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ABSTRACT 

The germination salt tolerance of alfalfa (Medicago sativa L.) has 

been improved by eight cycles of recurrent phenotypic mass selection. 

Eight experiments were made on germplasm from this breeding program to 

characterize the progress that has been made and to assist in the 

selection process. An osmotic gradient was used to show that the range 

of germination has been extended by about 1 MPa. A progeny test revealed 

that although selection had increased speed of germination under stress, 

germination percent and speed were not correlated (r -.02); this 

information was used to enhance selection efficiency. There was no 

relationship found between seed size and salt tolerance (r -.05). The 

pattern of moisture uptake by seed was examined. Stress affect on seed 

was seen within hours of planting and rates of water uptake were found 

to be influenced by the type of solution imbibed. Seedling growth after 

germination appeared to be more sensitive to salt stress than before 

germination. 
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INTRODUCTION 

Water quality is one of the greatest environmental limitations 

to agriculture in the world. With more than 97% of the planet's 

moisture occurring as seawater it is ironic that many of the regions 

hardest hit by drought also possess coastlines and thus have access to 

an endless supply of water (Boylto, 1967; Pasternak and San Pietro, eds., 

1985). 

There has been a longstanding enchantment with the possibility 

of plant production under saline conditions and research dates back more 

than a century. Charles Darwin (1859), in preparing Origin Of Species, 

experimented with the effect of seawater on seed germination. In spite 

of the volumes of research published since on plant response to salt 

stress however, much remains unknown about the mechanisms of salt 

tolerance. One of the greatest challenges in interpreting salt-stress 

experiments is in separating cause from effect. 

One very clear experimental approach for understanding crop salt 

tolerance was proposed by Epstein (1980). Much can be learned, he 

claimed, about the causes of salt tolerance by comparing genotypes that 

are genetically similar but that differ in the degree of their salt 

adaptation. This eliminates the complication inherent to comparing 

different varieties, species or families. Noble (1983) agrees, 

proposing that awareness of the physiological basis of salt tolerance 

1 



2 

could both result from and assist in the development of tolerant 

genotypes. Such is the intention of this research. 

Dobrenz et al. (1983), at the University of Arizona, have 

successfully developed salt tolerant alfalfa (Medicago sativa L.) using 

a germination selection method very similar to that described by Dewey 

(1962a,b). Recurrent pnenotypic mass selction was used and the ninth 

cycle of selection had been completed as of January, 1986. This thesis 

consists of experiments performed on germplasm resulting from this 

breeding program. Comparisons were made between selected and non-

selected populations as well as between breeding populations 

representing different cycles of selection. 

The objectives for the eight experiments described by this 

manuscript are as follows: 1) to compare the germination response of a 

salt-selected alfalfa population and the original genotype using a 

technique designed to provide continuously variable levels of salt 

stress; 2) to use a progeny test to determine the amount of population 

variability remaining after eight cycles of selection; 3) to use the 

progeny test results in possibly enhancing the selection process; 4) to 

evaluate the effect of only one cycle of selection on germination 

vigor; 5) to find the effect of selection on seed size; 6) to find the 

effect of selection on seed coat weight; 7) to monitor the water uptake 

patterns of tolerant and non-tolerant seed during the first 3 days of 

germination and 8) to determine if selection for germination salt 

tolerance has also increased seedling vigor under stress. 



LITERATURE REVIEW 

Inherent to our planet's hydrologic cycle is the weathering of 

3 
the earth's crust by water. Each year about 151,000 km of relatively 

pure water falls on the continents in the form of precipitation (Dooge, 

1973). Two-thirds of this moisture evaporates back to the atmosphere 

while less than 1% is retained by the soil. The remainder runs across 

some type of rock material, eroding and dissolving minerals, before 

entering the groundwater, lakes and rivers which eventually lead back 

to the sea. Livingstone (1964) estimates that run-off water carries 

almost A billion metric tons of soluble material (salts) every year. 

No natural waters are completely free of dissolved substances. 

Rainwater contains about 10 ppm of solutes while the world's rivers 

average about 119 ppm; seawater is 35,000 ppm (3.5%; -2.50 MPa). 

Nitrates and the chlorides, sulfates and bicarbonates of sodium, 

calcium, magnesium and potassium are the most common naturally occuring 

salts because they are relatively abundant in the earth's crust and are 

highly water soluble (Hunt, 1967; Shainberg and Oster, 1978). Types and 

proportions of salt in run-off water vary greatly depending on such 

factors as composition of the rock and soil being dissolved, 

temperature, amount of precipitation and atmospheric content. Even acid 

rain may affect rates of soil mineral solubilization (Rechigl and 

Sparks, 1985). 

3 
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Salinity and Agriculture 

Irrigation water carries salt to agricultural lands and nearly 

every farming activity in arid regions intensifies its occurrence. 

Fertilizer use adds salt. Heavy field equipment can compact soil and 

reduce drainage necessary for salt leaching (OTA, 1983). Frequent 

irrigations contribute to salt content by accelerating soil weathering, 

while soil evaporation and plant transpiration removes about three-

quarters of the soil moisture thus concentrating the solutes in the 

rootzone (Pillsbury, 1981). The most important aspect of water quality 

in agriculture is salinity and it is estimated to limit production on 

approximately one-third of the world's irrigated land (Maas and Hoffman, 

1976; Thorne and Peterson, 1967). 

Plants require selected salts (the essential elements) for 

normal growth (Brady, 1974) and generally, the greater the quantity of 

an element that is required by plants, the more tolerant is the plant to 

excessive amounts of it (Sutcliffe and Baker, 1974). Wide ranges in 

soil concentrations of macronutrients like nitrogen or phosphorus will 

not hurt plant growth while there is a much narrower margin between 

sufficiency and toxicity for micronutrients like chlorine and boron. 

Ions not required by plants (such as aluminum, arsenic and silver) are 

toxic in extremely small quantities. 

Dissolved salts commonly build up in soil to much greater 

concentrations than required by plants and have presented a formidable 

threat to world agriculture throughout history (Eckholm, 1976; FAO, 

1971). The oldest documented case of salinity's harm to agricultural 
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production comes from ancient Iraq. There, on the plain between the 

Tigris and Euphrates rivers, lies an area (and a civilization) known as 

Mesopotamia. This area, with one of the oldest known irrigation systems 

in the world, has diverted river water for farming continually for the 

past 70 centuries. Ancient field records show that grain yields declined 

from an average of 29 bushels/acre in 2400 BC to 17 bushels in 2100 BC 

to only 10 bushels/acre in 1700 BC (Gelburd, 1985). This represents a 

continuous decline in productivity of approximately 0.1% annually for 

seven centuries. Archaelogists believe that salinity was a major cause 

for this drop in yield (Jacobsen and Adams, 1958). In 3500 BC, wheat 

(Triticum aestivum L.) and barley (Hordeum vulgare L.) production was 

about equal but as soil salinities increased so did production of barley 

(which is more salt tolerant than wheat). By 1700 BC, no wheat was grown 

at all. Today in Iraq, about a quarter of the agricultural land is 

unuseable, and that which is cultivated can only be cropped every other 

year because of waterlogging. Yields in this once rich land are now some 

of the lowest in the world. Two factors of the Mesopotamian experience 

are important lessons to modern agriculturists. First, the denigration 

of croplands is not always initially obvious. Salt accumulates slowly 

and at first will cause only gradual and hardly noticeable yield 

reductions. Specific cases of field salinity were not reported in 

Mesopotamian records until 2400 BC, although productivity had been 

declining for centuries. Secondly is the important role that drainage 

plays in crop production on saline soils. Mesopotamian lands are very 

poorly drained. Good soil percolation allows the water to dissolve and 

leach salts out of the rootzone. Waterlogging and salt build-up might 
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also have been a factor in the migration of the Hohokam Indians out of 

what is now Arizona more than 500 years ago (Halseth, 1947; Haury, 

1976). 

There is no such thing as a typical saline condition. In 

irrigated agriculture there are three distinct types of salinity: 1) 

when the total concentration of dissolved solids is too high, 2) when 

there is a higher ratio of sodium to calcium and magnesium, and 3) when 

there are excessive amounts of boron, chloride, sodium, sulfate or some 

other toxic ion (McKee and Wolf, 1963). These problems can occur 

separately or in combination and each affects productivity in different 

ways. Crop plant response also varies depending on a myriad of physical 

factors such as soil fertility, soil matric potential, soil aeration, 

leaching fraction, frequency of irrigation, salt distribution in the 

horizon, soil and air temperatures and humidities. Hot, dry climates, 

for instance, increase plant susceptability to saline conditions. In 

spite of the complicating factors, according to Stewart et al. (1977), 

salinity acts mainly in reducing crop evapo-transpiration; thus crop 

production can be explained by the same relationships used in modelling 

crop drought stress. 

Salinity is harmful to crop production in four general ways: 1) 

by inducing drought-like symptoms in crops due to lowering the osmotic 

potential (and thus water potential) of the soil water, 2) by ionic 

interference in the metabolic, morphologic or hormonal processes of the 

plant, 3) by disturbing the nutritional balance of the plant thus 

causing symptoms of mineral deficiency and 4) by causing the 

deterioration of soil permeability, most notably, the surface sealing 
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caused by excess exchangeable sodium in the soil (Poljakoff-Mayber, 

1982; Richards. 1954). 

Twenty-five to 35% of the irrigated cropland in the United 

States is detrimentally affected by salinity (OTA, 1983). Of the main 

river systems supplying water for U.S. agriculture, the poorest water 

qualities occur in the San Joaquin Valley, the Colorado River Basin and 

the Rio Grande Basin systems (Skogerboe, 1973). The water quality of the 

Colorado River has been the subject of much study because it not only 

irrigates more than a million acres of prime farmland in the United 

States but it has caused considerable salt damage to fields in Mexico 

and has thus become an international issue (Law and Hornsby, 1982). 

The concentration of dissolved solids in the Colorado River 

increases from 50 mg/1 at its headwaters in Colorado to about 850 mg/1 

at the Imperial Dam near Yuma, Arizona (USGS, 1984). Salinity levels 

increase because of saline drainage into the river from natural and 

agricultural sources and the action of evaporation from the river and 

reservoirs which concentrates the salt. Annually, the Colorado River 

carries nine million metric tons of salts; 47% is from natural leachage, 

37% from irrigation recharge and 12% from reservoir evaporation. 

Crop losses begin to occur whenever irrigation waters contain 

about 750 mg/1 of salts; 1500 mg/1 is the limit for crop production 

(USGS, 1984). By the year 2000, salinity at the Imperial Dam is 

projected to be 1200 mg/1. According to Kleinman and' Brown (1980) each 

future mg/1 increase is predicted to cost Colorado River Basin farmers 

approximately $154,000 per year in reduced yields and increased farm 

management costs (like drain installation, land levelling and extra 
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irrigations for leaching). Farms in the Imperial Valley have already 

installed, at a cost of over 2 million dollars, more than 28,000 miles 

of drainage pipe to remove salts (Raloff, 1984). More than half of 

California's irrigated cropland is affected by salinity or sodicity and 

it is estimated that another 700,000 acres will be damaged by salt 

before the year 2000 (USDA, 1983). Groundwater quality in many locations 

has also shown a decline. Salinity increases by as much as 30 

mg/l/year in some Californian wells (Schmidt and Sherman, 1983). A 

survey of Arizona wells reveals that groundwater salt concentrations 

range from 92 mg/1 to 5033 mg/1 (White and Garrett, 1982). An atlas 

describing Arizona groundwater quality is provided by Pettyjohn et al. 

(1979). Three of the major river systems used for irrigation in 

Arizona, the Colorado, Salt and Gila Rivers, contain approximately 

890, 1070 and 1955 mg/1, respectively (Shainberg and Oster, 1978). 

Water evaporation from soil surfaces and moisture uptake by 

crops significantly increases salt accumulation in the rootzone (Saleh 

and Troeh, 1982). As a rule of thumb, soil water is about three times 

as salty as the water that irrigates it (Ayers and Westcot, 1976) and 

the salt concentration of soil solution at field capacity is about twice 

that at saturation (Maas and Hoffman, 1977). 

There are numerous ways that researchers determine and express 

salinities (Rhoades, 1984); see Appendix for further discussion. The 

total soluble salt content of soil is often measured by its electrical 

conductivity (ECg) expressed in mmhos/cm. ECg values can be converted to 

mg/1 by multiplying ECe by 640 and to osmotic potential (in MPa) by 

multiplying by -0.036 (Ayers and Westcot, 1976). Agricultural soils are 
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considered saline when ECe exceeds 4 mmhos/cm (Halderman and Openshaw, 

1977). Crops which show yield reductions at ECe's above 4 mmhos/cm are 

classified as salt susceptible whereas crops classified as salt tolerant 

don't generally show yield losses below 8 mmhos/cm. Of soil samples 

taken from 5906 locations in Arizona, almost 14% had an ECg of 4 or 

above and 6% were above 8 mmhos/cm (Doerge, 1985). The state average was 

2.8 mmhos/cm. 

Not all field salinity problems arise because of frequent 

irrigations with poor quality water. Several eastern states are having 

problems with sea water intrusion onto agricultural lands (Raloff, 

1984). Additionally, about 2 million acres of land in the Great Plains 

have been affected by underground saline seeps (Black et al., 1981). 

Breeding for Crop Adaptability to Salt 

There are many ways to alleviate the detrimental effects of salt 

on crop, pasture and rangeland (El-Ashry, von Settilfgaarde and 

Schiffman, 1985). The strategies available to agriculturalists are as 

numerous and diverse as the types of salt problems encountered. The most 

common solutions have centered around reducing the amount of salt build

up in the root zone (Hoffman, 1986; Hoffman et al., 1984; Raloff, 1984). 

Drainage tiles, for instance, can be placed under fields to allow for 

salt leaching or land can be leveled to eliminate salty spots. A farm 

manager can irrigate more frequently, modify planting bed shapes or 

shift to sprinkler or drip irrigation systems. These engineering and 

managerial approaches can often be expensive or water costly. 
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Many of the technological answers of the past, like the drainage 

system built in the Wellton-Mohawk district of southwest Arizona have 

been funded by the federal government. Trends of the 1980's throw doubt 

as to whether U.S. agriculture can depend on federal financing of major 

engineering projects for future reclamation, drainage and desalination 

operations. Additionally, water has become a bigger political issue in 

the 'Sun Belt' because the requirements of a rapidly expanding urban 

population often compete with agriculture (Maranto, 1985). Ironically, 

Arizona farmers and urban populations are experiencing the same 

problems with water: decreasing supplies, increasing costs and declining 

quality (Peterson, 1986). 

As an alternative to controlling field salinity levels, farmers 

can switch to crops which are more tolerant of salty conditions 

(Epstein, 1976). This is what the ancient Mesopotamians did in shifting 

from wheat to barley production. There is a great deal of diversity 

within the plant kingdom for adaptability to saline environments. 

Strawberry (Fragaria x ananassa), for instance, probably the least salt 

tolerant crop known, shows complete yield loss at about -0.2 MPa whereas 

blue-green algae have been found in the Great Salt Lake in Utah where 

salinities can reach -20.0 MPa (Keck and Hassibe, 1978). 

Lyon (1941) was the first plant breeder to set out to 

genetically improve crop salt tolerance. The key to this 'biological' 

approach ultimately lies not with research on plant salt tolerance in 

general (O'Leary, 1984). There are plants which will grow in just about 

any type of saline condition occurring on earth. It is more important to 

identify and characterize the specific salt problems as they actually 
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exist and then to select or breed plants that will be productive enough 

in that situation to make agriculture on that land profitable. 

No two salty fields are alike. Of the five principle components 

of saline situations: the salt, the soil, the plant, cultural methods 

and the environment, there are multitudinous combinations. For instance, 

salt conditions in an irrigated alfalfa field in Arizona will be nothing 

like that of a saline seep in the Great Plains; potential damage from 

salt in the summer would be unlike that in the winter; and the salt 

susceptability of a deep rooted pecan (Carya illinoinensis Wangenh.) 

tree would be inherently different from a grass species or even a pecan 

sapling. 

Despite years of intense, worldwide research on crop drought 

tolerance there has been little concurrent increase in the productivity 

in many of the worst drought stricken areas. Breeding for plant 

tolerance to drought is different from the breeding of insect or 

disease resistance, which has been so successful in the past, because 

drought tolerance is generally thought to be negatively correlated with 

yield and many genes are involved (Seetharama et al., 1981; Shannon, 

1985). There is much disagreement as to the best practical method for 

breeding crops to tolerate environmental stress. Rosielle and Hamblin 

(1981) present an excellent discussion of whether selection for 

tolerance should be made in stress or non-stress environments. They 

claim that crop selection under stress tends to reduce mean yield in 

non-stress environments. The relationship between salt stress, which 

mimics water stress in some respects, and yield is not yet known. 

Aluminum tolerance bred into wheat and barley appears to be controlled 



by a single gene and acts independent of grain yield (Long and Foy, 

1970). 

There is no universally accepted definition of plant salt 

tolerance. Definitions depend on the criteria used for their 

determination. Up to now, selection and breeding of plants for salt 

tolerance seem to have involved at least one of the following four 

criterion: 1) plant survivability and biomass production, 2) absolute 

yield and profitability, 3) relative decline in yield and 4) ability to 

extract water and salt from poorly drained saline soils. Examples of 

each of these are given below. 

1) Some plants are considered salt tolerant because of their 

ability to survive and grow in seawater. Halophytes can survive at 

osmotic potentials below -2.0 MPa, even though glycophytes show 

inhibited protein and DNA synthesis at -0.5 MPa and commonly reach 

wilting point at -1.5 MPa (Hsaio, 1973). Unlike glycophytes, halophytic 

plants have a salt requirement for optimal growth (Brown, 1983). 

Flowers, Troke and Yeo (1977) found halophytic species within 38 

different botanical orders. Most research on making halophytes 

economically productive has involved collection and description of 

germplasms from the salt marshes, swamps, salt deserts and salt sinks of 

the world (Somers, 1979; Yensen et al., 1981). 

Although not economically important at the present time, 

halophytes may prove useful on agricultural land that has become too 

saline for conventional crops or for making non-agricultural land on 

coastal regions newly productive. Salt tolerant species might also be 

useful in reclamation of saline seeps or seawater intrusions. The most 
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likely uses of halophytes are as forage or fodder, grain, lumber, fuel 

or for landscaping (O'Leary, 1984). Atriplex spp. show promise as animal 

feed but due to the high ash content when grown in seawater it could 

reasonably supply only 10-20% of the feed given to livestock. Distichlis 

palmerii (Vasey) Fassett, occurring in the estuaries of the Gulf of 

California, produces grain that is nutritionally similar to wheat 

(Yensen, 1985). Shoreline silviculture of trees like mangrove 

(Rhizophora spp.) could be a valuable resource for lumber and firewood 

(Teas, 1982). Microalgae, a primary producer in marine ecosystems, might 

be harvested from the sea to provide biomass or livestock feed 

(Dubinsky and Aaronson, 1982). 

According to O'Leary (1984), the major difficulty in making 

halophytes economically feasible in saline areas is not their 

identification or breeding but understanding the agronomy of their 

production and creating markets for the commodities produced. The 

halophytic grain crop, Distichlis, for instance, is highly salt tolerant 

but not very marketable at this time. Very few crops have been 

domesticated since the inception of agriculture. Farmers of halophytes 

will have to know the proper methods of planting, cultivating, 

irrigating, harvesting and (unless some type of government subsidy is 

provided) the product will have to be profitably marketed. 

Another way that plant breeders evaluate salt tolerance in terms 

of plant survivability is in germination studies. Although germination 

is related to crop yield as a component of stand establishment, it is 

best considered statistically as a survival as opposed to yield function 

and should be analyzed as such (Scott, Jones and Williams, 1984). 
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2) Since farmers require maximum profit for their efforts, 

absolute yield and market value should be considered important criteria 

of salt tolerance. An example of this can be found in Yuma/La Paz County 

in southwest Arizona where soil salinities average 5 mmhos/cm, the 

highest in the state (Doerge, 1985). Seventeen percent of the acreage 

there is planted to Citrus spp. even though these are salt sensitive 

crops showing yield decline when salinity exceeds only 1.8 mmhos/cm 

(ACLRS, 1984; Maas and Hoffman, 1977). Barley on the other hand is 

extremely salt tolerant showing yield stability up to 8 mmhos/cm but is 

grown on only 1% of the farmland in this region. The higher market value 

of citrus makes yield reductions due to salt acceptable to the farmer 

and justifies the greater cost of controlling it. 

Farmers confronted with saline field conditions have options 

in the crop to be grown but will be more concerned with it's absolute 

yield and profitability rather than biological salt tolerance. Some of 

the most salt tolerant crops are date palm (Phoenix dactylifera L.), 

sugar beet (Beta vulgaris saccharifera L.), barley and cotton (Gossypium 

hirsutum L.). The least tolerant are strawberry, lemon (Citrus 1 imon 

(L.) Burm.), bean (Phaseolus vulgaris L.) and onion (Allium cepa L.) 

(Maas, 1986). Alfalfa is considered moderately susceptable to salt 

stress. 

There is also genetic diversity for response to salinity within 

crop species. Ayers, Brown and Wadleigh (1952) have reported varietal 

differences for salt tolerance in wheat and barley. Distinctions in salt 

response between commercial cultivars have also been found in rice 

(Oryza sativa L.) (Pearson, Ayers and Eberhard, 1966), wheatgrass 
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(Agropyron cristatum (L.) Gaertn.) (Shannon, 1978), grain sorghum 

(Sorghum bicolor (L.) Moench) (Taylor, Young and Rivera, 1975), soybean 

(Glycine max Merrill) (Abel and MacKenzie, 1964; Grattan and Maas, 

1984), sugarbeet (Marschner, Yun and Kuiper, 1981), alfalfa (Greub, 

Drolsem and Rohweder, 1985), bermuda grass (Cynodon dactylon (L.) Pers.) 

(Dudeck et al., 1984), and Paspalum turf (Dudeck and Peacock, 1985). 

Ayers, Wadleigh and Bernstein (1951) and Bernstein and Ayers (1953a,b) 

report that vegetable species appear to contain less intraspecific 

variability. 

There are several cases of cultivar-salinity level interactions. 

Shannon and Francois (1978) found that yields of three muskmelon 

(Cucumis melo L.) cultivars were different at low salinities (1 

mmhos/cm), equal at about 7 and were different again at 10 mmhos/cm. The 

highest yielding cultivar at low salt stress was the lowest yielding in 

high salinity. There was a different type of interaction in barley, 

where two varieties which had performed similarly without stress had 

significantly different yields under saline conditions (Greenway, 1965). 

Alternatively, alfalfa varieties which showed the same yield at 9000 ppm 

showed significant differences at lower salt levels (Brown and Hayward, 

1956). Richards (1983) claims that varieties that yield best under non-

saline conditions may perform better on salty land because they can take 

advantage of the non-uniformity of fields and give maximum overall 

productivity. 

3) Although farmers in saline areas have flexibility in choosing 

the crops or varieties that will be most profitable, researchers tend to 

agree that new, more salt adaptable cultivars need to be developed 
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(Epstein et al., 1980). Because of this, criteria other than absolute 

yield and profit need to be examined in order to understand more about 

the true characteristics and mechanisms of salt response in plants. This 

information could be useful for either improving field cultural methods 

or breeding crops for higher productivity under salt stress. 

Data on crop production on saline soils is often expressed in 

terms of relative yield (the percent decrease in yield at a given level 

of salinity compared with yield under non-saline conditions). Relative 

crop yields are not always correlated with absolute (actual) yield. 

Results from Brown and Hayward (1956) show that alfalfa cultivars with 

the highest absolute yields under stress usually had lower relative 

yields. According to Shannon (1984) and Dewey (1962a,b) absolute crop 

yield at high salinities is not as important to breeders and geneticists 

as is relative yield. 

Generally, yields of crop plants do not drop significantly at 

low salinities-until a specific threshold salt level is exceeded. At 

salinities greater than the threshold, yield typically declines 

linearly. Researchers at the U.S. Salinity Laboratory in Riverside, 

California have described the relative salt tolerance of numerous crops 

based on this response pattern (Maas, 1986; Maas and Hoffman, 1976). To 

allow comparison between crops, yields were expressed as percent of 

maximum absolute yield. Crop salt tolerance ratings were based on two 

response components: their threshold value and relative rate of yield 

decline at salinities above that threshold (Maas and Hoffman, 1977). The 

date palm (the most salt tolerant crop plant known), doesn't begin 

declining in yield until soil ECg reaches A mmhos/cm and shows only a 4% 
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drop in yield for each mmhos/cm increase in salinity above that. 

Strawberry, on the other hand, has a threshold value of only 1 mmhos/cm 

and shows a relative decline in yield of 33% per mmhos/cm increase. 

Generally, higher yielding crops show a greater decline in relative 

yield than low yielders. 

Regression analysis of the data collected from 57 crop species 

was made by this author to correlate these two components of relative 

salt tolerance. There appeared to be no relationship between threshold 

O 

value and rate of yield decline under stress (r -.20). Salt tolerant 

crops like wheat, barley, sugarbeet and cotton had the highest threshold 

values (above 5.5 mmhos/cm) and showed an average decline in yield of 

only 6.2% for each increase in soil ECg. Crops with lower threshold 

values however, had three times the variability for decline in relative 

yield. Peanut (Arachis hypogaea L.) and wheatgrass, for instance, showed 

yield reductions at almost identical threshold levels (3.2 and 3.5 

mmhos/cm, respectively) but peanuts showed a 29% yield drop for every 

increase in mmhos/cm above that threshold whereas wheatgrass declines 

by only 4%. Interestingly, crops vary more in the threshold value at 

which they are first salt-affected than in their relative rate of yield 

decline (CV = 69% vs. 55%, respectively). Richards (1983) reports that 

crop varieties differing in salt sensitivity have similar threshold 

values and vary mainly in their values for yield decline. 

Research on relative crop salt tolerance often does not involve 

the germination and establishment of plants under stress. Studies 

usually compare yield response to salinity only after the plants are 

well established under optimal settings (Maas and Hoffman, 1977; 
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O'Leary, 1984). It may sometimes be incorrect then, for a farmer 

confronted with a salinity problem to use this data in the decision

making process. Some of the most salt tolerant plants, like halophytes, 

sugarbeet and safflower (Carthamus tinctorius L.) are very salt 

susceptable as germinating seeds. A more useful technique might be to 

evaluate plant response to salt through-out its life cycle, from seed to 

seed (Shannon, 1979). This has been done for barley and wheat. 

4) Some plants might be considered desireable because of their 

ability to extract moisture and salt from poorly drained saline fields. 

Archaeologists have discovered that various salt tolerant weedy species 

were used in ancient Mesopotamia for removing moisture from problem 

lands. Goodin (1979) suggests that since the halophyte Atriplex is a 

salt accumulator, it could be used to reclaim salinized lands. Rice is 

considered one of the best crop plants for reclaiming saline soil 

because it can withstand the large amounts of water needed for salt 

leaching (Ponnamperuma, 1984). Forage crops, like alfalfa, which can 

average a salt content of 7%, could remove significant amounts of salt 

from soil, according to Shainberg and Oster (1978). Alfalfa has been 

reported to be the best perennial for drying out recharge areas that 

cause saline seeps (Brown, 1981). 

Whichever of the above breeding objectives for salt tolerance is 

most desireable a quick and effective technique for evaluation is 

required. The most attractive screening method would involve growing the 

plants in fields where the environmental factors affecting plant 

response would most closely imitate actual farming conditions (Shannon, 

1979). Richards (1983) notes there is a lot of inaccuracy to this method 
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due to lack of uniformity of most soils and claims breeding for high 

yields in non-saline land would be more efficient. 

A common method for screening plants under salt stress is under 

the controlled conditions of a greenhouse or growth chamber in soil, 

sand or gravel where salt is applied in the hydroponic solution (Norlyn, 

1980). Although screening plants from seed to seed might be desireable, 

selection can also be done at specific growth stages. Seeds can be 

germinated in petri dishes or agar (Carlson, et al., 1983; Nieman and 

Shannon, 1976). Undifferentiated callus tissue can be evaluated by 

adding salt to the culture media (Croughan, Staverak and Rains, 1978; 

Smith and McComb, 1981). Additionally, 'quick tests' have been done 

where fully grown shoots from non-stressed plants are placed in osmotic 

solutions and evaluated for response (Murray, Currier and Melton, 1984; 

Repp, McAllister and Weibe, 1959). 

Once effective screening methodology is designed breeders can 

work to develop crop salt tolerance using any of the techniques that are 

generally applicable to other breeding programs: recurrent selection, 

controlled crossing, interspecific and intergenic hybridization, somatic 

fusion, mutation breeding, somaclonal variation or possibly genetic 

engineering (Noble, 1983; Shannon, 1979). 

There appears to be a large amount of natural genetic 

variability available for breeders to work with. Epstein (1976) 

evaluated the Barley Composite Cross XXI in seawater and the best 

selections from this population (composed of 6200 lines from the World 

Collection) outyielded standard barley cultivars by 23% under salt 

stress. A survey of the Triticeae tribe revealed wide variability not 
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only for response to salt but for mechanisms of salt tolerance (Wyn 

Jones, Gorham and McDonnell, 1984). Kingsbury and Epstein (1984) 

screened 5000 wheat accessions for germination and emergence in 85% 

seawater, and 6% were identified as relatively salt adaptable. 

Approximately one-sixth of the 60,000 rice accessions screened at the 

International Rice Research Institute in the Philippines have been found 

to be salt tolerant (Ponnamperuma, 1984). 

Salt tolerance is a heritable trait (Dewey, 1962a; Abel, 1969). 

The heritability coefficient for seed germination of alfalfa and 

Kentucky bluegrass (Poa pratensie L.) under salt stress has been 

reported to be .49 and .44, respectively (Allen et al., 1985; Horst and 

Taylor, 1983). Salt tolerance in barley has a heritability of .58 

(Epstein, 1976). 

Some research has focused on transfering genes for salt 

tolerance to cultivated crops from wild relatives. Rush and Epstein 

(1981) reported a successful interspecific cross between the cultivated 

tomato (Lycopersicon esculentum L.) and a weedy, highly salt adapted 

species. Salt tolerance has also been transferred from Elytrigia 

pontica (Podp) Holub to wheat (Dvorak, Ross and Mendlinger, 1985). And 

according to Norlyn and Epstein (1985), tolerance may be increased by 

intergenic crossing between wheat and Triticale species. 

Several justifications have been put forth as to how knowledge 

of the physiological responses of plants to salt can assist plant 

breeders in increasing productivity of salt affected agriculture. 

According to Shannon (1979), the use of physiological criteria might 

help make screening more rapid and objective. Since salt tolerance is 
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thought to be polygenic (though Long and Foy (1970) found that aluminum 

tolerance in barley is controlled by a single dominant gene) breeders 

may have to incorporate several characteristics that individually might 

not be obvious. A physiologist could describe and identify these 

individual traits allowing them to be combined in a 'building block' 

approach (Yeo and Flowers, 1984). Another example of the physiological 

approach is to identify factors which could impart 'plasticity' of 

response to salt. Several species have exhibited this plasticity by 

showing good productivity over a very wide range of salinities (Kuiper, 

1984). Also, identification of various physiological 'salinity markers' 

(characteristics which are associated with salt tolerance) would 

simplify the selection of salt tolerant individuals from experimental 

populations (Tal, 1984). According to Luttge (1983), to make breeding 

efforts more successful physiologists should study the basic mechanisms 

of salt tolerance on a molecular level, using biotechnological 

techniques rather than whole-plant phenomenon. For instance, three 

unidentified proteins have been found in tobacco callus grown under salt 

stress (Ericson and Alfinito, 1984). They appear to be similar to heat-

shock proteins and may possibly act to protect cells from salt stress. 

There are a multitude of physiological responses, involving ion 

exclusion, coznpartmentation or tolerance to cellular ions, that 

correlate with salt stress or tolerance (Maas and Nieman, 1978; Staverak 

and Rains, 1983). But these relationships aren't universally applicable 

and often vary with environment, species or growth stage. Additionally, 

it is not known whether reported correlations are a cause or an effect 

of salt tolerance or even just a response or symptom of salt stress. 
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Greenway and Munns (1980) recommend that breeders select for 

genotypes which mimic halophytes, taking up large amounts of ions and 

compartmentalizing them into vacuoles. Greenway (1965) found that a salt 

tolerant barley variety showed more ion accumulation than a susceptable 

variety. Flowers, Troke and Yeo (1977) disagree with this concept since 

glycophytes typically perform better when salt is excluded from their 

leaves. Abel (1969) reported that chloride-excluding soybeans showed 

mimimal leaf damage while choride-including genotypes developed severe 

leaf necrosis. Kingsbury, Epstein and Percy (1984) compared salt 

tolerant vs. susceptable accessions from the world wheat collection and 

found similar ion uptake patterns and speculated that the tolerant lines 

must either compartmentalize the salts or be more ion tolerant. Yeo 

(1983) emphasizes that whatever the physiological mechanism of salt 

resistance there will be a metabolic price (in using respiratory energy) 

and therefore growth inhibiting. 

Plant genetic variability under stress has been found for: 

osmotic and water potentials (Hoffman and Rawlins, 1971), root growth 

(Venables and Wilkins, 1978), leaf succulence (Luttge and Smith, 1984), 

leaf chlorosis (Shannon, 1978), leaf necrosis (Ponnamperuma, 1984), 

accumulation of proline, betaine and polyalcohols (Wyn Jones, Gorham and 

McDonnell, 1983), sodium and potassium selectivity (Pitman, 1984) and 

chloride uptake (Abel and MacKenzie, 1964). 

The only universally known response of glycophytes to salt stress 

is reduced growth and yield (Shannon, 1984), but many plant 

characteristics have been labelled as response, symptom or adaptation 

to salt stress (Epstein, 1980). Few techniques have been devised to 
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determine whether it is even response or the lack of response that 

primarily imparts salt resistance to plants. Greenway and Munns (1980) 

suggest evaluating the effects of a series of graded salt concentrations 

to determine the highest salt level that doesn't alter growth and then 

studying the physiological and morpholgical changes at that 

concentration. This would allow for the study of adaptation mechanisms 

to salt stress without the interruption of the consequences of reduced 

growth. 

There is disagreement in the literature about how plant 

sensitivity to salt changes with ontogeny. Maas and Hoffman (1977) 

report that many crops and cultivars show major shifts in salt 

sensitivity as growth continues through the season. Nieman and Shannon 

(1976) disagree, claiming that most crops tolerate salt equally well at 

all growth stages and that the frequent reports of greater 

susceptability to salt at germination and emergence, for instance, is 

likely due to the higher salt concentrations occuring in the upper 2-3 

cm of the soil where seeds are usually planted. 

The discussion of ontogeny-salt interactions is made difficult 

by the fact that researchers have used very different techniques to 

measure them (Bernstein and Hayward, 1958). Salt tolerant crops like 

barley, for instance, have been evaluated for salinity effects 

throughout their growth cycle, from seed to seed (Ayers, Brown and 

Wadleigh, 1952; Epstein and Norlyn, 1977). Some studies (Dunbroff and 

Cooper, 1974) ignore germination in salt altogether. Research on 

safflower has involved testing germination in petri dishes and 

evaluating growth and yield in the field (Francois and Bernstein, 1964). 
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They concluded that 3-week-old seedlings grown continously in the field 

at 15 mmhos/cm showed a 50% yield decline whereas germination in petri 

dishes was reduced by 50% at only 7 mmhos/cm. Sugarbeet, guayule 

(Parthenium argentatum Gray) and various halophytic species have also 

been reported to be more susceptable to salt during germination than at 

later growth stages (Francois and Goodin, 1972; Miyamoto et al., 1984; 

O'leary, 1984). Halophytes generally germinate better in salt than 

glcophytes and can remain dormant under stress for longer periods of 

time (Ungar, 1978). Most grain crops like wheat, barley, corn (Zea mays 

L.), sorghum and rice are more tolerant at germination than at other 

growth stages (Ayers, Brown and Wadleigh, 1952; Francois, Donovan and 

Maas, 1984; Maas et al., 1983; Pearson, Ayers and Eberhard, 1966). 

Kenaf (Hibiscus cannabinua L.) has been found by Curtis and Lauchli 

(1985) to be more sensitive after seedling establishment. Lunin, 

Gallatin and Batchelder (1961), working with bean, measured the effect 

at particular growth stages of short exposures to highly concentrated 

salt treatments. Rice and corn response has also been studied after salt 

application at different stages of growth (Kaddah and Fakhry, 1961; 

Maas, Poss and Hoffman, 1986). Generally, grain yield appears to be 

hurt more by salt than does stover yield for corn, sorghum and rice 

whereas wheat and barley show greater decline in forage production than 

in grain yield. 

Results of salt studies at different growth stages may depend on 

whether the plant was subjected to stress before the test period 

(Bernstein and Hayward, 1958). Plants subjected to cycles of stress and 

non-stress yield better than when placed at a constant level of stress, 
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according to Meiri and Poljakoff-Mayber (1970). They propose that plant 

growth is highly dependent on rate and level of salinization and 

duration of exposure. This concept of looking to the actual amount of 

salt exposure instead of plant response to a particular salt treatment 

may explain many of the discrepancies found in the literature on 

ontogeny-salt interactions in rice (Kaddah and Fahkly, 1961; Pearson and 

Bernstein, 1959; Ponnamperuma, 1984). Plant response to salt stress may 

depend more on the physical conditions of the stress than it does actual 

stage of plant growth. These conditions could entail, for instance, how 

much and what kind of salts exist in the actively absorbing portion of 

the rootzone, duration of exposure and the water requirements of the 

aboveground shoot. 

Alfalfa Adaptation to Salt 

According to Smith (1975), excess chloride (CI ) due to use of 

potassium chloride fertilizers can damage alfalfa in northern climates. 

Forage yields have been shown to decline significantly after topdressing 

with KC1 while no effect was found when I^SO^ was applied (Rominger, 

Smith and Peterson, 1976). Eaton (1942) also found chloride salts to be 

more toxic to alfalfa plants than sulphate salts. Extensive foliar 

damage by salt has also been reported on sprinkler irrigated alfalfa in 

Utah (Maas, Grathan and Ogata, 1982; Nielson and Cannon, 1975). 

Like the ancient Mesopotamians, alfalfa growers in Arizona could 

be experiencing yield reductions due to salt without being aware of it. 

The average ECg value for farmland in the state is 2.8 mmhos/cm, which 
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is 40% higher than the threshold value for alfalfa, as determined by the 

U.S. Salinity Lab (Doerge, 1985). Alfalfa yields are predicted to 

decline at the rate of 7.3% per mmhos/cm whenever soil salinity exceeds 

2 mmhos/cm (Maas and Hoffman, 1977). With more than a million tons of 

alfalfa hay being produced in Arizona each year, at an average price of 

$87.67/ton (1984-85 price), this loss, based on average salinity values, 

would translate into a profit loss to state growers of more than 5 

million dollars per year (ACLRS, 1984). This conclusion of course, 

assumes that Arizona alfalfa fields are as salty as the state average, 

which probably isn't the case. However, no economic study of actual 

yield losses (if any) experienced by state alfalfa growers due to 

salinity appears to have been published. Such investigations are made 

difficult since other factors, beside salinity, affect yield and profit. 

Yuma-La Paz county, for instance, which has the saltiest soils in 

Arizona (5 mmhos/cm average) also produces the highest hay yields in 

the state. 

Compared to other crops, alfalfa is described as 'moderately 

tolerant' of saline soils and 'tolerant' of high exchangeable-sodium-

percentage (Halderman and Openshaw, 1977). The U.S. Salinity Lab ratings 

of the impact of salinity on alfalfa yields are based on salt leaching 

studies by Bernstein and Francois (1973) and Bower, Ogata and Tucker 

(1969) and agronomic studies by Bernstein and Ogata (1966), Brown and 

Hayward (1956), Gauch and Magistad (1943) and Hoffman, Maas and Rawlins 

(1975). This latter publication reports that salt stress encouraged 

blooming in alfalfa, thus allowing an extra cutting during the season. 

The crop also appeared more salt tolerant each cropping year, being 50% 
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more tolerant in the third year as in the first. Francois (1981) found 

that yield decline doesn't occur on poorly drained soils until salts 

begin accumulating within about one meter of the soil surface. Smith, 

Dobrenz and Schonhorst (1981) found that alfalfa survival after KCl 

application increased with plant age, was significantly more sensitive 

to salt damage after cutting than before and was more tolerant of stress 

if preconditioned at lower salinities. In dry regions, frequent short 

irrigations were found best in keeping saline alfalfa fields productive 

(Lehman et al., 1968). 

There is little physiological information on the mechanisms of 

how specific ions decrease alfalfa yields. Chloride has been found to 

accumulate in alfalfa leaves and can cause shoot yellowing, deformity 

and necrosis (Chang, 1961; Smith and Struckmeyer, 1976). Noble, Halloran 

and West (1984) using Path Coefficient Analysis studied dry weight, 

shoot growth and ion accumulation under stress and found that chloride 

concentration in the shoot was directly associated with leaf damage. 

They also reported a significant residual factor, suggesting that there 

is some other mechanism causing damage that is unknown at this time. 

The ratio of sodium, chloride and potassium uptake might also play a 

role in stress response (Greenway and Munns, 1980). Roots don't appear 

to concentrate CI- ions or show as much damage as aboveground tissues 

(Smith, Dobrenz and Schonhorst, 1981). Nieman (1962) found that salt 

stress increased respiration but not photosynthesis. 

Although one of the major effects of salt on alfalfa is to lower 

soil water potential and thus mimic drought stress there are several 

features that contradict typical water stress symptomology. Plants grown 
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under NaCl stress usually develop thicker, more succulent leaflets and 

have larger epidermal cells and less stomatal density whereas drought 

affected plants usually have thinner leaves, smaller epidermal cells and 

greater stomatal densities (Repp, McAllister and Wiebe, 1959). Smith, 

Dobrenz, Schonhorst (1981) found greater sensitivity to salt stress 

after cutting than before. This contradicts the response of droughted 

plants which would typically have a better chance of survival if the 

transpiring canopy were removed. 

One of the most important yield components for a forage crop like 

alfalfa is stand density. In Wisconsin, applications of KC1 fertilizers 

to seedbeds reduced alfalfa emergence (D. Smith, personal 

communication). Valesh (1982) found that pre-plant applications of 

ammonium sulphate, urea and calcium-ammonium nitrate fertilizers reduced 

germination and emergence of alfalfa significantly more than wheat and 

barley. 

Bernstein and Hayward (1958) report that alfalfa is equally 

sensitive to salt stress at all stages of it's life cycle. There is a 

50% reduction in both forage yield and seed germination at about 8 

mmhos/cm. Research on salt tolerance in alfalfa, however, has 

concentrated mostly on seed germination. The seed is an easier, simpler 

plant system to study and the embryo is less susceptable to 

environmental interactions. 

There is agronomic justification for trying to improve alfalfa 

germination in saline situations. Seed is very sensitive to 

environmental stresses at the time of sowing and stand establishment can 

be a problem in southwestern regions of the U.S. due to disease and 
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inadquate soil moisture. Though alfalfa is one of the most vigorous 

forage species for seedling establishment in the field, growers commonly 

sow from 2 to 5 times the number of seeds required for good stands 

(Barnes and Scheaffer, 1985; Blaser et al., 1956). At a cost of $1.10 

per pound and a sowing rate of 25 pounds per acre this can represent a 

substantial investment for growers (Valley Seed Co., Yuma, Az., personal 

communication). The highest salt concentrations in soils can occur in 

the seeding zone, usually a half inch from the soil surface (Ayers, 

1952; Beveridge and Wilsie, 1959). At lower elevations in Arizona, where 

salinity is a larger problem, seed is usually sown in late summer and 

fall when salt affects would be ameliorated by cooler soil temperatures 

(Stone, Marx and Dobrenz, 1979). According to this research, alfalfa 

seed germinated better under high salt stress in cooler temperatures and 

better under low stress at warm temperatures. 

Stewart (1898) appears to be the first to report the inhibition 

of alfalfa seed germination by salts. Other early descriptions of seed 

response to salt have been made by Harris (1915), Rudolphs (1921), 

Uhvits (1946), Ayers and Hayward (1948) and Dotzenko and Dean (1959). 

Dotzenko and Haus (1960) were the first to demonstrate the heritability 

of alfalfa germination in salt. Heritability of salt tolerance in 

alfalfa has been estimated to be .49 at germination and .50 for the 

grown plant (Allen et al., 1985; Noble, Halloran and West, 1984). 

According to Allen (1984), salt tolerance of alfalfa at germination 

appears unrelated to tolerance at other plant growth stages. Alfalfa 

probably needs to be distinctly bred for resistance at the germination, 

emergence, juvenile and mature stages. 
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Physiology of Alfalfa Germination Under Salt Stress 

Seeds are mature ovules that contain a dormant, embryonic plant 

and germination occurs when that embryo resumes growth. Amen (1968) 

presents a model for the biochemical pathways involved in seed 

germination. There are three phases involved in ridding the embryo of 

it's own self-dependence in order for it to become photosynthetically 

autonomous (Copeland and McDonald, 1985; Roller and Hadas, 1982; Mayer 

and Poljakoff-Mayber, 1982; Toole et al., 1956). The stages are: 1) 

imbibition of water (seed swelling), 2) cell enlargement and activation 

of metabolism, and 3) initiation of cell division (mitosis) and thus 

active growth. 

1) Within minutes of exposure to moisture, seed will enter 

Phase 1 and begin to experience testa softening and seed swelling. Dry 

seed has a strong capacity for water uptake because of it's high colloid 

content (protein) and severe membrane plasmolysis. The motivating force 

behind initial seed hydration is matric potential. Seed water 

potentials are predicted to range between -100 and -200 MPa (Berrie, 

1984; Street and Opik, 1970). This water absorption is relatively 

passive; even dead or physiologically dormant seeds will imbibe 

moisture. 

It is thought that the membranes of dry seeds (the nuclei, 

mitochondria, proplastid and plasmalemma) are not in normal 

configuration until the cells become fully hydrated (Luzzati and Husson, 

1962). At first, leakage occurs, probably passively, but within 20 

minutes after imbibition all membranes appear normal and leaking stops 



31 

(Chabot and Leopold, 1982; Simon, 1974). After the protoplasm becomes 

fully hydrated, the seed has better control over ion uptake since active 

transport may be controlled by membrane compression from turgor forces 

(Coster, Stendle and Zimmermann, 1976). Several legume species, known 

for their rapid seed imbibition show a significantly slower rate of 

swelling in solutions of salt and sucrose due to viscosity affects 

(Leopold, 1983). Osmotic solutions may also affect the first phase of 

seed germination if the solutes effect the solution surface tension or 

wetting ability (Vertucci and Leopold, 1983) 

2) The second phase of germination begins within hours of 

Phase 1 and signals the beginning of hydrolysis of stored food, cell 

expansion and carbohydrate/protein metabolism. Respiration during this 

phase is for maintenance only and growth is predominantly by cell 

elongation. Most of the respiratory substrates utilized in this stage 

are already present in the embryo and not translocated. Fresh weights 

don't increase much during this phase because imbibition has finished 

and active water absorption hasn't begun yet. The end of Phase 2 is 

marked by the emergence of the embryonic radicle through the seed coat. 

Little is known about the 'trigger' mechanism that might be 

involved in the transition from Phase 1 imbibition to Phase 2 

elongation. It has been postulated that this mechanism could be 

experimentally determined by comparing dormant with non-dormant seed 

(Berrie, 1984). No single event however, such as enzyme activity and 

protein or RNA or ribosome synthesis, is known to distinquish Phase 1 

from Phase 2, as of this writing. 
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3) Whereas Phases 1 and 2 primarily involve increases in embryo 

volume, Phase 3 marks the initiation of active mitotic growth. Mayer and 

Poljakoff-Mayber (1963) discourage this generalization, though, because 

exceptions have been discovered. In Pinus spp. and cherry (Prunus avium 

L.), cell division is concurrent or even prior to cell elongation. 

During Phase 3 in monocots, gibberellic acid (GA) produced by 

the embryonic axis activates alpha-amylase in the endosperm which 

converts starches to sugars which are mobilized and translocated to the 

growing points of the shoot and root. GA is fundamental to the 'push-

pull' hypothesis; that the embryo acts both as a sink for endosperm 

reserves as well as a regulator of their mobilization (Sutcliffe, 1976). 

In dicots, regulation of hydrolysis is not well understood but probably 

also involves hormonal control (Ilan and Gepstein, 1980). 

Seed respiration, though not always correlated with germination, 

provides more information about the sequence of events. In hydrated 

peas, respiration rates rise rapidly within a few hours of seed 

imbibition even though it is too early for active growth (Yemm, 1965). 

After 12 hours, rates reach a plateau for 20 to 24 hours before 

increasing again. During this plateau period, respiration appears to be 

mostly anaerobic. This might synchronize with Phase 2 since high rates 

of aerobic respiration may only be possible after the radicle ruptures 

the seed coat. Oxygen availability may 'trigger' Phase 3 seedling 

growth. Not all species exhibit the plateau stage of respiration. 

In the dark, respiration rates increase during Phase 3 until the 

endosperm food reserves become exhausted. After that, rates steadily 

decline until all plant respiratory substrates have been utilized. In 
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light, photosynthesis is initiated during Phase 3 before the endosperm 

is depleted. 

Species that require light for seed germination show normal 

respiration rates during imbibition and then decline unless dormancy is 

broken by exposure to the appropriate wavelength of light. Seeds exposed 

to high levels of salt stress may respond in a similar way. Bar-Adon 

(1974) compared three alfalfa cultivars and found that the most salt 

tolerant cultivar ('Salton') also had the most stable respiration rates 

over time and at various salt levels. Allen (1984) reported that salt 

tolerant germplasm showed greater stability of respiration at varying 

salinities than non-tolerant seed. 

Most studies of germination salt tolerance involves one or more 

of the following techniques: 1) analysis of response over time to a 

single salt concentration, 2) comparison of response patterns, using 

many different concentrations of a single salt, 3) the use of isoosmotic 

solutions (same osmotic potential but with different osmotic agents), 4) 

transfer of seed into or out of salt solutions at different stages of 

germination and 5) biochemical analysis of metabolic activities in the 

seed. 

An important expression of seed vigor is the time required for 

germination to occur (Goodchild and Walker, 1971). Although there is 

certainly a relationship between germination percentage and speed of 

germination they are not always correlated (Copeland and McDonald, 1985; 

Dewey, 1962b; Robinson, Dobrenz and Smith, 1986). Few researchers, 

however, have specifically addressed the time element in studies of salt 

stressed alfalfa germination. Most indices of vigor combine both factors 
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(speed of germination and total germination percent) in calculating a 

single germination index (Scott, Jones and Williams, 1984). 

Czabator (1962), described the vigor of slow germinating pine 

seed using an index called Peak Value (PV). This index also seems 

suitable for salt studies because osmotic stress greatly slows 

germination. The date at which PV occurs is a unique descriptor because 

it represents the specific day that the most vigorous portion of the 

seed lot has germinated and is independent of germination amount. This 

reviewer's calculations of PV for data by Uhvits (1946) show that 

alfalfa germination slows down when osmotic potentials drop below 5 atm 

in NaCl and 3 atm in mannitol (1 atm = 0.1 MPa) and that salt stress 

increased days to PV from 2 days in the control to 10 days at 15 atm 

(NaCl). 

Comparison of overall patterns of plant response to stress 

requires the use of a wide range of salt concentrations. Such research 

shows that germination patterns in salt are sigmoid-shaped, whereas in 

mannitol germination declines linearly. Khatib and Massengale (1966) 

compared alfalfa cultivars at 10 different salt concentrations ranging 

from zero to 18,000 ppm. Seed of 'Sonora' germinated better than 

'Lahonton' and 'Ranger' at all salinities and germination was greater 

for all varieties at 2,000 ppm than at 0 ppm. Uhvits (1946) used eight 

osmotic potentials of NaCl and mannitol and found that germination was 

higher than the control at -0.1 and -0.3 MPa in salt but not for 

mannitol. Robinson and Dobrenz (1985) used a gradient-like technique for 

evaluating germination at 37 different NaCl concentrations and also 

found osmotic enhancement effects. Stone, Marx and Dobrenz (1979) 



35 

reported similar enhancement. Croughan, Stavarek and Rains (1978) found 

that salt tolerant alfalfa callus grew better at 0.5% (85 mM) NaCl than 

in the control. Greenway and Osmond (1972), by assaying extracts of 

vacuolated cells found that the optimum salt level for enzyme activity 

to be about 50 mM NaCl. 

To determine the toxicity of specific ions several researchers 

have used solutions of the same osmotic potential but with different 

osmotic agents (isoosmotic solutions). Greenway (1973) warns against 

this technique. For a hypothetical isoosmotic experiment he showed that 

there were potentially five different interpretations involving drought 

effects, specific ion effects or combinations of the two. Whether the 

plant is an ion includer or excluder further complicates results. 

Redmann (1974) used the isoosmotic method to determine that NaCl, 

Na2S0^ and K2SO4 were more toxic to alfalfa than KC1, MgC^ and MgSO^. 

The ungerminated seeds from each salt treatment were also evaluated for 

their ability to recover and germinate in distilled water after 7 days 

in salt. The best recovery rate occurred in the NaCl and KC1 treatments. 

There are contradictory reports, using isoosmotic studies, about 

whether it is cations or anions that are most toxic to plants. George 

and Williams (1964), Younis and Hatata (1971) and Allen (1984) report 

mainly cation toxicity (Na+) while Uhvits (1946), Stroganov (1962) and 

Smith, Dobrenz and Schonhorst (1981) found anions (Cl~) more effective 

in reducing growth. Nobel, Halloran and West (1984) found relative Na-

and Cl-exclusion but K-inclusion in the shoots of salt tolerant alfalfa. 

Although Redmann (1974) resisted ranking salts for their relative 

toxicities it appeared that the CI ion was less toxic than Na+. 
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Dobrenz et al. (1983) has released alfalfa germplasm that has 

been carried through five cjrcles of recurrent selection for germination 

salt tolerance. The selected population had shown significantly greater 

ability to germinate at lower osmotic potentials (Allen, 1984). 

Calculations by this author of isoosmotic tests by Allen indicate that 

at salinities between -1.0 and -1.6 MPa, the unselected, source 

population was most inhibited by Na+, CI- and mannitol and was least 

affected by K+ and NO3-. After five cycles of selection in NaCl, the 

tolerant population performed opposite, being most inhibited by K+ and 

N0g~ and least affected by Na+, Cl~ and mannitol. 

Most researchers who have evaluated alfalfa germination in 

isoosmotic solutions of NaCl and mannitol have reached the same 

conclusion: drought stress (simulated by mannitol) damages germination 

less than salinity stress. Uhvits (1946), for instance, found that while 

NaCl reduced germination 43% compared to the control, an isoosmotic 

mannitol solution only caused a 13% drop. Germination was also faster in 

mannitol. Redmann (1974) and Allen (1984, 1986) reported similar 

results. Averaging data from these three studies reveal that of the 

total decline in germination caused by salt stress, approximately 60% is 

due to osmotic stress (drought) and 40% is due to ion toxicities. 

Thus, alfalfa seed are ion-includers. Most salinity effects, in 

fact, shouldn't be considered a function of osmosis but rather of 

dialysis, because cells take up the dissolved salts and use them to 

lower their own water potentials below that of their environment so that 

they can resist dehydration (Philip, 1958). Ionic injury becomes 

apparent when seed takes up so much salt that it damages the 



physiological mechanims of it's cells or tissues (Collis-George and 

Sands, 1962; Greenway and Leahy, 1970). 

Ross and Hegarty (1980) applied a combination of ethrel and 

kinetin to alfalfa seed germinating in solutions of NaCl and 

polyethylene glycol (PEG). The hormones signficantly increased the salt 

and drought tolerance of the seed. The osmotic potential necessary to 

kill 50% of the seed declined from -1.15 to -1.68 MPa in NaCl and 

from -0.76 to -1.17 MPa in PEG. The same hormone treatment on 

already germinated seedlings had the opposite effect, suppressing cell 

division (mitosis) and stunting growth. Initiation of cell elongation 

and later on, cell division during Phase 2 appeared to be a different 

metabolic process than active growth during Phase 3 (Hegarty and Ross, 

1978). The hormone effect implied that germination inhibition by stress 

is a type of secondary or induced seed dormancy (Hegarty, 1978). 

That membranes may be important to salt tolerance is supported 

by research showing that addition of calcium to saline solutions appears 

to have a stimulatory effect on alfalfa germination (Mohammad and 

Campbell, 1984). Calcium is primarily found in the apoplast and 

membranes of plant tissue (Kubowics, Vanderhoef and Hanson, 1982). 

Calcium ions have been found to be effective in maintaining membrane 

X i t 

selectivity of K over Na which could be very beneficial to sodium 

stressed plants (Epstein, 1961). Stone, Marx and Dobrenz (1979) found 

that during salt stress, germination was lower at warmer (27, 33, 39°C) 

than at cooler temperatures (21°C). Membranes could have a role in this 

phenomenon in two ways: 1) less available respiratory energy due to 

cooler temperatures could reduce active transport of ions across the 



membranes thus lowering salt levels in the cells, or 2) warmer 

temperatures might increase cellular ion uptake to toxic levels. 

There are conflicting reports on the effects of salts on 

cytoplasmic enzyme activity and carbohydrate metabolism. Porath and 

Poljakoff-Mayber (1968) showed that the metabolism of salinized pea 

roots were affected by salt stress. This is contrary to Weimber (1970) 

who found that even though pea growth was reduced by stress, enzyme 

activities remained fairly constant. Greenway, working with corn roots 

in 1970, showed that cell metabolism differed depending on whether or 

not the tissue contained vacuoles. Vacuolated cells were significantly 

less resistant to osmotic stress. Also, Milthorpe (1950) found that 

meristematic cells were more drought resistant than older vacuolated 

cells. Perusal of the conflicting research mentioned previously reveals 

that different root tissue was indeed used for each study. Porath used 

root meristem which probably contained mostly non-vacuolated cells 

whereas Weimber used mature tissue more likely containing vacuoles. 

No comparison of genotypes for germination should ignore the 

potential effects of maternal (cytoplasmic) inheritance (Evenari, 

1984a,b). Most seed contains: the 2X embryo (lfemale:lmale), the 3X 

endosperm (2female:lmale), and the 2X seed coat (female only). The 

genetic make-up of the 2X embryo is certainly the most important in 

determining mature plant phenotype but the other two tissues may play an 

important role in seed germination. While inheritance in the embryo can 

be described by Mendelian laws of genetics the other two tissue systems 

in seed cannot be so simply studied. There are few reports on the 

role of seed coats (which are 100% maternal tissue) in germination. Duke 



and Kakefuda (1981) found that the testa of peanut, soybean and bean 

protects the embryo during imbibition and reduces solute leakage. 

Rumbaugh (1961) reported that removal of alfalfa seed coats increased 

germination in -1.2 MPa mannitol. 

The genes of the three systems mentioned above are all located 

in the cell nucleus. There are also two non-nuclear sources of DNA in 

plants: mitochondrial and chloroplast DNA. These genes reside in the 

cytoplasm and are commonly thought to pass via maternal tissue (Mather 

and Jinks, 1971). Smith, Bingham and Fulton (1986), however, provide 

evidence for biparental inheritance of plastids in alfalfa. Carnahan 

(1963) made reciprocal crosses in alfalfa to evaluate seedling 

characteristics and found that nuclear genes perform differently 

depending on the cytoplasm they are in. There were significant 

reciprocal effects in growth for up to 9 weeks after planting. 

The environmental status of the seed-producing maternal plant 

may also affect germination characteristics. Evans and Stickler (1961) 

produced hybrid sorghum seed at four different Kansas locations. They 

compared the hybrids in a germination study for heat and drought 

tolerance. The results suggest that the environment in which seed is 

produced is a significant factor to consider in germination studies. 



MATERIALS AND METHODS 

Since this research was concerned with the causes and 

consequences of germination salt tolerance, all of the experiments 

described below deal with seed and their germination habits under 

various levels of osmotic and ionic stress. Experimental conditions are 

therefore described here singularly and apply to all eight tests unless 

otherwise noted. 

The primary genotype used was the alfalfa cultivar, 'Mesa-

Sirsa1, or a population derivative thereof, representing some stage 

within nine cycles of recurrent selection for germination salt 

tolerance. Mesa-Sirsa, a non-dormant cultivar, was released in 1968 by 

Schonhorst et al. for its resistance to the spotted alfalfa aphid 

(Therioaphis maculata, Buckton). 

Nine cycles of selection for the ability to germinate in salt 

have been completed as of January, 1986. ̂ AZ-GERM-I1 was released in 

February 1983 after five cycles (Dobrenz et al., 1983). The selection 

methodology for this germplasm development is also described by Allen 

et al. (1985). During the early years of selection seed was placed on 

germination paper (Anchor Paper Co., St. Paul, MN) sandwiched between 

two 18 x 23 cm plastic trays and germinated in a dark growth chamber 

kept at a constant 26+l°C. After a week, seed that germinated and showed 

radicle growth of at least 1 cm were transplanted into containers of 

vermiculite in the greenhouse. Later cycles of selection were done at 

40 
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salinities that only allowed seedlings to show about 2 mm of radicle 

growth. After seedlings were established they were transplanted into an 

isolation-crossing block at the Marana Agricultural Center. Plants were 

spaced one meter apart in a grid formation to give good interpollination 

and seed production. Honeybees (Apis mellifera L.) were used for 

intercrossing. After hand-harvesting and machine threshing the seed 

were carefully cleaned and screened to achieve uniformity. Seed was 

discarded if it showed: insect damage, cracked seed coats, lack of 

plumpness, discoloration or black or green color. 

Prior to each cycle of selection a preliminary test was made to 

determine what NaCl concentration would be required to give exactly 1% 

germination. In order to reduce the possibility of population inbreeding 

at least 200 plants were identified during the screening process and 

placed in the intercross block each year. Mesa-Sirsa was first screened 

at -1.40 MPa; Cycle 1 at -1.65 MPa. NaCl concentrations used in the 

following cycles of selection (Cycle 2 thru Cycle 8) were 1.85, 2.10, 

2.25, 2.45, 2.55, 3.00 and 3.00 -MPa, respectively. 

Attempts were made by this researcher during the sixth, seventh 

and eighth cycles of selection to increase the environmental uniformity 

of the screening process. Large, watertight, fiberglass cafeteria trays 

(45 x 35 cm) were used so that seed could be planted 'en masse' between 

them like a sandwich. Seed were planted on germination paper covering 

the bottom tray and an inverted tray was used as a lid covering it. A 

light-weight, 1.5 cm thick sheet of spongy foam was placed between the 

seed and lid of each tray to reduce evaporation (and thus condensation) 

inside the germination system. Empirical studies showed that: 1) 
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germination was very sensitive to the amount of solution added to the 

tray system; 90 ml of salt solution gave optimal germination in the 

cafeteria trays, 2) sealing the trays to prevent evaporation was vital 

for maintaining a stable NaCl concentration during germination; plastic 

fiber-tape used for shipping was found to be most effective for sealing 

the system and 3) disease could be controlled best without hurting 

germination vigor and seedling survival when salt solutions contained 

0.5% fungicide (Captan). 

The eight germination studies described below were performed 

using experimental units consisting of 10 x 2 cm petri dishes lined with 

9 cm wide filter paper and filled with 5 ml of appropriate treatment 

solution. The control (0 MPa) and all osmotic solutions were made using 

distilled, deionized water. Either 50 or 100 seeds (depending on the 

test) were planted in each dish. 

After each dish was planted with the appropriate germplasm, it 

was enclosed in an airtight plastic bag (Ziplock) to prevent evaporation 

and placed randomly in a dark growth chamber kept at a constant 26+l°C. 

Seed were defined as germinated whenever they showed a combined radicle 

and hypocotyl growth of at least 1 mm. When counts were made prior to 

the final germination count already-sprouted seeds were removed from 

each dish and discarded. 

NaCl concentrations were determined with a Wescor Model 1500C 

vapor pressure osmometer (see Appendix). A standard curve was used to 

describe the linear relationship between NaCl vapor pressure and 

osmolality. This correlation was r = 0.99. All seed weights were 

measured with a Mettler PE-160 electronic balance. 
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To simplify their presentation, each of the eight experiments 

are described below with a separate table and explanation. 

EXPERIMENT I 

Table 1. Methods: Comparison of Mesa-Sirsa and Cycle 7 syn-1 using an 
osmotic gradient. 

No. of populations tested = 2 
Seed source (germplasm) = Mesa-Sirsa; Cycle 7 syn-1 
Osmotic agent = NaCl 
No. of osmotic treatments = 37 
Osmotic potentials (-MPa) = ranging between 0 and 2.87 
No. of replications = 1 
No. of seeds per rep. = 100 
Duration of test = 10 days 
Times of observation = daily 
Main measurements taken = percent germination; germination speed 

An osmotic gradient was developed by making 35 serial dilutions 

of a 200 ml, -2.87 MPa sodium chloride stock solution (Table 1). Each 

dilution required an average of 81 ml of distilled water and represented 

a new and lower salt concentration. The osmotic potential of the stock 

was reduced by an average of 0.08 MPa after each consecutive dilution as 

measured by the osmometer. The 36 NaCl concentrations plus a control of 

distilled, deionized water constituted the salt treatments of the 

gradient. 

After each of the dilutions, aliquots from the stock were added 

to each of two petri dishes which were planted to the appropriate 

germplasm. Germination was monitored daily and expressed as percent of 

maximum germination (equal to the number of seed sprouting at the most 
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optimal salt level of the experiment). Mesa-Sirsa showed 93% and the 

Cycle 7 population showed 99% maximum seed germination. 

Percent germination was transformed into natural logarithms and 

described with linear regressions to facilitate comparison of the two 

populations for germination response across the osmotic gradient. In 

addition, the percent cumulative germination divided by number of days 

after planting was calculated for each dish every day of the study, as 

described by Czabator (1962). Of these conversions, the highest quotient 

for each dish represented the Peak Value for germination speed. Each 

treatment's Peak Value is unique in describing speed (rate) of 

germination. Regardless of the germination amount, Peak Value always 

occurs on the first day of the study that the most vigorous portion of 

the seed lot has completely germinated and corresponds to the end of the 

logarithmic phase of germination response over time. 
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EXPERIMENT 2 

Table 2. Methods: Progeny test of the Cycle 8 population: part A. 

No. of populations tested =1 
Seed source (germplasm) = 151 plants of Cycle 8 syn-0 
Osmotic agent = NaCl 
No. of osmotic treatments = 2 
Osmotic potentials (-MPa) = 0; 1.90 
No. of replications = 1 at 0 MPa; 2 at -1.90 MPa 
No. of seeds per rep. = 50 
Duration of test = 8 days 
Times of observation = 2; 8 days 
Main measurements taken = percent germination; germination speed; 

seed weight 

A progeny test was made to determine the variability in the 

Cycle 8 syn-0 population. Plants were taken from the Cycle 8 isolation 

block of 210 plants which had shown the ability to germinate at an 

osmotic potential of -3.00 MPa (Table 2). Small samples of seed 

(progeny) were hand harvested from each of 151 random plants and 

individually threshed, cleaned and screened to achieve good uniformity. 

Fifty seed per dish were used in this test and 4.5 ml of solution was 

added. Each lot of seed was weighed before they were planted. 

Germination was counted 2 and 8 days after planting and was 

expressed as percent of the control. Speed of germination was 

calculated by dividing the number of seed germinating at day 2 by the 

total germination at day 8 and expressed as a percent. Coefficients of 

variation (CV), skewness and kurtosis of the population were calculated 

for the frequency distributions of percent germination and germination 

speed. 
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EXPERIMENT 3 

Table 3. Methods: Progeny test of the Cycle 8 population: part B. 

No. of populations tested =1 
Seed source (germplasm) = 40 plants of Cycle 8 syn-0 
Osmotic agent = NaCl 
No. of osmotic treatments = 3 
Osmotic potentials (-MPa) = 0; 1.90; 2.70 MPa 
No. of replications = 5 
No. of seeds per rep. = 100 
Duration of test = 10 days 
Times of observation = daily 
Main measurements taken = percent germination; germination speed 

To study the effectiveness of the progeny test the plants from 

Experiment 2 were classified into one of four groups based on two 

characteristics: 1) whether they showed greater or less germination 

than the population average and 2) whether they sprouted faster or 

slower than the average. The four groups were labelled: a) high-

germ/high-speed, b) high-germ/low-speed, c) low-germ/high-speed and d) 

low-germ/low-speed. Composites were made using equivalent' amounts of 

seed from 10 randomly selected plants from each group and compared at 

three salinities: 0 MPa, -1.90 MPa and -2.70 MPa (Table 3). These 

representative composites were compared in a completely randomized trial 

(by ANOVA) with each other and to a fifth composite of 40 plants 

randomly selected from the entire population. 

Germination was monitored in all dishes every 24 hr for 10 days 

so that a Germination Speed Index (GSI) could be calculated. The formula 
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for GSI, modified by this author from an index described earlier by 

Guneyli, Burnside and Nordquist (1969) was: 

GSI = (Nj/DJ + N2/D2 +....+ N10/10) / P 

where N is number of seed to germinate each consecutive day, D is day 

and P is the cumulative number of seed to germinate by the tenth day. 

All GSI values range between 0 and 1; 0 if no germination occurs and 1 

if all seed germinate in the first day of the study. With this modified 

GSI, seed lots with differing amounts of germination could feasibly have 

the same GSI value. Percent germination was not expressed as percent of 

control. The arcsin transformation was made on all germination data 

before analysis. 

EXPERIMENT 4 

Table 4. Methods: Comparison of the Cycle 7 and 8 populations. 

No. of populations tested = 2 
Seed source (germplasm) = Cycle 7 syn-1; Cycle 8 syn-1 
Osmotic agent = NaCl 
No. of osmotic treatments = 15 
Osmotic potentials (-MPa) = ranging between 0 and 2.95 
No. of replications = 1 
No. of seeds per rep. = 100 
Duration of test = 10 days 
Times of observation = daily 
Main measurements taken = percent germination; germination speed 

An osmotic gradient was used to compare the germination of Cycle 

7 syn-1 with a composite of seed from plants identified by the Cycle 8 

progeny test as being most vigorous under stress (Table 4). Methodology 
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follows that of Experiment 1. Germination Speed Index was calculated for 

both populations at all salinity levels. 

EXPERIMENT 5 

Table 5. Methods: Affect of selection on seed weight. 

No. of populations tested = 9 
Seed source (germplasm) = syn-1 of Cycles 0 thru 8 
No. of replications = 2 
No. of seeds = 200 
Main measurements taken = dry seed weight 

The affect of selection on seed size was determined by 

evaluating Mesa-Sirsa and eight populations representing the first eight 

cycles of selection for germination salt tolerance (Table 5). Two 

hundred seed of each genotype were oven dried at 100°C for 4 days and 

weighed. 

EXPERIMENT 6 

Table 6. Methods: Affect of selection on seed testa. 

No. populations tested = 2 
Seed source (germplasm) = Mesa-Sirsa; Cycle 7 syn-1 
Number of replications = 6 
Number of seeds per rep. = 100 
Main measurements taken = seed and seed coat weight 

Salt selected and non-selected seed were compared for testa 

weight. Seed of Mesa-Sirsa and Cycle 7 syn-1 were weighed then 

germinated in distilled water for 2 days (Table 6). Seed coats were 

carefully pulled from the sprouts, dryed for 2 days at 100°C and 
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weighed. Analyzed as a completely randomized trial these two germplasms 

were compared by ANOVA for fresh seed weight, dry seed coat weight and 

relative testa weight. 

EXPERIMENT 7 

Table 7. Methods: Water uptake by germinating seed under stress. 

No. of populations tested = 2 
Seed source (germplasm) = Mesa-Sirsa; Cycle 7 syn-1 
Osmotic agents = NaCl and PEG 
No. of osmotic treatments = 4 
Osmotic potentials (-MPa) =0; 1.00 (NaCl, PEG); 2.00 (NaCl) 
No. of replications = 1 
No. of seeds per rep. = 10 
Duration of test = 77 hours (3.2 days) 
Times of observation = 23 times (every 3.3 hr on average) 
Main measurements taken = fresh seedling weight 

Seed fresh weights were monitored for the first 3.2 days after 

planting to determine if imbibition and early seedling growth differs 

between Mesa-Sirsa and Cycle 7 or is affected by type of osmotic 

stress (Table 7). Before planting, the fresh seed of Mesa-Sirsa and 

Cycle 7 were weighed. The polyethylene glycol (PEG) used had a 

molecular weight of 6000. After planting, seed weights were monitored 

every 2.4 hr (on average) for the first 34 hr then at 5.7 hr intervals 

after that. For each measurement, seed were carefully transferred from 

their dishes, blotted, weighed and then placed back into their dish 

solutions. Due to differences in seed size, water uptake was calculated 

by dividing fresh weight by initial seed weight. This value represents 

the seed's Relative Fresh Weight. All solutions were replenished twice 
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during the experiment to insure that osmotic conditions in the dishes 

remained stable. 

EXPERIMENT 8 

Table 8. Methods: Germination salt tolerance and seedling growth. 

No. of populations tested = 2 
Seed source (germplasm) = Mesa-Sirsa and Cycle 7 syn-1 
Osmotic agent = NaCl 
No. of osmotic treatments = 5 
Osmotic potentials (-MPa) = 0; 0.34; 0.47; 0.65; 0.80 
No. of replications = 1 
No. of seeds per rep. = 100 
Duration of test = 4 days 
Time of observation = 4th day 
Main measurements taken = fresh seedling weight; percent germination 

This experiment was conducted to evaluate the affect of low 

levels of salt stress on early seedling growth (Table 8). Since 

seedlings were to be measured for growth beyond germination, 8 ml of 

solution was added to each dish instead of the usual 5 ml. Dishes were 

opened each day, flushed with fresh air and resealed to eliminate CO2 

build-up. In order to discourage photosynthesis minimum amounts of 

light was allowed to reach the dishes. Four days after planting, 

ungerminated seeds were discarded and seedlings were weighed fresh. 



RESULTS AND DISCUSSION 

The germplasm used in these experiments differed in one respect 

that had nothing to do with their level of salt tolerance: seed age. 

Smith, Dobrenz and McKimmie (1985) reported that older alfalfa seed 

showed a greater decline in vigor when planted under salt stress than 

un-aged seed. These conclusions were based on naturally-aged seed 

differing by as much as 29 years and seed artificially-aged for up to 3 

weeks at 40°C. 

Time is an inherent factor of all recurrent selection programs. 

Aging is inevitable unless seed is increased each year. All of the salt-

selected populations used in these experiments were stored at room 

temperature. Every attempt was made to procure the youngest possible 

seed of Mesa-Sirsa. Supplied by one of the few seed companies still 

producing it, the Mesa-Sirsa seed was probably not more than several 

years old because it showed greater than 90% viability. 

Four of the experiments described below involve seed of 

different ages and thus could be affected by age-stress interaction: 

Experiments 1, 4, 7 and 8. Experiment 1 was repeated a year after it was 

first done and gave almost the same results. This implies that seed 

aging effects on salt response don't occur in only one year. 

51 
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EXPERIMENT 1; Comparison of Mesa-Sirsa and Cycle 1_ syn-1 
Using an Osmotic Gradient 

Germination 

The osmotic gradient was effective in providing a full range 

of response (from 0 to 100 percent germination) for both germplasms 

(Fig. 1). Each salt treatment of the gradient changed germination by an 

average of 6% for Mesa-Sirsa and 4% for the Cycle 7 syn-1 population. 

Mean germination rates for seed of Mesa-Sirsa and Cycle 7 were 35% and 

68%, respectively. 

At low salinities, both populations showed a slight increase in 

germination over the distilled water treatment. This increase occurred 

at osmotic potentials between -0.10 and -0.57 MPa for Mesa-Sirsa and 

between -0.10 and -1.21 MPa for the population selected in salt. 

Using untransformed data, the patterns of germination response 

across the gradient for both populations appear sigmoid-shaped. 

Transforming the percent germination data into natural logarithms 

converted this response into a double-linear pattern (Fig. 2). 

Two linear regression formulae for each genotype were calculated. The 

horizontal lines describe the response at higher osmotic potentials 

where salt concentrations were too dilute to seriously affect 

germination. The diagonal lines characterize the decline in seed 

germination at more negative osmotic potentials due to the increasing 

levels of salt. 

The logarithmic transformation allows the salt tolerance of each 

population to be described in a fashion similar to that used by Maas 





54 

5 CYcle 7 syn-1 
A, .............. y = ~.49-3.61 (X-1. 76) 

c: r2 = .IW 0 I .,... 
.1-J 4 ... 
CD 
c: .,... 
E 
t.. 
cu 3 (.!) 

.1-J 
c: 
cu 
u M 
t.. 2 
Q,) 
c.. 
~ 

0 lleaa-S1raa 
1 

A, 
c y = -4.55-3.~7 (X-0. 75) 

0') 

r 2 
• .83 

M 
0 
_J 

0 - - - - - - - - - - -c -

0 0.5 1.0 1.5 2.0 2.5 3.0 

Osmotic Potential (-MPa) 

Fig. 2. Experiment 1: Percent germination (expressed as 
natural logarithms) of Mesa-Sirsa and Cycle 7 
syn-1 across a gradient of osmotic potentials. 
Equations desribe germination response to osmotic 
potentials below the threshold salinity. 



55 

(1986). Two parameters were calculated and used to compare the two 

populations: 1) the osmotic potential at which germination first becomes 

markedly affected by stress (the threshold point; where the response and 

non-response lines intersect) and 2) the relative rate of germination 

decline at salinities greater than the threshold. 

The threshold salinities for Mesa-Sirsa and Cycle 7 syn-1 were 

-0.75 MPa and -1.76 MPa, respectively. At these salinities, 95% of Mesa-

Sirsa and 89% of Cycle 7 seed still showed germination. Beyond their 

threshold salinities seed of Mesa-Sirsa showed a 32% decline in 

germination for each MPa decrease in osmotic potential whereas Cycle 7 

germinated 37% less for each MPa decrease. No germination is indicated 

beyond osmotic potentials of -2.06 MPa for Mesa-Sirsa and -3.00 MPa 

for Cycle 7 syn-1. 

This data suggests that selection for germination at high 

salinities has not changed the ability of seed to germinate at lower 

salt levels nor affected the relative rate of germination decline at 

high salt levels. It is the location of the threshold that has been 

significantly shifted by recurrent selection for germination ability 

under high salt stress. Seven cycles of selection have increased the 

threshold value by 1.01 MPa, averaging .144 MPa per cycle. 

Richards (1983) reports that in breeding barley for yield 

ability under salt stress it makes a difference as to whether selection 

occurs at high or low salinities. Selection for salt tolerance at low 

salinities, he theorizes, would affect the genotype's threshold 

salinity whereas selection performed at high salt concentrations affects 

the response slope, not threshold level. This doesn't appear to be the 
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case when breeding for alfalfa germination salt tolerance. Here, 

selection at high salinities shifts the threshold but not the value for 

slope. 

Although Mesa-Sirsa and the Cycle 7 population showed the same 

pattern of response across the gradient of salinities, the germination 

range for the salt selected line has been extended by almost 1 MPa. 

Germination Speed 

The number of days after planting required for each population 

to reach Peak Value was calculated for each salt treatment of the 

gradient to show how recurrent selection has affected speed of 

germination (Fig. 3). Peak Values were attained within 2 days after 

planting at all salinity levels between 0 and -0.68 MPa for Mesa-Sirsa 

and between 0 and -1.61 MPa for the Cycle 7 syn-1 population 

indicating that germination speed of seed at low salinities has not been 

changed by selection in salt. Speed of germination does not appear to be 

enhanced at low levels of salt stress as was found for percent 

germination. 

At osmotic potentials beyond these ranges, seed germination took 

increasingly longer to reach Peak Value. At -1.90 MPa, the highest salt 

treatment showing germination for Mesa-Sirsa, only 1% of the seed 

sprouted and required 9 days to attain Peak Value (Figs. 1, 3). Seed of 

the Cycle 7 population, at this same osmotic potential, showed 61% 

germination and achieved Peak Value only 4 days after planting, less 

than half the time required for Mesa-Sirsa. Even at the highest levels 
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of salt stress, seed of Cycle 7 syn-1 did not take as long to germinate 

as Mesa-Sirsa. Of the 2% of Cycle 7 seed that germinated at the highest 

salt concentration of this study (-2.87 MPa) Peak Value still occurred 

in only 5 days. 

Although the recurrent selection program for salt tolerance had 

never taken into consideration speed of germination, seed of the Cycle 7 

population not only shows more rapid germination at high NaCl 

concentrations compared to Mesa-Sirsa, but reveals a different pattern 

of response across the osmotic gradient for germination speed. Both 

populations show a similar pattern of decline for percent germination 

and germination speed at lower salinities, but at greater salt 

concentrations seed of Cycle 7 syn-1 deviated from the pattern by 

germinating just as quickly at -2.87 MPa as it did at -2.04 MPa even 

though under 41% greater osmotic stress. This is in agreement with Dewey 

(1962b) who found that seed selection under high salt stress increased 

germination speed at high but not at low salinities. 

EXPERIMENT 2: Progeny Test of the Cycle 8 Population: Part A 

The Cycle 8 progeny test showed that salt stress of alfalfa seed 

decreases germination vigor but increases the expression of population 

variability and normality of distribution. Cycle 8 progeny germinated 

with significantly less vigor at -1.9 MPa than at 0 MPa. The progeny 

mean for germination under salt stress was 21% less and 40% slower than 

in the control (Table 9). 



59 

Table 9. Descriptors of frequency distributions for percent germination, 
germination speed and 50-seed weight of the Cycle 8 population 
at 0 and -1.90 MPa. 

Germination Germination Speed 
50-Seed 
Weight -1.90 MPa Control -1.90 MPa Control 
50-Seed 
Weight 

% % % % mg 

Mean 63 80 54 90 .122 
Coef. of Var. 26 19 36 11 11 
Skewness 0.1 -1.4 -0.4 -1.3 0.2 
Kurtosis 2.3 5.5 2.5 4.5 2.8 
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Phenotypic variation for germination response appeared to 

increase under stress. Both variables showed higher coefficients of 

variation (CV) in the salt treatment than in the control. This was 

especially true for germination speed, where the population CV at -1.9 

MPa was more than three times higher than in the control. In the salt 

treatment, CV was 38% more for germination speed than for percent 

germination. Frequency distributions in the control were not normally 

distributed, being peaked (leptokurtic) and highly negatively skewed for 

percent germination and germination speed. In salt, however, 

distributions of the progeny were nearly normal, although germination 

speed showed a slight negative skewness (Fig. 4a,b). 

In order to breed crop tolerance without damaging mean 

productivity there needs to be greater genetic variance under stress 

than without stress, according to Rosielle and Hamblin (1981). This may 

be the case in germination salt tolerance and might explain why salt 

tolerant seed still performs well under optimal conditions (Experiment 

1 ) .  

There was a normal distribution for seed weight ranging from 87 

to 162 mg per 50 seed. There was no apparent relationship in this 

experiment between seed size and germination vigor (with or without 

O 
stress). The higher correlation (r =.05, non-significant) occurred 

between seed weight and germination speed under stress. This contradicts 

Edwards and Hartwig (1971) who found that a small seeded soybean 

isoline showed better germination under water stress than a large 

seeded isoline and Walter and Jensen (1970) who reported that heavier 

alfalfa seed had greater vigor than lighter seed. 
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the second day). 
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This progeny test describes the individual ability of each Cycle 

8 plant to produce salt tolerant seed. This ability is based on two seed 

vigor components (germination percent and speed of germination) and can 

be presented graphically (Fig. 5). Each of the 151 plants can be 

classified into one of four vigor-groups depending on their position in 

the scatterplot relative to the population average for both 

characteristics: high-germ/high-speed, high-germ/low-speed, low-

germ/high-speed or low-germ/low-speed. The most vigorous progeny are 

represented in the upper right-hand corner of the graph; the least 

vigorous plants, in the lower left corner. 

There was no correlation in the population between percent 

2 2 germination and germination speed (r -.05 in the control, r =.02 in 

salt). Regardless of treatment, seed with high or low germination could 

sprout either quickly or slowly. 

EXPERIMENT 3: Progeny Test of the Cycle 8 Population; Part B 

The four groups identified by the progeny test plus a fifth 

composite made of equal portions from each group were compared at -1.90 

MPa and at -2.70 MPa, a concentration 42% saltier than the progeny test. 

The high-germ/low-speed composite had significantly greater germination 

than the other four groups at -1.9 MPa (Table 10). At -2.7 MPa the high-

germ/high-speed group showed significantly greater germination than the 

three composites representing the lower vigor groups: high-germ/low-

speed, low-germ/high-speed and low-germ/low-speed. The only 

statistical difference for speed of germination was at -1.90 MPa and it 
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Table 10. Mean separations for percent germination in seed composited 
according to progeny test performance. 

Percent Germination** 

Category Control -1.9 MPa -2.7 MPa 

% % % 

high-germ/high-speed 100 a 93 b 6 a 
high-germ/low-speed 98 b 97 a 3 b 
low-germ/high-speed 95 cd 89 b 4 b 
low-germ/low-speed 93 cd 90 b 3 b 
whole population 96 be 91 b 5 ab 

** Means within a column followed by a different letter are 
significantly different at the .05 level by Least Square Difference. 

Table 11. Mean separations for germination speed index in seed 
composited according to progeny test performance. 

Germination Speed T J ** Index 

Category Control -1.9 MPa -2.7 MPa 

high-germ/high-speed .95 a .45 a .20 a 
high-germ/low-speed .92 a .40 be .18 a 
low-germ/high-speed .90 a .41 b .18 a 
low-germ/low-speed .94 a .38 c .17 a 
whole population .95 a .40 be .17 a 

** Means within a column followed by a different letter are 
significantly different at the .05 level by Least Square Difference. 
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complimented the original categorization: high-germ/high-speed seed 

sprouted quicker than the seed from the other four categories (Table 

11). There were no significant differences for Germination Speed Index 

in either the control or -2.7 MPa treatments. 

In the control, though all five composites germinated with the 

same speed there were statistical differences for germination percent. 

The high-germ/high-speed group had the highest viability whereas 

the low-germ/low-speed showed the poorest. Since the seed was tested 

within weeks of harvesting these differences in seed viability could be 

due to seed dormancy. This is a problem because dormancy could have 

confounded the results of the Experiment 2 progeny test since 

germination in that study was expressed as percent of control. 

The high-germ/high-speed composite was compared by ANOVA 

against the population as a whole to determine if it would be 

advantageous to collect seed only from the former for the ninth cycle of 

selection. While there were no statistical differences for germination 

percent, the high-germ/high-speed group showed significantly faster 

germination (at the .10 level of probability) at both salt levels. The 

lack of significance between these two composites for percent 

germination could be due to reduced population variability which can 

occur during recurrent selection (Burton, 1985). 

The results of this study in no way contradict the 

classifications made by the progeny test and in fact, support them. 

Findings by Hill and Haag (1974a,b) show that progeny testing and family 

selection breeding methods are generally more effective than individual 

plant selection. Therefore, 62 plants from the Cycle 8 syn-0 population 



66 

showing the greatest and fastest germination as identified in the 

progeny test were selected and equivalent amounts of their remnant seed 

composited. This seed was screened (representing the ninth cycle) at 

-3.00 MPa. 

EXPERIMENT 4: Comparison of Cycle 1_ and 8 Populations 

Cycle 8 syn-1 seed was compared to its predecessor. Cycle 7, to 

characterize the progress made during one cycle of selection. As in the 

salinity gradient of Experiment 1 both of the populations showed sigmoid 

patterns of response to continuously variable levels of osmotic stress 

(Fig. 6a). The thresholds for the Cycle 7 and 8 populations (calculated 

as in Experiment 1) occurred at -1.79 MPa and -1.93 MPa, respectively. 

The difference in germination threshold between these two populations, 

0.14 MPa, represents the amount of improvement in salt tolerance 

attained after one cycle of selection. This corresponds quite well with 

the average improvement per cycle (0.144 MPa) calculated from the first 

experiment. 

The two populations were more similar in germination speed than 

for percent germination. Cycles 7 and 8 averaged 60% and 71% 

germination, respectively, whereas the average values for Germination 

Speed Index (GSI) were identical (.54). GSI remained fairly stable at 0 

to -0.65 MPa for Cycle 7 and from 0 to -0.95 MPa for Cycle 8 (Fig. 6b). 

Percent differences between the two populations across the 

gradient were calculated and are presented in Figure 7. The largest 

difference between Cycles 7 and 8 occurred at -2.12 MPa where 43% more 
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Cycle 8 seed germinated than it's parent population. Germination in 

Cycle 8 syn-1 was greater than Cycle 7 at all osmotic potentials between 

-0.95 and -2.31 MPa. Alternatively, Cycle 7 seed showed greater 

germination than Cycle 8 at the lower and higher salinities of the 

gradient. Germination speed was also greater for Cycle 8 at the 

intermediate salt levels and lower at both extremes of the gradient. 

Percent germination showed more improvement after one cycle of selection 

than did germination speed. Recurrent selection for germination salt 

tolerance, therefore, appears to primarily increase the vigor of plants 

that can sprout at intermediate osmotic concentrations rather than at 

very high or low salt concentrations. 

EXPERIMENT 5; Affect of Selection on Seed Weight 

Changes in seed size during the first eight cycles of selection 

for germination salt tolerance were very irregular (Fig. 8a). The 

largest decline in seed weight occurred after the first cycle of 

selection and the largest increase in seed size occurred after the 

second cycle. Cycle 1 syn-1 weighed 10% less than Mesa-Sirsa seed and 

Cycle 2 seed was 12% heavier than Cycle 1. The heaviest seed occurred 

after the second cycle of selection. 

Two conclusions can be derived from this test. First, the 

smaller seed of the selected populations does not seem to be a primary 

cause of their salt tolerance. The correlation between seed size and 

relative level of tolerance was not significant (r =.12). While greater 

concentrations of salt had to be used for screening at each new cycle of 
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selection (Fig. 8b), seed size did not show a similar pattern of 

decline. There was a large difference in seed size, for instance, 

between Cycles 7 and 8 even though they were screened at the same level 

of NaCl stress (-3.00 MPa). 

Secondly, it appears doubtful that the smaller seed weights 

found in latter generations are due to population inbreeding. If the 

large drop in seed size seen in Cycles 1 and 7 is due to decreased 

heterozygosity then the increase in size for Cycles 2 and 8 would be 

due to enhanced heterozygosity. Since no new sources of germplasm have 

been introduced into this breeding program these changes in seed size 

are probably not genetic. 

There are numerous environmental and cultural factors that could 

have influenced seed size and explain the differences found between 

cycles. Walter and Jensen (1970) reported that alfalfa seed size was 

affected by the environment of it's production. Anything affecting the 

maternal plant in'the field during seed production like climate (eg. 

rainfall, temperature), field environment (eg. insect damage, amount of 

flowers tripped by bees) as well as management activities like 

irrigation scheduling and fertilizer application change from year to 

year and could effect seed size. Another determinant of seed weight 

might be in the harvest and seed handling process. There were probably 

no two cycles of selection where seed was harvested, threshed and 

cleaned identically. Procedures, equipment and personnel shifted 

annually and might account for the seed size variability. 
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EXPERIMENT 6; Affect of Selection on Seed Testa 

Both the fresh weight of the seed and the dry weight of the seed 

coats were significantly greater for Mesa-Sirsa than for Cycle 7 syn-1 

(Table 12). The salt selected population produced seed that was 21% 

lighter in weight and had 13% less testa than the source population. Due 

to the smaller decline in testa weight compared to seed weight in Cycle 

7 it's seed coat comprised 22% of it's total fresh weight as compared to 

20% for Mesa-Sirsa seed (significantly different at the .05 probability 

level). 

It is difficult to conclude from this study though, that the 

higher proportion of testa to total seed weight found for Cycle 7 syn-1 

might have something to do with its salt tolerance. First of all, seed 

weights were not determined after oven drying so different seed moisture 

contents might interfere with results. Secondly, it cannot be assumed 

that testa weights normally decline in perfect proportion to seed size. 

EXPERIMENT 7: Hater Uptake by Germinating Seed Under Stress 

The patterns of imbibition during germination were monitored by 

measuring changes in seed fresh weight. Regardless of treatment or 

germplasm, all seed appeared to lose weight immediately after planting. 

The average Relative Fresh Weight (RFW) 12 minutes from time of planting 

was 0.71 gm fresh-weight per gm dry-weight. Seed of Mesa-Sirsa and 

Cycle 7 at -1.00 MPa (PEG) and Cycle 7 at -2.00 MPa (NaCl) still weighed 

less at 2 hours than at 0 hours and Cycle 7 at -1.00 MPa (PEG) had an 

RFW of less than 1 even up to 4 hours after planting (HAP). This initial 
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Table 12. Fresh weight of seed and dry weight of seed coats of Mesa-
Sirsa and Cycle 7 syn-l. 

100-seed ** 100-seed coat ** Percent ** 
Population fresh weight dry weight testa weight 

mg mg % 

Mesa-Sirsa 252 49.6 20 
Cycle 7 syn-l 200 43.2 22 

** Significantly different at the .05 probability level. 
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weight loss is inexplicable except as some type of material leakage. 

According to Chabot and Leopold (1982) leakage may take place during the 

first 20 minutes of imbibition, ending when membranes regain their 

structural integrity. 

Control 

The typical tri-phasic pattern of water uptake described by 

Bewley and Black (1978) was only observed in the control of distilled 

water (Fig. 9). Mesa-Sirsa and Cycle 7 syn-1 acted more similar to one 

another in the control than in the other treatments. In the control, KFW 

was greater than 1 at all times after the first measurement. The 

highest rate of water uptake in the experiment occurred in the control 

during the first 6 hours after planting (HAP). Fresh weight increased 

123% during this interval, which represents Phase 1 of germination and 

translates into a 4.8 increase in RFW per day. 

The transition from Phase 1 to Phase 2 occurred sometime between 

6 and 8 HAP. Phase 2 (the plateau phase) lasted about 8 hours and ended 

at 16 HAP (0.67 days). The average increase in fresh weight for the two 

germplasms during this time was 1.4 RFW/day, which was less than a third 

of Phase 1 water uptake. During these 8 hours seed weight increased 

only about 20%. Phase 3 began at 18 HAP (0.75 days) for both germplams; 

this was 4 hours after germination in Mesa-Sirsa and 6 hours after 

germination for the Cycle 7 population. Phase 3 continued until the end 

of the experiment. Average increase in fresh weight during Phase 3 was 

about 3.8 RFW/day. 
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-1.00 MPa (NaCl) 

At -1.00 MPa (NaCl), Mesa-Sirsa seed weighed consistently more 

than Cycle 7 syn-1. RFW increased in a fashion similar to the control 

for the first 12 hours (0.50 days). Phase 1 lasted 6 hours (as in the 

control) and the rate of water uptake for Cycle 7 was 3.7 RFW/day and 

4.9 RFW/day for Mesa-Sirsa. Phase 2 averaged 0.23 RFW/day and began at 

8 HAP for both germplasms. Even though Cycle 7 seed germinated at 54.5 

HAP (2.27 days) it f.ver appeared to reach the third phase of 

germination. 

-2.00 MPa NaCl 

Seed planted at -2.00 MPa (NaCl) appeared to act even less like 

the control. Both germplasms began to show divergent patterns of water 

uptake from the control at only 4 HAP. Phase 1 lasted 10 hours for Mesa-

Sirsa and showed an increase of 2.3 RFW/day while Cycle 7 syn-1 remained 

in Phase 1 for 12 hours at 1.9 RFW/day. No germination occurred at this 

salt level and fresh weights accumulated during Phase 2 at an average of 

only 0.33 RFW/day. 

-1.00 MPa (PEG) 

Seed planted in polyethylene glycol absorbed the least amount of 

moisture (Fig. 10). Phase 1 lasted until 10 HAP, during which the seed 

of Mesa-Sirsa increased by 2.0 RFW/day and Cycle 7 gained at a rate of 

1.8 RFW/day. At the time Cycle 7 seed germinated (64 HAP) it appeared to 
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enter Phase 3. Mesa-Sirsa showed no measureable increase in RFW during 

Phase 2 while the salt tolerant population increased at only .05 RFW/day 

during Phase 2 and 1.11 during Phase 3. 

It can be concluded from this experiment that water uptake by a 

germinating seed is affected by the osmotic/ionic properties of the 

fluid it imbibes. According to Mayer and Poljakoff (1982), imbibition, 

though controlled by matric forces, should be considered a special form 

of osmosis since seed colloid acts like semi-permeable membrane. The 

four solutions used in this experiment can be ranked for their ability 

to be imbibed (from the highest average RFW to the lowest): control, 

-1.00 MPa NaCl, -2.00 MPa NaCl and -1.00 MPa PEG. Water uptake by seed 

at -1.00 MPa NaCl was similar to that of the control for the first 12 

hours after planting. At -2.00 MPa, the pattern was the same for only 

the first 2 hours and in PEG, water uptake was never equal to that of 

seed in distilled water. McDonough (1976) also reported a significant 

decline in alfalfa seed water content planted at low osmotic potentials 

and decreased water uptake in carbowax and mannitol compared to NaCl. 

All three phases of germination appeared to be affected by 

osmotic stress. It is difficult to rank the phases for level of 

sensitivity because they occur in sequence, not as separate events. The 

third phase appears very salt sensitive because even though Cycle 7 seed 

germinated in both isoosmotic solutions at -1.00 MPa (NaCl and PEG) only 

the latter showed increased water uptake typical of Phase 3. Apparently, 

once germinated, the embryo could not tolerate any more ion uptake. 

Phase 1, the briefest of the three stages of germination, may 

have the most influence on the ability of seed to germinate under 



stress. The highest rates of water uptake (and thus potentially the 

highest salt uptake) occur during this period. More than 75% of the 

moisture taken up by stressed seed was during the first 6 to 10 hours 

after sowing. By the time seed in the control germinated (12 to 14 hours 

after planting) the damage had already been done to the stressed seed. 

Though Cycle 7 seed weighed slightly more, on than average, than 

Mesa-Sirsa in the control, Mesa-Sirsa under stress showed consistently 

greater gains in fresh weight. The average RFW for the three osmotic 

treatments was 2.11 for Mesa-Sirsa and 1.92 for Cycle 7. This conflicts 

with studies by Allen (1986) who reported no differences in tritiated 

water uptake between Cycle 5 syn-1 and Mesa-Sirsa during the first 12 

hours. A possible explanation for this contradiction might involve 

differences in seed size. Cycle 5 seed, which Allen worked with, was 

larger and more like that of Mesa-Sirsa than Cycle 7 seed (Fig. 8). 

Mesa-Sirsa seed was significantly heavier than Cycle 7 (25.8 mg vs. 23.3 

mg per 10 seed). 

The relative fresh weights for Cycle 7 seed at the time of 

germination were similar in the control and -1.00 MPa NaCl (2.AO and 

2.69, respectively) but higher than in PEG (1.84) which indicates that 

seed do not necessarily have to reach a specific moisture content in 

order to germinate. 

Experiment 8; Germination Salt Tolerance and Seedling Growth 

Although statistical tests were not possible in the eighth 

experiment due to non-replication, the observed trends are, at least, of 
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empirical interest. Germination of both populations remained fairly 

stable at all salinity levels (Fig. lib). Cycle 7 syn-1 germination 

dropped from 98% in the control to 97% at -0.65 MPa and 93% at -0.80 MPa 

while Mesa-Sirsa actually showed an increase from 88% (control) to 89% 

at -0.80 MPa. 

Though germination was not markedly affected, seedling vigor 

showed a dramatic decline as salinities increased (Fig. 11a). Growth 

was enhanced at -0.35 MPa (compared to the control) but at greater 

salinities, seedling weights dropped very steadily. At -0.80 MPa, Mesa-

Sirsa sprouts weighed 37% less than those of the control while Cycle 7 

syn-1 weighed 29% less. Thus, it appears that seedling growth is reduced 

by salt concentrations that are too low to seriously affect seed 

germination. Since seedling growth represents Phase 3 of germination 

this period appears more sensitive to osmotic stress than the first two 

phases. 

Mesa-Sirsa seedlings weighed less than Cycle 7 syn-1 at all 

treatment levels in this experiment. In the control, Mesa-Sirsa 

seedlings weighed 6% less than the salt selected population (1.5 mg 

difference) while at the highest salt level Mesa-Sirsa weighed 16% less 

(3.0 mg difference). This indicates that development of germination salt 

tolerance in alfalfa may also increase the ability of plants to emerge 

from soil and establish themselves under salt stress. It may not be 

unwise, therefore, to use populations initially selected for germination 

salt adaptability in breeding plants for saline field conditions. 
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SUMMARY 

Eight experiments were conducted on alfalfa developed by 

recurrent selection for germination salt tolerance. As of January 1986, 

nine cycles of selection had been completed, representing an increase in 

tolerance of 0.18 MPa per selection cycle. Experiment 1 showed that the 

first seven cycles averaged an increase in salt tolerance of 0.14 MPa 

per cycle. Experiment A showed an improvement from Cycles 7 to 8 of 0.14 

MPa. 

Experiments 1 and 4 involved the use of an osmotic gradient 

which had not been previously described. This technique, which is 

essentially a NaCl bio-assay, involves the use of large numbers of salt 

treatments that vary from one another by small increments but cover a 

wide range of osmotic potentials. Selection did not appear to affect 

germination at low salinities or the rate of decline in vigor at high 

salinities but the threshold salt concentration at which germination is 

first affected. The first seven cycles of selection increased this 

threshold level by almost 1 MPa (Experiment 1). Data from Experiment 4 

also showed that selection did not increase tolerance to extremely high 

or low salinities but to intermediate levels of stress. 

Speed of germination has also been enhanced by development of 

germination salt tolerance. In high stress, the Cycle 7 population 

germinated up to twice as fast as the nonselected seed (Experiment 1). 

There was no correlation between percent germination and germination 
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speed (Experiment 2). There appears to be more variability in the Cycle 

8 population for germination speed under stress than for percent 

germination and salt stress tends to increase the expression of 

population variability for both features (Experiment 2). 

The progeny (seed) from 151 Cycle 8 plants were evaluated for 

germination vigor under salt stress (Experiments 2 and 3). This allowed 

for identification of plants producing the most salt tolerant seed. The 

progeny of these plants were used for the ninth cycle of selection. 

Seed weight varied during the eight years of recurrent selection 

but may not be related to salt tolerance (Experiment 5). Cycle 7 syn-1 

had a greater proportion of it's weight as seed coat than the 

nonselected seed (Exeriment 6). There was no correlation between seed 

size and ability to germinate either with or without salt stress 

(Experiment 2). 

Cycle 7 syn-1 and nonselected seed were placed in solutions of 

NaCl and polyethylene glycol for 3.2 days (Experiment 7). Differences -

between osmotic treatments and between populations were seen within 2 

hours. Imbibition was slower in NaCl than in the control and 

polyethlyene glycol allowed the least amount of water uptake to occur. 

The greatest damage to seed by salt may occur within the first 10 hours 

after sowing. 

Experiment 8 showed that seedling growth declined at salt levels 

too low to seriously affect germination. Development of salt tolerance 

in alfalfa at the germination stage has not harmed seedling tolerance to 

salt stress. 



APPENDIX 

Seawater, and thus the water that drains into it, contains 

almost all of the elements of the periodic table but is predominantly 

composed of Na+ and Cl~ (Dawes, 1981). Naturally saline water contains 

other ions like K+, Ca +̂, Mg +̂, and S0^~, HCO3- and Br-. 

Two osmotic agents were used in this research: sodium chloride 

(NaCl) and polyethylene glycol 6000 (PEG). Tissue treated with solutions 

of PEG absorb it much more slowly than salt and thus become drought, 

as opposed to salt, stressed (Lawlor, 1970). 

Osmotic potentials of solutions made in these studies were made 

using the van't Hoff (1887) equation for osmotic pressure. This 

equation, which is for ideal solutions and corresponds closely with the 

ideal gas law, is: 

MPa = (-vRTm) / 10 

where, MPa is the osmotic pressure of the solution in MegaPascals, R is 

the gas constant (.08314), T is temperature in Kelvin, v is the salt 

disassociation constant (NaCl=2) and m is the molality of solution. 

Actual electrolytic solutions, however, depart from ideality due 

to the interaction of the solute and solvent molecules with and between 

each other (Franks, 1983). A more accurate way of making up saline 

solutions of known osmotic pressures is to include the osmotic 

coefficient, @ (Wyn Jones and Gorham, 1983). This coefficient, which 

measures the solution's departure from ideality, decreases as salt 
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concentrations decrease, increases as temperatures rise and are solute 

affected (Lang, 1967; Robinson and Stokes, 1959). NaCl, for instance, 

has a larger @ than does KCl. The appropriate formula for osmolality 

using this coefficient is: 

MPa = (-vRTm@) / 10 

There are many ways to express salt concentrations: parts per 

million, milligrams per liter, milliequivalents per liter, millimhos per 

centimeter, siemens per meter, osmols per kilogram or as osmotic 

pressure (atmospheres, bars or megspascals) (Shainberg and Oster, 1978; 

Tchobanoglous and Schroeder 1985; Todd 1970). Salinity can be measured 

by electro-conductivity bridges, refractometers, by freezing point 

depression, boiling point elevation, osmosis through a membrane, etc. A 

Vapor Pressure Osmometer is one of the easiest methods to measure 

osmolality. It consists of a sensitive thermocouple hygrometer enclosed 

in a chamber which seals around an 8 microliter solution sample. It 

determines the vapor pressure of sample solutions by electronically 

measuring dewpoint temperature depression, a colligative property of 

saline solutions. 

The osmometer was used to verify all salt solutions in 

experiments described by this text. A standard curve correlating 

osmometer readings in (mmol/kg) with osmotic potentials (in MPa) was 

employed. The regression equation for this relationship, which is linear 

(r2 = 0.99), is: 

MPa = .0173 -.00269(mmol/kg) 
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