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ABSTRACT 

Growth of most crop plants (glycophytes) is reduced in 

saline environments. A few plant species (euhalophytes) not 

only tolerate, but require salt, and grow optimally in 

salinities between 100 and 200 mM NaCl. The halophyte 

Salicornia bigelovii Torr. shows optimal growth in 200 mM 

NaCl and reduced growth in low saline conditions. 

In spite of years of research, mechanisms that confer 

salt tolerance to some plants and sensitivity to others are 

poorly understood. This research was undertaken to obtain 

physiological information in an attempt to determine whys. 

bigelovii requires salt to reach maximum growth. 

Salicornia seedlings were grown in the greenhouse in 

aerated nutrient solutions with 5, 200 or 600 mM NaCl. 

Plants grown in 200 mM NaCl showed optimal growth. Fresh and 

dry weight of the plants were reduced when grown in 5 and 

600 mM NaCl. The main differences in plants grown in 5 and 

600 mM NaCl had to do with ion accumulation. These 

differences in ion accumulation suggested that salt 

tolerance in Salicornia was established by regulation of ion 

transport. This was confirmed by studying two primary 

transport systems in plants grown in 5 or 200 mM NaCl. These 

transport systems are the H+-ATPases on the plasma membrane 

(PM-ATPase) and the tonoplast (V-ATPase). Higher PM-ATPase 
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(55%) activities were observed in 200 mM NaCl grown plants. 

Increases in growth and in PM-ATPase activity in Salicornia 

shoots after exposure to salinity were highly correlated. v

ATPase activity was significantly stimulated in vivo and in 

vitro (26 and 46%) after exposure to 200 mM NaCl, and this 

stimulation was Na+-specific. Increased V-ATPase activity 

was consistent with an increased Na+ accumulation (45%) 

compared to plants grown in 5 mM NaCl. 

Na+-stimulation of ATPases may confer salt tolerance in 

Salicornia by providing the driving force for regulation of 

intracellular Na+ levels. The ATPases provide an increased 

H+ electrochemical gradient across membranes that may be 

used by the Na+/H+ exchangers on the plasma membrane and 

tonoplast. In addition, H+ transport across the plasma 

membrane leads to acidification of the apoplast that is 

required for cell wall extension and growth. These transport 

systems need to work in concert for optimal growth and salt 

tolerance. 
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INTRODUCTION TO THE DISSERTATION 

Excessive salinity is a widespread phenomenon on earth 

and has become an increasingly serious problem on irrigated 

lands. One-third of the irrigated land of the world is salt

affected {Reeve and Fireman, 1967). Growth of most crop 

plants, which are glycophytes, is reduced in saline 

environments. A few higher plant species {euhalophytes) not 

only tolerate, but require salt {NaCl), and grow optimally 

in salinities between 100 and 200 mM NaCl (Flowers et al., 

1977). 

In spite of years of research, mechanisms which confer 

salt tolerance to some plants and sensitivity to others are 

poorly understood (Cheeseman, 1988). Euhalophytes have been 

used extensively to study salt tolerance; however, little 

research has been done to determine why some halophytes have 

optimal growth at high salinities and reduced growth under 

salt-free conditions (Ungar, 1991). (In these experiments I 

used 5 mM NaCl, instead of salt-free conditions, to 

eliminate the possible effect of a Na+ deficiency as an 

essential nutrient in halophytes.) I selected Salicornia 

bigelovii Torr., a succulent C3 annual chenopod, to study 

the physiological and biochemical responses involved in salt 

tolerance. s. bigelovii shows optimal growth at salinities 

between 170 and 200 mM NaCl {Webb, 1966; Weeks, 1986) and 
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exhibits a severe reduction in growth in low saline 

conditions. This differential growth response allows a 

direct comparison of the processes conferring salt tolerance 

in plants from the same ecotype. In addition, Salicornia 

adapts to high salinity without the production of 

specialized salt-sequestering structures or differential 

production of osmotic solutes (Weeks, 1986). These 

attributes make Salicornia an excellent system for 

identification of some of the key processes that should be 

targeted in attempts to increase salt tolerance in 

glycophytic crop plants. 

The purpose of this research was to obtain 

physiological information that might contribute to answering 

the question of why Salicornia bigelovii not only tolerates 

salt, but requires relatively high sal concentrations to 

reach maximum growth. This dissertation includes a summary 

of the findings of three main studies which are appended as 

three manuscripts submitted for publication. The first 

manuscript (APPENDIX A) deals with a general evaluation of 

whole plant physiological responses in plants growing ins, 

200 or 600 mM NaCl (sub-, optimal, and supra-optimal salt 

conditions). The outcome of this study was the foundation 

for the studies presented in the other two manuscripts. 

Results of the whole plant physiological studies indicated 

that ion accumulation was greatly affected by salinity 
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treatments. This suggested that salt tolerance in Salicornia 

involved regulation of ion transport. Based on the results 

from the whole plant studies I decided to examine plants 

grown in sub- or optimal salinity, because I found that 

plants grown in supra-optimal salinity exhibited reduced 

growth due to secondary ion effects like calcium and 

magnesium deficiencies resulting from excessive Na+ in the 

medium. I was interested in responses related to the 

increased growth at optimal salinity. The second manuscript 

(APPENDIX B) involves experiments that studied the plasma 

membrane H+-ATPase and its role in salt tolerance. I 

hypothesized that plants grown in 200 mM NaCl had increased 

activity of the H+-ATPase on the plasma membrane resulting 

in Na+ stimulated proton extrusion into the cell wall, 

causing activation of cell wall loosening enzymes and 

increased growth. The third manuscript (APPENDIX C) deals 

with the vacuolar H+-ATPase as a primary transport system 

involved in salt tolerance. I hypothesized that in plants 

grown in 200 mM NaCl there was an increase in activity of 

the a+-ATPase on the tonoplast. The rationale behind this 

hypothesis was that salt-grown plants accumulated about 

three times more Na+ (presumably in the vacuole) than low 

salt grown plants. An increase in activity of the H+-ATPase 

on the tonoplast may produce a pH gradient between the 



cytoplasm and vacuole and serve as a driving force for Na+ 

uptake into the vacuole. 
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The manuscripts appended to this dissertation are 

presented in different formats following the rules of three 

scientific journals with the intention to submit them for 

publication. 

Biology and natural history of Salicornia 

Salicornia bigelovii is a member of the Chenopodiaceae 

(Scott, 1977). It is a leafless annual plant with green 

jointed, succulent stems that ultimately form terminal 

fruiting spikes in which seeds are borne (Wiggins, 1980). In 

subtropical regions it may grow to be a large, upright 

plant, 50 cm tall, with most of the seed bearing spikes on 

the upper one-third of the plant. The seeds weigh 

approximately 1 mg and may germinate directly in sea water 

(Glenn et al., 1991). 

S. bigelovii occurs exclusively in coastal salt-marshes 

in North and central America. Along the Pacific coast, the 

species is found farthest north at Point Conception in 

southern California. Its intermittent distribution continues 

southward on both sides of the peninsula of Baja California 

and down the Mexican mainland as far as Mazatlan. Its 

southernmost distribution along the Gulf of Mexico is the 

Yucatan peninsula from where it occurs sporadically north to 
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Texas and east to Florida and the Florida Keys in greater 

abundance. It is also found in several islands in the 

Caribbean, including the Bahamas, Jamaica and Puerto Rico. 

The species also occurs up the eastern seaboard of the 

United States as far north as New Hampshire [Carolyn Watson, 

pers. comm. cited in Weeks, (1986)]. 

At "Estero Morua", near Puerto Pefiasco, Sonora, Mexico 

(latitude 31° 17' N, longitude 113° 24' W), seed is dispersed 

into the estuary in late August and September. (Seeds used 

in these studies were collected from Estero Morua in the 

autumns of 1991 and 1992.) The seeds germinate quickly over 

a period of several days and overwinter as seedlings. Little 

growth occurs until about March when the temperature rises. 

At this time, there is relatively rapid growth for several 

months. Throughout the northern shore of the estuary, 

Salicornia plants experience about 92% of the high tides. 

Inflorescence tissue begins to appear in June and develops 

determinately at each branch terminus until senescence 

overtakes the entire plant, and seed is once again released 

into the estuary. Pistils appear prior to stamens as both 

ascend the inflorescence. It is not known whether this plant 

is cleistogamous, as are some members of the genus, or 

whether it is capable of cross pollination (Weeks, 1986). s. 

bigelovii accessions from northern Mexico are diploid 

-- -----------· ----



(2n=l8) (Steven E. Smith, pers. comm.). The species s. 

bigelovii is very similar to s. europaea L. (Scott, 1977; 

Wiggins, 1980). 

16 
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PRESENT STUDY 

The methods, results, and conclusions of this study are 

presented in the manuscripts appended to this dissertation. 

The following is a summary of the most important findings in 

these manuscripts. 

Whole plant physiology experiments (APPENDIX A) 

Fresh, dry and ash-free dry weight of the plants were 

reduced at sub- (5 mM NaCl) and supra-optimal (600 mM NaCl) 

salinities, compared to plants grown at optimal (200 mM 

NaCl) salinity. The causes for the reductions in growth 

between sub- and supra-optimal salinity plants were 

different. 

Excessive NaCl in the growing medium of plants grown at 

supra-optimal salt conditions induced calcium and magnesium 

deficiencies in shoots. Tissue concentrations of these 

cations were significantly reduced in plants grown in 600 mM 

NaCl. Calcium deficiency was visually detected as 

malformation and necrosis of the youngest tissue. 

Chlorophyll analysis also identified significantly lower 

amounts of chlorophylls a and bin plants grown in 600 mM 

NaCl. In addition, sodium accuEulation was highest in these 

plants, especially in shoots. such high sodium concentration 

might have lead to a breakdown in the plant's ability to 

regulate intracellular Na+ levels and contributed to the 
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reduced growth seen in plants grown in 600 mM NaCl. 

Shoots of plants grown at sub-optimal salinity were 

less succulent and had a significantly smaller stem diameter 

which may be due to a reduction in cell size. These plants 

may have compensated for the sodium deficiency in the 

external solution by accumulating calcium, potassium, and 

magnesium in addition to sodium. Calcium accumulation might 

have increased the rigidity of the cell walls restricting 

cell elongation. 

Microsomal membrane experiments (APPENDICES BAND C) 

Specific activity of the vanadate-sensitive, 

bafilomycin-insensitive plasma membrane ATPase (PM-ATPase) 

from shoots of plants grown in 200 mM NaCl was 55% higher 

than that of the plants grown in 5 mM NaCl. Gel 

electrophoresis of membrane polypeptides showed that protein 

profiles were not affected by the salt treatments. 

Immunoblots of plasma membrane proteins with antibody to the 

100 kD PM-ATPase indicated that in vivo stimulation of the 

ATPase in plants grown in 200 mM NaCl was not due to 

increased expression of the plasma membrane-ATPase protein. 

Fresh weight of the shoots of plants grown in 200 mM NaCl 

was 50% greater than that of plants grown in 5 mM NaCl for 

14 days. Shoot fresh weight ratios (plants in 200 mM NaCl 

versus plants in 5 mM NaCl) were highly correlated (r2 = 



0.86, P = 0.008) with specific ATPase activity ratios. 

Results from these studies strongly suggest that the PM

ATPase ins. bigelovii is involved in the increases in 

growth seen in plants grown in 200 mM NaCl. 
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In addition, specific activity of the bafilomycin

sensitive, vanadate-insensitive vacuolar ATPase (V-ATPase) 

from shoots of plants grown in 200 mM NaCl was also higher 

(26%) than those grown in 5 mM NaCl. Tonoplast protein 

profiles were not affected by the salt treatments. 

Immunoblots of tonoplast proteins with antibody to the 70 kD 

sub-unit of the V-ATPase indicated that in vivo stimulation 

of ATPase activity in plants grown in 200 mM NaCl was not 

due to an increase in expression of the V-ATPase protein. 

Increased V-ATPase activity in plants grown in 200 mM NaCl 

was consistent with an increased Na+ accumulation (45%) 

compared to plants grown in 5 mM NaCl. V-ATPase activity was 

significantly stimulated (46%) in vitro after the addition 

of 200 mM NaCl to tonoplast-enriched membranes from shoots 

of plants grown in 5 mM NaCl. 

These findings suggest that ATPases on plasma membrane 

and tonoplast are involved in the increases in growth and 

salt tolerance observed in plants grown in 200 mM NaCl. Both 

ATPases generate an electrochemical gradient by transporting 

H+ across the membranes: from the cytoplasm to the cell wall 
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space (PM-ATPase) and from the cytoplasm to the vacuole (V

ATPase). These electrochemical gradients constitute the 

driving force for nutrient and solute transport. The pH 

gradient generated by the V-ATPase is required for the 

proper sequestration of Na+ into the vacuole leading to 

protection from osmotic stress and increased water uptake .• 

In addition, H+ transport across the plasma membrane driven 

by the PM-ATPase leads to acidification of the apoplast to 

induce cell wall loosening that is required for cell wall 

extension and growth. 

Future work 

Results from this study have established a framework 

for additional studies at the biochemical and molecular 

level. Integration of whole plant and cellular levels will 

allow us to understand more about salt tolerance in 

Salicornia. Some questions that need to be addressed are: 

1). Is the reduced growth in low salt conditions due to 

plants with more rigid cell walls due to ca2+ accumulation? 

2). What are the mechanisms involved in the stimulation of 

activity in both ATPases? 

3). Do Na+/H+ antiporters exist on the vacuolar and plasma 

membranes? 

4). Is the activity or expression of the Na+/H+ antiporters 

being stimulated due to salt treatment? 
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SUB-OPTIMAL, OPTIMAL, AND SUPRA-OPTIMAL SALINITY 

ABSTRACT 

25 

In the present study we determined the effects of added 

salt on growth, plant water relations, gas exchange, and ion 

accumulation in Salicornia bigelovii Torr. Plants were grown 

in 5, 2 oo or 600 mol m·3 NaCl,· representing sub-optimal, 

optimal and supra-optimal salinities, respectively. 

Shoot fresh and dry weight of plants grown at optimal 

salinity were more than 50% higher than those grown at the 

other two salinities. Water and osmotic potentials of the 

shoots decreased significantly with increasing salinity but 

turgor potentials did not differ significantly among 

treatments. 

Photosynthetic rates could not explain the increased 

growth shown by plants at optimal salinity. They were 

significantly higher in plants grown at 5 mol m·3 NaCl when 

net CO2 assimilation was expressed relative to 

photosynthetic area. When photosynthesis was expressed 

relative to the amount of chlorophyll, no significant 

differences were found among salinities. Stomatal 

conductance decreased with increasing salinity, resulting in 

a significantly higher transpiration rate at the lowest 

salinity than at the other two levels. Dark respiration was 
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not significantly affected by salinity. 

Sodium concentration in shoots and roots increased with 

salinity. Potassium, calcium and magnesium were highly 

concentrated in shoots and roots of plants grown at 5 mol m~ 

NaCl. on the other hand, excessive NaCl induced calcium and 

magnesium deficiencies in plants grown at supra-optimal 

salinity. These results showed that ion transport was 

definitely affected by salinity treatments suggesting that 

salt tolerance in Salicornia results from regulation of ion 

transport. 

Key words: Salt tolerance, halophytes, Salicornia bigelovii, 

photosynthesis. 

INTRODUCTION 

Halophytes are defined as plants able to tolerate 

salinities of 0.5% or higher (Queen, 1974). Certain 

halophytes, the euhalophytes, not only tolerate high 

salinity but have maximum growth at salinities of 100 to 200 

mol m·3 {approximately 0.6 to 1.2%) (Flowers et al., 1977). In 

evolving adaptation to high salinity, some growth-related 

processes in these species have apparently lost the ability 

to function as well at lower salinity. Little is known about 

the processes conferring optimal growth in high salinities, 
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primarily because more attention has been directed toward 

the responses of plants, including halophytes, to high 

salinities (Waisel, 1972; Flowers et al., 1977; Munns et 

al., 1983; Rozema, 1991). One of the difficulties in 

interpreting the results of studies that compare responses 

to optimal salinity and greater than optimal (supra-optimal) 

salinity is distinguishing those responses that are truly 

adaptive from those that are the result of some metabolic 

lesions or other form of toxic effects. In contrast, 

responses to less than optimal (sub-optimal) salinity might 

be expected to identify processes that function well in most 

plants at that salinity but have been altered to function 

better at 100 to 200 mol m·3 salinity in euhalophytes. 

Identification of these processes should prove helpful in 

understanding how euhalophytes tolerate high salinity. This 

would not only contribute to a better understanding of how 

plants have adapted to highly saline environments, but it 

also might help to identify some of the key processes that 

should be targeted in attempts to increase salt tolerance in 

glycophytic crop plants. 

We have chosen a succulent C3 annual Salicornia 

bigelovii Torr. (Chenopodiaceae) as the experimental plant 

for our studies. s. bigelovii is a coastal halophyte that 

has been reported to have maximum growth at about 170 to 200 
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mol m-3 NaCl (Webb, 1966; Weeks, 1986) and is capable of 

growing well even at salinities equivalent to seawater 

(approximately 540 mol m-3). After screening numerous 

halophytes for use as seawater-irrigated crops, Salicornia 

emerged as having the greatest potential, due largely to its 

ability to produce oilseed yields when irrigated with 

seawater that were equal to those of current oilseed crops 

irrigated with fresh water (Glenn et al., 1991). In the 

current experiments plants were grown at 5, 200, and 600 mol 

m-3 NaCl (sub-optimal, optimal, and supra-optimal salinities, 

respectively based on preliminary studies (unpublished 

data]). Growth, photosynthesis, ion accumulation, and water

relations parameters were compared in plants grown at the 

three salinities. 

MATERIALS AND METHODS 

Plant material and experimental conditions 

s. bigelovii seeds were collected in the autumns of 

1991 and 1992 from plants growing in "Estero Morua", a 

coastal estuary located 7.5 km E. of Puerto Pefiasco, Sonora, 

Mexico (31° 17' N, 113° 24 1 W). A series of greenhouse 

experiments was carried out from May 1992 to July 1993. 

Night temperatures ranged from 15 to 26 C and day 

temperatures ranged from 26 to 32 c. Photosynthetically 

active radiation measured at noon ranged from 450 to 1350 
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µ.mol m-2 s-1 , and relative humidity varied from 25 to 50% 

during the day and from 70 to 85% at night. To prevent 

plants from flowering, photoperiod was extended to 24 h 

using fluorescent lamps at night for two experiments 

conducted from January to May 1993. Seeds were sown in a 

mixture of organic soil and sand in plastic flats without 

drainage. After 48 to 55 days, seedlings that were about 2 

cm tall were transplanted to 1-L containers, where they were 

grown in aerated nutrient solution (composition in mol m-3 : 3 

Ca(N03}i, 2 KN03 , 2 KH2P04 , 2 MgS04 .7H20; in mmol m-3 : 7.6 MnC121 

40 H3B03 , O. 3 CuC12 , 1. 3 ZnS04 , 3 Mo03 • Iron was supplied as 

the EDTA complex at 4.2 mg Fe L-1) with 5, 200 or 600 mol m·3 

NaCl (analytical reagent). NaCl was added at a rate of 50 

mol m-3 per day until final concentration of 200 or 600 mol 

m·3 was reached. The water used to prepare the nutrient 

solutions contained ( in mol m·3) 1.1 Na+, o. 04 K+, o. 8 ca2+, 

and o.os Mg2+. Solutions were replaced every 5 to 7 days to 

avoid nutrient deficiencies and salt dilution or 

accumulation. Solute potentials were verified by 

psychrometry immediately after solutions were made and 

before replacing solutions. Solute potential varied from -

0.13 to -0.24 MPa for the sub-optimal salinity, from -1.1 to 

-2.1 MPa for optimal salinity, and from -2.7 to -3.4 MPa for 

supra-optimal salinity. The pH measured immediately after 
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the solutions were made was 6.80, and just before solutions 

were replaced, pH was 6.42 ±0.04, 7.18 ±0.07 and 6.92 ±0.02 

for sub-optimal, optimal and supra-optimal salinities, 

respectively. A completely randomized design was used for 

each experiment with three salinity treatments. 

Growth measurements 

Fresh weight (FW) and dry weight (DW) of shoots and DW 

of roots were measured at five to seven-day intervals after 

the highest salt concentration was reached. Dry weight was 

determined by oven drying at 65 C to constant weight. 

Mineral content (ash) of shoots and roots was determined by 

heating at 600 c for 2 h. To determine Relative Growth Rates 

(RGR), fifteen plants were harvested immediately prior to 

adding the salt treatments. Thereafter, successive harvests 

were taken on days 24, 32, and 40, with five plants per 

treatment harvested. Dry weight at each harvest was used for 

calculation and analysis of RGR utilizing the method 

proposed by Venus and causton (1979). Number of nodes, 

height and stem diameter at the fourth internode from the 

shoot apex were determined at weekly intervals. 

Plant water relations 

Pre-dawn water and osmotic potentials were measured 

psychrometrically on plants 42 dafter the highest salinity 

was reached using a Wescor HR-33T microvoltmeter. Samples 

were taken by excising 3 to 4 mm sections from the second 
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internode from the shoot apex and placed in thermocouple 

psychrometer chambers (Model 75-2VC, J. R. D. Merrill 

Specialty Equipment Co., Logan, Utah). Water potentials were 

determined after 6 h equilibration at 25 c. After 

measurements were taken, samples were frozen in liquid N2 • 

They were then thawed and osmotic potentials measured after 

1 h equilibration at 25 c. Turgor potentials were estimated 

as the difference between water potential and osmotic 

potential. Five plants per treatment were sampled. 

Gas exchange measurements 

Instantaneous measurements of net CO2 assimilation rate 

(A), dark respiration (R), transpiration (E), stomatal 

conductance (g), and intercellular CO2 concentration (Ci) 

were made on intact shoots using an LCA-3 ADC portable 

infrared open gas-exchange system (Analytical Development 

Company, Hoddesdon, England). A cuvette designed to 

accommodate a portion of the Salicornia shoot was 

constructed from 3 mm thick polycarbonate plastic and had a 

volume of 343 cm3 • Testing of the cuvette was performed 

following guidelines described by Parkinson and Day (1990). 

"Leaf" area was calculated as half of the total area of the 

cylindrical branch. Measurements were made by enclosing part 

of the plant in the cuvette allowing approximately 5 min for 

adjustment of the chamber, equilibration, and recording the 
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data. Dark respiration was determined by darkening the 

cuvette for approximately 5 min after recording the 

photosynthesis data. Gas exchange measurements were made on 

several different days from 21 to 61 dafter the highest 

salinity was reached. Measurements were performed on plants 

at three times during the day: morning (from 8:30 to 11:30 

h), mid day (12:00 to 13:30 h), and afternoon (from 15:00 to 

17:00 h). Differences among salinities were similar at all 

three times of the day so only morning data are presented. 

Four to six plants per treatment were sampled at every 

measurement. These experiments were replicated four times. 

Stable isotope analysis 

At 46 dafter the highest salinity was reached, shoot 

samples from eight plants of each treatment were dried at 65 

c to constant weight. Approximately 1 g was ground to enable 

passage through a 40 mesh screen, and 1 to 2 mg of each 

sample were used for analysis. Natural abundance 13c ratios 

were measured at the Duke University Phytotron on a SIRA 

Series II isotope ratio mass spectrometer (VG ISOGAS, 

Middlewich, UK) operated in automatic trapping mode after 

combustion of samples in an elemental analyzer (NAlSOO, 

Carlo Erba Instrumentazione, Milan, Italy). The reference 

CO2 , calibrated against the standard Pee Dee belemnite, was 

obtained from OZTECH (Fremont, CA). Internal precision of 
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individual measurements was greater than 0.01 °/00 • Data are 

expressed as 6' 13C values after correction for oxygen isotope 

contribution. 

Chlorophyll and protein determinations 

Chlorophyll was extracted with 100% methanol. 

Chlorophylls a, band total were calculated using the 

equations derived from the specific'absorption coefficients 

given by Mackinney (1941): Chlorophyll a= 16.5~5 - 8.3At;50 , 

chlorophyll b = 33. 8At;50 - 12. 5~5 , and total chlorophyll = 

25.5At;50 + 4.0~5 • The plant material, left on the filter 

after chlorophyll was extracted, was recovered and dried. 

Protein was extracted from the dried material with 0.8 N 

NaOH. Determination of protein concentration was done using 

the Pierce BCA Protein Assay (Pierce, Rockford, IL). 

Determination of cations 

Shoot samples, from plants 39 dafter highest salinity 

was reached, were dried and digested with nitric/perchloric 

acid, and Na+, K+, ca2+ and Mg2+ contents were determined by 

inductively coupled plasma emission spectroscopy. Shoot and 

root samples from another experiment, with plants exposed to 

salinity for the same time as before, were dried and 

digested with nitric acid and Na+, K+, ca2+ and Mg2+ 

determined by atomic absorption spectroscopy (Association of 

Official Analytical Chemists, 1984). Since results from both 
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Data analysis 
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One- or two-way analyses of variance were done using 

CoStat (CoHort Software, Berkeley, CA) when appropriate for 

some of the variables studied. Statistical analyses of gas 

exchange variables were performed with the GLM procedure in 

SAS (SAS Institute, 1988). Throughout, P ~ 0.05 was used to 

define statistical significance. Whenever significant 

effects of salinity treatments were found, mean separations 

were done using Duncan's multiple range test. 

RESULTS 

Growth 

Clear differences in the size of plants grown at the 

three salinities suggested different growth responses. To 

determine if increased growth took place in shoots, roots, 

or both, we measured shoot FW and DW and root DW. Shoot FW 

and DW, and total DW of plants grown in 200 mol m·3 NaCl were 

significantly higher than weights of plants grown in 5 or 

600 mol m·3 NaCl at every time measured 25 days or more after 

highest salinity was reached (Figures la, lb, and ld). Root 

DW for plants grown at 200 mol m·3 NaCl did not differ 

significantly from plants grown at 5 mol m·3 NaCl at 20, 25 

or 46 days after highest salinity was reached (Figure le). 

In general roots were less affected by salinity than shoots 
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except for plants grown at the highest salinity. 

Shoot RGR was calculated at different times during the 

growing season to determine the time interval at which 

plants growing in optimal salinity had the greatest weight 

accumulation. Shoot RGR was highest for plants grown at 

optimal salinity between 24 and 32 dafter the highest 

salinity was reached. Before and after that time interval, 

RGRs were similar for all salinities (Table 1). Relative 

growth rates were calculated using the dry weight 

accumulations instead of using organic matter accumulations 

(ash-free dry weights). The response to salinity was the 

same whether expressed on a fresh, dry or ash-free dry 

weight basis (Figure 2). 

Differences in shoot growth could be due to increased 

production of nodes or increased size (length and width) of 

internodes as a result of increased cell division and/or 

cell elongation. To test this, plant size, number of nodes 

and stem diameter were measured. Plants were significantly 

taller when grown at optimal salinity at every time measured 

except at 32 dafter highest salinity was reached (Figure 

3a). The number of nodes per plant was not significantly 

different in plants grown at sub- and optimal salinities 

(Figure 3b). Plants grown at optimal and supra-optimal 

salinities developed a significantly wider stem diameter 

compared to plants grown at sub-optimal salinity (data not 
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shown). 

Plant water relations 

Parameters indicating the water relations of the plants 

were measured to examine if they were related to the 

differences in growth. Pre-dawn water and osmotic potentials 

of shoots decreased significantly with increasing salinity. 

Calculated turgor potentials did not differ significantly 

among treatments, but the trend was from very low at the 

sub-optimal salinity to higher with each level of increasing 

salinity (Table 2). 

Gas exchange measurements 

Measurements were made to see if differences in gas 

exchange might explain the differences in growth. Stomata! 

conductance (g) was significantly higher at the sub-optimal 

salinity than at the two other salinities, which did not 

significantly differ from each other (Table 3). This 

resulted in a significantly higher transpiration rate (E) at 

the lowest salinity than at the other two salinities. The 

internal CO2 concentration was highest at the sub-optimal 

salinity, resulting in a significantly higher photosynthetic 

rate per unit of surface area (A) at the lowest salinity, 

but the instantaneous water use efficiency (µmol CO2 fixed 

per mmol H20 transpired) was significantly lower at the sub

optimal salinity than at the other two levels. Theo 13c 
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values for the plants also indicated that the water use 

efficiency increased with increasing salinity. In C3 plants, 

more positive values are strongly correlated with increased 

water use efficiency (O'Leary, 1988), and the values here, 

which differed significantly between salinity levels, were 

-29.5, -28.6, and -27.6 °/00 for plants grown at 5, 200, and 

600 mol m·3 , respectively. Dark respiration (R) did not 

differ significantly between salinity levels (Table 3). 

Chlorophyll, succulence, protein content, and photosynthesis 

expressed on chlorophyll basis 

Color differences in shoots were obvious among salinity 

treatments. Total chlorophyll content of the shoots was 

significantly higher at the sub-optimal salinity than at the 

optimal salinity, which was significantly higher than that 

of plants at the supra-optimal salinity (Table 4). The 

differences in chlorophyll a were primarily responsible for 

these differences. 

Since differences in chlorophyll content were found, we 

measured chlorophyll content and photosynthesis on the same 

tissue. Again total chlorophyll content was highest in 

plants grown at sub-optimal salinity. However, the FW per 

cm2 of leaf surface (succulence) was lowest for these 

plants. This resulted in no significant differences in 

photosynthesis expressed in µmol CO2 per gram chlorophyll 
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per second (Table 5). 

Protein content of shoots was also measured in order to 

express photosynthesis relative to the amount of protein. 

However, no significant differences in protein content were 

found among salinity levels (data not shown). 

cations 

Inorganic solutes constitute a major component in 

osmotic potentials. Total concentration of cations (Na+, K+, 

ca2+ and Mg2+) increased with increases in salinity (Table 

6). At optimal and supra-optimal NaCl, the increase in total 

inorganic ions was due to increased sodium. Calcium and 

magnesium concentrations were reduced with increase in 

salinity. These reductions were proportionately larger in 

shoots than in roots. Potassium concentration in shoots was 

significantly reduced with salinity. However, potassium in 

roots was not affected by salinity. 

DISCUSSION 

Salicornia bigelovii showed optimal growth at 200 mol 

m·3 NaCl. Similar results have been found by Webb (1966) and 

Weeks (1986), using the same species. Comparable results are 

reported for other Salicornia species (Halket, 1915; Webb, 

1966; Tiku, 1976; Flowers et al., 1977; Abdulrahman and 

Williams, 1981; and Pearcy and Ustin, 1984). Many other 

dicotyledonous halophytes show optimal growth in the 
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presence of salt (Flowers et al., 1977; Glenn and O'Leary, 

1984; Naidoo and Rughunanan, 1990; Warne et al., 1990; and 

Rozema, 1991). Fresh and dry weights of the plants were 

reduced at sub and supra-optimal salinities, compared to 

plants grown at optimal salinity. It appears that the cause 

for the reductions in growth between sub and supra-optimal 

salinity plants is different. 

Decreased growth at supra-optimal salinity 

The deleterious effects of salinity are thought to 

result from water stress, ion toxicities, ion imbalance, or 

a combination of these factors. Ion imbalances in plants 

can, for example, occur when high concentrations of Na+ in 

the soil reduce the amounts of available K+, Mg2+, and ca2+ 

(Epstein, 1972), or when Na+ displaces membrane-bound ca2+ 

(Cramer et al., 1985). In addition, Na+ may have direct 

toxic effects, as when it interferes with enzyme structure 

and function. It may also interfere with the function of 

potassium as a cofactor in various reactions. Many of the 

deleterious effects of Na+, however, seem to be related to 

the structural and functional integrity of membranes (Kurth 

et al., 1986). Our results indicated that sodium 

concentration in shoots and roots increased with salinity 

(Table 6). Potassium, calcium and magnesium concentration of 

the shoots of plants grown at optimal salinity represent 
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levels adequate for growth {Taiz and Zeiger, 1991; Salisbury 

and Ross, 1992). On the other hand, calcium and magnesium 

concentrations were extremely low in shoots of plants grown 

at supra-optimal salinity {Table 6), agreeing with results 

found for other halophytes {Flowers, 1972; Glenn and 

O'Leary, 1984; McNulty, 1985; Naidoo and Rughunanan, 1990). 

Deficiencies of Ca2+ and Mg2+ might be the main reasons for 

the reduced growth of these plants. Calcium is essential for 

normal development of cell walls, middle lamellae and 

membranes of cells. It is an immobile element within the 

plant, and, as a result, deficiencies appear in the youngest 

tissues. Plants grown at supra-optimal salinity showed 

malformed and necrotic tips (characteristic of a calcium 

deficiency) (data not shown). The main role of Mg2+ is as a 

structural component of chlorophyll. Plants grown at supra

optimal salinity had a light green color and chlorophylls a 

and b were low in these plants {Table 4). 

Decreased growth at sub-optimal salinity 

The growth of plant cells is primarily based on the 

increase in cell volume as a result of water uptake by 

osmosis. Cell extension is dependent on the uptake of water 

and on the extension of the cell wall. Cell enlargement 

requires a turgor pressure exceeding the yield threshold and 

is also dependent on the extensibility of the cell wall 
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(Rozema, 1991). It is clear that halophyte cells must have 

lower water potentials within than outside the plasmalemma 

to retain cellular water and that the necessary osmotic 

adjustment in dicotyledons is largely achieved by Na and Cl 

ions (Flowers, 1985). Our results indicated that water and 

osmotic potentials of the plants reflected the osmotic 

potentials of the external solution especially at optimal 

and supra-optimal salinities, but turgor potential was not 

significantly different, even though plants grown at sub

optimal salinity had a very low turgor potential (0.09 MPa). 

We do not have enough evidence that such turgor potential 

was not sufficient for normal growth. Shoots of plants grown 

at sub-optimal salinity had an osmotic potential five to ten 

times lower than the osmotic potential of the external 

solution. These plants compensated for the sodium deficiency 

in the external solution by accumulating K+, ca2+, and Mg2+ 

together at a ratio of 1:1 compared to sodium alone (Table 

6). Concentrations of these cations were about four times 

the adequate level for shoots (Taiz and Zeiger, 1991; 

Salisbury and Ross, 1992). 

In addition, plants grown at sub-optimal salinity were 

less succulent and had a significantly smaller stem diameter 

due to a reduction in cell size. Comparable results were 

also found by Batalin (cited in Strogonov, 1964) and 
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Strogonov (1964) in Salicornia herbacea L. (=Salicornia 

europaea L.). Similarly, when Suaeda maritima was grown 

under saline conditions, root diameter, and the cross

sectional area of the cortical cells, became much larger 

than in nonsalinized plants, but the number of layers of 

cells in the cortex and total number of cortical cells 

remained constant (Hajibagheri et al., 1985). Furthermore, 

Kurth et al. (1986) noted that while Na+ and ca2+ appeared 

to have interactive effects on cell shape and the rate of 

cell production within files of cortical cells, they did not 

seem to affect the basic organization of the cortex, as 

indicated by the essentially constant number of layers of 

cortical cells in cotton (Gossypium hirsutum L.) roots. 

More than half of the calcium in plants exists in the 

apoplast (Cleland et al., 1990). It is widely accepted that 

ca2+ increases the rigidity of plant cell walls by 

complexing with wall matrix polysaccharides. Protons, and in 

certain cases K+ and Na+, have been shown to displace ca2+ 

from cell walls, thereby increasing wall extensibility. 

Thus, one might expect increased growth under saline 

conditions (Kurth et al., 1986) (as was the case for plants 

grown at optimal salinity). on the other hand, Cleland et 

al. (1990) concluded that calcium crosslinks were not the 

major load-bearing bonds in soybean (Glycine max L.) 
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hypocotyl cell walls, and protons caused wall loosening by 

some mechanism other than displacement of wall calcium. 

However, exogenous calcium inhibited growth by releasing H+ 

from the Donnan Free Space (close to cell wall) to the Free 

Space, raising the pH of the Donnan Free Space and 

inhibiting wall loosening enzymes with acidic pH optima. 

Sodium might also have an effect on membrane function, as 

demonstrated by the response of the membrane potential in 

root cells (Lauchli, 1990). At lower ca2+ concentration, 

mild salt stress (25 mol m·3) depolarized the membrane within 

1 to 2 min, followed by slower recovery. The depolarization 

was presumably related to Na+ influx, while recovery may be 

ascribed to increased H+ efflux due to stimulation of H+

ATPase activity. As might be expected, the membrane 

potential was depolarized less by Na+ at a 10 times greater 

ca2+ supply. 

our results lead us to begin to ask the following 

questions: 

1) If cell size is smaller in plants grown at sub-optimal 

levels of salt (based on data from Salicornia herbacea), is 

this due to plants with more rigid cell walls due to ca2+ 

accumulation?, 

2) If plants grown at optimal levels of salt have larger 

cells, does this reflect increased activity of the H+-



ATPases on the plasma membrane resulting in Na+ stimulated 

proton extrusion into the cell wall, causing activation of 

cell wall loosening enzymes?, and 
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3) since salt grown plants accumulate Na+ (presumably in the 

vacuole), is there an increase in activity of the H+-ATPase 

on the tonoplast which may produce a pH gradient between 

cytoplasm and vacuole, to serve as a driving force for Na+ 

uptake into the vacuole? Future experiments will focus on 

these questions to investigate further the possible causes 

of the growth reduction at sub-optimal salinity. 
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Table 1. Effect of added NaCl on relative growth rates (RGR) 

of Salicornia bigelovii shoots at three time intervals 

during the growing season, between transplanting and 24 

days, between 24 and 32 days, and between 32 and 40 days 

after the highest salinity was reached. Values represent 

means± standard errors (n=5) 

NaCl Time period 

transplanting 24-32 d 32-40 d 
-24 d 

mol m·3 RGR g g·1 d-1 

5 0.107±0.007 0.103±0.033 0.066±0.039 

200 0.120±0.006 0.160±0.032 0.096±0.032 

600 0.103±0.006 0.066±0.031 0.124±0.030 



50 

Table 2. Effect of added NaCl on water and osmotic 

potentials in Salicornia bigelovii plants grown for 42 days 

after highest salinity was reached. Values represent means± 

standard errors (n=5 plants). 

NaCl Water Osmotic Calculated 
(mol m·3) potential potential turgor 

MP a 

5 -1.20 ±0.09ct -1.29 ±0.0Sc 0.09 ±0.03 

200 -2.25 ±0. lOb -2.42 ±0. 09b 0.17 ±0.02 

600 -3.25 ±0.17a -3.48 ±0.23a 0.23 ±0.09 

t Means in the same column followed by the same letter 
are not significantly different (P=0.05) according to 
Duncan's multiple range test (Same for the next tables). 
Abscence of letters indicates no significant differences 
among NaCl treatments. 



Table 3. Effect of added NaCl on conductance (g), transpiration (E), net 

photosynthesis (A), dark respiration (R), instantaneous water use efficiency (WUE) 

(E/A), and internal CO2 (Ci). Values represent means± standard errors (N=39 plants 

for all variables measured except R (n=lO) for plants grown in 5 or 200 mol m-3 NaCl. 

For 600 mol m-3 NaCl plants n=33 plants for all variables except R (n=5)]. 

NaCl g E A R WUE Ci 

mol m-3 mol m-2 s-• mmol m-2 s-• µ.mol m-2 s-1 µ.mol m-2 s-• µ.mol CO2/ µ.g cm-3 

mmol H20 

5 1.35 ±0.22a 10.66 ±0.41a 22.14 ±0.72a 10.7 ±0.9t 2.2 ±0.lb 256 ±4a 

200 0.57 ±0.03b 7.18 ±0.27b 17.87 ±0.54b 9.5 ±0.6 2.6 ±0.la 230 ±Sb 

600 0.37 ±0.02b 6.33 ±0-27b 17.42 ±0.58b 10.6 ±0.9 2.9 ±0.la 211 ±4c 

t Absence of letters indicates no significant differences among NaCl treatments. 

\Jl ,_. 
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Table 4. Effect of added NaCl on chlorophyll content in 

Salicornia bigelovii. Values represent means± standard 

errors (n=20 to 22 plants) from three different experiments. 

NaCl Chl. a Chl. b Total chl. Chl. a: chl. b 

mol m·3 mg g·1 ow 

5 42.3 ±1.3a 21.4 ±2.3a 63.7 ±3.4a 2:1 

200 34.2 ±l.3b 20.8 ±2.4a 55.0 ±3-5b 1. 6: 1 

600 21.0 ±1.lc 12.9 ±1-7b 33.9 ±2.5c 1. 6: 1 



Table 5. Effect of added NaCl on total chlorophyll, 

succulence and net photosynthesis (A) (expressed in 
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chlorophyll basis) in Salicornia bigelovii. Values represent 

means± standard errors (n=15 plants) from three different 

experiments. 

NaCl Total Succulence Total A 
Chlorophyll Chlorophyll (Chl-basis) 

mol m·3 mg g·1 FW mg FW cm·2 g m·2 µmol g·l s·l 

5 5.1 ±0.4a 225 ±16b 11.6 ±1.St 2.2 ±0.2 

200 4.1 ±0.3b 269 ±14a 11.2 ±1.2 1.9 ±0.2 

600 3.5 ±0.3b 260 ±9a 9.1 ±0.7 2.2 ±0.2 

t Absence of letters indicates no significant differences 
among NaCl treatments. 



Table 6. Effects of added salt on the concentration of cations in shoots and roots of 

Salicornia bigelovii plants grown for 39 days after highest salinity was reached. 

Values represent means± standard errors (n=l3 for shoots and n=G for roots). 

NaCl Tissue ion concentration (µmol g·• dry weight) 

mol m·3 

Na+ K+ ca2+ Mg2+ 

Shoot Root Shoot Root Shoot Root Shoot Root 

5 1905±86c 373 ±100b 1052±62a 802±32t 482±17a 462±26a 410±15a 151±10a 

200 5727±349b 2384±182a 390±22b 950±58 62±4b 283±48b 54±2b 81±2b 

600 7177±464a 2644±50a 213±2lc 830±60 32±3c 87±11c 31±3b 52±2c 

t Absence of letters indicates no significant differences among NaCl treatments. 
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FIGURE LEGENDS 

Figure 1. Effect of added NaCl (0 = 5, o = 200, ~ = 600 mol 

m·3 ) on shoot fresh weight (a), shoot dry weight (b), root 

dry weight (c), and total dry weight (d) in Salicornia 

bigelovii plants at different times during the growing 

season. Data points represent means± standard errors 

combined from 1 to 3 experiments (n=4 plants at 20 days, n=9 

plants at 25 and 32 days, n=17 plants at 39 days, and n=S 

plants at 46 days). 

Figure 2. Effect of added NaCl on shoot fresh, dry and ash

free dry weight in Salicornia bigelovii plants grown for 39 

days after the highest salinity was reached. Data points 

represent means± standard errors (n=5 to 7 plants). 

Figure 3. Effect of added NaCl on plant height (a), and 

nodes per plant (b) at different times during the growing 

season of Salicornia bigelovii plants. Bars represent means 

± standard errors (n=16 plants at 14 and 24 days, n=ll 

plants at 32 days, and n=6 plants at 39 days). 
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FIGURE A2. 
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APPENDIX B. Na+-INDUCED GROWTH INCREASE IN Salicornia 

bigelovii Torr. DEPENDS ON STIMULATION OF THE PLASMA 

MEMBRANE B+-ATPase 
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Unlike most salt-sensitive (glycophytic) crop plants, the 

halophyte Salicornia bigelovii Torr. exhibits increased 

growth when grown in high salt. To determine if the plasma 

membrane ATPase is regulated by sodium and if it is 

important in conferring salt tolerance, we compared plant 

growth and activity of the ATPase in Salicornia grown in 5 

and 200 mM NaCl. Activity of the H+-ATPase was stimulated in 

200 mM NaCl grown plants, and this increase in activity was 

highly correlated with increases in shoot fresh weight. Na+ 

stimulation of the H+-ATPase may confer salt tolerance by 

allowing increased plant growth, succulence, and providing 

the driving force for regulation of intracellular Na+ 

levels. 
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In spite of the efforts of plant breeders and physiologists, 

progress in improving salt tolerance of crop plants has been 

slow (1). Authors of recent reviews have concluded that 

progress might be improved considerably if mechanisms that 

regulate intracellular Na+ levels were understood (1). In 

this report, we provide evidence for a plasma membrane H+

ATPase (PM-ATPase) that is not only tolerant to, but is 

stimulated by Na+. In addition, we show that Na+ stimulation 

of the ATPase is highly correlated with increases in plant 

growth leading to salt tolerance. 

A common feature of most crop plants (glycophytes) is a 

decline in growth and yield when exposed to saline 

conditions. In contrast there are many plants that are 

highly adapted to salinity (halophytes) and exhibit maximum 

growth at salinities between 100 and 300 mM NaCl (2), beyond 

the range tolerated by our present food crops. While it has 

been determined that in halophytes the ability to grow in 

high levels of salt is associated with an increase in plant 

size and succulence, there is very little information about 

the mechanisms leading to salt tolerance. 

Numerous studies have shown that changes in plant size and 

succulence are the result of increases in cell size (3), and 

that acidification of the cell wall space (apoplast) induces 

the cell wall loosening, required for cell extension and 
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growth (4). The plant PM-ATPase hydrolyzes ATP and acidifies 

the apoplast by transporting H+ across the plasma membrane 

to the cell wall space. The electrochemical gradient 

generated by the movement of H+ constitutes the driving 

force for nutrient and solute transport and regulation of 

cellular ion concentrations (5). 

To determine if the PM-ATPase is regulated by Na+ and is 

important in conferring salt tolerance, we compared plant 

growth and the activity of the PM-ATPase in Salicornia 

bigelovii Torr. (Chenopodiaceae) grown in 5 and 200 mM NaCl. 

This succulent c3 annual grows optimally in 200 mM NaCl and 

shows a dramatic reduction in growth in low levels of Na+ 

(6). This differential growth response allows a direct 

comparison of the physiological mechanisms conferring salt 

tolerance in plants with the same genetic background. In 

addition, Salicornia adapts to high levels of Na+ without 

the production of specialized salt-sequestering structures 

or differential production of osmotic solutes (7), 

suggesting there is potential for transferring tolerance 

mechanisms from Salicornia to important glycophytic crops. 

Plants grown in 200 mM NaCl showed increased growth (Fig. 1) 

and had longer internodes with larger diameters compared to 

plants grown in 5 mM NaCl (data not shown). Fresh weight of 

the shoots of plants grown in 200 mM NaCl was 50% greater 
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than in plants grown in 5 mM NaCl {Table 1) (8). As a 

control for Na+ specificity, Salicornia was also grown in 

200 mM KCl. KCl-grown plants showed severely reduced growth 

and high mortality rates compared to plants in 200 mM NaCl 

(data not shown) (9). 

Plasma membrane enriched vesicles recovered from a 6-12% 

dextran interface (10) from plants grown in 200 mM NaCl were 

used to characterize ATPase activity. ATPase activity was 

measured as release of inorganic phosphate (11) from 

hydrolysis of ATP (12, 13). Activity was inhibited by sodium 

ortho-vanadate (Fig. 2) (!50=20 µM), and stimulated by K+, but 

was insensitive to bafilomycin Ai, nitrate and sodium azide 

(data not shown) suggesting that the major activity in this 

membrane fraction was associated with the plasma membrane 

(5,14). All subsequent assays contained 0.1 µM bafilomycin 

A1 and 5 rnM sodium azide to ensure that there was no 

activity from vacuolar and mitochondrial ATPases. 

Specific activity of the vanadate-sensitive, bafilomycin

insensitive PM-ATPase obtained from membranes isolated from 

plants grown in 200 mM NaCl 55% higher than that of those 

grown in 5 rnM NaCl (Table 1). Gel electrophoresis (15) of 

membrane polypeptides indicated that protein profiles were 

not affected by the salt treatment (Fig. 3A). Imrnunoblots of 

plasma membrane proteins with antibody to the 100 kD PM-
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ATPase indicated that in vivo Na+-stimulation of ATPase 

activity in plants grown in saline conditions was not due to 

an increase in expression of the PM-ATPase protein {Fig. 3B) 

( 16) • 

Shoot fresh weight differences between plants grown in 5 and 

200 mM NaCl varied from experiment to experiment. In every 

case, comparable differences were seen in specific activity 

of the PM-ATPase. This variability led us to correlate shoot 

fresh weight ratios (plants in 200 mM NaCl as a proportion 

of those in 5 mM NaCl) with specific activity ratios. Shoot 

fresh weight ratios were highly correlated with the specific 

ATPase activity ratios (r2 = 0.86, P = o.oos, n = 6 pairs of 

ratios). This close correlation suggests that the major 

portion of the increased size in Salicornia shoots grown in 

200 mM NaCl is associated with increased activity of the H+

ATPase. 

Some solute accumulation is needed in cells of halophytes to 

lower their water potential below that of the external water 

potential to allow the plants to take up water for continued 

growth (17). However, salt tolerance in halophytes depends 

ultimately upon the ability of cells to regulate cellular 

Na+ concentrations to keep cytoplasmic levels low enough to 

protect salt-sensitive metabolic processes (18). Increased 

activity of the PM-ATPase in 200 mM NaCl grown plants may be 
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an important component in the regulation of intracellular 

Na+ levels. Increased activity leads to a greater pH 

gradient across the plasma membrane which may provide the 

driving force for a plasma membrane Na+/H+ exchanger to move 

Na+ from the cytoplasm into the apoplast. In addition, 

increased ATPase activity may lead to larger cell size 

which, in combination with increased succulence, may enable 

the plant to dilute high intracellular Na+ concentrations 

and may facilitate expansion of the vacuole to allow 

increased Na+ sequestration. 

To begin to understand the mechanisms of Na+-stimulation of 

the H+-ATPase, we measured ATPase activity in plasma 

membrane vesicles in the presence of increasing Na+ added in 

vitro. Because the PM-ATPase is cation-stimulated in vitro 

(19), Na+-specific stimulation in the presence of 5 to 50 mM 

K+ was measured. No stimulation of ATPase activity was 

observed (data not shown), leading to the conclusion that 

Na+ stimulation in vivo is accomplished by pathways 

requiring cytoplasmic factors. One mechanism for the Na+ 

stimulation of the ATPase may involve Na+-dependent 

inactivation of the auto-inhibitory domain that is part of 

the c-terminal portion of the 100 kD ATPase. This domain may 

be the target for hormones and toxins that function as 

regulators of H+-purnping across the plasma membrane in vivo 
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(20). Johansson et al. (21) suggested that in vivo 

activation of the H+-ATPase by the fungal toxin fusicoccin 

proceeds by a mechanism involving a displacement of the c

terminal inhibitory domain. A second mechanism for Na+ 

regulation of the PM-ATPase may involve a change in 

phosphorylation state of the enzyme. The plant plasma 

membrane H+-ATPase has been shown to be phosphorylated both 

in vivo and in vitro (22); what remains is to correlate 

phosphorylation of the H+-ATPase with changes in activity of 

the enzyme. c-terminal sequence specific antibodies (23) and 

in vitro and in vivo phosphorylation should allow us to 

determine if either of these mechanisms define Na+ 

stimulation of the H+-ATPase. 

In summary, our results suggest that Na+-induced growth and 

salt tolerance in Salicornia depend on the stimulation of 

the PM-ATPase. This work provides a starting point for 

understanding mechanisms that regulate intracellular Na+ 

levels in Salicornia, and in combination with whole plant 

studies, may ultimately help us to improve the salt 

tolerance of crop plants. 
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FIGURE LEGENDS 

Fig. 1. Growth of Salicornia bigelovii seedlings after 14 

days in 5 or 200 mM NaCl. Seeds were grown in a mixture of 

organic soil and sand in flats without drainage. When 

seedlings were about 2 cm tall (45 to 65 days) they were 

transferred to aerated nutrient solution in 5 or 200 mM NaCl 

under greenhouse conditions (6). 

Fig. 2. Effect of vanadate on ATPase activity in microsomal 

vesicles from shoots of Salicornia grown in 200 mM NaCl. 

Vesicles were isolated using a dextran step gradient and 

recovered from the 6 to 12% interface (10). Bafilomycin A1 

and sodium azide were added to eliminate other ATPase 

activity (see text for explanation). Data points represent 

means± standard errors from three experiments. 

Fig. 3. Effect of in vivo Na+ treatment on expression of the 

PM-ATPase in Salicornia. A. Protein profile of plasma 

membrane vesicles from shoots. Membrane proteins (1 µg) from 

plants grown in 5 or 200 mM NaCl were resolved on SOS-PAGE 

{10% gel) {15) and silver stained (24). 

B. Protein immunoblot analysis of plasma membrane vesicles 

from shoots. Membrane proteins (50 µg) from plants grown in 

5 or 200 mM NaCl were resolved on SOS-PAGE followed by 
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blotting to Immobilon-P transfer membrane (Millipore, 

Bedford, MA) and reacted with antiserum directed against the 

100 kD PM-ATPase from Arabidopsis. Blots were developed by 

treatment with goat antiserum to rabbit alkaline phosphatase 

conjugate and then stained for alkaline phosphatase. 
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FIGURE Bl. 

5 mM NaCl 200 mM aCl 



75 

FIGURE B2. 
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Table 1. Effect of 5 and 200 mM NaCl on fresh weight and 

ATPase activity on~- bigelovii shoots after 14 days 

exposure to salt treatments. Values represent means± 

standard errors from six different experiments. Vanadate-

sensitive activity was calculated as the difference in 

activity in the absence and presence of inhibitor. 

Parameter Solution salinity (mM Ratio 
NaCl) (200/5) 

5 200 

Fresh weight 154 ± 16 231 ± 16 1.50 

(mg plant·1) 

ATPase activity* 2.9 ± 0.3 4.5 ± 0.7 1.55 

(nmol Pi µ.g·1 protein h"l) 

* Vanadate-sensitive, bafilomycin A1- and sodium azide
insensitive activity. 
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ABSTRACT 

One factor distinguishing halophytes from glycophytes 

is their greater capacity to accumulate Na+ in the vacuole. 

This ion sequestration protects salt-sensitive metabolic 

reactions in the cytosol whiie increasing the osmolality of 

the cell to prevent osmotic stress. In the halophyte 

Salicornia bigelovii Torr., plants grown in 200 mM NaCl are 

50% larger and accumulate three times as much Na+ as plants 

grown in 5 mM NaCl. The H+ electrochemical gradient 

generated by the vacuolar H+-ATPase (V-ATPase) may be the 

driving force for vacuolar Na+ sequestration. The V-ATPase 

was c1·-stimulated (Km= 3 mM) and inhibited by bafilomycin 

Ai, nitrate, and DCCD, with 50% of the activity inhibited at 

0.2 µM, 100 mM, and 7 µM, respectively. To determine if Na+ 

stimulates the V-ATPase, we compared the activity of the v
ATPase in Salicornia grown in 5 and 200 mM NaCl. V-ATPase 

activity was significantly stimulated in vivo and in vitro 

(26 and 46%) after exposure to 200 mM NaCl, and this 

stimulation was Na+-specific. Immunoblots indicated the 

increase in activity was not due to an increase in V-ATPase 

protein expression. In Salicornia, Na+-stimulation of the v

ATPase may confer salt tolerance by providing the driving 

force for regulation of intracellular Na+. 
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INTRODUCTION 

Halophytes are plants that are highly adapted to growth 

in saline environments and a number of species exhibit 

maximum growth at salinities between 100 and 300 mM (13). 

While it has been determined that in halophytes the ability 

to grow in high levels of salt is associated with regulation 

of intracellular ion concentrations, there is very little 

information about the mechanisms leading to salt tolerance 

(34). One of the factors distinguishing halophytes from 

glycophytes is their capacity to accumulate large quantities 

of ions in their cells (13, 18). Na+ and c1· are accumulated 

in leaf vacuoles of halophytes to protect salt-sensitive 

metabolic reactions in the cytoplasm and to increase the 

osmolality of the cell to prevent osmotic stress and 

maintain growth (13). Vacuolar Na+ accumulation is thought 

to be mediated by a Na+/H+ antiport that uses the pH 

gradient generated by the electrogenic H+-ATPase to couple 

the active accumulation of Na+ with the passive efflux of H+ 

(2, 4, 14, 32). An increase in Na+/H+ exchange across the 

tonoplast may require a proportional increase in the rate of 

activity of the vacuolar H+-ATPase (V-ATPase). Therefore, 

one mechanism that may account for increased Na+ 

accumulation and salt tolerance in halophytes grown in high 

salt is Na+ regulation of the V-ATPase. 
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We have begun a systematic study to examine the role of 

the V-ATPase in salt tolerance in the halophyte Salicornia 

bigelovii Torr., a succulent c3 annual. This plant grows 

optimally in 200 mM NaCl and shows a dramatic reduction in 

growth (accounted for by differences in shoot weight) in low 

levels of Na+. Shoots of plants grown in 200 mM NaCl are 50% 

larger and accumulate three times as much Na+ as plants 

grown in 5 mM NaCl (Ayala and O'Leary, unpublished results). 

Plants adapt to high levels of Na+ without the production 

of specialized salt-sequestering structures or the 

differential production of osmotic solutes (37), suggesting 

that Salicornia will be an excellent model system in which 

to understand the biochemical mechanism of salt tolerance. 

To determine if the V-ATPase in Salicornia is regulated by 

Na+, we compared activity of the V-ATPase in Salicornia 

grown in 5 and 200 mM NaCl. In this report, we provide 

evidence that the V-ATPase is not only tolerant to, but 

stimulated in vivo and in vitro by Na+, suggesting that this 

transport system may be important in the regulation of 

vacuolar Na+ accumulation and salt tolerance. 

MATERIALS AND METHODS 

Plant material and experimental conditions 

~ bigelovii seeds were collected in the autumn of 1992 

from Estero Morua, a coastal estuary located in Puerto 



85 

Pefiasco, Mexico (31° 17' N, 113° 24 1 W). A series of 

experiments was carried out under greenhouse conditions at 

the University of Arizona from Dec 1992 to Dec 1993. Night 

temperatures from 15 to 26 °C and day temperatures ranged 

from 26 to 32 °C. Photosynthetically active radiation 

measured at noon varied from 450 to 1350 µmol m·2 s·1 , and 

relative humidity varied from 25 to 50% during the day and 

from 70 to 85% at night. Seeds were sown in an equal mixture 

of organic soil and sand in flats lacking drainage. After 48 

to 65 days, seedlings about 2 cm tall were transplanted to 

hydroponic culture where they were grown in solution 

(composition in mM: 3 Ca(N03)2, 2 KN031 2 KH2P04, 2 MgS04. 7H20, 

in µM: 7. 6 MnCl2, 40 H3B031 0. 3 CuCl2, 1. 3 ZnS04, 3 M0030 Iron 

was supplied as the EDTA complex at 4.2 mg Fe per L) with 5 

or 200 mM NaCl (analytical reagent). The water used to 

prepare the nutrient solutions contained (in mM) 1.1 Na+, 

0.04 K+, 0.8 ca2+, and 0.08 Mg2+. Solute potentials were 

verified by psychrometry immediately after solutions were 

made and at the end of the 14 d growing period. Solute 

potential changed from -0.25 to -0.26 MPa for 5 mM NaCl 

solutions and from -0.9 to -1.2 MPa for 200 mM NaCl 

solutions. The pH of the solutions varied from 7.0 to 7.3. 

Membrane preparation 

Shoots were harvested after 14 din salinity 
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treatments. After recording the fresh weight (FW), all 

procedures were carried out at 4 °C. Plant material was 

homogenized with a mortar and pestle in a buffer containing 

250 mM sorbitol, 25 mM Hepes-BTP (pH 7.4), 3 mM EGTA, lmM 

DTT, 1 mM iodoacetamide, O.lmM phenylmethylsulfonyl 

fluoride, 0.01 mM pepsatin A, 0.2% BSA (fatty acid free) and 

0.25 g PVPP (Sigma P-6755) per g FW. Three mL of 

homogenization buffer were used per g of plant material. The 

homogenized material was filtered through cheesecloth and 

the homogenate centrifuged for 15 min at 13,000g. The 

13,000g supernatant was centrifuged for 30 min at 60,000g, 

and the resulting pellet was gently resuspended in a 

resuspension buffer containing 250 mM sorbitol, 2.5 mM 

Hepes-BTP (pH 7.4), and 1 mM OTT. The resuspended microsomes 

(ER, golgi, vacuolar, and plasma membranes) were layered on 

a 6% (w/w) dextran cushion made in resuspension buffer 

(dextran average mol wt was 73,000, Sigma D-1390) and 

centrifuged at 70,000g for 2 h. The interface between the o 

and 6% dextran was collected. 

Protein determination 

Protein concentration was determined after 

precipitation with TCA by the Lowry method (21) using BSA as 

standard. 
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ATPase assays 

ATPase activity was measured in a 0.5 mL volume 

containing 30 mM Hepes-BTP (pH 7.5), 5 mM MgS04 , 5 mM 

phosphoenol pyruvate, 4.5 units of pyruvate kinase, 5 mM 

ATP-BTP, 0.012% Triton x-100. Unless otherwise indicated, 

sodium azide (5 mM) and sodium ortho-vanadate (0.2 mM) were 

added to inhibit ATPase activity from the mitochondrial and 

plasma membrane ATPases, respectively. Assays were carried 

out in the absence and presence of 0.1 µM bafilomycin A1 to 

determine vacuolar ATPase activity (bafilomycin-sensitive 

activity). Reactions were initiated with the addition of 15 

µg of membrane protein and conducted at 35 °C for 60 min. 

Inorganic phosphate released was determined by the method of 

Fiske and SubbaRow (11) with modifications (17, 30). 

SDS-Polyacrylamide Gel Electrophoresis 

After TCA precipitation (12.5% final concentration), 

membrane proteins were resuspended in a buffer containing 62 

mM Tris-Cl (pH 6.8), 2% SOS, 10% glycerol and 5% 2-

mercaptoethanol. Samples were incubated at 30 °C for 2 min 

and run on 10% polyacrylamide gels according to Laemmli 

(19). To visualize proteins, gels were silver-stained (25). 

Immunoblotting 

After separation by SOS-PAGE, the polypeptides were 

transferred electrophoretically to an Immobilon-P transfer 
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membrane (Millipore, Bedford, MA) and reacted with 

monoclonal antiserum directed against the 70 kD catalytic 

subunit of the V-ATPase from oat roots. Blots were developed 

by treatment with alkaline phosphatase conjugated goat 

antiserum to mouse IgG and then stained for alkaline 

phosphatase (35). 

Determination of Na+ and x+ 

Shoot samples were dried at 65 °C to constant weight, 

digested with nitric acid, and Na+ and K+ concentrations 

were determined by atomic absorption spectroscopy (1). 

RESULTS 

ATPase activity from shoots of plants grown in 200 mM 

NaCl, measured as release of inorganic phosphate from 

hydrolysis of ATP, was assayed in the presence of a number 

of inhibitors. The mitochondrial ATPase inhibitor, azide, 

and ammonium molybdate, an inhibitor of acid phosphatase 

activity, had little or no effect on ATPase activity (Table 

I). However, vanadate, an inhibitor of the plasma membrane 

H+-ATPase (33) had a significant effect on the total ATPase 

activity (data not shown). To eliminate contaminating 

mitochondrial and plasma membrane ATPase activity, 5 mM 

azide and 0.2 mM vanadate were added to all subsequent 

assays. Characteristics of higher plant vacuolar-ATPases (V

ATPases) include stimulation by Cl- and sensitivity to 



89 

bafilomycin A1 , nitrate and DCCD (3, 5, 6, 8, 20, 28). The 

V-ATPase in Salicornia is also stimulated by c1- (Km= 3 mM} 

(Fig. 1), and inhibited by bafilomycin A1 (Table I, Fig. 2), 

nitrate (Fig. 3) and DCCD (Fig. 4) with 50% of the activity 

inhibited at 0.2 µM, 100 mM and 7 µM, respectively. To 

measure optimal V-ATPase activity, 10 mM c1- (-BTP) was 

included in all subsequent assays. Activity sensitive to 

bafilomycin A1 was calculated as the differenpe in activity 

in the absence and presence of 0.1 µM bafilomycin A1• All 

subsequent activities are reported as bafilomycin A1-

sensitive, vanadate- and azide-insensitive. 

After 14 din salt treatments, shoots from Salicornia 

grown in 200 mM NaCl accumulated 45% more Na+ than did 

shoots of plants grown in 5 mM NaCl (Table II). Almost three 

times as much K+ accumulated in shoots from plants grown in 

5 mM NaCl relative to 200 mM NaCl grown plants (Table II). 

The specific activity of the bafilomycin sensitive, 

vanadate and azide insensitive V-ATPase from vesicles 

isolated from 200 mM NaCl grown shoots was 26% higher than 

that of the 5 mM NaCl grown shoots {Table II). Gel 

electrophoresis (19) of membrane polypeptides indicated that 

protein profiles were not affected by the salt treatment 

(Fig. SA). Irnmunoblots of tonoplast proteins with antibody 

to the 70 kD subunit of the V-ATPase from oat roots 
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indicated that in viyo Na+-stimulation of ATPase activity in 

plants grown in saline conditions was not due to an increase 

in expression of the V-ATPase protein (Fig SB). 

To begin to understand the biochemical basis for the 

increased ATPase activity in Salicornia after exposure to 

200 mM NaCl, and to determine if stimulation of V-ATPase 

activity, seen in vivo, was Na+-specific, we tested the 

effect of NaCl and KCl added in vitro to vesicles from 

shoots of plants grown in 5 mM NaCl. When 200 mM NaCl was 

added to the assays, V-ATPase activity was significantly 

stimulated (Table III). This stimulation is Na+ specific as 

addition of 200 or 400 mM KCl resulted in specific 

activities not significantly different from that of the no

salt control (Table III). Cl--BTP at 200 mM, which was used 

to show that the stimulation seen was due to Na+ not c1-, 

did not stimulate V-ATPase activity. Higher concentrations 

of Na+ (400 mM) did not stimulate V-ATPase activity, 

suggesting that there is a threshold of Na+ stimulation. The 

higher levels of stimulation seen in vitro (46%) relative to 

that observed in vivo (26%) may reflect differences in 

effective concentrations of Na+. 

DISCUSSION 

Na+ accumulated in the shoots of Salicornia, and this 

accumulation was greater in 200 mM NaCl grown plants than in 
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5 mM NaCl grown plants. Most of the Na+ accumulated in 200 

mM NaCl grown plants must be stored in vacuoles (16, 23), 

because metabolic enzymes in the cytoplasm of most plants 

studied are salt sensitive (12, 15, 26). V-ATPase activity 

was significantly higher (P ~ 0.05) in the shoots of 

Salicornia plants grown in 200 mM NaCl. As a control for Na+ 

specificity, Salicornia was also grown in 200 mM KCl. KCl 

grown plants showed high mortality rates and severely 

reduced growth compared to plants grown in 200 mM NaCl 

(Ayala, O'Leary, and Schumaker, unpublished results). In 

addition, measurements of K+ concentration in plants grown 

in NaCl show that even when K+ levels are higher (5 mM NaCl 

grown plants compared to 200 mM NaCl grown plants) there is 

neither a corresponding increase in V-ATPase activity, nor 

an increase in plant growth. Increased V-ATPase activity may 

provide the driving force for Na+ sequestration into the 

vacuole (9) and is compatible with the estimates, made in 

the halophyte Suaeda maritima (L.) Dumort., that 

compartmentation of NaCl in leaf vacuoles can be sustained 

using about 30% of ATP-dependent proton pumping capacity 

(22). The ability to sequester Na+ in the vacuole may be an 

essential component of salt tolerance as studies with the 

glycophyte Phaseolus vulgaris L., one of the most salt

sensitive plant species, showed a lack of effective 
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intracellular ion compartmentation when grown in 150 mM NaCl 

(31). Future studies with Salicornia will examine the 

relationship between increased V-ATPase activity and 

increases in driving force for Na+/H+ exchange. 

Conflicting reports exist in terms of the effects of 

Na+ on the V-ATPase in other systems. In barley roots grown 

in NaCl, H+ transport activity of the V-ATPase was increased 

relative to that of a no-salt control (10, 24) with no 

change in ATP hydrolysis (10). In cultured salt grown 

Nicotiana cells, both the ATP hydrolysis and the H+ 

transport capacity of the V-ATPase activity increased (29). 

In the halophyte Plantago maritima and the salt-sensitive 

glycophyte ~. media, specific V-ATPase activities in roots. 

were similar and did not change after exposure to 50 mM NaCl 

(32). Varied Na+ effects on the V-ATPase in these systems 

may be due to the fact that these studies were done using 

roots or cultured cells while Na+ compartmentation studies 

have generally indicated that a substantial portion of the 

Na+ accumulates in the shoots (7). 

In Salicornia, additions of 200 mM NaCl in vitro 

stimulated the V-ATPase beyond the c1--stimulated activity. 

Biochemical mechanisms that might account for V-ATPase 

regulation are unknown. This ATPase is a multi-subunit 

enzyme; it is composed of 10 subunits in oat roots (36). It 
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has been suggested that salt adaptation could involve post

translational or allosteric regulation affecting ATP 

hydrolysis and H+ transport activities (29), or removal of 

an inhibitory subunit. 

In the halophyte Salicornia, V-ATPase activity from 

shoots of plants grown in 200 mM NaCl for 14 d showed 

similar c1- stimulation and inhibitor sensitivities, when 

compared to glycophytes grown in salt-free conditions (8, 

24, 27, 28, 33). These results indicate that, other than in 

its response to Na+, the V-ATPase from Salicornia has 

biochemical characteristics similar to its counterpart in 

glycophytes, and that Salicornia will be an excellent model 

system in which to understand the role of the V-ATPase in 

salt tolerance. 

We have previously determined that increase in growth 

and in plasma membrane H+-ATPase (PM-ATPase) activity show a 

highly positive correlation in Salicornia shoots after 

exposure to salt for 14 d (Ayala, O'Leary, and Schumaker, 

unpublished results). Na+ stimulation of PM-ATPase activity 

provides an increased H+ electrochemical gradient across the 

plasma membrane that can be used to regulate cytoplasmic Na+ 

levels and acidify the apoplast leading to increased cell 

growth. In this study, we have demonstrated that the v
ATPase is stimulated after exposure to 200 mM NaCl in vivo 
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and .in vitro. Na+ stimulated V-ATPase activity provides an 

increased H+ electrochemical gradient across the tonoplast 

that can be used to sequester Na+ in the vacuole. Increased 

Na+ accumulation can be used to regulate cytoplasmic Na+ 

levels and will provide solute accumulation leading to 

increased growth and protection from osmotic stress. These 

findings suggest that the two primary H+-ATPases are 

important in the increases in growth and salt tolerance 

observed in Salicornia grown in high salt. 
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Table I. Effect of inhibitors on ATPase activity from 

Salicornia bigelovii shoots grown in 200 mM NaCl for 14 d. 

Vesicles were recovered from the 0-6% dextran interface. 

Reaction mixtures contained 30 mM Hepes-BTP (pH 7.5), 5 mM 

MgS04 , 5 mM PEP, 4.5 units of pyruvate kinase, 10 mM c1-

BTP, 5 mM ATP-BTP, 0.012% Triton x-100. Assays± inhibitors 

were conducted for 60 min at 35 °c. Control activity without 

inhibitors was 34. 5 ±3. 5 µmol Pi mg·1 protein h·1 • Values 

represent means ±SE; n = 3 experiments. 

Inhibitor 

None 

Azide (5 mM) 

Ammonium molybdate (0.2 mM) 

Bafilomycin A1 (0.1 µM) 

% of control 

100 

98 ±1.6 

90 ±5.8 

79 ±10.7 
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Table II. Effect of 5 and 200 mM NaCl on Na+ and K+ 

concentration and V-ATPase activity in Salicornia shoots 

after 14 din salt treatments. Reaction mixtures for ATPase 

activity were as described in Table I with the addition of 

5mM azide, 0.2 mM vanadate, ±0.1 µM bafilomycin A1• V-ATPase 

activity was calculated as the difference in activity in the 

absence and presence of bafilomycin A1• Values represent 

means ±SE; n = 9 experiments for specific activity and n = 3 

for cation concentrations. 

NaCl 

5 

200 

(LSD, P~ 

0.05) 

mmol kg·1 tissue-water 

222 ±3 

322 ±22 

(94) 

60 ±6 

21 ±6 

(12) 

Specific 

activity 

µmol Pi mg·1 

protein h"1 

4.6 ±0.4 

5.8 ±0.5 

(1.1) 
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Table III. Effect of in vitro additions o·f NaCl, KCl and 

c1--BTP on specific V-ATPase activity from 5 mM grown 

Salicornia shoots. Reaction mixtures for activity were as 

described in Table II± salt. Values represent means ±SE; n 

= 2 to 4 experiments. 

Salt 

mM 

0 

NaCl: 

200 

400 

KCl: 

200 

400 

c1·-BTP: 

200 

(LSD, p ~ 0.05)t 

Specific activity 

µmol Pi mg·1 protein 

h·l 

4.97 ±0.66 

7.28 ±0.90 

4.08 ±1.32 

5.84 ±0.70 

4.07 ±0.56 

3.58 ±0.61 

(1.93) 

% of control 

100 

146 

82 

118 

82 

72 

t Salt effect in ANOVA significant at P = 0.108 
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FIGURES LEGENDS 

Fig. 1. Chloride stimulation of the ATPase activity from 

shoots of plants grown in 200 mM NaCl for 14 d. Membrane 

vesicles were recovered from a 0-6% dextran interface. 

Reaction mixtures contained 30 mM Hepes-BTP (pH 7.5), 5 mM 

MgS04 , 5 mM PEP, 4.5 units of pyruvate kinase, s mM ATP-BTP, 

0.012% Triton x-100 ±chloride.Assays were conducted for 60 

min at 35 °C. V-ATPase activity was calculated as the 

difference in activity in the absence and presence of 0.1 µM 

bafilomycin Ap Data points represent means ±SE; n = 3 

experiments. 

Fig. 2. Bafilomycin inhibition of the ATPase activity from 

shoots of plants grown in 200 mM NaCl for 14 d. Reaction 

mixtures for activity were conducted as described in Fig. 1 

with the addition of 10 mM c1--BTP, ± bafilomycin A1• Data 

points represent means ±SE; n = 3 experiments. 

Fig. 3. Nitrate inhibition of the ATPase activity from 

shoots of plants grown in 200 mM NaCl for 14 d. Reaction 

mixtures for activity were as described in Fig. 1 with 10 mM 

c1--BTP, ± Nitrate-BTP. Data points represent means ±SE; n = 
3 experiments. 
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Fig. 4. DCCD inhibition of the ATPase activity from shoots 

of plants grown in 200 mM NaCl for 14 d. Reaction mixtures 

for activity were as described in Fig. 1 with 10 mM c1--BTP, 

±DCCD. Data points represent means ±SE; n = 3 experiments. 

Fig. 5. Effect of NaCl treatment on expression of the v
ATPase in Salicornia bigelovii. 

A. Protein profile of tonoplast vesicles from shoots. 

Membrane proteins (1 µg) from plants grown in 5 or 200 mM 

NaCl were resolved on SDS-PAGE (10% gel) (19) and silver 

stained (25). 

B. Protein immunoblot analysis of tonoplast vesicles from 

shoots. Membrane proteins (6 µg) from plants grown in 5 or 

200 mM NaCl were resolved on SOS-PAGE, blotted to Immobilon

P transfer membrane (Millipore, Bedford, MA), and reacted 

with monoclonal antiserum directed against the 70 kD v
ATPase from oat roots. Blots were developed by treatment 

with alkaline phosphatase conjugated goat antiserum to mouse 

IgG and then stained for alkaline phosphatase (35). 
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FIGURE C4. 
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