquaporins represents a limiting factor for plant growth and vigor under favorable
conditions and that even fully irrigated plants face limited water transportation. By contrast, enhanced symplastic wa-
ter transport via plasma membrane aquaporins may not have any beneficial effect under salt stress, and it has a delete-

rious effect during drought stress.

INTRODUCTION

Plant growth depends strongly on water absorption from the
soil and its movement from the roots to other plant parts
and finally to the atmosphere. Moreover, plant water status
is important not only for growth under favorable environ-
mental conditions; their ability to tolerate water deficits
(Bray, 1993) and high salt levels (Cheeseman, 1988; Blumwald,
2000) also depends heavily on their water status, which is
altered in response to environmental conditions (Bohnert et
al., 1995; Steudle and Peterson, 1998).

Water transport within and between plant tissues uses
both the apoplastic and the symplastic routes; therefore, a
crucial proportion of the water molecules have to cross a
number of cellular membranes (Quigley et al., 2002). Trans-
port via the apoplastic route is driven by physical forces and
is regulated mostly by differences in water potentials be-
tween the soil, plant, and atmosphere (Mizrahi, 1972;
Munns, 1993; Maurel, 1997). According to the “composite
transport model” suggested by Steudle and Frensch (1996),
this route is coupled with the transpiration rate. The radial
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component of the symplastic route is regulated largely by a
family of water channel proteins called aquaporins (Amodeo
et al.,, 1999). Aquaporins facilitate the efficient transport of
water molecules across membranes in many plants and also
in many other organisms in nature (Chrispeels and Maurel,
1994; Kirch et al., 2000; Tyerman et al., 2002). The relative
contributions of the apoplastic and symplastic routes to wa-
ter transport in plants under favorable growth conditions, as
well as under drought and salt stresses, remain a matter of
debate (Carvajal et al., 1998; Schaffner, 1998; Amodeo et
al., 1999; Tyerman et al., 1999).

The role of plant aquaporins in water transport across
membranes has been proven by their expression in Xeno-
pus laevis oocytes, and the same studies also revealed that
some aquaporins can transport other small molecules, such
as glycerol, solutes, and ions (Quigley et al., 2002; Tyerman
et al., 2002). Plants possess several large families of aqua-
porins, which reside in the plasma membrane, the tono-
plast, or in other cellular membranes (Jauh et al., 1999;
Tyerman et al., 2002). Differential expression of genes that
encode different aquaporin isoforms during plant develop-
ment has been shown to be associated with various physi-
ological processes. Such processes include stomatal clo-
sure and opening, organ movement, cell elongation, and
cell division (Agre et al., 1993; Chrispeels and Agre, 1994;
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Suleyman et al., 2000; Morillon et al., 2001; Moshelion et al.,
2002).

The potential relationship between the role of aquaporins
in the regulation of plant water status and the regulation of
aquaporin gene expression is unclear. The expression of
some genes that encode plasma membrane aquaporins, such
as Arabidopsis RD28 and the NeMip2 and NeMip3 genes
of Nicotiana excelsior, is stimulated under drought stress
(Yamaguchi et al., 1992; Yamada et al., 1997). Conversely,
expression of the Mesembryanthemum crystallinum MIPA
plasma membrane aquaporin gene is downregulated under
salt stress (Yamada et al., 1995), whereas expression of the
Arabidopsis PIP1a gene is not altered significantly by stress
conditions (Grote et al., 1998).

Reduction of PIP1b expression level in Arabidopsis, by
means of an antisense construct driven by the 35S pro-
moter, resulted in a significant change in root morphology
and an increase in root mass (Kaldenhoff et al., 1998). How-
ever, water potential and plant weight remained unaffected.
In a more recent study, Siefritz et al. (2002) reduced the ex-
pression level of the tobacco PIP1b homolog (NtAQP1) in
transgenic tobacco by means of the same antisense ap-
proach. This resulted in a higher sensitivity to polyethylene
glycol, lower root hydraulic conductivity, and reduced tran-
spiration rate than those in nontransformed control plants
under drought stress.

Despite the extensive research on aquaporin function per
se, little is known about the physiological role(s) of aquapor-
ins in plant growth under favorable conditions or during ad-
aptation to salt and drought stresses. Two of the key ques-
tions that have not been addressed are (1) whether water
movement via aquaporins represents a rate-limiting factor
for plant vigor under favorable growth conditions, and (2)
how aquaporins affect the responses of plants to drought
and salt stresses. To address these questions, we overex-
pressed the Arabidopsis AthH2 gene, which encodes PIP1b,
in transgenic tobacco plants. We found that the transgenic
plants exhibited better growth performance under favorable
conditions but not under salt or drought stress.

RESULTS

Overexpression of PIP1b Enhances Plant Vigor under
Favorable Growth Conditions

To examine the relative contributions of plasma membrane
aquaporins to water status in plants, we transformed to-
bacco plants with a chimeric gene (35S-PIP1b-AU1) that
encodes an Arabidopsis plasma membrane PIP1b aqua-
porin via the 35S promoter of Cauliflower mosaic virus. The
encoded protein also contained an AU1 epitope tag at its C
terminus. Fifteen Basta-resistant transgenic plants were re-
generated and selfed to obtain T2 plants. To test for the ex-
pression of PIP1b, enriched membrane fractions were pre-

pared from wild-type and four representative transgenic
tobacco plants and reacted on a protein gel blot with anti-
AU1 epitope antibodies. A cross-reacting band with the size
expected of PIP1b was detected at variable intensities in all
of these transgenic plants but not in the nontransformed
control plants (Figure 1). Two transgenic lines, PIP1b2 and
PIP1b3, were selected for further studies, and all of the
analyses were performed on T2 plants. The transgenic
plants expressing Arabidopsis PIP1b exhibited a signifi-
cantly altered growth rate compared with that of the non-
transformed plants. They were taller and their average stem
diameters were ~11 to 13% thicker than those of wild-type
plants (Figure 2A). Moreover, their increased growth rate
was particularly pronounced from ~3 weeks after germina-
tion (Figure 2B). A similar altered growth pattern also was
observed in many of the other independently transformed
transgenic lines (data not shown). Moreover, the greater
height of the transgenic plants resulted from the increased
length and number of internodes, whereas the sizes of fully
developed leaves in the transgenic and wild-type plants
were comparable (data not shown).

Because of the morphological difference between the
wild-type and transgenic plants, we tested whether PIP1b
overexpression affected the relative masses of the roots or
shoots. The transgenic plants had a significantly lower root/
shoot mass ratio than the wild-type plants (Figure 3A). How-
ever, this lower ratio was mostly the result of a nearly 50%
increase in shoot fresh weight rather than a major decrease
in root fresh weight (data not shown). This finding suggests
that under favorable growth conditions, the PIP1b-overex-
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Figure 1. Overexpression of Arabidopsis PIP1b in Transgenic To-
bacco Plants.

In the gel at top, proteins from membrane-enriched fractions of wild-
type (WT) and representative transgenic tobacco plants indepen-
dently transformed with the chimeric 35S-PIP1b-AU1 gene (PIP1b1
to PIP1b4) were reacted by protein gel blot analysis with monoclonal
antibodies raised against the AU1 epitope tag. The migrations of two
molecular mass markers and of PIP1b are indicated at left and right,
respectively. The gel at bottom shows Coomassie blue staining of
the gel at top.
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Figure 2. Morphology of the PIP1b-Overexpressing Transgenic To-
bacco Plants.

(A) Phenotypes of 65-day-old wild-type (right) and transgenic
PIP1b2 (left) and PIP1b3 (center) plants.

(B) Growth rates of wild-type (WT) and transgenic PIP1b2 and
PIP1b3 plants. The growth rates of PIP1b2 and PIP1b3 plants were
very similar; therefore, their curves overlap. Bars represent the stan-
dard error of the mean of at least five plants per genotype.

pressing plants require a relatively lower root mass to sup-
port shoot growth and development. To determine further
whether PIP1b overexpression affected leaf dry weight, the
youngest fully expanded leaves were evaluated. Leaves of
the transgenic plants contained nearly 30% more dry matter
than leaves of the nontransformed control plants (Figure 3B).

The physiological observations summarized in Figure 3
suggested that PIP1b overexpression resulted in improved
plant growth under favorable conditions. Therefore, we hy-
pothesized that PIP1b overexpression may have caused a
concerted stimulation of cellular and physiological pro-
cesses that regulate plant vigor. To test this hypothesis, we
examined several representative physiological parameters
that control plant vigor: (1) transpiration rate, a trait generally
associated with the rates of water consumption and trans-
port in the plant; (2) photosynthesis rate, a trait positively
correlated with plant vitality and biomass production; (3)
photochemical quantum efficiency (measured as the chloro-
phyll fluorescence parameter Fv/Fm [maximum photochem-
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ical efficiency of photosystem Il in the dark-adapted state]),
a trait positively correlated with the organization and vitality
of photosystem II; and (4) cell membrane stability, a param-
eter indicating membrane vitality, measured by electric con-
ductivity (EC) (see Methods). Relatively lower EC values rep-
resent lower membrane nutrient leakage and hence better
membrane characters. A sharp increase in EC can be ob-
tained under severe abiotic stress and may indicate the col-
lapse of the membrane.

When grown under favorable growth conditions, the
transgenic plants overexpressing PIP1b had significantly
higher transpiration rates, photosynthesis rates, and Fv/Fm
than the nontransformed control plants (Figures 4A, 4B, and
4C, respectively). In addition, the transgenic plants pos-
sessed lower cell membrane stability values than the non-
transformed control plants, which correlate with better
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Figure 3. Effects of PIP1b Overexpression on Root/Shoot Ratio and
Relative Water Content.

(A) The root/shoot mass ratio of wild-type (white column) and trans-
genic PIP1b2 and PIP1b3 (gray columns) lines grown hydroponi-
cally.

(B) Dry weight percentage was measured in the first fully exposed
leaves of wild-type (white column) and transgenic PIP1b2 and
PIP1b3 (gray columns) lines.

Bars represent the standard errors of the means of at least five
plants per genotype. Different letters above the columns indicate
statistically significant differences at the 0.05 level. WT, wild type.
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Figure 4. Effects of PIP1b Overexpression on Several Physiological
Parameters of the Plants.

Transpiration rate (A), photosynthesis rate (B), the chlorophyll fluo-
rescence parameter Fv/Fm (C), and cell membrane stability (D)
(measured by an EC ratio whose relatively lower values are corre-
lated with better membrane vitality) are shown. Measurements were
performed on the first fully exposed leaves of wild-type (white col-
umns) and transgenic PIP1b2 and PIP1b3 (gray columns) lines. Bars
represent the standard errors of the means of at least five plants per
genotype. Different letters above the columns indicate statistically
significant differences at the 0.05 level. WT, wild type.

membrane vitality (Figure 4D). These results suggest that
under favorable growth conditions, the transgenic plants
had a more vigorous growth habit than the control plants.

Overexpression of PIP1b Enhances Stomatal Density
and Water Consumption under Favorable
Growth Conditions

The higher transpiration rate of the PIP1b-overexpressing
plants than the wild-type plants suggested that PIP1b over-
expression led to higher stomatal density. To address this
possibility, we measured the average stomatal density in
epidermis derived from the upper and lower surfaces of
leaves from wild-type, PIP1b2, and PIP1b3 plants grown un-
der favorable growth conditions. Both PIP1b2- and PIP1b3-
overexpressing plants had significantly higher stomatal den-
sity at both leaf epidermis layers (Table 1).

Next, we wished to determine whether the increased sto-
matal density in PIP1b overexpression is associated with
increased water consumption. To this end, ~30-day-old
hydroponically grown plants were analyzed for water con-
sumption using a highly accurate microelectronic potometer
that was developed recently in our laboratory (R. Aharon, G.
Galili, A. Blum, and Y. Kapulnik, unpublished data). Under fa-
vorable growth conditions, the PIP1b-overexpressing plants
possessed a significantly higher rate of water consumption
than the wild-type plants (Figure 5).

Performance of PIP1b-Overexpressing Plants under
Drought or Salt Stress

The capacity to transport water within and between plant
organs plays a major role not only under favorable growth
conditions but also under conditions of water scarcity. The
effect of PIP1b overexpression on the response of plants to
gradually imposed drought stress (by stopping irrigation)
was tested using plants with equal canopy sizes (which re-
quired slightly differing growth times in the transgenic and

Table 1. Stomatal Density in Epidermis of Fully Exposed Leaves of
Wild-Type and PIP1b-Overexpressing Plants Grown under
Favorable Growth Conditions

Sample Wild Type PIP1b2 PIP1b3

82122
1746 * 3.4

823 *+24
163.5 + 3.9

Upper leaf surface 67.2+1.9
Lower leaf surface  145.0 = 2.6

Average stomatal density values (number/mm?2 + SE) were deter-
mined from analysis of 30 microscopic fields obtained from leaves
derived from three independent plants for each genotype. All values
for the PIP1b2 and PIP1b3 plants were significantly different from
those for the wild-type plants at the 0.05 level.
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Figure 5. Effect of PIP1b Overexpression on Plant Water Con-
sumption.

Water consumption by 30-day-old plants grown hydroponically was
analyzed using a microelectronic potometer (R. Aharon, G. Galili, A.
Blum, and Y. Kapulnik, unpublished data). The rate of water con-
sumption was measured from the linear water absorption curve and
was normalized to units of leaf area. Bars represent the standard er-
rors of the means of at least five plants per genotype. Different let-
ters above the columns indicate statistically significant differences
at the 0.05 level. WT, wild type.

wild-type plants). The transgenic plants started wilting, as
determined by their phenotype, as soon as 19 days (PIP1b2;
see phenotype in Figure 6A) or 20 days (PIP1b3) after the
termination of irrigation, at which time the nontransformed
control plants still had a nearly normal phenotype. It took 25
days without irrigation for the control plants to start wilting
in this experiment (data not shown). The faster wilting of the
transgenic plants than the wild-type plants also was associ-
ated with a faster reduction in relative leaf water content
(data not shown).

In a different experiment, we also measured the desicca-
tion rate of detached, first fully exposed leaves from nearly
6-week-old transgenic and control plants. Leaves of both
PIP1b2 and PIP1b3 plants wilted within 150 min after cut-
ting, when leaves of the control plants still looked nonwilted
(Figure 6B). The wild-type leaves wilted only after nearly 230
min. Notably, although leaves of the transgenic plants wilted
faster than those of the control plants (nearly 80 min), they
still maintained significantly lower cell membrane stability
values than the control plants whose leaves were not yet
wilted (Figure 6C). Because similar behavior of the trans-
genic plants also was found under favorable growth condi-
tions (Figure 4D), our results suggest that the better cell
membrane vitality exhibited by the transgenic plants under
favorable growth conditions was maintained under drought
stress. These results also imply that the faster wilting of the
transgenic plants under drought stress was not caused by
the collapse of their cell membranes but simply by the loss
of water.

Aquaporin Levels Affect Plant Vigor 443

The effects of PIP1b overexpression on the performance
of the control and transgenic tobacco plants under moder-
ate salt stress also were tested. Salt stress was applied by
irrigating 4-week-old plants with tap water, without supple-
mentation or supplemented with 90 mM NaCl, for a period
of 40 days. The extent of plant growth then was deter-
mined by measuring fresh weight. Under nonsaline growth
conditions (no addition of NaCl), the transgenic plants de-
veloped significantly higher fresh weights than the non-
transformed control plants (Figure 7, open columns). How-
ever, under saline growth conditions, both the transgenic
and control plants had similar fresh weights (Figure 7,
closed columns).

DISCUSSION

Overexpression of a Plasma Membrane Aquaporin
Increases Plant Vigor under Favorable
Growth Conditions

In the present study, we demonstrated that constitutive
overexpression of a plasma membrane aquaporin enhanced
plant growth and transpiration under favorable growth con-
ditions. This finding implies that symplastic water transport
via plasma membrane aquaporins represents a rate-limiting
factor for water transport in plants even under favorable
growth conditions. Our results also suggest that the sym-
plastic route is dominant over the apoplastic route with re-
gard to plant water transport. Similar findings on the domi-
nance of symplastic water transport were obtained using
transgenic tobacco plants expressing an antisense con-
struct of the tobacco NtAQP1 gene that encodes another
PIP1b isoform (Siefritz et al., 2002).

Besides the contribution of these results to our knowl-
edge of the function of aquaporins, they also contribute to
the understanding of the factors that regulate or govern
plant vigor. In fact, we have shown here that water transport
per se represents a rate-limiting step for plant vigor under
favorable growth conditions. This was inferred from two dif-
ferent lines of evidence. First, the transgenic plants overex-
pressing PIP1b transferred more water, as deduced from
their higher transpiration and water consumption rates, and
also grew faster than the control nontransformed plants.
Second, the transgenic plants overexpressing PIP1b exhib-
ited more efficient photosynthesis and also accumulated
more dry matter per unit of leaf area than the nontransformed
control plants.

Why does PIP1b overexpression cause more efficient
photosynthesis under favorable growth conditions? Mild
water deficit is known to inhibit photosynthesis, particularly
that controlled by photosystem Il, mostly because partial
stomatal closure leads to reduced CO, penetration (Lawlor,
2002). It is possible that wild-type tobacco plants are always
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Figure 6. Response of PIP1b Overexpression to Drought Stress.

(A) Wild-type and transgenic PIP1b2 plants were subjected to
drought stress as indicated in Methods. A representative PIP1b2
plant (left) and a wild-type plant (right) were photographed on the
day the first plant wilted. PIP1b3 plants also wilted significantly ear-
lier than wild-type plants, but no photograph was taken.

(B) Time for detached leaves from regularly irrigated wild-type and
PIP1b2- and PIP1b3-overexpressing plants to wilt.

(C) Cell membrane stability (EC ratio) was analyzed in wild-type and
PIP1b2- and PIP1b3-overexpressing plants at the time that de-
tached leaves of the transgenic plants wilted (leaves of wild-type
plants had not yet wilted).

Bars indicate the standard errors of the means of at least five plants
per genotype. Different letters above the columns indicate statisti-
cally significant differences at the 0.05 level. WT, wild type.

exposed to mild water stress because of suboptimal sym-
plastic water transport via the aquaporins. Moreover, such
stress also might result in suboptimal photosynthesis activ-
ity as a result of suboptimal stomatal opening or stomatal
density. Our observation that PIP1b overexpression also en-
hanced the transpiration rate under favorable growth condi-
tions supports this hypothesis.

Another interesting observation was the lower root/shoot
mass ratio in the transgenic plants than in the nontrans-
formed control plants. This observation supports and extends
a previous report (Kaldenhoff et al., 1998) showing that re-
duction of PIP1b levels by antisense expression increased
the root/shoot ratio in Arabidopsis plants. These results also
suggest that root volume is regulated in accordance with the
hydraulic conductivity and efficiency of water uptake, opti-
mizing water transport into the aboveground tissues.

Because PIP1b is a member of a multigene family, how its
overexpression can significantly affect plant growth remains
an open question. Similarly, it also is an open question how
the inhibition of expression of only a fraction of the aquapor-
ins (Kaldenhoff et al., 1998) significantly affects plant growth.
One possible explanation is that local changes in plant wa-
ter status in specific cells or tissues may act as signals to al-
ter, in a concerted and/or a hierarchic manner, an array of
mechanisms that control processes associated with plant
growth. Stomatal density is a complex trait that is regulated
strongly by genetic factors as well as by environmental
factors such as humidity, light, and CO, partial pressure
(Berger and Altmann, 2000). In addition, changes in sto-
matal density also are associated with changes in photosyn-
thesis rate, which in turn is important for plant vigor
(Cheeseman, 1991; Kundu and Tigerstedt, 1999). Thus, it is
possible that increased water flux in the PIP1b-overexpress-
ing plants regulated the production of higher stomatal den-
sity, which in turn caused an increased photosynthesis rate
and enhanced plant vigor. However, we cannot exclude the
possibility that photosynthesis also is regulated directly by
sensing the water status.

Overexpression of a Plasma Membrane Aquaporin Has
No Beneficial Effects under Drought or Salt Stress

In contrast to the positive effect of PIP1b overexpression
under favorable growth conditions, this overexpression was
not beneficial to plant growth under salt stress and was
even deleterious during drought stress, in which it acceler-
ated wilting. Thus, our results suggest that a general in-
crease in water transport in most plant tissues and cells (as
expected from the expression of the 35S promoter) is
“harmful” under drought stress and perhaps under salt
stress as well. Therefore, it is tempting to hypothesize that
plants limit their symplastic water transport via aquaporins,
and hence their transpiration rate, under favorable growth
conditions as a defensive mechanism to prevent fast wilting
under transient or prolonged water stress.
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Figure 7. Effect of PIP1b Overexpression on Plant Fresh Weight un-
der Salt Stress.

Wild-type and transgenic PIP1b2 and PIP1b3 plants were irrigated
for 40 days with either tap water (white columns) or tap water sup-
plemented with 90 mM NaCl (gray columns), and total plant fresh
weights were measured. Bars represent the standard errors of the
means of at least five plants per genotype. Different letters above
the columns indicate statistically significant differences at the 0.05
level. WT, wild type.

The relationship between the deleterious effect of PIP1b
overexpression on plants under drought stress and the nat-
ural function of this protein is not simple, because expres-
sion of the native Arabidopsis PIP1b gene is stimulated by
the stress-related hormone abscisic acid (Kaldenhoff et al.,
1996; Siefritz et al., 2002). How can these two seemingly
conflicting observations be reconciled? It is possible that
the Arabidopsis PIP1b gene has special spatial and tempo-
ral expression patterns and that its induced expression un-
der abiotic stress is important specifically in the cells and
developmental stages in which it is expressed naturally. The
chimeric 35S-PIP1b gene that was used in the present
study is likely to be expressed ectopically with respect to
the natural expression of PIP1b, both spatially and tempo-
rally. Hence, enhanced water transport via the plasma mem-
branes of cells that do not naturally contain PIP1b may be
deleterious under water stress. The role of aquaporins in
plant water status under water stress is a complex issue,
because the expression of different aquaporin genes may
be stimulated, reduced, or unchanged under abiotic stress
(Yamaguchi et al., 1992; Bohnert et al., 1995; Maurel, 1997;
Kirch et al., 2000; Kawasaki et al., 2001). Indeed, this com-
plex expression pattern suggests that maintenance of a
reasonable water status under salt and drought stresses
requires both increased symplastic water transport via aqua-
porins in some cells and tissues and reduced water trans-
port via aquaporins in other cells and tissues (Comparot et
al., 2000).

Our observation that PIP1b overexpression accelerated
wilting under natural drought stress also is opposite to the
observation of Siefritz et al. (2002), who reported that reduc-
tion of PIP expression accelerated wilting upon exposure to
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a drought stress imposed by polyethylene glycol. Although
the reason for these contradictory results is not yet solved,
we believe them to be attributable to the fact that polyethyl-
ene glycol treatment imposes an unnatural osmotic drought
stress that is different from a natural drought stress. A natu-
ral drought stress (i.e., termination of water availability), like
that imposed in the present study, is a “long-term” process
that allows the plant to adapt by stimulating a pyramid of in-
teracting mechanisms. Thus, even though a single gene is
tested in transgenic plants, its effect on drought stress will
be the result of its concerted interaction with many other in-
nate processes. Polyethylene glycol is an artificial treatment
that induces the osmotic drought stress very rapidly, so wilt-
ing may occur before the plant’s innate adaptation response
has been stimulated. Nevertheless, we hypothesize that
plants can tolerate salt and drought stresses better if the to-
tal integrated amount of symplastic water transport via plasma
membrane aquaporins is reduced during the stress.

METHODS

Plant Material

Tobacco (Nicotiana tabacum cv Samsun NN) plants were grown in
3-L pots with ready-mixed soil, except for in the experiments de-
scribed in Figures 3 and 5, for which plants were grown in hydro-
ponic tanks containing half-strength Hoagland nutrient solution
(Ostrem et al., 1987). Growth conditions were 25/22°C (night/day)
under a 12-h photoperiod with full light intensity of 250 wE-m~2-s~1.

Cloning and Plant Transformation

The coding DNA sequence of Arabidopsis PIP1b was cloned by PCR
using the following forward and reverse primers: 5'-CACACGTTA-
CACACAGGTAGTAG-3' and 5'-CCCACTCACAGAAAAACCTAG-
AAAGCTCTAG-3'. These primers also introduced an in-frame AU1
epitope tag (5'-GATGTATCTGTACGTATC-3') at the 3’ end of the
PIP1b coding sequence before the TGA stop codon. The PCR prod-
uct was subcloned into the pBluescript SK+ plasmid and then sub-
cloned into a cassette containing a 35S promoter and an octopine
synthase terminator in a binary PZP111-derived (Hajdukiewicz et al.,
1994) Ti vector that contained both kanamycin and Basta resistance
genes. This plasmid then was immobilized into Agrobacterium tume-
faciens strain EHA105 (Hood et al., 1986), which was used to trans-
form tobacco plants by means of the leaf disc protocol (Horsch et al.,
1985). Transgenic plants were selected by spraying with 0.1% Basta.
Transformation also was confirmed by PCR with the primers de-
scribed above.

Isolation of Cell Membranes and Protein Gel Blot Analysis

Cell membranes were isolated as described previously (Shaul et al.,
1999). Protein gel blot analysis was performed according to Tang et
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al. (1997) with commercial anti-AU1 monoclonal antibodies (Berkeley
Antibody, Berkeley, CA).

Plant Growth under Salt Stress and Drought Stress

To initiate the salt stress, nearly 3-week-old plants were irrigated for
40 days with either tap water or tap water containing 90 mM NaCl. To
initiate the drought stress, the irrigation of nearly 3-week-old plants
was stopped. For both stresses, efforts were made to select plants
of approximately equal size at the initiation of the stress (which re-
quired slightly different growth times for the transgenic and wild-type
plants).

Measurements of Physiological Parameters and Leaf
Stomata Density

The chlorophyll fluorescence parameter Fv/Fm (maximum photo-
chemical efficiency of photosystem Il in the dark-adapted state) was
measured as described previously (Bolhar-Nordenkampf et al., 1989)
with a portable chlorophyll fluorometer (PAM 2000; Heinz, Walz, Ger-
many). The measurements were performed on eight mature (fully ex-
posed) leaves from each of four plants per variant at 8:00 AM (to avoid
the involvement of daily photoinhibition) after 15 min of dark adapta-
tion by dark leaf clips. Both transpiration and photosynthesis (CO,
uptake) rates were measured with a hand-held photosynthesis sys-
tem CI-510 (CID, Camas, WA) in the morning (10:00 to 11:00 AM) un-
der natural sunlight (~1200 wE-m~2-s~") in the greenhouse. Cell nu-
trient leakage was measured as described previously (Blum and Adelina,
1979). Ten leaf discs (1 cm in diameter) from 8-week-old tobacco
plants were measured after 24 h in the dark (at 4°C), and their nutrient
leakage was measured after autoclave treatment.

All experiments were repeated at least twice, and each experimen-
tal treatment was performed with five replications, unless stated oth-
erwise. Data were analyzed with the JMP statistics package (version
3.1.5; SAS Institute, Cary, NC). Stomatal density was determined es-
sentially as described previously (Berger and Altmann, 2000) by light
microscopy of nail polish imprints taken from the top and bottom
surfaces of the leaves.

Upon request, all novel materials described in this article will be
made available in a timely manner for noncommercial research pur-
poses.

Accession Number

The GenBank accession number for PIP1b is Z17399.
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