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ABSTRACT 

The grain amaranths, Amaranthus cruentus and Amaranthus 

hypochondriacus have been promoted as grain-bearing plants of 

possible high productivity in saline or hot arid habitats. No 

research to date has confirmed these assertions. To investigate 

these claims, seeds of both species were germinated at 10, 15, 20, 

25, 30, 35 and 40 "centigrade. Germination percentage for both species 

was above 90% after four days at 20, 25, 30, and 35°C. Germination 

was negligible at 10 and 15°C and very low at 40°C. Seeds were 

germinated in isotonic solutions of PEG and NaCl at 0.0, -0.2, -0.4, 

-0.5, -0.6, -0.8, and -1.0 MPa osmotic potential at 30° C. 

Germination percentage was high in the range 0.0 to -0.4 MPa and 

dropped rapidly to zero in the -0.6 to -1.0 MPa range. Differences 

due to chemical effects were significant. Species differences were 

not. 

Seedlings were grown in the above isotonic solutions and the 

radicles and nypocotyls measured after six days. From these data 

total growth and root/shoot ratios were derived. At equivalent 

osmotic potentials PEG was more inhibitory of seedling growth than 

was NaCl and generally inhibited A^ cruentus more than A. 

hypochondriacus. This was also true of NaCl. All growth functions 

were slightly inhibited at 0.0 to -0.4 MPa, very inhibited at -0.6 

MPa and completely stopped at -1.0 MPa. PEG radically increased 

root/shoot ratio in both species while NaCl had much less effect. 
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INTRODUCTION 

Projected increases in human population growth will amount to 

5 billion by 2000 A.D., producing increasing demands on agricultural 

productivity. The effects of the necessary intensification and 

extension of agriculture reaches into politically hot areas of water 

and energy economy, environmental conservation and human population 

management. Extension of agriculture will proceed into increasingly 

marginal land in semi-arid and arid regions. These regions comprise 

about 40% of the earth's land surface and are often characterized by 

salinity of soils and waters, and by drought conditions during much 

of the growing season. Poor drainage in these areas is also a 

consideration. Much of this land is relatively low in elevation 

(Walter, 1958), which is the main reason the salt is there. 

Current agricultural practice in arid zones relies, by 

necessity, on irrigation which can tend to concentrate salt in 

productive areas of the soil. Technical practices of management 

employed to alleviate the stress on agricultural systems rely on 

considerable inputs of expertise and energy. Energy from non

renewable sources are also an increasingly stressed sector of the 

planetary ecology. The potential of bringing biological resources to 

bear in alleviating the human population crisis is of extreme value. 

One approach possible in dealing with this situation is the 

investigation of the mechanisms and modes of inheritance of the 
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tolerance of crop plants to salinity and drought, and using this 

information to increase the salt tolerance of currently used corp 

species. A second approach is to investigate the potential of under-

exploited or undomesticated species in relation to their productivity 

in arid or salt affected areas. 

The combination of the two approaches may prove extremely 

profitable. Investigation of grain amaranth and the possibility of 

salinity or drought tolerance may prove very rewarding, due to its 

unusual protein make-up. The presence in populations of grain 

amaranths of traits allowing cultivation in more marginal areas would 

be of great value in meeting the increasing pressure of human beings. 



9 
CHAPTER 2 

LITERATURE REVIEW 

Grain Amaranth 

Archeological evidence of grain amaranth has been found at 

Snaketown, a Hohokam village in Arizona dated at about 500 B.C. 

(Bohrer, 1970), and seeds were found to have been cached by the 

Salado people around 1400 A.D. at the Cliff Dwellings at Tonto 

National Monument (Bohrer, 1962; Ford, 1981). By far the most 

ancient finds of archeological amaranth were from Coxcatlan Cave near 

Tehuacan, Puebla, Mexico, with Amaranthus cruentus dated at ca. 2300 

B.C., and A. hypochondriacus dated at about 500 B.C. (Sauer, 1969). 

Both species were found in fully domesticated form. Seed of A. 

caudatus found in tombs in Argentina date to 2000 years ago (Hunziker 

and Planchuelo, 1971). No prehistoric traces of grain amaranth occur 

in southern Mexico or Central America, probably due to the climate, 

which does not favor long-term preservation of organic material. No 

archeological evidence exists that suggests that domesticated 

amaranths existed in the Old World prior to the colonization of the 

Americas. 

The grain amaranths were a casualty of the same cultural 

collision that caused maize, squash, tomatoes, beans, and chilies to 

be spread throughout the world and brought wheat, melons, grapes and 

figs to the Americas. Aztec codices show amaranth grain to have been 

widely grown in Mexico at the time of conquest. Early Spanish 
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accounts (Sauer,1950) relate observations of the use of "huatli" or 

"bledo", or grain amaranth in important Aztec rituals. Sauer 

estimates pre-Conquest tributes of grain amaranth paid to Moctezuma 1 

at 20,000 bushels annually, based on the records of the native 

American historian Tezozomoc. This quantity was nearly equal to 

tributes levied in maize and beans, suggesting the great importance 

of the grain to that cosmopolitan culture. 

In more recent times in the Americas, amaranth has become a 

relic crop. To the Spanish conquerors, the ritual intensity 

associated with huatli was the embodiment of idolatry and devil 

worship. As a result, amaranth cultivation declined rapidly in its 

primary centers of diversity. Its use soon became restricted to 

isolated Indian communities in highlands of the Central Plateau and 

the Sierra Madre, where its cultivation persists today in Tarahumara 

and Warihio communities (Nabhan, 1980). Currently, it is grown for 

market and home use in Jalisco, Michoacan, Puebla, and Oaxaca (Early, 

1977). It can be purchased in markets as seed or in the form of 

"alegria", a cake of popped seed pressed with honey. Where it is 

grown today, it is regarded as a "poor man's crop", and is gradually 

being replaced with more "modern" crops such as maize and wheat 

(Hauptli, Lutz, and Jain, 1980,). 

Beginning in the 18th century grain amaranths were reported 

from Europe and Asia (Sauer, 1967). Grain amaranths are grown in a 

belt extending from northeast China south through Nepal and into the 

Indian highlands. It is grown extensively in the Indian states of 
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Uttar Pradesh and Himal Pradesh and south through central India into 

Sri Lanka (Pal and Khoshoo, 1974). It is grown to a small extent in 

Africa due to its importation by the Indian communities living there. 

In all its range, grain amaranths are used as are the cereal 

crops. The seeds are parched, ground into flour or popped. They are 

then fashioned into balls or cakes with water or honey. They are 

also patted into tortillas or chapatis. The seed is also boiled into 

a gruel (Pal and Khoshoo,1974; Sauer,1967) It is an important crop 

in India, where much crop improvement work is being done. 

Sixty species of amaranth are native to the Americas, and 

about fifteen more to the rest of the planet (Sauer,1967). They are 

annuals, herbaceous to slightly woody, prostrate to tall-erect, with 

a range of foliage and inflorescence color from pale green to orange, 

red, and purple. The seed are numerous, lenticular and tiny (0.07 

g/100 seed), occurring as shiny black or dark red, or in the 

domesticated form tan or white. The plants tend to be pioneers of 

open spaces and disturbed soils or along water courses and canyons 

where much sunlight is available (Sauer 1967). The taxonomy of the 

Genus Amaranthus was chaotic until recently, with much synonomy and 

confusion of species. Order is being imposed on the systematics in 

spite of problems, such as wide within-species variation of 

morphological traits and substantial overlap of traits between 

species (Grant,1959; Feine,1980; Coons,1982). Grain amaranths range 

from the wet tropics of Guatemala to the temperate and semi-arid 

highlands of South America and northern Mexico, occurring over a wide 
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range of soils and climate types (Harwood,1980). They are believed 

to be of tropical origin (Sauer,1967), and are adapted to hot 

climates. Marked photoperiodism is observed in many species of the 

genus (Saunders and Becker,1984) and phototaxis is observed in some 

species. Amaranths have the C4 carboxylic acid photosynthetic pathway 

associated with fast growth in high temperatures and relatively high 

water-use efficiencies (El-Sharkawy,1968; Ehleringer,1983). 

The remainder of this discussion will focus on the species of 

grain amaranths that have become domesticated through centuries of 

association with man. A. cruentus originated in southern Mexico and 

Guatemala, and is grown in lower wetter areas to 2000 meters. A. 

hypochondriacus from Central and Northern Mexico is grown in higher 

elevations and latitudes. A. caudatus and A. edulis, a mutant form 

with determinate inflorescence, are from the Andean highlands from 

2000-3000 meters altitude. Other species domesticated for their 

foliage will not be discussed. 

The monoecious character of the grain amaranths and their 

tendency toward outbreeding are held to have been instrumental in 

their domestication (Pal and Khoshoo, 1974). Outcrossing rates 

observed in modern amaranth lines range from 6 to 31 percent (Jain, 

Hauptli, and Vaidya, 1982 ). Sauer (1976) groups amaranth with 

sorghum and cotton as being "often out-breeding", though South 

American populations of A^ caudatus seem to outcross at lower rates 

than do Indian populations of A. hypochondriacus, and experimental 

plantings of A^ cruentus at Davis, California. These comparisons do 



13 

not take into account differences in planting density or general 

farming systeu, i.e. large pure stands vs. small mixed family plots. 

The higher rates were observed in plots of highest density. The 

authors suggest that the selfing rate may also have changed in 

response to removal from the primary center of diversity, from 

Central Mexico to India and Nepal, and as a result of changing from a 

mixed, unimproved native stand to populations of improved cultivars 

(Jain,Hauptli,and Vaidya, 1982). Such "genetic bottlenecks" may be 

the cause of the observations of allozyme monomorphisms in 

populations displaying great morphological diversity (Jain, Wu and 

Vaidya, 1980). They suggest as a driving process a narrow genetic 

pool in the introductions to India, followed by extensive human and 

natural selection for various morphological traits. 

The wild species of Amaranthus proposed as 

progenitors of the domesticates are hybridus (n=16) for A. 

cruentus (n=17), A^ powelli (n=16) for A^ hypochondriacus (n=16), and 

A. quitensis (n=16) for A^ caudatus and A^ edulis (n=16)(Sauer, 

1967). These species exist as weeds in the same ranges occupied by 

the crop plants and the transformation is proposed to have taken 

place within these respective ranges. A second model, also proposed 

by Sauer, has A^ hybridus as the progenitor of A^ cruentus in Central 

America. Moving north, A^ cruentus came into contact with A^ powelli 

as its weedy competitor and hybridized with it, producing A. 

hypochondriacus in northern Mexico. Simultaneously moving south, A. 

cruentus contacted A^ quitensis and hybridized, producing A^ caudatus 
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and eventually, edulis. The second model provides us with a 

common ancestor and an easier way of explaining similar traits in the 

three grain species, none of which are found in the wild state. Some 

distinguishing traits of the domesticated amaranths are the reduced 

bracts on the tepals surrounding the circumcissile, dehiscent 

utricle, and the huge compound inflorescence with high (250:1) 

female-to-male flower ratio (Pal, 1972). White or translucent seed 

coat color is a trait exclusive to domestic amaranths and 

"inadvertant" selection has been suggested as the cause for the 

unusually favorable ratio of carbohydrate, protein and fat complement 

found in amaranth, which is a balanced food source for humans (Pal, 

1973). 

Studies show various results of crossing different grain 

species. Pal and Khoshoo (1972) did a detailed study on the 

cytogenetic pattern created by the various crosses, and reported that 

some gene sharing is possible between the three progenitor species 

and between these species and their proposed domesticates. However, 

much disagreement on the potential for interspecific crosses still 

exists. No gene exchange was observed between the cultivated 

species. These authors do not support the earlier observations by 

Sauer, (1950) that introgression of certain characters occurs between 

the weedy species and the crop species, especially in the case of A. 

powelli x hypochondriacus, A. edulis x A^ hybridus, and A. 

caudatus x A^ hybridus. Experiments documenting introgression 

between species, especially domestic ones, are needed. Pal and 
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Khoshoo (1972) document genetic, physiological, and developmental 

barriers to crossability in terms of and F2 sterility, 

inviability, and weakness of seedlings expressed in a virus-like 

complex of symptoms including seedling mortality, stunting, 

deformities of roots and leaves and pollen and ovule sterility. In a 

later report, Pal, Paudey and Khoshoo (1982) are very adamant, based 

on yet more crossings, in stating that the three cultivated species 

are products of three separate lines of evolution and do not exchange 

genes between them. 

Other genetic studies of grain amaranth include those by 

Hauptli and Jain (1978, 1980); Pandey (1984); and Kulakow, Hauptli 

and Jain (1985). The first examined the numerical taxonomy of yield 

components, morphological characters, allozyme variation, and biomass 

allocation in relation to three domestic, three weedy, and one crop-

weed hybrid. Interesting results of that study include observations 

that shorter petioles, round leaf shapes and flowers and seed as 

percent of total biomass are all positively correlated with seed 

yield. The authors suggest basic agronomic studies such as control 

of flowering, temperature effects, density effects and fertilizer and 

irrigation responses as the most profitable research topics. The 

authors also question the idea of interspecific barriers to 

hybridization of crop species, as put forth by Pal et al, but do not 

support their objections with data. 

Pandey (1984) describes genetic effects of additive and non-

additive traits, overdominance, and epistasis on yield components in 
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A. hypochondriacus. Weight per one thousand seed, grain weight per 

panicle, grain yield per plant, and harvest index were affected by 

the above genetic conditions. 

The study by Kulakow, Hauptli and Jain (1985) describes 

Mendelian relationships of several alleles in the three grain 

species, i.e. those controlling seed coat color, seedling color, leaf 

markings,and a betacyanin distributor. Dominant/recessive and 

epistatic relationships are discussed as is the degree of homology 

between species and the possibility of a monophyletic origin of the 

three species. 

Several reports on the nutritional qualities of the seeds of 

grain amaranths exist. Most notable are those by Saunders and Becker 

(1984); Becker et al. (1981); Betschart (1981); and Teutonico (1985). 

These reports document the proximate composition of the seeds of the 

three species. Mean values across species are reported to be 9.4%, 

13.6%, 7.2%, 8.4%, and 3.2% for moisture, protein, fat, fiber, and 

ash, respectively. Values for starches are reported as 58.2%, with 

starches being the most significant carbohydrates in amaranth seed. 

Protein percentage varies up to 17%. The amino acid composition of 

amaranth protein is examined by these authors and by Carlsson (1980); 

Downton (1973); and Senft (1980), who report leucine as the first 

limiting amino acid in the grain protein. At the same time the seed 

is rich in methionine and cystine which are limiting in the protein 

of legume seed, and in lysine, the limiting amino acid in cereals. 

Betschart et al. (1981) discuss the distribution of protein now in 
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the various milling fractions of the seed, reporting that 65% of the 

protein is in the germ plus seed coat with the remaining 35% in the 

starchy perisperm. Carlsson (1980), and Lorenz and Hwang (1985) list 

the lipid composition of amaranth seed. Predominant fatty acids are 

80% lineolic and oleic (C18) 80%, and about 20% palmitic (C16). The 

concensus among all authors is that, for humans, amaranth grain is a 

rich source of protein of a composition favorable in amino acid 

composition and digestibility as measured by Protein Efficiency Ratio 

(PER) and Average Daily Weight Gain (ADG) (Carlsson, 1980), and 

compares favorably with other grain foods (Saunders and Becker, 

1984). 

The physiology of grain amaranths is discussed in a handful 

of articles beginning in 1961. The earliest documents the short-day 

effect for the induction of flowering of A. caudatus (Zabka,1961). 

Zabka reports that his grain amaranth accession is not an obligate 

short-day plant. It will initiate flower primordia thirty days after 

germination under short photoperiods or sixty days after germination 

under long days. Further development of the primordia occur only 

under short days. El-Sharkawy (1968) described the photosynthetic 

behavior of the genus Amaranthus in general, and A^ edulis in 

particular. The picture that emerged was that of a broad-leafed, 

— 9 —1 mesophytic dicot that exhibited extremely high (55 mg dm hr ) 

photosyntnetic rates at high optimum temperatures (40°C). The author 

points out that this case is similar to the tropical grasses maize 

and sugar cane, two other crops of tropical origin utilizing what is 
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termed carbon fixation pathway. A later study by Miller, Wing and 

Huete (1984) compared the germination responses, growth responses., 

and nutritional content o£ seed of species with and 

photosyntnetic pathways to moisture stress, salinity, and different 

temperature levels. plants generally out-performed C3 plants in 

arid environments, for the parameters measured. The plants 

studied included A^ hypochondriacus. Higher germination rates under 

hot, dry conditions and higher water use efficiencies were observed 

for plants. No advantage of metabolism was noted in relation 

to salinity. Miller et al. (1984) are not quick to make 

generalizations about the agricultural potentials of plants in 

general, nor about A. hypochondriacus. They do suggest this grain 

plant may be relatively more productive under hot, arid conditions 

and have less reduction of yield and higher water-use efficiencies 

than the C3 plants studied. This statement is made that under non-

water-limiting conditions, plants lost their competitive advantage 

and might even be inferior to C3 plants in this regard. They are 

drought-tolerant, rather than drought-resistant. 

A morphological study (Irving, Betschart, and Saunders, 1981) 

describes the microscopic structure of the seeds of A^ cruentus. 

Light and electron microscopy were used to visualize the various 

components. A campylotropous embryo surrounds a starchy perisperm. 

Procambial tissue was observed in the radicle and cotyledons. The 

endosperm was observed to contain polyhedral starch granules of 

amylopectin. 
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A 1985 article describes the role of endogenous ethylene in 

the germination of A. caudatus (Kepszynski, 1985). Application of 

ethylene inhibitors decreased germination and application of 

exogenous ethylene or ethylene precursors overcame this inhibition 

and inhibition caused by osmotic pressure of polyethylene glycol. 

Agronomic studies on the grain amaranths are few. Research 

on fertilizer response was published from the Universidad Autonoma 

Chapingo, Chapingo, Mexico (Itrubide y Gomez Lorence, 1981). The 

report describes the interaction of nitrogen and phosphorus 

applications with plant density. Yields of grain were highest when 

N=30 Kg ha--*-, P = 30 kg ha-*', and plant density was 50,000 plants/ 

ha-*". Application of phosphorus alone produced no response, only in 

addition to nitrogen at 30 and 60 kg/ha-*". The soil type and 

irrigation regime were not mentioned. Latitude, longitude, elevation 

and native vegetation type are recorded. Data used to evaluate the 

treatments were plant height, length and circumference of the 

panicle, and grain yield. 

Some researchers have observed responses of grain amaranth to 

variations in stand density. In Pennsylvania, trials have shown that 

increases in grain yield, harvest index, and leaf area index are 

associated with stand density increases of 20,000 to 60,000 plants 

ha-*-. Total dry weight increases up to 40,000 plants ha * but 

decrease with higher densities (Edwards and Volak, 1980). Different 

types of grain amaranth respond differently. Mexican grain-type A. 

cruentus showed no response to density variations, while African 
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grain-type cruentus gave results similar to those described above. 

In later years, more detailed studies measured seven indicators for 

responses to density variation (Haas, 1983). Grain yield per unit 

area, harvest index, total dry weight per unit area, plant height, 

number of branches, stalk diameter, and relative lodging rate were 

measured at planting densities of 90,000, 180,000, and 360,000 plants 

ha Across all types, the parameters measured showed favorable 

responses to the highest density in the field. 

Breeding programs are underway in India, U.S.A., Guatemala, 

and Mexico. Research aims are to increase and preserve germplasm 

collections and to further the understanding of genetic relationships 

within grain types and between species. Physiological and agronomic 

research is the most needed with fertilizer and irrigation responses, 

response to salinity, and water use response on the top of the list 

(Harwood, 1980). 

Salinity Effects on Plant Growth 

The awareness of the antagonistic relationship between salt 

and agricultural productivity is probably as old as agriculture. 

Biblical references to salt's destructive potential exist (... A 

fruitful land into a salty waste ... Ps 107.34). The Greek and Roman 

scientists left records of crops being damaged by salt. After 

Hannibal's defeat the Romans sowed the Carthaginian fields with salt 

to prevent further competition. Today, salt still diminishes our 

ability to feed ourselves. As the human population grows, more 

pressure to produce food is exerted on our food production system. 
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This pressure is exacerbated by continued diversion of good crop land 

into non-food producing uses. Salinization of soil renders large 

tracts of land unfit for agriculture as now practiced (Walter, 1958; 

Epstein, 1980). Additional areas are affected to lesser degrees, 

lowering productivity well below optimum. As agricultural 

development opens arid and semi-arid lands, salinity and irrigation 

with saline water will continue to cut into the human food supply. 

With 6,000,000,000 people expected on the planet by 2000 A.D., we can 

ill afford to ignore this information. 

The original source of most salts affecting agricultural 

production is the weathering of parent material. This source is 

seldom directly responsible for salinization of a soil to a critical 

degree (USDA Handbook 60, 1969). Some of the more important causes 

of salinization of soil, relative to agriculture, are marine 

deposits, intrusion of salt water along seacoasts, and windborne 

sprays. The most common source of salts is deposition from ground or 

surface waters. Irrigation tends to concentrate salts where 

agriculture is practiced with salty soil or water. Arid lands are 

most commonly associated with salt problems, as in more humid areas 

precipitation tends to leach affected soils, and drainage is often 

poorly developed in arid regions, preventing salts from reaching 

their ultimate sink, the sea (Walter, 1958). 

By definition, saline soils are those whose saturation 

extracts have electrical conductivities exceeding 4 mmhos/cm at 25°C, 

with exchangeable sodium less than 15%. Saline waters are defined in 
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categories based on electrical conductivity. Waters of less than 250 

mmho/cm x 10"^ are classed as low salinity water, and may be used for 

agriculture. Water of more than 750 mmho/cm x 10-^ is classed as 

highly saline water and should only be used with special management 

techniques (USDA Handbook 60, 1969). Contributing to the general 

term "salinity" are the soluble ions CI, SO^, Na, Ca, Mg, K, NO^, 

BO^, Li, and a short list of very rare ions. The most common ions 

related to the depression of crop growth in soils are Na, CI, and 

S04, and will be the major topic of this review. 

The presence of these materials in the growth ihedium of the 

plant have two effects (Greenway and Munns, 1980). First is the 

osmotic effect of lowering water potential of the solution. Second 

is the damaging effect of the ion itself. 

Water potential is defined as the intramolecular pressure 

exerted by a solution compared with that of pure unbound water at the 

same temperature and atmospheric pressure. This definition is 

associated with the termodynamic concept of Gibbs1 free energy 

(Milburn, 1978). The free energy or potential of water can be raised 

by increasing its temperature or by increasing the pressure exerted 

on it. Free energy can be decreased by adding solutes, such as the 

ions listed above. The tendency is for water to move along gradients 

of water potential from high to low. When separated by a semi

permeable membrane, such as those of plant cells, the pressure 

exerted is termed "osmotic pressure". Thus, water containing fewer 

particles of solute tends to move into regions filled with water 
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containing more particles of solute. This tendency is measured in 

standard pressure units, atmospheres, Pascals, or bars. 

Early in the history of research on the effect of salinity 

on plants, all effects of salts in the plant medium were thought to 

be osmotic in nature (Strogonov, 1964). Salts reduced the osmotic 

potential of the water, reducing the forces along the gradient from 

soil to plant to atmosphere. The plant experiences a decreased 

moisture availability and eventually develops a water deficit. In 

response, the plant was believed to accumulate solutes within its 

cells, lowering its own water potential and re-establishing the 

osmotic gradient. This process is now termed osmotic adjustment. 

The passive uptake of ions from the soil, as well as organically 

produced solutes, was believed to be the source of intracellular 

osmoticum (Greenway and Munn, 1980). This view helped explain many 

observations of the behavior of plants exposed to lowered water 

potentials. Eaton (1927) observed a decrease in water absorption 

from solutions of lower osmotic potential compared to higher. Others 

(Bernstein and Pearson, 1954 and Eaton, 1941) observed progressive 

growth inhibition of plants in iso-osmotic solutions of ionic and 

organic materials. Osmotic plasmolysis of cells, reduced 

transpiration, wilting, inhibited growth and germination, and lowered 

productivity have led many to believe that damage caused by salts was 

mainly due to dehydration of plant cells. 

More recently, researchers have begun to distinguish the 

effects of specific ions from the more general osmotic effect 
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(Levitt, 1980). Problems with the purely osmotic view include 

observations by Bernstein and Hayward (1960) that there is often no 

correlation between salt tolerance and osmotic pressure of expressed 

cell sap, observations of unequal yields in plants in iso-osmotic 

media containing polyethylene glycol (PEG) vs. various ions, and 

germination inhibited less by mannitol than by NaCl (Strogonov, 

1970). Others note that growth and yield are reduced in some species 

at ion concentrations so low that the osmotic component cannot be 

held accountable (Eaton, 1941). And again, iso-osmotic solutions 

differing in ionic composition inhibit plant growth, yield and life 

processes to differing degrees (Ries and Hoffman, 1983; Gauch and 

Wadleigh, 1944; Redmann, 1974). Reversible effects of osmotic stress 

on germination vs. a lasting "toxic" effect of various ions were 

recorded by Prisco and O'Leary (1970). Redmann, 1974 and Levitt, 

1980 list a series of sub-cellular effects of ion excess. 

An early work by Uhvits (1946) distinguished the osmotic and 

toxic effects of salinity on the germination of seeds. Using seeds 

of alfalfa, she spplied iso-osmotic concentrations of mannitol and 

NaCl to seeds in petri dishes, and counted final germination rates. 

She found that germination was progressively inhibited by increasing 

osmotic potentials of substrate. NaCl inhibited germination more 

than did mannitol, an non-ionic, organic osmoticum. Furthermore, 

ungerminated seeds from the highest (12 and 15 Atm.) NaCl treatment 

germinated at high rates when returned to tap water. The author 

related concentration of substrate with germination rate, radicle 



elongation, and absorption of water from the substrate. Also found 

was that high substrate concentrations inhibit water entry into the 

cell, and that NaCl inhibits water entry more than mannitol. 

Basically the same work was done by Uiggans and Gardner 

(1959) with sorghum and radish. Polyvinyl propylene (PVP) and NaCl 

at 5 Atm. almost completely inhibited germination of seeds of both 

species, where 10 ATM of sucrose, glucose, and mannitol were required 

to give the same inhibition. PVP inhibited germination at rates 

similar to NaCl because calculations of osmotic potential did not 

account for chain branching of the polymer and led to an 

underestimation of substrate potential. The authors also 

qualitatively related radicle elongation with substrate 

concentration. 

A report by Tadmore et al (1969) describes the osmotic effect 

of mannitol on germination as modified by temperature interaction. 

Also, detailed description of different aspects of the process of 

germination were included. Onset of germination was delayed both by 

high osmotic potential of the media and by low temperature. An 

interactive effect was observed such that final germination was more 

and more dependent on osmotic potential as temperatures departed more 

from the optimum. Rates of germination of the species investigated 

were temperature dependent at all osmotic potentials. The effect of 

ionic solutes was not explored. Many experiments involving osmotic 

effects on seed germination as concerned with reproducing the effects 

of soil matric potential vs. the osmotic potential of the soil 
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solution. That extent of soil contact with the seed coat is also 

involved is recognized. 

McDonough (1975) used Peltier psychrometers to measure the 

osmotic potential of seeds during germination. He found that the 

potential of germinating seeds is lower (-17 bars) than substrate 

potentials need to inhibit germination. This enables seeds to imbibe 

water and is related to matric potential within the seed. After the 

initial imbibition of water, further biochemical activity of the seed 

relies much more on the substrate water potential. This 

interpretation is consistent with these of Poljakoff-Mayber, Bewley 

and Black. The latter author describes the triphasic sigmoid pattern 

of water uptake into a seed relative to time and the osmotic 

potentials observed at each phase. Phase 1, the imbibitional phase 

is logarithmic and allows uptake against gradients of hundreds of 

bars (more than estimated by McDonough). It is a function of seed 

colloidal potential. Phase II is a lag phase, observed also in dead 

and dormant seeds. Seeds actively germinating enter Phase 111, 

another logarithmic function, wherein osmotic forces and toxic ion 

effects readily affect germination. 

Specific ion effects are described in a report by Redmann 

(1974). The author applied iso-osmotic concentrations of the 

chlorides and sulfates of sodium potassium and magnesium as well as 

of PEG and mannitol to alfalfa seeds. He measured both initial 

germination of the seeds and recovery. Germination recovery in 

manitol and PEG were high. No salts were toxic at 25 meq/L, all at 
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400 meq/L. Na2SO^, ̂ SO^, and NaCl are most inhibitory, followed by 

KC1, MgCl2 and MgSO^, the least inhibitory. These findings are borne 

out by those of Ries and Hofman, 1983 on forage species. 

Generally, it is concluded that at low concentrations of salt, 

the adverse effects on plant function are mainly osmotic. But as 

potentials decrease due to increased concentration, toxicities due to 

specific ions are expressed. In order for an ion toxicity to be 

expressed, ions must enter the cells, or damage the plasma membranes 

(Levitt, 1980). 

On the whole plant or crop level, salinity has reduced growth 

in direct proportion to concentration in root medium and that 

"critical concentration" is a function of species or cultivar (Henkel 

and Strogonov, 1958). An extensive bibliography prepared by Maliwal 

in 1982 catalogs the responses of many crop plants to many kinds of 

salinity on many types of soils. Relative crop responses to levels of 

soil salinity are listed in USDA Handbook 60, based on 50% yield 

reductions within categories defined by electrical conductivity. 

Crop categories include: forage crops, field crops, vegetable crops, 

and fruit crops. 

The effect of ions on growth of plants can be seen as an 

effect on appearance, as in the development of chlorosis, increased 

succulence, deformation, leaf necrosis, and wilting, though Henkel 

and Strogonov state that plants under salt stress seldom show 

wilting. Finer analysis of the effects of substrate salinity on 
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plants indicates that salinity operates at cellular or sub-cellular 

levels. 

In a review of research as of 1958, Repp describes the 

relatively high permeability of glycophytic plant roots to hypertonic 

solutions of salts. This permeability is important for two reasons: 

1) without special salt excretion or compartmentation mechanisms, 

the amount of salts in a plant tends to increase with age, and 2) 

passive diffusion into the roots of soil solutions will gradually 

reduce the magnitude of the osmotic gradient from soil to plant tops. 

The compensating factor for this situation is that the plant will 

concentrate ionic or organic solutes in vacuolar sap of leaves to 

reestablish the osmotic gradient from soil to plant top. The 

relative importance of organic vs. ionic osmotica in cell sap is 

discussed by Bernstein (1961, 1963). The process of accumulating 

solutes in the vacuole is now termed osmotic adjustment. The source 

of intracellular osmoticum is believed to be the passive uptake of 

ions from soil solutions or the production of sugars and acids in the 

cytoplasm (Greenway and Munns, 1980). Repp also states that osmotic 

adjustment is a generalized response to plant water deficits and that 

while salt tolerance in a plant confers drought tolerance, drought 

tolerance does not necessarily confer salt tolerance, as illustrated 

by several extreme xerophytes that are sensitive to salt. The idea 

of osmotic adjustment is important because it provides limits to the 

effects of osmotic stress and provides an explanation for later 

observations of specific ionic damage. In 1969, O'Leary again raises 
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doubts by observing the increase in root resistance to water uptake 

in response to increased salinity. Using the above as a background 

Repp proposes that resistance of protoplasm (cytoplasm) of cells to 

ionic damage is the key to salt r lerance crop. However, even in the 

case of temporary wilting due to high transpiration, concentrations 

of salts in the leaf are passively increased, again raising the 

osmotic gradient toward the shoot. At the same time, ion 

concentrations in the leaf may exceed critical limits and cause local 

damage to plant structures. This process may also account for 

observations of salt damage occurring more during low humidity than 

during high humidity, especially if the change is rapid (Bernstein 

and Ayers, 1951). 

On the finest level, "salt resistance" is represented by the 

highest concentration that can be sustained by a given species 

without causing damage to protoplasm of cells. This concentration is 

the "critical limit" that does not irreversibly inhibit cellular 

processes or damage cellular structures. 

One process affected by increased salinity is photosynthesis. 

Levitt (1980) relates a summary of diverse research on salt effects 

on photosynthesis. Decreased photosynthesis in response to high 

salinity in cotton, onion, and beans are observed, but increased in 

sudangrass. Recovery of previous levels of photosynthesis were noted 

in wheat and barley, without removal from saline media. This 

corresponds to observations of initial reductions in these plants of 

chlorophylls a and b, and a return to even higher levels. In 
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etiolated pea seedlings photosynthetlc enzymes developed more slowly 

under saline conditions, but final concentrations were not different 

from control plants (Levitt, 1980). Other related observations 

include reduced export of photosynthate from bean leaves, and the 

patterns of distribution of C14 originating from the Cj_ and C6 

positions on transported sugars were different. Research reviewed by 

Levitt report that reductions in photosynthesis were not due to 

decreased pnotophosphorylation. Pennisetum typhoides, a plant, 

showed reduced CO2 fixation, biphosphate (RuBP) carboxylase 

concentrations. Osmond and Greenway (1972) relate that PEP 

carboxylase from leaves of plants was very sensitive to inorganic 

salts, whereas the enzyme from the roots of plants and from roots 

and leaves of plants was not. PEP carboxylase from halophytic 

species was less sensitive than PEP carboxylase from mesophylls. PEP 

carboxylase from Atriplex spongiosa, a very salt tolerant plant, 

was extrememly sensitive to chloride. It was suggested that ion 

concentration within the cytoplasm varies and may be 

compartmentalized. 

Strogonov (1970) points out that few general conclusions on 

the ionic effects on photosynthesis can be drawn. There are 

differences between species, within species, and between subprocesses 

of photosynthesis. Variation in chlorophyll content depended on the 

salt tolerance of the species. Experiments involving S0^ 

unequivocally reduced photosynthesis processes (Strogonov, 1970; 

Levitt, 1980). Again, contradictions are noted in Strogonov's review 
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in that NaSO^ has been observed to cause large increases in 

photophosphorylation in isolated chloroplasts. Osmotic effects on 

chloroplasts include volume changes in isolated organelles. Iso-

osmotic suspensions reveal differential effects of different 

osmotica. For instance, cations do not differentially affect 

photophosphorylation, but different anions do. Osmotic pressure 

increases photophosphorylation, but decreases the Hill reaction. 

Electron micrography revealed that the effect of NaCl 

salinity on chloroplast fine structure depends on the salt tolerance 

of the species examined, i.e. effects on tomatoes are less than on 

corn and in turn less than on beans (Strogonov, 1964). Starch 

granules accumulate in the chloroplast, and grana formation ceases 

while precursor vesicles remain visible. Chloroplast membranes 

appear undamaged. 

Another set of processes affected by salinity of substrate is 

respiration. One hypothesis for the decrease in rate of growth 

observed in plants grown in saline substrates is the diversion of 

respiratory energy from growth processes into maintenance (Poljakoff-

Mayber, 1980). In Poljakoff-Mayber's review, some researchers report 

increases in activity of respiratory enzymes, while others report 

decreases. No clearcut relationship exists between sensitivity to 

salinity and enzyme activity. Two things are clear, however. 

Salinity alters plant metabolism and reduces the energy charge 

delivered to growth processes, and salinity diverts this energy to 

maintenance needs such as synthesis of osmoticum and compartmentation 
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of ions. The review by Levitt (1980) tells basically the same story 

of seemingly contradictory effects, with some additional details. 

Na+ salts decrease the respiration rate of many crop plants, however 

CI and SO^ cause an opposite effect. The author explains this 

observation by proposing that while glycolytic respiration was 

sacrificed, pentose phosphate pathway was stimulated with no change 

in (>2 consumption. Another explanation is that the Na and K ATPase 

component of the electron transport chain is stimulated. The outcome 

is that increased respiration means lower apparent photosynthesis and 

lowered productivity or yield. The assumption is that apparent 

photosynthetic rate and yield are well correlated. 

Hydrolysis of proteins is enhanced by increases in salinity, 

and protein synthesis is inhibited (Levitt, 1980). The breakdown 

products of protein hydrolysis, amino acids, increase in salt 

stressed plants. Elevated levels of proline, hydroxyproline, and 

glycinebetaine are especially noted. The latter are very important 

as organic osmotica in the osmoregulation of glycophytes, and also 

possibly offer protection against ions in the cytoplasm (Greenway and 

Munns, 1980). Proline is also reputed to increase the solubility of 

proteins, and glycinebetaine (500 mM) can return the activity of 

malate dehydrogenase, a respiratory enzyme, to almost normal levels 

after stimulation by 200 mM NaCl (Pollard and Wyn Jones, 1979). No 

evidence indicates that proline accumulates more in salt tolerant 

than in salt sensitive species (Greenway and Munns, 1980). Matsuda 

and Riazi (1981) do not unequivocally accept the hypothesis that 
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proline is produced in response to loss of turgor, or even that loss 

of turgor is responsible for the stoppage of growth in water stressed 

plants. 

In reviewing the above literature, few clearcut pictures 

emerge at the subcellular level. There are many responses still to 

sort out. Responses vary in magnitude and direction between species 

and within species and between treatments with different combinations 

of ionic and organic osmotica. It seems as if every species and 

treatment represents a special case, with the exception of whole-

plant effects such as decreased growth, chlorosis, deformity, 

necrosis, and loss of productivity. It seems best to treat the crop 

or individual plant as a "black box" in relation to salt tolerance 

and concentrate on its behavior as a whole organism. At this level, 

genetic manipulation could be a viable approach to increasing crop 

productivity on salt-affected lands. 

Before genetic manipulation can offer a course of action in 

adapting plants to arid and saline lands, genetic variability must be 

demonstrated relative to traits and behaviors that increase salt 

tolerance (Shannon, 1980). Measurements of salt tolerance must be 

done on different populations of crop plants and at all stages of 

growth. Measurements of salt tolerance must be performed on the 

progeny of lines selected as salt tolerant to test the heritability 

of whatever traits are responsible. Shannon outlines four 

difficulties that plagued early researchers in this line of 

investigation: 1) Actual physiological mechanisms of salt tolerance 
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and effects of salinity are yet unclear, 2) varietal differences are 

often difficult to detect, 3) the response of plants to salinity is 

interactive with several confounding environmental factors, and 4) 

the tolerance of plants changes over their life cycles. 

As the preceding section of this review indicated, the basic 

mechanisms of salt tolerance are unclear. However, generalizations 

can still be made about plant behavior in the presence of Na, CI, and 

SO^ concentrations. Shannon notwithstanding, varietal differences do 

exist in plants' tolerance to salinity. As early as 1956, Brown and 

Hayward report significant differential yield decreases between 

alfalfa varieties at low (3000 ppm) and medium (6000 ppm) salinity 

treatments respectively. No differences between varieties were seen 

at the 9000 ppm treatment. They detected no change in cation content 

of plant tops and the effect was deemed osmotic. In 1964, Abel and 

MacKenzie state that interspecific tolerances differ widely, but that 

intervarietal differences are often small. They went on to say that 

fifty varieties of soybean had been evaluated for CI tolerance, with 

wide variations in germination and growth observed. They screened 

six varieties closely with similar results, noting that exclusion of 

chloride correlated with survival and growth, and that tolerance at 

germination did not correlate with tolerance later in development. 

Observations continued and varietal differences emerged for 

a wide range of crop species, including green beans (Bernstein and 

Ayers, 1951), grain sorghum, wheat (Taylor et al., 1974; Francois et 

al., 1984; Greenway, 1975), and sugar beet (Marschner, et al. 1981). 
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As time went on techniques for screening, application of stress, and 

measuring response improved. Also, as more inbred lines of crop 

plants became available, the application of stress may have produced 

more measureable effects. As technique improved, methods for 

eliminating confounding environmental factors (i.e. soil variations, 

humidity, and temperature) became more sophisticated. For example, 

culture in soiless media, growth chambers, and tissue culture. 

Evaluation of inheritance patterns of salt tolerance is now 

being undertaken. Abel (1969) isolated a simple, well-defined, 

Mendelian gene in soybean that coded for exclusion/inclusion of CI. 

In soybean, the exclusion of chloride from the plant tops is related 

to salt tolerance in an otherwise sensitive species. Abel isolated 

lines of excluders and lines of includers, based on development of 

leaf necroses at 7 mmhos/cm salinity. Analysis of F^, F2, and 

progeny from various crosses between excluders and intruders revealed 

that action of a dominant CI excluder gene that he labeled Ncl/ncl, 

and which confers salt tolerance in soybean. 

More recently, Kingsburg and Epstein (1984) describe a 

screening technique used to evaluate a) the germination of wheat 

cultivars, and b) the resistance of cultivars over their entire life 

cycle. The technique employed germination of the seed in salted (sea 

salt) media, in order to isolate lines resistance to high 

concentrations. This method allowed control over environmental 

parameters over the entire life cycle. The treatment (85 percent 

seawater) eliminated 93 percent of the lines tested, most dying in 
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the early vegetative stage rather than at germination. The authors 

concluded that wheat cultlvars contain substantial variation and 

potential for breeding for salt tolerance. 

Work by Lehman et al (1984) measured effects of salinity on 

rice cultlvars in the greenhouse. The workers correlated agronomic 

characters such as number of tillers, number of panicle elements, 

seedling height, days to heading, and grain-to-straw ratio with seed 

weight produced at three levels of salinity. They concluded that 

observations should be made over several years due to a high year x 

cultivar interaction. Significant cultivar x salinity level 

interactions were present, indicating enough variation between 

cultlvars to facilitate selection of resistant cultlvars based on 

agronomic traits. However, no mention was made of the possibility of 

crossing high yield rice with high resistance rice, and screening the 

progeny for both traits. 

In wheat, resistance to salinity is conferred by a complex 

and complementary interaction among genes on different chromosomes 

(Dvorak et al., 1985). Some wheat cultlvars display relatively high 

levels of salt tolerance. Dvorak et al attempted the introgression 

of genome elements of Elytrigia pontica, a high salt-tolerant grass 

into the wheat genome through hybridization. The hybridization was 

successful, and several families of progeny showed higher salt 

tolerance than the wheat parents. Some of the progeny selected had a 

complete wheat genome plus chromosomes from Elytrigia that conferred 

salt tolerance. All of the backcrosses to wheat were not stable, and 



37 
complicated ploidy effects and morphological variability resulted, 

but several of the progeny were able to set seed. Yield potentials 

of progeny were not discussed. 

Finally, the heritability of salt tolerance during 

germination has been demonstrated in alfalfa (Allen et al., 1985). 

Using an Indian introduction of Mesa Sirsa alfalfa, workers screened 

germinating seeds at various salinity levels to determine the 

concentration required to reduce germination to 1%. Surviving 

seedlings were planted into a crossing block and progeny were 

screened again at a higher concentration. After five cycles of mass 

selection, germination has increased about 35% at 1.60 MPa NaCl. 

Heritability was estimated at 49%, indicating a highly heritable 

trait. The authors do not speculate whether the trait confers 

resistance to osmotic stress or to a toxic ion, and suggest that 

further screening for tolerance at later stages of development are 

necessary. 

When confronted with a problem like salinity, the most common 

response of the scientific community is the "technological fix", an 

intensification of technical input, i.e. through soil and water 

management, and use of expensive energy and capital-intensive 

technology. The scientific literature now contains numerous examples 

of intraspecific variation in the salt tolerance of plants, and some 

examples of the introduction of salt tolerant genomes into plants, 

either from wild relatives or from natural variants in the crop 

population. While researchers still remain essentially in the dark 
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regarding basic tolerance mechanisms, the "black box" model of plant 

response to salt stress can give the desired results provided with 

adequate variation in germplasm resources. 

With the background pesented in the preceding reviews, a 

series of experiments were designed to investigate possible salt 

tolerance in grain amaranths. Previous studies conducted in the 

field indicated that germination was an especially critical period, 

owing to small seed size, high soil temperatures at the site of 

germination, and rapid drying of the soil surface requiring frequent 

light applications of water with the possibility of concentrating 

salts around the germinating seed. The experiments were designed to 

determine optimum temperature for germination of grain amaranth seed, 

the rate at which radicles may elongate in moist soil, the response 

of germinating seeds to osmotic and ionic stress, and to discover any 

interspecific differences in salt tolerance. 
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MATERIALS AND METHODS 

Experiment 1: Seed Germinations 

Using methods described by Wiggans and Gardener (1959) seeds 

of A^ cruentus and A^ hypochondriacus were tested for germination in 

response to temperature, salinity, and water deficit as simulated by 

solutions of polyethylene glycol (PEC;). One hundred seeds were 

placed on a double layer of Whatman No. 2 filter paper in the top of 

9 cm plastic petri dishes. The paper was wet with 4 ml of distilled 

water or a solution of PEG or NaCl, the bottom was placed on the dish 

and squeezed slightly to produce a seal. All of the dishes prepared 

were placed in plastic bags along with several wet paper towels. The 

bags were placed in temperature controlled growth chambers in the 

dark. 

Temperature effects on germination were measured at 10, 15, 

20, 25, 30, 35, and 40°C. Each treatment was replicated four times 

in a randomized complete block design. The temperature in the growth 

chambers was monitored with a thermocouple/telethermometer, a Yellow 

Springs Instrument. The dishes were removed and the germinated seed 

counted each day for four days. 

To measure salinity vs. osmotic effects on germination iso-

osmotic solutions were prepared of NaCl and polyethylene glycol 6000. 

NaCl solutions were prepared according to the method employed by 

Wiggans and Gardner using the equation: 
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grams solute/Liter = XVM(.987) 
RiZ 

Where; X = osmotic pressure (bars) 

V = volume of solution (1 liter) 

M = formula weight of the salt 

Where; R = Ideal Gas Constant (0.0821) 1 Atm K~1 mol 

T = K 

Z = numbers of particles released on dissassociation 

of salt molecules 

.987 = conversion factor (atmospheres to bars) 

PEG solutions were prepared according to the equation derived 

by Michel and Kaufman (1973). 

X = (1.18 x 10~2) [PEG]-(1.18 x 104) [PEG]+2+ 

(2.67 x 10"4)T [PEG] + (8.39 x 10-7)T [PEG]2 

Where; 

X = osmotic pressure (bars) 

T = C 

[PEG] = grams PEG kg-1 1^0 

Solutions were prepared for use at 35°C. The osmotic 

pressures prepared for the germination solutions were 0, -0.2, -0.4, 

-0.5, -0.6, -0.8, -1.0 MPa. The solutions were checked with a Wescor 

5100C Vapor Pressure Osmometer. Seeds in this test were packaged in 

the same way as in the temperature test and placed in the growth 

chamber. Each day for four days, the petri dishes were removed from 

the growth chamber and the germinated seeds counted. In both 
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germination tests a seed was considered germinated if it produced a 

radicle 1 mm long. 

The experimental design was a randomized complete block. 

Treatment groups were 2 species x 2 chemicals (NaCl and PEG) x 7 

concentrations. Each treatment was replicated four times. 

Experiment 2: Elongation of Radicle and Hypocotyl 

The same solutions described above were used in this 

experiment. Ten seeds were placed between two layers of Whatman No. 

2 filter paper. The paper had been cut to form strips 9 cm x 5 cm. 

The paper layers containing the seeds were wet with solutions of NaCl 

or PEG, rolled up and placed in 50 ml plastic centrifuge tubes. Five 

ml of solution was placed in the bottom of each tube and the tube 

sealed airtight with a plastic screw top. No loss of water from the 

tubes was observed during the experiment. One blank tube contained a 

thermocouple to monitor temperatures at the site of germination. 

Temperature was observed to oscillate regularly around 35°C + 1.7"C, 

with a period of 120 seconds. The tubes were randomized and placed 

in a darkened growth chamber at 35°C. Each day for six days, the 

tubes were removed and radicles and hypocotyls measured to the 

nearest 0.5 mm under a dissecting microscope. The experiment was 

designed as a randomized complete block. Each block consisted of six 

days of observation replicated four times. Treatment groups 

consisted of 2 species x 2 chemicals x 7 concentrations. 



CHAPTER 4 

RESULTS AND DISCUSSION 

Analysis of all original and derived data was done on a 

microcomputer using Costat (Cohort, Palo Alto, California). This 

software does analysis of variance and mean separation procedures as 

outlined by Sokal and Rohlf (1969). The three-way model for analysis 

of salt and PEG germinations and seedling growth is: 

Source: df 

Replicate 3 
Species 1 
Chemical (B) 1 
Concentration (C) 6 
(A x B) 1 
(A x C) 6 
(B x C) 6 
(A x B x C) 6 
Error 83 

Total 111 

For temperature effects on germination the model is: 

Replicate 3 
Species 1 
Temperature 6 
Interaction 6 
Error 39 

Total 55 

Mean separations were done using Student-Newman-Keuhl ranges 

at 0.05 level. 
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Effect of Temperature on Germination 

During the first 2 hours after imbibition the highest 

germination percentages were observed in the range 30-35°C (Table 1). 

For both the 30° and 35° C treatments Amaranthus cruentus germinated 

significantly more than did Amaranthus hypochondriacus, but this 

initial difference disappeared permanently by Day 2 of the 

experiment. Significantly fewer seeds had germinated on Day 1 in the 

20-25°C range, but by Day 2 the counts were not different from the 

30-35°C range for A. cruentus and by Day 3 all differences between 

species and temperature treatments had disappeared in both ranges. 

Germination at 10 and 15 °C remained negligible for all four 

days with no species effect. Germination at 40°Cwas the same as at 

25°C on Day 1 for both species, but this similarity of response 

disappeared on Day 2, with the 40°C treatment allowing a very low 

percentage of germination throughout the experiment. 

In the following experiments the germination and growth 

measurements were carried out at 30°C to optimize response under all 

treatment conditions. 

Effect of NaCl-and PEG-on Germination 

Significant effects on germination percentage after four days 

due to species, chemical or osmotic potential were absent in the 

range 0.0 to - 0.4 MPa (Table 2). All percentages in this range were 

above 90%, with the exception of A^ hypochondriacus germinated in PEG 

at -0.4 MPa. 



Table 1. Effect of temperature on cumulative and final(Day 4) germination of 
Amaranthus cruentus (A.c.) and Amaranthus hypochondriacus (A.h.) 

7, Germination 

Day 1 Day 2 Day 3 Day 4 
Temp 
( C) A.c. A.h. A.c. A.h. A.c. A.h. A.c. A.h. 

10 0.0 Azay 

o
 •
 

o
 A a 0.5 A a 

o
 

•
 

o
 A a 0.5 A a o

 
•
 
o
 

>
 

a 0.5 A a 0.0 A a 

15 0.0 A a 0.0 A a 0.7 A a 0.3 A a 0.9 A a 0.3 A a 0.9 A a 0.3 A a 

20 3.4 A a 3.1 A a 92.0 B a 81.0 B a 94.0 B a 88.0 B a 94.5 B a 90.4 B a 

25 30.0 B a 19.1 B b 97.0 B a 77.0 B b 98.2 B a 87.4 B b 98.6 B a 90.8 B a 

30 96.6 C a 78.0 C b 98.0 B a 90.0 C a 98.0 B a 91.7 B a 98.0 B a 91.3 B a 

35 90.4 C a 75.0 C b 94.5 B a 87.1 C a 96.0 B a 88.0 B a 96.6 B a 88.3 B a 

40 30.3 B a 12.9 B b 32.5 C a 20.0 D b 33.1 C a 23.5 C b 33.3 C a 24.7 C a 

X " 35,8 ax 26.9 a 59.3 a 50.8 a 60.1 a 54.1 a 60.3 a 55.1 a 

z Mean separation within each column for each species was made using SNK at 5%. 
Significant differences between means are indicated by differentupper-case letters. 

y Mean separation between each species in each day-column was made using SNK at 5%. 
Significant differences between means are indicated by different lower-case letters. 

x Separation of means across all tmeperature treatments within each day-column was made 
using SNK at 5X. Significant differences between species are indicated by different 
lower-case letters. 
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Table 2. Effect of NaCl and PEG on germination of Amaranthus 
cruentus and Amaranthus hypochondriacus the fourth day 
after imbibition. 

% Germination 

Osmotic Amaranthus cruentus Amaranthus hypochondriacus 
Potential 
(-MPa) NaCl PEG NaCl PEG 

0.0 98.2 k z
a y  95.4 A a 92.8 A a 90.2 A a 

0.2 98.7 A a 95.1 A a 90.5 A a 90.2 A a 

0.4 94.8 A a 91.2 A a 92.8 A a 84.8 E a 

0.6 86.1 B a 40.7 B b 80.4 B a 54.4 C c 

0.8 2.6 C a 2.6 C a 4.9 C b 4.1 D b 

1.0 0.0 C a 0.0 C a 3.4 C b 0.0 D a 

X 63.4 ax 54.2 b 60.8 a 54.0 b 

z Mean separations within each column for each species x chemical 
combination were made using SNK at 5%. Significant differences 
are indicated by different upper-case letters. 

y Mean separation within each row for each osmotic potential were 
made using SNK at 5%. Significant differences are indicated by 
different lower-case letters. 

x Mean separation for each overall species x chemical combination 
were made using SNK at 5%. Significant differences are indicated 
by different lower-case letters. 
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At -0.6 MPa significant species and chemical effects were 

observed; A. cruentus germinated at a lower percentage than did A. 

hypochondriacus in PEG, and both species germinated less in PEG than 

in NaCl. In the range -0.8 to -1.0 MPa, final germination was very 

low. A^ hypochondriacus germinated significantly better than did A. 

cruentus in this range. Neither species responded differently to 

NaCl or PEG in the germination medium. 

Across all levels of osmotic potential no species differences 

occurred in germination percentage; both species germinated better in 

NaCl than in PEG. 

Effect of NaCl and PEG on Radicle Length 

Radicle growth in A. hypochondriacus was significantly better 

in 0.0 MPa PEG than in the other control groups. This effect 

persisted through all levels of osmotic potential. The A. 

hypochondriacus x PEG treatments were always a little higher than the 

other treatment groups (Table 3). 

At -0.2 MPa osmotic presure radicle elongation was not 

significantly different from the 0.0 MPa group. The only species x 

chemical effect observed was that of A^ cruentus x PEG, which 

interaction produced stimulation of radicle elongation. 

At -0.4 MPa both species exhibited significant inhibition of 

radicle elongation in NaCl, whereas both species responded equally to 

0.0 and -0.4 MPa PEG. 

Osmotic potentials in the range -0.5 to -1.0 MPa caused 

progressive inhibition of radicle elongation with decreasing 
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Table 3. Effect of NaCl and PEG on radicle length of seedlings of 
Amaranthus cruentus and Amaranthus hypochondriacus after 
six days of growth. 

Radicle Length (mm) 

Osmotic Amaranthus cruentus Amaranthus hypochondriacus 
Potential 
(-MPa) NaCl PEG NaCl PEG 

0.0 17.8Azay 16.1 A a 18.5 A a 23.0 A b 

0.2 15.1 A a 23.0 B b 17.8 A a 25.3 A b 

0.4 10.9 B a 16.6 A b 13.6 B a 26.2 A c 

0.5 8.3 B a 8.5 C a 10.4 C a 14.8 B b 

0.6 5.4 C a 2.5 D b 8.5 C c 7.1 C c 

0.8 1.3 D a 0.6 E a 3.3 D b 2.8 D b 

1.0 0.3 D a 0.2 E a 0.9 E a 0.4 E a 

x = 8.4 ax 9.6 a 10.4 a 14.2 b 

z Mean separation within each column for each species x chemical 
combination were made using SNK at 5%. Significant differences 
are indicated by different upper-case letters. 

y Mean separation within each row for each osmotic potential were 
made using SNK at 5%. Significant differences are indicated by 
different lower-case letters. 

x Mean separations for each overall species x chemical combination 
were made using SNK at 5%. Significant differences are indicated 
by different lower-case letters. 
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potential of the media. A^ hypochondriasis showed more radicle 

growth in PEG and NaCl than did A^ cruentus until -1.0 MPa was 

reached, when inhibition was uniform across all treatment groups. 

The only species x chemical effect was observed in A. hypochondriacus 

x PEG when means were taken across all osmotic potentials. 

Effect of NaCl and PEG on Hypocotyl Length 

No differences occurred between species or chemical 

treatments at the 0.0 MPa level (Table 4). Polyethylene glycol at -

0.2 MPa depressed hypocotyl elongation in both species equally while 

the effect of NaCl was not significant at this level. Further 

lowering of osmotic potential decreased hypocotyl growth more in PEG 

than in NaCl at equivalent concentrations. At -1.0 MPa both species 

and both chemical treatments resulted in similar degrees of growth 

inhibition. Only the treatment combination A^ hypochondriacus x NaCl 

x -0.6 MPa showed an unusual amount of growth, A. hypochondriacus 

appeared more resistant to low water potentials due to salinity than 

to low non-ionic water potentials and more able to adjust to those 

stresses than does A^ cruentus. 

Means over all water potentials indicated that PEG inhibited 

hypocotyl growth of both species equally and inhibited them more than 

NaCl. 

Effect of NaCl and PEG on Total Growth 

Data given for total growth were obtained by adding each 

observation of radicle growth to the corresponding observation of 
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Table 4. Effect of NaCl and PEG on hypocotyl length of seedlings of 
Amaranthus cruentus and Amaranthus hypochondriacus after 
six days of growth. 

Hypocotyl Length (mm) 

Osmotic Amaranthus cruentus Amaranthus hypochondriacus 
Potential 
(-MPa) NaCl PEG NaCl PEG 

0.0 24.2 Azay 24.5 A a 21.1 A a 24.4 A a 

0.2 19.1 A a 12.3 B b 15.3 A a 11.2 B b 

0.4 13.3 B a 4.9 C b 12.2 A a 6.0 C b 

0.5 10.8 B a 2.4 D b 11.3 B a 3.6 C b 

0.6 5.5 C a 0.6 D b 10.2 B c 1.3 D b 

0.8 1.1 D a 0.1 D b 4.8 C c 0.4 D b 

1.0 0.1 D a 0.0 D a 0.6 D a 0.0 D a 

x = 10.6 ax 6.4 b 10.9 a 6.7 b 

z Mean separation within each column for each species x chemical 
combination were made using SNK at 5%. Significant differences 
are indicated by different upper-case letters. 

y Mean separations within each row for each osmotic potential were 
made using SNK at 5%. Significant differences are indicated by 
different lower-case letters. 

x Mean separations for each overall species x chemical combination 
were made using SNK at 5%. Significant differences are indicated 
by different lower-case letters. 
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hypocotyl growth and calculating means. Mean separations were than 

determined using SNK at 5% (Table 5). 

In the control groups the oniy significant difference noted 

was a slight increase in the length of seedlings of A', 

hypochondriacus in PEG. This effect is a result of the increase in 

radicle growth observed in the same treatment group (Table 3). This 

difference did not carry over into the overall species x chemical 

means in the bottom row of Table 5. 

In the range -0.2 to-0.5 MPa decreasing osmotic potential of 

the media very uniformly decreased total growth of the seedlings 

without significant effects due to species or chemical. In the lower 

ranges of osmotic potential both species were inhibited in total 

growth more by PEG than by NaCl, and A^ hypochondriacus was inhbited 

less than cruentus by either chemical treatment. 

Across all levels of osmotic potential no species or chemical 

effect was observed except for depressed growth of A^ cruentus in 

PEG. 

Effect of NaCl and PEG on Root/Shoot Ratio 

Observations of radicle and hypocotyl length after six days 

in media were combined case by case to produce root/shoot ratios for 

each species x chemical x osmotic potential combination. This 

transformation was done in order to clarify whether one treatment 

stimulated root or shoot elongation more than the other. The data 

presented in Table 5 suggests that radicle growth may be stimulated 

by PEG treatment or that hypocotyl growth may be suppressed by the 
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Table 5. Effect of NaCi and PEG on total growth (radicle + 
hypocotyl) of seedlings of Amaranthus cruentus and 
Amaranthus hypochondriacus after six days. 

Total Growth (mm) 

Osmotic Amaranthus cruentus Amaranthus hypochondriacus 
Potential 
(-MPa) NaCl PEG NaCl PEG 

0.0 42.0 Azay 40.6 A a 39.6 A a 47.4 A b 

0.2 34.1 B a 35.3 A a 33.1 B a 36.5 B b 

0.4 24.2 C a 21.5 8 a 25.8 C a 32.2 B b 

0.5 19.1 C a 10.9 C b 21.7 C a 18.4 C a 

0.6 10.9 D a 3.1 D b 18.2 C c 8.4 D a 

0.8 2.4 E a 0.7 E b 8.1 D c 3.2 E a 

1.0 0.4 E a 0.2 E a 1.5 E b 0.4 E a 

x = 19.1 ax 16.0 b 21.4 a 20.9 a 

z Mean separations within each column for each species x chemical 
combination were made using SNK at 5%. Significant differences 
are indicated by different upper-case letters. 

? Mean separations within each row for each osmotic potential were 
made using SNK at 5%. Significant differences are indicated by 
different lower-case letters. 

x Mean separation for each overall species x chemical combination 
were made using SNK at 5%. Different lower-case letters indicated 
significant differences. 
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same treatment. This would imply an altered allocation of resources 

by the developing seedling in response to osmotic stress from 

different sources. 

The control groups showed no differences between any 

combination of chemical or species. A^ cruentus and A. 

hypochondriacus growing in distilled water gave root/shoot ratios of 

0.7 and 0.9, respectively (Table 6). Increased concentrations of 

NaCl very slightly increased root/shoot ratios, but the differences 

did not become significant until -1.0 MPa. No difference between the 

responses of either species was observed. PEG had a very different 

effect. At -0.2 MPa a significant increase in root/shoot ratio of 

both species was observed. This effect continued with decreasing 

osmotic potential until the highest concentrations of PEG produced 

root/shoot ratios of 6.0 and 7.0 in A^ cruentus and A. 

hypochondriacus, respectively. At -1.0 MPa PEG hypocotyl length was 

0.0 mm after six days, the denominator of which produced an 

irrational number for root/shoot ratio. The total growth in these 

treatment groups was expressed as radicle growth only. 

Means of root/shoot ratios taken across all water potentials 

showed that no significant differences resulted from the treatments 

due to species, but that PEG inhibited shoot growth more than radicle 

growth. NaCl affected root/shoot ratios very little overall and in 

the case of A^ hypochondriacus, not at all. 
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Table 6. Effect of NaCl and PEG on root/shoot ratios of seedlings 

of Amaranthus cruentus and Amaranthus hypochondriacus 
after six days of growth. 

Root/Shoot Ratio 

Osmotic Amaranthus cruentus Amaranthus hypochondriacus 
Potential 
(-MPa) NaCl PEG NaCl PEG 

0.0 0.7 Azay 0.7 A a 0.9 A a 0.9 A a 

0.2 0.8 A a 1.9 B b 1.2 A a 2.3 B b 

0.4 0.8 A a 3.4 C b 1.1 A a 4.4 C b 

0.5 0.8 A a 3.5 C b 0.9 A a 4.1 C b 

0.6 1.0 A a 4.2 C b 0.8 A a 5.5 C b 

0.8 1.2 A a 6.0 D b 0.7 A a 7.0 D b 

1.0 3.0 8 b 99.9 E cx 0.6 A a 99.9 E cx 

x = 1.2 aw 3.3 b 0.9 a 4.0 b 

z Mean separations within each column for each species x chemical 
combination were made usnig SNK at 5%. Significant differences 
are indicated by different upper-case letters. 

y Mean separations within each row were made using SNK at 5%. 
Significant differences are indicated by different lower-case 
letters. 

x Infinitely large ratio was produced by zero hypocotyl growth in 
denominator. This number was interpreted as being significantly 
different from numbers near zero. These numbers were excluded 
from overall species x chemical means. 

w Mean separations for each overall species x chemical combination 
were made using SNK at 5%. Significant differences are indicated 
by different lower-case letters. 
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Several differences between the two species' response to the 

treatments were seen in this study. Amaranthus cruentus germinated 

sooner than A^ hypochondriacus at their common optimal temperature. 

Neither species germinated well in response to stresses induced by 

even moderately lowered water potential (O.P. less than -0.6 MPa), 

though A^ hypochondriacus germinated better than A^ cruentus in 

certain ranges and chemicals. 

Radicle growth for A^_ hypochondriacus was greater than for A. 

cruentus in the middle ranges of lowered water potential. No 

differences were seen between species in hypocotyl growth. Total 

growth of A. hypochondriacus was inhibited less by lowered water 

potential than was A^ cruentus. The former also developed a higher 

root/shoot ratio than the latter at lower non-ionic water potentials. 

Chemical effects were more clearcut than species effects. 

Not much difference was seen in radicle growth, but both hypocotyl 

and total growth showed more inhibition by PEG than by NaCl. 

Root/shoot ratios were radically altered by PEG, while being only 

slightly affected by NaCl. Presumably, PEG does not enter plant 

tissue or cells so it cannot interact metabolically; any effect it 

has must be by way of lowered water availability to the plant. This 

interpretation is open to investigation and further tests on seedling 
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development using other non-ionic solutes may confirm or deny this 

hypothesis. 

The interpretation advanced here concerning the less marked 

effect of NaCl on the plants is that the ionic solute is absorbed by 

the plant, whose cells are then able to adjust osmotically to the 

lowered water potential of the rooting medium. PEG, not entering the 

plant, cannot be used by it to adjust internal osmotic potentials. 

The fact that differences do exist between species of 

amaranths in their response to lowered water potentials due to ionic 

and non-ionic solutes indicates that the genetic potential exists to 

breed plants for increased resistance to these stresses. Identifying 

and incorporating genes for resistance to NaCl and PEG is a distinct 

possibility and has been accomplished by researchers working with 

other plants (Allen et al., 1985). What remains to be done is to 

screen a wide variety of amaranth genotypes for resistance to osmotic 

stress. Repeated backcrossing could then incorporate genes for 

resistance into an agronomically acceptable variety. Approaches to 

identifying resistant plants could include mass screening in the 

field and/or selection in laboratory or field for specific traits. 

Since high soil temperatures, rapidly drying soil, and accumulation 

of salts in the root zone are the challenges the seedling must 

survive, differences in rapidity of germination, root elongation, 

shoot emergence and development of high root/shoot ratios would be 

good traits to screen for. 
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Extending the results obtained in this study to 

recommendations for field practice presents difficulties. The 

results of the temperature and NaCl treatments are the easiest to 

extend to the field. The temperature and electrical conductivity of 

the soil in the germination zone of the plant is easily measured and 

regulated. Using aqueous solutions of PEG to model varying soil 

water potentials due to changing soil water content is confounded by 

many variables. Any inferences made by a study of this kind must be 

supported by more laboratory tests and especially by field testing. 

Results obtained by researchers in the field indicate that this line 

of investigation can prove fruitful. 

If grain amaranth is to become a profitable crop in parts of 

the world affected by drought and salinity, much work will have to be 

done to reveal and incorporate traits that provide it with a 

competitive advantage relative to other crops. High degrees of 

variability within accessions will have to be exploited for breeding 

work. The unusual and valuable combination of sulfur-containing 

amino acids in amaranth seeds and its ability to grow on marginal 

land could make this research well worth the effort. 
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