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pathogens 

Each plant species is affected by approximately one hundred different 
kinds of fungi, bacteria, mycoplasmas, viruses, nematodes, etc. Fre
quently, a single plant is attacked by hundreds, thousands, and, in the 
leafspot diseases of large trees, probably by hundreds of thousands of 
individuals of a single kind of pathogen. Yet, although such plants may 
suffer damage to a lesser or greater extent, many survive all these attacks 
and, not uncommonly, manage to grow well and to produce appreciable 
yields. 

In general, plants defend themselves against pathogens either by 
means of structural characteristics that act as physical barriers and in
hibit the pathogen from gaining entrance and spreading through the 
plant, or by means of biochemical reactions that take place in cells and 
tissues of the plant and produce substances that are toxic to the pathogen 
or create conditions that inhibit the growth of the pathogen in the plant. 

structural defense 

PREEXISTING 
DEFENSE STRUCTURES 

The first line of defense of plants against pathogens is their surface which 
the pathogen must penetrate if it is to cause infection. Some structural 
defenses are present in the plant even before the pathogen comes in 
contact with the plant. Such structures include the amount and quality of 
wax and cuticle that cover the epidermal cells, the structure of the 
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ticels, and the presence on the plant of tissues made of thick-walled cells 
that hinder the advance of the pathogen. 

Waxes on leaf and fruit surfaces form a water-repellent surface and 
thereby prevent the formation on the tissue of a film of water on which 
pathogens might be deposited and germinate (fungi) or multiply (bac
teria). A thick mat of hairs on a plant surface may also, conceivably, exert 
a similar water-repelling effect and may reduce infection. 

Cuticle thickness may increase resistance to infection in diseases in 
which the pathogen enters its host only through direct penetration. Cuti
cle thickness, however, is not always correlated with resistance and 
many plant varieties with cuticle of considerable thickness are easily 
invaded by directly penetrating pathogens. 

The thickness and toughness of the outer wall of epidermal cells are 
apparently important factors in the resistance of some plants to certain 
pathogens. Thick, tough walls of epidermal cells make direct penetration 
by fungal pathogens difficult or impossible. Plants with such walls are 
often resistant, although, if the pathogen is introduced beyond the 
epidermis of the same plants by means of a wound, the inner tissues of 
the plant are easily invaded by the pathogen. 

Many pathogenic fungi and bacteria enter plants only through 
stomata. Although the ν majority of them can force their way through 
closed stomata, some, like the stem rust of wheat, can enter only when 
stomata are open. Thus, some wheat varieties, in which the stomata open 
late in the day, are resistant because the germ tubes of spores germinating 
in the night dew desiccate owing to evaporation of the dew before the 
stomata begin to open. The kind of structure of stomata, e.g., a very 
narrow entrance and broad, elevated guard cells, may also confer resis
tance to some varieties against certain of their pathogens. 

The thickness and toughness of the cell walls of the tissues being 
invaded vary and may sometimes make the advance of the pathogen quite 
difficult. The presence, in particular, of bundles or extended areas of 
sclerenchyma cells, such as are found in the stems of many cereal crops, 
may stop the further spread of pathogens like the stem rust fungi. Also, 
the xylem, bundle sheath, and sclerenchyma cells of the leaf veins effec
tively block the spread of some fungal, bacterial, and nematode pathogens 
which thus cause the various "angular" leaf spots because of their spread 
only into areas between, but not across, veins. 

DEFENSE STRUCTURES 
FORMED IN RESPONSE 
TO INFECTION BY 
THE PATHOGEN 

Although some pathogens may be blocked from entering or from invading 
their host plants by the preformed superficial or internal defense struc
tures, most pathogens manage to penetrate their hosts and to produce 
various degrees of infection. Even after the pathogen has penetrated the 
preformed defense structures, however, plants exhibiting various degrees 
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FIGURE 14. 
Formation of cork layer between infected and healthy areas of leaf. CL = cork 
layer; Η = healthy leaf area; I = infected; Ρ = phellogen. (After Cunningham, 
1928.) 

CL 

of resistance usually respond by forming one or more types of structures 
that are more or less successful in defending the plant from further 
invasion by the pathogen. Some of the defense structures formed involve 
tissues ahead of the pathogen and are called histological defense struc
tures; others involve the walls of invaded cells and are called cellular 
defense structures; still others involve the cytoplasm of the cells under 
attack and the process is called cytoplasmic defense reaction. Finally, 
death of the invaded cell may protect the plant from further invasion and 
this is called necrotic or hypersensitive defense reaction. 

HISTOLOGICAL 
DEFENSE STRUCTURES 

FORMATION OF CORK LAYERS Infection of plants by fungi or bacteria 
and even by some viruses and nematodes frequently induces formation of 
several layers of cork cells beyond the point of infection (Figs. 14 and 15), 
apparently as a result of stimulation of the host cells by substances 
secreted by the pathogen. The cork layers not only inhibit the further 
invasion by the pathogen beyond the initial lesion but also block the 
spread of any toxic substances that the pathogen may secrete. Further
more, cork layers stop the flow of nutrients and water from the healthy to 
the infected area and deprive the pathogen of nourishment. The dead 
tissues, including the pathogen, are thus delimited by the cork layers and 
either remain in place forming a necrotic lesion (spot) or are pushed 
outward by the underlying healthy tissues and form scabs that may 
further be sloughed off and thus remove the pathogen from the host 
completely. 
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FIGURE 15. 
Formation of cork layer on potato tuber following infection with Rhizoctonia. 
[After G. E. Ramsey (1917). /. Agr. Res. 9 : 4 2 1 - 4 2 6 . ] 

FORMATION OF ABSCISSION LAYERS A b s c i s s i o n layers are f o r m e d on 
young, a c t i v e leaves of s t o n e fruit t rees following infec t ion by any of 
several fungi, bacteria , or viruses . A n absciss ion layer consis t s of a gap 
b e t w e e n t w o c i rcular layers of cells of a leaf surrounding the l o c u s of 
infect ion. U p o n infect ion, t h e middle l a m e l l a b e t w e e n these t w o layers of 
cells is dissolved t h r o u g h o u t t h e t h i c k n e s s of t h e leaf c o m p l e t e l y c u t t i n g 
off t h e c e n t r a l area f r o m t h e rest of t h e leaf (Fig. 16) . Gradual ly this area 
shrivels , dies, and sloughs off, carrying w i t h it t h e pathogen. T h u s , t h e 
plant, by discarding t h e infected area along w i t h a few yet uninfec ted 
cells , p r o t e c t s t h e rest of t h e leaf t issue f r o m b e c o m i n g invaded by the 
pathogen and f r o m b e c o m i n g affected by t h e t o x i c secre t ions of t h e 
pathogen. 

FORMATION OF TYLOSES T y l o s e s form in x y l e m vessels of m o s t plants 
under var ious condi t ions of s tress and during invasion by m o s t of t h e 
vascular pathogens . T y l o s e s are o v e r g r o w t h s of t h e protoplast of adjacent 
living p a r e n c h y m a t o u s cells w h i c h protrude into x y l e m vessels through 
pits (Fig. 17). T y l o s e s h a v e ce l lulos ic wal ls and m a y , by their size and 
n u m b e r s , clog the vessel c o m p l e t e l y . In s o m e variet ies , tyloses f o r m 
abundant ly and quickly ahead of t h e p a t h o g e n w h i l e the pathogen is still 
in the young roots , block the further a d v a n c e of the pathogen, and the 
plants of t h e s e variet ies r e m a i n free of, and, therefore , res is tant to this 
pathogen. Variet ies in w h i c h few, if any, tyloses form ahead of t h e patho
gen are susceptible to the disease. 

DEPOSITION OF GUMS Var ious types of g u m s are produced by m a n y 
plants around lesions following infec t ion by p a t h o g e n s or injury. G u m 
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Abscission layer 

Abscission layer 

FIGURE 16. 
Formation of abscission layer around a diseased spot of a Prunus leaf. (After 
Samuel, 1927.) 

FIGURE 17. 
Development of tyloses in xylem vessels. Longitudinal (A) and cross-section (B) 
views of healthy vessels (left), and of vessels with tyloses. Vessels on right are 
completely clogged with tyloses. PP = perforation plate ; V = xylem vessel; XP = 
xylem parenchyma cell; Τ = tylosis. 
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FIGURE 18. 
Gum barrier in apple twig infected with Physalospora cydoniae. Μ = mycelium 
in vessels; XV = xylem vessel; WF = wood fiber; WP = wood parenchyma. (After 
Hesler, 1916.) 

secretion is most common in stone fruit trees but occurs in most plants. 
The defensive role of gum stems from the fact that they are quickly 
deposited in the intercellular spaces and within the cells surrounding the 
locus of infection, thus forming an impenetrable barrier which com
pletely encloses the pathogen (Fig. 18). The pathogen then becomes iso
lated, starved, and sooner or later dies. 

CELLULAR DEFENSE STRUCTURES 

The cellular defense structures involve morphological changes in the cell 
wall, or derived from the cell wall, of the cell being invaded. The effec
tiveness of these structures as defense mechanisms seems to be rather 
limited, however. Two main types of such structures have been observed 
in fungal diseases: (a) swelling of the cell wall of epidermal and subepi
dermal cells during direct penetration which may inhibit host penetration 
and establishment of infection by the pathogen, and (b) sheathing of 
hyphae penetrating a cell wall by enveloping them in a sheath formed by 
the extension of the cell wall inward in a way that surrounds and precedes 
the invading hypha (Fig. 19). 

CYTOPLASMIC DEFENSE REACTION 

In a few cases of slowly growing, weakly pathogenic fungi that induce 
chronic diseases or nearly symbiotic conditions, the cytoplasm invests 
the clump of hyphae and the nucleus is stretched to the point where it 
breaks in two. In some cells, the cytoplasmic reaction is overcome and 
the protoplast disappears while fungal growth increases. In some of the 
invaded cells, however, the cytoplasm and nucleus enlarge. The cyto-
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FIGURE 19. 
Formation of sheath around hypha penetrating a cell wall. CW = cell wall; Η = 
hypha; A = appressorium; AH = advancing hypha still enclosed in sheath; HC = 
hypha in cytoplasm; S = sheath. 

plasm becomes granular and dense, and various particles or structures 
appear in it. Finally, the mycelium of the pathogen disintegrates and the 
advance of the invasion stops. 

NECROTIC DEFENSE 
REACTION: DEFENSE THROUGH 
HYPERSENSITIVITY 

In many host-pathogen combinations, the pathogen may penetrate the 
cell wall, but as soon as it establishes contact with the protoplast of the 
cell, the nucleus moves toward the intruding pathogen and soon disinte
grates, and brown, resinlike granules form in the cytoplasm, first around 
the pathogen and then throughout the cytoplasm. As the browning dis
coloration of the cytoplasm of the plant cell continues and death sets in, 
the invading hypha begins to degenerate (Fig. 2 0 ) . In most cases the hypha 
does not grow out of such cells and further invasion is stopped. 

The necrotic or hypersensitive type of defense is very common, par
ticularly in diseases caused by obligate fungal parasites and by viruses and 
nematodes. Apparently, the necrotic tissue isolates the obligate parasite 
from the living substance, on which it depends absolutely for its nutrition 
for growth and multiplication, and, therefore, results in its starvation and 
death. The faster the host cell dies following invasion the more resistant 
to infection the plant seems to be. 
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FIGURE 20. 
Stages in the development of necrotic defense reaction in cell of a very resistant 
potato variety infected by Phytophthora infestans. Ν = nucleus; PS = 
protoplasmic strands; Ζ = zoospore; Η = hypha; G = granular material; N C = 
necrotic cell. [After K. Tomiyama (1956). Ann. Phytopathol. Soc. Japan 
2 1 : 5 4 - 6 2 . ] 
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biochemical defense 

Although structural characteristics may provide a plant with various de
grees of defense against attacking pathogens, it is becoming increasingly 
clear that the resistance of a plant against pathogen attacks depends not 
so much on its structural barriers as on the substances produced in its cells 
preceding or following infection. This becomes apparent from the fact 
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that a particular pathogen will not infect certain plant varieties although 
no structural barriers of any kind seem to be present or to form in these 
varieties. Similarly, in resistant varieties, the rate of disease development 
soon slows down and, finally, in the absence of structural defenses, the 
disease is completely checked. Moreover, many pathogens which enter 
nonhost plants naturally, or which are introduced into nonhost plants 
artificially, fail to cause infection although no apparent visible host struc
tures inhibit them from doing so. These examples suggest that defense 
mechanisms of a chemical rather than a structural nature are responsible 
for the resistance to infection exhibited by plants against certain patho
gens. 

PREEXISTING 
BIOCHEMICAL DEFENSE 

INHIBITORS 
RELEASED BY THE PLANT 
IN ITS ENVIRONMENT 

Plants, generally, exude a variety of substances through the surface of 
their aboveground parts as well as through the surface of their roots. 
Some of the compounds released by certain kinds of plants, however, 
seem to have an inhibitory action against certain pathogens. Fungitoxic 
exudates on leaves of some plants seem to be present in sufficient con
centrations to inhibit germination of fungal spores present in dew or rain 
droplets on these leaves. Similarly, in the presence of water drops or soil 
moisture containing conidia of the onion smudge fungus on the surface of 
red onions, fungitoxic substances diffuse into the liquid, inhibit the 
germination of the conidia and cause them to burst, thus protecting the 
plant from infection. Both the fungitoxic exudates and the inhibition of 
infection are missing in the white-scaled, susceptible onion varieties. 

INHIBITORS PRESENT 
IN PLANT CELLS BEFORE 
INFECTION 

It is uncertain whether any plant is resistant to a disease because of an 
inhibitory compound present in the cell before infection. Chlorogenic 
acid, a phenolic compound toxic to many microorganisms, may be such 
an inhibitor in some diseases. Thus, in the case of the potato scab, caused 
by Streptomyces scabies, tubers of resistant varieties contain higher 
concentrations of chlorogenic acid than do tubers of susceptible varieties. 
The concentration of chlorogenic acid in resistant varieties is especially 
high in tissues through which the pathogen enters (lenticels) and in 
which it normally grows (outer layers of tuber). Also, roots of certain 
potato varieties resistant to Verticillium contain more chlorogenic acid 
than do roots of susceptible varieties. Moreover, even susceptible vari
eties are not attacked while young, when their roots contain high con
centrations of chlorogenic acid, but become susceptible later, when their 
content in chlorogenic acid declines. 
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DEFENSE THROUGH 
DEFICIENCY IN NUTRIENTS 
ESSENTIAL FOR THE 
PATHOGEN 

Species or varieties of plants that for some reason do not produce one of 
the substances essential for the survival of an obligate parasite or for 
development of infection by any parasite would be resistant to the patho
gen that requires it. Thus, for Rhizoctonia to infect a plant, the plant 
must have a substance necessary for formation of a hyphal cushion from 
which the fungus sends into the plant its penetration hyphae. In plants in 
which this substance is apparently lacking, cushions do not form, infec
tion does not occur, and the plants are resistant. The fungus does not 
normally form hyphal cushions in pure cultures, but forms them when 
extracts from a susceptible but not a resistant plant are added to the 
culture. Also, certain mutants of Venturia inaequalis, the cause of apple 
scab, which had lost the ability to synthesize a certain growth factor, also 
lost the ability to cause infection. When, however, the particular growth 
factor is sprayed on the apple leaves during inoculation with the mutant, 
the mutant not only survives, but it also causes infection. The advance of 
the infection though continues only as long as the growth factor is 
supplied to the mutant externally. 

DEFENSE THROUGH 
ABSENCE OF COMMON ANTIGENS 

Plants do not produce antibodies against invading pathogens such as 
fungi, bacteria, or viruses, but some kind of immunological response may 
also be operating in plants. When the antigens of a given number of races 
of a pathogen are compared with the antigens of the same number of plant 
varieties, each of which is infected by one or more of the pathogen races, 
it can be shown that a specific antigen in each of the pathogen races is 
commonly shared by only those plant varieties that are susceptible to a 
particular race. When a given variety does not have an antigen that is 
present in a particular pathogen race, the variety is resistant to that race, 
suggesting that susceptibility and resistance are due to the presence or 
absence of the specific pathogen antigens in the plant varieties. 

BIOCHEMICAL DEFENSE 
INDUCED BY THE ATTACKING 
PATHOGEN 

BIOCHEMICAL INHIBITORS 
PRODUCED IN PLANTS IN RESPONSE 
TO INJURY BY THE PATHOGEN 

Plant cells and tissues respond to injury, whether caused by a pathogen, 
or mechanical or chemical agent, through a series of biochemical reac
tions which seem to be aimed at isolating the irritant and at healing the 
wound. This reaction is often associated with the production of fun-
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gitoxic substances around the site of injury as well as formation of layers 
of protective tissue such as callus and cork. Some of the compounds thus 
produced are present in concentrations high enough to inhibit growth of 
most fungi and bacteria that cannot infect that host. These compounds 
include mostly phenolic compounds such as chlorogenic and caffeic 
acids, oxidation products of phenolic compounds, and also the phyto-
alexins, most of which are also phenolic compounds. 

ROLE OF PHENOLIC COMPOUNDS Some of the phenolics implicated 
in disease resistance occur widely in plants and are found in healthy as 
well as diseased plants, but their synthesis or accumulation seems to be 
accelerated following infection. Such compounds may be called "com
mon" phenolic compounds. Certain other phenolics, however, are not 
present in healthy plants but are produced upon stimulation of a plant by 
a pathogen or by a mechanical or chemical injury. Such compounds are 
known as phytoalexins. 

"Common"phenolics. It has often been observed that certain "com
mon" phenolic compounds that are toxic to pathogens are produced 
and accumulate at a faster rate after infection in a resistant variety than 
in a susceptible variety. Examples of such phenolic compounds are 
chlorogenic acid, caffeic acid, scopoletin, etc. Although some of the 
common phenolics may each reach concentrations that could be toxic to 
the pathogen, it should be noted that several of them appear concurrently 
in the same diseased tissue and it is possible that the combined toxic 
effect of all fungitoxic phenolics present, rather than that of each one 
separately, is responsible for the inhibition of infection in resistant 
varieties. 

Phytoalexins. Phytoalexins are fungitoxic substances produced in 
appreciable amounts in plants only after stimulation by microorganisms, 
or chemical and mechanical injury, and inhibit the growth of microorgan
isms pathogenic to plants. They include several compounds such as 
ipomeamarone, orchinol, pisatin, phaseolin, and rishitin. 

Phytoalexins in general are not produced by healthy plants but are 
produced by plants following infection, injury, or at least stimulation by 
certain fungal, but not bacterial, secretions. Fungi pathogenic to a par
ticular plant species seem to stimulate production of generally lower 
concentrations of phytoalexins than nonpathogens and, besides, patho
genic fungi seem to be less sensitive to the toxicity of the phytoalexin 
produced by their host plant than are nonpathogenic fungi. For exam
ple, in the case of pisatin production by pea pods inoculated with the 
pathogen Ascochyta pisi, different varieties of pea produce different con
centrations of pisatin which approximately parallel the resistance of the 
variety to the pathogen. When the same pea variety is inoculated with 
different strains of the fungus, the concentration of pisatin produced 
varies with the fungus strain used for inoculation and it is, approxi
mately, inversely proportional to the virulence of each particular strain 
on the pea variety. 

Fungitoxic phenolics released from nontoxic phenolic complexes. 
Several fungi are known to produce or to liberate from plant tissues an 
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enzyme that can hydrolyze complex phenolic molecules and release the 
phenolic compound from the complex. Some of these phenolics are quite 
toxic to the pathogen and appear to play a role in the defense of the plant 
against infection. 

Role of phenol-oxidizing enzymes in disease resistance. The ac
tivity of many phenol-oxidizing enzymes is generally higher in the in
fected tissue of resistant varieties than in the infected susceptible ones or 
the uninfected healthy plants. The importance of polyphenoloxidase ac
tivity in disease resistance probably stems from its property to oxidize 
phenolic compounds to quinones which are often more toxic to microor
ganisms than the original phenols. It is reasonable to assume that an 
increased activity of polyphenoloxidases will result in higher concen
trations of toxic products of oxidation and therefore in greater degrees of 
resistance to infection. 

DEFENSE THROUGH INDUCED SYNTHESIS OF PROTEINS AND ENZYMES 
Pathogen attacks on plants appear to induce alterations in protein 
synthesis in the plant that can lead to the development of a local 
resistant or immune layer around infection sites. The resistance or im
munity of plants to a pathogen may depend on the speed and extent of 
protein synthesis induced in the host by the pathogen or closely related 
nonpathogens. This type of defense seems to be related to that afforded by 
phytoalexins, the additional proteins or enzymes being those required for 
synthesis of phytoalexins, although it is possible that the two mecha
nisms operate separately. 

DEFENSE THROUGH FORMATION OF SUBSTRATES RESISTING THE EN
ZYMES OF THE PATHOGEN Plant resistance to some pathogens is appar
ently due to the presence or appearance of compounds which are not 
easily degraded by the enzymes of pathogens attempting to invade the 
plant. These compounds are usually complexes between pectins, pro
teins, and polyvalent cations such as calcium or magnesium. The 
availability or accumulation of either cation near the infection results in 
formation of pectic salts or other complexes that resist degradation by the 
pathogen enzymes. Thus they inhibit tissue maceration and confine the 
pathogen to lesions of limited size. 

DEFENSE THROUGH INACTIVATION OF PATHOGEN ENZYMES Several 
phenolic compounds or their oxidation products seem to induce resis
tance to disease through their inhibitory action on pathogenic enzymes 
rather than on the pathogen itself. In some diseases the more resistant the 
varieties the higher is their content in polyphenols and although these 
phenols do not inhibit the growth of the pathogen, they do inhibit the 
activity of its pectinolytic enzymes and apparently contribute to the 
resistance of the plant. 

DEFENSE THROUGH DETOXIFICATION OF PATHOGEN TOXINS In at least 
some of the diseases in which the pathogen produces a toxin, resistance 
to disease is apparently the same as resistance to toxin. However, no 
satisfactory explanation of the resistance to toxin is yet available. 

Detoxification of at least some toxins, e.g., fusaric acid, pyricularin, 
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etc., is known to occur in plants and to play a role in disease resistance. 
These toxins are rapidly metabolized by resistant varieties or are com
bined with other substances and form nontoxic compounds. The amount 
of the nontoxic compound formed is often proportional to the disease 
resistance of the variety. 

Resistant plants and nonhosts are not affected by the specific toxins 
produced by Helminthosporium, Periconia, and Alternaria, but it is not 
yet known whether the selective action of these toxins is dependent upon 
the presence of receptor sites in susceptible but not in resistant varieties 
or on the detoxification of the toxins in resistant plants. 

DEFENSE THROUGH ALTERED RESPIRATION Following infection, resis
tant varieties often show a greater initial increase in respiration than do 
susceptible varieties, but they also show a decline in respiration within a 
few days after the infection, whereas the susceptible varieties do not. The 
increased respiration in infected tissues indicates a general acceleration 
of the metabolism of the host which is apparently a necessary condition 
for the development of the defense reaction in the host. 

DEFENSE THROUGH ALTERED BIOSYNTHETIC PATHWAYS Injury or in
fection of plants triggers a physiological condition of stress, during which 
respiration is often increased and several enzymes are activated. Under 
some stress conditions, new enzyme proteins are produced and com
pounds peculiar to stress physiology are rapidly synthesized and accumu
late in concentrations that are toxic to many microorganisms. Infection 
or wounding also causes a shift from the glycolytic to the pentose path
way, which, in turn, provides a substance necessary for the production of 
most phenolic compounds that are toxic to pathogens. 

DEFENSE THROUGH THE HYPERSENSITIVE REACTION The hypersensi
tive reaction is one of the most important defense mechanisms in plants. 
It occurs only in incompatible combinations of host plants with fungi, 
bacteria, viruses, and nematodes. In such combinations, no difference is 
observable in the manner of penetration of epidermis in susceptible and 
in resistant plants. Following infection, however, loss of turgor, brown
ing, and death of infected cells occur rapidly in resistant varieties while 
infected cells of susceptible varieties can survive considerably longer. In 
resistant varieties, a number of physiological changes occur in the in
fected cells and in the cells surrounding them, while in susceptible 
varieties such changes either do not occur or they occur at a much slower 
rate. Such changes in hypersensitive reactions include loss of permeabil
ity of cell membranes, increased respiration, accumulation and oxidation 
of phenolic compounds, production of phytoalexins, and others. The end 
result of all these intermediate stages is always death and collapse of the 
infected and, perhaps, a few surrounding cells. Fungal and bacterial 
pathogens within the area of operation of the hypersensitive reaction are 
isolated by necrotic tissue and quickly die. In virus diseases, the hypersen
sitive reaction always results in formation of the so-called local lesions 
in which the virus may survive for considerable time but is, generally, 
found in low concentrations and its spread beyond the lesion is, as a rule, 
checked. 
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