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I . INTRODUCTION 

We cannot yet provide a wholly satisfactory account of the chemical 
basis of defense by higher plants against potential or invading pathogens. 
We do know, however, that a chemical basis for these phenomena exists. 
There is mounting evidence that the health of many plants is preserved 
not by virtue of mechanical barriers nor escape from infection but through 
an active metabolic initiative which destroys or immobilizes the pathogen 
at some stage before it can produce serious disease. There is even unassail
able evidence that for many plants defense is not prepared in advance 
but depends upon metabolic events brought into play and substances 
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produced upon the approach of the pathogen to its prospective host. 
This chapter will be a guide to the nature and extent of evidence for the 
existence of biochemical mechanisms of defense rather than a compen
dium of established biochemical facts. It will attempt to evaluate the 
main hypotheses and the adequacy of present evidence concerning the 
origin and nature of these mechanisms. It will be less an account of sub
stances and more an account of where to look for the substances or other 
agents of defense. Further information and ideas concerning the basis of 
plant defense are contained in several recent works (Gaumann et ah, 
1950; Kern, 1956 a, b ; Brown, 1955; Garrett, 1956; Walker and Stahmann, 
1955). 

The interaction of host and pathogen is one example of the per
vasive struggle for existence which underlies much of the behavior of 
organisms and largely determines their present genetic potentialities. 
The processes involved in this interaction comprise a phase of ecology, 
differing from most ecological situations only in the intimate physical 
associations which are involved in the interplay of host and pathogen. 
As an aspect of the interactions among organisms, defense can only be 
conceived in terms of both participants in the drama, in terms of a host 
and a potential pathogen. Each phase of the struggle must be expressed 
in terms of an interaction and not in any absolute terms. Thus the out
come of an approach between two organisms may be expressed in terms 
of the susceptibility of one organism to the advance and harmful action of 
the other, or in terms of the virulence of one organism in its attack on 
another; but neither susceptibility nor virulence may be expressed as an 
attribute of one organism independently of others. 

The reaction of a host to a particular pathogen is a property of the 
host capable of varying between two extremes, immunity at one extreme 
and complete susceptibility at the other. Between these two extremes is 
an indeterminate number of stages of increasing susceptibility as one pro
gresses away from immunity, and of increasing resistance as one moves 
in the opposite direction along the scale, away from complete suscepti
bility. If successive segments of such a scale are cut off and given num
bers from 0 (immune) to 4 or 5, a numerical designation of the degree of 
susceptibility is obtained. Such a scale has been widely used by plant 
pathologists for scoring reaction types. The terms "resistant" and "sus
ceptible" and the scale showing degrees of susceptibility are designations 
of one organism's reaction to another. 

The same individual plant will show the whole range of properties 
from immunity to susceptibility if its reaction to several different patho
gens is considered successively. Efforts to arrange plants in categories of 
greater or lesser resistance have been unsuccessful for this reason, just as 



PHYSIOLOGY AND BIOCHEMISTRY OF DEFENSE 437 

any effort to arrange proteins in the order of their catalytic activity would 
be impossible if substrate were not considered in the assessment of activ
ity. Although the potentiality for a reaction may exist independently of 
the pathogen, the actual chemical combinations and the chemical agents 
which give rise to visible results should not, a priori, be regarded as 
existing independently of a pathogen. The possibility must also be consid
ered that the actual weapons of defense are a consequence of the inter
action between host and pathogen. The very terminology which has been 
adopted in discussing plant disease is evidence that the consequences 
or the association of two organisms, and not preexisting substances in the 
host, are believed to be the determinants of parasitic attack. Thus the 
terms "defense," "resistance," and "reaction" all carry an implication of 
activity on the part of the host. 

Considerations similar to those just presented for the host reaction 
must also apply to the pathogen, with appropriate care in distinguishing 
between the action of the pathogen in proliferating through the host, and 
its action in producing disease. 

Nearly a century ago, Robert Koch adopted and made famous a few 
basic rules which served as a guide to the experimental measures needed 
to show that a specific organism was the causal agent of a disease. These 
rules, or as they have frequently been called, "postulates," required that: 
(1 ) a particular organism be found always in association with this dis
ease; (2 ) this organism be isolated and obtained in pure culture outside 
the host; (3 ) on introducing this pure culture back into a healthy suscep
tible host the disease be produced; and (4 ) with the disease so produced, 
the organism should be constantly associated. Koch's rules can also be 
profitably applied to the problem of establishing the causal role of a 
chemical agent in producing the symptoms of disease (cf. Chester, 1933). 
They are in effect a statement of scientific procedure, and with appro
priate adaptations they can be applied in general to the experimental 
proof of the causal nature of an agent, biological or chemical, suspected 
of producing an observable phenomenon or reaction. To adapt these rules 
to the problem of establishing that a certain chemical substance is 
responsible for protection against a disease it should be established that: 
(1 ) the substance is associated with the protection against this disease, 
at the site where protection occurs; ( 2 ) the substance can be isolated 
from hosts engaged in protection against the disease; (3 ) introduction of 
the substance to the appropriate loci of a healthy susceptible host confers 
protection; and (4 ) the nature of the protective action so induced resem
bles that of the natural agents of a resistant plant. 

The application of these rules in the experimental attack on problems 
of plant protection may first require a broad definition of the agents of 
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protection. Thus it may be more appropriate, although experimentally 
more troublesome, to regard the agent of protection as a metabolic pro
cess, which would then require that experiments be done with separated 
enzyme systems. The productive application of these rules will be easier 
with some pathogenic associations than with others, but in all instances 
their successful application will require previous knowledge of the locus 
of defense reactions and the nature of the action against the pathogen— 
whether inhibition of spore germination, of stomatal penetration, of 
vegetative growth, or other actions. It will also require a hypothesis as to 
the nature of the chemical agent which might play a crucial role in 
defense. If this chapter can provide a picture of the clues now available 
to the origin and possible nature of these agents, it will have presented a 
fair view of the present status of this subject. 

II. T H E CHEMICAL BATTERY 

A. Preformed Antibiotics 

1. The Occurrence in Soil and Water of Toxic Substances Released from 
Higher Plants 

During the growth and accompanying activities of a higher plant 
there is a continuous exchange of materials with the surrounding en
vironment, with a consequent modification of that environment. To other 
organisms nearby this fact may have profound significance, as in the 
supply of 0 2 which is returned by the green plant in exchange for the 
C 0 2 of respiration or in the amino acids which may be excreted from 
leguminous nodules and become available for other organisms in the 
rhizosphere of the legume (Virtanen and Laine, 1935) . It is known that 
many other substances may be returned through the root to the soil 
water, such as nucleotides, flavones, hexose sugars, and inorganic ions 
(Lundegardh and Stenlid, 1944). Through the leaves both organic and 
inorganic substances are excreted, to be washed off onto the soil in 
periods of rain or heavy dews (Arens, 1929; Lausberg, 1935). These 
substances which become a part of the chemical environment act as 
stimulants or deterrents to the further development of the plant itself 
and contribute to the rise and fall of populations or individuals of other 
species (Lucas, 1949). 

2. The Role of Diffusible Substances in Preventing or Retarding Infection 

There are a few well-documented instances of the participation of 
such substances in limiting the development or occurrence of higher 
plants. Transcinnamic acid from guayule plants, and 3-acetyl-6-methoxy-
benzaldehyde from the desert shrub Encelia farinosa are particularly 
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well-established agents of inhibitory action against higher plants (Bon
ner, 1950). 

The suppression of pathogenic microorganisms by plant excretions 
also plays a role in protecting higher plants against competition from 
other organisms. As in the inhibition of growth of higher plants, sub
stances excreted from root or shoot may have a more or less selective 
inhibitory action against microorganisms. Where such excretions occur, 
they may play an important role in the struggle for existence through 
their therapeutic action on the local environment. In general, protection 
which is conferred solely by such means is evident as a decrease in the 
number of loci of infection. If the chemical barrier is passed and an 
occasional locus of infection established, the local lesion or the colony 
which develops is just as large as on unprotected organs. This mechanism 
of protection should not, therefore, be expected when resistance is evi
denced by a reduced development of the pathogen or its lesions occurring 
with similar frequency on resistant and on susceptible host varieties. 

To establish experimentally that a plant which remains free of a 
potential pathogen owes its health to the production and release of a 
diffusible substance requires that these facts be established: ( 1 ) that 
diffusates, obtained from plants which are protected against the pathogen, 
are inhibitory to the phase of vegetative development of the pathogen 
which normally establishes the infection; ( 2 ) that the inhibitory agent 
from diffusates can be isolated under conditions precluding major pro
duction or loss during isolation; ( 3 ) that administration of the substance 
to the region which is the normal route of attack confers protection on 
an otherwise unprotected plant, and ( 4 ) that the action under these 
circumstances resembles the normal acts of protection. These facts are 
more amenable to experimental treatment for this type of resistance than 
for others. 

The studies of Walker and co-workers on the onion smudge provide 
the most thoroughly documented accounts of the way in which chemical 
control by diffusible substances can operate (Walker and Stahmann, 
1955). Varieties of onion with pigmented outer scales are usually resistant 
to smudge, caused by Colletotrichum circinans, while varieties with 
colorless scales are susceptible (Walker, 1923). Removal of the dry 
scales, however, abolishes resistance, and these varieties then become 
susceptible. Other variations in resistance are correlated with the pres
ence of the intact colored dead scales. If spores of the pathogen are sown 
in infection drops on the colored scales, their germination is prevented 
by substances which have diffused out of the colored dead scale cells; 
but spores are not prevented from germinating on the scales of sus
ceptible varieties. It is clear that the resistance depends upon a diffusible 
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toxic substance which if present wards off the fungus by inhibiting 
germination of the spores, by which infection is normally effected. 

The inhibition of spore germination by extracts is accompanied by a 
second more definitive action, the bursting of spores or young hyphae 
with release of the protoplasmic contents (Walker, 1923). This property 
enabled Walker and his co-workers to follow the active substance by 
germination assays with an additional criterion to prevent the search 
from going astray. This might be hard to avoid if inhibition of germina
tion were the sole criterion for the presence of the active substance. 

The activity was obtained in water extracts of the colored scales but 
not of uncolored scales. After extraction, the colored scales were no 
longer toxic to spores germinating on them. These extracts were con
centrated and from them crystals of a highly active component were 
obtained (Angell et al, 1930) and identified as protocatechuic acid 
(Walker et al, 1929; Link et al, 1929a, b ) . This component did not 
account for all of the activity, but for a considerable part of it. Catechol 
was also identified in the extracts, and accounted for some of the in
hibitory activity. Pure protocatechuic acid showed the same characteristic 
bursting of cells of the pathogen. 

Although the inhibitory action of the dry scales is correlated with 
pigmentation, the pigments themselves (flavones and anthocyanins) are 
not inhibitory, nor are living cells which contain the pigments. Pig
mented scales, therefore, become toxic only upon death, and the toxicity, 
although correlated with pigmentation, is not attributable to the pigments 
directly but to a colorless component released only upon death. Although 
toxic extracts can be obtained by crushing the scales, the activity obtained 
in this way bears no relation to the resistance of the fleshy scales to 
disease (Walker et al, 1925). Nor does the toxic material of the dry 
scales provide a barrier to invasion by pathogens which penetrate by 
other routes, such as Fusarium root rot, the causal organism of which 
enters through the root scars. Resistance to other diseases caused by 
parasites penetrating via the scales is correlated with the presence of 
the colored scales only to the extent that the causal organism is sensitive 
to the soluble inhibitors. Thus, attack by Aspergillus niger, whose ger
mination and growth are not inhibited by protocatechuic acid, is inde
pendent of scale color and the associated differences in phenol content, 
whereas resistance to Diplodia natalensis, penetrating via the dry scales, 
shows the same relation to color as does resistance to smudge (Ramsey 
et al, 1946). 

These experiments leave little doubt of the causal role of phenols, 
particularly protocatechuic acid, in resistance to onion smudge. 
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The study of the role of root exudates in relation to parasitism has 
been facilitated by two techniques whose use has led to some of the 
most instructive data on this subject. These techniques involve (1 ) some 
adaptation of the method of soil perfusion and (2 ) the use of colloidion 
membranes to serve as artificial roots (Timonin, 1941). The former 
allows the collection of the excretions of the root while the plant is 
growing under natural conditions, supplied with nutrients and well 
aerated, and makes it relatively easy to compare excretions at different 
times. The latter provides an excellent technique for testing the activity 
of excretions under conditions approaching those of the natural plant 
root. 

From observations on the microbial populations in the rhizosphere of 
resistant and susceptible flax varieties, Timonin (1940) concluded that 
excretions of the flax roots might be related to resistance to wilt caused 
by Fusarium oxysporum f. lint. He found larger populations of both 
bacteria and fungi in the rhizospheres than in the soil farther out from 
the roots, but the difference was greater for susceptible (var. Novelty) 
than for resistant plants (var. Bison). Flax plants were then grown in 
sterile culture solutions and the solutions with their accumulated excre
tions were tested for activity in several ways. They were placed in 
artificial roots, made of collodion membranes in the form of hollow 
cylinders, and these membranes were then immersed in moist soil. Stimu
lation of the microflora occurred as with the natural roots, more around 
the excretions from susceptible plants. Tests in agar cultures showed 
greater toxicity or less stimulation of Fusarium oxysporum and some 
other fungi by preparations from resistant plants. On the other hand, 
Trichoderma, which is itself antagonistic to Fusarium, flourished better 
in the diffusates from resistant flax than in those from the susceptible 
variety. The differential sensitivity of Trichoderma and Fusarium could, 
therefore, contribute to the net action of the resistant plants in keeping 
out a soil pathogen. Unfortunately Timonin did not examine the effect 
of these diffusates in suppressing inocula of the pathogen, or in protect
ing susceptible plants against infection. He did, however, go on to show 
that the diffusates from resistant varieties contained HCN in quantities 
(80 p.p.m.) which were demonstrated to be sufficient to inhibit growth 
in culture of Fusarium oxysporum f. lini but not Trichoderma. Suscep
tible varieties released no detectable cyanide. These results are of 
particular interest because of the fact that in another host-pathogen 
association, snow mold of barley, the damage to the host is produced by 
cyanide released by the pathogen (Lebeau and Dickson, 1953). The 
potential importance of Trichoderma spp. in suppressing the growth of 
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other soil fungi was demonstrated earlier by Weindling's isolation of an 
antibiotic (gliotoxin) produced particularly at low pH and capable of 
acting under soil conditions (1934, 1941). 

Buxton (1957) has produced evidence that part of the defense of pea 
seedlings against another Fusarium, F. oxysporum f. pisi, the cause of 
pea yellows, also depends upon diffusible materials from the resistant 
varieties. He studied three varieties of pea showing genetic differences 
in resistance toward three races of the wilt fungus, and found a positive 
correlation between resistance to a given race and toxicity of root dif-
fusates from healthy plants toward germination of the spores of the same 
race. The same diffusates which were strongly inhibitory toward an 
avirulent race were less inhibitory to a virulent race. The effects did not 
extend to other fungi tested, nor to the vegetative growth of the pathogen. 
The amount of inhibitory activity released in perfusion experiments was 
greatest at the time of abundant extrusion of lateral roots. Thus the 
diffusates of a healthy plant seem to contribute, in a way which is gov
erned by genetic composition, to the specific action against physiologic 
races; but as Buxton points out, resistance to these pathogens is not 
wholly localized at the root surface. 

Although the root may be an exceptionally leaky part of the plant, 
through the regions of metabolic transfer and through the holes pierced 
by the emerging lateral roots, other organs also excrete considerable 
quantities of solutes. These are known to include substances with marked 
effects on the germination and growth of some pathogens which normally 
gain entry through the aerial parts of the plant. Miss Lausberg's measure
ments of the water soluble cuticular excretions showed that extraor
dinarily large amounts of salts ( C a + + and K + ) could pass through the 
plant and out onto the leaf surface, particularly when periods of rapid 
transpiration alternated with periods of heavy dew formation or rain 
(1935) . The fine structure of the leaf surface, examined by electron 
microscopy of Formvar casts from the intact leaf have shown that in 
young leaves the deposits on the outer surface are continuously added to 
and renewed by extrusion, although this renewal declines with age 
(Mueller et al, 1954; Schieferstein and Loomis, 1956). The leaves of 
many plants, if simply washed with water for brief periods, yield 
aqueous extracts which inhibit the germination of many fungus spores 
(Topps and Wain, 1957; Kovacs, 1955; Kovacs and Szeoke, 1956; Martin 
et al, 1957). 

In a study of the origin of differences in resistance of varieties of 
sugar beet to leaf spot, Kovacs found that low incidence of local lesions 
on the leaves of a resistant host variety was correlated with the presence 
of diffusible inhibitors from healthy leaves. Fewer spores of Cercospora 
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beticola, the causal fungus, germinate on the resistant leaves, and a 
correspondingly smaller percentage of these spores germinate in dew or 
water washings collected from best leaves. These water extracts also 
inhibit the growth of the germ tubes and they are active even after con
siderable dilution. Since resistance to Cercospora leaf spot consists mainly 
in permitting fewer spots to develop, it is possible that such external 
antibiotics may provide a major part of the defense against Cercospora, 
whose germ tubes must reach and enter a stoma as a prerequisite to the 
formation of an infection spot. 

There are a number of plant diseases which are established primarily 
as a consequence of stomatal entry by the pathogen. Protection against 
such pathogens can be achieved by any action or inaction which pre
vents stomatal entry. For example, Isaac and Smith (1957) found that 
detached sunflower cotyledons establish few colonies of Puccinia heli-
anthi when inoculated, although the attached cotyledon becomes heavily 
infected from a similar inoculation. Detachment of the cotyledon with a 
small bit of stem at the node, however, is sufficient to allow infection. 
This nodal tissue seems to play a part in determining whether the 
establishment of a rust colony will occur. The conditions which regulate 
stomatal entry appear to depend largely on the activities of the living 
guard cells, which will elicit appressorium formation and stomatal pene
tration even on isolated strips of epidermis if the guard cells are alive. 
For another pathogen, Plasmopara viticola, Arens showed that epidermal 
excretions played an important part in establishing infection, and that the 
positive chemotaxis on epidermal strips occurred only when the guard 
cells were alive (1929) . The activity coming from the guard cells was 
attributed to surface active materials accumulating in the interphase 
between stomatal gas and infection drop. In view of the growing knowl
edge of these substances which regulate spore behavior, it should soon 
be possible to define more precisely some of these indirect mechanisms 
of defense, depending not so much on inhibitions as on the lack of a 
positive action. 

Evidence has been presented by Martin et al. (1957) that inhibitory 
substances obtained from the surface of leaves can confer resistance when 
redeposited on otherwise susceptible leaves. They extracted the waxes 
from the leaf surfaces of apple varieties (Worcester-Permain and Cox's 
Orange Pippin) resistant to powdery mildew, Podosphaera leucotricha, 
and then deposited films of these waxes on the leaves in an aqueous 
solution together with a wetting agent. Conidia were then inoculated 
onto the leaves and examined for germination after 48 hours. The acidic 
fraction of the ether-soluble wax prevented germination of mildew 
conidia on apple leaves, and protected Vicia faba leaves against devel-
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opment of disease lesions when inoculated with Botrytis fabae. The main 
component separated by chromatography was a phenol similar in 
chromatographic and color reactions to a fungitoxic substance which has 
appeared in water washings of the leaves of many trees and in the leaf 
and root excretions of Vicia faba (Topps and Wain, 1957). It would be 
interesting to know whether similar activity is lacking in the wax from 
susceptible stocks and whether the removal of leaf waxes from resistant 
leaves could be done so as to make those leaves temporarily susceptible 
and then apply resistance as was done with the inherently susceptible 
stock. 

The foregoing discussion of excretions or diffusates playing a role in 
the deterrent action of the plant is not exhaustive, but includes some of 
the best documented studies that have been made so far. These examples 
suffice to show that a contribution to defense is made through the toxicity 
of these excretions, and that the toxicity is usually not highly specific. The 
action of these substances can be regarded as chemical exclusion, pre
venting the pathogen from reaching the portals of infection where the 
active struggle comes into existence. The action of several of these 
inhibitory materials has been tested on other fungi and they have been 
found active against nonpathogens as well as pathogens, suggesting that 
their action as inhibitors is not associated with specialized mechanisms 
of virulence, but with unspecialized properties of microorganisms. Only 
a little evidence is available that indicates any participation of preexist
ing diffusible metabolites in differentiating between genetically resistant 
and susceptible varieties of host plants. 

3. Toxic Substances in the Cells of Resistant Plants 

Once a pathogen reaches the tissues of a higher plant it may there 
encounter chemical conditions unfavorable for further development, even 
though the primary steps in infection have been successfully completed. 
The broad basis of immunity or resistance to many potential pathogens 
may well depend upon toxic materials which are preformed in the cells 
and tissues of plants. The kind of toxic material which could provide a 
basis for the preinfectional differentiation of resistant and susceptible 
plants must be a substance which occurs in the former, and is lacking 
or present in smaller amounts in the latter. 

Substances toxic to microorganisms can be obtained from all kinds 
of plants. Hardly a microorganism exists whose development cannot be 
drastically hindered by suitable concentrations of an extract or of a 
substance derived from any one of numerous flowering plants. The 
economic and noneconomic flora and the laboratory shelves abound in 
toxic organic compounds, and even if they are scarce in an intact plant, 
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they are abundant in the breis that can be obtained by appropriate 
maceration and incubation of plant tissues. The finding of a substance 
toxic to a pathogenic fungus does not, therefore, necessarily signify that 
it is of importance in the resistance mechanisms of the plant from which 
it is derived. 

Good evidence that an intracellular compound plays a part in the 
defense against disease is much harder to obtain than evidence for 
diffusible substances. It is not sufficient to establish that a resistant plant 
yields a substance toxic to the pathogen toward which it shows resistance, 
nor even to show a correlation between resistance and yield of toxic 
material. Such evidence is suggestive, but if the substance inhibits 
virulent and avirulent strains alike, or if the substance is not found at 
the portal of infection, or in the concentrations required to inhibit, it can 
hardly provide a convincing explanation for the differentiation between 
resistant and susceptible plants. The greater difficulties of the experi
mental approach are partly responsible for the paucity of well-docu
mented evidence for a role of preformed cellular inhibitors in defense. 
The evidence that phenols are related to rust resistance (Newton et ah, 
1929; Newton and Anderson, 1929) has never led to a clear-cut demon
stration of the part which these compounds actually play. Similarly, the 
discovery of a fungitoxic alkaloid, tomatin, in tomato plants led to the 
suggestion that its presence was related to disease resistance (Irving 
et al, 1945; Irving, 1947). When concentrations occurring in resistant 
plants were determined, however, and compared with the concentrations 
required for inhibition, there appeared to be insufficient alkaloid to 
account for resistance (Kern, 1952). Virtanen and his co-workers have 
published a long series of papers on the oxazolinones of plants and their 
fungicidal activity (Virtanen et ah, 1957), and although the variety of 
derivatives and the large amounts of these substances present in some 
plants make the possibility of their protective function intriguing, there 
is as yet little evidence that they are the substances responsible for re
sistance to microorganisms producing disease. Virtanen's school has also 
characterized a number of other fungistatic compounds found in plants, 
but the inhibitory concentrations are high. The knowledge of the distri
bution and changes during development which their work has provided 
for compounds such as chlorogenic, gallic, and benzoic acid and their 
derivatives may be most useful in determining how much of a role these 
substances play in resistance, but their work has not yet provided con
vincing evidence of such a role. 

If the distribution of a toxic compound is shown to be correlated with 
resistance, the probability that it plays a role in defense is much greater. 
Such a correlation exists between the distribution of chlorogenic acid in 
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potato tubers and resistance to scab (Streptomyces scabies). Higher con
centrations of chlorogenic acid occur in resistant than in susceptible 
varieties; the compound is largely confined to the outermost tissues where 
the scab organism normally proliferates; and the tissues around the 
lenticels, where infection occurs, are higher in chlorogenic acid than 
other parts of the peel (Johnson and Schaal, 1952). The action of chloro
genic acid is related by these investigators to its stimulation of cork 
cambium activity and the rapid establishment of a protective layer of 
cork. 

The implication in resistance of phenols and their derivatives, par
ticularly chlorogenic acid, has been repeatedly proposed, and there are 
numerous records of the occurrence of phenols in resistant plants and in 
infected tissues. Recently, there has been a tendency to ascribe the 
importance of these compounds not to their occurrence and toxic action 
directly, but to their appearance and conversion into toxic substances in 
response to infection (Valle, 1957). This aspect of the part played by 
phenols will be discussed further in connection with dynamic aspects 
of defense. 

B. Protection Which Depends on the Lack of an Essential Substance 

An unfavorable chemical environment in a potential host may consist 
of a deficiency of an essential substance rather than a toxic level of an 
inhibitor. For a specific pathogen, the substances which it encounters 
must include all essential nutrients and any substances whose formative 
effects are instrumental in successful infection. The potential importance 
of nutrient deficiencies within the host in the limitation of parasitic 
development has been elaborated by Lewis (1953) and by Garber 
(1956) and some striking instances have been reported by Garber 
(1954) ; Garber and Goldman (1956) , and Keitt and co-workers (Keitt 
and Boone, 1956; Boone et al., 1957; Kline et al., 1957). Even when the 
essential nutrients are present, a parasite may fail to develop if the 
nutrients are not available, and maceration of the tissues may then create 
a more favorable chemical environment (Garber and Goldman, 1956). 
In a series of classic experiments dealing with this question, Keitt and 
his co-workers have produced mutants of Venturia inaequalis, the apple 
scab fungus, each of which has been demonstrated to have a genetically 
conditioned requirement for a growth factor. Several of these mutants 
differ from the wild type in the loss of pathogenicity, and when inocu
lated onto the leaf in the usual manner they fail to establish colonies. 
In some of these, pathogenicity can be restored by administering the 
required growth factor to the infection court. This is an elegant demon
stration of the thesis that pathogenicity depends on an adequate supply 
by the host of all nutrients required by the parasite, and that a sort of 
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passive resistance may be provided by a deficiency of one such nutrient. 
It should be pointed out, however, that not all of the nutritional mutants 
would become pathogenic when the required nutrient was supplied, so 
that even in this parasite-host complex other factors besides nutrients 
play a determining role in disease development. 

Another type of protection based on the absence of materials required 
for infection is exemplified by the seedling diseases caused by Pellicularia 
filamentosa (Rhizoctonia filamentosa). Infection requires the formation 
of a hyphal cushion at the surface of the host epidermis, and entry is then 
accomplished by penetration at the site of such a mycelial cushion. When 
susceptible seedlings (lettuce, radish) are grown aseptically in cellophane 
bags, Pellicularia forms mycelial cushions on the outside of the cello
phane, but when resistant seedlings (tomato) are grown in the bags, no 
cushions are formed (Kerr, 1956). Sterile excretions from the susceptible 
plants also induce cushion formation in cultures of the corresponding 
pathogenic strains of Pellicularia growing on cellophane disks, but not in 
cultures of nonpathogenic strains (Kerr and Flentje, 1957). These cush
ions do not allow penetration of the cellophane, but in the presence of 
suitable exudate do allow penetration of epidermal strips of the congenial 
host, so that there appears to be some other property of the epidermis 
which is needed for successful establishment of the pathogen. There is in 
these experiments good indication that the absence of specific formative 
substances provides a passive protection against this fungus. Conversely, 
susceptibility may be regarded as a more positive attribute depending 
upon the production of certain formative substances by the host, or upon 
the production of substances by the host preventing a defense reaction 
from coming into play. The chemical nature of these substances is not 
yet known. 

The hyphal cushions which here play a part in establishing the infec
tion are characteristic of the response of Rhizoctonia to many higher 
plants. They occur in the cells of orchids infected with symbiotic Rhizoc
tonia, and Noel Bernard believed that "the key to the problem of 
immunity must be in the factors which determine hyphal cushion forma
tion" (1909, p. 156). This view is of particular interest since the hyphal 
cushions to which it refers are in orchids evidence of successful defense, 
whereas in the seedling diseases they appear to be a major instrument 
in the successful breaching of defenses. 

Another example of the same type of protection, depending upon the 
absence of substances required in the coordination of the infection 
process, is provided by diseases which are initiated by stomatal entry. 
As discussed earlier, the coordination of these events is usually brought 
about by the healthy plant, but its breakdown under any circumstances 
confers resistance. 
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C. Genetic Factors Determining Resistance 

Soon after the rediscovery of Mendel's laws, at the beginning of the 
20th century, several biologists interested in problems of disease recog
nized the importance of Mendelian factors in conditioning the reaction 
to pathogens. Although it was realized previously that resistance was 
passed from parent to offspring, it became possible with a knowledge of 
dominance, linkage, and independent assortment of genetic factors to 
demonstrate convincingly a close genetic control of resistance in some 
plants. Biff en (1907, 1912) and Orton (1908) were leaders in this work, 
which was carried forward vigorously and capably by a number of men 
in the United States, Europe, and Russia. It was soon established that 
immunity from infection in many plants for many pathogens was in
herited with simple monohybrid or dihybrid ratios, and there developed 
rapidly the extensive agronomic application of these findings to the 
development of crop plants resistant to most of the major pathogens (see 
Vavilow, 1953, for a comprehensive account of the work up to the 
1930's). In a general discussion of the implications of these findings in 
1911, Freeman already realized that the heritable factors were in many 
cases not reflected in visible properties or structures of the resistant plant, 
but instead acted as determinants of the reaction to a pathogen. "Proto
plasmic factors," not structural or mechanical factors, have thus long 
been recognized as the intermediaries of the genes in bringing about the 
expression of resistance. Resistance to obligate parasites (rusts, powdery 
mildews, downy mildews, etc.) and to facultative parasites (smuts and 
bunts, anthracnose, potato blight, wilts, and other fusarial diseases, as 
well as a majority of other diseases investigated) has turned out to be 
genetically determined, often with a single genetic locus conditioning 
resistance or susceptibility. How direct is the chemical connection 
between the gene and the arrest of development of the nonvirulent 
pathogen? At least it cannot be the chromosomal determinant itself which 
is involved in the reaction with the approaching parasite, since the arrest 
of the pathogen usually occurs without its contacting the host nucleus. 
Actually, there is abundant evidence that the host does not at first 
behave as though it were going to react against the invader. The early 
development of many kinds of pathogens proceeds on the resistant and 
susceptible hosts at a similar pace and with a similar apparently con
genial reception by the host (Scheffer and Walker, 1954; see Allen, 
1954, for references to obligate parasites). It is, therefore, unlikely for 
many of these parasites that the actual toxic substances are preformed 
in the host. Instead, the trigger mechanism represented by the host gene 
or its products is the agent which is preformed, this trigger being re-
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leased with the production of toxic materials only after contact with the 
parasite. Recent developments in nuclear physiology suggest that either 
nucleic acid components or proteins might be early products of gene 
action, and that the specific genetic differences between resistant and 
susceptible plants might, therefore, be reflected in difference in such 
components. In the case of animal blood antigens, each genetic difference 
has a corresponding protein antigen difference (Irwin, 1953), and there 
is considerable evidence for other organisms also that specific enzymes 
are formed or not in accordance with the presence or absence of the 
corresponding gene (Wagner and Mitchell, 1955). These facts provide 
grounds for speculating that specific proteins might be preformed in the 
host to correspond to each gene concerned with resistance and suscepti
bility. Recent preliminary attempts to distinguish differences in the 
proteins of resistant and susceptible plants gave evidence of more posi
tively charged proteins in the susceptible than in the resistant plants 
(wheat reaction to leaf rust: Barrett and McLaughlin, 1954). The amino 
acids of pairs of wheat embryos isogenic except for a resistance factor 
possessed by one of the pair showed no significant differences, however 
(wheat embryos selected for reaction to smut: Zscheile and Murray, 
1957). 

Although the highly specific genetic control that has been found 
means that some highly specific chemical events are involved in starting 
the defense reactions, this does not mean that the actual agents of pro
tection must be specific. The products of interaction between host and 
pathogen may well include some nonspecific substances, elicited by a 
variety of different confrontations of host and pathogen, and acting in 
a common way. The actual arsenal of defense need not be as varied as 
the conditions which cause its development. 

III . DYNAMIC ASPECTS OF DEFENSE 

A. Induced Production of Diffusible or Small Molecular Inhibitors 

1. Pathogen-Induced Diffusible Inhibitors 

To understand the nature of the dynamic defense which comes into 
play in response to attempted invasion, the host must be studied after it 
has begun to interact with the pathogen. Comparative chronological 
studies of host plants beginning before the interaction and continuing 
through the period when the defensive response emerges can then help 
in the recognition of the changes and substances whose appearance sig
nals the success of a defense reaction. By such studies carried out under 
a variety of conditions, correlations can be established which provide 
the physiological basis for the formulation of a biochemical hypothesis. 
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The associations most amenable to experimental analysis are, therefore, 
those which show the interaction before actual physical contact or which 
can be brought into physical contact and then subsequently separated. 

One of the earliest studies of the nature of defense reactions was 
initiated by Noel Bernard, whose studies of the mycorrhizae of orchids 
are noteworthy for their careful execution and for their insight. Caullery 
(1952) refers to them as 'magnificent researches." Bernard was im
pressed by the retarded growth of mycorrhizae following the initial rapid 
spread into an embryo and by the protection which one infection pro
vided against a subsequent infection (1909) . These phenomena he 
interpreted as "acquired immunity," and he regarded the failure of 
endophytic mycorrhizae to penetrate beyond the roots into the tubers 
as a further evidence of immunity in the latter organ. To investigate 
the nature of this immunity, he studied the interaction of mycorrhizal 
fungi with aseptically excised tuber pieces, planted—at some distance 
apart—on gelatin media (1911) . As an example of his results, he found 
that with tissue from Loroglossum hircinum and the fungus Rhizoctonia 
repens (isolated from Orchis morio), the mycelium started to grow in all 
directions but was soon sharply arrested in its advance on the side 
toward the tuber piece. Since this fungistatic activity was prevented by 
heating the tuber at 55° C. for one-half hour, Bernard believed the active 
material to be heat labile. Grinding the tuber prevented the activity from 
appearing, and no activity was observed unless the tuber piece was 
larger than 0.5 cm.3 From Bernard's experiments, which because of his 
early death were not brought to a conclusion, it is not clear whether the 
active material arises from the cut tissues in response to something from 
the fungus, or whether it is already present before confrontation with the 
fungus in culture. Magrou (1924) repeated and continued these experi
ments. He planted the tuber pieces on gelatin and left them there for 
some time, then removed the pieces and inoculated the gelatin with 
Rhizoctonia repens. Again, the fungus failed to grow into the area where 
the tuber had been, and Magrou concluded, therefore, that the active 
substance was preformed in the tuber. Nobecourt (1929) , studying Loro
glossum and the endophyte which he succeeded in isolating from it 
(Rhizoctonia hircini, called by him Orcheomyces hircini), found little 
activity of the killed tuber pieces alone, but marked activity from tuber 
pieces which were exposed to the fungus, then killed and tested for 
diffusible toxic substances. More recently, Gaumann and co-workers 
(1950) have carried out a careful reinvestigation of this important ques
tion, and have confirmed Nobecourt's conclusions. Working with Orchis 
militaris and its endophyte, Rhizoctonia repens, they have found that 
some toxicity occurs in the tuber pieces without laboratory exposure to 
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the fungus, and that confrontation with the fungus in culture leads to an 
enhanced production of toxic substances, which could be demonstrated 
in the agar after removal of the "induced" tuber piece. These experiments 
leave little room for doubt that substances diffusing from the endophyte 
cultures lead to an enhanced production by the tuber of fungistatic 
substances. The possibility that the wounding involved in all of these 
experiments is solely responsible for the increased toxicity is eliminated, 
but it is still possible that the wounding contributes to the high levels 
of toxicity. It would be interesting to test tubers from uninfected plants, 
if such could be obtained by feeding with concentrated sugar solutions, 
but the experiments already done constitute one of the most convincing 
bodies of evidence now available for the induction of defense by dif
fusible substances produced in a higher plant in response to the oncoming 
microorganism. There is as yet no information available concerning the 
chemical nature of either the diffusible inducing substance(s) or of the 
toxic material produced, but the experiments show that the latter con
tinues to be released from the host tissue for some time after its induction. 
Although these experiments concern a symbiotic association, their broader 
significance was clearly recognized in Bernard's statement that "La 
symbiose est a la frontiere de la maladie." 

A second series of investigations which have provided important evi
dence for the production of defense substances only after interaction of 
fungus and higher plant has been carried out by K. O. Mueller and 
his co-workers. Mueller did much of the pioneer work on the genetics 
of resistance of the Irish potato to late blight caused by Phytophthora 
infestans. He soon became interested in the physiological basis of the 
genetic differences and looked for the cause of the difference in response 
between resistant and susceptible hosts. The course of the reaction, 
although somewhat similar in the two kinds of hosts, differs particularly 
in the speed of response (1939) . In resistant plants inoculated with 
zoospores of Phytophthora, a rapid response occurs and host cells die 
before the fungus has a chance to become established, while the slower 
response of susceptible plants allows time for growth and reproduction. 
When the hypersensitive fleck is formed in resistant plants, the fungus is 
killed. The same thing happens when zoospores are inoculated onto other 
flowering plants which do not become diseased with Phytophthora: 
necrotic flecks are produced and the fungus is prevented from prolifer
ating (1950) . This phenomenon is also of widespread occurrence else
where among the pathogens of higher plants. From observations on the 
course of microscopic changes, Mueller postulated the formation of 
fungitoxic substances, "Phytoalexinen," (1939; Mueller and Borger, 1940), 
by loose analogy with the alexins of animal blood which are in-
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volved in combination with antigens. Preliminary experiments with potato 
tissue and Phytophthora zoospores indicated that the contact between 
potato and spores of an avirulent strain of blight fungus led to the 
production of substances also toxic to a virulent strain as well as to other 
fungi. Thus, the toxic materials once produced did not seem to be specific 
for any particular microorganism (Mueller and Behr, 1949). In contrast 
to the pathogen specificity required if preexisting agents of defense 
determine resistance, agents of defense brought into existence only upon 
infection need not show specificity. 

An elegant method for studying these substances under aseptic con
ditions and without interference from wound substances was devised by 
Mueller (1956) . Drops of a suspension of Phytophthora zoospores were 
placed on the aseptically exposed sterile inner epidermis of young bean 
pods, and after incubating them aseptically, the drops were collected 
and tested for the appearance of soluble substances causing bursting or 
affecting germination or germ-tube growth of test spores. Control drops 
without spores were handled and tested in the same way. These experi
ments showed that drops incubated in contact with bean and fungus gave 
rise to antibiotic substances which were lacking in the drops without 
fungus spores. The possibility that the active substances came from the 
spores was not systematically excluded, as it could have been by incu
bating another series of drops with spores on an inert substratum. In 
further tests with another fungus, Sclerotinia fructicola, it was found that 
toxic materials did not appear until after about one-half day of incuba
tion, and that they failed to appear on bean pods previously warmed to 
41° C. This latter experiment argues against the active materials coming 
from the fungus itself. 

These experiments are particularly interesting because they have 
been carried out without contamination by extraneous organisms and 
without interference from extraneous substances formed when tissues 
are mechanically wounded. They represent the best approach yet made 
to the question of the occurrence and nature of substances produced in 
the defense reaction and responsible for arresting the progress of a 
pathogen. The active materials involved are fungistatic in low and 
fungicidal in high concentrations; they are dialyzable and stable to 
freezing and boiling, but their chemical properties have not yet been 
investigated. If the approach can be applied to combinations of pathogen 
and its natural host, it should provide a potent tool for studying the 
chemical basis of the hypersensitive reaction and of the protection against 
pathogenic attack which it provides (cf. Chapter 13) . 

A number of other investigations have produced evidence of the 
formation or enhancement of fungistatic substances in response to 
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invasion. Increases occur in the toxicity of potato upon inoculation with 
Helminthosporium carbonum (Kuc et al, 1955, 1956). The increased 
toxicity cannot be accounted for on the basis of chlorogenic and caffeic 
acid contents in the infected tissue (Kuc, 1957). Toxicity to Fusarium 
oxysporum appears in extracts of pea seedlings after inoculation with 
F. sofoni f. pisi, while neither extracts of healthy seedlings nor culture 
filtrates of the pathogen alone are toxic (Buxton, 1957). Increased inhibi
tion of spore germination of F . bulbigenum by the juices from rhizomes 
of tubers after infection with this fungus has also been reported (Shimo-
mura et al, 1955). The uninvaded tissues of sweet potato infected with 
Ceratostomella fimbriata produce ipomeamarone, chlorogenic acid, and 
other phenols, and some of these compounds are highly toxic to the 
fungus in culture (cf. Chapter 10) . All of these findings suggest that the 
production of toxic substances occurs even when resistance is lacking or 
is incomplete. Most investigations have included a report on the changes 
in phenolic compounds, and there is no doubt that phenols may be 
present in higher levels in those tissues which have reacted with the 
pathogen, but this is not invariably so (e.g., polyphenols decrease in the 
lotus rhizome, and may also decrease in potato tuber infected with 
Phytophthora infestans (Tomiyama et al, 1958). The conclusion has been 
reached with increasing accord that it is not the actual level of phenol 
which is the most important factor, but the metabolic changes in which 
phenols are involved. 

2. Injury as the Ultimate Cause of Defense 

Whenever a plant sustains injury locally, a series of defense reactions 
come into play which tend to repair the damage (Went, 1940; Bloch, 
1952, 1953). The nature of the response is characteristic of the tissue 
affected, and the same response may occur with a variety of different 
wounding agents. There is a good deal of evidence that substances re
leased from injured cells are involved in triggering the defense reactions 
to mechanical injury. These wound substances, or as they have been 
called "hormones," initiate processes leading to new cell divisions and 
sometimes to the formation of new types of tissue, particularly cork. 
In the evolution of a mechanism of defense against pathogenic organisms, 
it is probable that the general potentialities for coping with injury have 
been applied to the special job of coping with parasitic injury. It is, 
therefore, to be expected that the defense against pathogens will have 
some of the same features as the defense against nonspecific injury. The 
first of these features which the two processes share is that the agents 
of defense are fashioned only after the cause of the injury has acted. 
Since some of the procedures employed in studying defense reactions 
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involve wounding of the tissue, special care must be taken to establish 
that the pathogen, and not a mechanical wound, is the ultimate cause of 
production of defense materials. Some authors have realized that the 
toxic phenols obtained from tissues in the process of reacting to a foreign 
organism might have arisen from the wound reaction (Spencer et al, 
1957). There is also experimental evidence that the natural defenses 
against a pathogen may be enhanced by wounding the host (Keyworth 
and Dimond, 1952). 

All of these findings lead to the conclusion that similar phenolic com
pounds may be produced by a variety of injurious agents, mechanical or 
biological. They are frequently produced by the experimental manipula
tions which are used to study them. Perhaps they are released from 
conjugated forms present within the cells of most plants, and by virtue 
of their fungistatic action constitute a general protective agent. The 
peculiar property of allowing free development of a pathogen would 
then be the special attribute of the plant susceptible to that pathogen, 
and would require some provision for avoiding the release or accumula
tion of toxic materials. 

B. Induced Immunity by Antibody Formation 

In the last years of the 19th century and the beginning of the 20th 
century, work in animal immunology gave a powerful impetus to the 
search for the possible occurrence and basis of plant immunity. Unfortu
nately, the search for the basis of plant immunity was pushed forward 
in advance of evidence for its occurrence, with the result that a great 
body of literature appeared dealing with the question of antibody forma
tion in plants and predicated upon procedures adopted for work with 
animals. Much of this work is unsound, and a great deal of the presumed 
evidence for the occurrence of antigen-antibody reactions is spurious, 
arising from nonspecific precipitations and agglutinations of plant ex
tracts. The philosophical and procedural basis of this work was thor
oughly analyzed, experiments were conducted to test the validity of some 
crucial points, and the results were summarized in an important survey 
by K. S. Chester in 1933. This work placed the problem in a more 
realistic perspective. The reaction to his able and exhaustive review of 
the field seems to have been to discourage any further exploration, for 
the subject has not since received any appreciable attention. As Chester 
pointed out, however, the possibility of a phenomenon in plants analogous 
to acquired immunity in animals is not ruled out. The examples discussed 
above constitute specific instances of the occurrence of such a phenom
enon based upon diffusible substances. The possibility that immunity 
based upon induction of specifically reacting proteins also occurs in 
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plants is more difficult to establish, but it also cannot be ruled out. There 
seems no good reason to believe that such immunity, if it exists, will 
appear in the same way or be amenable to the same experimental proce
dures that it is in animals. In fact, it is rather more likely that procedures 
adapted to the many structural and functional differences between higher 
plants and higher animals would have to be developed. This can only 
be done satisfactorily by taking as a starting point plant-pathogen asso
ciations in which it is demonstrated that acquired immunity occurs, and 
by proceeding with these to find what the chemical basis of the acquired 
immunity may be. Whether the investigation leads to evidence for an 
antigen-antibody reaction of the type that occurs in warm- and some 
cold-blooded animals or not is immaterial. The important outcome would 
be the discovery of the actual basis of acquired plant immunity. The 
pitfalls that beset the earlier exploration of this field could be largely 
avoided now, and yet the motivations for exploring its possibilities are, if 
anything, greater than ever because of recent confirmation of the high 
degree of specificity which lies behind the violent interaction between 
uncongenial hosts and avirulent pathogens. One of the most remarkable 
features of this specificity is that it depends not only on specific genes 
of the host, but also on correspondingly specific genes in the pathogen 
(Flor, 1956). In this respect it is analogous to the compatibility reactions 
between pollen tube and stigma tissues (Lewis, 1954). 

In the field of protection against virus infection, the classic work 
of Salaman (1933, 1938) provided well-documented evidence for the 
induction of protection to subsequent infections by earlier inoculations 
of virus. The mechanism of such induced protection against viruses will 
undoubtedly be explored further. 

C. Relation of Metabolic Changes to the Processes of Defense 

1. Occurrence of Changes in Main Phases of Metabolism 
Following Infection 

The alterations in kinds and levels of substances which occur in 
response to infection are a consequence of changes in host metabolism. 
Marked changes in the major metabolic processes take place in infected 
plants, and include changes in protein metabolism and particularly strik
ing changes in the respiratory metabolism (Allen, 1953 and 1954; Rubin 
and Arzichowskaja, 1953; Rubin et al, 1955; Farkas and Kiraly, 1958; 
Chapter 10 of this volume). These changes have been studied most thor
oughly in susceptible plants which exhibit the characteristic symptoms 
of disease and only recently has a concerted attempt been initiated to 
make a comparative study of respiratory changes in resistant and sus-
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ceptible plants after inoculation. Evidence to date indicates no difference 
between resistant and susceptible plants in the initial response, but 
generally the rise in the rate of 0 2 uptake in resistant plants reverses 
earlier than in susceptible ones (Samborski and Shaw, 1956). Any at
tempt to correlate respiratory changes with resistance must, however, 
involve more than a comparison of over-all rates of metabolism, since 
quantitative comparisons of rates of respiration may fail entirely to reveal 
the real differences. The idea that a shift in the relative rates of different 
aspects of metabolism might be triggered by the pathogen and result in 
the development of an unfavorable chemical environment has been 
elaborated particularly by Sempio (1950) . 

2. Relation of Altered Metabolism to the Emergence of Defense 

a. Metabolic Detoxification. One of the early proposals concerning 
the role of metabolism suggested that the host protected itself against 
disease by enzymatic detoxification of the harmful metabolites of a 
pathogen. This was A. N. Bach's idea concerning the protective role of 
oxidative enzymes (Rubin and Arzichowskaja, 1953;. Farkas and Kiraly, 
1958). The idea was based on the fact that pronounced increases in 
oxidations occur when tissues are injured and on the appearance of high 
oxidase activity in the injured zones. Some evidence for metabolic detoxi
fication has been obtained with animal pathogens (cf. Agner, 1950), 
and more recently this phenomenon has been implicated in the protection 
against the toxin of Helminthosporium victoriae. Resistant oats infiltrated 
with the toxin, victorin, are not affected, and the toxin cannot be recov
ered from resistant tissues (Romanko, 1958). Since the proposal of 
metabolic detoxification would only account for freedom of the host 
from deleterious effects of the pathogen and not for freedom from 
proliferation of the pathogen, it appears, however, to be inadequate to 
account for most aspects of resistance. It may have more bearing on the 
problem of toleration of symbionts than upon the successful defense 
against parasitic invasion. 

b. Metabolic Formation of Toxins. The data presented in the earlier 
sections of this chapter provide strong evidence that the protective action 
of the host may arise from the formation of substances toxic to the 
pathogen rather than on the removal of substances deleterious to the 
host. The "peaceful co-existence," as it is aptly called by Farkas and 
Kiraly, of the first stages of infection is terminated by an arrest in the 
development of the pathogen. It seems, therefore, essential that an 
explanation of resistance be sought in an antagonistic action against the 
pathogen itself, not simply against its metabolites. This mode of action 
was suggested by Cook et al. (1911) , who proposed that the toxic sub-
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stances were oxidation products of such compounds as tannic acid. If 
expanded to include host metabolism in general, the suggestion provides 
a good working hypothesis on which several lines of investigation have 
been based. The idea envisages some triggering action of the pathogen 
upon the host, presumed to be chemical and leading to the formation of 
an agent which alters the course of metabolism. The altered course of 
metabolism is the immediate source of fungistatic or other antagonistic 
action. This alteration may even be triggered by an avirulent pathogen 
and the resulting host reaction then provides protection against a virulent 
strain (Mueller, 1953). 

The importance of the host tissue in bringing the toxic substances into 
existence is indicated by a quantitative relation between the amount of 
host tissue involved in the reaction and the achievement of defense. In 
the case of orchid tuber pieces discussed earlier, a minimal amount of 
tissue is required to develop the fungistatic substances. If the piece is 
smaller, it is overgrown by the mycorrhizal fungus which a larger piece 
would stop (Bernard, 1911; Gaumann et al., 1950). Mueller's observa
tions on the potato blight organism discussed earlier indicated that a 
difference in rate of reaction determined degree of resistance, with a 
rapid reaction leading to quick arrest of the pathogen and high resistance 
(avirulent strains). More direct evidence for the importance of the 
amount of substance produced per unit time comes from the work of 
Tomiyama et al. (1958) . The action of a certain amount of inoculum in 
giving rise to resistance was found to be a function of the thickness of 
potato slice, increasing resistance occurring with increasing thickness up 
to about 2 mm. under the conditions of their experiments. They calcu
lated that it took about ten host cell layers to achieve full resistance in 
tuber slices of a genetically resistant variety. Since the locus of resistant 
action was at the surface in all cases, the differences appear to depend 
on products contributed by underlying cells. No relation was found 
between increase in polyphenol and resistance, but more rapid removal 
of polyphenol and greater accumulation of brown products of oxidation 
were observed in the tissues displaying higher resistance. 

Tomiyama's studies show, in agreement with many others, that the 
mass effect of increased inoculum is in the opposite direction, acting to 
overcome resistance. Thus with larger inocula thin slices become quite 
susceptible, whereas with smaller inocula they retain some of their 
resistance. This effect is not to be confused with the effect of heavy 
inoculum acting directly on the pathogen to prevent its development 
(Yarwood, 1956). 

c. Other Sources of the Unfavorable Action of Altered Metabolism. 
In the absence of definitive evidence concerning the biochemical relation 
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between altered metabolism and resistance, the possibility must be left 
open that neither of the above chemical models (paragraphs a and b) 
will prove completely satisfactory and that some other formulation of the 
relationship will prove necessary. It may be preferable, therefore, to 
regard the metabolic changes as the source of defense without a com
mitment as to how this end result is achieved. This permits a continued 
analysis of the aspects of metabolism which are involved in defense and 
of the causal relationship between metabolism and defense, with the 
question of the mechanics of the relationship to be determined by later 
experimental findings. 

3. The Nature of the Metabolic Changes Leading to Production 
of the Defense Conditions 

One of the most persistent views concerning the metabolic origin of 
defense is the view that it arises from an alteration in oxidase activity. 
The experiments of Cook showing that gallic acid became toxic when 
mixed with plant juices containing oxidizing enzymes were among the 
earliest which urged this view. This was later fortified, and attention 
directed to the importance of polyphenoloxidase in particular, by the 
studies of Szent-Gyorgyi and Vietorisz (1931) , who showed that phenol-
oxidase activity greatly increased upon injury to tissues. The toxicity of 
the quinones formed was suggested by them as a basis for the protective 
action of this enzyme. In the presence of suitable reducing systems (such 
as ascorbate or the cellular dehydrogenases) these quinones would not 
accumulate. The focus of attention on quinones seemed to be justified 
because this class of compounds is known to include many toxic sub
stances (McNew and Burchfield, 1951). Schaal and Johnson (1955) 
demonstrated a correlation between the autoxidation occurring at higher 
pH values and the toxicity of a group of phenols. Those phenols which 
were autoxidizable, as indicated by the appearance of color, were toxic, 
but only at pH values where autoxidation occurred. There is, therefore, 
experimental evidence that oxidation of phenolic compounds can produce 
substances of greater toxicity than the original phenol. 

The defense reactions of the plant, both to wounding and to pathogens 
producing a hypersensitive reaction, may lead to the formation of colored 
products; and the formation of such products is associated with the 
activation of polyphenoloxidase. An increase in polyphenoloxidase activ
ity is a common aspect of pathogenic infection. An increase in the rela
tive activity of polyphenoloxidase (Rubin et al., 1955) or in the absolute 
activity (Menon and Schachinger, 1957), has been reported to be greater 
in resistant than in susceptible plants. These circumstances have pro
vided a body of evidence supporting the idea that an augmented activity 
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of polyphenoloxidase occurring during infection is causally related to 
the production of toxic substances and that these protect against the 
pathogen which initiates their formation. These substances are presumed 
to accumulate when the increased rate of oxidation by 0 2 is not asso
ciated with a similar increase in the activity of dehydrogenase systems 
effecting the reduction of quinones to phenols. 

There are, however, some apparently contradictory facts and some 
weaknesses in this concept which must be considered seriously. One is the 
fact that phenol oxidases are generally inactive in intact tissue and the 
amount of activity in extracts is, therefore, not an indication of the activity 
in the tissue. There is not convincing evidence that this kind of oxidase 
is involved in activating oxygen in respiration (Bonner, 1957). A second 
objection is the failure of phenoloxidase action in many instances to pro
duce toxic substances. In tests of a large series of phenols, Rich and 
Horsfall (1954) found that phenoloxidase action upon these compounds 
resulted in decreased toxicity rather than increased toxicity which is to be 
expected from the proposed role of phenoloxidases in resistance. The 
failure to develop toxicity could be due to a rapid conversion of quinones 
to polymerization products (colored products formed after oxidation of 
the phenol to a quinone). These polymerization products have, by some 
investigators, been regarded as including the toxic materials. There is, 
however, no good reason to suppose that it is the final brown and red 
products of polymerization which are toxic, since these could just as well 
be the products of secondary reactions associated with a different defen
sive reaction. Colored products are not always formed when resistance is 
exhibited (Hirai, 1956), and even in the case of Mueller's phytoalexins, 
the toxic solutions have little color and are themselves causes of the fleck 
reaction in the host as well as of the fungistatic action toward the patho
gen, although the two activities are not known to reside in the same 
compound. It is not possible at present to attribute the protective action 
of the reacting host to any particular products of phenoloxidase action, 
even though some of these products may be toxic. Some of the studies 
with respiratory poisons also throw further doubt on the uniqueness of 
the role of phenoloxidase. 

Important evidence concerning the nature of the metabolic processes 
involved in resistance has been obtained recently by studies with respir
atory poisons. It has been found that a resistant plant may be made 
susceptible by certain inhibitors. Gassner and Hassebrauk found 
increased susceptibility to rust in wheat treated with chloroform (1938) . 
Resistance to some potato pathogens is broken down by narcotics, and 
this action is associated with inhibition of the ability to form wound cork 
(Behr, 1949). Further studies of this phenomenon have shown that the 
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defense of potato varieties against blight can be modified by infiltration 
with a number of different metabolic inhibitors or substrates (Fuchs and 
Kotte, 1954; Christiansen-Weniger (geb. Kotte), 1955). Inhibitors of 
metal oxidases generally reduce the resistance, as do several organic acids 
and, remarkably, also catechol and tyrosine. Although most of the sub
stances which inhibit polyphenoloxidase also prevent resistance, the 
action against this enzyme does not seem to be essential in the breakdown 
of resistance. In another host-pathogen association, Fusarium wilt of 
tomato, for which similar information is available, resistance is broken 
down by thiourea, diethyldithiocarbamate, sodium fluoride, ethanol, and 
2, 4-dinitrophenol (Gothoskar et al, 1955). Streptomycin, 2, 4-D, maleic 
hydrazide, and other physiologically active compounds are known to 
interfere with resistance and allow the development of a pathogen even 
at concentrations which inhibit the pathogen in culture. The number of 
such observations is now sufficiently numerous to leave no doubt that the 
development of the resistant reaction is dependent on metabolic events 
which can be so altered as to abolish completely the normal protective 
response of the host plant, but they have not yet provided clear evidence 
of the metabolic process on which this response depends. Further investi
gations along these lines should prove fruitful in elucidating the meta
bolic basis of resistance. 

Another phase of these studies on metabolism and resistance which 
may deserve attention is the possible role of the direct oxidative pathway 
in creating the defensive opportunities for the infected plant. Evidence 
is rapidly accumulating that the enhanced respiration of infected tissues 
results from the opening of this metabolic pathway in a variety of diseases 
(Farkas and Kiraly, 1955; Daly et al, 1957; Daly and Sayre, 1957; Shaw 
and Samborski, 1957). The dehydrogenases involved in this metabolic 
route are linked to triphosphopyridine nucleotide (TPN) whereas those 
involved in oxidations via pyruvate and the Krebs cycle are predomi
nantly linked to diphosphopyridine nucleotide ( D P N ) . The latter are 
known to couple with molecular oxygen by way of the cytochrome oxi
dase system, but whether the TPNH* generated in the course of the direct 
oxidative pathway is oxidized by molecular oxygen with the help of 
cytochrome oxidase, or ascorbic oxidase, or some other oxidase is not yet 
clear, but there are indications that it may go by way of a copper oxidase 
(Kiraly and Farkas, 1957). In monocotyledons the copper oxidase found 
is generally ascorbic acid oxidase, whereas either ascorbic acid oxidase 
or phenoloxidase may occur in dicotyledons. 

There are several reports which present evidence that implicates the 
growth hormones in the process of induced development of resistance. 

* Reduced triphosphopyridine nucleotide. 
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The decreased resistance to rust caused by irradiation of the shoot apex 
(Schwinghamer, 1957), indications of altered resistance to wilt in toma
toes caused by ionizing radiation (Waggoner and Dimond, 1956) and by 
2, 4-dichlorophenoxy acetic acid, naphthaleneacetic acid, and several 
other growth regulators (Davis and Dimond, 1953), and increased re
sistance to rust caused by administration of indoleacetic acid (Samborski 
and Shaw, 1957), all point to the participation of growth hormones in the 
emergence of effective defense reactions. The general trend of these 
results suggests that higher auxin levels are associated with defense, but 
this is not easily reconcilable with the fact that decreased indoleacetic 
oxidase and hence increased auxin levels are found in susceptible plants 
(Shaw and Hawkins, 1958; Pilet, 1957). 

IV. CONCLUSION 

The data now available concerning the plant's defense against patho
genic attack point to one main conclusion regarding the nature of defen
sive action: it is not a condition of the plant which constitutes resistance, 
but a process of response. The potentialities for response are inherent, but 
the successful employment of these potentials depends first of all on the 
specific nature of the triggering agent, but more importantly on a series of 
metabolic events which are set in motion by the pathogen. Whether these 
events lead to successful defense or to some other result depends on the 
context and may be experimentally altered so as to reverse the outcome 
completely. It is probable that some of the chemical events are of great 
importance in the creation of an unfavorable chemical environment and 
that certain kinds of chemical agents, transient or otherwise, are recurring 
products of the metabolic events set in motion by the pathogen or by 
other agents and are instrumental in arresting the development of a 
potential pathogen. Neither the toxic substances nor the metabolic pro
cesses which lead to their formation are the specific agents corresponding 
to the specific pathogen and host genes involved in determining the inter
action. This specificity must be sought in the initial triggering interaction. 

The problem of compatibility between a pathogen and its host is one 
phase of a very broad biological problem. Phenomena of compatibility 
and incompatibility come into play in many biological processes (Lewis, 
1954). In the fusion of gametes; in the growth of the pollen tube in the 
style; in the fusion of protoplasm of slime molds and of cells of fungus 
hyphae, both in anastomosis and in sexual reproduction; in graft accept
ance or rejection; and in the important realm of reactions in animals to 
foreign substances, as well as in many other aspects of the coordinated 
living and acting together of cells, compatibility phenomena occur and 
have been shown to have a genetic basis. It is, therefore, distinctly pos-
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sible that ideas about the basis of compatibility in pathogenic associations 
may be obtained from these other areas of biological investigation. Like
wise, some of the advances in our understanding of incompatibility 
reactions (defense) in plants may contribute to a more integrated under
standing of the universal basis which the common genetic foundation 
suggests that various compatibility phenomena may have. 
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