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ABSTRACT 

Sight-day-old mung bean seedlings (Vigna radiata L.) 

grown in hydropondic medium were osmotically stressed by 

exposing roots to increasing concentrations of NaCl up to 4 

bars. They were transferred after 16 to 18 hours to a 

similar solution containing tritiated water (THO). Periodic 

samples were taken of water transpiring from the leaves and 

of tissue water obtained from the same leaves, frozen and 

ground; specific radioactivity was determined by a 

scintillation counter. Proportional to increasing stress, 

the labelling of tissue water was increasingly delayed, the 

time for equilibration of the specific radioactivity in the 

two fractions lengthened, and equilibration occurred at 

higher concentrations of THO. Thus stress causes 

transpirational water to be increasingly restricted to 

extra-cellular pathways. Further investigations of stomatal 

function by leaf surface, of anatomy and of growth patterns 

were unsuccessful in finding an explanation for this 

behavior but did reveal a transpirational circadian rhythm 

and a continual layer of (air?) space between the palisade 

and spongy mesophyll, the latter organized into two compact 

rows. 



INTRODUCTION 

The lessons learned by earlier plant physiologists 

concerning the intimate relation between anatomy and 

physiology are sometimes forgotten. The current study is 

one of a series conducted in the laboratory of Dr. Kaoru 

Matsuda which strive to investigate the role of anatomy in 

water relations. 

Studies on barley leaves (Matsuda and Riazi 1981) showed 

that the growing region is highly responsive to water stress 

effects on the xylem's water potential but the nongrowing 

region is not. A reason for the unresponsiveness of the 

expanded region was suggested by tritiated water (THO) 

uptake studies indicating that transpirational water largely 

bypasses mesophyll cells in its movement out to the 

atmosphere in both stressed and unstressed seedlings. The 

relation of functional xylem to stomates proved to be 

regular and intimate so that water leaving the xylem need 

pass through only two or three cells to reach a stomatal 

cavity. 

Dicots do not have the wel1-differentiated growing region 

of the grass monocots; growing cells are more dispersed 

spatially and temporally. Although it is not clear what the 

particular growth pattern may be in individual species, the 



growing cells in dicot leaves are in a transpirational 

environment. Moreover, the leaf anatomy of C3 dicots is 

often differentiated into two layers of palisade and spongy 

mesophyll tissue, and the arrangement of veins and stomates 

is less regular. For these reasons it seemed that a 

comparative study on a C3 dicot would be fruitful. As a 

first step in that direction I performed THO labelling 

studies on mung bean seedlings. This species was chosen 

because it germinates and grows easily and uniformly under 

laboratory conditions and because it was believed to be a 

model C3 dicot. 

I investigated the anatomy of 8-day-old mung bean 

seedlings to verify this last point, with some surprising 

results. However, these anatomical investigations must be 

extended well beyond the current study if a profound 

understanding of mung bean leaf anatomy and development is 

to be achieved. I will argue at length in the Literature 

Review that such an understanding is essential for all 

laboratory species if interpretation and generalisation of 

the results obtained in water relations studies employing 

them are to be meaningful. 

When data from the THO uptake studies pointed to 

increasing resistance to water exhange between the 

transpiring water component and the blade water component 



with increasing stress, I undertook several further studies 

to investigate possible causes of this shift. 

First I made transpiration measurements under conditions 

of increasing stress to see if there was a shift in the 

proportion of water transpiring through the abaxial and 

adaxial leaf surfaces. Further transpirational measurements 

were made to investigate an apparent circadian rhythym. 

Growth studies were also conducted to determine whether 

the pattern of growth on the eighth day changed with 

increasing stress in a way that might play a role in the 

results of the THO uptake studies. 



LITERATURE REVIEW 

Barlow (1986) observes, "The developmental pattern of 

Gramineae leaves provides an excellent system for 

investigating the influence of water relations on leaf 

expansion in the absence of direct transpiration from the 

expanding tissues." The system to which he refers is one 

in which all cells originate in the basal intercalary 

meristem where they are protected by the subtending sheaths 

of older leaves from evaporative demand. Cell division, 

enlargement and differentiation are essentially complete in 

each section as it emerges from the protective sheath and 

thus "the cells in the emerged blade are completely 

expanded." The extension zone is in the position to 

intercept assimilate from the mature part of the blade as 

well as to have first call on water and solutes coming into 

the cell from the roots (Dale 1982). These leaves have 

another interesting feature: a water potential (WP) gradient 

which increases towards the distal transpiring region 

(Barlow 1986). 

It is this system which Matsuda and colleagues exploited 

so effectively in a series of studies on barley. They 

reported the response of the leaves of barley seedlings 

stressed by the addition of NaCl or polyetheylene glycol to 



the growing medium (Matsuda and Riazi 1981; Mason and 

Matsuda 1985; Riazi, Matsuda and Arslan, 1985). Leaf 

elongation stops almost immediately but later resumes; the 

time required for regrowth to begin is a few minutes if 

stress is mild (e.g. -0.2 MPA) but increases proportionally 

with stress intensity and the new growth rates are 

proportional to the water potential (WP) of the nutrient 

solution; the water potential and osmotic potential (OP) in 

the growing region drop by equivalent amounts over the 

course of about twelve hours, but remain virtually unchanged 

in the expanded region; in the growing region increases in 

glucose concentrations are observable within an hour; 

polyribosome percentages decrease within ten to fifteen 

minutes in the growing region and to a lesser extent in the 

expanded blade. 

In an effort to explain the selective responsivenss of the 

growing region to osmotically induced water stress, Matsuda 

and Riazi (1981) hypothesized that transpirational water 

moves intercellularly in the growing region because of the 

absence of wel1-developed xylem. Also because of their 

proximity to the transpirational stream, cells there would 

respond almost instantaneously to stress-caused reductions 

in the transpirational stream. In contrast, the expanded 

blade was less sensitive because transpirational water 

movement in the expanded blade largely bypasses the cells. 



They reported results of a test of the bypass hypothesis: 

stressed and unstressed seedlings exposed to THO initially 

showed much higher levels of radioactivity in transpiring 

water than in the water obtained from the leaf blades. 

Later anatomical studies (Rayan and Matsuda 1988; Matsuda 

and Rayan 1989, 1990) showed that there are in fact usually 

five vascular bundles with wel1-developed vessels that 

extend through the leaf. In both the growing region and the 

expanded blade, the bundles with functional vessels are 

separated by about twenty closely packed mesophyll cells and 

two to three bundles with immature vessel elements. Using 

this anatomical information together with data which shows 

that stress causes growth to stop immediately, they reasoned 

that nearly all cells in the growing region were able to 

respond to reductions in xylem WP and did so because the 

lower xylem hydrostatic pressure was transferred through 

xylem pits and cell walls to the far less permeable plasma 

membrane (Nobel 1983). The combined resistance served to 

isolate the symplasm from apoplasm. 

They used heat pulse studies to support the view that the 

water potential in the xylem dropped immediately on the 

application of stress. They also discovered that in the 

expanded region of the leaf blade all vascular bundles, 

whether functional or not, were closely associated with 

abaxial and adaxial stomates, being only one or two cells 



distant. They reasoned that transpirational water would 

leave the leaf through the stomate closest to the functional 

vessel from which it came, rather than through a stomate 

eight cells away. Most cells in the expanded region would 

thus be isolated from the drop in xylem WP and make no 

adjustments in their own WP and OP in response. 

Other grasses have the same basal 1y-restricted, non-

transpiring growing region as barley. Corn has well-

developed vessels that traverse the growing region (Esau 

1943) and a similar growth sensititvity to stress. Hsiao 

and co-workers (Acevedo, Hsiao and Henderson 1971) showed 

that water stress of young corn seedlings causes leaf growth 

to cease within seconds. 

Before the anatomical and heat pulse work on barley 

revealed that much of the transpirational water was probably 

bypassing both the cells in the growing region and in the 

expanded blade (although for different reasons) the question 

was posed of what might be expected to happen in C3 dicot 

1 eaves. 

This was believed to be an interesting question because of 

anatomical differences between dicot and monocot leaves: C3 

dicots generally have a more open structure (at least in the 

spongy mesophyll) and distinctive layering; they do not 

generally show the same ordered relation between stomates 

and vascular tissue; above all, dicots lack a distinctive, 



non-transpiring growing region. Unfortunately, it is 

precisely because light-grown dicot leaves lack a well-

delineated growing region (Esau 1977; Dale 1983; Wylie 1951 

and others) that detection of a difference in the response 

to stress of growing cells versus non-growing cells in the 

leaf is difficult. 

The question that could be posed for dicots was whether 

most transpirational water bypassed the bulk of cells in 

dicot leaves. The answer was sought by use of the same 

tritiated water technique that was used on barley. It was 

hoped that this answer would in turn provide suggestions for 

the way cells in a dicot leaf receive the message of stress 

and respond to it. 

Mung beans were chosen as a representative C3 dicot 

because they were known to germinate and grow well under 

under laboratory conditions (Passos 1989) and because their 

anatomy was believed to be representative of dicots. 

Moreover, epicotyls from dark-grown mung bean seedlings show 

an immediate growth stoppage--preceeding the change in water 

status--in response to applied stress as well as renewed 

growth at lower rates and solute accumulations in step with 

osmotic adjustments. Some attempt had also been made to 

look at reponses in light-grown mung bean leaves (Passos 

1989) . 



The literature review will begin with a closer look at the 

two areas in which dicots differ from monocots that are 

likely to have consequences for water relations: leaf growth 

and leaf anatomy. 

Leaf growth in dicots. It is sometimes said that in dicots 

most cell division occurs before cell expansion begins (Dale 

1982). In fact, in six different dicot species studied, 

from 60 to 99 percent of the cells present in a mature, 

fully-expanded leaf are formed during lamina expansion (Dale 

1982). Interestingly, an exception is the primary leaf of 

Phaseolus in which 70 or 80 per cent of the cells are formed 

before expansion begins. Some cell division continues in 

many species studied until the leaf is up to 95% of its 

final size, although again the primary leaf of Phaseolus is 

an exception, ceasing to divide much earlier. Still in all 

species there is a final period, however short, when lamina 

expansion is only owing to cell enlargement. Early work by 

Avery (1933) on tobacco and more recent work on Xanthium 

(Maksymowych 1973) found expansion to cease first in the 

distal portion of the blade and to continue longest at the 

leaf base. 

Superimposed on this pattern is the pattern of growth in 

the individual tissues in the dicot leaf: the epidermis 

stops dividing first, followed by the spongy mesophyll, 



finally by the palisade tissue. In several species studied 

growth rate was highest in the center of the leaf near the 

main veins and lowest at the perimeter and tip of the leaf 

(Dale 1982). Intercellular spaces are largely formed 

schizogenously, that is to say by separation of cells 

following wall breakdown. This separation begins early in 

lamina expansion while cell division is still frequent and 

is often described as the result of stretching forces as the 

epidermis expands. Dale resists the view that a purely 

passive process is responsible. He argues that the 

reticulate meshwork of the spongy mesophyll shows signs 

neither of rupture or pulling. Rather he imagines the 

"arms" of the mesophyll cells (see Anatomy section) as being 

sites of extension growth that may themselves generate 

tension. He also observes that differences in cell walls 

may account for the exact positioning of "arms" and 

separations. 

In addition to having a more spatially complex develop

mental pattern, when a dicot leaf unfolds it exposes "both 

its surfaces to the full evaporative demand of the 

environment, when it is between five and ten per cent of its 

final area" thus assuring high water loss (Barlow, 1986). 

Passos (1989) tried to look at differences in water status 

in response to osmotic stress in the lowest 0.8 cm of the 

basal area ("growing") as compared to the most apical 0.5 cm 



("expanded") in primary light-grown mung bean leaves. In 

unstressed 7- and 8-day-old seedlings the WP of the basal 

area was about 0.1 MPa lower than that of the expanded 

region . Stress left the expanded region unchanged but 

reduced the WP of the growing region by 0.1 MPa within two 

hours. There was appropriate osmotic adjustment in the 8-

day-old but not in the 7-day-old seedlings. Passos does not 

explain how he determined growing and expanded regions or at 

what age growth was continuing in the basal region after it 

had stopped in the more distal portions of the leaves. If 

primary mung bean leaves show a pattern at all like 

Phaseolus one might in fact have a "window of opportunity" 

for the study of growth responses to stress; but the pattern 

of growth in the grass monocots is so fundamentally 

different from that in dicots that even where a basal 

"growing region" can briefly be identified, that growing 

region is no way comparable to the basal growing region of 

grasses. 

C3 dicot anatomy. The generalized C3 dicot leaf (e.g. Fahn 

1982. Esau 1953, 1989, Mauseth 1988) is dorsiventral with an 

adaxial cutin-covered epidermis, the cells of which are 

tightly abutted except around the guard cells of the 

sparsely distributed stomates. The adaxial epidermis is 

subtended by the neat rows of elongated, cylindrical 



palisade cells. These palisade cells are rich in 

chloroplasts and are responsible for the majority of the 

leaf's photosynthesis. (Esau 1953 draws from a 1924 paper 

by Schurhoff for the percentages of chloroplasts in the 

palisade parenchyma of six species. They range from 69% to 

86%.) In most species they are very close together, 

although there is some variation—in particular on the 

interior face of the palisade layer where the cells may 

remain neatly vertical or may be slightly distorted, pulled 

outward, leaving larger air spaces. In a few species like 

Vicia faba palisade cells are widely spaced without apparent 

distortion (Troughton and Donaldson 1972), but it is perhaps 

more visible in paradermal sections. If there is more than 

one row of palisade cells, the row most interior is often 

squatter, as though in transition to the spongy mesophyll. 

Beneath the palisade cells is the jumble of spongy 

mesophyll cells and large air spaces, hedged in by the 

abaxial epidermis with its plentiful stomates. (Nobel 1983 

estimates an average of one stomate for every 30 to 40 

mesophyll cells.) The vascular bundles generally occupy the 

area where the palisade and spongy mesophyll layers merge. 

Some species, especially among the xerophytes (and C4 

species), are isolateral, having palisade layers on both 

sides of the leaf separated by a narrow region of spongy 

mesophyll and vascular tissue; a few species are solidly 



palisade. And there are those species with highly 

specialized leaves where neither palisade nor spongy 

mesophyll tissues are discernable. 

More specific observations rely heavily on the work of 

Wylie, who published a series of important papers beginning 

in the late 1930's. It is here that the picture becomes 

less familiar. First, despite the close, orderly 

arrangement of the palisade cells, they are, in the main, 

separated one from another — as can readily be seen in 

epidermal peels (e.g. Fahn 1982, Mauseth 1988, Wylie 1939). 

Faradermal sections of the spongy mesophyll of many 

species reveal a complex web of interconnected cells rather 

than the hodgepodge of isolated cells seen in cross-section. 

The connections are via lobes protruding from the cells; 

these connections are not apparent in cross section. In 

fact Wylie (1939) says flatly that "this tissue can be 

correctly interpreted only from sections parallel with the 

epidermis, as evidenced by its inchoate appearance in 

transverse sections of the leaf. It...usually has 

outstretched arms from each cell which unite with similar 

extensions from adjacent cells..." as can be seen in the 

same three species he used to illustrate the palisade layer. 

The common overall configuration of the spongy mesophyll 

might be described as stacked meshes, or as a "meshed cell 

structure" (Wylie 1951). This arrangement can be seen quite 



clearly in the stunning scanning electron micrographs 

reproduced in Troughton and Donaldson (1972). 

Thus the orientation of the tissues--the spongy mesophyll 

and the epidermis parallel to the plane of the leaf surface; 

the palisade tissue at right angles to it--is even more 

disjunct than is apparent in cross section. 

In a 1951 paper Wylie emphasizes that although these arms 

are the norm there is more variation in spongy mesophyll 

tissue across species than there is in palisade tissue. 

Some of this variation has to do with the amount of air 

space present and how it is arranged—if for instance the 

meshes are superimposed, vertical "wells" of air space are 

formed. There are also more radical departures. Prunus 

serotina has "the cells of the spongy mesophyll slightly 

elongated but free laterally and united terminally into 

groups of various patterns; they are usually chain-like and 

form connected loops of considerable size." Catalapa has 

cells predominantly vertical but with lateral connectives 

that unite them at various levels along the sides. And 

there is a continuum from those species having more block

like cells with arms not wel1-developed to species with such 

wel1-developed arms that the cell is "all arms" (see 

illustration of Calophvllum calaba in Wylie 1946b; perhaps 

the most useful picture of lobe connections is in Mauseth 

1988, showing the interlocking spongy mesophyll cells in 



Liqustrum and their tight connections to the bundle sheath 

cells of the tracheids). 

The contact between spongy mesophyll cells proves to be so 

extensive in contrast to the palisade parenchyma that 

despite the large air spaces of the spongy mesophyll, it is 

the palisade parenchyma which provides more free surface per 

unit volume, in a ratio of two to one or more (Fahn 1982; 

Turrell 1936 found a range of ratios from 1.6:1 to 3.5:1 in 

a study of twelve species). 

Wylie's studies of 66 Iowa and Pacific Coast species 

(1939) and 144 Florida species (1946) further showed that 

where there was greater development of the palisade layer 

there was greater development of vascularization. 

Anatomists have provided some functional explanations of 

these anatomical features. Leaf tissue organization must 

serve many more functions than the water movement on which 

this work is focused. Primary among these are of course 

delivering CO2 to the cells and sugar to the phloem, 

structural support, ion transport and communication. The 

arrangement of the palisade layer is described by anatomists 

(Mauseth, Fahn, Esau) as primarily a function of its role as 

the main site of photosynthesis in the leaf. The copious 

free surface is believed to allow the chloroplasts, closely 

appressed in a single layer to the cell membrane, ready 

access to CO2. But advantageous as this arrangement is for 



C02 absorption, it may pose other problems. Leaves in the 

shade, where photosynthesis is presumably limited by 

sunlight rather than by CO2, often restrict palisade cell 

development (Lichtenthaler 1985); some forego it altogether 

(Wylie 1943a). 

When paradermal sections of the spongy mesophyll and the 

palisade layer are drawn to the same scale as Wylie (1946b) 

has done for Calophvl1um calaba, one can readily see that 

"movement [of water] through the palisade in any direction 

in the plane of the blade would involve at least ten times 

as many cells as transport through an equal distance in like 

direction in the spongy mesophyll." In fact Wylie believed 

that the elongation of spongy mesophyll cells in the plane 

of the blade and the broad areas of contact favor lateral 

movement (presumably of liquid water) "while their 

arrangement in superimposed meshes favors movement in any 

direction." He (1939, 1946b) was not surprised to find that 

the higher the percentage of palisade tissue in a leaf, the 

more closely spaced its vascular tissue. 

Wylie does not mention the large amount of water vapor 

presumably present in the spongy mesophyll in his 

considerations but to later anatomists like Troughton and 

Donaldson (1972) it seems self-evident that water evaporates 

close to the vascular bundles and disperses as water vapor 



through the air spaces in the spongy mesophyll on its way to 

the abaxial stomates. 

Although the palisade cells present extensive free 

surface, they are separated from one other by only a few 

micrometers. Mauseth (1988) claims this close spacing forms 

"a capillary system with the upper epidermis that functions 

to distribute water to the eel 1s... Because most palisade 

cells do not actually touch a vein, this distribution is 

important." If Mauseth were right, this arrangement would 

pose considerable problems for gas exchange since the 

diffusion coefficient for CO2 in water is nearly twice that 

in air (see the discussion in Tyree and Yainoulis 1980). 

Mauseth argues that the openess of the spongy mesophyll 

permits greater penetration of CO2 into leaves from the 

atmosphere. Moreover, he imagines that the greater 

flexibility of a leaf with abundant air spaces encourages 

diffusion. This reasoning does not explain what happens in 

xerophytic leaves which are generally thicker and smaller, 

with palisade layers on both leaf surfaces and almost no air 

space; nor in C4 species where air spaces are fewer (Byott 

1976); but it does demonstrate the paucity of thinking on 

the functional causes/consequences of the arrangement of 

spongy mesophyll. 

Another striking feature of dicot leaf anatomy to those 

interested in water relations is the presence in many 



species of a set of specialized cells which extend to the 

epidermal layers from the vascular bundles. Although first 

observed in the 19th century (for a historical discussion 

see Wylie 1952), these "vein-extensions" or "vein-ribs" or 

"bundle sheath extensions" were first described at length by 

Wylie (1943b) for ten Iowan species; his student Armacost 

(1944) extended the list to 40 woody and twenty herbaceous 

species from Iowa, California and New Zealand. A larger 

1952 survey by Wylie found bundle sheath extensions in 52 of 

101 Iowa herbaceous dicots, in 73 of 30 Iowa woody dicots 

(deciduous trees and shrubs), in 69 of 121 Southern Florida 

dicots and in sixteen of 46 New Zealand dicots (the latter 

two groups largely broad-leafed evergreens). The presence 

of bundle sheath extensions in one species does not 

guarantee their presence in other species of the genus. 

About half of the Iowa herbaceous species had bundle sheath 

extensions. Wylie speculates (1952) without elaboration 

that a wider survey would find a much smaller percentage of 

herbaceous species with bundle sheath extensions. The 

dearth of information concerning herbaceous species is 

especially unfortunate for the plant physiologist working on 

dicot water relations in the laboratory. 

The bundle sheath extensions are from one to several cells 

thick. The individual cells contain few chloroplasts; they 

are usually thin-walled and elongated in the direction of 



the vein. They appear to be tightly joined one to another 

and are very noticeable, particularly where they intrude 

through the palisade layer where they may be from several to 

many cells in height depending on the thickness of the 

palisade tissue (Wylie 1952). They do not always extend to 

the upper epidermis, or may instead be associated with 

specialized palisade cells. The extensions to the lower 

epidermis often thicken downward. The more nearly similar 

the upper and lower mesophyll of the leaf, the more similar 

the upper and lower bundle sheath extensions (Wylie, 1952). 

Even when present they are not uniformally associated with 

all veins in a leaf, being most common on the smallest major 

veins and usually on the minor veins as well. Minor veins 

having extensions may form boundaries around limited areas 

of mesophyll which are invaded by intrusive minor veins 

lacking extensions. The consequence is a series of 

compartments which extend from epidermis to epidermis. The 

reader who wishes to fully appreciate these "working units" 

and their variations is referred to the illustrations in 

Wylie 1943 and 1952. Overall, he found that 58% of the vein 

length in his earliest survey carried extensions. 

In a study on the characteristics of leaves from four 

different locations on an Acer piatanoides, Wylie (1949) 

found that the sun leaves which were thicker, had more 

palisade tissue, and were more compact, also had more bundle 



sheath extensions than did the thinner shade leaves with 

more spongy mesophyll and more intercellular space. On the 

other hand, the suggestion of his 1952 survey is that bundle 

sheath extensions are most common among northern trees with 

the thinnest blades. The woody dicots growing in the same 

area without bundle sheath extensions "had thicker leaves 

and greater depth of all comparable tissues." 

The function of bundle sheath extensions was believed by 

early observers to be structural but Wylie (1943), Armacost 

(1944) and Pizzolato et al. (1976) used a tracer to 

investigate the possibility of a water conduction function. 

Potassium ferrocyanide, shown to be freely permeable (Wylie 

1952), moved rapidly (two to six minutes if the leaves were 

in sun) from veins through the bundle sheath and connected 

bundle sheath extensions to the epidermis. To reach the 

palisade and spongy mesophyll cells required another two or 

three hours; the dye had not reached many mesophyll cells 

after three days. They all conclude that the bundle sheath 

extensions and epidermis appear to be an important pathway 

for water, although Wylie (1952) reminds readers of other 

possible functions. 

Wylie was particularly interested in the bundle sheath 

extension-epidermal route as a possible route of water 

supply to the palisade tissue. He found features of 

epidermal cells which appeared to facilitate water flow in 



species with bundle sheath extensions and features which 

appeared to impede water flow r.n species lacking them 

(1943a, 1946a and b; also see Site of Evaporation section). 

But when he examined the ratio between the vein spacing and 

the vein extension spacing (1946b, 1951, 1952) he found that 

when veins are closely spaced, vein extensions are not and 

vice versa. Since closer vein spacing was also described as 

a characteristic of species from warmer climates which may 

also have more highly developed palisade tissue, this again 

raises the question of the apparent paradox of the 

distribution of bundle sheath extensions discussed above, 

i.e. that they are more common in sun leaves but less common 

in xeromorphic species. The resolution may lie in more 

careful categorisation. 

The presence or absence of bundle sheath extensions and 

other particulars of leaf anatomy may be of enormous 

consequence in dicot leaf water relations (see further 

discussion in Site of Evaporation). If transpirational 

water did travel via bundle sheath extensions it could 

bypass most mesophyll cells; in species lacking bundle 

sheath extensions transpirational water might circulate more 

extensively through the leaf. But the frequency and 

distribution of any bundle sheath extensions, the 

distribution of stomates, the characteristics of the 

epidermal cells, the organization of the spongy mesophyll, 



the depth of the palisade tissue all may prove to be equally 

important in determining the exact nature of water movement 

in any given species. 

That dicots are unlike the Gramineae is clear, but dicots 

are also unlike each other in many ways that are likely to 

have bearing on the question of water movement (e.g. Byott 

1976). We are sorely lacking detailed anatomical 

information on the dicot species we commonly use in the 

laboratory and until we have it, the use of one dicot 

species to generalize about all dicots is unjustified. 

Apoplastic versus svmplastic water movement. I have so far 

avoided specific reference to apoplastic water movement, 

opting instead for the vaguer notion of "by-passing the bulk 

of cells". This is because the studies with labelled water 

do not provide even-handed information on the symplast 

versus apoplast controversy. If water collected as it 

transpires from leaves becomes radioactive much more rapidly 

than the water collected from leaf tissue, Matsuda and co

workers have argued that water has not readily entered most 

cells in the leaf. But this is not necessarily grounds for 

claiming an apoplastic pathway because, as the anatomy 

literature review has shown, there is another possibility. 

In leaves with appropriate structures, this same result 

would be obtained if water moves symplastically through a 



very limited number of cells. On the other hand, evidence 

that 1saf tissue water is labelled as quickly as transpired 

water is grounds for claiming a symplastic pathway. This is 

because the volume of water in the apoplasm is small 

compared to the volume of water in the cells (Rayan 1989 

estimates the cell walls occupy one or two percent of the 

total leaf volume in barley leaves) so that even a tortuous 

apoplastic pathway which involved nearly all the apoplastic 

space of the leaf would not represent a high enough 

proportion of leaf volume to account for the radioactivity 

measured in the ground-up tissue. This asymmetry 

notwithstanding, an understanding of the apoplastic versus 

symplastic water movement controversy is crucial to an 

evaluation of the results. 

The controversy begins with the late 19th century theory 

that water transport was from vacuole to vacuole (crossing 

cell walls and cytoplasm) along a water potential gradient 

(Lauchli 1976). (Strictly speaking this is a transcellular 

pathway rather than a symplastic one, since symplasm is 

usually taken to mean the cytoplasm—possibly as connected 

via piasmodesmata. Unfortunately usage is not consistent.) 

This theory was challenged in 1943 when Strugger (as cited 

in Canny 1990) developed the Extended Cohesion Theory from 

his berberin sulphate tracer studies. The theory held that 

the water column was continuous from the xylem through the 



cell walls tc the evaporating surfaces "bathing the living 

cells but not entering them, except to adjust small 

differences in pressure". (In the discussion which follows 

apoplast is used synonymously with cell wall; although 

apoplast is often inclusively for cell walls and 

intercellular spaces, as I have just done above, it will 

become clear in the arguments which follow in this section 

and in Site of Evaporation why a more restricted meaning is 

practical if we are to distinguish among the various 

theories without confusion.) The apoplastic theory was 

given new support by Strugger and Peveling in 1961, this 

time using sols of noble metals; by Crowdy and Tanton (1970) 

using Pb-EDTA to meet the criticisms of Strugger for the use 

of large insoluble particles; by Pizzolato, Burbano, Berlin, 

Morey and Pease (1976) using ferrocyanide; and by many 

others using everything from lanthanum to silicic acid. 

Several problems with this approach are obvious. Many of 

the non-isotopic tracers employed can not penetrate into the 

cell and therefore their presence in the apoplast can hardly 

be evidence for the absence of a symplastic pathway or for 

the relative importance of the two pathways. Cationic 

tracers are strongly adsorbed on cell walls and may thereby 

block further movement of later arriving cations and are 

often toxic to leaves (Canny 1986). Moreover, most tracers 

will not pass the endodermis in roots and therefore can be 



applied to the plant only by root removal, an event 

presumably not without consequence to plant function. 

A serious challenge was also made to the non-isotopic 

tracer evidence for apoplastic water movement as early as 

1944, and again in 1954 and 1956, by Hulsbruch and in 1S58 

by Schlafke (for citations of German articles see Canny 

1990) on the grounds that the results of tracer studies were 

as  likely as not to be caused by the diffusion of tracers 

rather than by bulk flow. For example Schlafke showed that 

in the leaves of Stel1 aria the tracer moved through the vein 

systems within five minutes, but the sideways movement 

thereafter took 1.5 hours, a rate indistinguishable from 

diffusion. When transpiration rates were lowered the time 

to spread through the veins increased but the time to spread 

from the veins did not. 

These criticisms were not addressed, indeed do not seem to 

be well known (although Boyer echoes them without citation 

in his 1985 review article), until Canny (1990). He agrees 

that any results observed after the first few minutes in 

these tracer experiments may have nothing to say about the 

transpiration stream and everything to say about diffusion 

of the tracer. To provide a better feel for this Canny 

presents diffusion rates/distances for sucrose in water. 

Assuming a constant source (e.g. the large deposits of 

tracers, often crystallized, found in non-permeable tracer 



experiments), substantial amount of sucrose can diffuse 

between two lateral veins in a wheat leaf, a distance of 640 

micrometers, in ten minutes. The diffusion coefficient for 

sucrose in cell walls is believed to be smaller and the 

subsequent diffusion distance in a similar time is reduced 

by a factor of two to three. Even with only these rough 

values, an evaluation of a particular tracer experiment can 

begin by consideration of the time involved before results 

are read. Further analysis can be based on the location of 

the largest tracer deposits, and on the concentrations of 

tracer in these deposits as compared to the concentrations 

in the applied solution. 

(Crudely applying these techniques, I would argue that the 

tracer studies used in support of the role of conductance 

for the bundle sheath extensions are probably valid, since 

tracer shows up in the epidermis within minutes, although I 

do not know in what concentration.) 

Canny uses the same principles and a non-permeable tracer 

to investigate what happens to the transpiration stream and 

to the solutes in it. He argues that the only explanation 

for an accumulation of non-permeable tracer that is known 

not to bind to wall components is the withdrawal of water 

either by evaporation or by entry into cells. In wheat and 

corn large crystalline concentrations occur adjacent to the 

xylem. In wheat the crystals are observed at the junction 



of the mestome (a suberized endodermal cell layer) and 

parenchyma sheaths; in corn, on the inner tangential walls 

of the parenchyma sheath cells of small and intermediate 

veins. (The walls of the parenchyma sheath in maize, and in 

some dicots, also have suberized lamellae. Canny, 1986, 

offers the very interesting hypothesis that these lamellae, 

which are pierced by plasmodesmata, serve to keep separate 

the opposing fluxes of water and assimilates through the 

sheath.) Since Canny thinks that evaporation is impossible 

in the small, saturated inter-cellular spaces in Lhis 

region, he is left to conclude that the tracer can only have 

accumulated as water crossed plasma membranes entering the 

symplasm. (This technique cannot yield evidence on 

subsequent pathways; and it is also important to remember 

that Canny does not mean to argue that there is no water 

movement in cell walls.) 

In a reexamination of earlier work Canny finds similar 

accumulations of apoplastic tracer close to the xylem in 

work by Botha and Evert (1986) using Prussian blue and lead 

nitrate in Bromus and Saccharum and by Tanton and Crowdy 

(1970) using Pb-EDTA in wheat. 

The crystals of tracer also provide the source of a 

quantifiable diffusional gradient by which to observe solute 

movement in cell walls, which in turn reveals how 

imperfectly and selectively permeable cell walls are--at any 



rate those in the immediate vicinity of the vascular 

bundles — even showing "patterns directed by the anisotropics 

of the cell walls which were formed during leaf maturation." 

The pathways through the cell walls in which tracers move 

are so small that Canny coins a term for them: nanopaths 

(1988) . 

In 1963 Weatherley developed an approach to the question 

of non-vascular water movement which did not involve tracers 

at all. He accepted the tracer evidence as showing that 

apoplastic water movement occurred, but he did not believe 

that it could establish the relative importance of a cell-

wall versus a vacuolar pathway (1970). The only way to do 

this was by having some idea of the the relative resistances 

to flow of the two pathways, information which membrane 

permeability studies could not provide. 

Weatherley reasoned (1963, 1970) that the logarithmic die-

away curve in water uptake in a transpiring leaf suddenly 

submerged in water would be two-phased if the resistance to 

flow of the vacuolar pathway were greater than that of the 

cell-wall pathway. The rapidly declining first phase would 

represent the continued up-take to capacity of the small 

volume of cell walls; the second, slower phase would 

represent the continued uptake to capacity by the much 

larger volume of vacuoles. However if the resistance of the 

cell-wall pathway were greater, the die-away curve would be 



slow and single-phased as the large vacuoles continued 

uptake to capacity. Presumably any subsequent filling to 

capacity of the small cell-wall volume would not be visible 

as the curve approached zero or would simply be swamped by 

the volume of water involved in vacuolar filling. In the 

three species tested (Pelargonium zonale. Ribes sanguineum 

and Populus candicans) the die-away curve was two-phased. 

Weather1ey's work, together with the tracer studies led to 

widespread acceptance of the apoplastic theory (e.g. Boyer 

1974). But from the data yielded by the Weatherley 

experiment it was possible to judge the volume of water 

involved in each phase, and it proved to be much larger in 

the first phase than in the second. Cowan and Milthorpe 

(1968) concluded that some part of the symplast was being 

saturated in the first phase. Then in 1971 Weatherley 

repeated his experiment (Milburn and Weatherley 1971), this 

time using leaf discs. These discs did not show the two-

phase uptake pattern; instead, they rehydrated completely in 

one phase. When he sought an explanation for this 

difference he realized that the plants he had used in the 

earlier experiment had been grown in pots under conditions 

of water stress. The second phase of uptake resulted from a 

spurt of growth as the plants recovered from water stress. 

Although concluding in a 1976 survey of apoplastic water 

movement that there was "no doubt that mesophyll cell walls 



form the major pathway for water," Lauchli offered one 

caveat which would prove to be a major difficulty for the 

apoplastic theory. The apoplast is generally looked upon as 

a much simpler structure than the symplast and, hence, 

apoplastic transport as a less complex problem, but in fact 

such an assumption is unwarranted. As Dainty observed in 

1963, a cell wall is not a "box" but "a rather concentrated 

weakly acid, inhomogeneous, ion-exchange resin under 

considerable tension." 

Earlier work by Ordin and Bonner (1956) had found that 

neither metabolic inhibitors nor outright killing of the 

coleoptile changed the rate of D20 uptake in Avena 

coleoptile sections. The authors concluded that the 

plasmalemma offers little resistance to the diffusional 

movement of water. In a 1977 experiment measuring outflow 

from Fagus mesophyll cells on the application of pressure, 

Tyree and Cheung calculated the hydyraulic conductivity for 

the plasmalemma as on the order of 10-6 cm/sec.bar, a 

generally agreed upon value for higher plant cells, but 10" 

10 for cell walls. 

In 1977 Boyer developed an idea that the relative 

resistance of the symplastic vs. apoplastic pathways could 

be tested by comparing the flow of water into or out of 

single cells with that from whole leaves. The reasoning was 

that if cell walls have a low resistance to water movement 



(allowing apoplastic flow) "water should flow reasonably 

freely to all the cells in the leaf and they should hydrate 

virtually in unison, with kinetics similar to the kinetics 

of individual cells." But if the cells in tissue acted "in 

series rather than in parallel, the half-time for water 

movement would be longer than for a single cell" because 

symplastic water movement would perforce involve more 

membranes and thus a greater cumulative resistance (ignoring 

any role for plasmodesmata). 

Various means have been found by various workers to pursue 

this approach, some with rehydration experiments, others 

with applied pressure. Tyree and Yianoulis (1980) and Boyer 

(1985) review this work and conclude, in Boyer's words, that 

the evidence "is nearly unanimous in supporting the notion 

that tissues transport water at rates much slower than for 

single cells in the same tissue and that tissue kinetics are 

slow in general," supporting the idea of a high resistance 

in cell-walls and arguing against an apoplastic pathway. 

(It must not be assumed that in rejecting the apoplastic 

pathway Boyer is accepting the symplastic pathway. In fact, 

he proposes a third pathway which is discussed in the 

section following, Site of Evaporation.) Canny (1990) finds 

the kinetic evidence less conclusive (although as we have 

seen his own work suggests that at the very least the start 

of the pathway is symplastic), perhaps in part because he is 



writing later and has the advantage of some emerging 

criticism of the earlier studies. But he also makes (1S88) 

a more general criticism voiced elsewhere: the studies that 

use rehydration may not be applicable to the steady state; 

to which some might add: if there is a steady state in 

nature. There is also a general unease over applied 

pressure experiments. 

The apoplastic theory of water movement is still widely 

accepted; citations invariably refer to the tracer studies 

and to Weatherley's experiment. 

Site of evaporation. Assumptions concerning the site of 

evaporation inevitably shape thinking about water movement 

in leaves and vice versa. Operating from the premise that 

water movement proceeds from vascular tissues to the walls 

of spongy mesophyll cells lining stomatal cavities, it was 

natural to assume that these cells were the sites of 

evaporation. The view of stomatal cavities as principal 

sites of evaporation in turn tends to support the notion 

that water moves from vascular tissues to these sites via 

spongy mesophyll. 

An alternative possibility for the principal site of 

evaporation is the epidermal and guard cells lining the far 

side of the stomatal cavity and this idea too has important 

repercussions for theories of transpirational water 



movement. Meidner (1975) describes come cf the experiments 

in which tracers collected in the anticlinal walls of 

epidermal cells and guard cells, not in the mesophyll cell 

walls lining the stomatal cavity. These tracer studies are 

suseptible to the same problems as those discussed in the 

section on symplastic vs. apoplastic water movement. For 

example in the study by Gaff, Chambers and Markus, (1964) 

gold sols collected almost exclusively in the outer 

epidermal walls. But gold particles probably cannot 

penetrate cells and are difficult to detect with certainty; 

and eosin dye used to track the transpiration stream is 

eventually fatal to the plant; and the experiment ran two to 

three hours. (The authors claim that particles of such 

great size will have "very great" resistance to diffusional 

movement and that in fact the gold sols arrived with 

surprising facility at the epidermal walls.) 

These tracer studies are also clouded by several other 

liabilities of tracers not yet mentioned. In a startling 

result obtained with lead chelate, Tanton and Crowdy (1972) 

found evaporation largely occurring from the cuticle. They 

were subsequently critized for failure to consider the 

likelihood that lead chelate was selectively excluded from 

the protoplast (Boyer 1985). This criticism would be 

particularly pertinent if the principal pathway proved to be 

symplastic and terminated somewhere other than the 



apoplastic pathway to which the lead chelate was perforce 

restricted. Eut there were other challenges as well. 

First, there was evidence that lead chelate was 

preferentially adsorbed on pectin-rich regions of the 

cuticle (Meidner 1975), possibly having been deposited 

elsewhere (Cowan 1977). 

Second, the argument was made that the accumulation of 

lead chelate was owing to what Tyree and Yianoulis (1980) 

call the "chromatographic" effect and Canny (1990) calls the 

"wick effect," i.e. the tendency of non-permeable tracers to 

accumulate at leaf margins and tips (from whence they will 

diffuse, given time) even when evaporation is occurring 

elsewhere. This happens, they argue, in the same way that 

dyes previously separated from water evaporating on a paper 

wick are eventually swept all the way to the edge of the 

wick by newly arriving solution. 

Cowan (1977) also makes a useful observation. The surface 

area of mesophyll cells is at least ten times the surface 

area of the leaf and 100 times the surface area of the guard 

cells; interpretations of tracer deposits must be made with 

this in mind. (Canny's insistence on quantification of 

tracer deposits is to the point here.) 

Meidner concluded that accumulation of the lead chelate 

and gold sols in the epidermal region demonstrated "that 

possibly a major portion of the water in the transpiration 



stream moved in epidermal cell walls." He presents 

additional grounds for believing this to be the case in a 

series of papers (Meidner 1975, 1976a, 1976b; Sheriff and 

Meidner 1974, 1975; and others working in the same lab--see 

Meidner 1975 for citations) investigating the ability of the 

epidermis of Tradescantia Virginia to transport water, the 

degree of its connection to mesophyll tissue and its 

stomatal responses. Water flow (induced by a suction of 0.1 

bar) through various combinations of epidermal and leaf 

strips was measured in a Ganong potometer and hydraulic 

conductance calculated. The effect on the stomatal aperture 

of sudden reductions of water supply to either the epidermis 

or other parts of the leaf was also observed. They conclude 

"that the epidermal path has a relatively high hydraulic 

conductivity which would allow for effective replenishment 

of water lost from it by evaporation." They also found the 

epidermis to be spatially and functionally separated from 

the mesophyll tissue but intimately connected to the 

vascular tissue via abundant bundle sheath extensions. 

Meidner's developed theory (1985)--that water in 

Tradescantia moves from the vascular tissue to the epidermis 

via bundle sheath extensions and from there along the 

epidermal cell walls until it evaporates from the guard 

cells and the anticlinal surfaces of epidermal cells lining 



the cavity--can be seen as support for and an extension of 

the work by Wylie previously discussed. 

The intention of Sheriff and Meidner (1974) to include 

Hedera helix. which they describe as a xeromorphic species 

lacking bundle sheath extensions, as a point of comparison 

with Tradescantia was frustrated by the inability to get 

epidermal strips, itself an interesting difference. They 

were able to show an immediate stomatal reponse to hydraulic 

perturbation of the epidermis but no response to a similar 

perturbation of the "rest of the leaf". As it happens, 

Wylie (1943a) described the leaf anatomy of Hedera helix 

("a shade species") in detail. The unusually thick (four to 

ten layers) spongy mesophyll showed "a definite tendency to 

have the cells of all layers of the sponge superimposed, so 

that they formed vertical curbs around the well-like 

intercellular spaces. This arrangement... favored 

conduction upward and downward from the midplane of the 

leaf." Wylie repeated the tracer experiment described 

earlier--this time the stain never reached the epidermis. 

He notes features of the epidermis in this species which 

might be expected to impede ease of water flow (e.g. number 

of pits, surface area of the end walls) as compared to 

species with bundle sheath extensions. (For similar 

observations on Florida species having remote or entirely 

absent bundle sheath extensions see Wylie 1946a, and 1946b. 



In some species epidermal cells are separated by cuticular 

wedges.) He concludes that water supply for the palisade 

layer and epidermis in Hedera must come from below, making 

the spongy mesophyll the principal conduction route. 

Sheriff and Meidner (1974, 1975) make an attempt at a 

wider generalization: they argue that mesomorphic species 

will require "a degree of feedback from the water potential 

of the mesophyll, via the veins [and bundle sheath 

extensions] to the water potential of the epidermis and 

hence stomatal aperture. In xeromorphic leaves, on the 

other hand, the resistance to water movement into the 

epidermis is relatively high, and so the water potential of 

the epidermis ... may depend more on...atmospheric humidity 

than on the water potential of the rest of the plant." 

Tyree and Yianoulis (1980) who echoed the criticisms of 

the tracer studies done in support of the epidermal and 

guard cells as the principal site of evaporation, are also 

critical of various parts of Meidner's work, in particular 

the measurements of conductivity in the epidermis. They 

think that the value is unrealistically high whether posited 

for a symplastic or apoplastic pathway within the epidermis 

and suspect that the measurement was actually of water flow 

across the wettable surface of the peels. But when they 

used computer simulations of stomatal cavities to test for 

the site of evaporation, their results supported Meidner. 



They found 75% of the all water evaporation occurring in the 

region corresponding to the guard cells, and argue that in 

real sub-stomatal cavities some of that evaporation would 

also occur on the epidermal surfaces. 

Meidner himself (1976b) constructed a large scale model of 

a sub-stomatal cavity and used wet filter paper to measure 

evaporation. The results, with some interpretation, were 

compatible with the computer model of Tyree and Yianoulis. 

The reader should be aware that any model of water 

movement and site of evaporation must ultimately deal with 

the question of how stomatal aperture is controlled, a 

subject which will be left unexplored. Those who believe 

evaporation to occur from the epidermal and guard cells must 

also account for the stomatal cavity; I refer the interested 

reader to Tyree and Yainoulis (1980) as well as to Meidner 

(1975) for a discussion of the role of the cavity in the 

facilitation of C O 2  absorption. 

A third possibility for the site of evaporation is 

presented by Boyer (1974, 1977, 1985). This view, like the 

others, has an attendant theory of transpirational water 

movement. Boyer (197 4) first found that when he induced a 

range of transpiration rates in well-watered sunflowers (by 

varying wind, humidity and light), the linear relationship 

seen at higher transpiration rates between leaf WP and water 

uptake (absorption) was not maintained, that is to say leaf 



resistance was not constant. From the data he calculated a 

resistance on whole plants at low transpiration that was 30 

times the resistance at high transpiration. (He used 

excised leaves--to eliminate the role of roots, long 

believed to be a site of variable resistance—with similar 

results. ) 

He argued that there were two possibilities to explain 

this change: a single pathway which underwent a resistance 

increase at low transpiration rates OR two different 

pathways, one at high transpiration with low resistance and 

one at low transpiration with high resistance. At low 

transpiration rates, growth in these sunflower leaves was 

vigorous and nearly all the water uptake went toward that 

growth. So Boyer reasoned the single pathway would have to 

involve the symplasm. He measured the rate of influx of 

water in a rehydration experiment, assuming the rate would 

reflect the ability of water to move into cells. He also 

measured the efflux of water under pressure, again assuming 

that this efflux was largely cell water. Both of the rates 

measured were only a little more than half the high 

transpiration rate (1/18 on a per bar basis, Boyer 1977). 

He concluded that there must be two separate pathways: 

symplastic at low transpiration rates, apoplastic at high 

transpiration rates. 



In another study (1977) on sunflowers Boyer used the 

approach described in the Apoplastic vs. Symplastic section 

which compares the kinetics of single-cell flow to leaf-

tissue flow. Since efflux from whole sunflower leaves was 

much slower than from single cells, he argued that the 

individual resistances of cells and cell walls together add 

up to a high resistance to the flow of water. He joined 

this observation with the previous data to make a new 

proposal: at high transpiration rates water must evaporate 

from a site deep within the leaf and move as water vapor in 

intercellular spaces to the stomatal cavity. 

Boyer found further support for this theory in the work of 

Farquhar and Raschke (1978). To answer the question of 

whether evaporating sites within the leaf would receive 

enough water to be kept fully wetted, Farquhar and Raschke 

supplied helium to one side of an amphistomatous leaf of 

Gossypium hirsutum. Xanthium strumarium, and Zea mays and 

compared its rate of diffusion through the leaf to the other 

side with the diffusion rate of water vapor. Water having 

only half as far to travel would be expected to have no more 

than half the resistance of helium. In fact the resistance 

of water was slightly less than half that of helium. Boyer 

(1985) argued that since the resistances for helium gas and 

water were so similar (when compared to the distance 

traveled), water must be traversing its half of the leaf as 



a gas, just as helium is, and have evaporated close to the 

vascular system. 

Boyer elaborates what I call his "third" pathway idea by 

suggesting that the mesophyll cells of stomatal cavities may 

be lined with cutin--a necessary component of the proposal; 

otherwise the high vapor concentration gradient necessary to 

account for the flux would encourage evaporation close to 

the epidermis. He cites Esau and, in his 1985 review, work 

done for him on Pvrus (not, alas, on sunflowers). Franke 

(1964) says, without citation, that "all internal surfaces 

of aerial plant organs which border on air-filled spaces are 

covered with a layer of lipoidal substances which form a 

cuticle." Similar claims may be found in anatomy texts 

other than Esau's (e.g. Fahn 1982). The ultimate source of 

these far-reaching generalizations seems to be a review 

article written in 1943 by Priestley who in turn draws on a 

1933 survey and theoretical discussion by Arzt (for German 

citation see Priestley). 

In Tradescandia virginiana a cuticle layer covers the 

portions of the guard cells, subsidiary cells and epidermis 

facing inward on the stomatal cavity, but there is no 

cutinization of the mesophyll cells (Nonami, Schulze and 

Ziegler 1990). A closer look at the work on Pvrus mentioned 

by Boyer (1985) in fact reveals that the work was done on 

the epidermis and guard cells and in fact gives no 



information on the mesophyll cells. A closer reading of 

Boyer (1985) reveals that he actually says if. the cuticle 

extends into the mesophyll it would present a significant 

barrier to evaporation. The distribution of cutin may vary 

as much as other anatomical features that affect water 

movement; a thorough review of the subject is needed. 

What about sunflower leaf anatomy? It is not clear if the 

illustration of the two pathways used by Boyer (1977) is 

intended as an actual representation of a sunflower leaf, or 

only as a schematisized leaf. In the drawing the vascular 

\ 

tissue is placed below both the single palisade layer and a 

group of spongy mesopyll cells and egress is through a 

stomatal cavity which extends from the vascular tissue to 

the adaxial surface. Since this is not a usual arrangement, 

is one meant to assume that the drawing represents an actual 

sunflower leaf? If so, it omits a rather crucial feature: 

Helianthus annuus has bundle sheath extensions! In fact 

Wylie (1943b) says that in Helianthus the bundle sheath 

extensions are associated with a number of specialized cells 

of diminished chlorophyll content that look like enlarged 

palisade units but he provides no illustrations. Camera 

lucida drawings of sunflower by El-Sharkawy and Hesketh 

(1965) unfortunately do not include a segment with either 

vascular tissue or stomates. They do show a single layer of 

palisade tissue, with perhaps a hint of a transition layer 



(what I take to be spongy mesophyll cells in Boyer's 

drawing?) and a very open structure. This last is a feature 

that may be overly emphasized by camera lucida drawings 

because they are completely two-dimensional. 

Tyree and Yianoulis (1980) criticize Boyer on the grounds 

that the leaf water potential he used to calculate 

resistance is a leaf average, not in fact the real driving 

force behind transpiration, causing him to underestimate the 

resistance at high transpiration rates. Moreover they argue 

that if the air-space pathway were in fact a much lower 

resistance pathway, resistance to outflow under pressure in 

an infiltrated sunflower leaf should be less than in a 

freshly excised leaf, but it isn't. 

Recently Nonami, Schulze and Ziegler (1990) have 

resuscitated the theory of the principal site of evaporation 

being the spongy mesophyll cells lining the stomatal cavity. 

They used a pressure probe to obtain WP measurements in 

these cells and in the guard and subsidiary cells. The 

lowest water potential occurred in the mesophyll cells. 

Since they also found the guard and subsidiary cells to be 

lined with cutin but the mesophyll cells to be cutin-free, 

they argue that the lower WP of the mesophyll cells 

"indicates that most of the water lost was evaporating from 

the mesophyll cells." The group used Tradescantia 
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virainiana. a species it will be remembered that has bundle 

sheath extensions. 

Tracers and tritiated water. Objections to the use of 

tracers have been discussed at length in previous sections. 

Tracers may move in response to the introduction of a 

diffusion gradient rather than to the bulk flow of water; 

they may poison the system to which they are introduced; 

they may not pass through cell membranes or piasmodesmata 

(although as we have seen this may become a virtue in the 

right hands); they may not be taken up by the plant at all 

unless plant roots are destroyed or bypassed; they may 

attach themselves to cell walls or to some other structure 

or chemical within the plant; they may in other ways behave 

unlike the water they are supposed to mimic. The question 

is how much of the criticism of the use of tracers can be 

directed at THO. 

Tritium is a radioactive isotope of hydrogen with atomic 

weight 3 (as compared to the stable isotope deuterium with 

atomic weight 2); thus THO has a molecular weight of 20 as 

against 18 for water. It emits beta particles in its 

radioactive decay, yielding a helium atom. It has a half-

life of 12.3 years. 

As we saw in the work of Ordin and Bonner (1956), D 2 O  is 

well-known to have toxic effects on plants, in part because 



it must be used in high concentrations if it to be detected 

by mass spectrometry. Life processes are inhibited in 100% 

D20 and higher plants can stand no more than 70% (Warber 

1984), possibly because the strength of the hydrogen bonds 

is greater, with a consequent effect on membrane 

permeability. Shibabe and Yoda (1984) investigated the 

absorption of THO and D2O in rice seedlings. They concluded 

that rate of loss of D20 is faster for seedlings with a 

lower D20 content than for those with a higher content, 

revealing "a complicated and apparently irreversible isotope 

effect of D2O on plants". THO showed no similar effect at 

.4 uCi/ml. The authors conclude that "HTO moves in the same 

manner as ordinary water and therefore can be used as a 

tracer for studying water absorption by plants." THO has 

also been shown to pass readily through cell membranes 

(Woolley, 1965). In fact DeClerck and Geuns (1988, 1989) 

use THO to test membrane permeability. Uptake of THO is 

easily achieved without disturbing plant roots. 

There remains the question of differences in behavior 

between H 2 O  and THO: greater or lesser binding affinities 

owing to slight differences in partial charge, etc. The 

comparison of self-diffusion coefficients for THO and H2O is 

complicated by the fact that self-diffusion measurements 

yield a range of values which overlap. At any rate the 

difference in the two diffusion coefficients is slight, as 



any other such differences are likely to be, but 

experimentors would do well to keep them in mind. 

A particular worry for this work is that the slightly 

weightier THO molecule might tend to vaporize less readily 

than H20 and indeed there is evidence for this. Price 

(1958) found vapor pressure of THO to be about 70% of that 

of H20 at 26 C. At higher temperatures the differences grew 

smaller. Moore and Buskirk (1961) discovered that a 

commonly used technique for determining total body water in 

humans was in error because of the progressive enrichment of 

vacuum sublimation samples of tritium-labeled plasma. They 

repeated the procedure using THO, and found an increase of 

eight per cent between the first and last collections. The 

amount of error was dependent on the flask shape according 

to Graham's law. Unfortunately, they do not give the 

concentration of the THO used, but since this enrichment 

results from a slightly greater disinclination of THO than 

H20 to sublime, it should not be concentration dependent. 

Although THO passes the test of chemical comparability 

with H2O leaving only niggling doubts, it is condemned by 

Boyer (1985) and Canny (1990) along with the dyes and metals 

and assorted other tracers on the grounds that it too 

"...will penetrate into diffusional space not normally a 

part of the bulk flow pathway because of the diffusion 

gradients created .by large concentration differences of 



label" (Boyer 1985). Boyer in turn cites Dainty (1963) and 

Wooley (1965) as having recognized this fatal flaw, thus 

discouraging further experiments of this sort. 

The alert reader will have noted that Boyer's warning is 

directed against large concentration gradients. If the 

initial concentration of THO is very small, the amount of 

diffusional flux introduced is so small that any measurement 

made with THO can be considered to represent a measurement 

of the random molecular movement of water itself. In fact 

the THO is used to determine a self-diffusion coefficient 

for water applying just this principle. The measurement of 

self-diffusion is an attempt to determine molecular motion 

in the absence of a concentration gradient, in other words, 

the effort to measure the "random walk" which would 

dissipate the gradient if it were present. Johnson and Babb 

(1956) discuss the value of using THO to determine the self-

diffusion coefficient of H20 as being precisely the absence 

of introduced concentration gradients and volume changes. 

In this THO is superior to D2O which requires much larger 

concentrations, although it too is used to measure diffusion 

coefficients despite the introduction of "small but 

definite" concentration influences (Johnson and Babb 1956; 

Longsworth 1954). 

The tritiated water used by Wang, Robinson and Edelman, 

(1953) to measure self-diffusion of water had a specific 



activity of about 1 mi 1licurie/gram and an atom fraction of 

tritium of less than 10"6. At low concentrations of tracer 

they "consider the measured diffusion processes as the 

diffusion of individual labeled water molecules in ordinary 

water and take the so obtained diffusion coefficients as the 

tracer diffusion coefficients for the corresponding 

molecules in ordinary water." 

Concentrations in studies using THO are similarly small. 

For the THO uptake studies reported in Matsuda and Riazi 

(1981) for barley and the ones reported in this thesis for 

mung beans, the concentration of tritiated water molecules 

in the nutrient solution is about 0.0001 micromolar (10-10 

M); the concentration of THO in the leaves over most of the 

course of the experiments is much lower. This is not a 

concentration that provides a gradient of sufficient 

magnitude to drive THO diffusion at a rate greater than the 

normal self-diffusion of H2O (the diffusion that would cause 

the predicted equilibration of the THO counts). There is 

only the remote possibility of a concentration augmentation 

by the accumulation of THO molecules at some location in the 

1 eaf . 

Wooley 1965, cited by Boyer as having provided definitive 

evidence on the diffusional effect of THO, does not provide 

information on the concentration or activity of the THO used 

in his study. But he certainly believes his results with 



THO to represent the diffusional behavior of H20 in plant 

roots. 

Dainty (1963) is also cited by Boyer as presenting 

definitive evidence against the use of labelled water. In 

fact, Dainty's article is an effort to organize and 

formalize the arguments for the application of thermodynamic 

theory to the water relations of single vacuolated cells. 

As part of his review, he considers evidence for membrane 

permeability, both to solutes and to water. When 

permeability to water is studied using isolated or 

artificial membrane systems, values are obtained in one of 

two ways. In the first instance an osmoticum is introduced 

on one side of the membrane and water movement across the 

membrane is measured. In the second instance self-diffusion 

of water across the membrane is measured by the introduction 

of a tracer "such as DHO or THO". The measurement obtained 

by the second method is always less than that obtained with 

the first. Dainty rejects the usual explanation that this 

difference is owing to the presence of water-filled pores 

which allow bulk flow in the first technique. (See Dainty 

for a discussion of how this bulk flow is induced by osmotic 

pressure). 

He argues that neither stirring (a common procedure in 

such experiments) nor the natural movements stirring is 

intended to mimic (cytoplasmic streaming and cell wall water 



movement) can reach areas close to the membrane. This 

results in "unstirred" or "Nernst diffusion layers" of slow 

laminar flow parallel to the membrane. The difference in 

the concentration of a rapidly permeating solute/tracer 

between the outside and inside unstirred layers across a 

membrane is always less than the difference between the 

outside and inside bulk concentrations of the solute/tracer. 

Diffusion to and away from the membrane becomes the rate-

controlling step and causes an underestimate of the 

diffusion rate of water through the membrane itself. 

The question once again turns on concentrations of tracer. 

Dainty first observed the unstirred layer effect in an 

experiment using D2O; he does not cite any THO studies in 

which he found the effect to be operating. Nonetheless he 

explicity lumps THO together with an isotope requiring much 

larger concentrations, apparently unaware of the 

concentration issue. (Note that concentrations are at no 

point greater than the initial bulk concentration applied to 

the outside--i.e. Dainty's is not an argument for tracer 

accumulation.) 

In the sort of experiment done by plant physiologists one 

cannot completely rule out the possibility that THO 

molecules might concentrate somewhere in the plant and 

diffuse from that point of concentration. Canny made use of 

just such an event in his experiments. But in that case the 



tracer was separated from the water, whereas THO is, as we 

have seen, very similar in its chemical identity and 

behavior to water. The only point where such accumulation 

might be suspected is at the point of evaporation, owing to 

the lower vapor pressure of THO, but with such small 

starting concentrations significant enrichment is very 

unlikely. 

There is yet one more snare awaiting the THO user: the 

ease and speed with which THO in the plant diffuses into the 

atmosphere and vice versa, thus diluting or enhancing 

results. Raney and Vaadia (1965) showed that the leaves of 

sunflowers growing in a THO medium achieved only about 75% 

of THO concentration of the medium even after eight days. 

Tobacco leaves achieved only 62% after 80 days. They 

concluded that this was due to exchange of THO with the 

atmsophere rather than to a non-exchangeable element of 

water resistant to displacement by THO because when they 

introduced air with water vapor removed they achieved 95% 

THO labelling in the leaves. 

Scientists working in public health who wanted to 

determine the likelihood of crop contamination from an 

atmospheric THO source looked at movement into the plant. 

Kline and Stewart (1974) applied a chamber containing filter 

papers moistened with THO (two ml of solution at 1.1 x 109 

dpm/ml) to grass growing in a field. THO readily diffused 



into the leaves through the stomates even in full sunlight 

when the leaves were actively transpiring. Exit, in the 

same direction as the water vapor concentration gradient, 

was even more rapid (half-times were 35 min as against 66 

min). Belot, Gauthier, Camus and Caput (197 9) got similar 

results using field grown grapes and an apparatus which 

injected THO vapor close to the leaves without use of a 

chamber. "Tritium concentration [sic] at the nozzle [after 

mixing] was 0.092 pCi/ml of air." Maximum labeling was 

achieved in about 30 minutes when stomatal resistance was 

low and after one and one-half or two hours when resistance 

was higher. (Note that low concentrations of THO used were 

very low; this rapid exchange is owing to the rapid gaseous 

exchange of H2O molecules, not to an introduced diffusional 

gradient.) 

Anyone doing experiments with THO must be aware of 

possible sources of difficulty, both in experimental design 

and in interpretation of results; but at the same time, 

given care and logical analysis, THO can be very useful, 

avoiding many of the shortcomings of other tracers. 



MATERIALS AND METHODS 

Plant materials and general growth conditions. Mung bean 

seeds (Vigna radiata L. Wilczek), Burpee's Berken 5015 

unless otherwise noted, were germinated and grown at 25 + 2 

0C and 40 to 55% relative humidity using a photoperiod of 13 

h light (200 umol.nr2.s_1 photosynthetical1y active 

radiation from cool white fluorescent lights, 7:00 AM to 

8:00 PM), 11 h dark cycle. After 4 to 5 day's germination 

in vermiculite, roots were washed gently and seedlings were 

transferred to foam-padded wooden racks (Bhola, 1978) and 

grown hydroponically in aerated modified Hoagland's solution 

(Hoagland and Arnon 1938; Rayan 1989). Seedlings to be 

stressed were transferred to saline Hoagland's solution the 

previous late afternoon or evening. Experiments were 

performed when the seedlings were 8 days old and had only 

primary leaves. 

Measurement of the radioactivities of transpired and tissue 

waters. To facilitate transfer of plants into solutions 

containing THO, the hypocotyl basal areas of three intact 

seedlings were rolled together in polyurethane foam and the 

roots were then inserted into a 50 ml aluminum-foi1-covered 

polypropylene centrifuge tube that held about 30 ml of 



unlabeled nutrient medium (salinized where appropriate). 

Each of the tubes was then placed in the fume hood and 

provided with 90 + 10 u mol.m-2.s_l light. (In one 

experiment the medium was aerated with 1 bubble/s through a 

20 cm pasteur pipet.) After 2 h, the plants were quickly 

transferred to another set of centrifuge tubes containing 

identical medium labeled with THO. Plants were sampled at 

intervals for specific radioactivity of the transpired water 

and of the water in the blades. 

The transpired water was collected for 5 to 10 min and 

counted as outlined by Matsuda and Riazi (1981) for barley 

leaves. The hood used to cover the plants during the 

sampling experiment was increased to 65 x 140 mm. Following 

the collection of transpired water, the apparatus was 

dismantled and whole leaves were placed in a 15 ml glass 

centrifuge tube, frozen with liquid nitrogen, thawed and 

then ground with a glass rod to express the water. Five or 

10 ul aliquots of tissue and transpired water were then 

placed in 2.5 ml scintillation fluid (16.5 g PPO, 0.3 g 

POPOP, 1 1 Triton X-100 [Rohm and Haas], 2 1 toluene) and 

counted in a Beckmann LS7000 scintillation counter using 

program 5 after vials were chilled overnight in the 

refrigerator. Samples were corrected for quenching using 

the "H" number procedure of the manufacturer. Specific 

radioactivity of the samples was expressed as a fraction of 



the total radioactivity of the nutrient solution to allow 

comparison of results from various experiments. 

Transpiration rates were determined gravimetrically using 

unlabel led plants treated identically as those used in 

labelling studies (except for brief removals from the light 

bank for weighing and absence of THO in their nutrient 

solutions). Areas of these plants were determined at the 

end of the experiments with a Licor-3100 Area Meter. 

Leaf length measurements. Increases in leaf blade and 

petiole length were measured to obtain estimates of plant 

growth patterns in stressed and unstressed 8-day-old mung 

beans. It was hypothesized that these patterns might have 

some impact on the labelling studies since actively growing 

plants would take more of the labelled water into their 

cells than non-growing plants. Additionally, measurement 

studies would verify that the addition of NaCl to nutrient 

solutions reduced growth in mung beans. The initial 

measurements were made by flattening both primary leaves and 

petioles as a unit against a ruler at intervals throughout 

the day. A second set of measurements were made in which a 

single leaf was measured without flattening, although the 

tip had sometimes to be held in place. Various permutations 

of the experimental design were tried (aeration, light 
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intensity, absence of tubes) to determine what factors might 

affect growth patterns. 

Anatomical and morphological studies. Two to 5 mm thick 

cross-sections of the leaves taken from the mid-blade region 

were quickly submerged in vials in 0.07 M Sorenson's 

phosphate buffer (pH 6.8), with added 3% [v/v] 

glutaraldehyde and held at 4 °C for 24 hr. The tissues were 

then vacuum infiltrated for 10 min, rinsed with cold 

Sorenson's phosphate buffer, vacuum infiltrated again, and 

transferred after further rinsing into methyl cellosolve. 

Dehydration was accomplished by successive immersion for 24 

hr periods in the following: methyl cellosolve (two 

changes); 100% ethanol (one change); N-propanol (one 

change); and N-butanol (one change). Tissues were embedded 

in glycol methacylate (Polysciences, JB-4 embedding kit 

following data sheet 123), microtomed to 1 um thickness with 

a Porter-Blum MT-2 ultramicrotome and stained with Toluidine 

Blue O (Feder and O'Brien 1968). 

Fresh sections were hand-cut with a razor blade and placed 

in a near-isotonic solution of NaCl or in water for viewing. 

Micrographs of fixed and fresh-cut sections were obtained 

with a Zeiss Photoscope using Kodachrome 5040 (ASA 40) Type 

A film. Micrographs of leaf surfaces were made with Kodak 

Panatomic-X film. 



Imprints were taken of 9-day-old mung bean leaf surfaces 

using the Duco cement procedure of Cooper and Quails (1967). 

Stomates were then counted and measured in random samples 

with the aid of a micrometer. 

Studies of stress effects on stomatal response. 

Transpiration rates were measured gravimetrical1y over the 

course of a day and night to determine if a circadian rhythm 

could be observed in 8-day-old mung beans. For gravimetric 

determinations of transpiration, three mung bean seedlings 

held with polyurethane foam in centrifuge tubes were weighed 

at intervals to 1 mg accuracy with a Sartorius 1419MP8 

balance. Transpirational water loss through the foam was 

determined by weighing tubes containing nutrient solution 

but no seedlings and capped with foam. 

Areas of the leaves were determined on a Licor Li-3100 

Area Meter at the end of measurements (in some cases this 

was not until the following day) and so over-represented the 

area of leaves for measurements made earlier in the day. 

To compare transpiration rates of the adaxial vs. the 

abaxial leaf surface, transpiration was measured 

gravitmetrically as described above but with the approrpiate 

surface(s) coated with petroleum jelly. In one instance 

both leaf surfaces were coated to test for water loss 



through petroleum jelly. At midday petroleum jelly was also 

added to the stems. 

Transpiration rates were also measured using a Licor 

Li-1600 steady state porometer to determine the difference 

in transpiration rates of adaxial and abaxial surfaces of 

stressed and unstressed plants. Rates were determined first 

for the central abaxial surface; after a recovery time of 30 

sec to 1 min, values were obtained for the central adaxial 

surface. Because accurate values are difficult to obtain 

when plants are losing water at low rates, trans- piration 

readings were obtained after equilibration of humidity 

values, as suggested by O'Leary (Dr. James O'Leary, 

University of Arizona, personal communication). Each set of 

readings was made using one leaf from each of 30 seedlings. 

Each seedling was held in an individual centrifuge tube, but 

otherwise plants were treated as previously described. 
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RESULTS AND DISCUSSION 

In order to investigate the pathway of transpirational 

water movement from the xylem toward the stomates of 

expanded leaves of mung beans, roots of intact seedlings 

were exposed to tritium-labelled water (THO), and the 

specific radioactivities of transpired water and of water 

present in the blades (expressed as a fraction of the 

specific radioactivity of water in the nutrient solution) 

were then measured over a time course. The reasoning was 

the same as that in the studies with barley seedlings 

(Matsuda and Riazi, 1981): owing to the random exchange of 

water, the specific radioactivities of water in the two 

sources would eventually become equal regardless of the 

pathway of water movement. However, if transpirational 

water largely bypasses most mesophyll cell water—either 

because it is restricted to cell walls or because it moves 

through a very small number of cells--in its journey toward 

the stomates, THO would appear in the transpired water 

before it appears in the blade water. On the other hand, if 

water moves through mesophyll cells toward the stomates, THO 

would appear in the blade at the same time or earlier than 

it appeared in transpiring water. 



THO uptake by transpiring munq bean leaves. In repeated 

studies with unstressed 8-day-old mung bean seedlings, the 

ratio of specific radioactivities of the samples to the 

nutrient solution in the transpired water and the blade 

water were the same for the first two hours (Figures 1 and 

2). These results contrasted with those of Matsuda and 

Riazi (1981) who found that in barley seedlings transpired 

water was labelled more quickly than blade water, 

equilibration occuring after about two hours. 

Similar labelling studies performed with seedlings 

stressed with -2 bar and -4 bar nutrient solutions (to which 

NaCl had been added) demonstrated that labelling of water in 

the blades did initially lag behind the labelling of 

transpired water (Figures 3 and 4). These results were 

similar to those obtained with stressed barley seedlings 

(Matsuda and Riazi 1981). The time for equilibration in 

mung beans was about 180 minutes for plants in the -2 bar 

solution (Figure 3) and longer than 430 minutes for plants 

in the -4 bar solution (Figure 4). 

But before concluding that in unstressed mung beans 

transpirational water moves cell to cell while in stressed 

mung beans water moves either in the cell walls or in a 

limited number of cells, some complicating data must be 

introduced. In a preliminary study by Rayan mung bean 

seedlings had behaved like barley, requiring about two hours 



FIGURE 1. 
THO UPTAKE IN UNSTRESSED SEEDLINGS 

Changes in specific radioactivities of transpired and 
blade water following exposure of 8-day-old mung bean 
seedlings to THO. Values are means of two samplings 
taken of transpired water collected from a tube 
containing three seedlings ("Transpired") or of water 
extracted from the blades of the three seedlings 
("Blade"). Values are expressed as the ratio of specific 
activity of the sample to the specific activity of the 
nutrient solution (3600 dpm/ul). Seedlings were grown in 
nutrient solution. Exposure to THO began at 12:30 PM; 
relative humidity was 53%; transpiration rate over the 
course of the experiment averaged 2.86 ug/cm2.s. 
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FIGURE 2. 
THO UPTAKE IN UNSTRESSED AND AERATED SEEDLINGS 

Plants held in tubes without aeration were grown, 
labelled and sampled as in Figure 1. Specific 
radioactivity of the nutrient solution was 4623 dpm/ul. 
Exposure to THO began at 11:00 AM. Plants receiving 
aeration were treated identically except that exposure 
to THO began at 12:30 PM. Relative humidity was 38%; 
transpiration rate over the course of the experiment 
averaged 2.01 ug/cm2.s. 
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FIGURE 3. 
THO UPTAKE IN STRESSED SEEDLINGS (-2 BARS) 

The experiment was conducted as in Figure 1 except that 
seedlings were transferred to a nutrient solution 
containing NaCl (-2 bars) the evening before the 
experiment began. Specific activity of the nutrient 
solution was 3162 dpm/ul. Exposure to THO began at 
11:00 AM; relative humidity was 41%; transpiration rate 
over the course of the experiment was 1.3 ug/cm2.s. 
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FIGURE 4. 
THO UPTAKE IN STRESSED SEEDLINGS (-4 BARS) 

As in Figure 1 except that seedlings were transferred to 
a nutrient solution containing NaCl (-4 bars) the 
evening before the experiment began. Specific activity 
of the nutrient solution was 5602 dpm/ul. Exposure to 
THO began at 9:30 AM; transpiration rate over the course 
of the experiment was 0.06 ug/cm2.s. 
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for the blade water to show as much specific radioactivity 

as the transpired water. No consistent difference in 

experimental procedure was apparent: neither time of day of 

the experiments, the rates of transpiration during the 

experiments, the seed lots, nor technique. Only the 

specific radioactivities of the nutrient solution were 

different. The specific radioactivity of the nutrient 

solution used by Rayan was perhaps twice the 1200 dpm/ul 

reported by Matsuda and Riazi for barley. The specific 

radioactivity in nutrient solutions in my studies ranged 

from 3162 dpm/ul to 5602 dpm/ul. 

A reexamination of the actual specific radioactivities of 

the transpired water in the two studies of unstressed mung 

bean seedlings presented in the graphs (Figures 1 and 2) 

showed transpired water to have consistently higher specific 

radioactivity than cell water for the first 75 minutes (see 

Table IB discussed below for one set of values; the other is 

very similar). When these values are expressed as a ratio 

of the specific radioactivity of the sample/specific 

radioactivity of the nutrient solution, a procedure followed 

by Rayan as well, this difference is obscured. But since 

the data in the two cases are so similar, they require 

attention. 

In Rayan's study unstressed seedlings showed no labelling 

at all for the first 60 minutes whereas in the current 



studies blade water was labelled from the first measurement. 

Some amount of THO in the blade water from the beginning 

argues that in my seedlings transpirational water was less 

excluded from cells than was the case in Rayan's study, even 

if a firm claim of symplastic water movement in unstressed 

seedlings is denied. The difficulty is determining at what 

point an argument can be made for one pathway or the other 

versus some sort of mix of pathways. As Matsuda and Riazi 

(1981) point out, a precise quantitative evaluation of 

results is prevented by a number of unknowns. 

Even if the data are taken to show an equilibration at 

about 75 minutes rather than the two hours required in 

Rayan's study, the reason for the earlier equilibration time 

must still be explained. Some difference in experimental 

conditions? The only candidate is the higher specific 

radioactivity of the nutrient solution used in my studies 

but as has been argued at some length in the Literature 

Review the THO concentrations introduced in any of these 

experiments are too small to introduce concentration 

gradients. (This claim could be tested with THO uptake 

studies using a series of different concentrations of THO.) 

A more helpful picture emerges when the unstressed and 

stressed seedlings are considered as a continuum, rather 

than as an either/or system. Equilibration in my unstressed 

seedlings occurred at about 0.03 (specific radioactivity of 



the sample/specific radioactivity of the nutrient solution). 

Seedlings that were stressed in -2 bar nutrient solution 

reached equilibration at about 0.1 and seedlings stressed at 

-4 bars had not reached equilibration at 0.25 when the 

experiment ended. (These differences are of course 

reflected in dpm counts per 5 ul at equilibration: less 

than 500 in unstressed seedlings, about 2600 in -2 bar 

stress and about 5000 in -4 bar.) The time of initial blade 

labelling was also proportionally delayed. As stress on 

mung bean seedlings is increased equilibration is delayed 

and water is increasingly excluded from cells. It is 

important to note that this is a result apart from slower 

THO uptake which would be expected as transpiration rates 

drop. 

What happens if Rayan's results are inserted into this 

continuum? His unstressed seedlings did not equilibrate 

until specific radioactivities had reached about 0.07, a 

value not directly comparable since the specific 

radioactivity of his nutrient solution was less than mine 

but falling somewhere between my unstressed seelings.and the 

seedlings stressed at -2 bars. This suggests that his 

seedlings were somewhat more stressed than mine, a not 

completely unlikely possibility when it is remembered that 

the Hoagland's solution itself has an osmotic component (-



0.7 bars) which was suseptible to variation, or that his 

seedlings were for some reason more suseptible to stress. 

Although an exact characterization of the pathway of water 

in the "unstressed" seedlings is not possible, we can say 

that that pathway, or mix of pathways, results in more 

mixing of transpirational water and cell water than the 

pathway, or mix of pathways, in stressed seedlings. In the 

discussion that follows I will sometimes resort to the 

either/or language of stressed and unstressed pathways for 

ease of description but in reality there is a gradual shift 

with increasing stress. It may also be that "pathway" is 

not the most useful formulation but it is the one to which I 

will have resort, in part because it simplifies discussion 

and in part because it is the way in which I thought about 

the problem while designing further work to investigate the 

possible cause of this continuum shift. 

Before presenting that work, I will discuss certain 

features of the data and steps taken to better understand 

the source of data variability. 

Data variability. One of the limitations of the experiment 

was the physical impossibility of testing more than one 

sample set every fifteen minutes. In a study with seedlings 

stressed in -4 bar nutrient solution, replicates were 

obtained by transferring a second set of seedlings to 



tritiated water 15 minutes after the first set, thus 

providing a mean value at thirty minute intervals of two 

tubes measured fifteen minutes apart. The difference in cpm 

between replicates was often very great (Table 1A; this 

difference is equally large when dpm are compared, i.e. 

after cpm are corrected for quenching and background 

radiation). 

In order to test whether this difference was due to 

sampling error or to variation between the sample sets, 

repeat samplings were made from each tube of three 

seedlings. The specific radioactivity of the replicates are 

quite similar (Table IB). This indicates that most of the 

variability occurs because plants in different tubes 

responded differently. This view is supported by the way in 

which samples which had abnormally high or low tissue 

radioactivities had similar changes in radioactivities of 

transpired water (e.g. 150 min sampling, Figure 1). 

Variability might be environmentally induced or be 

inherent in the seedlings. The most likely environmental 

difference among the tubes was the amount of light they 

received owing to their position under the light bank but a 

reexamination of data did not provide evidence for such an 

effect. Passos (1989) concluded that there was great 

inherent variability in mung bean response to stress, an 

observation verified in my own growth studies to be 
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TABLE 1. 

SPECIFIC RADIOACTIVITY IN REPLICATES OF SAMPLES OF 
TRANSPIRED AND BLADE WATER TAKEN FROM 8-DAY-OLD MUNG BEAN 
SEEDLINGS GROWING IN THO LABELLED NUTRIENT SOLUTION. A. 
Counts-per-minute of 5 ul samples taken on two sets of 
seedlings in THO-labelled nutrient solution with NaCl (-4 
bar). Transfer to THO and subsequent sampling of Set 2 was 
15 minutes after set 1. B. CPM for two 5 ul samples of 
transpired and blade water made on each of a set of tubes, 
each containing three seedlings in nutrient solution without 
NaCl (unstressed). 

CPM 
Minutes in THO Transpired Water Blade Water 

A. Set 1 Set 2 Set 1 Set 2 

60 742 653 35 40 
120 884 531 89 26 
150 1248 705 59 39 
180 654 1127 83 190 
210 970 1169 54 168 
240 1708 1427 439 235 
270 1635 1087 425 74 

Set 1 begun at 11 AM; Set 2 at 11:15 AM 

B. Sample 1 Sample 2 Sample 1 Sample 2 

30 74 72 21 22 
60 166 165 81 82 
90 606 570 647 709 

120 1593 1563 1164 1131 
140 1802 2013 1785 1965 
160 2691 2721 3183 3137 
180 2820 4505 4727 
210 4979 5171 6217 5914 
240 5391 5376 6661 6595 
270 5553 5273 6965 5725 



discussed below. This points to the need for a means of 

redesigning the THO uptake experiments so that data is based 

on a large sample set. 

Two other features of these data deserve comment. First, 

specific radioactivities sometimes peaked after prolonged 

labelling (Figures 2, 3, 4). Wondering if O2 deprivation 

could account for the decrease in specific radioactivities 

of the final tubes, I provided three tubes with aeration at 

the beginning of a THO experiment and measured specific 

radioactivity after three hours. The values obtained from 

these samples did not show a peak but were otherwise 

compatible with the values obtained from unaerated seedlings 

(Figure 2). A further simple observational study, confirmed 

by four different observers, showed no obvious visual 

differences between seedlings grown in trays with and 

without oxygen even after two weeks. 

Second, the specific radioactivities of the blade water 

eventually surpassed that of the transpired water--in the 

unstressed seedlings after about two hours (Figures 1 and 2) 

and in seedlings stressed at -2 bars after about three hours 

(Figure 3; but at 240 min transpired water is higher than 

blade water). (In seedlings stressed at -4 bars the 

activity in the blade had not reached that of transpired 

water by the experiment's conclusion. Figure 4) It is 

possible that this is owing to H20 vapor exchange with the 



surrounding atmosphere as described by Belot et al. (1979) 

and by Kline and Stewart (1974) (see discussion of THO 

tracer in Literature Review). 

Abaxial and Adaxial Transpiration. I proposed that the 

delayed equilibration in stressed seedlings might be owing 

to a shift under stress in the proportion of transpiration 

directed through abaxial and adaxial surfaces of the leaf. 

As elaborated in the Anatomy Section of the Literature 

Review, adaxial and abaxial stomates in many dicots border 

on quite different internal anatomies so that the pathways 

of water to the two epidermal surfaces might have quite 

different characteristics. If those differences lead to 

more cell mixing of the transpirational water traveling to 

one surface than to the other, a shift in the proportion of 

water taking each pathway would result in a shift in the net 

values obtained in the THO uptake studies. Differential 

responses of abaxial and adaxial stomates to stress have 

been observed in many species with adaxial stomates commonly 

closing first (Pospisilova and Solarova 1980). 

I began by making stomatal counts on each surface of the 

primary leaves. The abaxial surface was determined to have 

about 70% of the stomates. (Five counts on scattered sites 

on each of ten leaves gave 513 +. 83 stomates per mm2 for the 

abaxial surface and 220 +, 43 for the adaxial surface, higher 



than the 40 to 300 range given by Nobel 1983 but within the 

ranges given by Fahn 1982 and Esau 1953.) Rough comparisons 

of stomatal size in 9-day-old seedlings yielded a mean 

(based on 12 random measurements per leaf although Hsiao and 

Fischer 1975 think at least 100 individual aperture 

measurements are needed to obtain a "meaningful mean") of 

511 +_ 157 um2 for the abaxial surface as against 343 +_ 114 

um2 for the adaxial surface. (The average abaxial length of 

28 um was shorter than the reference figure of 40 um given 

by Nobel 1983.) This result is contrary to Pospisilova and 

Solarova's observation (1980) that stomates on the surface 

with lower density are usually larger and my own impression 

of many more small, perhaps non-functional, stomates on the 

lower surface. 

Gravimetric measurements were next made of transpiration 

rates of 8-day-old seedlings handled as if for a THO uptake 

study and treated to various degrees of stress (Figure 5). 

These measurements showed the impact of stress on 

transpiration rates but suggested a threshold of salt 

tolerance somewhere between -2 bars and -3 bars. This 

seemed in accord with Passos' (1989) finding that -2 bars 

stress did not stop growth of light-grown mung bean 

seedlings whereas -4 bars did. Repetition of the 

measurements for -3 bars put the existence of such a 

threshold in doubt (Figure 6). In the same study I tried to 



determine if lack of aeration had any consequence for 

transpiration rates. Stressed seedlings provided with 

aeration did have slightly higher water loss than unaerated 

seedlings (Figure 6), a difference maintained when plotted 

with standard deviations (not shown). However, in order to 

facilitate insertion of the pasteur pipets that supplied 

aeration, I had not covered the tubes with foam. When I did 

this in a later study with unstressed seedlings, 

transpiration rates were indistinguishable from those of the 

control (Figure 8). 

Measurements were then undertaken to determine the 

relative distribution of transpiration through the abaxial 

and adaxial surfaces. This was first done by coating one 

surface of each leaf with petroleum jelly, assuming any 

subsequent transpiration to be from the opposite surface. 

Transpiration through the abaxial surface was greater than 

that through the abaxial surface but the difference grew 

smaller as the day wore on (Figure 7). The total of abaxial 

plus adaxial transpiration was greater than the 

transpiration measured on an uncoated control, indicating 

either that the petroleum jelly was not completely effective 

in stopping transpiration or that there was compensation or 

both. 

To test this I measured transpiration rates from mung 

beans leaves on which both surfaces were coated and found 



FIGURE 5. 
GRAVIMETRICALLY MEASURED TRANSPIRATION IN UNSTRESSED AND 
STRESSED SEEDLINGS 

Values represent the mean weight decrease of five tubes 
each containing three 8-day-old mung bean seedlings. 
Seedlings were handled as for THO uptake studies except 
that no THO was added to the nutrient solution: 
seedlings to be stressed were transferred to salinized 
nutrient solutions in the late afternoon on the day 
preceeding the gravimetric measurements. They were 
transferred to tubes and to a light bank equivalent to 
the hood light bank (70 umol/cm2.s) shortly before the 
reference measurements were taken at 10:10 AM. Relative 
humidity was 41% at 11:00 AM; 34% at 4:00 PM. 
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FIGURE 6. 
GRAVIMETRICALLY MEASURED TRANSPIRATION IN STRESSED 
SEEDLINGS (-3 BAR) WITH AND WITHOUT AERATION 

Experiment was conducted as in Figure 5 except values 
represent mean of six tubes each with three seedlings. 
Aeration was provided via a pasteur pipet at 1 bubble/s. 
Tubes were not capped with foam. Reference measurements 
(i.e. the first measurements taken) were made at 9:00 
AM. Relative humidty at 9:00 AM was 44%; at noon 47%; 
at 3:30 PM 49%. 
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FIGURE 7. 
GRAVIMETRICALLY MEASURED TRANSPIRATION BY LEAF SURFACE 

Experiments were conducted as in Figure 5 except values 
represent the mean of six tubes each with three 
seedlings. Transpiration for the abaxial surface was 
measured after the adaxial surface was coated with 
petroleum jelly and vice versa. "Ab + Ad" transpiration 
was obtained by adding together the transpiration values 
measured for the abaxial and adaxial surfaces. The 
control was a set of uncoated seedlings. Reference 
measurements were made at 9:15 AM. Relative humidity 
was 58% at 7:30 AM but after 8:30 AM fluctuated between 
50-53% for the rest of the day. 
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FIGURE 8. 
GRAVIMETRICALLY MEASURED TRANSPIRATION IN COATED 
UNSTRESSED SEEDLINGS 

Experiments were conducted as in Figure 5 except values 
represent the mean of six tubes each with three 
seedlings. "Coated" seedlings had both adaxial and 
abaxial surfaces coated with petroleum jelly. At midday 
the stems of these seedlings were coated as well. 
Standard deviation for these measurements was a 
consistent 0.1 ug/cm2s. Uncoated seedlings served as a 
control. An "Aerated" group of control seedlings was 
run as well; aeration as in Figure 6. Standard 
deviations for the aerated and control groups were 
between 0.2 and 0.4. Reference measurements were made 
at 10:00 AM. Relative humidity was 45% at 10:30 AM; 52-
53% for the rest of the day. 
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that petroleum jelly did not prevent all transpiration 

(Figure 8). (Coating stems with petroleum jelly before the 

afternoon readings caused a very small drop in the 

transpiration.) There was also a steady loss of 0.022 +. 

0.004 g/hr through the foam capping the tubes; or expressed 

as if this evaporated water had transpired through a set of 

three leaves, about 0.134 ug/cm2.s. These sources of error 

together did not fully account for the difference between 

the uncoated control and sum of the coated surfaces, 

suggesting compensation. I concluded that I could not use 

gravimetric methods for examining a possible shift in water 

pathway under stress. 

Transpiration measurements were next made using a Licor 

porometer which gives values for abaxial and adaxial 

surfaces of the same leaf. Porometer measurement 

variability is high when transpiration rates are low. To 

counter this problem I made measurements on four or five 

sets of thirty seedlings each. Percentages of transpiration 

through the abaxial surface were similar (Table 2) even when 

incident light and time of day were not. 

Unstressed mung bean seedlings had a ratio of abaxial/ 

adaxial transpiration that reflected stomatal distribution: 

about 65% to 35% (Table 2A; Figure 15). (Transpiration 

rates are higher than those measured by the gravimentric 

method because light intensities were higher. Gravimetric 
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TABLE 2. 

TRANSPIRATION BY LEAF SURFACE. Each set represents mean of 
measurements of 30 eight-day-old mung bean seedlings taken 
with Licor porometer. Seedlings were handled as described 
for THO uptake studies, except no THO was added to the 
nutrient solution and each tube contained only one seedling. 

Light Transpiration Percent 
umol/cm2.s ug/cm2.s Abaxial 

Abaxial Adaxial 

A. UNSTRESSED SEEDLINGS 

Set 1: 80-110 2.413 +_ .374 1. 345 +. .292 64 

Set 2: 80-110 2 . 996 +_ .369 1. 468 +_ . 283 ' 67 

Set 3: 80-110 2.306 +_ .338 1. 336 + . 227 63 

Set 4: 170-185 4.088 + .283 1. 931 + . 40 6 68 

Set 1: 11 AM to 1 PM 
Set 2: 2:30 PM to 4:30 PM 
Set 3: 9 to 11 AM 
Set 4: 2 to 4 PM, one hour after light was increased. 

B. STRESSED SEEDLINGS (-3 bars) 

Set 1: 128-134 1.372 ±_ .327 0.727 +. . 206 65 

Set 2: 128-134 1.582 . 436 0.994 ±_ . 272 61 

Set 3: 128-134 1.851 +_ . 412 1.125 ± . 253 62 

Set 4: 128-134 1.862 +_ . 447 0.981 +_ .215 65 

Set 5: 50-70 0.882 + . 290 0.495 + .098 64 

Set 1: 11:30 AM to 2:00 PM 
Set 2: 12:00 noon to 2:00 PM 
Set 3: 4:00 to 6:00 PM 
Set 4: 12:00 noon to 2:00 PM 
Set 5: 11:00 AM to 12:30 PM 



measurements also underreport transpiration rates during the 

earlier part of the day because leaf area measurements could 

only be made after all transpiration measurements were 

complete; this was sometimes not until the following day.) 

The percentage of abaxial transpiration in mung bean 

seedlings grown in a -3 bar nutrient solution was similar to 

that in unstressed seedlings (Table 2B). I concluded that a 

stress-induced shift in the surface to which transpirational 

water flowed in response to stress was not evident. 

Abaxial vs. adaxial stomatal response to changes in light. 

Having noticed that the highest percentage of abaxial 

transpiration in the large sample sets was obtained 

following an increase in the incident light (Table 2A), I 

made a brief aside to see if abaxial stomates were 

responding to light changes more quickly than adaxial 

stomates. Differences in the sensitivity of adaxial and 

abaxial stomates to light have been observed in many 

species, and although the specific patterns vary, abaxial 

stomates are commonly found to open before adaxial stomates 

in response to an increase in light. In Gossypium hirsutum 

abaxial stomates open more quickly than adaxial stomates 

when light banks are turned on AND close more quickly when 

light banks are turned off (Pospisilova and Jarmila 1980). 

Simple light manipulations were made on sample sets of 



seedlings kept small so that the measurements could be 

completed within a reasonable time following the change. In 

measurements begun after lights were turned off, the abaxial 

percentage of transpiration dropped to 55%, but recovered 

within 30 minutes after lights were turned back on (Table 

3). These data are only preliminary but suggest that abaxial 

stomates may be quicker to respond to light changes than 

adaxial stomates. 

Circadian rhythm in transpiration rates of 8-day-old muna 

bean seedlings. The gravimetric transpiration measurements 

show an afternoon "fall-off" beginning about 3:30 PM 

(Figures 6, 7 and 8). I wondered if I was observing a 

circadian rhythm. It was not possible to compare the 

gravimetric values with similarly taken porometer values 

because of the time involved in making prorometer 

measurements. Instead I repeated the gravimetric 

measurements on another group of unstressed seedlings, 

taking measurements later in the afternoon and one after the 

lights went off for the night as a point of comparison. The 

pattern can be seen in Figure 9, this time extending into 

the period when seedlings were in the dark. To be certain 

the seedlings were not "closing down" in the afternoon in 

response to the experimental conditions to which they were 

subjected, I measured transpiration for some sets on the 
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TABLE 3. 

TRANSPIRATION BY LEAF SURFACE FOLLOWING LIGHT MANIPULATIONS. 
Mean of measurements taken with Licor poromoter on 5 to 10 
nine-day-old seedlings in -3 bar nutrient solution. 

Transpiration Percent 
ug/cm2.s Abaxial 

Abaxial Adaxial 

Lights on (45-50 umol/cm2. s) at 7 : 00 AM 

9:00 9 measurements 0.587 +. .152 0 .335 +_ .082 64 

Lights off (10 umol/cm2.s) at 9 : 25 AM 

9:25 5 measurements 0.560 +_ .145 0 .324 +_ .073 63 
9: 45 7 measurements 0.298 +_ .062 0 .254 +_ .061 54 

10:00 5 measurements 0.331 +. .073 0 .262 +_ .060 56 

Lights on (63-78 umol/cm2. s) at 10 : 30 AM 

10:45 10 measurements 0.721 +_ .284 0 .430 +_ .146 63 



FIGURE 9. 
GRAVIMETRICALLY MEASURED TRANSPIRATION IN UNSTRESSED 
SEEDLINGS: AFTERNOON 

The experiements were conducted as in Figure 5 except 
values represent mean of six tubes with three seedlings 
each. Reference measurements were made at 8:40 AH so 
the first figure is the average transpiration rate 
(ug/cm2.s) between 8:40 AM and 3:40 PM. Relative 
humidity was 41% at 9:30 AM; 40% at 4:00 PM; 45% at 6:45 
PM. 
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morning following the afternoon decline. Values were always 

similar to the first morning (e.g. 0.248g/30 min on the 

second morning in unstressed seedlings vs. 0.235 on the 

first morning and 0.080 versus 0.075 in stressed seedlings). 

In the absence of evidence for an overall decline in the 

viability of these seedlings, and since light banks in the 

laboratory remained on until 8:00 PM and relative humidity 

did not consistently increase in the late afternoon, I think 

that this "afternoon fall-off" may indeed be a circadian 

rhythm. 

Attention was first paid to the possibility of circadian 

rhythms when researchers demonstrated what have become known 

as "sleep movements". In 1887 a circadian rhythm was 

demonstrated in growth rate (Sweeney 1987). So many other 

rhythms have since been established (including many in 

Phaseolus, e.g. Alford and Tibbits 1970, Hoshizaki and 

Hamner 1964) that Wilkins (1960) writes "almost every 

physiological activity has, in some [plant] species or 

other, been shown to exhibit a persistent circadian rhythm." 

There are not, so far as I know, any direct studies of 

circadian rhythms in transpiration rates but many plants 

exhibit circadian rhythms in CO2 uptake, in photosynthesis 

and in stomatal activity (e.g. Hillman 1976, Martin and 

Meidner 1972, Stalfelt 1965, 1967, Mansfield and Heath 1963, 

Chia-Looi and Cumming 1974, Brun 1962). Stalfelt's work 



(1965) on endogenous stomatal opening shows that "it reaches 

a maximum in the forenoon and a minimum at night...it also 

decreases when a large water deficit arises in the leaves." 

(Bunning 1973 cites evidence for a strong D20 impact on 

circadian rhythms across plant and animal kingdoms via its 

impact on membranes. No similar impact is known for THO.) 

The results shown in Figure 8 where abaxial and adaxial 

transpiration rates approach one another in the later 

afternoon suggest that although the abaxial and adaxial 

stomates begin their circadian closure in harmony, by about 

4:30 PM the abaxial stomates are closing more rapidly. 

Particularly as I know of no other reports of this behavior, 

efforts to repeat these results are in order. 

Although demonstrating the general principal that 

circadian rhythms must be considered when experiments are 

designed, this particular rhythm occurs too late in the 

afternoon to have any relevance for the equilibration 

behavior of seedlings in the THO labelling studies. But it 

might explain the accumulation of label in the blade, if the 

transpiration stream is rendered more suseptible to dilution 

effects of the untritiated atmosphere as the supply of new 

tritiated water drops. 

Growth Measurements: Despite the small amount of water 

actually involved in growth, investigators have suggested 



that the pathway for water in actively growing plants might 

be different than the pathway in non-growing plants. Boyer 

(1974, 1977, 1985) takes this tack in developing his theory 

that the site of evaporation at high transpiration rates is 

near the vascular bundle. He argues that at low 

transpiration rates water moves cell to cell but that at 

high transpiration rates water evaporates from the cell 

walls soon after leaving the vascular tissue and continues 

its journey to the stomates as vapor. But in my THO uptake 

studies there appears to be somewhat less extracellular 

movement when mung bean seedlings are unstressed and 

transpiration rates are higher and more when plants stressed 

and transpiration rates are lower. 

The results are not really comparable in any case because 

in Boyer's study transpiration rates were manipulated using 

light and wind--sunf1owers did not suffer water deficits and 

at low transpiration rates growth was vigorous. Moreover, 

Boyer's 1ow rate (1974:2.8 ug/cm2.s) was about that of my 

high rate. And as we shall see, the leaf anatomy of 

sunflowers is unlike that of mung beans. 

At any rate, I deemed it important to attempt to measure 

growth rates of unstressed and stressed mung beans during 

their eighth day. Hoping that increase in leaf length would 

be a simply measured, sensitive means of assessing growth, I 

measured the leaf length at intervals of seedlings kept 



under the growth lights in trays of nutrient solution, and 

of seedlings handled as if for THO studies--i.e. transferred 

to tubes and hood, except that THO was not added to the 

nutrient solution. 

I wondered if plant growth might not be sensitive to the 

considerable handling required for making the measurements 

(a fear proved to be well-grounded by Braam and Davis in 

work on Arabidopsis 1990) and so repeated the growth studies 

measuring leaves without flattening them against the ruler. 

Measurements taken with a ruler on crinkly leaves, whether 

handled or not, proved to be quite crude even over intervals 

of three or four hours. 

The pattern of growth in the unstressed seedlings was 

similar under all conditions and measurement techniques 

(Figures 10-13). (This consistency was maintained across a 

variety of permutations for which data are not shown.) 

Stressed plants, on the other hand, showed greater 

variability, some of which is owing to measurement error 

which in smaller values has a greater impact, some to the 

amount of time given for recovery after stress was initiated 

(note Figure 10 where seedlings were stressed at 9 PM 

instead of 4 PM), and some to the degree of stress. But 

there also seems to be an inherent variability in mung beans 

in their adjustments to stress. Passos (1989) found the 

same thing when making growth measurements of dark-grown 



FIGURE 10. 
GROWTH IN TRAYS 

The length of the primary leaves of 20 8-day-old mung 
bean seedlings was measured at four intervals. Morning 
measurements represent mean increase in length since the 
reference measurements made the previous evening (exact 
time in parenthesis); midday measurements represent 
average growth since the morning; afternoon measurements 
represent average growth since midday. Increase in 
length is expressed as relative growth rate (RGR) per 
hour. Seedlings to be stressed were transferred to 
trays of nutrient solution containing NaCl when the 
reference measurement was made; the following morning 
all seedlings were left in aerated trays under growth 
lights (180 umol/cm2.s). 
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FIGURE 11. 
GROWTH IN TUBES 

Experiments conducted as in Figure 10 except all 
seedlings were transferred to tubes (one seedling to a 
tube) just before the morning measurements were made and 
put under a light bank similar to the light bank used 
in the hood in the THO uptake studies (70 umol/cm2.s). 
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FIGURE 12. 
GROWTH IN TRAYS WITH MINIMUM HANDLING 

Experiments conducted as in Figure 10 except that a 
single primary leaf was measured using a smaller ruler. 
The ruler was held as close to the leaf as possible 
without touching it; no attempt was made to flatten the 
leaf, although it was sometimes necessary to gently hold 
the tip. 



FIGURE 12: GROUTH IN TRAYS 
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FIGURE 13. 
GROWTH IN TUBES WITH MINIMUM HANDLING 

Experiments conducted as in Figure 11 except leaves were 
measured with as little handling as possible. 
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mung bean hypocotyls following stress. He also confirms 

that the normal growth pattern of the seedlings was 

interrupted when they were put in osmotic nutrient solution: 

growth stopped for a full 24 hours in light grown 7-day-old 

mung beans stressed with -4 bar nutrient solution. The 

leaves of my stressed mung bean seedlings were growing 

within 24 hours of being stressed, but more slowly and 

erratically than unstressed seedlings. 

What does this mean for the results obtained in the THO 

uptake studies? If unstressed seedlings were growing much 

less rapidly than stressed seedlings their cells would be 

taking in less water, proportional to plant water uptake. 

But as already observed the amount of water involved in 

growth is small. In any case the midday growth data, 

closest to the relevant period, are not finely tuned or 

strong enough to draw any conclusions. Some means for 

measuring growth that is at once more sensitive and more 

timely should be sought. 

Jeje (1985) has found that in expanded leaves of POPUIUS 

balsamifera most of the inlet water is transpired at the 

base of the leaf--owing to the greater surface area for 

water withdrawal and greater volume of available water. If 

this is generally true in dicots it will not only require 

major changes in thinking about leaf water relations, but 

means that the portion of cell growth which is most critical 
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to interpretation of the results obtained in the THO uptake 

studies might be in the basal region. Work on the spatial 

transpirational patterns of stressed and unstressed mung 

bean leaves would resolve this question. 

Anatomical studies. The reticulately veined primary leaf of 

an 8-day-old mung bean seedling is shown in Figure 14. 

Anatomical studies were undertaken coincident with the THO 

studies and at that time had the simple goal of assuring 

that mung bean leaves conformed to the standard dicot leaf 

described in the Anatomy section of the Literature Review. 

Fixed tissue (Figure 15:a-d) showed two important 

differences. The palisade is better developed than I 

expected in laboratory grown seedlings. There are three 

rows of palisade cells, the most interior sometimes looking 

transitional to spongy mesophyll, sometimes not. There is 

also considerably more air space in the palisade tissue than 

I expected, often subtending a stomate. But the dichotomous 

nature of the leaf so emphasized by Wylie is clearly evident 

and extends to the epidermal surfaces: cells of the upper 

epidermis are larger than those of the abaxial surface. 

Vascular tissue is randomly distributed viz. stomates, but 

identification of functional xylem or stomates was not sure. 

The spongy mesophyll remains "inchoate" for I did not 

realize the importance of paradermal sections. 
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Microscopic examination of the abaxial and adaxial 

surfaces of fresh leaves (Figure 16:a-d) shows the 

distribution of stomates already reported. Epidermal peels 

were only possible on the abaxial surface and while the peel 

itself provides an interesting view of the stomates (Figure 

16e), the mesophyll cells were not clearly visible in the 

peeled leaf (Figure 17a). They can be seen somewhat better 

in Figure 17b where I focused through the epidermis. The 

structure of the palisade cells, exactly as predicted by the 

review of anatomical literature, was revealed by gentle 

scraping of the leaf surface (Figure 17c)--is in fact 

visible without scraping in Figure 16d. 

Following the discovery of bundle sheath extensions in the 

literature review, I of course returned to the fixed tissue 

(Figure 14) and fresh-cut sections (Figure 18:a-e, see 

below) in search of them. No bundle sheath extensions are 

visible in either. According to Wylie (1952) their presence 

can be identified even from surface micrographs because they 

transmit light like other chlorophyl1-1 ess cells. (The 

adaxial epidermis also tends to be much rougher than in 

those species lacking bundle sheath extensions because it is 

dips down at the points of intersection—but I could not 

apply this test, lacking a comparison.) The absence of 

bundle sheath extensions is admittedly anti-climactic after 

the attention lavished on them in the Literature Review but 



FIGURE 14. Primary leaf of 8-day-old mung bean seedling. 

FIGURE 15a. Cross section of fixed tissue of 8-day-old mung 
bean primary leaf, blade and midrib. 



FIGURE 15b. Cross section of fixed mung bean leaf tissue 
blade and midrib. 

my: mss; 

FIGURE 15c. Cross section of fixed mung bean leaf tissue 
blade and midrib. 
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FIGURE 15d. Close-up of Fig. 15c. 

FIGURE 16a. Stomates on abaxial surface of 8-day-old mung 
bean leaf in midleaf region. 
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FIGURE 16b. Stomates on adaxial surface in midleaf region. 

FIGURE 16c. Stomates on abaxial surface near apex. 



FIGURE 16d. Stomates on adaxial surface near apex 

FIGURE 16e 
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FIGURE 17a. Spongy mesophyll beneath epidermal peel shown 
in Fig. 16e. 

FIGURE 17b. Spongy mesophyll through abaxial epidermis. 



FIGURE 17c. Palisade tissue after scraping of adaxial 
surface. 
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FIGURE 18a. Fresh-cut cross-section of 7-day-old mung bean 
primary leaf. 
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FIGURE 18b. Close-up of Figure 18a. 

FIGURE 18c. Fresh-cut cross-section of 7-day-old mung bean 
primary leaf showing transverse xylem. 
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FIGURE 18d. Fresh-cut cross-section of 7-day-old mung bean 
primary leaf showing an intermediate vein. 

FIGURE 18e. Fresh-cut cross-section of 7-day-old mung bean 
primary leaf showing end of blade. 
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the point is the importance of knowing whether they are 

present OR absent in the species under study. I looked for 

other specialized structures but did not find any. It is 

possible that further investigation with different staining 

techniques or sections from the basal area would reveal 

something. 

It was argued in the Literature Review that these THO 

uptake studies would not provide symmetrical evidence for 

symplastic vs. apoplastic water movement since results which 

showed slower THO labelling of blade water could be owing to 

restriction of transpiration water either to the apoplast OR 

to a small number of cells. But in leaves lacking bundle 

sheath extensions (or other specialized structures) it is 

perhaps less likely that slow THO labelling of blade water 

would be owing to restriction of transpiration water to a 

small number of cells and more likely that it would be owing 

to restriction of transpiration water to the apoplast. It 

would be helpful in this regard to have a clearer notion of 

the distribution of functional xylem. 

Also, in the absence of bundle sheath extensions 

understanding the structure of the spongy mesophyll assumes 

even more importance. This is because in leaves lacking 

bundle sheath extensions the spongy mesophyll may have the 

primary role in facilitation of water distribution (Wylie 

1952). Wylie found spongy mesophyll cells organized in 
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multi-directional meshes in most species lacking bundle 

sheath extensions. He also predicts a greater proportion of 

spongy mesophyll in such leaves but as already noted these 

mung bean primary leaves have a wel1-developed palisade that 

occupies more than half the leaf. 

As the last part of this study, I looked at fresh-cut 

cross sections of unstressed mung bean seedlings. These 

sections show an astonishingly unfamiliar spongy mesophyll, 

as ordered and tightly packed as the palisade parenchyma 

(Figure 18). Between the palisade parenchyma and the 

spongy mesophyll is a single strip of (air?) space which 

runs nearly to the tip of the blade. The vascular tissue is 

inserted in the inner most tier of palisade cells, often 

extending down into the space. In an effort to examine this 

structure more closely, I tried to make paradermal fresh-cut 

sections but without success. 

Although this organization was readily apparent in some 

fifty fresh-cut sections of unstressed 7- and 8-day old 

seedlings, I cannot rule out the possibility that its 

detection is an artifact of the cutting procedure. Were the 

literature not so silent on the subject, I would think it 

much more likely that killing and fixing leaves destroys the 

ordered layers of spongy mesophyll and space seen in the 

fresh-cut sections, jumbling them together. Neither Dr. 

Bartels nor Dr. Verbeke of the Department of Plant Sciences 
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remembers having seen such organisation. Most analogous are 

the air tunnels or troughs in some monocots (e.g. banana in 

Troughton and Donalson 1972; Carex eleocharis in Veres and 

Wil1iams 1985). 

I can only speculate about what the presence of such a 

space would mean to water relations in mung bean primary 

leaves. An air space would provide an evaporation site at 

the vascular bundles and would clearly facilitate water 

vapor distribution in the plane of the leaf. An attempt 

should be made to reproduce this structure by another 

method. Since it is present in 7-day-old seedlings it is 

probably present in stressed seedlings but this should be 

confirmed. 

A deep understanding of the anatomy of mung bean primary 

leaves remains to be achieved. Further studies should 

include, besides those items already suggested, a 

determination of the amount of intercellular space and the 

contents of that space. This last question might be 

approached using vacuum infiltration or an interesting 

pycnometer method described by Jensen, Luxmoore, Van Gundy 

and Stolzy (1969). Measurement of the proportion of leaf 

occupied by cell walls is also important, particularly as 

the rationale for interpretation of the results of the THO 

uptake studies rests on the water in cell walls (and water 

vapor in the intercellular spaces) representing a small part 
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of the total volume of leaf water. Although Rayan estimated 

that only one or two percent of the volume of barley leaves 

is occupied by cell walls, the figure obtained by other 

workers in sunflowers, beech and Ricinus communis is ten, 

eleven and twelve percent respectively (Boyer 1974; Tyree 

and Cheung 1977; Milburn and Weatherley 1971). 

Does osmotical1v-induced water stress cause developmental 

changes in mung bean seedlings? Environmental effects on 

leaf development are well known: light levels change 

palisade and spongy mesophyll development (Lichtenthaler 

1985) vascularization (in particular the distribution of 

minor veins), bundle sheath extension distribution, leaf 

thickness, amount of intercellular space (Wylie 1949), 

internal surface area, stomatal numbers, distribution and 

size, cutinization and cell wall structure (Turrell 1936); 

water stress causes reduction in intercellular air space 

(Veres and Williams) and cell size (Hsiao 1973) and alters 

stomatal distribution (Jones 1985); temperature alters the 

pattern of leaf growth (Dale 1964). Less dramatically, 

environmental effects such as temperature may alter the pace 

of leaf development rather than its final form (Dale 1964) . 

Stressed mung bean seedlings used in the THO uptake 

studies underwent about twenty hours of stress prior to the 

experiment, from the evening of their seventh day when their 



development was already far advanced. Developmental changes 

or delays in these seedlings in response to this stress seem 

unlikely but remain to be investigated. 

A permanent developmental alteration in stressed seedlings 

might be tested for by returning stressed seedlings to plain 

Hoagland's solution and after a recovery time, rerunning the 

THO uptake study. However, such a study would have to be 

conducted on younger seedlings, which might be more 

suseptible to developmental alteration, because by the ninth 

day mung bean seedlings have begun to develop their first 

set of trifoliate leaves. 

Summary and conclusion. It is of course equally possible, 

perhaps even more likely, that something other than anatomy 

is responsible for the continuum of increasing resistance to 

cell water exchange in response to increasing stress 

observed in this study. As previously discussed, there is 

abundant evidence in the literature for changes in 

resistance as transpiration rates change (see review in 

Weatherley 1976), some in roots, some in leaves. Causal 

possibilities for resistance change include a change in 

membrane permeability with stress. Membrane permeability 

does change in- response to various compounds, including 

steroid hormones, and to endogenous control by cotyledons 

(De Clerk and Geuns 1989). Since xylem ion fluxes are known 
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to increase at higher transpiration rates (Anderson 1976), 

there are a large number of possible actors. That water 

stress induced by application of salt to roots might result 

in a membrane permeability change in the leaf is worth 

investigation. 

There are other less obvious but intriguing possiblities 

for changes in response to stress that would affect the 

characteristics of the water pathway. Although they are 

highly speculative, I will mention a few to give an idea of 

the kinds of things we perhaps need to begin to think about: 

phase changes in cell walls like those evinced so readily by 

gels in response to changes in pH or temperature (Tanaka 

1981); changes in water vapor-liguid mix in cell walls 

(D'Orazio, Bhattacharja, Halperin, Gerhardt 1989); changes 

in cell shape as observed in epidermal cells in response to 

stress (Rasche 1970); or even changes in the characteristics 

of bulk flow itself (Pennisi 1991). 

The results of this study show that with increasing 

stress, transpirational water is increasingly restricted to 

extra-cellular pathways, although the means for this 

restriction remains unclear. They also suggest that the 

fixed categories of apoplastic OR symplastic pathways might 

obscure a more complex reality. There may prove to be a 

shifting mix of alternatives available to the leaf as it 

satisfies all the demands of plant life. 



REFERENCES CITED 

Acevedo, E., T. C. Hsiao and D.W. Henderson, 1971. 
Immediate and subsequent growth responses of maize leaves 
to changes in water status. Plant Physiology 48:631-
636. 

Alford, D. K. and T. W. Tibbitts, 1970. Circadian rhythm of 
leaves of Phaseolus angularis plants grown in a controlled 
carbon dioxide and humidity enviornment. Plant Physiology 
46:99-102. 

Anderson, W. P., 1976. Transport through roots. 
Encylopedia of Plant Physiology. New Series 2B:129-156. 

Armacost, Richard R., 1944. The structure and function of 
the border parenchyma and vein-ribs of certain dicotyledon 
leaves. Iowa Academy of Science Proceedings 51:157-169. 

Avery, G. S., 1933. Structure and development of tobacco 
leaf. American Journal of Botany 20:565-92. 

Barlow, E. W. R., 1986. Water relations of expanding 
leaves. Australian Journal of Plant Physiology 13:45-58. 

Belot, V., D. Gauthier, H. Camus and C. Caput, 1979. 
Prediction of the flux of tritiated water from air to 
plant leaves. Health Physics 37:575-583. 

Bhola, D. P., 1978. Physiological responses to sodium 
chloride stresses by tolerant and sensitive genotypes of 
Agrostis palustris Huds and Hordeum vulgare I. Ph.D. 
dissertation, University of Arizona. 

Bidwell, R. G. S., 1979. Plant Physiology. Second Edition. 
New York, Macmillan. 726p. 

Boyer, J. S., 1974. Water transport in plants: Mechanism 
of apparent changes in resistance during absorption. 
Planta 117:187-207. 

Boyer, J. S., 1977. Regulation of water movement in whole 
plants. Symposia of the Society of Experimental Biology 
31:455-70. 



118 

Boyer, J.S., 1985. Water transport. Annual Review of Plant 
Phvsiology 36:473-516. 

Braam, Janet and Ronald W. Davis, 1990. Rain-, wind-, and 
touch-induced expresssion of calmodculin and calmodulin-
related genes in Arabidopsis. Cel1 60:357-364. 

Brun, W.A., 1962. Rhythmic stomatal opening responses in 
banana leaves. Physiologia Plantarum 15:623-630. 

Bunning, Erwin, 1973. The Phvsiolgiocal Clock: Circadian 
Rhythms and Biological Chronometrv, Third Editon. New 
York, Springer-Verlag. 258p. 

Byott, G.S., 1976. Leaf air space systems in C3 and C4 
species. New Phvtologist 76:295-299. 

Canny, M. J., 1986. Water pathways in wheat leaves. III. 
The passage of the mestome sheath and the function of the 
suberised lamellae. Physiologia Plantarum 66:637-47. 

Canny, M. J., 1988. Water pathways in wheat leaves IV. The 
interpretation of images of a fluorescent apoplastic 
tracer. Australian Journal of Pi ant Physiology 15:541-55. 

Canny, M. J., 1990. Tansley review no. 22: What becomes of 
the transpiration stream? New Phvtologist 114:341-368. 

Chia-Looi, Ah-Sing and Bruce G. Cumming, 1974. Circadian 
rhythms of dark respiration, flowering, net 
photosynthesis, chlorophyll content and dry weight 
changes in Chenopodium rubrum. Canadian Journal of Botany 

50:2219-26. 

Cooper, Clee S. and Mickey Quails, 1967. Morphology and 
chlorophyll content of shade and sun leaves of two 
legumes. Crop Science 7:672-673. 

Cowan, I. R., 1977. Stomatal behaviour and environment. 
Advances in Botanical Research 4: 117-228. 

Dainty, Jack, 1963. Water relations in plants cells. 
Advances in Botanical Research 1:279-326. 

Dale, J. E., 1964. Leaf growth in Phaseolus vulgaris. 
Annals of Botany 28:579-589. 

Dale, John E., 1982. The Growth of Leaves. London, Edward 
Arnold. 60p. 



119 

Dale, J. E., 1988. The control of leaf expansion. Annual 
Review of Pi ant Phvsioloav and Plant Molecular Bioloqy 
39:267-295. 

DeClerck, Willy A.E. and Jan M.C. Geuns, 1988. New method 
for the measurement of membrane permeability for 3H2 0 in 
plant tissues. Phvtochemistrv 27:2725-2729. 

DeClerck, Willy A.E. and Jan M.C. Geuns, 1989. Cortisol and 
membrane permeability for 3H2 0 of mung bean hypocotyl 
sections. Phvtochemistrv 28:319-322. 

El-Sharkawy, Mabrouk A. and John D. Hesketh, 1965. Camera 
lucida drawings of the internal leaf anatomy of 15 
species. University of Arizona Agricultural Experiment 

Station. Department of Plant Breeding. Report on 
Photosvntehsis No.l. 

Esau, K., 1943. Ontogeny of the vascular bundle of Zea 
mays. Hilgardia 15:327-368. 

Esau, K., 1953. Plant Anatomy. New York, John Wiley and 
Sons. 735p. 

Esau, K., 1977. Anatomy of Seed Plants. Second Edition. New 
York, John Wiley and Sons. 550p. 

Fahn, A., 1982. Plant Anatomy. third edtion. New York, 
Pergamon Press. 544p. 

Parquhar, Graham D. and Klaus Raschke, 1978. On the 
resistance to transpiration of the sites of evaporation 
within the leaf. Plant Physiology 61:1000-05. 

Feder, N. and T. P. O'Brien, 1968. Plant microtechnique: 
some principles and new methods. American Journal of 
Botany 55:123-142. 

Gaff, D. F., T. C. Chambers and K. Markus, 1964. Studies of 
extrafascicular movement of water in the leaf. 
Australian Journal of Bioloqical Science 17:581-86. 

Hazlewood, Carlton F., 1985. Water in biological systems as 
studies by NMR and neutron scattering techniques. IN: 
Water and Ions in Biological Systems. pp. 9-15, edited by 
Alberte Pullman, V. Vasilescu and L. Packer, New York, 
Plenum Press. 

Highkin., Harry fi. and John B. Hanson, 1954. Possible 
interaction between light-dark cycles and endogenous 



120 

daily rhythms on the growth of tomato plants. Plant 
Physiology 29:301-304. 

Hillman, William S., 1976. Biological rhythms and 
physiological timing. Annual Review of Plant Physiology 
27:159-17 9. 

Hoagland, D. R., and Arnon, E. I., 1938. The water culture 
method for growing plants without soil. University of 
California (Berkeley) College of Agriculture Experiment 
Station. Circular 347. 

Hoshizaki, T. and K.C. Hamner, 1964. Circadian leaf 
movements; persistence in bean plants grown in 
continuous high intensity light. Science 144:1240-1241. 

Hsiao, T. C., 1973. Plant responses to water stress. 
Annual Review of Plant Physiology 24:519-570. 

Hsiao, T. C. and R. A. Fischer, 1975. Measurement of 
stomatal aperture and diffusive resistance. Washington 
State University, College of Agriculture Research Center, 
Bulletin 809. 

Jeje, Ayodeji A., 1985. The flow and dispersion of water in 
the vascular network of dicotyledonous leaves. 
Biorheology 22:285-302. 

Jensen, C. R., R. J. Luxmoore, S. D. Van Gundy and L. H. 
Stolzy, 1969. Root air space measurements by a pycnometer 
method. Agronomy Journal 61:474-475. 

Johnson, P. A. and A. L. Babb, 1956. Liquid diffusion of 
non-electrolytes. Chemical Reviews. 56:387-453. 

Jones, Hamlyn G, 1985. Adaptive significance of leaf 
development and structural responses to environment. IN: 
Control of Leaf Growth edited by N. R. Baker, W. J. Davies 
and C. K. Ong. Society for Experimental Biology Seminar 
Series 27:201-221. 

Kline, J.R. and M.L. Stewart, 1974. Tritium uptake and loss 
in grass vegetation which has been exposed to an 
atmospheric source of tritiated water. Health Physics 
26:567-573. 

Lauchli, A., 1976. Apoplasmic transport in tissues. 
Encylopedia of Plant Physiology. New Series 2B:3-34. 



121 

Lichtenthaler, Hartmut K., 1985. Differences in morphology 
and chemical composition of leaves grown at different 
light intensities and qualities. IN: Control of Leaf 
Growth edited by N. R. Baker, W. J. Davies and C. K. Ong. 
Society for Experimental Biology Seminar Series 27:201-
221. 

Longsworth, L. G., 1954. Temperature dependence of 
diffusion in aqueous solutions. Journal of Physical 
Chemistry 58:770-73. 

Maksymowych, R., 1973. Analysis of Leaf Development. 
Cambridge University Press. 

Mansfield, T.A. and O.V.S. Heath, 1963. Studies in stomatal 
behavior IX. Photoperiodic effects on rhythmic phenomena 
in Xanthium pennsvlvanicum. Journal of Experimental 
Botany 14:334 

Martin, E.S. and H. Meidner, 1972. The phase-response of 
the dark stomatal rhythm in Tradescantia virginiana to 
light and dark treatments. New phytoloqist 71:1045-54. 

Mason, H.S. and K. Matsuda, 1985. Polyribosome metabolism, 
growth and water status in the growing tissues of 
osmotically stressed plant seedlings. Physiologica 
Pi antarum 64:95-104. 

Matsuda, Kaoru and Ahmed Rayan, 1989. How might plant 
cells initially sense water deficits? IN: Structural and 
Functional Responses to Environmental Stresses pp. 89-95, 
edited by K. H. Kreeb, H. Richter and T. M. Hinckley, The 
Hague, The Netherlands, Academic Publishing. 

Matsuda, Kaoru and Ahmed Rayan, 1990. Anatomy: A key factor 
regulating plant tissue reponse to water stress. IN: 
Environmental Injury to Plants. pp. 63-88, edited by Frank 
Ketterman, San Diego, Academic Press. 

Matsuda, Kaoru and Ardeshir Riazi, 1981. Stress-induced 
osmotic adjustment in growing regions of barley leaves. 
Plant Physiology 68:571-576. 

Mauseth, James D., 1988. Plant Anatomy. Menlo Park, 
California, Benjamin/Cummings Publishing Company. 560p. 

Meidner, Hans, 1975. Water supply, evaporation, and vapour 
diffusion in leaves. Journal of Experimental Botany 
26:666-73. 



122 

Meidner, Hans, 197 6a. Vapour loss through stomatal pores 
with the mesophyll tissue excluded. Journal of 
Experimental Botany 27:172-74. 

Meidner, Hans, 1976b. Water vapor loss from a physical 
model of a substomatal cavity. Journal of Experimental 
Botany 27:691-94. 

Milburn, J. A. and P. E. Weatherley, 1971. The influence of 
temperature on the process of water uptake by detached 
leaves and leaf discs. New Phvtoloqist 70:929-938. 

Moore, R. and E. R. Buskirk, 1961. Differential sublimation 
rates of light and tritium-labelled water. Nature 
189:149-151. 

Nobel, Park S., 1983. Biophysical Plant Physiology and 
Ecology. New York, W.H. Freeman and Company. 608p. 

Nonami, Hiroshi, Ernst-Detlef Schulze and Hubert Ziegler, 
1990. Mechanisms of stomatal movement in response to air 
humidity, irradiance and xylem water potential. Planta 
183:57-64. 

Ordin, Lawrence and James Bonner, 1956. Permeability of 
Avena coleoptile sections to water measured by diffusion 
of deuterium hydroxide. Plant Physiology 31:53-57. 

Passos, Leonidas Paixao, 1989. Growth and Water Status 
Responses of Mung Bean (Vigna mungo L.) and Other Dicot 
Species to Osmotic Stress. Ph.D. dissertation, Department 
of Plant Sciences, University of Arizona. 

Pennisi, Elizabeth, 1991. Thicker than water. Science News 
140: 220-223. 

Pizzolato, T. D., J. L. Burbano, J. D. Berlin, P. R. Morey 
and R. W. Pease, 1976. An electron microscope study of 
the path of water movement in transpiring leaves of cotton 
(Gossypium hirsutum). Journal of Experimental Botany 
27:145-161. 

Pospisilova, Jana and Jarmila Solarova, 1980. Environmental 
and biological control of diffusive conductances of 
adaxial and abaxial leaf epidermes. Photosynthetica 
14:90-127. 

Price, A. H., 1958. Vapour pressure of tritiated water. 
Nature 181:262. 



123 

Priestley, J. H., 1943. The cuticle in angiosperms. 
Botanical Review 9:593-616. 

Raney, Franklin and Y. Vaadia, 1965. Movement and 
distribution of THO in tissue water and.vapor transpired 
by shoots of helianthus and nicotiana. Plant Physics 
40:383-388. 

Rasche, K., 1970. Leaf hydraulic system: Rapid epidermal 
and stomatal responses to changes in water supply. 
Science 167:189-91. 

Rayan, Ahmed, 1989. The Elucidation of the Pathway of Water 
Movement in Barley (Hordeum vulgare L.) Seedlings Using 
Anatomical, Cytological and Physiological Approaches. 
Ph.D. dissertation, Department of Plant Sciences, 
University of Arizona. 

Rayan, Ahmed and Karoru Matsuda, 1988. The relation of 
anatomy to water movement and cellular response in young 
barley leaves. Plant Physiology 87:853-858. 

Riazi, Ardeshir, Kaoru Matsuda and Ahmet Arslan, 1985. 
Water-stress induced changes in concentrations of proline 
and other solutes in growing regions of young barley 
leaves. Journal of Experimental Botany 36:1716-1725. 

Salisbury, Frank B. and Cleon W. Ross, 1985. PI ant 
Physiology, Third Edition. Belmont, California, Wadsworth 
Publishing Company. 540p. 

Sheriff, D. W. and H. Meidner, 1974. Water pathways in 
leaves of Hedera helix L. and Tradescantia Virginia L. 
Journal of Experimental Botany, 25:1147-56. 

Sheriff, D.W. and H. Meidner, 1975. Water movement into and 
through Tradescantia virginiana (L.) leaves. Journal of 
Experimental Botany 26:897-902. 

Shibabe, Sadami and Karin Yoda, 1984. The effect of 
different concentrations of deuterium oxide on rice 
seedling shoot and root tissue water. Environmental and 
Experimental Botany 24:369-375. 

Spanswick, R.M., 1976. Symplasmic transport in tissues. 
Encyclopedia of Plant Physiology. New Series 2B:35-53. 

Stalfelt, M.G., 1965 .  The relation between the endogenous 
and induced elements of the stomatal movements. 
Physiologia Pi antamm 18:177-184 .  



124 

Stalfelt, M.G., 1967. Endogenous diurnal rhythm in the 
osmotic surplus of guard cells. Physiologia plantarum 
20:57. 

Sweeney, Beatrice M., 1987. Rhythmic Phenomena in Plants. 
Second Edition. Orlando, Florida, Academic Press. 172p. 

Tanaka, Toyoichi, 1981. Gels. Scientific American 244:1, 
124-138. 

Tanton, T. W. and S. H. Crowdy, 1970. Water pathways in 
higher plants. I. Free space in wheat leaves. Journal of 
Experimental Botany 21:102-11. 

Tanton, T. W. and S. H. Crowdy, 1972. Water pathways in 
higher plants. Ill: The transpiration stream within 
leaves. Journal of Experimental Botany 23:619-25. 

Troughton, John and Lesley A. Donaldson, 1972. Probing 
Plant Structure. Auckland, N. Z., A. H. and A. W. Reed 
Ltd. 

Turrell, Franklin M., 1936. The area of the internal 
exposed surface of dicotyledon leaves. American Journal 
of Botany 23:255-264. 

Tyree, M. T. and Y. N. S. Cheung, 1977. Resistance to water 
flow in Fagus grandifolia leaves. Canadian Journal of 
Botany 55:2591-99. 

Tyree, M. T. and P. Yianoulis, 1980. The site of water 
evaporation from sub-stomatal cavities, liquid path 
resistances and hydroactive stomatal closure. Annals of 
Botany 46:175-93. 

Veres, John S. and George J. Williams III, 1985. Leaf 
cavity size differentiation and water relations in Carex 
eleocharis. American Journal of Botany 72:1074-1077. 

Waber, Jack, 1984. Effect of heavy water (99+ D2O) on 
beetroot permeability. Environmental and Experimental 
Botany 24:253-257. 

Wang, Jui Hsin, Charles V. Robinson and I.S. Edelman, 1953. 
Self-diffusion and structure of liquid water-. III. 
Measurement of the self-diffusion of liquid water with H2, 
H3 and O18 as tracers. American Chemical Society Journal 
75:466-470. 



125 

Weatherley, P. E., 1963. The pathway of water movement 
across the root cortex and leaf mesophyll of transpiring 
plants. IN: Water Relations of Pi ants. edited by A. J. 
Rutter, British Ecological Society Symposium 3, New York, 
John Wiley and Sons, 394p. 

Weatherley, P. E., 1970. Some aspects of water relations. 
Advances in Botanical Research 3:171-206. 

Weatherley, P. E., 1976. Introduction: water movement 
through plants. Royal Society of London. Philosophical 
Transactions B 273:435-444. 

Wilkins, Malcolm B., 1960. The effect of light on plant 
rhythms. IN: Biol oaical Clocks., Cold Spring Harbor 
Symposia on Quantitative Biology 25:115-129. 

Wilkins, Malcolm B., 1984. Advanced Pi ant Physioloqy. 
Bath, England, The Pitman Press. 514p. 

Woolley, Joseph T., 1965. Radial exchange of labeled water 
in intact maize roots. Plant Physiology 40:711-717. 

Wylie, Robert B., 1939. Relations between tissue 
organization and vein distribution in dicotyledon leaves. 
American Journal of Botany 26:219-225. 

Wylie, Robert B., 1943a. The leaf organization of Hedera 
helix. Iowa Academy of Science Proceedings 50:199-207. 

Wylie, Robert B., 1943b. The role of the epidermis in 
foliar organization and its relations to the minor 
venation. American Journal of Botany 30:273-280. 

Wylie, Robert B., 1946a. Conduction in dicotyledon leaves. 
Iowa Academy of Science Proceedings 53:195-202. 

Wylie, Robert B., 1946b. Relations between tissue 
organization and vascularization in the leaves of certain 
tropical and subtropical dicotyledons. American Journal 
of Botany 33:721-26. 

Wylie, Robert B., 1949. Differences in foliar organization 
among leaves from four locations in the crown of an 
isolated tree (Acer platanoides). Iowa Academy of Science 
Proceedings 56:189-98. 

Wylie, Robert B., 1951. Principles of foliar organization 
shown by sun-shade leaves from ten species of deciduous 



126 

dicotyledonous trees. American Journal of Botany 38:355-
61. 

Wylie, Robert B., 1952. The bundle sheath extension in 
leaves of dicotyledons. American Journal of Botany 
39:645-51 


