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I . INTRODUCTION 

"Hordes of soldiers will overrun almost any defense." 
J. G. Horsfall 

Within the context of plant pathology the word "inoculum" signifies 
an indefinite quantity of a parasitic microorganism or virus that meets, 
or may be placed upon or near, the surface of a potential host plant. The 
inoculum may consist of one or many cells of the microorganism, and 
conceivably of one or many infective particles of a virus; the cells of the 
microorganism may be separate and free from one another, or they may 
be organized into filaments, or into a tissue; they may be separated or 
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not from the substrate upon which they were originally produced. Ac
cording to general usage, the term "inoculum" is employed to describe 
something that has merely the potentiality of causing infection; thus, it 
is possible to speak of "effective inoculum" and, conversely, of "ineffec
tive inoculum." The plant pathologist is chiefly interested in effective 
inoculum; his interest in ineffective inoculum is conditioned by the 
indications it may give of what makes an inoculum effective. It thus 
becomes necessary to define, in turn, what we mean by an "effective 
inoculum"; an effective inoculum may be described as one that is ade
quate to produce, under the particular conditions of the situation or 
trial, a successful, progressive infection. The next query, as to what con
stitutes a "progressive infection," can be referred back to nature, the 
ultimate court of appeal, where host and parasite live side by side. Some 
infections, once successfully initiated, may progress indefinitely until all 
the contiguous host tissue has been infected, whereas in others, e.g., 
many leaf spot diseases, the lesion is normally arrested by host resistance 
when it reaches a certain—and usually fairly typical—size. Such arrest 
of the expanding lesion generally occurs when the volume of microbial 
protoplasm in the original inoculum has been multiplied many times, so 
that the size of the lesion is not usually determined by the volume of the 
original inoculum; an inoculum that produces a lesion approximating 
the size normally found in nature can therefore be considered an effective 
inoculum. 

A. Varieties of Inoculum 

Effective inocula may be of very diverse kinds. With plant-infecting 
bacteria it is possible and even probable that a single bacterial cell can 
cause infection if it arrives in the right condition at a suitable infection 
court. This may seem a somewhat academic question, because in nature, 
bacteria are usually dispersed as aqueous suspensions in rain droplets 
or carried in masses by insects; they may be surrounded by capsular 
material or suspended in a viscous slime. In stem and leaf diseases caused 
by fungi, air-borne spores are the chief type of effective inoculum. Such 
spores are usually large enough to be observed under the lower powers 
of the microscope and to be handled individually without great technical 
difficulty. In the great majority of air-borne diseases that have been 
sufficiently studied, there seems to be little doubt that a single spore can 
establish a successful, progressive infection, and that it can be considered 
as an effective inoculum. For seed-borne diseases caused by fungi, 
effective inoculum may consist of spores adhering to the outer coat of the 
seed or to the outer covering of the fruit or trapped within the sur
rounding bracts, as in grain of cereals and grasses. Mycelia established by 
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the germination of such spores and becoming dormant as the seed ripens 
and dries out, may be considered a stage in infection from the original 
inoculum; so may dormant mycelia within the actual embryo, as occurs 
in seed infected by the loose smut diseases of wheat and barley, caused 
by Ustilago tritici and U. nuda. 

Effective inoculum exists in a greater variety of forms for soil-borne 
diseases caused by root-infecting fungi. For young rootlets and even for 
older but not too well-protected parts of the root system in mono
cotyledons and herbacious dicotyledons, thin-walled dispersal spores 
may constitute an effective inoculum. Thick-walled resting spores well-
furnished with food reserves, such as are typically formed by oomycetous 
fungi, can certainly serve individually as effective inocula. Mycelia of 
some root-infecting fungi that are also soil saprophytes (i.e., soil-in
habiting fungi, sensu Garrett, 1950) can grow through the soil from one 
saprophytic substrate to another, and this growing mycelium can act as 
effective inoculum for parasitic invasion of living roots. Mycelia of more 
specialized pathogens (i.e., root-inhabiting fungi, sensu Garrett, 1950) 
can sometimes grow out from an infected root through the soil, although 
root infection occurs more commonly through actual contact with another 
infected root or with a dead infected root containing still viable mycelia 
of the parasite. Lastly, mycelia of root-infecting fungi may be organized 
into multicellular resting bodies (sclerotia) or into organs of migration 
and infection (mycelial strands and rhizomorphs). All these can act as 
effective inocula, and an attempt will be made later on to explain the 
significance of this diversity. 

Finally, a single "infective virus particle" may, at least for certain 
possible sites of infection, be able to act as an effective inoculum. Until 
the advent and development of the electron microscope some 20 years 
ago, the properties of infective virus particles had to be inferred from 
various kinds of observations and experiments; the surprising accuracy 
of many or even most of these inferences has since been proved by "the 
evidence of things seen" under the electron microscope. 

B. Effective and Ineffective Inoculum 

Despite the efforts of a few outstanding investigators, who were the 
sole pioneers in earlier centuries, the origins of plant pathology as an 
organized science can be traced back to just over a century ago. Not 
until recently has this science found an historian truly worthy of it—in 
E. C. Large (1940) , whose work has been as important for plant patholo
gists as any of the events he has described with so much insight. Com
paratively recent in this history has been the concept of "effective inocu
lum." The earliest diseases to be investigated, which indeed have con-
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tinued to claim much attention ever since, were the rusts, mildews, and 
blights of the foliage and shoot system. These diseases were not only 
the most obvious even to the inexpert eye, but also—and more important 
—sporulating fungal mycelia could be seen on the infected foliage. To 
associate a possible cause (the visible fungus) with an observed effect 
(the disease), still required from the pioneer plant pathologists a diffi
cult conquest of traditional opinion, first in themselves and later in 
others, and the required proof was then not easy to obtain. But once this 
proof had been obtained for a few diseases, it was not difficult to show 
that for many more, air-borne fungal spores constitute the inoculum. 
For the great majority of such air-borne fungal diseases of the foliage, 
therefore, the only known inoculum was effective inoculum, and the 
question of effectiveness never presented any problem. 

For root-disease investigators, on the other hand, the problem of what 
constitutes an effective inoculum arose as a very practical and immediate 
difficulty in the way of further research. In order to determine the cause 
of an unknown disease suspected of being caused by a pathogen, it was 
necessary to satisfy Koch's postulates, the third of which requires ex
perimental reproduction of the disease by inoculation with a pure cul
ture of the suspected pathogen. Unfortunately for many pioneer root-
disease investigators artificial reproduction of diseases by inoculation 
proved unexpectedly difficult. Thus, through its constant association 
(Koch's first postulate) with cotton plants suffering from Texas root rot, 
a species of Ozonium (now known as Phymatotrichum omnworum) was 
correctly described as the cause of this disease by Pammel in 1890. Yet 
the first successful experimental inoculations were not reported until 33 
years later by King (1923) , and by Taubenhaus and Killough (1923) . 
One of the most important, and since then, most studied root diseases 
in the world had thus to wait a third of a century before formal proof 
of its causation was obtained and before experimental work with arti
ficial inocula could begin. It is interesting to note that these first suc
cessful experimental inoculations were made either with natural inocula 
or with artificial inocula closely simulating the natural product. Thus, 
King employed both naturally infected cotton roots and sterilized cotton 
root lengths inoculated with P. omnivorum whereas Taubenhaus and 
Killough used pure cultures of the fungus on sterilized lengths of cotton 
root and mulberry stem. Indeed, the history of root disease investigation 
abounds with illustrations of the precept that, in experimental work, it 
is advisable to begin by creating artificial situations as similar to the 
natural situation as the requirements of experimentation will permit. 
This, and many of the other difficulties and puzzles encountered by early 
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root-disease investigators, can now be ascribed to the very artificiality 
of the experimental situations that they themselves created. 

In particular, it was the root diseases of tree crops that presented the 
greatest difficulty in successful inoculation. Final solution of the problem 
would certainly have been delayed had it not been for the acute field 
observations of Petch (1921) who, working in Ceylon, seems to have 
been the first to emphasize the importance of a "food base" for any 
fungus invading tree roots. The final solution of the problem was really 
achieved by De Jong (1933) , who compared natural inocula of Forties 
lignosus with a variety of artificial inocula on the roots of rubber trees. 
Successful, progressive infections were obtained only by the use of 
naturally or artificially infected wood, and with these only if the actual 
volume of the inoculum was sufficient. De Jong's paper was followed by 
a very timely article by Gadd (1936) on the importance of the food base 
for infection of tree roots by fungi. 

Our present ideas as to what constitutes an effective inoculum for the 
establishment of any particular host-pathogen relationship, although de
rived in the first instance from observations and experiments on fungi 
infecting tree roots, probably have a fairly general application and may 
be summarized as follows. For successful invasion and progressive in
fection of the host, the pathogen requires a certain minimum invasive 
force, which must be supplied by the inoculum until a progressive and 
self-supporting infection is established. This invasive force is required 
first of all for the penetration of passive host defenses, i.e., the cuticle 
or cork barrier, and then for early growth in host tissues that may be far 
from an ideal culture medium for the parasite. It is unnecessary here to 
discuss the nature of "active host resistance" (see Chapter 12 of Volume 
I ) , but the effect of it is to make the host tissues unfavorable for growth 
and eventually even for the survival of the invading pathogen. But it is 
helpful to recall here Brown's (1922b) generalization from his investiga
tion into the germination and growth of various mold fungi in different 
concentrations of carbon dioxide. He concluded that the inhibiting effect 
of carbon dioxide was greatest when the energy of growth of the fungus 
was least. It seems likely, therefore, that for invasion of host tissues 
offering an unfavorable growth medium for a particular pathogen, a 
higher invasive force will need to be generated by the inoculum than 
for invasion of more congenial host tissues. We can push speculation 
yet one step further by suggesting that the invasive force which the 
inoculum must supply is likely to reach its minimum values in sym
biotic host-parasite relationships, such as those in ectotrophic my-
corrhizas and in the legume nodule association with species of Rhizo-
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bium, because in symbiosis the microorganism does not encounter, or 
does not provoke, so active a host resistance as occurs in less well-
adjusted host-parasite relationships. 

II. INOCULUM POTENTIAL 

Like most other useful descriptive phrases the term "inoculum poten
tial" has been used by different authors at different times with various 
shades of meaning. In its widest meaning, for instance, it is possible to 
speak of the inoculum potential of Phytophthora infestans increasing 
during the development of an epidemic of potato blight. Used thus, it 
is self-explanatory and scarcely needs a precise definition. This general 
concept of inoculum potential has an important application in the sphere 
of fungicidal action, as was emphasized by Horsfall (1945, p. 13) . In 
one usage of this phrase, Horsfall equates "inoculum potential" with 
"spore load," by reference to Heald's (1921) demonstration of the 
relationship between spore load and the development of bunt, caused by 
Tilletia caries and T. foetida, in wheat; the relevance of this to fungicidal 
treatment, as Horsfall has explained, is that the higher the load of bunt 
spores, the heavier must be the seed dressing of fungicide to ensure com
plete protection. On the same page, Horsfall also conveniently illustrates 
a wider usage of "inoculum potential," similar to that illustrated above by 
the reference to Phytophthora infestans; he cites the definition given by 
Zentmyer and associates (1944) , of "inoculum potential" as the equi
librium between number of hosts, number of spores, randomness of host 
distribution, and weather factors. Horsfall expands this as follows: "If 
the hosts are few and scattered, the pathogen spreads slowly, the poten
tial amount of disease is small and amount of fungicide required is small. 
When the hosts are congregated as in orchards, groves or fields, they are 
sitting ducks to the pathogens, the potential amount of disease is large, 
and the amount of fungicide required is large." 

Despite these various already current usages of the term "inoculum 
potential," it was deemed by Garrett (1956a,b) to be so apt an expression 
for the one essential characteristic of inoculum, i.e., the degree of its 
infectivity, that he redefined it for use in a restricted sense thus: inocu
lum potential may be defined as the energy of growth of a pathogen 
available for infection of a host at the surface of the host organ to be 
infected. For the remainder of this chapter, therefore, the term "inoculum 
potential" will be used with the implied addition "sensu Garrett, 1956"; 
like the addition of an author's name to that of a species, this arrange
ment is designed primarily to avoid confusion. 

The inoculum potential of a pathogen may be increased in either or 
both of two ways, (a ) Increase in the number of infecting units or 
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propagules of the pathogen per unit area of host surface. Such propa-
gules may be, for instance, cells of bacteria, germ tubes of fungal spores, 
individual fungal hyphae of unorganized mycelia, or hyphae organized 
into mycelial strands or rhizomorphs. (b) Increase in the nutritional 
status of such units. Evidence for the view that there is a critical level of 
inoculum potential for the establishment of any particular host-pathogen 
relationship under any given set of environmental conditions is as follows: 
First, inoculation experiments with some diseases have shown that the 
percentage of visibly diseased hosts declines with decreasing concentra
tion of free infective propagules in the inoculum; when the concentration 
of propagules falls below a certain critical level, no hosts may develop 
disease symptoms. Second, in some diseases caused by fungi, the occur
rence or not of successful infection from a mycelial inoculum is deter
mined by the volume and nutritional status of the inoculum. Third, in 
certain diseases caused by root-infecting fungi, infection seems to be 
successfully accomplished only by means of mycelial aggregates (my
celial strands and rhizomorphs). 

III. MECHANISM OF INOCULUM POTENTIAL 

A. Mechanism of the Inoculum Potential Effect with Varying 
Concentration of Free Infective Propagules 

This effect can be demonstrated by a procedure known as an infec
tivity titration as follows: Let a strong concentration of infective propa
gules be prepared in water or in some suitable aqueous medium; this 
initial suspension is then serially diluted until a very low concentration of 
propagules is obtained in the medium. Uniform sets of host individuals 
are then inoculated with the original suspension of infective propagules 
and with each of the dilutions made from it. The percentage of host 
individuals manifesting disease symptoms in the sets thus inoculated will 
decline with progressive dilution of the original suspension of infective 
propagules until a dilution is reached below which no host individuals 
manifest disease symptoms as a result of inoculation. This dilution is 
termed the "dilution end point." Such infectivity titrations are suitable 
for those host-pathogen combinations in which infection is manifested 
by means of a quantal (all or none) host response, e.g., production of a 
lesion or any other clear-cut symptom of disease, or death of the whole 
host individual. 

The results of such infectivity titrations have been interpreted in two 
ways: ( a ) that out of a number of infective propagules inoculated only 
one will be both capable of causing infection and of having the oppor
tunity of doing so; (b) that no single propagule by itself is capable of 
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initiating a successful and progressive infection, which can only be 
produced by synergistic action of a minimal number of propagules in
fecting the host together. The two hypotheses have been termed the 
hypothesis of independent action and the hypothesis of synergistic 
action, respectively (Meynell and Stocker, 1957). 

If we assume that infection occurs through independent action by 
one propagule alone, then we can imagine the extreme case in which 
infection from every propagule is certain to occur, and we can say that 
the probability of infection, p, equals unity (p = 1 ) . In this case, if we 
inoculate 100 host individuals with one propagule each, then 100 in
dividuals will be infected. Almost always, however, ρ is < 1, but this 
situation is still compatible with the hypothesis of independent action 
and can be explained as follows: ( 1 ) in any population of propagules, 
only a proportion may be even potentially infective, i.e., having an ade
quate infectivity for independent establishment of a successful infection; 
(2 ) of these potentially infective propagules, only a proportion, once 
again, may successfully germinate on the surface of the host; germin-
ability is controlled both by internal factors (degree of ripeness) and by 
external factors (environmental); ( 3 ) of those propagules that success
fully germinate, only a portion, once more, will succeed in infecting the 
host depending on position effects which will determine the degree of 
stimulus by the host, opportunity for penetration (e.g., through stomata 
or perhaps through weak places in the cuticle), and the degree of host 
resistance to be encountered during penetration and the early stages of 
invasion by the parasite. 

The hypothesis of synergistic action, on the other hand, implies that 
the infectivity of a single propagule is inadequate for the production of a 
quantal host response; no matter how many times we care to make the 
attempt, no host response will follow inoculation with one propagule, 
nor with any number of propagules less than the minimal effective dose. 
This hypothesis of synergistic action thus implies that there must be an 
additive effect to build up the collective inoculum potential of the 
propagules to a certain level, the minimal effective dose, before a quantal 
host response is elicited by inoculation. Such a mechanism of infectivity 
is thus strictly analogous to the mechanism by which a quantal response 
to the administration of drugs or poisons is thought to be produced; the 
least number of molecules producing such a response is termed the 
minimal effective dose (Finney, 1952). 

The distinction between the alternative hypotheses of independent 
and synergistic action of propagules in infection has been neatly repre
sented by Meynell and Stocker (1957) with the following analogy: "The 
situation when the L D 5 0 dose contains many organisms is analogous to 
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that of a poor marksman firing at a bottle. Since his aim is poor, the 
bottle is unlikely to have been broken after a small number of shots has 
been fired but if he persists he will probably hit the bottle eventually. 
A local observer might be aware that the bottle was broken by the action 
of one bullet. On the other hand, a distant observer, informed only of the 
total number of shots fired before the bottle broke, would not be able to 
exclude the hypothesis that the breakage was due to the accumulated 
stresses produced by all the bullets fired." At present the technical diffi
culty of observing the infection behavior of individual bacteria (and a 
fortiori of virus particles) is so extremely great as to make a solution of 
this problem by direct observation experimentally impracticable. For the 
present, therefore, bacteriologists and virologists must remain in the 
position of Meynell and Stacker's distant observer. 

The first paper to attract the attention of plant pathologists to this 
problem seems to have been that by Heald (1921) on the relation of 
spore load to the development of bunt in wheat. This paper has been 

T A B L E I 
RELATION BETWEEN SPORE LOAD OF ARTIFICIALLY SMUTTED WHEAT GRAIN AND 

PERCENTAGE SMUT IN THE CROP GROWN FROM Ι τ α 

With spring wheat, variety Marquis 

Wt. smut (gm.) No. spores % Smutted % Smutted 
per 100 gm. grain per grain plants 6 ears 6 

0 104 0 0 
0.005 333 0 0 
0.01 542 0 0 
0.1 5043 7 2 
0.25 19687 15 3 
0.5 34937 1 0.3 
1.0 59229 25 8 
2.0 96958 56 16 
3.0 183375 15 9 

a F r o m Heald, 1921. 
6 Percentage figures are given here to the nearest whole number. 

widely quoted, and its practical implications have been fully appreciated 
(Horsfall, 1945), but the more fundamental problem to which Heald 
drew attention has been subsequently ignored by mycologists. Table I 
is reproduced from Heald's paper. 

The following passage from Heald's paper seems to be the first formu
lation by a plant pathologist of the hypothesis of synergistic action: "It 
seems to have been the general opinion of plant pathologists that in
fection of a wheat plant with bunt might be accomplished from a single 
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spore, but our results seem opposed to such an idea. Food for thought 
should be found in the fact that a considerable number of spores per 
grain may not be sufficient to cause any infection. At present, two pos
sible explanations may be suggested. Either what we may term a mul
tiple infection occurs, that is an infection in which a number of spores 
participate, or there is a chemical mass effect due to numbers of spores, 
and infection may then be from a single infection thread." 

B. Interpretation of Infectivity Titrations and Other Infection Data 
Obtained with Bacteria and Viruses 

By plotting graphically the results of an infectivity titration, it may 
be possible to decide from the form of the dose-response curve which 
hypothesis—that of individual action or that of synergistic action—is in 
better accord with the experimental results. Units of dose (i.e., number 
of infective propagules) are plotted along the s-axis, and the proportion 
of hosts giving a quantal response to inoculation is plotted along the y-
axis. Interpretation of the results is facilitated by plotting the loga
rithms of doses against the proportions of hosts giving a quantal response 
expressed in units termed "probits" (Bliss, 1935). The resulting curve is 
called the log-dose: probit-response curve. Plant pathologists can find 
a clear and simple exposition of the principles underlying these various 
forms of the dose-response curve in Horsfall's (1956) "Principles of 
Fungicidal Action." Those who wish to go more deeply into the statistical 
theory of these tests should consult "Probit Analysis" by Finney (1952) . 
It will suffice to say for our present purpose that if the slope of the dose-
response curve significantly exceeds a value of 2, the experimental re
sults are incompatible with the hypothesis of independent action by 
infective propagules, and synergistic action must be involved (Peto, 
1953). If the slope is less than 2, however, this does not exclude the 
possibility of synergistic action because a curve of shallow slope can be 
produced by synergistic action if the variation in resistance of the host 
population is sufficiently wide. This difficulty is not necessarily insuper
able, however, since it is often possible to select host populations for 
uniformity of response and in other ways to decrease variability. Never
theless, evidence for one hypothesis or the other, based solely upon the 
results of such infectivity titrations, is not considered absolutely con
clusive since the theory of the statistical method is based upon various 
biological and mathematical assumptions that can be questioned. For 
this reason investigators have sought other kinds of evidence that will 
help in discriminating between the hypotheses of independent and 
synergistic action in infection, as we shall see from the examples to 
follow. 
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Examples to illustrate the use of these experimental techniques will 
be taken from a series of papers by Meynell and his collaborators, which 
can be particularly recommended for the clarity of their exposition in 
modes of thinking that are difficult for many biologists (Meynell, 1957a,b; 
Meynell and Meynell, 1958; Meynell and Stocker, 1957). In the first of 
these papers Meynell and Stocker (1957) reported two quite distinct 
lines of experimentation in which mice were inoculated with Salmonella 
paratyphi Β and S. typhimurium, respectively, for the purpose of dis
criminating between these two hypotheses. 

The slope of the dose-response curve was determined by the first 
method. From the hypothesis of independent action it was expected that 
the slope of the log-dose: probit-mortality curve would be 2 if the popu
lation of host organisms were homogeneous for resistance or less than 2 
if the host population varied in resistance. A slope of more than 2, on the 
other hand, would indicate synergistic action. The slopes of the actual 
log-dose: probit-mortality curves calculated from the data obtained by 
Meynell and Stocker were 1.81 for Salmonella paratyphi Β and 0.66 for 
S. typhimurium; these slopes are thus compatible with the hypothesis of 
independent action and show further that the test populations of mice 
differed in the degree of their resistance to S. typhimurium and possibly 
also in that to S. paratyphi B. 

The second method employed by Meynell and Stocker was one 
originally devised by Kunkel (1934) working with tobacco mosaic virus 
and its aucuba mosaic variant. For this method, two variants of the 
selected pathogen, which differed only in some stable "marker" character
istic, unrelated to virulence, had to be isolated. These two variants were 
then mixed in equal proportions to give an inoculum, which was next 
progressively diluted so that a suitably wide range of host response was 
obtained after inoculation with the different dilutions; at the conclusion 
of the experiment, all hosts that died were sampled for their terminal 
microbial populations. The prediction of the hypothesis of individual 
action for this experimental set-up is that with doses of less than one 
L D 5 0 most of the fatally infected hosts will die as a result of the multi
plication of a single bacterium, and each should yield a sample at 
analysis containing only bacteria with the same marker characteristic. 
Hosts dying after inoculation with doses of many L D 5 0 , however, will 
have been killed by the multiplication of many bacteria present in the 
original inoculum, and so samples from such hosts should yield the two 
bacterial variants in about equal proportions as in the original inocu
lum. These predictions were largely fulfilled by the actual data obtained 
by Meynell and Stocker, although many dying mice inoculated with a 
dose of less than one L D 5 0 contained not one variant alone, as predicted 
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by the hypothesis of independent action, but instead an excess of one 
variant with a small proportion (approximately 0.2 or less) of the other. 
The appearance of this minority of the second variant was attributed 
by Meynell and Stocker to a terminal breakdown in host resistance, 
which might be expected to permit multiplication of some bacteria from 
the original inoculum that had survived in the host without being able 
to infect the tissues and multiply at an earlier stage of higher host re
sistance. A supplementary experiment with a lethal dose of SdlmoneUa 
typhimurium mixed with a nonlethal dose of S. paratyphi Β demon
strated this possibility; the dose of S. paratyphi Β was so small that it 
was unlikely to have caused either death or bacteremia if inoculated by 
itself, yet S. paratyphi Β appeared in the final blood samples. 

Meynell and Stocker have, therefore, concluded that their results are 
best explained by the hypothesis of independent action of infective 
propagules. A further application of the second method (i.e., the one 
originated by Kunkel) was also used by Meynell (1957a), who selected 
as his two variants of Salmonetta typhimurium a streptomycin-sensitive 
(Str. ~) and a streptomycin-resistant (Str. + ) strain, which could be dis
tinguished at the final analysis by plating blood samples on nutrient agar 
and on streptomycin agar, respectively. The essential modification of 
Kunkel's original method for this experiment lay in the fact that one 
variant (the Str. + ) was deliberately chosen for the sake of its slow growth 
in the host, as compared with the relatively rapid growth in vivo of the 
other variant (the S t r . - ) . As had been anticipated, post-mortem blood 
samples of the mice inoculated with many L D 5 0 doses of the two vari
ants in equal proportions contained an excess, and sometimes even a pure 
culture, of the Str." variant—with the faster growth rate in vivo. But 
with doses of less than one L D 5 0 Meynell actually obtained only the 
slow-growing Str. + variant from many of the mice. He therefore con
cluded: "Hence, the bacteria which initiated the fatal infection in these 
mice must all have been Str. + and their number must have been quite 
small (say, less than 10) , or else at least one Str. _ bacterium would have 
been included and its progeny would have been present in the heart 
blood post mortem. It seems implausible to suggest that a fatal infection 
can only be initiated by the cooperation of such a small number of 
bacteria; so that it seems justifiable to conclude that it could have been 
initiated by only one bacterium. This implies that the bacteria were act
ing independently as postulated by the hypothesis of independent ac
tion, which therefore applies to this system." 

Further evidence in support of the hypothesis of independent action 
of infective propagules has been presented by Meynell (1957b) in a 
theoretical paper reviewing the results of other workers and also describ-
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ing two other tests designed to provide independent evidence for or 
against the hypothesis. Results of infectivity titrations with eleven animal 
viruses, with several plant viruses, and with nine bacteria pathogenic to 
animals have been analyzed and tabulated by Meynell, who has con
cluded that nearly all the dose-response curves here examined are com
patible with the prediction of the hypothesis of independent action. 

The first of the other two criteria that have been devised to test this 
hypothesis depends upon the observation that in most infection systems 
an increase in dosage of the infective propagules constituting the inocu
lum shortens the latent period between inoculation and host response. 
Meynell has pointed out that if most responses to doses not exceeding 
the L D 5 0 are due to the multiplication of a single infective propagule, 
then the latent period should tend to become constant for doses below 
the L D 5 0 . Such data as are available on variation of latent period with 
dose agree with Meynell's prediction from the hypothesis of independent 
action. 

The second recent test involves comparison of the quantal response 
to a given number of infective propagules presented in one dose with 
response to the same number of infective propagules divided among 
smaller doses which are inoculated either simultaneously at different 
sites or at different times by the same route. The hypothesis of inde
pendent action predicts that the proportion of hosts responding to a 
given dose of infective propagules will be the same whether or not the 
dose has been divided. Meynell records the occurrence of this predicted 
result from each of the two tests that have been made. 

The balance of evidence thus seems to be adverse to the alternative 
hypothesis of synergistic action by infective propagules. This hypothesis 
has no doubt proved attractive to animal pathologists familiar with the 
analogous type of pharmacological titration with drugs and poisons. Drug 
and poison molecules are not self-reproducing, and there can be little 
doubt that synergism between molecules must be responsible for pro
duction of a quantal host response at doses equaling or exceeding the 
minimal effective dose. The essential distinction between infective propa
gules and drug molecules is that infective propagules are self-reproducing 
within the host, whereas drug molecules are not. In the eventual pro
duction of a quantal host response, however, there is more of similarity 
than of difference between the action of infective propagules and that of 
drug molecules. In each case a quantal host response requires for its 
elicitation a minimal number of drug molecules, on the one hand, and 
a minimal volume of active microbial protoplasm, on the other. Instances 
are certainly known in which a quantal host response can be produced 
by a volume of active microbial protoplasm, scarcely or not at all ex-
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ceeding that in the original infective propagule. The example most 
familiar to plant pathologists will be the "infection flecks" just visible to 
the naked eye, produced by the hypersensitive reaction of a highly 
resistant leaf to attempted invasion by the germ tube of a rust spore. 
Much more commonly, however, the volume of active microbial proto
plasm required for production of a quantal host response is a high 
multiple of that contained in the original infective propagule. This com
parison between units of active microbial protoplasm and drug or poison 
molecules becomes closer when we consider those infections in which 
production of disease symptoms can be confidently ascribed to the libera
tion of a toxin by the pathogen in vivo (Dimond and Waggoner, 1953); 
this seems now a reasonable assumption for the vascular wilt diseases of 
plants if the term "toxin" is used in an inclusive sense to embrace all pos
sible agents, including enzymes. As Miles (1955) has pointed out, evidence 
for mediation of the disease syndrome by a toxin, and by that alone, is 
most complete among animal diseases in the case of tetanus, caused by 
Clostridium tetani. 

We can therefore conclude that synergism is involved in production 
of a quantal host response to infections as well as to intake of drugs and 
poisons. The essential distinction between these two phenomena depends 
upon the fact that infective propagules are self-reproducing within the 
host tissue, so that synergistic effects in infection usually follow, but do 
not necessarily precede, initiation of an infection. This is merely to state 
a familiar truth in other words: infection is a continuous process in which 
host resistance has continually to be overcome by the momentum of the 
pathogen; otherwise arrestment follows. A certain inoculum potential 
of the pathogen, which may be provided by a single infective propagule, 
is necessary for successful initial invasion of the host tissues; in subse
quent phases of the infection the momentum of the pathogen must be 
maintained at a sufficient level if infection is to continue. For the success
ful continuation of an infection, therefore, momentum of the pathogen 
plays just as critical a role as does inoculum potential in the original 
initiation of that infection. The successive obstacles to be surmounted by 
the pathogen during successive phases of an infection are well illustrated 
in a recent study of the infection by Verticillium albo-atrum of sus
ceptible and resistant varieties of hop (Talboys, 1958a,b). This idea of 
infection as a continuous process, in which the pathogen may have to 
survive hazards other than those imperiling initial accomplishment of 
infection, has been expressed by Miles (1955) as follows: "During the 
course of an infection from primary lodgement of the parasite to death 
of the host, the moment when the number of infecting organisms is 
critical, in the sense of determining death, may in some diseases occur 
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at the primary lodgement, when we put in the counted dose; but in 
others it may take place much later, when some virulence factor, up to 
this point useless in promoting infection, becomes effective." 

C. Infectivity of Individual Fungus Spores 

Indisputable proof of the infectivity of individual spores in some 
fungal pathogens has been incidentally provided by the many investi
gators who have followed in the wake of E. C. Stakman and his col
laborators in their study of the biotypes of rust fungi. It is obviously 
necessary that each culture of a rust fungus should be initiated from a 
single spore; since the rust fungi are obligate parasites and have to be 
cultured on the living host plant, each culture must be established by 
carefully controlled single spore inoculation. The percentage success 
obtained in such single spore inoculations is clearly relevant to this 
general discussion of the infectivity of individual propagules, and two 
examples from the recent literature will suffice for illustration. Manners 
(1950) , working with yellow rust of cereals and grasses, (caused by 
Puccinia glumarum) states: "Under optimum conditions, 5.5% of the 
spores inoculated caused infections." Griffiths (1958) , working with 
Puccinia coronata avenae causing crown rust of oats, reports: "It was 
necessary to make a number of single spore inoculations from each 
collection, since even under optimum conditions less than 20% caused 
infection." Mr. D. J. Griffiths has kindly supplemented this general state
ment by providing unpublished figures for twelve series of single spore 
inoculations, which are given in Table II. 

Such single spore inoculations, albeit made for quite a different 
purpose, thus represent the most substantial and direct contribution by 
mycology toward the solution of the problem under review, i.e., inde
pendent or synergistic infection by individual propagules. Nevertheless, 
the indirect approach that has been forced upon virologists and bac
teriologists has recently attracted some mycologists. Thus, a technique 
for infectivity titrations with spores of leaf-infecting fungi has been 
developed by Last and Hamley (1956) , using conidia of Botrytis fabae 
on leaflets of broad bean (Vicia faba). The technique was closely modeled 
on the local lesion method originally devised by Holmes (1929) for 
infectivity titrations with plant viruses, and incorporates the experimental 
and statistical refinements designed both to increase precision and to 
permit analysis of residual variability (Bawden, 1950). The dose-
response curves obtained by Last and Hamley for the plot of local lesions 
per half-leaflet against concentration of B. fabae conidia in the inoculum 
are compatible with the hypothesis of independent action of the conidia 
in their initiation of the primary infections. These primary infections 
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resulted in development, within 24 hours, of the full number of local 
lesions obtainable with any particular concentration of the inoculum. 

For any population of spores that arrives at, or is placed upon, the 
surface of a host leaf, only a portion will germinate. Of these germinating 
spores only a portion, once more, will be so situated that infection is 
possible. And of these, only a portion, again, will possess the necessary 
degree of infectivity to initiate a successful, progressive infection. The 
degree of infectivity that is necessary for achievement of infection is 
determined by the level of host resistance, and is therefore not an abso-

T A B L E I I 
PERCENTAGE SUCCESS IN ESTABLISHING CULTURES OF Puccinia coronata avenae 

FROM SINGLE SPORE INOCULATIONS ON OATS A 

Year of 
collection 

No. single spore 
inoculations made 

No. single spore 
cultures established 

Per cent 
success 

1948 34 3 9 
1949 40 18 45 
1949 30 12 40 
1949 32 5 16 
1949 28 4 14 
1949 30 6 20 
1949 34 5 14 
1950 31 6 19 
1950 36 4 11 
1950 30 3 10 
1950 37 6 16 
1950 36 5 14 

a From unpublished data made available by D. J. Griffiths. 

lute quantity for any given host-pathogen combination, because host 
resistance varies from one individual host plant to another of the same 
species, from one leaf to another on the same plant, and even from one 
part of a leaf to another. This variability is recognized in inoculation 
with plant viruses for the production of local lesions, and is minimized 
by the use of the half-leaf method with its ancillary refinements. 

The use of the terms "infective" or ' noninfective" to describe either 
the potentiality or the actual behavior of a fungus spore is merely a 
brief way of saying that the individual inoculum potential of that spore 
is or is not adequate to overcome host resistance and so to initiate a 
successful infection. The degree of infectivity among any population of 
fungus spores can vary over a wide range in the same way as can size 
or any other characteristic. Other things being equal, large spores will 
contain greater reserves of nutrients, and are hence likely to have a 
higher degree of infectivity than have smaller spores of the same kind. 
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But any particular spore may be infective in one situation and non-
infective in another, depending upon the level of host resistance that it 
chances to encounter. Moreover, at any particular site of infection host 
resistance does not remain constant, but may either fluctuate or trend 
progressively in one direction. In senescence, for instance, host resistance 
declines progressively with the gradual approach of death in the tissues. 
A fungus spore may thus be characterized by a degree of infectivity that 
is inadequate for infection of host tissues in their prime but may yet be 
quite sufficient for infection of senescent tissues. 

An important ecological niche is indeed occupied by the fungal para
sites of senescent plant tissues. Many of these fungi have a wide host 
range, if their invasion of damaged or debilitated tissues can be dignified 
by such an expression; many of them are remarkably widespread and 
common fungi, despite the fact that their activity may be delimited on 
one side by the virtual immunity to infection of host tissues in their 
prime, and on the other by the greater competitive saprophytic ability 
of many obligate saprophytes in the competition for colonization of dead 
plant tissues. 

The best-known and most widely studied of these fungal invaders of 
senescent tissues is Botrytis cinerea, causing the gray mold disease. Its 
spores can infect wounded, damaged, or senescent tissues, and also 
poorly cuticularized plant parts such as the petals of flowers. Some of 
the earliest observations and experiments relating to what we can now 
term the inoculum potential of spore populations were made with this 
fungus. Thus Brooks (1908) found that spores of B. cinerea sown in 
water on healthy green leaves of lettuce were unable to infect; neverthe
less, if the spores were left in situ until the leaves started to turn yellow 
in senescence, then infection eventually occurred. Brooks further showed 
that if spores were sown on healthy green lettuce leaves in a nutrient 
solution (e.g., grape juice) instead of in water, then infection quickly 
followed. This observation was later confirmed by Brown (1922a), 
working with the same fungus on the leaves of broad bean (Vicia faba). 
It seems reasonable to ascribe the increased inoculum potential of a 
spore population sown on the leaf in nutrient solution to a direct effect 
of the nutrient on the infectivity of individual spores. There can be 
little doubt that such a direct effect must occur, but Brown further 
observed that another effect of the nutrient solution was to increase 
substantially the number of spores actually germinating on the leaf 
surface; an external supply of nutrients thus also increased (in military 
parlance) the "number of effectives." Although Brown, under the con
ditions of his experiments, failed to get appreciable infection of Vicia 
faba by spores sown in water on the leaves, Wilson (1937) successfully 
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achieved this; his success can probably be attributed to the use of spore 
suspensions more concentrated than those employed by Brown. 

Infection of healthy and vigorous green tissues by Botrytis cinerea 
will occur if, and only if, the inoculum potential of the fungus is raised 
to a sufficient level, such as can be provided by a substantial food base 
in the form of a corpus of infected tissue. In the field this can occur 
through the falling of infected flowers onto green leaves, or by contact 
of green leaves with infected senescent leaves; infection of the green 
leaves follows such chance contacts. In the glasshouse the requisite 
inoculum potential for infection can be secured either by sowing a 
suspension of spores on the leaf in a suitable nutrient solution, as was 
done by Brooks and later by Brown, or by using a sufficiently concen
trated suspension of spores in water, as was employed by Wilson. Such 
relatively dense populations of spores are unlikely to be deposited on 
leaves in the field as a result of wind dispersal, however, and this con
sideration reveals a weakness in Wilson's claim from his glasshouse 
inoculations that Botrytis cinerea is the chief cause of the chocolate spot 
disease of beans in the field. Wilson's claim was indeed later refuted by 
the extensive field work of Leach (1955) , who found that a more 
specialized pathogen, Botrytis fabae, was much the more widespread and 
important cause of the disease in Britain. Chocolate spot due to B. 
cinerea, which can fittingly be termed "Wilson's disease of broad beans," 
can easily be produced in the glasshouse, but seems to be relatively 
uncommon in the field. 

Sufficient studies have already been made of the infection of senescent 
plant tissues by such pathogens as Botrytis cinerea to suggest that every 
species of green plant has its characteristic fungal invaders of shoot and 
root systems as resistance to infection falls during senescence. One 
particular example of this failure to establish a progressive infection 
before onset of senescence, which was first described more than 30 years 
ago, is the occurrence of "latent infection" in unripe fruits. This has 
attracted much attention on account of its economic importance, but 
references to two recent papers will suffice for illustration and as a guide 
to the earlier literature. One such type of latent infection is that of green 
banana fruits by Gloeosporium musarum. Chakravarty (1957) showed 
that if hard green banana fruits were inoculated with conidia of G. 
musarum, the conidia produced germ tubes and appressoria, and the 
cuticle of the fruit was penetrated by infection hyphae, which developed 
briefly between the cuticle and the outer cellulose wall of the epidermis 
and then became quiescent. This confirmed the earlier observations of 
Simmonds (1940) for latent infections of banana, papaw, and mango. As 
ripening of the fruit reached a certain stage, the quiescent infection 
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hyphae of G. musarum resumed activity; infection developed at first 
intercellularly and then intracellularly to give the characteristic super
ficial lesion of anthracnose. Chakravarty compared germination of G. 
musarum conidia in the juice expressed from skins of green and yellow 
bananas respectively; she found that the juice of green skins exercised an 
inhibiting effect which, by reference to the earlier work of Barnell and 
Barnell (1945) she ascribed to tannin. 

Such latent infections have an important bearing on the practical 
problem of disease control, as demonstrated by Wade (1956) for brown 
rot of apricots caused by Sclerotinia fructicola. Microscopical examina
tion of unripe fruits revealed conidia of S. fructicola lying within the 
stomatal cavities; some of these conidia had germinated and then in
fected the cells surrounding the cavity, but no further penetration of the 
fungal hyphae had occurred in the unripe fruit. Wade was able to 
demonstrate the outward diffusion of an inhibiting substance from the 
skin of green apricot fruits placed upon agar and the absence of this 
inhibitor from the skin of ripe fruits. He further demonstrated that 
spraying of apricot trees with a protective fungicide must begin at the 
petal fall stage if development of brown rot—at first on the tree but later 
and more extensively in storage—is to be avoided. 

The foregoing review of evidence on the infection behavior of 
Botrytis cinerea and of some similar pathogens thus suggests that the 
infectivity of the average spore is adequate for infection of senescent, 
debilitated, or damaged tissues, although not for infection of green tis
sues in full vigor. Neither this nor other evidence for air-borne fungi 
conflicts with our logical expectation that the infectivity of the average 
spore should be adequate for infection of its 'natural" host plants, pro
vided the spores are dispersed individually. Dispersion of individual 
spores by air or water must make opportunities for synergistic infection 
a rare occurrence in nature, except in the immediate vicinity of the in
fected host plant serving as a source of spores. The rapid dilution of a 
spore cloud with increasing distance from its source has been calculated 
and discussed by Gregory (1945) . The conclusion that the infectivity 
of the average air- or water-borne fungal spore is adequate for infection 
of its natural host plants therefore seems inescapable; the alternative 
conclusion that inoculum is produced and then dispersed to a limit 
beyond its infectivity seems impossible to accept. The general conclusion 
thus attained is not affected by the observation that by artificial concen
tration of a sporal inoculum it is possible to cause a parasite to infect a 
host that is usually resistant to natural inocula, e.g., by inoculation of 
healthy green leaves of Vicia faba with a concentrated spore suspension 
of Botrytis cinerea. 
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While admitting that during the evolution of dispersal spores in 
fungal pathogens a lower limit to spore size must have been imposed by 
the requirements of infectivity, it is also relevant to note that the dimen
sions of such dispersal spores may have been determined by various 
aerodynamic requirements in addition to the most obvious one, namely, 
that they have to become truly air-borne. In a discussion of unusual 
interest Gregory (1952) has suggested that the evolution of spore size 
in some air-borne fungi has led to a compromise between the conflicting 
requirements for efficient landing on the chosen aerodrome (i.e., for 
pathogens, the stems, leaves, or stigmas of the host) and for successful 
initial penetration of the herbage among which spores are produced and 
through which they have to be dispersed. The larger the aerodrome, the 
larger must be the spore for deposition by impaction with any given 
degree of efficiency; spores that need to alight on tree trunks have to be 
considerably larger for efficient landing than those that have to impact 
on floral stigmas. But if spores typically produced in grassy herbage, on 
which efficiency of impaction is fairly high, impact too efficiently, they 
will not get far from their source. Gregory has therefore suggested that 
evolution of spore size in some air-borne fungi must have been influenced 
by the need for a compromise between these conflicting requirements. 

The argument from design, as applied to the infectivity of single 
propagules, is relevant only to those propagules that are freely dispersed 
as separate individuals by the natural agencies of wind and water. This 
argument is not applicable, for instance, to those pathogenic bacteria 
that are naturally distributed in clumped masses, held together by 
capsular material or by a viscous exudate (slime). Thus both bacteria 
and fungi that are chiefly transmitted from one host to another by insects 
may normally be carried as masses rather than individually as single 
propagules. The same is true of insect-transmitted viruses in which the 
average dose transmitted by the insect carrier may greatly exceed that 
required to establish infection. In such cases the question of the infec
tivity of single propagules acting individually may not arise as a problem 
of epidemiology. Such aggregations of propagules, although secured in 
various ways, are thus comparable, in their pooling of individual inocu
lum potential, to the mycelial strands and rhizomorphs of root-infecting 
fungi, which are considered next. 

D. Inoculum Potential of Mycelial Strands and 
Rhizomorphs in Root-Infecting Fungi 

Mycelial strands and rhizomorphs are produced by a wide variety of 
fungi that live in soil and in the surface accumulation of forest humus 
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known as "litter." They are unknown among members of the Phyco-
mycetes, are produced by many species in the Ascomycetes, and reach 
their most abundant development in the Basidiomycetes. Mycelial 
strands and rhizomorphs are produced by many fungi that are obligate 
saprophytes, so they cannot be considered to have evolved as an adap
tation toward the habit of root infection. Nevertheless, most fungi in
fecting tree roots are characterized by this organization of individual 
hyphae into composite mycelial strands or rhizomorphs. In general, 
mycelial strands and rhizomorphs may be considered as organs of 
migration whereby nutrients are translocated from an old substrate—the 
food base—to a potential new one lying some distance away through the 
soil. By means of these organs of mycelial migration, an inoculum 
potential adequate for competitive saprophytic colonization of a new 
substrate is secured. The possible reasons for requirement of a definite 
inoculum potential for competitive colonization of a substrate like lignin 
have been discussed by Garrett (1951, 1954, 1956a) in relation to the 
evolution of mycelial strands and rhizomorphs. He has rejected the 
earlier explanation of the significance of such mycelial aggregation as 
being primarily a protection against desiccation, on the following 
grounds: ( 1 ) Desiccation is not so important a natural hazard for soil 
fungi as might be supposed; the relative humidity of the soil atmosphere 
remains at or near 100% until the soil moisture content has fallen below 
the wilting point. ( 2 ) Mycelial strands and rhizomorphs, so far as they 
have been investigated, are not tolerant of severe desiccation. The 
mycelial strands of the Texas cotton root rot fungus (Phymatotrichum 
omnivorum), for instance, are quickly killed by drying (King et al., 1931). 

To these arguments can be added the more general one that sapro
phytic fungi colonizing substrates other than lignin and parasites in
fecting roots other than those of arboreal plants seem to be able to grow 
and survive well enough in the soil without this putative protection 
against desiccation. If the organization of mycelium into strands or 
rhizomorphs secured a significant protection against desiccation, we 
should expect to find such organs particularly characteristic of fungi 
living in arid soils, but this is not so. On the contrary, mycelial strands 
and rhizomorphs are most abundant in a habitat that has a higher 
moisture-holding capacity than have any of the other soil horizons, i.e., 
the surface litter accumulating on the forest or woodland floor. Garrett 
has therefore argued that the significance of mycelial aggregation into 
strands and rhizomorphs lies in aggregation per se, and not in possible 
ancillary advantages, such as some protection against desiccation. By 
such aggregation the maximum possible concentration of hyphae is 
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secured, giving the maximum inoculum potential available for a given 
number of hyphae, whether for competitive colonization of substrates 
by saprophytes or for invasion of host roots by parasites. 

1. Morphogenesis of Mycelial Strands and Rhizomorphs 

So far, reference has been made collectively to mycelial strands 
and rhizomorphs. In the past authors have often used these two terms 
indiscriminately and sometimes even interchangeably for the same 
fungus. This is not surprising, since superficially some mycelial strands 
are difficult or impossible to tell from rhizomorphs. The difficulty may 
remain even after a casual examination of longitudinal sections under 
the microscope because both strands and rhizomorphs appear as a 
fascicle of more or less longitudinally running hyphae. Nevertheless, the 
morphogenesis of a strand is entirely different from that of a rhizomorph. 
As a typical example of a true rhizomorph, we may select that of Armil-
laria mellea, which is the best known (Fig. 1 ) . In the apex of the 
rhizomorph as it arises from a colony of unorganized mycelium (Garrett, 
1953) or as a branch from a parent rhizomorph, there is an apical 
meristem (Brefeld, 1877). The apex of a rhizomorph is thus strictly 
comparable to the meristem of a root apex. This type of morphogenesis 
produces an organ that is of similar diameter all along its length from 
apex to base although the actual apex itself may be somewhat swollen, 
just as a root apex may be. The form as well as the morphogenesis of a 
rhizomorph is thus very similar to that of a monocotyledonous root 
having no secondary thickening. 

In mycelial strands, on the other hand, there is no apical meristem. 
Mycelial strands do not grow as such from the apex although they have 
leading hyphae; they become gradually built up, as growth of the main 
hypha or hyphae proceeds. Two principal types of mycelial strand have 
so far been described although other types may well exist undiscovered. 
Both types occur in root-infecting fungi as well as in obligate saprophytes. 

Development of the first type of strand is well exemplified in the 
violet root rot fungus Helicobasidium purpureum (imperfect stage = 
Rhizoctonia crocorum) and has been described in detail by Valder 
(1958) . Such strands consist essentially of a fairly loose federation of 
individual hyphae growing together; coherence is secured by an inter
weaving growth of the main hyphae, by the binding action of short side 
branches of limited growth, and by anastomoses (Fig. 2 ) . Valder studied 
the sequences of strand formation as mycelium of H. purpureum grew 
out from a food base through unsterilized soil over the surface of a glass 
slide. A sparse growth of robust hyphae initially spread out from the 
food base; further hyphae growing out from the food base sooner or later 
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encountered one of these leading hyphae, and then followed it. By con
tinued accretion of further "following" hyphae and also of smaller 
strands from the food base, each of the original leading hyphae de
veloped into a main strand, the base of which might thus come to re
semble a river delta. Because of this method of formation, cross-sections 
of strands tended to be widest near the base and to taper off towards 
the apex, thus contrasting with the uniform cross-section of a rhizomorph 

FIG. 1. Apex of rhizomorph of ArmiUaria mellea in longitudinal section: (a) 
Mantle of filamentous hyphae. (b) Central conducting cells, ( c ) Cells of the rind, 
(d) Boundary of enveloping mucilaginous layer. (After R. Hartig.) 

from base to apex, as described for ArmiUaria mellea above. Some 
anastomoses occurred between strands as well as between individual 
hyphae within a single strand thereby giving a network of strands in 
some places, and this was more common near the food base. Branching 
of a strand was usually caused by the branching of the original leading 
hypha, with the branch attracting some of the "following" hyphae away 
from the parent hypha. Nevertheless, a characteristic feature of strand 
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morphogenesis was the usual restriction of growth in the side branches 
of the main strand hyphae, and these short side branches tended to curl 
around the main hyphae and bind them together, in which action fre
quent anastomoses assisted. Some observations made by Garrett (1954) , 
incidental to an experimental study of compost colonization by the 
cultivated mushroom Psalliota hortensis, suggest that strand formation by 
this saprophyte occurs in a manner somewhat similar to that elucidated 
by Valder for H. purpureum. 

FIG. 2. A - G , details of strand formation in Helicobasidium purpureum: the 
general direction of growth is from left to right. Note hyphal branches of limited 
growth in (A) and ( B ) , and hyphal anastomoses in ( G ) . (After Valder, 1958.) 

The second type of mycelial strand consists, in its simplest form, of a 
single branch system in which the branches do not spread out, as in 
growth over or through a nutritive medium, but instead wrap them
selves around the main parent hypha. This type of strand (Fig. 3 ) is to 
be found in Phymatotrichum omnivorum, the fungus causing Texas root 
rot of cotton and other crops; its development has been elucidated by 
Rogers and Watkins (1938) . Single hyphae of large diameter become 
ensheathed by their own branch hyphae, which are of much smaller 
diameter. By subsequent adjustment of position and septation in the 
ensheathing branch hyphae a compact cortex of several layers in thick
ness is eventually formed around the single large hypha at the center of 
each strand. This type of strand is also produced by a well-known 
saprophyte, Merulius lacrymans, which causes dry rot of timber (Fig. 4 ) . 
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FIG. 3. Stages of strand formation in Phymatotrichum omnivorum: (A) Branch 
hyphae beginning to grow over the surface of a large central hypha. ( B ) Central 
hypha surrounded by a loose network of branch hyphae. ( C ) Deposition of the 
second hyphal layer. (After Rogers and Watkins, 1938.) 

FIG. 4. Surface view of young developing strands of Merulius lacrymans (main 
hyphae are stippled): (A) wide main hypha with a covering of narrower tendril 
hyphae; (B) tendril hyphae growing along a wide main hypha and its free primary 
branch, p. (After Butler, 1957). 
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Strand morphogenesis in M. lacrymans was first described and inter
preted by Falck (1912) in a classic paper displaying a wealth of acute 
observations. Falck's interpretation of morphogenesis in these strands 
has been largely confirmed and much amplified by Butler (1957) . 

Strand formation, both by saprophytes and by parasites, typically 
occurs when a mycelium is growing over a surface or through a medium 
having a negligible content of free nutrients. As might be expected, 
therefore, strands may also be developed in an aerial mycelium out of 
actual contact with the nutritive substrate, as has been described for 
Merulius lacrymans on agar plates by Butler (1957) . Strands are not 
usually produced among mycelia growing on the actual surface of, or 
within, a nutrient medium. Similarly, strands produced by root-infecting 
fungi are responsible for initiating root infection and for extending it 
along the root by ectotrophic growth; inside the host tissues, however, 
the mycelium ramifies as independent hyphae. The behavior of rhizo
morphs, on the other hand, may be somewhat different in these respects 
from that of mycelial strands if rhizomorph behavior in ArmUlaria mellea 
is at all typical. Thus rhizomorphs of A. mellea are actually initiated 
from an inoculum of unorganized mycelium placed on a nutrient agar 
plate, and the number of rhizomorph initials thus produced increases 
with increase in nutrient concentration of the medium. Nevertheless, 
the flexibility of the fungal organization is demonstrated by the fact that 
those parts of the grown rhizomorph in actual contact with the nutrient 
medium invariably produce a mantle of fringing mycelium, whose like
ness to root hairs illustrates the aptness of the term "rhizomorph" 
(Garrett, 1953). 

Fungi forming such strands have all the advantages of a flexible 
growth habit by which the mycelium is concentrated when traveling 
from a food base through soil or over an inhospitable surface toward the 
next substrate or host root that it may chance to encounter. This con
centration of the mycelium secures the necessary inoculum potential for 
colonization of the substrate or for infection of the host root, as the case 
may be, but once inside the substrate or the living root, the mycelium is 
deployed as individual hyphae. While it now seems possible to under
stand the function of mycelial strands, the actual mechanism of their 
formation is still obscure. There seems to be a tendency for hyphae of 
the same fungus individual or of the same species to grow together, as 
shown by recent studies of Valder (1958) and Butler (1957) , referred 
to above, and this suggests that there is some stimulus bringing and 
holding hyphae together in their growth. If this is so, it must be postu
lated that under conditions in which strands fail to form and preformed 
strands disintegrate into their constituent hyphae during growth over or 
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through a nutritive substrate, this tendency of hyphae toward associated 
growth is overcome by a stronger tendency to grow up a diffusion 
gradient of nutrients (or perhaps down a diffusion gradient of staling 
products) and thus away from neighboring hyphae. 

2. Mycelial Strands and Rhizomorphs as a Vehicle for Transmission of 
Inoculum Potential 

As outlined in the historical introduction to this chapter, it is not 
surprising that the concept of inoculum potential in its restricted sense, 
as defined by Garrett (1956a) , has arisen in the first instance from 
pioneer work on root diseases. The older, cork-covered parts of a tree 
root system offer higher resistance to infection than any other part of a 
green plant commonly invaded by fungi; because of the lower humidity 
of the atmosphere above ground, the uninjured trunks of trees are fairly 
safe from fungal attack. The high resistance of older parts of a tree root 
system to infection demand a correspondingly high inoculum potential 
of the fungus if infection is to be successful. There is now ample experi
mental as well as observational evidence for this general conclusion 
(Garrett, 1956a, Chapter 4 ) . By way of illustration Table III shows data 
obtained by Altson (1953) on the relation between volume of woody 
inoculum and percentage of successful root inoculations in rubber 
seedlings with Pomes lignosus. 

TABLE I I I 
EFFECT OF INOCULUM VOLUME ON SUCCESS OF ROOT INOCULATION OF YOUNG 

RUBBER TREES WITH Pomes lignosus IN INFECTED WOOD SEGMENTS'1 

No. trees inoculated 15 13 9 8 18 
Vol. inoculum (cu. in.) 5 . 0 + 5.0-1.0 1.0-0.5 0.5-0.25 <0 .25 
Percent infections 100 69 22 12 0 

β From Altson, 1953. 

Table IV is taken from a laboratory study of infection of potato 
tubers by ArmiUaria mellea (Garrett, 1956b). 

For both Pomes lignosus on roots of rubber and ArmiUaria mellea on 
potato tubers there is a limiting size of inoculum, below which infection 
fails to occur. In other experiments described in this paper Garrett 
sought to correlate the inoculum potential of rhizomorphs, expressed as 
extent of potato tuber infection, with some growth characteristic that 
would estimate the energy of growth of the rhizomorph apexes. This was 
measured by burying a woody inoculum segment at the mid-point of 
a glass tube filled with moist, unsterilized soil, and calculating succes
sive weekly growth increments for the leading rhizomorphs growing out 
of each end of the woody inoculum. These growth measurements showed 
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first, that rhizomorph growth rate increased with the volume of the 
inoculum segment over the range 0.5-4.0 gm. fresh weight. Second, 
rhizomorph growth rate progressively declined with increasing distance 
from the food base; this decline was attributed to: ( a ) gradual con
sumption of nutrient reserves in the inoculum through fungal respiration 

T A B L E I V 
EFFECT OF INOCULUM SIZE ON VIGOR OF ArmiUaria mellea IN INFECTION OF 

POTATO TUBERS FROM SMALL WOODY INOCULA 6 1 

Inoculum weight (gm.) 
Fresh wt. infected 

potato tissue (gm.) 
Radial extent of 
infection (mm.) 

2 10 16 
1 4 11 
0.5 0.2 *3 
0.25 0 0 
Standard errors 1.72 2.53 

"From Garrett, 1956b. 

and growth, and (b) increasing competition for nutrients between the 
main growing apex of the rhizomorph and its subordinate branch apexes, 
and also between the leading rhizomorph and others produced later. 
These growth rate data for rhizomorph apexes could be correlated fairly 
closely with infection behavior; thus speed of infection increased with 
size and decreased with distance away of the inoculum. 

IV. IMPORTANCE OF THE LIVING HOST PLANT AS AN INOCULATING 
AGENT AND AS A SOURCE OF INOCULUM 

More often than not the most difficult task a plant pathologist ever 
has to undertake is the reproduction of an unknown or insufficiently 
studied disease by inoculation. This problem involves more than the 
choice of a suitable inoculum; an adequate knowledge of how the disease 
is transmitted in the field and what environmental conditions are 
optimum for infection and for further development of the disease may be 
equally essential for success. It can often happen, therefore, that when a 
research worker has succeeded in reproducing the symptoms of an un
known disease of parasitic origin by means of inoculation, he has gone 
more than half way toward a fairly complete understanding of its 
epidemiology. An essential preliminary to any such investigation is a 
wide and thorough survey of the unknown disease as it occurs in the 
field, before any inoculation experiments are undertaken; the safest 
guide to the success of such experiments is as close an approximation as 
possible to the natural conditions under which the disease occurs. To 
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stress this may seem to belabor the obvious, but the history of experi
mental inoculations has shown repeatedly that a great number of 
failures have been due to neglect of this prime precaution. 

The greater part of this chapter has been concerned with a single 
characteristic of inoculum, i.e., the degree of its infectivity, as expressed 
by the concept of inoculum potential (sensu Garrett, 1956a, b ) . Although 
this property of being potentially able to cause infection is the one 
essential characteristic of inoculum, yet in studying a disease in the 
field, or in attempting to reproduce it artificially for experimental pur
poses, the plant pathologist must be equally concerned with the dispersal 
of inoculum, with the way in which it achieves actual infection of the 
host, and with the influence of environmental conditions upon the 
success or failure of inoculation. These problems, however, are discussed 
in other chapters, and need not detain us further here. 

Varieties of inoculum for different types of infections have been 
considered in an earlier section of this chapter, but the importance of the 
living host plant needs further emphasis. There is a saying still current 
among English farmers that "a sheep's worst enemy is another sheep"; 
epidemiologists are always saying the same thing but usually in many 
more words. For the majority of diseases caused by root-infecting fungi, 
infection is spread by direct root contact between adjacent plants, and 
in some virus diseases the only known method of spread is by contact, 
either between roots or between foliage of plants in juxtaposition. In 
other diseases the infected host plant serves as a source of inoculum for 
dispersal, rather than as an inoculating agent in itself. The majority of 
plant viruses do not survive in dead host tissue for any appreciable 
period, and so the living host plant becomes of paramount importance 
as a reservoir of virus for insect transmission. 

A. Weeds as Carriers of Disease 

Control of diseases and pests by crop rotation means effective con
trol of weeds as well; otherwise the best planned crop rotation exists 
merely on paper. Weeds exert their most directly harmful effect, perhaps, 
in the case of soil-borne diseases, because the roots of weeds infected 
by a particular parasite act as direct inoculum for the roots of any follow
ing crop susceptible to infection by that parasite. Thus, Ophiobolus 
graminis, causing the take-all disease of cereals, also infects the under
ground parts of a number of perennial rhizomatous weed grasses. A 
noncereal crop heavily infested with one of these perennial grass weeds 
may be more dangerous to a following wheat crop than a preceding 
wheat crop may be, even if this preceding wheat crop has shown a 
sprinkling of "whiteheads" due to the disease. The reason for this is a 
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simple one: after a wheat crop is harvested, loss of viability by O. 
graminis in the dead infected roots begins, even though slowly at first, 
whereas when living grass hosts are present on the ground, O. graminis 
not only survives but actually continues to spread vigorously along the 
grass rhizomes and roots, from where it passes to the yourig roots of the 
next wheat crop. 

This last example illustrates not only the paramount importance of 
the living host plant as the most dangerous inoculum or source of inocu
lum, but also the fact that the survival of inoculum, as well as production 
of inoculum, provides problems worthy of intensive study. Problems of 
inoculum survival in the form of fungal mycelium in dead infected host 
tissues, of resting spores, or of sclerotia (and how this is differentially 
affected by soil conditions) have already received much attention from 
root disease investigators (Garrett, 1956a, Chapters 8 and 9 ) . A similar 
problem is presented by such air-borne diseases as clover rot, caused by 
Sclerotinia trifoliorum. This fungus produces sclerotia in and upon the 
stems and rootstocks of diseased plants, and these sclerotia find their way 
into the soil. A proportion of such sclerotia germinates in the first autumn 
after formation to produce apothecia, from which ascospores are ejected, 
and it is these ascospores that produce the minute primary lesions on 
clover leaves. Not all the sclerotia lying in the soil germinate in their 
first autumn. Some germinate in their second year and others in subse
quent years, and it is these delayed-action sclerotia that make control of 
clover rot through crop rotation either difficult or impossible. 

Lastly, the definition of a weed as a plant out of place is singularly 
apt for plant pathologists because volunteer cultivated plants, whether 
persisting or self-sown, are frequent carriers of disease. Anyone who is 
accustomed to walk observantly through growing crops will know that 
such "ground keepers" are far more common within a crop than casual 
inspection from the outside would suggest. 

B. Symptomless Carriers of Disease 

Both kinds of weeds—wild plants and volunteer cultivated plants— 
may show either inconspicuous symptoms of disease or none at all, and 
this aggravates the difficulty of getting farmers to pursue weed control 
with sufficient zeal. The term "symptomless carrier" is a perfectly correct 
description of many host plant: virus combinations, but fungal root in
fections may be equally difficult to detect by above-ground inspection 
in the field, and many leaf spot diseases are inconspicuous and easily 
escape notice. Volunteer cultivated plants are less likely to be symptom
less, or near-symptomless, carriers than are truly wild plants because so 
many cultivars have been selected without much thought for disease 
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resistance. Races of wild plants, on the other hand, have tended to evolve 
through the natural selection of both host and parasite toward a toler
ance of their various parasites. 

Often enough, however, it is the crop itself that functions as a 
population of symptomless carriers of one or more diseases. If such a 
crop is used for vegetative propagation, clones derived from it may 
eventually suffer severely in the fullness of time or under particular 
environmental conditions from the diseases thus carried. Hence the need 
for governmental inspection and registration of propagating material, 
which is particularly important for systemic virus diseases and vascular 
wilts. A crop that is carrying hidden infection may transmit disease in 
other ways than through living infected tissues, as, for example, through 
propagating sets and true seeds. Thus a wheat crop, showing no per
ceptible signs of disease above ground, may leave in the soil a sufficient 
number of dead roots infected by Ophiobolus graminis to cause a 
disastrous failure through the take-all disease in a second crop of wheat 
that is subsequently sown too soon. Few farmers make this mistake 
twice, yet such an occurrence has to be seen to be believed, and no one 
with first hand experience of this disease can afford to appear wiser than 
Kirby and Thomas (1920) when they reported, with no little urgency, 
the first known appearance of take-all in the United States. Nevertheless, 
the weight of subsequent evidence on the behavior of O. graminis and 
the cosmopolitan distribution of this fungus now make it seem probable 
that the take-all disease was endemic on native grasses in the United 
States long before the first crop of wheat was raised in the New World. 

Many other diseases besides take-all have from time to time made 
sudden, spectacular, and disastrous appearances for the first time in 
living memory. The hypotheses evolved to explain such visitations have 
been almost as numerous. It may not be so exciting, but it will usually 
be more rewarding, to search for the inoculum close at hand—in the 
soil, among the wild plants of surrounding vegetation, or among the 
weeds growing in the very fields themselves. 
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