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ABSTRACT~ 

We have studied the effects of exogenous salt on whole 

plant and suspension culture cells of the halophytic tomato 

Lycopersicon pennellii. Under low salt conditions (2.9 dS/M) 

plants showed enhanced (halophytic) growth (107% of 

control). At moderate (7.5 dS/M) and high (18.5 dS/M) salt 

levels, salt stress reduced growth to about 78% and 40% of 

control respectively. Salt-induced changes in root mRNAs 

were analyzed via two-dimensional PAGE of cell free 

translation (eFT) products. We have identified 14 proteins 

whose levels were enhanced by exogenous salt. One of these 

proteins was unique to low salt induced halophytic growth. 

This system allowed for discrimination between proteins up

regulated at all salt levels and those up-regulated only 

during salt stress induced growth reduction. Ten proteins 

were identified whose levels were reduced by exogenous salt. 

Once again, one could identify a subset of proteins whose 

levels were reduced only under salt stressed conditions. 

Proteins identified in this study are candidates for roles 

in growth maintaining stress adaptive metabolism in 

L.pennellii. These data underscore the complexity of the 

genetic control of salt metabolism in higher plants. 
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The effects of exogenous salt on protein synthesis and 

accumulation were studied in suspension cultures of 

L.pennellii. Two salt levels were applied to the cells. 

Under low salt conditions (LS, 10 roM), L.pennellii cells 

showed enhanced (halophytic) growth. Under high salt 

conditions (HS, 50 roM), the cells showed reduced (salt

stressed) growth. Changes in proteins with time were 

analyzed by a combination of cell free translation, in vivo 

labeling and total accumulated protein. mvivo labeling 

studies showed that the pattern of steady state protein 

synthesis was disrupted shortly after addition of salt. High 

salt induced greater disruption in the pattern. Over time, 

the steady state levels of most proteins shifted back 

towards those of the unstressed-control. However, the level 

of several proteins remained altered. Analysis of proteins 

whose levels increased with exogenous salt showed 

differences in the response patterns that may allow for 

discrimination between proteins involved in growth 

maintaining and stress shock responses. 
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INTRODUCTION: 

Salinity in the external environment can have multiple 

effects on plant growth and development via modification of 

several environmental parameters. These parameters can 

include reduced external osmotic potential, specific toxic 

ion effects and nutrient deficiencies caused by overwhelming 

salt concentrations (Levitt, 1980). The combined negative 

effects of these conditions on plant growth are described 

phenomenologically as salt stress. Depending on the genotype 

and salinity level, failure to counteract any or all of 

these effects may re~ult in impaired growth or death. 

Ecological studies have revealed a large variation in the 

sensitivity or tolerance to salt stress between species. In 

addition, different species have been shown to utilize 

different phenotypic mechanisms in order to overcome 

salinity (Flowers, Troke and Yeo, 1977; Greenway and Munns, 

1980). 

It is reasonable to assume that this variation is based 

on multiple physiological mechanisms and that each mechanism 

has a limited range within which it can counteract the 

deleterious effects of salt stress. Furthermore, it is 

probable that salt stress levels beyond the upper limits of 
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the salt tolerance mechanism will elicit secondary responses 

specific to high stress levels. These secondary responses, 

although important for understanding the biology of salt 

stress, will mask the primary salt tolerance response. 

Several studies have detected alterations in the pattern of 

resolved polypeptide populations in response to salt or 

water stress (Damerval, Varanian and De vienne, 1988; Gulick 

and Dvorak, 1987; Singh et al., 1985; Ramagopal, 1987; 

Ramagopal, 1988). A large number of quantitative and 

qualitative differences in proteins of varied MW and pIs was 

observed. Due to the limitations of the experimental 

systems, the detected differences probably represent a 

fraction of the real changes. Therefore, elimination of 

secondary responses will be necessary in order to reduce the 

observed responses and to increase the probability of 

identifying proteins that playa primary role in salt 

tolerance metabolism. 

The objective of this study was to begin to identify 

the molecular components of salt tolerance in L.pennellii. 

Integral to this objective was the characterization of the 

whole plant growth response at different salinity levels. 

Different salt levels used in this study produced different 

effects on vegetative biomass accumulation which, in turn, 

implied different physiological responses. Under low 



salinity (2.9 dS/M) halophytic growth enhancement was 

observed whereas at the two higher salt levels (7.5, 18.5 

dS/M) growth reduction was observed indicating a salt 

stressed condition. A comparative analysis of cell free 

translation products from root mRNAs from the different 

treatments allowed us to identify proteins that are 

candidates for a role in the growth maintaining stress 

adaptive response. 
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We have examined protein patterns obtained from total 

proteins, in vivo labeled proteins and cell free translation 

products isolated from suspension cultured L.pennellii cells 

growing under salt-stimulated or salt-stressed conditions. 

comparison of salt-specific molecular responses associated 

with salt stimulated vs. salt stressed growth of L.pennellii 

suspension culture cells should provide us with proteins and 

ultimately genes that are candidates for a role in growth

maintaining salt-tolerance. 
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LITERATURE REVIEW: 

Lycopersicon pennellii: 

Genetic Background: 

L.pennellii, one of the 8-10 closely interrelated 

Lycopersicon species, carries 12 pairs of chromosomes that 

share homology with L.esculentum (the domestic species). 

This species can be crossed with the domestic species with 

little or no difficulty, with L.esculentum as the pistillate 

parent (Rick, 1960). L.pennellii was found to be highly 

inbred and homozygous for all tested isozyme loci (Tanksley 

et al., 1981), and was placed near L.hirsutum and 

L.peruvianum in phylogenetic studies (Palmer and Zamir, 

1982). 

Origin and Ecological Studies: 

Early ecological studies indicated that L.pennellii was 

drought tolerant. L.pennellii is found in the dry, lower, 

west slopes of the Andes in central Peru. Its habitat is 

located between Atico in the south to Ascope in the north, 

at elevations of about 500-1500 m. In the higher, more arid 
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regions,it associates with species of cactus and bromeliads 

(Rick, 1972). 

Whole Plant Responses to Salt: 

In a comparative study conducted with 10-day-old 

seedlings in hydroponics, L.pennellii (accession Atico) 

exhibited superiority over L.esculentum (cultivar Rheinlands 

Ruhm) with respect to salt tolerance. Growth of the wild 

species was less affected by high salt concentrations and 

the plants maintained better water relations, as determined 

by relative water content. This species was found to 

accumulate more sodium and chloride ions and less potassium 

ions under increasing salt levels (Dehan and Tal, 1978). In 

a more recent experiment (same growth conditions as above), 

L.pennellii was distinguished by the high succulence of its 

major vegetative parts. In all of the tested Fl combinations 

with two cultivars of the domestic tomato the stem 

elongation rate indicated heterosis (Tal and Shannon, 1983). 

In another experiment, L.pennellii plants (age was not 

specified), grown in inert quartz sand watered with 

Hoagland's solution, were able to bear fruit under the high 

salt levels (294 mEqJL) and accumulated sodium to higher 

levels than the domestic tomato (Phills et al., 1979). 
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Genetic analysis of the sodium p chloride and potassium 

relations of L.pennellii and L.esculentum, using association 

between genotypes at 15 isozymes and ion content of the two 

parents, the Fl and 117 F2 lines, revealed a highly positive 

correlation between sodium and chloride levels in the F2 

generation. The leaf sodium and chloride contents were lower 

in the Fl hybrid than in either of the parents. The 

potassium leaf content of the hybrid was intermediate 

between those of the parents. Four major loci that 

influenced the contents of both sodium and chloride in the 

leaves and two other loci affecting potassium content were 

identified. The existence of additional loci which 

influenced ion conte~t could not be dismissed (Zamir and 

Tal, 1987). 

Germination responses of Lycopersicon species under 

both control and salinized 0.8% agar ranked L.pennellii 

second to L.glandulosum but significantly superior to all 

other 17 accessions tested including L.pimpinellifolium, 

L.peruvianum, L.esculentum, and others. L.pennellii and 

PI174263 had the smallest increase in germination response 

time due to the salt addition (Jones, 1986). 

Salt Responses in Tissue culture: 
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The Response of callus tissue isolated from 

L.pennellii, L.peruvianum, and L.esculentum to the inclusion 

of sodium chloride in the growth media was investigated. 

Both wild species exhibited smaller decreases in fresh 

weight and dry weight accumulation than the domestic tomato. 

Thus, a" positive correlation was found between whole plant 

response and callus response to salt (Tal, Heikin and Dehan, 

1978). 

A positive correla'(:ion was also found between whole 

plant response and the response of excised apices of the 

domestic tomato and the two wild species L.pennellii and 

L.peruvianum. However, no differences were detected in the 

survivability under salt stress of discs isolated from fully 

differentiated leaf tissue or of excised leaflets of the 

three species (Taleisnik-Gertel, Tal and Shannon, 1983). 

Growth Responses to Salt Stress: 

A large variation in growth responses to the presence 

of salt in the external enyironment exists among plants. 

citrus or avocado were found to be very sensitive, tomato 

(L.esculentum) was intermediate in its salt tolerance, and 



species such as Atriplex nummularia, suaeda maritima, and 

Salicornia europaea exhibited optimum growth at salt 

concentrations of about 200-250 roM, depending on other 

environmental conditions (Flowers, Troke and Yeo, 1977, 

Greenway and Munns, 1980). For a reference point the 

salinity of sea water is about 560 roM. 

Physiological Responses to Salt Stress: 

18 

A large number of experiments to elucidate the primary 

or bottleneck physiological pathways in the response to 

salinity have been conducted over the years. So far, there 

is no general agreement as to the nature of the salt 

tolerance mechanisms. Nevertheless, it has been accepted 

that salt stress must involve adaptation to the reduced 

external water potential, elevated internal specific ion 

concentrations, and deficiency stress (Levitt, 1980; 

Flowers, Troke and Yeo, 1977, Greenway and Munns, 1980). 

Water Relations: 



In order to maintain high productivity a plant must 

constantly compromise between the need to absorb carbon 

dioxide from the air and to reduce water loss through 

transpiration. A plant genotype that can maintain a high 

water supply from the rhizosphere in spite of reduced 

external water potential should exhibit superior salt or 

drought tolerance. High water supply can be maintained by 

either enlargement of root surface or by increasing the 

external-internal water potential gradient and/or reducing 

the resistance to water flow (Gale, 1975). 
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Reduction of internal water potential can be passive by 

water loss, or active by osmotic adjustment. Water loss of 

about 10-15% causes deleterious effects to metabolism 

(Hsiao, Acevedo and Fereres, 1976). Active solute 

accumulation reduces the osmotic component of the water 

potential and also , at constant turgor, the internal water 

potential. This process counteracts the reduction in 

external water potential resulting from high external ion 

concentrations (the osmotic effect of salt stress) 

(Bernstein and Hayward, 1958). osmoregulation was defined as 

"the regulation of osmotic. potential within a cell by 

addition or removal of solutes from solution until the 

intracellular osmotic potential is approximately equal to 
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the potential of the medium surrounding the cell". Osmotic 

adjustment was defined as "the lowering of osmotic potential 

arising from the Det accumulation of solutes in response to 

water deficits or salinity" (Turner and Jones, 1980). 

It (Yeo, 1983) was calculated that osmotic adjustment 

with organic solutes is feasible only in response to low 

levels of salinity. Under high salt levels, such as in sea 

water, a plant must set aside glucose up to three quarters 

of its volume, in order to adjust osmotically. On the other 

hand accumulation of inorganic ions is energetically cheap, 

but they may need to be excluded from the cytoplasm, and 

compartmentalized in the vacuole. The importance of 

maintenance of adequate water relations is emphasized by the 

higher salt stress sensitivity under low levels of air 

humidity than under high humidity levels in salt sensitive 

vs. salt tolerant species (Greenway and Munns, 1980). 

Plant age, type of organ or tissue, environmental 

effects such as the stress rate, expressed as the daily 

difference of external water potential and the environmental 

conditions prior to the specific stress, all affect the 

osmotic adjustment (Morgan, 1984). The domestic tomato was 

shown to be more salt sensitive during vegetative growth 

period than during post flowering period (Dumbroff and 

Cooper, 1974~ El-Shourbagy and Ahmed, 1975; Kovalskaia, 
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1958). An interaction between osmotic adjustment and the 

level of radiation was found such that the osmotic potential 

was higher under low levels of radiation than under high 

radiation levels (Munns and Weir, 1981). It is also 

important to differentiate between responses of growing and 

expanded regions in plant organs as the growing regions were 

more responsive to water stress than the expanded regions 

(Matsuda and Riazi, 1981). 

Specific Ion' Content: 

The leaf concentration of a specific ion is dependent 

upon the uptake rate,_ transpiration rate, and the external 

concentration. The active uptake rate may change 

ontogenically and is not influenced to a large extent by the 

external ion concentration. The passive uptake rate is 

apparently influenced by both transpiration rate and the 

external ion concentration (Pitman, 1975). 

Potassium is unequally distributed between the 

cytoplasm and vacuole. Total leaf concentration of about 

200mM is affected mostly by the higher vacuolar levels. In 

the vacuole, potassium serves basically as an osmoticum and 

can be replaced by sodium to some extent. In the cytoplasm 

potassium serves both as osmoticum and in enzyme activation, 
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and probably cannot be substituted by sodium (Flowers and 

Lauchli, 1983). Soluble enzymes that were extracted from 

either glycophytes or halophytes showed no difference in 

vitro in their responses to the addition of sodium (Greenway 

and Munns, 1980). 

Plants show differences in their salt sensitivity 

depending on the nature of the anions. Tomato plants were 

more sensitive to sodium sulfate than sodium chloride. The 

lowest sensitivity was detected under salt stress in a 

concentrated nutrient solution (Hayward and Long, 1941). 

Selective accumulation of potassium as compared to 

sodium is probably determined at two levels. The first is 

the selective and active uptake of potassium into the root 

cells. The second is determined by the lateral movement 

towards the xylem. Selective uptake is affected by the 

potassium/sodium ratio and calcium concentrations in the 

external solution, and phloem photosynthate availability. 

Lateral movement is affected by the selective uptake of the 

root cells, transpiration rate, and the external ion 

concentration. Final leaf concentration is affected by two 

additional factors: the uptake of cells surrounding the 

conducting vessels, and export of ions through the phloem. 

Therefore, the concentration is determined by the balance 

between the uptake from the xylem, loss to the phloem, and 
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growth rate (Pitman, 1975). 

Sodium influx appears to be passive, independent of H+, 

or potassium and may involve vesiculation and turnover of 

sub-cytoplasmic compartments (Cheeseman, 1988). Sodium is 

probably compartmentalized in the vacuole while potassium 

and compatible solutes are used as the cytoplasmic osmoticum 

and enzyme protectants (Greenway and Munns, 1980, Binzel et 

al., 1988). significant sodium concentrations were found in 

the cytoplasm of salt tolerant lines of tobacco cells 

(Binzel et al., 1988) and, according to Cheeseman (1988), it 

is not clear what levels of cytoplasmic sodium are actually 

biochemically unacceptable. Sodium probably affects the 

roots by displacing calcium from membrane sites in relation 

to the sodium/calcium activity ratio in the external 

solution. An increased efflux of potassium was detected 

under high salinity. Increased calcium concentration in the 

external solution mitigated these responses (Cramer, Lauchli 

and Polito, 1985). Higher external calcium concentration 

also reduced sodium uptake and affected calcium influx in a 

curvelinear fashion. Under low salt levels calcium influx 

decreased curvelinearly but influx increased linearly under 

high salt levels (150-200mM). Potassium influx was not 

affected by calcium concentrations (Cramer et al., 1987). 

Hormones: 
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Plant hormones have been implicated in salt and water 

stress metabolism with abscisic acid (ABA) as the primary 

stress hormone (Aspinall, 1980). Evidence, also, exists for 

the increased synthesis of ethylene (Yang and Pratt, 1978: 

Apelbaume and Yang, 1981), and reduced transport of 

cytokinins from the roots (Itai and Vaadia, 1965,1971: Itai 

et al., 1968: Walker and Dumbroff, 1981). 

In addition to water stress and salt stress, increased 

levels of ABA occurred under waterlogging (Mizrahi et al., 

1975), high and low temperature stress (Chen et al., 1983), 

nutrient deficiency (Goldbach, et al., 1975), and with 

pathogen attack (Ayres, 1981). Multiple hormone-target sites 

such as ABA controlled stomatal closure (Milborrow, 1974) 

and ABA-sensitive water flow root resistance (Tal and Imber, 

1971) were found. Interpretation of these studies is 

complicated further by interaction that occur with other 

growth hormones such as auxin (Snaith and Masfield, 1982), 

or cytokinin (Blackman and Davis, 1983, 1984), environmental 

effects such as CO 2 concentration (Blackman and Davis, 

1984), and the nutritional status of the plant (Radin et 

al., 1982: Radin, 1984). 

Intracellular compartmentation of ABA under water 

sufficient conditions (Loveys, 1977: Heilmann et al., 1980) 
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and the intracellular redistribution of ABA under stress 

conditions (Hartung et al., 1981; Cowan et al., 1982) 

require high resolution techniques which are lacking in most 

of ABA studies. 

Lately, the relationship between ABA and proline 

accumulation has been the subject of re-evaluation. Proline 

accumulation is known to take place under drought, salt 

stresses (Aspinal and Paleg, 1981), and exogenous ABA 

treatments (Aspinall, 1980; stewart, 1980). Fluridone and 

Norflurazone, herbicides that inhibit wilting-induced ABA 

accumulation, were applied to dark-grown barley leaves. Both 

herbicides inhibit wilting-induced ABA accumulation in 

etiolated barley seedlings. Wilted leaf tissue was treated 

with the herbicide and inspected for accumulation of ABA and 

proline. Proline was found to accumulate with no ABA 

accumulation. Proline accumulated in leaves of flacca, a 

wilty tomato mutant that does not accumulate ABA, confirming 

that ABA accumulation is not required for wilting-induced 

proline accumulation (stewart and Voetberg, 1987). 

Recently, the role of a putative leaf expansion 

regulator message from the roots generated upon short term 

exposure to salinity, was emphasized (Munns and Termaat, 

1986). Cytokinins were put forward as the best candidates 

due to their synthesis location (roots), responsiveness to 
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salt stress (Itai et al., 1968; Walker and Dumbroff, 1981), 

and also because of their assumed role in root-shoot growth 

integration (stewart and Hanson, 1980; Bradford and Hsiao, 

1982; Davis et al., 1986). 

In studies of salt tolerance of tobacco cell cultures 

ABA was shown to coinduce the acceleration rate of 

adaptation of wild type cells to NaCl stress, and the 

synthesis of a 26 kDa protein (LaRosa et al., 1985; singh et 

al., 1987a). Maize callus growth and root formation were 

increased by both ABA and osmotic stress treatments (Abou

Mandour and Hartung, 1986). ABA and osmotic stress were 

shown to stimulate the rate of anther producing plantlets 

and the number of pl~ntlets formed per anther in tobacco 

anther culture (Imamura and Harada, 1980). Growth and root 

formation of corn callus were stimulated by either ABA or 

osmotic stress treatments (Abou-Mandour and Hartung, 1986) 

Recently, a fourfold increase in ABA content of the 

elongating region of water stressed soybean seedlings was 

observed within half an hour. This decrease preceded 

reduction in growth rate that occurred after 0.8 hour. 

Inspection of cell free translation products separated via 

two-dimensional gel electrophoresis revealed seven water 

stressed induced polypeptides which, in turn, implied seven 

stress-unique mRNAs (Bensen, Boyer and Mullet, 1988). 
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Gibberellic acid (GAy counteracted salt stress effects 

on inbreds of Pennisetum typhoides. Several growth 

parameters: percentage of germination, root and shoot 

growth, fresh and dry weight of seedlings, and soluble 

protein content, which declined under salt stress, recovered 

in the presence of GA3 (Kumary et al., 1987). 

A positive correlation was found in rice cultivars 

between salt tolerance and the capacity to produce ACC

dependent ethylene at the seedling stage. Little ethylene 

was found in rice seeds in the presence or absence of O.lM 

NaCl. Workers observed a parallel increase in ethylene 

production and shoot growth with increased ACC concentration 

but no interaction with salt treatment was found. 

Differences between cultivar were detected in both ACC

stimulated ethylene production and shoot growth under salt 

stress. The authors suggest that ACC-derived ethylene could 

be used as a biochemical marker for screening rice breeding 

populations for salinity tolerance (Khan, Akbar and Seshu, 

1987). 

Tissue culture and Salt Stress: 
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Tissue culture has been used successfully to generate 

salt tolerant cell or callus lines in various species, 

including tobacco (Binzel et al., 1985: Watad, Reinhold and 

Lerner, 1983; Heyser and Nabors, 1981; Pua and Thorpe, 

1986), eggplant (Jain et al., 1987), oats (Nabors, 1983), 

sorghum (Bhaskaran, Smith and Schertz, 1983), citrus (Ben

Hayyim, Spiegel-Roy and Neumann, 1985), sugar beet (Blumwald 

and Poole, 1987), Brassica napus (Chandler and Thorpe, 

1986), alfalfa (Stavarek and Rains, 1985; McCoy, 1987a), 

flax (MCHughen; 1987), tomato (Rhodes, Handa and Bressan, 

1986; staraci et al., 1987), and rice (woo, Wong and Ko, 

1985). In these studies, different selective agents such 

as sodium chloride, sodium sulfate, or artificial seawater 

were used. Different selection techniques have been 

employed. These selection techniques usually differed in the 

level and the rate of increase of the selective agent. 

Isolated salt tolerant cell or callus lines were used 

for physiological and biochemical'studies (Binzel et al., 

1985; Binzel et al., 1987; Binzel et al., 1988; Blumwald and 

Poole, 1987; Rhodes, Handa and Bressan, 1986; Singh et al., 

1985; Stavarek and Rains,~ 1985) or as sources for novel salt 

tolerant genes utilized through plant regeneration for whole 

plant salt tolerance lines (McCoy, 1987a; McCoy, 1987; 

McHughen, 1987; McHughen and Swartz, 1984; Woo, Wong and Ko" 
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1985). 

utilization of the mw~ generated salt tolerance genes 

for breeding purposes has been hampered because most 

cultures lose regenerative capacity with time. In addition, 

differences in the regenerative capacity exist among 

species, as shown in tomato (Koornneef et al., 1986; Locy, 

1983; Koornneef, Hanhart and Martinelli, 1987). Salt 

tolerant regenerants usually suffer from accumulation of 

deleterious somaclonal variation such as non-flowering 

mutants, plants with stunned growth, or unbalanced polyploid 

chromosome sets (McCoy, 1987; Stavarek and Rains, 1984a). 

Another obstacle arises from the physiological 

mechanisms controlled by expression of salt tolerance genes. 

Expression may act at the cellular and/or whole plant level. 

smith and McComb (1981) studied the in wvo/in w~ salt 

tolerance correlation among glycophytes and halophytes and 

suggested that glycophytes have a cellular salt tolerance 

mechanism that was active in tissue culture whereas 

halophytic salt tolerance depends on whole plant structure 

and physiology and did not show in tissue cultures. McCoy 

(1978a) came to a similar conclusion after evaluating the m 

wvo/in w~ salt tolerance cOl::relation between salt sensi ti ve 

and salt tolerant alfalfa species. 

Phenotypic salt tolerance in cell culture can be the 
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result of epigenetic factors and of physiological-cellular 

adaptation that disappears upon removal of salt stress. 

Also, plant tissue cultures are composed of a population of 

heterogeneous cells that may show different salt tolerance 

traits. This heterogeneity could be masked if, for example, 

sensitive cells are protected by cross-feeding or shielded 

inside aggregates of tolerant cells (Chandler and Thorpe, 

1986; Stavarek and Rains, 1984). 

Physiological studies reveal a common trend among salt 

tolerant cell cultures of acquiring the halophytic 

characteristic of ~p~imal growth in the presence of salt 

(Ben-Hayyim and Kochba, 1983; Croughan, Stavarek and Rains, 

1978; Jain et al., 1987; Binzel et al., 1985). However, 

accumulation of inorganic ions differed between salt 

tolerant cells from different species. In citrus sinensis, 

salt tolerant cells took up less sodium and chloride than 

the unselected salt sensitive cells (Ben-Hayyim and Kochba, 

1983). In alfalfa, no difference was found in the amount of 

uptake between salt-tolerant and salt-sensitive cells 

(Croughan, Stavarek and Rains, 1978). Salt-tolerant tobacco 

cells accumulated sodium and chloride and were shown to 

compartmentalize these ions in the vacuole (Binzel et al., 

1988). 
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Tobacco cells did not exhibit correlation between 

increased salt tolerance and turgor (Binzel et al., 1985). 

Sodium and chloride were found to be the principal solutes 

for osmotic adjustment in salt tolerant tobacco cells, but 

their concentrations did not increase during the period of 

most active osmotic adjustment. Proline concentrations were 

positively correlated with the osmotic adjustment (Binzel et 

al., 1987). Free proline concentration was found to increase 

as much as 500 fold during osmotic adjustment of tobacco 

cells (Handa et al., 1983). The addition of exogenous 

proline and glycinebetaine to cultured barley embryos 

increased shoot elongation under salinity stress. NaCl 

stimulated uptake of.proline, but not of betaine, into 

cultured plantlets. Each of the exogenous applied solutes 

inhibited the endogenous synthesis of the other solute under 

salt stress (Lone et al., 1987). 

In other studies, proline concentrations were 

negatively correlated with salt tolerant growth (Chandler 

and Thorpe, 1986), and exogenous application of proline 

failed to protect sensitive tobacco cells from the toxic 

effects of sodium chloride (Dix, Plunkett and Toth, 1983). A 

critical concentration of NaCI, above which the proline 

content of eggplant cultured cells rose sharply, was 

observed. This critical NaCI concentration was lower in wild 
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type cultured cells (0.75% NaCl) then in the selected salt

tolerant cells (1.0% NaCl), (Jain et al., 1987). 

Molecular Responses of Prokaryotic Systems to Salt Stress: 

osmotic adjustment in prokaryotic systems such as 

Escherichia coli and Salmonella typhimurium has been shown 

to require a small number of genes. These genes are 

regulated both at the transcriptional level and by 

modulation of their protein products activity. The response 

to the osmotic stress is composed of potassium uptake 

system, induced first, and betaine uptake system that is 

induced under higher levels of stress. Both potassium and 

betaine uptake are made up of high-affinity and low-affinity 

systems (Higgins et al., 1987a). 

Trk, the low affinity potassium uptake system, is 

constitutively expressed, and the kdp, high affinity system, 

is induced directly in response to cell turgor and is 

independent of the absolute level of external osmolarity. 

The activity of trk and Kdp proteins is also modulated by 

cell turgor to prevent overshoot of potassium uptake 

(Gowrishankar, 1985: Higgins et al., 1987a). 
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ProP, the low-affinity betaine uptake system, 

transports proline at low osmolarity and betaine under 

osmotic stress (cairney, Booth and Higgins, 1985a). ~, 

the high-affinity betaine uptake system (Csonka, 1982), is 

induced only under high osmotic stress, and functions only 

under high osmolarity. Thus betaine transport is regulated 

by osmotic pressure at two levels, transcription and 

modulation of activity of the transport protein (May et al., 

1986). The proU system includes a 31 kDa periplasmic 

betaine-binding protein (Cairney, Booth and Higgins, 1985; 

Higgins et al, 1987). The energization of this system is 

achieved by the hydrolysis of high energy phosphate bonds, 

rather than a proton-motive force, common to uptake systems 

that are to accumulate substrate against a very large 

concentration gradient. The expression of proU is dependent 

on the level of intracellular concentration of potassium 

(Sutherland et al., 1986). 
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Molecular Responses of Plants to Salt Stress: 

Studies of molecular responses to salt and water stress 

in plants have revealed a large array of polypeptides, with 

different molecular weight (MW) and isoelectric point (pI), 

that exhibited altered expression under stress conditions. 

The most studied protein is osmotin, the 26 kDa protein.' The 

osmotin was the most abundant protein that accumulated in 

salt tolerant tobacco cell line (up to 12% of total cellular 

protein, Singh et al., 1987). Other proteins with increased 

levels in the salt tolerant lines had apparent MW of 58, 37, 

35.5, 34, 21, 19.5 and 18 kDa. Proteins with decreased 

levels had apparent ~ of 54, 52, 17.5 and 16.5 kDa (Singh 

et al., 1985). 

The 26 kDa protein was also induced in response to ABA 

treatment, which induced expression of an immunologically 

cross-reactive 26 kDa protein in tomato cultured cells 

(Singh et al., 1987). 

Two forms of osmotin were found in salt-tolerant cells, 

an aqueous soluble form (osmotin I), and a detergent soluble 

form (osmotin II). Immunocytochemical localization of 

osmotin revealed that osmotin was concentrated in.dense 

inclusion bodies within the vacuole, and sparsely 

distributed in the cytoplasm (Singh et al., 1987). 
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The 26 kDa protein was also identified in whole plant 

in tobacco, tomato, alfalfa, and green beans. It accumulated 

more in roots than in stems or leaves. The level of its 

concentration in different tomato species did not correlate 

with their salt tolerance (King et al., 1986). Recently, the 

tomato 26 kDa protein cDNA was isolated and used to show a 

100 fold increase in the abundance of the corresponding mRNA 

in log phase tomato suspension cells grown in medium with 

NaCl vs cells grown in control medium (King et al., 1988). 

Osmotic shock proteins were detected in tobacco 

protoplasts. One protein had an apparent MW greater than 200 

kDa, another protein had a MW greater than 70 kDa, and two 

or three proteins were detected between 30-50 kDa (Fleck et 

al., 1982). 

In barley, water stress reduced protein synthesis in 

all regions of the leaf, but mostly in the oldest apical 

regions. Upon rewatering, the basal regions recovered the 

most rapidly and to the greatest extent. A 60 kDa protein, 

unique to water stress, was detected (Dasgupta and Bewley, 

1984). Salt stressed roots of barley, labeled in vivo, did not 

exhibit qualitative changes in protein patterns but did show 

some quantitative differences in two proteins of 26, 27 kDa; 

6.3,. 6.5 pI; respectively. When the tobacco 26 kDa protein 

was analyzed in this two-dimensional PAGE, it had an 



36 

apparent MW of 24 kDa (Hukerman and Tanaka, 1987). 

Root and shoot barley mRNAs translated mw~ displayed 

extensive qualitative differences between seedlings stressed 

with 2% NaCl for 18 hr and control plants of both salt 

tolerant and salt sensitive genotypes. In the roots, twelve 

new proteins with MW ranges of 21-34 kDa, pIs 6.1-7.7, were 

observed. Nine of these proteins were detected in the salt 

tolerant genotype and five in the salt sensitive genotype. 

In the shoot, nine new proteins were detected (18-50.5 kDa, 

pIs 5.4-7.8). Messenger-RNAs that exhibited changes under 

salt stress could be grouped into two classes: class I, 

mRNAs shared by both genotypes and class II, genotype 

specific mRNAs (Ramagopal, 1987). Root meristems of the same 

two barley genotypes revealed six newly-synthesized proteins 

under salt stress; 97, 65, 31.8, 29.5, 29, and 26.7 kDa 

(Ramagopal, 1988). 

In maize leaves, two water stress-unique proteins were 

observed (24, 26 kDa) in cell free translation products 

(Ramagopal, 1987). In Brassica napus, 52 proteins were 

affected by water stress (Damerval, vartanian and De Vienne, 

1988). 

A salt-tolerant artificial amphiploid from a cross 

between wheat cultivar and Elytriqia elonqata was studied 

for its unique molecular responses to salt stress. 



37 

Poly(A)+RNA was isolated from roots, expanding leaves, and 

old leaves from the amphiploid and the wheat cultivar prior 

to an~ after acclimation to high levels of NaCl in solution 

cultures. No differences were detected between the mRNA 

populations that were isolated from salt treated and control 

leaves and meristematic crowns and unexpanded leaves of the 

amphiploid. The amphiploid root tissue had 10 induced or 

enhanced and 8 repressed mRNAs. These 18 transcripts were 

also iden~ified in wheat roots but only four of them were 

similarly salt-regulated (Gulick and Dvorak, 1987). 

Cotton, corn and soybean were the subject of comparison 

studies that evaluated the differences and commonality of 

the responses to heat stress and water stress. Water stress 

specific proteins in cotton leaves shared a similar apparent 

MW with heat shock proteins (Burke et al., 1985). In corn, 

mesocotyl tissue did not exhibit unique water stress 

proteins but had induced heat-shock proteins when subjected 

to high temperatures (Bewley, Larsen and Papp, 1983). Water 

stress, ABA and cut segments of maize mesocotyls accumulated 

mRNA that was homologous to the 70 kDa Drosophila heat shock 

protein (Heikkila et al., 1984). A wide range of physical or 

environmental stresses, including water stress, lead to the 

accumulation of detectable levels of several of the heat 

shock induced mRNAs (czarnecka et al., 1984). 
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Corn leaves exhibited the same translational 

alterations in response to heat shock, pathogen infection, 

and paraquat treatment. These alteration included polysome 

dissociation to small polysomes, monosomes and sUbunits. A 

57 kDa protein with increased levels under stress was 

identified. This purified protein reassociated with isolated 

polysomes and inhibited polysomal translation mwmo. The 

authors suggested that the 57 kDa protein may be involved in 

translational regulation in maize leaves (Wu et al., 1988). 

Dissociation of polysomes in response to water stress was 

also detected in other studies in maize (Bewley and Larsen, 

1982), soybean (Mason, Mullet and Boyer, 1988) peas, barley, 

wheat and safflower (Rhodes and Matsuda, 1976) • 

There is a growing interest in membrane proteins that 

are involved in ion transport. Plasmalemma sodium/proton 

antiporter activity was detected in the roots of the 

halophyte Atriplex nummularia (Braun et al., 1988). Energy 

facilitated sodium uptake was observed in excised roots of 

corn (Gerasimowicz, Tu and Pfeffer, 1986). Tonoplast 

sodium/proton antiport activity was also reported in barley 

roots (Garbarino and DuPont, 1988). Blumwald and Poole 

investigated the salt tolerance of suspension cultures of 

sugar beet. Sodium/proton antiporter activity was detected 

in isolated tonoplast vesicles. Increasing sodium in the 
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growth medium did not change the &pparent Km for sodium, but 

increased Vmu to about twice the control value, suggesting a 

specific induction of antiport synthesis by salt (Blumwald 

and Poole, 1987). 
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MATERIALS AND METHODS: 

Plant Material and Salinity Stress. Seeds of Lvcopersicon 

pennellii (LA716) Atico, Peru (Rick, 1972), generously 

provided by Professor C.M. Rick, University of California, 

Davis, were germinated on moist filter paper at 25°C. 

Uniform 3 day old seedlings were transferred to foam plugs 

in styrofoam platforms floating in buckets filled with 14 

liters of half strength modified Hoagland nutrient solution 

(Epstein, 1972). Six seedlings were grown per bucket. 

Plants were grown in an environmental growth chamber at 

2S·C/15·C, day/night temperatures; respectively. The light 

intensity was 512 ~E/m~s in a 12 hour cycle. At the 

physiological stage of two true leaves the salinity level of 

the salt treated buckets was raised daily by 10% of the 

final salinity level with a salinization stock solution made 

of NaCl and CaCl z with a molar ratio of 5:1 (Na+:ca+z). 

After 10 days of growth (vegetative growth only) at the 

final salinity levels (1.0, 2.9, 7.5 or lS.5 dS/M), plants 

were harvested, immediately weighed and frozen in liquid Nz• 

All tissue was kept at -70·C until use. Fresh weight 

analysis was performed according to a multi-observational 

randomized block design using procedure GLM of the SAS 

statistical package (SAS Institute Inc. SAS/STAT™ Guide for 



Personal Computer, V6 Ed. Carry,NC:SAS Institute Inc., 

1985). 

Initiation of Tissue culture: Seeds of Lycopersicon 
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pennellii LA716 were surface sterilized 30 s in 95% EtOH, 30 

min in 20% (v/v) bleach (diluted with water), rinsed several 

times with sterile water and transferred onto 0.8% agar 

solidified TM1-medium containing 4.6 gIl Murashige and Skoog 

(MS) major salts (Murashige and Skoog, 1962), 3% sucrose, 1X 

vitamins (10 mgll thiamine HCI, 10 mgll pyridoxine, 100 mgll 

myo-inositol, 5 mgll nicotinic acid, 2 mgll glycine, pH 6.2 

with KOH). 

Callus was initiated from cotyledons cut into 1xO.5 cm 

strips and in~ubated on TM2-media (4.6 gIl MS salts, 0.5 gIl 

casein hydrolysate, 3% sucrose, 1X vitamins, 2 mgll 2,4-D, 

0.25 mgll kinetin, pH 6.2 with KOH). This callus was used to 

start suspension cultures. 

Cell suspension Culture Growth Conditions: Five ml of 10 

day old culture was subcultured into 45 ml fresh TM2-media 

containing eith~r no salt (-0.48 MPa), 10 roM (-0.53 MPa), 30 

roM (-0.62 MPa), or 50 roM (-0.72 MPa), added salt (osmotic 

potential). The salt solution was made of NaCI and CaC1 2 in 

a 5:1 molar ratio. The cell cultures were incubated in 125 
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ml flasks and shaken at 180 rpm, at 28°C. 

protop1ast Isolation: 2 ml of suspension culture were 

incubated with 8 ml of Digestion Solution: 10% sucrose, 1% 

PVP-30, 0.05% casein hydrolysate, 0.5 roM MES, 0.6 mM KH~04' 

7.4 roM !{N03' 1.7 mM CaCl 2*H:p, 0.75 roM MgS02*6H:P, lX vitamins 

(see cell suspension culture protocol) and 2% (w/v) 

Cellulase-R10 (Onozuka-R10-Yakult, Japan), 0.5% (w/v) 

Macerozyme-R10 (Onozuka-R10-Yakult, Japan), 0.1% (w/v) 

Pectolase-Y23 (Seishin, Japan), in 125 ml flasks, for 3 hr 

at room temperature, at 80 rpm. Protoplasts were counted on 

a hemocytometer. 

In Vivo Protein Labeling: Two replications of 1 ml each 

were removed from each treatment and transferred into 2 ml 

sterile flat bottom Sarstedt tubes on days 1, 3 and 5. ~S

methionine (about 0.022 mci/tube) was added, and the cells 

were incubated for 24 hr at 240 rpm at room temperature. 

Cells labeled from days 1-2, 3-4, 5-6 were designated day 2, 

4, 6, respectively. Cells were centrifuged for 20 min at 4°C 

at top speed in an Eppendorf microcentrifuge, the 

supernatant was decanted and cells were frozen with liquid 

nitrogen, lyophilized and stored at -80~ until use. 
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Protein Extraction: Protein extraction was performed 

according to Mayer et al (Mayer et aI, 1987) with slight 

modifications. Extraction Buffer: 0.8% (3.5-10) Ampho1ine 

LKB, 120 roM NaCl, 0.4 roM EOTA, 0.4 roM EGTA, 0.8% Triton x-
100, 2 mM ascorbic acid, 40 roM OTT, 4 mg/l leupeptin, 4 mg/l 

A2-macroglobulin was added in a 1.25:1, buffer volume:fresh 

weight ratio, respectively, and the tissue was ground in all 

1.5 ml Eppendorf tube with a grinding device made from a 1 

ml plastic pipette tip. Protamine sulfate (33 g/l-HP stock 

solution) was added at a rate of 13 ~l per 1 ml of 

extraction buffer, the sample was incubated for 20 to 30 min 

at room temperature, centrifuged 10 ~in, the supernatant was 

transferred to a new tube and solid urea was added to 9 M. 

Aliquots containing about 70,000 cpm TCA-insoluble fraction 

were removed for gel eJ.ectrophoresis. 

RNA isolation: Poly(A)RNA isolation protocol was based 

on prior methods with slight modifications (Baltimore, 1966; 

Glisin, Crkvenjakov and Byus, 1974; Siflow, Hammet and Key, 

1979). Normally, 20-30 g of fresh tissue were frozen in 

liquid nitrogen and ground to a fine powder. The tissue was 

homogenized with a Polytron (power 7, 3 min) in a 500 ml 

flask with 50 ml extraction buffer (10 roM Tris-Cl [pH 8.8], 

50 roM NaCl, 6% p-aminosalicylic acid (PAS), 1% tri-
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isopropyl naphthalene sulphonic acid (TNS) , 6% butanol). 

An equal volume of phenol/chloroform/iso-butanol 

(50:49:1, equilibrated with 0.1 M Tris-Cl, pH 8.8) was added 

and the mixture was homogenized to emulsion. The emulsion 

was stirred vigorously for 30 min at room temperature and 

centrifuged at 4000 rpm in a Sorval GSA rotor, at 4~. The 

organic lower phase was re-extracted with 25 ml of Re-XT 

buffer (10 mM Tris-Cl [pH 8.8], PAS, 0.5% TNS, 3% butanol) 

for 20 min at room temperature. The combined aqueous phase 

was re-extracted with 35 ml phenol/chloroform/isobutanol for 

20 min and nucleic acids were precipitated with 0.3 M sodium 

acetate and 2.5 volumes of EtOH at -20°C, usually overnight. 

Precipitate was recovered by centrifugation in a GSA 

rotor for 10 min at 4000 rpm at 4°C. RNA was enriched in two 

cycles of LiCl precipitation at 4°C with 80 ml of 10 mM 

Tris-Cl [pH 8.8], 1% sarkosyl, 2 M LiCl, 5 hr or longer 

each. The pellet was resuspended with 10 mM Tris-Cl (pH 

8.0), 1 mM EOTA, 0.1% SOS and precipitated with 0.3 M sodium 

acetate and 2.5 volumes of EtOH at -20°C. The RNA was 

resuspended with 50 mM Tris-Cl (pH 7.5), 0.2% SOS, 10 mM 

EOTA. NaCl and CsCl were added to 0.4 M, 0.5 g/ml final 

concentrations, respectiv~ly, in a 65°C water bath. 

The RNA was pelleted through a 5.7 M CsCl in 0.1 M EDTA 

(pH 7.0) cushion by centrifugation 20 hr in a Beckman SW50.1 
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rotor at 35000 rpm, at 20~. The pellet was dissolved with 

10 mM Tris-Cl (pH 7.5), 0.2% SOS, 1 mM EOTA and precipitated 

with 0.3 M sodium acetate and 2.5 volumes of EtOH at 20°C. 

Poly(A)RNA was selected on oligo(dT)cellulose column 

according to Aviv and Leder (1). 

Cell Free Translation. Cell free translation with labeled 

~S-methionine in a rabbit reticulocyte system was carried 

out according to the manufacturer (Promega, Inc.). One ~l 

from each reaction was removed for determination of 

incorporated radioactivity by TCA precipitation with (Pelham 

and Jackson, 1976) and without (Roberts and Paterson, 1973) 

tRNA deacylation. Enhancement of incorporation of ~s

methionine into polypeptides in the presence of poly(A)+RNA 

was usually 20 to 30 times that obtained with the minus 

poly(A)+RNA control. 

one-Dimensional SDS Gel Electrophoresis: One dimensional 

SOS polyacrylamide gel electrophoresis was performed 

according to Laemmli (Laemmli, 1970) using 4% stacking gel 

and a 10 to 20% gradient resolving gel. 
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TWo-Dimensional PAGB of Translational Products: Aliquots of 

cell free translation lysate, containing 500 kcpm, were 

combined in a ratio of 1:3 (v:v) with the sample buffer 

containing 70% pH 6-8 and 30% pH 3-10 ampholytes, 9M urea, 

4% NP40, and 5% p-mercaptoethanol. The two-dimensional 

gel electrophoresis was performed essentially as described 

by O'Farrell (O'Farrell, 1975). A mixture of LKB Ampholines, 

70% pH 6-8 and 30% pH 3-10 was used to create the first 

dimension pH gradient gel. The isoelectric focusing gel 

(ISO-gel) was run for 17 hours at 700 volts with 40mM NaOH 

and 45mM H~04' catholyte and anolyte, respectively. Samples 

were loaded on the basic side of the gels. After completion 

of electrophoresis, .the ISO-gels were extruded and stored at 

-70·C. 

Absolute pH was measured in 1 cm segments that were cut 

from a focused control ISO-gel and incubated for 1 hour in 

10mM KCl at room temperature. Non-linear regression 

coefficients between pH value and distance from acidic end, 

were calculated and used to estimate the absolute pI values 

of the unknown proteins (Fig 1). The second dimension gel 

was run in the DALT-4 system (Pierce Chemical Co.) under 

conditions previously described (Dwyer et al., 1988). The 

gradient acrylamide (10 to 20%) gels were run at 200 volts 

for 5.5 hours at 20·C. Gels were fixed in 5% acetic acid 50% 
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EtOH for 16 hours, fluorographed, dried and autoradiographed 

for 8 d in -70°C, with Kodak XAR film. Gels of all 

treatments were replicated at least three times but only one 

representative autoradiogram from each salt level was chosen 

for the computer analysis. 

computerized Analysis: Autoradiograms were digitized and 

lists of spot x,y coordinates and integrated intensities 

were created with the BioImage Corporation VISAGE System 

using an "Eikonics camera and BioImage EQ software. 

All intensity values given in the text are normalized 

integrated intensities. This value refers to the integrated 

intensity of a spot ~rea defined by the boundaries of the 

spot as determined with the EQ software. The integrated 

intensity of each protein in a given gel was divided by the 

ratio of the average integrated intensity level of that gel 

to the control gel to obtain the final normalized integrated 

intensity. The ratios of the average intensity values were 

1.167, 1.029 and 1.195 for the 2.9, 7.5 and 18.5 dS/M gels, 

respectively. 

The data transformation and reduction of the spot list 

was achieved with MATCHWARE™ (copyright, University of 

Arizona) as previously described (Dwyer et al., 1988). 

BioImage EQ software was used to calculate the value of the 
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selected intrinsic molecular weight markers by interpolation 

of external 14C-molecular weight standards which were run 

down the side of the 2D-pattern (Fig 1). Intrinsic pI 

markers were selected on the basis of their even 

distribution along the x-axis (Fig 1). The GETPIMW program 

(a MATCHWARE component) utilized the selected intrinsic pI 

and MW markers to transform the x,y coordinates of the 

unknown spots into relative pI and MW. Common and unique 

spots were identified via the MATCHWARE database and 

matching programs. A list of proteins that were matched 

under all salt treatments was created. This list included 

approximate MW as well as the relative and absolute pI 

values of the proteins. 

Autoradiograms were visually analyzed and proteins that 

showed differences in intensity between treatments were 

identified. These proteins were then located according to 

their x,y coordinates and relative constellation positions 

in the MATCHWARE database. The MATCHWARE database was used 

to compare the intensity of these proteins across all four 

treatments. Protein spots that exhibited differences in 

intensity under different salt treatments were renamed P1U

P14U and P1D-P10D (Table 1). 



Table 1. List of proteins that exhibit differences in 
intensity level between the four gels. 
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Proteins with increased 
intensity 

Proteins with decreased 
intensity 

Name 

P1U 
P2U 
P3U 
P4U 
P5U 
P6U 
P7U 
P8U 
P9U 
P10U 
P11U 
P12U 
P13U 
P14U 

MW 
(kDa) 

56.1 
45.9 
37.9 
34.8 
33.9 
31.8 
29.3 
29.2 
28.2 
23.9 
17.0 
16.2 
14.2 
27.9 

Est.Rel. Est.Abs. Name 
pI pI 

-2.29 
-2.37 
-4.61 
-3.50 
-7.00 
-2.29 
-6.73 
-7.00 
-3.88 
-3.36 
-5.72 
-3.00 
-5.59 
+0.06 . 

7.34 
7.31 
6.64 
6.98 
5.90 
7.35 
6.02 
5.90 
6.86 
7.02 
6.38 
7.12 
6.38 
8.35 

P1D 
P2D 
P3D 
P4D 
P5D 
P6D 
P7D 
P8D 
P9D 
PlOD 

MW 
(kDa) 

55.3 
43.6 
42.5 
42.1 
40.0 
36.5 
34.7 
33.9 
33.7 
26.9 

Est.Rel. Est.Abs. 
pI pI 

-0.41 
-5.95 
-2.91 
-5.92 
-5.52 
-2.88 
-2.72 
-3.23 
-2.90 
-4.98 

8.27 . 
6.35 
7.26 
6.32 
6.46 
7.26 
7.33 
7.14 
7.25 
6.58 

Est.Rel.pI and Est.Abs.pI denote Estimated Relative pI and 
Estimated Absolute pI, respectively. 
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Fig 1. Locations of external and intrinsic molecular weight 
standards and intrinsic relative pi standards in the control 
two-dimensional PAGE. The curve displayed at the bottom 
describes the measured pH gradient of the !SO-gel and the 
coefficients of the calculated non-linear regression. For 
details see Materials and Methods. 
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RESULTS: 

Whole Plant Responses: 

Growth Responses: When hydroponically grown L.pennellii 

plants were subjected to the addition of about 1.8 dS/M salt 

solution to half strengt~ modified Hoagland solution, a 

growth enhancement was observed. This growth enhancement was 
, ...... ' -.. 

found over several experiments but in order to verify a 

significant response a large plant population was needed. 

Results of an experiment that included 30 plants for each 

treatment are presented in Table 2. Results from another 

biomass accumulation experiment that included multiple salt 

levels (with fewer replications) gave percent of control 

fresh weight yields of 107%, 78% and 40% under 2.9, 7.5, and 

18.5 dS/M salt levels, respectively. These data indicate 

that, at about 5.0-5.5 dS/M, L.pennellii will accumulate the 

same fresh weight increment as control. 



Table 2. Fresh weight accumulation of L.pennellii plants 
grown in salinized and control nutrient solutions. 

Tissue Treatment Fresh Weight (g) % enhancement 

Root Control 2.06 
Salt 2.33ns 13.3 

Shoot Control 4.71 
Salt 5.08* 7.99 

Statistical significance is indicated by * for probability 
<0.05. Salt treatment was about 1.8 dS/M above control (18 
mEg). The measured differential EC~ 1 dS/M ~ 10 added meg 
cations/liter. 

Molecular Responses: Poly(A+)RNA was extracted from 

plants treated with 'four salt levels: 1.0 (control), 2.9, 

7.5, and 18.5 dS/M. Message was translated in a Rabbit 

Reticulocyte cell free translation system and the 

incorporation of ~S-methionine into the TCA-insoluble 

fraction with or without tRNA deacylation was determined 

(Fig 2). A significant positive linear regression with 

increasing salt level was found when the TCA-precipitated 

fraction was not deacylated. A slight nonsignificant 

negative regression was observed when the TCA-precipitated 

fraction was deacylated. Aliquots with the same 

radioactivity content, as determined with or without tRNA 
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deacylation, were separated-by SOS gel electrophoresis and 

autoradiographed. The intensity levels of the protein bands 

in the different lanes were in agreement with the method 

that included the tRNA deacylation (data not shown) 
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confirming that the regular TeA treatment precipitated and 

detected a low molecular weight substance. The nature of 

this substance is not known. The basis for the observed 

linear relationship between its level in a cell free 

translation system and the salt level under which the plants 

were grown is also unknown. 
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Fig 2. Level of incorporation of ~s-methionine into cell 
free translation products of poly(A)+RNA isolated from roots 
of L.pennellii plants grown hydroponically in the presence 
of four salt levels as determined by TeA precipitation 
including (X) and not including (0) tRNA deacylation. R, ns, 
** designate correlation coefficient, nonsignificant and a 
significant correlation coefficient at probability lower 
than 0.01, respectively. 



55 

On average, 748 proteins were resolved across all 

treatments using the VISAGE system. Careful examination and 

analysis of the four gels (of four salt levels) revealed 

intensity differences for specific proteins. Figure 3 

compares the same enlarged region of four gels. One can see 

that, although most of the proteins have the same relative 

intensity level across all four gels, some proteins show up 

and down regulation. Quantitative evaluation of the changes 

in intensity levels was performed using the intensity values 

of each protein. The proteins that showed increased 

intensity levels with increasing salinity are presented in 

Fig 4. Proteins that exhibit reduced intensity with 

increasing salt level are shown in Fig 5. Only two proteins 

were found to be salt unique (P13U, P14U). One of these 

(P14U, intensity level 1.55) appears to be unique to the low 

salt (2.9 dS/M) level. This protein was detected in the 

neighborhood of a larger spot (P15: MW, pI; 27.8, 8.24; 

respectively). The intensity of this larger spot was 6.02, 

7.04, 7.21, 4.21; in the 1.0, 2.9, 7.5 and 18.5 dS/M gels, 

respectively. The possibility that P14U was present in the 

other gels but not resolved from P15 was discounted because 

the combined intensity of P14U plus P15 was greater than the 

intensity of P15 alone in any of the other three gels. other 

proteins such as P2U (Fig 3) were not sufficiently resolved 



from adjacent proteins to allow u~ to determine whether 

these proteins were qualitatively or quantitatively salt 

unique proteins. 

56 

Proteins whose intensity increased or decreased under 

saline growth conditions were analyzed further. The class of 

proteins that increased in intensity under salinity could be 

divided into three groups. Proteins in group I (P4U, P9U, 

PlOU, and Pl3U) displayed a positive linear relationship 

between salt level and intensity. Group II proteins (P2U, 

P5U, P6U, PllU, and Pl2U) showed a saturation type response. 

Proteins in group III (PlU, P3U, P7U, and paul showed higher 

intensity levels only under moderate and high salt levels 

(Fig 4), i.e. were enhanced only under conditions of salt 

stress-mediated growth reduction. 

The class of proteins with decreased intensity can be 

subdivided into three groups. Group I (PlD, P3D, P7D, and 

PlOD) included proteins that exhibited a reduced intensity 

over all salt levels. PlD and P3D showed a linear decrease 

with salinity. P7D, and PlOD showed a non-linear response. 

Group II (P5D, paD, and P~D) included proteins that had 

decreased intensity only under moderate and high salt 

levels. Group III proteins (P2D, P4D, P6D) showed decreased 



intensity only under high salt. Protein P6D exhibited 

increased intensity under 2.9 dS/M, same intensity as 

control under 7.5 dS/M, and decreased intensity under 18.5 

dS/M salt level (Fig 5). 
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Fig 3. Portions of autoradiograms of electrophoretically 
separated ~S-methionine-labeled cell free translation 
products from poly(A)+RNA populations isolated from roots of 
salt-treated L.pennellii plants. A, B, C, D, designate 
poly(A)+RNAs from plants grown under four salinity levels of 
the nutrient sol~tion, 1.0 (control), 2.9, 7.5, and 18.5 
dS/M, respectively. First dimension (horizontal), 
isoelectric focusing (IEF); second dimension (vertical), 
NapodS0,/10-20% acrylamide gradient. M.S of reference 
proteins are shown on the right. 
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Fig 4. The relationship between the intensity level of 
upregulated cell free translation products and the salt 
level of the hydroponic nutrient solution under which 
L.pennellii plants were grown and corresponding root 
poly(A)+RNA were extracted. Nomenclature and electrophoretic 
characteristics of the proteins are described in Table 1. 
Note: The different graphs of proteins do not share the same 
y-axis scale. 
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Fig 5. The relationship between the intensity level of down
regulated cell free translation products and the salt level 
of the hydroponic nutrient solution under which L.pennellii 
plants were grown and corresponding root poly(A)+RNA were 
extracted. Nomenclature and electrophoretic characteristics 
of the proteins are described in Table 1. Note: The 
different graphs of proteins do not share the same y-axis 
scale. 
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Cell Culture Responses: 

Growth Responses: When suspension culture cells of 

L.pennellii were subjected to various salt levels, a 

positive growth response to the 10 roM salt treatment was 

observed (Fig 6). The number of protoplasts was 

significantly higher in the culture supplied with 10 roM salt 

than in control cultures with no added salt (Fig 6A). 

Notably, 30 roM added salt produced growth approximately 

equal to control as measured by protoplast number. A 

significant reduction in protoplasts number was detected at 

50 roM added salt. The same combination of a positive growth 

response to low (lO-roM) and a negative response to high (50 

roM) salt was observed when incorporation of ~S-methionine 

into labeled proteins (Fig 6B) was measured. The dry weight 

accumulation for the first three days (Fig 6e) was also 

enhanced in cells grown with 10 roM added salt. 

This positive response to the addition of 10 roM salt 

was maintained as judged by the relative growth rate of 

control or 10 roM salt treated suspension cultures that were 

subcultured into media with or without 10 roM added salt. 

Linear regression coefficients of the natural log of dry 

weight over time (relative growth rate - RGR) were 

calculated for suspension cultures that were grown in the 
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absence of salt (control) and sub?ultured into control 

medium (denoted CC), or into 10 roM salt containing medium 

(denoted CS), and cultures that were grown one cycle in the 

presence of 10 roM salt and subcultured into control medium 

(denoted 5C), or into 10mM salt containing medium (denoted 

55). One can conclude that continuous exposure to salt 

(lOmM) induced the highest relative growth rate of 

L.pennellii suspension cells (Fig 6D). 
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Fig 6. Growth responses of cell suspension culture of 
L.pennellii to different salt levels. A. The response of 
number of protoplasts to four salt levels. B. In vivo 
Incorporation of ~S-methionine into proteins of cultured 
cells under three salt levels. C. Dry weight accumulation of 
cells grown under control and growth stimulating salt level 
(10roM). D. Relative growth rates of cells grown in the 
absence of salt . (control) and subcultured into control 
medium (denoted CC), or into 10 roM salt containing medium 
(denoted CS), and cultures that were grown one cycle in the 
presence of 10 mM salt and subcultured into control medium 
(denoted SC), or into 10mM salt containing medium (denoted 
SS) • 



In Vivo Labeling of Cell Proteins: . 
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The in vivo labeled levels 

of protein synthesis in both salt treated and control cells 

were examined at three time points via SDS-PAGE (Fig 7). 

Protein bands were resolved and integrated by scanning the 

gels with an Ultrascan XL Laser Densitometer. Differences in 

band intensity between low salt (LS) or high salt (HS) and 

control lanes could be displayed (Fig 8) analyzed and 

compared between days. Differences in steady state levels of 

certain proteins were resolved both between treatments at a 

given time point and between days. subtraction of the scan 

of the control lane from the stress lane resulted in a 

difference scan that simplified the identification of 

changes in specific bands (Fig 8). Two general conclusions 

can be drawn. First, the higher the salt level, the larger 

the perturbations that were detected in the protein pattern 

vs control. The second conclusion was that the stressed

perturbed protein pattern returned towards the unstressed 

control pattern as the time after initial salinization 

increased. This phenomena is shown by the general movement 

of the overall perturbation difference scan shown in Fig. 8 

toward the baseline, except for the long term responses that 

showed stability with time. 

Individual protein bands from the in vivo labeling study 

that showed large consistent differences between treatments 
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were plotted in Fig 9. In general, there was a difference 

between the response in the low molecular weight range ( <40 

kDa) and higher MW proteins. The low MW salt-specific 

proteins showed early induction to relatively high levels 

and a decrease with time. The best example is the 25 kDa 

protein (Fig 9I). The steady state levels of the 25 kDa 

protein in LS were highest (vs unstressed control) early and 

decreased with time. In the HS cells the levels of this 

protein were higher and decreased with time at a slower rate 

than in the LS cells. This protein also exhibited the 

highest steady state levels of translation relative to the 

rest of the salt specific proteins (Fig 9). Other proteins 

from this group (Fig 9 G,H) displayed the same trend but at 

lower levels. The higher MW proteins did not show a common 

trend and higher salt levels did not necessarily induce 

higher levels than LS. The most abundant protein from this 

group was the 50 kDa protein (Fig 9C). This protein is 

interesting because at LS its level of enhancement remained 

constant with time whereas at HS its level went up so that 

on day 6 it was almost as high as the 25 kDa protein. The 83 

kOa protein (Fig 9B) showed a different trend; the LS and HS 

levels were similar at day 2 but dropped with time under LS. 
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29 

Fig 7. Picture of autoradiogram of electrophoretically 
separated in vivo ~S-methionine-labeled proteins that were 
extracted from L.pennellii suspension culture cells grown in 
the presence of I. control (no salt), II. lOmM salt, III. 
50mM salt. The proteins were extracted on days 2, 4 and 6. 
For details see Materials and Methods. 
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Fig 8. Differences scan of A. Low Salt minus control, B. 
High Salt minus control of in vivo labeled proteins that 
were extracted on days 2, 4, and 6, electrophoretically 
separated on SDS, PAGE (Fig. 7), and scanned with LKB laser 
densitometer. 
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Fig. 9: Selected differences in band intensity between LS: 
low salt and control, or HS: high salt and control, of ~S
methionine in vivo labeled proteins extracted from 
L.pennellii suspension culture cells grown in the presence 
of control (no salt), lOmM salt, and 50mM salt, and resolved 
by SOS-PAGE (Fig 7). 
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Total Accumulated Cellular Proteins: The largest 

consistent differences in band intensity between total 

accumulated cellular proteins extracted from salt treated 

and control cells are shown in Fig 10. The general trend was 

accumulation. It is of interest that, while most salt 

specific cellular proteins identified by ~S-methionine 

incorporation were labeled on day 6 to a lower extent than 

on day 2, the total accumulated levels of the salt specific 

proteins were still going up at day 6. The two most abundant 

proteins were the 25 kDa protein (Fig 10I) and a 75 kDa 

protein (Fig 10C). By day 6, the HS cells accumulated the 25 

kDa to generally higher levels than the LS cells, whereas 

the 75 kDa was accumulated to about the same extent at LS 

and HS. The 63 kDa protein (Fig 100), which was not detected 

by mwvo labeled protein gel electrophoresis, accumulated to 

detectable levels when visualized in the silver stained gel. 

This protein showed an early induction at HS and a slower 

response at LS. The HS levels of the 50 kOa protein (Fig 

10E) were about 1.5 - 2 times the LS levels and both did not 

change significantly with time. The 83 kOa protein (Fig 9B) 

was detected aga~n (Fig lOB) and showed the same trend of 

accumulation as the 25 kDa protein with about the same 

levels of accumulation. 



0.1~ 
~ 

::; 0.12 
.:S. 
.s:: 0.09 
en 
~ 0.06 ... 
g 0.03 

Q. 

C 75 kDa 

0.00 -'--""'-=-""'-=---'''''''-'''''-

0.1~ 

:? 0,12 
.:S. 
:E 0.09 
en 
~ 0.06 

~ 0.03 

B 
83 !<Da 

0.00 -'--""'-=--"""=---''''''-'''''-

0.15 

3 0.12 
.:S. 
:So 0.09 
'il 
:c 0.06 

~ 0.03 

A 
100 kDa 

0.00 -'--""'-=_.1.<:1.=---'''''-'''''-
Day 2 Ooy 4 Doy 6 

TIme (d) 

70 

F 
... kDa 

H 
33 hOo 

Coy 2 Day... Day G Day 2 Day ... Ooy 6 

Time (d) Time (d) 

Fig. 10: Selected differences in band intensity' between LS: 
low salt and control, or HS: high salt and control, of total 
accumulated proteins extracted from L.pennellii suspension 
culture cells grown in th~ presence of control (no salt), 
10mM salt, and 50mM salt, and resolved by SOS-PAGE. 
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Cell Pree Translation of poly(A)RNA: Gel electrophoresis 

of cell free translated products showed a general trend of 

enhancement for the lower molecular weight proteins (Fig 

11). Although proteins larger than 83 kDa were detected in 

the in vivo labeled and total accumulated cell protein gels 

(for example the 100 kDa protein - Fig gA, lOA) the highest 

molecular weight difference that was detected in the Cell 

free translation protein gel electrophoresis was the 83 kDa 

protein (Fig l2A). This protein showed the same trend as in 

the in vivo labeled protein PAGE with the highest level of 

message at day 2 and with HS levels remaining higher than LS 

at days 4 and 6. More differences were detected between the 

low MW proteins and again the most abundant was the 25 kDa 

protein. The levels of its corresponding poly(A)RNAs were 

highest at day 4 both under LS and HS I different from in vivo 

labeled protein PAGE in which the highest levels were at day 

2. 
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Fig 11. Picture of autoradiogram of electrophoretically 
separated ~S-methionine-labeled cell free translation 
products from poly(A)+RNA populations isolated from 
L.pennellii suspension culture cells grown in the presence 
of I. control (no salt), II. 10mM salt, III. 50mM salt. RNA 
was extracted on days 2, 4 and 6. For details see Materials 
and Methods. 
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Fig. 12: Selected differences in band intensity between LS: 
low salt and control, or HS: high salt and control, of ~S
methionine-labeled cell free translation products from 
poly{A)+RNA populations isolated from L.pennellii suspension 
culture cells grown in the presence of I. control (no salt), 
II. 10mM salt, III. 50mM salt, and resolved by SDS-PAGE (Fig 
11). 
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DISCUSSION: 

Whole Plant Responses: 

The molecular responses of plants to salt or water 

stress are complex. Application of one or two-dimensional 

gel electrophoresis techniques to characterize alterations 

in the pattern of resolved polypeptide populations has 

resulted in the detection of a large number of differences 

in proteins of varied MW and pIs (Damerval, Varanian and De 

Vienne, 1988; Gulick and Dvorak, 1987; singh et al., 1985; 

Ramagopal, 1987; Ramagopal, 1988). Therefore, the present 

dilemma is to ascertain which proteins play an important 

metabolic role in salt tolerance. It is doubtful that all 

the detected differences are components of salt tolerance 

mechanisms. 

Physiological studies and breeding efforts have not yet 

pointed to a specific metabolic pathway as the key factor or 

bottleneck in the salt stress response (Cheeseman, 1988). 

However, from the accumul~ting physiological and ecological 

data (Flowers, Troke and Yeo, 1977; Greenway and Munns, 

1980; Levitt, 1980) some conclusions can be drawn. Salt 
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stress is a quantitative factor with multiple components 

resulting from osmotic, ion-specific, and nutrient 

deficiency effects. Plants have evolved multiple mechanisms 

to deal with salt stress including resistance, tolerance, 

avoidance, and dilution. These mechanisms can alleviate or 

attenuate salt-induced damage at different levels of salt 

stress and at separate developmental stages. One can presume 

that different salt tolerance mechanisms will have distinct 

tolerance limits and produce dissimilar responses when 

plants are confronted with salt levels within or beyond the 

tolerance range. 

To deal operationally with the observed complexity of 

salt metabolism we decided to concentrate on mechanisms that 

allow the plant to maintain growth at or near the unstressed 

control level. We call this state "growth maintaining 

stress-adaptive". It is reasonable to assume that at least 

some of the molecular mechanisms involved in thip cype of 

metabolism are different from high stress/shock survival 

mechanisms. The corollary of this assumption is that severe 

salt stress or salt shock would, presumably, induce 

secondary molecular responses. For example, if the salt

tolerance mechanism of interest is composed of cytoplasmic 

sodium exclusion then salt levels higher than the upper 
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limits of this specific mechanism. would induce secondary 

molecular responses caused by the elevated cytoplasmic 

sodium concentration. These responses might confound the 

analysis. To test this hypothesis we investigated the 

molecular responses of L.pennellii to four salt levels. The 

low salt level conferred a significant positive halophytic 

growth response (Table 2). Moderate and high salt levels 

(7.5 and 18.5 dS/M) reduced growth to about 78% and 40% of 

control, respectively. Molecular responses to salt stress at 

the low salt level, which occurred simultaneously with 

enhanced growth, should be an excellent control for 

discrimination between growth maintaining stress-adaptation 

and stress shock responses. 

Exposure of L.pennellii roots to increasing salinity 

resulted in a biphasic response of vegetative biomass 

accumulation. With low salt (2.9 dS/M) growth enhancement 

was observed. Under moderate and high salt levels (7.5, 18.5 

dS/M, respectively) there was growth reduction relative to 

unstressed control. These results imply that at some 

salinity level, the effect of exogenous salt is nullified 

resulting in growth equivalent to unstressed control. We 

have estimated that this salt level is in the range of 5.0 

to 5.5 dS/M. Molecular components of the observed growth 
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response may be modeled by (at least) two mechanistic 

systems. Both systems assume the existence of two general 

classes of molecules. The first class is composed of 

molecules capable of using exogenous salt to achieve 

positive growth effects. These molecules, proteins or 

otherwise, would function as the halophytic component of 

salt metabolism. A second class of molecules would play a 

role in protecting the plant from the deleterious effects of 

exogenous salt. These molecules would function as the salt 

tolerance component of salt metabolism. There is, of course, 

no reason why one molecule could not function in both roles. 

In the first model, halophytic and salt tolerance 

metabolic pathways are activated sequentially, so that low 

salt metabolism is entirely halophytic. As the salt level 

goes up, additional components of salt tolerance are 

sequentially activated. Alternatively, one can model the 

growth response as the difference between the positive and 

negative effects of salt. In this model, both halophytic and 

salt tolerance mechanisms are assumed to be induced 

simultaneously under the 2.9 dS/M salt level. Under higher 

salt level, growth reduction occurs as the deleterious salt 

effects outweigh the protective mechanism(s), or when 

protective metabolism becomes too costly to maintain. 
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Analysis of the differences in the protein patterns 

between the four salt treatments revealed mostly 

quantitative differences in both up and down regulation of 

specific polypeptides. The proteins that showed increased 

intensity with salt levels could be subdivided into three 

groups. Proteins in group I displayed a linear elevation' in 

intensity level with salinity. Group II proteins showed 

approximately the same intensity across all salt levels. 

Proteins in group III showed higher intensities only under 

the moderate and high salt levels (Fig 4) associated with 

growth reduction. The fact that most of the differences were 

quantitative and transcripts of these proteins existed at 

lower levels and under control conditions supports the 

second model. However, differences in the threshold of the 

response to salt, as seen between groups I, II and III, can 

be interpreted to support the first model. We did not 

observe any high salt-unique responses. However, under our 

highest salt conditions L.pennellii continued to show 

positive biomass accumulation. Therefore, it is possible 

that the plants never reached the threshold level for salt 

stress shock or survival metabolism in these experiments. 

Alternatively, because tissue was harvested 10 days after 

final salinization, transient stress shock responses may 
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have already passed. 

The proteins that showed decreased intensity can be 

subdivided further to three groups. Group I: proteins that 

exhibited reduced intensity over all salt levels, whether 

linearly or nonlinearly. Group II: proteins with decreased 

intensity only under moderate and high salt levels. Group 

III: proteins that showed decreased intensity only under 

high salt. Protein P6D (group III) exhibited increased 

intensity under 2.9 dS/M, the same as control intensity 

under 7.5 dS/M, and decreased intensity under 18.5 dS/M salt 

level (Fig 5). Groups II and III proteins, that exhibited 

positive correlation between reduced intensity and reduced 

growth, may be explained as the result of deleterious salt 

effects. The behavior of group I proteins implies, 

according to model I, an adaptive mechanism that down

regulates specific transcripts under any elevated external 

salt level, or according to model II deleterious salt 

effects that are initiated under low salt conditions. 

Interestingly, the salt-induced translation pattern of 

protein P6D mirrored the whole plant growth response. 

Whole plant salt tolerance mechanisms will, in all 

probability, also include physiological responses that do 



not require changes in levels of mRNAs. These differences 

would not be identified using the present experimental 

approach. However, our intent was not to uncover all 

responses to salt stress but rather to study the complex 

translational responses observed in this system. 
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We have identified proteins that are candidates for 

roles in both halophytic and salt tolerance metabolism in 

L.pennellii. Obviously, the single low salt-unique protein 

is of interest. We believe that these proteins will provide 

us with a better understanding of the molecular bases for 

salt tolerance metabolism in higher plants. 

Responses of Cell Culture: 

Cell suspension culture offers some important 

advantages for the study of salt stress tolerance. It allows 

differentiation between cellular and whole plant responses 

and provides a highly repeatable method for the application 

of a uniform stress level across all cells. Salt stress 

responses have been shown to be highly interactive with 

environmental variation (Levitt, 1980). Cell suspension 
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culture should minimize these effects. It offers fast 

growing, aseptic cells with a relatively homogenous exposure 

to salt. This type of system is potentially of great utility 

for the amplification of a molecular response that may be 

localized at the whole plant level in a specific tissue or 

region. This will be especially true for molecular 

techniques that are limited by the abundance of the target 

message. 

Tissue culture as a tool to study salt-tolerance has 

been utilized to isolate salt-tolerant cell lines from 

susceptible species through somaclonal variation and 

selection (Chandler and Thorpe, 1986; Handa et al., 1983; 

Harms and Oertli, 1985; McCoy, 1987; McHughen and Swartz, 

1984). These cell lines were used to either regenerate salt

tolerant plants (Chandler and Thorpe, 1986; McCoy, 1987; 

McHughen, 1987), or to study the in vitro-induced salt

tolerance at the physiological (Binzel et al., 1985; Binzel 

et al., 1987; Chandler and Thorpe, 1986; Tal, Heikin and 

Dehan, 1978) or molecular level (Chandler and Thorpe, 1986; 

Singh et al., 1985). The first approach suffers from the 

loss of cell regeneration ability with time and the 

accumulation of potentially deleterious somaclonal variation 

that causes the regenerants to be small and sterile 

(Chandler and Thorpe, 1986; McCoy, 1987; Stavarek and Rains, 
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1984). mwuo physiological studies have shown that there is 

drift toward the halophytic phenotype which includes 

compartmentization and accumulation of inorganic ions 

(Binzel et al., 1988: Chandler and Thorpe, 1986: Stavarek 

and Rains, 1984). Molecular biology techniques enabled the 

identification and isolation of the stress-associated 26 kDa 

protein (singh et al., 1985), and its cDNA clone (Ring et 

al., 1988). 

However, the cell culture approach suffers from several 

inherent limitations (Chandler and Thorpe, 1986). Molecular 

difference detected between salt-tolerant and control cells 

could originate from somaclonal variation that could cause 

the two lines to randomly diverge from each other with time. 

The longer the exposure time the higher the chances for 

random drift and thus increased detection of differences 

unrelated to salt-tolerance. 

We decided to concentrate on salt-tolerance mechanisms 

that allow the plant to maintain growth at or near the 

unstressed level. In order to differentiate these mechanisms 

from the other general survival, and/or stress shock 

mechanisms (Burke et al., 1985: Rimpel and Key, 1985) we 

took advantage of the halophytic characteristics of 

L.pennellii (Dehan and Tal, 1978; Tal, Heikin and Dehan, 

1978), a wild relative of the domestic tomato L.esculentum 
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(Rick, 1972). This species exhibits salt-tolerance both at 

the cellular level and the whole plant level (Fig.1, Dehan 

and Tal, 1978; Tal, Heikin and Dehan, 1978), so it is 

unnecessary to use mutation to identify ST cells. One is 

able to minimize the time of exposure to salt stress and 

thus limit the chances for artifacts arising from somaclonal 

variation. Therefore, salt-tolerance observed at the 

cellular level has a reasonable chance of contributing to 

whole plant salt-tolerance. 

We believe it is important to differentiate between 

growth maintaining salt-tolerance mechanisms and survival or 

general stress mechanisms. L.pennellii, as an halophytic 

species, provides us. with an exceptional system for that 

purpose. This plant has the ability to maintain unstressed 

growth rates under relatively high salt levels (Dehan and 

Tal, 1978; unpublished data) Importantly, L.pennellii shows 

a positive growth response (Fig 1) under LS levels. Studies 

of the molecular responses at LS levels should allow us to 

differentiate between molecular events that contribute to 

the halophytic response and those that are related to 

general stress or survival. 

The tobacco 26 kDa protein (later identified as a 24 

kDa protein), (Hukerman and Tanaka, 1987; King et al., 1988) 

was shown to be induced by osmotic stress, salt stress (King 
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et al., 1986) and ABA treatment (Singh et al., 1987) in 

cultured cells and whole plants (King et al., 1986; Singh et 

al., 1985). This protein was not induced by heat shock or 

cadmium chloride treatments (King et al., 1986). The 

accumulation of this protein at the whole plant level was 

shown to be tissue specific in tomato - more in roots than 

in stem or leaf tissue (King et al., 1986). This protein is 

the most abundant salt stress induced protein; comprising up 

to 12% of total cellular protein (Singh et al., 1987). 

By using the laser scanning technique we have detected 

salt-induced differences in band intensity of a protein, 

extracted from L.pennellii cultured cells, with an apparent 

molecular weight of 25 kDa. Data obtained from m~ro labeling 

(Fig 9), total accumulated protein (Fig 10) and cell free 

protein translation (Fig 12) all demonstrate the relative 

abundance of the 25 kDa protein and its increased 

accumUlation in L.pennellii cells responding to higher salt 

levels. This induction is positively correlated with the 

salt level (fig 9). These data and the whole plant 

expression data (King et al., 1986) suggest that the higher 

induction of this protein in the salt adapted cell lines is 

not due to cell-culture induced mutation and selection but 

to the activation of an already existing mechanism which 

appears common to a broad range of species. The 26 kDa 
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protein was shown to be induced in whole plant tissue of 

several species but was not correlated with differences in 

salt-tolerance between the domestic tomato and salt-tolerant 

wild tomato species (King et al., 1986). The induction of 

the 25 kDa protein under salt treatment in L.pennellii (Fig 

10) shows its general importance for adaptation to salt 

stress. However, because no correlation was found between 

its level of expression and differences in salt-tolerance 

between salt-tolerant and susceptible species (King et al., 

1986), it appears that this protein does not contribute 

directly to the unique halophytic response of L.pennellii. 

Proteins involved in the halophytic response may be among 

the others detected during this study. 

with the 26 kDa protein, a comparison of steady state 

mRNA levels to protein accumulation by immunoanalysis 

indicated that accumulation is determined by mRNA levels 

(King et al., 1988). The three techniques used in this study 

point out a complex relationship 'between the accumulated 

levels of the 25 kDa protein (Fig 10), the steady state 

levels of translation (Fig 9) and mRNA level as expressed by 

the rabbit retiCUlocyte translation system (Fig 12). 

Translation m"vo of this protein goes down with time of 

exposure to salt (Fig 9) while accumUlation goes up (Fig 

10). This suggests a feedback repression of translation that 
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is dependent on salt level. The higher the salt level, the 

higher the level of steady state translation accompanied by 

higher levels of accumulated protein, which may affect on 

translation. 

Because of the relatively large number of changes in 

the protein patterns, it is difficult to differentiate 

between shock and adaptive responses during the early stages 

of stress. It is possible that analysis of the late response 

will prove more useful in identification of proteins that 

must be constitutively translated in order to maintain 

adaptive growth. The general trend of the mwro labeled 

proteins (Fig 8) is reduction in perturbation magnitude and 

number with time after the onset of stress. This trend can 

arise from feedback response of total accumulated protein on 

translation, as seen with the 25 kDa protein. However, cells 

in the early stages of the growth cycle are constantly 

dividing and accumulating dry weight. Under these conditions 

there will be a concomitant need for the expression of the 

halophytic molecular responses. Further knowledge of the 

cellular roles of these proteins is necessary to analyze 

these data further. 

Salt stress, as perceived at the cellular level, is 

composed of several components including reduced 

extracellular water potential and increased extra and/or 
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intracellular levels of specific ions such as sodium and 

chloride. Therefore, cell salt tolerance may result from 

different molecular mechanisms that interact with each of 

the salt stress components. Therefore, one would expect to 

detect multiple molecular responses to salt stress and could 

not determine a priori the importance of each response. 

Proteins that are constitutively synthesized under both LS & 

HS conditions appear to be the most promising candidates to 

have a role in maintaining growth adaptation as opposed to 

stress survival and/or shock metabolism. It may also be 

important to differentiate between proteins whose levels 

remain the same under LS & HS vs. those whose levels 

increase with increasing salt concentrations. One example is 

the 50 kDa protein whose in vivo level of translation (Fig 9) 

was stable at low salt and increased with time at the high 

salt level. The total accumulated levels of the 50 kDa 

protein (Fig 10E) showed the same trend. Other proteins, 

such as the 83 kDa (Fig 9B, lOB) or the 100 kDa protein (Fig 

9A, lOA) are also candidates for a role in growth 

maintenance. 
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