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I. INTRODUCTION 

The term hypersensitivity is borrowed from human medical termi
nology. Literally, it means that an organism or group of organisms is 
sensitive to a pathogenic agent beyond the norm. As can be seen from 
the following amplifications, the definition describes only one aspect of 
the phenomenon here under discussion. Moreover, the hypersensitivity 
concept in plant pathology differs essentially from the same term in 
human medicine. Thus, no analogous conclusions can be drawn from 
examples in animal pathology. 

What does the phytopathologist understand by the term hypersensi
tivity and its synonyms (suprasensitivity, hypersusceptibility, hyperergy, 
Uberempfindlichkeit, and in connection with these concepts: incompati
bility reaction, protoplasmic resistance, active resistance, etc.)? It is 
suitable to start with the phenomenon itself, so that one does not become 
a slave to a preconceived terminology. 

The Cambridge botanist, Ward, was the first to recognize clearly the 
significance of the hypersensitivity reaction as a defense mechanism of 
the plant against potential parasites. In his treatise (1902a) "On the 
relations between host and parasite in the bromes and their brown rust" 
he shows that the pathogen penetrates with its hyphae into resistant as 
well as susceptible hosts. He observed no differences between the 
behavior of the resistant and susceptible hosts until direct, physiologic 
contact is established. In the congenial host, "the parasite slowly taxes 
its host and even stimulates the cells for some greater activity." In the 
uncongenial host, the pathogen induces changes that were described by 
Ward as follows: "The tissues turned brown and died, the destructive 
action of the infecting tubes having killed the cells too rapidly." At the 
same time, the pathogen ceases to grow. Thereby, the infection is 
limited to a local necrosis and the plant escapes the disease. The writer 
attributes the premature physiologic breakdown of cells to an increased 
sensitivity of the tissue of the hosts toward some metabolic products 
of the parasite. 

Ward recognized that both extremes "highest sensitivity" and "high
est tolerance" of the host cell are connected by intermediary steps and 
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furthermore, that the mode of reaction is influenced by environmental 
factors. He tried in vain to answer the problem, not as yet solved, why 
a pathogen such as Puccinia dispersa discontinues its growth prematurely 
in the hypersensitivity host. He endeavored to find "some body" in the 
cell sap of the host plant which inhibits or promotes the growth of the 
fungus. These efforts failed. "Of course," he emphasizes, "the experi
ments teach very little." Finally, he suggested that "internal, i.e., intra-
protoplasmic properties beyond the reach of the microscope and similar 
in their nature to those which bring about the essential differences 
between species and varieties themselves" must be the cause for the 
gradually changing behavior of the host plant. 

About 10 years later, research on the phenomenon described by 
Ward received further impetus from Stakman. His discovery that Eriks
son's "formae speciales" of the cereal rust fungus consist of many 
physiologic races, the host spectra of which are determined by the inter
action mechanism described by Ward, gave direction to further progress 
in hypersensitivity research. The term, hypersensitivity, was introduced 
by Stakman into phytopathological terminology. 

Since the hypersensitivity phenomenon was first studied on cereal 
rusts, the opinion prevailed until the 1920's that it is connected with 
plant diseases elicited by obligate biotrophic fungi. The causal interpre
tation of the mechanism of the process was also strongly influenced by 
this opinion. However, it was slowly recognized that facultative parasites, 
such as Phytophthora infestans or Venturia inaequalis can bring forth 
reactions in their hosts that have all the earmarks of the phenomenon 
described by Ward for the rust diseases. Virus research provided a 
further impetus, since it was found that viruses may multiply within a 
short time even in the uncongenial host, but they induce necrosis in the 
infected tissues, causing a localization of the infection. 

Finally, and most recently, the hypersensitivity or hypersusceptibil-
ity concept has been applied to interactions of some sucking insects 
and their hosts, that lead to a premature necrosis of the sucked part 
of tissue and that prevent the establishment of a normal parasitic 
relationship. 

In looking back on the history of hypersensitivity research three ways 
can easily be recognized by which attempts were made to gain insight 
into the nature of this phenomenon. There are numerous works at hand 
in which scientists tried to find by histological or tissue-physiological 
methods how the course of interaction differs in "hypersensitivity" from 
the "normosensitive" hosts (structural analysis). The second way con
sisted in examining how far the interaction is determined by the genetic 
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constitution of the host or pathogen and by environmental conditions 
(conditional analysis). And finally, attempts were made to find through 
physiological experiments and chemical analysis the factor that prevents 
the pathogen from developing in the tissue of the hypersensitive host 
after initial normal development (causal analysis). 

Such separation can of course be maintained in theory. Actually, 
the approaches constantly overlapped, especially when histological find
ings were used to interpret the phenomenon. 

In order to avoid misunderstandings, some definitions are expressed 
as follows: 

1. Hypersensitivity reaction (HR) encompasses all morphological and 
histological changes that, when produced by an infectious agent, elicit 
the premature dying off (necrosis) of the infected tissue as well as 
inactivation and localization of the infectious agent. 

2. A plant which does not react in a hypersensitive fashion and, 
therefore, is susceptible to the pathogen, is called "normosensitive." De
pending on the intensity of necrotic changes with which the cell of the 
host responds to the infection, distinct degrees of sensitivity are dis
tinguishable. 

3. Interactions that lead to a rapid death of the cell of the host and 
simultaneously to inactivation of the pathogen are called ' parabiotic" 
according to Gaumann (1948) . On the other hand, in case of a parasitic 
relationship, in which the cells of the host and the pathogen remain alive 
for a longer period of time (mutual tolerance) the interaction is called 
"eusymbiotic." 

4. The expressions "resistance" and "susceptibility" are used exclu
sively in a clinical sense. Thus, "resistance" only means that a certain 
plant—notwithstanding the presence of a particular disease producing 
agent and conditions favorable for infection—remains free or nearly 
free of the disease. The term "tolerance" is applied to hosts (e.g., latent 
virus carriers) that do not become ill despite clinical infections. 

5. The terms "virulence" and "avirulence" are used, respectively, 
with "susceptibility" and "resistance." They always refer only to the 
underlying host/pathogen combination ( H / P combination). 

It is impossible to define exactly the term "hypersensitivity" itself, 
for we know by experience only that in the resistant host the interaction 
occurs with greater force than in the susceptible one. The conclusion 
that the resistant host must be "more sensitive" than the susceptible one 
to some material influences of the causative agent is no more than a 
supposition still in need of experimental study. As long as we do not 
know anything about the nature of the factor (or factors) that produces 
HR, each definition can be only of descriptive value. 
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II. HYPERSENSITIVITY REACTION AS MORPHOLOGICAL PHENOMENON 

Hypersensitivity interactions produced by fungal pathogens will be 
discussed first, because we are best informed about them, and because 
the results achieved through them have decisively influenced the course 
of research. 

A. Hypersensitivity Reactions Induced by Fungi 

1. Obligate Biotrophic Fungi * 

Apart from Archimycetes, that develop entirely within the cell of 
the host, intercellular or extramatricular hyphal growth is characteristic 
for obligate biotrophic fungi. The cytoplasm of the cell of the host comes 
almost exclusively into direct contact with the hausteria of the pathogen. 
Since it is the eusymbiotic combination where the pathogen and host 
apparently live together "peacefully," a mutual tolerance between the 
border areas of both partners should be postulated. 

Puccinia type: According to Stakman and Levine (1922) , at least 6 
interaction types can be differentiated in rust diseases of cereals for 
which thorough information is available: 

i = no macroscopically recognizable symptoms 
0 = chlorotic or necrotic specks surrounded by a chlorotic rim area, 

no fructification of the causative agent 
1, 2, and 3 = chlorotic and more or less necrotic specks with grad

ually diverse fructification of the causative agent 
4 = no necrotic changes in the area of infected tissue, chlorosis only 

weakly indicated, optimal fructification of the causative agent. 

A further interaction type, "x," was added to these six. It is characterized 
by the fact that three or more reaction types are realized on the same 
leaf (mesothetic type). 

Extensive literature is available about changes that occur during 
interaction (e.g., Ward, 1902a; Marryat, 1907; Stakman, 1914; R . F . Allen, 
1923, 1927; Noll, 1951). The following results are considered essential 
in this connection: The pathogen can penetrate into the plant, inde
pendently from interaction type. In infection type "i," interaction ends 

* The following definitions apply to this chapter: Biotrophic fungi are defined 
as those able to grow exclusively in living tissue (e.g., rust fungi). Fungi thriving 
in living tissue without killing it but able to grow on dead substrata are referred 
to as facultative biotrophs (e.g., smut fungi). The term necrotrophic is reserved 
for pathogens that spread in host tissues, killing it if the infection is not halted by 
the hypersensitive reaction (e.g., Colletotrichum lindemuthianum). 
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in a necrosis with only microscopically recognizable cell complexes. 
Scarcely developed mycelia are hidden in these; the development of a 
gum-like substance in the necrotically changed tissue is characteristic 
for this interaction type and for type "0." Mycelia advancing into the 
mesophyll, and penetrating with their haustoria into cells, are found in 
reaction type "0" that has been very extensively studied by Allen. After 
a relatively short period of incubation, "degenerative" changes occur in 
the invaded cell. The cytoplasm is condensed around the nearest haus-
torium. The physiological breakdown is indicated by progressive dis
integration of plastids and cell nucleus, brown discoloration of cell 
contents, and swelling of cell membranes. Sharply defined, scorched-
looking flecks are the end result. At the same time changes occur in the 
hyphae that indicate "exhaustion" of the pathogen: the hyphae show 
an increased affinity for nuclear stains, cell nuclei disintegrate into a 
homogeneous mass, density of the cytoplasm simultaneously increases 
in the haustoria-mother cells. 

In eusymbiotically interacting H/P combinations (reaction type 4) 
the interaction fares differently. Degenerative changes in pathogen as 
well as host occur relatively late, about the time when the pathogen 
achieves fructification. Interaction types 1 and 3 occupy an intermediate 
position. In individual cells, necrosis—as far as its strength is concerned 
—is characteristically subject to a much greater variability in a narrower 
space than in type 0 or 4. 

In principle, a similar course of HR can be observed in other rust 
diseases, such as flax rust (Hart, 1926), corn rust (Wellensiek, 1927), 
or bean rust (Wei, 1937). The same is true for downy mildews, e.g., 
Plasmopora viticola (Husfeld, 1931) and Peronospora manshurica (Leh
man, 1958). 

Erysiphe type: As far as the available literature shows, mode of inter
action and frequency of infection vary here too, one independent of the 
other (Salmon, 1905). As Salmon already recognized the fate of the 
pathogen is determined only after the infection peg has penetrated into 
the cell of the epidermis. According to Neger (1923) , who studied the 
host spectrum of Erysiphe cichoracearum and E. polygoni isolates, a 
premature collapse of the invaded epidermal cells occurs. The various 
H/P combinations seem to react differently. According to White and 
Baker (1954) and Hirata (1956) it is not the invaded cells but the 
adjoining mesophyll cells that react with necrosis in cereal mildew. 
Furthermore, White and Baker established a positive correlation between 
speed of reaction and degree of resistance. The sooner the collapse of 
mesophyll cells occurs, the weaker the development of extramatricular 
mycelium. 
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Synchytrium type: The behavior of potato toward Synchytrium endo-
bioticum (Kohler, 1928, 1931) may serve as an example. Again, there is 
no difference between normo- and hypersensitive types in frequency of 
infection. It is found only in the degree with which the cell of the host 
"tolerates" the pathogen. Only meristematic tissue is prone to infection. 
It is characteristic that the tissue adjoining the infected cells in the 
eusymbiotic H/P combinations, responds to infection with development 
of tumors. In case of highest sensitivity the infected cells die after a few 
hours; so does the pathogen. In the intermediary reaction types, the cell 
of the host and the pathogen remain alive for some time. But, before 
there is tumor development in the tissue surrounding the infected cell, 
necrotic changes set in and lead to a cutting off and expulsion of the 
infection focus. In a borderline case, a great deal of cell multiplication 
continues in the neighboring tissue, but here too, abortion of the infec
tion focus occurs, before the sori of the parasite have ripened. The 
normosensitive or susceptible host type is the opposite of these more or 
less hypersensitive host types. Here the cell of the host as well as the 
tissue surrounding the infection focus remains alive. The tissue develops 
into extensive tumors and the pathogen can multiply. 

2. Facultative-Biotrophic Fungi 

Phytophthora type: This type shows, histologically speaking, numer
ous similarities with the Puccinia type. The pertinent examinations have 
been almost entirely carried out with potato (interspecific hybrids) and 
Phytophthora infestans (Miiller, 1931, 1953; Miiller and Borger, 1940; 
Miiller et al, 1955; Meyer, 1940; Priston and Gallegly, 1954; Tomiyama, 
1955, 1956a, b; Takakuwa and Tomiyama, 1957). Phytophthora infestans 
develops haustoria, as numerous obligate biotrophic parasites do that 
remain alive a relatively long time in eusymbiotic H/P combinations. 
Again there is no connection between the reaction type and infection 
frequency, either. The leaves react to the infection with rapid necrosis. 
The collapse of the cell of the host precedes the dying off of the 
pathogen, but its span of life in the necrotic tissue varies in different 
H/P combinations (Miiller, 1953). 

In the tubers, the interaction is considerably slower than in the 
leaves. If the infected cells show signs of an initial physiological break
down after a 24-hour incubation period (appearance of melanins, regres
sion of turgor, etc .) , the pathogen can penetrate only as deeply as a few 
cell layers into the parenchyma. Under such conditions, no fructification 
of the fungus takes place. Since both extremes, "highly susceptible" and 
"highly resistant" are connected by intermediary steps, no alternative 
separation into "susceptible" and "resistant" is possible in tubers 
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(Miiller, 1935; Miiller et al, 1955). In the highly susceptible tubers, the 
tissue attacked by the pathogen remains alive for weeks and the haus
toria of the pathogen exhibit especially strong growth, and the sheaths 
that surround them reach maximum strength. 

Ustilago tritici type: In eusymbiotic combinations, systemic infection 
of the host plant is characteristic for this type. In the first type infection 
becomes evident only when the host flowers. Such a course of develop
ment presumes extensive mutual tolerance between both interaction part
ners. The other extreme is realized when, as in smut of oats caused by 
Ustilago kolleri, development of the pathogen stops in the first stages 
of infection. The invaded cells of the host collapse, and the pathogen 
stops growing simultaneously (Western, 1936). As Oort (1947) and later 
Kiraly and Lelley (1956) have established, the intermediate degrees 
of sensitivity are characterized by strong reduction of tillering and 
longitudinal growth. The intermediary types show greatly changing 
behavior in clinical results. In some plants the pathogen may grow into 
the flower region, in others it fails to reach the inflorescence, and the 
plant remains "free of disease," clinically speaking. 

3. Necrotrophic Fungi 

The high degree of mutual tolerance between host and pathogen in 
the presence of susceptibility is characteristic of the above described 
interaction types. In the necrotrophic pathogens, on the other hand, 
there is not a eusymbiotic relationship. If the HR mechanism fails, the 
pathogen produces a more or less rapidly developing decay of the 
attacked tissue. 

The combination Pyrus malus and Venturia inaequalis should still be 
considered as a transition type. According to Nussbaum and Keitt (1938) 
and Shay and Williams (1956) the highest degree of susceptibility is 
characterized by a normal appearance of epidermal cells 9 to 10 days 
after infection by the subcuticular route. The pathogen spreads freely 
below the cuticle of the host and fructifies before the cells have finally 
collapsed. On the other hand, the impending physiological breakdown 
can be foreseen soon after infection in the cells of resistant forms of 
apples. Infection foci of neighboring cells also show symptoms of an 
initial necrosis. In the case of highest sensitivity, infection remains 
limited to a small group of cells, and no more fructification of the fungus 
takes place. Nussbaum and Keitt describe a third mode of reaction in 
which the development of a weak mycelium occurs. However, the cells 
that have come into direct contact with hyphae show no necrotic 
changes. 

In the following H/P combinations, no eusymbiotic relationship, 
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even a temporary one, seems to occur: Phaseolus vulgaris and Colleto
trichum lindemuthianum (Leach, 1923; Pierson and Walker, 1954), 
Cucumis sativus and Corynespora cucumerinum (Klimke, 1941), Linum 
usitatissimum and Colletotrichum linicolum (Schwinghamer, 1954), 
Hordeum sativum and Septoria passerini (Green and Dickson, 1957), 
Hordeum sativum and Helminthosporium gramineum (Skoropad and 
Arny, 1956), Zea mays and Helminthosporium maydis (Jennings and 
Ullstrup, 1957). All these combinations have the factor in common that 
the pathogen can penetrate into a susceptible as well as a resistant host, 
and that in case there is resistance, a necrosis progressing rapidly in the 
infected host cells halts the establishment of a pathogenic relationship 
prematurely. On the other hand, in the susceptible host, while spreading 
from the site of infection the pathogen destroys the tissue of the host, 
often in advance with the dissolution of middle lamellae. Generally, 
the extremes are connected by intermediary reaction steps. The histo
logical pictures often give the impression that the reaction depends 
primarily on the speed of the "disintegrating"—i.e., pathogenic—action 
of the fungus and the speed of the counteraction by HR of the host 
whether the spreading of the pathogen can be arrested in time. 

More often than during attack by biotrophic pathogens, the host 
develops more or less marked "demarcation tissues" that shut off the 
infection from the healthy tissues. An instructive example is the shot-
hole syndrome, described in detail by Naef-Roth (1948) , that is pro
duced in Prunus species by infection with Clasterosporium carpo-
philum, and other leaf inhabiting pathogens. Basically, this appears to 
be a hypersensitivity reaction of intermediary degree, in which the 
spreading of the pathogen is halted relatively late. Then, approximately 
20 cell rows away from the necrotic tissue complexes, the cells begin 
to divide and bring about the development of a concentric periderm 
for the separation of the necrotic tissue. 

The hypersensitivity reactions produced by leaf pathogens were the 
first ones to attract the attention of phytopathologists. The hypersensitiv
ity reactions occurring in other organs have only recently become the 
object of intensive studies. Thus, Flentje (1957) proved for Pellicularia 
filamentosa (—Rhizoctonia solani) and Hooker (1956) for Pythium 
types, that the reaction of the invaded cells of resistant hosts is analogous 
to changes, which have all the earmarks of an HR, histologically speaking. 

The examples cited up to now are hypersensitivity reactions that are 
produced by infection of the host with "adequate" pathogens. The 
question is, what happens when the spore of a pathogenic fungus lands 
on the surface of a plant that does not belong to the natural host spec
trum of the pathogen? This question was raised as early as 1905 by 
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Salmon. He found that Erysiphe graminis also penetrates into "wrong 
host plants," but stops growing there after a short initial development. 
Similar results were obtained by Corner (1935) for other mildew fungi 
(Podosphaera leucotricha or P. pannosa). Hori (1935) and Miiller 
(1950) studied the behavior of the causal organism of late blight of 
potato and tomato, Phytophthora infestans, toward plants that are not 
known as natural hosts of this pathogen (among them Composites, 
Papilionaceae, and Liliaceae). If the pathogen succeeds in penetrating 
the tissue of the host, the cells respond with rapid necrosis, and the 
pathogen simultaneously stops growing. Sproston (1957) obtained sim
ilar results with Monilinia (Sclerotinia) fructicola, Alternaria tenuis and 
Botrytis allii after transfer onto Impatiens balsaminea. 

B. Hypersensitivity Reactions Induced by Viruses 

If they do not exceed a certain size, parts of tissue that become 
necrotic after virus infections are generally called "local lesions." Since 
in many cases no virus can be isolated at some distance from the local 
lesion, this phenomenon also must be based on a mechanism that local
izes the pathogen. The necrotic tissue, however, contains considerable 
quantities of active virus for some time. According to many authors 
(e.g., White, 1954; Harrison, 1956), virus synthesis stops when physio
logical breakdown begins. According to Rappaport and Wildman (1957) , 
the spreading rate of local lesions is constant in certain H/P strain 
combinations of Nicotinia glutinosa and tobacco mosaic virus, so that 
there is no absolute inhibition of the virus in this instance. Furthermore, 
a close positive correlation was found between the size of local lesions 
and quantity of virus that can be separated from the necrotic tissue. 
This result should point to the lack of an inactivation mechanism. But 
by using a slowly growing strain, regression of the relative virus quantity 
was obtained, which indicates that considerable quantities of virus are 
destroyed or inactivated in the necrotic tissue. Such an inactivation 
mechanism was postulated by Zech (1952) . This author found that the 
center of older local lesions contains no more active virus, while large 
quantities of active virus could still be found in the border areas. Thus, 
in certain H/P combinations, HR could elicit not only localization but 
partial inactivation of the virus. 

As far as the histological changes occurring during interaction are 
concerned (see Esau, 1938), the following observations should suffice: 
The first changes recognizable with the naked eye occur in the infected 
tissue relatively early (Holmes, 1929)—in Nicotiana glutinosa and 
tobacco mosaic virus after 30 hours. According to Bald (see Rappaport 
and Wildman, 1957) the cell nucleus is affected first, then the chloro-
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plasts disintegrate and protoplasmic streaming ceases. Finally, the cell 
collapses. In cases studied by Ball, a new layer of cells is attacked by 
this degenerative process, every 4 to 5 hours. The span of time, between 
infection and dying off of an individual cell, is 6 to 20 hours. 

The symptomatic picture of HR occasionally varies greatly, depend
ing on H/P combinations, age of host plant, and external circumstances 
(see page 490) . Considerable differences can occur even in the same 
organ. In Nicotiana tabacum and potato X virus (strain Bf ) Kohler 
(1951) described three local lesion types occurring in the same leaf, 
that differ in the varied arrangement of the necrotic and still living 
chlorophyll-carrying tissue rings. These differences might be based on 
periodic fluctuations of cellular sensitivity, according to Kohler. 

As in fungal infections, HR can be chiefly observed when the host 
spectrum of an individual virus is examined. Schmelzer (1957) studied 
the reaction of 589 species of plants toward the tobacco rattle virus. 
Of these, 158 species, almost 25% reacted with local lesions. Of these, 
many species were not closely related to the Nicotiana genus. No dis
semination of the virus into the surrounding tissue was observed in all 
these cases. 

C. Hypersensitivity Reactions Induced by Bacteria 

But little information is available to indicate that HR is also involved 
in bacterial diseases. Such a possibility should not be discarded, how
ever. First, the etiological and the symptomatological momentum has 
taken precedence in the research of bacterial diseases up to now. Second, 
in bacterial diseases, if compared to mycoses, the interaction between 
host and pathogen is much more difficult to observe in vivo. However, 
the examples that follow should indicate that in bacterial diseases too, 
defense mechanisms occur that can be compared to HR induced by 
fungal organisms. When inoculated onto inadequate host plants, phy-
topathogenic bacteria may multiply for the first time, but stop growth 
after a certain period of incubation. Since no morphological barriers 
are observed, resistance probably results from physiological incompati
bility of host and pathogen (Thiers and Lester, 1949). The fact that 
many plants respond to bacterial infection with local lesions, indicates 
a mechanism which has much in common with HR to fungal infection. 
This idea is supported by the quantitatively different behavior of cotton 
species toward Xanthomonas malvacearum. The leaf lesions are much 
smaller in the resistant types than in the susceptible ones (Thiers and 
Lester, 1949). Furthermore, Pseudomonas tabaci, elicits leaf blight in 
tobacco, and the closely related—perhaps even identical—Ps. angulata 
elicits only "angular leaf spot." Finally, the results by Fuchs et al. (1957) 
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should be mentioned, according to which Pseudomonas mors-prunorum 
(? = Ps. syringae) produces "die-back" in the branches of Prunus 
species, and only local necrosis in the leaves. The necrotic tissues are 
eliminated in the same way as in the shot hole disease of apricots and 
other stone fruits, caused by Clasterosporium carpophilum (see page 
477) . 

D. Reactions Resembling Hypersensitivity 

Painter (1951) discusses the reason why a plant is unable to serve 
as a host to a certain insect. Among other things, he mentions hyper
sensitivity or hypersusceptibility. After giving a number of examples 
favorable to this concept, he concludes that hypersusceptibility and the 
resultant apparent resistance is not offered as an explanation for any 
insect-plant relationship but may be involved, especially in regard to 
insects with sucking mouth parts. 

Studies by Borner (see Burner and Schilder, 1932, 1934) and his 
colleagues (e.g., Schilder, 1947) on the reaction of resistant Vitis spp. 
and their hybrids with cultured grape varieties susceptible to Phyl
loxera vastatrix can offer the best insight into the problem. The leaf 
tissue of highly resistant hosts reacts to the attack by the insect with 
locally limited necrosis; simultaneously, the formation of tumor-like 
tissue typical of the susceptible host does not develop around the site 
of the bite. Since the development of a tumor appears to be the pre
requisite for normal development of the insect, the plant remains free 
of damage. Five different overlapping reaction steps are differentiated. 
There is a positive correlation between the reaction of leaves and of 
roots, but the latter react to the attack by the insect less violently than 
the leaves. The sites of the bite are shut off by an inner wound periderm 
from the remaining tissue. The necrotic tissue parts are later "cast off" 
during the heavy growth. 

A reaction mechanism similar to the one just described is suspected 
to be the cause of resistance to nematodes (literature quoted by Chit-
wood and Oteifa, 1952). The dying off of animals in the resistant hosts 
is ascribed to a premature disintegration of the tissue around the site of 
penetration, that cuts the animals off from their food supply. 

III . HYPERSENSITIVITY AS A GENETIC PROBLEM 

Biffen (1907) was the first to show that the hereditary resistance of 
rusts in cereals follows the Mendelian laws. A second, even greater 
impetus came from Stakman's work (1914, 1915). It was soon found 
that H R toward individual rust races is controlled by individual genes. 
Finally, it was possible to clarify the genetics of the parasite's pathogenic 
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ability in a whole series of H / P combinations. From the wealth of avail
able literature, the following important points should be stressed within 
the framework of this essay, by which Triticum vulgare and Puccinia 
graminis, and Linum usitatissimum and Melampsora lint can serve as 
models. 

The hypersensitive behavior toward an individual physiological race 
of the causative agent is usually characterized by a monogenous heredity 
in which "hypersensitivity" is mostly predominant over "normosensitiv-
ity." As a rule, an individual gene controls hypersensitivity toward several 
races of the causative agent, but various genes can determine hyper
sensitivity toward the same race. Analogous conditions are found in the 
pathogen. When this one interacts, as in rust fungi, during the dikaryon 
phase, "virulence" is chiefly recessive to "avirulence." Here too, a whole 
series of genes is involved. In the flax rust, at least 25 genes each for 
the pathogen as well as for the host, are controlling HR. The actions 
conditioned by individual genes—i.e., reaction potentials—interfere in 
pairs with each other; thus, the HR can only function when R x (resist
ance of the host) meets Av, (avirulence of the pathogen) in the cell 
of the host, or R2 with Av2, etc. Flor (1955) , who has made the most 
detailed studies of this problem, interprets the situation as "conditioned 
by specific pairs of genes, one in the host and the other in the pathogen" 
(gene-for-gene relationship). 

If one assumes that dominance corresponds to the building up of a 
substance and recessiveness to the opposite, then HR is triggered off by 
the interaction of two specific substances that are adjusted one to the 
other, one of which originates from the cell of the host, the other of the 
pathogen. Catcheside (1949) therefore compared the interaction of these 
two hypothetical substances with the antigen-antibody reaction, as we 
know it in animal pathology. 

Many findings obtained from H/P combinations analyzed in less 
detail fit easily into this general concept of the genetic basis for HR. 
Hypersensitivity usually proves to be the dominant trait even in com
binations where the pathogen is not an obligate biotrophic organism. 
It is mostly controlled by a limited number of genes. This is also true 
for the heredity course of resistance to viruses that is characterized by 
local lesion reaction. However, dominance of hypersensitivity is not 
always manifested. According to Holmes (1934) and Weber (1951) and 
others, in interspecific Nicotiana hybrids, for instance, the ability to 
respond with local lesions to infection by various strains of tobacco 
mosaic virus is controlled by hereditary factors with an incomplete 
dominance. Honecker (1934) reports that resistance to mildew is in
herited as a recessive trait under low temperatures (15°-25° C.) and 
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as a dominant one at temperatures above 25° C. Such a change of 
dominance was observed mainly in breeding material that was obtained 
from crossing susceptible with moderately resistant types of barley. 
Perhaps the simple gene dose is not sufficient to respond to the attack 
by the pathogen with a HR when the plants are kept under 15°-25° C. 
temperature. Miiller's (1930) hypothesis was based on a similar con
ception according to which resistance of potatoes to Phytophthora races 
A and C is based on the cumulative effect of 4 alleles of the Ri gene and 
that a certain gene dose is necessary to set an effective HR into motion. 

In a whole series of cases, however, the polygenous inheritance of 
hypersensitivity toward individual races of the pathogen has been 
obtained; e.g., for interspecific Vitis hybrids and Phylloxera vastatrix 
(Borner and Schilder, 1934). 

The methods of mutation research have been used to clarify the 
genetic base of HR, in addition to the genetic analysis of hybrids that 
were obtained by intra- and interspecific crossings. Freisleben and Lein 
(1942) obtained mutants of barley, resistant to Erysiphe graminis, by 
X-ray treatment. Bandlow (1951) found that resistance thus obtained 
is based on hypersensitivity. Analogous results were obtained by Frey 
and Browning (1955) who produced mutants resistant to stem rust 
(reaction type 0 to 2 ) . Here again, hypersensitivity proved to be dom
inant and conditioned by a single gene. On the other hand, Keitt and 
Boone (1954) succeeded in changing the pathogenic potential of 
Venturia inaequalis populations by treatment with chemical compounds 
that produce mutations. 

IV. HYPERSENSITIVITY AS A PHYSIOLOGICAL PROBLEM 

Physiological research has contributed doubly to the clarification of 
the mechanism on which HR is based: first, in clarifying the physiological 
changes that occur in the parabiotically reacting tissues, and second, by 
finding out how far external factors influence the interaction between 
host and pathogen. 

A. Comparative Physiology of Hyper- and Νormosensitive Tissues 

Most studies of this problem are concerned with H/P combinations 
in which an obligate biotrophic organism (including viruses) acts as a 
pathogen. Indeed, those studies have simply contributed the essentials 
needed for understanding "obligate parasitism." But, the one-sidedness 
in the choice of test objects also elicited a one-sidedness in the causal-
analytical interpretation of HR. Namely, the physiological changes 
occurring in the hypersensitive tissues of the host and their extensive 
and early corresponding inhibition of the pathogen is mainly interpreted 
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as a simple nutritional relationship. Actually, the relationships are not 
as simple as that. In any case, an interpretation based on this has to fail 
when HR is produced by an organism which can be grown on quite a 
variety of artificial nutrient media. 

Brown (1955) characterizes the situation as follows: "To say that 
Puccinia graminis cannot progress through dead tissue is a truism if 
one accepts the current definition of an obligate parasite, but it is by 
no means excluded that the agent which inhibits the growth of P. 
graminis on an unsuitable host is comparable to that which acts similarly 
on Phytophthora infestans in the cells of a resistant potato variety. At 
all events the various responses of potato tissue to attack by the blight 
fungus are much more open to analysis than are the responses of wheat 
to the rust fungus and so, as it is good practice in ascending a staircase 
to begin on the bottom step and from there to work upwards, the same 
procedure could well be applied to the study of parasitism." 

1. Time Relationships 

One of the essential characteristics of HR is the relative rapidity with 
which the cell of the host undergoes necrotic changes in response to 
infection with the avirulent pathogen. The span of time between infec
tion and final breakdown of the cells of the host varies, depending on 
the underlying H/P combination and external circumstances; in broad 
terms, however, as far as more detailed studies show, it is always 
shorter in parabiotically interacting H / P pairs than in the eusymbiotic 
ones. In potato (Ackersegen type) and Synchytrium endobioticum, for 
instance, collapse of the cell is observed after a few hours (Kohler, 1931); 
the interaction is finished after 16 to 18 hours in the combination 
Phaseolus vulgaris and Phytophthora infestans, to be discussed in more 
detail in Section IV. In rust infections, on the other hand, days pass 
before there is a complete breakdown of cells of the host in parabiotically 
interreacting H/P pairs. However, it takes place much more rapidly 
than in eusymbiotic H/P combinations. 

The most detailed quantitative studies of rate of interaction and 
behavior of resistance are available for potato and Phytophthora infes
tans. According to Meyer (1940) and Miiller and Borger (1940) , at 
least five phases can be distinguished in the morphological and physio
logical changes that can be observed in the parenchymal cells of tubers.* 
The parabiotic combinations go through these five phases much faster 
than the eusymbiotic ones, the extreme being 36 hours (19° C ) . In 
eusymbiotic combinations, on the other hand, the infected cells remain 
alive up to 3 weeks and the whole tuber is destroyed. Between these 

* See also Gaumann (1948) . 
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extremes are types of medium interaction rate and resistance. There is 
a clear relationship between both characters: the earlier the first signs 
of necrosis are observed, the earlier the pathogen stops growth. In 
extreme cases the area of tissue that has been penetrated by the 
pathogen is limited to a few cells (Miiller, 1953). 

Ferris (1955) did similar studies on the HR in leaves. The differences 
between the resistant and susceptible plants, as far as the rate of reaction 
is concerned, were not so striking. But she found that "a necrotic 
response was evident in the resistant plants at most a few hours before 
such a response developed in susceptible plants." The first differences 
in the mode of reaction between sensitive and normosensitive tissues 
become evident almost immediately after the pathogen has penetrated 
into the tissue of the host. Thus, increased plasma current and Brownian 
molecular movement start in the hypersensitive cells 10 to 60 minutes 
after infection, in the normosensitive cells only after 120 to 180 minutes 
(Tomiyama, 1956b). Analogous, but not as great, differences were 
observed in the speed of necrotic breakdown (Priston and Gallegly, 
1954; Tomiyama, 1955, 1956a). 

The concept of reaction rate as a deciding factor of HR only makes 
sense when we assume that during interaction the living conditions for 
the pathogen "become worse." Unfortunately, we are informed only 
incompletely about the chemical-physiological side of necrosis. But the 
substantial changes occurring during HR have to differ from those that 
occur for instance during necrosis induced by wilting toxins. Otherwise 
one could not understand why common saprophytes, such as Alternaria 
tenuis in Impatiens balsamina, discontinue their growth shortly after 
having penetrated into the tissue of the host. 

2. Changes in Chemical Constituents 

An integrating symptom of HR is the rapid loss of turgor in the 
infected cells. The water released by them is mostly absorbed by neigh
boring living cells. Consequently, the latter swell and fill the space left 
by the dead ones. Evidently, substances are also transferred which pro
duce characteristic reactions in the neighboring tissue, such as wound 
periderm buildup, swelling and migration of cell nuclei toward the cell 
wall bordering upon the necrotic cell, or vacuolization of cytoplasm. 
Before the final physiological breakdown of the cell of the host, the 
hydrogen ion concentration increases in the cell (e.g., Miiller, 1958a). 
It is characteristic of some parabiotic H/P combinations that the 
amylolytic enzyme system is put out of commission; e.g., in potato 
tubers and Phytophthora infestans (Meyer, 1940). In the eusymbiotic 
combinations, on the other hand, a considerable decomposition of starch 
occurs in the infected tissue (Lepik, 1930). 
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Tomiyama et al. (1956b) studied the water, carbohydrate, and pro
tein content of eusymbiotic and parabiotic H / P combinations in potato 
tubers infected by Phytophthora. They found in the latter ones— 
contrary to the eusymbiotic combinations—during the early stages of 
infection an increase in the water-soluble protein portion, in starch, and 
in content of phenolic compounds. The situation changed later on. The 
writer concluded that the infection results in the synthetic reaction in 
the tissue of resistant varieties. This is a nonspecific reaction of the host 
tissue to the damage done by the pathogen. 

According to Noll (1950) , a great accumulation of silicic acid 
(magnesium silicate?) occurs at the site of infection in parabiotic 
combinations (reaction type 0) between wheat and Puccinia glumarum. 

The reaction of infected cells to stains is different in parabiotically 
and eusymbiotically reacting tissues. Irreversible affinity of cell wall 
and cytoplasm for basic vital stains (e.g., rhodamine Β or neutral red, 
2 p.p.m.) occurs much earlier in parabiotically than in eusymbiotically 
reacting tissue complexes. The individual cell shows increased affinity 
for the stain first where it is in direct contact with intercellular hyphae 
or haustoria of the pathogen. Thus, the cell does not react as a whole 
to the infection (Meyer, 1940). 

Unfortunately, there is not much information about the chemical 
nature of brown pigments, the most marked symptom of HR next to cell 
collapse. Undoubtedly the pigments contain phenol groups (Dufrenoy, 
1936). According to Meyer (1940) they are deposited as phlobaphenes 
mainly in the intermicellar spaces of the cell walls. Since the cell mem
branes react positively in advancing necrosis to phloroglucin-hydrochloric 
acid, some authors think there is also lignification. 

Buildup of tannin-like substance often precedes the appearance of 
brown pigments. Since these have antibiotic qualities, some authors 
consider them "antibodies." Dufrenoy (1936) tried to clarify the im
munological significance of this group of substances. Humphrey and 
Dufrenoy (1944) postulated that in Avena sativa and Puccinia coronata 
there is a causal relationship between coacervation of phenolic com
pounds at the site of infection and the "decomposition" of the respiratory 
system. When this is so great "as to prove rapidly lethal, the rust fungus 
no longer behaves as a parasite, but as a pathogen inducing necrotic 
spots characteristic of 'hypersusceptibility'." 

3. Metabolic-Physiological Changes 

a. Respiration: As is generally known, an increase in the intensity of 
respiration occurs in the parasitized tissues, that is attributed by Allen 
and Goddard (1938) mostly to higher respiratory activity of the tissue 
of the host. Recently, attention has been drawn to the respiratory 
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metabolism of parabiotically interacting H / P combinations as well. 
Attempts have been made to gain insight in two ways: First, by com
parative studies in eusymbiotic and parabiotic H/P combinations of 
respiratory intensity or of the activity of respiratory enzymes separated 
from host tissue and, second, by studying whether through manipulation 
of external circumstances or treatment of tissue with respiratory inhibi
tors the reaction potential can be changed according to a proposed 
working hypothesis. 

According to Millerd and Scott (1956) , in parabiotic combinations 
of Hordeum sativum and Erysiphe graminis respiration is clearly in
creased at the beginning of interaction, but the respiratory intensity 
falls sharply again, and the growth of the pathogen stops simultaneously. 
In eusymbiotic combinations, on the other hand, the respiratory intensity 
was clearly higher than in the control plants, even 168 hours after 
infection. Hosts with intermediary resistance behavior showed an inter
mediary character in the respiration behavior. Samborski and Shaw 
(1956) and Shaw and Samborski (1957) found a similar relationship 
in wheats and Puccinia graminis. Japanese workers (e.g., Tomiyama 
et al., 1956b) have stressed that respiratory increase is an essential factor 
in HR. 

Millerd and Scott (1955) reported that from extracts of leaves 
attacked by mildew they had isolated a heat stable dialyzable factor, 
which effects an increase in respiratory activity of healthy wheat leaves. 
Later, a phenolic compound was isolated from the raw extracts, which 
produces increased sensitivity toward the mildew fungus in susceptible 
plants. 

Sempio (1950a, b) tackled his studies on the influence of light and 
other external factors on the resistance of wheat to Erysiphe graminis 
from a "metabolic resistance" point of view. This metabolic resistance 
is determined by the intensity of the photosynthetic, glycolytic, and 
respiratory activity of the host. According to him, the anabolic processes 
dominate over the catabolic processes in plants that are in a condition 
of defense, while the opposite is true for plants that are in a condition of 
susceptibility. Unfortunately, Sempio does not report, how far the inter
action type can be changed by the manipulation of the environmental 
conditions. Therefore, it is difficult to determine how applicable to HR 
is his broad generalization that an unbalanced increase in the respiratory 
rate is always linked with a marked decrease in the metabolic defense. 

The following studies have also made clear that there is a strong 
connection between the HR mechanism and respiratory metabolism. 
If potato tubers that normally interact parabiotically with certain races 
of Phytophthora infestans are treated with respiratory inhibitors such 
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as pyrocatechol or tyrosine, the reaction will shift to the eusymbiotic 
type. The same effect appears after pretreatment of tubers with poly-
phenoloxidase inhibiting compounds (e.g., phenol urethane or potassium 
cyanide) or with acids from the Krebs cycle (Fuchs and Kotte, 1954; 
Christiansen-Weniger, 1955). Kiraly and Farkas (1957) found that in all 
five types of wheat, of which two interacted eusymbiotically and three 
parabiotically with the Puccinia graminis race they used, the 0 2 uptake 
was clearly higher than in the controls, after 7 to 10 days incubation. 
However, quantitative differences between the different reaction types 
were found. In eusymbiotic combinations, 0 2 uptake was 6 to 12 times 
higher than in the parabiotic ones. On the other hand, the glycolic acid 
oxidase activity decreased in all interaction types, more in the parabiotic 
than in the eusymbiotic combinations. The decrease of gly colic acid 
oxidase is explained by the authors with the assumption that the pros
thetic group of the enzyme (lactoflavinephosphate) is in great part with
drawn from the cell of the host by the vitamin hungry pathogen. The 
greater decrease of the enzyme activity in parabiotic combinations can 
be explained by the fact that an additional inactivation of the enzyme 
occurs in the dying tissues. 

Another interesting attempt to gain a glimpse into the dynamics of 
energy metabolism of eusymbiotic and parabiotic H/P complexes (rust 
and mildew in cereals) was undertaken by Shaw and Hawkins (1958) 
who pursued the decarboxylation of artificially produced indoleacetic 
acid (labeled with C* 4 ) . A sharply increasing elimination of C 1 4 0 2 , soon 
followed by a sharp decline, was found in both combinations. 

It is impossible at this time to form a coherent—even hypothetical— 
opinion of the respiratory-physiological basis for HR. One thing is 
certain. There are basic quantitative differences underlying the eusym
biotic and parabiotic interactions. This is indicated by two facts: in the 
first stages of interaction both types show a marked increase in the 
respiration rate as compared to controls; also, as far as the external course 
of HR is concerned, the behavior of intermediary interaction types can 
be shifted by manipulating external conditions toward both sides (see 
page 491) . As would be expected, there is a sharp drop in respiration 
rate after a certain incubation period in parabiotic H/P combinations— 
contrary to the eusymbiotic ones—(established by Millerd and Scott, 
1956, and other authors), because the growth of the pathogen as well 
as metabolic activity of the host tissue stop after a short incubation 
period. The only thing we can say today is that in parabiotically reacting 
cells the intensification and the diversion of the respiratory metabolism 
induced by the pathogen surpass the proportion of eusymbiotically re
acting cells, consequently, the premature physiological breakdown of the 
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host cell and the inhibition of the pathogen are connected with an 
especially high show of energy by the reacting cell of the host (see 
Farkas and Kiraly, 1958). 

b. Photosynthesis. No special discussion is needed for the fact that 
assimilation activity ceases in the parabiotically reacting tissues. In this 
connection, studies by Gassner and Goeze (1936) show that almost no 
decrease of assimilation activity occurred in reaction type "i" of wheat 
infected with yellow rust, but a reduction of more than 50% in reaction 
types "0 to 2" and "4." 

c. Permeability Refotionships. For the maintenance of a eusymbiotic 
relationship there must be a physiological balance for a time between 
the interfaces of host and pathogen, where they are in direct contact, so 
that a metabolic exchange can take place between both partners. 
According to present knowledge, this exchange appears to occur chiefly 
by osmosis. According to Meyer (1940) , semipermeability is maintained 
6 to 14 days (19° C.) in the parenchyma of potato tubers infected with 
an eusymbiotic strain of Phytophthora infestans, while it is lost after 
34 to 48 hours in parabiotic interaction. Thatcher (1942) used the rate 
of deplasmolysis as a measuring stick for permeability of plasma mem
branes and found in rust-infected wheat that permeability increases in 
eusymbiotic combinations; in parabiotic combinations, on the other hand, 
it decreases in the cells adjoining the necrotic tissue. Thatcher postulated 
that any factor altering the permeability of plasma membranes of a 
particular host tends to modify its susceptibility, provided that other 
changes in the host-pathogen relationship arising from the same cause 
are insufficient to offset this susceptibility change. This conclusion could 
go too far, since Thatcher's results only indicate that in parabiotic com
binations a change in permeability occurs in advance of the hyphal tips, 
and physiological changes in advance are usual for HR. For instance, 
chlorotic fadings are characteristic in the tissue immediately around the 
area attacked by the pathogen; chlorosis is obviously due to substances 
that diffuse from the necrotic tissue into the adjoining cells. 

Greenham and Miiller (1956) used the ability of tissue to conduct 
electricity in potato tubers infected by Phytophthora infestans for quan
titative determination of the damage suffered by the cells of the host in 
eusymbiotic and parabiotic H/P complexes. Osterhout's classic theory 
is that at low frequency, living tissues have low conductance, because 
the cell membrane is impermeable to ions but the permeability may be 
increased by the action of poisons. According to expectation, the con
ductance ability increased clearly 26 hours after infection in the para
biotic combinations, but it did not change after still another 24 hours in 
eusymbiotic combinations. After prolonged waiting, it increased in para-
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biotic combinations 25 cell diameters away from the infection focus. 
This "in advance effect" was missing in eusymbiotic combinations. In the 
latter case, the increase in conductance ability was found only at a dis
tance of 51 cells behind the foremost hyphal tips. 

d. Studies with Isotope Labeled Compounds. Results obtained with 
the use of isotope technique are summarized as follows (see Shaw 
et al., 1954 and Shaw and Samborski, 1956; Yarwood and Jacobsen, 
1955). In eusymbiotic combinations, e.g., Phaseolus vulgaris and Uro-
myces appendiculatus, Helianthus annuus, and Puccinia helianthi, and 
others, a strong accumulation of labeled compounds occurs ( C 1 4 0 2 , 
H 3 P 3 2 0 4 , H 2 S 3 5 and a series of organic compounds with labeled car
bon). On the other hand, accumulation is weak or absent when labeled 
compounds are fed to parabiotic combinations. Since the accumula
tion is strongly reduced, by cutting off oxygen or by pretreatment 
of tissues with DPN, this phenomenon must be connected with the 
energy metabolism of the tissue of the host. Accumulation of isotope 
labeled compounds is never observed in tissues that had been attacked 
by necrotrophic pathogens such as Venturia pyrina, Septoria aesculi, 
and others. Shaw et al. (1954) formulated this thought about obli
gate parasitism. A prerequisite for normal development of biotrophic 
parasites is sufficient supply of substrate to the infected tissue, from the 
outside. This process depends on the physiological condition, especially 
on the respiration of the infected tissue. If the tissue of the host is killed 
prematurely by the pathogen, however, it is plausible to assume that 
the accumulation of isotope labeled compounds stops too. 

e. Quality, Position, and Age as Interfering Factors. The capacity to 
respond to infection with HR can be quite different in different tissues 
of one and the same individual. In barley plants, resistant to Helmin
thosporium gramineum, coleorrhyza tissue reacts with "necrotic pockets," 
while the roots "tolerate" the pathogen and are destroyed by it (Skoro-
pad and Amy, 1956). The organotropically bound sensitivity is especially 
evident in potato and Phytophthora infestans (Muller, 1953; Miiller et al, 
1955). In certain carriers of gene Ri, the reaction of the leaves is to limit 
necrosis greatly. The parenchyma of the tubers, on the other hand, "tol
erates" the invasion of the pathogen and the tubers are completely 
destroyed by it. The marrow parenchyma of the stem behaves in inter
mediary fashion. The petals—whether the plant carries gene Ri or not— 
are always attacked in a normal way. Thus, there is a sensitivity gradient 
that is characterized by the following successive decrease in sensitivity: 
leaves, marrow parenchyma, tuber parenchyma and petals. The steepness 
of this gradient is controlled genetically and one wonders whether "minor 
genes" or only differentiating "effective doses" of gene R x are involved. 
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The ontogenetic variability of sensitivity is seen even in individual 
organs. The etoliated tuber sprouts of many Phytophthora resistant 
potato types are less sensitive at the tip than at the base (Miiller et al, 
1955). This seems generally true for meristematic tissue. On the other 
hand, "loci of different sensitivity" can be differentiated in the paren
chyma of grown potato tubers. In parts of tissue with higher reaction 
rate, the pathogen stops growth relatively early (Miiller, 1953). 

The shift of reaction potential that appears during individual develop
ment of the plant and its organs, might be closely related to those organo-
or histotropically bound sensitivity differences. In half-grown wheat 
plants, for instance, the leaves react differently to infection with Puccinia 
triticina (Newton and Johnson, 1943), depending on their position on 
the stalk. Sensitivity decreases toward the base. 

The shifting of reaction position with progressive development of the 
plant in rust diseases of cereals is of special interest. Although the 
reported findings do not offer a completely uniform picture, it seems 
that sensitivity usually increases during individual development of the 
plant (e.g., Stakman and Piemeisel, 1917; Straib, 1940; Newton and 
Johnson, 1943; Simons, 1954). It has also been established that in virus 
diseases sensitivity increases with progressive development of the plant 
(e.g., Holmes, 1932: Salanum melongena and tobacco mosaic virus). 
However, the opposite tendency is also observed, for instance in 
Phaseolus vulgaris and Uromyces phaseoli (Wei, 1937). 

B. The Influence of External Factors on the Course of the 
Hypersensitivity Reaction 

The effect of external factors on HR may be a direct or an indirect 
one. In the case of the latter, predisposition is changed. This problem is 
discussed in detail by Yarwood in Chapter 14 of this volume. Literature, 
accumulated since Ward's (1902b) time—chiefly in the field of cereal 
rust research—is so abundant that the following references have to 
suffice: 

1. Effect of Temperature 

The speed with which HR expires as in every living process is 
largely determined by temperature. Also the degree of sensitivity and 
the clinical result of interaction usually depend on temperature. Thus, 
sensitivity increases in wheats and Puccinia glumarum as the temperature 
increases; however, in wheats and Puccinia graminis, sensitivity de
creases (Gassner and Straib, 1930b; Straib, 1940; Johnson, 1931). John
son studied the behavior of a whole series of physiological races of 
P. graminis on standard wheat types and found that the proportion of 
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temperature influence is co-determined by the individual H/P complex. 
Intermediary interaction types usually show the greatest lability. Among 
others, Straib (1940) , showed for yellow rust and Hayden (1956) for 
black rust, that the age of the plant has a bearing here too. 

Similar relationships have been obtained in other diseases elicited 
by fungal pathogens. Thus, the mildew-resistant wheat type "Hope," 
does not give the defense necrosis reaction at temperatures of 24° and 
28° C ; that is, it is susceptible at these temperatures (Futrell and 
Dickson, 1954). The reaction of Phytophthora susceptible potato tubers 
is shifted toward the parabiotic side by lowering the temperature below 
the 10° C. limit (Miiller and Griesinger, 1942). 

In virus diseases the temperature also exerts a decisive influence on 
the interaction between host and parasite, in many cases. The interaction 
between Nicotiana glutinosa and tobacco mosaic virus should be men
tioned, as an exemplary case. In temperatures below 28° C. the plants 
react with "local lesions"; under higher temperatures (35° C.) with 
systemic chlorosis (Samuel, 1931). According to Holmes (1932) , local 
lesions are much smaller at 16 to 18° C. than at 20 to 25° C. At 10° C. 
lesions do not develop. 

The predisposition of the plant is also influenced by temperature. 
According to Gradinaroff (1943) , under prolonged sublethal pretreat-
ment at temperatures above 35° C., the potato tuber loses its ability to 
localize infections with the otherwise avirulent Fusarium species. Straib 
and Noll (1944) found that in wheat varieties more or less resistant to 
Puccinia triticina sensitivity is reduced by pretreatment at 50° C. for 
60 seconds. Thus, in the highly resistant Malakoff varieties, the reaction 
type changed from "i" to "2 to 3." However, the leaves regained their 
high sensitivity if the plants were returned to normal temperatures for 
4 days. Similar results were obtained in pods of Phaseolus vulgaris which 
had been treated with 44° C. for 2 hours and inoculated with Sclerotinia 
fructicola or Botrytis cinerea (Miiller, 1956; Jerome and Miiller, 1958). 

In virus diseases, too, a gradual decrease of the sensitivity after 
treatment with supramaximal temperatures, occurs now and then. Thus, 
if leaves of Nicotiana glutinosa are exposed for 40 seconds, to 50° C., and 
then infected with tobacco mosaic, the diameter of lesions, becomes 
about 80% greater than in controls, according to Yarwood (1958) ; on 
the other hand, the time for lesions to develop decreases. 

2. Effect of Light and Atmospheric C02 Content 

In cereal rusts, as a rule, optimal light supply promotes develop
ment of the pathogen (Johnson, 1931; Hassebrauk, 1940; also see liter
ature cited by Gassner and Straib, 1930a). At any rate, available litera-
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ture does not always make it clear whether inhibition of the pathogen 
under inadequate lighting is due to increase of sensitivity, or to a "hunger 
crisis" of the fungus due to insufficient nutrition (Sempio, 1939, 1950b). 
Bever (1934) varied the day length in barley and Puccinia glumarum 
under average temperature of 9° C. With 15-hourly or continuous ex
posure to light a highly susceptible variety, "Pasier," showed reaction 
type "0," estimated only after lack of sporulation of the pathogen. In 
using lettuce plants the stems of which reacted with necrotic lesions to 
individual Pellicularia strains, Flentje (1957) found that the hypersen
sitive reaction of the host was lessened by exposure to reduced light 
intensity. On the other hand, Hassebrauk (1940) succeeded in shifting 
the reaction type toward increased sensitivity in wheats and Puccinia 
triticina by keeping the plants for two days in darkness during the 
incubation period. The proportion of induced changes and the time of 
treatment at which the response was greatest, was different in the 
different H/P combinations. 

Our information on the influence of C 0 2 content of the air is limited 
to the rust diseases. Gassner and Straib (1930a, see also their listed 
bibliography) are responsible for most detailed studies of this problem. 
Insufficient COL> supply primarily lowers the frequency of infection in 
yellow rust of wheat, but does not shift the degree of sensitivity. In 
concentrations above 1.5% C 0 2 in the air, changes do occur in the 
infected host tissues that resemble the rust type 0. "Necrotic discolora
tion" increases considerably as the C 0 2 content increases further; bor
derline concentrations, where the eruption of pustules in brown rust 
of wheat is prevented, are not equally high in different interaction types, 
but are lower in intermediary interacting H/P combinations than in the 
susceptible ones. 

3. Influence of Mineral Salt and Water Supply 

Because there was hope of obtaining with nutritional-physiological 
experimentation an insight into the mechanism that prevents normal 
development of the pathogen in the hypersensitive tissues, special atten
tion was given to the relationships between nutrition of the plant and its 
immunological behavior (see bibliography in Gassner and Hassebrauk, 
1931, 1933; Gassner and Franke, 1934). Since this point will be treated 
in more detail elsewhere, the following remarks should suffice: As a 
rule, only hosts with intermediary sensitivity respond to differences in 
mineral salt supply. Generally speaking—again in cereal rusts—it was 
found that lack of nitrogen increases sensitivity, surplus of nitrogen 
decreases it. Potassium exerts an antagonistic influence. The significance 
of phosphorus could not be unequivocally clarified. Obviously it depends 
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on the simultaneous supply of nitrogen and potassium. Development of 
obligate biotrophic parasites is better if the host's growth is greater 
(e.g., Pantanelli, 1921). Unfortunately, many studies do not differentiate 
sharply enough between the reaction type and the frequency of infec
tion per unit area of the surfaces exposed to the parasite. The many 
discrepancies in the literature can be explained from that and from the 
use of extreme eusymbiotic or parabiotic H/P combinations. This is 
especially true in cases where the effect of mineral salt nutrition was 
studied on the reaction to diseases elicited by facultative biotrophic or 
necrotrophic pathogens (e.g., potato and Phytophthora infestans). 

Chessin and Scott (1955) found that quantitative differences in the 
size of local lesions in Nicotiana glutinosa infected by tobacco mosaic 
virus depend on mineral salt supply. Lack of iron or sulfur causes an 
increase in size of local lesions. This does not happen in calcium or 
magnesium deficient plants. 

In a bacterial disease (Zea mays and Phytomonas stewarti) seedlings 
insufficiently supplied with nitrogen reportedly showed "small necrotic 
lesions but little or no wilting of the invaded leaves" (Spencer and 
McNew, 1938). This relationship confirms the opinion that in bacterial 
diseases, too, interactions appear to set in that can be compared to the 
hypersensitivity reactions so often observed in mycoses. 

As far as water supply of the plant is concerned, available informa
tion suggests that a low water content increases the sensitivity of tissues. 
If the plants that have become hypersensitive through wilting are 
brought back into normal conditions, they resume a normal behavior 
(Doak, 1930). 

4. Effect of Narcotics 

Stakman (1914) was the first to work on the influence of gaseous 
narcotics on degree of sensitivity. He found that treatment of plants 
with chloroform made an immune plant somewhat susceptible to rust. 
Gassner and Hassebrauk (1938) confirmed Stakman's results in a whole 
series of cereal rusts. In certain combinations they succeeded in changing 
the reaction type from 0 to 4. In potato and Phytophthora infestans, 
treatment of hypersensitive tubers with sublethal concentrations of 
alcohol provoked a decrease of reaction rate; simultaneously the path
ogen was able to penetrate deeper into the tuber parenchyma and fruc
tify (Behr, 1949; Miiller and Behr, 1949). Tomiyama et al. (1956a, 1957) 
who confirmed these findings assume that the effect of narcosis to de
crease sensitivity is connected with the respiration (dehydrogenase) 
system of the host. 

According to Volk (1931) and Minkevicius (1932) the virulence of 
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necrotrophic fungal pathogens, e.g., Alternaria brassicae on Brassica 
oleracea, clearly increases by pretreatment of the host with chloroform. 

5. Effect of Chemotherapeutants 

Gassner and Hassebrauk (1936) were the first to increase sensitivity 
and with it resistance of cereals toward rust with the help of a systemic 
"fungicide," by temporarily transferring young plants into nutrient solu
tions containing sulfides. The reaction type was thus lowered from 3 or 4 
to "0" and " 1 . " The same effect was obtained by Hassebrauk (1951) 
with sulfonamides and sulfones, which he mixed into the soil. He explains 
the effect of these compounds as a separation of the structurally similar 
and for some fungi essential p-aminobenzoic acid from its protein car
rier, just as in human medicine. Hotson (1953) , reported still other 
organic compounds that are effective against stem rust. In accordance 
with Hassebrauk's assumption, Hotson reversed the rust inhibiting effect 
of sulfadiazine by using p-aminobenzoic acid. 

According to Sempio (1942) , cadmium—used as C d ( N 0 3 ) 2 — a c t s 
as a systemic fungicide against wheat mildew. Meyer (1951) explains 
the effect of cadmium as an increase in sensitivity of epidermal cells 
of the host toward the pathogen. 

Also, antibiotics applied systemically to the plant can increase sensi
tivity, at least as far as external symptoms are concerned. The effect 
of streptomycin in potato and tomato against Phytophthora infestans 
(Miiller et al, 1954) is explained by Voros et al (1957) as a strepto
mycin induced increase of polyphenolase activity. But "the antibiotic 
was shown to be totally inactive when tried directly as a 'substrate' in 
the assay of polyphenolase activity"; thus, the streptomycin effect must 
be an indirect one. Chemotherapy is discussed further in Chapter 15 
of this volume. 

6. Effect of Irradiation 

Norell (1954) showed, that UV-irradiation lowers the resistance of 
potato tubers to Fusarium species, whereby the marrow parenchyma 
responds better to treatment than the peripheral tissues. X-ray treatment 
of young wheat and oat plants decreases the sensitivity of intermediary 
interacting H/P complexes to Puccinia graminis; it is unsuccessful in 
extremely susceptible or resistant hosts. In postinfection treatment, on 
the other hand, resistance of flax against Melampsora lint increases; but 
only seemingly, because as Schwinghamer (1957) showed, the increase 
in resistance is based on direct damage to the pathogen by irradiation. 

In retrospect, it can be said that the mechanism of HR, that is 
primarily determined by hereditary factors in the host as well as in 
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the pathogen is subject, within certain limits, to changes in external 
conditions and to those of ontogenetic nature. The influence that tem
perature exerts on the course of H R is especially informative. It not 
only determines the rate of interaction but also the "biological balance" 
between the interacting partners. Furthermore, we have seen that the 
living cell can "repair" inactivation of the H R mechanism caused by 
supramaximal temperatures. This shows that the ability of the host to 
respond to the attack of a pathogen with H R is inseparably bound with 
a certain physiological condition of the cell of the host. If we use the 
term "Fliessgleichgewicht"* borrowed from biochemistry, and cor
respondingly presume that the anabolic and catabolic processes are in 
equilibrium in the uninfected cell, H R can be interpreted as the result 
of a deviation of this equilibrium induced by the pathogen. This devia
tion would then be the cause for the premature death of both inter
acting partners. At any rate, this does not mean much as long as we 
don't know more about the mode of action of metabolites of the pathogen 
that induce H R , and about the nature of the factor that prevents further 
growth of the pathogen in the hypersensitive tissues. 

V . HYPERSENSITIVITY REACTION AS AN IMMUNOLOGICAL PROBLEM 

The main problem here is as follows: What is the nature of the factor 
that brings about early death in the development of the pathogen in 
the parabiotic H / P complex? This question was raised earlier by Ward 
(1902a). Although he was unable to prove the existence of such a 
factor, he summarized his concept, mainly based on histological findings, 
as follows: The antagonism between host and pathogen "must be due to 
something far more subtile than a mere soluble poison oozing from the 
cells." 

Since Ward's day, this question has been discussed in many works 
and opinions about the antipathogenic principles differ widely. Accord
ing to many authors, nutritional physiological factors which determine 
the suitability of host tissue as nutritional substrate for the pathogen, 
govern whether a typical pathogenic relationship occurs or not. Other 
authors say that inhibition of the pathogen is due to preformed inhibitors. 
Since the finely adjusted relationship between pathogen and host, 
e.g., rust diseases, can be explained by neither supposition, not so much 
the absolute content of specific nutritional products or specific inhibitors, 
but the relationship between these two has been suggested as being 
involved in the establishment of a pathogenic relationship (see for 
example Garber, 1956; Lewis, 1957). Other authors have concluded, 

* Identical with "stationary state." 
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mainly on the basis of histological findings, that postinfection chemical 
changes of the host tissue hinder the normal development of the 
pathogen. Finally, to reconcile the two seemingly contradictory hy
potheses it has been assumed that some substances diffuse from the 
pathogen that is dying because of lack of nutrition, into the cell of the 
host and its surrounding; these substances elicit the physiological break
down of the host cell and thus cut the parasite off from its sources of 
nutrition. 

A. Lack of Nutritional or Growth Factors as Antipathogenic Principle? 

This assumption stems from the thought that corresponding to the 
specialization of the pathogen on its host, there is a notable specificity 
in the nutritional requirements of the pathogen as well as in the chemical 
make-up of the host. Hereby, all H / P combinations involving necro
trophic pathogens are a priori excluded from consideration. 

The simplest way of investigating this thesis is to compare the pressed 
out juices of closely related hyper- and normosensitive hosts with respect 
to their adequacy as nutritional substrates for the given pathogen. All 
attempts of this kind have failed until now. Yet, many authors still adhere 
to the "nutritional hypothesis." The most important arguments for this 
are: (1) Lack of success in all attempts to find an inhibitor in the hyper
sensitive host that is absent in the normosensitive one—irrespective of 
whether it is preformed or is formed after infection; and (2) the obligate 
biotrophic character of the pathogen in question. 

The structures of the specific proteins of the host, and their pre
cursors, as well as of the carbohydrates have been invoked to explain 
the varied behavior of the host plant toward a certain pathogen or one 
of its races. Leach (1919) and Wellensiek (1927) were determined fol
lowers of this hypothesis. Fischer and Gaumann (1929) used it to 
explain the extreme specialization of physiologic races of a rust fungus 
for specific host types. The specific structure of proteins was most often 
used as an example. 

Gassner and Franke (1934) also felt this way; they found that in 
cereal rusts, the infection type increases with the protein content, under 
differentiated potassium and abundant nitrogen supplv. Since, however, 
no correlation could be proven between varietal resistance and protein 
values, they postulated that qualitative differences within the existing 
protein compounds are coordinated with the hypersensitivity connected 
with the individual H/P complex. Finally, Johnson's (1953) physio
logical interpretation of the action of the genes that control HR in cereal 
and flax rusts is also based on a purely nutritional concept. According 
to him, genes that control HR are "enzyme producers" and an individual 
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rust race could function as a pathogen only when it finds the enzymatic 
system needed for successful parasitism in the host. This purely hypo
thetical concept, however, does not agree with the interpretation accord
ing to which the production of a certain enzyme is bound directly to the 
dominant allele of the gene. 

Attempts have also been made to find correlations between carbo
hydrate content (mainly of sugars) and varietal differences in hyper
sensitivity. These attempts can be traced to Comes (1913) who claimed 
to have found a positive correlation between sugar content and suscepti
bility (see also Pantanelli, 1921). Even with the use of modern methods 
for separation of various types of sugar (glucose, fructose, and maltose) 
no difference could be found in the sugar content among various reaction 
types of wheats and Puccinia triticina (Hassebrauk and Kaul, 1957). 

B. Preformed Inhibitors as Antipathogenie Principles? 

It is quite natural that the demonstration of the preformed inhibitors 
as a cause of inhibition of pathogens in hypersensitive tissues can only 
be considered successful when the following presumptions are fulfilled: 
(1 ) There should be no possibility that inhibitors separated from the 
host tissue are preparative artifacts; (2 ) it should be proven that the 
in vivo concentration of the factor in question is sufficient to bring about 
death of the pathogen in a short time; (3 ) there should be a positive 
correlation between the in vivo concentration and the sensitivity degree 
that the host exhibits toward the given pathogen. 

Since it has been impossible yet to show that the preformed inhibitors 
meet these requirements (compare with Virtanen et al., 1956; Valle, 
1957; and others) the following condensed survey of studies done on 
this problem should be sufficient. 

1. Acid Content and Hydrogen Ion Concentration of the Host Tissue 

Comes (1913) was the first to suggest that acidity of the cell juice 
plays an important role in the resistance of the plant to its potential 
pathogen. His results, however, could not be confirmed by later authors 
(e.g., Hurd, 1924; Hursh, 1924; Newton et al, 1929)—not even when 
hydrogen ion concentration was used as measure of acidity. 

Hassebrauk and Kaul (1957) studied the content of ascorbic, citric, 
oxalic, and malic acids in extracted juices of wheat species that behave 
differently toward Puccinia triticina. No connections could be proven 
between acid content and resistance. In wheats and Puccinia graminis, 
Pilgrim and Futrell (1957) achieved the same result for ascorbic acid. 

2. Content of Phenolic Compounds in Tissue of the Host 

The thought that preformed toxins, particularly of phenolic com-
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pounds, could cause inhibition of the parasite in hypersensitive tissues, 
found many followers, since Angell et al. (1930) proved in Allium cepa 
and Colletotricum circinans that the relative resistance of brown skinned 
bulbs is due to the antibiotic effect of phenolic compounds (proto-
catechuic acid, catechol) that diffuse from the dead exterior scales into 
the surrounding area and thus protect the inner scales from attack by 
the pathogen. Dufrenoy's findings (see page 485) according to which 
there is an accumulation of phenolic compounds in infected tissues, also 
encouraged further search for preformed substances that have a toxic 
effect on fungal and bacterial pathogens. But the result of these attempts 
was disappointing. Although considerable quantities of phenolic com
pounds could be found in the living tissues, no significant differences 
could be obtained between the phenol content of hyper- and normo-
sensitive hosts (see Newton and Anderson, 1929; Siebs, 1955; Cruick-
shank and Swain, 1956; Scott et al, 1957). Only in the case of wheat 
varieties resistant to Puccinia triticina did the pressed out juice have a 
higher content of protocatechuic acid than the susceptible ones (Kargo-
polova, 1937). 

Notwithstanding these discouraging results, many authors still main
tain that preformed phenolic compounds somehow have a causal con
nection with HR. Newton and Anderson (1929) and Scott et al. (1957) 
suppose that in a parabiotic H/P complex activation of the phenolic 
compounds occurs after the infection. In eusymbiotic H / P complexes 
semi-permeability of cells is maintained for some time, the phenolic 
compounds are therefore held back in the cell of the host and thus 
cannot be effective; in parabiotic combinations, on the other hand, they 
are "set free" by the dying cells and they can then develop their anti-
pathogenic effect. This hypothesis actually presumes that the phenolic 
substances found in vitro are also present in vivo, in concentrations that 
are sufficient to stop the growth of the pathogen. No quantitative analy
ses on this are available as yet. 

3. Enzymatic Activity of the Host Tissue and Hypersensitivity 

Quite a number of workers (e.g., Rubin and Arzichowskaja, 1948; 
Suchorukow, 1952; Rubin and Aksenova, 1957) tried to establish a corre
lation between enzymatic "equipment" and immunological behavior of 
the plant. Grechushnikov (1939) , for instance, claimed to have found in 
potato varieties resistant to Phytophthora infestans that the activity of 
peroxidase is higher than in susceptible ones. In using potato varieties 
resistant due to hypersensitivity, Kammermann (1951) failed to find such 
a relation. Hassebrauk and Kaul (1957) determined the content of 
cytochrome oxidase, ascorbic acid oxidase, polyphenolase, and peroxidase 
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in wheat varieties hypersensitive to as many races of Puccinia graminis, 
P. triticina, and P. glumarum as possible. "Michigan Amber," highly 
susceptible to all three types of rusts, was used as a control. Moreover, 
plants of highly resistant varieties were treated with enzyme poisons 
and compared with the untreated plants for fermentation activity. The 
cytochrome oxidase activity was found to be smaller in eusymbiotic 
H/P complexes than in the parabiotic ones; the opposite was true for 
the behavior of ascorbic acid oxidase and polyphenolase activity toward 
Puccinia triticina. The authors considered that plants reacting in a more 
or less hypersensitive fashion are characterized by a "quicker metabolism" 
and that the content of ascorbic acid and phenols in the host plant is 
probably involved in determining the infection type. 

C. Hypersensitivity Reaction as "Defense Mechanism" Sensu Stricto 

The possibility last mentioned, leads to theories according to which 
a defense reaction is initiated by infection which limits further growth 
of the pathogen in hypersensitive tissues. There are two possibilities, 
a priori: the pathogen is deprived of nutritional supplies by the above 
mentioned histological changes, or the activation or new buildup of 
one or more toxic principles is produced by the infection, and thus 
further penetration of the pathogen is stopped. 

1. Postinfection Interruption of Nutritional Supply to the Pathogen as 
Antipathogenic Principle? 

The former possibility was considered very early (Ward, 1902a; 
Marryat, 1907; Stakman, 1915). It is naturally only applicable to obligate 
biotrophic parasites and presupposes that (1 ) death, or at least damage, 
of the host cell occurs before death of the pathogen, and (2 ) the path
ogen releases some substances into the cell of the host that have a lethal 
effect on the cells of the hypersensitive host. The former supposition can 
be proven (e.g., Allen, 1927; Nussbaum and Keitt, 1938; Miiller, 1953). 
Conclusive evidence for the premise mentioned second is lacking; the 
proof of specific toxins released by the pathogen into the cell of the 
host, or the specific reaction of the host to these, cannot be proven as yet. 

Another hypothesis that also presupposes the maintenance of a living 
state for the establishment of a normal pathogen relationship, comes 
from Gassner and Hassebrauk (1938) . According to this hypothesis, 
eusymbiotic interactions between the cell of the host and the pathogen 
are based on a quantitative relationship between the toxins eliminated 
by the pathogen into the cell of the host and the neutralizing "anti
toxins" of the cell of the host. Parabiotic interactions should consequently 
be ascribed to the inability of the cell of the host to mobilize antitoxins 
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with sufficient speed. In establishing this hypothesis, Gassner and Has
sebrauk relied on the experience that the sensitivity is lowered when 
the plant is pretreated with narcotics, whereas the nitrogen content of 
the tissue increases. Contrary to the concept prevailing in animal pathol
ogy, the ability of antitoxin production would be correlated with 
susceptibility to the disease producing agent. 

2. Postinfection "Antibodies" as Antipathogenie Factors 

A short survey of literature about HR will show that many workers 
have counted on the possibility that during the interaction substances 
are formed that have a toxic influence on the pathogen. A whole line of 
indications have corroborated this concept. Bernard (1909) found that 
embryos of Loroglossum hircinum, an orchid, are protected from infec
tion with a virulent strain of Rhizoctonia repens by preinfection with a 
less "aggressive" representative of this fungus. The protection was re
stricted to the preinfected tissue. Similar attempts by Miiller and Borger 
(1940) left barely any doubt that the hypersensitive cell of the host is 
actively involved in HR as a producer of defense factors. The way to a 
more dynamic interpretation of HR was paved, since during the last 
few years it was proven that the plant can really produce "defense 
bodies" in response to fungal attack (Gaumann et al., 1950; Kuc et al, 
1955; Miiller, 1956). 

a. "A Priori" Indications. In obligate biotrophic pathogen (viruses 
included) the scientist always faces the problem as to whether the post
infection inhibition of the intruder is only caused by the premature death 
of the infected cell. This difficulty does not exist in the case of facultative 
biotrophic or necrotrophic pathogens. It can be explained herewith that 
important progress in causal-analytical clarification of the hypersensi
tivity problem was seen only after the general occurrence of HR was 
recognized in H/P combinations too, in which no obligate biotrophic 
organism participates. Venturia or Colletotrichum, can be easily cultured 
on many inert nutritional substrates and thus prosper better on such 
substrates than on the natural host. In these cases one cannot under
stand why the pathogen, after initial normal development in the hyper
sensitive tissue, should stop growth because of lack of nutrition. On the 
other hand, the contention that the "demarcation tissues" which often 
developed postinfectiously hinder further advance of the pathogen, lost 
its importance when it was recognized that inhibition of the pathogen 
can be observed even before the histological differentiation of the de
marcation tissue takes place (e.g., Nobecourt, 1927). The ultimate 
contention that the pathogen stops growth possibly because of "self-
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poisoning" (i.e., elimination of metabolites that are poisonous for the 
pathogen itself) cannot readily be discarded. But it is necessary, in this 
case too, to postulate as far as the behavior of the pathogen in a 
normosensitive host is concerned, that the effusion of "self-inhibitory" 
substances depends on the chemical composition of the tissue of the host. 

b. Experimental Indications. It was proven with potato and Phytoph
thora infestans (Miiller and Borger, 1940) that the tissue of the host is 
transformed during parabiotic interaction into an environment that is 
inhospitable to the pathogen: If the parenchymal tissue of tubers of a 
Ri gene carrier is inoculated with a parabiotic race of the fungus, the 
tissue loses its property of serving as a host tissue even for those races 
of the fungus that would otherwise develop a high virulence on it. Even 
with simultaneous inoculation of parabiotic and eusymbiotic races, the 
eusymbiotic partner does not develop normally. This result shows that 
the avirulent, not the virulent, strain determines the "condition" into 
which the host tissue is transformed during interaction. Since both races 
can grow normally one next to the other in a narrow space in tubers 
that are susceptible to them both, this "inhospitable" condition—that is 
brought on in the resistant tuber by preloading with a parabiotic 
Phytophthora race—cannot be based on an antagonism between the two 
races. Thus, this must be necessarily due to an interaction in which the 
host is equally involved with the pathogen that interacts with it 
parabiotically. 

The necrotic tissue does not accept other organisms that grow on 
living potato tubers (e.g., Fusarium caeruleum) or on tuber slices killed by 
heat. Thus, lack of nutritional substances cannot be considered the cause 
for inhibition of fungal growth in that parabiotically reacting tissue. But 
no total immunization of the tuber takes place. The eusymbiotic race 
can develop normally outside of the "vaccinated" tissue area and its 
immediate surrounding, directly attacked by the parabiotic race. 

From the foregoing and the fact that there is a close correlation 
between reaction rate and resistance degree, we may conclude that a 
principle is activated or newly formed in the parabiotically interacting 
tissues that has a toxic effect on the microorganisms. This principle 
could be an "antibody" in the original sense of the word. But, since 
the animal pathologist associates the concepts of specificity and humoral 
immunity with this term, the postulated antibiotic principle is called 
"phytoalexin." This term refers only to the function as "antibody"; it 
does not include any statement about the chemical structure of the 
active principle. 

Arnaudi (1942) , studying a problem similar to the one of Miiller 
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and Borger, soon afterward established that in the same H / P combina
tion, injection of potato tubers with parabiotic races of the causative 
agent gives a local protection against attack by eusymbiotic races. 

Johnston's and Huffman's (1958) experiments explored the existence 
of an antagonistic effect of rust fungi in vivo. Their study points in the 
same direction: if wheat leaves are covered with spores of Puccinia 
coronata, a pathogen of oats, the germ tubes of the fungus penetrate 
into the host tissue but only elicit "heavy flecking" there. If the leaves 
are infected two days later with a virulent race of Puccinia triticina, the 
frequency of microscopically recognizable triticina infections is strongly 
reduced; on the other hand, only necrosis occurs in the areas preinfected 
with P. coronata (reaction type 1 ) . Outside of the preinoculated area, 
reaction is normal (reaction type 4 ) . The writers leave open the question 
whether an effect of substances "produced by the latent mycelium of 
an organism (i.e., Puccinia coronata) that was not able to establish itself 
parasitically," is involved or only a purely mechanical blocking of the 
stomata through preinfection. Neither might occur, according to the 
results obtained with experiments on potatoes. Most probably the inhibi
tion of Puccinia triticina in the mesophyll is due to changes in chemical 
constituents after infection with the parabiotic partner. 

c. Demonstration of Interaction Products with Antibiotic Effect. 
Demonstration of such substances succeeded under adequate experi
mental conditions in combinations, Phaseolus vulgaris (inner epidermis 
of seed cavities) and Phytophthora infestans, and Ph. vulgaris and 
Sclerotinia fructicola, that interact "in a hypersensitive fashion" (Miiller, 
1956; see also pp. 477-478) . In three other hosts (Capsicum annuum, 
Pisum sativum, and Vicia faba), the same result was achieved after 
infection with the above mentioned pathogens (Miiller, 1958a). It was 
also shown that development of the antibiotic principle occurs a few 
hours after infection in parabiotically reacting tissues. Under the experi
mental conditions used, the effective principle is developed and diffuses 
from the site of interaction in quantities a thousand times greater than 
necessary for preventing fungal growth at the focus of infection. 

The specificity of the effective principle (phytoalexin) is small. For 
instance, it is effective against Uromyces trifolii or Colletotrichum linde-
muthianum. It passes through semipermeable membranes (e.g., Cello
phane) which points to a relatively small molecular weight; it has 
properties that characterize it as a "hydrophilic lipid." It is effective 
within a pH range of 4.0 to 7.5. Its antibiotic effectiveness is not influ
enced by the presence of substances that could serve in vivo as nutri
tional substances for the pathogen. The output capacity increases with 
increasing age of the host tissue. This recalls the fact that older plants 
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are usually more sensitive than young plants ("age resistance"). The 
phytoalexin is mostly adsorbed by the parasitized cells and surrounding 
tissue. This might be especially conclusive for the understanding of the 
H R mechanism. Because, if the phytoalexin is not fixed, larger and larger 
quantities would flow into the surrounding tissue, and the concentration 
of phytoalexin critical for the pathogen would be attained much later 
or not at all at the focus of infection. 

As mentioned previously (see page 491) , short-term treatment of 
tissue of the host with high, but not lethal, temperatures leads to a 
temporary blocking of H R . As expected, it was found that the temporar
ily "desensitized" tissues are incapable of responding to the infection 
with production of phytoalexin. When, however, the host tissue regains 
its original sensitivity, phytoalexin elimination also becomes normal 
(Jerome and Miiller, 1958). 

The question is whether those results can be applied to H / P com
binations when an obligate biotrophic parasite is involved. Even though 
much seems in favor of this concept, a generalization of findings obtained 
by Miiller (1956, 1958a) in "unnatural" H / P combinations is not yet 
permissible. In the case of obligate parasitism, one should take into 
account the possibility that specific nutritional or growth substances, 
essential for the life of the parasite, may be of greater significance for 
the initiation of H R . 

VI. PROBLEM OF "ACQUIRED IMMUNITY" 

The concept of "acquired immunity" is, like that of hypersensitivity, 
borrowed from human pathology. It is based on the experience that a 
host once cured of disease has a more or less prolonged defensive pro
tection against a second infection. Contrary to this "acquired" immunity, 
is considered "inherent" ("natural" or "congenital") immunity, character
ized by the fact that it is inherent in the organism from the beginning 
of its development. When it was proven in animals at the turn of this 
century, that the "condition" of acquired immunity is associated with the 
existence of specific circulating "antibodies" in the blood, attempts were 
made to prove a similar defense mechanism in plants. Based on experi
ences in mammals, attempts were made to reach that goal in two ways. 
First, to demonstrate that the resistance of the plant is increased by 
preinfection with "attenuated" strains or by "vaccination" with metabolic 
products of the homologous causative agent. Second, lysin-, precipitin-, 
or agglutinin-like bodies that protect the plant from attack of a potential 
parasite were searched for. Of secondary significance was the question 
whether preformed or postinfectionally obtained specific "antibodies," 
are involved as in animal pathology. 
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In the following attempt to summarize the result of these efforts, all 
resistance changes should be excluded that can be obtained by systemic 
application of chemotherapeutics, e.g., sulfonamides or antibiotics, or 
by manipulation of external circumstances. By definition they do not 
belong into the category of "acquired" immunity. On the other hand, 
this concept should not be taken too literally. Thus, it would not be 
right to exclude from the following considerations all cases in which 
immunization of the whole plant fails to be evident. This is even less 
indicated because research in animal pathology only recently began to 
pay more attention to the phenomenon of locally acquired immunity and 
to material changes of the host tissue that are limited to the infection 
focus. Also, the existence of acquired immunity should not be linked 
with the postinfection appearance of specific "antibodies." In animals, 
they only make the pathogen more susceptible toward the resistance 
mechanism linked to the diseased tissue. The interpretation of animal 
pathologists predominantly tends toward the conclusion that the tissue 
defense reactions of the immune and non-immunized animal are quali
tatively similar and that after acquisition of the immune state the exist
ing reactions appear more rapidly and heightened with greater intensity. 
No new reactions appear (Miles and Wilson, 1950). 

No survey of the subject acquired immunity in plants can be given 
within the framework of this article. Chester's (1933) and Vavilow's 
(1935) summary of the problem and the literature cited by Gaumann 
(1951) and Hess (1949) provide a basic bibliography. A few strategically 
important papers are reported as follows. 

The first attempts to prove the existence of "acquired immunity" 
within the plant kingdom stem from the French scientists Beauverie 
(1901) and Ray (1901) . They reported success in obtaining an increased 
resistance in their experimental plants through inoculation of the soil 
with, or by direct application of, avirulent strains of the disease-produc
ing agents in question.* However, the interpretation of these experi
mental findings as a proposed working hypothesis was accepted with 
considerable skepticism by many phytopathologists. This was due, on 
the one hand, to lack of precision of the published results, and on the 
other to the fact that the results of both authors as well as of later 
authors could not be corroborated. Finally, it was simply denied, from 
purely theoretical considerations that the plant has the ability to "acquire" 
resistance. The main arguments were lack of a circulation system 
corresponding to blood circulation of animals and the unsuccessful 
attempts of other scientists to prove the presence of antibodies in 

* Other "vaccines" too, e.g., killed cultures or mycelial extracts, were used by 
these and later authors. 
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resistant or immunized plants that could be compared to the classic 
antibodies of animals (Silberschmidt, 1932; Carbone, 1936). 

If we exclude from our observations all studies that do not have 
unequivocal results, or whose results could not be confirmed by later 
authors, the general interpretation points to the fact that plants cannot 
respond to infection with constitutional changes that protect the whole 
body against a second infection. Although it was established that a 
reduction of attack rate or severity of disease can be effected by pre-
treatment of germinating seeds or young plants with culture filtrates or 
other "vaccines" (e.g., Nobecourt, 1927; Carbone, 1934), it was mostly 
not ascertained whether the immunization effect was caused by changes 
in the reaction potential or purely by a decrease in infection rate per 
unit of plant surface exposed to the pathogen. The results obtained by 
Zoja (1925) and Hess (1949) in barley or wheat and Helminthosporium 
sativum are very conclusive: both authors were able to achieve a clear 
reduction of disease attack in young plants that have been transplanted 
into the open after the seeds were cultured on a substrate to which 
ground mycelium of the disease-producing agent was added as a "vac
cine." However, Hess showed that the young plants suffer greatly under 
vaccination (poor development of roots, slower growth in comparison 
to controls); also, the same immunological effect could be achieved when 
young plants are cultured in highly concentrated nutritional solutions 
to which no ground Helminthosporium mycelium was added. Hess, to 
whom we are indebted for the most critical studies of this problem 
leaves the question open whether the "vaccination results" obtained by 
him and Zoja can be actually considered an immunization of plants in 
the true sense of the word. They could also be the result of an unspecific 
displacement of the reaction potential that corresponds to what we can, 
for instance, observe after treatment of plants with antibiotics, etc. 

Where resistance is increased locally, the situation is clearer. As 
previously mentioned, the attacked tissue becomes more inhospitable for 
the parasite in parabiotic H / P complexes. The range of inhospitality 
produced by the primary infection is most significant. However, Ber
nard's (1909) studies in Loroglossum seedlings and Rhizoctonia repens 
and Rh. lanuginosa, as well as the studies of Miiller and Borger (1940) 
in potato tubers and Phytophthora infestans showed that the range does 
not exceed a relatively limited number of cell layers around the necrotic 
tissue. On the other hand, Gaumann et al. (1950) demonstrated the anti-
biotically effective substance, produced by Rhizoctonia repens metab
olites in orchid bulbs, even at a distance of 20 mm. from the tissue 
complex, that had been under direct influence of the parasite's metab
olites. This points to the fact that some secretion product of Rh. repens 
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diffuses further into the tissue of the host and induces the formation of 
the antibiotically effective substance. 

The Pyrus communis and Viscum album case should be mentioned 
as an outstanding example of "sensitization at a distance" (Heinricher, 
1929, Paine, 1950, Gaumann, 1956). In the pear species "William 
Christ," that is characterized by an inherent lability, sensitivity of the 
trees increases under consecutive yearly infections with mistletoe; this 
means that the tendency to react to new infections with necrosis and to 
cut off the penetrating mistletoe seedlings from the remaining tissue rises. 
But this sensitization goes no further than the infected branch of the 
tree. Thus, here too, in this extreme case, the host cannot acquire im
munity as a whole. 

This evident inability of the plant to acquire "humoral" immunity, 
prompted many authors to feel that immunological effectiveness of the 
plant is limited to the "inherent" immunity type. This thesis, however, 
can be applied only to cases where freedom from attack would depend 
on the presence of preformed resistance factors. In the case of resistance 
due to hypersensitivity the thesis misses the point. In this case immunity 
itself is basically not "inherent." Only the reaction potential is inherent. 
This enables the plant to localize the disease-producing agent at the 
infection focus. In other words: only the ability to achieve resistance 
at the infection site, and at this site alone, is inherited, not the resistant 
state itself. The state of resistance is acquired only when the plant comes 
in contact with the causative agent. Then the mechanism becomes 
operative which changes the tissue parts, attacked by the parasite, from 
an "indifferent" into a "resistant" state. 

VII. EPILOGUE 

An attempt was made above to survey the present status of our 
knowledge on the essence and mechanism of HR. Such an attempt neces
sarily must leave a feeling of dissatisfaction behind it. This is true 
because the accumulated experiences are not sufficient to correlate them 
logically with an acceptable theory of hypersensitivity. But our knowl
edge is sufficient to present a hypothetical picture that brings us closer 
to an understanding of what we consider to be a hypersensitivity reac
tion. Let us proceed from the following arguments: 

1. HR is a process in which the pathogen is just as actively involved 
as the host. 

2. As in every living process, the course and clinical result of HR is 
controlled by a whole series of various factors. 

3. As already recognized by Ward, the interaction ending in the 
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death of both partners cannot be explained on a completely nutritional-
physiological basis. 

4. On the other hand, it has been possible to show, under greatly 
simplified experimental conditions, that a substance toxic for the path
ogen is eliminated after infection. 

5. The formation of this substance is correlated, in space and time, 
with the physiological breakdown of the cell of the host as well as of 
the pathogen. 

6. The HR system can be inactivated temporarily by manipulation 
of external circumstances; simultaneously, the tissue loses its ability 
to respond to infection with production of an antipathogenic substance. 

These findings do not leave any doubt that the postinfection forma
tion of such a substance, at least in cases studied up to now, is the 
direct reason for the antipathogenic character of HR. Thus, HR can be 
considered a defense reaction sensu stricto. 

Whether we call this defensive principle antibody or something else, 
is a question of terminology. The writer prefers the term phytoalexin, so 
that confusion with the classic antibodies of animals is avoided. Such a 
terminological demarcation is even more strongly indicated since phy
toalexin is a defense principle directly aimed against the pathogen. 

What then is the nature of the system that we can hold responsible 
for the postinfection formation of phytoalexins? We have to rely here 
mainly on suppositions. But much evidence points to the fact that HR 
is an enzymatic interaction in which reactants are involved that are 
supplied by the cell of the host as well as by the pathogen. The fact 
that the mechanism underlying HR is very sensitive to narcotics and 
enzyme inhibitors is a strong argument in favor of this concept. Also 
genetic arguments favor such a concept. According to the present con
cept, the genes—represented by their dominant alleles—have an enzyme-
producing function. Our hypothesis agrees with this idea because the 
genes that control resistance of the host or avirulence of the pathogen 
have been proven mostly to be dominant. Consequently, the gene-for-
gene system drafted by Flor (1955) and others and expressed in physio
logical terms represents a reactant-for-reactant system. 

At first, this conclusion seems to disagree with the fact that antibiotic 
effectiveness of the heretofore proven phytoalexins is nonspecific. This 
only appears to be a dilemma. Actually, the specific alternative is not 
hypersensitivity, but normosensitivity. This is seen clearly when we 
transfer parasites such as Phytophthora infestans into "wrong host plants" 
(e.g., Miiller, 1950). Then it is found that'riypersensitivity" not "normo
sensitivity" represents the norm. The fact that normosensitive behavior 
is considered the rule is purely because we recognize the existence of a 
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pathogen only when it goes astray onto a normosensitive host. The un
successful attempts of the pathogen to take hold on a hypersensitive 
host plant escape our notice under natural conditions. 

Resistance due to hypersensitivity was explained differently as the 
result of a phylogenetic adjustment process of the host plant to its sur
rounding parasitic flora. This thought presupposes that the respective 
plant type or its phylogenetic ancestors were in direct contact with the 
potential disease-producing agent for a longer period of time. Upon 
closer examination, such a theory proves faulty, at least within this con
text. Thus, plants that can be found naturally only in the arid climate 
areas of Australia (e.g., Erythrina vespertilia Benth., Clianthus formosus 
Ford et Vick. and Cassia sturtii R.Br.) , proved to be hypersensitive to 
Phytophthora infestans, a pathogen restricted to humid climates. In this 
case, the ability to respond to the attack of the pathogen with HR, can
not possibly be the result of an "adaptation process." Another important 
argument: the center of Phytophthora infestans should be searched for, 
according to the latest studies, in the southern part of the North Amer
ican continent. Hypersensitivity should thus undoubtedly be considered 
a phylogenetically original situation. In the process of mutual adjust
ment, above all only the parasite is the active (i.e., through mutation 
and recombination), the adapting partner; the host has only the passive 
role of a selection sieve. On the other hand, once the pathogen has taken 
hold on the new, normosensitive, host, a second selective process 
counteracting the first one begins in which the hypersensitivity of the 
host plant represents the positive selection mark. Of course, as un
fortunately the experiences of plant breeders have shown, in the long 
run the pathogen is always the superior partner because of its greater 
multiplying frequency as compared to that of the host. 

The mechanism underlying HR deserves the interest of the biologists 
even beyond the purely pathological. Why, we may ask, are so many 
microorganisms incapable of utilizing and destroying "tender" tissue, 
such as that of a carrot root, even though they thrive richly on all sorts 
of artificial nutritional media and are characterized by low susceptibility 
to toxic substances of a higher plant? This question seems trivial, since 
we are accustomed to calling such organisms saprophytes in contrast to 
the "true" parasites. But the question appears in a different light when 
we think of the fact that according to the simple nutrition-inhibition 
concept such an organism should be more virulent than a pathogen 
which can be cultivated only on special nutritional media or even only 
on a living host. To explain this situation by attributing the pathogenic 
inability of a saprophyte to the "natural" resistance of a living host tissue 
would be the same as an attempt to explain daylight by saying the sun 
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is shining. Such a statement makes sense only when we can say what 
the resistance of the living host tissue is based upon. We have seen that 
the number of microorganisms which can penetrate into the tissue of a 
given host plant without producing the above described H R is negligibly 
small in comparison with the number of potential pathogens. This fact 
suggests that a pathogenic relationship can be established only when H R 
is not released by the infection. We should postulate such a mechanism 
for each normal living tissue. Noll's (1949) studies on the behavior of 
wheat leaves toward Penicillium glaucum, SL common saprophyte indi
cate that this thought might not be too misleading—namely, when the 
wheat leaves are exposed to a temperature of 50° C. for 30 to 50 seconds, 
the fungus can penetrate into the leaf tissue and there elicit a local 
decay. After a certain period of time, the leaf regains its resistance, 
i.e., the fungus stops its growth again. But, at the same time histological 
changes occur in the immediate vicinity of the tissue areas occupied by 
the fungus, which have much in common with those that are observed 
after a leaf is infected with a parabiotic rust race. Isn't perhaps the 
defense mechanism functioning here that we have postulated as the 
classic hypersensitivity reaction? This question has not been answered 
as yet with certainty. Only more experimental work can give an answer 
to it. 
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