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I. INTRODUCTION 

Various biological factors can influence the living pathogens of culti
vated plants and their hosts. The living world is a complex system where 
organisms fight for their existence, often to the prejudice of other organ
isms. Sometimes, however, beneficent associations are realized. In the 
natural biological medium, pathogens are submitted to the influence of 
neighboring organisms during their parasitic life, saprophytic phases, or 
during rest periods. Even the susceptibility of the host plant may be 
modified by biological factors. 

Sometimes the pathogen may be parasitized by another fungus or 
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bacterium. The latter live at the expense of their hosts by drawing from 
them the materials necessary to their nutrition. These are hyperparasites 
or parasites of the second degree, and the phenomenon itself is hyper-
parasitism. In other cases, antagonism exists between microorganisms 
living side by side, some inhibiting the growth of others. This phenom
enon is frequent, particularly in the soil. Organisms may compete with 
one another on the host surface. In other cases, organisms associate 
together and cause complex diseases. Thus, viruses may infect plants 
simultaneously, or a virus and another pathogen on the same plant may 
affect one another. Nematodes are known to act similarly with other 
pathogens. 

Certain animals, generally predators, sometimes act as antagonists 
by feeding on plant pathogens. 

In this chapter the different types of interrelations of organisms will 
be discussed in relation to their role in epidemiology and control. 

II. H Y P E R P A R A S I T I S M : PARASITES ON F U N G I 

Certain fungi and bacteria are parasitic on plant pathogens. The 
genus Ciccinobolus includes species of fungi which attack fungi of the 
family Erysiphaceae. Thus, C. cesatii de Bary develops as thin mycelial 
threads inside the hyphae and conidiophores of Erysiphe graminis. It 
fructifies in pycnidia having unicellular spores. Other species, C. 
ewonymi japonici on Oidium ewonymi japonici and C. asteris on Oidium 
astericolum, act in a similar way (Hino and Kato, 1929). These fungi 
can hinder the growth of the pathogen so that its mycelium contracts 
and shrinks, while the formation of oidia is very much impeded. How
ever, Ciccinobolus seldom reduces attacks of the powdery mildews in 
nature because it seldom occurs in large quantities. Ciccinobolus can be 
cultivated on artificial media, however, and some encouraging results 
have been obtained by artificial inoculation. 

Species of the genus Darluca live in the sori of Uredinales. The 
best-known species is D. filum, which is found in the uredospores or 
teleutospores of many rusts. Darluca also is cultivatable in artificial 
media. This hyperparasite also seems to play but a limited role in reduc
ing epidemics of rust on plants. 

The genus Tuberculina also includes species which attack Uredinales. 
T. persicina establishes itself in the aecidia of Puccinia poarum, Gymno-
sporangium sabinae, G. juniperum, and in the teleutospore sori of Endo-
phyllum sempervivi and Puccinia vincae. In these organs it „ forms viola
ceous sporodochia. Γ. maxima is known as a parasite of Cronartium 
ribicola. It vigorously attacks pycniospores and thus can reduce or 
inhibit the formation of aecidiospores. The local and natural establishing 
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of T. maxima has been observed in pine plantings attacked by rust, but 
its extension has always been limited to small areas. In culture it 
develops slowly and sporulates sparsely. Artificial inoculations are not 
easy to realize (Hubert, 1935). 

Among the hyperparasites of Uredinales let us also mention Clado-
sporium aecidiicola, which grows in aecidia—especially in Puccinia con-
spicua (Keener, 1954)—and Verticillium hemileiae, in which the thin 
mycelium lives in uredospores of Hemileia vastatrix (Bourriquet, 1946). 

Bacteria can also parasitize fructifications of Uredinales (Levine 
et al, 1935). According to Borders (1938) Erwinia urediniolytica attacks 
pedicels of spores. Pon et al. (1954) studied the parasitism of Xantho-
monas uredooorus on Puccinia graminis, which grows on or in uredo
spores at a high temperature (30° C.) and in a saturated atmosphere. 
The bacteria, which inhabit the soil, are spattered by rain up to the rust 
sori on the low part of the plant. The temperature requirements of the 
parasite must, however, limit its biological role. 

Among fungi the genus Trichothecium includes species that attack 
plants as secondary parasites, are antagonistic to other microorganisms, 
or grow at the expense of plant pathogens. The fruiting bodies of the 
grape-downy-mildew fungus Plasmopara mticola sometimes exhibit a 
brick-red coloring, due to the growth of a fungus, Trichothecium plas-
moparae (Viala, 1932). Its thin mycelium lies beside the conidiophores 
and conidia of Plasmopara, absorbing the protoplasm, and the conidial 
fluff then becomes matted. This Trichothecium is unable to penetrate 
the host membranes, and so cannot reach the mycelium of Plasmopara 
in the tissues of the leaf. It is favored by hot, wet weather, and fears 
acidity. 

Trichothecium roseum sometimes grows on the stromas of certain 
pathogens, inhibiting the formation of perithecia and sometimes limiting 
the growth of the fungus it attacks. Thus, Koch (1934) observed it in 
summer on the stromas of Dibotryon morbosum, the agent of black knot 
of Prunus and succeeded in inoculating Dibotryon with it artificially. 
In autumn T. roseum can attack the stromas of Polystigma rubrum on 
plum trees, sterilizing the stromas by killing ascogenous elements of the 
Polystigma (Yossifovitch, 1954). By artificial inoculations an important 
increase of diseased stromas has been obtained. On artificial inoculation 
of Polystigma, Trichothecium increased the number of stromas formed, 
and these later became diseased. This fungus has a similar effect on the 
perithecia of Gnomonia veneta, and Viennot-Bourgin (1949) has found 
it on the stroma of Nectria cinnabarina. 

That certain fungal plant pathogens are parasitized in the soil by 
fungi and bacteria has been demonstrated in the laboratory by growing 
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pairs of microorganisms side by side. Weindling (1932) has demon
strated the parasitism of Trichoderma lignorum on Rhizoctonia sohni, 
Phytophthora parasitica, Pythium sp., Rhizopus sp., and Sclerotium 
rolfsii. The fungus acts to inhibit or kill the host hyphae by direct 
parasitism or, alternatively, by antagonism, as will be discussed later. 
Thus the hyphae of the Trichoderma may wind around the aerial hyphae 
of the host fungus, penetrating and growing inside them. Sometimes, 
however, Trichoderma acts at a distance on the hyphae of another 
fungus nearby. 

The use of Γ. lignorum has been considered to fight damping-off of 
seedlings during their short period of susceptibility. This method has 
not been too successful in practice because (a ) Trichoderma is not 
usually dominant at the soil surface, (b) it has a high moisture require
ment, and ( c ) it autolyzes readily. 

A species of Papulospora, isolated from the soil, has shown a para
sitism on Rhizoctonia solani in artificial medium similar to that of 
T. lignorum. Its hypae wind around those of the host or enter and grow 
inside (Warren, 1948). 

Rhizoctonia solani, the well-known pathogen of many higher plants, 
can also attack other fungi, nearly all belonging to the Phycomycetes. 
Butler (1957) has studied this parasitism on agar media by sowing the 
host fungus and R. solani on opposite sides of a petri dish. When the 
two colonies meet, the Rhizoctonia is stimulated at first, forming a thick 
mycelial zone at the juncture of the two colonies. This mycelium first 
invades the host about 24 hours after the two colonies meet, and after 
72 hours invasion becomes general. 

The parasite attacks the aerial hyphae and sporophores of its host 
in two ways. It may penetrate into the hyphae of the host and grow 
rapidly inside or it may wind around and constrict a part of the host. 
The protoplasm of the encircled hyphae either becomes coagulated or 
else it becomes less optically dense and vanishes. When this happens 
the aerial hyphae of the host fungus sink down. 

Not all cultures of the host fungus are destroyed, however. It may 
resist infection by lysis of parasitized hyphae or by isolation of infected 
hyphae with a partition. The degree of parasitism varies also with the 
culture media, temperature, and light. 

Because Rhizoctonia soL·ni is itself a pathogen, it cannot be used to 
fight other pathogens. But these observations suggest how competition 
among fungi can occur in nature. 

Certain species of the genus Pythium parasitize adjoining species. 
Drechsler (1943b) showed that P. oligandrum could attack P. ultimum, 
P. debaryanum, or P. irregulare by encircling their hyphae or by pene-
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trating them. Conidia and young oogonia are also parasitized. The 
destruction is so rapid that the oospores generally do not get formed. 

Fungi can parasitize the oospores of root-rotting Oomycetes. For 
instance, the imperfect fungi Trinacrium subtile, Dactylella spermato-
phage, and Trichothecium arrhenopum destroy the oospores of Pythium, 
Phytophthora, or Aphanomyces. Infection is accomplished by successive 
perforations of the cell walls of the oogonium and oospore, followed by 
growth within the oospore of branches, sometimes lobed, and of big 
suctorial organs (Drechsler, 1938, 1943a). The chytrid Phlyctochytnum 
can attack and inhibit the germination of the oospores of Peronospora 
tabacina (Person, 1955). 

These fungi seem to play an important role in the soil, reducing the 
germination of oospores and their infectivity of higher plants. Even in 
soils where quantities of oospores are found, the percentage of diseased 
plants after the first infection remains slight, owing to the presence of 
these hyperparasites. 

The sclerotia of certain fungi are also frequently attacked and killed 
in the soil. Coniothyrium minitans has been observed on sclerotia of 
Sclerotinia trifoliorum. By artificial inoculation in certain types of soil 
85 to 99% of the sclerotia were killed in 11 weeks (Tribe, 1957). 

In other cases it is difficult to determine whether hyperparasitism or 
antagonism is involved. Thus, Clark and Mitchell (1942) showed that 
the sclerotia of Phymatotrichum omnivorum survived in sterilized soils 
whether they received organic amendments or not, but in unsterilized, 
amended soils microbial activity has led to destruction of sclerotia. The 
action is temperature dependent. Thus, the percentage of sclerotia losing 
their viability was 12, 30, 70, and 90, respectively, for temperatures of 
2°, 12°, 28°, and 35° C. Moisture was required. 

III. BACTERIOPHAGE 

In 1917 d'Herelle presented evidence for a transmissible lytic prin
ciple that acted on the Shiga bacillus, showing that the bacteria have 
their infectious diseases, too. These infectious agents are now known as 
bacteriophages and are usually considered as ultraviruses. Although 
pathogens of man and animals have been particularly studied, some 
work has been done on phages of plant pathogens. Phages have been 
isolated from fragments of diseased plants, contaminated soils, and 
from bacterial cultures. 

By now phages have been discovered for many phytopathogenic 
bacteria: Agrobacterium tumefaciens, Aplanobacter stewarti, Erwinia 
aroideae, E. carotovora, E. atroseptica, Pseudomonas angulata atro-
jaciens, P. coronofaciens, P. glycinea, P. lacrymans, P. phaseolicola, P. 
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pisi, P. syringae, P. tabaci, P. xanthoclora, Xanthomonas citri, X. malva-
cearum, X. orizae, X. phaseoli, X. pruni, X. solanacearum, and X. trans-
lucens. In 1953 Newbond found a phage of Streptomyces scabies. 

To act, a phage must encounter a bacterium able to fix it. Once 
fixed, the phage enters the bacterial cell and multiplies within it. Even
tually, the bacterium is lysed, and sets the phage particles free. They are 
then able to infest other bacteria. 

Unhappily, this lysis is rarely complete in a culture. The appearance 
of secondary cultures of the host bacterium is frequently noted in the 
same plate. The bacteria of these colonies usually have the same morpho
logic and physiologic characters as their parents and generally acquire 
their resistance to the phage through mutation. 

In other cases the appearance of lysogenic strains can be noted, as 
Okabe and Goto (1954) showed with Pseudomonas solanacearum. Lyso
genic bacteria are genetically able to tolerate phages that multiply in 
them under certain conditions. In these bacteria the virus is in the form 
of a prophage that is neither infectious nor pathogenic. Lysogenic bac
teria are insensitive to the phages they produce, thus showing a real 
phenomenon of premunition. 

Phages differ in their action. Some are polyvalent, while others have 
high specificity. Sometimes two forms of the same bacterial strain differ 
in their reactions to the same phage. Thus, form S of Pseudomonas 
phaseolicola is more sensitive to the phage than form R. 

In human pathology some success has attended efforts to use bac
teriophages in fighting certain infectious diseases. In plant pathology, 
however, attempts at phagotherapy have been unsuccessful. The first 
work was done in 1925, when Coons and Kotila (1925) prevented the 
rotting of carrot slices by Erwinia carotovora through adding the homo
logous bacteriophage. But the results were not clear-cut with Erwinia 
atroseptica on potato slices. Israilsky (1926, 1927) thought he had shown 
that the previous inoculation of a phage of Agrobacterium tumefaciens 
into a plant impeded the subsequent growth of tumors, but Kaufman 
(1929) could not confirm his results. 

R. C. Thomas (1935, 1940) treated corn seeds with a phage of 
Aplanobacter stewarti, and then inoculated them with the pathogen. 
He obtained 18% disease in control plants but only 1.4% disease in 
treated ones. A bacteriophage, isolated from tobacco leaves invaded by 
the wildfire bacterium, reduced infection to 50% when dusted on test 
plants (Novikowa, 1940). Also, Kawamura (1940) reduced infection of 
tomato by Pseudomonas solanacearum through applying a bacteriophage 
to the soil. 

Fulton (1950) studied two bacteriophages active against certain 
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strains of Pseudomonas tabaci and P. angulata, isolating them from dis
eased tobacco leaves. He compared their lysogenic and other properties, 
especially their inactivation by cations. As Novikowa (1940) has shown, 
he obtained a reduction in diseased tobacco seedlings by treating them 
with a suspension of phage before inoculation. This reduction was 
greater when he dusted with a mixture of the two phages rather than 
with one alone. 

From infested fields Fulton (1950) obtained more bacteriophages of 
Pseudomonas tabaci and P. angulata as the disease levels increased. On 
this basis Fulton suggests that the phages could limit the amount of 
disease. This is related to the action of the rhizobiophages, which are 
in part responsible for the "tiredness" of alfalfa fields, because of their 
action on Rhizobium in the nodules of leguminous plants. Possibly, the 
persistence of the wildfire bacterium in soils is controlled by bacterio
phages. This hypothesis wants a precise experiment. 

IV. PREDATORS AND ANTAGONISTIC A N I M A L S O F PATHOGENS 

A good many insects live at the expense of the higher fungi. They 
grow in the carpophores, eating either the flesh of the fungus or its 
spores or both. Many species of Coleoptera, belonging more particularly 
to families of Scaphidiidae, Liodidae, Staphylinidae, Erotylidae, Crypto-
phagidae, are mycophagous. A few species specialize on one type of 
fungus. For instance, Gyrophaena strictula limits itself to the Polyporacae. 

A succession of several species of Coleoptera feeds upon one fungus, 
one feeding at one growth stage, another later on, until the rotting 
fungus is fed upon by the last in the succession. The coleopterous 
mycetophiles require moisture. When fungi are normally moist, the 
number of visitors can be very high, but the number decreases with 
dryness. 

Fewer Hymenoptera attack carpophores. Possibly the Lepidoptera 
in the imago stage suck the droplets secreted by fungi. Some larvae that 
eat fungi are known. 

The fungus is merely a shelter for the majority of the Hemiptera 
found on Polypores. The Aradides and Dysodiides are considered as 
mycophagous and are often seen between the lobes of Polypores 
(Rehfons, 1955). 

The inoculum of plant pathogens (smuts, rusts, mildews) can be 
appreciably reduced by Coleoptera and Diptera that subsist on these 
fungi, among them being (Phalacridae; Coccinellidae, etc. . . .) (Itoni-
didae-(Cecidomyidae) Fungivoridae, etc. . . . ) . 

Among the representative mycophages of the family of Phalacridae 
is Phahcrus caricis Sturm, observed by d'Aguilar (1944) in a Cintractia-
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smutted head of Carex riparia. The larva subsists exclusively on spores 
of Cintractia subinelusa, these spores being evident inside the alimentary 
canal of the insect. When adults appear at the end of July, they have the 
same diet of fungus. 

Many species of the race Phalacrus destroy the smut spores produced 
on grasses (Friedrichs, 1 9 0 8 ) . The spores of these insects have lost in the 
excrements their viability. Hence insects are not dispersal agents of the 
Ustilaginaceae. When Friedrichs ( 1 9 0 8 ) placed material drawn out of 
the posterior intestine on nutrient agar, the contained spores did not 
germinate. The same was true of spores drawn out of the middle in
testine. However, the spores from grain that sheltered larva of Fhalacrus 
germinated readily. 

The larva and adults consume quantities of spores. This regimen and 
the abundance of Phalacrus fimetarious on the ears of cultivated plants 
parasitized by Ustilaginae give to the genus Phalacrus a certain economic 
importance. 

Other examples of insect predators of fungi include Deuterosminthus 
bicinctus var. repanda, which browses on conidiophores and conidia of 
the downy mildew fungus of grape, Plasmopara viticola (Grasse, 1 9 2 2 ) . 

Finally, let us report the antagonistic action of certain inferior repre
sentatives of the animal kingdom. In artificial media the mycelium of 
Verticillium dahliae does not grow, and its pseudosclerotia do not 
germinate in presence of infusoria of the race Culpoda. Tomato plants 
grown in nutrient solution containing pseudospores of V . dahliae wither 
rapidly, although no infection occurs when the solution contains active 
infusoria. In infested soils when Culpoda is present, the intensity of the 
disease is decreased (Brodski, 1 9 4 1 ) . The mode of action of the pro
tozoan is unknown. 

V . MICROBIAL ANTAGONISMS 

A. Phenomena of Antagonism 

The phenomena of antagonism between microorganisms have been 
particularly studied in recent years with the development of antibiotic 
substances. When a nutrient medium is sown with two microorganisms, 
one frequently inhibits the growth of the other (Fig. 1 ) . 

Different classic techniques demonstrate this phenomenon. They 
consist of sowing two or more organisms at different points on the 
surface of an agar medium and allowing them to grow or in inoculating 
a plate with fungus spores or bacteria and then placing a fragment of 
agar bearing another organism on the surface nearby. Inhibition zones 
are then often observed (Fig. 2 ) . In the periphery of the zone, morpho-
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FIG. 1. Antagonistic action of three bacterial stocks on Sclerotinia minor. 

FIG. 2. Action of a filtrate of a liquid nutritive medium of an antagonistic 
organism on a phytopathogenetic fungus. 



530 Η . D A R P O U X 

genie effects exist. Deformations or the lysis of vegetative elements of the 
inhibited organism are observed. A short distance beyond stimulation 
occurs in the form of much-branched hyphae, increased sporulation, etc. 
Temperature, composition of nutrient media, and other factors affect 
antagonistic phenomena. 

Many microorganisms, bacteria, actinomycetes, fungi isolated from 
the soil, or various substrata can thus act on phytopathogenic agents 
(Fig. 3 ) . 

FIG. 3. The antagonistic action of an actinomycete on Sclerotinia sclerotiorum. 
Left: two Erlenmeyer flasks in which the Actinomycete has inhibited the Sclerotinia. 
Right: two check flasks in which the actinomycete has not been introduced. 

In a study on several thousand isolates 256 of them, including 60 
strains or species of bacteria, 90 strains or species of actinomycetes, and 
106 strains or species of fungi, have revealed antagonistic action on 
phytopathogenic agents. The latter included 10 bacterial species and 
43 fungal species belonging to various families: Phythiaceae, Ustila-
ginaceae, Telephoraceae, Erysiphaceae, Heliotiaceae, Sphaeriaceae, 
Valsaceae, Phomaceae, Melianonaceae, Moniliaceae, Dematiaceae, and 
Tuberculariaceae (Darpoux and Faivre-Amiot, 1950). Other studies have 
increased this list, and it is probable that most or the whole of the 
phytopathogenic agents are susceptible to antagonistic organisms. 

In certain cases no distinct zone is established, but the growth of 
the pathogen is inhibited by the invasion of the hyphae of the antago-
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nist. That may be accompanied by the winding of the antagonistic 
hyphae around those of the inhibited fungus and sometimes by active 
hyperparasitism. 

Moreover, the action can be mutual. Thus, Alternaria solani inhibits 
the growth of Streptomyces griseus, but its growth is also inhibited and 
its mycelium deformed by the influence of Streptomyces. 

The liquid nutrient medium on which an antagonistic organism has 
grown can also inhibit the growth of a pathogen. This can be demon
strated by the disk or link method (Fig. 2 ) . 

Waksman (1957) has discussed how antagonism arises. In the 
competition for space the vegetative vigor of one organism can impede 
the growth of another (many Mucoraceae). 

Also, physicochemical changes of the medium such as oxidation-
reduction potential, osmotic pressure, and pH can inhibit growth. Thus 
species of Aspergillus can acidify the medium or make it unsuitable for 
the growth of other organisms. Organisms often compete for a valid 
nutrient source. Sometimes antibiotic substances are produced. 

In some cases of antagonism these mechanisms probably occur to
gether or successively. On artificial media the chief causes are compe
tition for nutrients and the production of antibiotic substances. 

The inhibitory action of culture filtrates can be explained by physical 
changes in the medium during growth and the production of antibiotics. 
This last point has been the subject of much study ever since the 
discovery of penicillin. By isolation and purification of compounds in 
filtrates, antibiotic substances have been obtained which are used in 
fighting infections in man and animals. But the antibiotics are active 
against plant pathogens as well. 

B. Microbial Antagonisms in Soil 

Phytopathologists have neglected for a long time the role of the 
microbial population of the soil, considering only the parasite and the 
disease. 

Sanford (1926) and Millard and Taylor (1927) began the study of 
the relations existing between soil microorganisms and the pathogen-host 
complex. Sanford proposed that the beneficent action of certain green-
manuring crops in reducing the common scab of potato is indirect and 
results from the effects of bacteria antagonistic to Streptomyces scabies. 
Millard and Taylor (1927) then suggested that under certain conditions 
attacks by S. scabies was reduced by an antagonist, S. praecox. 

Recent study of biological activity in the soil has resolved paradoxical 
observations and experimental results, and has suggested the possibility 
of fighting certain diseases by biological means. 
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1. Antagonists Isolated from the Soil 

The microbial population of the soil is abundant. According to 
Pochon and deBarjac (1958) the number of actinomycetes varies be
tween 100,000 and 36,000,000 per gram in most soil. Bacteria and fungi 
are also very abundant. 

Alexopoulos (Alexopoulos and Herrick, 1942; Alexopoulos et al., 
1938), studying the antagonistic properties of 80 strains of actinomycetes 
from the soil, used Colletotrichum gleosporioides as a test organism and 
found that 17% of actinomycetes were strongly inhibitory, 39% were 
slightly inhibitory, and 44% had no action. 

In Louisiana, where sugar cane rot occurs, the frequency of actino
mycetes antagonistic to the pathogens was studied. From 18% to 31% of 
the actinomycetes isolated were antagonistic to one of the casual or
ganisms, Pythium arrhenomanes, Pythium ultimum, and Rhizoctonia 
solani. Some actinomycetes were antagonistic to all three fungi; others 
only to one (Cooper and Chilton, 1947, 1949, 1950). About 15% of 
isolated fungi, chiefly species of Penicillium, Aspergillus, and Spicaria, 
were antagonistic to Pythium arrhenomanes (Luke, 1952). Only 3% of 
the isolated bacteria were antagonistic to this fungus (Connell, 1952). 
In certain soils where the Panama disease caused by Fusarium oxy-
sporum f. cubense prevails, Meredith (1944) classified the organisms 
occurring there in three groups: those which apparently increase the 
pathogen, those having no effect on its growth, and those which are 
antagonistic to it. Among the 1020 organisms isolated and tested in vitro, 
66 showed a slight antagonistic action, 39 a middle antagonistic action, 
and 17 were strongly antagonistic to the pathogen. The distribution of 
antagonists varied widely according to the different samples of the soil. 
Among the many antagonistic bacteria was B. subtilis, and the most 
frequently occurring antagonistic fungi were species of Penicillium, 
Aspergillus, Trichoderma, and Trichothecium. 

Organisms antagonistic to Ophiobolus graminis are also common. 
Thus, Broadfoot (1933) isolated from the soil 66 bacteria and fungi, 15 
of which were antagonistic, and Sanford and Broadfoot (1931) noted 
36 species antagonistic to O. graminis. Some microorganisms, such as 
Rhizopus sp., stimulated this pathogen. 

Antagonists in the soil of Streptomyces scabies (Lochhead and 
Landerkin, 1949), Pythium graminicola (Meredith and Semeniuk, 1946), 
Fusarium lint (Anwar, 1949), and Colletotrichum linicola (Lachance, 
1951) have also been reported. 

Thus, many fungi, bacteria, and actinomycetes in the soil are antago-
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nistic in vitro to pathogens. One wonders what these microorganisms do 
in the soil and whether they are useful in fighting certain plant diseases. 

2. Action of Antagonists in the Soil on Plant Diseases 

Experiments in vitro demonstrate that microbial antagonists can 
decrease the virulence of phytopathogenic agents and protect the plant 
from the infection. Sunflower seedlings in Erlenmeyer flasks have been 
protected from attacks of Sclerotinia sclerotiorum by introducing a 
strain of an antagonistic actinomycete (Darpoux and Faivre-Amiot, 
1950). 

Jaarsveld (1942) cultivated Chinese cabbage seedlings in test tubes 
on sterile media. They were then inoculated with Rhizoctonia soL·niy 

plus one or several antagonists. Clear antagonistic actions have been 
obtained with two strains of Trichoderma lignorum, followed by 
Pyronoma confluens, Cylindrocarpon didymum, Penicillium expansum, 
Cladosporium herbarum, and Absidia spinosa. The effect of several 
antagonists seems additive. However, C. didymum decreased the an
tagonism of the others. Disease levels were reduced when experiments 
were conducted in a previously sterilized soil, but in natural soils results 
have often been disappointing. 

Let us examine some experiments on several types of pathogens and 
the diseases that they cause. 

a. Phytophthora and Pythium. Hartley (1921) several years ago 
investigated damping-off in the seed bed, caused by Pythium debary-
anum. The seeds were sown in pots in a previously sterilized soil and 
then inoculated with the pathogen and various organisms, including 
Trichoderma koningi, Phoma spp., Chaetomium sp., Rhizopus nigricans, 
Trichothecium roseum, Aspergillus spp., Penicillium spp., Bacterium sp., 
and unidentified fungi. In all cases the emergence of seedlings was 
increased over the check samples. However, these saprophytes were 
ineffective in nonsterilized soil. 

In the case of the damping-off of tomato seedlings, caused by 
Phytophthora parasitica and P. cryptogea, disease levels were reduced 
in sterile soils when Aspergillus clavatus or Penicillium clavatum in 
organic suitable medium were introduced before the pathogen. Glucose 
improved their effect (Grossbard, 1948, 1952). 

In greenhouse or hotbeds Trichoderma koningi decreased the attacks 
of P. parasitica on tomato (Katzer, 1939), and in previously sterilized 
soils Pythium on cucumber seedlings were reduced by a species of 
Trichoderma (Allen and Haenseler, 1935); of a Pythium on sugar cane 
seedlings, by actinomycetes isolated from the soil (Tims, 1932); of a 
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Pythium on alfalfa, by Pullularia pullulans or by Penicillium expansum 
(Van Luijk, 1938) ; and of Pythium arrhenomanes on wheat roots, by 
several actinomycetes and fungi belonging to the genera Spicaria, 
Penicillium, and Aspergillus (Johnson, 1952). 

Many results have been negative, however. Certain organisms, having 
strongly antagonistic properties in vitro, were without action in the soil. 

Physical and chemical properties of the soil play an important role. 
Thus, Wright (1956b) prevented the attacks of a Pythium on white 
mustard seedlings by adding Trichoderma viride, Penicillium nigricans, 
P. frequentans, and P. godlewski in a lime fertilized soil, while results 
were negative in acidified soil. 

In natural, unsterilized soils, positive results are still more uncommon. 
Thus in a sterile soil to which 1% glucose had been added Trichoderma 
lignorum or Streptomyces sp. considerably reduced the damping-off of 
alfalfa by Pythium debaryanum and P. ultimum. But in natural soil the 
results were generally negative, except when a large, antagonistic 
inoculum was used. 

b. Rhizoctonia solanL The reduction of attacks of Rhizoctonia solani 
by Trichoderma viride has often been noted. Although Trichoderma 
can parasitize hyphae of Rhizoctonia, it also is antagonistic. Some strains 
of Trichoderma produce gliotoxin or viridin. 

In sterile soils the addition of Trichoderma viride decreases the 
attacks of Rhizoctonia on cucumber seedlings (Allen and Haensler, 
1935), on peas (Cordon and Haenseler, 1939), and on lettuce plants 
(Wood, 1951). In natural soils, Cordon and Haenseler (1939) have 
obtained good results on peas and cucumbers. On lettuce plants Wood 
(1951) demonstrated inhibition of the pathogen at first, but the effect 
rapidly disappears. Bacillus simplex, Bacillus subtilis, and Papulospora 
stoveri showed themselves antagonistic to the Rhizoctonia soL·ni in soil. 

c. Phymatotrichum omnivorum. It has been possible to modify the 
flora in contact with roots by direct inoculation. Aspergillus luchiensis, 
Penicillium luteum, and Trichoderma lignorum are all antagonistic to 
Phymatotrichum omnivorum in the laboratory. They can be established 
and apparently increase in the rhizosphere of the cotton roots in ex
perimental plots. All of these organisms were recovered in greater 
quantity than in check soils at a distance from the point of introduction 
(Morrow et al., 1938). Inconclusive results have been obtained with 
other antagonistic organisms. 

d. Streptomyces scabies. Fungi such as Trichoderma are antagonistic 
to S. scabies in vitro. The intensity of potato scab has been decreased 
by applying this fungus in the furrow around the growing tubers. But 
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even in sterile soils other antagonistic microorganisms (Penicillium, 
bacteria, actinomycetes) had no effect (Daines, 1937). 

e. Ophiobolus graminis. O. graminis decreased in virulence in a 
sterile soil that then was recolonized by a saprophytic flora. Here the 
disappearance of the pathogen was sometimes more rapid than in a 
natural soil, probably because of the growth of strongly antagonistic 
organisms. 

f. Fusarium culmorum and Helminthosporium sativum. In green
house soils Trichoderma lignorum and Pyronema confluens reduced the 
pathogenicity of F. culmorum (Johnston and Greaney, 1942). When a 
soil is inoculated with H. sativum or F. culmorum, the virulence of these 
fungi is decreased by degrees, but much more quickly in a natural than 
in a sterilized soil, thus suggesting the role of the soil microflora. Further, 
H. sativum cannot colonize unsterilized corn stubbles, whereas it easily 
establishes itself on this substratum after sterilization. 

g. On Different Pathogenic Agents. In experiments in sterile soils 
species of the genera Rhizopus, Penicillium, and Fusarium reduced 
attacks by Cephalothecium roseum (Greaney and Machacek, 1935). In 
sterilized greenhouse soil different fungi and bacteria have reduced pink 
root rot (F . culmorum) and the bacterial fading of carnation (P. 
caryophylli) (Thomas, 1948). Fusarium udum, which causes the fading 
of the gray pea (Cajanus cajan) was more virulent in sterile than in 
natural soil. Several antagonistic organisms were isolated from the 
natural soil (Vasudeva and Roy, 1950). A species of Chaetomium, added 
to a sterilized soil, then infested by Fusarium lini, reduced the intensity 
of the flax wilt (Tervet, 1938). In pots in a sterile soil inoculated with 
antagonistic bacteria the infection of corn seedlings by F. graminearum 
(Gibberella saubinetii) was prevented. Similarly the inoculation of 
unsterilized soil on which diseased flax had previously grown reduced 
the infection by F. lini of a second crop of flax seedlings from 26.6% for 
the tests to 9.5% (Novogrudski, 1937). 

3. Factors That Modify the Biological Equilibrium and Act on the Disease 

Many factors favor an antagonistic role for microorganisms. We have 
long known that certain cultural practices alter the attacks of various 
pathogens, sometimes favorably and sometimes not. Fallow land aids 
the development of soil saprophytes (Henry, 1931). But to know whether 
a cultural practice acts on the virulence of the pathogen or on the 
resistance of the host directly or whether the effect is indirect by chang
ing the soil-biological equilibrium is not easy. Various studies bear on 
this point. 
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The number of actinomycetes in a soil and their relative abundance 
in relation to the microflora as a whole can be considerably influenced 
by the crop plants present, as Lockhead (1940) has shown. Indeed, the 
roots secrete soluble compound or tissue losses: losses from the root cap 
and from epidermal and cortical cells. Also, the plants secrete toxic 
substances into the soil that inhibit certain microorganisms. It is small 
wonder, then, that the microflora of the rhizosphere varies considerably 
with the species of plant—even with varieties—and also with their 
development period. 

The action of green manuring on the disease development in relation 
to potato common scab, caused by Streptomyces scabies, and the role of 
certain microbial antagonists, especially to S. praecox, has already been 
discussed. Green manuring with soybean in pots of naturally infested soil 
has reduced disease, while rye and clover had no effect. Soybean residues 
considerably increased the population of all soil organisms, especially 
soil fungi, whereas rye acted only on the bacterial population (Atkinson 
and Rouatt, 1949). 

If a soil is poor in organic matter, green manuring makes available 
quickly the elements favoring development of antagonists. Green manur
ing can also modify the pH, and some failures have occurred when the 
soil pH was unfavorable to antagonists. 

The influence of green manuring and of amendments and fertilizers 
on development of the root rot of cereals, caused by Ophiobolus graminis, 
has been extensively studied. This organism grows in two phases: a 
parasite phase on the growing plants and a saprophytic phase on the 
roots and stubble. In unsterilized soils its disappearance varies with soil 
type and with temperature, moisture, and soil fertility. 

During the parasitic phase it is possible to reduce the disease by 
increasing the amounts of assimilable P, nitrate N, organic amendments, 
oligo-elements, etc. All of these treatments increase the soil microflora, 
as shown by increased C 0 2 production by soils after their addition. In 
the saprophytic phase the microflora is primarily responsible for the 
disappearance of the pathogen. 

O. graminis is not continuously a saprophyte in the soil. It disappears 
rapidly as the crop residue is decomposed. It is ill-suited for competing 
with the soil microflora. It is a poor thing, a guest in an inhospitable 
society. Its disappearance depends on the soil type and medium con
ditions. Stubble and material rich in carbohydrates and poor in nitrogen 
(starch, raygrass flour) hasten its disappearance. A clover crop grown on 
stubble has the same effect. In this case the action is double. The growth 
of antagonists is increased, and competition between the crop and the 
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pathogen for the assimilable nitrogen is assured (Garrett, 1936, 1937, 
1938, 1944). 

In the case of the cotton root rot, caused by Phymatotrichum omni
vorum, many authors have shown that the addition of organic manures 
reduces the intensity of the disease in infested soils. The microbiological 
activity is much more intensive (high release of C 0 2 ) in soils to which 
such manures have been applied for a long time. The incorporation of 
green manures in the soil (sorghum, chickpea) also has a good effect. 
Bacteria and actinomycetes increase considerably, the fungi only a little 
(Mitchell et al, 1941). Farm yard manure and chopped sorghum also 
inhibit the growth of P. omnivorum (Mitchell et al, 1941) in the soil. 

Nitrate nitrogen and maize flour reduce the disease levels of Rhiz
octonia solani and also its persistence in the soil, while sugars, lime, 
magnesium sulfate, and sulfur favor the disease (Sanford, 1947). Maize 
flour is especially effective when new antagonists are added to soil 
(Wood, 1951). Other amendments give good results in natural soils, but 
do not act in sterilized soils, thus demonstrating their influence on the 
soil microflora. Damping-off of alfalfa, caused by Pythium ultimum and 
P. deharyanum, is reduced by applying 1% of oat straw and antagonists 
to a natural infested soil (Gregory et al, 1952). 

Soil temperature influences both the soil microflora and pathogens. 
Thus damping-off of alfalfa, reduced by applications of oat straw at low 
temperatures, was hardly affected at high temperatures (Gregory et al, 
1952). The action of Trichoderma sp. and Penicillium vermiculatum 
against Rhizoctonia sofoni is much more noticeable at 28° C. than at 
18° C. (Boosalis, 1956). 

The pH of the soil affects not only the pathogen but also the action 
of antagonists. The common scab of potato, caused by Streptomyces 
scabies, and the root rot of wheat, caused by Ophiobolus graminis, are 
frequent in certain limed soils of recently reclaimed heath. A biological 
lack of balance, unfavorable to the antagonists, resulted from the liming. 
Furthermore, pH influences the action of Trichoderma viride. 

The addition of a suspension of Trichoderma spores in a boggy soil 
was effective in reducing the attacks of Rhizoctonia solani on Citrus. The 
amount of disease reduction was correlated with pH, being excellent for 
the low pH of 4.5, moderate for a medium pH of 5.7 to 6.1, and inactive 
at pH 7.0 (Weindling and Fawcett, 1936). Soil acidification with 
aluminum sulfate or sulfuric acid has also been recommended by Wiant 
(1929) for the control of Rhizoctonia solani on forest tree seedlings. 

Trichoderma viride is also a natural antagonist of Pomes annosus and 
prevents the establishment of this pathogen on stumps of trees in acid 
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soils. F. annosus does not appear in a natural acid soil. However, in the 
same soil after sterilization Forties becomes established unless it is 
stopped by introducing Trichoderma (Treschow, 1941). The importance 
of the disease in alkaline soils has been attributed to the lack of 
Trichoderma (Rishbeth, 1950). 

Chemical treatments can also favor antagonistic microorganisms. 
Carbon disulfide is especially active in reducing the attacks of ArmiUaria 
mellea on Citrus. The pathogen, established on the roots or the trunk of 
a host plant, is protected by a stratum of pseudosclerotia that permit it 
to survive in the soil for several years and to resist the attack of soil 
organisms, especially Trichoderma viride. After fumigation T. viride is 
almost always found in the roots of Citrus in which the pathogen has 
been destroyed. 

At first, it was thought that T. viride resists fumigation and is the 
first in colonizing the dead mycelium of the pathogen. However, the 
pathogen does not grow in mixed culture with the antagonist. Added to 
soils, T. viride destroys the pathogen by itself. Moreover, the carbon 
disulfide is inactive against the pathogen in soil unless the antagonist 
is present. 

Thus, in natural soils T. viride is not dominant enough to destroy 
the ArmiUaria. But after partial sterilization of the soil, Trichoderma 
becomes dominant and colonizes the pathogen (Bliss, 1951). 

On occasion 2,4-D may have similar effects. Thus, Warren et al. 
(1951) have reported the prevalence in the soil of an actinomycete after 
treatment of tomato plants with 2,4-D. This microorganism on agar 
medium is antagonistic to many fungi, such as Rhizoctonia solani, 
Sclerotinia cinerea, Sclerotium rolfsii, etc. 

4. Mechanisms of Action of Antagonists 

Different mechanisms of action for antagonism have been noted 
above. Some postulated mechanisms of antagonism involve the large 
increase in microflora, following the adoption of a cultural practice, such 
as the application of a green manure. Large amounts of C 0 2 , which may 
affect the pathogen, are produced in this process. 

Blair (1942, 1943) has suggested such a mechanism for the disap
pearance of Rhizoctonia solani. Alternatively, an increase in the micro-
floral activity can lead to the loss of certain elements, particularly of 
nitrogen. 

Sanford (1926) showed that certain bacteria, when cultured in 
solution, make the solution too acid for the germination of S. scabies. 
Thus the growth of these bacteria in the soil can lead to a modification 
of the pH, unfavorable to the pathogen. 
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But very many antagonistic organisms can produce antibiotic sub
stances in culture on artificial media. This raises the problem of the 
production and role of antibiotics in the soil. 

5. Production and Role of Antibiotics in the Soil 

Most of the known antibiotics are produced by soil microorganisms. 
We may ask if the soil is a medium suitable for antibiotic production and 
whether such substances are sufficiently stable in the soil to have a 
biological role there. 

The relations of soil microorganisms in respect to antibiotic pro
duction have been studied by Jefferys et al. (1953) in a sandy and acid 
podsol. They isolated 65 species, half of which produced antibiotics. The 
most widely distributed species included the most important percentage 
of producers. Some common and nonproducing species are comparatively 
resistant to the antibiotic substances coming from other species. These 
facts suggest that the production of antibiotics by soil microorganisms 
may have ecologic significance. 

The first experimental work on the production of antibiotic sub
stances in the soil was reported by Grossbard (1948) . The author 
showed that in a sterilized soil enriched with glucose, wheat straw, or 
beet pulp, Penicillium patulum produces an antibacterial substance, 
patulin. Later studies showed that patulin is produced by other species 
of Penicillium and by 2 species of Aspergillus as well when they grow in 
sterilized soil, enriched with carbohydrates or other assimilable organic 
substances. 

The production of patulin is strongly decreased when other micro
organisms are present. Under these conditions the soil must be heavily 
inoculated with P. patulum if antibiotic activity is to appear during the 
following days. There the production is improved by such organic 
materials as flour, glucose, and corn steep liquor. 

Chloromycetin is produced by Streptomyces venezuelae and actidione 
by S. gnseus is sterilized soil amended with various organic elements 
(Gottlieb and Siminoff, 1952). 

Wright (1954, 1955, 1956a, c; Wright and Grove, 1957) has especially 
studied antibiotic production by common fungi in the soil. She obtained 
gliotoxin from a strain of Trichoderma viride in two types of sterilized 
soils (podsol at pH 3.9 and garden soil at pH 6.3) , receiving an organic 
amendment. When no organic matter was added, gliotoxin production 
was appreciable only in the podsol. Acidification of garden soil favored 
antibiotic production. In unsterile soils no antibiotic was produced in the 
garden soil amended with corn flour, but in a podsol enriched with corn 
flour production was appreciably increased. 
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For the production of griseofulvin by P. nigricans the main factors 
were sterilization and addition of organic nutrients. But here fungus 
growth and antibiotic production were better in the garden soil than the 
podsol. Griseofulvin production was decreased by inoculation of the soil 
with various microorganisms. 

The production of antibiotics in the soil can be influenced by many 
factors, especially the soil type, its pH, the sterilization, and the ad
dition of organic elements. The beneficial effect of sterilization may 
eliminate competing organisms and may also increase the availability 
of nitrogenous organic compounds. 

One wonders if the production of antibiotic substances is homo
geneous in a soil or if its importance is only locally important near the 
roots. To answer this question, Wright (1956a) studied the production of 
gliotoxin by T. viride in and around straws sunk into the soil. The 
production was more important in the straw than in the soil around it. 
The pH of the soil, and especially the pH of the nutrient substratum, 
had a large effect. The sterilizing of the soil or the straw also played 
a role. 

These studies demonstrate that antibiotics can be produced in the 
soil at least under some conditions. Presumably antibiotic production can 
be increased when the influencing factors are better known. 

The composition of the nutrient medium has a profound effect on the 
yield of antibiotic. Thus boron stimulates the production of penicillin; 
manganese, that of streptomycin; iron and zinc, that of patulin. 

Some carbohydrates produce a larger yield than others. Penicillium 
notatum prefers lactose in order to produce penicillin. Streptomyces 
griseus prefers starch and glucose for streptomycin and mannose for 
actidione. 

Meat extracts, soybean hydrolyzates, and corn steep liquor provide 
the amino acids necessary for antibiotic production by the organism. 
Some compounds serve as precursors, containing groupings found in 
the molecule of the antibiotic and thus stimulate its production. Ex
amples are phenylacetic acid, β-crotonic acid, glycocoll, and folic acid 
for penicillin; inositol for streptomycin; tyrosine, phenylalanine, and 
tryptophan for Chloromycetin. 

Antibiotics vary in stability in the soil. Gottlieb and Siminoff (1951) 
noted that streptomycin is so strongly adsorbed by clay in the soil that 
it loses its activity. Pramer and Starkey (1951) reported that it disap
pears more rapidly in unsterile than in sterile soil. Thus in addition to 
adsorption, degradation by soil microorganisms takes place. This was 
confirmed by Jefferys (1952) , who showed the influence of the soil type 
and its pH. In some cases, when the adsorptive capacity of the soil is 
saturated, activity can persist when high concentrations are employed, 
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but one has difficulty in seeing how streptomycin can increase in a 
natural soil and play an appreciable biological role. 

Chloromycetin is produced in the soil by S. venezuelae. Gottlieb and 
Siminoff (1952) showed that this neutral antibiotic is not adsorbed by 
clay, and activity persists in sterile soil. However, it is less toxic than in 
a nutrient medium, the soil having a protecting effect on the sensitive 
germs. In pure culture various bacteria detoxify Chloromycetin by 
hydrolyzing the molecule or reducing the nitro group. Presumably, 
microorganisms can have the same effect in soils. In fact, Chloromycetin 
disappears in unsterile soils. 

Clavacin is another antibiotic that is not readily adsorbed by the 
clays of the soil. It is stable for a long time in a sterile soil, but the 
microflora in a normal soil degrade it. The microbial population in
creases in a soil containing clavacin. Gottlieb et al. (1952) reported 
the development of fungus strains resistant to this antibiotic. Differences 
depending on the soil type have been observed (Jefferys, 1952). 

Penicillin is detoxified by many microorganisms that secrete peni
cillinase. In some neutral soils, however, it can maintain its activity 
sufficiently long to be biologically effective (Brian, 1949; Jefferys, 1952). 

Jefferys (1952) studied the stability of ten antibiotics in podsolic 
soils and in neutral garden soil. Eight of them were produced by fungi 
isolated from podsols. Some were more stable than others, the stability 
varying from one soil to another. Four types of inhibition were deter
mined: (1 ) The natural pH of certain soils is responsible for the in
stability of albidine, frequentin, gliotoxin, penicillin, and viridin. ( 2 ) 
The soil microorganisms detoxify griseofulvin, mycophenolic acid, and 
patulin. ( 3 ) The soil especially absorbs streptomycin. ( 4 ) Inhibition 
of toxicity occurs in a poorly understood manner, probably of chemical 
nature. Examples are gladiolic acid, penicillin, and streptomycin. These 
antibiotics were more stable in acid podsolic soils than in the neutral 
garden soils. In some soils the stability was sufficient to permit a bio
logical effect when they are produced. 

Gottlieb and Siminoff (1952) divide the antibiotics into three groups: 
the basic antibiotics which are widely inactivated, e.g., streptomycin 
and streptothrycin; the neutral antibiotics which are slightly inhibited 
but which maintain a relatively high activity in the soil, e.g., Chloro
mycetin and actidione; and the acid antibiotics, the activity of which is 
intermediate between the basic and neutral substances, e.g., clavacin. 

6. Antibiotic Action 

In the soil the stable antibiotics that are produced can act directly 
on pathogenic microorganisms to inhibit their growth. Action of anti
biotics in vitro includes preventing growth and the deformation—and 
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sometimes the lysis—of vegetative organs. Some antibiotics can also be 
absorbed by the plant root and translocated to different plant organs 
without losing their activity. Such substances are called "systemic/' A 
classic example is streptomycin. Plants differ in this respect, however. 
For example, penicillin is absorbed by bean seedlings, but not by 
cucumber or maize. 

On the other hand, high activity can be found in aerial plant organs 
only if the antibiotic concentration in contact with the roots is high. 
Because streptomycin is rapidly inactivated in the soil, it cannot have 
a systemic role in nature. Chloromycetin, on the contrary, is more stable 
in the soil, and can be absorbed by the plant if present in sufficient 
quantity. However, Chloromycetin is probably not produced in sufficient 
quantities in the soil to play a significant biological role in the plant. 

The substances produced in the soil by microorganisms do not always 
play a favorable role. According to Agnihothrudu (1954) , Fusarium 
oxysporum f. vasinfectum secretes fusaric acid into the soil, and this can 
be absorbed by roots and damage the plant as it moves through the 
tissues. The "tiredness" of soils seems to be due in part to the secretion 
of toxins by fungi such as Mucor, Alternaria, or Cladosporium herbarum, 
which live on fragments of diseased plants. Thus, the toxins aid the 
action of the pathogen. 

7. Discussion: the Biological Struggle among Soil Organisms 

Two aspects of the biological struggle among soil microorganisms 
can be considered: ( 1 ) the specific contribution of antagonistic micro
organisms in the soil; and (2 ) the ways in which the antagonistic func
tions can be favored. 

The first of these can be illustrated simply after sterilization of the 
soil by heat. Such a soil can be recolonized quickly by antagonistic 
saprophytes which impede establishment of pathogens. For successful 
antagonism, favorable conditions must be provided. 

Antagonistic organisms often fail to become established in natural 
soils. In competition with the natural flora, the new organism is often 
eliminated. However, certain cultural methods or chemical treatments 
sometimes are successful, e.g., fumigations with carbon disulfide, which 
favors growth of Trichoderma. 

Gregory et al. (1952) have shown that the use of antagonists in order 
to fight the damping-off of leguminous plants may be possible. However, 
these antagonistic organisms must be inactive against nodule bacteria 
(Rhizobium)y which makes the problem complex but not insoluble. Thus 
an actinomycete was found which was very active on Pythium without 
affecting the establishment of Rhizobium on alfalfa seedlings. 
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We have seen that antibiotics can be produced in the soil. However, 
when an organism that produces antibiotics is introduced in a soil, it 
runs the risk of being quickly inhibited. Even if antibiotic production 
occurs for a short time only, this can suffice to control a disease such as 
damping-off, to which only the seedling plant is susceptible. In this case 
the antagonist permits the plant to grow through the decisive period of 
susceptibility, after which it is resistant. Possibly the period of suscepti
bility can be shortened by increasing the rate of growth of the plant by 
high temperatures, for example. 

Favoring the growth of naturally established antagonists in the soil 
is more likely to be successful than introducing new ones. The judicious 
utilization of certain green manures, amendments, and various fertilizing 
elements will often give positive results. More studies must be made 
(1 ) on the growth conditions of antagonists and the production condi
tions for antibiotic substances, ( 2 ) on the stability of these antibiotics 
and their action mechanism, ( 3 ) on the virulence of the pathogen, and 
(4 ) on the host susceptibility. These studies, along with some good luck, 
should bring more precision and success in the biological control of 
soil-borne pathogens. 

C. Antagonism and Competition at the Time of Sowing the Seeds 

The normal saprophytic flora of the surface of seeds limits the attack 
of certain pathogens. Simmonds (1947) reported that the percentage of 
corn seedlings attacked by Helminthosporium sativum was decreased 
by incubating the seeds for 24 hours in a humid room before inoculation. 
Probably the moisture favored the growth of antagonistic saprophytes 
on the integuments of the seed. 

Ledingham et al. (1949) and Sallans et al. (1949) demonstrated that 
when chemical treatment removed the surface flora from seeds, there 
was an increase in attack by H. sativum. Formaldehyde or lactic acid 
acted in this way. Thus the seedlings of treated seed which was then 
inoculated were more frequently diseased than were untreated seed, 
especially in sterile soil. 

This raises a problem about seed disinfection. When the superficial 
saprophytes are eliminated, pathogens in the integument can grow with
out hindrance. 

In pure culture many organisms which are antagonistic to pathogens 
have been isolated from the surface of the seed integuments. Attempts 
have been made to utilize these or other organisms in fighting pathogens 
that attack seeds. 

Novogrudski (1937) recommended bacterial inoculation of seeds to 
combat Fusarium lint and Colletotrichum UniccHa on flax. With various 
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bacteria he was able to decrease the percentage of diseased plants. 
Beresova and Nauomova (1939) obtained similar results. The attack of 
Fusarium graminearum was reduced by treating corn seed with cultures 
of Pseudomonas or Achromobacter. Similarly, Krasilnikov and Raz-
nitzyna (1946) , by using similar microorganisms, controlled Fusarium 
on seeds of Pinus sylvestris. 

By using such species of Chaetomium as C. cochlioides, Tveit and 
Wood (1955) obtained as good control of the blight of barley seedlings, 
caused by Fusarium nivale, as when organo-mercurials were used. Ap
parently the antagonist was able to establish itself and to persist for 
some time in the soil. 

The inoculation of seeds with antagonists may eliminate not only the 
seed-borne pathogens but soil microorganisms that parasitize the seed
lings. Soil saprophytes sometimes decrease the virulence of seed-borne 
pathogens, as shown by the differences obtained after sowing in natural 
soil and in sterilized soil. The antagonism phenomena on seeds are 
doubtless the same as those described in the case of the soil. 

Production of antibiotic substances in the integument of seeds was 
studied by Wright (1956c) , who noted that pea seedlings arising from 
seeds inoculated with spores of Trichoderma viride had chlorotic coty
ledons, similar to those observed on seedlings growing in gliotoxin solu
tions. Thus T. viride probably produces gliotoxin on the seed in concen
trations sufficient to damage the seedlings. This hypothesis was verified: 
the concentration of gliotoxin in the integuments of pea seeds inoculated 
with spores of Γ. viride was appreciable 3 days after germination and 
reached a maximum about the fifth day. The quantity of gliotoxin was 
much higher in the integument than in the soil around the seed. More
over, Wright demonstrated that Penicillium frequentans could produce 
frequentin and Streptomyces venezuelae, an unidentified antibacterial 
substance that seems to differ from Chloromycetin. 

D. Antagonism on Fruit During the Storage 

Cases of antagonism have been noted on organisms attacking fruit 
in storage. Thus two strains of Bacillus subtilis are antagonistic in vitro 
to several pathogens of citrus fruit and to Penicillium digitatum especi
ally (Gutter and Littauer, 1953). 

E. Antagonisms on a Level with Aerial Organs 

The mixing of an antagonist with the inoculum of a pathogen can 
reduce the infection. Thus Bamberg (1931) isolated bacteria which 
in vitro were antagonistic to Ustilago zeae. The culture filtrate of these 
bacteria had no effect on the pathogen. But when the bacteria were 
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mixed with smut inoculum, they reduced the infection rate of corn, and 
inhibited the germination of chlamydospores. They also seemed to cause 
disintegration of the galls. 

In nature the antagonistic saprophytes seem to play a biological role 
in relation to wound pathogens or pathogens that establish themselves 
by first colonizing the dead tissues. By invading these tissues before 
the pathogen does so, antagonists can prevent infection or at least limit 
it. Thus Stereum purpureum establishes itself easily on freshly cut tis
sues, but does so with difficulty on 3-month-old lesions that are already 
colonized by saprophytic microorganisms (Brooks and Moore, 1926). 

The studies of Wood (1951) demonstrate the importance of micro
flora on leaf tissue. After attacks of Botrytis on lettuce in the field more 
young plants survived in the hollows than where the ground was flat. 
In the hollows, Wood reasoned, the dried leaves at the base of the plant 
were sometimes covered by water which had run from the surrounding 
soil. This permitted the growth of saprophytes antagonistic to the 
Botrytis on the dead tissues. Wood (1951) analyzed this phenomenon 
experimentally, and concluded that: many microorganisms are antag
onistic to Botrytis cinerea at 25° C. but are less so at lower temperatures 
and that certain of them prevent the rotting of loose lettuce leaves when 
the antagonist is inoculated prior to or simultaneously with B. cinerea. 

In a similar way Newhook (1951, 1957) isolated organisms antag
onistic to B. cinerea from lettuce and tomato. Cultures of Bacillus, 
Pseudomonas, and Chromobacterium from lettuce leaves were more 
strongly antagonistic to B. cinerea at one temperature than at another. 
On nutrient agar these bacteria raised the pH so high that the growth 
of B. cinerea and its pectolytic activity were inhibited. However, the 
antagonism was largely due to antibiotic production. In association with 
many bacteria B. cinerea increased or decreased its sporulation, or its 
hyphae were distorted. In the field, organisms isolated from the soil 
prevented the establishment of B. cinerea on dead tissues of different 
plants. The antagonism of saprophytes must play an important part in 
the growth of B. cinerea. As dampness occurs, it favors the establish
ment and growth of the pathogen and the development of antagonistic 
microorganisms simultaneously. 

Can antagonistic saprophytes be used to combat pathogens of aerial 
organs of plants? The growth of saprophytes is possible either when 
dead tissue is present for colonization or when a suitable nutrient 
medium is provided for them on the plant. The protection of the living 
tissues from pathogens by applying nutrients is a theoretical possibility 
that has not been crowned with success. 

However, attempts to establish an antagonistic saprophyte on dead 
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tissues of the host has given some results. B. cinerea attacks the fruit 
only after becoming established on dead petals. In greenhouse experi
ments Newhook (1957) applied spores of antagonistic saprophytes of 
Botrytis cinerea, especially Cladosporium herbarum and one Penicillium, 
to tomato petals directly after the fruit was set. This was completely 
successful when recently dried petals were treated and only 30% success
ful when applied to petals that had dried for several days. Thus it is 
possible to guide the colonization of drying organs. On the other hand, 
natural colonization occurs on organs that have been dead for some 
time. If these saprophytes are active antagonists of the pathogen, no 
inoculation need be done because there is a natural protection. If they 
are not, it seems very difficult to substitute them with others. 

Sometimes other treatments have an indirect effect on the coloniza
tion by saprophytes of host organs. Newhook (1957) reports that if 
growth substances are applied to avoid the fall of tomato fruit, natural 
colonization by Cladosporium herbarum or Penicillium is favored. Then, 
the infection of Botrytis is reduced from about 50% on untreated plants 
to about 2% on treated plants. 

How do these antagonistic saprophytes prevent the attack by Botrytis 
cinerea of lettuce and tomato? Newhook (1957) reported that nearly all 
the saprophytic fungi isolated from the dry petals of tomato are antag
onistic to Botrytis cinerea. Apparently these fungi have a common 
method of inhibition that is less specific than antibiotic production. The 
inhibition of growth of B. cinerea is not a nutrient competition because 
its spores do not even begin to germinate when they come in contact 
with petals invaded by saprophytes. In culture the antagonists also 
prevent spore germination of Botrytis. The possibility of an unfavorable 
pH in the tissues, created by the antagonist, must also be eliminated. 

Among the naturally occurring saprophytes of dry petals of tomato 
Cladosporium herbarum is a most effective antagonist. Some of these 
saprophytes are very active against B. cinerea on sterile tomato petals. 
Although Cladosporium herbarum is not among the most active, it plays 
an important role in greenhouse culture as an antagonist to Botrytis on 
tomato. Cladosporium is able to grow under drier conditions on dying 
petals than the other microorganisms are. Therefore it more easily 
colonizes the dead tissues, and thus more completely protects them 
against Botrytis infection. 

What are the effects of fungicide treatments on these antagonists? 
The fungicide, in destroying antagonistic saprophytes, may weaken the 
natural protection of the dead tissues. But resistant saprophytes, such as 
Penicillium, presumably still protect the dried petals even after treat-
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ment. On the other hand, the antagonistic saprophytes that are fungi
cide sensitive can also protect the dead tissues that were poorly covered 
with fungicide. 

VI. INTERACTIONS I N T H E F U N G A L AND B A C T E R I A L DISEASES 

When several pathogens are simultaneously or successively establish
ing on a plant, several cases can exist: 

( a ) A competition occurs on the living tissues of the host. An ex
ample is given by Tilletia foetida and T. caries, both of which infect 
wheat. While plants in the field are attacked by either pathogen singly, 
the simultaneous presence of the two Tilletia on a same plant is rarely 
reported. One eliminates the other. The fact has been experimentally 
demonstrated by Bamberg et al. (1947) . Seeds were artificially inocu
lated with T. foetida and sown in a soil infested with Γ. caries. The 
presence of Tilletia foetida on the seeds and then on the seedlings very 
clearly reduced the infection by T. caries. Another example is PenicilUum 
digitatum versus Penicillium italicum on citrus fruits. When citrus fruits 
are treated with borate of soda, the first fungus is destroyed and the 
second then grows freely. In this case, P. digitatum prevails because of 
the density of its mycelium. 

(b ) The damage to the plant, caused by one pathogen, can impede 
the growth of another. When Botrytis fabae attacks the leaflets of field 
beans and causes them to dry out, attack by Uromyces fabae is impeded. 

( c ) The actions of pathogens complement each other in certain 
simultaneous infections. One pathogen may aid another in entering the 
host. In other cases one pathogen may provide growth substances 
needed by another. In still others one may take part in the destruction 
of living tissues, thus aiding the attack by another. When a wheat plant 
is attacked by Ophiobolus graminis, bacteria can provide thiamine or 
biotin, substances which increase the virulence of the pathogen. 

Sometimes there is a synergism between bacteria and fungi. For in
stance, Sabet (1954) has demonstrated synergism between Bacillus poly-
myxa and Bhizopus nigricans on potato slices. Erwinia carotovora and 
B. polymyxa are synergistic at 35° C and nearly indifferent at lower 
temperatures. 

O. graminis is more damaging when wheat seedlings have been sub
mitted for several weeks to various organisms, especially Cladosporium 
herbarum. Probably the toxins of Cladosporium increase the suscepti
bility of the plant. This effect is more marked in light soils having a 
slight absorbent power, because in these soils the toxins move more 
readily and reach the roots much more easily (Brommelhues, 1935). 
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Another pair of pathogens that act synergistically are Diplodia nata-
lentis and Colletotrichum gloeosporioides on the citrus fruits (Fawcett, 
1931). 

(d ) Fungi attacking one host in serial order may become dominant 
over the initial invader. The fungi establish themselves only on dead 
tissue, often follow and sometimes supplant the primary pathogen. The 
physiologic condition of the host plant or host organ influence this. Thus, 
the potato tuber which becomes depleted of its reserves in the spring 
is less and less suitable for the growth of Phytophthora infestans and 
more so for the invasion by pathogens of old tissues. 

Successive infections on fruits have been the most thoroughly studied. 
Scab attack on apples and pears, caused by Venturia inaequalis and 
Venturia pinna, favors the establishment of other pathogens: at first, 
Monilia fructigena, the cause of brown rot, and later^ during storage, 
Trichothecium roseum and also Gloeosporium fructigenum on apples. 
The invasion by these fungi into the pulp is made easier by the existence 
of corky callus tissue in the scab spots. Where these join with the skin 
of the fruit, imperfections occur that offer an easy entry. Gloeosporium 
fructigenum often attacks apples having rust lesions, caused by Gymno-
sporangium clavariaefornme (J0rstad, 1938). Nectria galligena invades 
on the branches of apple trees following their injury by Venturia 
inaequalis, the scab pathogen. ArmiUaria mellea very often attacks wal
nut tree roots following Phytophthora cinnamomi. 

Complex diseases result from antagonism of pathogens or their com
petition or their synergism on the plant. 

Moreau (1957) shows the different stages of the decline of carna
tions as follows: ( 1 ) weakening of the plant by Uromyces, Hetero-
sporium, attack by nematodes or poor nutrient conditions; ( 2 ) attack 
by primary pathogens of declining tissue such as Verticillium cinerescens 
or Fusarium oxysporum f. bulbigenum; ( 3 ) invasion by secondary path
ogens such as Fusarium dianthi, Fusarium roseum, Alternaria dianthi, 
and Rhizoctonia solani; ( 4 ) invasion by cellulolytic fungi such as Rhizoc
tonia bataticola, Melanospora sp., Chaetomium sp. and of pectolytic 
fungi such as Cladosporium herbarum; and (5 ) the interaction of the 
plant microflora with the soil microflora. 

Chevaugeon (1954) has also studied complex diseases of manioc. 
The chief causes are Glomerella cingulata, Cercospora henningsii, and 
Cercospora caribae, which favor the establishment of wound and weak
ness pathogens, which in turn are followed by saprophytes. 

VII. C O M P L E X E S ASSOCIATED W I T H NEMATODES 

Independently of their specific pathogenic action, the phytoparasitic 
nematodes frequently are involved in the epidemiology of diseases 
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caused by other organisms. The nematodes have many enemies, which 
influence their numbers in the soil. The apparent effect of edaphic 
factors on nematode populations is in reality often a result of their effect 
on the development of natural enemies of nematodes. These effects have 
been known for a long time. Much of the older work on this subject 
dealt with the classic species of tylenchids. Biological complexes have 
much to do with the economic importance of the tylenchids and 
dorylaimids that are migratory and ectoparasitic. 

A. Hyperparasitism in the Nematodes 

The parasites of the free nematodes are better known than those of 
the phytoparasitic species. However, hyperparasitism is more diverse 
among the plant parasitic nematodes. 

1. Bacteria 

Although they have been noted many times in nematodes, the bac
teria are but infrequently pathogenic. However, Schuurmans et al. 
(1938) reported an undetermined bacterium to be frequent in Anguina 
filiformis, which frequently showed a partial castration in consequence. 
In other cases the bacteria can gradually destroy the nematodes. More 
often they act as symbionts and play a useful role in the digestion. 

2. Microsporidies 

In 1940 Thorne described a microsporidian, Dubosquia penetrans, on 
a member of the Nosematidae family. In the southern United States 
this organism parasitized 66 and 23% of two types of their host nematode, 
Pratylenchus pratensis. This parasite was found later on in other 
anguiluls. 

3. Fungi 

Many cases are known of parasitism of phytopathogenic nematodes 
by fungi belonging to very different groups. In 1934 Rozsypal and 
Schmidt reported a Protomycopsis chytridiale attacking Heterodera 
schachtii. The large and round chlamydospores completely filled the 
encysted females and the larval content had been destroyed. 

In 1877 and 1881 J. Kuhn described a phycomycete, Tanchum 
auxiliare, parasitic on nematodes. A thin mycelium enters the cyst by 
the anal opening and destroys the embryos; from this mycelium per
sistent spores are formed, which fill the interior of integuments. This 
genus is related to Entomophthora, several species of which attack 
nematodes. H. Goffart (1933) recognized that the eggs and embryos 
of Heterodera avenae could be parasitized by an ascomycete, Cylindro-



550 Η . D A R P O U X 

carport radicicola Wollenweber, known to attack underground parts of 
various cultivated plants. 

Some ascomycetes are able to kill nematodes without a direct contact, 
perhaps by antibiotic action (Metcalf, 1903). Metcalf noted the impossi
bility of growing Rhabditis bievispina in the presence of an Aspergillus. 

B. Predators of Phytophagous Nematodes 

Apart from parasitism, nematodes can be attacked by more or less 
specialized predators. 

1. Protozoa 

In 1952 Weber and associates noted the existence of an "amoebial" 
organism acting as a predator of the larvae of Heterodera rostochiensis 
in Holland. Called Theratomyxa weberi Zwillenberg, it belongs to 
the family Vampyrellidae in the order of Proteomyxa. This very elastic 
rhizopod can attack many small-sized species of nematodes, free or 
parasitic. Many nematodes can be caught by this organism. Thus, 128 
larva of H. rostochiensis were once observed in one cyst of digestion. 
Development of this amoeba occurs under such restricted conditions 
that it cannot be used to control nematodes. It will not tolerate drying. 

This species or another very similar was also found in England 
attacking the golden nematode and in Canada attacking the beet anguil-
lul H. schachtii (Winslow and Williams, 1957). 

2. Hyphomycetes 

The Hyphomycetes as nematode predators are numerous and fre
quently met in nature. They have been much studied because of the 
unique character of their method of capturing the nematodes. 

Forty species of these fungi have been found; some have been known 
for a long time, but most of them were described and studied by 
Drechsler (1937) . These belong to the genera Dactylaria, Acrostalagmus, 
DactyleUa, and Arthrobotrys (10 species in each of the last two). Some 
have buckles or adhesive nets that emit mycelium filaments to perforate 
the cuticle of the immobilized nematode; others have adhesive buds, 
peduncles, conidia, or adhesive hyphae. The most curious traps are 
formed by constrictor rings, the cells of which suddenly become turgid, 
thus contracting, when a nematode penetrates into them, e.g., DactyleUa 
bembicodes. 

Different attempts at practical utilization of these natural enemies 
have been made, first against the Meloidogynes which attack pineapple 
in Hawaii (Linford and Yap, 1939), then in France by Roubaud and 
Deschiens (1939) especially against nematodes parasitic on animals, 
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and recently in England by Duddington in relation to the golden nema
tode of the potato. Some results have been encouraging, but we are far 
from using these fungi to control nematodes in agriculture. 

3. Other Nematodes 

Many nematodes, especially those of the Monochidae, are carnivorous 
and eat other nematodes. They have an enormous chitineous buccal 
cavity provided with teeth. 

In 1927 Thorne showed that huge populations of these nematodes 
occur, especially of Mononchus papittatus. The numbers vary widely 
from one year to another because this species is often parasitized by 
sporozoans, which destroy them, thus limiting their role as biological 
control agents. 

Other nematodes are also nematophagous. Thus, dorylaimids are 
frequently found inside Heterodera cysts; the eggs are empty. 

4. Other Nematophages 

Although we often lack precise experiments, it seems that many 
enchytreides, various Acari, and other soil arthropods attack nematodes 
that they meet. 

C. Action of Root Secretions on Nematodes 

The action of the flora on the development of the eelworm popula
tion can be important because this population is frequently limited by 
the amount of food in the environment. Obviously the growth of special
ized nematodes that can live only on some hosts depends on the fre
quency with which the host occurs, either as a crop or in the self-sown 
flora. But to many nematodes, especially Heterodera, the action of plants 
is more complex. Here the plant host serves not merely as a host, but 
also induces the larvae to hatch from cysts in the soil, and attracts the 
larvae. 

Sometimes plants exert this action on nematodes which cannot grow 
in their tissues. Thus in Holland, Hijner (1951) tried to use the wild 
beet Beta patellaris in a practical way because it induces hatching of 
cysts of H. schachtii without permitting the larvae to grow on its roots. 
The larvae then die for want of a host. 

The chemical nature of these hatching factors is generally difficult 
to determine and not yet known. However, the work of Calam et al 
(1949) and of Marrian et al. (1949) in Great Britain has resulted in the 
isolation of eclepic acid which is secreted by the potato and stimulates 
the hatching of the golden nematode H. rostochiensis. These authors 
showed that anhydrotetronic acid has the same property. 



552 Η . D A R P O U X 

In contrast, some plants inhibit the hatching of larvae from eggs 
even when they are later exposed to hatching factors. The researches 
of Triffet (1934) , Goffart (1934) , and Franklin (1937) have described 
the action of root secretions of many plants on H. rostochiensis. Thus, 
most leguminous plants, white mustard (Sinapis alba), maize, various 
fodder grasses, and other grasses strongly reduce the viability of cysts. 
Franklin (1937) reports a reduction of 73% by exposure of cysts to Poa 
triviaiis and Poa pratensis. 

Other plants have a direct toxic action on many nematodes such as 
Tagetes, which practically eliminates certain soil species. Their nemato
cidal effect has recently been demonstrated (Slootweg and Oostenbrik, 
1956; Uhlenbroek and Bijloo, 1957). The toxic substance is terthienyl, 
which is active on certain tylenchids—especially larvae of Heterodera— 
at doses as low as 0.1 p.p.m. The dosage required is low for other nema
todes as well, e.g., Ditylenchus dipsaci, Anguina tritici, and Pratylenchus 
sp. However, the substance has low activity for the neighboring genera 
Meloidogyne and Hoplofoimus. 

D. Interaction between Nematodes and Other Pathogenic Agents 
in Complex Diseases 

1. Cryptogamic Diseases 

As early as 1892 Atkinson noted the simultaneous presence in cotton 
of the root knot nematode and fusarial wilt. The combined action caused 
much more severe damage than was caused by either pathogen alone. 
The use of wilt-resistant varieties has permitted evaluation of the damage 
done by different nematodes belonging to the genera Meloidogyne 
(causing root knot), Pratylenchus (the meadow nematode), and Bele-
nolamus (sting nematode). Holdeman and Graham (1953) have demon
strated experimentally the role of the latter in increasing the aggressive
ness of wilt for resistant varieties. 

The different nematodes affect their host in characteristic ways. Some 
destroy the root endings, thus providing an entry for fungi. Others inject 
toxic salivary secretions that cause histologic anomalies in the host that 
in turn play a similar role in relation to fungi. 

More complex interactions can be involved. A nematode may weaken 
the host generally or cause a specific nutrient imbalance, so that the host 
becomes more susceptible to fungal attack. An example in cotton is the 
high potassium required for growth of Meloidogyne, which leads to 
potassium deficiency of the host and greater susceptibility to cotton wilt. 

Nematodes and soil fungi are frequently associated in disease. Ex
amples are the association between Meloidogyne sp. and black shank 
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of tobacco, caused by Phytophthora parasitica var. nicotiana (Tisdale, 
1931), and that between root knot and tomato wilt (Young, 1939). 

Nematodes may act as vectors for fungi, as shown by Barat (1952) 
for the decline of pepper plants in Indochina. Thus larvae of Meloido
gyne were reared aseptically on plants attacked by Fusarium or 
Pythium. When these nematodes were allowed to attack healthy plants, 
these fungi rapidly invaded the roots. When similarly reared larvae 
were treated with bichloride of mercury before being transferred to 
healthy plants, however, the nematodes grew normally and the roots 
were not invaded by fungi. 

2. Bacterial Diseases 

Bacteria and nematodes are sometimes associated in complex dis
eases. Thus, Crosse and Pitcher (1952) showed that the leafy gall of 
strawberry is due to the simultaneous presence in the foliage of the 
bacterium Corynebacterium jascians and an Aphelenchoides. Alone, 
neither one produces conspicuous symptoms, but together they produce 
a disease that leads to monstrous plants. Similar effects have been re
ported for a disease of wheat, caused by Corynebacterium tritici, in asso
ciation with the nematode Anguina tritici (Vasudeva and Hingonia, 
1952). The work of Stewart and Schindler (1956) showed that 4 species 
of Meloidogyne as well as Helicotylenchus nannus all accelerate the rate 
of wilting of carnations attacked by the bacterium Pseudomonas caryo-
phylli. Except for M. incognita, these nematodes alone produced no such 
effect. When other nematodes attack bacterially wilted carnations, they 
do not accelerate wilting. 

Lucas and Krusberg (1956) observed the same phenomenon on the 
bacterial wilt of tobacco, caused by Xanthomonas solanacearum, and 
explained it by the nature of the attack of the nematode. Tylenchor-
hynchus claytoni, which has no action on wilt, remains very superficially 
in the cortex, whereas Meloidogyne, which increases the damage from 
wilt, changes the vascular bundles. 

3. Conclusion 

The nematodes together with soil-borne microbial pathogens play 
an important role in complex diseases. Also they frequently accentuate 
damage caused by other pathogens. Because the nematodes sometimes 
increase the damage and sometimes reduce it, we must be cautious in 
interpreting the observed facts. For example, some years ago Lambert 
and associates (1949) showed that the "Cephalothecium disease" of 
cultivated mushrooms was really due to a Ditylenchus that is always 
associated with a fungus, Arthrobotrys superba. Formerly the constant 
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association of the Arthrobotrys with this condition misled investigators 
to think of it as the cause. The fungus does not cause the disease. In 
fact it reduces the disease by being a predator of the nematode. 

The multitude of soil microorganisms leads to many biological 
equilibria. Linford and Oliveira (1938) counted no less than 52 predators 
and parasites of the Meloidogyne that attack pineapples in Hawaii. 
There were 18 fungi, 1 protozoan, 24 nematodes, 6 acaridae, and 3 
tardigrads. Many of them also attack one another. These interactions, 
the role of which can be important, have often been neglected in our 
thinking and have been destroyed before the onslaught of the classic 
nematocidal treatments. 

VIII. I N T E R F E R E N C E S I N T H E VIRUS D I S E A S E 

Interactions between plant viruses and other organisms are little 
known. For example, potatoes infested by the leaf roll virus are more 
actively colonized by Doryphors and are quickly eaten. Probably the 
starch accumulation resulting from virus infection offers a choice food 
for the Doryphor, which increases its voracity and its proliferation 
capacity tenfold. 

More thorough observations have been made on the relations between 
cryptogamic and viral diseases. The presence of the viruses X and Y in 
the potato increases its resistance to late blight, caused by Phytophthora 
infestans (Muller and Munroe, 1956). The leaf roll virus has the same 
effect on the potato plant, yet this virus is considered to increase the 
severity of late blight. This effect probably results from the rolling of 
leaves which retain rain water, thus creating a microclimate favorable 
to the pathogen (Richardson and Rolling, 1957). 

The case where a microorganism creates an environment favoring a 
virus disease is also known. For example, beans infected by the rust 
Uromyces phaseoli have a content of viruses 50 times superior to the 
plants free from rust (Yarwood, 1951). 

A. Interaction between Viruses in the Host 

Two different viruses may infect the same plant, thus producing a 
complex disease. For example, the tomato filiform disease is caused by 
virus 1 of cucumber and tobacco mosaic virus. The double streak of 
tomato and tobacco is caused by virus X of potato and tobacco mosaic 
virus. In both these cases the complex aggravates the symptoms caused 
by each virus separately. Together they lead to a necrotic disease, the 
severity of which depends on the virulence of the virus X strain involved. 
Therefore, virus X is the determinant, and its concentration probably 
is modified by the presence of tobacco mosaic virus. A similar effect of 
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one virus on the multiplication rate of another in the same host occurs 
with virus X and Y of potato when they attack potato, tobacco, or 
Nicotiana glutinosa. The titer of virus X is increased up to 10 times the 
normal concentration if virus Y is inoculated at the same time or after
wards. If virus Y is inoculated first, the titer is less (Ross, 1950). 

Two unrelated viruses can antagonize one another. One of the most 
curious cases is that of the severe etch virus, which not only prevents 
the multiplication of the virus Y of the potato and virus 3 of henbane, 
but even eliminates them from an infected plant (Bawden and Kas
sanis, 1945). 

Interaction between viruses, leading to a synergy or inhibition, is 
not difficult to explain. If each of two unrelated viruses affects the 
troubles of metabolism of the host in a specific way, an effect on their 
multiplication could be expected, Bawden and Kassanis (1945) have 
supposed that antagonism probably resulted from a decrease in the host 
of either the metabolites or enzymatic system that are necessary to the 
multiplication of virus Y and virus 3 of the henbane. 

In complex diseases the appearance of symptoms can be explained 
by assuming that symptoms arise from physiological aberrancies in the 
plant. Thus, if one virus instigates modifications too slight to be trans
lated into symptoms, then two viruses acting together can sometimes 
produce a visible effect. For example, the necrotic lesions in the case 
of the double streak caused by a combination of virus X and tobacco 
mosaic virus. 

B. Interactions between Strains of the Same Virus 

A plant completely infected cannot be reinfected by this same virus 
or, to be more precise, by the same strain of this same virus. Protection 
of a plant against reinfection with the same virus is most evident in the 
case of diseases having a chronic phase. Tobacco ring spot (Wingard, 
1928) is manifested by a shock phase immediately after inoculation, 
followed by a chronic phase during which the content of viruses declines 
and symptoms disappear. Eventually certain organs are free of virus. 
When the host is inoculated during the chronic phase, no symptoms are 
obtained; if it is inoculated on a cured organ, shock symptoms appear. 

A plant is not only protected against the strain of virus with which 
it is infected, but also against all other strains of this virus. This type of 
interference constitutes premunity and is observed only between closely 
related viruses. It can be seen only when inoculation is done mechan
ically. Inoculation by insect vectors and by grafting rarely permit this 
phenomenon to be observed. A host plant must have been inoculated for 
a few days in order to be protected against reinoculation. When two 
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strains are inoculated into the host simultaneously, they multiply in 
competition. 

Thung (1931) showed evidence that tobacco infected by the common 
strain of tobacco mosaic virus is protected against inoculation by the 
white strains. Salaman (1933) protected potatoes infected by a strain 
of low virulence against the more virulent strains of the virus X. Re
cently, Kunkel (1952, 1955) has shown that the usual strain of aster 
yellows protects the plant not only against the California strain of the 
same virus, but also protects the insect vector Macrosteles fascifrons 
against the California strain, and vice versa. The virus of the aster yel
lows multiplies in the insect vector as well as in the plant. This similarity 
of protection of both plant and animal hosts permits an explanation of 
premunition that can be accepted. 

1. Antibody Theory 

According to the antibody theory, the plant as well as the animal is 
able to produce immunizing diffusible substances neutralizing a virus. 
This theory, which is open to questions in some areas, has, however, 
the advantage of explaining the strict specificity of premunity. Indeed, 
interference is produced only between strains of the same virus. This is 
the best evidence in favor of the presence of antibodies, provided by 
the curly top virus on tobacco (Wallace, 1944). 

The curly top virus of sugar beet illustrates the degrees of interfer
ence possible. Protection between different strains is nonexistent in beets. 
Inoculated into tobacco the virus produces an acute disease followed 
by a chronic phase. When a tobacco scion in the chronic phase is grafted 
onto a tomato, a less serious disease results. If, instead of grafting, the 
insect vector is used to transmit the virus from tobacco to tomato, an 
acute disease is obtained. Supposedly, antibodies have moved with the 
virus in grafting. 

2. Theory of Exhaustion of the Precursor of Virus 

The metabolites necessary for the virus synthesis are completely 
utilized by the first strain, so that a new infection cannot succeed. When 
the virus is inoculated into a cell, it multiplies rapidly after a latent 
period, until a certain concentration is attained, when all precursors are 
converted to viruses. Thereafter the rate of increase is drastically 
reduced. 

The contrary situation was found to exist by Bawden and Kassanis 
(1945) . A strain of the etch virus of low virulence which, with but 
slight concentration in the plant at best, protects against a virulent 
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strain, the concentration of which is usually much higher. This type 
of protection obviously cannot be due to exhaustion of the precursor. 

3. Theory of the Occupied Receivers 

To explain the phenomenon described above, Hutton and Bawden 
(1950) suggest that unrelated viruses increase on receivers or on specific 
increasing surfaces. When a virus finds these receivers occupied by the 
first strain inoculated, they are incapable of duplication. 

All the theories recognize that interference between strains of a 
virus is due to competition. Either the first strain launches the attack 
on host organs, which will not permit a new inoculation, it exhausts the 
nutrient reserve of the cell, or it quickly occupies a space. In all these 
suppositions no direct interaction exists from one virus strain to another 
strain. 

IX. G E N E R A L CONSIDERATIONS 

This chapter has reviewed the many aspects of biological interfer
ence as it pertains to plant disease and its epidemiology. The many soil 
organisms grow, compete with one another, act and interact in a highly 
complex system. Pathogens tend to be restricted in their development 
through these interactions. The resulting biological equilibria result 
sometimes in complex diseases and sometimes in the suppression of 
pathogens. The use of biological control measures to curb plant diseases 
has some promise, and exploitation of this idea may some day be more 
effectively used in curbing plant pathogens. 
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