
INTRODUCTION

While pathogens infect plants in the course of their
obtaining food for themselves, depending on the
kind of pathogen and on the plant organ and

tissue they infect, pathogens interfere with the different

physiological function(s) of the plant and lead to the
development of different symptoms. Thus, a pathogen
that infects and kills the flowers of a plant interferes
with the ability of the plant to produce seed and multi-
ply. A pathogen that infects and kills part or all of the
roots of a plant reduces the ability of the plant to absorb
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water and nutrients and results in its wilting and death.
Similarly, a pathogen that infects and kills parts of the
leaves or destroys their chlorophyll leads to reduced
photosynthesis, growth, and yield of the plant, and so
forth. In most cases the relationship between the symp-
toms of the plant and the physiological functions
affected is obvious and understandable. In other cases,
however, the relationship of the two is more complex
and the explanation is not always straightforward.

EFFECT OF PATHOGENS 
ON PHOTOSYNTHESIS

Photosynthesis is the basic function of green plants: it
enables them to transform light energy into chemical
energy, which they can utilize in all cell activities. Pho-
tosynthesis is the ultimate source of nearly all energy
used in all living cells, plant or animal, as all activities
of living cells, except photosynthesis, expend the energy
provided by photosynthesis. In photosynthesis, carbon
dioxide from the atmosphere and water from the soil
are brought together in the chloroplasts of the green
parts of plants and, in the presence of light, react to form
glucose with a concurrent release of oxygen:

In view of the fundamental position of photosynthe-
sis in the life of plants, it is apparent that any inter-
ference by pathogens with photosynthesis results in a
diseased condition in the plant. That pathogens do inter-
fere with photosynthesis is obvious from the chlorosis
they cause on many infected plants, from the necrotic
lesions or large necrotic areas they produce on green
plant parts, and from the reduced growth and amounts
of fruits produced by many infected plants.

In leaf spot, blight, and other kinds of diseases in
which there is destruction of leaf tissue, e.g., in cereal
rusts and fungal leaf spots (Figs. 3-1A–3-1C), bacterial
leaf spots (Fig. 3-1D), viral mosaics (Fig. 3-1E) and 
yellowing and stunting diseases (Fig. 3-1F), or in defo-
liations, photosynthesis is reduced because the photo-
synthetic surface of the plant is lessened. Even in other
diseases, however, plant pathogens reduce photosynthe-
sis, especially in the late stages of diseases, by affecting
the chloroplasts and causing their degeneration. The
overall chlorophyll content of leaves in many fungal and
bacterial diseases is reduced, but the photosynthetic
activity of the remaining chlorophyll seems to remain
unaffected. In some fungal and bacterial diseases, pho-
tosynthesis is reduced because the toxins, such as ten-
toxin and tabtoxin, produced by these pathogens inhibit
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some of the enzymes that are involved directly or indi-
rectly in photosynthesis. In plants infected by many 
vascular pathogens, stomata remain partially closed,
chlorophyll is reduced, and photosynthesis stops even
before the plant eventually wilts. Most virus, mollicute,
and nematode diseases also induce varying degrees of
chlorosis and stunting. In the majority of such diseases,
the photosynthesis of infected plants is reduced greatly.
In advanced stages of disease, the rate of photosynthe-
sis is no more than one-fourth the normal rate.

EFFECT OF PATHOGENS ON
TRANSLOCATION OF WATER AND
NUTRIENTS IN THE HOST PLANT

All living plant cells require an abundance of water and
an adequate amount of organic and inorganic nutrients
in order to live and to carry out their physiological func-
tions. Plants absorb water and inorganic (mineral) nutri-
ents from the soil through their root system. These
substances are generally translocated upward through
the xylem vessels of the stem and into the vascular
bundles of the petioles and leaf veins, from which they
enter the leaf cells. Minerals and part of the water are
utilized by the leaf and other cells for the synthesis of
the various plant substances, but most of the water
evaporates out of the leaf cells into the intercellular
spaces and from there diffuses into the atmosphere
through the stomata. However, nearly all organic nutri-
ents of plants are produced in the leaf cells, following
photosynthesis, and are translocated downward and dis-
tributed to all the living plant cells by passing, for the
most part, through the phloem tissues. When a pathogen
interferes with the upward movement of inorganic nutri-
ents and water or with the downward movement of
organic substances, diseased conditions result in the
parts of the plant denied these materials. The diseased
parts, in turn, will be unable to carry out their own func-
tions and will deny the rest of the plant their services or
their products, thus causing disease of the entire plant.
For example, if water movement to the leaves is inhib-
ited, the leaves cannot function properly, photosynthe-
sis is reduced or stopped, and few or no nutrients are
available to move to the roots, which in turn become
starved and diseased and may die.

Interference with Upward Translocation of Water
and Inorganic Nutrients

Many plant pathogens interfere in one or more ways
with the translocation of water and inorganic nutrients
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FIGURE 3-1 Ways in which pathogens reduce photosynthetic area and, thereby, photosynthesis in plants. (A) Spots
on barley leaves caused by the fungus Rhynchosporium sp. (B) Nearly complete destruction of pumpkin leaves infected
heavily with the downy mildew oomycete Pseudoperonospora cubensis. (C) Countless tiny lesions on stems and leaves
of wheat plant infected with the stem rust fungus Puccinia graminis f.sp. tritici. is. (D) Angular leaf spots on cucum-
ber leaf caused by the bacterium Pseudomonas lacrymans. (E) Reduced chlorophyll in yellowish areas of virus-infected
plants, such as cowpea infected with cowpea chlorotic mottle virus or (F) by stunting and yellowing of rice plants
infected with the rice tungro virus. [Photographs courtesy of (A) Plant Pathology Department, University of Florida,
(B) T. A. Zitter, Cornell University (C) I. Evans and (D) R. J. Howard, W.C.P.D., and (F) H. Hibino.]
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through plants. Some pathogens affect the integrity or
function of the roots, causing them to absorb less water;
other pathogens, by growing in the xylem vessels or by
other means, interfere with the translocation of water
through the stem; and, in some diseases, pathogens
interfere with the water economy of the plant by causing
excessive transpiration through their effects on leaves
and stomata.

Effect on Absorption of Water by Roots

Many pathogens, such as damping-off fungi (Fig. 3-2A),
root-rotting fungi and bacteria (Figs. 3-2B–3-2D), most
nematodes, and some viruses, cause an extensive
destruction of the roots before any symptoms appear on
the aboveground parts of the plant. Some bacteria and
nematodes cause root galls or root knots (Figs. 3-2E and
3-2F), which interfere with the normal absorption of
water and nutrients by the roots. Root injury affects the
amount of functioning roots directly and decreases pro-
portionately the amount of water absorbed by the roots.
Some vascular parasites, along with their other effects,
seem to inhibit root hair production, which reduces
water absorption. These and other pathogens also alter
the permeability of root cells, an effect that further inter-
feres with the normal absorption of water by roots.

Effect on Translocation of Water 
through the Xylem

Fungal and bacterial pathogens that cause damping off,
stem rots (Fig. 3-3A), and cankers (Fig. 3-3B) may reach
the xylem vessels in the area of the infection and, if the
affected plants are young, may cause their destruction
and collapse. Cankers in older plants, particularly older
trees (Fig. 3-3B), may cause some reduction in the
translocation of water, but, generally, do not kill plants
unless the cankers are big or numerous enough to encir-
cle the plant. In vascular wilts, however (Figs. 3-3C–3-
3F), reduction in water translocation may vary from
little to complete. In many cases, affected vessels may be
filled with the bodies of the pathogen (Figs. 3-4A–
3-4D) and with substances secreted by the pathogen
(Figs. 3-5D and 3-5E) or by the host (Fig. 3-5C) in
response to the pathogen and may become clogged (Figs.
3-4A and 3-4C and 3-5C–3-5E). Whether destroyed or
clogged, the affected vessels cease to function properly
and allow little or no water to pass through them.
Certain pathogens, such as the crown gall bacterium
(Agrobacterium tumefaciens), the clubroot protozoon
(Plasmodiophora brassicae), and the root-knot nema-
tode (Meloidogyne sp.), induce gall formation (Figs. 3-
2E and 3-2F) in the stem, roots, or both. The enlarged

and proliferating cells near or around the xylem exert
pressure on the xylem vessels, which may be crushed
and dislocated, thereby becoming less efficient in trans-
porting water.

The most typical and complete dysfunction of xylem
in translocating water, however, is observed in the vas-
cular wilts (Figs. 3-3 and 3-5) caused by the fungi Cer-
atocystis, Ophiostoma, Fusarium, and Verticillium and
bacteria such as Pseudomonas, Ralstonia, and Erwinia.
These pathogens invade the xylem of roots and stems
and produce diseases primarily by interfering with the
upward movement of water through the xylem. In many
plants infected by these pathogens the water flow
through the stem xylem is reduced to a mere 2 to 4%
of that flowing through stems of healthy plants. In
general, the rate of flow through infected stems seems
to be inversely proportional to the number of vessels
blocked by the pathogen and by the substances result-
ing from the infection. Evidently more than one factor
is usually responsible for the vascular dysfunction in the
wilt diseases. Although the pathogen is the single cause
of the disease, some of the factors responsible for the
disease syndrome originate directly from the pathogen,
whereas others originate from the host in response to
the pathogen. The pathogen can reduce the flow of
water through its physical presence in the xylem as
mycelium, spores, or bacterial cells (Figs. 3-4A–3-4C
and 3-5B) and by the production of large molecules
(polysaccharides) in the vessels (Figs. 3-5D and 3-5E).
In most host–pathogen combinations, the destruction of
xylem vessels by fungi (Fig. 3-3A) results in the collapse
and death of the plant, as does the invasion of xylem
vessels by fungi (Figs. 3-3C and 3-3D) or bacteria (Figs.
3-3E and 3-3F and 3-5A–3-5F). In host combinations
with the fastidious bacterium Xylella fastidiosa, growth,
multiplication, and spread of bacteria in xylem vessels
are slower and, instead of causing wilting and rapid
death of the plant, a scorching of the margins of the
leaves (Fig. 3-4D) and several other symptoms occur, but
rarely does the plant die quickly. In all cases, however,
in infected hosts the flow of water is reduced through
reduction in the size or collapse of vessels due to infec-
tion, development of tyloses (Figs. 3-5C and 3-5E) in 
the vessels, release of large molecule compounds in the
vessels as a result of cell wall breakdown by pathogenic
enzymes (Figs. 3-5D and 3-5E), and reduced water
tension in the vessels due to pathogen-induced alter-
ations in foliar transpiration.

Effect on Transpiration

In plant diseases in which the pathogen infects the
leaves, transpiration is usually increased. This is the
result of destruction of at least part of the protection
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FIGURE 3-2 Examples of reduction of water absorption by plants. (A) Destruction of roots of young seedlings by
the damping-off oomycete Pythium sp. (B) Roots and stems of pepper plants killed by Phytophthora sp. (C) Wheat
roots at different stages of destruction by the take-all fungus Gaeumannomyces tritici. (D) Infection of crown and
roots of corn plant with the fungus Fusarium. (E) Numerous galls caused by the bacterium Agrobacterium tumefa-
ciens on roots of a cherry tree. (F) Root knot galls caused by the nematode Meloidogyne sp. on roots of a cantaloupe
plant. [Photographs courtesy of (A) Plant Pathology Department, University of Florida, (B) K. Pernezny, University of
Florida, (C) W. McFadden, W.C.P.D., (D) Plant Pathology Department, Iowa State University, (E) Oregon State Uni-
versity, and (F) B. D. Bruton, USDA, Lane, Oklahoma.]
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FIGURE 3-3 Examples of reduction of upward translocation of water and mineral nutrients by (A) the
stem of a cantaloupe plant infected with the fungus Phomopsis sp. (B) Canker on an almond tree caused
by the fungus Ceratocystis fagacearum. (C) Vascular wilt of tomato caused by the fungus Fusarium. (D)
Discolored vascular tissues of a tomato stem infected with the same fungus. (E) Wilted tomato plants
infected with the vascular bacterium Ralstonia solanacearum. (F) Discolored vascular tissues of a tomato
plant infected with the same bacterium. [Photographs courtesy of (A) B. D. Bruton, USDA, Lane, 
Oklahoma, (B) B. Teviotdale, Kearney Agricultural Center, Parlier, California, (C,E, and F) Department of
Plant Pathology, University Florida, and (D) L. McDonald, W.C.P.D.]
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FIGURE 3-4 (A) Pseudomonas bacteria clogging a xylem vessel of a young plant shoot. (B) Bacteria moving from
one vessel to another and to adjacent parenchyma cells through xylem pits. (C) Bacteria of the xylem-inhabiting Xylella
fastidiosa in a vessel of a grape plant. (D) Marginal scorching of a grape leaf from a plant infected with X. fastidiosa,
the cause of Pierce’s disease of grape. (E) Xylella bacteria in a cross section of a xylem vessel of an infected grape leaf.
[Photographs courtesy of (A and B) E. L. Mansvelt, I. M. M. Roos, and M. J. Hattingh (1500¥), (C) D. Cooke, pro-
vided by E. Hellman, Texas A&M University, (D) E. Hellman, and (E) E. Alves, Federal University of Lavras, Brazil.]



112 3. EFFECTS OF PATHOGENS ON PLANT PHYSIOLOGICAL PUNCTIONS

C D

A
B

FIGURE 3-5 (A) Young squash plant showing early symptoms of vascular wilt caused by the bacterium Erwinia
tracheiphila. (B) E. tracheiphila bacteria lining up the inside wall of a xylem vessel. (C) Tyloses in a xylem vessel. 
(D) Tyloses and gummy polysaccharides partially or totally clogging up xylem vessels of a squash plant. (E) Several
xylem vessels totally clogged with gummy polysaccharides. (F) Cantaloupes in a field where the plants had been killed
by the bacterium E. tracheiphila. [Photographs courtesy of (A,B,D,E, and F) B. D. Bruton, USDA, Lane, Oklahoma,
and (C) D. M. Elgersma.]
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afforded the leaf by the cuticle, an increase in the per-
meability of leaf cells, and the dysfunction of stomata.
In diseases such as rusts, in which numerous pustules
form and break up the epidermis (Figs. 3-6A and 3-6B),
in most leaf spots (Fig. 3-6E), in which the cuticle, epi-
dermis, and all the other tissues, including xylem, may
be destroyed in the infected areas, in the powdery
mildews, in which a large proportion of the epidermal
cells are invaded by the fungus (Fig. 3-6C), and in apple
scab (Fig. 3-6D), in which the fungus grows between 
the cuticle and the epidermis—in all these examples, 
the destruction of a considerable portion of the cuticle
and epidermis results in an uncontrolled loss of water
from the affected areas. If water absorption and translo-
cation cannot keep up with the excessive loss of water,
loss of turgor and wilting of leaves follow. The suction
forces of excessively transpiring leaves are increased
abnormally and may lead to collapse or dysfunction of
underlying vessels through the production of tyloses 
and gums.

Interference with Translocation of Organic
Nutrients through the Phloem

Organic nutrients produced in leaf cells through photo-
synthesis move through plasmodesmata into adjoining
phloem elements. From there they move down the
phloem sieve tubes (Fig. 3-7) and eventually, again
through plasmodesmata, into the protoplasm of living
nonphotosynthetic cells, where they are utilized, or into
storage organs, where they are stored. Thus, in both
cases, the nutrients are removed from “circulation.”
Plant pathogens may interfere with the movement of
organic nutrients from the leaf cells to the phloem, with
their translocation through the phloem elements, or,

possibly, with their movement from the phloem into the
cells that will utilize them.

Obligate fungal parasites, such as rust and mildew
fungi, cause an accumulation of photosynthetic prod-
ucts, as well as inorganic nutrients, in the areas invaded
by the pathogen. In these diseases, the infected areas are
characterized by reduced photosynthesis and increased
respiration. However, the synthesis of starch and other
compounds, as well as dry weight, is increased tem-
porarily in the infected areas, indicating translocation of
organic nutrients from uninfected areas of the leaves or
from healthy leaves toward the infected areas.

In stem diseases of woody plants in which cankers
develop (Figs. 3-8A–3-8C), the pathogen attacks and
remains confined to the bark for a considerable time.
During that time the pathogen attacks and may destroy
the phloem elements in that area, thereby interfering
with the downward translocation of nutrients. In dis-
eases caused by phytoplasmas, as well as in diseases
caused by phloem-limited fastidious bacteria, bacteria
exist and reproduce in the phloem sieve tubes (Fig. 3-
8D), thereby interfering with the downward trans-
location of nutrients. In several plants propagated by
grafting a variety scion onto a rootstock, infection of the
combination with a virus (e.g., infection of an apple or
stone-fruit rootstock with tomato ringspot virus) leads
to formation of a necrotic plate at the points of contact
of the hypersensitive scion variety with the rootstock
(Fig. 3-8E), which leads to the death of the scion.
However, infection of a pear scion grafted on an orien-
tal rootstock with the pear decline phytoplasma, or of
a citrus variety propagated on sour rootstock with the
citrus tristeza virus, results, in both cases, in the necro-
sis of a few layers of cells of each rootstock in contact
with the tolerant variety. In these cases, the rootstock is
the component of the scion/stock combination that is
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FIGURE 3-5 (Continued)
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FIGURE 3-6 Ways by which pathogens cause increased transpiration in infected plants. (A) The wheat leaf rust
pathogen Puccinia recondita produces innumerable lesions (uredia) on wheat leaves and causes millions of breaks in
the leaf epidermis through which transpiration goes on uncontrollably. (B) Uredospores breaking the epidermis and
emerging from the surface of an infected leaf. (C) Grape berries infected with the powdery mildew fungus Uncinula
necator, the mycelium of which penetrates and forms haustoria in almost every epidermal cell. (D) The apple scab
fungus Venturia inaequalis grows between the cuticle and the epidermis, causing the cuticle to break in numerous
places, allowing transpiration to occur. (E) Tomato leaves with numerous lesions caused by the fungus Septoria 
sp. and through which excessive transpiration occurs. [Photographs courtesy of (A and E) W.C.P.D., (B) E. A. 
Richardson and C. W. Mims, University of Georgia, (C) J. Travis and J. Rytter, Plant Pathology Department, 
Pennsylvania State University, and (D) K. Mohan, University of Idaho.]
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hypersensitive to and becomes killed by the appropriate
pathogen.

In some virus diseases, particularly the leaf-curling
type and some yellows diseases, starch accumulation in
the leaves is mainly the result of degeneration (necrosis)

of the phloem of infected plants (Fig. 3-8F), which is one
of the first symptoms. It is also possible, however, at
least in some virus diseases, that the interference with
translocation of starch stems from inhibition by the
virus of the enzymes that break down starch into
smaller, translocatable molecules. This is suggested by
the observation that in some mosaic diseases, in which
there is no phloem necrosis, infected, discolored areas
of leaves contain less starch than “healthy,” greener
areas at the end of the day, a period favorable for pho-
tosynthesis, but the same leaf areas contain more starch
than the “healthy” areas after a period in the dark,
which favors starch hydrolysis and translocation. This
suggests not only that virus-infected areas synthesize less
starch than healthy ones, but also that starch is not
degraded and translocated easily from virus-infected
areas, although no damage to the phloem is present.

EFFECT OF PATHOGENS ON HOST PLANT
RESPIRATION

Respiration is the process by which cells, through the
enzymatically controlled oxidation (burning) of the

FIGURE 3-7 Necrosis of the phloem (P) in stems or petioles of
plants is a common effect of viruses, such as the tobacco ringspot
virus, on cowpea plants. As a result, roots starve and the plant declines
(100¥). Pa, parenchyma cells; X, xylem vessels.

FIGURE 3-8 Examples of diseases in which the pathogen interferes with the downward translocation of organic
nutrients. (A) Young canker caused by the fungus Nectria in which the bark of the branch has been invaded and killed
by the fungus. (B) Two advanced Nectria cankers in which both the phloem and a great deal of the xylem have been
killed by the fungus. (C) Blister canker on a pine tree in which the bark and phloem have been killed by the fungus
Cronartium ribicola. (D) Phytoplasmas filling a phloem sieve element block the downward translocation of photo-
synthates. (E) The graft union of a pear grafted on oriental pear rootstocks, which results in the death of pear phloem.
(F) Potato tuber showing vein necrosis caused by the potato leaf roll virus. [Photographs courtesy of (A) USDA Forest
Service, (B) A. Jones, Plant Pathology Department, Michigan State University, (C) Oregon State University, and 
(F) Cornell University.
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(continued on next page)
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energy-rich carbohydrates and fatty acids, liberate
energy in a form that can be utilized for the perform-
ance of various cellular processes. Plant cells carry out
respiration in, basically, two steps. The first step
involves the degradation of glucose to pyruvate and is
carried out, either in the presence or in the absence of
oxygen, by enzymes found in the ground cytoplasm of
the cells. The production of pyruvate from glucose
follows either the glycolytic pathway, otherwise known
as glycolysis, or, to a lesser extent, the pentose pathway.
The second step, regardless of the pathway, involves the
degradation of pyruvate, however produced, to CO2 and
water. This is accomplished by a series of reactions
known as the Krebs cycle, which is accompanied by the
so-called terminal oxidation and is carried out in the
mitochondria only in the presence of oxygen. Under
normal (aerobic) conditions, i.e., in the presence of

oxygen, both steps are carried out, and one molecule of
glucose yields, as final products, six molecules of CO2

and six molecules of water,

C6H12O6 + 6O2 Æ 6CO2 + 6H2O

with a concomitant release of energy (678,000 calories).
Some of the energy is lost, but almost half is converted
to 20–30 reusable high-energy bonds of adenosine
triphosphate (ATP). The first step of respiration con-
tributes two ATP molecules per mole of glucose, and 
the second step contributes the rest. Under anaerobic
conditions, however (i.e., in the absence of oxygen),
pyruvate cannot be oxidized; instead it undergoes 
fermentation and yields lactic acid or alcohol. Because
the main process of energy generation is cut off, for the
cell to secure the necessary energy a much greater rate
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FIGURE 3-8 (Continued) 
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of glucose utilization by glycolysis is required in the
absence of oxygen than is in its presence.

The energy-storing bonds of ATP are formed by the
attachment of a phosphate (PO4) group to adenosine
diphosphate (ADP) at the expense of energy released
from the oxidation of sugars. The coupling of the oxi-
dation of glucose with the addition of phosphate to ADP
to produce ATP is called oxidative phosphorylation.
Any cell activity that requires energy utilizes the energy
stored in ATP by simultaneously breaking down ATP to
ADP and inorganic phosphate. The presence of ADP
and phosphate in the cell, in turn, stimulates the rate of
respiration. If, however, ATP is not utilized sufficiently
by the cell for some reason, there is little or no regen-
eration of ADP and respiration is slowed down. The
amount of ADP (and phosphate) in the cell is deter-
mined, therefore, by the rate of energy utilization; this
rate, in turn, determines the rate of respiration in plant
tissues.

The energy produced through respiration is utilized
by the plant for all types of cellular work, such as accu-
mulation and mobilization of compounds, synthesis of
proteins, activation of enzymes, cell growth and divi-
sion, defense reactions, and a host of other processes.
The complexity of respiration, the number of enzymes
involved in respiration, its occurrence in every single
cell, and its far-reaching effects on the functions and
existence of the cell make it easy to understand why 
the respiration of plant tissues is one of the first func-
tions to be affected when plants are infected by
pathogens.

Respiration of Diseased Plants

When plants are infected by pathogens, the rate of res-
piration generally increases. This means that affected
tissues use up their reserve carbohydrates faster than
healthy tissues would. The increased rate of respiration
appears shortly after infection — certainly by the time
of appearance of visible symptoms — and continues to
rise during the multiplication and sporulation of the
pathogen. After that, respiration declines to normal
levels or to levels even lower than those of healthy
plants. Respiration increases more rapidly in infections
of resistant varieties, in which large amounts of energy
are needed and used for rapid production or mobiliza-
tion of the defense mechanisms of the cells. In resistant
varieties, however, respiration also declines quickly after
it reaches its maximum. In susceptible varieties, in which
no defense mechanisms can be mobilized quickly against
a particular pathogen, respiration increases slowly after
inoculation, but continues to rise and remains at a high
level for much longer periods.

Several changes in the metabolism of the diseased
plant accompany the increase in respiration after infec-
tion. Thus, the activity or concentration of several
enzymes of the respiratory pathways seems to be
increased. The accumulation and oxidation of phenolic
compounds, many of which are associated with defense
mechanisms in plants, are also greater during increased
respiration. Increased respiration in diseased plants is
also accompanied by an increased activation of the
pentose pathway, which is the main source of phenolic
compounds. Increased respiration is sometimes accom-
panied by considerably more fermentation than that
observed in healthy plants, probably as a result of an
accelerated need for energy in the diseased plant under
conditions in which normal aerobic respiration cannot
provide sufficient energy.

The increased respiration in diseased plants is appar-
ently brought about, at least in part, by the uncoupling
of oxidative phosphorylation. In that case, no utilizable
energy (ATP) is produced through normal respiration,
despite the use of existing ATP and the accumulation of
ADP, which stimulates respiration. The energy required
by the cell for its vital processes is then produced
through other less efficient ways, including the pentose
pathway and fermentation.

The increased respiration of diseased plants can also
be explained as the result of increased metabolism. In
many plant diseases, growth is at first stimulated, pro-
toplasmic streaming increases, and materials are syn-
thesized, translocated, and accumulated in the diseased
area. The energy required for these activities derives
from ATP produced through respiration. The more ATP
is utilized, the more ADP is produced and further stim-
ulates respiration. It is also possible that the plant,
because of the infection, utilizes ATP energy less effi-
ciently than a healthy plant. Because of the waste of part
of the energy, an increase in respiration is induced, and
the resulting greater amount of energy enables the plant
cells to utilize sufficient energy to carry out their accel-
erated processes.

Although oxidation of glucose via the glycolytic
pathway is by far the most common way through which
plant cells obtain their energy, part of the energy is pro-
duced via the pentose pathway. The latter seems to be
an alternate pathway of energy production to which
plants resort under conditions of stress. Thus, the
pentose pathway tends to replace the glycolytic pathway
as the plants grow older and differentiate and it tends
to increase on treatment of the plants with hormones,
toxins, wounding, starvation, and so on. Infection of
plants with pathogens also tends, in general, to activate
the pentose pathway over the level at which it operates
in the healthy plant. Because the pentose pathway is 
not linked directly to ATP production, the increased 
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respiration through this pathway fails to produce as
much utilizable energy as the glycolytic pathway and is,
therefore, a less efficient source of energy for the func-
tions of the diseased plant. However, the pentose
pathway is the main source of phenolic compounds,
which play important roles in the defense mechanisms
of the plant against infection.

EFFECT OF PATHOGENS ON PERMEABILITY
OF CELL MEMBRANES

Cell membranes consist of a double layer of lipid mol-
ecules in which many kinds of protein molecules are
embedded, parts of which usually protrude on one or
both sides of the lipid bilayer (Fig. 5-2). Membranes
function as permeability barriers that allow passage into
a cell only of substances the cell needs and inhibit
passage out of the cell of substances needed by the cell.
The lipid bilayer is impermeable to most biological 
molecules. Small water-soluble molecules such as ions
(charged atoms or electrolytes), sugars, and amino acids
flow through or are pumped through special membrane
channels made of proteins. In plant cells, because of the
cell wall, only small molecules reach the cell membrane.
In animal cells and in artificially prepared plant proto-
plasts, however, large molecules or particles may also
reach the cell membrane and enter the cell by endocy-
tosis, in which a patch of the membrane surrounds and
forms a vesicle around the material to be taken in, brings
it in, and releases it inside the cell. Disruption or dis-
turbance of the cell membrane by chemical or physical
factors alters (usually increases) the permeability of the
membrane with a subsequent uncontrollable loss of
useful substances, as well as the inability to inhibit the
inflow of undesirable substances or excessive amounts
of any substances.

Changes in cell membrane permeability are often 
the first detectable responses of cells to infection by
pathogens, to most host-specific and several nonspecific
toxins, to certain pathogen enzymes, and to certain toxic
chemicals, such as air pollutants. The most commonly
observed effect of changes in cell membrane permeabil-
ity is the loss of electrolytes, i.e., of small water-soluble
ions and molecules from the cell. Electrolyte leakage
occurs much sooner and at a greater rate when the
host–pathogen interaction is incompatible, and the host
remains more resistant than when the host is suscepti-
ble and develops extensive symptoms (Fig. 3-9). It is not
certain, however, whether the cell membrane is the
initial target of pathogen toxins and enzymes and
whether the accompanying loss of electrolytes is the
initial effect of changes in cell membrane permeability

or whether the pathogen products actually affect other
organelles or reactions in the cell, in which case cell per-
meability changes and loss of electrolytes are secondary
effects of the initial events. If pathogens do, indeed,
affect cell membrane permeability directly, it is likely
that they bring this about by stimulating certain mem-
brane-bound enzymes, such as ATPase, which are
involved in the pumping of H+ in and K+ out through
the cell membrane, by interfering with processes
required for the maintenance and repair of the fluid film
making up the membrane, or by degrading the lipid or
protein components of the membrane by pathogen-
produced enzymes.

EFFECT OF PATHOGENS ON 
TRANSCRIPTION AND TRANSLATION

Transcription of cellular DNA into messenger RNA and
translation of messenger RNA to produce proteins are
two of the most basic, general, and precisely controlled
processes in the biology of any normal cell (Fig. 3-10).
The part(s) of the genome involved and the level and
timing of transcription and translation vary with the
stage of development and the requirements of each cell.
Nevertheless, disturbance of any one of these processes,
by pathogens or environmental factors, may cause
drastic, unfavorable changes in the structure and func-
tion of the affected cells by its effect on the expression
of genes.
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FIGURE 3-9 Levels of conductivity measuring the leakage of elec-
trolytes released from leaves of pepper plants inoculated with three
races of the bacterium Xanthomonas campestris pv. vesicatoria. 
(�) Release of electrolytes occurred later and at a slower rate when
leaves were inoculated with a virulent race of the bacterium. 
(�,�) Disruption of membranes and electrolyte leakage occurred 
much earlier, and at a much greater rate, when leaves were inoculated
with two bacterial races carrying avirulence genes that triggered 
the hypersensitive response in plants carrying the corresponding 
resistance genes. [From Minsavage et al. (1990), Mol. Plant-Microbe
Interact. 3, 41–47.]
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Effect on Transcription

Several pathogens, particularly viruses and fungal obli-
gate parasites, such as rusts and powdery mildews,
affect the transcription process in infected cells. In some
cases, pathogens affect transcription by changing the
composition, structure, or function of the chromatin
associated with the cell DNA. In some diseases, espe-
cially those caused by viruses, the pathogen, through its
own enzyme or by modifying the host enzyme (RNA
polymerase) that makes RNA, utilizes the host cell
nucleotides and machinery to make its own (rather than
host) RNA. In several diseases, the activity of ribonu-
cleases (enzymes that break down RNA) is increased,
perhaps by formation in infected plants of new kinds of
ribonucleases not known to be produced in healthy
plants. Finally, in several diseases, infected plants, par-
ticularly resistant ones, seem to contain higher levels of
RNA than healthy plants, especially in the early stages
of infection. It is generally believed that greater RNA
levels and, therefore, increased transcription in cells
indicate an increased synthesis of substances involved in
the defense mechanisms of plant cells.

Effect on Translation

Infected plant tissues often have increased activity in
several enzymes, particularly those associated with the
generation of energy (respiration) or with the produc-
tion or oxidation of various phenolic compounds, 
some of which may be involved in (defense) reactions 
to infection. Although a certain amount of some of 
these enzymes (proteins) may be present in the cell at
the time of infection, several are produced de novo,
necessitating increased levels of transcription and trans-
lation activity. Increases in protein synthesis in infected
tissues have been observed primarily in hosts resistant

to the pathogen and reach their highest levels in the 
early stages of infection, i.e., in the first few minutes 
and up to 2–20 hours after inoculation. If resistant
tissues are treated before or during infection with
inhibitors of protein synthesis, their resistance to the
pathogen is reduced. These observations suggest that
much of the increased protein synthesis in plants
attacked by pathogens reflects the increased production
of enzymes and other proteins involved in the defense
reactions of plants.

EFFECT OF PATHOGENS ON PLANT GROWTH

It is easily understood and expected that pathogens that
destroy part of the photosynthetic area of plants and
cause significantly reduced photosynthetic output often
result in smaller growth of these plants and smaller
yields. Similarly, pathogens that destroy part of the roots
of a plant or clog their xylem or phloem elements,
thereby severely interfering with the translocation of
water and of inorganic or organic nutrients in these
plants, often cause a reduction in size and yields by these
plants and, sometimes, their death. In many plant dis-
eases, however, infected tissues or entire plants increase
or reduce abnormally in size without a clear-cut expla-
nation of how these changes are brought about. It is
apparent that growth regulators affecting plant cell divi-
sion and enlargement are involved, but very little is
known about the specific compounds and mechanisms
involved or the genes that control these events.

Some of the most common diseases in which
pathogens cause obvious abnormal growth of their
hosts’ organs and tissues include clubroot of crucifers
caused by the plasmodiophoromycete Plasmodiophora
brassicae; alfalfa wart caused by the fungus Physoderma
alfalfae, potato wart caused by the fungus Spongospora
subterranea; peach leaf curl (Fig. 3-11A) and plum
pockets (Fig. 3-11B) caused by the fungus Taphrina sp.,
black knot canker of cherry caused by Dibotryon mor-
bosum (Fig. 11-67A), Sphaeropsis gall of stone fruits
caused by Sphaeropsis sp.; corn smut caused by Ustilago
maydis (Figs. 5-16C and 11-144A–11-144C), dwarf
bunt of wheat caused by Tilletia contraversa (Fig. 11-
148), leaf gall of azalea caused by Exobacidium azaleae
(Fig. 3-16A), and several rusts of pine trees caused by
Cronartium sp. (Figs. 5-16D and 11-143). Some bacte-
rial pathogens also cause abnormal growths such as
crown gall (Fig. 3-11E) of many hosts and hairy root 
of apple caused by Agrobacterium tumefaciens and A.
rhizogenes, respectively, olive knot and oleander gall
caused by Pseudomonas savastanoi, and leafy gall of
several hosts caused by Rhodococcus sp. (Fig. 5-17D).
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FIGURE 3-10 Transcription and translation processes.
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Some characteristic effects on plant growth are caused
by the phloem inhabiting phytoplasmas. Some phyto-
plasma-infected plants produce shoots that are yellow-
ish, short, and bushy and are known as witches’ brooms.
Some phytoplasmas may cause stunting of their host and
induce flower petals to become green as if they were
leaves (known as phyllody). Nematodes are responsible
for the very common root knot (Fig. 3-11F) of most cul-
tivated plants caused by Meloidogyne sp.

The most frequent and unusual effects on plant
growth are those caused by viruses (and viroids). Many
viruses cause stunting (Fig. 3-11D) or dwarfing of
infected plants, whereas others cause rolling or curling
of leaves, abnormally shaped fruit, etc. Some viruses
cause abnormalities even in the same leaf (Fig. 3-11C)
where part of the leaf is thinner than normal and the
rest is thicker than normal. Some viruses cause plants to
produce galls on their root, stems, or leaves. Some
induce pitting on the roots or stems of infected plants
(Fig. 14-42E). How the various viruses bring about these
effects on their respective hosts is not known.

EFFECT OF PATHOGENS ON 
PLANT REPRODUCTION

Pathogens that attack various organs and tissues of
plants weaken and often kill these organs or tissues,
thereby weakening the plants. As a result, such plants
remain smaller in size, may produce fewer flowers, and
may set fewer fruit and seeds; the latter may be of infe-
rior vigor and vitality and, therefore, if planted, they
may produce fewer and weaker new plants. In addition

to these indirect effects of pathogens on plant repro-
duction, many pathogens have a direct adverse effect on
plant reproduction because they attack and kill the
flowers, fruit, or seed directly, or interfere and inhibit
their production, or the pathogens interfere directly or
indirectly with the propagation of their host plant.

One of the most common ways by which pathogens
interfere with the reproduction of their host is by infect-
ing and killing the flowers of the host, as happens, for
example, with the brown rot of stone fruits caused by
the fungus Monilinia sp. (Figs. 3-12A and 3-12B), the
bacterial canker and gummosis of stone fruit trees
caused by Pseudomonas syringae, and the fireblight
disease of pears and apples caused by the bacterium
Erwinia amylovora. In some diseases, e.g., in the post-
bloom fruit drop of citrus, the fruit, soon after set, drops
prematurely as a result of infection by the anthracnose
fungus Colletotrichum acutatum. Similarly, plums drop
prematurely from trees infected with the plum pox virus.
In several plant diseases, especially in grain crops, the
pathogen interferes directly with the reproduction of the
plant host by killing the embryo, that would have pro-
duced the seed, and replacing the contents of the seed
with its own fruiting structure or its own spores. Exam-
ples of such diseases are ergot of grains (Fig. 3-12C),
caused by the fungus Claviceps purpurea; corn smut
(Fig. 3-12D); and the covered (Fig. 3-12E) and loose
smuts of the various cereals caused by Tilletia and Usti-
lago sp., respectively. Finally, in some diseases caused by
viruses, phytoplasmas, or phloem-limited bacteria, no
flowers are produced or those produced are sterile, and
therefore few or no fruit and seed are produced.

FIGURE 3-11 Effect of pathogens on plant growth. (A) Leaf curling and (B) fruit enlargement by the leaf curl
fungus Taphrina deformans on peach and plum, respectively. (C) Leaf malformations caused by the common bean
mosaic virus on bean and (D) a healthy and a plant showing stunting caused by the maize streak virus on corn (D).
(E) Galls along the root and stem of a euonymus plant caused by the crown gall bacterium Agrobacterium tumefa-
ciens and (F) galls along the roots of a plant caused by the root knot nematode Meloidogyne sp. [Photographs cour-
tesy of (A and B) Oregon State University, (C) R. Provvidenti, Cornell University, (D) D. Coyne, Intrn. Inst. Trop.
Agric., (E) R. Forster, Univ. of Idaho and (F) W. Crow, University of Florida.]
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FIGURE 3-12 Ways in which pathogens affect plant reproduction. (A) Close-up of a flower and (B) macro-
scopic view of an apricot tree, the flowers of which have been killed by the brown rot fungus Monilinia fructicola.
(C) A mixture of barley kernels (whitish-yellow) and ergot sclerotia (the larger black bodies) produced by the ergot
fungus Claviceps purpurea on the heads of grain crops in place of healthy kernels. (D) Ear of corn having some of
the corn kernels replaced by galls containing spores of the fungus Ustilago maydis. (E) A mixture of intact healthy
wheat kernels and somewhat darker, broken wheat kernels filled with spores of the common bunt (covered smut)
fungus Tilletia sp. [Photographs courtesy of (A and B) I. MacSwain, Oregon State University, (C) G. Munkvold,
Iowa State University, (D) T. Zitter, Cornell University, and (E) J. Riesselman, USDA, Montana State University.]
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