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ABSTRACT 

Salt tolerant carrot (Daucus carota, L. sap Satlva cv Golden 

King) cell lines were developed by three different methodsi by stepwise 

and direct (one-step) selection in suspension and by plating onto 

solidified media. The resulting cultures, maintained on media 

supplemented with 171 mM NaCl and 11.4 mM CaC^, display a wide range 

of growth rates. 

It is not known if the increased salt tolerance is due to 

adaptation or mutant selection. A model of mutant selection in 

suspension cultures, developed in this study, indicates that the 

transition to salt tolerant cells would be sigmoidal and would occur 

over a period of months depending on the relative growth rates of the 

tolerant and the sensitive cells. 

The growth of the selected and non-selected lines in various 

osmotica indicates that osmotic stress can be far less detrimental than 

the effects of specific ions. 

The energy use efficiency of the control carrot cell line is 

only slightly lowered by 171 mM NaCl. Thus, decreased culture growth 

is not due to a decrease in energy utilization efficiency, but to a 

general slowing of metabolic activity. 

v 



INTRODUCTION 

In many arid parts of the world, salt accumulation in 

agricultural soils severly reduces crop yields. Sometimes the salt has 

edaphic origins, but usually the problem is exacerbated by irrigation 

water which contains large quantities of salt. Evaporation and 

transpiration concentrate the salt in the upper layer of the soil. 

This accumulated salt can be removed by applying extra water to 

leach the salts down to a lower level. This requires large quantities 

of water in areas where water is often scarce. This solution is 

impossible if high levels of sodium deflocculate the soil, slowing 

drainage and often raising the water table. Expensive procedures, such 

as tiling or adding soil amendments to flocculate the soil, can improve 

drainage. Without effective prevention of salt accumulation, yields 

decline drastically. When restoration of soil fertility becomes 

economically unfeasable, the land is abandoned. 

Crops which are naturally more tolerant of salt are now grown 

where salinity is a problem. Breeding for increased salt tolerance in 

these and other crops as well as domestication of halophytic species 

should increase the profitability of farming in these regions. 

Agriculture may even spread to areas currently too saline for farming, 

such as coastal areas where seawater or brackish water is available for 

irrigation (Boyko 1967). 

It is important that these salt tolerant crops be viewed only 
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as adjuncts, not alternatives, to programs that prevent salt 

accumulation in the soil. Likewise, Increasing yields in saline areas 

should not be considered a solution to world hunger problems. Although 

higher yields may help in an indirect way, the solutions are more 

closely related to changes in purchasing power, credit programs, 

ownership of land, and health, nutrition, and agricultural education 

programs. 

There are few examples of breeding programs that have 

successfully increased the salt tolerance of a crop species. Abel 

(1969) demonstrated that soybeans have a dominant allele that controls 

chloride exclusion. Tal, Heiken and Dehan (1978) studied a salt 

tolerant wild tomato, which Kelly, Norlyn, and EpBtein (1979) 

subsequently crossed with a domestic tomato to obtain a fairly salt 

tolerant intermediate. Dobrenz, Smith, Stone, and Schonhorst (1982) 

have selected "germination salt tolerant" alfalfa plants capable of 50% 

germination in 231 mM NaCl, but the salt tolerance of the mature plants 

has not been tested. 

The cause of the scarcity of successful salt tolerance breeding 

programs is not clear. It may be due to a lack of genetic variation, 

inherent difficulties caused by the possibly complicated mechanisms of 

salt tolerance, or merely to a lack of commitment to long, arduous, and 

costly breeding programs. 

With the steady impovement in tissue culture techniques, it has 

become possible to select for variant cell lines and regenerate plants 

from these cells in a large variety of crop species (Thorpe 1981). 



Several authors (Melchers 1972, Komizerko and Khretonova 1973, and 

Nabors 1981) have suggested that the salt tolerance of crops could be 

increased by selecting for salt tolerant cell lines and regenerating 

plants from them. 

The objective of this study is to select for and characterize 

salt tolerant carrot cells. Because selected cells differ from the 

parental cell line only in their salt tolerance, this is a good system 

for the study of plant responses to salinity at the cellular level. 



LITERATURE REVIEW 

Mechanisms of Salt Tolerance 

The mechanisms of salt tolerance of halophytic and 

non-halophytic plants have been summarized in some excellent reviews 

(Flowers, Troke, and Yeo 1977, Greenway and Munna 1980, and 

Poljakoff-Mayber 1982). Because of this, only an overview will be 

provided here, in addition to a detailed discussion of one aspect of 

salt tolerance which is underemphasized in the literature and is 

particularly relavent to this thesis—transport phenomena. 

The primary symptom of salt stress is growth inhibition. 

Unlike drought stress, salt usually does not cause death. Only at very 

high concentrations or in particularly sensitive plants do plant parts 

become necrotic. Poljakoff-Mayber (1982) has suggested that growth 

inhibition is due to: 

1) Diversion of energy to synthesis or accumulation of solutes for 

osmoregulation. 

2) Diversion of energy to maintain ion influx and efflux systems. 

3) Lowered activity or damage to enzymes in the cytoplasm. 

4) Closure of the stomates. 

Plants must surmount three problems associated with salt 6tress 

(Croughan, Stavarek and Rains 1981): 

1) Ion excess, which is the toxic effects of specific ions. 

2) Water stress, which occurs when the water potential of the 

plant is higher than in the soil, causing physiological drought. 

4 
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3) Nutritional deficiencies, caused by competition between ions. 

There are several mechanisms of salt tolerance which can 

contribute to a plant's salt tolerance. One of the most important and 

universal is exclusion of salt by the endodermis of the root, where the 

casparian strip provides a continuous membrane which regulates ion 

uptake. However, even if salt uptake is severly restricted by the 

root, salts will still accumulate in the plant due to the tremendous 

volume of water required during a plant's lifetime for transpiration 

(Greenway and Munns 1980). Simply stated, plants grown in salt 

accumulate salt. 

Plants have two ways to relieve this salt burden. Several 

species of plants native to saline areas have salt glands which 

actively pump salt to the external surface of leaves (Esau 1977). A 

far more common way to remove salt is via necrotic leaves (Boyce 1954). 

After high concentrations of salts have accumulated in actively 

transpiring leaves, mobile metabolites can be transported to other 

parts of the plant. The salt burdened leaves then become necrotic and 

abscise. 

The mechanisms mentioned above affect the salt level in the 

plant. Other mechanisms of salt tolerance operate at the cellular 

level. This is a crucial distinction for tissue culture studies. 

Mechanisms affecting the whole plant cannot be observed or selected for 

in tissue culture. Because salt does accumulate in plants, each cell 

must ultimately deal with the salt. It is the cumulative fitness of 

the individual cells that determines the viability of the plant. 
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Cells depend to various degrees on three major strategies to 

avoid salt stresst exclusion, compartmentation and osmoregulation. 

Exclusion is the prevention of hazardous ions from entering the cell. 

If salts do get in, some can be pumped out. Salts in the cell, can 

also be moved from the cytoplasm, where they disrupt enzyme activity, 

to a compartment. The principle compartment is the vacuole, which 

occupies 90-95% of the cell's volume at maturity. • Exclusion and 

compartmentation help cells avoid ion excess in the cytoplasm, but this 

may lead to water stress. Osmoregulation is the synthesis and/or 

accumulation of solutes (e.g. sucrose, glycine betaine, glycerol, 

proline) to permit osmotic uptake of water. 

Transport Phenomena 

The compartmentation and exclusion strategies of salt tolerance 

are clearly dependent on membrane regulation of ion transport. Small 

charged solutes, such as ions, and larger molecules, whether charged or 

not, cannot penetrate cellular membranes without the assistance of 

selective carrier proteins. (Transport via plasmadesmata or by 

pinocytosis are not important methods of ion transport in and out of 

cells.) The equilibrium ratio of a given ion on either side of a 

membrane (similar to Keq) depends on the electrochemical gradient. 

Such gradients can be established byi 1) differential permeability of 

ions, 2) the Donnan effect (the influence of immobile charged 

particles—particularly in the cell wall), or 3) active pumping of 

solutes (Luttge and Higinbotham 1979). 
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The plasmalemraa and the tonoplast have ATPases which pump 

protons outward, establishing an electrochemical gradient at the 

expense of ATP. The resulting proton gradient facilitates co- or 

counter-transport—the movement of a solute particle in or out of the 

cell against the electrochemical gradient at the expense of a proton 

reentering the cell with the electrochemical gradient. 

If an enzyme that couples solute and proton transport exists, 

the solute can be actively accumulated or expelled. Such enzymes serve 

the critical role of regulating solute movement, allowing! the 

separation of different metabolic pathways in different compartments, 

the regulation of solute levels in different compartments, the 

accumulation of needed solutes, the disposal of waste products, and the 

export of end-products. 

Using efflux studies of oat coleoptiles, Pierce and Higinbotham 

(1970) have demonstrated the transport phenomena depicted in Figure 1. 

K+ is moved passively (perhaps partially actively) into the cytoplasm 

and into the vacuole. Na+ is actively pumped out of the cytoplasm into 

the vacuole or to the outside of the cell. Cl~ is actively pumped in 

by both membranes. Each of these movements involves a different 

carrier. Luttge and Higinbotham's (1979) survey of the literature 

shows little variation on this theme in other plants. In no case has a 

carrier been found that preferentially transports Na+ into the 

cytoplasm. 

Yet, Na+ does get into the cell. It should be remembered that 

carriers only facilitate solute movement toward Keq based on the 



Plasmalemma Tonoplast 

External Cytoplasm Vacuole 
Solution 

1.4 1.7 

Kil 10mM -- 178 mM -- 174mM 
+---- +----

0.13 0.44 

0.55 0,27 

Na® 10mM 
~ ---- 15mM 27mM 

~ 
0.28 0.005 

0.48 0.82 

Ct 8 10mM -- 83mM -- 65mM 
+-- +----

0.11 0.44 

LIE -110mV ! OmV 

Figure 1 Enzyme mediated ion transport in oat coleoptile 
cells (from Luttge and Higinbotham, 1979). 
Thick arrows: active flux. 
Thin arrows: passive flux. 
Fluxes in pmos-lcm-1. 
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electrochemical gradient. Large quantities of Na+ may be carried into 

the cell if the outside Na concentration is very high, despite the 

usual propensity of the carrier to move Na+ out. Unfortunately, the 

high Na+ concentration does not reverse the usual influx of H*". In 

fact, high salt levels tend to depolarize the membrane (Luttge and 

Higinbotham 1979, pg 130), indicating that the proton gradient is being 

heavily utilized to pump Na+ out. 

Generally, Na+ does not enter via the K+ carrier because of its 

selectivity (Rains and Epstein 1967). However, when the Na+/K+ ratio 

is extremely high (over 100) competition for sites on the K+ carrier 

may play a role in causing K deficiencies. Although some Na can be 

pumped from the cytoplasm into the vacuole, the finite nature of the 

+ 
compartment makes this a limited solution. Na concentrations will 

stabilize at equilibrium levels also. 

The results of all this activity are manifold. Na+ does get 

into the cytoplasm where it can inhibit normal enzyme activity. The 

membrane is partially depolarized, which hampers the ability of other 

active carriers to take up or expel metabolites. Indeed, this may also 

be partially responsible for the general slowdown of metabolic activity 

associated with salt stress. 

The energy expended by the cell to remove Na+ from the 

cytoplasm is a form of maintenance respiration in that it does not 

contribute to cell growth. 

The net influx of H+, due to the Na+ efflux efforts, may change 

the pH of the cytoplasm. Because most cellular activities are linked 
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to pH, especially via variations in enzyme activity, any change will 

have far reaching effects on cellular activity (Marx 1981). 

The model presented above indicates what may happen to cell 

suspensions suddenly exposed to salt. In the long terra, there are two 

possible reactions to the salt. One, the cells continue to suffert 1) 

the membranes remain partially depolarized because ATPase activity is 

insufficient to restore normal polarizaion; 2) solute transport is 

depressed; 3) Na+ remains in the cytoplasm disrupting cellular 

functions; and 4) growth remains slow. Alternatively, the cells may 

surmount the problem by stimulating ATPase activity in order to restore 

the proton gradient. The consequences ares 1) more of the Na+ will be 

pumped out of the cytoplasm; 2) metabolite transport will actually 

increase; and 3).growth will again be rapid. In reality, the reaction 

of most cells will be somewhere in between these two extremes. 

There is considerable evidence that the latter response is 

indeed part of the mechanism of salt tolerance in tolerant plants. 

First, although it is impossible to measure the potential 

difference across higher plant membranes, there is indirect evidence 

that solute transport is more active. Greenway and Munns (1980) noted 

that in numerous experiments salt tolerant plants accumulate K+ when 

grown in media with NaCl, whereas salt sensitive plants tend to have 

less K+ than normal. Rains et al. (1982) and Rains and Epstein (1967) 

have emphasized the relationship of K+ uptake and salt tolerance, 

Heyser and Nabors (1981), in an extensive study of solute uptake by 

salt tolerant tobacco cells, found elevated levels of K+ and amino 
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acids. They also felt that the lower water potential of the cells 

compared to the media was due to accumulation of several solutes, not 

any one or two in particular. 

Second, the solute studies are reinforced by Flowers et al. 

(1972a, b) findings indicating that the ATPases of some (but not all) 

halophytes are stimulated when plants are grown in salt. Johansen and 

Loneragan (1975) showed that external Na+ directly stimulates Na+ 

efflux. Similarly, Hodges (1976) noted that Ca*1"*, which increases salt 

tolerance (Epstein 1961), also increases ATPase activity. 

These ATPase studies also explain the anomalous phenomena of 

growth stimulation by low salt levels (Babaeva, Butenko and Strogonov 

1968, Chen et al. 1980). Apparently the salt level is high enough to 

stimulate ATPase activity and increase solute transport, but low enough 

so the Na levels in the cytoplasm are too low to be detrimental. 

Thirdly, further support of this model comes from studies of 

respiration rates of plants. If the cells continue to suffer, the 

depression of enzyme activity and decreased transport of solutes should 

be reflected in lower respiration rates. In cells that can cope with 

salt by increasing ATPase activity, the increased metabolic costs 

necessary to support normal growth should result in higher respiration 

rates. Boyer (1965) found that respiration rates increase in short 

term experiments. Poljakoff-Maybers (1982) reported that tissues 

"aged" overnight have lower respiration rates. 

Unfortunately, all of these studies are on either salt 

sensitive or salt tolerant species. Twin cultures of salt sensitive 
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and salt tolerant cell lines make more direct tests of this theory 

possible. The importance of ATPase activity on salt tolerance could 

also be tested by adding fusicoccin, which stimulates ATPase activity, 

to salt sensitive cell suspensions. 

Finally, a study of energy use efficiency (EUE = yield / sugar 

consumed) also supports this model. Croughan, Stavarek, and Kains 

(1981) compared the efficiency of salt selected and unselected alfalfa 

cells at different salt concentrations. The unselected line had a high 

EUE at low salt concentrations, but EUE declined rapidly in higher salt 

concentrations. The EUE of the selected line was three times the EUE 

of the unselected line at the high salt concentration. 

This model indicates several possible mechanisms of genetic 

control of increased salt tolerance. ATPase activity may be increased 

byi increasing the frequency of ATPases in the membranes, increasing 

the sensitivity to stimulation of ATPase activity by Na+ and Ca*^, or 

by ATPases that try to maintain a larger proton gradient. Membranes 

whose integrity is not decreased by Na+ would help to reduce the 

"leaky" aspects of membranes. The accumulation of positively charged 

osmotica may assist maintenance of the proton gradient. Finally the 

activity of tonoplast carriers may be crucial to salt tolerance. 

This last difference highlights one of the few ways of 

distinguishing glycophytes from halophytes. When grown in salt, both 

glycophytes and halophytes accumulate salt in their cells and they both 

can accumulate osmotica for osmoregulation. Levitt (1972) points out 

that the difference is that the accumlation of salt by cells of salt 
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tolerant plants doesn't slow growth, presumably because of better 

compartmentation. 

The key to compartmentation Is the activity of Na+ transport at 

the tonoplast. It is interesting that Fierce and Higinbotham's model 

of transport in oat coleoptiles shows no potential difference across 

the tonoplast. (It is impossible to measure this directly in higher 

plants. This part of Fierce and Higinbotham's model is based on 

studies of giant algal cells.) There is an electrochemical gradient at 

the tonoplast, but it probably isn't nearly as large as at the 

plasmalerama. Genetic changes in the tonoplast ATPase and Na+ carrier 

would have dramatic effects on the salt tolerance of a plant. 
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Salt Tolerance of Carrots 

Carrots are among the most salt sensitive of crops. Yields are 

reduced 50% when the electrical conductivity (EC) of the soil extract 

reaches 4.6 dS/m (Bernstein and Ayers 1953). This can be compared to 

4.2 dS/m for onions, or 9.5 dS/m for garden beets, the most salt 

sensitive and salt tolerant root crops, respectively, reviewed by Maas 

and Hoffman (1977). 

Harari and Umiel (1975) tested germination of six varieties of 

carrots (four commercial cultivars, one homozygous line and one wild 

carrot variety) in various dilutions of sea water. Imperator, one of 

the most common conunerclal varieties was the most salt tolerant, with 

62% germination in 28% seawater. Seeds of the wild carrot, Daucus 

carota var maxiraus HU-1, were unable to germinate at 10% seawater, 

making it the most salt sensitive variety tested. For all varieties, 

increasing the salinity of the germination media slowed germination. 

Bernstein and Ayers (1953) conducted yield tests of five 

varieties of carrots grown at four different salinity levels. The 

plots were salinized with equal parts NaCl and CaCl£ in the irrigation 

water until the resultant EC's were 0.56 (no added salt), 2.64, 5.16, 

7.00 dS/m. Yield reductions with increasing salinity were due to 

decreases in the size of the carrots. There were no signs of leaf 

burn, even in the high salt plot. The difference between yields of 

different varieties was not significant. Analysis of the tissues 

showed that chloride, sodium, and sucrose Increased rapidly with 
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increasing salinity, while potassium levels decreased dramatically. 

High sucrose levels (often more than 100% higher in the high 

salt plot than in the control plot) probably play an important role in 

osmoregulation and perhaps in taste. "A panel of four found that 

carrots from the salinized plots were sweet and fine-flavored whereas 

those from the control plot were flat in taste." Although Bernstein 

and Ayers attributed this only to the higher sucrose levels, the higher 

NaCl levels were also probably important. 

Choice of Osraotica 

The osmotic agent used during selection should mimic natural 

salinity as closely as possible, so that plants regenerated from salt 

tolerant cell lines have a good chance of being salt tolerant in the 

field. Rains (personal communication) has suggested that selected 

cells are only tolerant of the salt in which they were selected. 

Unfortunately, a variety of ions are found in a variety of 

concentrations in soils, well waters, rivers, and the sea. The major 

ions are Cl~, SO," , HC0~ , Na+, Ca++, Mg^ and sometimes NO, and K+ 
4 3 J 

(Berstein 1975). Smith, Draper, and Fuller (1964) found tremendous 

variation in ion content of water from different wells and river 

throughout Arizona. Clearly, it is impossible to define an ideal salt 

mixture to mimic field conditions. 

Traditional measures of salinity can be divided into two 

categories: 1) the general salinity level, measured by electrical 

conductivity and total dissolved solids, and 2) the sodium hazard. The 

general salinity level is an important indication of the osmotic stress 
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caused by salts and other dissolved chemicals but does not take into 

account additional deleterious effects associated with specific ions. 

Sodium, in particular, should be singled out for its 

deleterious effects: 

1) Na+ deflocculates soils, leading to poor aeration and poor 

infiltration and percolation of water} 

2) Na+ increases the osmotic pressure of the soil solution; 

3) Na+ has a toxic effect on protein activity and membrane 

permeability. 

The high salinity level in arid soils is often compounded by a high 

sodium hazard. As indicated in Figure 2, the high pH of arid soils 

leads to the increased availability of Na relative to other cations. 

i _  I  , i i  

Ca and Mg levels are also elevated, but these ions tend to mitigate 

the negative effects of Na . 

The importance of Ca"^ and Mg"1^" is reflected in the two methods 

of determining the sodium hazard, both of which are based on the 

concentrations of exchangeable cations: 

sodium adsorption ratio SAR = Wa+ 
V(Ca++ + Mg++)/2 

exchange sodium percentage ESP = Na+ x 100% 
total cations 

where concentrations of the cations are expressed in 
mi Hi-equivalents per liter. 

Soils with a SAR greater than 13 or an ESP greater than 15% are 

considered sodic. 

Although these equations do not differentiate between the 
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Figure 2 Cation availability in soils. "A generalization 
of the soil pH and the approximate proportions 
of various cations on the cation exchange sites... 
for a clay loam soil and 3 to 5 percent organic 
matter." (from Donahue, Miller and Shickluna 1983) 
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effects of Ca++ and Mg"*""*", Ca++ is perhaps more Important because of its 

use in treatment of Na+ affected Boils. Ca"1-1" may be added directly in 

the form of gypsum (CaS0^*2H20), or sulfuric acid may be added to 

dissolve lime deposits in calcareous soils, generating CaSO^t 

H2S04 + CaC03 —» C02 + CaSO^ + H20 

The two treatments have basically the same effect, although the 

sulfuric acid tends to.lower the pH, which tends to decrease sodium 

availability. 

Bernstein (1975) and Greenway and Munns (1980) in their reviews 

of the effects of salt on plants noted that NaCl tolerance is enhanced 

by Ca**""** and that Ca4-1" is normally found in soil extracts. They 

concluded that Ca"1"*" should be kept in a constant molar ratio with Na+ 

to avoid mis-interpretation of salt stress experiments, and that 

t_i 

salinization by NaCl without Ca was "irrelevant in an ecological 

sense." In most experiments in this thesis, NaCl and CaCl^ constitute 

the agent of osmotic stress. 

Because of the desirability of using sea water (or dilutions of 

it) as a source of irrigation water (Boyko 1967), and because sea water 

contains a mixture of salts similar to the mixture found in soils, 

Goldner, Umiel, and Chen (1977) have suggested using sea water during 

the selection process. This should be considered in future studies. 

Selection 

Tissue culture offers several advantages for selecting salt 

tolerant crops. First, one can screen a large number of individuals 
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(i.e. cell clusters). A culture flask just after inoculation, when the 

population is at its lowest, contains about 7 million cells (0.225 ml 

PCV x 3x10^ cells/ml PCV). This high density allows screening of very 

large numbers of individuals in a very small area. Because cells are 

bathed in media, they are uniformly subjected to the salinity, a 

condition which is Impossible to achieve in a field. Compared to year 

by year selection of salt tolerant plants, the rapid division of cells 

permits selection of tolerant lines in an relatively short time period 

and without seasonal limitations. Also, tissue culture is ideal for 

studying the mechanisms of salt tolerance at the cellular level. 

There are two important disadvantages to using tissue culture. 

First, it is not certain that the increased salt tolerance of selected 

cell lines has a genetic basis. Without true genetic changes, the use 

of the tolerant trait in further breeding programs is not possible for 

seed propagated plants. The second problem is the uncertainty of plant 

regeneration. Although plants can be regenerated from cultured cells 

of numerous crop plants, the regeneration of plants from salt tolerant 

cell lines is often especially difficult (Croughan, Stavarek, and Rains 

1981, Nabors, Gibbs, Bernstein, and Meis 1980, Komizerko and Khretonova 

1973). 

Determining whether the increased salt tolerance is due to 

genetic changes is difficult. The only absolute way is to propagate 

regenerated plants sexually and test the salt tolerance of the progeny. 

Indications of genetic changes beyond phenotypic changes can be gleaned 

by testing the stability of salt tolerance of selected cell lines after 
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growth for several generations in the absence of salt. However* the 

results of such studies can be misleading (see discussion below in the 

section on "A Model of Mutant Selection"). 

There are numerous examples of selection via tissue culture. 

Maliga (1978) notes that "32 phenotypes have been selected at the 

cellular level in 17 species. Plants have been regenerated from 20 

phenotypes, and sexual transmission of the selected traits shown in 10 

out of 11 cases reported." 

The methods used to select variant cell lines can be 

categorized in two ways. First, by the strength of selection. With 

stepwise selection, cells are grown in media of progressively higher 

toxicity with each subculturing. In comparison, direct selection is a 

one-step process which implies that all of the normal cells are killed 

or stunted, allowing only variant cells to grow. The second 

categorization is based on the media used. Cells may be selected on 

media solidified by agar (by transfer of calli or by plating) or in 

suspension (i.e. in a liquid media). Except where the use of calli is 

specified, all of the experiments described below were done in 

suspension. 

Zenk (1974), using haploid Nicotiana svlvestris. was the first 

to report selection of salt tolerant cells. He advocates the use of 

haploid cultures to ensure that the resulting plants will be homozygous 

when normal ploidy levels are induced. This is not necessary since 

selection at the normal ploidy level will select only for dominant 

mutations which are desirable for any subsequent breeding programs. 
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Dix and Street (1975) selected Nlcotlana svlvestrls cells, with 

the normal ploidy level, which could be grown in media supplemented 

with 342 mM NaCl. Growth of the selected cell line in 171 niM NaCl was 

ultimately as rapid as the parental cell line grown without salt. The 

cells retained their salt tolerance after three subculturings. 

Croughan, Stavarek, and Rains (1978) selected Medicago sativa 

cells capable of growing in 171 mM NaCl. The selected cells grew 

optimally at 86 mM NaCl and poorly in the absence of NaCl. Croughan et 

al. (1981) reported that plants had been regenerated from these cells 

(with great difficulty) but tests of the plants' salt tolerance were 

inconclusive. 

Ben-Hayyim and Kochba (1982) reported the selection of 

'Shamouti' (Citrus sinensis Osb.) which grow well in 200 mM NaCl. The 

salt tolerant calli grew faster than the parental callus line in the 

absence of salt. The salt tolerance trait was stable through four 

serial transfers in salt free media. 

Nyman, Gonzales and Arditti (1983) have developed a salt 

tolerant line of Taro (Colocasla esculentum var antiquorum) capable of 

growth in 700 mOsm of a synthetic sea water (SSW) solution using 

stepwise selection. Calli were transferred to progessively higher salt 

concentrations (100 mOsra per transfer) every 2.5 months. Plants 

regenerated from the culture generally have inferior roots. It is not 

critical that these cells be true mutants because taro is vegetatively 

propagated. 

Nabors, Daniels, Nadolny and Brown (1975) selected Nlcotlana 
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tabaccum 'Sainsun' cells capable of growing in 27 niM NaCl (Figure 3) and 

eventually in 89 mM NaCl. They compared selection with and without a 

mutagen (ethyl methane sulfonate, EMS) and concluded that the mutagen 

was not necessary. The study done by Nabors, Gibbs, Bernstein, and Meis 

(1980) is the only case where plants have been regenerated and two 

generations of progeny tested for salt tolerance. They found that the 

regenerated plants and two generations of selfed progeny were 

significantly more salt tolerant than the controls. Like Croughan et 

al. (1981), Nabors et al. (1980) had some difficulty regenerating 

plants from the salt tolerant cells. They found that regeneration was 

facilitated by the absence of salt. However, they noted that the 

regenerated plants were slightly less salt tolerant than those 

generated in the presence of salt. 

Babaeva, Butenko, and Strogonov (1968) studied the effects of 

various salts on growth of isolated carrot root discs and carrot 

callus. They noted adaptation of calli repeatedly subcultured on media 

with NaCl but not on media with Na2S0^. In a subsequent paper by 

Komizerko and Khretonova (1973), it was reported that plants 

regenerated "from callus tissue of cambial origin turned out to be more 

resistant to soil salinization than plants obtained from seeds." 

Unfortunately they do not report testing the salt tolerance of the 

progeny of these regenerated plants to determine if the increase in 

salt tolerance was hereditary. 
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O 

WEEKS in No CI 

Figure 3 Progressive habituation of rrutagen treated tobacco 
suspension cultures grown In 27 mM NaCI (from Nabors, 
Daniels, Nadolny, and Brown, 1975). 
A: non-mutated culture. 
B: culture treated with 0.15$ EMS for 60 mln. 
C: subculture of B culture (5 way division). 
D: subculture of C culture (5 way division). 



MATERIALS AND METHODS 

The carrot cell lines used for this study were from an 

established suspension culture (obtained from Purdue University via 

Henry A. Robitallle of Disney World). The cell line was initiated from 

hypocotyls of seedlings of a cultivated carrot, Daucus carota L. ssp 

sativa cv Golden King, in February 1981. 

Media and Environmental Conditions 

The cells were grown in suspension with AO ml of media in 125 

ml Erlenmeyer flasks stopped with foam plugs. The basal media 

consisted of Murashige and Skoog salts and vitamins (Murashige and 

Skoog 1962) supplemented with 0.3 rag/l Thiamine • HC1 and 0.1 mg/1 

2,4-dichlorophenoxy acetic acid (2,4-D). The cells can be grown on the 

same media solidified with 0.8% agar. 

Frequently, the culture medium was supplemented with NaCl and 

CaCl2. For each experiment, the molarity of the NaCl is specified. 

CaCl2 was added to maintain a Na+ to Ca"*"*" molar ratio of 15 to 1, 

unless otherwise noted. This is designated by the phrase "+ CaC^". 

For example, "171 mM NaCl + CaC^" implies inclusion of 11.4 mM CaCl2 . 

Other supplements are specified explicitly. 

The salt concentrations listed in the procedures section 

indicates the concentrations at the time of preparation. However, 

water loss (in the form of vapor passing through the foam plugs) will 

concentrate the media constituents by about 10% each week. Although 
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this is somewhat undesirable, it does simulate the changes in salt 

concentration in field conditions caused by periodic irrigation. 

To avoid precipitation problems, some salts (e.g. NaCl + CaCl2» 

NaH^O^, KI^PO^, and synthetic sea water) were autoclaved seperately 

from the media, then added asceptically afterwards. In most cases the 

media was brought to-90% of its final volume before autoclaving and was 

later brought to final volume with a 10 times salt solution. If the 

media contained agar, the salt was added after autoclaving but before 

solidification. 

Suspension cultures were kept on a rotary shaker with a throw 

of 1 cm at 100 rpm. In experiments prior to January 1, 1983, the 

o 
shaker was located in a dark incubator at 30 C. After that date, the 

shaker was located in an incubator room at approximately 25°C with 16 

hours of light and 8 hours of subdued light. 

Inoculations and Transfers 

Inoculations were performed with a Finnpippette. The ends of 

the disposable tips were cut to permit unobstructed uptake and 

expulsion of thick suspensions. Small wads of cotton were placed in 

the tips to maintain sterility during pipetting. The tips were 

autoclaved before use. 

For routine transfers, 1 ml of the culture was used as 

Inoculum. Unless otherwise noted, the volume of the inoculum for 

experiments was adjusted so that each flask received the equivalent of 

0.225 ml packed cell volume of cells. 

At each transfer, 3 flasks were inoculated with cells obtained 
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from the healthiest culture of the 3 flasks from the previous transfer. 

The cultures were also grown on agar medium for safe keeping and 

transferred to new media as needed. 

Designation of Cultures 

The control culture is designated C and is transferred every 2 

weeks in the basal media. When C was suspected to be contaminated in 

December, 1982, it was regenerated from callus culture initiated from C 

a month earlier and designated C*. Cultures P, S, and D are the result 

of selection in experiments 6, 7, and 8, respectively, in which 

selection was made by Plating, Stepwise, and Direct selection. 

Experiments with D used inoculum from extra flasks of replicate number 

6 from Exp. D. The selected cultures were maintained on 171 mM NaCl + 

CaCl2 in agar-solidified and liquid media. Selected cultures were 

transferred as needed (before stationary phase—approximately every 3 

weeks in liquid media). 

The number of transfers of cell lines was monitored by labeling 

the flasks with the transfer number. Thus, S5 was the cell line 

obtained from experiment S after 5 transfers. Culture numbers for D 

start at the beginning of Exp. 8 with DO. 

Measurements of Growth 

Packed cell volume (PCV) was determined by dividing a 

suspension culture into 4 12 ml centrifuge tubes. The flask was then 

rinsed and the rinse water added to the centrifuge tubes. These were 

spun at 1000 g for 2 minutes. 
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Micro packed cell percentages (mPCP) were measured by a 

modification of the method of J.O. Anderson (personal communication). 

The method involves asceptic sampling of a culture with glass tubes. 

110 mm tubes were cut from Pyrex glass tubing, 2.2 mm I.D., 4 

mm O.D. The tips were flamed. The tubes were capped after sampling 

with Critocap tube closures for Caraway tubes. Tubes were autoclaved 

before use. Samples were taken by swirling the flask, then 

asceptically sampling with the tubes attached to a micro-pipette mouth 

suction device with a bit of cotton in the tube holder. Tubes were 

labeled with replicate number and centrifuged loose in a 3 cm diameter 

carrier at lOOOg for 2 minutes. The percentage of cells in the tube 

was read with a Sherwood Graphic Reader. Tubes and caps were washed 

and sterilized before reuse. 

The mPCP procedure allows repeated asceptic sampling of a 

culture with no disturbance of the percentage of cells in the culture. 

Each sample removes about 0.4 ml of the culture. 

Fresh weight was determined by collecting the cells via vacuum 

filtration. After 1 minute of aspiration to remove inter-cellular 

water, the cells were transferred to a plastic weighing dish for 

weighing. Dry weight was measured after the cells were kept for 3 days 

at 40 °C. 

PCV, mPCP, fresh weight and dry weight are not ideal measures 

of culture growth. They are affected by one or more of the following 

problems: 1) sampling error (mPCP only), 2) variations in cell volume 

or weight due to changes in water content, 3) accumulation of inorganic 
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ions, which increases cell water content and weight at no metabolic 

cost. 

Cell counting and protein or DNA determinations are 

theoretically better measures of culture growth. But in practice, they 

are far more difficult, less accurate, and less repeatable. The 

results of most experiments in this thesis were determined by taking 

PCV because of minimal sampling error, high reproducibility, and ease 

of handling. The error due to inherent problems mentioned above is 

thought to be minimal. 



Table 1 SUMMARY OF EXPERIMENTS 

Culture Growth 

Various Measures of Culture Growth and Ways of Expressing 
Growth 

Effect of Varying CaCl„ on Culture Growth of C3 in 171 mM 
NaCl 

Effect of Varying NaCl and CaCl2 on Growth of C3 
Effect of Varying NaCl and CaCl2 on Growth of C12 
Effect of Varying NaCl and CaCl2 on Growth of C'10 

Selection 

Exp. 6 Selection for Salt Tolerance by Plating 
Exp. 7 Stepwise Selection for Salt Tolerance 
Exp. 8 Direct (1 Step) Selection for Salt Tolerance 

Characterization 

of Varying NaCl + CaCl2 on Growth of SO 
of Varying NaCl + CaCl„ on Growth of S6 
of Varying NaCl + CaCl_ on Growth of P6 
of Varying NaCl + CaCl„ on Growth of D4 
of Various Osmotica on Growth of C'8 
of Various Osmotica on Growth of P6 
of Various Osmotica on Growth of D3 

Transport Phenomena 

Exp. 16 Effect of NaCl and Varying CaCl2 on Growth of C'5 
Exp. 17 Effect of NaCl and Varying KC1 on Growth of C'13 
Exp. 18 Effect of NaCl and Varying Mannitol on Growth of C'18 
Exp. 19 Energy Use Efficiency 

Exp. 1 

Exp. 2 

Exp. 3 
Exp. 4 
Exp. S 

Exp. 9 Effect 
Exp. 10 Effect 
Exp. 11 Effect 
Exp. 12 Effect 
Exp. 13 Effect 
Exp. 14 Effect 
Exp. 15 Effect 



30 

Experimental Procedures 

Culture Growth 

Exp. 1, Various Measures of Culture Growth and Ways of Expressing 

Growth. 

Culture! inoculated with .225 ml PCV of C'2 

Datei 2-20-83 

Duration: 3 weeks 

Procedurei 

All flasks contain basal media. 

Part It paired comparisons and comparisons of different growth 

measurements. 

Flasks 1-6t mPCP taken seraiweeklyj one flask harvested 

semiweekly. 

Flasks were weighed before and after mPCP sampling. 

Flasks 11-16t never sampled for mPCP; one flask harvested 

semi-weekly. At harvest, PCV, fresh weight and dry weight 

were taken. 

Part 2t for growth curve and reproducibility. 

Flasks 21-23t mPCP taken every .25 or .5 weeks. 

Exp. 2. Effect of Varying CaCl2 on Culture Growth of C3 in 171 mM 

NaCl. 

Culture: inoculated with .175ml PCV of C3 



Datej 7-18-82 

Durations 13 days 

Procedurei All flasks contain basal media with 171 mM NaCl. 

6 concentrations of CaC^i 0, 2.85, 5.7, 11.4, 22.8, and 

45.6 mM. 5 replicates 

Exp. 3. Effect of Varying NaCl and CaCl2 on Growth of C3. 

Cultures inoculated with .28 ml PCV of C3 

Datei 7-18-82 

Duration: 13 days 

Procedure! 

6 concentrations of NaCl + CaC^s 0, 43, 86, 128, 171, and 

214 mM. 5 replicates 

Exp. 4. Effect of Varying NaCl and CaC^ on Growth of C12. 

Culture: inoculated with .225 ml PCV of C12 

Datei 11-22-82 

Duration: 14 days 

Procedure: 

7 concentrations of NaCl + CaCl2: 0, 86, 128, 171, 214, 257, 

and 342 mM. 3 replicates 

Exp. 5. Effect of Varying NaCl and CaCl2 on Growth of C'lO. 

Culture: inoculated with .225 ml PCV of C'lO 

Date: 6-26-83 
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Durationi 14 days 

Procedurei 

7 concentrations of NaCl + CaCl2* 0, 86, 128, 171, 214, 257, 

and 342 raM. 3 replicates 

Selection 

Exp. 6. Selection for Salt Tolerance by Plating. 

Culturet C6j inoculum density before filtrationi .375 ml PCV/ml 

Date: 8-30-82 

Duration) 36 days 

Procedure t 

1 Melt agar in 90% volume media. 

2 Pour 13.5 ml of media into each of 10 glass petri dish. 

3 Autoclave. 

4 Asceptically add 1.5 ml of sterile 1.71 M NaCl + CaC^ 

or 1.5 ml of sterile water for control dishes. 

5 Swirl} cool. 

6 Filter with 150 ̂ m mesh. Density after filtration: .05 ml 

PCV/ml. 

7 Inoculate plates 1-5, 8-10 with .25 ml filtrate (.0125 ml 

PCV) and 

plates 6 and 7 with .5 ml filtrate (.025 ml PCV). 

8 Add 4.5 ml 90% volume agar media plus .5 ml 1.71 M NaCl + 

CaCl2 or 5 ml of 100% agar media without salt to 

control dishes. 

9 Swirl} let cool. 



10 Store in closed box in incubator room, 

Exp. 7. Stepwise Selection for Salt Tolerance. 

Culture: inoculated with .3 ml PCV of C6 

Datei 8-15-82 

Duration: 12 weeks 

Procedure: At the beginning of each part, 15 flasks were 

inoculated with cells from the previous part. Each week, 5 

flasks were harvested. The last day of harvest of one part 

is the day of inoculation for the next. The salt concen

tration was increased in each part. 

Inoc. Inoc. Inoc. Media 
Duration Date Source Level Supplements 

Part I 3 weeks 8-15-82 C6 .3 ml PCV 43 mM NaCl+CaCl2 
Part II 2 weeks 9-5-82 from Part I .4 ml PCV 86 mM NaCl+CaCl2 
Part III 3 weeks 9-19-82 from Part II .36ml PCV 171raM NaCl+CaCl2 
Part IV 4 weeks 10-11-82 from Part III .3ml PCV 171mM NaCl+CaCl2 

Exp. 8. Direct (1 Step) Selection for Salt Tolerance. 

Culture: inoculated with 1 ml PCV of C'10 

Date: 6-26-83 

Durations 17 weeks (119 days) 

Procedure: 

Cells were repeatedly serially subcultured in 171 mM NaCl 

+ CaCl2. For the first 2 passages, the inoculation level 

was 1 ml PCV and the duration was 2.5 weeks. For the next 

4 passages the inoculation level was .5 ml PCV and the 

duration was 3 weeks. Each week culture size was measured 
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by mPCP. Inoculation level for the first passage was 

determined by PCV of 2 1 ml pipette samples. Subsequent 

levels were calculated from mPCP. There were 10 replicates 

Characterization 

Exp. 9. Effect of Varying NaCl + CaC^ on Growth of SO. 

Culture: inoculated with .225 ml PCV of cells from Part IV of 

Exp. 7 (SO) 

Date: 11-8-82 

Duration: 14 days 

Procedure: 

7 concentrations of NaCl + CaC^' 0, 86, 128, 171, 214, 257, 

and 342mM. 3 replicates 

Exp. 10. Effect of Varying NaCl + CaCl2 on Growth of S6. 

Culture: Inoculated with .225 ml PCV of S6 

Date: 3-6-83 

Duration: 14 days 

Procedure: 

7 concentrations of NaCl + CaC^: 0, 86, 128, 171, 214, 257, 

and 344 mM. 3 replicates 

Exp. 11. Effect of Varying NaCl + CaC^ on Growth of P6. 

Culture: inoculated with .225 ml PCV of P6 

Date: 4-17-83 

Duration: 14 days 
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Procedure t 

7 concentrations of NaCl + CaCl2> 0, 86, 128, 171, 214, 257, 

and 342 mM. 3 replicates 

Exp. 12. Effect of Varying NaCl + CaCl2 on Growth of D4. 

Culture: inoculated with .225 ml PCV of D4 

Datet 9-25-83 

Duration: 14 days 

Procedure t 

7 concentrations of NaCl + CaCl2» 0, 86, 128, 171, 214, 257, 

and 342 mM. 3 replicates 

Exp. 13. Effect of Various Osraotica on Growth of C'8. 

Cultures inoculated with .225 ml PCV of C'8 

Date: 5-15-83 

Procedure! 3 replicates of 9 osmotica 

if 
Osmotica mM g/1 Exp 14 Exp 15 

none -4.5 
*NaCl 171 10 -12.5 -12.5 
*KC1 171 12.8 -12.1 -12.3 
*NaH2P04.H20 177 24.4 -11.6 -12.0 
*KH2P04 181 24.6 -11.5 -11.7 
*D-Mannitol 300 54.7 -12.4 -12.6 
D-Mannitol in media without sucrose 

300 54.7 -9.7 -9.9 
*PEG 6000 36.5 219 -12.0 -12.2 
^'Synthetic 

Sea Water 13.3 -12.1 -12.5 

^Intended to be isopiestic at 12.3 bars.Notet Allexpressed in bars. 
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Exp. 14. Effect of Various Osmotica on Growth of F6. 

Culturei inoculated with .225 ml PCV of P6 

Date: 5-29-83 

Durationi 14 days 

Procedure! same as Exp. 13, except that the control will be 171 

mM NaCl + CaCl2. 

Exp. 15. Effect of Various Osmotica on Growth of D3. 

Culture* inoculated with .225 nil PCV of P6 

Datei 5-29-83 

Duration: 14 days 

Procedures same as Exp. 13, except that the control will be 171 

mM NaCl + CaCl2. 

Transport Phenomena 

Exp. 16. Effect of NaCl and Varying CaCl^ on Growth of C'5. 

Culturei innoculated with ,225ml PCV of C'5 

Datej 4-3-83 

Procedurei 

25 flasks each with a different concentration of NaCl and 

CaCl2 in basal media. Duration: 14 days. 

5 concentrations of NaCli 0, 86, 171, 257, and 342 mM 

5 concentrations of CaC^t 0, 2.85, 5.7, 11.4, and 22.8 mM 

Exp. 17. Effect of NaCl and Varying KC1 on Growth of C'13, 
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Culture! innoculated with .225 ml PCV of C'13 

Date» 7-24-83 

Durationt 14 days 

Procedure t 

25 flasks, each with a different concentration of NaCl and 

KC1 in basal media. 

5 concentrations of NaCli 0, 86, 171, 257, and 342 mM 

5 concentrations of KCli 0, 43, 86, 128, and 171 jnM 

Exp. 18. Effect of NaCl and Varying Mannitol on Growth of C'18. 

Culturei innoculated with .225 ml PCV from a 200 ml culture of 

C'18 after 21 days (vigorous) 

Date: 10-9-83 

Duration: 14 days 

Procedure t 

Treatments (3 replicates of each combination)t 

NaCl (mM)j 0 0 171 171 171 171 171 171 

Mannitol (raM): 0 91.2 0 5.7 11.4 22.8 45.6 91.2 

Exp. 19. Energy Use Efficiency 

Culturet inoculated with .225 ml PCV of C'5. 

Datei 4-3-83 

Duration! 3 weeks 

Procedurei 

4 combinations of NaCl and CaCl2, 3 replicates in basal 



media with only 7.5 g/l sucrose (1/4 normal)t 

0 mM NaCl + 0 mM CaCl2 

171 mM NaCl + 0 mM CaCl2 

0 mM NaCl + 11.4 mM CaCl2 

171 mM NaCl + 11.4 mM CaCl2 



RESULTS AND DISCUSSION 

Measurements and Expressions of Growth 

The growth curve of control carrot suspension culture, C'2 in 

Exp. 1, as measured by PCV, clearly shows the sinusoidal nature of 

suspension culture growth (Figure 4). Culture growth is roughly 

exponential for the first 1.25 weeks with no indication of a lag phase. 

The culture is normally subcultured after 2 weeks just before it enters 

the stationary phase. 

The correlation matrix (Table 2) indicates that all of the 

different measures of growth (packed cell volume, micro packed cell 

percent, micro packed cell percent times culture volume, fresh weight, 

and dry weight; Figure 4) are significantly correlated to each other. 

The paired comparisons test in Table 3 shows that repeated niPCP 

sampling has no significant effect on culture growth. 

Various methods of expressing the data are shown in Fig. 5: 

1) micro packed cell percent (mPCP) is the raw data in this 

experiment. It makes growth in the first week seem insignificant 

compared to the second. 

2) relative growth (RG=ln mPCPc - In raPCPu where In is the natural 

logarithm, c is current, and i is initial) indicates the number of 

doublings to date. It levels off when growth levels off, which is 

appropriate for comparing growth in different conditions after a given 
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Figure 4 Comparison of different measures of carrot suspension 
culture growth: packed cell volume, micro packed 
cell percent, micro packed cell percent times volume, 
fresh weight, and dry weight (Exp. 1, Part I). Dry 
weight samples for weeks 2.5 and 3 were damaged in 
the oven. 
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Table 2 Correlation matrix of different measures of 
carrot suspension culture growth (Exp. 1).z 

Product Moment Correlation Coefficienty 

mPCP mPCPxVol. PCV F.Wt. 

.995** (6) 

.977** (6) .990** (6) 

.989** (6) .994** (6) .995** (12) 

.977* (4) .982* (4) .994** (8) .994** (8) 

Critical Values of Test Statistics i n «*=.01 uc = .05 

4 .990 .950 
6 .917 
8 .765 
12 .708 

mPCPxVol. 

PCV 

F.Wt. 

D.Wt. 

zmPCP is the micro packed cell percentage, 
mPCPxVol. is mPCP times the volume of the culture at harvest, 
PCV is packed cell volume, 
F.Wt. is fresh weight, and 
D.Wt. is dry weight (Dry weight calculations do not include 

values from weeks 2.5 and 3 because the samples were 
damaged in the oven). 

yThe product moment correlation coefficient is an indication of 
relatedness of the two parameters. 
The sample size is in parentheses. 
* indicates significance at the P .05 level. 
** indicates significance at the P .01 level. 
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Table 3 Paired comparisons of sampled and non-sampled 
culture flasks of carrot suspension cultures. 

x of s2 of 
Measures difference difference fcs fcs - F 

PCV 3.92 16.9 .568 .32 ns 

F.Wt. .42 .592 1.74 3.02 ns 

D.Wt. .0067 .0467 .345 .12 ns 

This test determines if repeated sampling affected culture 

growth. The test statistic is: __ 
ts = D - (ui-u2) 

where D is the mean difference between the paired values, 
Sp is the standard deviation of D/n (D is the difference, 

n is the total number of cultures), 
ul~u2 *s t*ie true difference between the means 

(assumed equal to 0), and 
t2 is the test statistic which has the same distribution 
s _ 

as F. 

All values of t2 =(F) are less than the critical value of 
s 

F 10(l 5f*-l Indicating that sampling had no significant 

effect on culture growth. 
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Figure 5 Comparison of different expressions of culture growth.: 
micro packed cell percentage, relative growth., 
relative growth rate, and growth rate (Exp. 1, Part II) 

Relative Growth • In mPCPc-ln mPCPf 

Relative Growth Rate • (In mPCPc-ln mPCP^)/days 

Growth Rate (In tnPCPc-ln mPCPp)/days 

where In is the natural logarithm, c 
i • initial, and p «* previous. 

current, 
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amount of time. 

3) relative growth rate (RGR=RG / number of days in culture) declines 

in the stationary phase when no growth is occurring, which is somewhat 

misleading. This is the most universally applicable measure of growth 

for comparisons of cultures that have not yet reached stationary phase. 

For 14 day experiments, each cell mass doubling adds .050 to RGR. Thus 

an RGR of .300 after 14 days indicates 6 cell doublings. 

4) growth rate [GR=(ln mPCPc - In mPCPp) / number of days elapsed} 

where p is previous] is the best indication of the current rate of cell 

growth, which is appropriate for studies of culture growth in time. It 

approaches zero in the stationary phase. 

None of these expressions of growth adequately describes growth 

in all situations. Often results from different experiments cannot be 

compared because of minor changes in procedure. A new expression 

should be developed to accurately charactarize culture growth. One 

possiblility would be a linear regression of growth rate. If the 

decline is indeed linear (see Figure 5), then the slope of the line, 

the intercepts and the area under the line would represent different 

aspects of culture growth. 

Selection of Salt Tolerant Cell Lines 

In Exp. 3, 4, and 5, growth of carrot cells (C3) in 171 mM NaCl 

+ CaCl2 was only 45% of the normal relative growth rate in basal media 

(Figure 6). It is possible that the cells in the culture are the 

progeny of a few, mutant, salt tolerant cells present in the inoculum, 
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or that the cells are merely the slowly growing, salt sensitive progeny 

of all of the cells in the inoculum. 

Neither of these two explanations is satisfactory. The 

mutation theory is unlikely because the cultures were not discolored, 

indicating that the majority of cells were not killed. Dix and Street 

(1975) found that 513 mM NaCl plasraolyzed many cells, but most were 

still viable. 1711 mM NaCl was needed to actually kill all cells. 

Also, one would not expect subsequent further adaptation to salinity as 

Nabors et al. (1975) did when they repeatedly subcultured tobacco cells 

in 27 mM NaCl (Fig, 3) or as Dix and Street (1975) did when they 

repeatedly subcultured tobacco cells in 171 mM NaCl. Finally, the 

growth of only a few mutant cells (perhaps one in a million salt 

sensitive, wild type cells) would not be sufficient to account for the 

substantial growth observed in Exp. 3. 

The idea that all cells survived but grew slowly does not 

explain how cultures become progressively better adapted to salinity 

over a long period of time (about 20 weeks total in Nabors et al. 

experiment). The possibility of adaptation of these cells by induction 

of enzymes that increase salt tolerance is unlikely because inducible 

enzymes are expressed within several hours (Tanner 1969) not 20 weeks. 

In Exp. 6, carrot cells were plated directly onto agar media 

with 171 mM NaCl + CaCl2» The results (Table 4) indicate that a large 

number of colonies (about 30% of the control) were eventually formed. 

Colonies displayed some variation in size, color, and growth rate. The 

number of colonies strongly refutes the theory that only a few, salt 



47 

Table 4 Number of colonies formed from plating cell suspensions 
onto agar media with two different salt concentrations 

(Exp. 6) . 

Number of Colonies2 

Replicate 0 mM NaCl 171 mM NaCl 
+ 0 mM CaCl2 + 11.4 mM CaCl2 

1 15 0 
2 0 6 
3 34 262 
4 2 65 
5 831 c 
6 725 232 
7 725 c 
8 656 c 
9 700 239 
10 988 389 

Mean 776 281 
Standard Deviation 118 73 
Maximum 988 389 

z The low colony counts in the first replicates are probably 
due to excessively hot agar when plated. These values 
were not used when calculating mean and standard deviation. 
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tolerant, mutant cells are surviving. But it does not explain the long 

adaptation process seen by Nabors's group. 

A Model of Mutant Selection 

The best explanation for the long time needed comes from a 

combination of the two theories presented above. ThiB model is based 

on the hypothesis that the mutant is selected. All wild type cells 

survive in the stressful media, but grow slowly. Mutant cells are very 

rare initially but they grow and divide more rapidly in the stressful 

media, and eventually dominate the culture (Nabors 1976, Street 1976, 

Bressan, Hasegawa, and Handa 1981, Chaleff 1983, Meins 1983). 

Construction of the Model 

The model assumes that normal culture growth occurs at a 

constant, exponential rate defined (Radford, 1967) by 

(1) W = W0ert 

where W is an indication of culture size, i.e. fresh weight, dry 
weight, packed cell volume, or cell number, 
is the initial value of W, 

e is the base of the natural logarithm, approximately 
2.71828, 

r is the relative growth rate, 
t is elapsed time. 

The relative growth rate of a culture can be determined by 

(2) r = In W - In WQ 

t 

where In is the natural logarithm. 

The assumption of exponential growth is reasonable if the inoculum 

density is sufficient to avoid inducing a lag phase and if the culture 
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is subcultured frequently to ensure that culture size is kept well 

below the density at stationary phase (Wilson, King and Street, 1971). 

The growth of serial subcultures during the habituation process 

can be modeled by assuming that a culture of sensitive, wild type cells 

and a culture of tolerant, mutant cells, with different values for r 

and Wc, are growing concurrently in the culture flask. The number of 

cells in the culture at any given time is 

(3) W = S + T = eAt + neBt 

where S is the number of sensitive, wild type cells, 
T is the number of tolerant, mutant cells, 
A is the relative growth rate of the sensitive cells in the 

selection media, 
B is the relative growth rate of the tolerant cells in the 

selection media, 
n is the number of tolerant cells per sensitive cell in 

the culture at the start of selection (i.e. the mutant 
frequency). 

The proportion of tolerant cells in the culture (P) is 

(4) T neBt 
P - = 

S + T eAt + neBt 

This equation is the mathematical description of the model. It defines 

most of the components of the system and the way that they change in 

time. 

Equations Derived from the Model 

A set of parametric equations can be derived from (4) which 

describe the mutant selection process. The mutant frequency in the 

culture prior to selection is 

(5) eCA-B> 
n = 1 - 1 

P 
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The proportion of cells (P) which are tolerant at any given 

time is 

-1 (6) P = |e (A~B) + i 

The time (t) required to obtain a culture with a given fraction 

of tolerant cells (P) is 

(7) lnCn(i-l)) 
t = P 

A - B 

The current culture growth rate (CCGR) at any time during the 

habituation process is determined by 

(8) B - A 
CCGR = A + t(A-B) 

* + 1 
n 

Several other assumptions of the model may affect the 

conclusions drawn from it: 

A) Tolerant cells do not affect the growth rate of sensitive 

cells and vice versa. Suspension cultures are composed of clusters of 

cells. Crossfeeding is common and may influence the growth rates of 

the different cell types. This effect may change the rate of the 

selection process or lead to stable or cyclical mixtures of cells 

(Meins, 1983). 

B) Phenotypic expression is rapid. In cells that result from 

new mutations, the expression of some types of mutations (such as those 

related to membrane bound enzymes) may be delayed for several 

generations (Hayes, 1968). The assuption is realistic because the 

model is based on multiplication of existing mutant cells, not new 
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mutations. 

C) The mutation for tolerance is a single change in the cell's 

genotype. Alternatively, a second mutation may further increase the 

tolerance of a cell which has the initial mutation. Such a change 

would be more likely near the end of the selection process, when the 

initial mutant is more frequent. Or, there may be several mutations 

which have similar phenotypes (Maliga, 1980). 

It is also conceivable that the genetic change leading to a 

superior genotype and phenotype is not due to a mutation. Other 

genetic changes such as from gene amplification or mitotic 

recombination may have the same effect. These events are roughly as 

likely to occur as mutations. 

Regardless of the nature of the genetic change(s), the 

proportion of the cell type with the fastest growth rate will increase 

until that cell type is dominant or until another cell type arises with 

a faster growth rate. 

D) The forward mutation rate is significant only when 

determining the equilibrium mutant frequency before selection (see 

discussion of mutant frequency versus mutation rate below). The 

importance of each new mutation rapidly decreases as the proportion of 

mutant cells increases. Likewise the backward mutation rate is 

significant only when determining the equilibrium frequency of wild 

type cells at the end of the selection process. If these mutation 

rates are not substantially less then one, then the assumption is not 

justified. 
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Use of the Model and Comparison with Experimental Results 

. The culture growth characteristics predicted by the model can 

be compared to experimental results by extracting estimates of three 

parameters (the duration of the selection process, and the growth rates 

of tolerant and sensitive cells in stressful media) and using those 

values in the equations presented above to predict culture growth. The 

experimental data are from a study by Nabors et al. (1975), in which 

Samsun tobacco (Nlcotiana Tabacum. L.) cells were serially subcultured 

in 27 rati NaCl after treatment with a mutagen, 0.15% ethyl methane 

sulfonate (EMS) for 60 minutes (Figure 3). The cells were then 

serially transferred through a series of media with progressively 

higher NaCl concentrations. It is hypothesized that each 6tep is 

associated with mutation(s) that make habituation possible. In this 

model only the first step (to 27 mM NaCl) will be considered. Plants 

regenerated from these cells were selfed for two generations and the 

progeny were shown to have increased salt tolerance (Nabors et al., 

1980). 

Using data estimated from Figure 3, growth rates of the salt 

tolerant cells (represented by the average of the non-mutated A 

cultures) and salt tolerant cells (represented by the product of the 

habituation process, culture D) were calculated using (2): 

A = (In 3.75 - In 1.5) / 77 days = .0119/day 

B = (In 12 - In 2.3) / 18 days * .0918/day 

The duration of the experiment (t) was 18 weeks. The proportion of 

salt tolerant cells in the culture (P) at the end of the process is 
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assumed to be 0.99. With these values, the theoretical initial mutant 

frequency necessary to explain these results can be calculated with 

(5)i n = 4.2 x 10~3/day. 

The proportion of tolerant cells in the culture at various 

times during the selection process was determined with (6) (Figure 7). 

The transition of cell types in the culture, from predominantly 

sensitive to predominantly tolerant, is clearly- sinusoidal. The 

current culture growth rate at various times during the selection 

process (Figure 8), calculated with (8), reflects this transition. 

A computer program was written to simulate the actual 

conditions used in Nabors et al. (1975) experiment. Culture size was 

determined at weekly intervals using (3). Culture size was set to a 

relative value of 1 at the start of the experiment and at inoculation 

of each subculture. Each culture was subcultured when the relative 

size of the culture rose above nine except for a premature subculturing 

after 11 weeks. The predicted results (Figure 9) closely match the 

actual results of the experiment (Figure 3). 

The period in which the current culture growth rate is rapidly 

increasing (weeks 5 through 15) is preceeded by a period of slow growth 

that might erroneously be termed a "lag phase". However, even in this 

phase, growth of both the sensitive and tolerant portions of the 

culture is exponential. 

The model explains the growth curves which are characteristic 

of the habituation processi 1) the initial phase of slow growth, 2) the 

progressively faster growth of the serial subcultures, and 3) the 
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Figure 7 Proportion of salt tolerant cells in a culture as 
predicted by a mutant selection model of the 
habituation process (see text for parameters). 
Because the salt tolerant cells divide more rapidly, 
they eventually become more prevalent than the salt 
sensitive cells. 
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Figure 8 Current culture growth rate during habituation process 
as predicted by a mutant selection model. Culture 
growth rate reflects the transition from salt sensitive 
to salt tolerant eel Is. 
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Figure 9 Growth of serial subcultures in selection media as predicted by a mutant 

selection midel of the habituation process. Cultures: 
A: Culture with mutant frequency of 10"^ or less. 
B: First passage of mutagen treated culture. 
C: Subculture of B culture. 
D: Subculture of C culture. 

Parameters (see text): 
r of sensitive cells (A) = 11.9 x 10~3/day 
r of tilerant cells (B) = 91.8 x 10~3/day 
mutant frequency (n) = 4.2 x 10~3 
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eventual limit to the increasing culture growth rate. 

Nabors et al. (1975) experimental results provide further 

evidence for the selection model. The growth of the mutagen treated 

culture (B in Figure 3) was clearly more rapid than the non-mutagen 

treated culture (A). This indicates that a higher mutation rate 

increased the rate of habituation. Thus, mutations were an integral 

part of the process. If the cells were merely adapting, the mutagen 

treatment would have had no effect. 

The Relationship of Mutant Frequency and Mutation Rate 

If the growth rate of the mutant cells in non-stress media is 

greater than the growth rate of the wild type cells, the mutants will 

have become .the dominant cell type even before transfer to the 

stressful media. If their growth rate is less (specifically, if 

B*-(l-2m)A'<0, where m is the mutation rate, and A* and B' are the 

growth rates of the wild type and the mutant cells, respectively, in 

non-stress media) then according to Northrup and Kunltz (1957) the 

frequency of mutants will approach an equilibrium of 

(9) n = 2mA' 
A' - B' 

This equilibrium will be approached with a half time of 

t^ =ln2/(A'-B'). Under these conditions the frequency of mutants 

present in a culture prior to selection may be substantially higher 

than the mutation rate, depending on the growth rates of the two cell 

types in the control media. Assuming that equilibrium has been reached 

(this assumption is more appropriate if the cell line has not been 
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cloned recently), the mutation rate is 

CIO) m = (A' - B')n 
2A' 

Direct estimation of m in the tobacco example is not possible because 

the growth rate of the tolerant cells in the absence of salt (B') was 

not determined. However, the reciprocal relationship of m and B' in 

(10) can be demonstrated by considering the range of possible values of 

B. For example, if the tolerant cells do not grow at all in the 

absence of salt (B,:=0) then m — n/2 5 2.1 x 10"^. This is the extreme 

case in which an extremely high mutation rate is necessary to explain 

the mutant frequency. Alternatively, if B' is larger, m will be 

smaller! if B' = .9A' then m- 2.1 x 10"^; if B' = .99A' then 

m = 2.1 x 10-"*; etc. As mentioned above, if B' is greater than A', the 

salt tolerant cells will become the predominant cell type even without 

transfer to a saline medium. 

Typical mutation rates in plant cell cultures range from 10" ̂ 

to 10~® (Maliga, 1978), which may be enhanced 1 to 140 fold by mutagens 

(Sung, 1976). These values are corapatable with most of the range of m 

calculated above. Calculation of m with (10) is clearly Imprecise if 

B' is approximately equal to A'. More direct methods of determining 

mutation rates in cultured plant cells are discussed by Meins (1983). 

Other Situations Where the Model May Apply 

Selection with calli should be quite similar. Tolerant cells 

may appear as actively growing regions on an otherwise slow growing 

callus (Maliga, Marton, Sz. Breznovits, 1973). This allows segregation 
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of the cell types when subculturlng. Alternatively, the tolerant cells 

nay act as feeder cells to the sensitive cells, leading to the 

formation of chimeric cultures. 

The model may also apply to culture initiation. Cultures 

frequently display a prolonged "adaptation" period after initiation 

during which successive subcultures grow progressively faster. After a 

long period, the culture's growth.rate stabilizes (Gamborg and Shyluk, 

1981). The resulting cells, unavoidably selected for rapid growth in 

culture, may have accumulated mutations (most notably, changes in 

chromosome number) which will affect plants regenerated from them 

(Street, 1976). 

Another application of the model is with tests of the stability 

of tolerance. Cells selected for salt tolerance are often grown in the 

absence of salt for a few passages and then returned to saline media to 

test the stability of the salt tolerant phenotype. Such experiments 

are the reverse of selection for salt tolerance (Bressan et al., 1981). 

If, as was assumed, the growth rate of a few salt sensitive cells 

(which are maintained at a low equilibrium frequency by back mutation 

in the selected culture in stressful media) is substantially higher 

than the growth rate of the salt tolerant cells when grown in the 

absence of salt, there will be selection for salt sensitive cells. In 

this case, the result will be a culture very similar to the one before 

selection! predominantly wild type cells with mutants maintained at a 

low frequency by mutation. Thus, phenotypic instability after long 

periods in non-selective media should not be construed as proof that 
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Validation 

The fact that the model closely matches the experimental 

results of Nabors et al. (1975) is evidence in support of, but not 

proof of, the validity of the selection model. Further support could 

come fromi 1) comparison of the model with results from similar 

experiments, 2) genetic analysis of plants regenerated from such 

studies, 3) cytogenetic studies of cells before and after habituation, 

or 4) changes in protein banding patterns. It should also be possible 

to use suspension cultures to select for resistant lines in cases where 

the mutation rate has already been determined by other means, and 

compare actual culture growth with culture growth as predicted by the 

model. 

The selection model presented above is based on direct (one 

step) selection of cells in suspension. By comparison, stepwise 

selection (where the salt concentration is increased at each step) 

should be slower since any salt tolerant cells would only be at a 

slight advantage in the early steps. 

This may explain the results of Exp. 7 (Stepwise Selection for 

Salt Tolerance) in which the growth rate plummeted when the culture was 

transferred from 86 to 171 mM NaCl + CaCl2 (Figure 10). It is possible 

that there was no significant selection in the first two steps (compare 

growth of C12 and SO at low salt levels in Figure 6). The 86 to 171 mM 

transfer may have been almost as stressful the first passage of direct 
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Figure 10 Stepwise selection for salt tolerant carrot cells using 
43, 86, 171, and 171 mM NaCl + CaCl2. Part I: initial 
culture with salt sensitive cells In 43 mM NaCl + CaCl2. 
Part II: first serial subculture (inoculum from Part I) 
grown in 86 mM NaCl + CaCl2. Part III: second serial 
subculture (inoculum from Part II) grown in 171 mM NaCl 
+ CaCl2« Part IV: third serial subculture (inoculum 
from Part III) grown in 171 mM NaCl + CaCl2« The molar 
ratio of Na:Ca was maintained at 15:1. 
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selection (0 to 171 mM). Still, SO grew very rapidly at all salt 

concentrations tested (Figure 11). Subsequently, the S culture 

suffered a sudden and severe decease in growth rate, perhaps due to 

poor media preparation. Even so, its growth remained faster that the 

control at high salt levels (see S6 in Figure 11). 

When selection is accomplished by transfer of calli to toxic 

media, there is a strong possibility that the growing parts of the 

calli will be chimeric, with sensitive cells exchanging metabolites 

with tolerant cells. Obviously, a genetically uniform culture is 

preferable to this situation. 

Another possibility is that the layer of cells in contact with 

the toxic media is acting as a barrier to toxin transport. In this 

case, the upper, growing cells may not be tolerating anything. These 

problems are avoided by selection in suspension cultures. Some of the 

difficulties with selection on agar can be avoided by filtering 

suspensions to obtain only small clusters (usually of 1 to 10 cells) 

before plating. Filtering reduces the possibility that a large colony 

originated from a large cluster and not from more rapid cell division 

and growth. 

Unfortunately, plant cells can not be cultured at very low 

densities as can be done in bacteriology. A minimal density must be 

achieved to permit sufficient crossfeeding. This level becomes 

critical in plating experiments, when a large number of small clusters 

must be present so that inter-colony crossfeeding can supplant 

intra-colony crossfeeding. 
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non-selected cell lines in media containing 0 to 
342 mM NaCl + CaC^. Culture and transfer number 
are noted at left. 
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Plating with single cells would insure that the largest 

resulting colonies result from the most vigorous individual cells. But 

in most cases, crossfeeding is not sufficient to allow growth of single 

cells, even on non-stress media. To obtain a high plating efficiency 

with filtered inculum, the inoculum density must be so high that cells 

are very close together (Bergman 1977). The resulting colonies merge 

before their growth rate can be observed. This problem can be overcome 

by plating onto conditioned media (media in which cells have previously 

been grown) or by adding supplements such as coconut milk or a 

cytokinin and glutamine. 

In Exp. 6 (Selection for Salt Tolerance by Plating) inoculum 

density was high, and numerous colonies appeared after a long lag phase 

(Table 4). Forty colonies were selected on the basis of size and color 

and grown on solidified media in separate tubes. The most vigorous 

colony was then designated P and transferred to suspension culture for 

characterization. Growth of this cell line was superior to the control 

at intermediate and high salt concentrations (Figure 11). 

The vast majority of the colonies on the plates were probably 

normal, salt sensitive cells growing slowly. It is unlikely that they 

were mutants since 1/3 as many colonies were formed on the saline media 

as on the control media. Mutant colonies would be expected at a 

frequency not greater than 1 for every 10^ colonies on the control 

plates. This situation precludes plating onto very highly saline media 

In order to screen effectively for mutants. 

The best alternative is to plate onto highly saline, 
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conditioned media, and look for rare colonies that grow significantly 

faster than the other colonies, as was done in Exp. 6. 

Exp. 8, Direct (1 Step) Selection for Salt Tolerance, was 

designed to provide data on cell culture habituation to salt stress in 

a form that could provide support for or against the previously 

described model of mutant selection. Cells were repeatedly subcultured 

at 171 mM NaCl + CaCl2 and measurements of culture size were made 

weekly by the micro packed cell percent (mPCP) method. Ten replicates 

were used to determine the level of variation in the habituation 

process. 

Unfortunately, some difficulties with experimental procedure-

cloud interpretation of this data. First, culture size as measured by 

mPCP is not accurate at low cell densities. Small changes in readings 

at low densities are magnified during the calculation of RGR. 

Secondly, inoculum levels were higher for the first two inoculations 

and the initial inoculum level was determined by a different method 

(PCV of a 2 ml sample). These variations lead to different RGR and 

prevent comparison with subsequent RGR's. Further, the cultures enter 

the stationary phase by the third week, implying that constant 

exponential growth was not maintained. 

Despite these probelms, there are Indications that the cells 

are habituating . First, the total RGR of the 3rd through the 5th 

subculture indicates steady increases in growth (Table 5). Second, the 

color of the first subculture was olive (the color of the control 

culture when in stationary phase). The second subculture as a pale 



Table 5 Direct selection for salt tolerance (Exp. 8) 

Replicate Number 
Inoc. 

Date Level Week 0 1 3 4 5 6 7 8 9 
weekly 
mean 

culture 
mean 

Relative Growth Rate (10~3/day) 
7-3 1 ml 1 
7-10 2 290 267 265 265 297 288 288 274 274 279+12 
7-14 2.5 111 93 104 128 116 96 .89 132 98 107+15 232 
7-17 1 ml 3 
7-24 4 215 121 212 297 157 230 183 244 209 208+51 
7-31 5 114 187 70 90 172 94 157 133 62 120445 164 
8-7 .5 ml 6 
8-14 7 175 189 1?5 145 168 209 189 179 166 172+25 
8-21 8 49 79 110 92 104 104 99 51 80 85+23 128 
8-28 .5 ml 9 
9-4 10 198 209 168 168 140 172 157 80 121 157+39 
9-11 11 80 69 62 62 108 113 146 135 176 106+41 131 
9-18 .5 ml 12 
9-25 13 256 172 131 172 168 244 131 157 172 178+44 
10-2 14 93 142 137 131 62 92 113 87 125 109+27 143 
10-9 .5 ml 15 
10-16 16 329 131 168 116 168 157 131 215 256 186+69 
10-23 17 119 142 69 157 119 146 137 114 121 125+26 155 
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yellow (intermediate stress). Finally, the 3rd and subsequent cultures 

have been bright orange-yellow, indicative of non-stressed growth. 

Finally, cells from an extra flask of the 6th replicate displayed a 

higher RGR than the control at intermediate and high salt 

concentrations (Exp. 12, Figure 11). 

Yet, there has been no rapid increase in current culture growh 

rate. The model of mutant selection indicated that selection may be a 

long process, especially if the RGR's of the sensitive and the tolerant 

cells are not far apart. Thus, the period of active transition may not 

have occurred yet. 
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Growth In Different Osmotlca 

In experiments 13, 14, and 15, the salt sensitive carrot 

culture, C', and the salt tolerant cultures, P and D, were grown In 

isopiestic concentrations of several different osmotica. The osmotic 

potential of the basal media is -4.5 bars. The osmotic potential of 

each supplemental osmotica was calculated to be -7.9 bars at 28 C, 

which corresponds to the osmotic potential of 171 inM NaCl. Thus the 

water potential of the media was -12.4 bars. The concentrations of the 

other compounds needed to add -7.9 bars to the water potential of the 

media were determined from the table of the "Concentrative Properties 

of Aqueous Solutions" in the Handbook of Chemistry and Physics (Weast 

1973) or empirically (for PEG and synthetic sea water) using a Wescor 

Osmometer. The actual osmotic pressures were checked with the 

osmometer and are listed in the methods section. 

Several explanatory notes about the procedure are necessary: 

1) In both experiments, the control medium is the medium that the 

cells are normally grown in, thus giving an indication of the culture's 

current condition. 

2) NaCl is the most deleterious salt in sodic and many saline 

environments, although there is some dispute over which moiety is more 

harmful. NaCl is commonly used alone in salt stress experiments and 

for selection of salt tolerant varieties. It is used alone here to 

isolate its effect and to avoid complications with CaClj . 

3) id" is used as a replacement for Na+ in order to test if Na+ is 
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the deleterious moiety of NaCl. A monovalent cation was chosen so that 

the Cl~ molarity stays virtually the same. 

4) Similarly, I^PO^- is a monovalent replacement for Cl~. 

5) KH2FO4 tests the effect of the replacement ions, so that 

statistical comparisons can be made. 

6) D-mannitol is a common polyhydroxy alcohol in plants. Greenway 

and Leahy (1970) have shown that it does enter the cells where it can 

assist in osmoregulation. 

7) Because D-mannitol is a metabolite closely related to fructose, 

it is not obvious whether or not it can serve as an energy source, 

supplementing sucrose in the media. Media for treatment 7 of these 

experiments were made specially without sucrose to test this 

possibility. Because growth in this media will only be compared to the 

other solution with mannitol, it doesn't matter that its osmotic 

pressure is higher. 

8) The synthetic sea water (SSW; Scientific Sea Salt from Tri-S, 

Inc.) contains the macro and micro nutrients commonly found in ocean 

water. As discussed earlier, sea water represents a balanced salt 

mixture with constituents similar to other natural sources of salinity. 

9) Because larger molecular weight PEG does not enter cells, it is 

frequently used to simulate drought conditions. Unfortunately, there 

is considerable controversy over its use. 

Although it is used as an osmotic agent, PEG* s effect on water 

potential is not entirely due to osmotic effects. Van't Hoff's 

principle indicates that the osmotic pressure of a solution is directly 
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proportional to the number of solute particles (1T=VcRT, where 

tt - osmotic pressure, "V = solute activity, c = solute concentration, 

R = .0831, T - temperature in ck). Yet the activity coefficient, vc, 

necessary to match PEG's observed fT with its concentration is almost 

10, which is unlikely considering PEG'S structure. Also, PEG's 1f does 

not increase linearly with increasing concentrations (Lawlor 1970, 

Bressan et al. 1981). Steuter (1981) indicated that water molecules 

may form hydrogen bonds with the ether oxygen atoms of PEG creating a 

matric potential. But Lawlor (1970) believes that higher molecular 

weight PEG causes "blockage of the pathway of water movement, reducing 

water absorption and causing desiccation of the plant." If this is 

true, PEG's effect is not via changes in Kor even T. 

Lawlor (1970) cites several researchers who think that PEG or 

impurities in PEG (specifically aluminum, magnesium, hydrogenperoxide, 

or methyl hydroquinone) may be toxic. But he showed that PEG purified 

by chromatography did not have a different effect. 

Jarvis and Jarvis (1965) found PEG 1540 (PEG with an average 

molecular weight of 1540) to be "effectively excluded from the plants." 

Lawlor's studies indicate that larger molecular weight PEG does not 

readily enter undamaged tissues. Tests by Hasegawa (1983) demonstrate 

that PEG 6000 (which is the type of PEG used in this experiment) does 

not enter suspension culture cells. 

In an experiment very similar to these, Goldner, Umiel, and 

Chen (1977) concluded that absorbed osmotica can impose three levels of 

stress in plantst 
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1) Osmotic stress—represented by the non-ionic solute, mannitol. 

2) Ionic stress—the minimal stress of an ionic solution -

represented by a balanced mixture of salts like SSW. 

3) Specific ion stress—caused by the effects of single ions such 

as Na+ or CI 

PEG does not fit into this classification because it does not enter the 

cells. 

Experiment 13 (Figure 12), which tests the growth of C'8 in 

different osmotica, seems to confirm this categorization of the 

components of stress (Table 6). 

Goldner et al. based their hypothesis on the growth of carrot 

calli (Chantenay and an inbred line W93A) in mannitol, sea water and 

SSW, and various individual salts. Unfortunately, they choose solute 

concentrations for growth experiments based on the ions' concentrations 

in sea water, with mannitol added to make up for the missing osmotic 

effect of other salts. Thus the results cannot be compared with Exp. 

13. 

Because the osmotica in Exp. 13 were tested seperately and at 

isopiestic levels, the relative importance of each component of stress 

can be quantified (Table 6). The influence of osmotic stress (a 16% 

decrease) is less than the stress of balanced ionic osmotica (24% 

decrease). The specific Ion stress varies greatly (15-55% decrease) 

depending on the salt. 

Although the data fits the interpretation of Goldner et al., 

the model may be overly simplistic and the representative osmotica may 



Culture: c p d 1 c p 1d  c 1 p d  c p d  c p d  c p d  c p d  c p 1 d  c p 2 d  

Osmofica: Control NaCl KOI NhH2P04 KH2PO4 SSW Mannitol Mannitol PEG 6000 
-sucrose 

Figure 12 Relative growth rates of selected (P6 and D3) and non-selected (C'8) carrot cultures 
in several isopiestic osmotica (Exp. 13, 14, and 15). Control media for C'8 had no 
added salt. Control media for P6 and D3 had 171 tnM NaCl + 11.4 mM CaCl2. All other 
osmotica were isopiestic at 12.4 bars (4.5 bars from the basal media and 7.9 bars from 

* added osmotica), except for the mannitol minus sucrose treatment which acted as a 
control for mannitol. Three replicates per treatment. 1 indicates one replicate lost, 

indicates two replicates lost. 
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Table 6. Categorization of salt stress components (Exp. 13). 

Stress Added Osraotica RGR % of Control % Decrease 

control .316 100 

osmotic mannitol .265 84 16 

high total salts SSW .189 60 24 

specific ion stress NaCl, etc. .016-.141 5-45 15-55 
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be misleading. The model should be more specific about the biochemical 

nature of the different components of stress and the components should 

be further subdivided. 

Mannitol, for example, represents a narrow definition of 

osmotic stress, i.e. osmotic stress with passive osmoregulation. Cells 

grown in mannitol are functioning in an environment with high osmotic 

pressure, but without the added cost of active osmoregulation. Further, 

cells of a plant have to regulate membrane transport of the solute to 

prevent it from diffusing into the apoplastic solution; cells bathed in 

osmotica do not. 

A truly appropriate alternative to mannitol, which doesn't 

enter the cells and therefore neccessitates active osmoregulation, is 

not easily suggested. PEG is sometimes suggested. Yet, as mentioned 

above, its effect is largely on matric potential and may be compounded 

by other effects. Still, matric potential is the primary component of 

soil water potential. PEG caused a 46% decline in RGR in Exp. 13. If 

the difference between PEG and mannitol reflects the change from 

passive to active osmoregulation, then active osmoregulation alone 

caused a 30% decline in RGR. 

The use of sea water to represent minimal ionic stress is 

+ — 
questionable. Sea water contains high levels of Na and CI which are 

antagonistic to plant growth. It is thus possible to envision salt 

mixtures that cause a smaller decline in growth than sea water. If 

culture growth in such mixtures rivalled growth in mannitol, the 

difference between ionic osmotica and uncharged osmotica could be 
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considered insignificant. It is conceivable that 

effects on nutrition could counteract the osmotic 

interpretation of the experiment difficult. 

Goldner et al. do not specify the actual nature of specific ion 

stress. Bernstein (1964) differentiates between nutritional imbalances 

and toxic effects. A nutritional imbalance occurs when one ion causes 

an apparent deficiency of another ion. Presumably, nutritional 

imbalances can be partially alleviated by addition of the deficient 

ion, whereas the toxic effect is the stress component that remains 

after nutritional deficiencies have been corrected. 

Because of its many reputed beneficial effects, K+ makes an 

interesting example. Goldner et al. suggested that NaCl caused an 

apparent K+ deficiency. As discussed in the literature review, Na+ is 

thought to compete with K+ at active sites of enzymes when there is a 

large imbalance. K+ is a macronutrient. Cells pump Na+ out of the 

cell and pump K+ in. Rains (1967) correlated salt tolerance and the 

ability to take up K+ in the presence of high levels of Na+. Yet, Exp. 

13 shows that KC1 is far more deleterious than NaCl. Apparently 

nutrients can cause nutrient imbalances, too. 

Alleviating NaCl Stress 

The relative importance of nutritional stress, or the other 

types of stress, can also be estimated by adding various beneficial 

chemicals to NaCl stressed cells. Such experiments determine how much 

of specific ion stress can be alleviated by a different agents. 

In Experiments 16, 17, and 18, cells were grown in several 

the beneficial 

stress, making 
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concentrations of NaCl plus several concentrations of other osmotica 

(CaCl^., KC1, and raannitol, respectively) to alleviate different aspects 

of Na+stress. 

As discussed in the literature review, Ca"1^" increases membrane 

integrity and stimulates ATPase activity. These effects can help to 

counter the detrimental effects of Na+ on the solute transport system. 

The data from Exp. 2 (Figure 13) and Exp. 16 (Table 7) indicates that a 

low level of CaCl2 is indeed beneficial at intermediate NaCl levels. 

At the highest NaCl concentration, no level of CaCl2 has an 

ameliorating effect. Thus, the idea that NatCa should be kept at a 

constant ratio, although important for the ecological relevance of 

experiments, may not define the optimal growth at different NaCl 

levels. Repeating this study with facilities that allow replication of 

the treatments would be necessary to validate this conclusion. 

The results of the NaCl plus KC1 test (Exp. 17) are less clear 

(Table 8). The generally low growth rates at 1.6 mM KC1 may be due to 

experimental error. Yet, it is clear that even low levels of KC1 (like 

4.25 and 8.5 mM) substantially reduce growth regardless of the NaCl 

concentration. The result is surprising considering the importance of 

K* to plants. Cells may have a very limited acceptable range for K4". 

Murashige and Skoog saltB (which are the basis of the media) were 

developed with high concentrations of nutrients to avoid the 

possibility of deficiencies (Table 9). Considering the level of K+ 

already present in the media ( 20 mM) and that similar levels of NaCl 

are not very toxic, it is surprising that 8.5 mM of added KC1 has such 
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.160 

9 .120-

.080 

a) .040 

5.7 11.4 22.8 45.6 0 2.9 

CaCl2 (mM) 

Figure 13 Effect of 5 concentrations of CaCl2 

on relative growth rate of carrot 

culture C3 grown in 171 mM NaCl (Exp. 2). 
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Table 7 Effects of the combinations of five concentrations of 
NaCl and five concentrations of CaCl2 on growth and 
the relative growth rate of carrot cells (C'5) 
(Exp. 18) 

CaCl2 CraM) 

NaCl : 

CraM) 0 2.85 5.7 11.4 22.8 

Relative Growth Rate (10~^/day) 

0 314 307 306 304 305 

86 297 300 304 300 270 

171 140 161 193 149 136 

257 57 70 64 57 57 

342 21 21 8 21 21 
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Table 8 Effect of the combinations of five concentrations of 
NaCl and five concentrations of KCl on growth and 
the relative growth rate of carrot cells (C'13) 
(Exp. 17) 

NaCl KCl (mM) 
(nM> 0 1.6 2.1 4.25 8.5 

Relative Growth Rate (10 /day) 

0 304 309 299 302 262 

43 278 239 288 259 113 

86 267 160 231 190 64 

129 99 110 142 113 57 

171 133 41 107 57 32 
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Table 9 Concentrations of major and minor salts, and sucrose 

In Murashige and Skoog Salts. 

Major Salts 

Ion CMM) 

N©3~ 39.4 

NH4+ 20.6 

K+ 20 

CI" 6 

Ca44" 3 

Mg++ 1.5 

S04= 1.5 

Carbohydrate 

Minor Salts 

Ion CmM) 

Zn"1-*" .3 

H2BO3- .1 

Mn++ .1 

Na+ .002 

MoO^2" .001 

Cu"*"1" .00013 

Co*"1" .00001 

Sucrose 88mM 
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a large effect. 

In Exp. 18 (Effect of NaCl and Varying Mannitol on Growth of 

C'18), mannitol alone (at 91 mM) causes only slight stress (Figure 14). 

At intermediate levels (4.5 - 45.6 mM), it relieves very little of the 

NaCl (171 mM) induced stress. At the highest concentration tested 

(91.2 mM) the detrimental effects of the mannitol overcome the 

beneficial effects of relieving the NaCl stress and lead to a decline 

in yield. This is comparable to the results with CaCl2 and the highest 

NaCl level. Apparently, the stress of high levels of NaCl cannot be 

significantly reduced with other osraotica. 

Ion Substitutions with K+and H^O^-

In Exp. 13, 14 and 15, K+ and I^PO^- ions were substituted 

singly or together in place of Na+ and CI" in order to determine the 

importance of the Na+versus Cl~ specific ion effect. K+ and H2P0^~ 

were chosen because they are common monovalent ions and are plant 

macronutrients. 

The media supplemented with phosphate tended to be quite 

alkaline. HC1 was added to adjust the pH. In addition to raising the 

Cl~level, this adjustment also altered the H^PO^'iHPO^13 ratio in the 

media and may have affected the results. There were two other 

problemsi relatively high levels of contamination in Exp. 14 (see 

notation in Figure 12) and poor growth of the selected cultures. 

Comparison of the RGR of P in Exp. 11 and in this experiment (RGR of 

.178 and ,125/day, respectively) demonstrate the poor growth of P in 

this experiment. This slower growth explains the uniformly slower 
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growth of P (relative to C) in SSW, mannitol, and PEG. 

Surprisingly, the substitutions of K+and H F0~ in place of 
2 4 

Na + and CI "caused decreases in culture growth in virtually every 

instance. This confirms that even normally beneficial ion6 can be 

detrimental. 

The reactions of the different cell lines were quite different. 

C was extremely sensitive to phosphate as compared to Cl~, and more 

sensitive to K+ than Na+. Phosphate substitution had no effect on P, 

although K+ substitution was deleterious. D is likewise more tolerant 

of phosphate than C. This indicates that P may be more sensitive to 

the effects of cations and less influenced by anions. It is not clear 

how this increased phosphate (or anion) tolerance relates to NaCl + 

CaCl2 tolerance of the selected cell lines. 

It is interesting that the RGR of D in the different osmotica 

is almost always intermediate between C and P. 

Energy Use Efficiency 

As discussed in the literature review, the extent of salt 

tolerance is partially determined by the activity and efficiency of the 

transport mechanisms which remove salts from the cytoplasm while 

accumulating inocuous osmotica for osmoregulation. The relative 

importance of membrane phenomena can be judged in several ways. 

Ca** increases membrane integrity thereby decreasing passive 

diffusion of solutes (Luttge and Hlginbotham 1979). If Na+ is 

interfering with these activities, the addition of Ca** should help 
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cells exclude salts and accumulate organic osmotica and operate more 

efficiently. 

Exp. 16 demonstrated the beneficial effects of added Ca"*"*", 

despite added osmotic stress. Exp. 19 tests the effect of CaCl2 on 

energy use efficiency (EUE). Cultures were grown in the presence and 

absence of CaClg and NaCl in a media where the sugar, sucrose, is 

limiting (i.e. one fourth normal). Assuming that sugar utilization was 

complete, EUE can be calculated as PCV at stationary phase minus the 

PCV of the inoculum (in g) divided by the original quantity of sugar in 

the media (in g). This method differs from the method used by Croughan 

et al. (1981) in which changes in the sugar levels in the media are 

determined after cells are grown for a limited time in standard media. 

1 Such a method is more susceptible to error from interconversion of 

sugar forms in the media and the cells, and from absorbed but not yet 

utilized sugar. 

The EUE (ml PCV/g sucrose) of the control culture in different 

levels of NaCl and CaCl is presented in Table 10. If the EUE is 

converted to grams dry weight using a conversion from Exp. 1 to .039g 

DWt/ ml PCV, the EUE obtained range from .41 to .51, which is 

comparable to .6 g DWt / 1.0 g sucrose from tobacco cultures as 

determined by Kato and Nagai (1979). Two Way Analysis of Variance of 

this data (Table 10) indicates a trend (not significant) toward a 

synergistic effect of the two salts. 

It is interesting that NaCl, which causes such a drastic 

decline in RGR, has only a slight effect on EUE. Indeed, the ANOVA 



85 

Table 10 Effects of combinations of NaCl and CaCl2 on final 
packed cell volume in sugar limiting media— 
energy use effeciency and analysis of variance. 

CaCl2 (mM) 
NaCl 
(mM) 0 11. A 

Change in Packed Cell Volume per Gram of Sucrose 

0 12.3 11.2 
10.5 10.7 
13.2 10.8 

171 10.8 12.3 
10.3 10.8 
10.3 11.2 

2 Way Analysis of Variance of EUE: 

df SS MS Fs 

Subgroups 3 3.966 1.322 
CaCl2 1 .013 .013 0.017ns 

NaCl 1 .75 .75 0.953ns 
CaCl2 x NaCl 1 3.203 3.203 4.071ns 

Within Subgroups 8 6.294 .787 

Total 11 10.260 .933 

F.05(1,8) = 5,32 
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indicates that the EUE was not significantly affected by the 2 NaCl 

treatments. Carrot cell growth and nutrient utilization in a saline 

media are not inefficient, merely slow. Thus the metabolic cost of. 

osmoregulation and compartmentation are not the primary cause of lower 

cell growth rates. This contrasts strongly with EUE of alfalfa cells 

in NaCl (Croughan et al. 1981), where the EUE of the control culture in 

86 mM NaCl is only a third of the EUE in the absence of added salt. 

Regeneration 

Carrots were chosen for these experiments because of their 

potential to be regenerated. Unfortunately, regeneration of control 

and salt tolerant cell lines has been an elusive goal. 

Carrots are maintained in culture by the addition of an auxin, 

2,4-D. Transfer to media without 2,4-D permits embryo formation and 

development via the same ontogenic stages as embryos in seeds. 

Embryogenic potential (a measure of a culture's ability to form 

embryos when transferred to 2,4-D free media) declines with time. 

Smith and Street (1974) present evidence that declines in embryogenic 

potential were associated with changes in the genetic material of the 

cells, usually higher ploidy levels. Because such cells are better 

suited to culture conditions, they eventually replace the normal, 

totipotent cells. 

Totipotency of carrot cultures up to 5 years old can be 

restored by treatments that slow cell division, such as low 

temperatures or a nutrient deficient media (Meyer et al. 1973). This 

phenomenon is probably closely related to the inhibition of cell 
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division by removal of 2,4-D. 

The efforts of Croughan et al. (1981) to regenerate salt 

tolerant alfalfa cultures indicate that decreased totipotency may be 

overcome by altering nutrient levels in the media. 

Smith and Street (1974) noted that erabryogenic potential of 

older cultures can be increased if maintained in 2,4-D omitted media 

for a longer period. This may indicate increased sensitivity to 2,4-D 

inhibition of embryogenesis in older cultures. 

Although the carrot culture studied in this thesis was 

initiated in early 1981, preliminary attempts at regeneration in the 

fall of 1982, indicated that its embryogenic potential was still 

sufficient to regenerate a large number of plants. After 2 weeks in 

2,4-D omitted media, cultures contained numerous embryos at the 

globular and torpedo stages. When transferred to petri dishes with an 

agar media in the light, several embryos in each dish continued to 

develop; many developed roots up to 10 mm long. The best plantlets 

were then individually transferred to tubes with the same media. 

Within 4 weeks, all of these had reverted to masses of differentiating 

callus. 

Subsequent attempts in 1983 have yielded fewer torpedo stage 

embryos when in suspension, and only rarely did extended roots develop 

in agar media. Masses of differentiating callus have become the norm. 

Plating onto filter bridges, moist sand, and half strength agar media 

has had no significant effect. Different media (White's media, 1/2 and 

1/10 strength basal media and basal media without sucrose) have had no 
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effect either. 

Attempts in March and April 1983 had slightly better results. 

Numerous torpedo stage embryos and small plantlets (with cotyledons and 

roots) have been generated by rinsing cells in 3 changes of distilled 

water (25 min each) before transfer to 2,4-D free media. But the 

proper media and conditions for further development were not 

determined. 

This difficulty points out the need to start a new culture,' 

rapidly select for salt tolerance, and immediately regenerate plants 

(Rains, personal communication). This procedure would avoid the 

problem of declining embryogenic potential and miniraize genetic changes 

not related to salt tolerance. 
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