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ABSTRACT 

Leaves of young, barley (Hordeum vulgare cv Arivat) 

seedlings were examined anatomically, physiologically and 

cytologically to infer the pathway of transpirational 

water movement and to understand the basis for the 

selective responsivness of the grow~ng region to osmotic 

stress. Vessels with open lumens were found to extend 

from the intercalary meristem to the expanded blade, and 

all vessels are present in 5 functiona~ vascular bundles 

(FVB) which are separated by 20 to 30 closely packed 

mesophyll cells and 2 to 3 immature vascular bundles 

(IVB). Heat pulse transport data confirmed the anatomical 

suggestion that water will move throughout the leaf in 

open vessels and they showed also that osmotic stress will 

reduce water transport within 1 min, which is before 

transpiration is lowered. Water representing about 2 per 

cent of the total tissue water was obtained by 

centrifuging cut sections of the growing region at 5 X g 

against an adsorptive surface. This water is probably 

xylem plus cell wall water because it is easily removed, 

its volume is 2X that calculated to be in the vessels, and 

it exchanges more readily with the water in the nutrient 

solution than the bulk tissue water. This lack of free 
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exchange indicates apoplastic water is somewhat separated 

from mesophyll cells, and it is hypothesized that osmotic 

stress causes sudden growth cessation and initation of 

metabolic changes because (a) reduced water availability 

together with ongoing transpiration will cause a sudden 

reduction in the xylem's water potential, (b) there is a 

lateral transmission of this reduced water potential 

thro~gh walls of all cells in the growing region, and (c) 

cells can respond in some way to changes in water 

potential around them. Most cells in the expanded blade 

are considered unresponsive to osmotic stress because 

transpirational water will move predominatly from the 5 

FVB through the closest stomata, so only cells closest to 

those bundles will be altered rapidly by stress. 
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INTRODUCTION 

Water stress reduces growth of most mesic plants 

and it has been widely accepted that growth reductions 

occur because of lowered cell turgor (Hsiao 1973). This 

view was supported by experimental data obtained when 

Nitella (Green 1968), and oat (Avena sativa L.) co1eoptile 

segments (Cleland 1971) were exposed to osmotic solutions, 

and also by numerous correlation results which showed 

growth rates of higher plants were proportional to turgor 

(Bunce 1977, Barlow, Boersma and Munns 1977, Hsiao et ale 

1976, Takami 1982). However, most measurements of turgor 

-in higher plants were obtained from already expanded 

tissues and more recent studies (Matsuda and Riazi 1981, 

Meyer and Boyer 1981, Michelena and Boyer 1982) have shown 

that the stress responsiveness of growing tissues can 

differ substantially from that of expanded tissues. 

Pronounced response differences due to development have 

been observed in barley (Hordeum vulgare L.) leaves, and 

the results of studies with this plant have raised serious 

questions about the validity of the hypothesis that links 

growth to turgor (Matsuda and Riazi 1981). As in the case 

of corn (~ mays L.) leaves (Acevedo, Hsiao and Henderson 

1971), sudden exposure of barley seedlings to osmotic 
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solution causes leaf elongation to stop almost 

immediately (Matsuda and Riazi 1981). This growth 

cessation in barley leaves occurs before there is a change 

in any water status value of the growing region. However, 

stress induces a pronounced and prolonged osmotic 

adjustment in the growing region while only slightly 

affecting the water status of the expanded blade; 

futhermore, because reductions in water potential (~ ) 

equal the .decreases in osmotic potential ( ~ ), turgor 
'II" 

is maintained in the growing region of stressed leaves 

even though growth is clearly reduced. Maintenance of 

turgor in the growing region of stressed tissues has been 

noted also in dark-grown squash (Cucurbi ta pepo L.) 

hypocotyls and pea (Pisum sativum L.) epicotyls (Mason and 

Matsuda 1985), soybean (Glycine ~ L.) hypocotyls (Meyer 

and Boyer 1981), and wheat (Triticum aestivum L.) (Mason 

and Matsuda 1985, Barlow, Munns and Brady 1980) and corn 

(Michelena and Boyer 1982) leaves. 

Selective stress-cause changes in other processes 

occurring in the growing region have also been found. For 

example, osmotic stress induced increases in glucose were 

found to parallel reductions in tissue~ and ~'II" ' and 

pronounced stress-induced increases in proline occurred in 

growing regions whereas only minor changes in this amino 

acid were detected in the expanded blade (Riazi, Matsuda 
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and Arslan 1985). Additionally, Mason and Matsuda (1985) 

noted that the proportio~ of ribosomes present as 

polyribosomes (polyribosome percentage) was reduced 

detectably in 15 min following exposure to osmotic 

solutions whereas changes in polyribosome percentages in 

the expanded blade did not occur for 2 h. Furthermore, 

when plants were stressed with different concentrations of 

osmotic solutions for periods sufficient to allow for 

stabilization of growth rates, polyribosome percentages 

and osmotic adjustment of the growing region were all 

related directly to the ~ of the osmotic medium (Mason 

and Matsuda 1985). 

Such results raise questions about how growth and 

metabolic processes are controlled in the growing region, 

and why tiss~e development can alter response to stress. 

The objective of this study is to try to gain answers to 

the above questions and in order to obtain this knowledge, 

a combined anatomical and physiological approach was 

employed. 
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LITERATURE REVIEW 

Growth, water status, and biochemical changes in growing 
and expanded tissues .i~lation ~ stress. 

Plant cell enlargeme~t depends on the uptake of 

water, extension of the cell wall and accumulation of 

solutes, and the following view derived from suggestions 

of several workers (Boyer 1985, Cleland 1971 & 1981, and 

Taiz 1984) was used to explain how the processes are 

related: Cell enlargement is initiated by biochemical 

modifications of the cell wall to cause "wall loosening", 

and once loosened, cell extension can occur if there is 

sufficient turgor (P). Cell P, in turn, exists because 

the chemical activity of water within cells, or its water 

potential (~) , is sufficiently low to cause water influx 

at a rate sufficient to ultimately exert a hydrostatic 

pressure on the plasma membrane. Reductions in ~ have 

traditionally been thought to occur because cells 

passively lose water, or because they actively accumulate 

solutes that results in the lowering of their osmotic 

potential (~). More recently, Boyer (1985) has suggested 
1T 

that the process of cell extension itself will reduce 

cellular P and therefore its· ~ • He has used this concept 

of "growth-induced reduction in ~ " for explaining why 
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growing tissues have lower $ than proximally located 

expanded tissues. 

Although the existence of chemical "wall loosening 

factors" have been acknowledged, cell enlargement 

traditionally has been viewed as being a biophysical 

phenomena that is regulated primarly by cell P. According 

to this view, growth of water stressed plants will be 

reduced because of direct reductions on cell P and not on 

effects on the availability of wall loosening factors, or 

of water itself. As a result of several more recent 

studies, however, there are now reasons for questioning 

the emphasis that has been placed on cell P as being the 

primary determinant of growth. These studies have shown 

that cell growth is a complex biochemical as well as 

biophysical phenomenon, and that tissue anatomy is a 

factor that must also be considered when trying to assess 

responses of cells to water ~tress •. In this review, I 

will begin by presenting the evidence that has led to the 

idea that growth is regulated by turgor and will then 

provide results from studies that have questioned this 

view. Subsequently, evidence for the possible involvement 

of anatomy in determining responses of tissues to water 

stress, and some possible approaches which can be used for 

studying water movement in plant tissues will be 

discussed. 
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Relation of growth ~ water status. 

The suggested relation of growth to turgor was 

first presented by Lockhart (1965) who stated that: 

G = m (P - Y), 

where G is the relative growth rate, m is a wall 

extensibility factor, P is the tissue or cell turgor, and . . 

Y is the yield threshold pressure below which growth will 

not occur. This theoretical view was subsequently 

supported by experimental studies with excised oat 

coleoptiles (Cleland 1971), algae such as Nitella (Green 

1968~ Green, Erickson and Buggy 1971), and data obtained 

from several monocot and dicot species (Hsiao 1973~ 

Acevedo et ale 1979~ Greacen and Oh 1972~ and Kirkham, 

Gardner and Gerloff 1972) that were stressed for water. 

Cleland (197l) provided excised oat coleoptile sections 

with auxin and regulated external water status with 

osmotic solutions. He showed a minimum turgor had to be 

exceeded before wall extension occurred, and growth 

thereafter was proportional to turgor. Green and 

coworkers (1968 & 1971) regulated the ~rr around Nitella 

cells with osmotic solutions, and found that small 

variations in the external ~rr caused an immediate increase 

or decrease in growth and also turgor. In most higher 

plant studies, plants were stressed for one or more days 
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and growth rates and water status of tissues were then 

determined. As in the case of coleoptile segments and 

Nitella, growth rates were found to correlate well with 

turgor. 

Although the studies presented above appsar to 

pr'ovide ample reason for accepting the hypothesis that 

turgor regulates growth, it should be noted that not all 

data supported the belief. Cutler et ale (1980) found 

that'growth of rice leaves was greater in light than in 

darkness despite the fact that leaf P during daylight 

hours was lower than at night. Also, although Hsiao was a 

firm believer of the idea that turgor regulates growth, he 

and his workers (Acevedo et ale 1979) presented results 

that showed growth of maize leaves on unstressed plants 

were higher in the daytime when turgor was relatively low, 

than at night. 

Perhaps because of convenience, most measurements 

of tissue water status were performed on organ parts that 

have already completed their growth (e.g. expanded 

blades). In 1981, Matsuda and Riaz i stressed intact 

barley seedlings with osmotic solutions, and related leaf 

growth to water status values of the expand~d blade and 

also to the growing region, which is confined to the basal 

10 mm closest to the seed. In these studies, tissue ~ and 
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1/Jrr were measured psychrometrically on excised 10 mm 

segments, and with unstressed tissues, they found that the 

1/J of the growing region was -0.6 to -0.8 MPa, which was 

lower than the -0.4 to -0.5 MPa found in the expanded 
I 

blades. After one or more day's stress, it was noted that 

stress lower.ed the 1/J of the growing region in proportion 

to the degree of applied stress but had relatively little 

effect on the 1/J of the expanded blade. Additionally, 

because 1/J reductions equalled 1/J reductions in the growing rr 

region, turgor remained constant even though growth was 

clearly reduced. 

Because of the prevailing feeling that growth 

should be proportional to turgor ,the accuracy of 1/J values 

obtained psychrometrically for excised sections of growing 

tissues were questioned (Cosgrove, Volkenburgh and Cleland . 
1984~ T. C. Hsiao, symposium adress, August 1983 annual 

meeting of the American Society of Plant Physiologists, 

FT. Collins, CO.). Hsiao reasoned that wall relaxation 

and therefore P and 1/J loss will occur during the 

equilibration period required in psychrometric 

determination of water status of growing tissues. To 

eliminate the possibility of obtaining artifactually low 

,1/J measures, he suggested an alternative, rapid method for 

determining 1/J using the dye method. Later studies with 
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growing regions of barley and wheat leaves, and dark-grown 

squash hypocotyls and pea epicotyls, however, showed that 

~ values obtained psychrometrically from the growing 

region of stressed and unstressed tissues of all 4 species 

were the same as those estimated with the rapid dye 

procedure (Mason and Matsuda 1985). Additionally, 

Westgate and Boyer (1984) found that~values obtained 

psychrometrically with cut sections of corn leaf growing 

tissues we~e virtually identical to those obtained with 

in-situ psychrometers. In addition to confirming that the 

~ of excised segments of growing tissues can be 

determined accurately with psychrometers~ the results show 

that appreciable relaxation of cell walls does not occur 

when tissues are excised. This indicates excision may 

eliminate a factor that must be supplied normally to 

growing cells. Boyer and coworkers (Matyssek, Maruyama 

and Boyer 1988) suggested that lack of water availability 

may eliminate growth and wall relaxation by excised 

segments and they found that elongation of the growing 

region of dark-grown pea and soybean epicotyls will occur 

if adjacent non-growing tissues which presumably serve as 

water reserviqrs are included in the excised segment. 

They concentrated only on the idea that the attached 

mature tissues act as a water source for providing water 
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to the growing tissues, however, these tissues may also 

act as a supply of other factors required by growing 

cells. 

Studies with several plants besides barley have 

shown that stress will reduce growth without affecting the 

. turgor of the growing region. Boyer and coworkers found 

that mild stress will stop or slow growth of dark-grown 

soybean hypocotyls (Meyer and Boyer 1981; Cavalieri and 

Boyer 1982) and light-grown corn leaves (Michelena and 

Boyer 1982) even though turgor of the growing region 

remained unchanged. In corn leaves, also, Michelena and 

Boyer found that turgor of the blade of stressed seedlings 

dropped to zero. Mason and Matsuda (1985) found that leaf 

growth of wheat and barley, and epicotyl and hypocotyl 

elongation of dark-grown pea and squash seedlings, 

respectively, were all reduced in proportion to the level 

of applied stress. Stress also quantitativly reduced the 

~ and ~n of the growing tissues, and because reductions 

were equivalent, turgor remained constant. 

In addition to showing the need to focus on 

appropriate tissues when trying to relate growth to tissue 

water status, the stress-induced response differences 

obtained with growing and expanded tissues also raised 

questions about why the growing region selectively 
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undergoes o~motic adjustment, and why it tends to maintain 

nearly constant turgor. Further understanding of the 

relation of tissue development to growth and metabolism 

was obtained by comparing stress effects on the kinetics 

of growth and metabolic processes occurring in growing and 

expanded tissues from stressed barley seedlings. 

Water Stress effects on growth and metabolism of growing 
and expanded barley leiftissues;--

Water stress and overall growth responses. 

As was found for corn (Acevedo, Hsiao and 

Henderson 1971) leaf, elongation of intact barley 

seedl ings ceases almost immediately after roots are 

exposed to osmotic solution (Matsuda and Riazi 1981). 
, 

This indicates that all leaf cells involved in elongation 

must sense and respond within seconds to reduced water 

availability around roots. Growth cessation, however, is 

only part of the overall growth response to stress. When 

seedlings are exposed continously to osmotic solutions of 

different concentrations (-0.2 to -1.0 MPa), growth 

resumes after a lag time of a-few minutes in mild and' 1 to 

2 h in the more severe stress medium, and new growth rates 

are proportional to the t/J of the nutrient solution. 

These results suggest there must be a rapid initiation of 

one or several adjustment processes that ul timately 

results in the quantitative regulation of cell elongation. 
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stress effects on polyribosome levels. 

Water stress has been long known to rapidly reduce 

the proportion of ribosomes present as polysomes 

(polyribosome percentages) in young tissues. Mild stress 

for 30 min has been found to reduce polyribosome 

percentages in coleoptilar nodes of young dark-grown corn 

seedlings (Hsiao 1970), and shoots and cotyledons of 6 to 

8 day old peas and 3 to 4 day old pumpkins, respectively 

(Rhodes and Matsuda 1976). Studies with corn mesocotyls 

(Bewley and Larsen 1982) and wheat shoots also provided 

evidence that stress lower polyribosome percentages. 

In more detailed studies, Mason and Matsuda (1985) 

demonstrated that stress selectively reduces polyribosome 

percentages in the grow ing reg ion of barley leaves. 

Reductions in polyribosome percentages were detected 

within 10 to 15 min in the growing region, and levels 

continued to decrease for about 4 h before stabilization 

occurred. In contrast, polyribosome percentages were not 

altered in the expanded blade for 2 h, and decreases 

occurred slowly thereafter. In studies with barley and 

wheat leaves, and dark-grown squash hypocotyls and pea 

epicotyls of seedlings which were stressed for 12 or more 

h with medium containing different concentrations of 

osmoticum, these workers also found that polyribosome 
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percentages of the growing region were directly related to 

the solution 1J! and also to organ growth rate. 

Stress effects on the solute content of the growing 
region. 

In time course studies with moderatly stressed (-

0.8 MPa) young barley seedlings, Matsuda and Riazi (1981) 

and Riazi, Matsuda and Arslan (1985) found that 

significant and equivalent reductions in 1J! and 1J!rr of the 

growing region of barley leaves occurred within 0.5 to 1 

h, but both measurements continued to decline for about 12 

h before stabilized values were obtained (Riazi, Matsuda 

and Arslan 1985). In an effort to identify the specific 

solutes responsible for osmotic adjustment, Riazi, Matsuda 

and Arslan attempted to correlate changes in contents of 

specific substances with observed alterations in 1J! 

Because increases in sugars were considered to be largely 

responsible for osmotic adjustment in growing region of 

wheat leaves (Munns, Brady and Barlow 1979); Munns and 

Weir 1981), attempts were made to relate changes in sugar 

content to osmotic adjustment in barley leaves. Such 

studies showed that in moderatly stressed plants, 

increases in glucose closely parallele~ reductions in 

~ of the growing region of leaves. However, glucose 

increases accounted for about 1/3 of the total osmotic 
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adjustment and in some studies, glucose increases occurred 

as sucrose levels declined. Thus, other substances are 

involved in osmotic adjustment. If this substance (s) is 

an unionized, organic substance, calculations based on dry 

weight and 1/1 changes found in the growing regions of 
. . . 

barley leaves (Riazi, Matsuda and Arslan 1985) indicate 

that a substance of molecular weight close to 200 may be 

largely responsible for osmotic adjustment that occurs in 

stressed seedlings. Because wall synthesis is reduced in 

stressed tissues, the substance responsible for the 

osmotic adj ustment may be a product of carbohydrate 

metabolism that result from an accumulation of cell wall 

precursors. Unfortunately, the identity of this material 

is still unknown. 

Examinations of the content of inorganic ions 

showed that levels of K+ were extremely high (900 umol g-1 

dry weight) in growing regions of unstressed plants, but 

its level and levels of other ions (Na, Mg, Ca) were not 

altered by stress (Riazi, Matsuda and Arslan 1985). 

Stress, however, may change the distribution of ions 

between the apoplasm and symplasm, but this possibility 

was not examined. 
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Proline levels increase in barley leaves during water 
stress. 

Stress-induced increases in proline content 

commonly occurs in plant tissues and Chu, Aspinall and 

Paleg (1976)1 and Hanson, Nelsen and Everson (1979) 

presented curves that showed levels of proline in stressed 

barley leaves increased as ~ decreased. Hanson, Nelsen 

and Everson concentrated on stress-induced proline changes 

that occurred in the leaf tip and since they found that 

proline levels did ~ot begin to increase until ~ fell to -

1.0 MPa, which was roughly when turgor became zero, they 

concluded that proline increases were due to turgor loss. 

Riazi, Matsuda and Arslan (1985) measured proline levels 

in growing, mid-blade and intervening regions of barley 

leaves and noted that after 1 or more days of osmotic 

stress, proline levels in all parts of the leaf were 

inversely related to tissue ~. Unlike the situation in 

the leaf tips, where stress led to turgor loss, turgor was 

not changed in the more basal parts of the leaf. In 

growing regions, proline levels began to rise after 4 h of 

stress, which is long after initiation of stress-caused 

osmotic adjustment, and proline amounts ultimately became 

10 times greater than levels in the expanded blade. These 

data suggest that an increase in proline is not the cause 

of, but can be a consequence of osmotic adjustment. 
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A summarization of the results obtained with 

stressed barley seedlings shows that stress will cause 

leaf growth to stop almost immediately, but growth will 

resume after a lag period that increases with stress 

intensity, and growth rates of stressed plants are related 

directly to the t/J of the external nutrient medium. 

Stress also caused minor changes in the water status of 

the expanded blade, but it led to pronounced changes in 

several processes in the growing region. Furthermore, 

initiation of changes in some processes (reductions in 

polyribosome percentages, osmotic adjustment) in the 

growing areas may occur close to the same time that growth 

cessation occurs, whereas stress-caused increases in 

proline was clearly a delayed response. 

To explain why stress causes rapid growth 

cessation, Matsuda and Riazi (1981) hypothesized that 

sudden reduced water availability together with ongoing 

transpiration must cause a reduction in the transpiration 

stream's hydrostatic pressure, and cells in the growing 

region must somehow be able to respond to those changes. 

Because growing root tip and shoot apex tissues have 

poorly developed xylem, they also suggested that 

transpirational water likely moves intercellularly through 

the growing region of barley leaves, and rapid growth 

responses may occur because all cells will be proximal to 
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the transpiration stream. However, anatomical observations 

were not available for testing the proposed pathway of 

water movement. 



I.The pathway of water movement. 

Theoretical considerations. 

32 

Because plant tissues are complex collections of 

cells which consist of 80 to 90% water, it is difficult to 

directly determine how water moves through cells and 

organs. As a result, most attempts to determine water 

movement have been indirect, and unverified assumptions 

sometimes have been employed. For example, transpirational 

water is considered to move upward largely in the xylem, 

and without a great deal of direct evidence, it is 

generally accepted that the quantity of water which flows 

through capillaries such as tracheids and vessels will be 

adequatel~ described by the Hagen-Poiseuille equation: 
p 1T r 

o = -g-nT.-.t 
where 0 is the quantity of water, L is the length of the 

cylinder of internal radius, r~ p is the pressure on the 

liquid~ n is the viscosity~ and t, is the time in seconds. 

Because 0 is related to the fourth power of the radius, 

the equation has been used to support the view that 

angiosperms, which can have relatively large diameter 

vessels, will be capable of transporting greater amounts 

of water through shoots than gymnosperms, which have only 

small diameter tracheids. 

In vascular plants, water must also move from the 

xylem to the surrounding mesophyll cells, anGl major 
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questions exist regarding the fraction that moves in cell 

walls, or through the cells themselves. Early in this 

century, it was assumed that water moved freely across 

membranes, but it is now accepted that the plasmalemma is 

a major barrier against water flow. Nobel (1974) used a 

modified Hagen-Poiseuille law to compare the pressure 

differences required to move water at a velocity of 0.1 

cm/s"through a hypothetical vessel of 20 urn in radius, 

1000 urn in length, and also through two end walls that 

were each S urn thick with interfibrillar spaces with a 

radius of S nm. Additionally, he determined the pressure 

drop required to move water at the same velocity through a 

membrane with a hydraulic conductivity value of 10-Scm/s

bar (a value frequently quoted) by using th~s equation 

which was derived from Fick's first law: 

Jv = Lp (~P - a ~Tr 

where Jv is the water transport velovity in cm/sec; ~ p and 

~Tr are the differences in hydrostatic pressure and osmotic 

pressures, respectively, that exist inside and outside 

cells, and a is a dimensionless reflection coefficient 

for solute movement through the membrane. He assumed that 

the membrane prevented all ion transfer and had a a = 1. 

Nobel calculated that a pressure difference of only 2 x 

10- 4 bars was needed to transport water in the vessel, but 

a pressure differential of 30 bars was required to move 
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water through the cell wall, and 2 x 10 4 bars were needed 

for water to cross the plasm membrane at 0.1 cm/s. On the 

basis of the different pressure requirments, he concluded 

the membrane is the major barrier for water movement. 

Al though Nobel's calculations provide an idea of the 

relative resistances involved in the passage of water 

across membranes, walls or in vessels, in reality, water 

move~ across membranes at much slower velocities than 0.1 

cm/s. Jv values of 10-7 cm/s are quoted frequently, and at 

these velocities, a pressure differential of only 0.02 

bars is required to transport water across membranes that 

have an Lp of 10-5 cm/s-bar. 

Hydraulic conductivity values of cells and' tissues. 

Pressure probe and other methods have been used to 

determine if water moves from the xylem through mesophyll 

cells or via their cell walls. In these studies, it is 

reasoned that if water moved through cells, resistances 

would be additive and hydraulic conductivity values of 

tissue will be lower than those for individual cells. On 

the other hand, if hydraulic conductivities of tissues 

were equal or higher than those of individual cells, water 

is assumed to move apoplastically. Hydraulic conductivity 

values (Lp) for individual cells were determined by using 

the pressure probe to rapidly alter the hydrostatic 
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pressure imposed on cells, and t~en measuring the time 

required to reach new stabilized turgor values (often 

referred to as the half time for water exchange). Tissue 

hydraulic conductivities were determined typically by 

studying turgor changes on cortical cells when water under 

defined pressures was applied to the xylem of cut roots, 

or when the osmotic concentrations of the medium 

surr9unding the roots were altered (Husken, Steudle and 

Zimmerman 1978, Steudle 1980). Because hydraulic 

conductivity values of whole wheat (Jones et al 1983) and 

barley (Steudle and Jeschke 1983) roots (10- 7 cm/s-bar) 

were an order of magnitude lower than those of individual 

cells, they concluded water flows through cells in root 

tissues. 

There are several reasons for being cautious about 

accepting the stated Lp values for tissues. Lp values 

appear to vary considerably with the method used for 
I 

causing water flow. When Steudle and coworkers(Westgate 

and Steudle 1985, Steudle and Boyer 19&5; and Steudle, 

Oren and Schulze 1987) used osmotic gradients to cause 

water movement in maize roots and shoots and in soybean 

hypocotyls, they found Lp values for tissues were an order 

of magnitude lower than that of individual cells. 

However, Lp values for tissues were higher than for 

individual cells when hydrostatic pressures were applied 
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to whole roots or shoots. Similar variations in Lp values 

were obtained for epidermal leaves of Tradescantia (Tomos 

et al 1981), and in the cortex of growing pea epicotyls 

(Cosgrove and Steudle 1981). 

In . addition to variations resulting from 

procedural differences, some of the assumptions used in 

determining Lp values may be invalid. zimmerman and 

Steudle (1978) stated that half times for water exchange 

for cells are valid only in a single cell bathed in a 

large external volume and not for water exchange between 

cells of a tissue as a whole. Further, it is generally 

assumed that cells in tissues are homogenous, therefore, 

their hydraulic conductivity values should be similar. 

This assumption might be invalid where cell Lp values were 

shown to range from 10-5 to 10- 9 cm/s-bar according to 

tissue type and plant species (Dainty 1976, Zimmerman and 

Steudle 1980). 
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Water transport through plasmodesmata. 

It has long been suggested (Tangl 1879, Robards 

and Clarkson 1976) that cell-to-cell transport of water as 

well as.ions will be facilitated by plasmodesmata - the 

protoplasmic strands that connect living plant cells. 

Because resistance to movement of ions across membranes 

are very high, the potential role of plasmodesmata as 

path~ays for ion transfer appears valid. Unfortunately, 

although several studies indicate ions such as Cl will be 

found in plasmodesmata of Limonium vulgare (Z iegler and 

Luttge 1967) a halophyte, and other plants (van Steveninck 

et ale 1973, Stelzer, Luchli and Kramer 1975, van 

Steveninck 1976), quantitative data showing the extent of 

water or ion transfer through these strands are 

unavailable. As a result, the role of plasmodesmata can 

only be inferred. Because plasma membrane numbers/uni t 

distance and plasmodesmatal numbers/unit cell surface area 

are greater in meristematic regions than in expanded 

tissues (Juniper and Barlow 1969), it is reasonable to 

believe that cell to cell transfer of water as well as 

ions will be enhanced in meristems. 

There are reasons for believing that water 

transport through plasmodesmata may not be major factors 

in expanded tissues. The permeability of water through 

membranes is 4 to 5 orders of magni tude higher than that 
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for transfer of most ions so that the role of 

plasmodesmata may not be critical; the limited hydraulic 

conductivity values for tissues suggest that water likely 

flows across plasma membranes (Clarkson, Robards and 

• Sanderson 1971; Tyree 1970) in some tissues; and water can 

traverse guard cells easily even though they have no 

plasmodesmata. 

2.The use of markers to determine the pathway of water 
movemeii't."" -

The apoplastic pathway of water movement. 

Several attempts to determine sites of water loss 

and pathways of water movement through leaves have been 

made with insoluble markers such as colloidal gold (Gaff, 

Chambers and Markus 1964), soluble but in-situ 

precipitable substances such as lead chelates (Crowdy and 

Tanton 1970; Tanton and Crowdy 1972a,b; Byott and Sheriff 

1976) and various dyes (Strugger 1939; Thomson, Platt and 

Campbell 1973; Pizzolato et al 1976; Altus and Canny 1985, 

and Canny 1986). Because these materials w.ill not 

transverse the intact membranes of the roots, they are 

normally introduced to cut ends of roots, stems, and 

ieaves, and tissues are then examined microscopically. 

Such studies have shown that markers were largely 

confined to the tracheary elements (xylem vessels or 

tracheids), the cell wall areas of the bundle sheath and 
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mesophyll cells, and around the guard cells. These 

results indicate that water in the transpiration stream 

moves apoplastically via the xylem and from there to the 

bundle sheath and mesophyll cell walls and later to the 

evaporating surfaces of the leaf. Also, water moves to 

evaporating sites on the epidermis, including guard and 

subsidiary cells (Williams 1950, Sheriff and Meidner 1974, 

Meidner and Willmer 1975, and Meidner 1975). 

Several arguments have been raised against the use 

of dissolved or insoluble markers. Samples preparation and 

drying may cause the tracers to move outwards (Crafts and 

Yamaguchi 1963). In addition, the mark"ers are unable to 

cross membranes and are, therefore, not ideal tracers for 

measuring water transport. 

3.The use of labelled water ~ infer ~ pathway ~ water 
movement: -" 

Although water movement in plant tissues can be 

studied better with labelled water than with membrane 

impermeable markers, it was apparent from early studies 

that difficulties can arise in the interpretation of the 

results. For example, Raney and Vaadia (l965a,b) exposed 

roots of intact or excised sunflower seedlings to nutrient 

solution containing tritium-labelled water (3 H20 ) and 

measured changes in specific radioactivities of the water 
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In the first 2 h they 

found that the root system reached equality with tritium 

in the external solution much more slowly when the shoot 

was transpiring than when the shoot was detached or when 

the intact plant was in the dark. In intact rice 

seedlings, Shibabe and Yoda (1984) found that the specific 

radioactivities of the roots reached 0.9 of that of the 

nutrient solution after 30 min. They suggested that about 

10% of tissue water in the whole seedlings is 

unexchangeable, and the remaining 90% is exchangeable with 

the nutrient solution. 

In shoots of intact sunflower plants, Raney and 

Vaadia (1965 a) found that the specific radioactivities of 

water in stem internodes and leaf veins became the same 

as-that of the nutrient solution after 3 h, but water in 

the mesophyll of leaf blades reached only 0.6 times that 

of the external solution. They concluded that the blades 

had low specific radioactivities because of dilution by 

incoming unlabelled atmospheric water, and Shibabe and 

Yoda (1984) stated that a similar phenomenon applied to 

rice plant. This explanation seems improbable because the 

atmosphere usually has much lower vapor pressures than 

that of tissues and the tendency for water to enter leaves 

should be very small. In any event, it should be possible 

to test the validity of such a suggestion by placing 
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plants in environments with widely different relative 

humidities. Matsuda and Riazi (1981) performed short

term kinetic with 3H20 to infer whether transpirational 

water movement from the xylem toward stomata of barley 

leaves occurs apoplastically or from cell to cell. They 

reasoned that if water moved outward through mesophyll 

cells, the specific radioactivities of water in the blade 

should be equal to or larger than those obtained at the 

same time for the transpired water: on the other hand if 

transpirational water passes from the xylem through 

relatively few cells in its movement outward, its specific 

radioactivities should be higher than those of the blade. 

Their results show that when 3H20 is supplied to roots of 

intact seedlings, specific radioactivities of transpired 

water obtained in early samplings were initially higher 

than those of the blade, but radioactivities were the same 

after about 3 h. Such data indicate that mesophyll cells 

are largely bypassed as transpirational water moved 

outward, but some exchange with cellular water also 

occurs. They also concluded that only the results that 

occur before equilibration should be used to infer water 

movement in such experiments. 

Dainty (1963) and later Boyer (1985) have argued 

that labelled water behaves like dissolved solutes, and 
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its transport across membranes will be reduced by 

unstirred layers adjacent to the membranes. Boyer, for 

example, stated "labelled water will penetrate into 

diffusional space not normally a part of the bulk flow 

pathway because of the diffusion gradients created by 

large concentrat~on differences of label." It should be 

noted that isotopic forms represent an infinitesmally 

small amount of water, and concentration differences of 

label will not exist. Additionally, while unstirred 

layers may reduce water transport across membranes, the 

effects on water or 3H20 should be identical except for 

mass differences. 

4.Heat pulse method for measuring water flux. 

Water can also be labelled using heat pulses, and 

several attempts have been made to use heat pulse to 

measure water movement in herbaceous as well as in woody 

plants (Huber 1932, Bloodworth 1955, Closs 1958; Cohen, 

Fuchs and Green 1981; Cohen, Kelliher and Black 1985; 

Swanson 1983, Sakuratani 1981, 1982 and 1985; and Hanyu et 

al 1984). These studies have all show that water flow 

rates evaluated by this method can be related to 

transpiration rates. 

Arguments have been raised against the accuracy of 

this technique. In woody plants, Marshall (1958) and 
( 
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Green and Clothier (1988) showed that the stream velocity 

of water was actually larger than that of the heat pulse 

method, and Marshall concluded that this decrease in 

velocity was a disadvantage for measuring the sap velocity 

by the heat pulse method. A more important deficiency of 

the heat pulse theory is based on the assumption that all 

vessel elements are homogenous so that heat and/or water 

can move uniformally through them. In reality, vessels 

have different sizes as they extend along the plant and 

errors may occur because it is difficult to determine 

their cross sectional areas. 



44 

General structural features of cereal leaves. 

Anatomical features of wheat (Blackman 1971), corn 

(Sharman 1942, Esau 1943, Kumazawa 1961), rice (Oryza 

sativa L.) (Majumdar and Saha 1956), and oat (Kaufman, 

Cassel, and Adams 1965) have been described and while 

there are differences, all cereal leaves have some common 

characteristics. The leaf blade is relatively narrow, and 

as is the case with most monocots, veination is typically 

parallel. Growth occurs as a result of expansion of cells 

generated by an intercalary meristem located as the base 

of the leaf, and the growing region is normally protected 

by an enclosing coleoptile, or sheaths of older leaves 

(Esau 1977). Enlargement and differentiation are 

essentially complete by the time the section emerges from 

the protective sheath (Dale and Milthorpe 1983), and in 

the case of young barley leaves, Matsuda and Riazi (1981) 

found cell elongation occurred within the basal 1 cm 

closest to the seed. 

The distribution of the vascular bundles. 

Vascular bundles of different sizes are found, 

with the median or central bundle being the largest as . 
shown for wheat (Patrick 1972, Blackman 1971, Altus and 

Canny 1985 ; Altus, Canny and Blackman 1985) and for corn 

(Sharman 1942, Esau 1943). There are other large parallel 
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bundles, but these may be separated by smaller bundles 

often referred to as being intermediate bundles •. In 

wheat, Blackman (1971), has shown that the paralle 1 

bundles are linked by small transverse bundles that are 

believed to provide lateral conduction. 

The relationship of bundles to mesophyll cells in 

the blade differs between C4 plants such as corn and 

sorghum, and C3 plants such as wheat or barley. This was 

recognized as early as 1890, when Schwendener noted that 

vascular bundles can be surrounded either by one or two 

distinct cell layers or 'sheaths'. In. those with one 

sheath (e.g. corn), the walls of the sheath cells are 

parechymatous and the cells commonly develop chloroplast 

that may be rich in starch. In those with two sheaths 

(e.g. barley, wheat and oat), the outer sheath cells are 

parechymatous and often develop chloroplasts, but the 

inner sheath (mestome sheath) cells are usually colorless 

and have asymmetrically thickened walls. Addi tionally, 

examinations of photographs from the various authors show 

that cells of most grasses are tightly packed, and there 

are many more vascular bundles in C4 plants than in C3 

plants. In C4 plants, bundle sheath cells of adjacent 

bundles are separated from each other by 2 or 3 mesophyll 

cells; in contrast, there may be 8 to 20 or more mesophyll 

cells that lie between the outer sheath cells of adjacent 
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bundles of C3 plants. 

In addition to sheath cells, the large bundles of 

grasses contain tracheids, vessels a~~ various phloem 

cells. Esau (1943) has described the arrangement of xylem 

and phloem as being collateral, and when mature, enclose 

no meristem between them. She concluded also that xylem 

elements consist of protoxylem (which have annular or 

spiral lignified vessels) that mature before the stem or 

the leaf elongates, and metaxylem vessels, usually with 

pitted or reticulate-pitted secondary walls. The phloem of 

large bundles is composed of large sieve tube elements, 

small companion cells and phloem parenchyma cells in a 

more or less orderly pattern. Esau also found that the 

small peripheral bundles of the stem and the small strands 

of the leaf sheath in corn have less vascular tissues than 

the larger bundles. Furthermore, the smallest bundles, 

which are the closest bundles to the periphery of the 

stem, cotained no protoxylem and the phloem is entirly 

lacking. 

xylem differentiation.' 

Differentiation of xylem cells is a unique 

morphogenetic p'henomenon in plant tissues. Xylem cells 

enlarge considerably over their precursor procambial or 

cambial cell, then lay down a secondary lignified wall in 
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precise patterns, and finally undergo extensive autolysis 

in which the entire protoplast and parts of the end wall 

are hydrolyzed (Roberts 1969, Srivastava and Singh 1972; 

Torrey, Fosket and Helper 1971). As a result, the end 

walls can form perforation plates which can be connected 

end to end to yield vessels that allow water and solutes 

to move vertically through them with low resistance 

(Mauseth 1988). 

Xylem vessels may extend through the intercalary meristem. 

Because the intercalary meristem and the 

elongating zone are located at the basal part of the leaf, 

water moving upward in the leaf must pass through a region 

of comparatively immature and undifferentiated tissue. 

There have been some questions about how water can move 

through this region, and because of the presence of the 

intercalary meristem, Matsuda and Riazi (1981) inferred 

that the vessels may be poorly developed and water may 

pass intercellularly through the basal reg ion. Some 

support for this view was provided by Dean and Leech 

(1982) who found that all vascular cells in 7-day old 

wheat leaves had cytoplasm and nuclei. However, Esau 

noted in (1943) that in corn leaves the protoxylem 

elements are initiated early in leaf development, and they 

are functional in the basal region. Although, she felt 
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that the protoxylem vessels are generally destroyed during 

growth, they differentiate in succession so that some 

intact and functional vessels are present throughout the 

period of elongation. Westgate and Boyer (1984) used these 

data to infer that the xylem must serve as the supply of 

water for cell expansion as well as for transpiration in 

the exposed stem and leaf blade, ~nd this view has been 

supported by data from Barlow (1986). 

Barlow (1986) tested xylem functionality within 

the expanding zone of wheat leave~ by measuring the 

distribution of water soluble dyes provided through cut 

roots. He found that while the developing leaf has 13-19 

longitudinal veins, only the protoxylem elements of the 

central vein (midrib) had the marker dye as the leaf 

emerges from the sheath. When 70 mm of the leaf blade is 

emerges beyond the coleoptile, only three veins are 

functional through the basal meristem. This number 

increases to five when the leaf has reached 75 per ce n t of 

its final length. He inferred that the dye method can be 

used to trace water movement in veins. 

Xylem-to-mesophyll cell water movement. 

In addition to the axial direction of water 

movement through the xylem, water should move laterally 

from xylem vessels to the adjacent mesophyll cells so that 
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they can grow and enlarge. This movement must occur 

through openings or gaps in the cell walls that connect 

xylem with neighboring cells (Zimmerman 1983). There are 

certain portions of the cell wall that remain thin as the 

secondary wall is formed and these openings, therefore, 

consist only of primary wall material. These areas, which 

are of variable shape are referred to as pits (Fahn 1982). 

Generally, each pit is distinct from others according to 

its connections with either vessel to vessel or vessel to 

mesophyll cell. Several literature reports described the 

presence of pits in conifers and woody plants (Zimmerman 

1983) and a few in grasses (Kuo, O'B~ien and Canny 1974i 

Esau 1943). In yellow poplar plants, Bonner and Thomas 

(1972) found that the diameters of pit pairs that connect 

adjacent vessels ranged from 5 to 19 urn according to their 

shapes. 
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MATERIALS AND METHODS 

Barley seeds (Hordeum vulgare L. cv. 'Arivat') 

were obtained from Dr. R.T. Ramage, Research Geneticist, 

United State Depatment of Agriculture, Science and 

Education Adminstration, University of Arizona, Tucson. 

Seeds were germinated and grown at 25+2 °c under Sylvania 

Lifeline fluorescent lights (200 umol m- 2s- 1 

photosythetically active radiation) with a 13 h 

photoperiod from 7:00 a.m. to 8:00 p.m. After 4 days in 

vermiculite, roots were washed gently and seedlings were 

transferred to racks with roots suspended in aerated 

modified Hoagland's medium (Hoagland and Arnon 1938), and 

then studied on the fifth day. The nutrient medium 

contained 1 ml each of 1 M MgS04' 1 M KN0 3 , 1.5 M 

Ca(N0 3 )2' 1 M KH2P04:1 M K2HP0 4 , micro mix (3.75 9 H3B0 3 , 

2.25 9 MnC1 2.4H 20, 75 mg CuC1 2 .2H 20, 75 mg Mo0 3 , and 0.33 

9 ZnS04 made to 3 liters), and 15 mg Chel 138 (Geigy) per 

liter of solution. 

Preparation of samples.~ anatomical studies. 

1. Light microscopy 

Sections of leaf tissues were killed and fixed 

according to Feder and O'Brien (1968). Two to five mm long 
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leaf segments that included the intercalary meristem, 

elongating region, 

blade (obtained 1, 

non elongating region and expanded 

2 to 5, 10 to 20 and 70 mm , 

respectively from the point of attachment to the seed) 

were placed in small vial& that contained 3% (v/v) 

glutaraldehyde in 0.07 M Sorenson's phosphate buffer, pH 

6.8. The segments were va~uum infiltrated for 0.5 h, then 

held in fixative solution for 48 h at 4 °C. The tissues 

were next rinsed twice with cold Sorenson's phosphate 

buffer and later dehydrated using the following sequence 

of solvents: methyl cellosolve~ absolute ethanol; N

propanol; N-butanol ~ and xylene. The segments were held 

for 24 h in each solvent at 4 °C, and were rinsed twice 

during each treatment. . 

In preparing samples for embedding in paraffin, 

tissues were transferred from xylene into paraffin/xylene 

mixture 50% (v/v), and then to pure paraplast where they 

were infiltrated at 56 °c for 2 h. Tissues were finally 

embedded in plastic trays filled with paraplast, arranged 

and oriented according to Feder and O'Brien (1968) and 

sectioned to 12 urn thickness with a rotary microtome 

(Spencer Lens Co., Buffalo, N.Y., USA) using single edge 

disposable razor blades. Sections were placed on 

microscopic slides and paraffin was removed using 100% 
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xylene, and specimens were placed in a series of different 

concentration of ethanol for 2 min each to rehydrate (100, 

9~, 70, 50, and 30%, respectively). Slides were then 

rinsed with distilled water and stained with safranin-fast 

green according to O'Brien and McCully (1981). The 

stained sections were mounted under a coverslip using a 

synthetic resin. 

In preparing tissues for embedding in plastic, 

specimens were transferred directly from ethanol to 

glycolmethacrylate embedding medium (JB4 embedding kit) 

and embedded according to a procedure outlined by the 

manufacturer (Polyscience, Inc., Paul Valley Industrial 

Park Warrington, PA.). Tissues were then sectioned with a 

Sorvall Porter-Blum MT-2 ultra-microtome to 1.5 urn using a 

dry glass knife. Sections were stained directly with 

0.05% toluidine blue (O'Brien and McCully 1981) and 

mounted as previously described. 

2. E1ectron microscopy. 

Tissue segments of 0.5 mm were cut from the 

growing region and fixed in a mixture of 3 % (v/v) 

glutaraldehyde and 2 % formaldehyde buffered with 100 mM 

sodium cacodylate (pH 7.0) for 6 h at 4 °c (Armstrong and 

Jones 1973). After washing three times with the buffer, 

the fixed tissues were stained in 0.5 % aqueous uranyl 
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acetate for 5 h at 4 °c then dehydrated with ethanol and 

propylene oxide before embedding in an Epon resin mixture 

(Jones and Price 1970). Sections were stained with 

concentrated aqueous uranyl acetate followed by Reynolds' 

lead citrate and viewed by a Hitachi H-500 transmission 

electron microscopy at the Collage of Agriculture, 

University of Arizona. 

3. Preparation of fresh-cut sections. 

Hand-cut cross sections of fresh tissues were 

prepared and measured with a micrometer for determining 

the mesophyll and the xylem vessel areas. Sections were 

prepared on a microscope slide and were immersed quickly 

for 10 seconds in a drop of water containing 0.05% 

toluidine blue (O'Brien and McCully 1981). Sections were 

then washed twice in near-isotonic solutions of sorbitol 

in water (-0.8 MPa for sections which were 1 and 5 mm from 

the seed, and -0.7, -0.6 and -0.5 MPa, respectively, for 

sections which were 15, 25 and 45 mm from the seed). 

~ pulse transport velocity studies. 

Heat pulse transport studies were pe~formed to 

infer the likely pathway of water movement through the 

basal and the expanded regions of intact, transpiring 

barley leaves. 
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To perform studies with minimal disturbance to 

the plant, a Sensortek IT-23 microprobe thermocouple 

linked to a Sensortek BAT-12 digital thermometer 

(Sensortek, Inc. Clifton, NJ) was positioned in the fold 

of the first leaf 45 mm away from the point of seed 

attachment (Fig 8). Heat pulses were applied at 20, 30, 

40, and 45 mm below the probe. Heat was generated by 

applying current for 0.2 seconds from a 16 V, 2A DC power 

supply (Hampden Model BPS-16-P, Hampden engineering, E. 

Longmeadow Mass) across a 100 mm length of 0.3 mm diameter 

stainless steel wire shaped to partially surround the leaf 

and held 2 to 3 mm away from the seedling. This 0.2 

second pulse caused no damage to tissues and effected an 

instantanous 10 °c increase in tissue temperature at the 

source. Temperature elevations of about 1.5 °c were 

eventually detected 10 mm or more away from the source. In 

heat pulse transport velocity experiments, a 0.1 °c rise 

in temperature was used to monitor velocities because this 

was the measured temperature which was closest to the heat 

front. Temperature fluctuations around the probe were 

minimized by loosely wrapping the folded area of the leaf 

with insulation material, and transpiration rates were 

measured under low (200 umol m- 2 s-l) and high (350 umol 

m-2 s-l) light intensities. In some cases, transpiration 
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rates were reduced by adding solutions containing either -

0.8 MPa NaCI or -0.8 MPa PEG (8000). Transpiration rates 

were estimated gravimetrically for groups of 6 plants 

simultaneously grown under conditions used in the heat 

pulse studies. For transpiration measurements, the basal 

regions of leaves of plants were wrapped with polyurethane 

foam and placed on foil-covered 50 ml plastic beakers that 

contained nutrient solutions. In studies designed to 

measure rapid effects of osmotic stress on transpiration, 

the seedlings were transferred to fresh nutrient solutions 

with or without osmoticum and weighed immediately after 

transfer and also in 5 min intervals. 

Studies with tritiated water. 

In all labelling experiments involving the use of 

tritium-labelled water (3H20 ), the leaf basal regions of 

10 intact 5-day-old barley seedlings were wrapped gently 

with polyurethane foam, and the lower half of roots was 

then placed in 25 x 100 mm foil-wrapped polyurethane 

containing 20 to 25 ml of unlabelled nutrient solution. 

After 1 to 2 h acclimation, the roots were blotted gently 

and seedlings were transferred into similarly prepared 

tubes containing 3H20 (about 15,000 dpm/ul) and labelled 

for defined times. After the labelling period, tissue 

sections from different parts of the seedlings were 
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transferred into small centrifuge tubes and water was 

extracted by continuous squeezing with a thick glass 

stirring rod. In experiments involving transpired water, 

a hood was placed over the plants and the transpired water 

was collected over a 5 min period by freezing the water 

with liquid N2 as air was pumped through an open tube 

(Matsuda a·nd Riazi 1981). Samples of water from the blade 

were then collected immediately afterwards as outlined 

above. The transpired water and water in tissues were 

measured for radioactivity by placing aliquots in 3 ml 

scintillation cocktail [0.3 g POPOP, 16.5 g PPO, 1 L 

Triton X-lOO (Rohm and Haas Co. Philadelphia, PAl and 2 L 

toluene] and counting in a Beckman LS 7000 liquid 

scintillation sepectrometer. Quench corrections were not 

used for the transpired water but water in the tissues 

were corrected acco~ding to the H number method as 

outlined by the manufacturer. Because the water in the 

nutrient solutions varied in specific radioactivity, all 

results were expressed as specific radioactivity ratios 

(SRR) = specific radioctivity of the water in the 

samples/specific radioactivity of water in the nutrient 

solution. 

In some cases, the water in tissue sections was 

separated into an easily extractable fraction that 

represented less than 2 per cent of the water, and a 
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residual fraction. After leaves were removed, ten segments 

that were 10 mm in length were excised from the upper root 

(just below the seed attachment) of seedlings, the growing 

region (0-10 mm from the base), the non-growing region 

(20-30 mm) and the lower expanded blade (40-50 mm) of 

leaves. The cut segments were inverted and then placed 

into tared 1.5 ml cappable polypropylene centrifuge tubes 

that contained 4 discs of white tissue paper cut to 8 mm 

in diameter and held in previously formed paraffin film 

cups. Tubes were centrifuged for 1 min at 5 x g (250 rpm 

in a Sorvall type M rotor in the GLC centrifuge). Leaf 

segments were then removed quickly, and capped tube was 

quickly reweighed before the discs were transferred into 

scintillation vials for counting. The residual water in 

tissues was then extracted as above and an aliquot was 

assayed for radioactivity. Because amounts of easily 

extracted water were small (0.7 mg), gloves were used and 

extreme care was taken to work quickly while avoiding 

weighing errors. 

In addition to obtain water from un~tressed 

tissues, intact seedlings were also stressed (-0.8 MPa 

NaCl) prior to excision and measured for radioactivity. 

Water from unlabelled samples were also analyzed for K+ 

content by perchloric-nitric acid digestion followed by 

atomic absorption spectroscopy. Ion analyses were 
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performed at the Soils and Water Science Department, 

University of Arizona. 
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RESULTS AND DISCUSSION 

Two general approaches were used to infer how 

transpirational water moves in barley leaves and why 

growing and expanded tissues differ in their responses to 

water stress. In one group of studies, anatomical and 

cytological structures of growing and expanded tissues 

were examined to gain an understanding of vessel 

differentiation, and the relationships existing between 

the xylem and surrounding mesophyll cells, intercellular 

regions, and stomata. The views derived from anatomical 

studies were then used to help devise physiological 

experiments for determining how water moves in various 

parts of the barley seedlings. 

Anatomical Studies of Growing, Elongating, and Expanded 
Regions of Barley Leaf Blades. 

Microscopic examination of fixed and embedded 

sections through the intercalary meristem (Fig 1), growing 

region (Fig 2 a, b and c), rolled lower blade (Fig 3), and 

fully expanded blade (Fig 4a and 4b) obtained 1, 5, 20, 

and 70 mm from the seed, respect i vely, prov ided the 

following data: 
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1. The vascular bundles in the intercalary 

meristem (Fig 1) and the growing region (Fig 2a and 2b) 

are separated by many tightly packed mesophyll cells, and 

most of the bundles have developing vessel elements with 

cytopiasm and nuclei. Some idea of the ontogeny of vessel 

development can be gained by examining the conspicuous 

vessel element (Fig 2c) in the center of the longitudinal 

section. Although largely expanded, this element still has 

a nucleus as well as well-developed secondary cell walls. 

Because this cell still has its contents of cytoplasm and 

plasma membrane, it offers much more resistance to water 

flow than the open lumens of mature vessels (Nobel 1974), 

and will not likely be the pathway for water movement. 

Therefore, vascular bundles that have no mature vessels 

are designated as being immature vascular bundles (IVB), 

whereas those with mature vessels or tracheids are 

considered functional vascular bundles (FVB) with respect 

to water transport. 

2. As was noted earlier for corn leaves (Esau 

1943), mature (open) vessels are also in the intercalary 

mer~stem (Fig 1) and in growing region (Fig 2a) of barley 

leaves. In these regions and in all other parts of the 

leaf from S-day old barley seedlings, vessels with 

continuous lumen are clustered in only 5 vascular bundles 
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MVE 

Figure 1. A cross-sectional view of the intercalary 
meristem. The functional vascular bundles 
(FVB) which contain mature vessel elements 
(MVE) alternate with the immature vascular 
bun d 1 e s (I VB ) in the bas a 1 reg ion w hi chi s 1 
mm away from the seed of young barley plant. 



Figure 2. Micrographs of the growing region of barley leaf 

a, cross-sectional area at 5 mm away from the 
seed~ b, a close up view shows the presence of 
nucleus (N) and cytoplasm in the developing 
vessel element (OVE). c, a longitudinal view of 
the growing region showing the OVE with a 
nucleus. All micrographs were prepared from 
sections that cut at 1.5 urn. 
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Figure 2. Micrographs of the growing region of barley 
leaf. 
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(Table 1). These functional vascular bundles (FVB) are 

separated from each other by 15 to 20 closely packed 

mesophyll cells in the growing region (Fig 2ai also Fig 5) 

and by 30 to 35 mesophyll cells or IVB in the expanded 

blade (Fig 4a). Table 1 shows that the numbers of FVB 

remain unchanged while the numbers of IVB and the cross

sectional areas occupied by the lumens of vessels increase 

with development. 

3. It is difficult to quantify intercellular space 

areas in any cross-sectional view but comparisons of fixed 

and embedded tissues from the intercalary meristem (Fig 1) 

to the growing region (Fig. 2a) to non-growing region (Fig 

3) to the expanded blade (Fig 4a) suggest that there is no 

major increase in intercellular space area as leaf 

development occurs. However, the substomatal cavity area 

increases greatly in the expanded blade (compare Fig 4a 

with Figs 1 or 2). The longitudinal view (Fig 6a) 

indicates that the substomatal cavities form a trench 

below the vertically aligned guard cells (Fig 6b). In the 

expanded blade, FVB are surrounded by an inside ring of 

thin-walled mestome sheath cel~s, and an outer ring of 

parenchymatous bundle sheath cells which are only 2 or 3 

mesophyll cell layers away from the substomatal cavity 

(Figs 4a and 6a). 
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Figure3.The cross-sectional area of the non-growing 
region of barley leaf. Notice the arrangement 
of stomata (8) and their distributions with 
the FVB and IVB. The section was cut at 20 to 
25 mm from the seed attachment. 



Figure 4. Photographic views of the expanded blade region 
of barley leaves--
a and b show the association of stomata and 
substomatal cavities (SSC) with FVB, IVB, 
bundle sheath cells (BSC) and mesophyll sheath 
cells (MSC) at the 70 mm sections from the 
basal region. 
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Figure 4. Photographic views of the expanded blade 
region of barley leaf. 
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Figure 5. Electron micrograph of a cross-section through 
the growing region of young barley leaf --
This view shows how mesophyll cells are tightly 
packed leaving small intercellular spaces (IS) 
between them. Cell wall (CW) and plasmalemma 
(PL) and other cell organelles are identified 
such as nucleus (N), plastids (P), mitochondria 
(M), lipid body (LB), endoplasmic reticulum 
(ER)and vacuoles (V). Magnification at X 
30;000. . 
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Figure 5. Electron micrograph of a cross-section through 
the growing region of young barley leaf. 
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4 •. Unlike the growing region (Fig 2a) which has 

non-functional stomata and which is also enclosed by a 

coleoptilar sheath, the expanded blade has functional 

guard cells (Fig 6a) that are regularly distributed on 

both the adaxial and abaxial surfaces and are associated 

closely with both FVB and IVB. The close association of 

guard cells with FVB and IVB can be inferred from their 

position and numbers in 12 urn thick cross- and 

longitudinal-sections of the expanded blade (Figs 4a and 

6a). The epidermal impression (Fig 6b) demonstrate that 

guard cells alternate regularly with epidermal cells along 

the vertical axis and rows of guard cells are separated 

from each other by 3 to 8 epidermal cells. In unstressed 

plants, guard cells associated with FVB and IVB appear to 

be equally responsive to light because epidermal 

impressions of leaves placed under 350 umol m-2 s-l light 

showed that stomatal apertures are uniform for the whole 

adaxial surface (FIg 6b). 

5. Data from Table 1 show that the rat io of 

mature vessel element lumen area to total mesophyll cell 

area is very small in all parts of the leaf. In the 

intercalary meristem, about 0.7% of the mesophyll is MVEi 

in the elongated region which is 45 mm away from the seed, 

MVE represent about 0.5% of the mesophyll. Since barley 
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Figure 6. A longitudinal view and an epidermal impression 
of the adaxial surface of the expanded leaf 
blade of barley seedlings. a, longitudinal 
section shows that stomata with guard cells 
(GC) are located on both sides of the vascular 
tissue. b, an epidermal impression sh9wS lthat 
all stomata are open under 350 umol m- s- • 
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TABLE 1. Mesophyll and vessel areas, and numbers of 
functional (FVB) and immature (IVB) vascular 
bundles in differnt areas of young barley 
leaves. Data (+SD) are means of 5 or more 
fresh-cut cross-sections. 

Dist- .Mesophyll Vessel NumbersofVascular 

ance Area Area Bundles 

from (FVB) (IVB) 

seed 

mm mm2 mm2 

1 0.40+0.013 0.0029+0.0002 5.5+0.5 3.5+0.5 

5 0.43+0.010 0.0036+0.0004 5.2+0.4 8.3+0.7 

15 0.55+0.029 0.0041+0.0001 5.1+0.5 8.6+0.5 . - . 

25 0.76+0.017 0.0044+0.0002 5.1+0.3 9.5+0.7 

45· 0.98+0.027 0.0048+0.0003 5.0+0.0 10.7+0.7 
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leaf contains about 90% water, the water in lumens of MVE 

is about 1% or less of the total water in any part of the 

leaf. 

Anatomical features of the transition zone below barley 
leaves. 

The transition zone that lies between the root and 

the shoot (Fig 7a, b) has a much more complex anatomy than 

that found for the intercalary meristem of the leaf (Fig 

1). According to Luxova (1986) this region should have 

many short, barrel shaped vessels with end walls that have 

small perforations that serve to restrict water movement 

upward. His observations were based on fixed tissues in 

the embryo of barley grain. Similarly, the transition 

zone of S-day old barley seedlings (Fig 7b) showed that 

the vessel elements extending in this area still have 

their end walls and are shorter in length than those 

extending through the coleoptile sheath region (Fig 7b). 

However, these data are not enough to conclude that the 

transition region is the site of hydraulic resistance in 

barley leaves. 

The ~ssible relation of anatomy to water movement through 
grow1ng and expanded regions of young barley leaves. 

Anatomical features common to all cross-sections 

from the intercalary meristem (Fig 1) to the expanded mid-
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Figure 7. The transition zone of 5-day-old barley 
seedlings. a, cross-sectional area of the 
transition zone which shows that the 
coleoptile sheath (CS) surrounds the first 
(Ll) and the second (L2) leaf. b, a 
longitudinal view of the same zone showing 
the xylem elements (Xl) that extend through 
the CS which are longer and differ in their 
shapes than those extending through the 
intercalary meristem (X2). 
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blade (Fig 4a) provided a basis for explaining how 

transpirational water will move up and then out of the 

young barley leaf. Because all sections have at least a 

few mature vessels that pass through tightly packed 

mesophyll cells, transpirational water should flow through 

the growing basal region predominantly in vessels 

(Westgate and Boyer 1984) rather than intercellulary as 

suggested earlier by Matsuda and Riazi (1981). This 

pathway of water movement through the growing regions may 

be a feature common to all grass leaves because the 

anatomical data obtained for barley are analogus to those 

obtained for the C4 corn leaves (Esau 1943); additionally, 

Barlow (1986) noted that dyes supplied through cut ends of 

wheat roots appeared in only a few distinct regions in the 

growing area of leaves. 

Vessels with open lumens, however, are present in 

only 5 vascular bundles throughout the barley leaf (Table 

1) and the relation of these functional vascular bundles 

to mesophyll cells and stomata may be the key for 

explaining why the growing region is highly responsive 

whereas the expanded blade is relati·vely unresponsive to 

stress. Since transpirational water loss from the growing 

region is minimal because of the presence,of a coleoptilar 

sheath and poorly developed guard cells in the basal 
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region, vessels are the primary means by which cells in 

this region can 'communicate' with the rhizosphere or 

atmosphere. The occurrence of sudden stress-caused growth 

stoppage (Matsuda and Riazi 1981) means that a signal must 

be passed laterally from the vessels to all mesophyll 

cells that lie betwe~n functional vascular bundles. If 

this signal is a reduced xylem hydrostatic pressure, as 

was suggested by Matsuda and Riazi (1981), there must be 

some connection of xylem water with water in the cell wall 

and pits of vessel walls are probably the site of this 

connection. 

In the expanded blade, stomata associated closely 

with FVB as well as IVB are well-developed and open in 

light (Fig 6b), so water loss can occur potentially from 

all mesophyll cells. However, since water is brought into 

the blades in only 5 bundles which are separated from 

their substomatal cavities by only 2 or 3 cells (Figs 4a, 

4b), transpirational water loss should occur predominatly 

through stomata which are closest to the FVB, but some 

movement toward stomata associated with IVB should also 

occur. Therefore, the water status values of the 

mesophyll cells surrounding the FVB should be lower than 

those of most mesophy1l cells in the blade, and stress 

effects on the hydrostatic pressure of the xylem should be

localized largely to cells around the 5 FVB. 
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Beat pulse transport velocity studies. 

Heat pulse transport velocity studies were used to 

test the anatomical suggestion th~t transpirational water 

will move in vessels through the growing region. In these 

studies, a thermocouple probe was placed in the expanded 

region 45 mm from the seed (Fig 8), and heat pulses of 0.2 

s were then applied 20 mm below the probe because this 

part of the leaf is well-developed, transpirational water 

was expected to move through the lumen of vessels. 

Applied heat pulses of 0.2 s w~re found to raise 

the temperature of the tissue at the source about 10 °c 

(data not shown). Although transpiration rates were not 

determined, the results from one study (Fig 9) show that 

significant heat transfer was noticed in plants held in 

the light and the lag times were lowest and heat transfers 

were highest in plants which received the highest light 

intensity and were, therefore, expected to transpire the 

most. In contrast to the 1.6 °c temperature increase 

found after 1 min in plants placed in 350 umol m- l s-l 

light, temperature increases of only 0 to 0.1 °c were 

detected within 2 min in plants that were held in 

darkness and which transpired at 0.002 mm 3 s-1 plant- 1 

(data not shown). 
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Figure 8. The measurement of the heat pulse transport 
studies in barley seedlings. A thermocouple 
probe is held in the fold leaf of the 
expanded blade region and 45 mm away from the 
point of seed attachment. Heat pulses were 
applied 20 or mor~ mm away from the probe, and 
a 0.1 °c rise in temperature was used to 
mQnitor transport. 
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Figure 9. Effect of light and stress on the transport of 
heat pulses in the expanded lower leaf region 
of barley seedlirig~. The theimocouple probe 
was held 45 mm away from the point of 
attachment to the seed and the heat pulse was 
applied 20 mm below the probe, and the times 
required for pulses to reach the probe were 
detected as temperature incr~ases. S~ud\eS 
were performed uoder high (350 umol m- s-), 
low (200 umol m- 2 s-l) light intensities, and 
under -0.8 MPa NaCl solutions. Values (+SO) 

. are means of 4 or more observations. -
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In experiments designed specifically to relate 

heat pulse transport to transpiration rates, the times 

required to raise the temperature of the probe 0.1 °c (the 

minimum increase detectable with the apparatus) were 

determined for seedlings that were maintained under the 

same conditions as shown in Figure 9. As noted in Table 2, 

'a four fold difference in transpiration rates was found 

among the treatments, and the times req~ired to move heat 

pulses from 25 to 45 mm from the seed were inversely 

related to the transpiration rates. Since these time 

intervals were identical to calculated values based on 

seedling transpiration rates and mean xylem volumes 

derived from Table 1, it was concluded that a 0.1 °c rise 

in temperature can be used to monitor xylem water 

transport velocities. 

The coincidence of heat pulse transport times with 

calculated values based on water transport through vessels 

(Table 2) suggests also that transpirational water will 

likely move through vessels in the less developed growing 

region. In another approach to infer the pathway of water 

movement in the growing region, heat pulses were 

alternatively applied at 35 and 45 mm from the probe of 

the same seedling, and the differences in times required 

to move pulses to the probe were determined. Using the 



Table 2. Calculated and observed times required for water to move through 
different lengths of barley leaf

3
xylem. High 1 me2ium and low transpiration 

rates (0~022i' 0.0117, 0.0056 mm water ~an\- s-) were obtained ~ith1350 
umol m- s- light at 28 °C; 200 umol m- s- at 25 °C, 200 umol m- s- at 
250 C and -0.8 MPa NaCl, respectively. The thermocouple probe was held 45 mm 
from the seed, and heat was applied at indicated distances from the probe. 
Calculated values are based on movement through vessels and observed values 
(+SD) are means of 8 observations. 

calculated (calc) and observed (obs) 
times needed for water to reach 
probe at indicated Transpiration 
rate 

Dist- Total Total 
ance meso- vessel High Medium Low 
to phyll lumen 
probe volume volume calc obs calc obs calc obs 

mm mm3 mm3 s 

20 18.2 0.094 4.2 4.1+0.5 8.1 7.8+1.2 16.8 16.4+1.4 

30 25.2 0.14 6.2 5.9+0.5 11.9 12.2+1.2 24.7 23.7+1.6 
. 

40 30.4 0.18 7.9 7.7+0.6 15.3 16.8+1.4 31.8 30.8+1.8 

45 32.6 0.20 8.7 9.5+0.8 16.9 19.2+2.3 35.1 33.7+1.6 -....j 
00 
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same high, medium and low transpiration conditions used in 

Table 2, the observed mean times required for water to 

move through the 10 mm growing region were, respectively, 

1.5±O.2, 2.5±0.4, 4.6±0.6 s, which again were found to be 

similar to the calculated values of 1.3, 2.5, and 4.7 s, 

assuming movement through vessels (lumen volume = 0.0385 

mm3 ). 

In a further test to infer the pathway of water 

movement in the growing areas of leaves, roots of barley 

seedlings were cut and placed in nutrient solution 

containing 0.05% toluidine blue and ohservations of dye 

movement with water was done microscopically with hand-cut 

sections of the growing region of barley leaf. All mature 

vessels became labelled first with the dye after 15 to 20 

min of exposure,· and after 1 to 2 h the whole vascular 

bundle and the adjacent mesophyll cell walls were stained. 

These results were similar to those obtained for wheat by 

Barlow (1986) and they suggest that transpirational water 

should move in vessels throughout growing and expanded 

tissues. 

Heat pulse studies were used also to indirectly 

test Matsuda and Riazi's (1981) hypothesis that plants 

exposed suddenly to osmotic solutions will rapidly lose 

xylem hydrostatic pressure (and therefore, ~ because 
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transpiration will continue even though water availability 

is reduced. Although it is presently not possible to 

unambiguously determine the xylem's hydrostatic pressure, 

it was reasoned that if the hypothesis is valid, sudden 

stress should effect a reduction in xylem water transport 

velocity before any changes in transpiration will occur. 

Data from Figure 10 show that water transport velocities 

from 25 to 45 mm away from the seed are reduced within 1 

min after plants are exposed to solutions containing NaCl 

of -0.8 MPa, and identical results were obtained for 

plants placed in -0.8 MPa PEG solutions (data not shown). 

In contrast, transpiration was not affected for at least 5 

and 15 min, respectively, in plants exposed to high and 

low light intensities (Fig 11). The transpiration data 

are in general accord with results obtained by Falk (1966) 

and Hoglund and K10ckare (1987) who found that water 

stress did not cause stomatal closure in wheat leaves 

for at least 5 minutes. The combined results from the 

heat pulse/transpiration studies are compatible also with 

the view that factors such as ABA (Cornish and Zeevart 

1985) may be transported from roots to shoots through the 

xylem in stressed plants, and their presence may then 

reduce stomatal aperture. 
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Figure 10. Effect of sudden stress on heat pulse transport 
velocities. Unstressed plants were maint2aine1 
for 2 0 r m 0 r e h run df r hi g h (3 5 0 u mol m - s - ) 
or low (200 umol m- s-) light, then stressed 
with -0.8 MPa solution of NaCl. Heat pulse 
transport velocities measured between 20 and 45 
mm from the seed were determined prior to or at 
indicated times after stress, and values (+SD) 
are means of 5 observations. -
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Matsuda and Riazi (1981) reasoned osmotic stress 

will effect cessation of leaf elongation because cells in 

the growing region can respond to water status around 

them. Because transpirational water flow occurs in 

vessels that are located in 5 widely separated bundles 

(Fig 1), it is hypothesized t~at the stress-caused 

reduction in xylem must be transmitted laterally to the 

apoplasm around all mesophyll cells. Since wall of 

vessels are known to have pits (Esau 1977), this 

transmission likely moves through pits and into the walls 

of the mesophyll cells. 

Tritium labelling studies ~ possible explanation of 
transpirational water movement ~ barley leaves. 

In addition to tracing water transport by heat 

transfer studies, tritium-labelled water was used to gain 

added information about water movement in barley 

seedlings. In these studi~s, the lower half of roots of 

intact, 5-day old barley seedlings was exposed to 3H-

labelled water and changes in specific radioactivities of 

water in different parts of the plant were measured over 

time courses from a few min to many hours. It was reasoned 

that since the incoming labelled water will be diluted by 

a large endogenous population of unlabelled water, 

specific radioactivities of water in plant parts closest 
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to the roots should initially be higher than water 

obtained from more distal regions of the plant. All 

results were expressed as specific radioactivity ratios 

(SRR = specific radioactivity of water in a 

sample:specific radioactivity of water in the nutrient 

solution). 

Data from the short term labelling study in Figure 

12 show that SRR for the lower root that is exposed to the 

labelled nutrient solution reached 0.8 in 30 min, and this 

ratio was maintained thereafter. In another study, SRR of 

roots labelled directly with nutrient solution for 0.17, 5 

and 10 min reach respective values of 0.3, 0.7 and 0.9. 

These data, which are similar to those obtained early for 

roots of sunflower (Raney and Vaadia 1965) and rice 

(Shibabe and Yoda 1984) show that labelled water is not 

adsorbed simply on the surface~ rather, there is a rapid 

equilibration of incoming labelled water with most but not 

all of the water present in the roots. 

The results in Figure 12 yielded the expected 

decrease in SRR from the root toward the more distal 

regions of seedlings. In longer duration labelling 

studies (Fig 13), SRR of the upper roots (which were not 

exposed directly to the nutrient solution) approached 0.8 

in 6 h and rose slowly thereafter. Water in the growing 



Figure 12. Short term changes in SRR of water extracted 
from sections of barley root and leaf tissues 

Low~r roots of intact seedlings were exposed 
to a-labelled water and SRR (SR of water in 
sample/SR of water in nutrient solution) of 
different parts of tissues were determined. 
Values (+SD) are means of 3 observations. 
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Figure 13. Long term changes in 8RR of water extacted 
from upper root and leaf tissues and water 
collected as transpiration --
Roots of intact seedlings were immersed in 

3H-la belled water and changes in 8RR of upper 
roots, leaf growing region, mid-blade and 
transpired water were detected. Values (+8D) 
are means of 3 observations. -
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region of leaves showed a similar, but a delayed increase 

in SRR and re~ched 0.7 after 20 hi and radioactivities 

increased even slower in the more distal mid-blades of 

barley leaves. Additionally, SRR of water in leaf blades 

followinQ short time exposure to 3H-labelled water were 

lower initially than water that was collected as 

transpiration, and SRR of water from the two s~urces 

became nearly equal after 4 to 6 hrs. Matsuda and Riazi 

(1981) suggested that such results supported their 

hypothesis that transpirational water need not pass 

through all mesophyll cells in its movement from the xylem 

to the stomata. 

Because grass leaves have parallel veins, it was 

reasoned that water in vessels of leaves should be 

extractable by centrifuging fresh cut sections at low g 

forces against an adsorptive surface. Several trials with 

a variety of materials showed that centrifugation of cut 

sections of plant tissues against four layers of facial 

tissue papers reproducibly yielded twice the amount of 

water expected to be in vessels. For example, 

centrifugation of 10 sections from the basal 10 mm of 

barley leaves for 1 min at 5 X g was found to yield an 

average of 0.7 mg water, whereas an estimated value based 

on total amount of water (46 mg) and xylem/mesophyll 
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volume ratio of 1/120 (derived from Table 2) was 0.38 mg 

water. Since the plasma membrane offers a relatively high 

resistance to water movement (Nobel 1974), it is 

hypothesized that the small amount of water that was 

extracted by centrifugation is apoplastic water probably 

is derived from the xylem and walls of the mesophy1l 

cells. 

Support for the suggestion that centrifugation of 

cut sections of leaves yields apoplastic water was 

provided by results obtained after intact seedlings were 

labelled with 3H-water for defined periods (e.g. Fig 14). 

In the growing region and also the expanded lower blades 

of leaves, the SRR of the extracted water (which represent 

about 2 % of the total water in tissues) were higher at 

all samplings than that of the residual tissue water. For 

example, the SRR of the extracted water after 2.5 and 24 h 

labelling were 0.8 and 1.0, respectively; in contrast, the 

residual tissue water obtained at the same time had SRR 

values of 0.5 and 0.7. These data demonstrate that the 

easily extractable water equilibrates more readily with 

water in the nutrient solution than water in the tissues 

as a whole. These are the expected results if water in the 

nutrient solution passes readily into the xylem but there 

is significantly more resistance for water to flow from 

the xylem into mesophyll cells. 



Figure 14. Time coures changes in SRR of water in 
different parts of young barley seedling s

3
-

The lower half o~ roots was placed in H
labelled water at intervals, SRR of water in 
roots (e), the upper blade 60 to 110 mm 
from the seed (~) and transpired water 
(j) were measured. SRR of water extracted 
by centrifugation ew ( • ) and residual 
water ( 0 ) from the growing region 0 to 10 
mm from the seed, and ew (.) and residual 
water (a) in the expanded lower blade 40 to 
50 mm were also obtained. All values are the 
mean (+SD) of 3 observations. 



I.' 

z 
a ... -
~ 
a • 
IE · .. ""-
• .. .. 
I , 

I ... 

I: 

• 
'·2 

Figure 14. 

I 

I 
~' 

, , 
I 

, 
I , ,~ 

2 J 4-! l.....a24 
HRS IIXPOSURa • - ""lI 

Time course changes in SRR of wate~ in 
different parts of young barley seedlings. 



90 

The upper roots also showed a differential 

labelling of extractable and tissue waters. 

Centrifugation of 10 sections of 10 seedlings from the 

upper roots showed that sections which contained 92 mg 

total water yielded 2.2 mg w'ater, which is about 3 times 

the amount (0.7 mg) expected to be present on the basis of 

a xylem lumen/root volume ratio of 1/130. In plants 

labelled for 2 h, SRR of both the extracted and residual 

waters were 0.8 (Fig l5)~ however, in plants labelled for 

6 h, SRR of the easily extracted water of the upper roots 

as well as the growing region of leaves (Figs 14 and 15) 

approached 1.0 whereas the residual water in the root 

tissues remained 0.8. 

Other studies performed to understand more about the 
nature of the extractable water. --

A further clarification of the relation of 

apoplastic water to mesophyll cell water was derived when 

intact seedlings were stressed before leaf tissues were 

sectioned and then centrifuged. As noted in Fig 16, 

osmotic stress effects a rapid reduction in the amount of 

water that is easily extracted from the growing region, 

but it is also clear that tissues undergo a prolonged 

adjustment so that after 2 h, the amount of water 

available is once again similar to that found in 



Figure 15. Time course study of specific radioactivities 
of extractable and root tissue waters in the 
upper root segments --
Tritium-labelled water was applied to the 
10 w e r hal f 0 f roo t 5 0 fin t act bar Ie y 
seedlings, and 5RR of extractable and tissue 
water were measured. Values (+50) are means 
of 3 determinations for water extracted from 
10 mmtissue sections. 
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~igure 16. Effect of stress on the extracted water in 
growing and expanded tissues of barley 
leaves. Ten sections of 10 mm segments were 
cut from stressed (-0.8 MPa NaC1) and 
unstressed growing and expanded lower blade 
regions, and water was extacted from these 
tissues by centrifugation at 5 X g for 1 min. 
Values (+50) are means of 10 or more 
observations. 



93 

unstressed tissues. Since the amount of extractable water 

is reduced nearly in half by a 5 min stress period, intact 

plants were labelled for up to 5 h, and sections were 
I 

excised immediately or after 5 min stress, before extracts 

were obtained and then measured for SRR of the extractable 

water. The results of one of several such studies (Fig 

17) show that in plants labelled for up to 5 h, a 5 min 

stress period had no effect on the SRR of the residual 

tissue water obtained from the growing reg'ion of leaves. 

In contrast, a 5 min stress period increased the SRR of 

the easily extracted water of plants labelled for 2.5 h 

from 0.8 to 0.95. Although increases in SRR were delayed, 

similar trends were found for sections obtained from the 

lower expanded blade (Fig 18). These results are 

interpreted to mean that the 5 min stress period probably 

disrupts the continuity of apoplastic water that exists 

between the cell wall and xylem, and that only the water 

in the xylem becomes extractable. 

In addition to using the short stress studies to 

infer the relationships existing between cell wall and 

vessel waters, similar studies were performed to determine 

if the stress-caused reduction in polyribosome proportions 

could be due to altered apoplastic K+ levels. 

Accordingly, K+ ion concentrations were measured for the 
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easily extracted water. In the apoplastic water from 

growing and expanded lower blades of unstressed plants, 

data from duplicate analyses showed that K+ were 19.7 and 

20.9 mM, respectively, and stress for 5 min raised the 

respective concentrations to 27.S and 36.3mM. The 

significance of these changes are still not known, but it 

appears that the concentration of K+ in the apoplastic 

region is only a ~raction of the 84 mM K+ (Riazi, Matsuda, 

and Arslan 1985) present in the growing region of barley 

leaves. 
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SUMMARY AND CONCLUSION 

Anatomical, physiological and cytological 

experiments were pe~formed to infer how leaf development 

will determine the pathway of transpirational water 

movement in young barley leaves and to explain why growing 

and expanded leaf tissues have different responses to 

water deficits. 

In 5-day-old barley leaves, the basaly located 

growing region is anatomically similar to the expanded 

blade in that arl mature vessel elements (MVE) are 

clustered in only 5 functional vascular bundles (FVB) 

which are separated from each other by 20 to 30 closely 

packed mesophyll cells and 1 to 3 immature vascular 

bundles (IVB) whose vessels have cytoplasm (Figs 1, 2; 

Table 1). Leaf maturation leads to an increase in numbers 

of mesophyll cells and also in numbers of IVB (Table 1), 

but the difference in responsiveness of the expanded blade 

and the growing region to osmotic stress appears to be 

primarily due to the relationships existing among stomata, 

~esophyll cells and the 5 FVB. The expanded blade has 

functional stomata that are located on both the abaxial 

and adaxial surfaces, and these stomata are arranged in 

rows (Fig 6) that parallel IVB as well as FVB, and their 
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substomatal cavi ties are only 2 or 3 cells away from the 

vascular bundles (Fig 4 a&b). If one assumes that 

resistance to water movement increases with intervening 

cell numbers, this arrangement indicates that 

transpirational water brought to the blade via only the 5 

FVB will be lost predominantly through the closest stomata 

rather than through more distal stomata which are 8 or 

more mesophyll cells away. This suggestion that 
, 

transpirational water bypasses most mesophyll cells in its 

movement from .the xylem is supported by results of several 

labelling studies (Figs 13 and 14, Matsuda and Riazi 1981) 

which have shown that tritiated water supplied to roots of 

intact barley seedlings appears as transpirational water 

before substantial labelling of the blade occurs. It is 

hypothesized that the particular arrangement of the 

stomata with the FVB and mesophyll cells effectively 

uncouples most mesophyll cells from the effects of osmotic 

stress on the xylem's ~. and only cells in the vicinity of 

the FVB will likely be affected by changes in the xylem's 

• effected by stress. This possibility can be checked 

by examining the • of the tissues immediately around the 

mid-vein, which is known to have a FVB. 

The situation is very different in the growing 

region of leaves, which has immature guard cells and is 

also enclosed by a coleoptilar sheath. Cells in the· 
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growing region are known to stop elongating (Matsuda and 

Riazi 1981) and also begin reducing their proportion of 

ribosomes present as polyribosomes (Mason and Matsuda 

1985) and decreasing their. and $rr (Matsuda and Riazi 

1981, Riazi et al 1985) almost immediately following the 

exposure of roots to osmotic solutions. This means that 

they are capable of responding to a signal that is 

transmitted from the roots through eit_her the population 

of mesophyll cells, or through the xylem. Because changes 

in hydrostatic pressure of water in rigid vessels are 

known to be transmitted at the velocity of sound, it was 

hypothesized that cells in the growing region of leaves 

are somehow capable of responding to changes in 

hydrostatic pressure (or' $ ) of the transpiration stream 

(M.atsuda and Riazi 1981). 

The structural arrangement seen in the 'studies 

reported here together with the physiological experiments 

provides a possible scenario for explaining how the signal 

can be transferred. Anatomically, the presence of mature 

vessels in the growing region of barley is analogous to 

that found earlier by Esau (1943) for the growing region 

of corn leaves, and Esau's anatomical views were the basis 

of Westgate and Boyer's (1984) suggestion that 

transpirational water will likely flow through growing 
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regions in vessels rather than intercel1u~arly. Some 

support for this pathway was provided by Barlow (1986) who 

supplied a water soluble dye through cut roots of wheat 

seedlings and has shown the appearance of the dye in only 

a few localized areas in the growing region of leaves. I 

obtained similar distribution patterns when barley 

seedlings were supplied dyes through cut roots (data not 

shown) • Major support was provided by heat pulse 

transport studies which showed that the velocity of travel 

of water through the growing area as well as the major 

developed regions in the leaves are exactly those expected 

for movement through the lumens of mature vessels (Table 

2), which is calculated to be 1 to 2 per cent of the total 

water in growing tissues. 

Heat pulse transport velocity studies (Figs 10 and 

11) also provided a test of the hypothesis (Matsuda and 

Riazi 1981) that sudden exposure to osmotic solutions 

should lead to a reduction in the xylem's hydrostatic 

pressure (and ~ ) because of the combination of reduced 

water availability together with ongoing transpiration. 

These studies demonstrated that sudden exposure to osmotic 

solution will reduce the transport velocity of water 

within 1 min, which is long before stress effects on 

transpiration become evident (5 min or more). While these 

results do not prove unequivocally that reductions in the 
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xylem's hydrostatic pressure occur, they rule out the 

possibility that low~red transpiration is responsible for 

reduced xylem water transport. 

Because sudden osmotic stress causes growth to 

stop and polyribosome percentages and tissue 1/1 and 1/17r' to 

begin decreasing almost immediately, the anatomical view 

suggests there must be a lateral transmission of the 

stre$s signal from the 5 FVB to all mesophyll cells. 

Support for the possibility that this transmission will 

occur through the walls of the mesophyll cells was 

supplied by a series of studies in which labelled water 

was extracted by centrifuging cut sections obtained from 

the growing region and other parts of the barley leaf. 

Water equivalent to 2 per cent of the water in the 

growing region can be obtained by centrifuging sections of 

the growing region against an adsorptive surface at 5 x g. 

This water is believed to be xylem plus celll wall water 

because it is easily extracted, and it represents about 2x 

the water calculated to be in the vessels. Additionally, 

kinetic studies showed that this fraction exchanges more 

readily with water in the nutrient solution than the bulk 

of the water in the tissues (Fig 14). Furthermore, when 

plants were stressed for 5 min, the amount of readily 

extractable water was reduced nearly in half (Fig 16), and 

in tissues labelled with 3H20 for short durations 2.5 to 5 
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h, its specific radioactivity was higher than the water 

extracted easily from unstressed plants (Figs 17 and 18). 

The results were interpreted to mean that the 5 min stress 

period disconnected the continuity existing between the 

vessels and cell walls and the easily extracted water is 

primarliy xylem water. They also indicate that a . . 

noticeable resistance of water flow through parts of the 

vessel and mesophyll cell walls must exist. This 

resistance plus the resistance offered by the membranes of 

cells are probably the cause of the isolation of the 

apoplasm from the symplasm. 

There are other reasons for believing that free 

exchange of water does not occur throughout leaf tissues. 

Several groups such as Cavalieri and Boyer (1982), Matsuda 

and Riazi (1981) and Michelena and Boyer (1982) have shown 

that growing regions of tissues have lower water potential 

values than expanded tissues which are only few mm away. 

Nonami and Boyer (1987) feel that restricted water entry 

into expanding cells prevents them from reaching their 

maximum turgor and this creates a growth-induced reduction 

in .the water potential gradient that allows water to move 

from the xylem to the expanding cells. Also, osmotic 

adjustment with turgor maintenance such as found in the 

growing region of stressed barley (Matsuda and Riazi 1981, 

Riazi et al 1985) leaves and in many other tissues, can 
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occur if water entry from the apop1asm is probably 

coordinated with symplastic solute accumulation. 

The data presented here have focused on anatomical 

features to explain why the growing region of young barley 

leaves differ in stress response from the expanded blade. 

Obviously, many questions have not been resolved icluding 

a major one of explaining the mechanism by which reduced 

xylem hydrostatic pressure is translated into several 

cellular responses (e.g. growth cessation, changes in 

polyribosome percentages, etc). It is suggested that 

answers to many questions can be derived by examining 

other plants which are known to differ in their cellular 

response to stress as well as in their anatomy. 
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