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ABSTRACT 

Tepary fPhaseolus actifolius Gray) beans perform better 

than common beans (Phaseolus vulgaris) under drought 

conditions. The mechanism of drought tolerance in tepary bean 

seedlings was explored by determining the water potential 

(WP) , osmotic potential (OP), relative water content (RWC), 

free sugar concentration, and the level of K ion within the 

expanding leaves. Two week old tepary bean seedlings were 

subjected to a gradual water stress with sorbitol solutions 

exhibiting OP values of -0.19 MPa and -0.47 MPa. 

Turgor remained constant whereas WP, OP and RWC declined 

following the stress treatment. Osmotic adjustment (OA) 

occurred in each treatment but the contribution of sucrose and 

fructose was minor. Some sorbitol was translocated to leaves 

and contributed to OA. The decrease of K ions in leaves 

indicated that these ions did not contribute to the OA. A 

significant decrease in cell size was observed as determined 

by decrease in TW/DW ratio. 
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INTRODUCTION 

Drought is recognized as a major agricultural problem in 

arid and semi-arid regions of the world and is one of the most 

unfavorable conditions imposed on crops by the environment. 

About one-third of the world's potentially arable land suffers 

from drought which affects all aspects of plant growth and 

development. Drought prevents crops from attaining their full 

genetic potential for yield. Worldwide losses in yield from 

drought is estimated to exceed the losses caused by other 

factors. 

Various drought tolerant plant species have developed 

both physiological and morphological mechanisms to maintain 

productivity under water stress conditions. Among the morpho

logical adaptations, plants produce large root systems (high 

root/shoot ratio) to absorb more water and/or reduce their 

leaf area to diminish transpiration. These adaptations delay 

the onset of more severe stress. Two physiological adaptations 

of plants to water stress are transpirational control and 

osmotic adjustment (OA). Osmotic adjustment occurs when both 

OP and WP of the same leaf decreases (more negative values) 

but turgor potential remains constant. Osmotic adjustment is 
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a result of either accumulation of various cellular solutes 

(true OA), or the decrease in cell size and increase in bound 

water (apparent OA). The accumulation of inorganic solutes, 

such as K ions and synthesis and/or accumulation of compatible 

organic solutes contributes to the osmotic adjustment in 

several species. Osmotic adjustment appears to be a mechanism 

for maintaining turgor for growth or survival of plant species 

during drought conditions (Hsiao et al., 1984). Osmotic 

adjustment maintains cell expansion (growth) and stomatal 

conductance, which is required for continued photosynthesis 

(Munns, 1988). Munns (1988), however, proposed that OA might 

be an adaptive mechanism for surviving stress rather than 

maintaining growth. 

Tepary beans (Phaseolus acutifolius A. Gray) have been 

reported to exhibit both drought and salt tolerance (Goertz 

and Coons, 1987), but little is known about the mechanism of 

drought tolerance in tepary beans. Two contradictory articles 

have been published which propose two different mechanisms of 

drought tolerance. Parsons and Howe (1984) reported that OA 

is the mechanism of drought tolerance in the tepary bean, 

whereas Markhart (1985) reported that large deep roots 

contributed to their drought tolerance rather than OA. 

Consequently, additional research needs to be conducted to 

determine the mechanism of drought tolerance in tepary bean. 
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The objectives of this research are to determine (a) if 

2-week-old tepary bean seedlings exhibit OA following exposure 

to gradual increased levels of sorbitol by studying their 

plant water relation parameters [water potential (WP), osmotic 

potential (OP) , turgor potential (TP) and relative -water 

content (RWC)] (b) if the observed OA is caused by accumula

tion of solutes such as free sugars and K ions or by decrease 

in the cell size (turgid weight/dry weight ratio). 
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CHAPTER 2 

LITERATURE REVIEW 

Drought Resistance 

Plants adapt to drought conditions by different mechani

sms. Turner (1979) summarized the various mechanisms under 

three major categories. The first category is drought escape 

in which plants escape drought through either rapid phenologi-

cal development or through developmental plasticity. The 

second category is drought tolerance in which plant species 

maintain high water potential (WP) values by reducing water 

loss or maintaining water uptake. The reduction of water loss 

may be accomplished by increased stomatal and cuticular 

resistance (transpiration resistance), reduction of absorbed 

solar radiation, or reduction in leaf area. The maintenance of 

water uptake, however, could be established by increased root 

density and depth or by increased water conductance. The third 

category suggested is drought tolerance of plant species 

having low plant WP values. This mechanism is represented by 

either desiccation tolerance (protoplasmic tolerance) or by 

maintenance of turgor. Maintenance of turgor could be estab

lished by increase in cell wall elasticity, decrease in cell 

size or more pronouncedly by OA. 
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Water Stress and Water Relations of Plants 

Hsiao (1973) categorized drought or water stress as mild, 

moderate, and severe. Lowering of plant WP by less than 1 MPa 

or relative water content RWC by 8 to 10% below corresponding 

values of well-watered (control) plants under mild evaporative 

demand is considered to be mild stress. Stress is considered 

to be moderate when WP is more than 1.2 to 1.5 MPa or RWC is 

more than 10% but less than 20%. Lowering WP more than 1.5 

MPa or RWC more than 20% is considered to be severe stress. 

Generally, plants grown under drought conditions obtain 

water by maintaining more negative WP values than soil or 

growing medium. Despite a decrease in water content during 

water stress, plants tend to achieve more negative values of 

WP that favor survival. In some species, lowering of WP is 

accompanied by lowering of osmotic potential which maintains 

turgor. Cotton (Gossypium hirsutum L. 'Tamcot SP37') plants 

adapted to water stress exhibited lower daily minimum leaf WP 

and maintained turgor than non-adapted plants (Ackerson, 1981) . 

Maintenance of turgidity is considered to be a mechanism of 

survival or requirement for growth (Munns, 1988). Lowering of 

OP is mainly attributed to solute accumulation. The extent of 

this accumulation varies with the type of the solutes present 

in the tissue and plant species (Wilson and Ludlow, 1983). 

Schwab and Heber (1984) demonstrated that accumulation of 

membrane-compatible solutes is important in preventing 
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membrane damage during moisture stress of poikilohydric 

plants. In the apex and leaves of wheat, the main contribu

tion to a more negative OP during the first 3 days of stress 

is from an increase in the content of ethanol-soluble carbohy

drates and amino acids (Munns et al., 1979). 

Osmotic potential of a solution can be determined accord

ing to the equation of Vant Hoff: 0P= iR T m, where OP is the 

osmotic pressure of ideal solvent, i is the ionization factor, 

R is the gas constant, T is the temperature in Kelvin, and m 

is the moles per 1,000 g solvent. The contribution of an 

individual solute of plant sap to the overall osmotic pressure 

may be assessed with the same equation, and individual 

contributions summed and compared with the osmotic pressure 

determined independently (WynJones and Gorham, 1983). 

Osmotic Adjustment 

Of the several mechanisms of maintaining turgor in 

several plant species reported by Turner (1979), OA appears to 

be the most common one. Osmotic adjustment, in higher plants, 

refers to "the lowering of osmotic potential (OP) arising from 

the net accumulation of solutes in response to water deficits 

or salinity" (Turner and Jones, 1980). 

There are two different types of OA usually called true 

and apparent OA (Wilson et al., 1980). The true OA is caused 

by the accumulation of solutes (organic solutes and inorganic 
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ions) whereas apparent OA is caused by either a decrease in 

cell size expressed by changes in the ratio of turgid weight 

to dry weight (TW/DW) or caused by the increase in the 

proportion of bound water (Wilson et al., 1980). 

Generally, plants that experience a rapid water stress 

exhibited less osmotic adjustment than plants that experience 

a slower development of water stress (Flower and Ludlow, 

1986) . The level of OA varies with the rate of decline of leaf 

WP. Studying the effect of water stress on pigeon pea 

(Cacianum Caian L. millsp.) leaves, Flower and Ludlow (1986) 

found that the level of OA was correlated to level of WP in 

all treatments. Pigeon pea leaves that exhibited different 

levels of OA died at different levels of leaf WP (-3.4 and -

6.3 MPa) but at a similar relative water content (RWC). 

Meyer and Boyer (1981) studied the osmoregulation in 

soybean seedlings having low WP and concluded that OA was 

controlled mainly by the rate of solute synthesis/utilization 

and, secondarily, by the rate of solute uptake from the 

growing media. 

Several research studies showed that young leaves of 

dicot or growing regions of monocot plants adjusted osmotical-

ly to water deficits more than the fully expanded leaves. 

Water potential values of the expanded blade of unstressed 

barley seedlings were always less negative than WP of the 

basal region and these differences were even more pronounced 
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when plants were stressed (Hatsuda and Riazi, 1981). This 

indicates the importance of measuring WP and OP of leaf 

growing region as well as expanded region of leaves on 

stressed plants to determine the osmotic adjustment of these 

plants. They reported that basal regions of these leaves 

clearly showed an OA when seedling roots were exposed to a 

nutrient solution containing polyethylene glycol (PEG) or NaCl 

whereas the older parts of the leaves exhibited no OA. 

The Importance of Osmotic Adjustment 

The number of published reports describing OA has 

increased from one paper in about 1973 to 50 papers in 1986 

(Munns, 1988) . The reason for the high interest in OA 

research is the belief that plants which maintain a constant 

turgor resulting from OA and constant cell volume in their 

leaves will continue to photosynthesize and grow when exposed 

to water stress or salinity. Genotypic comparisons of some 

species, under limited water conditions, revealed that lines 

with higher leaf OA have higher dry matter and/or grain yield 

(Munns, 1988). 

Under water stress conditions, OA provides certain 

advantages to plants. Lowering of OP permits maintenance of 

turgidity under stress conditions. Maintenance of turgidity 

allows continuous cell growth that results in penetration of 

roots to greater soil volume, opening of stomata for longer 
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time, and therefore continuation of photosynthesis at greater 

stress levels (Parsons and Howe, (1984). 

In contrast, Munns (1988) proposed that OA might be an 

adaptive mechanism for surviving stress rather than for 

growing during stress. Maintenance of turgor required for 

growth could be achieved by other physiological responses such 

as a reduction in stomatal aperture resulting in reduced 

transpiration. Therefore, the mechanistic links between OA 

and yield are not clear (Turner, 1979). 

The Costs of Osmotic Adjustment 

Solute accumulation in plant tissues results in osmotic 

adjustment. The extent of this accumulation varies with the 

type of solutes present in the tissue and plant species 

(Wilson and Ludlow, 1983). The accumulated solutes that 

enable a drought stress plant to osmotically adjust, while 

simultaneously continuing to grow rapidly, are mainly organic 

solutes (Munns, 1988). However, the origin of the accumulated 

solutes is not clearly defined for most plant species. 

Plants which synthesize and accumulate organic solutes 

and compatible organic solutes such as sugars, amino acids 

(proline) and glycine betaine in their cytoplasm can maintain 

a sufficiently low cytoplasmic OP for them to osmotically 

adapt to water stress. However, this process will divert 
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energy and metabolites required for growth and productivity to 

processes involved in OA (Rains, 1987). In general, the 

synthesis of organic osmotica requires carbon (C) and nitrogen 

(N) which are also required for metabolic processes involved 

in growth (Rains, 1987). The most important factor in the 

process of growth under drought conditions is the efficiency 

of plant cells to produce the higher rates of dry weight from 

the sources of C and N. Plants with the high production 

efficiency are capable of maintaining both growth and OA even 

under severe stress conditions (Rains, 1987), but the growth 

rate is much lower than growth rate of the same plants under 

normal conditions. 

Accumulation of Solutes 

Sugars. The change of sugar content has been found to 

be the earliest solute response of plants to water stress. 

Greenway and Setter (1979) found an increase in sucrose levels 

in Chlorella emersonii within 15 min of water stress initia

tion. Schwab and Gaff (1986) studied sugar and ion content in 

leaf tissues of several drought-tolerant plant species under 

water stress and found that sugar-increase in the tolerant 

plants was higher than other solutes with simultaneous 

decrease in starch concentration. 

Ackerson (1981) studied the affect of water stress on 

cotton plants and found that the pattern of sugar accumulation 
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in water stress adapted and non-adapted plants depended on 

leaf age. Non-adapted young leaves accumulated sucrose, 

whereas adapted young leaves of the same age with the same WP 

exported sucrose. Older leaves of adapted or non-adapted 

plants accumulated sucrose as plants became stressed during 

the day. Generally, adapted cotton plants had more glucose 

than non-adapted plants, but glucose accumulation also 

depended on leaf age. 

Wheat (Triticum aestivum L. cv. 'Heron') plants grown 

under high irradiance and moderate water stress accumulated 

free sugars. Munns and Weir (1981) found that the increase in 

sugar content accounted for 70 to 100% of the 0.12 to 0.34 MPa 

OA in the elongating and expanding zones of wheat leaves. 

Glucose was the main sugar to increase in the elongating 

regions, while sucrose increased in the expanded laminae. 

Sugar levels in the youngest elongating leaf of the stress 

treated plants were the same as in the controls at dawn, but 

were double at midday. 

The growing region of wheat seedling exhibits greater 

OA than fully expanded tissue because it continues to import 

solutes under more severe water deficits (Munns et al., 1979) . 

Munns and Weir (1981) found a high proportion of sucrose in 

the expanded leaves compared to the high proportion of 

monosacchrides (mainly glucose) in the growing regions of 

wheat leaves. They suggested that in the growing regions, the 
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carbon compounds make greater contribution to the OA than the 

other accumulated solutes. 

Mild and moderate stress of barley seedlings with 

polyethylene glycol (PEG) or NaCl reduced sucrose and consis

tently increased glucose in leaves of barley seedlings. The 

glucose increase was responsible for about 20% of the observed 

OA (Riazi et al., 1985), and the dramatic decrease in sucrose 

content in stressed tissues was reversed once stress was 

removed. As a working hypothesis, Riazi et al, (1985) 

suggested that sucrose translocated to the growing area is 

hydrolyzed to glucose and fructose and glucose accumulated 

probably because the normal utilization of glucose is 

inhibited during stress. 

Amino Acids. The accumulation of free amino acids is 

also linked with water stress and amino acid levels often 

increase in leaves if severe water stress lasts several days 

(Hsiao, 1973). Water stress causes a modification of nitrogen 

metabolism from its normal pattern (Drossopoulos et al., 

1985). The main abnormality is an enhanced proteolysis which 

tends to increase the total soluble nitrogen in the stressed 

tissues. 

Alanine, aspartate, serine are several of the amino 

acids known to be accumulated to different levels in plant 

tissues under water stress. Other amino acids and amides such 

as asparagine, betaine (in tropical grasses), glycine, 
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ornithine, phenylalanine and valine also accumulate in 

stressed tissue (Drossopoulos et al., 1985). Levels of 

proline were higher than levels of betaine and all other amino 

acids in most plant species subjected to water stress. 

However, the physiological significance of proline accumula

tion is still unclear (Tan and Halloran, 1982). 

Proline. Proline accumulation in plant species 

apparently results from either a de novo synthesis with gluta-

mate as a precursor, inhibition of proline oxidation, and/or 

inhibition of protein synthesis (Hsiao, 1973). Fowden (1965) 

reported that several pathways leading to proline formation 

have been discovered. The precursors glutamic acid and N-

acetylglutamic acid can be converted to proline in vivo. 

Studies with detached leaves indicated that proline was also 

synthesized from Krebs cycle intermediate alpha-ketoglutarate 

(Hanson et al., 1977). Stewart (1980) reported that proline 

accumulation is dependent on glutamic acid. A second source 

of proline accumulation is the inhibition of proline oxidation 

to other soluble compounds (Stewart, 1972). The third 

possible source of proline accumulation is the inhibition of 

protein synthesis (Stewart, 1972). 

The linkage between proline accumulation and OA is a 

controversial subject. Some research suggest that proline may 

act as a signal that the plant has osmotically adjusted to 

moisture stress and does not contribute to the overall OA. 
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Betaines. Betaines such as glycinebetaine,prolinebetai-

ne, and alaninebetaine noticeably accumulate in some water-

stressed higher plants. Glycinebetaine is the simplest struc

turally and the most widely distributed betaine in plant 

tissues. In addition, it is always present as the free 

dipole. However, little is known of glycinebetaine's biosynt-

hetic pathway and its affect on the physiological function of 

plant tissues. Nevertheless, investigators suggest that 

accumulation of glycinebetaine is a major metabolite involved 

in OA (WynJones and Gorham, 1983) . De novo synthesis of 

betaine from 1-carbon and 2-carbon precursors appear likely to 

be the main source of betaine accumulation. Glycinebetaine 

and alaninebetaine were found in higher concentrations in 

shoot than in root tissues of mature plants. Moreover, in 

reproductive parts, very high concentrations of glycinebetaine 

were found in the mature wheat aleurone and embryo tissues but 

not in the starchy endosperm (WynJones and Gorham, 1983). 

Hanson and Hitz (1982) measured betaine (glycinebetaine) 

accumulation in water-stressed barley leaves and observed that 

its content in the second leaf blade rose from about 0.4 nM to 

about 1.5 /xM in 4 days. However, betaine did not disappear as 

rapidly as proline. Finally, the authors suggested that 

betaine content of barley plants might be a function of the 

experienced cumulative internal water stress that occurs in 

desert plants. 
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Inorganic Ions 

Despite the importance of inorganic components (ions), 

few investigations have been conducted to study the transport 

and accumulation of inorganic ions within plants under drought 

conditions. In wheat, the contribution of K ions to osmotic 

potential was 0.21 MPa or about 41.9%, whereas contribution of 

amino acids, including proline, has only 7.1% (Johnson et al., 

1984) . Munns et al. (1979) showed that K ions were a 

significant component of OA in the sheaths of wheat during 

water stress. 

Teparv Bean and Osmotic Adjustment 

Parsons and Howe (1984) reported that water stressed 

tepary beans had greater turgidity than drought susceptible 

(Phaseolus vulgaris L. cvs 'Pinto' and 'White Half Runner' 

(WHR)) at low RWC and WP. The adaptation of tepary beans to 

water stress was a result of greater turgor or "turgor 

adjustment". They assumed that "turgor adjustment" was caused 

by a combination of several factors including active 

accumulation of solutes, greater solute concentration, or 

greater tissue elasticity. 

The OP of tepary beans were 0.15 to 0.25 MPa lower than 

pinto or white half runner (WHR) . This significant drop of OP 

in tepary beans may be due to the greater accumulation of 

soluble solids in the tissue than pinto beans (Coyne and 

Serrano, 1963). Coyne and Serrano (1963) showed that leaves 
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of tepary beans had a higher percentage of soluble solids than 

Pinto, Harvester, and Bush Blue Lake OSC 949-1864 beans in 

both high and low moisture environments. They also indicated 

that tepary bean leaves contained more sucrose in the morning 

than in the afternoon. Soluble solid level might contribute 

to the OA of the tepary beans. 

On the other hand, Markhart (1985) compared the water 

relations, leaf area expansion and dry weight of common beans 

and tepary beans following water stress in the greenhouse and 

found that leaf OP was similar in both species, with no 

apparent development of OA during water stress. He found that 

stomata closure and deep root system of tepary beans were the 

main characteristics which contribute to their superior 

drought tolerance. He also demonstrated that root/shoot ratio 

of control or stress plants did not differ between the two 

species. 

The contradictory conclusions of the two studies may be 

due to differences in the techniques and methods used. The 

design of their experiments and environment under which plants 

were grown and treated were different . Parsons and Howe 

(1984) grew tepary bean plants in a greenhouse in pots 

containing a mixture of sand:vermiculite:and peat (3:2:1) 

(v/v/v) and applied four drying cycles by withholding irriga

tion for 5 to 8 days. They transferred the plants from the 

greenhouse to a growth chamber near the end of the fourth 
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drying cycle and 3 to 6 days before measurements were begun. 

The measurements of plant water relations were conducted on 

expanding leaves of 31 days old plants and WP was measured by 

pressure bomb. 

In contrast, Markhart (1985) grew the plants in 

greenhouse in pots containing a mixture of sand and turface 

(1:1) and withheld the irrigation for 6 to 8 days for only one 

drying cycle. He did not transfer the plants from the 

greenhouse to growth chamber but conducted measurements of 

plant water relations with pressure bomb of the fully expanded 

leaves in the greenhouse. 
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CHAPTER 3 

MATERIALS AND METHODS 

Plant Materials 

The drought-tolerance cultivar of tepary bean (Phaseolus 

actifolius Gray var. Latifolius) was used in this research. 

The tepary bean seeds were obtained from Dr. Janice Coons, 

Department of Plant Sciences, University of Arizona, Tucson, 

Arizona. In the third experiment, seeds were obtained from 

Dr. Paul Bartels from plants grown at Maricopa Agricultural 

Center in the summer of 1989. 

Before germination, seeds were sterilized with a solution 

containing 1% (v/v) bleach and 0.5% (v/v) tween 20 for 30 sec 

and then rinsed with distilled water for 3 min. Seeds were 

germinated and grown in trays containing vermiculite for 7 

days in a glasshouse. The temperature in the glasshouse was 

30°C day/21°C night (± 5°C) with 13 hr photoperiod and irrigat

ed with tap water daily. Irradiance was 1200 /imole m"1 s"1 at 

canopy level measured by Licor Model LI-185A Quan

tum/Radiometer/Photometer. One week after planting, trays 

were transferred to the laboratory, and seedlings were 

carefully removed from vermiculite. Roots were gently washed 

with tap water and 13 seedlings with an average height of 10 
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cm were transferred to wood racks with their roots immersed in 

an aerated modified Hoaglands solution (Hoagland and Arnon, 

1938) in small plastic trays (Matsuda and Riazi, 1981). 

Seedlings were grown at room temperature (25°C ±2) under 

photoperiod of 13 hr with light intensity of 400 /zmole m'1 s"1 

at canopy level measured by Licor Model LI-185A Quantu-

m/Radiometer/ Photometer. 

Seedlings were treated with various concentrations of 

sorbitol mixed with Hoagland solutions 24 hr after transplant

ing. Polyethylene glycol (PEG) was not used as treatment 

solution because it was very harmful to the seedlings. A 

preliminary experiment showed that even the low concentrations 

of PEG (0.4 MPa) led to the death of most treated plants. The 

first increment of sorbitol was added to the two treatment (T1 

and T2) solutions to give the OP of -0.07 and -0.24 MPa, 

respectively. The initial solutions were changed after 2 days 

with new solutions having OP double the first increment (-0.15 

and -0.4 MPa). These concentrations of sorbitol treatment 

were selected for the study because they did not cause 

permanent wilting of the expanded leaves of the treated 

plants. After 72 hr of adding the second increment, the 

solution's OP was verified with Wescor model 5100 vapor 

pressure osmometer and seedlings were then harvested. The OP 

of growth media of the control and the two treatments were -
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0.03, -0.19, and -0.47 respectively. The decrease of solu

tions OP of the treatments (-0.05 and -0.07) were assumed to 

be caused by evaporation of water from the trays. Also fungi 

and bacteria may consume some sorbitol causing changes in OP 

values of the growth media. However, the sorbitol solution 

volume in each tray was kept at 600 ml by adding the prepared 

Hoagland solution to trays daily. 

All treatments in each experiment were replicated three 

times and repeated three times over time. The experimental 

design was a randomized complete block design (RCB). Analysis 

of variance (ANOVA) and mean separation were performed for all 

data. 

Water Potential and Osmotic Potential 

The WP measurements of expanding young leaves of 14-day-

old seedlings were taken early in the morning, just before the 

light turned on, using a calibrated Merrill Thermocouple 

Psychrometer (model 75-llc) and a Wescor HP-115 microproces

sor. 

The psychrometers were calibrated before using them to 

measure WP and OP values of the expanding leaves of the tepary 

bean seedlings. Different concentrations of NaCl were prepared 

at (25°C) and the readings of the psychrometers were compared 

to osmometer readings of the same solutions. Therefore, a 

calibration curve was constructed and regression coefficient 
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was calculated for each psychrometer. 

Data stored in the Wescor HP-115 microprocessor was 

transferred to computer communication program (procomm). 

Additionally, another computer program (Basic-Wescor) was used 

to convert the stored millivolt data to WP and OP values 

(bars). The calculated regression values were added to the 

Basic-Wescor program. The data was then converted manually 

from bars to MPa (1 bar = 0.1 MPa). 

A paper punch was used to take 6 mm diameter leaf disks 

from the middle leaflets of the expanding leaves of each plant 

(3 samples from each plant). The psychrometers were placed 

in a styrofoam chamber for 3 hr to maintain constant tempera

ture, and the WP readings were collected after equilibration 

was reached. 

Osmotic potential was measured by dipping the psychromet

ers in liquid nitrogen for 30 sec, allowing the psychrometers 

to warm up to room temperature for 30 min and then placing 

them in the same styrofoam chamber for 3 hr before the osmotic 

readings were taken. 

For additional verification of OP, another instrument was 

used to measure the OP values. One leaflet was placed in a 10 

ml syringe which had a cloth filter in the bottom of the 

syringe. The syringes were dipped in liquid nitrogen for 30 

sec to disrupt the tissues. The tissues were allowed to thaw 

in the syringe by dipping the syringe in boiling water for 1 
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glass tubes. The OP of the collected sap was measured for 

each sample with a Wiscor 5100 c vapor pressure osmometer. No 

significant differences were found between the two different 

methods. 

Relative Water Content 

A modification of the method of Ibarra-Caballero et al. 

(1988) was followed. Samples of the expanding leaf of five 

plants from each treatment plus control were harvested, and 

the fresh weights were measured as quickly as possible. The 

samples were put in plastic containers having a water saturat

ed environment under 400 umole m"1 s"1 florescent light for 6 

hr. Then leaves were blotted dry with Kimwipe paper before 

measuring the saturated weight. The same samples were dried 

in an oven at 65°C for 48 hr before dry weights were measured. 

The following formula was used to determine the relative water 

content: 

pwc = Fresh weight - Dry weight 
Saturated weight - Dry weight 

Osmotic Adjustment 

Osmotic adjustment was calculated as the difference between OP 

at full turgor of stressed and unstressed (control) leaves. 

Osmotic potential at full turgor was calculated using the 

formula of Siraramakrishan et al. (1988): 

0P1QQ = OP (RWC-AWC) / (100-AWC) 
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where 

RWC 

OP 

Osmotic potential at full turgor 

Osmotic potential at end of treatment 

period 

Relative water content 

AWC Apoplastic water content 

The calculated values in MPa were converted to mM values 

using the equation of Vant Hoff: OP=iRTm. 

Samples from 5 plants of each treatment plus the control 

were harvested for measuring free sugar content following the 

method of Dubois et al. (1956). Immediately, 0.5 g sample 

fresh weight of the expanding leaves was collected from each 

replication. Next, plant samples were homogenized in mortar 

(4°C) and pestle with liquid nitrogen. The liquid nitrogen 

was allowed to evaporate before 10 ml of 95% (v/v) ethanol was 

added for more homogenization. The homogenate of each sample 

was centrifuged at 5000 xg with table top centrifuge at room 

temperature for 5 min and supernatant (95% ethanol) poured 

from pellet and ethanol solution saved. The pellet was again 

extracted with 8 ml of 80% ethanol (v/v). The pellet in the 

80% (v/v) ethanol solution was warmed in boiling water for 10 

sec. The extract was then centrifuged for 4 min, and the 

supernatant was separated from the pellet and saved. The 95% 

and 80% ethanol extracts were combined and volume recorded. 

To remove the chloroplast pigments and lipids, 13 ml of 

Free Sugars 
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chloroform was added to the sugar ethanol solution in a 

separatory funnel. Two layers were obtained after adding 15 

ml of water and gently rocking the separatory funnel back and 

forth. The aqueous top layer was saved, and its volume 

recorded. The bottom layer (chloroform pigments) was discard

ed. The pellet of each sample was saved for starch extrac

tion. 

The quantity of free sugars extracted from the plant 

tissue was determined with phenol-H2S04 reagent (Dubois et al., 

1956). One ml of the sugar solution was placed into a test 

tube, and 0.5 ml of 5% (v/v) phenol was added. Then 2.5 ml of 

concentrated H2So4 was added rapidly. A blank was prepared 

with water. The tubes were carefully shaken and kept at room 

temperature for 30 min. Before readings were taken, tubes 

were shaken again and the absorbance of the yellow-orange 

color solution was measured with spectronic-21 at 490 nm. The 

free sugars were estimated with a standard curve prepared with 

glucose. This experiment was repeated three times over time. 

Starch 

To extract the starch, the pellet of each sample was 

dried briefly and then extracted with 5 ml boiling distilled 

water for 15 minutes. The extract was centrifuged with a 

table top centrifuge at 5000 xg to separate pellet from 

supernatant. The supernatant was saved and volume was record
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ed. Starch content was measured following the method of 

Dubois (Dubois et al., 1956). 

Qualitative Analysis of Free Sugars 

Qualitative analysis of free sugars was conducted with 

the HPLC system. One ml of mannitol (1 mg/ml), as internal 

standard , was added to 10 ml of sugar extract. The sugar 

extract of each sample plus mannitol was then applied to a 

column containing cation and anion resin (1 ml Dowex 50-W, 

100-200 mesh layered on 1 ml of Amberlite IRA-45, 16-50 mesh) 

for purification. The collected purified samples of sugar 

extract and mannitol were dried under reduced pressure at 40 

°C with EVAPO-MIX, BUCHLER INSTRUMENT, Fort Lee, N.J for 20 to 

30 min to evaporate the water-ethanol solution. The dry 

residue was dissolved in 2 ml HPLC water and then passed 

through a 0.45 nm membrane filter for particulate removal and 

degassing. Samples were injected into a Waters HPLC system 

(Waters 6000A Pump, and 68 Gradient controller), using a 

Rheodyne 7010 injector equipped with a 20-ul sample loop. The 

isocratic system was operated at 0.6 ml min"1 using degassed 

HPLC water as the mobile phase. 

Quantitation was based on peak height using a Houston 

Omni-scribe voltage recorder. Retention times and individual 

standard calibration lines were determined for each carbohy

drate using desiccated authetic D-sugars (Miller and Langhams, 

1989). The concentration of each sugar was calculated as mg/g 
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water after water content was estimated from the difference 

between fresh and dry weight of the tissue. The data was then 

expressed in mM values. One sample of each treatment was used 

and no statistical analysis was conducted. 

Potassium (K ion) Analysis 

The plant samples were weighed (FWclg), dried at 65°C for 

2 days then dry weights (DW) measured. For analysis of K 

ions, the samples were wet-oxidized in nitric-perchloric acid 

by the procedure of Artiola (personal communication, 1989). 

Five ml of nitric acid (HN03) was added into a (50 ml) beaker 

containing the sample and mixed thoroughly. The nitric 

acid/sample mix was predigested overnight at room temperature. 

Five ml of distilled water was then added to the beaker 

followed by slow adding of 5 ml perchloric acid (HCL04) down 

the sides of the beaker. Slow heating was recommended until a 

yellow-straw color developed. The beaker was then placed on a 

hot plate to evaporate the perchloric acid to near dryness. 

The digest was transferred to 100 ml volumetric flask with 100 

ml of 1% nitric acid (v/v) solution. The solution was allowed 

to stand overnight prior to analysis. The digest was then 

analyzed for K ions using atomic absorption spectrophotometry 

(IL-VIDEO MODEL 21). The results in ppm were then converted 

to mM when tissue water content was obtained as the difference 

between fresh and dry weight of the same tissue. 
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CHAPTER 4 

RESULTS 

Water potential. Osmotic potential, and Turgor maintenance 

Both water (WP) and osmotic potential (OP) were signifi

cantly reduced after subjecting the tepary seedlings to 

gradual increases of water stress for 72 hr with sorbitol 

treatments (-0.19 and -0.47 MPa). The turgor potential (TP) 

values (Table 1) were not significantly different under 

various levels of stress which agrees with the findings of 

Matsuda and Riazi (1981) in that turgor potential (TP) in 

growing regions was not changed by water stress. These 

results agree also with the findings of Parsons and Howe 

(1984) which indicated a insignificant increase in turgor of 

tepary at low RWC. They assumed that the maintenance of 

turgor was caused by several factors including greater tissue 

elasticity, active accumulation of solutes, or greater solute 

concentration. 

Water potential of the stressed seedlings (T1 and T2) 

decreased by 49 and 219% as compared to the control, respec

tively, 72 hr after the second increment of sorbitol was added 

(Table 1) . This decrease in WP of treated plants was accompa

nied by a decrease in OP of 30 and 120% as compared to the 



36 

Table 1. Water, osmotic, and turgor potential of leaves of 
tepary beans 72 hr after being treated with various levels of 
sorbitol. 

Treatment 
Solution 
Osmotic 
Potential 

Water 
Potential 

Osmotic Turgor 
Potential Potenial 

(MPa) -MPa-

Control - 0.03 

(T,) - 0.19 

(T2) - 0.47 

-0.37 C 

-0.55 b 

-1.18 a 

—0.66 C 

-0.86 b 

-1.45 a 

0.29 a 

0.31 a 

0.27 a 

Means within each column followed by a different letter 
are significantly different at the 0.01 level (LSD). 
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control, respectively (Fig.l). The decrease of the OP in the 

expanding leaves might be due to the formation and accumula

tion of organic solutes and/or accumulation of inorganic ions 

in the leaves, or to uptake of sorbitol into the seedlings. 

Relative Water Content fRWCl 

The RWC values of the stressed leaves are compared with 

those of leaves from the unstressed plants, sampled 72 hr 

after the end of the treatment. These data are given in Table 

2. The results indicate a significant effect of water stress 

treatment on RWC of the expanding leaves. Relative water 

content of seedlings treated with -0.19 MPa sorbitol was 

reduced by 3% of the control and the -0.47 MPa treatment 

caused more than 9% reduction in RWC values. 

Osmotic Adjustment 

Wilson et al. (1980) stated that osmotic adjustment (OA) 

in leaves can be accounted for by changes in cell volume 

(changes in TW/DW), variation in the proportion of bound 

water, and/or accumulation of organic solutes and inorganic 

ions. Stress treatment of tepary bean seedlings resulted in 

changes in the relationship between WP and RWC. The rapid 

decrease of WP of treated seedlings (49 and 219%) compared to 

a very slow reduction in RWC (3 and 9%) suggests an adaptation 

of tepary bean seedlings to water stress by OA mechanism 

(Table 1 and Fig.l). 
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Table 2. Relative water content (RWC) of leaves in tepary 
seedlings 72 hr after being treated with various levels of 
sorbitol. 

Treatment 
Solution 
Osmotic 
Potential 

RWC 

(MPa) ( % ) 

Control 

(T,) 

(T2) 

- 0.03 

- 0.19 

- 0.47 

93 a 

90 a 

84 a 

Means followed by a different letter are significantly 
different at the 0.05 level (LSD). 
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The osmotic potential at full turgor of tepary seedlings 

was calculated using the formula of Siraramakrishan et al. 

(1988). 

OP10Q = OP (RWC—AWC) / (100—AWC) 

OP100 = Osmotic potential at full turgor 

OP = Osmotic potential at end of treatment 

period 

AWC = Apoplastic water content (assumed to 

be 12.8%) 

Osmotic adjustment is the difference between OP at full 

turgor of stressed and unstressed leaves. Osmotic potentials 

were calculated and the results given in Table 3. Munns 

(1988) found that 1 MPa equals 400 mM. Accordingly, values in 

this study were converted from MPa to mM. The increase in the 

OP (mM) of the treated plants (T1 and T2) compared to the 

control were 25 and 95%, respectively. The results were 

significantly different and indicate that the OA occurs in 

water-stressed leaves of the tepary bean seedlings. 

The ratio TW/DW values of tepary young leaves were 

markedly decreased by exposure to water stress (Table 4). The 

substantial changes in TW/DW account for some of the observed 

OA. A low TW/DW ratio is a characteristic of plants native to 

dry habitats (Rychnovsk, 1967) but, for tepary bean (Table 4), 

it also occurs as an adaptive characteristic in leaves 

developed during 72 hr stress period. The reduction in cell 
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Table 3. Osmotic potentials (mM) at full turgor and osmotic 
adjustment (mM) for expanding leaves of tepary bean seedlings 
after being treated with various levels of sorbitol for 72 hr. 

Treatment 
Solution 
Osmotic 
Potential 

Osmotic 
Potential at 
Full Turgor 

Osmotic 
Adjustment 

Control 

(T,) 

(T2) 

(MPa) 

-0.03 

-0.19 

-0.47 

(mM) 

244.6 c 

305.2 b 

476.5 a 

(mM) 

c 

60.6 b 

231.9 a 

Means followed by different letters are significant at 
0.05 level (LSD). 
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Table 4. The TW/DW ratio in leaves of tepary bean seedlings 
72 hr after being treated with various levels of sorbitol. 

Treatment 
Solution 
Osmotic 
Potential 

TW/DW 

(MPa) (ratio) 

control 

(Tl) 

(T2) 

-0.03 

-0.19 

-0.47 

5.83 C 

2.33 b 

3.60 a 

Means followed by a different letter are significantly 
different at 0.05 level (LSD). 
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size (volume) means decrease in cell water content while 

solutecontent remains the same. Consequently, OP becomes more 

negative. In general, decrease in TW/DW is associated with an 

increase in bound water (Hellkvist et al., 1974) but this 

latter parameter was not determined. 

Free Sugars 

Because OA was observed, experiments were performed to 

determine what factors contributed to the OP changes in the 

treated seedlings. One factor could be the synthesis and 

accumulation of free sugars. At the end of the stress period, 

free sugars level was measured to determine the contribution 

of free sugars to the OP in the expanding leaves of tepary 

bean seedlings. Stressing plants with sorbitol caused a 

significant increase in free sugar levels in the expanding 

leaves (Table 5). 

Compared to the control, treated plants (-0.19 and -0.47 

MPa) exhibited higher levels of free sugars. The increases of 

free sugars in the expanding leaves of treated seedlings were 

211 and 347%, respectively, higher than the control (Table 5) . 

The higher levels of sugars could be caused by either synthe

sis and accumulation of various sugars in the seedlings or 

translocation of sorbitol from osmotica solution through roots 

to leaves. 

A qualitative analysis of free sugars by HPLC system 
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Table 5. Free sugars in leaves of tepary bean seedlings after 
being treated with various levels of sorbitol for 72 hr. 

Treatment Solution Free Sugars 
Osmotic Content 
Potential 

(Mpa) (Mg/g FW) 

Control -0.03 1587 c 

(T,) -0.19 4942 b 

(T2) 1 o
 

*»
sj
 

7099 a 

Means followed by different letters are significantly 
different at the 0.05 level (LSD). 
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showed that levels of sorbitol, sucrose, and fructose 

weresignificantly increased in response to water stress, and 

sorbitol was the most abundant sugar in the expanding leaves 

of stressed seedlings (Table 6). The high content of sorbitol 

in the expanding leaves proves that this sugar was transloc

ated from the treatment solution through roots and stems to 

the expanding leaves. Tepary bean seedlings do not synthesize 

sorbitol because sorbitol was not found in the controls. In 

treatment one (Tl), the increase in sorbitol level was almost 

six times the level of sucrose or fructose whereas increase in 

sorbitol level in treatment two (T2) was 22 times the sucrose 

and 29 times the fructose levels. Mild stress (-0.19 MPa) 

caused about equivalent increase in both sucrose and fructose 

levels. Compared to control, sucrose and fructose levels were 

167 and 188% higher, respectively. However, increasing the 

stress level from mild (-0.19 MPa) to moderate (-0.47 MPa)inc

reased sucrose by only 43% and fructose by only 5%. The 

contribution of the different sugars to the osmotic adjustment 

is shown in Table 7. The increase of sorbitol levels in the 

treated plants -0.19 and -0.47 MPa contributed 32.1 and 

44.7%, respectively, to their OA. Table 7 represents a simple 

comparison between Table 6 and Table 3 in terms of percentag

es. 

The chromatograms of the HPLC system showed a small peak 

which might be raffinose because it has the same retention 
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Table 6. Levels of free sugars in leaves of tepary bean 
seedlings 72 hr after being treated with various levels of 
sorbitol. 

Solution 
Treatment Osmotic Sucrose Fructose Sorbitol 

Potential 

(Mpa) ( mM ) 

Control 

CO O
 • 

0
 

1 1.24 1.83 none 

(T,) -0.19 3.31 3.44 19.43 

(T2) -0.47 4.73 3.62 103.60 

No statistical treatment of data. 
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Table 7. Contribution of the different sugars to the osmotic 
adjustment 

Treatment 
Solution 
Osmotic 
Potential 

Sucrose Fructose Sorbitol 

(MPa) 

(T,) 

(T2) 

-0.19 

-0.47 

5.5 

2.0 

5.7 

1.6 

32.1 

44.7 
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time as standard raffinose. Raffinose level was not signifi 

cantly affected by water stress. No glucose peak was 

observed on the chromatogram suggesting that sucrose was not 

degradated or hydrolyzed. The low levels of sucrose in the 

expanding leaves suggest that the carbon compounds such as 

sucrose made a minor contribution to osmotic adaptation. 

Normally, expanding leaves import solutes under severe water 

stress and this allows them to accumulate more solutes for OA 

than fully expanded tissues (Munns et al., 1979). 

Sugar accumulation is accompanied by an increase in 

starch accumulation (Table 8). In some drought situations, 

sugars are produced faster than they can be utilized and they 

are converted to starch (Munns and Weir, 1981). Similarly, 

Munns and Pearson (1974) studied the effect of water stress on 

potato leaves and found that the ratio of C02 incorporated 

into ethanol-insoluble compounds to C02 incorporated into 

ethanol-soluble compounds increased following water stress. 

Potassium fK ion^ and Osmotic Adjustment 

Generally, the accumulation of inorganic ions also 

contributes to OA. Potassium ion concentration is a signifi

cant component of osmotic adjustment in many different plant 

species subjected to water stress (Johnson et al., 1984 and 

Munns et al., 1979). In contrast, our results showed a 

decrease in K ion levels in the expanding leaves of stressed 
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Table 8. Starch levels in leaves of tepary bean seedlings 
after being treated with various levels of sorbitol for 72 hr. 

Treatment 
Solution 
Osmotic 
Potential 

Starch 
Content 

(MPa) (Atg/g FW) 

Control 

(T,) 

(T2) 

-0.03 

-0.19 

-0.47 

2220 C 

4941 b 

5893 a 

Means followed by different letters are significantly 
different at the 0.05 level (LSD). 
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tepary bean seedlings (Table 9). 

Mild stress (-0.19 MPa) caused a reduction in K ion 

concentrations by 14%, and a reduction of 60% was caused by 

moderate stress (-0.47 MPa). The reduction of K ion concen

trations were significant (Table 9). Therefore, changes of K 

ion concentrations appear not to contribute to the OA in the 

expanding leaves of water-stressed tepary bean seedlings. 
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Table 9. K ion concentrations in leaves of tepary bean 
seedlings after being treated with various levels of sorbitol 
for 72 hr. 

Solution 
Treatment Osmotic K ion Concentrations 

Potential 

(MPa) (mM) 

Control 

(T,) 

(T2) 

-0.03 

-0.19 

-0.47 

13.33 C 

11.70 b 

5.33 a 

Means followed by a different letter are significantly 
different at 0.05 level (LSD). 
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CHAPTER 5 

DISCUSSION AND SUMMARY 

This study was performed to explore some of the mecha

nisms whereby tepary bean seedlings adapt to water stress. 

Water stress generated by sorbitol treatment led to an OA in 

the expanding leaves of the 2-week-old seedlings. Sorbitol 

was used because PEG caused death of the treated seedlings 

even with low concentrations (-0.4 MPa) of PEG. The osmoticum 

of the tissue increased by 60 mM for seedlings treated with -

0.19 MPa sorbitol and by 232 mM for seedlings treated with -

0.47 MPa sorbitol as compared to controls (Table 3). Water 

and osmotic potential of the expanding leaves were both 

reduced by water stress while TP remained almost constant. 

The concentration of free sugars in the treated seedlings 

increased with sorbitol as most abundant free sugar in water 

stress plants. The increase of sucrose was a slightly greater 

than the increase of fructose, especially with -0.47 MPa water 

stress treatment. The contribution of sucrose to the true 

osmotic adjustment was 5.5% under mild stress and 2.0% under 

moderate stress. Similarly, fructose contribution was 5.7 and 

1.6%, respectively. Sorbitol was translocated from the treat

ment solution from the roots through the stems to expanding 
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leaves. Sorbitol accounted for 32.1 and 44.7% of the OA, 

respectively (Table 7). Therefore, sucrose and fructose did 

not contribute much to the observed OA whereas sorbitol 

contributed to the OA by 44.7%. The maximum contribution of 

all different free sugars including sorbitol to the observed 

OA did not exceed 48.3%. K ion concentrations were reduced by 

14% under conditions of mild water stress (-0.19 MPa) and by 

60% under conditions of moderate stress (-0.47 MPa). Thus, K 

ions did not contribute to the observed OA of the expanding 

leaves of tepary seedlings. Consequently, other organic 

solutes and/or inorganic ions such as amino acids, proline, or 

glycinebetaine may contribute to the OA in the expanding 

leaves of the tepary bean seedlings. 

The decrease in TW/DW ratio following stress treatment 

indicates that reduced cell size (volume) in expanding leaves 

of treated seedlings may be another factor which contributes 

to the OA. Generally, leaf size of stressed seedlings was 

smaller than the control. More research will be required to 

determine what solutes contribute to OA and how variation in 

bound water may contribute to the OA in tepary bean seedlings. 
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