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how 
pathogens 
attack 
plants 

The intact, healthy plant is a community of cells built in a fortresslike 
fashion. The plant surfaces that come in contact with the environment 
either consist of cellulose as in the epidermal cells of roots and in the 
intercellular spaces of leaf parenchyma cells, or they consist of a layer of 
cuticle which covers the epidermal cell walls, as is the case in the aerial 
parts of plants. Often an additional layer, consisting of waxes, is deposited 
outside the cuticle, especially on younger parts of plants (Fig. 11). 

Pathogens attack plants because during their evolutionary develop
ment they have acquired the ability to live off the substances manufac
tured by the host plants, and some of the pathogens depend on these 
substances for survival. Such substances, however, are contained in the 
protoplast of the plant cells, and, if pathogens are to gain access to them, 
they must first penetrate the outer barriers formed by the cuticle and/or 
cell walls. Even after the outer cell walls have been penetrated, further 
invasion of the plant by the pathogen necessitates penetration of more 
cell walls. Furthermore, the plant cell contents are not always found in 
forms immediately utilizable by the pathogen and must be transformed 
to units which the pathogen can absorb and assimilate. Moreover, the 
plant, reacting to the presence and activities of the pathogen, produces 
structures and chemical substances that interfere with the advance or the 
existence of the pathogen; if the pathogen is to survive and to continue 
living off the plant, it must be able to overcome such obstacles. 

Therefore, for a pathogen to infect a plant it must be able to make its 
way into and through the plant, obtain nutrients from the plant, and 
neutralize the defense reactions of the plant. Pathogens accomplish these 
activities mostly through secretions of chemical substances that affect 
certain components or metabolic mechanisms of their hosts. Penetration 
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FIGURE 11. 
Schematic representation of the structure and composition of the cuticle and cell 
wall of foliar epidermal cells. [Adapted from Goodman, Kiraly, and Zaitlin (1967). 
"The Biochemistry and Physiology of Infectious Plant Disease." Van Nostrand, 
Princeton, New Jersey.] 

the result of, mechanical force exerted by certain pathogens on the cell 
walls of the plant. 

Plant pathogens are, generally, tiny microorganisms which cannot de
velop a "voluntary" force and apply it on a plant surface. Only some 
fungi, parasitic higher plants, and the nematodes appear to apply mechan
ical pressure to the plant surface they are about to penetrate. The amount 
of pressure, however, may vary greatly with the degree of "presoftening" 
of the plant surface by the enzymatic secretions of the pathogen. 

For fungi and parasitic higher plants to penetrate a plant surface, they 
must, generally, first adhere to it. Although hyphae and radicles are 
usually surrounded by mucilaginous substances, their adhesion to the 
plant seems to be brought about primarily by the intermoleculer forces 
developing between the surfaces of plant and pathogen upon close contact 
with each other. After contact is established, the diameter of the part of 
hypha or radicle in contact with the host increases and forms a flattened, 
bulblike structure called the "appressorium." This increases the adherent 

mechanical forces 
exerted by pathogens 

on host tissues 
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area between the two organisms and securely fastens the pathogen to the 
plant. From the appressorium, a fine growing point, called the "penetra
tion peg/7 arises and advances into and through the cuticle and cell wall. 
If the underlying host wall is soft, penetration occurs easily. When the 
underlying wall is hard, however, the force of the growing point may be 
greater than the adhesion force of the two surfaces and may cause the 
separation of the appressorial and host walls, thus averting infection. 
Penetration of plant barriers by fungi and parasitic higher plants is almost 
always assisted by the presence of enzymes secreted by the pathogen at the 
penetration site, resulting in the softening or dissolution of the barrier 
through enzymatic action. 

While the penetration tube is passing through the cuticle, it usually at
tains its smallest diameter and appears threadlike. Following penetration 
of the cuticle, the hyphal tube diameter often increases considerably. The 
penetration tube attains the diameter normal for the hyphae of the par
ticular fungus only after it has passed through the cell wall (Figs. 4 and 7). 

Nematodes penetrate plant surfaces by means of the stylet, which is 
thrust back and forth and exerts mechanical pressure on the cell wall. 
The nematode first adheres to the plant surface by suction which it 
develops by bringing its fused lips in contact with the plant. After adhe
sion is accomplished, the nematode brings its body, or at least its forward 
portion, to a position vertical to the cell wall. The nematode then, with 
its head stationary and fixed to the cell wall, thrusts its stylet forward 
while the rear part of its body sways or rotates slowly round and round. 
After several consecutive thrusts of the stylet, the cell wall is pierced and 
the stylet or the entire nematode enters the cell. 

Once a fungus or nematode has entered a cell it generally secretes 
increased amounts of enzymes which, presumably, soften or dissolve the 
opposite cell wall and make its penetration easier. Mechanical force, 
however, probably is brought to bear in most such penetrations, although 
to a lesser extent. It should be noted that in many fungal infections the 
diameter of the hypha becomes much smaller than the normal whenever 
it penetrates a cell wall and resumes its normal size once the wall has 
been penetrated. 

Considerable mechanical force is also exerted on host tissues by some 
pathogenic fungi upon formation of their fructifications in the tissues 
beneath the plant surface. Through increased pressure the sporophore 
hyphae as well as fruiting bodies, such as pycnidia and perithecia, push 
outward and cause the cell walls and the cuticle to expand, become raised 
in the form of blisterlike protuberances, and finally break. 

chemical 
weapons of pathogens 

Although some pathogens may use mechanical force to penetrate plant 
tissues, the activities of pathogens in plants are largely chemical in 
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nature. Therefore, the effects caused by pathogens on plants are almost 
entirely the result of biochemical reactions taking place between sub
stances secreted by the pathogen and those present in, or produced by, the 
plant. 

The main groups of substances secreted by pathogens in plants, and 
which seem to be involved in production of disease, either directly or 
indirectly, include enzymes, toxins, growth regulators, and polysac
charides. These groups vary greatly as to their importance in pathogenic
ity, and their relative importance may be different from one disease to 
another. Thus in some diseases, e.g., soft rots, enzymes seem to be by far 
the most important, whereas in diseases like crown gall, growth regu
lators are apparently the main substances involved, and in the Helmin-
thosporium blight of Victoria oats, the disease is primarily the result of a 
toxin secreted in the plant by the pathogen. Enzymes, toxins, and growth 
regulators, probably in that order, are considerably more common and 
more important in plant disease development than are polysaccharides. 

Among the plant pathogens, all except viruses and viroids can probably 
produce enzymes, growth regulators, polysaccharides, and possibly tox
ins. Plant viruses and viroids are not known to produce any substances 
themselves, but they may induce the host cell to produce either excessive 
amounts of certain substances already found in healthy host cells or 
substances completely new to the host, some of which may belong to the 
groups mentioned above. 

Pathogens produce these enzymes, etc., either in the normal course of 
their activities or upon growth on certain substrates. Undoubtedly, 
natural selection has favored the survival of pathogens that are assisted in 
their parasitism through the production of such substances. The presence 
or the amount of any such substance produced, however, is not always a 
measure of the ability of the pathogen to cause disease. As a matter of 
fact, many substances, identical to those produced by pathogens, are also 
produced by the healthy host plant. 

In general, plant pathogenic enzymes disintegrate the structural com
ponents of host cells, break down inert food substances in the cell, or 
affect the protoplast directly and interfere with its functioning systems. 
Toxins seem to act directly on the protoplast and interfere with the 
permeability of its membranes and with its function. Growth regulators 
exert a hormonal effect on the cells and either increase or decrease their 
ability to divide and enlarge. Polysaccharides seem to play a role only in 
the vascular diseases in which they passively interfere with the transloca
tion of water in the plants, or they may also be toxic. 

ENZYMES 

Enzymes are large protein molecules which catalyze all the interrelated 
reactions in a living cell. For each kind of chemical reaction that occurs in 
a cell there is a different enzyme which catalyzes that reaction. 
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ENZYMATIC DEGRADATION 
OF CELL WALL SUBSTANCES 

Most plant pathogens secrete enzymes throughout their existence or 
upon contact with a substrate. Usually, the first contact of pathogens 
with their host plants occurs at a plant surface. Such a surface may 
consist primarily of cellulose which makes up the epidermal cell walls or, 
on the aerial plant parts, of cellulose plus cuticle. Cuticle, which consists 
of cutin, is frequently covered with a layer of wax. Protein and lignin may 
also be found in epidermal cell walls. Penetration of pathogens into, and 
collapse of, parenchymatous tissues is brought about by the breakdown of 
the cell walls, consisting of cellulose, pectins, and hemicelluloses, and of 
the middle lamella, consisting primarily of pectins. Complete plant tis
sue disintegration involves, in addition, breakdown of lignin. The degra
dation of each of these substances is brought about by the action of one or 
more sets of enzymes secreted by the pathogen. 

CUTICULAR WAX Plant waxes are found as granular or rodlike pro
jections, or as continuous layers outside or within the cuticle of many 
aerial plant parts. No pathogens are known to date to produce enzymes 
that can degrade waxes. Wax layers on plant surfaces are apparently 
penetrated by fungi and parasitic higher plants by means of mechanical 
force alone. 

CUTIN Cutin is the main component of the cuticular layer. The 
upper part of the layer is admixed with waxes, while its lower part, in the 
region where it merges into the outer walls of epidermal cells, cutin is 
admixed with pectin and cellulose (Fig. 11). There is evidence that at least 
some phytopathogenic fungi produce cutinases, i.e., enzymes that cata
lyze the breakdown and dissolution of cutin. 

PECTIC SUBSTANCES Pectic substances constitute the main compo
nents of the middle lamella, i.e., the intercellular cement which holds in 
place the cells of plant tissues (Fig. 12) and also a large portion of the 
primary cell wall, in which they form an amorphous gel filling the spaces 
between the cellulose microfibrils (Fig. 13). 

Pectic substances are polysaccharides containing a very high percent
age of galacturonic acid molecules. Several enzymes, known as pec-
tinases, degrade pectic substances. Some remove small branches off the 
pectin chains and have no effect on the length of the pectin chains but 
they alter their solubility and affect the rate at which they can be at
tacked by the chain-splitting pectinases. The latter cleave the pectic 
chain and release shorter chain portions containing one or a few mole
cules of galacturonic acid. 

The pectin-degrading enzymes have been shown to be involved in the 
production of many diseases. Pectic enzymes are produced by germinat
ing spores and apparently, acting together with other pathogen metabo
lites, assist in the penetration of the host. Pectin degradation results in 
weakening of cell walls or tissue maceration which undoubtedly facili
tates the inter- or intracellular invasion of the tissues by a pathogen. 
Pectic enzymes also provide nutrients for the pathogen in infected tis-
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FIGURE 12. 
Schematic representation of structure and composition of plant cell walls. 

FIGURE 13. 
Schematic diagram of the gross structure of cellulose and microfibrils (A), and of 
the arrangement of cellulose molecules within a microfibril (B). MF = microfibril; 
GS = ground substance (pectin, hemicelluloses, or lignin); AR = amorphous 
region of cellulose; CR = crystalline region; Μ = micelle,- SCC = single cellulose 
chain (molecule). [Adapted from H. P. Brown, A. J. Panshing, and C. C. Forsaith 
(1949). 'Textbook of Wood Technology," Vol. 1. McGraw-Hill, New York.] 
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sues. Pectic enzymes, by the debris they create, seem to be involved in 
the induction of vascular plugs and occlusions in the vascular wilt dis
eases. Cells are usually quickly killed in tissues macerated by pectic 
enzymes, but how these enzymes kill cells is not clear yet. 

CELLULOSE Cellulose is also a polysaccharide, but it consists of 
chains of glucose molecules. It occurs in all higher plants as the skeletal 
substance of cell walls in the form of microfibrils (Figs. 12 and 13). 
Microfibrils, which can be perceived as bundles of iron bars in a rein
forced concrete building, are the basic structural unit of the wall even 
though they account for less than 20 percent of the wall volume in most 
meristematic cells. The cellulose content of tissues varies from about 12 
percent in the nonwoody tissues of grasses to about 50 percent in mature 
wood tissues to more than 90 percent in the cotton fibers. The spaces 
between microfibrils and between micelles or cellulose chains within the 
microfibrils may be filled with pectins and hemicellulose and probably 
some lignin at maturation. 

Cellulose-degrading enzymes have been shown to be produced by 
several phytopathogenic fungi, bacteria, and nematodes, and they are 
undoubtedly produced by parasitic higher plants. Saprophytic fungi, 
mainly certain groups of basidiomycetes, and to a smaller degree sap
rophytic bacteria cause the breakdown of most of the cellulose decom
posed in nature. In living plant tissues, however, cellulolytic enzymes 
secreted by pathogens play a role in the softening and/or disintegration of 
cell-wall material; they facilitate the penetration and spread of the patho
gen in the host and cause the collapse and disintegration of the cellular 
structure, thereby aiding the pathogen in the production of disease. Cel
lulolytic enzymes may further participate indirectly in disease develop
ment by releasing, from cellulose chains, soluble sugars which serve as 
food for the pathogen, and, in the vascular diseases, by liberating into the 
transpiration stream large molecules from cellulose which interfere with 
the normal movement of water. 

The enzymatic breakdown of cellulose results in the final production 
of glucose molecules. This is brought about by a series of enzymatic 
reactions carried out by several enzymes called cellulases. 

LIGNIN Lignin is found in the middle lamella and the cell wall of 
xylem vessels and the fibers that strengthen plants. It is also found in 
epidermal and occasionally hypodermal cell walls of some plants. The 
lignin content of mature woody plants varies from 15 to 38 percent and is 
second only to cellulose. 

Lignin is different from both carbohydrates and proteins in composi
tion and properties. The most common basic structural unit of lignin is a 
phenylpropanoid. The lignin polymer is perhaps more resistant to en
zymatic degradation than any other plant substance. 

It is obvious that enormous amounts of lignin are degraded by micro
organisms in nature, as is evidenced by the decomposition of all annual 
plants and a large portion of perennial plants that disintegrate annually. It 
is generally accepted, however, that only a small group of microorgan
isms is capable of degrading lignin. Actually, only about 500 fungus 
species, almost all of them basidiomycetes, have been reported, so far, as 
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being capable of decomposing wood. About one-fourth of these (the 
brown-rot fungi) seem to cause some degradation of lignin but cannot 
utilize it. Most of the lignin in the world is degraded and utilized by a 
group of fungi called white-rot fungi. It appears that the white-rot fungi 
secrete one or more enzymes (ligninases) which enable them to utilize 
lignin. 

It appears that, with the exception of the wood-rotting fungi, the other 
pathogens produce few or no lignin-degrading enzymes and that the 
diseases they cause are not dependent on the presence of such enzymes. 

ENZYMATIC DEGRADATION 
OF SUBSTANCES CONTAINED IN 
PLANT CELLS 

Most kinds of pathogens live all or part of their lives in association with 
or inside the living protoplast. These pathogens obviously derive nutri
ents from the protoplast. All the other pathogens, i.e., the great majority 
of fungi and bacteria, obtain nutrients from protoplasts after the latter 
have been killed. Some of the nutrients, e.g., sugars and amino acids, are 
probably sufficiently small molecules to be absorbed by the pathogen 
directly. Some of the other plant cell constituents, however, such as 
starch, proteins, and fats, can be utilized only after degradation by the 
enzymes secreted by the pathogen. 

PROTEINS Plant cells contain innumerable different proteins which 
play diverse roles as catalysts of cellular reactions (enzymes) or as struc
tural material (membranes). Proteins are formed by the joining together of 
numerous molecules of about twenty different kinds of amino acids. 

All pathogens seem to be capable of degrading many kinds of protein 
molecules. The plant pathogenic enzymes involved in protein degrada
tion are similar to those present in higher plants and animals and are 
called proteinases. 

Considering the paramount importance of proteins as enzymes, con
stituents of cell membranes, and structural components of plant cells, 
degradation of host proteins by proteolytic enzymes secreted by patho
gens can profoundly affect the organization and function of the host cells. 
The nature and extent of such effects, however, has been investigated 
little so far, and the significance in disease development is not known. 

STARCH Starch is the main reserve polysaccharide found in plant 
cells. Starch is synthesized in the chloroplasts and, in nonphotosynthetic 
organs, in the amyloplasts. Starch is a glucose polymer and exists in two 
forms: amylose, an essentially linear molecule, and amylopectin, a highly 
branched molecule of various chain lengths. 

Most pathogens utilize starch, and other reserve polysaccharides, in 
their metabolic activities. The degradation of starch is brought about by 
the action of enzymes called amylases. The end product of starch break
down is glucose and it is used by the pathogens directly. 

LIPIDS Various types of lipids occur in all plant cells, the most impor
tant being: the oils and fats found in many cells, especially in seeds where 
they function as energy storage compounds,- the wax lipids, found on 
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most aerial epidermal cells; and the phospholipids and the glycolipids, 
both of which, along with protein, are the main constituents of all plant 
cell membranes. The common characteristic of all lipids is that they 
contain fatty acids that may be saturated or unsaturated. 

Several fungi, bacteria, and nematodes are known to be capable of 
degrading lipids. Lipolytic enzymes, called lipases, phospholipidases, etc., 
hydrolyze the liberation of the fatty acids from the lipid molecule. The 
fatty acids are presumably utilized by the pathogen directly. 

MICROBIAL TOXINS 
IN PLANT DISEASE 

Living plant cells are complex systems in which many interdependent 
biochemical reactions are taking place concurrently or in a well-defined 
succession. These reactions result in the intricate and well-organized 
processes essential for life. Disturbance of any of these metabolic reac
tions causes disruption of the physiological processes that sustain the 
plant and leads to development of disease. Among the factors inducing 
such disturbances are substances that are produced by plant pathogenic 
microorganisms and are called toxins. Toxins act directly on living host 
protoplasts, seriously damaging or killing the cells of the plant. Some 
toxins act as general protoplasmic poisons and affect many species of 
plants representing different families. Others are toxic to only a few plant 
species or varieties and completely harmless to others. 

Fungi and bacteria may produce toxins in infected plants as well as in 
culture medium. Toxins, however, are extremely poisonous substances 
and are effective in very low concentrations. Some are unstable or react 
quickly and are tightly bound to specific sites within the plant cell. 

Toxins injure host cells either by affecting the permeability of the cell 
membrane or by inactivating or inhibiting enzymes and subsequently 
interrupting the corresponding enzymatic reactions. Certain toxins act as 
antimetabolites inducing a deficiency for an essential growth factor. 

TOXINS THAT 
AFFECT A WIDE RANGE 
OF HOST PLANTS 

Several toxic substances produced by phytopathogenic microorganisms 
produce all or part of the disease syndrome not only on the host plant but 
also on other species of plants which are not normally attacked by the 
pathogen in nature. 

THE WILDFIRE TOXIN OR TABTOXIN It is produced by the bacterium 
Pseudomonas tabaci which causes the wildfire disease of tobacco. The 
disease is characterized by necrotic spots on leaves, each surrounded by a 
yellow halo. Sterile culture filtrates of the organism produce symptoms 
identical to those characteristic of wildfire of tobacco not only on to
bacco, but in a large number of plant species belonging to many different 
families. Although several mechanisms of action of tabtoxin have been 
proposed at different times, the mechanism of action is still uncertain. 
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FUSARIAL TOXINS Many species of Fusarium cause wilt diseases on a 
number of plants. Symptoms consist of epinasty, plugging and browning 
of xylem vessels, necrosis, wilting, and finally death of the plant. One 
compound, called lycomarasmin, was isolated from culture filtrates of 
the Fusarium causing the tomato wilt disease. Lycomarasmin causes 
wilting and necrosis between the veins of excised tomato leaves but 
seems to be of little or no importance in disease development. A second 
toxin produced by Fusarium and called fusaric acid produces, in addition 
to wilt, water-soaked spots on the leaves and browning of the vascular 
tissue rather than necrosis between the leaf veins. Both toxins bind heavy 
metals such as Fe ; i + and Cu 2 + . This in turn affects the permeability of cell 
membranes and the enzymatic reactions in the cells by inhibition of 
enzymes. 

PYRICULARIN The fungus Pyricularia oryzae is the cause of the blast 
disease of rice. Rice blast appears as yellowing, striping, and stunting of 
seedlings; and as leaf spots and rot of the culm at the base of the leaf in 
mature plants. Culture filtrates of the fungus contain the toxin pyricula
rin and can reproduce the disease symptoms in seedlings and in mature 
plants. Pyricularin is a fairly potent toxin and affects a number of species 
of higher plants. Low concentrations of pyricularin stimulate growth and 
respiration of the host, while higher concentrations inhibit both. 

Several other toxic substances have been isolated from cultures of 
pathogenic fungi and bacteria and have been implicated as contributing 
factors to the development of the disease caused by the pathogen. Among 
such fungi are species of Alternaria, Ascochyta, Botrytis, Ceratocystis, 
Cercospora, Colletotrichum, Endothia, Fusicoccum, and Phytophthora. 
Several species of bacteria of Pseudomonas, Xanthomonas, Corynebac-
terium, and Erwinia also produce toxins and, with one possible excep
tion, apparently all of them are nonspecific. 

HOST-SPECIFIC TOXINS 

A host-specific toxin is a substance produced by a pathogenic microorgan
ism which at a certain concentration is toxic only to the host of that 
pathogen. Such toxins are produced by only a few pathogens. 

VICTORIN 

Victorin is produced by the fungus Helminthosporium victoriae. This 
pathogen occurs as a saprophyte or weak parasite on many grasses. It is a 
soil- and seed-borne organism, and when it infects susceptible oat plants 
it remains in the basal portions of the plant, where it causes a necrosis of 
the root and stem. It also produces a powerful toxin that acts at a distance 
from the site of infection, disrupts the permeability of cell membranes 
and causes a leaf blight, and rapidly destroys the entire plant. Infection 
usually occurs near the soil line and, within 4 to 5 days from inoculation, 
host cells begin to collapse and the area of damage spreads from the point 
of infection. The first observable symptoms, however, appear as yellow to 
orange-red stripes on the leaves. When the fungus enters the cell of a 
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resistant host, the host cell responds to the disturbance quickly and both 
host cell and fungus die immediately without further growth of the 
fungus. In susceptible hosts this response seems to be prevented by the 
action of the fungus toxin. 

The toxicity of the toxin is limited to plants of the oat variety Victoria 
[Avena sativa var. Victoria) and to those derived from crosses of Victoria 
with other oat varieties. All other plant species tested were immune to 
the toxin, since only concentrated culture filtrates had any effect on 
them. 

PERICONIA CIRCINATA TOXIN 

It is produced by a fungus that invades the roots and the lower internodes 
of susceptible sorghum plants. It causes a scalded appearance in the 
foliage of infected young seedlings, stunting, early blooming, and prema
ture death. Leaves of older plants, although free from the pathogen, roll, 
wilt, turn yellow, and show the usual blight symptoms. In older roots the 
cortex decays, and the central cylinder turns red and dies. 

ALTERNARIA KIKUCHIANA TOXIN 

It is produced in the black spot disease of Japanese pears (Pyrus serotina). 
Pears of susceptible varieties sprayed with culture filtrates of the fungus 
are damaged while those of resistant varieties are unharmed. 

Several other cases of fungal plant pathogens producing host-specific 
toxins have been reported. Among such fungi are several more species of 
Helminthosporium and species of Hypoxylon, Ophiobolus, and Phyllo-
sticta. There is little or no information, however, as to how any of these 
toxins bring about their toxic effects on the plant. The bacterium Erwinia 
amylovora has also been reported to produce a host-specific toxin called 
amylovorin. 

growth regulators 
in plant disease 

Plant growth is regulated by a small number of groups of naturally 
occurring compounds which act as hormones and are generally called 
growth regulators. The most important growth regulators are auxins, 
gibberellins, and cytokinins, but other compounds, such as ethylene and 
growth inhibitors, play important regulatory roles in the life of the plant. 
Growth regulators act in very small concentrations, and even slight 
deviations from the normal concentration may bring about strikingly 
different plant growth patterns. The concentration of a specific growth 
regulator in the plant is not constant, but it usually rises quickly to a peak 
and then quickly declines as a result of the action of hormone-inhibitory 
systems present in the plant. Growth regulators appear to act, at least in 
some cases, by promoting synthesis of messenger-RNA molecules which 
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leads to the formation of specific enzymes and which, in turn, control the 
biochemistry and the physiology of the plant. 

Plant pathogens may produce more of the same growth regulators as 
those produced by the plant or more of the same inhibitors of the growth 
regulators as those produced by the plant; they may produce new and 
different growth regulators or inhibitors of growth regulators; or they may 
produce substances that stimulate or retard the production of growth 
regulators or growth inhibitors by the plant. 

It is obvious that, whatever the mechanism of action involved, patho
gens often cause an imbalance in the hormonal system of the plant and 
bring about abnormal growth responses incompatible with the healthy 
development of a plant. That pathogens can cause disease through secre
tion of growth regulators in the infected plant or through their effects on 
the growth-regulatory systems of the infected plant is made evident by 
the variety of abnormal plant growth responses they cause, such as 
stunting, overgrowths, rosetting, excessive root branching, stem malfor
mation, leaf epinasty, defoliation, suppression of bud growth, etc. The 
most important groups of plant growth regulators, their function in the 
plant and their role in disease development, where known, are discussed 
below. 

AUXINS 

The auxin naturally occurring in plants is indole-3-acetic acid (IAA). 
Continually produced in growing plant tissues, IAA moves rapidly from 
the young green tissues to older tissues, but is constantly being destroyed 
by the enzyme indole-3-acetic acid oxidase, which explains the low con
centration of the auxin. 

The effects of IAA on the plant are numerous. Required for cell elonga
tion and differentiation, absorption of IAA to the cell membrane also 
affects the permeability of the membrane; IAA causes a general increase 
in respiration of plant tissues and promotes the synthesis of messenger 
RNA and, subsequently, of proteins—enzymes as well as structural pro
teins. 

Increased auxin (IAA) levels occur in many plants infected by fungi, 
bacteria, viruses, mycoplasmas, and nematodes although some pathogens 
seem to lower the auxin level of the host. Thus, the fungi causing late 
blight of potato [Phytophthora infestans), corn smut (Ustilago maydis), 
cedar apple rust [Gymnosporangium juniperi-virginianae), banana wilt 
(Fusanum oxysporum f. cubense), the root-knot nematode [Meloidogyne 
sp.), and others, not only induce increased levels of IAA in their respective 
hosts but are themselves capable of producing IAA. In some diseases, 
however, increased levels of IAA are wholly or partly due to the decreased 
degradation of IAA through inhibition of IAA oxidase, as has been shown 
to be the case in several diseases, including corn smut and stem rust of 
wheat. 

The production and role of auxin in plant disease have been studied 
more extensively in some bacterial diseases of plants. Pseudomonas 
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solanacearum, the cause of bacterial wilt of solanaceous plants, induces 
a 100-fold increase in the IAA level of diseased plants compared to that 
of healthy plants. How the increased levels of IAA contribute to the 
development of wilt of plants is not yet clear, but the increased plasticity 
of cell walls as a result of high IAA levels renders the pectin, cellulose, 
and protein components of the cell wall more accessible to, and may 
facilitate their degradation by, the respective enzymes secreted by the 
pathogen. Increase in IAA levels seems to inhibit lignification of tissues 
and may thus prolong the period of exposure of the nonlignified tissues to 
the cell wall degrading enzymes of the pathogen. Increased respiratory 
rates in the infected tissues may also be due to high IAA levels and, since 
auxin affects cell permeability, it may be responsible for the increased 
transpiration of the infected plants. 

In crown gall, a disease caused by the bacterium Agrobacterium 
tumefaciens on more than one hundred plant species, galls or tumors 
develop on the roots, stems, petioles, etc., of the host plants. Crown gall 
tumors develop when crown gall bacteria enter fresh wounds of a suscep
tible host. Immediately after wounding, cells around the wound are 
activated to divide. During the intense cell division of the second and 
third days after wounding, the cells are somehow conditioned and made 
receptive to a stimulus produced by the bacteria or by the host cells in 
response to the bacteria. This stimulus, known as the tumor-inducing 
principle (TIP) transforms normal plant cells into tumor cells. Tumor 
cells subsequently grow and divide independently of the bacteria and 
their organization, rate of growth, and rate of division can no longer be 
controlled by the host plant. 

Tumor cells contain higher than normal amounts of IAA and also of 
cytokinin. The crown gall bacteria, of course, produce IAA, but since 
even tumors free of bacteria contain increased levels of IAA, it is certain 
that the tumor cells themselves are capable of generating the abnormal 
levels of IAA they contain. However, although the increased levels of IAA 
of tumor cells are sufficient to cause the autonomous enlargement and 
division of these cells once they have been transformed to tumor cells, 
high IAA levels alone cannot cause the transformation of healthy cells 
into tumor cells. What other substances are involved in the tumor-
inducing principle is not known. 

Many plant viruses, viroids, and mycoplasmas cause stunting of plant 
growth, stimulation of axillary buds, and various morphological abnor
malities on organs of infected plants. Such manifestations are very simi
lar to the symptoms produced by imbalance in the growth substances of 
the plant. The mechanisms by which these pathogens bring about 
changes in the auxin levels of their hosts are presently unknown and in 
some of these diseases there is not even correlation between auxin con
tent and symptoms exhibited by the infected plants. 

GIBBERELLINS 

Gibberellins are normal constituents of green plants and are also pro
duced by several microorganisms. Gibberellins were first isolated from 
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the fungus Gibberella  fujikuroi,  the cause of the "foolish seedling dis
ease" of rice. The best known gibberellin is gibberellic acid. Compounds 
such as vitamin Ε and helminthosporol also have gibberellinlike activity. 

Gibberellins have striking growth-promoting effects. They speed elon
gation of dwarf varieties to normal sizes, promote flowering, stem and 
root elongation, and growth of fruit. These types of elongation resemble 
in some respects that caused by IAA, and gibberellin also induces IAA 
formation. Auxin and gibberellin may also act synergistically. Gibberel
lins seem to activate genes that had been previously "turned off." 

The foolish seedling disease of rice, in which rice seedlings, infected 
with the fungus Gibberella  fujikuroi,  grow  rapidly and become much 
taller than healthy plants, is apparently the result, to a considerable 
extent at least, of the gibberellin secreted by the pathogen. 

Although no difference has been reported so far in the gibberellin 
content of healthy and virus- or mycoplasma-infected plants, spraying of 
diseased plants with gibberellin overcomes some of the symptoms caused 
by these pathogens. Thus, stunting of corn plants infected with corn 
stunt mycoplasma and of tobacco plants infected with severe etch virus 
was reversed after treatment with gibberellin. Axillary bud suppression, 
caused by sour cherry yellows virus (SCYV) on cherry and by leaf curl 
virus on tobacco, was also overcome by gibberellin sprays. The same 
treatment also increased fruit production in SCYV-infected cherries. In 
most of these treatments the pathogen itself does not seem to be affected 
and the symptoms reappear on the plants after gibberellin applications 
are stopped. It is not known, however, whether the pathogen-caused 
stunting of plants is actually due to reduced gibberellin concentration in 
the diseased plant, especially since the growth of even healthy plants is 
equally increased after gibberellin treatments. 

CYTOKININS 

Cytokinins are potent growth factors necessary for cell growth and differ
entiation. In addition, they inhibit the breakdown of proteins and nucleic 
acids, thereby causing inhibition of senescence, and they have the capac
ity to direct the flow of amino acids and other nutrients through the 
plant, toward the point of high cytokinin concentration. Cytokinins 
occur in very small concentrations in green plants, their seeds, and in the 
sap stream. 

The first compound with cytokinin activity to be identified was kine-
tin which, however, was isolated from herring sperm DNA and does not 
occur naturally in plants. Several cytokinins, e.g., zeatin and isopentenyl 
adenosine (IPA), have since been isolated from plants. 

Cytokinins act by preventing genes from being "turned off" and by 
activating genes that had been previously "turned off." 

The role of cytokinins in plant disease is just beginning to be studied. 
Cytokinin activity increases in clubroot galls, in crown galls, rust galls, 
and in rust-infected bean and broad bean leaves. In the latter, cytokinin 
activity seems to be related to both the juvenile feature of the green 
islands around the infection centers and to the senescence outside the 
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green island. On the other hand, cytokinin activity is lower in the sap and 
in tissue extracts of cotton plants infected with Verticillium wilt and in 
plants suffering from drought. In the Helminthosporium blight disease of 
Victoria oats, cytokinins increase the quantity of toxin absorbed by the 
cells but tobacco leaves injected with the wildfire toxin and treated with 
kinetin fail to develop the typical toxin-induced chlorosis. A cytokinin is 
partly responsible for the "leafy" gall disease caused by the bacterium 
Coryrnebacterium fascians, and it has been suggested that cytokinins 
may be responsible for the witches'-broom diseases caused by fungi and 
mycoplasmas. 

Treating plants with kinetin before or shortly after inoculation with a 
virus seems to reduce the number of infections in local-lesion hosts and 
to reduce virus multiplication in systemically infected hosts. 

ETHYLENE 

Ethylene is naturally produced by plants and exerts a variety of effects on 
plants, including leaf abscission, epinasty, and fruit ripening. Ethylene is 
produced by several plant pathogenic bacteria of the genera 
Pseudomonas, Xanthomonas, and Erwinia. In the fruit of banana infected 
with Pseudomonas solanacearum, the ethylene content increases pro
portionately with the (premature) yellowing of the fruit, while no 
ethylene can be detected in healthy fruits. Ethylene has also been impli
cated in the leaf epinasty symptom of the vascular wilt syndromes, and in 
the premature defoliation observed in several types of plant diseases. 

POLYSACCHARIDES 

Fungi, bacteria, nematodes, and possibly other pathogens, constantly 
release varying amounts of mucilaginous substances which coat their 
bodies and provide the interface between the outer surface of the micro
organism and its environment. 

The role of slimy polysaccharides in plant disease appears to be limited 
primarily in the wilt diseases caused by pathogens that invade the vascu
lar system of the plant. In the vascular wilts, large polysaccharide mole
cules released by the pathogen in the xylem may be sufficient to cause a 
mechanical blockage of vascular bundles and thus initiate wilting. Al
though such an effect by the polysaccharides alone may occur rarely in 
nature, when it is considered together with the effect caused by the 
macromolecular substances released in the vessels through the break
down of host substances by pathogen enzymes, the possibility of polysac
charide involvement in blockage of vessels during vascular wilts becomes 
obvious. 
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