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ABSTRACT 

Physiological responses of 12 sorghum (Sorghum bicolor L.) geno-. ------,,;;-

types previously classified as drought resistant and susceptible upon 

grain yield basis were evaluated under dry and wet moisture treatments 

at Tucson, Arizona in 1983. In addition, the relationship of these 

physiological responses and their heritability estimates were also 

determined. Apparent photosynthesis, transpiration, diffusive resis-

tance, temperature differentials, and leaf temperature were measured 

under field conditions at three intervals from planting date: 48, 62, 

and 77 days, respectively. Stomatal density and epicuticular wax con-

tent were determined toward the end of the season when full canopy 

development was reached. 

Stress significantly affected all characteristics measured for 

each genotype by a reduction in apparent photosynthesis rates, trans-

piration, and temperature differentials, and an increase in diffusive 

resistance, leaf temperature and stomatal density. The wax content 

response varied among genotypes irrespective of the dry and wet moisture 

treatments. Except for the wax content and stomatal density, all the 

other parameters demonstrated a high significant correlation with photo

synthesis at .001 level; nevertheless, greater values were observed in 

the stress treatment. 

Analysis of variance failed to detect significant differences 

among the 12 gennplasm sources, except for the stomatal density. 

xii 



xiii 

Multiple regression analysis showed that leaf diffusive resistance was 

the first variable incorporated for photosynthesis prediction in both 

the dry and wet treatments. The offspring and mid-parent regression 

for each characteristic under both treatments provided heritability 

estimates (h2 ± SE), indicating higher heritability values under the 

dry treatment. 



CHAPTER 1 

INTRODUCTIOn 

Breeding crops for drought tolerance presents a difficult prob

lem for breeders due to the complexity of this phenomenon, diversity of 

plant types, and the nature of the economic part of the plant which is 

of most interest. However, the necessity of breeding for drought toler

ance will likely make this task a continuous challenge for plant scien

tists for years to come despite the frustrations encountered and the 

slow progress. 

Drought is a real problem and a serious yield-limitin9 factor in 

large portions of the world's land area (Kozolowski, 1968), where, ac

cording to Raheja (1966), 36~ of the cropland receives less than 30 

inches of precipitation per year and much of the other 64~ suffers 

drought sometimes during the growing seasons. This explains the qreat 

concern \oJorldwide of breeding for drought tolerance to meet the increases 

in world population which is estimated to be in the range of 6 to 8 

billion people by the year 2,000 (Cochrane, 1969). However, this con

cern seems to be more acute for the millions of the poorest people of 

the semi ari d tropi cs where there has been a dramati c dowmlJard trend in 

levels of food self-sufficiency over the last 20 years. Though drought 

was found to be the main reason for this decline, it appears that its 

impact has been compounded with population increases in these areas. 

1 
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Sorghum (Sorghum bicolo~ (L.) Moench) is the daily food of peo

ple in most of the semiarid tropics. It is also used as food for animals 

and is an industrial raw material. However, to assure an increase in 

its production, efforts should be made to increase its yielding poten

tial per unit area which is rather low compared to the average yield per 

hectare worldwide (Martin, 1970). One way to do this is by improving 

the existing varieties to be better adapted to drought, which has been 

found to be the major problem with sorghum production in most of the 

semiarid tropic (SAT) countries (Appendix A). 

Breeding for drought tolerance has been carried out for years in 

many crops; however, success has been limited due to the lack of techni

ques and the lack of knowledge of what conditions drought tolerance 

(Moss, Worney, and Stone, 1974). Sorghum is no exception from this gen

eral rule, where most of the breeding work has been done throuqh direct 

selection for absolute performance (yield) under moisture stress, com

pared with the conditions without stress. Critics of this approach have 

always pointed out that an understanding of the plant ohysiology is es

sential to the success of breeding and that more gain can be achieved 

and made more rapidly and predictably if the morphological and physio

logical mechanisms that might be correlated with or that contribute to 

drought tolerance, are better understood. This study was carried out to 

investigate several physiological characteristics of materials previously 

classified as being tolerant or susceptible to drought on a yield basis 

(absolute performance). The main objectives were (1) to identify the 
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presence of any significant differences between the lines studied in 

regard to the physiological parameters measured; (2) to determine the 

relationships between and among these parameters; and (3) to measure the 

heritability of these physiological characteristics. 



CHAPTER 2 

LITERATURE REVIEW 

Drought is a meteorological and environmental event (May and 

Milthrope, 1962), defined as the absence of rainfall for a period of 

time long enough to cause deDletion of soil moisture and damage to 

plants. The length of time without rain that is necessary to cause 

injury depends on the kind of plant, the water··holdinq characteristics 

of the soil in which it is growing, and the atmospheric conditions that 

affect the rates of evaporation and transpiration. Drought may be per

manent, as in the desert areas, seasonal, as in areas with well-defined 

wet and dry seasons, or unpredictable, as in many humid climates (Kramer, 

1980). Von Savel and Verlendin (1956) defined agricultural drought 

as the condition that exists when there is insufficient water available 

to a crop. 

Drought affects virtually every plant growth process before any 

decrease in yield can be measured (Levitt, 1972; Hsiao et al, 1976; 

Turner and Kramer, 1980; Paleq and Aspinall, 1981). However, plant 

species respond differently to a given degree of moisture stress (Kramer, 

1974). 

The number of papers and books that have reviewed the response 

of plants to water stress and mechanisms that enable plants to adapt to 

a moisture deficit environment are enormous. However, the following are 

4 
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several of many plant characteristics that impart drouqht resistance to 

a plant and factors that could be considered in a breeding program. 

Rapid Development 

One of the most successful techniques for increasing yield in 

dry regions has been to breed for earlier flowering whereby plants com

olete most of their reproductive cycle before the dry period arrives and 

thus avoid the drought. In temperate areas it appears that tolerance to 

low temperature might be an important adaptation for drought escape be

cause it permits growth to start earlier in the season to better ensure 

completion of the life cycle before water becomes limiting. 

Despite the fact that yield is often positively correlated with 

maturity date, there is abundant data in the literature supporting the 

importance of early maturity when drought occurs late in the growing sea

son. Derera, Marshal, and Ballam (1969) working with wheat (Triticum 

aestivum L.) under simulated drought conditions, concluded that between 40 

2nd 90% of the variation in wheat yields under drought was accounted for 

by earliness. The same findings were reported by Chinoy (1961). Reitz 

(1974) reported that each day wheat in Kansas and Nebraska matures ear

lier than the Kharkof variety, resulted in an increase in yield of 

nearly 60 kg/ha. Fischer and Maurer (1978) working with 53 wheat and 

barley (Hordeum vulgare L.) cultivars, reported that the increase in 

yield that can be attributed to earliness was greater when the water 

deficits were more severe. 

In cotton, Quisenberry and Roark (1976), reported a correlation 

between high yields and early maturity in upland cotton (Gossypium 



hirsutum L.) in the absence of rainfall; however, they indicated that 

this earliness-yield relationship is reversed when adequate rainfall 

does occur during the growing season. 

In sorghum, Bl um (E:70), and Bl urn, Jordan, and 

6 

Arkin (1977) found that earliness was associated with reduced water use 

and Dalton (1976) pointed out that it was negatively correlated with 

grain yield. However, Rao et al. (1979) reported that the replacement 

of traditional 130 to180 day sorghums by early hybrids and varieties of 

100 to110 days duration, which mature before the rains end or before 

soil moisture is depleted, has resulted in a remarkable increase in 

sorghum production in India. Furthermore, they indicated that this 

maturity characteristic is simple to observe visually. 

Developmental Plasticity 

There are numerous reports in the literature indicating that 

annual crop plants exhibit some patterns of developmental plasticity. 

In wheat, Angus and Moncur (1977) showed that mild water deficits be

tween floral initiation and anthesis hastened anthesis and maturity. 

Stout and Simpson (1978) have reported that moisture stress induced 

changes in the length of growth stages in some crop plants. Sheetharama 

and Bidinger (1979), working on a set of 33 germplasm lines of sorghum 

reported that there was a positive and significant correlation between 

days to flower under control (irrigated) and delay under moisture stress. 

Ti11ering provides a major form of developmental plasticity in 

some species (Bunting et a1., 1964), and it is thought to be of 
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importance in semi-arid climates. However, Hurd (1971) considered til

lering a luxury which cannot be afforded in dry areas because tillers 

which do not produce seed are wasteful of limited moisture. Further

more, Throne (1966) cited by Hurd (1971) found that even in Britain, 

where the climate is not semi-arid, the production of fewer tillers 

most of which produce seed, was associated with better-yielding cul

tivars. 

In sorghum many lines were reported to delay or postpone their 

development (Sheetharama and Bidinger, 1977), and these authors indi

cated that this kind of plasticity in phenology during midseason stress 

is useful where there is a good probability of adequate rains to com

plete an extended crop period. Furthermore, they pointed out that 

sometimes the nodal tillers produced during this recovery period con

tribute to grain yield. 

Another important aspect of developmental plasticity is the 

ability of plants to trar.sfer assimilates accumulated prior to seed

filling to the grain during the seed-filling stage. Gallagher, Biscoe, 

and Hunter (1976) provided some evidence that when water supply is ade

quate, only a small portion of the grain dry weight comes from the store 

of prior assimilates in the stems and roots, but that when stress occurs 

in the seed-filling stage an increased portion of the prior assimilates 

is transferred to the seed. The same findings were also reported by 

Constable and Hearn (1978) in soybean (Glyci~ max. L.) where they 

observed varietal differences in the amount of stem reserves transferred 

to the grain under water deficits. 
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Reduction in tillers, fertile florets, seed numbers and seed 

weight, as well as hastened anthesis, are sometimes reported as expres

sions of plasticity. However, they are very often viewed as symptoms 

of stress and as such they usually vary in magnitude with variation in 

degree of stress. There is little information related to these charac

ters that has been developed with a view toward crop improvement due to 

environmental influence on these characteristics. 

On the other hand, breeding for earliness is still a possibility 

that breeders can explore for improving performance of crops in water

limited environments. The use of this strategy may prove to be fruitful 

in the semi-arid climates where water is a limiting factor and where 

growers have to offset the potentially higher yield of a late variety 

against the risk of yield reduction by early stress. However, in areas 

with well-defined wet and dry seasons or in many humid areas where 

drought is unpredictable, the use of early maturing cultivars will pre

clude attainment of high yields if water resources are greater than 

expected, since higher grain yield is often positively associated with 

later maturity when water is adequate (Jordan and Monk, 1980). 

Downes (1972) for sorghum, suggested breeding for qreater suit

ability to the rainfall and temperature pattern of the temperate regions. 

This may not be simply breedinq for earliness, but breeding and selec

tion for growth at lower temperature to enable crops to grow and develop 

more rapidly in that season of the year when evaporation rates are lower 

than in the hot dry summer (Downes, ·1972). 
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Root Growth 

It is generally recognized that root development and the amount 

of water absorbed from the soil are closely related. A well developed 

root system increases the efficiency of water absorption and relative 

resistance to drought (Newton 1930; Ivanow 1922, cited by Quisenberry, 

1982) . 

Research on root development has been carried out in several 

crop species, taking into account that an increase in root w~ight may 

indicate a greater density of roots or a greater depth of roots. Both 

are important morphological adaptations to water deficits in that they 

can enable a greater degree of extraction of soil water and maintenance 

of high plant water potentials. 

Evidence of genetic variability in root growth has been reported 

in several crop species, Hurd (1976) and Derera, et al. (1969), for 

wheat, Garkavy, et al. (1970), cited by Quisenberry (1982), for barley, 

Sullivan and Brun (1975), for soybean. 

Genotypic differences in sorghum roots have been noted by Blum 

(1977 ), and Jordan, Miller, and Morris (1979). Furthermore, Martin 

(1930) observed that the relative drought resistance of sorghum was 

related to the higher osmotic pressure. The ability of the sorghum root 

to adjust osmotically to increased soil moisture stress is an additional 

attribute of the species. 

Despite the fact that direct observation of roots is difficult, 

time consuming, and laborious, there is considerable research that sup

ports the association between extensive rooting and drought tolerance 
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(Pearson, 1965; Hurd, 1971 and 1974; Hoffmann and Kunmerow, 1978; Hsiao 

and Acevedo, 1974). There appears, however, to be some disagreement 

regarding this association. Passioura (1972) suggested that reduced 

root development during the vegetative stoge of growth increased wheat 

yields by making more water available during the grain filling stage; 

Ray et al. (1974) reported that a small rooted plant may use limited 

water more efficiently. Furthermore, Kummerow, Krause, and Jow (1977), 

working vlith Adenostoma fasciculatum, which was described by Hellmers 

et al. (1955) as deep rooting, found the same species to be shallow 

rooting and deep rooting, showing a high degree of morphological plas

ticity, depending more on soil conditions than on the plant genetic 

makeup. 

Leaf Cuticle 

Studies of the surface wax occurring on plant leaves have been 

carried out for different purposes, starting early with the use of 

sprays to apply foliar fertilizers or to effect insect or fungus control 

(Skoss, 1955). Some of these studies were taxonomic (Purdy and Truter, 

1961; Bianchi and Corbel1ini, 1977), since it was found that the \,Iax has 

distinct structures characteristic for each plant species; physiologic 

(Hall and Jones, 1961), where some evidence was obtained suggesting that 

the presence and form of wax on leaf surfaces are related to frost 

hardiness; and in plant protection (Atkin and Hamilton, 19R2), where 

plant/insect interactions associated with wax content and plant age are 

well established. 
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Probably a major feature of wax content on plant leaves is its 

association with reducing water loss. It is generally recognized that 

when water deficits become severe enough to induce stomatal closure~ the 

rate of water loss is then determined directly by the conductance of the 

cuticle to water vapor. Bengston~ Larsson~and Lifjenberg (1979) noted 

that during longer stress periods the deposition of epicuticular wax 

increases~ which leads to a further reduction in cuticular transpiration 

rate. Quisenberry (1982) suggested that under identical environmental 

conditions~ plants with thick layers of cuticle and stomata that re

spond as soon as water deficits begin to develop are likely to resist 

the effects of drought better than those with less responsive stomata 

and less cuticle. Jordan et al. (1984) indicated that an important 

function of leaf epicuticular waxes is to increase the efficiency of 

stomatal control of water loss by reducing the cuticular conductance to 

water vapor. Blum (1975) pointed out that the Bm Bm qenotype for epi

cuticular wax increased the drought resistance of sorghum. The improved 

drought resistance came from increased reflection of solar energy and 

decreased cuticular permeability and resulted in higher leaf water 

potentials. 

Genetic variability in epicuticular wax has been reported in 

several species. Dube et al. (1975), for maize (Zea ~~ L.), O'Toole 

and Cruz (1983) and O'Toole~ Cruz~ and Seiber (1979), for rice (Oryza 

sativa L.), Bengston, Larsson, and Lifjenberg (1978), for oats (Avena 

sativa L.), Clarke and McCaig (1982), and Johnson and Ferrell (1983), 

for wheat. 
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In sorghum, there is much data indicating that genetic variabil

ity in epicuticular wax does exist (Blum, 1975; Ebercon, Blum, and 

Jordan, 1977; Wilkinson and Cummins, 1981; Jordan et al., 1983 and 1984). 

The beneficial effect of high epicuticular wax to sorghum growing under 

drought conditions has been observed where bloom lines yielded more than 

their bloomless near isogenic lines (Ross, 1972; Chatterton et al., 1975; 

Webster, 1977; Webster and Schmalzel, 1979). 

Genetic control of glaucous. leaves has been studied on several 

crop plants. However, environment influences epicuticular wax quantity 

and quality (\-Jilkinson and Kasperbauer, 1972 and 1980). In sorghum, 

Ayyangar and Ponnaiya, cited by Wilkinson and Cummins (1981), reported 

that bloom formation is controlled by a single dominant gene while the 

absence of waxy-bloom is recessive and is termed bloomless. In a more 

recent study on the inheritance of bloomless and sparse-bloom in sor

ghum, Peterson, Suksayretrup, and Weibel (1982), pointed out that the 

expression of bloomlessness was conditioned by homozygous recessive 

alleles at two different loci (bml and bm 2), while the expression of 

sparse-bloom was governed by homozygous recessive alleles at a minimum 

of three loci (h l , h2 and h3). They further reported that the bloom1ess 

and sparse-bloom genes were not allelic and segregated independently. 

Breeding for wax content appears to be difficult because of the 

strong environmental effects on the cuticle. Skoss (1955) found that 

leaves in the sun had a heavier cuticle with greater wax content than 

leaves grown in the shade. Furthermore, one should realize that a thick 

or waxy cuticle might be advantageous in reducing water loss only if 

tight stomatal closure occurs in the species during stress. 
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Cell Size 

Structural and anatomical characteristics of plants adapted to 

dry conditions have been observed as early as 1925 (Cutler, Rains, and 

Loomis, 1977). Reports in the literature indicate that drought survival 

ability of plants and several changes in leaf structure are well corre

lated. For example, decreases in mesophyll cell size, increases in cell 

wall thickness, increases in the length of veins, and the number of sto

mata per unit leaf area, increases in cutinization, and increases in the 

layers of palisade parenchyma. However, these observations might not be 

generalized. In wheat, Quarrie and Jones (1979) found that water stress 

leads to a reduction in the proportion of epidermal cells that form sto

mata and an increase in the number of epidermal trichomes. 

Cutler et al. (1977) indicated that of the many changes in leaf 

structure that take place under water stress conditions, decreases in 

cell size appear to have a particular influence on cell water relations, 

since smaller cell size can be ?dvantageous in terms of permitting a 

lower cellular osmotic potential, and hence increased capacity for tur

gor maintenance. 

Reduction in cell size is generally attributed to reduced turgor 

which limits cell enlargement, which has been reported to be accompanied 

by reduction in cell division. Both reduced cell enlargement and reduced 

cell divisions lead to a decrease in the size of leaves under water 

stress conditions (Jones, 1983). 

A small leaf size has lon~ been known to be one of the strate

gies adopted by plants for reducing water loss by reducing the 
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evaporating surface area of the plant. Ritchie (1973), pointed out 

that crop evaporation is linearly related to leaf area until complete 

ground cover is attained, consequently a reduction in leaf area to 

below this will reduce water loss. 

The fact that leaf area is a result of the immediate two compo

nents of growth, cell division and cell enlargement, has long led 

researchers to explore this relationship. Some contradictory results 

have been reported; however, cell enlargement is cited most frequently 

as appearing to be the most sensitive to water deficits. Hsiao and 

Acevedo (1974) and other researchers have emphasized the sensitivity of 

cell enlargement to water stress. Meyer and Boyer (lQ7?), indicated 

that in sorghum, cell enlargement was reduced to 25% of the controls 

when leaf water potential declined two bars and similar responses in 

corn and sunflovJer (Helianthus 9nnus L.) leaves. These authors 

have also cited other researchers who arrived at the same conclusions 

in their work with other crop species. 

Breeding for a small cell size appears to be difficult and 

complicated because cell enlargement involves many physiological and 

biochemical processes, i.e., synthesis of membranes, organelles, pro

teins and cell wall material. There also appears to be a need for more 

research on the relationship between cell size and drought tolerance. 

Abscisic Acid (ABA) and Proline Accumulation 

Techniques with a quantitative nature are more appealing to a 

plant breeder in screening procedures. Various attempts have been made 
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to define specific chemical or physiological traits as a measurement of 

drought tolerance. Several researchers reported the possibility of 

using stress metabolites as indicators of water status of plants. 

Raschke (1975) reported that the increase in ABA concentrations 

in leaves accompanying water stress stimulates a reduction in stomatal 

aperture which helps to reduce water loss. Quarrie and Jones (1979) 

and Quarrie (1981) pointed out that in two experiments with 26 genotypes 

of spring wheat, a significant genotypic variation was found in the con

centrations of ABA which the leaves accumulated during a period of water 

stress. Radin (1981), working with cotton plants under greenhouse con

ditions, observed that under water stress plants show an increase in 

endogenous ABA content. Furthermore, he found that this response to 

stress occurred at a higher water potential in N-deficient plants than 

in normal plants, which led him to conclude that N nutrition and water 

stress interact to regulate ABA accumulation. 

Cowan et al. (1982) used data on pH in free space, cytoplasm, 

chloroplasts and vacuoles in leaf tissue to calculate the distribution 

of abscisic acid (ABA) among these components. They found that changes 

in pH in the chloroplast stroma due to irradiance, or other factors, 

}'educes the amount of ABA available, via the free space, to the guard 

cells thus enhancing stomatal opening. Therefore they concluded that 

any factor, including possibly water stress, which causes a reduction 

of the pH in the stroma will tend to increase the amount of ABA avail

able and consequently promote stomatal closurt. 



Durley et al. (1983) studied drought resistance in sorghum 

and found a considerable difference among genotypes in the concentra

tions of free and conjugated abscisic, phaseic and indole-3-acetic 
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acids in leaves of field-grown drought-stressed plants. They also 

observed in a four genotype comparison during the panicle initiation 

stage, that mean leaf ABA concentrations in drought-stressed plants were 

positively related to the percent reduction in grain yield. From these 

findings they concluded the possibility of evaluating genotype drought 

resistance in sorghum by examination of ABA, PA and IAA concentrations 

in leaves. 

Murphy (1984) in a more recent study conducted on wheat (I. 

aestivum L.) concluded that ABA levels were elevated following experi

mentally induced water stress through an enhanced synthesis rather than 

through reduction in ABA degradation as was suggested by some authors. 

The effect of ABA in causing stomatal closure and thus inhibit

ing transpiration is also documented in other plant species; further

more, there appears to be unquestionable evidence and convincing data 

showing the relationship between endogenous ABA levels and stomatal re

sponse to water stress, but there remain unresolved questions pertaining 

to the mode of action of ABA on stomata, the time courses of ABA biosyn

thesis, transport, and degradation and their correlation with stomatal 

movements; the compartmentalization of ABA in the leaf; and the specific 

mechanism whereby ABA causes stomatal closure, (Zeiger.1983). 
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Beside the unsolved questions mentioned above, one should realize the 

impracticality of studying hormones in field trials, since time and 

effort required are clearly too great for this technique to be useful 

for large breeding nurseries. 

Proline is another chemical compound thought to be associated 

with drought tolerance which has attracted the attention of a consider

able number of researchers. Barnett and Naylor (1966) suggested fairly 

early that there is an increase in the amino acid proline that accom

panied water stress in plants. Since then more evidences has surfaced 

dicating that high levels of proline are correlated with drouqht tolerance. 

Later, Singh,l\srinall and Paleg (1972), experimenting with several barley 

cultivars indicated that water deficits induced considerable accumula

tion of free proline in the leaves with striking differences in accumula

tion among varieties. They suggested that an estimate of proline accu

mulation potential in seedling plants could be a useful procedure in 

selection for drought tolerance in an environment in which water stress 

is a major yield determinant. Waldren and Teare (1974) measured free 

proline accumulation in drought-stressed plants of sorghum and soybean 

grown in growth chambers, and observed that free proline accumulated 

under less stress in soybean than in sorghum. Since soybean is less 

drought resistant than sorghum, they concluded that proline accumulation 

may be an indicator of drought resistance. When the authors conducted 

the same experiment under field growing conditions, they arrived at the 

conclusion that proline concentration is not a sensitive indicator of 



1 8 

drought stress in the field. It does not begin to accumulate until 

after stress is severe enough to adversely affect yield and its concen

tration is affected by a number of environmental factors. 

Blum and Ebercon (1976), working with eight sorghum cultivars, 

arrived at the conclusion that there was no correlation between proline 

accumulation and drought tolerance. However, they suggested that accu

mulated free proline in water-stressed sorghum leaves is related to the 

ability of a cultivar to recover upon the relief of stress, possibly by 

way of proline's role as a source of respiratory energy in the recover

ing plant. Hanson, Nelsen, and Everson (1077) and Hnnson et al. (1979), 

working with the same barley cultivars used by Singh et al., pointed out 

that proline seemed to be a likely sy~ptom of severe stress rather than 

an adaptation response that enhanced survival durin~ water stress. 

Therefore, they concluded that proline-accumulating potential should not 

be utilized as a positive index of drought resistance in screening 

~ethods for cereal breeding programs. 

McMichael and Elmore (1977) determined that the free proline con

tent of cotton grown under greenhouse conditions accumulated in stressed 

plants to about lOa times the concentration of the well-watered controls. 

Stewart (1977) supported the idea that proline accumulation is not a 

water stress direct response; however, he indicated that water stress 

induces inactivation of normal control mechanisms of maintaining low 

cellular levels of proline in turgid tissue. Therefore, no proline ac

cumulation takes place but is rather an inhibition of proline oxidation. 
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Quarrie (1981) in recent work with spring wheat, reported that 

proline concentrations were significantly correlated with water poten

tial for every genotype; however, there was no clear evidence of geno

typic variation in proline concentrations at a given water potential. 

Tan and Halloran (1982), working with 14 wheat cultivars with known 

drought resistance rankings, concluded that there was no evidence to 

link proline accumulation with drought resistance. Furthermore, they 

indicated that the physiological significance of a large amount of free 

proline in the stressed leaf tissue remains an enigma. 

In a most recent report, Treichel et al. (1984), studying a vast 

amount of material of 95 species in 26 families over a period of seven 

years (1977 tol983), found that out of those 95 species, 61 had detect

able amounts of proline. Their report indicates that there is a corre

lation of proline synthesis with increasing water stress. 

At this time, it appears that proline cannot be used as a useful 

breeding tool in selecting for drought tolerance. This is mainly because 

of the opposiny evidences reported in the literature. At the moment 

there is no reported evidence of successful use of this metabolite in 

breeding for drought tolerance. 

Osmotic Adjustment 

Osmotic adjustment or osmoregulation has received increasing 

attention as a mechanism in adaptation to water stress. In higher 

plants, this term refers to the lowering of osmotic potential which can 
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occur due to (a) the passive increases in solutes due to dehydration, 

or (b) the accumulation of solutes. 

Evidence that plants lower their osmotic potential in response 

to water deficits has been reported showing that osmotic adjustment 

takes place in the leaves, hypocotyls, roots and reproductive organs 

of several plant species, resulting in full or partial turgor mainte

nance. 

Examples of turgor maintenance in several plants have been 

reported. Morgan (1977) experimenting with two wheat species, reported 

that species of Triticu~ durum do not show osmotic adjustment whereas 

species of Triticum aestivum do show turgor maintenance in their leaves 

as the water potential decreases from -1 to -13 bars, demonstratin~ in

terspecific variation. Cutler and Rains (1978), showed that cotton 

plants conditioned by several water stress cycles maintained turgor to 

lower potential values by a lowering of osmotic potential. 

Jones and Turner (1978) pOinted out that stress treatment in 

sorghum altered the relationship between leaf water potential and rela

tive water content, resulting in maintaining higher tissue water con

tents than control plants at the same leaf water potential. As a result 

of this osmotic adjustment, leaf turgor potentials at a given value of 

leaf water potential exceeded those of the control plants by .15 to .65 

MPa. Osmotic adjustment in sorghum has also been reported by Hsiao and 

Acevedo (1974); and Jones and Rawson (1979). 

Ackerson, Krieg and Sung (1980) examined different field-grown 

sorghum genotypes in regard to leaf conductance and osmoregulation. They 
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observed genotypic differences in the leaf water potential required to 

initiate stomatal control of transpirational water loss during vegeta

tive development prior to flowering. During these stages, they found 

that as leaf water potential declined, leaf turgor also declined with 

little evidence of osmoregulation. However, after flowering, during 

the grain filling stage, significant genotypic differences were observed 

in the degree of osmotic adjustment. Therefore, they concluded that 

stomatal conductance was insensitive to declining water potential dur

ing the grain filling stage of growth. This phenomenon in their view 

represents an adaptive response of the stomata allowing for maximum 

influx of CO 2 to support reproductive development. 

Osmoregulation mechanism in sorghum has also been confirmed in 

a recent study by Shackel and Hall (1983). 

The use of osmotic adjustment as a tool in a breeding program 

appears to be premature at the moment. It has been studied in only a 

small number of crop plants and not all among those studied have the 

ability to adjust. However, it appears that its cost ought to be lower 

compared to other mechanisms such as stomatal control which will almost 

certainly give a significant reduction in productivity (Turner and Jones, 

1980). There appears to be a need for more investigations related to 

the possibility of its use, since some opposing evidences reqardin~ its 

use have heen reported. 

Limitations to osmotic adjustment have been reported in regard 

to its transient aspect, Turner (197R) and Wilson et al. (1980), cited 
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by Turner and Jones (1980). Cutler et al. (1977) in their studies re

ported a change in response of stomata to water potential, suggestive of 

a shift in the osmotic potential. There are also limits to the degree 

of osmoregulation, Garanade (1967) cited by Turner and Jones (1980), 

reported that turgor was not maintained in Dactyl is. glomerata when the 

leaf water potential decreased below -20 bars. Morgan (1977) pointed 

out that genotypes of wheat which had showed osmotic adjustment to water 

deficits no longer maintained turgor as the leaf water potentials fell 

below -20 bars. 

Stomatal Density and Response 

Stomata are of considerable importance to the initial functions 

of plant energy storage and utilization. Their actions are as plant 

protective mechanisms by decreasing water loss throuqh closure during 

periods of plant water deficits as well as influencing the rates of pho

tosynthesis and transpiration, has attracted a considerable amount of 

attention from plant physiologists and breeders attempting to improve 

plant yields in dry environments. 

Stomatal density has been studied in several plant species. 

Bertsch and Domes (1969) examined the influence of stomatal number and 

CO 2 uptake in Primula palinuri and ~~ mays which are amphistomatic 

species and reported that these species differ in the sides of the leaf 

of maximum CO 2 diffusion. In Primula the greater part diffuses through 

the upper surface, while in lea through the lower surface, but the dis-

tribution of stomata and the CO2 uptake were well correlated. Dobrenz 

et al. (1969) studied stomatal density of blue panicgrass (Panicum 
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antidotale Retz.) and its association with water use efficiency. No 

correlation was observed; however, they pointed out that drought toler

ant clones had fewer stomates per unit area than drought susceptible 

clones. Miskin and Rasmusson (1970) studied stomatal frequency and size 

in a vast amount of material from the World Collection of Barley. They 

reported the presence of significant differences in stomatal frequency 

between the different cultivars. They also observed a progressive de

crease in stomatal frequency from the flag leaf to the lower leaves in 

several cultivars. Furthermore, they observed that increased light 

intensity resulted in higher stomatal frequency, whereas temperature 

variation affected frequency very little. 

Heichel (1971b) examined stomatal characteristics under control-

led environment of two maize varieties differing in rates of net photo

synthesis and found that the variety with lesser stomatal frequency and 

higher total leaf resistance to water loss had faster net photosynthesis 

than the vari ety with the g rea ter stoma ta 1 frequency. Mi sk in, Rasmus son, and 

Moss (1972) studied the inheritance of stomatal frequency and the effect of 

stomatal frequency on photosynthesis, transpiration, and stomatal resis

tance to diffusion in several barley populations. They observed that 

for plants pretreated to assure open stomata, stomatal diffusion resis

tance and transpiration rates differed statistically among lines, but 

photosynthesis did not. Furthermore, they reported that a 25% decrease 

in frequency of stomata reduced transpiration rates by about 24%, but 

did not influence the rate of photosynthesis. Based on these findings 



they concluded that there is a possibility of altering transpiration 

without altering photosynthesis by selecting varieties with fewer 

stoma ta. 
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Pallardy and Kozlowski (1979) studying the frequency and length 

of stomata of 21 Populus clones, observed a small difference in pore 

area because of the tendency for leaves with fewer stomata to have 

larger pores. 

In a most recent study, Tanzarella, De Pace, and Filippetti 

(198~) studied stomatal frequency and size in 10 cultivars of Vicia faba 

L., and reported that different cultivars showed si~nificant differences 

both in stomatal frequency and dimensions. They also found a negative 

relationship between sto8atal frequency and lenqth. 

Differences in stomatal frequency among plant genera and within 

plant species have also been reported in other crop species like alfalfa 

(Cole and Dobrenz, 1970), soybeans (Ciha and Brun, 1975), and wheat 

(Quarrie and Jones, 1979). There are some suggestions that these dif

ferences could be related to varietal differences in gas exchange and 

thus might constitute a worthy objective in breeding programs to improve 

yield, (Tanzarel1a.et al., 1984). 

The use of stomatal frequency in breeding programs, however, is 

questionable due to conflicting observations in this area. Ciha and 

Brun (1975), although they reported differences in stomatal frequency, 

conclude~ that the use of stomatal frequency in a breeding program may 

not be beneficial unless stomatal behavior (response) is also considered. 
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Studies of stomatal response involves investigations of sto

matal control of plant water status or crop transpiration and photo

synthesis. Dastur (1925) cited by Boyer (1976) appears to have been 

the first to obtain evidence that photosynthesis responded linearly to 

leaf water content in several species. Brix (1962) pointed out the 

close correlation between photosynthesis and transpiration and sug

gested that water stress effects influenced diffusive resistance either 

through stomate opening or by controlling the diffusion rate of CO 2 
through the mesophyll cells. 

Kaul (1974) cited by Hurd (1976) demonstrated that stomata of 

'Pitic 62 1 wheat leaves were more sensitive to drought, and Dedio (1975) 

showed that Pitic 62 maintained a higher water potential than other 

wheat cultivars tested. This agreed with the findings of Oppenheimer 

(1961) and Salim et al. (1969) cited by Hurd (1976) and also confirmed 

the association of stomatal response with the plant water status, 

because maintainance of a higher water potential was found to be due 

to more rapid closing of stomata during development of drought. 

Stomatal sensitivity and therefore selection of genotypes having 

a low stomatal conductance has received considerable attention from 

plant scientists not only because of the advantage of stomatal closure 

which reduces water loss but also because of their ability to adapt to 

changing conditions, since changes in aperture are reversible when 

favorable conditions return. Many other adaptations to dry conditions 

such as reduced leaf area, changes in leaf morphology reported in the 

literature are inherently less reversible (Jones, 1983). 
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Henze" et al. (1975 and 1976) have studied variation in sto

matal sensitivity to leaf water deficits in several sorghum lines and 

their hybrids and indicated that stomatal sensitivity may be an impor

tant element of intergenotype variation in resistance to drought. 

Roark and Quisenberry (1977) investigated the environmental and genetic 

components of stomatal behavior in two genotypes of upland cotton. 

Their genetic analysis revealed that leaf resistance was associated with 

both additive and dominance genetic variances, with an estimated narrow 

sense heritability of 25%. They also found that high leaf resistance 

was completely dominant to low resistance. Therefore, they concluded 

that there is a possibility of genetic improvement of water use effi

ciency in their material. 

Nerkar, Wilson and Lawes (1981) evaluated young plantsin.five 

genotypes of Vicia faba L. for their stomatal characteristics and observed 

the existence of genetic variation for water use and leaf conductance. 

Gaskell and Pearce (1933) after studying stomatal frequency and resis

tance under optimum water moisture conditions of six experimental maize 

hybrids differing in photosynthetic capability, suggested that breeding 

programs for CO 2 exchange rate enhancement may be associated with 

advertant selection for lower stomatal resistance. 

Use of stomatal sensitivity as a tool in breeding is still 

questionable. since it appears to be advantageous for preventing damag

ing plant stresses only in a climate with short unpredictable dry spells. 

Variation among species in these responses and in adaptive changes has 
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scarcely been studied. The literature indicates that stomatal behavior 

can also be influenced by species, leaf age, leaf position, temperature 

vapor pressure deficitc1nd whrther the plants are field or char.lber qrol'm. 

(Frank, PovJer, and \lillis, 1973; Turner, 1974; Davies, 1977; Ra'llson and 

Begg, 1977; Hall and Schulze, 1980; Johnson and Ferrell, 1983). 

Limits to stomatal response have been observed recently by Gar

rity, Sullivan, and Watts (1984) in sorqhum. They reported that stoma

tal resistance was sensitive to small reductions in leaf water Dotential 

during the vegetative period, but became nearly insensitive to leaf 

water potential during the reproductive period and remained open at 10'11 

leaf water potentials. 

Another aspect limiting stomatal response application appears to 

be the yet unsolved question of whether the stomatal opening is solely 

responsible for diffusion resistance or the mesophyll resistance, since 

literature shows contrasting results in this regard. 

Barrs (1968) investigated stomatal control of photosynthesis in 

leaves of sunflower, cotton,and pepper(Capsic~annumL.), and concluded 

that the stomata completely accounted for the photosynthetic response 

and that the effects of mesophyll resistance were negligible in these 

species. Other researchers have reported similar findinqs for other 

plant species. (Troughton, 1969; Cowan and Trouqhton, 1971; Mederski, 

Chen and Curry, 1975). 

On the other hand, Penman and Schofield (1951) regarded stomata 

as having little control of carbon dioxide diffusion unless completely 



closed, and considered resistance in the mesophyll as the controlling 

factor limiting photosynthesis. Similar conclusions were reported 

by Gaastra (1959) and Planchon (1979). 
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In a recent review on stomatal conductance and photosynthesis, 

Farquhar and Sharkey (1982) emphasized the role ofstonata in miniMizing 

plant water loss by transpiration; however, they indicated that stomata 

have only a marginally limiting effect on carbon gain. 

In a more recent study, Hutmacher and Krieg (1983) provided data 

demonstrating the role of nonstomatal factors in photosynthetic rate 

control. In their study of the relationship between single leaf photo

synthesis and conductance in cotton across a range of environmental 

conditions, they found that slowly developing water stress caused greater 

reduction in photosynthesis than in leaf conductance,indicating a non

stomatal limitation of photosynthesis. 

Some of the answers related to these contradictions among 

researchers appear to be provided by Bunce (1981), who reported that in 

his study differences in photosynthesis at high water potentials resul

ted from differences in stomatal conductance, whereas differences in 

photosynthesis at low leaf water potentials resulted from differences 

in mesophyll conauctance. 

Contradictory reports in the literature regarding stomatal 

limitations on photosynthesis do not in any way reduce their impor

tance. but does emphasize the need for more investigations in this 

area. Stomatal responses to environment are extremely complex 



and there appears to be a need to develop more detailed explanations 

of the relationships between these complex responses and plant 

adaptation. 

Plant Temperature 
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Another indicator of plant-water relationship which has gained 

much interest recently among plant scientists is plant temperature. 

Elevation of plant temperature above the air temperature is generally 

recognized to be due to a decrease in the available soil moisture that 

leads to a reduction in transpiration as a result of stomatal closure, and 

therefore to an increase in plant temperature (Gates, 1964; Tanner, 1963; 

Van Savel and Ehrler, 1968; Sumayao, Kanemasu and Hodqes, 1977). 

Significant correlation between the level of water status in a 

plant and its leaf or canopy temperature has led many researchers to 

speculate that leaf or canopy temperature could be used as an indicator 

of plant water status. Ehrler et al. (1978) indicated that the tempera

ture method is reliable for monitoring plant stress and sensing plant 

response to drought. Other researchers have reported similar results 

(Stone and Horton, 1974; Idso and Reginato, 1982; Chaudhuri and 

Kan~asu, 1982; Singh and Kanemasu, 1983; Walker and Hatfield, 1983). 

Use of the temperature method in plant breeding might provide a 

valuable tool for breeders; however, there appears a need for more 

research work to explain the relationship of plant temperature with 

stomatal closure and with other relevant environmental factors such as 

wind speed, vapor pressure, solar radiation, etc. 



CHAPTER 3 

MATERIALS AND METHODS 

Twelve sorghum genotypes were used in this study. Six were 

tolerant and six were susceptible to drought conditions for grain yield 

according to a previous classification made by Dr. R. L. Voigt, Pro

fessor of Plant Sciences, University of Arizona. The listing and 

origin of these lines is given in Table 1. 

For the purpose of studying heritability, all 12 genotypes 

(parental lines) were grown in the greenhouse in the winter of 1982 -

1983, where crosses were made manually to obtain hybrid seed (Fl ). The 

crosses that were made are listed in Table 2. 

A field experiment was carried out during the summer of 1983 at 

Campus Agricultural Center, University of Arizona, Tucson, Arizona. 

The soil was Gila, fine sandy loam (coarse-loamy, mixed (calcereous), 

thermic, Typic Torrifluvent). Nitrogen fertilizer was aoplied preplant 

at the rate of 67 kg/ha (60 lbs/acre). 

The experimental design was a split plot with four replications 

( Fig. 1). Parental lines and their hybrids were assigned to subplots. 

Subplots were planted ill a single row 3.05 meters (10 feet) in length. 

Measurements were obtained from near the middle of the row where plants 

showed uniformity and were considered representative of the treatment. 

Irrigation treatment was imposed on the mainplots. Four rows were 
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Table 1. List and Description of Parental Lines Used In 
1982-1983 Physiology of Drought Studies 

Designation 

A GA 97E 

A WDY 18 
I 
I A Westland 

I A KS 9 

I A KS 57 
I 
I I A KS Redlan 

IRKS 3 

R TX 414 

Early Hegari 

I Custer 

MP 10 

DAY-CK60 x Combine Sagrain 

B Wheatland x DO. #1-Kaura-2-3-l W5-2 

KS selected from Wheatland (Kafir x Milo) 

C. 1. 1090 xC. 1. 71 

Spur-W. Blackhull x RB60, 57M 1210 

TX7078 x TX09 

Hegari (early mutant) 

Milo 

Double-Dwarf Early Shallu 

New Mexico Sedan Kafir selection 
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Table 2. Crosses Made in Greenhouse for Heritability Studies. 

1-----------------------------.. --------------! 
r----------T -. ----------------'1 

~ ............... L KS 3 TX 414 E. HeC)ari Custer _~~_2~_~~_~:_j 
1 _______________ J 

1 1 
1 1 
I GA 97 + + + + + + I 
1 1 
1 1 

: \·lDY 18 + + + + + + I 
1 1 
I 1 

: \~estl and + + + + + + : 
I 1 
I I 

I KS 9 + + + + + + : 
: I 
: KS 57 + + + + + + \ 

KS Redlan + + + + + + 
I 
1 
1 
1 

1 I 
I I I r==========--=====--=============--==============.: 
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planted to a common hybrid RS610, between main plots to serve as a soil 

moisture barrier and allow for differential flood irrigation. 

Planting was made on 26 April, 1983 in moist soil which had been 

preirrigated to field capacity. Planting was accomplished with two cone 

planters at3.75 an (1.5 in.) depth. Planting was overseeded except for some 

entries where the planting rate was restricted to the number of seeds we had. 

Plots were thinned after emergence to approximately 15 an between 

plants to assure equal p'opulations with equal canpetition and stress for all 

entries. The entire fieldwas flood irrigated to insure stand establisrment. 

At the two leaf stage, diazinon (0, O-diethyl 0-(2-isopropyl-6-

methyl-4-pyrimidyl) was applied for insect control at a rate of .8923 

kg ha- l • Beyond this stage the irrigation treatment was originally 

planned so that the low moisture (stressed) plots would receive no water 

while the high moisture (non-stressed) plots would receive enough water ,. 

to prevent any stress. However~ during the whole season we could not 

hold to our irrigation plan. Irrigation water was added to the low 

moisture mainplots to avoid severe stress on some of the genotypes. In 

addition to the preplant irrigation, total water received by the non-

stressed and stressed plots was about 864 and 408 mm, respectively. 

Physiological measurements were made 48, 62, and 77 days after 

planting. These measurements included apparent photosynthesis, trans-

piration, diffusive resistance, leaf temperature and ambient tempera-

ture. In addition to these'measurements, we also determined stomatal 

density and wax content toward the end of the season when full canopy 

development was reached. 
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Apparent photosynthesis rate (~ mole m- 2s-1) was determined 

using the methods of Clegg and Sullivan (1975), Sullivan, Clegg and 

Bennet (1976), as follows: A central portion of the uppermost fully 

expanded leaf blade was enclosed in a plexiglass chamber (2.328t), 

where a small battery driven fan inside the chamber provided air circu

lation around the leaf. This chamber had two rubber septa mounted on 

the side of it through which the enclosed air was sampled with small 

syringes (10 ml). Once the chamber was sealed on the leaf and the 

enclosed air was allowed to circulate for several seconds; an air sample 

was taken with the first syringe. The second syringe was filled 30 

seconds later. The tips of the two syringes were imbedded in a rubber 

stopper to seal in air samples and taken to the laboratory for analysis. 

The CO2 concentration differences between the two syringes sampled from 

each plant were measured using a Beckman Model 865 infrared gas analyzer 

as described by Clegg, Sullivan and Eastin (1978). Five milliliters of 

the gas sampled from the plexiglass chamber was injected from the 

syringe into a nitrogen carrier gas in which nitrogen flowing through 

both the reference and the sample cells of the analyzer (Fig. 2), after 

the system has been properly calibrated with standard gasses of known 

CO 2 concentrations. The peak output was transmitted into a Fluke model 

8024A digital vo1timeter showing the maximum voltage output from the 

analyzer. The difference in CO? concentration between the two syringes 
~ 

sampled from a leaf was a measure of CO2 uptake. Once this was known, 

apparent photosynthesis on a leaf area basis was determined using the 

method described by Musgrave and Moss (1961), where the following for

mula was applied: 
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!J.llmoles x volume of the x 2730 K 
time 22.4 chamber (I) ambi ent + oK 

= II moles assimilated/time 

where: !J. lJ mo 1 es - the di fference in CO 2 concentra t i on between the tlt/O 

syringes. 

time time between the first and the second syringe sampled. 

22.4 - the volume (in liters) occupied by one mole of qas at 

2730 K (DoC) and 1 atm. pressure. 

Dividing by leaf area and time (30 seconds) we obtainedlJmoles CO 2 
-2 -1 m s . 

A LiCor Model LI-1600 steady state porometer was used to measure 

transpiration (llg cm- 2s- l ), diffusive resistance (s cm- l ), and leaf and 

ambient temperature (C). These measurements were made simultaneously 

with the measurement of apparent photosynthesis. A simple arithmetical 

calculation was made to convert transpiration rate into g m- 2s-1. 

Stomatal densities were determined using impressions made with 

cellulose acetate taken midway between the base and the tip on adaxial 

and abaxial surfaces on the first leaf under the flaq leaf. Stomatal 

counts were made on impressions that were 2t03 cm2 in size. Ten 

randomly chosen microscopic fields were counted of each genotype in each 

replicate. Each field included 1.13 mm 2 at 450 x magnification. Sto

matal counts are reported on a square centimeter basis for both the 

adaxial and abaxial surfaces combined. 

For the purpose of studying leaf surface wax content, samples 

of leaves were collected from the field, placed immediately in plastic 

bags and transported to the laboratory in ice boxes. With careful 
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handling of leaves, each leaf sample was run through the leaf area meter 

and then immersed in 30 ml. petroleum ether (benzine) in small aluminum 

dishes of known weight for 30 seconds. The leaf samples were then care

fully taken out of the dish after the wax had been properly washed. 

The ether in the dish was allowed to evaporate and the dish was weighed 

again. The difference in these two weights was expressed as quantity 

of wax per unit leaf area (mg dm- 2), and per unit dry weight (mg g-l 

dry weight). 

Two approaches were used to analyze the data for parental lines. 

First, an attempt was made to determine the genotypic response for the 

different physiological characteristics studied in order to detect if 

there are differences between and among these genotypes. An analysis 

of variance was used to evaluate these differences. The second approach 

was to study the relationships between and among these characteristics 

(variables). Regression analysis was used to explore these relation

ships. 

For the purpose of heritability estimation for photosynthesis, 

transpiration, temperature differential, diffusive resistance, leaf 

temperature, and stomatal density, the method described by Falconer 

(1981, p 151) was followed. The mean Fl values were used as the depen

dent variable in a regression analysis with the midparent value (the 

average of the two parents values) as the independent variable. A 

linear regression was constructed, where the slope of the line of off

springs on midparents values estimates the heritability. 
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All statistical ana~yses were made for both the stressed and the 

non-stressed growing conditions. The statistical package for the social 

sciences (SPSS) in a Cyber 175 computer HP 4l-CV was utilized to analyze 

the data at the University of Arizona computer center. 



CHAPTER 4 

RESULTS AND DISCUSSION 

Physiological Studies 

Mean responses for the various plant characteristics studied 

under both dry and wet treatments are presented in Figs. 3 through 10. 

The data are arranged in these figures with six drou~ht resistant en

tries in the upper half of the figures and the six drought susceptible 

entries in the lower half. The entries were previously classified by 

Dr. R. L. Voigt at the University of Arizona as drought tolerant or sus

ceptible by field yield testing under stress (Voigt, personal communi

cation). 

The dry or moisture stress treatment appears to affect all the 

characteristics measured for each entry by a reduction in apparent 

photosynthetic rates, transpiration, and temperature differential (am

bient temperature minus leaf temperature), and an increase in diffusive 

resistance, leaf temperature and stomatal density. The wax content 

characteristic varied among entries irrespective of the dry and wet 

treatment (Figs. 8 and 9). 

Apparent Photosynthesis 

Seasonal mean response for apparent photosynthesis for the 12 

germp1asm sources is presented in Fig. 3. Moisture stress had a 

40 
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pronounced reduction on all entries; however, this reduction in the 

photosynthesis rates differed among the different genotypes, with a 

range of between 32% for KS9 and 50% for GA97. Under non-stressed 

treatment (Fig. 3) higher photosynthesis rates were observed compara

tive to the stressed treatment for all the entries, ranging from 27.05 

~ moles m- 2s-1 for KS Redlan to 40.66 ~ moles m- 2s-1 for Early Hegari. 

High rates as obtained for Early Hegari under irrigated conditions are 

comparable with those reported in the literature for sorghum (Peacock 

and Wilson, 1984). 

The photosynthesis rates obtained for the rest of the entries, 

however, agreed with those found by Beadle et al. (1973), Chatterton et 

al. (1975), Sumayao et al. (1977), Rawson, Turner and Begq (1978), Jones 

and Rawson (1979), and Hofmann, OINeill, and Dobrenz (1984). 

The fact that photosynthesis is very sensitive to reductions in 

leaf water potentials has been reported ~I many authors (Hesketh and 

Moss, 1963; Boyer, 1970, 1976; Jones, 1963; Turner et al. 1978. However, 

while these results (Fig. 3) agreed with these reports, they also indi

cate that different genotypes responded differently to water stress. 

Reductions in photosynthesis rates were found to be less for 

KS9, MP10, Custer, TX414, and NM73 (32, 32, 34, 35, and 38%, respec

tively), while higher reductions were observed for KS3, WDY18, KS57, 

and GA97 (46,47, 48, and 50%, respectively). These reduction percen

tages were unexpected, since lower reductions were observed in the 

drought susceptible entries. 
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These results of less reduction of photosynthesis rates under 

moisture stress in the susceptible entries may indicate that the 

assumption by Sullivan and Ross (1979) that when stress for moisture 

is involved, the ability of plants to continue high rate of photosyn

thetic activity may contribute to yield, ;s questionable. 

Transpiration 

Transpiration rates measured for the 12 germp1asm sources are 

presented in Fig. 4. Moisture stress reduced the rate of this charac

teristic for all entries in this study, however, the percentage reduc

tion varied among lines. Lower reductions in transpiration rates were 

found for MP10 and NM73 (28 and 29 percent, respectively), while higher 

reductions were observed for Custer, Westland, KS3, and KS57 (55, 48, 

47, and 46 percent, respectively). 

The values for the transpiration rates under the stress treat

ment ranged from 0.115 g m-2s-1 for KS9 to 0.162 g m- 2s-1 for MP10. 

Under the irrigated (non-stressed) treatment higher values were observed 

for all entries ranging from 0.203 for KS Redlan to 0.285 g m- 2s-1 for 

Custer. 

Except for the highest rates found for Custer, these results are 

comparable with those rerorted for sorghum by Beadle et al. (1973) and 

Hofmann et al. (1983), since they measured transpiration rates for their 

material of 25.5 and 26.0 ~g cm-2s-1, respectively. 
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When the twelve lines in this study are compared with each other 

for both photosynthesis and transpiration, Custer appears to be the only 

entry that maintained a higher rate of photosynthesis at a lower rate of 

transpiration under the moisture stress treatment which indicates a good 

possibility of using this genotype as a drought resistance source for 

both photosynthesis and transpiration. MP 10 and NM 73 maintained rela

tively high photosynthesis values, but relatively high transpiration 

rates under dry conditions. TX 414 and KS 9 had less reduction in photo

synthesis rates under dry conditions; ho\~ever, their transpiration rates 

were relatively high. 

Diffusive Resistance 

Seasonal mean responses for leaf diffusive resistance are pre

sented in Fig. 5. The rates were lower under the non-stressed than 

under the stressed moisture treatment. The observed range of values was 

from 0.94 s cm- l for Custer to 3.65 for WDY 18 under the irrigated con

ditions and from 2.81 for TX 414 to 13.3 s cm- l for WDY 18 under the dry 

conditions. The range of values for the dry treatment are higher than 

those reported by some authors for sorghum (Brun, Kanenasu and Powers 

(1972); Teare and Kanemasu (1972); Hofmann et al., 1984). The mean res

ponses reported by these authors ranged from 1.25 to 5.6 s c~-l, 1.0 to 

7.0 s cm- l , and 1.16 to 4.81 s cm- l , respectively. However, leaf dif

fusive resistance reported in this study should not be considered too 

high for sorghum plants,since values up to 20.2 s cm-1 were reported in 

literature for this crop species (Blum, 1974b). 
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Stress treatment led to a higher increase in leaf diffusive 

resistance for each entry (Fig. 5); however, the amount of increase 

differed for each genotype, ranging from 275 for TX 414 to 980 % 
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for Custer. WDY 18 had t~e highest diffusive resistance for both dry 

and wet treatment, while TX 414 had the lowest values for both treat

ments. Custer had the highest percentage increase in diffusive resis

tance due to stress treatment (Fig. 5); however, this increase in 

diffusive resistance appeared to affect the transpiration rates (Fig. 4), 

more than photosynthesis (Fig. 3), since this genotype had maintained a 

relatively high rate of apparent photosynthesis. 

Temperature Differential 

Temperature differential obtained by subtracting leaf tempera

ture from ambient temperature gave a positive value for all the 

entries under both treatments; however, lower differences between leaf 

temperature and ambiant temperature were observed in the non-irrigated 

treatment (Fig. 6). 

When comparing the 12 germp1asm sources for this character

istic under the wet treatment, we observed relatively similar values, 

ranging between 1.02 and 1 .270C for most of the entries. The exception 

from this pattern were GA 97, KS 57, and KS 3 where higher values of 

2.12, 1.82, and 1.530C respectively, were obtained. KS Red1an had the 

lowest temperature differential of 0.760 C. However, under the dry 

treatment, this pattern was almost reversed where different values were 

obtained for the different genotypes, ranging from 0.07 for KS 9 to 

0.760 C for MP 10. 



48 

2 

GA97 WDYI8 WESTLAND KS9 KS 57 KS REDLAN 

DoRY 
~WET 

KS 3 TX 414 E. HEGARI CUSTER MPIO 

Fig. 6. Seasonal Mean Responses For Temperature Differential 

Of The 12 Germpl asm Sources Grown Under Dry and ~Jet 

Conditions (1983). 

NM73 



Leaf Temperature 

This parameter had shown extremely low variability among the 

genotypes in this study under both dry and wet treatments (Fig. 7). 

Stress treatment increased leaf temperature for all the material 
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studied; however, the relative percentage of increase varied among the 

different entries. TX 414 showed the least increase in leaf temperature 

under moisture stress (2.22%), while MP 10 had the highest percentage 

increase (7.46). 

By examining the increase in leaf temperature for all the mater

ial studied and comparing it with other characteristics, we found that 

elevation in leaf temperature under the dry treatment was associated 

with higher values for diffusive resistance, decrease in transpiration 

and less CO2 uptake. These results are consistent with earlier find

ings reported by Tanner, 1963; Gates, 1964; Van Bavel and Ehrler, 1968 

and Sumayo et al., 1977. 

Amount of Epicuticular Wax Content 

The amount of wax content is reported in mg per surface area 

(Fig. 8) and mg per dry weight (Fig. 9). Different genotypes displayed 

variable results for this characteristic regardless of the water treat

ment imposed. 

Results presented in Figs. 8 and 9 show considerable variability 

among sorghum genotypes and between treatments. This variability and 

the fact that in most cases the sorghum genotypes had accumulated more 

wax under the wet as compared to the dry treatment might indicate a 
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deficiency in the method used and/or the necessity of making a larger 

number of observations in order to properly study this character. This 

character is highly influenced by environmental conditions (Wilkinson 

and Kasperbauer, 1972 and 1980). 

Stomatal Dens ity 

Stomatal densities for the combined adaxial and abaxial leaf 

surface were determined for the 12 germplasm sources under both the dry 

and wet treatments (Fig. 10). Stomatal counts ranged between 6,750 cm- 2 

for MP 10 and NM 73 genotypes and 9,495 cm- 2 for KS 9 in the wet treat-

ment. Higher counts were obtained for the dry treatment ranging betvJeen 

7,960 cm-2 for KS Redlan and 12,285 cm- 2 for GA 97. 

Low moisture stress treatment resulted in a stomatal increase 

for all the sorghum genotypes in this study; however, the percentage 

increase varied among the different genotypes. KS Redlan had the lowest 

percentage increase (11.32), while Early Hegari had the highest increase 

(46.02%) . 

The "Pearson" procedure was applied to the various physioloqical 

parameters studied in both the dry and wet treatment to determine their 

correlation with photosynthesis. Except for the wax content and stomatal 

density, all of the other parameters demonstrated highly significant cor

relations at the .001 level; however, greater values were observed in the 

stressed treatment (Tables J, 4). Transpiration (gm-2s-1) and temperature 

differentials (oC) were directly related to photosynthesis (~ moles m- 2 

s-l), while diffusive resistance (s cm- l ) and leaf temperature 

(~oC) were inversely related. 
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Table 3. Pearson Correlation Coefficients For' The Physiological Characters For The 12 Sorghum Lines 
Grown Under Stressed Conditions (1983) 

--- ---, 

PS TR Log DR T TL WS WD SO 
( -2 -1) l.l moles m s ( -2 -1) ( -1) g m s s cm (L\oC) (oC) (mg dm- 2) (mg g-ldwt) (cm-2) 

Apparent 
Photo-
synthesis -

Trans-
piration .8115** -

Log Dif-
fusive 
Resistance -.8451** -.8911** -

Temperature 
Differential .7199** .8089** -.7503** -

Leaf Tem-
perature -.4875** -.4101** .5056** -.4844** -

Wax Content 
(mg dm- 2) .0873 NS .1002 NS -.1327 NS .2836* -.2863* -

Wax Content 
(mg g-ldwt) .2364 NS .2124 NS .0860 NS .1141 NS .1141 NS .9057** -

Stomatal 
Density .0454 NS .0705 NS -.1154 NS .0129 NS .0129 .0812 NS .0195 NS -

---
NS = Not Significant * = Significant at .025 level ** ~ ·Significant at .001 level 

tTl 
tTl 



Table 4. Pearson Correlation Coefficients For The Physiological Characters FOt' The 12 Sorghum Lines 
Grown Under Non-Stressed Conditions ~1983) 

PS TR Log DR T T WS WD SO 
(u moles m- 2s-') ( -2 -1) ,g m s ( - 1 s cm (~ °C) (oC) (mg dm- 2) (mg g-ldwt) (cm- 2) 

----~ ----.-

Apparent 
Photo-
synthesis 

Trans-
piration .6493** 

Log Dif-
fusive 
Resistance -.7036** -.9259** 

Temperature 
Differenti al .4637** .7840** -.7702** 

Leaf Tem-
perature -.4800** .7568** .7863** -.7666** 

Wax Content 
(mg dm- 2) -.1838 NS -.0604 NS -.0077 NS -.0118 NS .0105 NS 

Wax Content 
-1 ) (mg 9 dwt -.3320 NS - .1822 NS .0369 NS .0352 NS .1078 NS .6258** 

Stomatal 
Density .0488 NS .0029 NS .0103 NS .0332 NS -.0331 NS .1651 NS .0241 NS ===-__ ---1 (Jl 

(J) 

NS = Not Significant * = Significant at .025 level ** = Significant at .001 level 
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The relationship of photosynthesis and diffusive resistance 

appeared to be a "rectangular hyberbo1a. 1I The transformation of dif

fusive resistance to a natural log scale improved the linear relation

ship between the two variables. The transformed values were more 

negatively related in both dry and wet treatments. 

The fact that temperature differential showed high significant 

correlation at the .001 level with all the parameters except for a non

significant correlation with wax content in the irrigated treatment and 

a lower significant correlation at .025 level for the stressed treatment 

and a non-significant correlation with stomatal density, suqqests that 

this parameter might be a good indication of water status of the plant. 

This observation is supported by an earlier indication of the importance 

of this parameter in plant water relations (Ehrler et a1., 1978). 

Analysis of variance failed to detect any differences among the 

12 genotypes (App. B). Mean separation analysis of the plant character

istics studied are shown in Tables 5 to 11. Apparent photosynthesis was 

found to differ among the 12 germp1asm sources (Table 5). For the dry 

treatment, TX414, E. Hegari and MP10 had higher photosynthesis rates 

(23.923,23.481 and 22.960lJmo1es m- 2s-1, respectively), while GA97 and 

KS Red1an had the lowest photosynthesis rates (17.258 and 17.405lJmo1es 

m- 2s-1, respectively). In the irrigated treatment only a slightly dif

ferent pattern was observed. E .• ~gari still had one of the highest 

photosynthesis rates 38.161 ~ moles m-2s-1, and KS Red1an had the 

lowest photosynthesis rates (27.713 lJ moles m- 2s-1). 



Table 5. Apparent Photosynthesis For The 12 Germplasm Sources 
Gro~n Under Stressed and Irrigated Conditions (1983) 

Apparent Photosynthesis 
l.l moles m- 2s-1 

Entries Stressed Irrigated 

GA 97 17.258 a+ 31.537 ab 

WDY 18 17.476 ab 32.274 abc 

Westland 21.612 abc 33.750 abc 

KS 9 18.158 ab 31 .433 ab 

KS 57 21.181 abc 34.845 be 

KS Redlan 17.405 a 27.050 a 

KS 3 20.225 abc 32.946 abc 

TX 414 23.923 c 35.465 be 

E. Hegar; 23.481 c 40.G6 c 

Custer 22.203 bc 34.410 b 

MP 10 22.960 c 32.967 abc 

NM 73 21 .469 abc 34.178 bc 

+ Values followed by the same letter within a column are not 

significantly different at 0.05 level according to LSD test. 
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Transpiration rates were not significantly different among the 

entries in the stressed treatment. However, this pattern differed under 

irrigated conditions (Table 6). In the wet treatment Custer and KS 57 

had the highest transpiration rates (.2739 and .2741 g m- 2s-1, respec

tively). GA 97, KS Redlan, and MP 10 had the lowest transpiration rates 

(.2157, .2034 and .2199 g m-2s-1, respectively). 

Mean separation for temperature differentials are oresented in 

Table 7 for the 12 germplasm sources under both dry and irrigated treat

ments. In the dry treatment t1P 10 had the hi~hest temperature differen

tial (. 75830 C), and KS 9 had the 1m-lest value (.06670 C). In the wet 

treatment, GA 97 and KS Redlan had the lowest values (.8500 and .75830 C, 

respectively), while KS 57 had the highest temperature differential 

value (1.82500 C). 

Leaf temperature was not found to differ among the 12 genotypes 

in the stressed treatment, while small differences were observed in the 

irrigated treatment for this parameter (Table 8). KS 3 had the lowest 

values (33.42500 C). GA 97 and WDY 18 had the highest values for leaf 

temperature (34.5333 and 34.60000 C, respectively). 

Amount of epicuticular wax content for the 12 entries are shown 

(Table 9). There were no significant differences observed among the 

entries in this study for both the dry and wet treatments when reported 

on unit surface basis. However, when reported on dry wei9ht basis, only 

the irrigated treatment showed some differences among the different 

lines. The failure of expression of differences here may demonstrate 

a strong environmental effect upon this character, since higher 



Table 6. Transpiration Rates For The 12 Germplasm Sources 
Grown Under Stressed and Irrigated Conditions (1983) 

Transpiration 
-2 -1 g m s 

Entries Stressed Irrigated 

GA 97 + .1361 a .2157 a 

WDY 18 .1296 a .2423 ab 

Westland .1352 a .2458 ab 

KS 9 . 1153 a .2459 ab 

KS 57 .1589 a .2741 b 

KS Redl an .1165 a .2034 a 

KS 3 .1258 a .2382 ab 

TX 414 .1432 a .2283 ab 

E. Hegari . 1471 a .2301 ab 

Custer .1302 a .2789 b 

MP 10 .1533 a .2199 a 

NM 73 .1506 a .2428 ab 

+ 
Values followed by the same letter within a column are not 

significantly different at 0.05 level according to LSD test. 
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Table 7. Temperature Differential Values For The 12 Germ
plasm Sources Grown Under Stressed And Irrigated 
Conditions (1983) 

Temperature Differential 
D,°C 

Entries Stressed Irrigated 

GA 97 .1833 ab+ .8500 a 

WDY 18 .2500 ab 1.0080 ab 

Westland .5917 ab 1.2500 ab 

KS 9 .0667 a 1 .1460 ab 

KS 57 .7083 ab 1 .2250 b 

KS Redlan .1583 ab .7583 a 

KS 3 .4250 ab 1.1750 ab 

TX 414 .6417 ab 1 .3830 ab 

E. Hegari .5000 ab 1.2500 ab 

Custer .4583 ab 1.2590 ab 

MP 10 .7583 b 1.1170 ab 

NM 73 .4750 ab 1 .0250 ab 

+Values followed by the same letter within a column are 

not significantly different at 0.05 level according to 

LSD test. 
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Table 8. Leaf Temperature Values For The 12 Germp1asm 
Sources Grown Under Stressed And Irrigated 
Conditions (1983) 

Leaf Temperature 
°c 

Entries Stressed Irrigated 

GA 97 36.12 a + 34.53 b 

WDY 18 35.90, a 34.60 b 

Westl3.nd 35.45 a 34.10 ab 

KS 9 35.96 a 34.03 ab 

KS 57 35.71 a 33.59 ab 

KS Red1an 35.51 a 34.38 ab 

KS 3 35.17 a 33.43 a 

TX 414 34.99 a 33.80 ab 

E. Hega ri 35.23 a 34.26 ab 

Custer 36.49 a 34.13 ab 

MP 10 35.79.a 34.40 ab 

NM 73 35.33 a 34.22 ab 

+ Values followed by the same letter within a column are 

not significantly different at 0.05 level according to 

LSD test. 
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Table 9. Amount of Epicuticular Wax Content For The 12 Germplasm 
Sources Grown Under Stressed and Irrigated Conditions 
( 1983 ) . 

Wax Content Wax Content 
mg dm- 2 mg g-l dry weight 

Entries Stressed Irrigated Stressed Irrigated 

GA 97 2.610 a+ 3.090 a 5.700 a 7.803 ab 
WDY 18 3.053 a 2.515 a 5.037 a 5.283 a 
Westland 2.880 a 3.163 a 4.273 a 7.550 ab 
KS 9 4.825 a 8.280 a 6.080 a 7.777 ab 
KS 57 3.500 a 3.055 a 6.343 a 5.270 a 
KS Redl an 2.958 a 2.835 a 6.157 a 7.040 ab 
KS 3 3.175 a 8.688 a 6.970 a 12.423 ab 
TX 414 3.403 a 3.453 a 7.123 a 9.650 ab 
E. Hegari 3.793 a 8.500 a 8.730 a 13.590 b 
Custer 2.725 a 4.250 a 6.523 a 13.373 b 
MP 10 3.545 a 2.300 a 8.333 a 7.197 ab 
NM 73 3.260 a 3.323 a 5.747 a 9.407 ab 

+ Values followed by the same letter within a column are not 
significantly different at 0.05 level according to LSD test. 
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variability was observed within the entries than among them. These 

results are in agreement with those reported earlier by Skoss (1955). 

There were no significant differences among genotypes for dif

fusive resistance in the dry treatment; however, some variability did 

appear for this character under the wet treatment (Table 10). WDY 18 

had the highest value for diffusive resistance under the irrigated con

ditions and next to highest under stress. Differences in the magnitude 

of values for this character are observed among the different entries 

under stressed conditions (Table 8); however, failure to detect statis

tically these differences indicates high environmental influence upon 

this characteristic. Furthermore, higher variability within entries 

than among them was also observed under stressed and non-stressed 

conditions. 

Stomatal densities were significantly different among the 12 

germplasm sources (Table 11). Nt1 73 had the lower density in both dry 

and wet treatments (9,954.0 and 6,750.0 stomata cm- 2, respectively), 

while GA 97 which had second highest stomatal dens~ty under irrigation 

had the highest density under stressed conditions (12,285.0 stomata 

cm- 2). KS 9 had the highest stomatal density under irrigated corditio~s 

(9,495.0 stomata cm- 2) and third hiqhest under stress. 

Multiple regressions were performed for photoysynthesis data in 

both the dry and wet treatments. The results are shown in Tables 12 and 

13. The regressions were performed in a stepwise manner, incorporating 

variables into the equation in order of their power to increase the 

explained variation. The variable lIamount of wax content II was excluded 



Table 10. Diffusive Resistance For The 12 Germplasm Sources 
Grown Under Stressed and Irrigated Conditions 
(1983) . 

+ 

Diffusive Resistance 
s cm- l 

Entries Stressed Irrigated 

GA 97 11 .457 + 2.114 ab a 

WDY 18 13.348 a 3.647 b 

Westland 4.044 a 1 .143 a 

KS 9 6.757 a 1 .216 a 

KS 57 7.786 a .993 a 

KS Redlan 7.475 a 2.013 ab 

KS 3 7.132 a 1 .360 a 

TX 414 2.808 a 1.288 a 

E. Hegari 6.078 a 1 .370 a 

Custer 9.837 a .939 a 

MP 10 2.987 a 1 .258 a 

NM 73 4.960 a 1.119 a 

Values followed by the same letter within a column are 

not significantly different at 0.05 level according to 

LSD test. 
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Table 11. Stomatal Density For The 12 Germplasm Sources 
Grown Under Stressed and Irrigated Conditions 
(1983) . 

Stomatal Dens ity 

cm2 

Entries Stressed- Irrigated 

GA 97 12,285 + 8,100 g g 

WDY 18 9,937 bc 7,380 c 

Westland 9,540 b 7,605 d 

KS 9 10,935 de 9,495 

KS 57 11 ,160 ef 8,100 f 

KS Redlan 7,960 a 7,155 b 

KS 3 10,530 cd 7,920 e 

TX 414 10,440 c 7,335 c 

E. Hegari 11 ,565 f 7,920 e 

Custer 8,280 a 6,795 a 

MP 10 9,540 b 6,750 a 

NM 73 9,954 c 6,750 a 

h 

+Values followed by the same letter within a column are 

not significantly different at 0.05 level according to 

LSD test. 
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from the equation, since it showed no correlation with photosynthesis 

or with the other parameters studied (Tables 3, 4). 

Leaf diffusive resistance was the first variable incorporated 

in the dry treatment (Table 12), and accounted for an increase in 

explained variation of .7142. Transpiration showed a high significance; 

though it ranked second, it added only .0165 to the explained variation. 

Leaf temperature, temperature differential, and stomatal density showed 

no significance (Table 12). 

In the wet treatment, multiple regression analysis showed no 

significance for all the characteristics, except for leaf diffusive 

resistance, which was the first variable incorporated and accounted for 

.4977 increase in explained variation (Table 13). 

A comparison between the regression analysis in both the dry and 

wet treatments, using beta weights, was performed to assess the relative 

importance of the variables between the two treatments. The results are 

shown in Table 14. Results indicate that different characters showed 

different orders of their powers to increase the explained variation, 

except for leaf diffusive resistance which was the first variable incor

porated in both treat~ents. However, this character presented higher 

r2 in the dry than in the irrigated treatment. 

Heritability Estimates 

Heritability estimates are a valuable tool for olant breeders 

for predicting expected gains through selection for the character stu

died and providing useful information about the variability of the plant 

character a breeder desires to chanqe. 



Table 12. Multiple Regression: Photosynthesis 
Dry Treatment: V = 20.606. 

Independent Mult ipl e r2 
Variable r r2 Change B 

LN Diff. 
Resistance .8451 .7142 .7142 - .7197 

Transpiration .8548 .7307 .0165 26.015 

Leaf Temp. .8587 .7374 .0067 - .388 

Temperature 
Differential .8604 .7404 .0030 .853 

Stomatal 
Density .8607 .7408 .00004 - .0002 

(Constant) 35.681 

r = Correlation coefficient. 

B = Slope of regression line. 

S.E.B = Standard error of B 

S.E.B. 

.383 

8.893 

.206 

.677 

.327 

8.196 

SIG = Significance of F for the variable indicated. 
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SIG 

.000 

.002 

.062 

.210 

.634 

.000 



Table 13. Multiple Regression: Photosynthesis 
Wet Treatment: V = 33.351. 

Independent Multi pl e 2 
r2 

r 
Variable r Change B 

LN Diff. 
Resistance .7055 .4977 .4977 -9.509 

Temperature 
Different i a 1 .7180 .5156 .0179 -1 .031 

Leaf Temp. .7221 .5214 .0058 .392 

Transpiration .7227 .5223 .0009 6.656 

Stomatal 
Density .7228 .5224 .0001 - .0001 

(Constant) 21.267 

r = Correlation coefficient. 

B = Slope of regression line. 

S.E.B = Standard error of B. 

S .E.B 

1.870 

.632 

.308 

13.045 

.0005 

12.064 

SIG = Significance of F for the variable indicated. 
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.000 

.105 

.206 I 
i 

.611 

.850 

.080 
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Table 14. Comparison Between The Multiple Regression Analysis For The 
Dry and \Jet Treatments (Beta Weights). 

Dry Wet 
Variable Treatment Rank Treatment Rank 

Xl LNDR -.529 1 -.868 

X2 TR. .232 .... .084 4 L. 

X3 TL -.079 4 - .134 3 

X b. °c 4 .095 3 .173 2 

X5 SO .021 5 . all 5 
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Heritability estimates varied in ma9nitude among the physiolo

gical characteristics studied in this experiment. 

Apparent Photosynthesis Rates 

The regression lines for this character of Fl mean values on 

mid-parent values in both dry and wet conditions are presented in Fig. 

11. Heritability of apparent photosynthesis rates in the stressed (dry) 

treatment were observed to be fairly low (.28 ± 22%) while even lower 

values were exhibited in the non-stressed (wet) treatment (.07 ± 19',), 

indicating very little genetic variability for this character in the 

material studied. Both heritability values in the dry and wet treatment 

are not statistically significant (Table 15); however, a difference in 

magnitude of the t\JO estimates was observed. 

Transpiration Rates 

The heri tabi 1 i ty estimates for transpi rati on rates were observed 

to have an intermediate value under the non-stressed conditions (.37 ± 

21%), while a higher heritability value was obtained under the stressed 

conditions (.53 ± 33%) Fig. 12, suggesting greater genetic variability 

of this character under dry conditions. Both estimates were found to 

be not statistically significant (Table 15). 

Temperature Differential 

Heritability estimates for this characteristicwere found to be 

fairly high (.50 ± 29%) for the wet treatment, while for the dry treat

ment a very high value of (.91 ± 31~6) was obtained, which indicates that 
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TRANSPIRATION RATES(g m-2 s-1) 
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this characteristic is hiqh1y heritable (Fig. 13). The high heritabil-

ity estimate for temperature differential under stressed conditions 

was found to be statistically significant at .01 level (Table 15), which 

implies that this characteristic might be a good field criterion in 

selecting for drought tolerance. 

Diffusive Resistance 

For this characteristic a moderate heritability estimate was 

observed under the stressed conditions (.32 ± 35%), while a very low 

estimate was found under the non-stressed conditions (.08 ± 59~), indi

cating almost no genetic variation for this characteristic under the wet 

treatment, Fig. 14. Neither heritability estimate was statistically 

significant (Table 15); however, a difference in their magnitudes was 

observed. 

Leaf Temperature 

Heritability estimates for this character are shm·m in Fig 15. 

Comparable values were found for both the dry and wet treatment (.11 ± 

10%) and (.12 ± 10%) respectively (Fig. 15). The low heritability esti

mates for this characteristic indicate a low genetic variability for 

this trait under both treatments. Both estimates were found to be not 

statistically significant (Table 15). 

Stomatal Density 

Heritability estimates of similar magnitudes were found for this 

characteristic in both treatments, Fig. 16. These relatively high 
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values of (."61 ± 297~) for the dry treatment, and (.61 ± 27%) for the wet 

treatment indicate a high heritability for this characteristic. Both 

estimates are statistically significant at .05 level (Table 15). 

Several observations may be made from the summary of the herit

ability estimates for all the physiological characteristics studied 

under both the dry and wet treatments (Table 15). Higher heritability 

values were observed under the dry treatment for all characteristics, 

except for leaf temperature and stomatal density, ~here similar values 

were obtained. This trend of higher heritability values (about four 

times in the cases of photosynthesis and diffusive resistance) under the 

dry treatment, indicates that stressed conditions enhanced the phenoty

pic expression of hidden useful genetic variability, while wet condi

tions masked this phenotypic expression. Furthermore, it might suggest 

that in breeding for drought tolerance, there appears a need to make 

selections in a dry environment in which useful genetic variability is 

best phenotypically expressed. These suggestions therefore support the 

contentions of Hurd (1971, 1976) and Richards (1978) that selection for 

semi-arid environments is best accomplished in such environments. 

Another observation from the summary table (Table 15) appears 

to be that except for the stomatal density characteristic in both dry 

and wet treatment, and the temperature differential in the dry treat

ment, where statistical significances were found to be at .05 level and 

at the .01 level, respectively, there were no statistical significances 

observed for all the other characteristics studied under both stressed 



Table 15. Summary of the Heritability Estimates (Slope Value) For 
The Characteristics Studied and Their Standard Errors 
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Treat- Slope Value Signi-
h2 Characteristic ment S.E. cance 

Photosynthesis Dry .28 . 22 .221 N.S . 

Wet .07 .19 .722 N.S. 

Transpiration Dry .53 . 33 .113 N.S . 

Wet .37 .21 .093 N.S. 

Temperature Dry .91 .31 .006 ** 
Differential 

Wet .50 .29 .095 N.S. 

Diffusive Dry .32 .35 . 366 N. S . 
Resistance 

Wet .08 .59 .886 N.S. 

Leaf Temperature Dry .11 .10 .254 N.S. 

Wet .12 .10 .230 N.S. 

Stomatal Density Dry .61 .29 .048 * 

Wet .61 .27 .033 * 

N.S. Not Significant 

** Significant at .01 level 

* Significant at .05 level 

S.E. Standard Error 
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and non-stressed conditions. This observation indicates a low genetic 

variability within the material studied under the specific environmental 

conditions to which it was exposed for most of the characteristics 

observed in this study. 

The higher values of the slopes in the dry treatment compared to 

the wet treatment implied the necessity to test if they are significant

ly different. In this sense, a regression model was used as follows: 

Y = A + B1 0 + B2 Xi + B3 0 Xi 

where B1 and B2 = the slopes value in both the dry and viet 

treatments. 

B3 = the interaction between B1 and B2 

The results of this test are presented in Table 16 and indicates 

the absence of any statistically significant differences among the 

slopes of the two treatments for all the characters studied. 

The absence of any statistically significant differences among 

the regression lines (Table 16) as well as the low heritability values 

presented in Table 15, where no statistically siqnificant values were 

found for most of the characteristics, indicate a low genetic variabil

ity present. This probably is due to the fact that the material studied 

was at its final stage of selection and thus genetic variability for 

resistance to water stress may be limited, and any differences among 

the lines may be too small to detect. 

Furthermore, the low genetic variability for the physiological 

parameters measured found in those lines which have been selected for 

yield, may suggest that yield and phYSiological characteristics that may 



Table 16. Regression Analysis For The Significance of B3 (Slopes Interaction) 

Value S.E. Coefficient of 
of of Signi- Detennination 

Characteristic Vi Xi B3 B3 ficance r2 

Photosynthesis Fl Mid-parent .209 .299 .486 N.S. .90 

Transpiration Fl ~id-parent .162 .418 .700 N.S. .88 

Temperature 
Differential Fl Mid-parent . 441 .443 .357 N.S . .60 

Diffusive 
Resistance Fl Mid-parent . 232 1.256 .854 N.S . .53 

Leaf Temperature Fl Mid-parent -.006 . 135 .965 N.S . .94 

Stomatal Density Fl Mid-parent .007 .471 .988 N.S. .54 

N.S. = Not Significant 

co 
N 
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be correlated with or that contribute to drought resistance are incom

patible objectives and they should be disassociated in a breeding pro

gram. If this suggestion is tested and holds true, then the postulation 

that the genes for yield and resistance to stress are separated, at 

least at some of the loci, would be valid and stress resistance can be 

further improved without sacrificing yield. 



CHAPTER 5 

SUMMARY AND CONCLUSIONS 

Twelve sorghum (Sorghum bicolor L.) genotypes previously classi

fied as drought resistant and susceptible upon yield basis were evalua

ted under dry and wet moisture treatments for physiological responses. 

These physiological responses were also examined to evaluate their 

relationships and to determine their heritability estimates. 

Stress significantly affected all characteristics measured for 

each genotype by a reduction in apparent photosynthesis rates, trans

piration, and temperature differentials (ambient temperature minus leaf 

temperature), and an increase in diffusive resistance, leaf temperature 

and stomatal density. The wax content response varied among genotypes 

irrespective of the dry and wet treatment. 

Reductions in photosynthesis rates were found to be less for 

KS 9, MP 10, Custer, TX 414, and NM 73 (32, 32, 34, 35, and 38% 

respectively). Transpiration rates under the stress treatment ranged 

from 0.115 g m- 2s-1 for KS 9 to 0.162 g m- 2s- l for MP 10. Under the 

non-stressed treatment higher rates were observed for all the entries 

ranging f~om 0.203 for KS Redlan to 0.285 g m- 2s- l for Custer. For the 

leaf diffusive resistance characteristic, lower values were observed 

under the non-stressed than under the stressed moisture treatment. The 

observed range of values was from 0.95 s cm- l for Custer to 3.66 for 
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WDY 18 under the dry conditions. Temperature differential had a posi-

tive value for all the entries under both treatments; however, lower 

differences were observed in the non-irrigated treatment. 

Stress treatment had increased leaf temperature for all the 

material studied; however, the relative percentage of increase varied 

among the different entries. TX 414 showed the least increase in leaf 

temperature under moisture stress (2.22%), while MP 10 had the 

highest percentage increase (7.46). For the amount of wax content, dif

ferent genotypes displayed variable results regardless of the water 

treatment imposed. Stomatal densities for the combined adaxial and 

abaxial leaf surface ranged between 6,750 cm- 2 for MP 10 and NM 73 geno

types and 2,495 cm- 2 for KS 9 in the viet treatment. Hi gher counts were 

obtai ned under the dry treatment ranging bet'lleen 7,960 cm- 2 for KS Redl an 

-2 f and 12,285 cm or GA 97. 

Except for the wax content and stomatal density, the various 

physiological parameters demonstrated a high significant correlation 

with photosynthesis at .001 level. Transpiration and temperature dif

ferentials were directly related to photosynthesis (.812 and .720, 

respectively), while diffusive resistance and leaf temperature were 

inversly related (-.845 and -.488, respectively). 

Analysis of variance for the different characteristics 

studied failed to detect significant differences among the 12 germplasm 

sources, except for the stoma~al density. This was mainly due to the 

higher variability within entries than among them, indicating high 

environmental influence upon these characters. 
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Multiple regression analysis showed that leaf diffusive resis

tance was the first variable incorporated in both the dry and wet 

treatments accounting for an increase in explained variation of .7142 

and .4977, respectively. 

The offspring and mid-parent regression for each characteristic 

under both dry and wet treatments provided heritability estimates 

(h 2 ± SE) for photosynthesis (.28 ± .22) in the dry and (.07 ± .19) in 

the wet; for transpiration (.53 ± .33) in the dry and (.37 ± .21) in the 

wet; for temperature differentials (.91 ± .31) in the dry and (.50 ± 29) 

in the wet; for diffusive resistance (.32 ± .35) in the dry and (.08 ± 

.59) in the wet; for leaf temperature (.11 ± 10) in the dry and (.12 ± 

.10) in the wet; and for stomatal density (.61 ± .29) in the dry and 

(.61 ± .27) in the wet. 

It was concluded from these experiments that the classification 

of the material studied based on the physiological characteristics 

measured were not consistent with the previous classification of drought 

resistant and susceptible based on field yield tests. 

The tempel"ature differenti al characteri sti c presented a potenti alto 

rely on as a screening method for drought tolerance, since it correlates 

well with all the other characteristics. In addition to minimizing the 

work time, it will allow the breeder to screen a larger number of 

genot.ypes. 
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It was shown that higher heritability estimates were found in 

the dry treatment, which indicates that dry conditions enhanced the 

expression of useful genetic variability, while wet treatment masked 

this expression. This observation indicates that in order to breed for 

drought, there is a need to make selection in a dry environment in which 

useful genetic variability is best expressed. 
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Appendix A. 

Problem 

Stem borers 
Chilo 
Sesamia 
Busseola 

Most Serious Problems Limiting Sorghum 
Countries of SAT (Semi-Arid Tropics). 
Icrisat (1981). 

ttl ..... ttl ttl 
~ .~ .~ 

ttl ttl ttl c: 0 c: .0 
c: .~ .~ ::l ttl > ttl ~ E 
ttl ttl .~ c: ttl 0- 0 .~ ..... ttl ttl 
): .~ ): ttl ttl " 0 c: '- '- '- '- ttl ttl Ol <!l 
III .0 '" N >, c: .~ ttl QJ QJ QJ QJ c: '- QJ ..... E ~ c: c: '" ..c: " E Ol Ol ~ 0- '" ::l c: QJ 
0 ttl ttl '" QJ Ol ..... ::l '" .~ ttl 0- ..c: '" QJ ..c: 
co N :;: I- "" :::> ...... Vl U Z Z :;: :::> <!l :;: Vl I-

- 1 
- 1 
- 1 - 1 

- - 1 

Production In 
Data From 

..c: 
ttl III 
.~ " QJ 
~ c: " ttl ttl ttl 

.~ '- ttl ~ ttl 
N ..... c: Ol .~ 

'" III '" ~ c: " '- ::l ..c: '" c: 
co <C I- U c::> 

- - - - 1 

Shoot fly 
Midge - 1 
Head bugs 
Aphids 
Army worms 
Boll worms 
Locusts 
Charcoal rot 
Downy mildew 
Grain molds 
Antnracnose 
Grey leaf spot 
Rust 
Long smut 
Suga ry d i sea se 
Sooty stripe 
Leaf blight 
Vi rus 
Striga hermonthica 
Striga asiatica 
Birds 
Drought* 
Stand establishment 
Soi 1 ferti 1 i ty 
Photoperiod 
Weeds 
Intercropping 
Yield 

- - 1 
1 

- 1 

- - 1 - - 1 
- 1 1 - 1 
- 1 

- 1 

- 1 

- 1 

1 1 
- 1 1 
- 1 1 

- - 1 1 1 
- - - - - - - 1 

- 1 

- 1 

- 1 
- 1 

- - 1 

c: 
ttl ..... 
III 

"'" '" c.. 

Grain Quality 
Stability 
Adaptabi 1 i ty 
Earliness 

- - - 1 - 1 
- 1 - 1 - 1 

- 1 
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Appendix B.l. Analysis of Variance For Photosynthesis 

(llmoles m- 2s-1) 

Source df 

Genotypes (G) 11 

Time Measurements (TM) 2 

Moisture ( ~1) 1 

M x G 11 

Error (a) 66 

M x G x H1 22 

Error (b) 144 

NS = Not Significant 

* = Significant at .05 level 

** = Significant at .001 level 

Significance 
Mean Square of F 

130.7663 .1641 NS 

3908.279 .000 ** 
11439.781 .. 000 ** 

21 .335 .8506 NS 

37.810 

33.532 .7760 NS 

44.466 
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Appendix B.2. Analysis of Variance For Transpiration 

(g m- 2s-1) 

~=====================:==========~ 

NS = Not Significant. 

* - Significant at .05 level. 

** = Significant at .001 level. 

Siqnificance 
. of F 

.4711 NS 

.000 ** 

.000 ** 

.6136 NS 

.9048 NS 
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Appendix B.3. Analysis of Variance For Diffusive Resistance 

(s cm- l ) 

1------------------------------1 

Source df 

Genotypes (G) 11 

Time Measurements (TM) 2 

Moisture (M) 1 

M x G 11 

Error (a) 66 

M x G x TM 22 

Error (b) 144 

NS = Not Significant 

* = Significant at .05 level 

** = Significant at .001 level 

Mean Square 

71.5225 

844.3062 

2067.6200 

39.9855 

50.0364 

42.9635 

73.1466 

Siqnificance 
of F 

.2480 NS 

.000 ** 

.000 ** 

.6403 NS 

.9269 NS 
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Appendix B.4. Analysis of Variance For Temperature Differential 

(6oC) 

Source 

Genotypes (G) 

Time Measurement (TM) 

Moisture (M) 

M x G 

Error (a) 

M x G x TM 

I Error (b) 

df 

11 

2 

1 

11 

66 

22 

144 

Mean Square 

1.3741 

73.9252 

41.7165 

.3171 

.7777 

.5877 

.8715 

Significance 
of F 

.3487 NS 

.000 ** 

.000 ** 

.9478 NS 

.8583 NS 

I 
t--------------------------------------------------~ 

NS = Not Significant. 

* = Significant at .05 level. 

** = Significant at .001 level. 
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NS = Not Significant. 

* = Significant at .05 level. 

** = Significant at .001 level. 
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Appendix B.6. Analysis of Variance For Stomatal Density 

(cm- 2) 

Significance 
Source df Mean Square of F 

Genotype (G) 11 23062985.40 .000 ** 
Moisture (M) 1 451684072.67 .000 ** 
G x M 11 4787965.85 .000 ** 
Error 11 135575.09 

** = Significant at .001 level. 



Appendix B.7. Analysis of Variance For Wax Content Per Unit 

Surface Area (mg dm- 2) 

f Significance 
Source df Mean Square of F 

Moisture (M) 1 2.674 .1')51 NS 

Genotyoes (G) 11 20.126 .062 NS 

M x G 11 .662 .748 NS 
I 

l Error 11 5.620 

f-

NS = Not Significant 
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Appendix B.8. Analysis of Variance For Wax Content Per Dry Weight 

(mg g-l dry weight) 

NS = Not Significant 

* = Significant at .05 level 

Mean Square 

93.813 

50.756 

36.445 

35.697 

Siqnificance 
of F 

.015 * 

.210 NS 

.451 NS 
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