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In spite of the &ct that it is one of the most widefy researched subjects in plant 

biology, the piQrsiology of sah tolerance is still not well understood. This research was 

undertaken to investigate sah tolerance in the extreme halophyte, Salicomia bigelovii 

Torr. I^opiQrtes, plants that are naturally salt tolerant, are well suited to research on sah 

tolerance because millions of years of evolution have fine tuned their adaptation to high 

salinity to the extent that their growth is inhibhed vdien they are grown in reduced salinity. 

S. bigelovii was grown in different concentrations ofNaCl and growth responses were 

compared. My emphasis was on salinity effects on cell wall extensibility, wall yielding 

threshold (minimimi turgor required for growth), and water relations. 

When S. bigelovii was grown in low salinity, relative growth rate was slower, 

fresh and dry weight, relative water content and succulence were reduced, and both 

epidermal and cortex parenchyma cells were smaller. The plants also accumulated less 

Na"  ̂and more K ,̂ Ca^  ̂ and Mg^ .̂ These results prompted two specific questions. Was 

the excess accumulated by the plants grown in low salinity bound to cell walls and 

did it cause reduced cell wall extensibility and increased yield threshold? Was growth 

inhibition a consequence of low turgor due disturbances in water relations? 

Even though there was three times more Ca  ̂in the walls ofthe plants grown in 

low salinity, cell wall extensibility was not significant  ̂different between salinity 

treatments. However, the wall yielding threshold of the plants grown in low salinity was 
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significantly lower. Turgor was also significantfy lower in these plants. But, since the 

minimuni tu^or required for growth was even lower, reduced turgor was not responsible 

for growth inhibition. 

Based upon the results of this research, I have concluded that growth inhibition in 

S. bigelovii in reduced salinity was not due to disturbances in water relations nor was it 

the result of detrimental changes in cell wall properties. It is becoming increasingly clear 

that specific ion effects play an in^rtant role in limiring the growth of S. bigelovii in low 

salinity. This research has led to the identi&ation of several new directions for fliture 

investigatfon into the salt tolerance mechanisms of this unique plant. 
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Plant response to salinity is one of the nx>st widely researched subjects in plant 

plQ^ology (Munns, 1993). In spite of this, the mechanisms which inqtart salt tolerance to 

certain plants are stiU unidentified (Cheeseman, 1988). Foremost among the reasons for 

interest in the physiology of salt tolerance are the environmental problems that have 

developed because of our use of land resources (Ungar, 1991). 

Throughout history, in arid regions of the world, continuous irrigation of 

agriciiltural lands has led to the development of saline soils. It is estimated that up to 50% 

of all irrigated soils are affected by salinization and/or alkalization (Szabolcs, 1989; 

Flowers, 199S). Reduced productivity associated with these soils presents a serious 

problem because of the rapidfy increasing world populatioiL Production of enough food 

to feed all of the earth's inhabitants will require crop varieties with increased tolerance to 

these sah-affected soils. 

Another, more recent, environmental problem that has stimulated research on salt 

tolerance is the destruction of significant areas of coastal and inland salt marshes due to 

erosion, land subsidence and coastal development. The salt marsh habitat is a significant 

natural resource that plays an important role in the food chain of marine animals (Ungar, 

1991). Knowledge of the physiology of salinity adaptations will ̂ cilitate the restoration 

of this habitat, or aid in the creation of new, artificial salt marsh habitats. 
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Halophytes are idealfy suited for research on salt tolerance. They are plants that 

can tolerate, even require, high concentrations of electrolytes in their enviromnent for 

growth and conq)fetion of their life cycle (Waisel, 1972; Flowers et aL, 1977). Halophytes 

not onfy tolerate high salinity, but require it for peak performance (Waisel, 1972). One of 

the effects of salinity on dicotyledonous halophytes is stimulation of growth (Waisel, 

1972; Flowers et aL, 1977; Yeo and Flowers, 1980; Riehl and Ungar, 1982; Glenn and 

O'Leary, 1984; Eschel, 1985; Aslam et aL, 1986; Matoh et aL, 1986; Blits and Gallagher, 

1990; Naidoo and Rughunanan, 1990; Rozema, 1991). Growth stimulation by salinity has 

also been reported in one monocotyledonous halophyte, Sporobolus virginictis, (Marcum 

and Murdoch, 1991). 

The use of halophytes to study salt tolerance eliminates the possible confounding 

effects of sodium toxicity that can occur when studying sah tolerance by exposing 

gfycophytes (plants that are salt sensitive) to high salinity. Metabob'c changes observed in 

glycophytes ̂ ^^len salt concentrations are increased are likely to be consequences of 

salinity rather than adaptive responses to it (Greenway and Munns, 1980). 

Halophytes, on the other hand, can be e}q)Osed to reduced salinity without risk of 

toxicity. Physiological mechanisms that have evolved under highly saline conditions, as in 

halophytes, may be expected to function best at high salinity, and not function as well at 

low salinity. This assun^tion provides the fi-amework for the research reported in the 

present study. If responses between plants grown in low and high salinity levels are 

conQ)ared (with particular en:q)hasis on the fectors thought to be responsible for growth). 
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idendficatioii of the mechamsms that allow halophytes to tolerate, even thrive, in extreme 

salinity may be possible. Understanding how halophytes manage to thrive in their highfy 

saline habitats will advance us &rther toward the overall goal of this research which is to 

understand salt tolerance physiology. 

Extreme halopIiQ^es, such as the salt-marsh plant, Salicomia bigelovii Torr, a 

member of the Chenopodiaceae, are adapted to environments with persistently high 

salinity but have lost the ability to grow as well under less saline conditions (Ayala and 

O'Leary, 1995). It has been shown, both in the field (Weeks, 1986), and in the 

greenhouse (Ayala and O'Leary, 1995), that S. bigelovii requires highly saline conditions 

(200 mM NaCl) for optimal growth and that growth is reduced under conditions of lower 

salinity (5 mM NaCl). 

In addition to reduced growth, Ayala (1994) and Ayala and O'Leary (1995) found 

significant differences in cation accumulation between S. bigelovii grown in 5 and 200 

mM NaCl. Plants grown in 5 mM NaCl accumulated almost 7 times the amount of 

calcium (Ca^^) and onfy 1/3 as much sodium (Na") as did plants grown in 200 mM NaCl 

(Ayala, 1994; Ayala and O'Leary, 1995). This trend of increasing Ca^" accumulation with 

decreasing salinity was also reported in the halophytes, Cochleria anglica (Bigot et al, 

1983), and Kosteletzkya virginica (Blits and Gallagher, 1990). 

Ayala (1994) and Ayala et aL (1996) found a 40% decrease in activity of the 

plasma membrane IT-pumping ATPase (PM HT-ATPase) in S. bigelovii grown in 5 mM 

NaCl, conq)ared to plants grown in 200 mM NaCL Activity of the PM IT -ATPase results 
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in acidification of apoplast that can lead to extension of the cell wall through 

stimulation of cell wall loosening enzymes (Rayle and Cleland, 1992; Ray, 1987). 

Decreased ATPase activity may inhibit cell elongatk>n because of reduced cell wall 

loosening required for cell extension and growth. 

The reduced growth, increased and decreased Na* accimiulation, and the 

decreased activity of PM IT-ATPase (Weeks, 1986; Ayala, 1994; Ayala and O'Leary, 

1995; Ayala et aL, 1996), observed in S. bigelovii grown in 5 mM NaCl, pron:q)ted the 

primary question addressed in this dissertation; "What limits growth of the halophyte, S. 

bigelovii, when it is grown in suboptimal salinity?". 

The experimental approach to answer this question was to grow S. bigelovii in a 

rai^e of NaCl concentrations and compare plq^iological properties related to growth. 

The emphasis of the research was a comparison of salinity effects on water relations and 

cell wall properties. 

Two specific questions are addressed in this dissertation. 1.) Is the growth 

inhibition a consequence of reduced cell wall extensibility? Reduced cell wall extensibility 

could resuh fi'om increased cell wall rigidity because of an increased amount of Ca^  ̂

bound in the walls, or it could be the resuh of reduced cell wall loosening because of 

decreased activity of the PM FT"-ATPase. 2.) Is the growth inhibition observed in plants 

grown m low salinity a consequence of low turgor? Reduced Na" content in the tissues of 

plants grown in low salinity could resuh in insufficient osmotic adjustment to maintain 

adequate water uptake for generation of turgor required for optimal growth. 



Initial analyses were undertaken to develop a basic understanding of the growth 

and development of S. bigelovii. These studies also determined the best cultivation 

methods for the rest of the experiments. An anatomical and morphological study was 

performed in preparation for the cell wall extensibility study, and to conqiare cell size 

between plants grown in different salinities. The amount of wall-bound Ca  ̂in S. 

bigelovii grown in 5 mM NaCl and 200 mM NaCl was determined Based upon these 

initial studies, the main investigations into the water relations and cell waU properties of S. 

bigelovii were undertaken. 

This dissertation is organized into seven major sections. The first section describes 

general materials and methods common to all of the e^qieriments. The results of the 

experiments are reported in the followii  ̂five sections. Each of these sections begins with 

an introduction, a brief review of relevant literature, materials and methods specific to the 

particular experiments, and ends with a discussion and conclusions. The last section 

presents a general discussion of the research, and proposes directions for fiiture study. 
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PLANT MATERLVL 

Salicomia bigelovii - anatomy and morphology 

Salicomia bigelovii is one of approximate  ̂fifty species of succulent herbs that 

conq)rise the genus Salicomia (Famify: Chenopodiacae). The members of this genus are 

salt-requiring and show optimal growth in saline media (Waisel, 1972). S. bigelovii is an 

annual (Felger and Moser, 1985) and utilizes the C3 photosynthetic pathway (Ungar, 

1991). It is conspicuous because ofits distinct morphology. It does not have "true" 

leaves in the common use of the word, but consists of many succulent internodes making 

up numerous dichotomousty arranged, upwardly directed branches. The internodes give 

51 bigelovii its characteristic jointed or segmented appearance. 

The terminal intemode of each vegetative shoot contains an apical bud consisting 

of meristematic tissue closely covered with a number of pairs of leaves, each pair at right 

angles to the pair immediate  ̂above and below it (Figure 1). These leaves are small and 

pointed and have a broad base of insertion on the stem. The leaf bases of a pair of leaves 

nearly surround the stem at the node (Figure 2). Below the tips, lateral fiision takes place 

between the adjacent leaf margins of each pair, producing a united leaf base. Meristematic 

activity produces a tubular leaf-sheath. As the internodes of the stem elongate, the fused 

bases of the pairs of leaves elongate also, so that each intemode is covered with the 

basa% developed leaf-sheath of the pair of leaves of the node immediate  ̂above 
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Figure I. Longitudinal (A) and cross sections (B) of terminal and subterminal intemodes 
of a vegetative shoot of Salicomia bigelovii grown in 200 mM NaCI. The apical bud 
consists of meristematic tissue covered with pairs of leaves. Hand sections are stained with 
toluidine blue. Abbreviations: apical meristem (AM), leaves (L), vascular tissue (V), 
palisade parenchyma (PP), storage parenchyma (SP).Scale bar = lOOnm. 
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Figure 2. Longitudinal sections of a vegetative shoot of Salicomia bigelovii grown in 200 mM 
NaCl. Leaf bases of pairs of leaves surround the stems at the nodes. Two axillary meristems that 
will develop into lateral branches are seen at the node in B. Sections were stained with toiuidine blue. 
Abbreviations: apical meristem (AM), axillary meristem (AX), palisade parenchyma (PP), storage 
parenchyma (SP), vascular tissue (V), node (N). Scale bar = 100 |im. 
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(de Fraine, 1912). Tissues of the leaf-sheath and stem iiise at the endodennis which is the 

outer layer of the stem. It is the suberization of this layer that ultimately leads to loss of 

the outer cortex in older stems, which is analogous to leaf<]rop in other species. 

Each intemode fits into a kind of "socket" formed by the leaf t^s of the intemode 

below. The outer portion of the leaves and leaf-sheaths contains two layers of palisade 

parendQ^ma which serve as the assimilating tissue. The rest of the tissue is primarily made 

up of large parenchyma cells that function in water storage (de Fraine, 1912). The 

intemodes are covered by a sii^e layer of epidermis and a thin cuticle. Toward the base 

of the intemode, the cells of the palisade layers and the storage parenchyma become 

smaller and smaller. At this juncture the stem consists of a layer of endodermis, several 

layers of pericycle, and vascular tissue. The endodermis borders on the new foliar sheath 

of the intemode below. 

The flowering spike is constructed on the same general plan as the vegetative 

shoot. It consists of a series of bracts, similar to the leaf arrangement in the vegetative 

shoot. Each bract has two tips and a iiised bract sheath. In the axil of each bract, 

three flowers are produced. The first flowers to appear are at the base of the floral spike. 

Within a few days they appear all along the spike. It is not known whether this plant out-

crosses or is self-pollinated. Each sucessuUy fertilized flower produces one seed resulting 

in numerous seeds fixim each floral spike. 
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Natural habitat 

S. bigelovii is found in coastal salt naarshes on both the Atlantic and Pacific coasts 

of North America. Seeds for this research were collected fix)m a wild population of S. 

bigelovii plants growing alongside Estero Morua. Estero Morua is a marine estuary off 

the Gulf of Califomia in northwestern Mexico, 7.5 km east of Puerto Pefiasco, Sonora 

(latitude 31" 17' N, longitude 113° 24'W). 

Salt marsh environments include tidal inimdations of salt or brackish water, water-

saturated soils containing few air spaces, and exposure to foil sun and wind. S. bigelovii is 

predominantly found in the marsh middle zone where it experiences frequent tidal 

inundations (Faber, 1993). Weeks (1986) reported that S. bigelovii experiences about 

92% of the high tides along the Northern shore of Estero Morua. The soil water potential 

of rhizosphere samples taken from various sites surrounding the estuary range from -0.41 

to -4.12 MPa at low tide and -0.45 to -4.21 MPa at high tide (Weeks, 1986). 

Phenology 

At Estero Morua, S. bigelovii seed is dispersed from late August through 

November. The seeds germinate rapidfy (within days) and overwinter as seedlings. Their 

growth rate is very slow until March when the day length increases and the temperature 

rises. Vegetative growth is rapid for the next few months and in June vegetative shoots 

become reproductive and subsequently produce inflorescences. The inflorescences 

develop determinately at each branch terminus, pollination and fertilization take place, and 
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Seed collectioii and treatment 

Seed collections were made in November of 1993,1994,1995,1996, and 1997 

after the plants had set seed and started to dry out, but before seeds were dispersed. 

Seeds were separated from their chambers in the floral spikes by gentle rubbing on a 

corrugated rubber mat with a hand held wooden block. The seeds were sifted through 

screens to separate them from the larger chaff and then put through a blower that further 

separated the seed from the smallest chaf£ Seeds were kept in the refrigerator in a non-

airtight container. The seeds were not desiccated prior to storage, nor did they receive 

treatment before planting. Seeds that are properly stored can remain viable for years, 

although, after three years, the germination percentage begins to decline. Fresh seed, or 

seed properly stored, has a germination percentage close to 100%. 

GENERAL GREENHOUSE GROWING CONDITIONS 

Temperature and humidity 

Plants were grown year round in a greenhouse at the Campus Agricultural Center, 

University of Arizona, Tucson, Arizona. Daily maximum and iniTiTmiim ten:q)eratures in 

the greenhouse were approximate  ̂31 °C and 20°C in the wmter and 35°C and 24°C in 

the summer. Relative himiidity varied throughout the year from 25 to 50% during the day 

and from 70 to 85% at night. 
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Light intensity and photoperiod 

Photosyntheticalfy active radiation, measured at noon, averaged about 450 ^mol 

m's"' in the winter to about 1350 ^mol m"' s ' in the summer (Ayala, 1994). To prevent 

flowering and to reduce the slowing of growth seen in the wild as the days shorten in the 

&11, the photoperiod in the greenhouse was extended with fluorescent lamps to 15 hours 

of light and 9 hours of dark during the months of September through March. Shade cloth 

covered the roof and west wall of the greenhouse from June through September. 

SOWING OF SEEDS AND SEEDLING CARE 

Seeds were sown on top of wet vermiculite in one liter trays without drainage. 

Germination took place within twenty four hours and the seedlings were irrigated daily 

with tap water. (The cation concentration of the tap water in the greenhouse at the time 

of the experiments was (in mM) Na"  ̂1.1, 0.04, Ca 0.8, and Mg 0.08). On the 

third day after germination, seedlings were irrigated with nutrient solution (conqrasition in 

mM: 3 CaCSrOj) ,̂ 2 2 KH2PO4,2 MgS04; in jiM: 7.6 MnClj, 40 H3BO3, 0.3 

CuClj, 1.3 ZnS04,3 MoOj. Iron was supplied as the EDTA complex at 4.2 mg Fe L"'). 

The nutrient solutions contained either 0, 5, 50,100, 200, or 400 mM NaCl depending 

upon the experimental design. After the first irrigation with nutrient solution and NaCl, 

the irrigation regime for all seedlings was two days tap water foOowed on the third day by 

nutrient solution containing the appropriate NaCl concentration. This cycle was repeated 

every three days. Each day, the trays were irrigated to c^)acity and tilted to pour off the 
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excess. The irrigation regime of two days of tap water followed by one day of nutrient 

solution with or without NaCl was determined to be optimal for maintaining the correct 

salinity level for the particular treatment without NaCl buildup in the tray. Salinity level of 

the soil was monitored by frequently measuring the electrical conductivity of the drainage 

water from the trays. 

In a preliminary experiment to conq)are relative growth rate among salinity 

treatments between plants grown in pots in a vemuculite/sand mixture and plants grown 

hydroponically, all salt treatments were withheld until the plants were transferred into 

la^er pots or hydroponics at about two to three weeks after germination. Results from 

this experiment indicated that the plants would do better if salinity treatments were started 

earlier. Therefore, after this experiment, all seedlings received their first salinity treatment 

along with nutrient solution at three days after germination. 

TRANSFER OF SEEDLINGS TO LARGER POTS OR HYDROPONICS 

When the seedlings were 1.5 to 2.0 cm tall (approximately 3 weeks after 

germination in the winter and two weeks after germination m the summer) they were 

transferred into larger pots for the preliminary growth experiments or into hydroponics for 

the rest of the experiments in this study. The success rate for transfer and seedling 

survival was highest when the seedlings were this size. If they were smaller, the roots 

were not long enough to reach the solution, and if they were larger, a high percentage of 

them did not survive the shock of transfer and subsequent  ̂died. 



For the potted plant experiments, seeds were sown into larger trays to provide 

enough seedlings for the repeated harvests necessary to determine relative growth rate. 

When these plants became crowded in the trays, they were transplanted to larger pots, 

usually four plants to a pot. These plants were also used to compare growth in soil with 

growth in hydroponics. The pots were lined with paper towels to prevent the potting 

mixture from leaking out and they contained one inch of washed gravel on the bottom. 

The soil was a mixture of 60% sand and 40% vermiculite. The irrigation regime was the 

same as that used for seedlings in trays. Each week, the drainage solution was collected 

from a random sample of pots and the electrical conductivity was measured to ensure that 

the salinity treatments were at the intended levels and that there was no salinity buildup in 

the pots. 

To transfer into hydroponics, seedlings were gently floated out of the trays, then-

roots carefully rinsed ofi  ̂and their hypocotyls placed between foam lined sticks for 

support. The sticks were suspended over 5 liter tubs so that the seedling roots were 

submerged in aerated nutrient solution with the appropriate NaCl concentration as 

described above. Each tub held approximately 50 plants. For certain of the water 

relations, growth, and ion accumulation experiments, individual plants were placed, by 

themselves, into 1 liter beakers. These plants were supported by foam plugs inserted into 

the lids of the beakers. All nutrient solutions were changed every seven days. Each day, 

the appropriate solutions were added to the tubs and beakers to replace volume lost from 

evapotranspiration. Osmotic potential (0.14 ± .007, 0.78 ±0.02 MPa), electrical 
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conductivity (3.7 ± 0.4,21.3 ±2.0 dS), and pH (6.53 ± 0.5,6.67 ± 0.6) of freshly made 

nutrient solutions containing 5 or 200 mM NaCl respectively, were measured at regular 

intervals. Plants were harvested from two to five weeks after transfer from vermiculite 

depending upon the experiment. All transplantings and transfer of plants into new culture 

media was done in late afiemoon or early evening to allow the plants to recover fix>m the 

stress of transplanting befere high light and beat subjected them to water stress. 

CATION ANALYSIS 

Plant material that had been previously dried to a constant weight in a 70° C 

forced-drail oven was finely ground. Weighed samples (0.05 g) of the groimd material 

were digested in concentrated nitric acid until clear. The samples were then brought to 25 

mL with a solution of 0.25% lanthaniini and 2.5% nitric acid in double distilled water. 

Lanthanum is required to prevent the reduction of Ca^* sensitivity during atomic 

absorption spectrophotometry due to the presence of certain interfering elements (Perkin-

Ehner, 1976). The 25 mL samples represented "fiill strength" and were subseqiiently 

diluted ten- and one hundred fold with the samp lanthanun>nitric acid solution. 

Concentrations of Na" ,̂ Ca^  ̂and Mg^  ̂ in the sanq)les were determined by atomic 

absorption spectrophotometry (Perkin-Ehner Model 560, Atomic Absorption 

Spectrophotometer). Cation concentration was converted from ppm to mM g*' of dry 

weight of plant material 
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WATER RELATIONS 

Water potential 

Water potential of S. bigelovii was measured with a pressure chamber ( Soil 

Moisture Equ^ment Corp. Model 3005, Plant Water Status Console) (Scholander et aL, 

1965; Tyree and Hammel, 1972). For certain of the preliminary water potential 

experiments, thermocouple psychrometers (Merril, Logan, Utah) were also used to 

measure water potential. 

To measure water potential in the pressure chamber, S. bigelovii shoots were 

quickly excised fram the plant and sealed (cut end exposed) within a sleeve inside the lid 

of the pressure chamber. Because S. bigelovii shoots are very succulent and friable, it was 

necessary to use a special type of sleeve made of compressible white latex in order to 

prevent tissue damage during the measurement. The lid was then placed on the chamber 

forming a tight seal. Nitrogen gas was introduced into the chamber thus applying pressure 

on the plant tissue sealed inside. 

The pressure chamber method is based upon the concept that water potential in 

cells creates a tension (negative pressure) in the cell walls that pulls water into the cells 

from the xylem, the root cells, and ultimately the soil. Excision of the shoot causes the 

xylem water to pull back into the xylem. Applying pressure to the tissue raises the cell 

water potential and forces water out into the xylem which is open to the atmosphere 

outside of the chamber. Xylem sap eventually appears at the cut surfece when the 

pressure applied is equal (and fully opposite) the tension originally in the sample (Boyer, 
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1995). 

For many plants it is assumed that }Qrlem fluid has an osmotic potential close to 

zero. In that case, the pressure required to return xylem fluid to the cut sur£tce (the 

"balancing" pressure read &om the pressure gauge attacted to the chamber) is equal to the 

water potential of the tissue (Boyer, 1967). However, in halophytes such as S. bigelovii, 

the liquid moving in the cell walls and xylem is not pure water since roots absorb salts 

from the soil and transport them in the xylem. Therefore, it is necessary to correct the 

water potential value by adding to it the osmotic potential of the xylem sap (Cramer and 

Bowman, 1991a). 

For all of the water potential measurements made during the course of this 

research, the balancing pressure was obtained first, then some of the xylem sap was forced 

out by increasing the pressure in the chamber. The xylem fhiid was collected in a 10 fiL 

pipet and its osmolarity determined by vapor pressure osmometry (Wescor Model 5500, 

Vapor Pressure Osmometer). The adjusted water potential was calculated from the sum 

of the negative balancing pressure and the osmotic potential of the xylem sap. 

Osmotic potential 

Tissue osmolarity was also measured with a vapor pressure osmometer. Plant 

tissue, consisting of several intemodes, was placed into the barrel of a 5 mL syringe, the 

plunger was replaced, and the tissue was quickfy frozen at -80° C. After freezing, the 

tissue was thawed while it remained in the syringe, and cell sap was extruded from the end 
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of the syringe by pushing the phmger (Boyer, 1995). The osmolarity of the sap was then 

determined by v^x>r pressure osmometry. In some experiments involving pressure 

volume curves (to be described in detail below), osmotic potential was estimated fiY>m 

curves describing the relationship between the reciprocal of tissue water potential and the 

relative water content of the tissue. 

Turgor potential 

In all cases turgor values were obtained fix}m the equation: 

where represents the water potential of the tissue, Tp represents the turgor potential of 

the tissue, and 7, represents the osmotic potential of the tissue or fluid. 

STATISTICAL ANALYSES 

Two-way and One-way anafyses of variance were used for the growth rate 

experiments. All other anafyses of variance were performed using One-way analyses of 

variance or Kruskal-Wallis One Way Anafysis of Variance on Ranks where appropriate. 



INITIAL STUDIES OF GROWTH AND CATION ACCUMULATION 

INTRODUCTION 

The overall goal of this dissertation research was to study the responses of 

S. bigelovii to salinity. Ideally this should be done with plants in their natural habitat; 

however, it is extremely difficult to perform controlled experiments in the field. An 

alternative is to grow plants in a controlled environment such as a greenhouse. 

Responses of S. bigelovii grown in pots containing a soil mixture similar to that 

found in tl^ir natural habitat, rather than growth in hydroponics, might better reflect its 

growth in the field; however, a coiiq)lication of carrying out salinity experiments with 

plants in soil is accumulation of salts in the potting mixture. When plants are grown 

hydroponically, constant salinity levels in the root zone can be maintained and monitored 

(Tennaat and Munns, 1986). 

To determine the best culture method for the experiments that form the majority of 

this dissertation, the effects of salinity on growth and cation accumulation between plants 

grown in pots and plants grown hydroponically were compared. In addition, an initial 

study was carried out, using S. bigelovii grown in pots, to conq)are growth rates between 

plants grown in 5 mM NaCl or 200 mM NaCl. The comparison was carried out 

throughout their vegetative growth period to determine how soon after initiation of 

treatment salinity effects could be detected. 
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MATERIALS AND METHODS 

Relative growth rate 

Relative growth rate (RGR) is the instantaneous rate of biomass increase relative 

to the productive mstfifi of the plant and is general  ̂e:q)ressed as grams per gram per day 

(g g"' d'') (ChiarieUo et aL, 1989). In the research reported here, the classical, or interval, 

approach of RGR anafysis was used. This approach estimates mean values for dry weight 

of plant material during time intervals between successive pairs of harvests. The second 

harvest for one set of calculations becomes the first harvest for the next calculation and so 

on (ChiarieUo et aL, 1989). A two-way analysis of variance is applied to the interval 

between two harvests, and then extended to look at linear changes in RGR with time. 

There are two major approaches to measuring biomass, one uses a destructive 

method and the other is non-destructive (or indirect). Both of tl^se ̂ jproaches were used 

in this study; a destructive approach for the potted plants and a non-destructive approach 

for the plants grown hydroponically. The destructive approach requires many plants for 

sequential harvests and could not be used for the study involving hydroponic plants due to 

space constraints. When the nonrdestructive approach is used, plant parameters related to 

biomass, such as height or leaf length, can be used to indirectly estimate growth through 

regressions derived fit}m preliminary calibration harvests (ChiarieUo et aL, 1989). 



Relative growth rate was calculated from the equation: 
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RGR= 1 L 

w^iere In DW, and In DW2 represent the natural log of shoot dry weight at the first (t,) 

and second (tj) harvests (Chiarello et aL, 1989). 

Growth of the plants 

POTTED PLANTS FOR DESTRUCTIVE GROWTH ANALYSIS AND CATION ACCUMULATION 

Plants for these experiments were sown in trays and later transferred to larger pots 

containing a sand/venniculite mixture as described in General Materials and Methods 

above. There were two salinity treatments in these experiments; 5 mM NaCl and 200 mM 

NaCL Salinity treatments were initiated 30 days after sowing. The 5 mM NaCl plants 

were watered with nutrient solution containing 5 mM NaCl, and the 200 mM NaCl plants 

were Avatered initially with nutrient solution containing SO mM NaCl, which was 

increased by 50 mM every other day until it contained 200 mM NaCL 

Just before initiation of salinity treatn^nts, twenty plants were harvested fix>m each 

treatment group. Each week thereafter, between ten and twenty plants were harvested for 

a total of seven harvests. The harvested plants were dried to a constant weight in a 

forced-draft oven at 70°C, weighed on an analytical balance and prepared for cation 

anafysis as described above in General Materials and Methods. 



HYDROPONIC PLANTS FOR NON-DESTRUCIWE GROWTH ANALYSIS AND CATION 

ACCUMULATION 

Plants for this analysis were transferred to hydroponics as described m General 

Materials and Methods. Fifty plants were transferred, each plant in its own aerated 1 L 

beaker. There were two safinity treatments initiated at 30 days after sowing as described 

above for the potted plants. Half of these plants were used to determine the relationship 

between shoot dry weight and the non-destructive parameters: branch number (BN), 

intemode number (IN), and intemode diameter (ID). For both salinity treatments, shoot 

dry weight correlated best with IN: 

Shoot dry weight = 0.0518 + 0.0031 (IN) r^= 0.81 (Figure 3) 

Just prior to initiation of salinity treatments, the number of intemodes on the plants 

destined for the RGR anafysis was counted. This number was used to calculate initial 

shoot dry weight using the equation above. Thirty days after salinity treatments were 

started, the plants were harvested, dried to a constant weight in a forced-draft oven at 

70 °C, weighed, and prepared for cation analysis. 

Statistical anafysis 

SigmaStat (Jandel Scientific, San Ra&ei, CA.) was used to analyze the data. For 

the relative growth rate anafyses, a two-way analysis of variance (ANOVA) was carried 

out, with natural log (In) transformed shoot dry weight as dependent, and time (harvest) 

and treatment (salinity) as independent variables. Possible differences in relative growth 



y = 0.0518+ 0.0031 (x) 
= 0.81 
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Figure 3. Number of internodes as a predictor of 
shoot dry weight of Salicomia bigelovii. 
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rate appear in the time x treatment interaction (Poorter and Lewis, 1986). To guard 

against outlying observations, data were trimmed by excluding the smallest and largest 

plant in each harvest and treatment from the analysis (Bamett and Lewis, 1978). 

RESULTS 

Destructive growth anatysis of potted plants 

There was a significant difference between the relative growth rates of potted 

plants grown in 5 mM NaCl and 200 mM NaCl (Table 1). This is indicated by the 

significant (p < 0.01) interaction between time (harvest) and treatment (salinity). Figure 4 

illustrates the relationsh  ̂between In-transformed shoot dry weight and timing of 

harvests for plants grown in 5 and 200 mM NaCL It is evident fix)m this figure that the 

relative growth rate of the plants grown in 200 mM NaCl remained higher than that of the 

plants grown in 5 mM NaCl throughout the course of the experiment. Salinity treatments 

were significantly different (p <0.01) for all weeks except week 0, the first harvest, before 

salinity treatments were initiated. This can be seen in Figure 5 which presents the data for 

In-transformed shoot dry weight by salinity for each week of the experiment. 
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Table 1. Relative growth rate anafysis of variance of Salicomia bigelovii 
grown in pots and irrigated with S mM or 200 mM NaCL Significant interaction 
between time and treatment indicates a significant difference in relative growth 
rate between salinity treatments. Each week 10-20 plants were harvested for 
a total of 7 harvests. 

Soorce of 
Variance 

df ss' MS  ̂ F* 

Time (weeks) 6 648.23 108.04 212.71 <0.0001 

Treatment 
(salinity) 

1 41.91 41.91 82.52 <0.0001 

Time X treatment 6 8.76 1.46 2.87 0.0098 

Residual 289 146.79 0.51 

Total 302 860.0 2.85 
' df = degrees of fi^edom 
 ̂SS = sum of squared deviations fix>m the mean 
 ̂ MS = SS/df 

* F= observed vahie of the F-distribution 
 ̂ p = probability that the observed differences arose by chance 
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Figure 4. Growth rate of Salicomia bigelovii grown in 
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Comparison of RGR and shoot dry weight between salinity treatments of plants in 

pots and in hydroponics 

The s^nificant (p < 0.01) interactions between time (harvest) and treatment 

(salinity) (Tables 2 and 3) indkate that there were significant salinity effects on growth 

rates of S. bigelovii both in pots and in hydroponics. Before salinity treatments were 

started, potted plants in the two salinity treatment groups were similar in size (Figure 6A). 

This was also true of the plants grown hydroponicaDy (Figure 6B). The plants grown 

hydroponicalfy were larger than the plants grown in pots at the beginmng and at the end of 

the e^qperiment, even though they were the same age. However, the percent change in dry 

weight was similar in both salinity treatments and culture methods. In both culture 

methods, the plants grown in S mM NaCl accumulated significantly less biomass than did 

those grown in 200 mM NaCL 

Comparison of RGR between plants in pots and hydroponics 

The RGR of plants grown either in pots or hydroponically did not differ 

significantly from one another at either salinity; but the plants grown in 5 mM NaCl had a 

significantly slower RGR than those grown in 200 mM NaCI in both culture methods 

(Table 4). 

Cation accumulation 

More Na"  ̂accimiulated in the shoots of plants grown at the higher salinity as 

expected; however, the plants grown in pots accumulated more Na  ̂than those grown 
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Table 2. Non-destructive relative growth rate anafysis of variance of Salicomia bigelovii 
grown Iqrdropomcalfy for thirty days in 5 mM or 200 mM NaCL Significant interaction 
between time and treatment indicates a significant difference in relative growth rate 
between salinity treatments. N = 25 plants per salmity. 

Source of Variance DF ss MS F P 

Time (harvest) 1 134.56 134.56 557.6 <0.0001 

Treatment 
(salinity) 

1 2.88 2.88 11.9 0.0012 

Time X treatment 1 2.45 2.45 10.2 0.0026 

Residual 46 11.10 0.24 

Total 49 152.7 3.12 



Table 3. Relative growth rate analysis of variance of Salicomia bigelovii grown 
in pots for thirty days in S mM or 200 mM NaCL Significant interaction between 
time and treatnient indicates significant difference in relative growth rate between 
salinity treatments. N = 25 plants per salinity. 

Source of Variance DF ss MS F P 

Time (harvests) 1 138.95 138-95 836.9 <0.0001 

Treatment (salinity) 1 4.33 4.33 26.1 <0.0001 

Time X treatment 1 3.30 3.3 19.9 <0.0001 

Residual 48 7.97 0.17 

Total 51 160.55 3.15 
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Table 4. Relative growth rate (g g*' d*') of Salicomia bigelovii grown for 30 days in 
pots or in hydroponics. N = 25 plants. 

Culture method SmMNaO 200mMNaa P 

Pots 0.11 ±.005"  ̂ 0.13 ± .006 " 0.02 

Hydroponics 0.10 ±.006' 0.12 ±.004" <0.001 

 ̂Vahies in rows and cohmms with different letters are significant  ̂different. 
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tQ^droponically whether in 5 mM NaCl or 200 mM NaQ (Table 5). 

The results were not the same for K* accumulation. At both salinities, the plants in 

pots accumulated less K" than those grown hydroponicaOy, but in both cases they 

accumulated more when grown in 5 mM NaCl than vdien grown in 200 mM NaCl 

(Table 5). 

More Ca^  ̂accumulated in the plants grown in 5 mM NaCl tl  ̂in 200 mM NaCL 

This difference was more pronounced in the plants grown hydroponicalfy. In 5 mM NaCl, 

the potted plants and the plants grown hydroponicaDy dM not differ significantly in their 

Ca  ̂accimmlation, but in 200 mM NaCl the potted plants accumulated significantly more. 

Mg ̂  accumulation also was higher in plants grown in pots than in hydroponics and higher 

m 5 mM NaCl than in 200 mM NaCl (Table 5). 



Table 5. Cation accumulation |xM (g DW)*' in shoots of Salicomia bigelovii 
grown for thirty days in pots or faydroponicalfy. Plants were grown in 5 mM 
or 200 mM NaCL Values are means and standard deviations of 25 plants per 
salinity per culture method. 

5 mM NaCl 200 mM NaCl 

Pots Hydroponics Pots Hydroponics 

Na* 1427 ± 259  ̂ 1150 ±67" 3244 ±336" 2289 ± 167= 

K* 355 ± 92- 622 ± 25' 196 ±37" 348 ± 34' 

Ca  ̂ 527 ±48" 588 ±22' 369 ±109  ̂ 200 ± 17  ̂

Mg  ̂ 402 ±63' 211 ±16" 238 ±44" 101 ± 15' 

 ̂ Values within rows with different letters are significant  ̂different from 
one another at p <0.0001 
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DISCUSSION AND CONCLUSIONS 

S. bigelovii plants grown in 200 mM NaCl accumulated more dry matter, and 

accumulated it &ster, than plants grown in 5 mM NaCl when they were grown in pots as 

well as when in hydroponks. The RGR at either salinity did not differ significant  ̂between 

potted and hydroponk plants indicating that growth in iQ^dropomcs is a good 

approximation of growth in pots. 

There was accumulation ofsahs in the sand/vermiculite mixture ni the pots. This 

became evident during the course ofthe e)q)eriment because it becanK increasingly difBcult 

to keep the electrical conductivity of the potting mixtin% in the 200 mM NaCl 

treatment low enough to be within the appropriate range (data not shown). Also, there 

was significantly greater shoot accimmlation ofNa", Ca^  ̂ and Mg^  ̂in 200 mM NaCl, and 

of Mg in 5 mM NaCl, in the plants grown in pots than in those grown l^rdroponicalfy. 

Based upon the RGR and cation data, the remainder of the research for this project 

was conducted with plants grown hydroponicaDy in order to more precisely control the 

level of salinity in the root zone. The growth anafyses also indicated that there was a 

significant salinity effect on growth within the first 7 days of salinity treatment. Based on 

this information, salinity treatments were started at an earlier stage in development, while 

the seedlings were still in their germination trays, before transfer to hydroponics, rather 

than waiting until after the transfer. 
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CELL NUMBER AND CELL SIZE COMPARISONS 

INTRODUCTION 

Plant growth is an irreversible increase in size, and it is accomplished by a 

combination of cell division and cell enlargement (Steeves and Sussex, 1989). Previous 

studies of S. bigelovii suggested that the cells of plants grov/n in 5 mM NaCl were 

smaller than those of plants grown in 200 mM NaCl, (Ayala, 1994; Ayala and O'Leary, 

1995), but the size differences were not directfy determined. 

As part of this present study, to quantify the cell size differences between S. 

bigelovii grown in 5 and 200 mM NaCl, the areas of cross and longitudinal sections of 

fulfy expanded cortex parencl^ina cells, and cross sections of epidermal cells, were 

conq)ared. Also, to conq)are the relative number of cells between plants grown in the two 

salinities, measurements were made of the nimaber of branches, and the number, length 

and diameter of internodes. As another estimate of cell number, the number of layers of 

cortical tissue between the endodermis and the innermost layer of palisade parenchyma 

was also determined. 

MATERIALS AND METHODS 

Plants were grown as described in the General Materials and Methods section. 

There were two salinity treatments, 5 mM and 200 mM NaCL Plants used for the 

determination of branch number, total intemode number, intemode length and diameter. 
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were fu% mature. They were harvested just prior to entering their reproductive st^e. 

Parameters were measured on 13 plants per salinity treatment. The fourth inteniode fix)m 

the apex of the central stem axis was used for conq>anson of intemode length and 

diameter. 

M plants sectioned for microscopy were the same age and had been in 

hydroponics for 30 days. These plants were also grown in either 5 mM NaCl or 200 mM 

NaCL For epidermal peels, the first intemode below the apex of the first branch of each 

plant was sliced superficialfy  ̂do wn its length and a single layer of epidermal cells was 

peeled off fix>m around the circumference of the stem (Weyers and Travis, 1981). The 

tissue was immediate  ̂mounted in water on a slide, and the slide was sealed with parafilm 

for transport to the lab for photography. To maintain viability in order to observe 

stomatal complexes as close as possible to their condition in situ, epidermal peel tissue 

was not stained. To gain a better understanding of how these plants grow and develop, 

hand sections were made of the meristematic regions of the apex of these same branches. 

These slides were stained with toluidine blue. 

Tissue fix)m these same plants was also collected for fixation and embedding in 

plastic for the cross and longitudinal stem sections. Samples were fix>m the fourth 

intemode fi'om the terminal apex of the central axis of the plants. Throughout the fixation 

and embedding process tissue samples from high and low salt-grown plants were 

maintained in sqjpropnate buffer solutions to avoid problems associated with osmolarity 

changes. Immediate  ̂after sectioning, tissue samples were fixed in 25% ghiteraldehyde in 



50 

0.05 M sodhim cacodylate. After fixation samples were dehydrated in a graded 

concentration series of ethanol (10,20,30,40,50,60, 70,80,90,100% ETOH) and 

embedded in Spurr's low viscosity resin (Low viscosity embedding media kit. Electron 

^£croscopy Sciences, Ft. Washington, Penna.). Resin blocks containing samples were 

sectioned with a microtome (Reichert-Jung 2050 Supercut N&rotome), and the 5^m 

sections were stained with tohiidine blue. Sections were photographed using a Zeiss 

Axiophot microscope with camera attachment (CDarl Zeiss, Inc., West GermaiQr). 

The 35 mm slides were scanned onto a conputer disk and the actual measurement 

of cell area was performed on the scanned images using SigmaScan Pro software (Jandel 

Scientific Software, San Ra&el, CA.). The cells used for measurement were in the ftiUy 

e}q)anded region of the cortex. Files of cortical parendQ^ma ceUs between the endodermis 

and the innermost layer of palisade parenchyma were chosen at random and measured on 

plants grown in 5 and 200 mM NaCL Both cross sections (Figure 7A & B) and 

longitudinal sections (Figure 8A & B) were measured. 

To be sure that the sections for conq)arison were at the same stage in 

development, the extent of vascular cambium development within the stele was noted. 

Comparisons were made on cells fix>m shoots shovdng similar stages of vascular 

development. Onfy ordinary epidermal cells, not cells of the stomatal conq)lex, were 

chosen fixim the scanned epidermal peel im£^es for measurement of epidermal cell area 

(Figure 9 A & B). 
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Figxire 7. Cross sections through fiilly expanded intemodes of Salicomia bigelovii grown 
in 5 mM NaCl (A), and 200 mM NaCl (B). Sections were stained with toluidine blue. 
Abbreviations: palisade parenchyma (PP), storage parenchyma of cortex (SP),vascular 
cylinder (VC). Scale bar = 100 ^un. 



Figure 8. Longitudinal sections of intemodes of Salicomia bigelovii grown in 5 mM NaCI 
(A), and 200 mM NaCl (B). Sections were stained with toluidme blue. Abbreviations: 
storage parenchyma of cortex (SP), vascular tissue (V). Scale bar = 100 |j.m. 



53 

Figure 9. Epidermal peels of Salicomia bigelovii grown in 5 mM NaCl (A), and 200 mM 
NaCl (B). Sections were mounted in water and not stained. Abbreviations: epidermal cell 
(EC), guard cell (GC). Scale bar = 50|am. 
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RESULTS 

The number of branches did not differ significant  ̂between piants grown in 5 and 

200 mM NaCl (Table 6) but the branches of the plants grown in 5 mM NaCl had fewer 

intemodes per branch. They averaged less than 2/3 the number of intemodes as the plants 

grown in 200 mM NaQ (Table 6). Intemode diameter was significant  ̂reduced in the 

plants grown in 5 mM NaCl, but intemode length dkl not differ (Table 6). 

Epidermal cells, and cells of the cortex, both in cross and longitudinal sectH>ns, 

were significant  ̂smaller in the plants grown in 5 mM NaCl (Table 7). Inso&r as could 

be determined, the number of layers of cortical parenchyma cells between the endodermis 

and the innermost layer of palisade parenciQ'ma was the in piants grown in either 

salinity (data not shown). 

DISCUSSION AND CONCLUSION 

These results indicate that epidermal cells and the fiiUy enlarged cells of the cortex 

were smaller in the plants grown in 5 mM NaCl than comparable cells of plants grown in 

200 mM NaCL Yeo and Flowers (1980) also looked at salinity effects on epidermal cell 

area in the halophyte Suaeda maritima and found similar effects. The larger cells of S. 

bigelovii plants grown in 200 mM NaCl might reflect the increased activity of the PM IT-

ATPase leading to acidification of the apoplast and cell enlargement as suggested by 

Ayala (1994). 
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Table 6. Morphological parameters of Salicomia bigelovii shoots grown in 
5 mM and 200 mM NaCL Vahies are means and standard deviations of 
measurements on 13 plants per salinity treatment. 

5 mM NaCl 200 mM Naa 

Branch 
number 

23.1 ±2.5"  ̂ 28.1 ±2.5' 

Intemode 
diameter (mm) 

3.4 ± 0.2 • 5.4 ±0.2" 

Intemode 
length (mm) 

17.0 ±1.2' 19.4 ±1.4' 

Intemode 
number 

875.0 ± 137.2 • 1455.8 ± 195.9 " 

 ̂ Values within rows with different letters are significantly different at p < 0 .05 



Table 7. Cross sectional (cs) area of cells of the epidermis and cs and 
longitudinal (Is) areas of cells of the cortex of Salicomia bigelovii shoots grown 
in S mM and 200 mMNaCL Vahies are means and standard errors of the area 
ofindivkhial cells fix>m 4 plants per salinity treatment Amiiiimmnof 100 
epidermal cells in cs, 100 cortex parenchyma cells in cs, and 100 cortex 
parenchymacells in Is were measured per plant. 

Cell size (mn)̂  

5 mM NaCI 200 mM NaCI 

Epidermis 2.49 ±0.22"  ̂ 4.31 ±0.24" 

Cortex (cs) 4.33 ±0.22" 7.29*0.15" 

Cortex (b) 8.48 ±0.37* 13.13 ± 0.69" 
 ̂ Vahies within rows with different letters are sigoificantfy different at p < 0.01 



There is some evidence that there are fewer ceDs in the low salt-grown plants. 

Within individual internodes there did not appear to be fewer cells (indicated by the same 

number of layers of cortex parenclQana ceDs in plants from both salinity treatments); 

however, the total number of internodes per plant was less in the plants grown in 5 mM 

NaCL Fewer internodes means fewer cells, therefore, it can be concluded that reduced 

growth of S. bigelavii is the result, not onty of smaller ceOs, but of fewer cells as welL 
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INTRODUCTION 

The role of cakiam in ceO wall elongation 

Ca  ̂is an inqwrtant conqx>nent of plant cell walls because it fornss ionic bridges 

that link pectin networks within the waDs (Fry, 1988). It is also required for ghican 

synthetase activity during cell wall bio^mlhesis (Dehner et aL, 1984). High concentrations 

of Ca  ̂ions can inhibit cell wall extension either by the formation of more ionic cross-

bridges that increase wall rigidity (Cleland, 1960; Virk and Cle]and,1988) or by inhibiting 

enzymes that promote wall extension (Cleland and Rayle, 1977). There are data that 

support both of the hypotheses explaining the role of Ca  ̂in inhibition of cell wall 

extensibility (Cleland and Rayle, 1977; Baydoun and Brett, 1984; Virk and Cleland, 1988; 

Cleland et aL, 1990). 

To determine if Ca  ̂had a direct effect on the mechanical properties of cell walls, 

Cleland and Rayle (1977) measured wall properties of Avena coleoptiles using an instron. 

An instron is a mechanical device in which a str  ̂of isolated wall material is mounted and 

altemately stretched and released. These measurements are repeated several times to 

generate curves of stress (force) applied versus strain (change in length of the wall). The 

difference in the curves gives estimates of plastic and elastic extensibility of the wall 

(Cosgrove, 1993). Cleland and Rayle (1977) did not find a direct effect of Ca^  ̂on the 

mechanical propertks of the wall, so they investigated four alternative mechanisms by 
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which might inhibit cell elongation: i. by reduction of turgor, ii. by reduction in 

auxin induced IT excretion. Hi. by reduction in capacity of walls to undergo acid-induced 

wall loosening, and rv. interference of Ca^  ̂on the biochemical wall loosening process 

itself Their experiments siq>ported the last alternative; that Ca  ̂prevents the acid-

induced wan loosening process itself They suggested that it might be acting as a 

competitive inhibitor by conq)eting with IT for wall binding sites, or that protein activity 

or pofysaccharide synthesis might be affected by Ca  ̂in such a way that the wall-

loosening reactions cannot occur. In any case, the authors suggested that the inhibition of 

growth Ca  ̂is a consequence of the inhibition of biochemical wall-loosening 

processes, rather than a direct stififening action through bridge formation. 

Baydoun and Brett (1984) also investigated the effect of on the mechanical 

properties of cell walls. Cell walls were prepared from the epicotyls of Pisum seedlings by 

homogenization, filtration, and centrifiigation. The cell wall fragments were able to bind 

extemalfy-added and the binding decreased as the pH was decreased. They stated 

that these findings were compatible with the hypothesis that Ca^  ̂and IT compete for the 

same landing site in the cell walL Because the pH range over which (T was found to 

displace Ca^  ̂was simikr to that over v^ch acid stimulates extension growth, they 

concluded that ET was breaking the Ca^^-bridges between polygalacturonic acid molecules 

within the walls, thus permitting acid-extension. The authors also stated that the 

conflicting results of Cleland and Rayle (1977) may have been due to the displacement of 

Ca^  ̂from the walls during wall preparation (fi^eze/thawing or boiling in methanol). 



60 

Using soybean, a dicot, Viiic and Cleland (1988) also measured wall extensibility 

and the effects of Ca^ .̂ They isolated cell walls boiling the tissue in methanol and 

measured extensibility with an iostron. They found evidence for direct involvement of 

Ca  ̂bridges as load-bearing bonds in the wall Cleaving those bonds increased the plastic 

extensibility of their sections. They suggested that the extensibility mechanism in 

soybeans, a dicot, may be fundamentally different from that in AvenOj a monocot. 

Differences in cell waU composition between dicots and monocots might explain this. 

The acid-growth theory predicts that lowering pH in the vicinity of the cell wall 

promotes cell wall relaxation or "loosening" (Cleland, 1975). Cleland et aL (1990), again 

working with soybean hypocotyls, tested the hypothesis that released into the 

apoplast under the influence of auxin, conq)etes with Ca^  ̂for the pectic carboxyl groups, 

cleaving the Ca^  ̂ bridges and loosening the walls. They used an instron to measure wall 

strength, atomic absorption spectrophotometry to measure wall Ca^*, and the rate of 

uptake of the weak acid benzoic acid to measure apoplastic pH. They concluded that 

Ca^"  ̂bridges were not the major load-bearing bonds in the hypocotyl cell walls, and that 

H^-induced waU loosening did not occur via cleavage of Ca^  ̂bridges. 

Cleland et aL (1990) also tested the hypothesis that fi%e Ca^" affects growth by 

modifying the apoplastic pH as a result of altering cation composition. In this case, their 

results supported the hypothesis that exogenous Ca  ̂inhibited growth by releasing IT 

fram the region closest to the wall (Donnan fi:ee space) to the region &rther away fix>m 

the wall (free space) thus raising cell wall pH and inhibiting wall-Ioosening enzymes. 
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Bigot and coworkers (Bigot et aL, 1983), working with the haiophyte Cochlearia 

anglica, studied subcelhilar fractions of roots and conqiaied them to those from 

Phaseolus vulgaris, a glycoplQte. They found higher amounts of Ca  ̂in walls and 

membrane fractions in the balopfayte. The Ca  ̂content of the membrane fraction 

increased with salinity. Bigot and Binet (1984), again comparing C. anglica to P. vulgaris 

found, pH titration of isolated wall material, that the total cation capacity of the cell 

walls of C. anglica was greater than that of P. vulgaris. These same researchers (Bigot 

and Binet, 1985) conq)ared the cation exchange capacity and the wall selectivity of the 

root ceUs when both species were grown at various salinities. In cell walls of plants grown 

without NaCl, the number of exchange sites was greater for the haiophyte than for the 

gfycophyte, but when grown in the presence of NaCl, the situation was reversed. Salinity 

did not affect the wall selectivity for either species. For Ca^", the selectivity of cell walls 

isolated fix>m P. vulgaris was higher than that of walls isolated from C. anglica:, the 

situation was reversed for the other cations. 

Intracellular localization of cakiam 

Shoots of S. bigelavii grown faydroponica% in 5 mM NaCl have approximately 

three times as much Ca^* as shoots fi:om plants grown in 200 mM NaCl (see Table 5). 

Plant cells have five major Ca  ̂storage conqiartments: vacuole, organelles, cytoplasm, 

^wplastic free Ca ,̂ and wall-bound Ca  ̂(Hepler and Wayne, 198S), with the last being 

the principal Ca^  ̂storage site (Demarty et aL, 1984). More than half of the Ca^  ̂in plants 
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exists in the apoplast (Cleland et aL, 1990). If the excess Ca  ̂accumulated by 51 

bigelovii grown in 5 mM NaCl is stored in the cell walls, it may increase the number of 

cross linkages holding the cell wall hemicellulose molecules in the pectic matrix together, 

leading to increased wall rigidity, reduced wall extensibility, and growth inhibitioiL 

Before drawing conclusions about the role that Ca  ̂might play in the reduced 

growth of S. bigelovii grown in 5 mM NaCL, information is needed about its distribution 

within the cell Several methods have been used to determine the intracellular location of 

Ca^ .̂ Kropf and Quatrano (1986) used chlorotetracycline fluorescence to visualize the 

membrane-bound distribution of Ca  ̂within algae ceDs. Slocum and Roux (1982, 1983) 

used an antimonate prec^itation procedure hi A^ch sections are fixed in antimonate 

which prec^itates the Ca^ .̂ Tissue sections are then examined by light or electron 

microscopy to localize the Ca^*. Bigot and Binet (1984) used subcellular fractionation to 

quantify the concentrations in the cell wall, membranes, and symplast. Hajibagheri 

and Flowers (1989) en^Ioyed x-ray microanalysis of freeze-substituted thin sections of 

Suaeda maritima to study ion distribution in the root cortical cells of this halophyte. 

Khan et aL (1986) also used x-ray microanalysis, using a cryochamber during tissue 

preparation, to determine the distribution of elements in the shoots of Salicomia pacifica, 

another habphyte. 

Another method to estimate the amount of Ca  ̂in the cell wall is to isolate the 

walls fix)m the protoplast, and measure the Ca}* in them by atomic absorption 

spectrophotometry. The wall isolation technique itself must be chosen carefiilly so that 
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the in vivo location of Ca  ̂is not disturbed, either by leakage from the protoplast or 

removal from the wall during preparation. Apoplastk content of the cell walls of 

epidermal peels of growing soybean hypccotyls was the same whether the walls were 

prepared by freeze-thawing or by boiling in methanol (Virk and Cleland, 1988), but it is 

not clear whether these treatments disturbed in vivo wall Ca  ̂content, either increasing it 

due to protoplast leakage and subsequent binding to the wall, or by loss from the wall 

during isolation. 

To test for the possibility that m vivo location of Ca  ̂was disturbed by wall 

isolation, Bagshaw and Cleland (1993) devised a method of incubating tissue in strontium 

(Sr^  ̂) prior to wall isolation. K^osawa and Adachi (1990) had previously determined 

that incubation in SrClj had no adverse effects on Chora intemodal cells. For a given 

degree of esterification, the free carbo^Q^l groups in the pectinates of the cell wall have the 

same afGnity for Ca?* as for Sr^  ̂(Kohn and Luknar, 1975). Sr  ̂presumably displaced 

only the loosefy bound wall Ca^  ̂and filled all available carboxyl binding sites, thus 

preventing any subsequent binding by released vacuolar Ca  ̂̂ x^ien the walls are isolated 

by boiling the tissue in methanol This method was chosen to determine the amount of 

bound to the cell walls of S. bigelovii (Figure 10a, b & c). 
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Figxire 10a. Diagram of experiment to determine the amount of Ca-* bound to the cell 
wall (CW) of Salicomia bigelovii. Ca is located in 3 cellular compartments, CW, 
vacuole (V) and the cytoplasm (surrounded by the plasma membrane [PM]). Tissue 
segments are boiled in methanol (MEOH) to isolate CW. Protoplast Ca*" is released into 
the MEOH when PM and tonoplast rupture. CW Ca*" is measured by atomic absorption 
spectrophotometry. See text for details. 
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Figure 10b. CW Ca"  ̂experiment continued. When tissue is boiled in MEOH and PM and 
tonoplast rupture, Ca^* located in the protoplast may bind to available sites in the CW. 
This would cause overestimation of CW Ca*" .̂ 
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Figure 10c. CW Ca'̂  experiment continued. To prevent overestimation of CW Ca* ,̂ 
tissue is incubated in excess strontium (Sr^"^) prior to boiling in MEOH. Sr '̂ occupies 
available Ca"* binding sites in CW. Tissue is rbased and boiled in MEOH. After 
membranes rupture, protoplast Ca^* is released into the MEOH solutioiL CW Ca** is then 
measured in the isolated CW fraction by atomic absorption spectrophotometry. 
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MATERIALS AND METHODS 

Plant material and experimental design 

Care of 51 bigelavii seeds and seedlings for these e}q)eriments was as described in 

General Matoials and Methods. Plants were grown hydroponica%, 30 plants in each 3 L 

tub. They were grown in nutrient solution containing either S mM NaCl or 200 mM NaCl 

for thirty days. The entire experiment was repeated three times using plants from different 

growing periods for each experiment. 

Harvesting, incnbation, cell wall isolation, and ion anafysis 

Aiter thirty days of salmity treatment, S. bigelavii shoots were excised, cut into 1 

cm segments and bisected longitudinal .̂ The segments were weighed and pooled into 6 g 

(fresh weight) samples, for a total of 10 samples per salinity treatment. Half of the 

sanq>les were placed on ice in 1 mM KCl (pH 6) and half in cold 1 mM KCl + 1 mM 

SrClj (pH 6). The segments were incubated for thirty minutes, and were thoroughly rinsed 

three times for five minutes each time in 1 mM KCL All incubations and rinses were saved 

for determination of Ca  ̂and Sr  ̂content (these solutions contain the free and loosely 

bound Ca^" fraction) (Figure 10c). Segments were then boiled in methanol for 75 

minutes, strained from the methanol solution, placed in bags and dried in a forced-drait 

oven at 70°C for 24 hours (the dried wall segments contain the cell wall Ca^  ̂fraction) 

(Figure 10c). All methanol solutions were retained (these solutions contain the vacuolar 

and cytoplasmic Ca^  ̂fraction) (Figure 10c). 
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The KCl ± SrClj incubation fluid san:q>les were prepared for atomic absorption 

spectrophotometry and inductively coupled plasma (ICP) with S% HCX and 1% 

lanthanum. Because methanol cannot be used when an air/acetylene flame is used during 

atomic absorption spectrophotometry, the solutions were left under a hood until all 

methanol had completely evaporated. The remaining residue was digested in concentrated 

HNO3 and dihited in the same manner as the drkd segments of cell walls. content 

was determined 1  ̂atomk; absorption spectrophotometry and Sr  ̂content by ICP anafysis. 

ICP was performed by the Soils, Water, Plant Analysis Lab of the Department of Soil, 

Water, and Environmental Science at the University of Arizona in Tucson. 

Cell viability 

The conclusions from the Sr^  ̂ treatment eiqjeriments are valid only if the cells are 

kept alive throughout the SrCI, incubation and subsequent rinses (Bagshaw and Cleland, 

1993). A staining procedure with fluorescein diacetate (FDA) (Sigma, St. Louis, MO.) 

(Elzenga et aL, 1991) was used to test for cell viability. Tissue segments from shoots of S. 

bigelovii grown in 5 mM NaCl and 200 mM NaCl were bisected and incubated as 

described above. After incubation for thirty minutes, segments were placed in 20 mL of 

incubation solution to which was added 0.4 mL FDA (from a stock solution of 12.5 mg 

FDA in 25 mL acetone). After five minutes, segments were removed and sectioned by 

hand, mounted on a slide in water, and observed for fluorescence with a Zeiss 

fluorescence microscope (Zeiss Axiophot Photo microscope Model 770, Carl Zeiss, Inc. 
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West GermaiQr). FDA is a nonfhiorescent, nonpolar molecule that passive  ̂difRises into 

the celL If the cell is living, esterase activity converts FDA to polar fluorescein ^^ch 

fluoresces and accumulates within the cell (Oparica and Read, 1994). 

RESULTS 

S. bigelovii grown in 5 mM NaCl accumulated approximate  ̂three times as much 

Ca  ̂in its walls as plants grown in 200 mM NaCl (Table 8). In the absence or presence 

of Sr^ ,̂ the vacuolar and cytoplasmic fraction of the plants grown in 5 mM NaCl contained 

sqjproximatefy six times more Ca  ̂than was found in that same subcellular fraction of the 

plants grown in 200 mM NaCL In addition, there was approximate  ̂twice as much free 

or loosety bound Ca^  ̂in the plants grown in 5 mM NaCL The presence of Sr^"  ̂ increased 

the amount of free and loosefy boimd Ca^  ̂at both salinity levels. It did not affect the 

amount of Ca^*  ̂ in the wall or vacuole and cytoplasm in the shoots grown in 5 mM NaCl; 

but it did decrease the amount of Ca^  ̂in the wall of the shoots from plants grown in 200 

mM NaCL The t critical information from these data is that there was three times more 

Ca^  ̂bound to the cell walls of the plants grown in 5 mM NaCl than was bound to the 

waUs of the plants grown in 200 mM NaCL 

The percentage of total cellular Ca in each cellular fraction was calculated, and 

remained the same in both salinity treatments. The onfy difference was that the percent of 

total Ca^" in the vacuole and cytoplasm of the plants grown in 5 mM NaCl was twice that 

found in the vacuole and cytoplasm of the plants grown m 200 mM NaCl (Table 9). 
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Table 8. Calcium content of Salicomia bigelovii shoots grown in 5 mM and 
200mMNaCL Values aie means and standard errors of the mean of three 
replications of the experiment (N = S pooled shoot samples per treatment per 
e]q)eriment). 

Calcium pM g [DW)-» 

5 mM NaCI 
+Strontiam - Strontium 

200 mM NaCI 
+ Strontium - Strontium 

CeU WaU 1075 ± 224f 1016 ± 220* 284 ±25" 346 ± 110= 

Vacuole & 
Cytoplasm 

133 ± 21" 169± 54" 21 ± 8' 27 ± 18= 

Free & 
Loosely 
Bound 

320 ± 44  ̂ 250 ± 288 149 ±36" 92 ± 29' 

t Different letters within a row indicate significant  ̂different means at p < 0.01 
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Table 9. Percentage of total cellular calcium in 3 subcellular shoot fi:actioas 
of Salicomia bigelovi grown in 5 mM and 200 mM NaCL Total cellular 
calcium was calculated by summing the data m each cohmm of Table 6. 

Calcium r% Total) 

5 mM NaCl 
+Strontinm - Strontiam 

200 mM NaCl 
+ Strontium - Strontium 

CeU WaU 70 71 63 74 

Vacoole &, 
Cytoplasm 

9 12 5 6 

Free& 
Loosety 
Bound 

21 17 32 20 
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Significant  ̂more Sr  ̂was recovered in all three firactions of the plants grovoi in 

200 mM NaCl (Table 10). FDA fluorescence indicated that the plant tissue was alive after 

incubation and rinsing just prior to boiling in methanol to isolate the wall material (data 

not shown). 

DISCUSSION AND CONCLUSIONS 

There was no significant difference between the amount of wall-bound in the 

plants grown in S mM NaCl in the presence or absence of Sr^; but there was s^nificantfy 

more wall-bound Ca^  ̂ in the plants grown in 200 mM NaCl in the absence of Sr  ̂than in 

its presence. This suggests that there are more fiee binding sites for Ca^  ̂(or Sr^*) in the 

walls of the 200 mM NaCl-grown plants. It also suggests that some Ca^* ,̂ released fit>m 

the protoplast ̂ ^len membranes ruptured during wall isolation, boimd to available wall 

sites in the absence of Sr^*. Therefore, the anM)unt of wall-bound Ca^* is someM^iat 

overestimated in the absence of Sr .̂ However, a good indication that the binding of 

released Ca^* to the wall was minimal is that the amount of vacuolar and cytoplasmic Ca^" 

(the amount released into the boiling methanol) did not differ significantly at either salinity 

in the presence or absence of Sr .̂ Some Ca^  ̂may be displaced from the wall in the 

presence of Sr^* during incubatioiL This suggests that the estimate of wall-bound Ca^~ 

may be slight  ̂underestimated in the presence of Sr^ .̂ 

The Sr^  ̂data clearty indicates that strontium was bound by the cell walls during 

incubation. More Sr^* was taken up and bound to the walls of the plants grown in 200 
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Tabfe 10. Strontnun content of Salicomia bigelovii cellular fractions after incubation in 
1 mM KCl and 1 mM SrClj. Plants were grown m 5 mM or 200 mM NaCL Values are 
means and standard deviatk>ns of 5 pooled sa]iq)les per salinity. 

Strontinm uM (g DW)'̂  

Cell Fraction 5 mM NaCl 200 mM NaCl P 

CeU WaU 13.8 ± 4.1 46.1 ±13.2 
0.0008 

Vacuole & 
Cytoplasm 

1.1 ± 0.5 4.5 ± 0.8 
<0.0001 

Free & Loosefy 
Bound 

154.6 ± 10.9 210.9 ±44.6 0.0253 
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mM NaCl which indicates the greater abundance of available binding sites due to reduced 

Ca^  ̂levels. 

Shoots of S. bigelovii grown in 5 mM NaCl accumulate approximately three times 

as much Ca  ̂as those grown in 200 mM NaQ and about 70% of this Ca  ̂is stored in the 

cellwalls. Cell wan extensibility was measured to determine if this extra wall-bound Ca^  ̂

reduces the extensibility of the waDs, and thereby inhibits cell etongation and growtL 
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INTRODUCTION 

The availability of water is one of the inq)ortant &ctors limiting plant growth (Feng 

et aL, 1994). Osmotic adjustment, an increase in the concentration of intracellular sohites 

allowing the maintenance of water uptake, is an inqwrtant adaptation by plants to salinity 

(Kramer and Boyer, 1995). Osmotic adjustment is generalfy regarded as beneficial 

because turgor and cell volume are maintained, both of which are inq)ortant Actors for 

maintaining growth (Matthews et aL, 1984). The force for cell elongation, or growth, 

must come fix>m turgor pressure (Fosket, 1994). 

Total ion accumulation in S. bigelovii was reduced w^ien it was grown in 5 mM 

NaCl salinity (Ayala and O'Leary, 1995) which could have resulted in insufficient 

intracellular sohite concentration for osmotic adjustment to maintain water uptake. If 

water uptake was reduced, then the resulting low turgor might partially explain the growth 

inhibition observed in plants grown in low salinity. 

Another parameter affecting water uptake and turgor-mediated processes such as 

growth, is the bulk elastic modulus or elasticity of the tissue. It is the proportionality 

coefficient relatii  ̂changes in tissue water content to changes in turgor pressure (Roberts 

et aL, 1981). Tissue that is elastic Oow bulk modulus of elasticity- see methods below) 

can maintain tuTgor at lower relative water contents than tissue that is less elastic. If the 

tissue of the plants grown in low salinity is less elastic than that of plants grown in high 
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salinity, then turgor might not be maintained as well at the same relative water content. 

To test the predictions that growth inhibition may be caused by reduced water 

uptake, low tm^or and decreased tissue elasticity, e;q)eriments to examine the effects of 

salinity on growth, k>n accumulation, relative water content, succulence, water, osmotic, 

and pressure potentials, and tissue elasticity, were conducted on S. bigelovii grown in 

different concentrations of NaCL 

MATERIALS AND METHODS 

Water potential - pressure chamber vs thermocouple psychrometer 

Pressure chambers are used extensive  ̂to measure water potential in the field (see 

descrqjtion in General Materials and Methods section above), but thermocouple 

psychrometiy is probabty the most widely used method because it can be used to measure 

the water status of any plant part as well as any soil or substance containing water (Boyer, 

199S). Prior to this research, the water status of S. bigelovii had not been reported using 

a pressure chamber, probabfy because the succulent, fiiable stems are easity damaged 

wdien inserted into the rubber seal in the chamber lid. The lid of the pressure chamber 

used in this research was modified, however, to allow more gentle compression on the 

stem, which enabled its use to measure plant water status. Water potential measurements 

of S. bigelovii obtained by thermocoiq)le p^chrometry and 1  ̂the pressure chamber 

method were similar (Table 11), but osmotic potentials of the cell sap, required for 

calculation of turgor, were overestimated (not negative enough) thermocouple 
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Table 11. Comparison of water potential (MPa) measurements of S. bigelovii 
grown in 5 mM and 200 mM NaCl obtained thermocouple psychrometry 
and pressure chamber methods of measurement. Values are means and standard 
deviations of 25 measurements per salinity per method. 

Method 5 mM NaO 200 mM NaO 

Thermocoaple -1.15 ±.12'̂  -1.85 ±.19" 
psychrometer 

Pressure chamber -0.91 ±.09" -1.97 ±.1" 
* Values within rows and columns with different letters are significant  ̂different at 

p < 0.01 
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p^chFometiy. (Overesdmation of osmotic potential was discovered \^^ien the results of 

osmotic potential measurements fix>m thermocouple psychrometry were compared with 

measurements made fay v£^r pressure osmometry (data not shown)). Overestimation of 

osnootic potential results in calculation of unrealistic negative turgor values (data not 

shown). As a result, the pressure chamber method was used to measure water potential 

and vapor pressure osmometry to measure osmotic potential M^ch resulted in calculated 

turgor values that were in agreement with those obtained from the pressure volume curves 

that are described below. 

Relative water content and succulence 

For relative water content and succulence measurements, S. bigelovii plants were 

grown as described in the General Materials and Methods section above. There were two 

salinity treatments, 5 mM NaCl and 200 mM NaCL The evening before the experiments, 

the plants were transported from the greenhouse to the laboratory in aerated beakers. One 

branch was selected, wrapped in previously weighed plastic wrap, and excised. Fresh 

weight (FW ,̂.) was recorded, and shoots were quickly placed in nutrient solution with 

the appropriate NaCl concentration and kept in the dark in covered beakers overnight, to 

fu% saturate the tissue. 

The next morning the shoots were again wrapped in tared plastic, weighed 

(^^satonted) ̂  lengths and diameters of each intemode were determined in order to 

calculate shoot sur&ce area. Shoots were then dried at 70°C to constant weight and dry 
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weight (DW) was measured. 

Relative water content was calculated fixjm: 

{FW  ̂- DW) 
RWC = ——  ̂ (100%) 

and succulence was calculated from: 

n  ̂ saturated Degree of succulence = 
Surfaceareaicm '̂ ) 

Surfece area was calculated from; 

Surface area of a cylinder = 2icrfr 

After shoots were dried and weighed, they were prepared for cation analysis as described 

in General Materials and Methods. Each e}q)eriment consisted of twelve plants per 

salinity treatment. The experiments were repeated three times. 

Pressure volume curves 

The pressure-volume (PAO technique was original  ̂introduced by Scholander et 

aL (1964). It is used to measure the relationsh^s between tissue water content and water 

potential and its con^nents, osmotic potential and turgor potential (Tyree and Hammel, 

1972). This technique is also used to measure tissue elasticity (volumetric modulus of 
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elastkity) (Bolanos and Longstieth, 1984; Cheung et aL, 1976; MeOconian et aL, 1982; 

Renauk and Zwiazek, 1997; Roberts et aL, 1981; White et aL, 1996). The theory 

underlying interpretation of P/V data is that water potential is equal to the sum of turgor 

potential and osmotic potentiaL Whoi the relative water content of a cell or tissue 

changes, turgor potential and osmotic potential also change (Hofler, 1920). Therefore, 

the pressure and osmotic con:qx>nents of water potential may be described as fonctions of 

tissue relative water content (Schulte and Ifinckley, 1985). Theoretical aspects of this 

method have been discussed extensivefy  ̂ Tyree and Hammel (1972) and Tyree and 

Ricfater(1981). 

The evening before P/V curves were generated, whole S. bigelovii plants that had 

been grown hydroponicalfy in either 0, 5,50,100,200 or 400 mM NaCl for 30 days, were 

removed from nutrient solution and placed in distilled HjO in the dark and left overnight 

to fiiDy saturate the tissues. It is common practice to use excised shoots or leaves for the 

relq^dration step; but whole S. bigelovii plants were used instead, because it has been 

found that problems of tissue over saturation can result ̂ ^dien usic  ̂excised shoots or 

leaves (Eamus, 1990; Parker and Pallardy, 1987). In the morning, shoots were quickfy 

excised underwater and weighed. This weight represents the saturated fresh weight 

(^^smntcd) calculation of relative water contenL Immediately after weighing, the first 

water potential measurement was made using a pressure chamber as described in General 

Materials and Methods. 



PA  ̂curves were constructed by aOowing shoots to dry on the laboratory bench 

^^e periodical  ̂measuring fiesh weight and water potendaL Plants were wTq)ped in 

plastic wrap each time they were weighed and ixdiile in the pressure chamber. Theywere 

unwrapped between measurements and allowed to dry. Fresh weight was determined 

right before and right after water potential was measured and the average of the two 

values was used for the fresh weight measurement at that water potential Measurements 

were collected until the shoots had lost about 35% oftheir original fresh weight, at which 

point shoots were dried to a constant weight at 70°C and then weighed to obtain dry 

weight to conq)lete the calculation of relative water content. The dried plant material was 

prepared for cation anafysis atomic absorption spectrophotometry as described in 

General Materials and Methods. 

Curves were analyzed by plotting the inverse of water potential vs. 1 minus 

relative water content. A typical P/V curve from a plant grown in 200 mM NaCl is shown 

in Figure 11. PA  ̂curves display a linear and a non-linear region. The point at which the 

curve becomes linear is the point at which pressure potential (turgor) equals zero (the 

turgor loss point). A line drawn through the points in the linear region represents the 

inverse osmotk potential at various water contents and the Y-intercept is an estimate of 

the inverse osmotic potential at flill saturation (fuQ turgor). The non-linear portion of the 

curve gives turgor (calculated as the difference between water potential and osmotic 

potential) for any relative water content. 
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Figure 11. Typical pressure-volume curve 
for an individual Salicomia bigelovii plant 
grown in 200 mM NaCI. 
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The bulk tissue elastic modulus, or tissue elasticity, is also calculated from the 

non-linear region of the curve using 

ARIFC 

v^diere 8 is the volumetrk: modulus of elasticity, AP is the change in pressure potential and 

is the change in relative water content. Low values of8 mean that the tissue is 

more elastic; in other words, if the change in turgor is small for a relatively large change 

in water content, 8 is a small number. 

S. bigelovii plants used for the PA  ̂curve analyses were grown in six different 

salinity treatments: 0, S, SO, 100,200, and 400 mM NaCL P/V-curves were generated on 

twelve individual plants per salinity. The entire experiment was repeated the following 

year. Plants grown in 0 mM NaCl were difficult to keep alive for the time required to 

reach a size large enough for water potential measurements, therefore onfy 9 individual 

PA^-curves were generated on these plants in the first year, and 4 the second year. There 

were no significant differences within salinity levels between years in all parameters 

measured (data not shown), therefore data from both e}q)eriments were pooled. The PA^-

curves were anafyzed using a V/W curve software program (P/Vcurve Program Version C 

by Paul J. Schulte, Dept of Biological Sciences, University of Nevada, Las Vegas, NV). 



RESULTS 

Relative water content and saccnfence 

Growth in 5 mM NaCl reduced both relative water content and succulence of S. 

bigelovii (Table 12). Relative water content was reduced by 6% and succulence declined 

by 0.019 g FW cm'̂ . Salinity effects were highfy significant for both parameters. 

Cation analysis of plants nsed for relative water content and snccalence 

Cation accumulation of the plants grown in 5 mM and 200 mMNaCl used for the 

relative water content and succulence measurements was also compared. Plants grown in 

5 mM NaCl accumulated less tfaan half the amount of Na% but almost twice the K% four 

times the Ca^% and three times the Mg^  ̂as did shoots ofthe plants grown in 200 mM 

NaCl (Table 13). The differences in accumulation at the different salinity levels were 

highfy significant for all four cations, 

Pressore-volame carve analyses 

GROWTH 

Optimal salinity for S. bigelovii plants in these «q)eriments was 200 mM NaCL 

Plants grown in this salinity were bigger at harvest as measured by firesh and dry weight 

than aiQr of the other plants grown in different concentrations of NaCl (Figure 12). This 

was true for both repetitrans ofthe e}q)erinient. 
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Table 12. Relative water content and succulence of Salicomia bigelovii gro>vn 
in 5 mM and 200 mM NaCL Values are means and standard errors of three 
replkations of the e:q)eriment. N = 12 plants per salin  ̂per «q)eriment. 

5 mM NaCl 200 mM NaO 

Relative water content (%) 84 ±2.8*  ̂ 90 ±2.4" 

Sacculence (gFW cm'^ 0.045 ±0.001* 0.064 ± 0.002" 
 ̂Values within rows with different letters are signi&antfy different at p<0.02 
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Table 13. Cation accumiilatron |iM (g DW)'' in shoots of Salicomia 
bigelavii used for relative water content and succulence anafysis. Plants 
were grown in hydroponics for thirty days in 5 mM or 200 mM NaCL 
Values are means and standard errors of three replications of the 
e}q)eriment. N = 12 plants per salinity per ^qperimenL 

5 mM NaCl 200 mM NaCL 

llll.TiSZS'* 3112.5 ±167.31 " 

627.5 ±38.9' 335.6 ±18.2" 

Ca  ̂ 680.9 ±10.9* 160.2 ±4.7" 

Mg  ̂ 240.7 ±10.2* 81.9 ±13.9" 
 ̂ Values within rows with different letters are significantly different at 
p < 0.0001 
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Figure 12. Salinity effects on fresh and dry weight 
of Salicomia bigelovii shoots of plants used for 
pressure-volume curves. Data points are means 
and standard errors of 13 - 24 plants per salinity. 
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CATION ACCUMULATION 

The trend in cation accumulation in the P/V e:q)erinients was the same as in the 

Ca  ̂accumulation e^qseiiments, the relative water content-succulence ejqperiments 

described above (present study) and as reported in Ayala (1994) and Ayala and O'Leary 

(1995). Na  ̂accumulation decreased dramatically with decreased salinity, ̂ ^^lereas 

accumulation ofthe other three cations, Ca  ̂and increased with decreasing 

salinity (Figure 13). This trend was most pronounced in the plants grown in less than 200 

mMNaCL Because the plants were grown in nutrient solution made with tap water that 

contains some Na", even the plants grown with no NaCl added to the nutrient solution 

accimiulated some Na" .̂ An attenq)t was made to grow S. bigelovii in nutrient solution 

prepared with deionized water with no additional Na ,̂ but these plants did not survive 

beyond a few weeks (data not shown). 

TURGOR POTENTIAL 

Increased salinity had a positive effect on turgor potential (Figure 14). As the 

salinity in the root environment increased, the maximum turgor achieved by the plants 

increased. The highest turgor was reached by the plants grown in 400 mM NaCL, but 

there were no statistically significant differences between values for plants grown in 100, 

200, and 400 mM NaCl (Table 14). 



89 

2500 -

2000 -

'g 1500 H 
Q 

3 1000 

 ̂ 500 -

0 -

• Na"" 
O K"̂  
 ̂ Ca 
 ̂ Mg 

2+ 

2+ 

0 100 200 300 400 

Salinity (mM NaCI) 

Figure 13. Salinity effects on cation accumulation of 
Salicomia bigelovii shoots of plants used for pressure 
-volume curves. Data points are means and standard 
errors of 13 - 24 plants per salinity. 
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Table 14. Pressure volume curve data from Salicomia bigelovii grown in six salinity 

levels. Values are means and standard errors of turgor potential O^p), water potential 

osmotic potential OI', ), and modulus of elasticity (e) at full turgor (FT) and at the 
turgor loss point (TLP). For 5, 50,100,200, and 400 mM NaCl, N = 24, and for 0 mM 
NaCl, N = 13. Units for all parameters are MPa. 

NaCI u/ * pfFn Ywrm m wfn.p\ t S rMAX> 

0 0.68 ±0.05^ -0.54 ±0.05* -121 ±0.07- -1J7±0.09* 9.72 ±0.84* 

5 0.69 ±0.04* -0.75 ±0.05* -1J2±0.03* -1.79 ±0.05* 7.69 ±0.91* 

50 0.94 ±0.07* -0.54 ±0.05* -1.47 ±0.05* -1.75 ±0.05* 12 J1 ± 1.52" 

100 1.12 ±0.05' -0.55 ±0.05* -1.67 ±0.08" -1.92 ±0.04" 18.41 ± 1.87= 

200 iJo±o.or -0.84 ±0.06" -2.06 ±0.08" -2J6±0.08" 22.43 ±2.01" 

400 136 ±0.06' -0.95 ±0.06" -2J0±0.08" -2.77 ±0.09" 17.63 ±1.78* 

 ̂Values within columns with different letters are significant  ̂different at p < 0.0001 
• Note: at the turgor loss point 



WATER AND OSMOTIC POTENTIAL 

Increased salinity had a negative effect on water potential and osmotic potential 

values (Figure 14). Water potential at fiiU turgor was not significant  ̂different in plants 

grown in 0, 5,50, and 100 mM NaCl (Table 14) but was higher than that of plants grown 

in 200 and 400 mM NaCL Osmotic potential at &I1 turgor followed the same trend except 

that osmotic potential at 100 mM NaCl was significant  ̂different fi-om that of the lower 

salinities. As the plants lost water and turgor reached zero, water potential and osmotic 

potential became equaL The trend of decreasing values with increasing safinity remained 

the same (Table 14, Figure 14). 

OSMOTIC ADJUSTMENT 

The trend in osmotic potential at both full turgor and turgor loss point was to 

decrease with increasing salinity. Statistically, osmotic potential at full turgor in plants in 

0, 5, 50, and 100 mM NaCl was not significanlfy different but, as a group, they were 

significant  ̂different fix)m osmotic potential at full turgor of plants grown in 200 and 400 

mM NaCL The same pattern was observed for osmotic potential at the turgor loss point 

and for osmotic adjustment (Table 15). 

TURGOR MAINTENANCE CAPACITY 

High turgor maintenance c^)acity is associated with a large difference between 

osmotic potentials at fiiU turgor and at the turgor loss point (Colombo and Teng, 1992; 
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Table 15. Osmotic potential at iiill turgor 0^^) and at zero turgor 
C^zTLp) Salicomia bigelovii grown in six salinities. Values are 
means and standard errors of 24 plants per salinity except for 9 plants 
in 0 mM NaCL Units for all parameters are MPa. 

mMNaa ^«FT 

0 -1.21 ±0.07  ̂ -1.37 ±0.09* 

5 -1.52 ±0.03" -1.78 ±0.05' 

50 -1.47±0.05» -1.75 ± 0.05" 

100 -1.67 ±0.04' -1.94 ±0.04" 

200 -2.06 ±0.08" -2.36 ±0.08" 

400 -2.30 ±0.08" -2.77 ±0.09" 
t Values within columns with different letters are different at p <0.0001 
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Jones and Turner, 1978). This difference was significant  ̂greater in plants grown in 200 

mM and 400 mM NaQ than in plants grown in the lower salinities (Table 16). Plants that 

have a low relative water content at the turgor loss point may also have high turgor 

maintenance capacity because they can sustain large losses of water without totally losing 

turgor (Jane and Green, 1983). However, in S. bigelovii there was no significant 

difference in relative water content at the turgor loss point between plants grown in the six 

different concentrations of NaCl (data not shown). 

MODULUS OF ELASTICITY 

The maximum modulus of elasticity reached its highest point in plants grown in 

200 mM NaCU in other words, the tissue was the least elastic at this salinity (Figure 15). 

There were no significant differences in this parameter between plants grown in 0 and 5 

mMNaCl, but the values were not as high as those for plants grown in 50 mM NaCL The 

noodutus of elasticity values were not significantly different between plants grown in 100 

and 400 mM NaCl but the maximisn value of the plants grown in 200 mM NaCl was 

significantly higher than all of the others (Table 14). 

DISCUSSION AND CONCLUSIONS 

There are a few studies on the effects of salinity on the growth and water relations 

parameters of halophytes (Yeo and Flowers, 1980; Bolanos and Longstreth, 1984; Drake 

and Gallagher, 1984; Clipson et al, 1985; Matoh et aL, 1986; Naidoo and Rughunanan, 
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Table 16. Turgor maintenance c^)acity as determined by the 
difference between osmotk potential at fiill turgor and 
osmotic poential at zero turgor C x̂tlp) Salicomia bigelovii 
grown in six salinities. Values are means and standard deviations 
of 24 plants per salinity except for 9 plants in 0 mM NaCL Units 
for an parameters are MPa. 

mM NaO Tarsor maintenance capacity 

0 0.16 ± 0.02"  ̂

5 0.26 ±0.02' 

50 0.28 ± 0.02« 

100 0.24 ±0.02" 

200 0.30 ±0.02" 

400 0.47^0.04" 
t Values within the column with different letters are significant  ̂
different at p <0.0001 
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1990; Pezeshki et aL, 1993; Ayala and O'Leary, 199S) and numerous studies on the 

effects of salinity on these same parameters in gfycopfaytes (Termaat et aL, 1985; Termaat 

and Munns, 1986; Bowman, 1988; Erdei and Taleisnik, 1993). The differences in the 

responses of halopfaytes and nonhalopiQ'tes to salinity are, lm}adly speaking, due to the 

&ct that haloplQtes have adaptations that allow them to accumulate sahs v^iereas 

gfycoplQtes do not (Flowers et aL, 1977). Salt accumulation in response to salinity 

enables the osmotic adjustment that is required for turgor and continued growth. 

In the present study, S. bigelovii had the highest ion accumulation (primarity Na ,̂ 

maintained the h^hest turgor, and grew best in salinity levels of 200 mM NaCl or h^her. 

In species that have been shown to osmoticalfy adjiist, mflyimiim turgor has been shown to 

increase with saUnity (Bernstein, 1961; Bemsteio, 1963; Gale et aL, 1967; HofOnan et aL, 

1980). The optimal growth in high salinity observed in the present study is in agreement 

with results fix>m the growth analysis reported herein, from other studies of this species 

(Webb, 1966; Ayala and O'Leary, 1995), and from research on other dicotyledonous 

halophytes (Glenn and O'Leary, 1984; Neales and Sharkey, 1981; Yeo and Flowers, 1980; 

Ashby and Beadle, 1957). 

However, the response of increased turgor in response to increased salinity noted 

in this study does not agree with previous studies with this species (Weeks, 1986 ; Ayala 

and O'Leary, 1995), nor does it agree with the results of an often cited study on the 

effects of salinity on the turgor pressure of the halophyte Suaeda maritima (Clipson 

et aL, 1985). In the former cases, turgor was calculated from water potential and osmotic 
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potential values determined by tliermocoiq)le p^clirometry (Ayala and O'Leary, 1995) 

and from water potentials determined by thermocouple psyclirometry and osmotic 

potentials determined the plasmo^rsis technique (Weeks, 1986). Turgor can be 

underestimated with both of these methods. In the latter case, turgor was measured 

direct^ in epidermal ceDs of S. maritima with a pressure probe (C]q>son et aL, 1985). 

The values reported were very low, ranging from less than 0.1 to no more than 0.4 MPa 

which, as the authors stated, were lower than reported for most halophytes. The thick 

cutkle of S. maritima and/or possible leaks from the probe may have caused 

underestimation of turgor at the higher salinity. 

In the present study, vdien S. bigelovii plants were grown in low salinity, they 

could not accumulate the amount of Na* required for maximum osmotic adjustment. 

While they accumulated more of the other cations, potential  ̂to conqiensate for the 

deficit in Na ,̂ osmotic adjustment was not sufficient to achieve turgor values as high as 

those achieved in plants grown in higher salinity. The lowered turgor maintenance 

capacity in the plants grown in low salinity also reflects the reduced cation accumulation. 

It seems an obvious conclusion, therefore, that growth inhibition in S. bigelovii is due to 

insufScient turgor to provide the energy for cell elongation and growth. 

However, there have been several studies in the past decade that challenge the 

longstanding concept that turgor pressure determines growth rate (M^er and Boyer, 

1982; N&helina and Boyer, 1982; Termaat et aL, 1985; Van VoDcenburgh and Boyer, 

1985; Shackel et aL, 1987; Passioura, 1988). Growth was reduced but turgor was 
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unchanged in plants in dry soils (Meyer and Boyer, 1982; Nfichelin and Boyer, 1982; Van 

VoQcenburgh and Boyer, 1985). Turgor was manipulated but did not afifect leaf expansion 

rate of plants in saline soils (Termaat et aL, 1985), weU-watered soils (Shackel et aL, 

1987; Passioura, 1988), and dry soils (Munns, 1987; Passioura, 1988). In a discussion of 

this topic, Munns (1988) states that osmotic adjustment itself cannot promote growth; the 

solutes vsiiich account for it must be diverted from essential processes such as protein and 

cell wall synthesis. Thus, osmotic adjustment cannot afifect growth except via other 

processes as yet unesqilored. 

Munns' (1988) assumption that osmotic adjustment at low soil water potentials 

inq)oses a cost in terms of protein and cell wall synthesis is not as applicable to S. 

bigelovii. Solutes for osmotic adjustment are not diverted from cell wall or protein 

synthesis, but are freely available to S. bigelovii in the form of inorganic ions (primarily 

NaO in the soil or nutrient solution. These solutes are taken up by the roots and 

transported via the transpiration stream to the shoots. There, the assumption is, the ions 

are sequestered in the vacuole to protect cytoplasmic engines. Uptake of ions into the 

roots, loading into the xylem, intracellular transport in the shoots, and then loading into 

the vacuoles certainly in^)oses a cost in terms of energy. But this cost is not great enough 

to inhibit other essential metabolic processes as suggested by Munns (1988) for other 

plant species. 

Intracellular osmolarity is balanced between the vacuole and the cytoplasm in S. 

bigelovii with the quaternary ammonium conqmund, gfycine betaine. This does not exact 
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an extra cost in terms of biosynthesis of the con:ipound because gfycine betaine is 

produced constitutively. Levels remained the same over a range of soil water potentials 

(Weeks, 1986). Nevertheless, before a conclusion that low tui^or is a limiting &ctor in 

growth of S. bigelovii in suboptimal salinity can be drawn the effects of turgor on cell 

expansion rate should be examined. 

Even if turgor does not directly control growth rate, water uptake and 

maintenance of cell volume are essential for optimal plant performance (Saliendra and 

Meinzer, 1991). Protoplast volume is necessary to sustain photosynthesis due to its 

effects on stomatal conductance (Kaiser, 1982; Santakumari and Berkowitz, 1990) and to 

avoid lethal relative water content, i.e. reaching the permanent wilting point (Flower and 

Ludlow 1986). Reduction of water uptake in S. bigelovii grown in suboptimal salinity is 

supported by the evidence in this research for ̂ nailer cell size, lower relative water 

content and reduced succulence. 

In order to survive in an environment with low soil water potential, such as a salt 

marsh, plants must lower their water potential below that of the soil to maintain water 

uptake. According to the water potential equation, (T  ̂= *Pp + lowering water 

potential OF^) can be done in one or both of two ways, by lowering turgor (^p ) and/or 

by lowering osmotic potential J. Lowering osmotic potential is achieved by solute 

accimiulation for osnntic adjustment. Turgor can be lowered without lowering cell 

volume to levels that would prohibit normal cellular function by changing the elasticity of 

the tissue for elastic adjustment. Elastic adjustment alters the relative rates at which 
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turgor and vohune decrease with declining water potential (Saliendra and Meinzer, 1991). 

Elasticity of tissue is described by the volumetric modulus of elasticity which 

relates the fractional volume change of a ceU to its turgor pressure (Cosgrove, 1988). In 

other words it describes the proportranality between cell volume and cell turgor. For a 

given water loss, a cell with less elastic waDs will lose more turgor pressure than a cell 

with more elastic walls. Consequent ,̂ a cell that is less elastic can lower its water 

potential more quickfy, with less loss of cell volume, than can a cell that is more elastic. 

Elastk adjustment results fix>m modifications in the cell walls (Fan et aL, 1994). 

Two mechanisms that can ejqjiain salinity induced differences in tissue elasticity 

are changes in wall structure and in cell volume (Bolanos and Longstreth, 1984). There 

are reports of increases in cell wall thickness and lignification due to salinity (Poljakoff-

Mayber, 1975; Jennings, 1976) and a positive correlation between salt accumulation and 

cell size has been demonstrated (Waisel, 1972; Poljakoff^Mayber, 1975). Cell walls of 5. 

bigelovii may be thicker when grown in high salinity, but as yet this has not been 

quantified. However, the present study has shown smaller cell size and reduced salt 

accumulation in 5. bigelovii when it is grown in 5 mM NaCl, both of which can help to 

e}q>lain the changes in tissue elasticity with salinity. 

When grown in 5 mM NaCl, the average tissue elasticity of S. bigelovii was three 

times that of the average tissue elasticity of plants grown in 200 mM NaCL This trend of 

increased tissue elasticity in S. bigelovii with decreased salinity was directly opposite Miiat 

was predicted. The prediction was that the tissue of the plants grown in low salinity 
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would be less elastic than that of plants grown in high salinity, and that turgor would not 

be as high for a given relative water content as for the same relative water content in 

plants grown in high salinity. This was not the case. Tissue ofplants grown in low 

salinity was more elastic than that of plants grown in higher salinity. 

This result may be e3q)lained if salinity effects on wall properties are reconsidered. 

Salinity has been shown to increase wall thickness, and a thicker wall is a less elastic walL 

If tissue becomes less elastk, the effect is to allow a lower water potential to be reached 

(by lowering turgor) for a given change in water volume, £icilitating continued water 

uptake from soils with low water potential (Bowman and Roberts, 1985; Roberts et aL, 

1981; Bolanos and Longstreth,1984). The increase in tissue elasticity may, in part, ̂ lain 

reduced water uptake and growth inhibition of S. bigelovii when it is grown in suboptimal 

salinity. Elastic adjustment may also explain why there was no salinity effect on relative 

water content at the ti^or loss point. 
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CELL WALL EXTENSffllLITY AND YIELD THRESHOLD 

INTRODUCTION 

Growth and plant cell elongation 

Growth results from cell division and elongation of indivuiual plant cells as they 

take up water (Cramer and Bowman, 1991a). Elongation can result in cells that are up to 

500 times their original length (Cosgrove, 1993b). Elongation is dependent upon the 

biophysical and bk>chemical properties of the walls of the growing cells. In 1965, 

Lockhart devetoped an expression for the rate of cell elongation as a function of the 

physical parameters that may infhience cell e3q)ansion (Lockhart, 1965). This expression 

has become the standard used by investigators over the years to describe growth. 

In general, elongation of plant cells or tissues can be e}q)ressed as the sum of the 

change in length due to irreversible extension (plastic extension) and the change in length 

due to reversible or elastic stretching (elastic extension). Elastic extension is the elasticity, 

described by the bulk modulus of elasticity, that was the topic of the previous section. 

Elastic extension occurs on a time scale of minutes, M^e the time scale of plastic 

extension is of the order of hours, so that elastic extension has little effect on plastic 

extension over moderate  ̂long time periods (Lockhart, 1965). Growth, then, is 

ultimately the result of plastic extension. 
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A modi&d version of the Lockbart equation was proposed by Boyer (1987): 

ER=J!!L^̂ -Y) 
tn-^L 

where ER is the elongation rate, m is the plastic or irreversible extensibility of the cell 

wall, L is hydraulk: conductivity, is turgor potential, and y is the yiekl threshold ofthe 

cell wan or the miniiniiTn turgor that must be exceeded for growth to occur. If hydraulic 

conductivity is not limiting, then the equation can be reduced to (Boyer, 1987): 

ER=m(^^-Y) 

the form that was used to describe cell expansion in the present study. 

Plant cell walls and growth 

Current models of cell walls show them to be made up of three interwoven 

polymer networks: /. cellulose microfibrils linked together by matrix polysaccharides, 

a. gel-like pectins ionically linked by Ca^"  ̂ bridges, and in. structural proteins covalently 

cross-linked to one another (Cosgrove, 1993). Plant cell walls can maintain cell turgor 

because of the semi-rigid nature of these po^mier networks. 

Cell walls behave differently in growing and non-growing cells. As non-growing 

cells take up water, the volume of the protoplast within the wall increases, wall stress 

increases, and the pofymers within it are stretched like springs. The stored elastic energy 

in the strained bonds is converted to work as the protoplast is conqnressed, thereby 
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increasing turgor pressure (Cosgrove, 1987). With increasing turgor the water potential 

of the cell increases; when it matches that of the external water net uptake of water ceases. 

In growing cells, however, this equifibriuni is never quite achieved because as the 

cell takes up water the polymers of the wall relax, thus reducing compression on the 

protoplast and lowering turgor pressure. Lowered turgor reduces water potential, 

referred to as growth-induced water potential (Boyer, 1988) and more water moves into 

the cell thereby increasing cell volume. The processes of wall yield and water uptake 

occur concurrent ,̂ thus maintaining a relatively constant turgor in growing plant cells 

(Cosgrove, 1993). 

Effect of salinity on wall extensibility 

HALOPHYTES 

The physiological, biochemical, and mechanical processes that underlie wall 

relaxation are not well understood. The relationships between environmental cues sensed 

by the roots, gene e^qiression, protein ̂ mthesis, hormonal signals to the growing regions, 

and the actual biochemical activity of the pofymers of the walls themselves are very active 

areas of research. The majority of this research has been on wall extension properties of 

gfycoplQtes (Cleland, 1971; Taiz, 1984; Flowers and Yeo, 1986). Little work has been 

done on wall extension propertks of halophytes. 

Kawasaki et aL(1978) did work with the haloplQte Salicomia herbacea, however, 

and th  ̂found that both NaCl and gibberellic acid increased cell wall extensibility. When 



106 

applied together, they had a synergistic effect on wall extensibility by decreasing mtnimum 

wall-relaxation time. 

Hagege et aL (1988), discuss the role of peroxidases and etlQ^lene in the limitation 

of growth through cell wall rigidification and/or lignificatk)n in the haloplQ t̂e S. maritimcu 

When this plant was cultured in the complete absence of NaCl, or in the presence of only a 

small amovmt of NaCl, there was reduced growth due to growth-limitation of intemodes. 

This growth limitation was correlated with increased lignification of the cell walls. 

GLYCOPHYTES 

The effects of stresses such as drought and salinity on gfycophyte plant cell wall 

extensibility have been thorough  ̂investigated. Wall hardening (loss of extensibility) has 

been demonstrated in maivf. leaf and root tissues following osmotic stress, salinity stress, 

and/or water deficits (Neimiann, 1993; Neumann et aL, 1994; Chazen and Neumann, 

1994). 

In a series of oqperiments, the interactive effects of salinity and elevated levels 

on maize root and leaf elongation were investigated by Cramer and colleagues (Cramer 

and Bowman, 1991, 1991a). Root elongation was inhibited by the addition of NaCl to the 

culture solution, but the reduction of growth due to NaCl was completely prevented if the 

Ca^  ̂concentration of the solution was increased prior to the addition of NaCI (Cramer et 

aL, 1988). This result has also been observed in cotton (Kent and Lauchli, 1985; Kurth et 

aL, 1986) and bean (LaHaye and Epstein, 1971). In maize, Cramer (1992) found 
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increased Ca  ̂under saline conditions increased leaf elongation rates under saline 

conditions conq)ared to low Ca  ̂under the same conditions. He attributed this to the 

protective effects of Ca  ̂on cell membranes and to its ability to increase the hydraulic 

conductivity of the ceQs. An ahemative to this e3q)lanation may be found in the woric of 

Zhu and Liu (University of Arizona, Tucson, Arizona personal communkation) in ̂ ch 

they suggest that the ameliorative effects of Ca  ̂on salinity stress mArabidopsis thaliana 

is due to the positive infhience of Ca  ̂on the selectivity of over Na .̂ 

Hypothesis 

The hypothesis formulated here is that growth inhibition in S. bigelovii is due to 

reduced cell wall extensibility. The effect of salinity on cell wall extensibility in halophytes 

(Kawasaki et aL, 1978; Hagege et aL, 1988) has been shown to be the opposite of its 

effect on wall extensibility in glycophytes (LaHaye and Epstein, 1971; Kent and Lauchili, 

1985; Kurthet aL, 1986; Cramer et aL, 1988; Cramer and Bowman, 1991a, 1991b; 

Cramer, 1992; Neumann, 1993; Neumann et aL, 1994; Chazen and Neumann, 1994). In 

halophytes, salinity has been shown to increase wall extensibility, whereas in gfycophytes 

salinity decreases wall extensibility. Therefore, when a haloplQrte such as S. bigelovii is 

grown m low salinity, cell wall extensibility could be reduced. Wall-boimd Ca^  ̂has been 

shown to reduce cell wall octensibility (Cleland, 1960; Cleland and Rayle, 1977; Baydoun 

and Brett, 1984; Virk and Cleland, 1986; Virk and Cleland, 1988; Cleland et aL, 1990). 

As demonstrated in the present study, S. bigelovii grown in 5 mM NaCl accumulated 
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s^nificantly more Ca  ̂in its walls than dkl plants grown m 200 mM NaCL Iftheexcess 

wall-bound made the walls of plants grown in 5 mM NaCl more rigid, then reduced 

extensibility would be expected. Finalfy, when S. bigelovii was grown in 5 mM NaCl, the 

activity of the PM IT-ATPase decreased by 40% conqxired to plants grown in 200 mM 

NaCl (Ayala et aL, 1996). 

As reported in the present study, growth of plants in 5 mM NaCl was significant  ̂

reduced due to smaller cell size. Smaller cell size could result, in part, firom the decreased 

activity of the PM IT-ATPase. Activity of the PM IT-ATPase results in release of 

protons into the cell wall space, lowering the pH of the apoplast. According to the acid 

growth theory, reduction in apoplastic pH activates wall loosening enzymes that promote 

the breakage of key cell wall bonds, increasing wall extensibility (Rayle and Cleland, 

1977). The resulting wall relaxation causes a transient turgor reduction which stimulates 

water uptake resulting in cell e}q)ansion and bigger cells. If activity of the PM IT-ATPase 

is decreased, activity of wall-loosening enzymes will be tower and cell wall extensibility 

will be reduced. 
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MATERIALS AND METHODS 

Growth of the plants 

For these e3q)ainients, S. bigelovii was grown different  ̂than described in 

General Materials and Methods. Seeds were sown as described, but seedlings were 

transferred fi^m sowing trays into hydroponics earlier, whoi they were about 1 cm tall 

(approximate  ̂10 days after germination). One liter tubs containing nutrient solution and 

NaCl were used instead of 3 and 5 L tubs, and the foam lined sticks were much smaller to 

conform to the small size of the plants. Plants remained in nutrient solution containing 

either 5 or 200 mM NaCl for two weeks prior to extensibility measurements. The plants 

remained in the greenhouse for two weeks and then were transported to the laboratory in 

their aerated tubs. In the laboratory, they were maintained under a metal halide lamp 

(Metalux Corporation, Americus, GA) on a 12L, 12D photoperiod for the time requnred. 

Extensibility and yield threshold measurement 

The Lockhart growth equation (Lockhart, 1965), modified by Boyer (1987), was 

used to determine cell wall extensibility and yield threshold: 

ER=mCPp-Y) 

When the rate of elongation (ER) is plotted as a function of turgor (^p), the plot is 

theoretical̂  linear with the jc intercept representing Y, and the slope representing m 

(Green et aL, 1971). E}q)enmentaUy, cell expansion rates may be modified by lowering 
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the osmotic potential around the roots, which changes cell turgor (Green et aL, 1971; 

Hsiao and Jing, 1987). Many unsuccessfiil attempts were made to lower tu^or in S. 

bigelovii adding pofyethylene gfycol (PEG) or mannitol to the nutrient solution in the 

tubs (data not shown). However, even 200 g L'' PEG dui not a£fect turgor in this plant 

that is so well adapted to growth in low water potential A similar observation was made 

by Ben-H^Tim (1987) reported that sah-ad^ted Citrus sinensis cells were also 

adapted to osmotic stress induced by PEG. Because of the £iilure to manipulate turgor by 

inducing osmotic stress, the natural variation in turgor was used to generate the plots of 

elongation rate vs. turgor in the present study. 

The apparatus used for the measurement of elongation rate is shown in Figure 16. 

A linear variable differential transformer (LVDT) (Model HC-250, Lucas Schaevitz) was 

mounted on a ring stand and the entire set up was placed on a granite slab moimted on 4 

halved tennis balls to reduce building vibration. Heat &om the overhead lamp was 

buffered by mounting a clear plexiglass tub, filled with water, directfy under the light just 

over the plants. Plexiglass plates were mounted on the side to form a protective cage to 

minimize air movement. Light intensity and ambient air ten:q)erature were continuously 

monitored. 

An LVDT is an electromechanical transducer that produces an electrical output 

proportional to the displacement of a separate moveable core (Hua et aL, 1988). The 

LVDT has a primary coil and two secondary coils surrounding a hollow center in which 

the ferrite core is free to move. An external ahemadng current energizes the primary coil 
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Figure 16. Apparatus used for extensibility measurement. A linear 
variable differential transformer (LVDT) is attached to tfae t  ̂of a young 
Salicomia bigelovii plant growing in aerated nutrient solution containing 
the appropriate NaQ concentration. As the shoot ebi^ates, the rod 
attached to the line over the pullqr is displaced downward. This 
generates an electrical signal that is converted to mm by the data 
acquisition system and recorded in a data file in the computer. 
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and voltages are induced in the two secondary coils. The connections between the coils 

are such that the voltages are of opposite polarity. The net output of the transducer is the 

difference between these voltages. When the core is inthe nuU position, the voltages are 

the same and the output is zero. When the core moves, the induced voltage in the coil in 

the direction that the core moves increases, and the vohage in the other coil decreases. 

The voltage output varies linearfy with changes in core position (Hua et al, 1988). The 

LVDT was connected to a digital transducer readout (Model DTR-4S1, Lucas Schaevitz) 

and inter&ced with a data acquisition system and conputer. 

To monitor intemode elongatran of S. bigeloviU a short length (approx. 3 cm) of 

waxed dental floss was looped around and tied to the first subapical intemode. The floss 

was joined to a length of Kevlar fiber (Dupont, Edmund Scientific, Barrington, New 

Jersey) that was looped over a low-resistance pulley wheel and then joined to the core of 

the LVDT. Waxed dental floss was the only material, among many that were tried, that 

did not cause significant tissue damage to the intemode around which it was tied. Kevlar 

fiber is required because of its negligible response to ten:9)erature and humidity 

fluctuations (Cramer et aL, 1988). Lead fishing weights (10 g) were attached to the 

Kevlar fiber (F^;ure 16) to counterbalance the weight of the rod and the core and to 

provide some tension on the line to &cilitate movement of the line through the pulley. 

Calibration and determination of the linear range of the LVDT was done by 

attaching it to a non-rotating, ratchet type micrometer head (Starrett and \fitutoyo) and 

moving it known distances and monitoring electrical output. The electrical output of the 
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LVDT var  ̂linearty, over a range of 0.635 nmi on either side of the null (0) point, with 

the change in position of the core produced by turning the micrometer head. When the 

device was attached to a plant, elongation of the cells in the growing tissue displaced the 

core of the LVDT and produced a voltage change analogous to changing the position of 

the micrometer head. 

Experimental design 

For each plant in which internode ebngation was monitored, 3 plants (under the 

same growth conditions and fit>m the same tub) were harvested for measurement of 

water potential by pressure chamber and osmotic potential vapor pressure osmometry. 

After the water potential values were corrected for the osmotic potential of the xylem sap, 

turgor was calculated fix>m the difference between water potential and osmotic potential 

The averse vahie of turgor of those three plants was used as the turgor of the plant 

undergoing in vivo internode elongation measurement. 

For each salinity treatment (S and 200 mM NaCl), five tubs containing 16 plants 

each, for a total of 80 plants per treatment, were used. Each tub yielded 4 elongation 

rates and 4 turgor values. The tubs represented replicates of the e}q)eriment since each 

tub contained plants sown on a different date. For the 5 mM NaCl treatment, there were 

no significant differences in elongation rate and turgor values between tubs (data not 

shown). Elongation rates of the plants in the 200 mM NaCl treatment did not differ 

between tubs. However, one tub, containing fewer plants, differed from the others in that 
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the average turgor vahie was slight  ̂bwer than the average of the others (data not 

shown). This tub was subsequent  ̂removed fiximthe anafysis because the plants 

^Jpeared to be abnormal, because some of the intemodes were discolored and woody. 

Data were pooled between replicates for the regression analysis. 

Preliminary ejqjeriments were carrkd out to determine the best time of day to 

make the elongation measurements (data not shown). In general, plants from both salinity 

treatments had a bimodal growth response over 24 h period. The highest peak was from 

sqjproximatefy 0400 to 0530 h and then another, smaller peak in the late afternoon from 

about 1630 to 1800 h. The slowest growth response was at midday. The plants usually 

elongated very slowty but steadify overnight. The time period between 0400 and 0530 h 

was chosen for the measurements. That time period corresponded to the highest plant 

growth peak and there was less vibration in the building housing the laboratory in the early 

morning conq)ared to the late afternoon. 

Statistical analysis 

The slopes of the lines (m) and the x intercepts (Y) were determined by linear 

regression using SigmaStat (Jandel Scientific, San Ra&el, CA). The differences between 

the slopes ofthe lines and the differences between the x intercepts for plants receiving 5 

mM NaCl and for plants receiving 200 mM NaCl were compared. 
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RESULTS 

Salinity dki not affect the elongation rate (ER) of S. bigelovii (Table 17). Turgor 

OI'p ), on the other hand, was significant  ̂lower in the plants grown in 5 mM NaCl 

(Table 17). The plot of the rate of intemode elongation {ER) vs. turgor OPp ) for plants 

grown in 5 mM and 200 mM NaCl is shown in Figure 17. Each data point on the plot 

represents an individual plant. 

The slopes of the lines (m) on the plots of plants fiom the 2 salinity treatments 

were not significant  ̂different. This indicates that cell wall extensibility was not reduced 

in the plants growing in 5 mM NaCL The x intercepts were significantly different 

(p=0.025) however, mHirattng that the yield threshold of the plants grown in 5 mM NaCl 

was lower than that of plants grown in 200 mM NaCL These results indicate that the 

minimum turgor required for cell elongation to occur was lower in the plants grown in 5 

mMNaCL 

DISCUSSION AND CONCLUSIONS 

There are limitations to the Lockhart model when applied to growing tissue 

conq)ared to an elongating cell (Frensch, 1997). The model predicts a linear relationship 

between turgor and growth rate. However, in growing tissue this may not be the case. In 

the past decade, results of numerous e}q)eriments indicate that wall extensibility and yield 

threshold act more like variables that maintain constant elongation in spite of changes in 

turgor (Passioura and Fry, 1992; Passioura,1994). The recent development of the 
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Table 17. Elongadon rate (ER) and turgor potential OPp) of Salicomia bigelovii 
grown m 6 concentrations of NaCL Values are means and standard errors of 24 
plants for 5,50, 100, 200 and 400 mM NaCl and 13 for 0 mM NaCL 

5 mM NaO 200 mM NaO 

ER (fim min'*) 1.60 ±0.24"  ̂ 1.44 ±0.19" 

»Pp(MPa) 0.84 ±0.08* 1.82 ±0.08" 

 ̂ Values within rows with different letters are significantly dififerent at p < 0.0001 
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• 5 mM NaCI Y = -0.11 + 2.04 (x) = 0.50 
O 200 mM NaCI Y = -1.08 + 1.39 (x) = 0.32 

CO 2.0 -
o> 

a> 1.0 -

0.5 -

0.0 0.5 1.0 1.5 2.0 2.5 3.0 

Turgor (MPa) 

Figure 17. Intemode elongation vs turgor of Salicomia 
bigelovii grown in 5 mM and 200 mM NaCI. The yield 
threshold is represented by the x intercept and wall 
extensibility by the slope of the regression line. 
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pressure probe to cont^ousfy measure turgor in individual cells has also shown that cell 

wall parameters are variable and adjust in a matter of minutes to new environmental 

conditions (Frensch and Hsaio, 1994). Erroneous values for wall extensibility and yield 

may result if this variability is not taken into account (Frensch, 1997). 

With the above caveats in mind, phis consideration of the poor fit of the linear 

regression lines from plots of elongation rate vs. turgor in both 5 mM NaCl (r  ̂= 0.5) and 

200 mM NaCl (r  ̂= 0.32) (Figure 17), interpretation of the results of these experiments 

should be made with caution. The results of this eiqjeriment do not show a close 

relationship between elongation rate and turgor. Therefore acceptance of the result that 

there is no difference between salinity treatments in wall extensibility should be made with 

reservation. However, the rates of elongation were not significantly different between 

plants grown in 5 and 200 mM NaCl (Table 17). This gives added support to the 

conclusion that there is no difference in wall extensibility since elongation rate was 

determined independently of turgor measurements. Taking this into consideration, it is 

provisionally concluded that neither increased wall-bound Ca^"  ̂ nor decreased activity of 

the PM IT-ATPase negative  ̂affected cell wall extensibility of S. bigelovii when it was 

grown in 5 mM NaCL 

The low yield threshold of the plants grown in 5 mM NaCl does seem plausible 

however, because these plants also had much greater tissue elasticity (Figure 15). This 

result may be a reflection of the relative thinness of the walls since salinity has been shown 

to affect wall thickness (Poljakoff-Mayber, 1975; Jennings, 1976). 



GENERAL DISCUSSION AND CONCLUSIONS 

119 

The overall goal of this research was to increase understanding of the physiology 

of salt tolerance. Toward that end we asked the general question; how does the extreme 

halophyte, S. bigelovii, survive and even thrive in the highfy  ̂saline environment of a salt 

marsh? Since we know that growth of S. bigelovii is inhibited when it is grown in low 

salinity; we asked a more specific questk>n. What physiological processes limit the growth 

of S. bigelovii Miien it is grown in suboptimal salinity? Knowledge of what growth 

mechanisms are affected by reduced salinity will identify the physiological processes 

important in 5. bigelavifs adaptation to its highly saline environment. At the very least, 

understanding growth inhibition in low salinity will &cilitate the design of fiiture 

e^qjeriments to test hypotheses explaining the extreme sah tolerance of this unusual plant 

species. 

The initial e}q)eriments performed and reported in this research were designed to 

determine if the growth inhibition in low salinity reported in earlier studies was repeatable, 

if growth in pots or in hydroponics was the preferred culture method, and how quickly 

salinity effects on growth could be detected. Throughout all the e}q)erin]ents conducted in 

this research, low salinity resulted in growth inhibition. Relative growth rate was slower, 

and firesh weight and dry weight at harvest were reduced in plants grown in low salinity. 

Hydroponics proved to be the best culture method because it allowed more precise control 

of root zone salinity. Effects of saliniQr on growth were observable within 7 days of 
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treatment, therefore salinity treatments were initiated soon after germination rather than 

several weeks after as in previous work with this spec .̂ 

Anatomical and morphological studies were performed not onfy to compare cell 

size and morphological characteristics but to gain a better understanding of how this plant 

grows and develops. Even though it has a unuiue appearance, growth and development of 

S. bigeovii is very similar to that of other dicotyledonous plants. The ̂ ical meristem of 

the shoot forms, in regular sequence, leaves (the tissues of v^ch subsequent  ̂ftise 

around the stem), nodes, and intemodes. .̂ ncal meristems in the axillary regions of the 

nodes produce axillary shoots or branches, which in turn produce other axillary branches. 

Observing this development in hand and microscopic sections helped to determine the 

location chosen for cell size measurements. 

Smaller cell size in plants grown in S mM NaCl con:q)ared to plants grown in 200 

mM NaCl was reflected in water content and succulence con:q)arisons, both of which were 

reduced in low salinity. There were fewer total intemodes in plants grown in 5 mM NaCl 

>^ch indicated a smaQer total number of cells per plant. This does not reflect a reduction 

in cell division rate however since cell numbers within individual intemodes were similar in 

both salinities. 

Cation accumulation was measured in all ofthe plants used in this research. The 

trend of decreased Na"  ̂and increased K*, Ca ,̂ and in low salinity was the same in all 

ejq)eriments, and was in accordance with previous work on this species (Ayala and 

O'Leary, 1995) and other halophytes (Bigot et aL, 1983; Glenn and O'Leary, 1984; Blits 
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and Gallagher, 1990). This study has also shown that 70% of the Ca  ̂acctnmilated by 

these plants is located in cell walls. The assumption is that most of the Ca^  ̂ that is not 

bound in the cell wall is sequestered in the vacuole to keep cytoplasmic concentrations 

low. It has been proposed that transioit increases in the level of cytoplasmk; 

modulate the activity of key regulatory enzymes {Ue., protein kinases); for the system to 

fimction effective  ̂Ca^  ̂levels in the cytoplasm must be low relative to levels in organelles 

and the cell exterior (Briskin et aL, 1990). In the present study the relative amounts of 

in the cytoplasm and in the vacuole could not be separated. 

The same assunqrtion is made about the localization of Na". It is assumed that 

most intracellular Na"  ̂ is sequestered in the vacuole to protect cytoplasmic enzyme activity 

(Fbwers and Lauchli, 1983). Not all engines are inhibited by Na" (the phosphatases are 

exceptions), but processes such as protein synthesis (Hall and Flowers, 1973; Wyn Jones 

et aL, 1979) and oxidative phosphorylation (Flowers, 1974) are affected Na* (Flowers 

and Lauchli, 1983). Despite many efforts however, the intracellular localization of Na"  ̂

has yet to be determined. Important fiiture work toward understanding the salt tolerance 

plQ^logy of 51 bigelovii will be the intracellular localization of all four cations. 

Total cation accumulation was always lower in the plants grown in low salinity. 

Reduced cation accumulation could mean that the concentration of osmotically active 

solutes in S. bigelovii grown in low salinity is too low to achieve adequate osmotic 

adjustment. Except for the plants grown with no additional Na% all the plants grown in 

low salinity continued to grow, but slowfy, and with reduced biomass accumulation. 
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Some osmotic adjustment occurred, but water content, succulence, and turgor were 

reduced. 

The increased accumulation of Ca^\ and Mg seen in the plants grown in low 

salinity may alter metabolic processes. For exan^le, ionic shifts of as little as 10 mM K' 

or 1 mM Mg^  ̂ above or below optima have been shown to decrease the absolute rate of 

mRNA translation in vitro (Flowers and Dahnond, 1992; Wyn Jones et aL, 1979). 

Another physiological process dependent upon concentration is stomatal 

opening. K" increases severalfold in guard cells ̂ x^ien stomata open (Perera et aL, 1994). 

High levels of might interfere with stomatal closure in S. bigelovii grown in low 

salinity. This might explain the higher transpiration rate observed in S. bigelovii grown in 

5 mM NaCl con^)ared to transpiration rate in plants grown in 200 mM NaCl (Ayala, 1984; 

Ayala,and O'Leary, 1995). Preliminary data fix>m observation of living epidermal cells, 

made in the afternoon of a hot Jufy day, indicated that a higher percentage of stomata 

were open in plants grown in 5 mM NaCl than in plants grown in 200 mM NaCl (data not 

shown). At that time of day in midsummer, it is «q)ected that a majority of stomata 

would be closed, therefore, the observation that most of the stomata of the plants grown 

in low salinity were open suggests that stomatal physiology may be altered. This is 

another avenue for fiiturc e3q)loration. 

Another exanqile of altered metabolism, in this case due to high levels of Mg^% 

might be the increased amount of chloroplQrll in S. bigelovii grown in 5 mM NaCl 

reported by Ayala (1984) and Ayala and O'Leary (1995). Mg is coordinated in the 
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center of the porphyrin-like ring structure in a chlorophyll molecule (Lawlor, 1987). 

Increased availability of this ion might result in elevated chloroplQ^ll levels, or perhaps 

disturb chlorophyll's normal functioning. 

Results of growth and water potential experiments all indicate specific Na"  ̂

requirements for optimal performance in these plants. Again, knowledge of «cactly where 

Na" is located in the cell will greatfy aid in the determination of what those specific 

requirements are. Na  ̂has also been shown to stimulate the activity of three enzymes 

with cytoplasmic substrate binding sites, the PM IT-ATPase, the vacuolar membrane ET-

ATPase (Ayala, 1994; Ayala et aL, 1996) and the vacuolar membrane pyrophosphatase 

(K.S. Schumaker, uiq)ublished data). Investigation of the role of Na"" in the regulation of 

the activity of other enzymes will aid in understanding salt tolerance physiology in S. 

bigelavii. Periiaps haloplQtes have cytoplasmic enzymes that are not sensitive to Na", or 

are Na  ̂stmulated. Na  ̂may also have a structural role in the plant cell wall and its 

absence could contribute to the increased elasticity observed in the plants grown in the 

lower salinity concentrations. 

In the interpretation of the experiments reported in this study, it is important to 

distinguish between tissue elasticity (sometimes referred to as elastic extensibility) and 

cell wall extensibility (sometimes referred to as plastic extensibility). Tissue elasticity is 

the reversible give and take of cell wall pofymers, and is an important mechanism in most 

instances to maintain turgor of plant cells as they lose water. Tissue elasticity governs the 

relationsh  ̂between turgor and tissue water content (Bolanos and Longstreth, 1984). 
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''Rigkl** cells, those with low elasticity, lose turgor rapidfy with water loss v^iereas more 

"elastic'̂  cells lose turgor less rapidfy. 

Low tissue elasticity is inqwrtant in plants subject to drought (Bowman and 

Roberts, 1985), but for plants subject to saline soils and not exposed to water stress, such 

as S. bigelovii, it is equalfy advantageous, as shown in the present study. For plants to 

maintain water uptake fix>m soils with low water potential (such as the natural habitat of S. 

bigelovii) thQr must have a lower water potential than the surrounding soil This can be 

ach^ed either by lowering osmotic potential (osmotic adjustment) or by towering turgor 

through modification of cell walls to reduce elasticity. This study has demonstrated that 51 

bigelovii does both in response to increasing salinity. 

The ability of plants to modify elasticity of tissues through changes in the 

carbohydrate conqmsition of the cell walls is an important adaptation to all types of 

environmental stresses (Renault and Zwiazek, 1997). Other studies have shown 

biochemical changes in cell walls of the halophytes Aster tripolium and Aster litoralis in 

response to salinity (Binet, 1985), including alterations in the pectic fragments and 

increased cellulase activity with increased salinity. Bolanos and Longstreth (1984), after 

demonstrating decreased elasticity in response to salinity in the halophyte Altemanthera 

philoxeroides, concluded that changes in elasticity concomitant with osmotic adjustment 

provided a more effective means of countering the negative effects of salinity on water 

balance than osmotic adjustment alone. 
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Cell walls are dynamic structures with important roles in plant growth, 

development, and response to environmental stress. Comparison of the biochemical 

con^sition of cell walls in S. bigelovii grown in different concentrations of NaCl and 

identification of mechanisms that lead to modification of cell wall con^sition are 

additk>nal in^rtant directions for fiiture research. 

The first of the two specific questions addressed in this research was, is the growth 

inhibition observed in S. bigelovii grown in low salinity a consequence of reduced cell wall 

extensibility? Cell wall extensibility (or plastic extensibility) is the irreversible extension of 

plant cell walls during growth. It is the result of the activity of many engines and 

biochemical processes that lead to wall loosening, and biophysical processes that result in 

cell elongation. Since cell walls of 51 bigelovii grown in S mM NaCl were shown to 

accumulate more Ca^  ̂than ceil walls of plants grown in 200 mM NaCl (present study), 

and activity of the PM IT-ATPase was decreased in the plants grown in the lower salinity 

(Ayala, 1994; Ayala and O'Leary, 1995; Ayak et aL, 1996), elongation rate and cell wall 

extensibility were compared between plants grown in the two salinities. No differences 

were found either in the rate of cell elongation or in cell wall extensibility. Apparently, 

more in the cell walls of the plants grown ni 5 mM NaCl did not affect these 

parameters either mechanical  ̂holding the walls together or by decreasing activity of 

enzymes involved in cell wall loosening. 

Reduced activity of the PM IT-ATPase also did not affect the rate of elongation or 

cell wall extensibility. The transport of solutes across membranes is believed to be 
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energized a proton gradient formed by punqiing protons out of the cytoplasm through 

the activity of ATPases (Lemer, 198S). Reduction of the proton gradient across the 

plasma membrane due to the decreased activity ofthe PM IT-ATPase may result in 

reduced sohite transport rather than reduction in cell wall loosening when S. bigelovii is 

grown in low salinity. 

The minTmiim turgor requited for growth to occur (wall yielding threshold) was 

significant  ̂lower in plants grown in S mM NaCl than in 200 mM NaCL This may 

partially «q)lain why plants grown in the lower salinities continued to grow in spite of the 

&ct that turgor was significant  ̂lower than in plants grown in 200 mM NaCL The 

reduction in the wall yielding threshold may be a result of wall thinning and increased 

elasticity due to the low availability of Na  ̂but it also served to ensure that the plants 

grown in low salinity continued to survive. 

While none of the results presented in this study conq>letely e}q)lain why growth of 

5. bigelovii is inhibited when it is grown in suboptimal salinity, this research has eliminated 

some of the possible models suggested by previous studies. Growth inhibition was not 

caused by reduced cell wall extensibility, in spite of the three- fold increase in wall bound 

Ce?* in the plants grown in 5 mM NaCL Turgor was lower in plants grown in reduced 

concentrations of NaCL It is not clear whether this had a direct effect on growth, but it 

does reflect reduced succulence and water content. Succulence and increased water 

content have been suggested as means to dilute intracellular ion concentrations to avoid 

their possible toxic effects (Ungar, 1991). Reduced succulence in the plants grown in low 
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salinity may increase the likelihood that ion imbalances contribute to growth inhibition. 

In addition, this work has demonstrated the importance of plant cell walls in 

modifying plant responses to the environment. Characteristics of the cell wall undoubted  ̂

have an important role in the salinity adaptation of S. bigelovii. This research has also 

identified several directions for fiiture investigation into the physiology of this unique 

plant. 
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