2
parasitism
and
disease
development
The pathogens that attack plants belong to the same groups of organisms
that cause diseases in humans and animals. With the exception of some
insect-transmitted plant pathogens, however, which cause diseases in
both their host plants and their insect vectors, none of the pathogen
species that attack plants are known to affect humans or animals. Plants
are moreover attacked by a number of other plants.
Infectious diseases are those that result from infection of a plant by a
pathogen. They are characterized by the ability of the pathogen to grow
and multiply rapidly on diseased plants and also by its ability to spread
from diseased to healthy plants and, thereby, to cause new diseases.

parasitism
and pathogenicity

28

An organism that lives on or in some other organism and obtains its food
from the latter is called a parasite. The relationship between a parasite
and its host is called parasitism. A plant parasite is an organism that
becomes intimately associated with a plant and multiplies or grows at the
expense of the plant. The removal by the parasite of nutrients and water
from the host plant usually leads to reduced efficiency in the normal
growth of the plant and becomes detrimental to its further development
and reproduction. Thus, in many cases, parasitism is intimately associated with pathogenicity, since the ability of the parasite to invade and
become established in the host generally results in the development of a
diseased condition in the host.

PARASITISM AND PATHOGENICITY

In some cases of parasitism, as with the root nodule bacteria of legume
plants and the mycorrhizal infection of feeder roots of most flowering
plants, both the plant and the microorganism are beneficial to the other's
development, and this phenomenon is known as symbiosis.
In most plant diseases, however, the amount of damage caused to
plants is often much greater than would be expected from the mere
removal of nutrients by the parasite. This additional damage results from
substances secreted by the parasite or produced by the host in response to
stimuli originating in the parasite. Tissues affected by such substances
may show increased respiration, disintegration or collapse of cells, wilting, abscission, abnormal cell division and enlargement, and degeneration
of specific components such as chlorophyll. These conditions in themselves do not seem directly to improve the welfare of the parasite. It
would appear therefore that the degree of pathogenicity exhibited by a
parasite is not always proportional to the nutritional affiliation of the
parasite and its host. Pathogenicity then may be defined as the interference of the parasite with one or more of the essential functions of the
plant, with parasitism playing, frequently, an important, but not always
the most important, role.
Of the large number of groups of living organisms, only a few members
of a few groups can parasitize plants: fungi, bacteria, mycoplasmas, rickettsialike bacteria, and parasitic higher plants (all belonging to the plant
kingdom), nematodes and protozoa (of the animal kingdom), viruses, and
viroids. These parasites to be successful must be able to invade a host
plant, feed and proliferate in it, and withstand the conditions in which
the host lives. Some parasites, including viruses, viroids, mycoplasmas,
rickettsialike bacteria, nematodes, and protozoa, and, of the fungi, those
causing downy mildews, powdery mildews, and rusts, can grow and
reproduce in nature only on living hosts, and they are called obligate
parasites. Other parasites (most fungi and bacteria) can live on either
living or dead hosts and on various nutrient media and are, therefore,
called nonobligate parasites. Some nonobligate parasites live most of the
time or most of their life cycles as parasites but, under certain conditions,
may grow saprophytically on dead organic matter, whereas others live
most of the time and thrive well on dead organic matter but, under
certain circumstances, may attack living plants and become parasitic.
There is usually no correlation between the degree of parasitism of a
pathogen and the severity of disease it can cause, since many diseases
caused by weakly parasitic pathogens are much more damaging to the
plant than others caused even by obligate parasites. Moreover, certain
fungi, e.g., the slime molds and those causing sooty molds, can cause
disease by just covering the surface of the plant without feeding at all or
by feeding on insect excretions rather than by parasitizing the plant.
Obligate and nonobligate parasites generally differ in the ways by
which they attack their host plants and procure their nutrients from the
host. Many nonobligate parasites secrete enzymes which bring about the
disintegration of the cell components of plants and which alone or with
the toxins secreted by the pathogen result in the death and degradation of
the cells. The invading pathogen then utilizes the contents of the cells for
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its growth. Many fungi and all bacteria act in this fashion, growing on a
nonliving substrate within a living plant. This mode of nutrition is like
that of saprophytes. On the other hand, all obligate (and some nonobligate) parasites do not kill cells in advance but get their nutrients either by
penetrating living cells or by establishing close contact with them. The
association of these pathogens with their host cells is a very intimate one
and results in continuous absorption or diversion of nutrients, which
would normally be utilized by the host, into the body of the parasite. The
depletion of nutrients, however, although it restricts the growth of the
host and results in symptoms, does not always kill the host. In the case of
obligate parasites death of the host cells restricts the further development
of the parasite and may result in its death.
Parasitism of cultivated crops is a common phenomenon. In North
America, for example, some 8000 species of fungi cause approximately
80,000 diseases, and at least 200 species of bacteria, about 75 mycoplasmas, more than 500 different viruses, and over 500 species of nematodes
attack crops. Although there are about 2500 species of higher plants
parasitic on other plants, only a few of them are serious parasites of crop
plants. Recently several rickettsialike organisms and viroids have also
been shown to cause diseases in plants. A single crop, tomato, is attacked
by more than 80 species of fungi, 11 bacteria, 16 viruses, several mycoplasmas, and several nematodes. This is an average number of diseases
since corn has 100, wheat 80, and apple and potato each have about 200
diseases.

host range
of pathogens
Pathogens differ with respect to the kinds of plants that they can attack,
with respect to the organs and tissues that they can infect, and with
respect to the age of the same organ or tissue of the same plant on which
they can grow. Some pathogens are restricted to a single species, others to
one genus of plants, while others have a wide host range, including many
taxonomic groups of higher plants. Some pathogens grow especially on
roots, others on stems, some mainly on the leaves or on fleshy fruit or
vegetables. Some pathogens attack specifically certain kinds of tissues,
e.g., vascular parasites. Others may produce different effects on different
parts of the same plant. In regard to age of plants, some pathogens attack
seedlings or tender parts of plants, while others attack only mature
tissues.
Most obligate parasites are usually very specific as to the kind of host
they attack, possibly because they have evolved in parallel with their host
and require certain nutrients that are produced or become available to the
pathogen only in these hosts. Nonobligate parasites usually attack many
different plants and plant parts of varying age, possibly because they
depend for their attack on nonspecific toxins or enzymes that affect
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substances or processes found commonly among plants. Some nonobligate parasites, however, produce disease on only one or a few plant
species. In any case, the number of plant species presently known to be
susceptible to a single pathogen is surely smaller than the actual number
in nature since only a few species out of thousands have been studied for
their susceptibility to each pathogen. Furthermore, because of genetic
changes, a pathogen may be able to attack hosts previously immune to it.

stages in the
development of disease
In every infectious disease there is a series of more or less distinct events
that occur in succession of one another and lead to the development and
perpetuation of the disease and the pathogen. This chain of events is
called a disease cycle. A disease cycle sometimes corresponds fairly
closely to the life cycle of the pathogen but it refers primarily to the
appearance, development, and perpetuation of the disease rather than the
pathogen. The disease cycle involves the changes in the plant and the
plant symptoms as well as those in the pathogen and spans periods within
a growing season and from one growing season to the next. The main
events in a disease cycle include inoculation, penetration, infection,
growth and reproduction of the pathogen, dissemination of the pathogen,
and overwintering or oversummering of the pathogen.

INOCULATION
Inoculation is the coming in contact of a pathogen with a plant. The
pathogen or pathogens that land on, or are otherwise brought into contact
with the plant are called inoculum.
INOCULUM
Inoculum is any part of the pathogen that can cause infection. Thus, in
fungi inoculum may be fragments of mycelium, spores, or sclerotia (compact mass of mycelium); in bacteria, mycoplasmas, rickettsialike bacteria, viruses, and viroids, inoculum is always whole individuals of
bacteria, mycoplasmas, rickettsialike bacteria, viruses, and viroids, respectively; in nematodes, inoculum may be adult nematodes, nematode larvae, or eggs; in parasitic higher plants inoculum may be plant fragments
or seeds. Inoculum may consist of a single pathogen, e.g., one spore, or of
millions of pathogens, e.g., bacteria carried in a drop of water.
TYPES OF INOCULUM Inoculum that survives the winter and causes
the original infections in the spring or early summer is called primary
inoculum and the infections it causes are called primary infections.
Inoculum produced from primary infections is called secondary inoculum
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and that in turn causes secondary infections. Generally, the more abundant the primary inoculum and the closer it is to the crop, the more
severe the disease and the losses that result. In some diseases, e.g., smuts,
there is only primary inoculum and, therefore, one disease cycle per
season. Such diseases produce spores at the end of the season and these
spores serve as primary inoculum for the following year. In most diseases,
however, there are many disease cycles per season and with each cycle
the amount of inoculum is multiplied manyfold. These are the kinds of
diseases that cause most of the explosive epidemics on most crops.
SOURCES OF INOCULUM The inoculum sometimes is present right in
the plant debris or soil of the field where the crop is grown, other times it
comes into the field with the seed, transplants, tubers, or other propagative organs, or it may come from sources outside the field. Outside
sources of inoculum may be nearby plants or fields, or fields many miles
away. In many plant diseases, especially those of annual crops, the inoculum survives in perennial weeds or alternate hosts and every season it
is carried from them to the annual and other plants. Fungi, bacteria,
parasitic higher plants, and nematodes either produce their inoculum on
the surface of infected plants or their inoculum reaches the plant surface
when the infected tissue breaks down. Viruses, viroids, mycoplasmas,
and rickettsialike bacteria produce their inoculum within the plants;
such inoculum almost never reaches the plant surface in nature and,
therefore, cannot by itself escape from one plant and spread to another.

STEPS IN INOCULATION
LANDING OR ARRIVAL OF INOCULUM The inoculum of most pathogens
is carried to host plants passively by wind, water, insects, etc., and only a
tiny fraction of the inoculum produced actually lands on susceptible host
plants,- the bulk of the inoculum is wasted because it lands on things that
cannot become infected. Some types of inoculum in the soil, e.g., zoospores and nematodes, may be attracted to the host plant by substances
diffusing out of the plant roots. Vector-transmitted pathogens are usually
carried to their host plants with an extremely high efficiency.
GERMINATION OF SPORES AND SEEDS—HATCHING OF EGGS

All path-

ogens in their vegetative state are capable of initiating infection immediately. However, fungal spores and seeds of parasitic higher plants
must first germinate,- for that they require favorable temperature and
also moisture in the form of rain, dew, or a film of water on the plant
surface or at least high relative humidity. The moist conditions must last
long enough for the pathogen to penetrate; otherwise it desiccates and
dies. Most spores can germinate immediately after their maturation and
release, but others, the so-called resting spores, require a dormancy period
of varying duration before they can germinate. When a spore germinates
it produces a germ tube, i.e., the first part of the mycelium, that can
penetrate the host plant. Some fungal spores germinate by producing
other spores, such as zoospores or basidiospores. Seeds germinate by
producing a radicle which either penetrates the host plant or produces a
small plant that penetrates the host plant by means of haustoria.
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Nematode eggs also require favorable temperature and moisture conditions to become activated and hatch. In most nematodes, the egg contains
the first larval stage before or soon after the egg is laid. This immediately
undergoes a molt and gives rise to the second larval stage that may
remain dormant in the egg for various periods of time. Thus, when the egg
finally hatches it is the second stage larva that emerges, and it either finds
and penetrates a host plant or undergoes additional molts that produce
the other larval stages and the adults.
CONDITIONS FAVORING INOCULATION
The frequency of successful inoculations depends on the amount of
primary and/or secondary inoculum available, the occurrence of long
periods of temperature and moisture that favor release of inoculum or
activity of its vectors, the direction of air currents or windblown rain, the
distance of the inoculum from the host plants, the density of host plants,
and the number and size of host plants.
Once the pathogen reaches the host surface, successful inoculation
still depends on several factors such as the nature of the plant surface,
favorable temperature and moisture for spore germination, the presence
of stimulatory or inhibitory substances secreted by the host plant, and the
presence of other, often antagonistic microorganisms on the plant surface. Plant exudates and surface microflora seem to have little effect on
pathogens attacking the aboveground parts of plants, but they may be
quite important in root diseases in which they may influence the ability
of the pathogen to germinate and its ability to survive.

PENETRATION
Pathogens penetrate plant surfaces by direct penetration, through natural
openings, or through wounds (Fig. 4). Some fungi penetrate tissues in one
way only, others in more than one. Bacteria enter plants mostly through
wounds, less frequently through natural openings, and never directly (Fig.
5). Viruses, viroids, mycoplasmas, and rickettsialike bacteria enter
through wounds made by vectors, although some viruses and viroids may
also enter through wounds made by tools and other means. Parasitic
higher plants enter their hosts by direct penetration. Nematodes enter
plants by direct penetration and, sometimes, through natural openings.
Penetration does not always lead to infection. Many organisms actually penetrate cells of plants which are not susceptible to these organisms
and which do not become diseased; these organisms cannot proceed
beyond the stage of penetration and die without producing disease.
DIRECT PENETRATION
THROUGH INTACT PLANT
SURFACES
It is probably the most common type of penetration in fungi and
nematodes and the only type of penetration in parasitic higher plants.
None of the other pathogens can enter plants by direct penetration.
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Methods of penetration and invasion by fungi.
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Fungi that penetrate their host plants directly do so through a fine
hypha or an appressorium (Figs. 4 , 6, and 7). These are formed at the point
of contact of the germ tube or mycelium with a plant surface. The fine
hypha grows toward the plant surface and pierces the cuticle and the cell
wall through mechanical force and enzymatic softening of the cell wall
substances. Most fungi, however, form an appressorium at the end of the
germ tube, the appressorium being usually bulbous or cylindrical with a
flat surface in contact with the host plant's surface. Then, a fine hypha,
usually called a penetration peg, grows from the flat surface of the appressorium toward the host and pierces the cuticle and the cell wall. The
penetration peg is generally of much smaller diameter than a normal
hypha of the fungus but it resumes its normal diameter once inside the
cell lumen. In most fungal diseases the fungus penetrates the plant
cuticle and the cell wall but in some, e.g., apple scab, the fungus penetrates only the cuticle and stays between the cuticle and the cell wall.
Parasitic higher plants also form an appressorium and penetration peg
at the point of contact of the radicle with the host plant, and penetration
is similar to that in fungi.
Direct penetration in nematodes is by means of repeated back-andforth thrusts of their stylets. This finally creates a small opening in the

FIGURE 6.
Attraction of zoospores of Phytophthora cinnamomi
to roots of two types of
blueberry (A and B) and infection of the roots by the zoospores (C and D).
Attraction of zoospores to roots one hour after inoculation (A and B) and infection
and colonization of the root after 24 hours (C and D) are greater in the susceptible
highbush blueberry (A, C) than in the more resistant rabbiteye blueberry (B, D).
(Photos courtesy R. D. Milholland, from Phytopathology
65:789-793.)
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FIGURE 7.
Electron micrographs of direct penetration of a fungus
[Colletotrichum
graminicola) into an epidermal leaf cell. (A) (a) Developing appressorium from a
conidium. Note wax rods (arrows) on leaf surface, (b) A mature appressorium
separated by a septum from the germination tube. (B) (a) Formation of a
penetration peg at central point of contact of appressorium with cell wall, (b)
Lomasomelike structures in the infection peg which has already penetrated the
cell wall and the papilla produced by the invaded cell. (C) Development of
infection hyphae. (a) Infection peg penetrating the papilla, (b) Appressorium and
swollen infection hypha after penetration. (D) Upon completion of penetration
and establishment of infection, the appressorium consists mostly of a large
vacuole and is cut off from the infection hypha by a septum. (Photos courtesy D. J.
Politis and H. Wheeler, from Physiol. Plant Pathol 3 : 4 6 5 - 4 7 1 . )
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cell wall and the nematode sends its stylet into the cell or the entire
nematode enters the cell (Fig. 5).
PENETRATION THROUGH WOUNDS
All bacteria and most fungi can enter plants through various types of
wounds (Figs. 4 and 5) and, in nature, all viruses, viroids, mycoplasmas,
and rickettsialike bacteria enter plants through wounds made by their
vectors. The wounds utilized by bacteria and fungi may be fresh or old
and may consist of lacerated or killed tissue. These pathogens may grow
briefly on such tissue prior to their advance into healthy tissue. Lacera
tion or death of tissues may be the result of: environmental factors, e.g.,
wind breakage or rubbing, sand blasting, hail, frost, heat scorching, fire;
animal feeding, e.g., insects, nematodes, worms, large animals,- cultural
practices of man, e.g., cultivation, weeding, pruning, grafting, transplant
ing, spraying, harvesting; self-inflicted injuries, e.g., leaf scars, root
cracks, etc.; and, finally, wounds or lesions caused by other pathogens.
Bacteria and fungi penetrating through wounds apparently germinate or
multiply in the sap present in fresh wounds or in a film of rain or dew
water present on the wound. Subsequently the pathogen invades adjacent
plant cells directly or through haustoria, or it secretes enzymes and
toxins which kill and macerate the nearby cells.
Penetration of viruses, viroids, mycoplasmas, and rickettsialike bac
teria through wounds depends on the deposition of these pathogens by
their vectors (insects for all four pathogens, and also nematodes, mites,
and fungi for viruses, and human hands and tools for some viruses and
viroids) in fresh wounds created at the time of inoculation. In most cases
these pathogens are carried by one or a few kinds of specific vectors and
can be inoculated successfully only when they are brought to the plant by
these vectors.
PENETRATION
THROUGH NATURAL OPENINGS
Many fungi and bacteria enter plants through stomata and some enter
through hydathodes, nectarthodes, and lenticels (Figs. 4 and 5). Most
stomata are present in large numbers on the lower side of leaves, measure
about 10-20 x 5 - 8 μ,πι, and are open in the daytime but more or less
closed at night. Bacteria present in a film of water over a stoma can easily
swim through the stoma and into the substomatal cavity where they can
multiply and start infection. Fungal spores generally germinate on the
plant surface and the germ tube may then grow through the stoma;
frequently, however, the germ tube forms an appressorium that fits
tightly over the stoma and usually one fine hypha grows from it into the
stoma (Fig. 8). In the substomatal cavity the hypha enlarges and from it
grow one or several small hyphae which actually invade the cells of the
host plant directly or through haustoria. Although some fungi can appar
ently penetrate even closed stomata, others penetrate stomata only while
they are open and some, e.g., the powdery mildew fungi, may grow over
open stomata without entering them.
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FIGURE 8.
Scanning electron micrographs of appressorium formation and penetration
through a stoma by the bean rust fungus Uromyces phaseoli. (A) Uredospore,
short germ tube, and large, flattened appressorium forming on a membrane. (B)
Uredospore, germ tube, and appressorium formed after 6-hour germination over
closed stoma on bean leaf. (C) Young appressorium over open stoma of bean leaf.
(Photos courtesy W. K. Wynn, from Phytopathol. 6 6 : 1 3 6 - 1 4 6 ) .

Hydathodes are more or less permanently open pores at the margin and
tip of leaves; they are connected to the veins and secrete droplets of liquid
containing various nutrients. Some bacteria utilize these pores as a
means of entry into leaves but few fungi seem to enter plants through
hydathodes. Some bacteria also enter blossoms through the nectarthodes
or nectaries, which are similar to hydathodes.
Lenticels are openings on fruit, stem, tubers, etc., which are filled with
loosely connected cells to allow passage of air. During the growing season, lenticels are open but even so relatively few fungi and bacteria
penetrate tissues through them, growing and advancing mostly between
the cells. Most pathogens that penetrate through lenticels can also enter
through wounds, lenticel penetration being apparently a less efficient,
secondary pathway.

INFECTION
Infection is the process by which pathogens establish contact with the
susceptible cells or tissues of the host and procure nutrients from them.
During infection pathogens grow and/or multiply within the plant tissues
and invade the plant to a lesser or greater extent. Thus invasion of the
plant tissues by the pathogen, and growth and reproduction of the pathogen in or on infected tissues are actually two concurrent substages of
disease development within the stage of infection.
Successful infections result in the appearance of discolored, malformed, or necrotic areas on the host plant, which are called symptoms.
Some infections, however, remain latent, i.e., they do not produce symptoms right away but at a later time when the environmental conditions
may be more favorable, or at a different stage of maturity of the plant.
All the visible and invisible changes in the appearance and functions of
infected plants comprise the symptoms of the disease. Symptoms may
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change continuously from the moment of their appearance until the
entire plant dies, or they may develop up to a point and then remain more
or less unchanged for the rest of the growing season. Symptoms may
appear as soon as 2 to 4 days after inoculation, as happens in some
localized virus diseases of herbaceous plants, or as late as 2 to 3 years, as
in the case of some viral, mycoplasmal, and other diseases of trees,
following inoculation. In most plant diseases, however, symptoms appear
from a few days to a few weeks after inoculation.
The time interval between inoculation and appearance of disease
symptoms is called incubation period. The length of the incubation
period of various diseases varies with the particular pathogen-host combination, with the stage of development of the host, and with the temperature in the environment of the infected plant.
During infection, some pathogens obtain nutrients from living cells,
often without killing the cells, or at least not for a long time; others kill
cells and utilize their contents as they invade them,- still others kill cells
and disorganize tissues ahead of the invading pathogen. During infection
pathogens release in the host a number of biologically active substances
(e.g., enzymes, toxins, growth regulators) which may affect the structural
integrity of the host cells or their physiological processes. In response to
these, the host reacts with a variety of defense mechanisms which result
in various degrees of protection of the plant from the pathogen.
For a successful infection to occur it is not sufficient that a pathogen
comes in contact with its host but several other conditions must also be
satisfied. First of all, the plant variety must be susceptible to the particular race of the pathogen—in which case that race of the pathogen is said to
be virulent on that variety of the host plant; the host plant must be in a
susceptible stage, since some pathogens attack only young seedlings,
others only mature or senescing plants, some only the leaves, others only
the flowers or the fruit, or only ripe fruit, etc.; the pathogen must be in a
pathogenic stage, e.g., fungal mycelium or spores and seeds that can
germinate and infect immediately without requiring a resting (dormancy)
period first, or infective larval stages or adults of nematodes,- and
finally, the temperature and moisture conditions in the environment of
the plant must favor the growth and multiplication of the pathogen.
When these conditions occur at an optimum, the pathogen can invade the
host plant up to the maximum of its potential even in the presence of
plant defenses, and as a consequence disease develops.
INVASION
Various pathogens invade hosts in different ways and to different extents
(Figs. 4 and 5). Some fungi, e.g., those causing apple scab and black spot of
rose, produce mycelium which grows only in the area between the cuticle
and the epidermis (subcuticular); others, e.g., those causing the powdery
mildews, produce mycelium only on the surface of the plant but send
haustoria into the epidermal cells. Most fungi spread into all the tissues
of the plant organs (leaves, stems, roots, etc.) they infect, either by
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growing directly through the cells (intracellular mycelium), or by growing
between the cells (intercellular mycelium). The fungi that cause vascular
wilts invade the xylem vessels of plants.
Bacteria invade tissues intercellularly although, when parts of the cell
walls dissolve, bacteria also grow intracellularly. Bacteria causing vascular wilts, like the vascular wilt fungi, invade the xylem vessels. Most
nematodes invade tissues intercellularly but some can invade intracellularly as well. Many nematodes do not invade cells or tissues at all but feed
by piercing epidermal cells with their stylet.
Viruses, viroids, mycoplasmas, and rickettsialike bacteria invade tissues by moving from cell to cell intracellularly. Viruses and viroids
invade all types of living plant cells, mycoplasmas invade phloem sieve
tubes and perhaps a few adjacent phloem parenchyma cells, while rickettsialike organisms invade either xylem vessels or phloem sieve tubes.
Many infections caused by fungi, bacteria, nematodes, viruses, and
parasitic higher plants are local, i.e., they involve a single cell, a few cells,
or a small area of the plant. These infections may remain localized
throughout the growing season or they may enlarge slightly or very
slowly. Other infections enlarge more or less rapidly and may involve an
entire plant organ, e.g., flower, fruit, leaf, a large part of the plant, e.g., a
branch, or the entire plant.
All infections caused by mycoplasmas and rickettsialike bacteria and
all natural infections caused by viruses and viroids are systemic, i.e., the
pathogen, from one initial point, spreads and invades most or all susceptible cells and tissues throughout the plant. Vascular wilt fungi and
bacteria invade xylem vessels internally but they are usually confined to
a few vessels in the roots, the stem or the top of infected plants and only
in the final stages of the disease they invade most or all xylem vessels of
the plant. Some fungi, primarily among those causing downy mildews,
smuts, and rusts, also invade their hosts systemically although in most
cases the older mycelium degenerates and disappears, and only younger
mycelium survives in actively growing plant tissues.

GROWTH AND
REPRODUCTION
OF THE PATHOGEN
Individual fungi and parasitic higher plants generally invade and infect
tissues by growing into them from one initial point of inoculation. Most
of these pathogens, whether producing a small spot, a large infected area,
or a general necrosis of the plant, continue to grow and branch out within
the infected host indefinitely so that the same pathogen individual
spreads into more and more plant tissues until the spread of the infection
stops or the plant is dead. In some fungal infections, however, while the
younger hyphae continue to grow into new healthy tissues, the older ones
in the already infected areas die out and disappear, so that an infected
plant may have several points where separate units of mycelium are
active. Also, fungi causing vascular wilts often invade plants by produc-
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ing and releasing spores within the vessels and, as the spores are carried in
the sap stream, they invade vessels far away from the mycelium, germinate there and produce mycelium which invades more vessels.
All other pathogens, i.e., bacteria, mycoplasmas, viruses, viroids,
nematodes, and protozoa, do not increase much, if at all, in size with
time, since their size and shape remain relatively unchanged throughout
their existence. These pathogens invade and infect new tissues within the
plant by reproducing at a rapid rate and increasing their numbers tremendously in the infected tissues; the progeny then are either carried
passively into new cells and tissues through plasmodesmata (viruses and
viroids only), phloem (viruses, viroids, mycoplasmas, rickettsialike bacteria, protozoa), xylem (some bacteria), etc., or, as happens with bacteria,
protozoa and nematodes, they may move through cells by swimming
on their own power.
Plant pathogens reproduce in a variety of ways (Fig. 3). Fungi reproduce
by means of spores which may be either asexual (equivalent to the buds
on a twig or the tubers of a potato plant), or sexual (equivalent to the seeds
of plants). Parasitic higher plants reproduce just like all plants, i.e., by
seeds. Bacteria, mycoplasmas, and protozoa reproduce by fission, i.e., one
mature individual splits into two equal, smaller individuals. Viruses and
viroids are replicated by the cell, just as a page placed on a photocopying
machine is replicated by the machine as long as the machine is operating
and paper supplies last. Nematodes reproduce by means of eggs.
The great majority of plant pathogenic fungi produce mycelium only
within the plants they infect. Relatively few fungi produce mycelium on
the surface of their host plants, and only the powdery mildew fungi
produce mycelium on the surface of, and not within, their hosts. The
great majority of fungi produce spores on, or just below, the surface of the
infected area of the host and the spores are released outward into the
environment. Some of the lower fungi, however, e.g., the clubroot pathogen, and the fungi causing vascular wilts produce spores within the host
tissues and these spores are not released outward until the host dies and
disintegrates. Parasitic higher plants produce their seeds on aerial
branches, and some nematodes lay their eggs at or near the surface of the
host plant. Bacteria reproduce between or within host cells, generally
inside the host plant, and come to the host surface only through wounds,
cracks, etc. Viruses, viroids, plant mycoplasmas, and rickettsialike bacteria reproduce only inside cells and apparently do not reach or exist on
the surface of the host plant.
The rate of reproduction varies considerably among the various kinds
of pathogens but, in all of them, one or a few pathogens can produce
tremendous numbers of individuals within one growing season. Some
fungi produce spores more or less continuously while others produce
them in successive crops. In either case several thousand to several
hundreds of thousands of spores may be produced per square centimeter
of infected tissue. Even small specialized sporophores can produce millions of spores and the number of spores produced per infected plant are
often in the billions or trillions. The numbers of spores produced in an
acre of heavily infected plants, therefore, are generally astronomical and,
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as they are released, there are enough spores to land on and inoculate
every conceivable surface in the field and the surrounding areas.
Bacteria reproduce very rapidly within infected tissues. Under optimum nutritional and environmental conditions, e.g., in culture, bacteria divide, i.e., double their numbers, every 20 to 30 minutes and,
presumably, bacteria multiply just as fast in a susceptible plant as long as
the temperature is favorable. Millions of bacteria may be present in a
single drop of infected plant sap and the number of bacteria per plant
must be astronomical. Rickettsialike organisms and mycoplasmas appear
to reproduce slower than bacteria and although they spread systemically
throughout the vascular system of the plant they are present in relatively
few xylem or phloem vessels and the total number of these pathogens in
infected plants is relatively small.
Viruses and viroids reproduce within living host cells, the first new
virus particles being detected several hours after infection. Soon after
that, however, virus particles accumulate within the infected living cell
until as many as 100,000 to 10,000,000 virus particles may be present in a
single cell. Viruses and viroids infect and multiply in most or all living
cells of their hosts and it is apparent that each plant may contain innumerable particles of these pathogens.
Nematode females lay about 300 to 600 eggs, about half of which
produce females and these again lay 300 to 600 eggs each. Depending on
the climate, the availability of hosts, and the duration of each life cycle of
the particular nematode, the nematode may have from two to more than
a dozen generations per year. If even half of the females survived and
reproduced, each generation time would increase the number of
nematodes in the soil by more than 100-fold; thus the buildup of
nematode populations within a growing season and in successive seasons
is often quite dramatic.

DISSEMINATION
OF THE
PATHOGEN
A few pathogens, e.g., nematodes, fungal zoospores, and bacteria can
move very short distances on their own power and thus can move from
one host to another one very close to it. Fungal hyphae and rhizomorphs
can grow between tissues in contact and sometimes through the soil
toward nearby roots. Both of these means of dissemination, however, are
very limited, especially in the cases of zoospores and bacteria.
The spores of some fungi are expelled forcibly from the sporophore or
sporocarp by a squirting or puffing action that results in successive or
simultaneous discharge of spores up to a centimeter or so above the
sporophore. The seeds of some parasitic plants are also expelled forcibly
and may arch over distances of several meters.
Almost all dissemination of pathogens that is responsible for plant
disease outbreaks, and even for disease occurrences of minor economic
importance, is carried out passively by agents such as air, water, insects,
certain other animals, and man (Fig. 9).
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FIGURE9 .
Means of dissemination of fungi and bacteria.

DISSEMINATION BY AIR
Most fungal spores and the seeds of most parasitic plants are disseminated by air currents that carry them as inert particles to various distances. Air currents pick up spores and seeds off the sporophores, or while
they are being forcibly expelled or are falling at maturity, and, depending
on the air turbulence and velocity, may carry the spores upward or
horizontally in a way similar to that of particles contained in smoke.
While airborne, some of the spores may touch wet surfaces and get
trapped, and when air movement stops or when it rains the rest of the
spores land or are brought down by the raindrops. Most of the spores, of
course, land on anything but a susceptible host plant and are, therefore,
wasted. The spores of many fungi are actually too delicate to survive a
long trip through the air and are therefore successfully disseminated for
only a few hundred or a few thousand meters. The spores of other fungi,
however, particularly those of the cereal rusts, are very hardy and occur
commonly at all levels and at high altitudes (several thousand meters)
above infected fields. Spores of these fungi are often carried over distances
of several kilometers, even hundreds of kilometers, and in favorable
weather may cause widespread epidemics.
Air dissemination of other pathogens occurs rather infrequently and
only under special conditions, or indirectly. Thus, the bacteria causing
fire blight of apple and pear produce fine strands of dried bacterial exudate
containing bacteria and these strands may be broken off and disseminated
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by wind. Bacteria and nematodes present in the soil may be blown away
along with soil particles in the dust. Wind also helps in the dissemination
of bacteria, fungal spores, and nematodes by blowing away rain splash
droplets containing these pathogens, and wind carries away insects that
may contain or are smeared with viruses, bacteria or fungal spores. Finally,
wind causes adjacent plants or plant parts to rub against each other and this
may help the spread by contact of bacteria, fungi, some viruses and viroids,
and possibly of some nematodes.
DISSEMINATION BY WATER
Water is important in disseminating pathogens in three ways. (1) Bacteria,
nematodes, and spores, sclerotia and mycelial fragments of fungi present
in the soil are disseminated by rain or irrigation water that moves on the
surface or through the soil. (2) All bacteria and the spores of many fungi
are exuded in a sticky liquid and depend for their dissemination on rain or
(overhead) irrigation water which either washes them downward or
splashes them in all directions. (3) Raindrops or drops from overhead
irrigation pick up the fungal spores and any bacteria present in the air and
wash them downward where some of them may land on susceptible
plants. Although water is less important than air in long-distance transport of pathogens, water dissemination of pathogens is more efficient in
that the pathogens land on an already wet surface and can move or
germinate immediately.
DISSEMINATION BY
INSECTS, MITES, NEMATODES,
AND OTHER VECTORS
Insects, particularly aphids and leafhoppers, are by far the most important
vectors of viruses, mycoplasmas, and rickettsialike bacteria. Each one
of these pathogens is transmitted internally by only one or a few species
of insects during feeding and movement of the insect vectors from plant
to plant. Specific insects also transmit certain fungal and bacterial pathogens, such as those causing Dutch elm disease and the bacterial wilt of
cucurbits. In addition, many insects become smeared with any kind of
bacteria or sticky fungal spores as they move among plants and carry
these externally from plant to plant where they deposit the pathogens on
the plant surface or in the wounds the insects make on the plants during
feeding. Insects may disseminate pathogens over short or long distances
depending on the kind of insect, the insect-pathogen association, and the
prevailing weather conditions, particularly wind.
A few species of mites and of nematodes can transmit internally
several viruses from plant to plant. In addition, mites and nematodes
probably carry externally bacteria and sticky fungal spores with which
they become smeared as they move on infected plant surfaces.
Almost all animals, small and large, that move among plants and
touch the plants along the way, can disseminate pathogens such as fungal
spores, bacteria, seeds of parasitic plants, nematodes, and perhaps some
viruses and viroids. Most of these pathogens adhere to the feet or the body
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of the animals, but some may be carried in contaminated mouthparts.
Finally, some plant pathogens, e.g., the zoospores of some fungi and
certain parasitic plants, can transmit viruses as they move from one plant
to another (zoospores), or as they grow and form a bridge between two
plants (dodder).
DISSEMINATION BY MAN
Man disseminates all kinds of pathogens over short and long distances in
a variety of ways. Within a field, man disseminates pathogens through his
successive handling of diseased and healthy plants, through tools contaminated when used on diseased plants and then carrying the pathogen
to healthy plants, through transport of contaminated soil on feet or
equipment, etc. Man also disseminates pathogens on infected transplants, seed, nursery stock, budwood, etc., and by using contaminated
containers. Finally, man disseminates pathogens by importing into his
area new varieties that may carry pathogens that go undetected for a
while, and by his travels through the world and importation of food or
other items that may carry harmful plant pathogens.

OVERWINTERING
OVERSUMMERING
PATHOGEN

ANDIOR
OF THE

Pathogens that infect perennial plants can survive in them during the low
winter temperatures and/or during the hot, dry weather of the summer,
regardless of whether the host plants are actively growing or are dormant
at the time.
Annual plants, however, die at the end of the growing season, as do the
leaves and fruits of deciduous perennial plants and even the stems of
some perennial plants. In colder climates, annual plants and tops of some
perennial plants die with the advent of the low winter temperatures and
their pathogens are left without a host for the several months of cold
weather. On the other hand, in hot, dry climates, annual plants die during
the summer and their pathogens must be able to survive such periods in
the absence of their hosts. Thus, pathogens that attack annual plants and
renewable parts of perennial plants have evolved mechanisms by which
they can survive the cold winters or dry summers that may intervene
between crops or growing seasons (Fig. 10).
Fungi have evolved a great variety of mechanisms of overwintering or
oversummering. On perennial plants, fungi overwinter as mycelium in
infected tissues, e.g., cankers, and as spores at or near the infected surface
of the plant or on the bud scales. Fungi affecting leaves or fruits of
deciduous trees usually overwinter as mycelium or spores on fallen,
infected leaves or fruits, or on the bud scales. Fungi affecting annual
plants usually survive the winter or summer as mycelium, as resting or
other spores and as sclerotia in infected plant debris, in the soil, and in or
on seeds and other propagative organs, e.g., tubers. In some areas fungi
survive by continuous infection of host plants grown outdoors through-
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FIGURE
10.
Sources of inoculum of fungi and bacteria.

out the year, e.g., cabbage, or of plants grown in the greenhouse in the
winter and outdoors in the summer. Similarly, some rust and other fungi
overwinter on winter crops grown in warmer climates and move from
them to the same hosts grown as spring crops in colder climates. Also,
some fungi infect cultivated or wild perennial, as well as annual, plants
and move from the perennial to the annual ones each growth season.
Some rust fungi infect alternately an annual and a perennial host and the
fungus goes from the one to the other host and overwinters, of course, in
the perennial host.
Bacteria overwinter and oversummer as bacteria in essentially the
same ways described for fungi, i.e., in infected plants, seeds, tubers, etc.,
in infected plant debris and, some of them, in the soil. Bacteria survive
poorly when present in small numbers and free in the soil but survive
well when masses of them are embedded in the hardened, slimy polysaccharides that usually surround them. Some bacteria also overwinter
within the bodies of their insect vectors.
Viruses, viroids, mycoplasmas, rickettsialike bacteria, and protozoa
survive only in living plant tissues such as the tops and roots of perennial
plants, the roots of perennial plants that die to the soil line in the winter
or summer, in vegetative propagating organs, and in the seeds of some
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hosts. A few viruses survive within their insect vectors and some viruses
and viroids may survive on contaminated tools and in infected plant
debris.
Nematodes usually overwinter or oversummer as eggs in the soil, and
as eggs or nematodes in plant roots or in plant debris. Some nematodes
produce larval stages or adults that can remain dormant in seeds, on
bulbs, etc. for many months or years.
Parasitic higher plants survive either as seeds, usually in the soil, or as
their infective vegetative form on their host.
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