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obsemed initial velocity (-3 km:min) of the 
front. Thus, the gradient of chemical potential 
rather than the thickness gradient is respon- 
sible for initiating the growing dewletting 
front. Once the dewetting front advances, one 
urould expect the driving force exerted by the 
Marangoni flow to decay. The front. howev- 
er. continues to move, driven by the reduction 
in free energy associated with progressive 
exposure of the lower layer. 

In Fig. 5B. we schematically show a pos- 
sible mechanism. suggested by the above re- 
sults, connecting the motion of the liquid rim 
with the accelerated hole rupture ahead of it. 
A liquid drop or a rim resting on a liquid 
substrate will deform the contact area be- 
tween the two fluids. As the rim begins to 
move, its flow distorts the lower film and 
leads to a wave of the substrate liquid form- 
ing ahead of the moving droplet. Similarly. a 
droplet spreading on top of another liquid 
leads to the formation of a wave ahead of the 
spreading precursor film. The wave locally 
thins the upper layer to a thickness h < h,,. 
the unperturbed thickness. to form a zone of 
higher rupture probability (recalling that. for 

a spinodal dewetting process. T - h5). This 
mechanism results in a line of "preferred 
breakup points" ahead of the dewetting front 
and qualitatively explains both the directed 
growth and the variation of hole diameters 
shown in Fig. 3. For the case of liquid mix- 
tures. this process represents an alternative 
and more rapid pathway to the classical pro- 
cesses associated with spinodal dewetting or 
with heterogeneous nucleation mechanisms. 
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Agricultural productivity is severely affected by soil salinity. One possible 
mechanism by which plants could survive salt stress is to compartmentalize 
sodium ions away from the cytosol. Overexpression of a vacuolar Nat/H' 
antiport from Arabidopsis thaliana in Arabidopsis plants promotes sustained 
growth and development in soil watered with up to  200 millimolar sodium 
chloride. This salinity tolerance was correlated with higher-than-normal levels 
of AtNHX7 transcripts, protein, and vacuolar NaL/HL (sodium/proton) antiport 
activity. These results demonstrate the feasibility of engineering salt tolerance 
in plants. 

Salinity stress is one of the most serious factors 
limiting the productivity of amcultural crops. 
The detrimental effects of salt on plants are a 
consequence of both a water deficit resulting in 
osmotic stress and the effects of excess sodium 
ions on critical biochemical processes ( I ) .  In 
order to tolerate high levels of salt, plants 
should be able to utilize ions for osmotic ad- 
justment and internally distribute these ions to 
keep sodium away from the sites of metabo- 
lism (1). Plant cells are structurally well suit- 

ed for the sequestration of ions because of the 
presence of large, membrane-bound kacu- 
oles It has been proposed that in salt-tolerant 
plants. the compartmentatlon of Na- Into 
kacuoles, through the operation of a kacuolar 
Na- H t  antiport, pro\ ~ d e s  an efficient mech- 
anism to akert the deleterious effects of Nat 
in the cytosol and maintains osmotlc balance 
by using Na- (and chloride) accumulated in 
the kacuole to drike uater into the cells (2) 
T h ~ s  Nat H- antiport transports Na- Into the 
kacuole bv using the electrochemical gradient - - 
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icles froin red beet storage tissue (j) and later in 
various halophytic and salt-tolerant glycophytic 
species (6, 7). Chloride transport into the vac- 
uole is mediated by anion chaimels ( 8 ) .  In 
.-lvahrdopslc, a \acuolar chloilde chaimel. At- 
CLCd. slmllar to the yeast Gefl. has been 
cloned (9). The analysis of genes involved in 
cation detoxification in yeast led to the identi- 
fication of a novel Na"H' antiport (Nkxl). 
Nhxl was localized to a prevacuolar compart- 
ment and showed a high degree of amino acid 
sequence similaiity to Na7HL antiports from 
Caenorhab(liti.s ekeguns and humans (NHE6. 
mitochondrial) (10). Recently. the ..lrahiclol~sis 
thrrl~ana genome-sequencing project has al- 
lo~bed for the identification of a plant gene 
(,-lt2VfLYI) homologous to the Sac c lrnr oirr1 t rc 
terellcine \hul gene product (11 13)  Both 
Nhxl and Gefl are localized to the yeast pre- 
\acuolar compartment suggestlng a role for 
this compartment in salt tolerance 0\ ereupres- 
sion of AtVHXl suppresses some of the salt- 
sensitir e phenotypes of the Anhi 1 > east straln 
(13). suggestlng that the plant and the yeast 
gene products might be fi~nctionally similar. 

Af.YHri1 transcripts are found in root. shoot. 
leaf, and flower tissues (11). To determine the 
subcellular localization of AtNHX 1, we iinmu- 
noblotted membrane fractions (14) isolated 
from wild-type plants and plants overexpress- 
ing AtNHXl (1.5) with antibodies raised against 
the COOH-terminus of AtNHXl (Fig. 1). A 
protein of an apparent molecular mass of 47 kD 
was detected mainly in the tonoplast- and 
Golgi.!endoplasmic reticulum (ER)-enriched 
fractions, and was more abundant in the trans- 
genic plants. No noticeable cross-reactivity 
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with these antibodies was observed in plasma 
membrane- and mitochondria-enriched frac- 
tions, which suggests that the plant NHXl does 
not share the same subcellular localization as 
that determined for NHE6 (16). It remains un- 
clear whether the immunoreactive protein ob- 
served in the GolgiIER-enriched fractions rep- 
resents contamination of this fraction with 
tonoplast proteins (5) or presence of the tar- 
get protein in prevacuolar compartments. 
Nonetheless, immunoblots of purified leaf 
vacuoles (1 7) from transformed plants showed 
more AtNHXl gene product than those. from 
wild-type plants (Fig. 1B). The apparent mo- 
lecular mass (47 kD) of AtNHXl is some- 
what lower than that predicted by the amino 
acid sequence of the AtNHXl open reading 
frame (58 kD) and may reflect anomalous 
migration in the SDS-polyacrylamide gel 
electrophoresis (SDS-PAGE) gel (18) or spe- 
cific cleavage (or degradation). 

In order to assess whether AtNHXl pro- 
vides a Na+/H+ exchange function, Na+-de- 
pendent H+ movements (19) were measured in 
vacuoles isolated from the leaves of wild-type 
plants and plants overexpressing AtNHX1 ( ~ i ~ .  
2). The Na+/H+ exchange rates were very low 
in vacuoles from wild-type plants (Fig. 2A, 
trace 1). In contrast, Na+/H+ exchange rates 
were much higher in vacuoles from the trans- 
genic plants (Fig. 2A, trace 2). The Na+/H+ 
antiport activity was not affected by the pres- 
ence of 30 mM K+ ions in the assay medium 
(20), indicating selectivity for Na+. Electroneu- 
tral Na+/Hf exchange is suggested by the sim- 
ilar rates of Naf-dependent H+ movements 
obtained when the membrane potential was 
clamped by the addition of 1 p,M valinomicyn 
and 2 mM K+ to the assay medium (20). The 
Na+ dependence of the H+ flux is evidence of 
a Na+/Hf antiport mechanism. The Na+/H+ 
exchange displayed Michaelis-Menten kinetics 
with respect to extravacuolar Na+ concentra- 
tions (Fig. 2B). Similar apparent Km values of 
the exchanger for Na+ were obtained with two 
independent transgenic lines, Km = 7 mM (Fig. 
2C) and 6.1 mM (20). These values are of the 
same order of magnitude as those reported for 
other plant species (7). The relative increase in 
protein abundance (Fig. 1B) is less than the 
increase in Na+/H+ antiport activity measured 
in vacuoles from transgenic plants (Fig. 2, A 
and B). These observations suggest that in wild- 
type plants under normal growth conditions, 
AtNHXl function may be repressed. Overex- 
pression of AtNHXl may overcome this en- 
dogenous repression mechanism. 

Salt tolerance was tested in wild-type and 
transgenic plants overexpressing AtNHXl (Fig. 
3). Wild-type plants displayed progressive chlo- 
rosis, reduced leaf size, and a general growth 
inhibition when watered with a NaC1-containing 
solution. These inhibitory effects increased pro- 
gressively with the increasing NaCl concentra- 
tion in the watering solution. The transgenic 

plants were unaffected by up to 200 mM NaCl showed a similar increase of AtNHXl transcript 
(Fig. 3, lower panel) and plant development was levels (Fig. 3, inset) and similar salt tolerance 
not compromised, as the transgenic plants bolt- (20). The Na+ content of both wild-type and 
ed and set seed in all salt treatments. However, transgenic plants increased with exposure to 
transgenic plants grown at 300 mM NaCl dis- high NaCl (Fig. 4). The higher Na+ content of 
played a reduction in leaf size and chlorosis the transgenic plants growing in 200 mh4 NaCl, 
(20). The three independent transgenic lines together with the sustained growth (Fig. 3) and 

Fig. 1. Subcellular localization of AtNHXl. (A) Mem- 
brane fractions were isolated from shoots of I-week- ' 
old seedlings (74). Protein (5 pg) was separated on a 
10% SDS-PACE and electroblotted. Polyclonal anti- ''- # 

bodies, raised against the COOH-terminal portion of ;;= AtNHXl (27), were used for the immunoblot, which 36- 
a. -. 

was developed using chemiluminescence. The lane 31' 

numbers corres~ond as follows: Lanes 1 and 2. mito- a 
P 

chondria; lanes'3 and 4, tonoplast-enriched fraction; Bo - ---- - H+-PP,ase 
lanes 5 and 6, Colgi/ER-enriched fraction; lanes 7 and , - - -  - V-ATPase 
8, plasma membrane-enriched fraction. Odd-num- 
bered Lanes correspond to  membrane fractions iso- 1 2 3 4 

lated from plants overexpressing AtNHXl, while ,, 
even-numbered lanes correspond to  fractions isolated 0-  

from wild-type plants. (B) Enrichment of the fractions 66- 
with tonoplast membranes was assessed with anti- 55' + 
bodies raised against the vacuolar H+-PPiase and the 36- 
vacuolar V-ATPase. (C) Purified vacuoles (77) were 31 - 
pelleted and solubilized in SDS-PACE sample buffer. 
Protein (3 )Lg) was resolved on 10% SDS-PACE and 
immunoblotted. Lanes 1 and 3 correspond to  vacuolar membranes isolated from plants overex- 
pressing AtNHXl, while lanes 2 and 4 correspond to  vacuolar membranes isolated from wild-type 
plants. Lanes 1 and 2 show immunoreaction with antibodies raised against AtNHXl. Lanes 3 and 
4 show immunoreaction to  antibodies raised against the vacuolar H+-Pyase. Relative molecular 
masses are indicated on the Left. 

Fig. 2. The Na+/H+ exchange activity in leaf 
vacuoles from wild-type plants and plants over- 
expressing AtNHXl. (A) The fluorescence 
quenching of acridine orange was used to  mon- 
itor the dissipation of inside-acid pH gradients 
across the vacuoles. Vacuoles (5 x lo4) were 
added to  0.8 m l  buffer containing 0.3 M man- 
nitol, 2 mM dithiothreitol, 5 mM Tris/MES buff- 
er (pH 8.0). .5 mM glucose, 30 mM tetramethyl- 
ammoniuim chloride, 1.5 mM Tris-ATP, and 5 pM 
acridine orange. Proton translocation was initiat- 
ed with the addition of 3 mM MgZ+ and the 
change of fluorescence with time was monitored 
as described (79). When a steady-state pH gradi- 
ent (acidic inside) was formed, the ATP-depen- 
dent H+ transport activity was stopped by the 
addition of hexokinase (HK) (79). After a constant 
rate of fluorescence recovery was obtained, ali- 
quots of 5 M NaCl (Na+) were added, and the 
changes in fluorescence recovery were deter- 
mined (79). The addition of monensin (mon), an 
artificial Na+/H+ antiport, abolished the pH gra- 
dient and the fluorescence was fully recovered. 
The figure shows a typical recording; gaps in the 
lines indicate the addition of reagents. Curves 
labeled 1 and 2 indicate vacuoles from wild-type 
plants and from plants overexpressing AtNHX1. 
respectively. (B) Kinetics of Na+/H+ exchange in 
vacuoles from wild-type plants (0) and plants 
overexpressing AtNHXl (0). Each point repre- 
sents the mean 2 SD (n = 3). (C) Double recip- 
rocal plot of the Na+-dependent recovery of acri- 
dine orange fluorescence quenching. Each point 
represents the mean t SD (n = 3). The apparent 
K, was calculated by the intersection of the fitted 

5 min 

li;;e with the abscissa. % Q, percentage of fluo- -0.25 -0.125 0 0.125 0.25 
rexence quenching. 

lI[Na+] (mM-') 
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Fig. 3. Salt treatment of wild- 
type plants and plants overex- 

expressing AtNHXl were used 

pressing AtNHX1. Transgenic , 
T3 plants from the lines over- 1 
in assessing salt tolerance. 1 
Twenty wild-type plants and 
20 of each of the three lines of 
transformed plants overex- 
pressing AtNHXl were grown 
on a short-day cycle (8 hours 
light, 16 hours dark). Each set 
of 20 plants was divided into 
five groups (labeled A through 
E) of four plants each. We ap- 
plied 25 ml  of a diluted nutri- 1 
ent solution (1/8 MS salts) ev- I 

ery other day over the 16-day 1 
watering treatment. The con- 
trol group received no NaCl 1 
supplementation. The remain- 
ing groups were watered with 
nutrient solution supplement- 
ed with NaCL The concen- 
trations of NaCl supplementa- 
tion were increased stepwise 
by 50 mM every 4 days for 
each group, to the indicated . 
maximum: (A) control, (B) 50 

I 
mM NaCl, (C) 100 mM NaCl, I (D) 150 mM NaCl, and (E) 200 
mM NaCI. The salt-tolerance 
phenotype was observed in 
three i;lbependent transgenic 
lines tested. The transgenic 
line shown (2') is representative of the three tested lines as are the plants from each treatment group. 
(A) (upper panel) Wild-type plants. (B) (lower panel) Plants overexpressing AtNHXl. (Inset) Northem 
blot of RNA isolated from leaves of wild-type (wt) and three independent lines (2'; 3'; 4') of transgenic 
plants grown in the absence of NaCL RNA was probed with AtNHX7 cDNA. Equal amounts of total RNA 
were present in each sample (30 p.g). In all plants, the endogenous 2.1 kilobase (kb) transcript was 
detected. An additional transcript of -1.7 kb that corresponds to the predicted open reading frame of 
AtNHXl can be seen only in the transgenic plants. Apparent molecular size (kb) of the transcripts is 
indicated to the left. 

[NaCI] in watering solution 

Fig. 4. The Na+ content in wild-type (black bars) 
and transgenic plants (white bars) grown in the 
absence or presence of 200 mM NaCL The above- 
ground parts of the plants were harvested at the 
end of the salt treatment. Dry weight was mea- 
sured after 24 hours at 70°C, and Na+ content 
was determined by atomic absorption spectro- 
photometry. Values are the mean t SD (n = 4). 

the increased vacuolar antiport activity (Fig. 2), 
is consistent with increased vacuolar compart- 
mentation of Na' in the transgenic plants. We 
did not detect an increase in AtNHXI transcript 
levels in response to NaCl(50 to 250 mM) (13) 
or upon the application of exogenous ABA (20). 
We have analyzed RNA from young seedlings 
and mature plants, and from the roots, shoots, 
and leaves of NaCI-stressed plants at different 

time points (6 to 36 hours) grown in petri dishes 
or in soil. No increase in the AtNttYl protein 
product was detected either by immunoblotting 
or by vacuolar Na+/H+ activity assays in re- 
sponse to NaC1-stress (20). These results would 
suggest that the induction of AtNHXl protein 
synthesis or vacuolar Na+iH+ antiport activity 
in response to NaC1-stress in ~rabido~sis  wild. 
type plants requires conditions which are cur- 
rently unknown. Since Arabidopsis is a glyco- 
phytic plant with a sensitivity to salt similar to 
most crop plants, our findings suggest the fea- 
sibility of genetic engineering crop plants with 
improved salt tolerance. 
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