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I . INTRODUCTION 

Life, in all probability, originated in water and in its primary state 
is adapted to function only in an aquatic medium, at least, at its satura
tion level, if not immersed in it. As the various organisms, both plants 
and animals, extended their habitat to life on land, they were continually 
subjected to the threat of desiccation and death by forces of nature, 
against which they retain water in themselves, but the struggle to 
counterbalance this threat seems to be, in a large measure, the essence 
of life. The title of this chapter indicates only this aspect of the life 
process and the problem assumes a greater significance when we are 
dealing with organisms put to an additional disadvantage—the "disease" 
which is attended by various repercussions on key metabolic functions. 
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Among the most important constituents of plants, water is quantita
tively by far the most abundant. Protoplasm, the physical basis of life, 
is itself a hydrated gel, containing water, no less than 80-90% of its total 
weight in its active state (Levitt, 1956). It follows, therefore, that any 
disturbance to the normal process of life would have a marked effect on 
this component. The importance of water can be better appreciated if we 
list its various roles in the life processes of plants. In addition to its being 
an essential constituent of living protoplasm, it forms a continuous phase 
permeating the entire plant body and it takes part in various chemical 
reactions, particularly hydrolysis and photosynthesis. It also plays an 
essential role in maintaining the form and structure of herbaceous plant 
tissues through the maintenance of cell turgidity. The various physiolog
ical functions of protoplasm itself are controlled by the extent of its 
hydration. It would, thus, seem clear that any disturbance to the water 
economy would naturally lead to various physical and physiological 
consequences. 

The bulk of water in plants is not in a static condition but is part of 
a hydrodynamic system which operates as one unit and is composed of 
the balancing forces at the cellular level. The water content of the 
various cells and tissues is in a continuous state of change. To under
stand fully how and why such changes in water content occur, requires 
consideration of the chemical and physical characteristics of various parts 
of the cell, of the forces which hold water in cells and of the principles 
which govern water movement between cells and their environment. 

Water is held in the cells of plants, principally by osmotic and imbibi-
tional forces. Osmotic forces are developed by the presence of solutes 
which decrease the activity or free energy of water molecules, resulting 
in a decrease in its diffusion pressure. Imbibition occurs because of the 
attraction for water of various hydrophilic colloids such as cellulose and 
proteins. In this case, water is held in the microcapillary lattices of com
plex molecules and held largely by surface forces. Thus, the free energy 
of water is reduced severally in plant cells and the amount by which the 
diffusion pressure of water is reduced is termed the diffusion pressure 
deficit ( D P D ) . The DPD of a solution is equal to its osmotic pressure, 
but in plant cells this is greatly modified by the wall pressure (which is 
equal and opposite to turgor pressure) and may decrease from a value 
almost equal to the osmotic pressure of the cell sap (when turgor pres
sure is equal to zero) to zero as the turgor and wall pressures increase. 
The DPD of a cell would, therefore, be equal to the osmotic pressure 
of a solution in which it neither gains nor loses water. In other words, 
the water content of the cell remains unchanged as long as the DPD of 
its surroundings equals that of its own. Any change in either of the two 
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results in a movement of water from within or without the cell. Besides 
these osmotic forces, there is an "active" absorption of water by the cells 
which involves expenditure of energy and this resembles the accumula
tion of ions. Loss of water from the cells would, thus, involve a disrup
tion of the equilibrium that contributes to its retention in them. 

Disease manifests itself primarily in various functional disturbances, 
most of which, if not all, can be traced either directly or indirectly to a 
disturbed water balance in plants. This fact becomes evident when we 
study the various derangements attending on disease and trace their 
bearing on the water economy of the individual. But, to appreciate this, 
it is necessary to have a basic picture of the various means by which a 
plant strives to keep up its water balance and maintains its norm. Excel
lent reviews and treatises have appeared on this subject and the reader 
is referred to these (Kramer, 1955, 1956a, b, c; Meyer, 1956; Levitt, 1951, 
1956; Stocking, 1956). 

II . W A T E R BALANCE IN NORMAL HEALTHY PLANTS 

The maintenance of a favorable water balance in plants demands 
that the loss of water from the leaves by transpiration (guttation loss 
being negligible in most cases) shall not, except for very short periods, 
exceed the supply of water to them. If it does, the total volume of water 
in plants is reduced and a thirst develops, the most obvious symptom 
being wilting. If, therefore, thirst and its consequences, as we shall dis
cuss later, are to be avoided a regular flow of water to the leaves is 
essential. Normally, plants obtain water from the soil through their root 
system. In its passage from the root hairs to the foliage, water encounters 
resistance. An adequate supply depends on overcoming this resistance, 
which varies in magnitude from plant to plant and, probably, from time 
to time within the same plant. 

Absorption of water is influenced by conditions that affect the metab
olism and permeability of root cells, such as low oxygen tension, high 
C 0 2 concentration and also the total soil moisture stress at the root 
surface. It is also accentuated by the factors of root density and root 
elongation which determine the distance water has to move and so 
influence the total amount of water available (Slatyer, 1957). The rate 
of transpiration determines the extent of water deficit and, hence, the 
amount of water needed to attain equilibrium. In most plants studied, 
there is a distinct lag in the rate of absorption of water as compared 
with the rate of transpiration during daylight hours, showing a condition 
of internal water deficit; but normally the rate of absorption exceeds 
transpiration during the later hours of the day when the internal water 
deficit is reduced to the minimum. The development of an internal water 
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deficit thus seems to be of almost daily occurrence in most plants during 
their growing season and the mechanism by which plants attain reduc
tion of internal water deficit constitutes the dynamics of its water rela
tions. Naturally, the forces directed to achieve this end should tend to 
decrease transpirational water loss and increase absorption of water from 
the substratum, conduction being usually incidental to these two factors. 
Conversely, forces that tend to disturb the normal water balance act on 
either of these two, or both, and thereby increase the internal water 
deficit, causing thirst. 

It seems to be generally accepted that the mechanism of transpiration 
involves evaporation of water either through the cuticle or through the 
stomates. Consequent on this evaporation, a gradient is set up between 
the evaporating surface and the trachea and water moves from the latter 
to the former. This process continues only as long as the gradient is 
maintained, which is subject to the influence of the intervening living 
cells. The DPD of the evaporating surface is regulated to a large extent 
by the opening and closing of stomata. That stomata respond to stimuli, 
such as light and darkness, changes in leaf water content, temperature, 
C 0 2 content of the air, shock stimuli, changes in Η-ion concentration 
and ionic effects, seems well established (Heath, 1949). The greater 
the DPD of the tracheal contents, the less the readiness with which water 
moves to the evaporating surface and the more the withdrawal of water 
into the intermicellar spaces of the cell wall at the evaporating surface, 
thus greatly increasing resistance to evaporation. 

Transpiration proceeds as long as the suction force at the evaporating 
surface exceeds that of the leaf cells and the trachea. If the leaf cells are 
to remain fully turgid, their suction force must be greater than that in 
the tracheae on the one hand, and that at the evaporating surface, on 
the other. Increase in either of the latter two leads to loss of turgor in 
leaf cells, and wilting follows. Normally, the osmotic pressure of leaf 
cells is kept up at a high level by the reduction of water by transpira
tion, on the one hand, and by accumulation of photosynthates, on the 
other. Any decrease in water in leaf cells produces changes, such as 
hydrolysis of starch and proteins, which give rise to osmotically active 
substances resulting in a flow of water from the trachea, creating a ten
sion in the xylem. As long as the DPD of the tracheal contents, due 
mainly to their tension, is greater than the DPD of soil water and that 
of leaf cells exceeds both, absorption is facilitated. The significance of a 
high DPD of leaf cells is at least twofold. It causes the development of 
a high tension in the xylem, which is necessary for absorption against the 
resistance of root cells; at the same time it reduces transpiration. Thus, 
absorption of water tends to decrease the DPD gradient between the leaf 
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and the tracheal fluid, whereas transpiration increases it. The tensions 
disappear during periods of good water supply and low transpiration; 
hence, existence of tension can be taken to indicate some internal water 
deficit, which, however, is prevented from becoming serious by the 
action of tension itself on absorption and transpiration (Warne, 1942). 

Thus, we have here a self-regulatory mechanism for preventing the 
development of a serious internal water deficit. The efficiency of this 
mechanism is limited by the osmoregulatory changes of leaf cells. It is 
precisely in those plants whose cell sap has a high osmotic pressure that 
there is possibility of considerable tension developing when conditions 
favor high transpiration. This in itself is likely to facilitate the intake of 
water by the roots and postpone development of a serious water deficit 
in the leaves. It would, thus, be evident that the daily variations in 
osmotic pressure of plant cells, particularly in the leaf, are most sig
nificant in that they swing back the water status of the plant to a condi
tion of balance from that of imbalance (Meyer, 1956). The cycle of 
variations in the osmotic quantities may be quite different under environ
mental conditions departing from the normal, which favors high tran
spiration in the presence of an adequate water supply. Seasonal varia
tions are also known in the case of perennial plants. 

III . GENERAL SYMPTOMS AND NATURE OF W A T E R DEFICIENCY 

The most apparent effect of water deficit is loss of form in herbaceous 
plant tissues—as a sequel to loss of turgor—such as wilting, flagging, and 
drooping of leaves and stem tips. Root hairs are also believed to wilt 
very commonly, although such wilting cannot be ordinarily observed 
(Kramer, 1950). With xerophytes and plants with rigid leaves, wilting 
may not be apparent, although physiologically comparable conditions 
exist in them. Wilting occurs when the turgor pressure is almost zero and 
represents a stage when the D P D is equal to the average osmotic pres
sure. A temporary excess of transpiration over absorption results in such 
changes, but normally plants regain their form as more water is made 
available. 

Of all the major plant processes, none is more obviously affected by a 
deficiency of water than growth, although meristematic tissues and 
young cells, because of their high imbibitional forces, are able to obtain 
water from older tissues (Anderson and Kerr, 1943; Wilson, 1948). Water 
deficit interferes with cell enlargement and cell division, but promotes 
differentiation (Meyer, 1956). Continued water deficit eventually results 
in cessation of growth. A decrease in normal water supply is reflected 
on growth largely because of a corresponding decrease in the production 
of auxins (Alekseeve, 1951). This effect and other metabolic changes, 
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detailed below, produce plants with a stunted appearance. Rosetting of 
leaves takes place from shortening of internodes. Leaf area is also greatly 
reduced (Simonis, 1952). Reduction in root growth means decrease in 
available surface freely permeable to water. This is accentuated by the 
destruction of root hairs and premature suberization (Kramer, 1950). 
In general, a reduced water content of a plant, whether caused by a 
shortage of water in the soil, or by high transpiration rates, results in a 
lower shoot:root ratio on a weight basis (Meyer, 1956). 

The effect of decrease in turgor on transpiration, unlike other vital 
functions, seems to be indirect. Transpiration is basically a passive 
process and as such is determined largely by the diffusion gradient from 
leaf to atmosphere and the rate of water supply to the roots (Slatyer, 
1957). Leaf water content itself is not likely to affect transpiration unless 
severe wilting occurs (Gregory et al., 1950); it depends on the sensitivity 
of the stomates to changes in turgor. A correlation between the rate of 
transpiration and the width of the stomatal opening is feasible only 
when the water content is sufficient, although stomatal behavior is, 
doubtless, influenced by other factors. 

Reduction in leaf water content usually results in a diminished rate 
of photosynthesis and this is pronounced before any wilting occurs 
(Schneider and Childers, 1941). A loss of water of 16 to 47% or more 
causes a decrease of 20% in the rate of photosynthesis, but there seems 
to be no correlation between the amount of water lost and the intensity 
of photosynthesis. In plants which have recovered from wilting, the 
ability to carry on carbon assimilation is not restored to normalcy, but 
is reduced by 35 to 59% (Iljin, 1957). The influence of water deficit on 
photosynthesis may be direct, through a decrease in protoplasmic hydra
tion, or indirect, through stomatal regulation (Schneider and Childers, 
1941; Rabinowitch, 1945). Stomates have an important role in the absorp
tion of C 0 2 from the air and in the evaporation of water. In general, 
water loss of even 10% induces stomatal closure. In certain species the 
sensitivity of the stomatal mechanism is so great, that a loss of even 
3 to 5% results in their closure, e.g., Vicia and Chrysanthemum (Iljin, 
1957). 

Decrease in water content of cells and tissues produces important 
changes in their physical and chemical properties. Dehydration produces 
changes in viscosity and permeability of protoplasm. Moderate dehydra
tion increases viscosity and slackens Brownian movement. A slow adapta
tion (hardening) is exhibited when dehydration is gradual, whereas 
when the process of dehydration is drastic, complete gelation occurs 
and the protoplasm becomes rigid and brittle, in which case the chances 
of recovery are remote (Levitt, 1956). Northen (1943) and Stocker 
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(1948) believed that dehydration causes dissociation of the protoplasm, 
resulting in the physical changes observed, followed by activation of cer
tain enzymes and increased respiration. In general, hydrolytic processes 
are increased, e.g., hydrolysis of starch and proteins (Kramer, 1956a) 
and synthetic processes are hindered, e.g., protein formation from amino 
acids (Petrie and Wood, 1938). 

A relatively high water content of the leaf tissues favors accumulation 
of starch at the expense of sugars in many species, while a reduction in 
water content favors the transformation of starch to sugars (Ahrns, 1924; 
Spoehr and Milner, 1939) or polysaccharides (Spoehr, 1919). An in
creased supply of available nitrogen stimulates the utilization of carbo
hydrates, and if in addition sufficient moisture is available, growth and 
formation of new organs are accelerated. On the other hand, if sufficient 
moisture is not available, growth is interrupted and polysaccharides tend 
to accumulate. The breakdown of carbohydrates in leaves may be accom
panied by their deposition in roots. This happens to be the case in a 
majority of plants (Iljin, 1957). However, when wilting is slight, the 
changes detailed above are not noticed, until further desiccation stimu
lates these processes. It is, therefore, logical to presume that fluctuations 
of considerable magnitude in the water content of plants, due to their 
"inefficient" hydrodynamic system, result in changes which increase the 
proneness of the host to attacks by pathogenic, root-infecting organisms. 

A. Physiological Wilting 

In general, diminution of water content affects the leaf cells most, as 
compared with other parts of plants and this results in their partial or 
complete loss of turgor. Visible manifestations of wilting are frequent 
also in young succulent stem tips, floral parts, or even fruits and root 
hairs. The term "incipient wilting" is applied when the loss of turgor is 
not great enough to result in visible drooping. This condition is found 
in most terrestrial plants on bright and warm days. If the suction force 
of the evaporating surface is greater than that of the tracheal contents, 
and both are greater than that of the living cells, water may pass through 
the leaf cells without maintaining the latter in full turgidity. This seems 
to be borne out by the fact that even in a wilted leaf water continues 
to be transpired. The development of a considerable degree of tension 
in the tracheae would also cause a flow of water from the living leaf cells 
to the tracheae. Normally, tension in the xylem does not exist for a long 
time when there is sufficient water supply and time for recovery. If, 
however, this continues owing to a prolonged shortage of water supply, 
the leaves pass on to a state of permanent wilting through transient 
wilting. Both incipient wilting and transient wilting differ from per-
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manent wilting in that the latter results not from a transitory excess of 
transpiration over water absorption, but from a deficiency of water in 
the soil. Plants do not recover from permanent wilting unless the water 
content of the soil in which they are rooted increases; they do not regain 
their turgor when placed in a saturated atmosphere. Permanent wilting 
marks a stage beyond which water is not available for normal plant 
functions. It usually arises when the soil water has fallen to such a low 
level that the plant cannot extract it. In other words, the total soil mois
ture stress increases. This stress represents the DPD of soil water and is 
equivalent to the combined effect of the soil moisture tension and the 
osmotic concentration of the soil solution (Richards and Wadleigh, 
1952). As the soil water is depleted by absorption by the roots, an 
increase in the solute concentration at the root surface occurs. This is 
because the rate of solute absorption and the rate of water absorption 
are controlled by different factors. This causes a slackening in the rate 
of absorption, if the soil water is not replenished and wilting is hastened 
(Slatyer, 1957). In a soil slowly drying up, temporary wilting slowly 
grades over to permanent wilting. The nocturnal recovery of the plant 
from temporary wilting is achieved less and less completely until even 
the slightest recovery fails to take place. During permanent wilting the 
stress in the hydrodynamic system gradually becomes intensified; even 
if the stomates are closed, as they usually are in permanently wilted 
plants, cuticular transpiration continues, gradually reducing the total 
volume of water within the plant. Prolongation of this state for more 
than a few days results in the death of root hairs and, thereafter, recovery 
of the plant to the normal condition is slow (Kramer, 1950). It also 
results in development of high tensions in the cells and these, in turn, 
subject protoplasm and cell walls to a centripetally directed pull which 
may lead to death of cells and ultimate wilting. 

Physiological wilting of plants may also result from conditions other 
than soil moisture deficiency. Roots may be unable to absorb water from 
soil because of factors that interfere with absorption. Absorption of 
water by the roots is both active and passive. The former involves an 
expenditure of energy derived from respiration and resembles the phe
nomenon of salt accumulation. The latter is controlled by the osmotic 
gradient that exists between the sap in the xylem and soil water. Any 
interference with either, or both, results in a physiologic drought. These 
two processes are, however, interrelated and controlled by the metabolic 
state of root cells, since salt uptake causes osmotic absorption of water 
(Lundegardh, 1946). Bonner et al (1953) proposed that water intake 
and respiration are linked by transfer of energy through adenosine tri
phosphate (ATP) , perhaps in a mechanism wherein auxin molecules 
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function as a part of the transport system. Although the nature of the 
relation between respiration and water intake is uncertain, inhibitors of 
the former have been found to reduce or prevent water absorption (Van 
Overbeek, 1942; Kelly, 1947; Rosene, 1947; Hackett and Thimann, 1952). 
Absorption is also impeded by flooding of the soil. This results in 
"flooding injury" which manifests itself in yellowing and wilting of 
leaves. These symptoms are attributed to desiccation caused by a de
creased absorption. The picture is complicated further by the injury and 
death of root cells due to poor aeration. This, however, does not seem 
to explain wilting and death of shoots adequately, since plants can live 
for some days after their root systems are killed, if the soil is kept 
saturated with water (Kramer, 1933). It, therefore, appears probable that 
the various symptoms produced by flooding have several causes, in addi
tion to interference with absorption, such as inhibition of root growth, 
root development and elongation, translocation of toxic substances either 
released from dying cells (e.g., ethylene) or produced in the soil 
(Kramer, 1951), and nonselective absorption of minerals as a sequel to 
the death of the root system. An imbalance of minerals is known to 
cause injury to leaves, such as mesophyll collapse noticed in citrus leaves 
(Sokoloff et ah, 1943). 

B. Pathological Wilting 

Pathological wilting, as the term denotes, is caused by pathogenic 
agencies. It occurs in diseases variously described as damping-off, die-
back, foot rot, take-all, and wilt. Damping-off is caused by primitive 
parasites which attack the seedlings of many plants and bring about 
their death by extensive rotting of the root and collar region (e.g., species 
of Fusarium, Pythium, and Rhizoctonia). Foot rot and take-all represent 
instances wherein the roots and crown regions are damaged and the 
plants exhibit characteristic symptoms of water deficiency before they 
die. In the case of foot rot of paddy (Gibberella fujikuroi), however, the 
presence of characteristic metabolites of the causal organism—fusaric 
acid and gibberellic acid, the former a wilt toxin and the latter having 
the property of growth substances—has been recently demonstrated 
(Subba-Rao, 1957a, b ) . The final symptoms of the disease, in this case, 
would naturally arise not only from the interference with water uptake 
consequent to the damage to subterranean portions of the plant, but 
also as a result of the presence of these metabolites. Fusaric acid in low 
concentrations increases permeability of protoplasts to water and reduces 
it at higher concentrations. Gibberellic acid, on the other hand, inhibits 
root growth among other things and this would aggravate root dysfunc
tion. The syndrome of foot rot of paddy thus appears to be the product 
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of an intricate interplay of diverse factors (Gaumann, 1957). In the case 
of take-all no such evidence has been brought forward so far and the 
disease appears to arise out of the dysfunction of root system resulting 
from injury by the causal organism, Ophiobolus graminis (Ludbrook, 
1942). Dieback of plants and branches is caused by definite interference 
with water supply, either by tissue disintegration or by inducing gum 
formation in the xylem region. 

In vascular wilt diseases, however, there are to be seen both a local 
effect which leads to the necrosis of the directly affected tissues and a 
general systemic effect leading to the death of the entire plant. Wilting 
may occur in most instances, although it is not evident in such cases as 
cabbage yellows caused by Fusarium conglutinans. Most of the vascular 
wilts have many features in common, such as vascular discoloration, 
epinasty, yellowing, and veinclearing, and this suggests a common basis 
for their origin. There is a general derangement in the water balance 
observable in the infected plants, but the exact manner in which it is 
brought about still defies a precise answer. 

Damage to the absorptive organs has sometimes been suggested as 
a principal factor in the disease (Orton, 1902), but this does not seem 
to be apparent. In most cases the extent of root damage is too meager 
to account for such an acute water shortage and often wilting occurs 
before any visible damage to the root is noticeable. Injury to roots, caus
ing death of root cells, will not interfere with the supply of water to the 
shoot, but a functional disturbance may lead to indiscriminate passage 
of toxic compounds and minerals through them and thereby cause dam
age to the shoot. Recent work on Fusarium wilt of cotton seems to 
provide evidence for such an occurrence (Gnanam, 1956; Sadasivan, 
1957). 

There is considerable evidence that dysfunction of conductive ele
ments causes an acute water shortage. This appears to be brought about 
by various physical and chemical causes, such as, the presence in the 
tubes of wefts of hyphae and masses of organisms (as in bacterial wilts) 
or gums, tyloses, gels, and gas pockets, all arising out of the chemical 
activities of the parasite during its interactions with the host. These may 
interfere with water flow through the xylem, either by obstructing the 
free passage or by increasing the viscosity of the tracheal fluid. However, 
in view of the present state of knowledge of the mechanism of sap flow 
through the xylem, these barriers seem to have only a limited significance 
(Dimond, 1955). In addition to a general water shortage, there are 
symptoms such as veinclearing, epinasty, and necrosis in the leaves, 
which indicate the operation of a translocated systemic factor. The course 
of transpiration in diseased plants, and the exudations of minerals and 
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amino acids from leaves, as shown by Linskens (1955) , indicate that 
the leaf cells have lost their normal functions of osmoregulation. The 
role of pectic enzymes, initiating a chain of reactions leading to the 
release of phenols in the transpirational stream, is sometimes suggested 
to explain this derangement (Davis et al., 1953; Dimond, 1955). Poison
ing of leaf cells by metabolites of the causal agent carried along the sap 
stream is also suggested to account for this condition. The mechanism 
by which the toxin(s) brings about such changes appears to be primar
ily due to the destruction of the osmotic prerequisites for turgor (Gau
mann and Jaag, 1947), causing a release of cellular components into the 
outer medium, which appears to be the basis of pathological wilting in 
plants (Gaumann, 1951). This results in the loss of water-retaining 
capacity of the leaf cells and an efflux of water into the transpirational 
stream causing an increase in water loss. Mere shortage of water will 
not produce such effects as claimed by many; on the other hand, 
shortage of water may reduce the leaf area, but often increases water 
content of leaves possibly by changes in the protoplasmic structure 
which enable it to bind more water (Simonis, 1952). Such a condition 
does not seem to exist in most of the wilt diseases. The loss of water-
retaining capacity of the leaf cells, however, seems to be reversible in 
many cases (Dimond, 1955), and Gottlieb (1944) envisages the con
tinued action of a slow acting poison. 

All this, regarding the role of enzymes and toxins, as well as other 
toxic substances in the production of disease syndromes, has remained 
largely speculative until very recently, having been mostly based on 
in vitro studies. The ability of the pathogens concerned to produce these 
substances in vitro could not always be correlated with the degree of 
their pathogenicity under natural conditions. The controversy that nat
urally arose out of this incompatibility led to the development of the 
new concept of "vivotoxin" (Dimond and Waggoner, 1953a), i.e., a toxin 
operative in vivo. Although the term has been coined to define toxin 
action, the idea can be extended to bring within its scope the many 
other products ascribed a role in pathogenesis. A rigorous application 
of Koch's postulates, as applied for the establishment of parasitism by 
microorganisms would, however, seem impossible when we consider the 
conditions in which these factors act in vivo. The secretion and activity 
of enzymes are limited by the presence of adequate substrates and 
optimal conditions for their activity. Vivotoxins, on the other hand, are 
most probably continuously secreted and continuously inactivated or 
destroyed by host reactions. Hence, the establishment of their complicity 
in initiating certain aspects of wilt syndrome would be difficult by 
in vitro studies. 
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Nevertheless, recent studies by many workers have been instrumental 
in demonstrating the presence of pectic enzymes and metabolites of the 
pathogen, such as fusaric acid in vivo in the infected plants, together 
with the presence of the products of host-parasite interaction, such as 
ethylene and phenols (Davis et al., 1953; Dimond and Waggoner, 
1953a, c; Gothoskar et al, 1953, 1955; Kern and Sanwal, 1954; Lakshmin-
arayanan and Subramanian, 1955; Waggoner and Dimond, 1955, 1956; 
Kalyanasundaram and Venkata Ram, 1956; Kern and Kluepfel, 1956; 
Subramanian, 1956; Husain and Kelman, 1957; Lakshminarayanan, 1957). 
A recognition of their presence in vivo in the diseased plants strongly sug
gests the possibility of their taking part in the initiation of the array of 
symptoms observed during pathogenesis in wilt diseases. The patho
genesis of toxins is discussed in more detail in Chapter 9 of Volume II. 

The similar symptoms of many wilt diseases suggest a common 
biochemical basis for their origin. Still, it is difficult to suggest a single 
comprehensive mechanism of disease initiation for all, in view of the 
fact that the relative importance and the presence of these factors would 
depend on the different host-parasite complexes. 

IV. " W A T E R IMBALANCE" IN DISEASED PLANTS 

A change in the water content may, perhaps, be one of the earliest 
reactions of living cells to any disturbance. Most diseases are character
ized by an initial increase in transpiration rate which, in itself, is suffi
cient to upset the water economy of a plant. There are, however, in
stances where a reduction of transpiration rate has been observed, e.g., 
bacterial wilt of cucumbers (Yu, 1933). The increase in transpiration 
may be brought about by various causes—physical or chemical. Changes 
in permeability of leaf cells are almost universally observed. The protec
tive influences of the cuticle may sometimes be subverted by ruptures 
caused by fructifications of pathogens (as in rusts). The regulating influ
ence of stomates may be altered, notably by variations in the starch-
sugar equilibrium. The damage to leaf cells by diffusible toxic sub
stances, released from the focus of infection, would contribute to the 
changes in leaf behavior. 

The net effect of infection, in most of the diseases studied, is a 
gradual decline in transpiration rate, although there may be an initial 
increase in water loss. This decline, in many instances, points to an 
inability of the infected plants to obtain enough water to maintain their 
turgidity and would appear to be occasioned by an impediment to 
absorption and conduction, resulting in an increased internal water 
deficit, aggravated by loss of control over transpiration. 

A disturbance in auxin balance due to disease is reflected in the 
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growth pattern of plants. The affected plants are unthrifty and exhibit 
poor growth. An increase in absorption may be expected to compensate 
for this imbalance, but this does not take place since cessation of root 
growth and severe root damage observed in many diseases delimit this 
possibility. 

The conduction of water through the xylem may be variously im
peded: (1 ) by the presence of the pathogen, (2 ) by the chemical 
activities of the pathogen resulting in formation of gums and gels, (3 ) 
by stimulation of host reactions leading to hyperplastic development of 
xylem parenchyma and tylose formation. 

The gross metabolic changes coupled with mechanical barriers, pro
duced in the host by host-parasite interaction, exert a marked influence 
on the water content and turnover of cells, and produce changes in the 
internal distribution of water in tissues and organs. The effect is initially 
localized, but becomes systemic in course of time. All these changes are 
reflected in the variety of symptoms manifested in the diseased condition, 
ranging from stunting and rosetting to wilting and drying up. The con
ditions leading to these are considered in detail in the following sections. 

A. Absorption—the Dysfunction of the Root 

Reduction in the efficiency of roots as absorbing organs is noticed 
in many diseases, such as root rots (Simmonds, 1939), viroses (Stubbs, 
1947), and rusts (Johnston and Miller, 1934; Bever, 1937). This results 
from root damage which may be produced in various ways. 

1. Root Growth Is Affected 

It is generally assumed that root elongation and production of root 
hairs significantly increase water uptake by increasing the absorbing 
surface in contact with the soil. This is not necessarily true, since absorp
tion is not always limited by the root surface in contact with the external 
medium, particularly if the water supply to the soil is adequate, but by 
internal factors, such as permeability of root tissues, the metabolic state 
of root cells, the capacity of the xylem to conduct water, and the gradient 
of the diffusion pressure deficit between the soil solution and xylem sap 
(Kramer, 1956c). In the case of diseased plants, suffering from a serious 
internal water deficit, however, the root density and extent are of consid
erable importance. A study of many examples shows that, wherever fresh 
production and growth of roots are initiated, the plants have a better 
chance of surviving disease; for instance, Mostafa (1954) demonstrated 
that fungal filtrates often stimulated rooting in disease-resistant varieties 
and he claimed this to be the mechanism of resistance in those plants. 
Reduction in growth is caused primarily by decrease in the water status 
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of plants. This is because of a consequent increase in osmotic value, 
beyond the optimal, which reduces the intensity of vital activities. 

Loss of turgor, due to decrease in water content, in the shoots is 
presumably accompanied by loss of turgor in the roots, resulting in 
injury to or destruction of root hairs and reduction in or cessation of 
root elongation. Suberization of the epidermis and tissue differentiation 
are rapid with a corresponding decrease in root elongation and conse
quent reduction in the proportion of root surface freely permeable to 
water (Kramer, 1950). 

Soil conditions affecting root growth include physicochemical proper
ties of the soil, namely, texture, aeration, availability of moisture, and 
the total soil moisture stress. In addition to these, the presence of soil 
microflora, especially in the region surrounding the root—the rhizosphere 
—markedly influences root development. Many of these are known to 
synthesize and release into the soil medium metabolites which influence 
root growth and character (Norman, 1955; Brian, 1957). The capacity 
of plant roots to respond to externally applied (present?) growth factors 
varies in different species (Kato, 1957). Generally, only inhibitory effects 
(on root elongation) have been reported, since the auxin content of 
intact roots is normally above optimum (Aberg, 1957). In the "bakanae" 
disease of rice, an interesting situation presents itself. The pathogen 
Gibberella fujikuroi secretes gibberellins which have growth stimulatory 
properties; but this effect is seen only in the shoots while root growth 
is inhibited. The other apparent effects of the microbial mantle, such as 
lowering the oxygen tension and increasing the C 0 2 concentration, may 
also affect growth and extent of the root system. Farr (1924) presented 
evidence for the inhibition of root hair production in the presence of 
the pathogen Fusarium lycopersici in susceptible tomato varieties, 
whereas the resistant varieties behaved normally. Generally, root hair 
production is inhibited by lack of oxygen (Snow, 1905). It is logical to 
expect a lowered oxygen concentration around the roots of plants sup
porting quantitatively higher rhizosphere microfloras. It is well estab
lished in the case of many diseases that susceptible varieties exert a 
greater "rhizosphere effect" than their resistant counterparts. 

2. Roots Are Injured 

An extensive destruction of the root system precedes the appearance 
of above ground symptoms in the case of root rot, foot rot, and other 
diseases caused by primitive root-infecting fungi. In many wilt diseases, 
however, extensive killing of the root system is postponed until after 
the host succumbs to the disease. Death of the root system seems to be 



WATER IS DEFICIENT 327 

less serious than the functional alteration in a living root system. In the 
former case, the osmotic barrier of the root is destroyed and water flows 
into the shoot by mass flow, whereas in the latter, a metabolic depres
sion of the root cells causes a decreased absorption. Damage to tips and 
younger portions, rather than older parts of the roots, is more detri
mental to the plant. Effects of root infections in several cases are com
parable to mechanical root injuries in many respects (cf. Ludbrook, 
1942; Simmonds, 1939). Crandall et al. (1945) report that the symptoms 
of a loss of color of the foliage, followed by wilting in the broad leaved 
species and dieback in conifers, do not appear until the roots are almost 
completely rotted. Heavy infection by certain cereal rusts has resulted 
in a rapid and severe deterioration of the root system characterized by 
discoloration, decrease in the number of fibrous roots, and marked loss 
in weight (Johnston and Miller, 1934; Murphy, 1935). 

3. Permeability of Root Cells Is Altered 

Permeability of root cells may be affected in many ways by disease. 
Changes in the metabolic status of cells affect the active uptake of water 
by them. The changes in the osmotic gradient, which again is controlled 
by metabolic changes to some extent as Lundegardh (1946) points out, 
may alter the osmotic movement of water through the roots. 

As we have seen earlier, a water deficit occurs during disease and 
this results in a reduction in the hydration of the protoplasm, which 
leads on to a depressed metabolic activity. The metabolic activity of root 
cells is also subject to the action of external factors, such as microbial 
activities and their consequences in the rhizosphere, the amount of 
oxygen and nature of salts present in the surrounding medium, etc. The 
possibility that water absorption, like salt accumulation, is not merely 
an equilibrium process but may involve an internal secretion peculiar to 
cells which are still able to grow, is suggested by the work of Bennet-
Clark et al. (1936) . Internal water deficit and the presence of growth 
depressants (antibiotics and growth factors) in the environment retard 
growth of root cells and inhibit synthetic processes; the latter may seri
ously interfere with permeability. Root cells subjected to the action of 
antibiotics, such as polymyxin, liberate their cell contents into the 
medium and it is quite reasonable to expect that metabolites which 
are produced in soils around the roots affect the root cells in a similar 
way (Norman, 1955). Moreover, any injury to root cells results in a leak
age of cell contents into the medium. As a rule, healthy cells do not lose 
their contents, while injured cells do (Helder, 1956). It may be reason
able to presume that substances rich in nutrient value are exuded from 
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diseased roots, thus providing a good substrate for increased microbial 
activity. This, in turn, could be expected to change the 0 2 and C 0 2 

concentrations, bringing about further changes in root function. 
Where root cells are killed, they lose their selective permeability. 

Thus, there could be an indiscriminate entry of toxic substances—of 
plant and microbial origin—and minerals (Kramer, 1951). Many symp
toms observed in aerial parts of diseased plants may be traced to such 
a nonselective passage of substances through the damaged root system. 
How toxic materials affect living cells has already been described. Plants 
affected by diseases such as foot rot and root rot exhibit signs of mineral 
deficiency (Jenkins, 1948). A mineral imbalance causes injury to leaves, 
such as mesophyll collapse observed in citrus (Sokoloff et al., 1943). A 
pronounced ionic derangement has been noticed in the Fusarium wilt 
of cotton (Sadasivan and Kalyanasundaram, 1956; Sadasivan and Saras-
wathi-Devi, 1957). All these data strongly point to the fact that there is 
a dysfunction of the root system resulting in a loss in selective permeabil
ity and absorption. 

B. Conduction—the Dysfunction of Conductive Elements 

The problem of separating the factors affecting absorption from those 
affecting conduction is a difficult one since both the processes are inter
dependent. Fluometric studies by many workers (Melhus et al., 1924; 
Ludwig, 1952; Dimond and Waggoner, 1953b; Beckman et al, 1953) 
reveal that the rate of flow of water in stems of diseased plants infected 
with vascular parasites is reduced considerably. Many authors claim that 
wilting of the affected plants is due to an impairment in conduction. 
Powers (1954) attributes the cause for wilting in tobacco affected by 
"black-shank" as due to the impairment of water movement through the 
lesions produced in the stem by Phytophthora parasitica var. nicotianae. 
Keyworth (1953) , working on the Verticillium wilt of the hop, found 
that the severity of leaf symptoms is determined by stem invasion. The 
mean rate of flow is less than half as great in stem tissues of soybean 
plants invaded by the fungus Cephalosporium gregatum as in healthy 
tissue of comparable stem size (McAlister and Chamberlain, 1951). 
These workers also find an inverse relationship between the degree of 
browning in the vascular system and the rate of water flow. The occlu
sion of conductive elements in the petioles of leaves seems to be of 
greater significance than that in the stems inasmuch as there is little 
scope for circumventing this obstruction, due to lack of an alternate 
path for conduction and absence of secondary thickening. 

The various materials that are known to contribute to the dysfunction 
of conductive elements include the physical presence of the organism 
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and/or products of its chemical activity in the conductive elements. The 
reaction of the host tissues to the presence of the organisms in its interior 
also contributes a share in the production of occluding materials. A 
consideration of the nature, origin, and effect of these on water flow is 
presented in some detail below. 

1. Vessels Are Choked 

a. Organisms. A mechanical blockage of vessels has sometimes been 
attributed to wefts of hyphae growing freely into the lumen of the ves
sels and, in the case of bacterial diseases, to slimy colonies of the patho
gens. Grieve (1941) demonstrated in tomatoes and potatoes, infected 
with Bacterium solanacearum, that the progress of absorption in relation 
to invasion was closely similar to that of transpiration under the same 
conditions. Where the parasite was inoculated at the stem apex, no 
reduction in absorption took place before the bacteria had "overrun" 
and "blocked" several root vessels after growing downward through the 
stem. The distribution of the organisms in the vascular tracts was usually 
found to be vertical rather than lateral and, hence, the chances of the 
vessels' getting blocked by the lateral spread of the pathogen are 
negligible and those vessels that are not infected initially remain com
paratively free of mycelium. Although the presence of the organism in 
the lumen of vessels is noticed by many workers, the inadequacy of 
such an obstruction to cause the marked changes observed seems to have 
been realized by them. This phenomenon, however, merits consideration 
as a contributory factor to the reduction in water flow. 

b. Enzymes. The production of pectic enzymes by a number of 
vascular wilt pathogens and their role in pathogenesis have been investi
gated in detail in recent years (Scheffer and Walker, 1953; Gothoskar 
et al, 1953, 1955; Waggoner and Dimond, 1955; Kamal and Wood, 1956; 
Subramanian, 1956; Lakshminarayanan, 1957). These enzymes act on 
the middle lamellae exposed at the pit region and liberate pectic acids 
and other products of partial hydrolysis of pectin, which form gels com
bining with metals. If the hydrolysis proceeds further, gum formation 
takes place. The presence of these enzymes in vivo has been demon
strated in some cases; for instance, in the Fusarium wilt of tomato (Wag
goner and Dimond, 1955) and cotton (Lakshminarayanan, 1957). Both 
pectolytic and cellulolytic enzymes have been noticed in the bacterial wilt 
of tomato caused by Pseudomonas solanacearum (Husain and Kelman, 
1957). The fact that these enzymes are produced in vivo suggests their 
importance in tissue breakdown commonly observed in these diseases. 
The conditions under which they act in different cases, however, seem 
to vary and this determines the extent of tissue breakdown. The presence 
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of metallic ions, particularly heavy metals (Subramanian, 1956) and 
alkaline earth salts (Lineweaver and Ballou, 1945), influences their 
activity in vitro. The production and activity of these enzymes also vary 
with the composition of the medium in which they are built up, such as 
the nature of the carbon source (Waggoner and Dimond, 1955) and on 
the chemical nature of the substrate on which they act—the degree of 
esterification in the case of pectin (Lineweaver and Jansen, 1951). Gau
mann and Bohni (1947a, b ) , studying the effect of nutrient solution on 
the production of pectinase and pectase by Botrytis cinerea, showed the 
former to be developed independent of the chemical composition of the 
medium, whereas the latter, which splits the methyl alcohol in pectin, is 
largely adaptive, being produced in quantity in the presence of pectin, 
but only in traces without it. The substrate for pectinase is provided by 
the action of pectase which de-esterifies the pectin. The hydrolysis of 
pectic acid by pectinase is essentially zero until 45 to 50% of the bonds 
are hydrolyzed. This shows the synergistic action of both these enzymes 
on the breakdown of pectin. This is especially significant when we realize 
that pectase is largely adaptive, depending on the presence of pectin in 
the substratum. 

The action of the pectic enzymes on the middle lamellae of the vas
cular elements is to macerate the tissue and this results in the develop
ment of vascular plugs (Pierson et al., 1955). In tomato cuttings treated 
with commercial pectic enzyme preparations, this effect is seen clearly. 
The xylem walls appear to be thinned out and the plugs formed by the 
enzyme action are stained by ruthenium red revealing their pectic 
origin. A characteristic vascular discoloration has been observed in many 
wilt diseases and this has been attributed to the action of parasitic 
enzymes such as pectin methyl esterase (Winstead and Walker, 1954) 
and to the oxidation of phenols resulting in melanoid pigments (Davis 
et al, 1953; Waggoner and Dimond, 1955, 1956). Phenols are liberated 
from phenolic glycosides on hydrolysis by β-glueosidases or by shunting 
off the phenols from lignin formation. The lignin content of cells of 
infected plants was shown to be lower, thus providing evidence for this 
possibility (Davis and Dimond, 1954). The polymerization of phenols 
appears to take place in the living cells of the xylem parenchyma. The 
substrate for fungal β-glucosidase is contained in the cells of xylem 
parenchyma and is made available only after a certain amount of tissue 
maceration by the action of pectic enzymes. Thus, the action of these 
pectic enzymes starts a chain of reactions in the xylem resulting in 
plugging and discoloration. Gaumann et al (1953) isolated a fraction 
from the fungal filtrates of Fusarium lycopersici responsible for vascular 
discoloration, the nature of which seems to be that of an enzymatic 
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protein. The exact manner in which this brings about vascular discolora
tion is not known; perhaps it is one of these enzymes that takes part in 
the above mentioned sequence of actions. Chamberlain and McAlister 
(1954) report that the rate of water flow in diseased soybean stem 
affected by "brown stem rot" is inversely proportional to the degree of 
browning in the vascular system indicating the action of these enzymes, 
bringing about a reduction in water flow. 

c. Gums and Gels. Considerable evidence has been adduced to show 
that pectic degradation resulting in the release of gel and gum forming 
substances takes place in the conductive elements and causes consider
able obstruction to the eflicient translocation of water to the leaves. Dark 
colored gums have been found in oak wilt (Struckmeyer et al., 1954) 
and these may also contribute to vascular discoloration. The presence of 
gum in other cases of wilts is not detectable in the early stages, but 
appears only after the onset of wilting (Dimond, 1955); its formation 
is preceded by the appearance of homogeneous granular and gray 
material which is not preserved in fixed and stained sections, but is 
detectable only in living material. This happens because the dehydration 
in the process and the hydrophilic nature of the material do not permit 
its preservation. It is likely that the dehydrated granular mass lies 
adpressed to the xylem wall. 

d. Polysaccharides. Polysaccharides and other large molecules are 
known to cause wilting in tomato (Hodgson et al., 1949; Gaumann, 1951; 
Scheffer and Walker, 1953). These have been recognized as metabolic 
products of fungal and bacterial growth (Hodgson et al., 1947; Dimond 
et al, 1949; Dimond and Waggoner, 1953a). It is very probable that the 
large polysaccharide molecules are liberated in the xylem, where these 
organisms are growing, in sufficient amounts to cause wilting. These 
substances are known to cause a mechanical blockage of vascular bundles 
and intermicellar spaces, thus initiating a physical wilting. If pathological 
wilting in plants were caused by such a mechanical blockage of vascular 
bundles, they should behave as plants exposed to physiological wilting 
from shortage of water. But this does not appear to be the case in the 
naturally infected plants. Moreover, if such occlusions of the intermicel
lar spaces of the xylem were to occur, the laminar flow of vascular stream 
should be greatly affected and the reversibility of the wilting action and 
regaining of turgidity by organs, as reported by many workers (Hursh, 
1928; Dimond, 1955), will not occur. 

e. Hyperplasia. A different type of vascular obstruction has been 
observed in the mosaic-infected tomato stems (Gardner, 1925). In re
sponse to necrosis caused by the virus, the host cells adjacent to these 
necrotic spots manifest a hyperplastic development resulting in an inva-
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sion of the xylem tissue and an inwardly directed pressure. Tracheal 
tubes which happen to lie in the path of the hyperplastic cells are 
crushed and their lumen completely obliterated. In cases where a con
siderable proportion of the circumference of the xylem cylinder is 
invaded by the hyperplastic growth, it is readily conceivable that the 
water supply to the top might be cut off. In stems of plants infected by 
the crown gall organism, Bacterium tumefaciens, such hyperplasia is 
known to occur and these stems conduct considerably less water than 
normal (Melhus et al, 1924). 

f. Tyloses. Occlusion of vessels by formation of tyloses resulting in 
impaired water flow has been noticed in many vascular diseases coinci
dent with the appearance of wilt (Sleeth, 1933; Beckman et al, 1953; 
Struckmeyer et al, 1954). The formation of tyloses is attributed to 
various causes such as the presence of the parasite, or a reaction to the 
toxic substance produced by the parasite or to a chronic water shortage 
(Sarmah, 1956). Struckmeyer et al. (1954) found the formation of tyloses 
preceding the development of wilt symptoms and claim that this is 
the cause and not the effect of an impairment in conduction. Abundant 
tyloses were observed in melon plants infected with Fusarium niveum, 
their occurrence being apparently correlated with the presence, quantity, 
and proximity of the fungus (Sleeth, 1933). Powers (1954) also suggests 
that tyloses and gums are the main causes of obstruction of water move
ment in "black shank" of tobacco, rather than a result of previous rupture 
of the water columns. He indicates that the development of tyloses and 
gums in the vessels of diseased stems is induced primarily by the toxic 
effects of the decomposition products of the invaded cells which are not 
carried very far from the infection court. The formation of tyloses seems 
to be in no way restricted to a case of infection, since they are found in 
the heartwood of even healthy trees when conduction ceases. In this case 
the formation of these outgrowths into the xylem seems to be due to the 
exposure of the inner walls to air columns but injury also stimulates their 
production. Gum formation is sometimes attributed to the stress in the 
water column in the conducting vessels (Klotz, 1948) and it seems to 
be the normal defensive reaction of the host to mechanical, climatic, 
toxic, or parasitic stimuli (Bertelli, 1948). In cases where tyloses are 
observed, rarely are they enough to cause complete obstruction and, 
therefore, these cannot be considered as wholly responsible for wilting 
and necrosis arising out of an acute water shortage. 

2. Viscosity Changes 

The release of gums in the vascular sap may cause a change in the 
viscosity of the tracheal fluid. In some bacterial wilts the viscosity of the 
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tracheal fluid in the infected plants appears to be higher and Ludwig 
(1952) demonstrated an inverse relation between viscosity and the rate 
of sap flow. However, Dimond and Waggoner claim that the xylem sap 
in infected tomato plant does not show considerable change in viscosity 
compared to healthy ones and, therefore, this factor does not appear to 
contribute to the reduction in water flow in the case of Fusarium wilt 
of tomato (Dimond and Waggoner, 1953b; Waggoner and Dimond, 
1954). 

3. Gas Emboli 

The formation of gas pockets in water columns of the infected xylem 
has sometimes been suggested as the cause of a water shortage at the 
tops of plants (Tochinai, 1926). This theory was advanced on the basis 
of the observations that the flax wilt organism, Fusarium lint, produces 
considerable amounts of C 0 2 in cultures in vitro. That gas emboli appear 
in normal plants has not been completely overruled yet and we do not 
know how far this phenomenon would result in the breaking up of the 
cohesive forces in the water columns. If, however, the bubbles do not 
exceed the critical size, they are usually dissolved and the cohesion of 
the water column is maintained. Scholander et al. (1955) investigated 
the effects of gas emboli on water conduction and found that, in spite 
of the presence of large volumes of gas in vine stems, rates of uptake 
diminish only slightly or not at all when there is an adequate supply of 
water. They suggest that much of the sap flow is confined to the "finer 
structures between the vessels." More recent studies have indicated that 
any air breaks in the vessels and tracheids are confined to the units in 
which they occur and the transpiration stream simply moves around 
these obstacles in the intact units (Dixon, 1914; Scholander et al., 1957). 

4. Some Considerations on "Reduction in Water Flow" 

A consideration of the mechanism by which water is transported to 
the leaves through the conductive elements becomes imperative in order 
to assess the relative importance of the various barriers to the free flow 
of vascular stream. Among the theories advanced, the cohesion theory 
of Dixon and Jolly (1895) seems to be fairly satisfactory. However, it 
does not explain the phenomenon entirely. Many other theories have 
been advanced from time to time, notable among them being the vitalis-
tic theories first suggested by Bose (1923) envisaging a role of pumping 
action in the upward transport of water by the living cortical cells. 
Although this was severely criticized by a number of investigators 
(Benedict, 1927; MacDougal et al, 1929; Smith et al, 1931), the vitalistic 
theories seem to warrant some consideration. Peirce (1934, 1936) dis-
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cussed the complexities of the phenomenon and concluded that it is not 
purely physical in nature. He observes that water is moved through the 
plant by physical means; however, when the living cells surrounding the 
vascular tissues are killed by heat, cold, or poisons, the conducting system 
is rendered functionless. The function of the living cells seems to consist 
in "maintaining a continuous but many phased water mass in the capil
lary body of the plant, conditioning but not compelling the ascent of sap" 
(Greenidge, 1957). Handley (1939) , from his experiments on the effects 
of low temperature on the sap ascent, believes that a chain of living 
cells continuous from roots to leaves is involved in the ascent of sap. 
Many other theories have also been proposed but they are largely based 
on one of these described above, i.e., physical or involving the participa
tion of living cells. Lundegardh (1954) suggests, as an alternative to the 
cohesion hypothesis, that the forces involved in this phenomenon are the 
complex of capillary suction in the medium sized tracheids, electrocapil-
larity and other surface phenomena, while larger tracheids and vessels 
are air filled and play no role in conduction. The activity of living cells 
seems to be involved in the movement of water in trees. In contrast to 
the cohesion theory, Lundegardh considers that only a small proportion 
of the total water in the xylem is mobile and the transpiration stream 
is confined to this relatively free fraction. It seems that "capillary forces 
in cooperation with the adsorptive qualities of the wall substance and 
the osmotic imbibition of the living tissues in the stem are so successfully 
contributing to the maintenance of a continuous sheath of water that an 
ascending sap stream can be maintained by a real suction pressure 
originated in the transpiring leaves of moderate height perhaps even less 
than one atmosphere" (Greenidge, 1957). 

Viewed in the light of the present state of knowledge on the mecha
nism of water transport in plants, the relative importance of the various 
barriers considered above becomes obvious. According to the cohesion 
theory and that advanced by Lundegardh involving surface forces, the 
state of the vessel walls assumes a great importance. By the action of the 
enzymes of the pathogen the composition of the vessel walls is altered, 
with the release of hydrophilic substances having different surface 
properties. The release of large molecules occluding capillaries of the 
intercellular and intermicellar spaces would seriously interfere with the 
upward movement of sap. Tyloses and mycelial fragments jutting into 
the water column in the vessels would cause a frictional drag and reduce 
the laminar flow. If, however, vessels are not actively concerned in the 
ascent of sap, as suggested by Lundegardh, the presence of tyloses, gums, 
gels, or gas emboli assume little significance. If the part played by the 
living cells of the xylem is of considerable importance, their being 
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affected by the enzymes and/or toxins would seriously interfere with con
duction. Moreover, formation of tyloses, gums, or other occluding mate
rials is neither extensive nor universal in occurrence, nor is it specific to the 
diseased condition. Hence, the importance of these barriers would be 
either very great or otherwise depending on the exact nature and mecha
nism by which water is moved upward. The limited significance of the 
results accruing from fluometric studies brought forward to explain the 
reduction in water flow in infected stems thus becomes obvious inasmuch 
as they measure only the turbulent flow of water through the stem under 
a constant pressure head, which does not even approach the approximate 
condition in which water flow takes place in living plants. In the present 
state of knowledge, it is difficult to try to explain precisely the phenom
enon of the ascent of sap and on this depends the relative importance of 
the barriers interfering with the flow of water. 

C. Transpiration—the Dysfunction of Leaf and Stomates 

Enhanced transpiration is a feature commonly accompanying patho
genesis. This is primarily due to the removal of the natural protection 
afforded by the cuticle and by the loss of sensitivity of stomates to 
respond to changes in leaf water content. Also, an increase in permeabil
ity of leaf cells responsible for the availability of water at the evaporating 
surface tends to increase the rate of loss of water from the leaf tissues. 
During pathogenesis the increased water loss from the tissues operates 
as a consequence of one or the other or all of the above mentioned 
derangements; for instance, Phaseolus coccineus inoculated with Eri-
syphe polygoni loses water more rapidly at night and less so during the 
day than healthy plants, showing that the main factor causing increased 
water loss is the increased permeability of the host cells. Yarwood (1947) 
concludes that there is relatively little water loss from the fungus tissue 
itself or from mechanical openings produced by the pathogen. But in the 
case of rust infections of Phaseolus the rate of transpiration is initially 
about 70% of the uninoculated during the day but the rate of loss is soon 
doubled. The nocturnal water loss of rusted turgid bean leaves was 
greater than that of healthy leaves both before and after the pustules 
opened. During the day the turgid rusted leaves lost less water than the 
healthy before the pustules opened, but more afterwards. An analysis of 
this situation illustrates the behavior of the leaves during disease. 
Initially, the rate of transpiration of the diseased leaves was lower than 
that of the checks and this variation was brought about by the differences 
in their stomatal regulation of transpiration. While the stomata on 
healthy leaves were wide open, those over rust pustules on the infected 
leaves were principally closed, thereby causing a lower rate of transpira-
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tion; but soon a condition of water deficit developed both in the control 
and in the rusted leaves as a result of transpiration, and the stomates con
sequently closed; transpiration decreased and finally became cuticular. The 
rate of water loss from the infected leaves at this stage was higher than 
that of control plants, presumably due to the enhanced permeability to 
water of the injured cuticle over the pustules and to the incomplete 
closure of the stomates. In general, the rusted leaves continuously lose 
water more rapidly and dry out sooner without any time for the recovery 
of internal water deficit. Similar enhanced rates of water loss are known 
in the case of virus diseases also, e.g., tomato plants infected with tobacco 
mosaic virus and tomato spotted wilt virus. Changes in the water rela
tions seem to be among the early reactions of the affected cells to virus 
proteins and the primary effect of the virus appears to be on cuticular 
transpiration rather than on stomatal behavior (Selman, 1945). 

1. Leaf Surface Is Reduced 

Extensive reduction in leaf area is brought about by various aberrant 
growth phenomena in leaves due to attack by pathogens. Leaf spot dis
eases considerably reduce the proportion of healthy leaf cells essential 
for the development of a suction force adequate to cause a flow of water 
into the leaves. Other deformities, such as leaf roll, leaf curl, and little 
leaf, caused by various viruses which induce imbalanced or inhibited 
growth and expansion of the lamina, also act in the same manner. De
foliation of leaves is a feature accompanying many leaf infections and 
this seriously interferes with the uptake of water by plants. In addition 
to reducing the suction force developed by the leaves, such injuries to 
leaves lead to many far reaching consequences, such as a derangement 
in the metabolism, starvation due to reduction in the assimilatory tissue, 
leading to a progressive degeneration and a disturbed auxin balance. 

In addition to the external deformities, certain anatomical changes in 
the affected leaves are brought about as a result of infection in certain 
cases. Peach leaves infected by Taphrina deformans exhibit such a de
formity resulting in thickening of leaves. The palisade cells multiply and 
lose their usual elongated shape and become isodiametric. Structural 
changes have been noticed in certain virus diseases also, e.g., potato leaf 
roll, tobacco leaf curl, little leaf of brinjal, etc. (Bawden, 1950). Meso-
phyll deformation has been observed in cranberries infected by Exo-
basidium oxycocci. In these cases the intercellular spaces are completely 
obliterated and the leaf becomes stiff. Stiffening is sometimes caused by 
toxins as in the case of lycomarasmin action on tomato leaves. The exact 
manner in which this effect is brought about by toxins is not known. 
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2. Leaf Cells Are Damaged 

Damage to leaf cells is caused by both the physical and the chemical 
action of the parasite. 

a. Necrosis. Infection takes place either through the stomates or 
through the cuticle. In the latter case, a rupture is caused either by the 
pressure of the growing germ tube or by the dissolving action of the 
enzymes that are secreted by the tip of the advancing germ tube. The 
growth of the organism inside the leaf tissue may be intercellular or 
intracellular; in either case, the spread of the organism involves con
siderable damage to leaf cells. Pectolytic and cellulolytic enzymes are 
secreted by the spreading mycelium dissolving the cell wall material. 
The action of these enzymes on the walls of the leaf cells seems to bring 
about maceration and rotting, culminating in killing of the tissues. In 
other cases, although such extensive damage to cell walls is not noticed, 
the protoplasts are killed and their death is accompanied by accumu
lation of phenolic substances which turn brown on aging and impart that 
hue to the dead cells. Considerable change in the constitution of the 
protoplast is brought about by the action of the parasite resulting in 
various chemical reactions interfering with the utilization of inorganic 
phosphates. The excretion of phosphorus in the intercellular spaces by 
cells which normally retain this element is accompanied by an internal 
secretion of phenolic substances forming coacervates (Humphrey and 
Dufrenoy, 1944). The coacervate formation affects the metabolism of the 
cell and the distribution of nucleotides and phosphoproteids with the 
resultant decompensation of respiration. The latter process may assume 
various degrees of severity, a mild form permitting the survival of the 
host cells, while severe damage results in the development of character
istic, hypersensitive, necrotic lesions. In the case of "wildfire" disease of 
tobacco the affected cells are starved and become devoid of starch and 
sugars. Oil droplets accumulate and the plastids are disintegrated. Fat 
soluble yellow carotene pigments, on destruction of chlorophyll, become 
evident in the yellow halo produced around the spots. The action of the 
toxin, reported to be functional in this disease, is through competitive 
inhibition, preventing the utilization of L-methionine (Braun, 1950). 

In the case of wilt diseases a different type of injury is discernible. 
The earliest visual symptom of veinclearing is observed in the case of 
Fusarium wilt of cotton and tomato (Satyanarayana and Kalyanasun-
daram, 1952; Foster, 1946). In cotton leaves showing veinclearing, his
tologic examination reveals a disintegration of the plastids in the cells 
adjoining the veins. It has been suggested that this is caused by the 
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translocated toxins that permeate the leaf tissues through the veins (Kal-
yanasundaram, 1954). Similar symptoms have been observed in most 
virus diseases but the clearing of veins in these instances appears to be 
due to a suppression of formation of plastids rather than their disintegra
tion (Sheffield, 1938). Long before the appearance of definite veinclear
ing symptoms, the veins and veinlets in the leaves exhibit a characteristic 
fluorescence (Fig. 1) when viewed under ultraviolet light (Subba-Rao, 
1954). As stated earlier, the living cells are exposed to the action of 
fungal β-glucosidases which act on phenolic glycosides inside the cells, 
liberating conjugated phenols. An injury caused by such liberated 
phenols results in increased transpiration (Dimond, 1955). 

It becomes evident that the changes taking place in the leaves would 
result not only in increased loss of water due to destruction of forces 
that retain water against evapo-transpiration, but also in the progressive 
deterioration of the suction force normally developed in them which, 
when transmitted to the roots, facilitates absorption. 

b. Permeability Changes. Depending on the extent of injury to cells, 
an increase or a decrease in permeability to water occurs. When 
injury is severe enough to result in death of cells, a marked in
crease in permeability to both water and solutes occurs. Permeability 
of protoplasmic membranes is maintained by continued expenditure 
of energy provided by respiration and any change in respiration affects 
permeability accordingly. Factors that inhibit growth also inhibit the 
uptake of water by cells. In the case of plants infected by various 
parasites, depending on the type of injury each produces, corres
ponding changes occur in cell permeability to water. An increase in 
permeability of bean leaves infected by powdery mildew and rust 
was reported by Yarwood (1947) . Increased permeability may be 
brought about through a direct action on the plasma membrane, result
ing in leakage of cell contents. Such a mechanism has been proposed for 
the action of lycomarasmin, one of the wilt toxins produced by Fusarium 
lycopersici. This results in the destruction of osmoregulatory functions of 
the protoplasts, causing a release of water from the cells. Fusaric acid, 
another wilt toxin identified in the diseased cotton and tomato plants, 
increases the permeability of cells to water at low concentrations, al
though a decrease is observed as the concentration of the toxin increases. 
Many of the other fungal toxins/antibiotics, e.g., alternaric acid, penicil-
lic acid, patulin, streptomycin, etc, have been shown to impair perme
ability even at very low concentrations (Gaumann et al., 1952). 

The exact manner in which these diverse groups of substances bring 
about the changes in permeability is not yet known. However, it may 
be possible to imagine that they act upon one or more of the permeability 
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FIG. 1. Symptomatology of cotton wilt: fluorescence phenomenon. (1 ) Cotyle-
donary leaf, hypocotyl, and a portion of the stem of cotton seedling infected by 
Fusarium vasinfectum Atk. (left) and the corresponding healthy ones (right) photo
graphed under ultraviolet light. (2 ) The same specimens as in (1 ) under incan
descent lamp. (3 ) Ultraviolet light photograph of stem, hypocotyl, and third leaf 
of an infected cotton plant, the leaves showing distinct veinclearing symptoms. 
(4 ) A transection of the stem of an infected cotton plant showing vascular browning. 
(5 ) The same section as in (4 ) photographed in ultraviolet light. Note the char
acteristic fluorescence of the vascular region. (From Subba-Rao, N. S. 1954. / . Indian 
Botan. Soc. 33: 443-445. Courtesy of the Editor, / . Indian Botan. Soc.) 
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barriers of a cell, namely, (1 ) the cell wall, (2 ) the protoplasmic mem
brane or plasmalemma, (3 ) the protoplast itself, and (4 ) the tonoplast. 
For instance, cellulolytic and pectolytic enzymes produced locally or 
transported through the transpiration stream might bring about dissolu
tion of the walls of leaf cells, thereby eliminating or weakening one of 
the barriers, the effective functioning of which is necessary for main
tenance of turgor. The implication suggested here is that when proto
plasts are enclosed by rigid walls, their permeability may be decreased 
or increased, depending on their turgidity (Brouwer, 1954). Polysac
charides and other large molecular carbohydrates, either produced by 
the parasite or due to breakdown of starch resulting from a condition of 
water deficit in leaves, may also affect the permeability of leaf cells by 
blocking the intermicellar capillaries in the cell walls and cause an irre
versible impairment to movement of water. The action of substances on 
the protoplasts causing a change in permeability and water retaining 
capacity seems to be brought about in many ways, such as an interfer
ence with the rates of metabolism that maintain the colloido-chemical 
properties of the protoplasm, the protoplasmic membranes, synthesis of 
carrier ions, etc. 

c. Osmotic Changes. Changes in osmotic pressure result from varia
tions in water content and from variations in solute concentration. The 
continued loss of water through transpiration, coupled with an inade
quate supply of water, produces an increasing water deficit which 
initiates a chain of reactions, in addition to causing an increase in 
osmotic pressure. Hydrolytic processes, rather than synthetic processes 
are stimulated, and this leads to the formation of osmotically active 
solutes; the accumulation of these in the cells, due to changes in respira
tory activity, contributes to an enormous increase in the osmotic pressure 
of sap in the cells. In some cases, as in the Fusarium wilt of cotton, an 
ionic imbalance in the leaf cells as shown by spectrochemical studies 
(Sadasivan and Kalyanasundaram, 1956; Sadasivan and Saraswathi-Devi, 
1957) and conductivity studies (Gnanam, 1956), has been noticed. The 
net effect of infection in these cases appears to be an imbalance between 
monovalent and divalent cations, as indicated by the loss of potassium 
and accumulation of calcium, manganese, magnesium, etc. (Sadasivan 
and Kalyanasundaram, 1956; Sadasivan and Saraswathi-Devi, 1957); such 
an imbalance is known to influence the permeability of cells to water 
and, consequently, their osmotic pressure (Osterhout, 1916). An ionic 
imbalance is also known to produce protoplasmic shrinkage, resulting in 
a water loss (Osterhout, 1956) and this suggests that the toxemic condi
tion produced by many of the wilt toxins probably is preceded by an 
ionic imbalance, leading to the above changes. 
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d. Water Status of Leaf Tissue. It will be evident from an examina
tion of the sequence of events described above that more water is lost 
from the leaves than is replenished and the water deficit progressively 
increases, culminating in the death of cells. A study of the metabolic 
patterns in the leaves of plants infected with various pathogens reveals 
the existence of a serious internal water deficit. For instance, an increase 
in the amount of reducing sugars, nonprotein nitrogen, conductivity of 
the sap, and respiration has been observed in the Fusarium wilt of 
cotton (Sadasivan, 1957). This reflects a condition of water deficit. 

3. Pathological Loss of Water 

The loss of water from diseased plants, which exceeds water intake, 
is brought about by the disruption of cuticle, dysfunction of stomata, 
and increased permeability of leaf cells by the action of the pathogen. 
This excess leads to a progressive decrease in fresh weight, not to men
tion the other important changes in the vital functions of the plant. 
Transpiration is essentially a passive process and in the absence of con
trolling influences, such as those exerted by cuticle, stomata, and the 
diffusion pressure deficit of leaf cells, would continue according to the 
evaporating power of the atmosphere. An excess of transpiration over 
absorption is a phenomenon of daily occurrence in normal healthy plants 
when conditions favor this process, but soon the controlling effect of the 
above mentioned factors comes into play and checks its continuation. 
This does not appear to happen in the diseased plant. However, the loss 
of turgor and consequent wilting under pathogenesis appear to be 
brought about, not only by the excess of water loss, but by changes lead
ing to the destruction of osmoregulatory mechanism of the leaf cells and, 
hence, the rate of transpiration does not seem to indicate all the aspects 
of pathological wilting. This fact becomes obvious from the experiments 
where wilting is induced in excised shoots treated with toxin and placed 
in a saturated atmosphere where the rate of transpiration is negligibly 
low (Gaumann, 1951). It would thus appear that it is not so much the 
gain of water by absorption or loss due to transpiration that is of vital 
importance to plants but the manner in which the plant, at the level of 
individual cells and tissues, is able to maintain its hydration at the 
optimum which controls the various metabolic functions and, in turn, 
is controlled by them. 

V . SYNTHESIS 

From a comparative study of various diseases it is clear that a dis
turbance of the normal water balance occurs at some stage or other, 
although it is not possible to say whether it is the cause or consequence 
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of the other phenomena associated with pathogenesis. The general con
dition of water imbalance in diseased plants is associated with a derange
ment in its absorption, transport, and/or transpiration and is often 
accompanied by a disturbance to the various other basic processes, such 
as carbohydrate and nitrogen metabolism, respiration, and mineral up
take. A study of the metabolic processes that contribute to the main
tenance of a normal water balance would, therefore, be necessary in 
order to understand the principles involved. For instance, the changes in 
the osmotic pressure of cells and tissues, contributing to the maintenance 
of a proper gradient facilitating absorption of water and its internal 
redistribution to various organs to maintain their hydration at an 
optimum level, depend on the balance between hydrolytic and synthetic 
processes. These processes, in turn, are influenced in no small measure 
by the ionic balance in the tissues. It would thus appear that a dis
turbance in any one of these would initiate a chain of reactions and 
would lead to an imbalance of various key metabolic functions, and it 
is very likely that disease arises out of a disturbance to any one of these 
interrelated processes. 

The present state of knowledge, in the absence of a complete picture 
of the simultaneous changes in all these processes which are linked 
closely to one another, would at best indicate a correlation rather than 
a causal relation between the various phenomena accompanying a dis
ease. It is implicit that one should exercise utmost caution in attempting 
to define the cause of a particular derangement, in the absence of col
lateral studies of various interrelated processes. It looks as if the consti
tution of the cell is such that its different reactions would be funneled 
in a way that would primarily affect its water balance. It is, therefore, 
reasonable to presume that the primary effect of a disease is on the water 
status of the cells, which reflects in the various derangements in metabolic 
functions, leading to a progressive degeneration of vital activities, cul
minating in death. Thus, it seems to be verily true that "the fire of life 
burns in water/' 
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