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ABSTRACT 

Young barley seedlings (Hordeum vulgare L.) were stressed using 

nutrient solutions containing NaC1 or po1yethy1eneg1ycol (PEG) and 

measurements were made of leaf growth, water status, proline and sol

uble sugar contents of growing (basal) and non-growing (blade) tissues. 

Leaf growth ceased within seconds following exposure of seed

lings to osmotic solutions with water potential values (w) = -3 to -11 

bars but growth resumed after a lag period. Latent periods were in

creased and new growth rates were decreased as ~ of nutrient solutions 

were lowered. Growth ceased before detectable changes occurred in 

tissue water status but leaf basal tissues began to adjust osmotically, 

and reductions of 1 to 2 bars in both ~ and osmotic potential (~) 

usually occurred for the first 1 to 2 hours with lower reduction rates 

thereafter. After 1 to 3 days exposure of seedlings to solutions with 

different ~, cumulative leaf elongation was reduced as the ~ of the 

root medium was lowered. Reductions in ~ and ~ of tissues in leaf 

basal regions paralleled growth reductions, but turgor (p) was largely 

unaffected by stress. In contrast, ~, ~ and P of leaf blades were 

usually changed little regardless of the degree and duration of stress, 

and blade ~ were always higher than ~ of basally located cells. It is 

hypothesized that blades have high ~ and are generally unresponsive 

to stress because water in most of the mesophyll cells in this area 

does not exchange readily with water present in the transpiration 

stream. 

xi 



xii 

Measurements of proline contents in different sections of leaf 

following water stress, showed that in living tissues proline levels 

are dynamically related to water status of the tissue. In the basal 

regions where reductions in wand n occurred rapidly, proline levels 

were elevated quickly, whereas, accumulation of proline in mid-blade 

tissues occurred slowly. The combined data of many experiments showed 

a strong correlation between proline levels and tissue W (r = 0.93) and 

n (r = 0.85). 

Increases in total soluble sugars (TSS) and ion concentrations, 

contributed significantly to the stress-induced osmotic adjustment ob

served in the growing tissue. 



INTRODUCTION 

Crop plants rarely attain their maximum yield potential because 

of limitation imposed by the environment. In some cases, light or 

temperature may be unsatisfactory, but in many areas of the world, a 

shortage of water is the major factor limiting production. Further

more, even in mesic environments, plants frequently encounter water 

deficits of magnitude sufficient to reduce yields. As a consequence, 

major efforts have been made to understand how water stress affects 

plant processes so that logical bases can be f0rmulated for selecting 

plants which will perform well with lesser amounts of water. 

Water stress is known to affect all stages of plant develop

ment, and a variety of physiological and biochemical processes (1) and 

growth has been found to be the process which is most sensitive to 

changes in water status. Detectable changes in growth were obtained 

within seconds following exposure of plants to stress conditions or 

when stressed plants were relieved (2). In contrast, reductions in 

polyribosomes percentages, another process known to be affected rapidly 

by changes in water status, were detected after 10 to 20 minutes of 

stress (3,4). 

Most workers presently believe that growth requires extensible 

cell walls and turgor (1, 5), and a number of workers have concluded 

that growth of algae (6) and higher plants (1, 7, 8, 9) is proportional 

to turgor above some critical threshold value. Others, however, have 

1 



not found a relation of growth to turgor (la, 11, 12, 13). In some 

cases, discrepancies exist because the water status values of tissues 

actually undergoing growth were not measured, but there may be other 

reasons why turgor may not always relate to cell elongation. Since 

growth is fundamental to plant productivity a clear understanding of 

the factors that regulate this process is essential. 

In this study, young barley seedlings grown on hydroponic 

medium were stressed and measurements were then made of the growth 

and the water status of both the growing and non-growing regions of 

the leaves. The objective of the study was to gain a clear under

standing of the relation of plant water potential, osmotic potential 

and turgor values to growth. Additionally, since survival of plants 

under stress requires osmotic adjustment, efforts were also made to 

determine how growing and non-growing tissue adjust their solute con

tents to maintain cell functions. 

2 



REVIEW OF LITERATURE 

Measurements of the Water Status of Plants 

It has long been recognized that water stress affects plant de-

velopment, but progress in understanding how these alterations were 

affected was hindered until concepts and methods were developed which 

permitted the accurate and convenient measurement of tissue water 

status. 

Water present in tissue can be expressed either in terms of 

the actual water content (e.g., percentage of water), or its chemical 

activity. Values for water percentages can be obtained easily but 

since water is present in various associations in tissues and cells, 

such measures provide no basis for explaining water movement or avail-

ability. In order to help explain water movement, Meyer (14) presented 

the concept of diffusion pressure deficit (DPD) which was accepted and 

used by physiologists for many years. More recently, the term water 

potential ($) has been accepted. Water potential refers to the same 

property of water as DPD, but it is a thermodynamically derived term, 

and as such, is familiar to physical and soil scientists (15). 

Water potential is defined as the differences in chemical poten-

tial of water in a system with that of pure free water at the same 

6 
temperature, and is expressed as uni~s of pressure (e.g., bars = 10 

3 
erg/cm). The chemical potential of water is reduced in the presence 

of solutes and macromolecules such as proteins, and is increased by the 
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presence of positive hydrostatic pressure. In a plant cell under iso

thermal conditions, the relationships existing among these factors can 

be expressed as: 

~ ~ ~ + m + P 

where ~,m and P refer to pressures due to osmotic, matrix (macro

molecules etc.) and hydrostatic or turgor components, respectively. 

Usually, the matrix component is small, and the above equation 

simplifies to 

~ = ~ + P 

4 

By convention, ~ of pure water is assigned the value of zero, and since 

solutes reduce the chemical activity of water, ~ is negative. In cells, 

P is positive or zero, but because of the relative greater influence of 

~, cell ~ is usually negative except in cases where cells reach full 

turgidity in equi1ibriation with pure water. 

Various techniques for evaluating plant water status have been 

described in reviews by Barrs (16) and by Wiebe et a1. (17). In this 

study, ~ were determined in two ways: In early experiments, ~ were 

determined with the Shardakov technique as modified by Knip1ing (18), 

whereas in later studies, ~ were determined psychrometrica11y (19). 

Osmotic potential values were obtained psychrometrica11y and P was 

calculated as the difference. 

In the Shardakov procedure, small test tubes containing plant 

tissues immersed in small volumes of a graded series of osmotic solu

tions are sealed and equilibration is allowed to occur between the 

tissue and the osmotic solution. The solution is then dyed, and a drop 

is transferred to test tubes containing a larger volume of the original 
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osmotic solution. To determine the change in density of the solution, 

the drop is observed for upward or downward movement and the ~ of the 

sample tissue is assumed to be equal to n of the solution in which no 

movement of the tissue-equilibrated solution occurs. This method is 

satisfactory in many instances but is' not used extensively because it 

is time consuming, and not easily adapted for field determinations of 

~. The technique requires the use of non-metabolizable solutes in the 

proper concentration range, and care should be taken to minimize non-

osmotic exchange through cut surfaces (20). 

Psychrometric determination of plant water status were first 

defined by Spanner (19) who placed tissue samples in sealed chambers 

that contained a thermocouple. When allowed to equilibrate at con-

stant temperature, ~ of the tissue (or the n of the tissue if the 

plasma membrane is ruptured) is proportional to the vapor pressure of 

air surrounding the tissue. Kramer, Knipling and Miller (15) showed 

that at any given temperature, T, the theoretical relation between ~ 

and vapor pressure is; 
o 

~ = RT/v ln e/e , where R is the ideal gas con-

stant (erg/mole per degree) ,'v is the volume of a mole of liquid water, 

o and e/e is the vapor pressure. It is therefore possible to assess 

corresponding ~ by measuring vapor pressure using a thermocouple psy-

chrometer, which is a simple electric circuit of two different metals 

formed into two junctions. If a temperature difference existS between 

the two junctions, current flow will occur (Seaback effect); conversely, 

if both junctions are initially at the same temperature, passage of an 

electric current in the circuit will cool one junction and heat the 

other (Peltier effect). 
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-The vapor pressure in the chamber is measured indirectly by 

first measuring the voltage with both junctions dry. Current is then 

passed through the thermocouple to cool the measuring junction which 

results in water condensation. Once a drop of water is condensed on 

the junction, the current flow is discontinued, and the change in 

voltage caused by cooling produced from the evaporation of water is 

then measured. This change in the voltage is proportional to the rate 

of evaporation and inversely related to the vapor pressure in the 

chamber. 

Thermocouple psychrometers have been widely used as a con-

venient method of measuring~. H~wever, since psychrometric deter-

mination is based on temperature changes of the measuring junction, 

any unwanted temperature fluctuation must be avoided. Wiebe et al. 

(17) reported that long term temperature changes of several degree per 

day can be tolerated as long as corrections are made for temperature 

sensitivity of the psychrometer; however, short term temperature 

drifts at the time of measurement must be small for accurate measure-

ments. Despite the use of temperature controlled water bath or 

isolation boxes to minimize the heat exchange, two main sources of 

persistant temperature gradient have been found. Barrs (21) reported 

on liberation of heat by respiring tissue, and Zollinger, Campbell and 

Taylor (22) described the heat of condensation of vapor at the surface 

of the sample. Furthermore, water exchange during measurement should 

be limited to the tissue and surrounding air, therefore, other con-

tributing factors such as water condensation on the chamber wallar 

tissue and thermocouple _contaminations must be avoided (16). 
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Effect of Water Stress on Growth 

The clearest evidence supporting the view that turgor is a 

major factor controlling growth comes from studies with· algae. Green, 

Erikson and Buggy (6) were able to change the turgor of Nitella cells 

by regulating the ~ of the external medium, and they demonstrated that 

small variations in turgor caused immediate acceleration or decelera-

tion of elongation. They proposed the following equation which 

described the relationships existing between turgor and growth: 

dv/dt = m(P-Y) for P > = Y 

where dv/dt is the rate of volume expansion, m is the plastic extensi-

bility of the cell, P is the total cell turgor, and Y is the 'threshold 

turgor' below which growth will not occur in a metabolically active 
• 

cell. 

Although the equation describes the growth process based on a 

single physical model, Green et al. (6) believe that the terms Y and m 

are controlled by metabolic processes, and changes in m and/or Y in the 

right direction will compensate, at least partially, for reduced turgor 

during the development of water deficit in plant tissue. 

The equation adequately describes the growth data of Nitella 

cells, oat coleoptile (7), pea roots (8), and radish cotyledons (9). 

In contrast Kazmanoff and Evans (12) did not find the equation applic-

able to the growth data of lentil root and they showed that an unlikely 

rapid and large changes (1 bar/min) in m and/or Y would have been re-

quired for growth resumption if the growth data to be reconsiled with 

the equation. Additionally, the data of Acevedo et al. (11) showed no 

correlation between P and leaf elongation rate in maize, despite the 
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fact that he is an advocate of "turgor/growth" hypothesis. Cutler et 

a1. (10) also reported the lack of correlation between P and growth of 

rice leaves, their data showed that the highest growth ratio occurred 

at night where turgor was low. Accordingly, they proposed an alterna

tive model for growth based on the ~ gradient between the soil and 

e10ngat ion reg ion. 

Conflicting data such as those mentioned above may exist be

cause continuous and detailed monitoring of P or changes in m and Y 

are not often possible. More importantly, most workers have measured 

the water status of already expanded tissues and only a few attempts 

(23, 24) have been made to study the water relations of tissue actually 

involved in growth. In grasses for example, the blade is normally 

used for measurements of water status; however, cells in the blade 

have largely completed their growth and leaf elongation occurs prim

arily as a result of expansion of basally located cells. These cells 

are generated by the intercalary meristems (25) and are normally 

surrounded by the coleoptilar sheath or sheath of older leaves. Al

though errors in measurement of water stress have contributed to our 

present confusion, it seems unlikely that growth reductions resulting 

from stress can always be related simply to changes in turgor. Cell 

elongation requires biochemical as well as biophysical events. There

fore, while turgor may be essential for growth, stress-induced changes 

in biochemical processes can also be expected to lead to reduced ex

pansion. 
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Growth and Osmotic Adjustment 

A number of studies have shown that plants may respond to stress 

by increasing their solute content (24,29, 30). Since this can result 

in prolonged maintenance of turgor during periods of drought, 'osmotic 

adj ustment' is generally regarded as a favorable process. 

The amount of osmotic adjustment is known to vary considerably 

with plant type and with the type of organs studied. No osmotic adjust

ment appear to occur in soybeans subjected to slowly developing stress 

(26); on the other hand, Turner (27) observed a 6 bar daily changes in 

osmotic potential in blades of maize. Hsiao et al. (1) also provide 

evidence of diurnal and seasonal changes in osmotic potential greater 

than that arising from dehydration alone. 

There is evidence that different organs exhibit different degrees 

of osmotic adjustment. Munns, Brady and Barlow (24) and Morgan (28) 

showed that young wheat leaves and shoot apices enclosed within encir

cling sheath adjust osmotically to severe water deficit, but that ex

posed, fully expanded leaf did not. A most substantial adjustment 

appears to occur in roots, at least in young seedlings. Greacen and 

Oh (8) reported full turgor maintenance in pea roots due to 7 bar os

motic adjustment over a 2 days water stress period. Growth rate of 

the roots was practically unaffected by variation in soil ~, presum-

ably because of full turgor maintenance due to osmotic adjustment. 

Very rapid and substantial osmotic adjustment has also been reported 

for young lentil roots (12). 

Limited information is available regarding the mechanisms in

itiat ing osmotic adj ustment or the nature of solutes contributing to 
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this phenomenon. Munns et al. (24) reported that increase in the con

centration of K+, sugars, and amino acids accounted for 60 to 100% of 

osmotic adjustment observed in the apex and expanding leaves of wheat. 

+ -Ford and Wilson (29) showed that inorganic ions such as K and C1 

were major component of osmotic adjustment in three tropical pasture 

grasses. In a more recent study Munns and Weir (30) reported that 

soluble sugars alone accounted for 70 to 100% of the osmotic adjustment 

in both the elongating and expanded region of wheat leaves. They also 

concluded that the cost of osmotic adjustment was approximately equi-

valent to the amount of sugars required for maintenance of growth at 

the pre-stress rate. 

Water Stress and Proline Accumulation 

Water stress is known to increase free proline levels in 

leaves of many plant species (31, 32, 33, 34, 35) and a number of 

proposals have been made about the possible adaptive value of increased 

levels of this imino acid. Proline has been viewed as a solute that 

will permit stressed cells to adjust osmotically (35), a protectant 

against desiccation (31), and as a non-toxic soluble form of nitrogen 

and carbon that can be utilized when plants recover from stress (33, 

36). Elevation of proline levels can occur either because of reduced 

oxidation (37), which appears to be a mitocondria1 process (38), or as 

an increase in synthesis from glutamate (36, 39,40). Presently, the 

mechanisms involved in regulation of proline increases are not well 

understood, but it is known in barley (41) and in sorghum (33) that 

elevated levels of proline can be correlated with reduction in ~ 
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below a threshold level. In barley and in sorghum, the threshold levels 

were considered to be -12 bars and -16 bars, respectively. 

In a more practical sense, Barnett and Naylor (36) found that a 

salt stress resistant line of Bermuda grass accumulated greater amounts 

of proline when stressed than a sensitive variety, and Singh, Aspinal 

and Paleg (31) reported that positive correlations existed between pro

line accumulating ability of barley cultivars stressed with PEG in the 

laboratory and their yield stability when grown in the field. These 

initial suggestions that proline somehow contributes to stress

resistance, and that assays of proline levels may be used for selecting 

stress-resistant plants, however, have come under question. As an ex

ample, Waldren, Teare and Ehler (42) found that stress increases pro

line levels of field grown sorghum and soybean but these elevations 

occurred after the plants showed severe stress. Further, Hanson, 

Nelsen and Everson (43) reported that a drought susceptible barley 

cultivar accumulated more proline than a tolerant line in experiments 

performed in the manner of Singh et ale 

Conflicting results such as those obtained by Hanson and 

Singh's group may occur because of subtle differences in experimental 

conditions. In one study conducted over several years, proline levels 

of stressed bentgrass seedlings were consistently related to resistance 

of the various clones to stress (44); however, mixed results were ob

tained with barley. Some studies showed a close relationship between 

elevations of proline levels of stressed seedlings and their presumed 

stress resistance but most studies showed no differences existed among 

cultivars. 



MATERIALS AND METHODS 

Preparation of Plant Materials 

Barley seeds (Hordeum vulgare, L.) were obtained from Dr. R. T. 

Ramage, Research Geneticist, USDA, SEA, University of Arizona, Tucson. 

Seeds were germinated and grown at 25 + 2C and 13 hours daylight (200 

-2 -1 
~ E.m .sec , 7:00 AM to 8:00 PM). After 4 days in vermiculite, roots 

were washed well and intact seedlings were transferred to racks and 

grown hydroponically in areated Hoagland's medium (45). The racks, 

illustrated in Bho1a (44) consisted of two identical wooden sections 

(220 X 17 X 14 mm each) that were fitted together using wooden pegs on 

one section and matching holes on the other. A band of polyurethane 

foam about 12 mm wide and 10 mm thick was glued on to the common 14 X 

220 planes to provide cushioning for plants that were placed 0.5 cm 

apart between the sections. The two sections were held together using 

small rubber bands. The racks facilitated the transfer of large popu-

lations of seedlings to different media. 

Identification of the Growing Region 

The identity of the growing region of leaves from the young 

barley seedlings was obtained in two ways. In one group of studies, 

coleopti1es were removed from the seedlings and silicone rubber impres-

sions were made of the entire basal region of the leaves. The im-

pressions were then covered with clean finger nail polish and observed 

12 



microscopically. Elongating region was considered to be limited to 

the area where epidermal cells no longer showed elongation. 

In other studies, two small pinholes spaced 1 cm apart were 

made through the coleoptile and young growing leaves at various dis

tances from the grain. After 4 days, the distances between pinholes 

were measured from seedlings that grew at normal rates, and the elon

gating zone was considered to be the region in which the distances 

increased significantly. The same procedure was used to identify th~ 

growing region in younger leaf of 2 leaf barley (IO-day old). 

Growth Measurement 

Growth rates were measured using time-lapse photography (4) 

from two sets of three representative plants that were placed about 1 

cm apart on a stationary rack. The roots of each set were placed 

in separate containers that could be drained or refilled easily. 

Leaf tips were painted with india ink (to obtain better contrast) 

and positioned against a 12.7 mm wide precision metal ruler 

mounted on a transparent plastic plate. A single lens reflex camera 

(Pentax K-lOOO) equipped with close up lens (Vivitar + 1, + 2, + 4) 

13 

and supplied with Kodak Plus-X black and white film, was mounted on a 

tripod and placed at a proper distance from the plants. Pictures were 

taken at 0.5 hour intervals for 2 hours in untreated solutions contain

ing no additional osmotic agents before stress treatments were applied. 

Water stress was induced by quickly draining and refilling one or both 

containers with nutrient solutions containing either NaCl or poly-

ethyleneglycol, 6000 (PEG). Photographs then made at 5~ 10, 15 or 
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30 min intervals and the developed negative was projected to a magnif

ication of about 20 times on a stationary screen. Leaf growth was 

measured using the width of ruler as a reference. 

In order to obtain W and ~ values during growth studies, suit

able number of racks containing 20 to 30 plants, each grown under iden

tical conditions of light and temperature were transferred to osmotic 

solutions at the same time that solutions were changed for growth 

studies. 

Determination of W, ~ and P 

Initial determination of tissue W were made using the Shardakov 

method (18). Two sections of tissue, each 0.5 cm long were removed 

from the basal region or from the blade (2.5 to 3 cm from the tip) and 

were transferred quickly into a 10 X 75 mm test tube. A solution of 

sorbitol (0.5 ml) was then added, and the tube was sealed with paraffin 

film and allowed to equilibrate for 2 hours. Five to 10 minutes were 

required to collect samples for 6 tubes containing freshly prepared 

sorbitol that differed by 1 bar intervals, and two replicate series of 

tubes were used to determine the W of each tissue. After equilibration, 

1 or 2 grains of methylene blue was added to the tissue/solution mix

ture, and a drop was then transferred to 2 ml of sorbitol of the same 

original concentration and then observed for either upward or downward 

movement. Osmotic potential values for the same population of tissues 

were obtained psychrometrically with a Wescor C-52 sample chamber and 

HR-33T Dew Point Microvolt meter (Wescor, Inc., Logan, Utah). Four 

sections of tissue, each 0.5 cm long were routinely added to each 
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chamber, and four replications were made for each treatment. For deter-

minations of TI, the tissues were transferred into envelopes of Al foil, 

frozen in liquid N2 , and stored at -18 for 24 hours or more. Measure

ments of IT were made after 2 hours equilibration period. 

In later studies, $ and IT were determined using Merrill 73-13 

chamber psychrometers (Merrill Specialty, Inc., Logan, Utah) and a 

Wescor MJ-55 microvoltmeter. The chambers containing the tissues were 

equilibrated for 2 to 3 hours in a well-insulated box before measure-

ments were made of $ or IT. Determinations of $ were made using freshly 

harvested tissues, ruld measurements of IT were usually performed with 

tissue frozen and stored in Al foil as indicated above. In later 

studies, $ were determined psychrometerica11y, and IT were determined 

after psychrometers were frozen in liquid N2 for 15 seconds, and later 

temperature equilibrated. The results for TI obtained in this way were 

identical to those obtained with tissues held in Al foil. 

Determination of the Path of 
Transpiring Water 

Time dependent changes in specific radioactivities of trans-

3 
pired and tissue waters were studied using seedlings exposed to H20. 

The leaf basal regions of 10 seedlings were wrapped with polyurethane 

foam and the roots were placed into 25 X 100 ml Al-foi1 covered test 

tubes containing 25 ml of nutrient solution. After 2 hours, the roots 

were blotted and seedlings were transferred quickly into tubes contain-

3 ing the identical nutrient solutions labelled with H20. At intervals, 

transpired water was collected using a hood constructed from a 25 X 

150 rom test tube fitted with 6 mm diameter inlet and outlet tubes that 
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were fused 2-.5 em from the mouth and base, respectively. The plants 

were covered quickly with the hood and after the joint was sealed with 

50 mm wide masking tape, dry air was passed into the 60 ml hood at the 

rate of 300 ml/min. The transpired water was collected in dry 4 X 100 

mm open glass tubes which were attached to the exit tube with rubber 

tubing. The arm of the exit tube was bent upward parallel to the 

axis of the hood, and the open collection tube was chilled with a 

reservoir of liquid N2 • Following a 10 minutes collection period, the 

tubes were removed, sealed with paraffin film and a 5 ~l sample was 

removed later for radioassay. Immediately after collection of the 

transpired water, the hood was removed and the top 5 cm of all leaves 

which included all of the unfolded leaf blades and much of the folded 

blade above the coleoptilar sheath was frozen with liquid N
2

, and 

thawed and crushed to extract blade water. All water samples were 

placed in 10 ml of scintillation cocktail (0.3 g POPOP, 16.5 g PPO, 

1 liter of Triton X-lOa (Rahm and Haas Co., Philadelphia, PA) and 2 

liter toluene) and counted in a Beckman LS 200 scintillation spectro

meter. Quenching was minor but corrections were made using internal 

standards. 

Determination of Free Proline 

Quantitative determination of proline was obtained calorimet

rically using slight modification of the method of Bates, Waldren and 

Teare (46). To determine free proline 20 to 30 sections (1 cm long) 

from different regions of leaf were harvested, lyophilized and weighed. 

Free proline was extracted by boiling the plant materials in 10 m1 of 



distilled water for 30 minutes. In a 16 X 150 mm test tube, 1 ml of 

glacial acetic acid and 1 ml of freshly prepared acid ninhydrine rea

gent (1.25 g ninhydrin + 30 ml glacial acetic acid + 20 ml 6M H
3

P04) 

were added to 1 ml of extract and mixed well. The test tubes were 

placed in a boiling water for an hour under a hood after which the 

reaction was stopped by placing the tubes in ice water. The color 

was extracted by mixing with 3 ml toluene. The absorbance of toluene 

phase was determined at 520 nm on a Gilford 240 Spectrophotometer 

using toluene as blank. 

Determination of Total Soluble Sugars 

17 

Determinations of total soluble sugars were made using the 

method described by Arslan (personal communication). For each de

terminat ion 20 to 30 sections from the basal 1 cm or from blade (2.5-

3.5 cm from leaf tip) were harvested, lyophilized and weighed. Dry 

plant materials were next ground to a powder in a 15 X 100 mm test tube 

using a gladd rod, and the soluble sugars were recovered using three 

successive extraction (4 ml + 3 m1 + 3 m) of warm (550 C_650 C) 80% eth

anol, after each extraction the mixture of alcohol and plant materials 

was centrifuged at 1100 rpm for 10 minutes and the supernatants were 

pooled and made to a final volume of 10 ml. Quantitative determination 

of total soluble sugars were made using anthrone reagent (47) 

I~.'.OO ml 72% H2S04 + 150 mg anthrone) that were stored at 4 C for 

at least 4 hours but not longer than 48 hours after preparation. In 

a 15 X 150 mm test tube, 3 ml of anthrone reagent were added to a 

100 ~l aliquot of the ethanol extract and the mixture was heated in a 
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boiling water bath for 10 to 12 minutes then cooled to room temperature. 

Absorbance was measured at 625 nm with a Gilford 240 Spectrophotometer. 

Sucrose solution in the range of 0.025 to 0.10 mole/l were used as stan

dards and read against anthrone reagent as blank • 

• 



RESULTS AND DISCUSSION 

Localization of the Growing Region of 
Young Barley Leaves 

The commonly used india ink marking technique cannot be used 

to localize the growing region of young barley leaves since elongation 

occurs in a region enclosed by the coleoptile. However, the growing 

region can be determined by making several pinholes through the coleop-

tile and the growing leaf and later measuring to see if the distances 

on the leaf remained the same or were increased. These studies showed 

that if pinholes were made 1 and 2 cm away from the point of seed at-

tachment, the distance between the 2 pinholes remained unchanged even 

after 4 day's growth. However, if the pinholes were made 0.5 and 1.5 

cm from the seed, the distances between pinholes increased considerably. 

These results demonstrated that leaf elongation was confined to a re-

gion that was about 1 cm from the seed. 

Microscopic examination of silicone rubber impressions made 

of the epidermal cells of the growing region supported the results 

of the pinhole marking studies. The studies showed that elon-

gation of Arivat barley cells is virtually complete within 0.8 cm from 

the seed; additionally, they show that the intercalary meristem is 

located about 0.3 cm from the point of seed attachment. Examination 

of other cultivars of barley show that the elongation zone may vary 

somewhat. Mariot barley, for example, seemed to stop growing at about 

1.2 cm from the seed. 

19 
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As a result of the above studies, tissues which were classified 

as 'elongating' or 'basal' tissues were obtained from a region that was 

1 cm or less from the point of seed attachment. Conveniently, these 

sections were cut after the leaves were removed from the sheath by 

gently pulling on the blade. In most cases, tissues classified as 

'blade' were obtained from a region that was 2.5 to 3.5 cm from the tip. 

Leaf Growth and Water Status Responses Following 
Exposure of Seedlings to Osmotic Solutions 

When barley seedlings are planted in vermiculite and held at 

26 C, the first true leaf emerges on the fourth day and will continue 

to elongate for an additional 5 to 6 days. In most experiments, the 

seedlings were transferred to nutrient medium on the 4th day, and stress 

studies were initiated on day 5. Seedlings of this age were used par-

tial1y because the leaves were suitable in size (10-12 cm long) and 

also because their growth rates were relatively high (Fig. 1). 

Hsiao's classification (48) was modified to describe the 

degree of stress used in these studies, Hsiao considers plants to be 

mildly stressed when tissue ~ were reduced by several bars, moderately 

stressed when tissue ~ were reduced by more than a few bars but less 

than 12 to 15 bars, and severely stressed when tissue ~ were lowered by 

more than 15 bars. In these studies, since stress was initiated by ex-

posing seedlings to osmotic solutions, a mild strength stress solution 

was one with ~ soln of -2 to -4 oars, and a moderate strength stress 

solution was one where ~ soln was between -6 to -12 bars. 

In numerous experiments, young barley seedlings exposed to 

solutions with ~ ranging from -3 to -11 bars yielded the same general 
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Figure 1. 

4 5 6 

DAYS AFTER EMERGENCE 

The growth rates of the first leaf of four barley cultivars. 
The seedlings were germinated in vermiculite and were 
tranaferred to hydroponic medium at the beginning of the 4th 
day (average seedling length, 5 cm). Growth rates were 
measured using a ruler, and values are means of 15 growth 
measurements. 
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growth pattern (Figs. 2, 3). Sudden exposure to osmotic solutions ef-

fected an almost immediate cessation of leaf elongation (e.g., Figs. 

2, 3). This response is very similar to those reported for corn leaves 

(2), but in some cases, unlike corn, leaf length actually dropped after 

stress induction. Upon continuous exposure to osmotic solutions, leaf 

growth resumed but the new growth rates were reduced in proportion to 

the concentration of solutes in the nutrient medium. The lag period 

before growth resumed was also lengthened as solute concentrations in-

creased, but leaf age also affected the lag time. As an example, when 

Arivat barley seedlings were stressed using moderate concentrations of 

PEG (W 1 = -7 to -9 bars), growth was reinitiated within 1 to 3 hours so n 

in 5 and 6-day old seedlings (Figs. 2, 3), but the latent period was 

1 to 2 days in the case of the second leaf o'i ... ·;n 1l~~~Y: old seedling 

(data not shown). The relatively rapid resumption of growth in younger 

seedlings may be due to the availability of specific seed reserve 

materials which hastens the adjustment processes. 

The growth studies raised questions about how a plant adjust 

to reinitiate their growth. Presumably, chemical as well as physical 

factors must be involved in the observed responses, but since knowledge 

of plant water relations is of fundamental importance, a major effort 

was made to relate growth changes to alteration in the water status of 

tissues located in the basal regions of leaves. Results of the follow-

ing type were obtained consistently: 

a) Leaf growth stops almost immediately after plants are 

stressed (Figs. 2, 3) but no decrease in P was detected within the 
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Figure 2. Rapid leaf growth responses of barley seedlings exposed to 
nutrient solutions containing various concentrations of NaCl. 
Data are from 5-day old seedlings, and numbers refer to ~ of 
the nutriant solutions. Curves in groups A and B were ob
tained with Arivat barley. 
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Figure 3 • The relation of growth response to water status values of 
leaf base and blades of stressed Arivat barley seedlings. 
The Shardokov procedure was used to determine leaf basal 
(BA) and blade (BL) ~ for curves in group A. In Group B, 
values for ~ BA, ~ BA and ~ BL were obtained psychrometrically 
and represent the mean of 4 replications and ~ BA and rr BA 
and ~ BL obtained for control immediately after final harvests 
of stressed plants were -6.7, -10.8 and -4.1, respectively. 
Plants were 5 days old. 

24 



25 

first 10 to 20 minutes after stress induction (see, for example, the 

measurements made 0.3 hours after seedlings were exposed to NaCl solu

tions of -7 or -11 bars) (Table 1). Turgor values, in fact, are 

largely unaffected even after longer duration of exposure to osmotic 

solutions (Fig. 3, Tables 1, 2). These results suggest that the in

itial stress-induced growth inhibition occurs because of a small 

presently undetectable loss of water. 

b) In unstressed 5 and 6-day-old plants, W and ~ of tissue 

at the base of leaves were usually between -6 to -8 bars and -12 to 

-14 bars, respectively. When seedlings were stressed, both measures 

began to drop about equally and the initial decreases were often 

about 1 to 2 bars per hour (Fig. 3, Tables 1, 2). Reduction in tis

sue W and ~ were triggered by exposure to relatively dilute (e.g., -4 

bars in PEG, Table 2) as well as by higher concentrations of osmo

ticum. 

c) Decrease in ~ and ~ in the basal tissue occurred prim

arily because of osmotic adjustment and not because of major losses 

of water. For example, when barley seedlings were stressed for dif

ferent periods of time, these tissues did lose a significant amount 

of water (Table 3), however, the amount lost was only a fraction of 

that needed to account for reduction in n. This indicates that solu

tes are synthesized or imported by tissues in the leaf base. 

d) Studies with plants at the 2-leaf stage showed that when 

these seedlings were stressed, the basal r';gion of the growing leaf 

osmotically adjusted more rapidly and to a greater extent than a simi

lar segment from the older expanded leaf (Table 4). Since growing 
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,Table 1. Water relations of -leaf basal tissues following transfer of 
5-day old Arivat barley seedlings to solutions containing 
NaC1. 

Duration and Degree Values (bars) for Tissue 
of Stress IjJ 7T P 

Control, no stress -6.5 -12.5 6.0 

0.3 hrs, -6 bars -7.0 -13.6 6.0 

0.7 hrs, -6 bars -7.5 -14.5 7.0 

1.0 hrs, -& bars -8.5 -15.0 6.5 

1.5 hrs, -6 bars -8.5 -15.5 7.0 

3.3 hrs, -6 bars -10.0 -18.0 8.0 

0.3 hrs, -10 bars -6.5 -15.0 8.5 

0.8 hrs, -10 bars -7.0 -14.5 7.5 

1.2 hrs, -10 bars -8.5 ~17.0 8.5 

1.6 hrs, -10 bars -9.5 -16.5 7.0 

3.4 hrs, -10 bars -10.5 -19.0 8.5 

Control, no stress -7.5 -14.0 6.5 

The mean growth rate of unstressed plants was 1.45 mm/hr. Seedlings 
exposed to solutions with IjJ • -6 and -10 bars resumed growth in 1 and 
3 hours, and the respective new growth rates were 0.6 and 0.15 mm/hr. 
Tissue IjJ were determined using the Shardakov procedure. Tissue from 
unstressed seedlings were sampled within 0.5 hrs of the initial and 
final harvests of stressed plants. 



27 
-

'Table 2. Water relations of leaf basal and blade tissues following 
transfer of 5-day old Arivat barley seedlings to solutions 
containing PEG. 

Values (bars) for 
Duration and Degree Base Blade 

of Stress 1T P tjJ 1T P 

Experiment 1 

Control, no stress -B.O -14.0 6.0 -6.5 -13.0 6.5 

2 hrs, -4 bars -9.5 -17.0 7.5 -6.0 -13.5 7.5 

2 hrs, -6 bars -12.0 -19.5 7.5 -6.0 -15.0 9.0 

2 hrs, -B bars -11.5 -20.0 B.5 -5.0 -13.5 B.5 

Control, no stress -7.5 -11.5 4.0 -5.0. -15.0. 10..0 

24 hrs, -4 bars -11.5 -16.5 5.0 -7.5 -15.0. 7.5 

24 hrs, -6 bars -14.5 -21.0. 6.5 -9.0. -16.0. 7.0 

24 hrs, -B bars -15.5 -21.0 6.5 -9.0 -16.0 7.0. 

Experiment 2 

Control, no stress -6.5 -13.0 6.5 -3.5 -13.0. 9.5 

1.25 hrs, -B bars -:-9.5 -15.0 5.5 -5.0 -12.0. 7.0 

Control, no stress -6.5 -5.0. 

23.5 hrs, -B bars -12.0 -20.0. B.O. -4.5 -13.0 8.5 

Plants were harvested after exposure to solutions of PEG for the indi-
cated periods, and unstressed plants were sampled within 0.5 hrs of 
the harvests for stressed plants. Tissue tjJ were determined using the 
Shardakov method. 



Table 3. Water relations and water contents of leaf basal tissues following transfer of 5-day old 
barley seedlings to solutions containing NaCl or PEG. 

Duration and Degree Value (bars) for Water Contents 
of Stress t/J 1T P % Water RWC (%) 

Arivat unstressed -8.1+0.4 -11.1+1.5 3.0 88.5+0.5 88.9+0.8 

Arivat 4 hrs, -8 bars (PEG) -11. 6+0.4 -14.6+0.5 3.0 84.6+0.4 82.8+2.3 

Arivat 24 hrs, -8 bars (PEG) -15.1+0.8 -18.2+0.3 3.1 83.1+1.4 80.6+1. 7 

Mariot unstressed -6 +0.7 -10.7+0.6 4.7 90.6+0.6 

Mariot 4 hrs, -8 bars (NaC1) -10.6+0.8 -17 +1.0 6.4 86.8+0.4 

Mariot 24 hrs, -8 bars (PEG) -10.5+1.0 -16.7+1.2 6.2 86.6+0.7 

Measurements of tissue t/J and 1T were obtained psychrometrica11y. Relative water contents (RWC) values 
for Arivat barley was determined as RWC = FW-DW X 100, where FW, DW and SW refer to fresh weight, dry 

SW-DW 
weight and saturated weight, respectively. Saturated weights were determined after tissues were in
cubated at 30 C and 100% relative humidity for 24 hours. All values (except P) are means + standard 
error for 4 replications. 

N 
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Table 4. Water status values of leaf basal and blade tissues from different age Arivat seedlings 
exposed to nutrient solutions containing PEG (-8 bars). 

Seedling Age, and Duration 
of Stress 

Experiment 1 
6-day old unstressed 
6-day old stressed 2.5 hrs 
ll-day old older leaf (1st leaf) 

unstressed 
stressed 2.5 hrs 

ll-day old younger leaf (2nd leaf) 
unstressed 
stressed 2.5 hrs 

Experiment 2 9-day old seedlings 
older leaf (1st leaf), unstressed 
older leaf stressed 7 hrs 
older leaf stressed 30 hrs 
younger leaf (2nd leaf) unstressed 
younger leaf stressed 7 hrs 
younger leaf stressed 30 hrs 

1/J 

-6.5 
-8.5 

-7.5 
-8.5 

-5.5 
-8.5 

-5.7+0.8 
-6.3+0.7 
-7.0+0.9 
-7.3+1.0 
-9.2+0.9 
12.3+0.4 

Base 
1T 

-11+0.5 
-12~4+0.8 
-14.5+0.6 
-11.0+0.7 
-15. 6+0.4 
-20.2+1.1 

Values (bars) for 

P 

5.3 
5.9 
6.5 
3.7 
6.2 
7.9 

1/J 

-4.5 
-3.0 

-4.5 
-3.0 

-3.5 
-3.5 

-4.5+0.7 
-4.0+0.4 
-5.1+1.0 
-4.5+0.9 
-4.2+0.3 
-4.5+0.9 

Blade 
1T 

-11. 9+0.7 
-12.7+0.5 
-13.6+0.7 
-11. 7+0. 7 
-11.1+0.7 
-11.5+0.4 

In Experiment 1, 1/J and 1T values are means of two determinations made by Shadrakov method. In 
Experiment 2, 1/J and 1T values are means + SE of four psychrometric determinations. 

P 

7.4 
8.7 
8.5 
7.2 
6.9 
7.0 

N 
\0 
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tissues are expected to have intercalary meristems, these results indi

cate that anatomical features may playa role in solute adjustment 

mechanisms that exist in barley leaves. 

The available data provided a basis for outlining what may be 

occurring in the growing region of barley leaves when roots of young 

seedlings are exposed to osmotic solutions. Since leaf growth stops 

almost immediately after transfer, it was concluded that ongoing trans

piration, coupled with reduced water availability from the roots, 

quickly reduces W of the transpiration stream in the basal region (as 

well as in other regions of the transpiration stream). Cessation of 

elongation occurs without a detectable change in the water status of 

the tissue. This can occur if the water in the transpiration stream 

is only a small but distinct part of the total water in the tissue. 

Most likely, transpirational water largely is moving intercellularly 

and reduction in W the cell region are in some way responsible for dis

ruption of elongation processes. In addition, this condition may be 

responsible for the initiation of at least two adjustment processes. 

When seedlings are stressed mildly (e.g., Fig. 2A) growth stops immed

iately but can resume after a latent period in which little or no 

change occurs in tissue water status, when stress is mild. The ~ of 

the transpiration stream is slightly higher than that of the growing 

cells but some factor or condition required for growth is probably 

lacking. Conceivably, a reduction in W of the transpiration stream 

may result in the initiation of a physiological or chemical adjustment 

process that develops at a fairly constant rate since the duration of 

the lag period is related to the concentration of solutes in the root 
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medium. Stress also initiates leaf basal cells to begin adjusting osmo

tically, which is important for seedlings which are exposed to rela

tively high concentration of osmotic solutions (i.e., solutions with ~ 

lower than the -6 to -8 bars found in the growing tissue of the unstress

ed seedlings). Under these ~onditions, regrowth of leaves occurred about 

when ~ of the leaf basal region dropped to that of the nutrient solu

tion (Fig. 3). Presumably, cells in the basal tissue were once again 

capable of absorbing water from the root medium. 

Very different responses were observed in tissues from the leaf 

blade. When seedlings were stressed, blade ~ and IT initially underwent 

little or no change (Fig. 3, Table 2) even though the leaf basal tissues 

were clearly undergoing osmotic adjustment. After prolonged stress from 

one to several days (Table 2, Fig. 7) blade ~ were sometimes reduced, 

but the magnitude of reduction was insufficient to account for growth 

changes that occurred. These results showed that blade ~ and IT were 

reduced only slowly when seedlings were stressed and the changes were 

unrelated to growth alterations. Examination of literature showed 

many other instances when measurements of blade ~ and IT were unrelated 

to leaf expansion. As an example, Chu and McPherson (49) found that 

growth of stressed prairie grass ceased in 2 days but ~ of the leaf 

blades did not change for 4 days. Michelena and Boyer (23) also re

ported the exposed blades of growing leaves of 5-leaf stage corn plants 

were relatively insensitive to stress, whereas, in the growing basal 

tissues from the same leaves, ~ and IT both dropped and turgor was main

tained. 
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Blade W of unstressed seedlings were always higher than those 

of the leaf basal region and differences became even more pronounced 

when plants were stressed. Also, when seedlings were exposed for pro-

longed periods to solutions of very low' W, blade W often remained 

higher than that of the root medium even though plants were transpiring 

(Expt. 2, Table 2). Since water moves from regions of high to low ~, 

it becomes apparent that such results can occur only if the bulk of the 

cells in the blade were in some way isolated from the transpiring stream. 

A suggested pathway of transpirational water flow and a hypothesis for 

explaining why blades have high W is presented below: 

A Hypothesis for Explaining Why Blades Have 
Higher W Than Leaf Bas·al Tissue 

In this study, tissue W were obtained usually from seedlings 

that were undergoing transpirational water loss. When transpiration 

was suppressed greatly, ~ of the leaf basal tissues were usually found 

to be higher than in similar tissues from transpiring seedlings and 

equal to that of the blade (Table 5, Expt. 1 and 2). However, reduced 

transpiration did not always result in an increase in basal ~ (Table 5, 

Expt. 3). This could be due to some transpiration that occurred during 

the course of experiment (0.4 ml water was lost by 10 plants in 18 hrs) 

which could not be prevented under conditions of the experiment. 

Generally, these results suggested that transpiration only slightly 

affects blade W but it is largely responsible for the reduction in ~ of 

the basal tissue and an understanding of the pathway of movement of 

transpirational water may help explain why different areas of leaves 

can vary in W. 
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Table 5. Water relations of leaf basal and blade tissues from Arivat 
barley seedlings held under conditions of limited transpira
tion. 

Values (bars) for 
Conditions of Experiment Tissue tjJ 7T P 

Experiment 1 

Control. (2.4 ml water lost by base -7.2 -14.7 7.4 
10 plants in 16 hrs) blade -4.2 -13.4 8.4 

Dark, humid. (0.2 ml water lost base -5.5 -11.6 5.1 
by 10 plants in 16 hrs) blade -5.1 -11.6 5.8 

LSD (0.05) 1.9 -3.1 

Experiment 2 

Control base -5.9 -8.9 3.0 
blade -3.6 -8.5 4.9 

Submerged for 3.5 hours base -3.6 -10.5 6.9 
blade -3.6 -7.8 4.3 

LSD (0.01) -0.9 -0.5 

Exper imen t 3 

Control (5.6 m1 water lost by base -6.7 -9.4 3.7 
10 plants in 17 hrs) blade -3.7 -9.1 5.4 

Dark, humid (0.4 ml water lost by base -6.2 -9.9 3.7 
10 plants in 17 hrs) blade -3.4 -9.4 6.0 

LSD (0.01) -2.4 -1.4 

In Experiments 1 and 3, seedlings held overnight in an open atmosphere, 
or in an ice chest under dark, humid conditions were sampled on the 6th 
day. In Experiment 2, tissue segments were obtained from 5 day old 
seedlings grown in open atmosphere or submerged in nutrient solutions. 
All determinations of tjJ and 7T were made psychrometrically and values 
for Experiment 1 are the means of 4 replications,values for Experiments 
2 and 3 are the means of 8 replications. 



34 

Water movement will be affected by anatomical or physiological 

features which affect resistances to water flow. An attempt was made 

to gain some understanding of the leaf anatomy in the basal and blade 

regions from free hand cross sections of these tissues. 

Microscopic examination of cross sections of basal tissues 

(Fig. 4A) revealed that cells which will form vascular bundles are 

well-developed even in sections which are slightly removed from the 

intercalary meristem, anatomically it was not possible to determine 

if xylem cells did or did not contain functional cytoplasm, but since 

cells in this region are thin walled and definitely elongate more, it 

is surmised that cells in the xylem region must hav.e cytoplasm and 

therefore not fully functional as xylem cells. Water in the trans

piration stream then must either pass in intercellular cavities and 

cell wall spaces. This close proximity of the transpiration stream 

water to individual cells may be the reason why the basally located 

cells respond relatively quickly when tissues are stressed. A confir

mation of this proposal requires further anatomical work. 

Blades, however, have well developed xylem (Fig. 4B) which 

provide a pathway of low resistance water movement in leaves (50). 

Since resistance to water passage from cell to cell is undoubtedly 

high, most of the water entering the blade must arrive via the xylem. 

For the same reason, much of the water in the xylem may never exchange 

with water present in the bulk of the mesophyll cells. Boyer (51) 

showed that water lost as transpiration moved from the xylem primarily 

through relatively few contiguous cells; movement of transpirational 

water through a series of mesophyll cells was considered less likely 
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A 

B 

Figure 4. Photomicrographs of leaf basal and blade sections of 5-day 
old Arivat barley. Basal cross section CA. X 50) were 
made from tissues approximately 3mm above the intercalary 
meristem. The outer layer in A shows the coleoptilar tissue 
enclosing the growing leaf tissue. Leaf blade cross section 
(B. X 50) were made from tissues 2.5 cm from the leaf tip. 
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because of the resistances that would be encountered. The water states 

data obtained for barley leaf blade can be best explained by assuming 

that water in the transpiration stream of the blade is largely inde-

pendent of the great majority of cells present in the mesophyll. 

Tests were conducted to see if transpirational water was lost 

from all or relatively few cells of the leaf blade. In these studies, 

3 
seedlings were exposed to nutrient solutions containing H20 and meas-

urements were then made over time of the specific radioactivities of 

the transpired water and water present in leaf blades. It was reas-

oned that if water is lost from the bulk of the mesophyll cells, the 

specific radioactivities of the leaf blade should be equal to or greater 

than that of the transpired water; on the other hand, if water is lost 
• 

from relatively few cells, the transpired waters specific activity 

should be greater than that of the leaf blade. As a first step in 

these studies; an experiment was performed to see how rapidly 3H20 

could be dispersed in the leaf basal and blade tissues (Fig. 5). In 

these studies 5-day ·old seedlings were exposed to nutrient solutions 

containing 3H20 over a time course, and water exchange was determined 

by measuring radioactivity in different tissues of young barley leaf 

after harvesting, freezing with liquid N2 and then extracting the liq-

uid from the tissues by crushing. A very high amount of radioactivity 

3 was detected in the basal region after 1 hour of exposure to H20, 

but the amount of radioactivity in the blade did not reach a 

significant level until some later time (Fig. 5). In addition, an 

attempt was made to identify the areas of the leaf blade specifically 

involved in transpiration. Leaves were covered for approximately 5 
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minutes with filter papers impregnated with CoC12 and transpiration 

was assumed to occur in the areas where the CoC12 paper changed color. 

The results indicated that transpiration occurred largely in the leaf 

blade outside the coleoptile, but, it was not possible to demon-

strate that transpiration did not occur through the sheath tissues. 

This prevented a precise quantitative evaluation of results but ex-

periments with both unstressed and stressed seedlings (Fig. 6) clearly 

3 showed that H20 was present in the transpiration water before any 

significant amount was found in the blade. 

After a number of hours, the radioactivities of the leaf blade 

slightly exceeded that of the transpired water and this was taken to 

mean that some exchange of water did occur between transpiration 

stream and the mesophyll cells, and the tissue used for measurement 

probably also included some non-transpiring (but more radioactive) 

lower portion of the leaf blade. At this time, it is not known if 

3 the exchange of H20 occurs because of cell to cell water movement, 

or exchange as vapor in the mesophyll caVity. In either event, the 

results indicate that most mesophyll cells are bypassed during trans-

pirational water loss. 

Some Relationships of Cumulative Leaf Growth 
to ~, IT and of the Leaf Basal Tissues 

Results from many experiments showed that when seedlings were 

stressed, tissues located in the basal region of leaves continued to 

adjust osmotically even after growth resumed (e.g., Fig. 3A). How-

ever, after 24 hours, ~ and IT of the basally located tissues were 

found to be nearly stabilized and the values seemed to reflect the 



Figure 6. 

39 

-e- Clntll, 'UUPlt" IzD 

0.6 
- ---¢-_. UI"ll, IlUE 121 

• 0 ... -*- STIESSU, 'U""lll "2' 
::I - - -(I- - - n IE SS EI, It U [ 1 2 ' -' 
0 0.5 

-i)--
en -*-... 
• .... -... 0.4 
::I 

• -9 -I 
• 0.3 • .. 
D 

" .... 
-' 0.2 .. 
• c 
en -I D.l -• • I 

/ .. ....¢-D 
;" 

1 2 3 4 5 20 21 
IRS EXPOSURE TO 3 H2 O 

Changes in specific radioactivities of transpired and blade 
water following exposure of Arivat barley seedlings to 3H20. 
Values shown are expressed as the ratio of the specific ac
tivity of a sample of transpired or blade water to the 
specifi~ activity of the nutrient solution (1200 DPM/ul). 
Unstressed seedlings were 5 days old; stressed seedlings were 
exposed to salinized nutrient solution (-8 bars) from the 
fifth clay and labelled with salinized 3H20 solutions on clay 6. 



40 

concentrations of osmotic agents present in the root medium (Expt. 1, 

Table 2). In order to resolve how solution ~ might be related to leaf 

growth and tissue water status, seedlings were stressed for several 

days in solutions containing PEG of different concentrations, and 

plants were measured daily for growth and for ~, ~ and P of both the 

growing and non-growing tissues. 

As was noted by Sands and Correl (52), growth was reduced in 

proportion to reductions in ~ of the root medium (Figs. 7B and 8B) . 

Blade ~ were unaffected for the first 2 days exposure to even the high

est concentration of PEG (Fig. 7A), but ~ and ~ of tissues from the 

basal part of leaves were reduced as PEG concentrations· were increased 

(Figs. 7B and Fig. 8B), and these reductions closely paralleled reduc

tions in growth (Fig. 8B). These close parallels strongly suggest that 

leaf elongation measurements generally should reflect the water status 

of the actual growing tissues of a leaf. This hypothesis is now being 

investigated. 

Although cumulative leaf elongation, ~ and ~ were all reduced 

when seedlings were stressed, P of the leaf basal regions were largely 

unaffected even when roots were exposed to solutions of relatively 

low ~ (Fig. 8A). Recently, Cutler et al. (10) found that growth of 

rice leaves was greater in light than in darkness despite the fact that 

leaf P during daylight hours were lower than at night. These examples 

showing the lack of relation of P to growth stand in marked contrast 

to results of many others who found that tissue elongation is directly 

related to P, or P above a critical minimum value (6, 8, 9, 49, 53). 

Conflicting results o~ this type may be inevitable when studying a 
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Figure 7. The effect of continuous exposure to solutions containing PEG 
of various concentrations on cumulative leaf elongation and 
W of leaf besal and blade tissues of !rivat barley seedlings. 
Stress was initiated on the fifth day of growth and W obtained 
psychrometrically were the means of 4 replications. Growth 
values are means of 15 measurements. 
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complex process such as growth. Growth involves both biophysical and 

biochemical phenomena and the many demonstrations of the relationship 

of P to cell elongation show the importance of the physical affects of 

water. Water deficits may also alter biochemical processes involved 

in regulating cell energy supply, cell wall extensibility, etc. In 

this study, for example, it was shown that when barley seedlings were 

stressed, IT of the leaf basal tissues dropped substantially after sev

eral hours. If cells -in this rapidly growing region have limited 

capacity for ATP production, the accumulation or synthesis of solutes 

required to maintain low IT may compete with growth processes for avail

able energy. The data of Fig. 8 are compatible with this hypothesis. 

Cell wall elongation may be reduced by small losses of water in 

the vicinity of the cell wall-plasma membrane interface. The reduced 

availability of water at this site may in some way affect the release 

of protons, which is essential for loosening of already existing cell 

walls (54). Additionally, Muller and Brown (55) have shown that cellu

lose microfibril deposition during primary cell wall formation requires 

a close participation of a microfibril-enzyme complex with the plasma 

membrane, and that even a one minute exposure to osmotic solutions can 

alter the structure of the complex dramatically. At the moment, it is 

not possible to determine whether either of these processes are respon

sible for the growth stoppage that occurs when seedlings are stressed. 

It is recognized that any suggestion about the mechanisms involved in 

biochemical regulation of elongation by water deficits are necessarily 

speculative, but the evidence is clear that growth is not always related 

to turgor phenomena. 
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As a final point, the results of these studies show the impor-

tance of selecting growing and not already expanded tissues for meas-

urements of ~ and IT when studying water deficit. effects on growth. 

It is not yet known if changes in blade ~ of field grown barley leaves 

will be as insensitive to stress as was found in laboratory-grown 

seedlings, or if expanded and growing tissues of leaves from other 

plants will respond in the manner found for barley, but the possib-

ilities cannot be ignored. Certainly, it is logical to measure blade 

water status when measuring stress affects on photosynthetic processes, 

but there are now reasons to question the belief that blade ~ and rr 

accurately reflect what is occurring in growing tissues. 

Relationships of Proline to Tissue Water Status 
in Growing and Non-Growing Regions of Barley Leaves 

Measurements of the leaf water status of unstressed and stressed 

(*soln = -9 bars PEG) seedlings over a time course (Figs. 9A, 9B) 

showed that (1) tissue ~ in the basal regions of growing leaves are 

consistently lower than those of blade of the same plant, (2) stress 

affected a significant reduction in both 1~ and rr in the leaf basal tis-

sues within 2 hours, but changes in these measures occurred much more 

slowly in leaf blades, and (3) even after prolonged stress, the magni-

tude of reduction in ~ and IT of basal tissues are considerably greater 

than in the blade. These results are in general agreement with many 

others (Figs. 2, 3, 7A and Tables 1, 2, 3). 

The results of proline determination for the same population of 

plants reinforced the evidence that leaf basal tissues were more 
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responsive to stress than cells in the blade (e.g., Fig. 9C). In this 

and other studies (Figs. 10, 11) elevation of proline were more pro-

nounced and occurred much more rapidly in leaf basal than in blade 

tissues. 

Elevation of proline kinetic studies of the type shown in 

Figure 9C also provided a test for determining if proline is respon-

sible for the osmotic adjustment that occurs in the first few hours 

in the growing region of stressed 'plants. The data of Figure 9C shows 

that proline levels are increased to detectable levels in 4 to 6 hours, 

but this is after significant reduction in IT were detected (Fig. 9A). 

Furthermore, the concentration of proline in the same tissues after 6 

hours is extremely low and for these reasons, one must conclude that 

proline is not responsible for the osmotic adjustment that occurs soon 

after plants are stressed. Proline levels, however, are elevated con-

siderably upon prolonged stress and it is conceivable that it may assume 

a more prominent role during long-term stress. The possible contribu-

tion of proline can be calculated using some assumptions. Several ex-

perimen ts (Table 3) showed that leaf basal tissues are about 80% water 

after seedlings are stressed for 24 hours with moderate concentration 

of PEG (-8 to -10 bars). If it is assumed that the extracted water is 

primarily cell water, the 32 ~ mole proline/g dry weight obtained after 

1 day of stress (Fig. 9C) will correspond to a concentration of 8mM. 

Since the pK of proline is 2, it will be 65% ionized so the effective 
e 

concentration of osmotic particles is 13 mM, which is equal to -0.3 

bars. Proline may be confined to the cytoplasm; in that event, its . 
concentration may be several times higher than 13 mM, but it should be 
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Figure 10. Water status (A and B) and proline (C) contents of leaf 
basal and blade tissues of seedlings in the 2 leaf stage. 
Arivat plants were lO-day old at the start, and plants were 
stressed with PEG solution (-8 bars). In A and B, open 
symbols are unstressed; closed symbols are stressed; solid 
lines are ~, and dashed lines are ~. Control (unstressed) 
levels of proline in C were 1-2 ~mole/g D.W. in all tissues. 
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of basal and blade sections of seedlings exposed to pro
longed stress. Five-day old Arivat barley was exposed to 
PEG solutions of either. -3.5 bars (*) or -8 bars ( .. ). 
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remembered that increases in levels of solutes in the cytoplasm will 

most likely require compensating changes of solutes in the vacuole, so 

another solute(s) must be involved in osmotic adjustment. It therefore 

seems likely that substances other than proline are responsible largely 

for the observed 8 bars reduction in n of the basal tissue (Fig. 9A). 

Experiments were conducted to determine if the increases in 

proline that are found in basal tissues are in some way related to a 

special ability to synthesize large amom.ts of this substance, or if 

the changes merely reflect the fact that these tissues markedly drop 

their W and n. In one experiment (Fig. 10), 10-day old seedlings 

which possessed a fully expanded as well as a growing leaf, were stres-

sed (w 1 = -8 bars) and comparisons were then made of the water 
so n 

status and proline levels of the first (expanded) and second (growing) 

leaf. The results showed that both W and n were reduced noticeably in 

the basal region of the two leaves after 8 hours stress, but reductions 

were more pronounced in tissues from growing leaves (Fig. lOA). As in 

other studies, water status values of blade tissues were changed rela-

tively little even after prolonged stress (Fig. lOB). Detectable in-

creases in proline occurred in the basal region of the growing leaf 

after 8 hours and the levels continued to rise for several days (Fig. 

10C). Increases in proline in the basal region of the already expanded 

leaf did not occur until after 32 hours, and this may be due to the 

fact that decreases in wand n of tissues located in the base of the 

expanded leaf are relatively small. 

To further investigate the relationship of water status to pro-

line increases in growing tissues, groups of 5-day old seedlings were 
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stressed with solutions-containing PEG equivalent to either -3.5 or -8 

bars (Fig. 11). When exposed to the higher concentration of PEG, seed

lings responses were similar to those obtained in previous studies 

(Fig. 9); pronounced reduction in ~ and rr and significant elevation in 

proline occurred within 1 day in the basal tissues and blade values for 

proline and water status were changed little. When seedling were 

stressed with the low concentration of PEG, however, reductions in ~ 

and rr of leaf basal tissue were minimal and increases in proline levels 

were small and occurred only after prolonged stress (Figs. llA, B, D). 

In the blades, water status values (Fig. lIB) and proline levels (Fig. 

lID) were only slightly altered after prolonged stress. These results 

coupled with data from lO-day old seedlings (Fig. 10) strongly suggest 

that increases in proline are related primarily to changes in the 

water status of the tissue, and conceivably, as has been suggested 

earlier (43, 56) proline increases can occur only after ~ or rr are re

duced below some threshold level. 

In addition to examining relationships existing between water 

status and proline levels in leaf basal and mid-blade regions, these 

measures were compared in other regions of the leaf (Fig. 12). In this 

study, 5-day old barley seedlings were stressed for either 20 hours or 

44 hours; additionally, some plants were also stressed for 44 hours and 

then transferred back into control nutrient solutions for either 5 hours 

or 24 hours. At the end of each treatment, tissues were removed from 

various parts of the leaves and measured for both proline and water 

status. 
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The results show that proline and water status values are least 

changed in the mid-blade region regardless of the stress duration. 

-They show also that while proline levels are elevated and 7T and tjJ are 

reduced in the bas·al region of leaves from stressed seedlings, this 

region also recovers very rapidly when stress is relieved, as indicated 

by the fact that water potential values and proline levels are very 

close to the control values 5 hours after removal from stress condi

tions. The recovery shown by the leaf basal tissues following removal 

from the stress condition show that in living tissues, proline levels 

are in some way dynamically related to water status of the cell. 

A significantly different type of response was obtained in 

the leaf tip region. In grasses, prolonged stress often results in 

leaf "firing" (leaf desiccation and rolling and eventually death), 

and firing normally begins from the leaf tip and travels basipetally. 

Hanson et al. (43) demonstrated that in barley, firing is associated 

closely with reductions in tissue tjJ. The results of Figure 12 demon

strate that in these plants, prolonged stress results in continued 

decrease in tjJ of the leaf tip, and this reduction can continue even 

after seedlings are relieved of stress. Also, in these tissues, tur

gor is reduced to 0 and leaves show visible signs of desiccation 

usually within 24 hours. Furthermore, proline levels are increased 

dramatically in the leaf tips, and probably because of tissue death 

occurring after even 20 hours stress, the levels are not reduced even 

when seedlings are placed back into nutrient solutions without osmotic 

agent. 
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Since numerous studies indicated that increases in proline can 

occur in all tissues of leaves from stressed seedlings, and that data 

from these and other studies (43, 56) suggested that these increases 

may be related to decreases in either 1J! or 7T, regression equations 

were derived using data from several experiments in which tissues were 

stressed for 20 or more hours (Fig. 13). It was hoped that coefficient 

values would be noticeably greater for the factor most responsible for 

controlling proline content. However, the results sho'\-7 that a strong 

correlation exists between proline levels and tissue 1J!(r = 0.93) and 

7T(r = 0.85). Also, the data suggest that decreases in 1J! or 7T of only 

1 or 2 bars below that obtained in the tissue normally is sufficient 

to cause an elevation of proline, and that proline levels are increased 

in linear proportion to either 1J! or 7T. Although slight differences 

were found in the correlation values between the 2 comparisons, it is 

still not possible to state which measure regulates proline content. 

The mechanisms involved in increasing proline levels are 

presently not understood. Conceivably, increases in proline can 

occur because of intracellular changes in either solute concentration 

or 1J!, but it is difficult to imagine how several bars reduction in 1J! 

can profoundly affect the activity of enzymes involved in either bio

synthesis (36, 39, 40}, or degradation of proline (37). If intracel

lular changes are responsible for regulating proline levels, it is 

easier to imagine that changes in solute levels will alter enzyme ac

tivities (e.g., through a feedback mechmlism). However, proline levels 

may also be regulated by phenomena that occur immediately outside the 

cell. We know, for example, that growth changes occur extremely 
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rapidly when plants are-stressed and it seems unlikely that intracellu-

lar events are responsible for the immediate responses. 

Comparisons of Different Cultivars of Barley for 
Proline Accumulation Under Water Deficit Conditions 

Since increases in proline levels during water stress has been 

viewed as an indicator of drought tolerance (31), an effort was made 

to compare different cultivars of barley in terms of their capability 

of accumulating proline under water stress conditions imposed in the lab-

oratory. In these studies seedlings from several barley cultivars were 

stressed for different durations of time. Results from studies of this 

type (e.g., Table 6) show clear differences among cultivars in proline 

levels. In these studies, concurrent measurements were not made of the 

water status of the tissues. 

In another set of studies, 5-day old seedlings from four culti-

vars of barley that consistently showed different growth responses 

under conditions of water stress were stressed (1jJsolution ::: -8 bars) 

and growth, water status and proline levels were measured after 24 

hours. The results (Table 7) showed that where growth response differ-

ences were found, no substantial differences were found for water 

status or proline levels among four cultivars under study. However, 

the results of Table 7 confirmed the suggestions made earlier for the 

relationships existing between 1jJ of basal region and 1jJ of the nutrient 

solutions (Fig. 8B) and also between tissue 1jJ and proline levels (Fig. 

12) for other cultivars. In fact, the lack of differences among culti-

vars could be due to similar effect of osmotic solution on 1jJ of the 

basal region which in turn -determines the proline levels in this tissue. 
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Table 6. Proline content of different sections of the younger leaf (2nd 
leaf) of 10-day old barley cultivars after 24 hours of stress. 

Proline Contents (~ mole/g DW) 
Tissue Glacier CM-1455 Beecher Gem Arivat CM-72 

Base 19.97+1.0 24.2+4.2 23.5+3.5 25.2+3.5 24.4+0.7 24.6+1.6 

Mid-blade 11.3 13.3 13.4 8.6 11.9 12.9 

Blade 11.3 12.8 6.5 7.9 8.0 6.5 

Ten-day old seedlings of 6 cultivars were stressed in nutrient solution 
containing PEG (-8 bars) for 24 hours and sections of young leaf were 
analyzed for proline. Basal sections are from 1 cm basal region, mid
blade sections are from an area 2-4 cm from the seed and the blade 
refers to the rest of the tissue. Values with + SD are from 3 replica
tions, others are means of 2 replications. In all the cultivars and 
tissues the proline content of control (unstressed) plants ranged from 
1 to 2 ~ mole/g DW. 



Table 7. Proline levels, growth and water status of the basal region of 4 barley cultivars following 
22 hours stress. 

Stressed 
Control Proline Growth Rate 

Cultivars lP(bars) 1T(bars) lP(bars) 1T(bars) J.lmole/g DW % Control 

Arivat -6.5+0.5 -11+0.5 -13.1+0.9 -16.5+0.4 56.3+9.0 19.0% 

Glacier -6.8+0.9 -10.1+0.5 -13.0+1. 0 -18.6+0.5 47.2+2.8 17.5% 

CM-1455 -6.8+0.5 -9.7+0.5 -13.8+0.9 -16.9+1. 3 51. 5+4.2 33.0% 

CM-72 -6.3+0.4 -10.2+0.2 -12.9+0.5 -17.3+0.9 46.5+3.0 32.4% 

Five-day old seedlings were stressed (-8 bars PEG) and growth, proline content, $ and"1T were deter
mined after 22 hours. Proline contents lP and 1T are means of 3 replications. Growth rate values are 
means of 15 replications. Proline contents of basal region ranged from 1-2 mole/g DW in control plants. 

V1 
--.J 
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It is not clear how the cultivars studied here may respond to 

water stress under field water deficit conditions. Clearly, differ-

ences in root and shoot characteristics combined with soil factors may 

cause different cultivars to respond differently in the field. However, 

changes in water.·status in a specific tissue will·be the determining 

factor for proline levels in that tissue. 

Nature of Compounds Contributing to Osmotic 
Adjustment in Young Barley Seedlings 

Rapid osmotic adjustment in the basal tissue of young barley 

seedlings during water stress requires the presence of solutes that 

are either generated in the basal ti~sue or translocated from other 

parts of young seedlings. Since osmotic adjustment during water de-

ficit is potentially an important survival mechanism, an effort was 

made to identify possible compounds that could be involved. 

Since soluble sugars (glucose, fructose and sucrose) have been 

shown to contribute to osmotic adjustment in barley (24, 30) and tropi-

cal pasture species (29), several studies were conducted to see if 

sugar contents changed during water stress. 

The results of several experiments (e.g., Tables 8 and 9) 

showed that in unstressed 5-day old seedlings, total soluble sugars 

(TSS) in the growing region and blade tissues ranged from 11 to 20% and 

6 to 7.5% of total dry weight, respectively. When seedlings were exposed 

to osmotic solution for 1 to 5 hours, the soluble sugars content increased 

significantly, mainly due to increases in glucose and sucrose content 

(Table 8). Upon prolonged stress (23 hrs), however, the total soluble 



Table 8. Total soluble sugars (TSS) , glucose and sucrose contents of 
the basal tissue of unstressed and stressed, of 5-day old 
Arivat seedlings. 
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Soluble Sugars (% Total D£l Weight) 
Duration of Stress TSS Glucose Sucrose 

Experiment 1 

Control (unstressed) 14.35 4.96 7.65 

Stressed 3 hours 21.12 7.00 12.25 

Experiment 2 

Control (unstressed) 13.95 10.60 3.30 

Stressed 0.5 hours 14.70 10.02 4.39 

" 1.5 " 15.41 11.30 4.25 
• 

" 3.5 " 18.42 11.90 5.95 

" 5.5 " 19.33 11.90 6.60 

" 23 " 14.60 9.30 4.86 

Control (unstressed) 23 hrs. 14.02 8.60 4.24 

Seedlings were stressed (-8 bars PEG) for the indicated periods, and 
determinations of soluble sugars were made on lyophilized basal 1 cm 
sections. In Experiment 1, the values are means of 2 replications and 
in Experiment 2 the data are from single analysis. 



Table 9. Total soluble sugars contents of basal and blade tissues of 
5-day old Arivat, and of basal tissues of 5 and 6-day old 
Mariot seedlings following 4 hours of stress. 
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Total Soluble Sugars (% Total DEY Weight) 
Cultivar and Age !issue Control (Unstressed) Stressed (4 hrs) 

Experiment 1 

Arivat, 5-day old Base 21. 66+1.22 24.3+1.31 

Blade 6.26+0.52 7.36+0.47 

Experiment 2 

Mariot, 5-day old Base 11. 80+1. 5 18.16+1. 7 

" 6-day old Base 18.20+1.5 20.14+.9 

Seedlings were stressed (-8 bars PEG) for 4 hours and quantitative 
determinations of total soluble sugars were made from lyophilized 
plant tissues. In Experiment 1 and 2 the values are means of 4 and 3 
replications, respectively. 
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sugars decreased to the level of the unstressed plants (Table 8, Expt. 

2), suggesting that the soluble sugars may be metabolized by the growing 

tissue. 

Data from 6-day old seedlings (Table 9, Expt. 2) showed that 

stress-induced increases in soluble sugars were not as great as in the 

5-day old seedlings. These data coupled with the results of the pro

longed stress study (Table 8, Expt. 2) may mean that supply of readily 

available soluble sugars to the growing tissue is greatly reduced at 

day 6. Conceivably, 5-day old seedlings may receive sugars from the 

seed, and this would be depleted at day 6. 

In all studies, increases in total soluble sugars were insuf

ficient to fully account for the observed osmotic adjustment. For ex

ample, in 5-day old seedlings (Table 9, .Expt. 2), rr was lowered by 5 

bars during a 5 hour stress period, but increases in total soluble 

sugars (7%) were calculated to lower rr by 1.4 bars (assuming the in

creases in TSS was only in the form of monosaccharides, 85% tissue 

water content, and solution of 1 molal monosaccharide 22.4 bars). 

This suggests other compounds must be contributing to osmotic adjust

ment in the growing tissue. Presently, the nature of these compounds 

are unknown, but some preliminary experiments suggested that some of 

these compounds may be in the form of ions. In these experiments the 

basal tissues of unstressed and stressed seedlings were harvested and 

lyophilized. The dry tissues were weighed, ground to powder and a 

known volume of distilled water (usually 2 ml) was added to plant 

materials. The conductivity of these solutions were then measured 
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'using a Conductivity Bridge Model RC-16B2 (Industrial Instruments Inc. 

Cedar Grove, N.J.). The results showed that the conductivity of plant 

materials increased significantly following stress. For example, in 

5-day old seedlings (Table 8, Expt. 1) the results of conductivity 

were calculated to be 4.6 bars decrease in ~ due to increase in ion 

-4 concentration using the equation ~ = (3.98 X 10 ) (conductivity) 

-0.22. The identity of solutes responsible for increases in conduc-

tivity is presently unknown, however it is possible that a wide range 

of solutes are important in the osmotic adjustment by growing region 

of young barley leafes. Some of these are important metabolites which 

must be diverted from other functions. Others possibly accumulate 

presumably because normal growth is prevented by water stress. 



SUMMARY AND CONCLUSIONS 

Young barley seedlings were exposed to nutrient solutions con-

taining NaCl or polyethylene glycol and measurements were then made of 

stress effects on leaf growtli, and also the water status, proline and 

soluble sugar contents of growing and non-growing tissues. 

Leaf growth rates of unstressed 5-day old seedlings usually 

ranged from 1.5 to 2 mm per nour. When seedlings were stressed with 

solutions whose water potential values (W 1) ranged from -3 to -11 so n 

bars, leaf growth. was found to cease within seconds. In all cases, how-

ever, growth resumed after a latent period that was increased in propor-

tion to the degree of stress. Additionally, the new growth rates in the 

presence of the osmotic solutions were decreased as Wsoln was lowered. 

In barley seedlings, growth was fo.und to occur in the basal 1 cm 

of the leaf and the expanded blade showed no evidence of further enlarge-

mente In unstressed seedlings, W of the basal tissues usually ranged 

from -6 to -8 bars, and W of the blades were usually -4 to -5 bars. 

When seedlings were completely immersed for several hours in water, W of 

the basal tissues were equal to those of the blade (~4 to -5 bars). 

When seedlings were exposed to solutions containing osmotic agents, how-

ever, leaf oasal W began to drop below the -6 to -8 bars normally encoun-

tered in transpiring seedlings. Reduction of 1 or 2 bars in W often 

occurred within the first hour but decreases thereafter occurred more 

slowly and W stabilized after 8 to 12 hours. Since osmotic potential 

63 
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values (7T) were lowered j.n proportion to reductions in tjJ, decreases in 

tjJ were attributed to osmotic adjustment. 

Comparative measurements of leaf growth and the leaf basal water 

status values obtained after 1 to 3 days' exposure of seedlings to solu-

tions with tjJ 1 of -1, -3,,-5, and -7 bars showed that cumulative so n 

growth of the leaves, and tjJ and 7T of the basal tissues were reduced in 

proportion to the degree of stress. Turgor, however, was not altered. 

These data contrast sfiarply with those of many others that suggest 

growth must be related to turgor, or turgor above some critical value. 

The difference exist for at least two reasons: In most cases, water 

status measurement of leaves have been determined for the leaf blade. 

In all studies reported here, it was found that blade tjJ and 7T were al-

tered only slightly regardless of the degree or duration of stress and 

no relationship was ever found between these measurements and growth. 

Therefore, for both anatomical and physiological reasons, blade water 

status measurements should not be used as indicators of growth in 

leaves~ Additionally, it seems unlikely that turgor should always be 

the factor limiting growth. Since turgor values were always positive 

and relatively unaffected by stress, it is concluded that other factors 

such as limitations in cell energy levels may be regulating growth. 

Conceivably, solute accumulation required for osmotic adjustment may re-

quire ATPs normally be used for growth processes in unstressed seedlings. 

Experiments were conducted to determine why blade tjJ were higher 

than 7T of the leaf casal tissues. Limited anatomical studies of the 

basal tissues suggested that the cytoplasm may still be present in the 

xylem vessels found in the elongating region. This would indicate that 
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the upward flowing transpiration water must mOve either between or 

through the bulk of the cells present in this region. Since resistance 

to water flow through cell memoranes is considered to be high (50) and 

also because water status values of the basal tissues changed over the 

course of several hours following stress, it is believed likely that 

most of the transpiration water must flow through the cell wall or in-

terce11u1ar space. A different pattern of water loss from the expanded 

leaf blade was envi~ioned to occur. Since water flow through a series 

of cells encounters more re~istance than throught few cells, (51) it 

was hypothesized that most of the water lost as transpiration moved 

from the xylem, through relatively few contig~ous cells, and then into 

the mesophyl1 cavity and not through the bulk of the mesophyll cells. 

This suggests that the transpiration stream is a small, but largely in-

dependent part of the total water present in the blade. Thus, W of the 

transpiration stream may decrease rapidly when seedlings are stressed, 

with apparently little change in W of the bulk of the cells present in 

the blade. In the basal regions, however, ~ince the transpiration 

stream is in close proximity to each of the cells comprising the tissue, 

this area may oe more responsive to changes in W. 
3 

Studies with H20, 

which showed that the specific radioactivities of transpired water were 

considerably higher than the bulk water present in the leaf blades soon 

after plants were expo~ed to the labelled water, provided support to the 

idea that the transpiration stream was largely independent of the water 

in the great majority of blade mesophyll cells. 

Measurements of proline and sugar contents of leaf basal tissues 

from stressed seedlings showed that total soluble sugars contributed to 
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about one third of the osmotic adjustment that occurred in these 

tissues. Stress induced dramatic increases in proline but the con

tribution of proline to osmotic adjustment, however, were minimal. 

Furthermore proline accumulations were found to occur after osmotic 

adjustment. Thus, reductions in either ~ or ~ probably triggered the 

production of proline, but the mechanism for this triggering is un

resolved. In the leaf oasal tissues, proline and other solute levels 

were lowered rapidly after seedlings were relieved of stress, but 

reductions did not occur in the leaf tips of severely stressed seed

lings. 

• 
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