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Information on symptoms, causes, and mechanisms of development of 
plant diseases is intellectually interesting and scientifically justified, but, 
most important of all, it is useful because it makes feasible the develop
ment of methods to combat plant diseases and, thus, increase the quan
tity and improve the quality of plant products. 

Methods of control vary considerably from one disease to another 
depending on the kind of pathogen, the host, and the interaction of the 
two. In controlling diseases, plants are generally treated as populations 
rather than individuals, although certain hosts, especially trees, orna
mentals, and, sometimes, virus-infected plants, often are treated indi
vidually. With the exception of trees, however, damage or loss of one or a 
few plants is usually considered insignificant and control measures are 
generally aimed at saving the populations rather than a few individual 
plants. 

Considering the regularity with which most serious diseases of crop 
plants appear in an area year after year, the rapidity of spread of most 
plant diseases, and the difficulties, when at all possible, in curing a 
disease after it has begun to develop, it is easy to understand why almost 
all control methods are aimed at protecting plants from becoming dis
eased rather than at curing them after they have become diseased. As a 
matter of fact, there are few infectious plant diseases that can be satisfac
torily controlled in the field by therapeutic means, although certain 
diseases can be cured under experimental conditions. 

The various control methods could be generally classified as regu
latory, cultural, biological, physical, and chemical, depending on the 
nature of the agents employed to control the disease. 
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regulatory methods 

In order to prevent the import and spread of plant pathogens into the 
country or individual states, certain federal and state laws regulate the 
conditions under which certain crops may be grown and distributed 
between states and countries. Such regulatory control is applied by means 
of quarantines, inspections of plants in the field or warehouse, and occa
sionally by voluntary or compulsory eradication of certain host plants. 

QUARANTINES 
AND INSPECTIONS 

Plant pathogens introduced into an area in which they did not exist before 
are likely to cause much more catastrophic epidemics than do existing 
pathogens, because plants developing in the absence of a pathogen have 
no opportunity to select resistance factors specific against this pathogen 
and are, therefore, extremely vulnerable to attack by such a pathogen. 
Some of the worst plant disease epidemics that have occurred throughout 
the world, e.g., the downy mildew of grapes in Europe, the bacterial 
canker of citrus, the chestnut blight, the Dutch elm disease, and the 
soybean cyst nematode, in the U.S., are all diseases caused by pathogens 
introduced from abroad. 

In order to keep out foreign plant pathogens and to protect the nation's 
farms, gardens, and forests, plant quarantine regulations prohibit or re
strict entry into or passage through the U.S. from foreign countries of 
plant pathogens not known to be widely established in this country, and 
of plants, plant products, soil, or other materials carrying or likely to 
carry such pathogens. Similar quarantine regulations also exist in most 
other countries. 

Plant quarantines are carried out by experienced inspectors stationed 
in all points of entry into the country of persons or produce likely to 
introduce new pathogens. Plant quarantines are already credited for in
terception of numerous foreign plant pathogens and, thereby, saving the 
country's plant world from potentially catastrophic diseases. Yet, the 
introduction of pathogens in the form of spores, eggs, etc. on unsuspected 
carriers, the existence of latent infections of seeds and other plant prop
agative organs with viruses, fungi, bacteria, or nematodes, even after 
treatment, make plant quarantines considerably less than foolproof. Var
ious steps taken by plant quarantine stations, such as growing plants 
under observation for certain periods of time before they are released to 
the importer, tend to reduce the chances of introduction of harmful 
pathogens. In specific cases, for example with annual imports of flower 
bulbs from Holland, U.S. quarantine inspectors may, following previous 
agreement between the parties involved, visit and inspect for diseases the 
flower fields in Holland; if they find the fields to be disease free, they 
issue inspection certificates allowing the import of such bulbs into the 
U.S. without further tests. 



CULTURAL METHODS 

Similar quarantine regulations govern the interstate, and even the 
intrastate, sale of nursery stock, tubers, bulbs, seeds, and other propaga-
tive organs, especially of certain crops, such as potatoes and fruit trees. 
The movement and sale of such materials within and between states, 
however, is controlled by the regulatory agencies of each state by mutual 
agreement and arrangement. 

Several voluntary inspection systems are also in effect in various states 
in which appreciable amounts of nursery stock, potato seed tubers, etc., 
are produced. Growers interested in producing and selling disease-free 
seed potatoes, woody ornamentals, etc., submit to a voluntary inspection 
and/or indexing of their crop in the field and in storage by the state 
regulatory agency, by experiment station personnel, or others. If, follow
ing certain procedures recommended by the inspecting agency, the plant 
material is found to be free of certain, usually virus, diseases, the inspect
ing agency issues a certificate indicating the freedom of the plants from 
these specific diseases, and the grower may then advertise his produce as 
disease free, thus securing a better and higher-priced market. 

cultural methods 

They include the activities of man aimed at controlling disease through 
the cultural manipulation of plants. Some of these methods are aimed at 
eliminating the pathogen from the plant or from the area in which the 
plants are growing (eradication), others at increasing the resistance of the 
host to the pathogen or creating conditions unfavorable to the pathogen, 
and still others at obtaining pathogen-free propagative material from 
infected plants. 

HOST ERADICATION 

When a pathogen has been introduced into a new area in spite of quaran
tine, a plant disease epidemic frequently follows. If the epidemic is to be 
prevented, all the host plants heretofore infected by or suspected to 
harbor the pathogen may have to be removed and burned. This results in 
elimination of the pathogen and prevention of greater losses from the 
spread of the pathogen to more plants. Such host eradication has con
trolled, for example, the bacterial canker of citrus in Florida and other 
southern states where more than three million trees have had to be 
destroyed for that reason. Host eradication is also carried out routinely in 
many nurseries, greenhouses, and fields to prevent the spread of numer
ous diseases through elimination of infected plants that provide a ready 
source of inoculum within the crop. 

Certain pathogens of annual crops, for example cucumber mosaic virus 
and potato yellow dwarf virus, overwinter only or mainly in other peren
nial, usually wild, plants. Eradication of the host in which the pathogen 
overwinters sometimes suffices to eliminate completely or to reduce 
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drastically the amount of inoculum that can cause infections the follow
ing season. Similarly, some pathogens require two alternate hosts to 
complete their life cycles: for example, Puccinia graminis tritici requires 
wheat and barberry; Cronartium ribicola requires pine and currant 
[Ribes)} and Gymnosporangium juniperi-virginianae requires cedar and 
apple. Eradication of the wild or economically less important alternate 
host interrupts the life cycle of the pathogen and leads to control of the 
disease. This has been carried out somewhat successfully with stem rust 
of wheat and white pine blister rust through eradication of barberry and 
currant, respectively, although, owing to other factors, both diseases are 
still widespread and catastrophic. In cases like the cedar-apple rust, how
ever, in which both hosts may be important, control through eradication 
of the alternate host is impractical. 

CROP ROTATION 

Soil pathogens, which can attack plants of one or a few species or even 
families, can sometimes be eliminated from the soil by planting, for 3 or 4 
years, crops belonging to species or families not attacked by the pathogen. 
Complete control through crop rotation is possible with pathogens that 
survive only on living plants or only so long as the host residue persists as 
a substrate for their saprophytic existence. When the pathogen, however, 
produces long-lived spores or can live as saprophytes for more than 5 or 6 
years, crop rotation becomes ineffective or impractical. In the latter cases, 
crop rotation can still be useful by reducing, although not eliminating, 
the pathogen populations in the soil so that appreciable yields from the 
susceptible crop, which otherwise would be impossible, can be obtained 
every third or fourth year of the rotation. 

SANITATION 

Sanitation includes all activities aimed at eliminating or reducing the 
amount of inoculum present in a plant, field, or warehouse and at pre
venting the spread of the pathogen to other healthy plants and plant 
products. Thus, plowing under or removal and proper disposal of infected 
leaves, branches, or other plant debris that may harbor the pathogen 
reduce the amount and the spread of the pathogen and the amount of 
disease that will develop later on. Workers who smoke, by washing their 
hands before handling certain kinds of plants, e.g., tomato, may reduce 
the spread of tobacco mosaic virus. Washing the soil off farm equipment 
before moving it from one field to another may also help to avoid spread
ing any pathogens present in the soil. Similarly, by washing the produce, 
its containers, and the walls of storage houses, the amount of inoculum 
and subsequent infections may be reduced considerably. 
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IMPROVEMENT 
OF GROWING CONDITIONS 
OF PLANTS 

Cultural practices aiming at improving the vigor of the plant often help 
increase its resistance to pathogen attack. Thus, proper fertilization, 
drainage of fields, irrigation, proper spacing of plants, and weed control 
improve the growth of plants and may have a direct or indirect effect on 
the control of a particular disease. For example, the most important 
measures for controlling Valsa canker of fruit and other trees are 
adequate irrigation and proper fertilization of the trees. 

CREATING 
CONDITIONS UNFAVORABLE 
TO THE PATHOGEN 

Proper aeration of stored products hastens drying of their surface and 
inhibits germination and infection by any fungal or bacterial pathogens 
present on them. Similarly, proper spacing of plants in the field or 
greenhouse prevents creation of high humidity conditions on the plant 
surfaces and inhibits infection by certain pathogens, such as Botrytis. 
Good soil drainage also reduces the number and activity of certain fungal 
pathogens (e.g., Pythium) and nematodes and may result in significant 
disease control. Appropriate choice of fertilizers or soil amendments may 
also lead to changes in the soil pH which may influence unfavorably the 
development of the pathogen. Flooding of fields for long periods of time or 
dry fallowing may also reduce the number of certain pathogens in the soil 
by starvation, by lack of oxygen, or by desiccation. 

TISSUE CULTURE 

With certain plants, such as carnation and chrysanthemum, that are 
generally propagated by cuttings, control of the vascular diseases caused 
by Fusarium, Verticillium, etc. may be obtained through tissue culture 
of the meristem tips. Since these pathogens do not reach the apical 
meristems until the very late stages of the disease, the culture of meri
stem tips provides pathogen-free cuttings for starting new healthy plants. 
Similarly, most viruses do not invade the uppermost millimeter or so of 
the growing meristem and, by tissue culture of the meristematic tip, 
healthy plants may be produced. Tissue culture is, however, a rather 
specialized technique and usually only a few healthy plants are produced 
by tissue culture and are then used for further asexual propagation. 
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biological methods 

Biological control of plant diseases can be achieved by selecting and 
breeding plants for resistance to particular pathogens or by using other 
microorganisms that are either antagonistic to the pathogen or parasitize 
the pathogen itself. Although the use and breeding of resistant varieties is 
the oldest, cheapest, and overall best means of controlling plant diseases, 
the use of hyperparasites or antagonistic microorganisms has been at
tracting considerable interest in recent years. 

RESISTANT VARIETIES 

The use of resistant varieties is the cheapest, easiest, safest, and most 
effective means of controlling plant diseases in crops for which such 
varieties are available. Cultivation of resistant varieties not only elimi
nates losses from disease but also eliminates expenses for sprays and for 
other ways of disease control, and makes unnecessary the contamination 
of the environment with toxic chemicals that would otherwise be used to 
control plant diseases. Moreover, for many diseases, e.g., those caused by 
vascular pathogens and viruses, which cannot be adequately controlled 
by any available means, and for others, e.g., cereal rusts and root rots, 
which are economically impractical to control in other ways, the use of 
resistant varieties provides the only means of producing acceptable 
yields. 

Varieties of various crops resistant to some of the most important or 
most difficult to control diseases are made available to growers by federal 
and state experiment stations and by commercial seed companies. More 
than 75 percent of the total agricultural acreage in the United States is 
planted with varieties that are resistant to one or more diseases, and with 
some crops, such as small grains and alfalfa, varieties planted because 
they are resistant to certain disease(s) make up 95 to 98 percent of the 
crop. Growers and consumers alike have gained the most from the use of 
varieties resistant to the fungi causing rusts, smuts, powdery mildews, and 
vascular wilts, but several other kinds of fungal diseases, and many 
diseases caused by viruses, bacteria and nematodes are controlled through 
resistant varieties. 

Resistant varieties have been used in only a few cases, e.g., blister rust 
and fusiform rust of pine, for disease control in fruit and forest trees. This 
is due to the difficulty in replacing susceptible varieties with resistant 
ones and in keeping the resistant ones from being attacked by new races 
of the pathogen that are likely to develop over the long life span of trees. 

CROSS PROTECTION 
AND INTERFERENCE 

The term cross protection is used specifically for the protection of a plant 
by a mild strain of a virus from infection by a strain of the same virus 
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which causes much more severe symptoms. This appears to be a general 
phenomenon among virus strains. Its application, however, in controlling 
virus diseases has met with little success because of the laboriousness of 
the method for field crops and because of the dangers of mutations, 
double infections and the danger of spread to, and higher virulence in, 
other crops. 

Two cases resembling cross protection but probably due to interfer
ence of one pathogen with the other have been reported recently. Certain 
plants, e.g., bean and sugarbeet, inoculated with virus exhibit a greater 
resistance to infection by certain obligate fungal pathogens causing rusts 
and powdery mildews than do virus-free plants. However, in other host-
virus-fungus systems, virus-infected plants are less resistant to fungus 
infections than healthy ones. A less documented case of "cross protec
tion" involves the inhibition of infection of pear with the fire blight 
bacterium by inoculation with a nonpathogenic bacterium. Similarly, it 
has been reported that cucurbit plants can be protected from infection by 
the anthracnose fungus Colletotrichum lagenarium by inoculating the 
plants while young with the same fungus. 

A somewhat different form of interference seems to occur in roots 
infected with mycorrhizae. It appears that the presence of the mycorrhi-
zal fungi on and in the roots acts as a protective barrier to infection by the 
highly pathogenic fungi Pythium, Phytophthora, Fusarium, and others. 

Excellent control of crown gall was recently obtained in the 
greenhouse and in the field by treating seeds, germinated seeds, or the 
roots of nursery stock with a suspension of a strain of Agrobacterium 
radiobacter. The presence of this bacterium on the plants prevented 
infection by the virulent strains of Agrobacterium tumefaciens. 

HYPERPARASITISM 

Control of pathogenic microorganisms with other microorganisms or 
viruses which parasitize or antagonize the pathogens has not yet met 
with appreciable practical success, but recent experimental results and 
the increased interest in and information about such possibilities hold 
great promise for future developments. The best known cases of hyper-
parasitism include the bacteriophages, mycoparasites, and nematophag-
ous fungi. 

BACTERIOIOPHAGES 

Bacteriophages or phage (=bacteria-destroying viruses) are known to exist 
in nature for most plant pathogenic bacteria. Successful experimental 
control of several bacterial diseases was obtained when the bac
teriophages were mixed with the inoculated bacteria, when the plants 
were first treated with bacteriophages and then inoculated with bacteria, 
and when the seed was treated with the phage. However, not one bacte
rial disease is controlled effectively by bacteriophage in practice. Also, no 
plant disease caused by a bacterium has been cured yet by treatment with 
phage after the disease has developed. 

121 



122 CONTROL OF PLANT DISEASES 

MYCOPARASITISM 

The mycelium and spores of several phytopathogenic soil fungi such as 
Pythium, Fusarium, and Ηelminthosporium, are attacked and parasitized 
in culture and, probably, in the soil by one or more fungi which, as a rule, 
are not pathogenic to plants. The growth of some of these and of other 
fungi in the soil is also inhibited by the presence in their environment of 
certain other fungi and bacteria. No bacteria have been shown yet to 
attack and parasitize fungi directly but some bacteria, e.g., Bacillus sub-
tilis, as well as some fungi appear to be antagonistic to certain soil-
inhabiting phytopathogenic fungi and through their enzymatic or toxic 
secretions cause lysis and death of the fungus. Attempts to control soil-
inhabiting fungal phytopathogens through addition of the parasitic or 
antagonistic fungi and bacteria in the soil have given rather disappointing 
results. Some fungal and bacterial diseases of plants, however, such as 
Fusarium root rot of corn and crown gall of fruit trees and ornamentals, 
can be controlled by treating the seeds or dipping the seedlings in prepa
rations containing fungi and bacteria antagonistic to these plant patho
gens. Also, inoculating freshly cut pine stumps with spores of Peniophora 
gigantea effectively inhibits infection by Fomes annosus. 

Addition of soil amendments favoring antagonistic microorganisms 
has in several cases induced an increase in the populations of the hyper-
parasites with a concomitant reduction of the populations of the 
phytopathogenic fungi and a parallel reduction in disease severity. Simi
lar results can be obtained by partial sterilization of the soil or by soil 
treatment with selective fungicides. These treatments usually affect the 
pathogen by encouraging the growth and activity of fungi such as 
Trichoderma, of several Actinomycetes, and of other microorganisms 
which either produce antibiotics toxic to the pathogen or are otherwise 
antagonistic to it and inhibit its growth and activity. 

Hyperparasitic fungi that attack other fungi are known for several 
plant pathogens, including some rusts, powdery mildews, downy mil
dews, Pythium, Ηelminthosporium, and Sclerotinia. None of the hyper
parasitic fungi, however, have given satisfactory results in field trials. 

PARASITES OF NEMATODES 

Many plant-parasitic nematodes are parasitized by soil fungi, protozoa, 
and possibly by bacteria and viruses. Several predators, including pro
tozoa, fungi, other nematodes and microarthropods also seem to attack 
phytopathogenic nematodes in the soil. The use of hyperparasites or 
predators to control plant-parasitic nematodes has been little investigated 
yet. The greatest emphasis has been placed upon the use of predacious 
fungi but, while their effectiveness in vitro and in pot tests has been 
encouraging, their application on a field scale has been disappointing. 
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CONTROL THROUGH TRAP 
CROPS AND ANTAGONISTIC 
PLANTS 

Some plants that are not actually susceptible to certain sedentary plant-
parasitic nematodes produce exudates that stimulate hatching of eggs of 
these nematodes. The larvae enter these plants but are not able to develop 
into adults and lay eggs, and finally they die. Such plants are called trap 
crops. By using trap crops in a crop rotation program, the nematode 
population in the soil is reduced considerably. For example, Crotalaria 
plants trap the larvae of the root-knot nematode Meloidogyne sp. and 
black nightshade plants (Solanum nigrum) reduce the populations of the 
golden nematode, Heterodera rostochiensis. Similar results can be ob
tained by planting highly susceptible plants which, after infection by the 
nematodes, are destroyed before the nematodes reach maturity and begin 
to reproduce. 

A few kinds of plants, e.g., asparagus and marigolds, are antagonistic to 
nematodes because they release certain substances in the soil which are 
toxic to several plant-parasitic nematodes and, when interplanted with 
nematode-susceptible crops, they decrease the number of nematodes in 
the soil and in the roots of the susceptible crops. 

Unfortunately, neither trap nor antagonistic plants give a sufficient 
degree of control to offset the expense involved and, therefore, they have 
been little used in practical control of nematode diseases of plants. 

physical methods 

The physical agents most commonly used in controlling plant diseases 
are temperature (high or low) and various types of radiation. 

CONTROL 
BY HEAT TREATMENT 

Heat treatments have been used for soil sterilization, for disinfection of 
propagative organs, for freeing plants from viruses, and for healing plant 
products before storage. 

SOIL STERILIZATION BY HEAT 

Soil sterilization in greenhouses, and sometimes in seed beds and cold 
frames, is usually achieved by the heat carried in live or aerated steam or 
hot water. The soil is steam sterilized either in special containers (soil 
sterilizers) into which steam is supplied under pressure, or on the 
greenhouse benches, in which case steam is piped into, and is allowed to 
diffuse through, the soil. Soil sterilization is completed when the temper
ature in the coldest part of the soil has remained for at least 30 minutes at 



124 CONTROL OF PLANT DISEASES 

82°C or above, at which temperature all plant pathogens in the soil are 
killed. Heat sterilization of soil is frequently achieved by heat produced 
electrically rather than supplied by steam or hot water. 

HOT-WATER TREATMENT 
OF PROPAGATIVE ORGANS 

Hot-water treatment of certain seeds, bulbs, and nursery stock is com
monly used to kill any pathogens with which they are infected or which 
may be present inside seed coats, bulb scales, etc. In some diseases, seed 
treatment with hot water was for many years the only means of control, 
as in the loose smut of cereals, in which the fungus overwinters as 
mycelium inside the seed where it could not be reached by chemicals. 
Similarly, treatment of bulbs and nursery stock with hot water frees them 
from nematodes that may be present within these organs, e.g., Ditylen-
chus dipsaci in bulbs of various ornamentals, Radopholus similis in 
citrus rootstocks. 

The effectiveness of the method is based on the fact that these dor
mant plant organs can withstand higher temperatures than those in 
which their respective pathogens can survive for a given period of time. 
The temperature of the hot water used and the duration of the treatment 
varies with the different host-pathogen combinations. Thus, in the loose 
smut of wheat the seed is kept in hot water at 52°C for 11 minutes, 
whereas bulbs treated for Ditylenchus dipsaci are kept at 43°C for 3 
hours. 

ELIMINATION OF 
PATHOGENS FROM PLANTS 
BY HEAT 

Heat treatment has been the most successful and widely used therapeutic 
method against virus, mycoplasma, and rickettsialike diseases of plants. 
Dormant plant material, such as budwood, dormant trees, and tubers, is 
usually treated with hot water at temperatures ranging from 35 to 54°C, 
and treatment times from a few minutes to several hours. Actively 
growing plants are sometimes treated with hot water, but much more 
frequently they are treated with hot air, which gives both better survival 
of the plant and better elimination of the pathogen than does hot water. 
Temperatures of 35 to 40°C seem to be optimal for air treatment of 
growing plants. For hot-air treatment, the infected plants are usually 
grown in the greenhouse or in growth chambers for periods varying for 
different host-pathogen combinations, but generally lasting 2 to 4 weeks, 
although some viruses require treatment for 2 to 8 months and others 
may be eliminated in just one week. Although mycoplasmas, rick
ettsialike bacteria and many viruses can be eliminated from their 
hosts by heat treatment, for several viruses such treatment has been 
unsuccessful. 
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HOT-AIR TREATMENT 
OF STORAGE ORGANS 

Treatment of certain storage organs with hot air removes the excess 
moisture from their surfaces and hastens healing of wounds and thus 
prevents their infection by certain weak pathogens. For example, keeping 
sweet potatoes at 28 to 32°C for 2 weeks helps the wounds to heal and 
prevents infection by Rhizopus and by soft-rotting bacteria. Also, hot-air 
"curing" of harvested tobacco leaves removes most moisture from them 
and protects them from attack by fungal and bacterial saprophytes. 

DISEASE CONTROL 
BY REFRIGERATION 

Refrigeration is probably the most widely used method of controlling 
postharvest diseases of fleshy plant products. Low temperatures at or 
slightly above the freezing point do not, of course, kill any of the patho
gens that may be on or in the plant tissues but they inhibit or greatly 
retard the growth and activities of all such pathogens and thereby prevent 
the spread of existing infections and the initiation of new ones. Most 
perishable fruits and vegetables are usually refrigerated immediately after 
harvest, transported in refrigerated vehicles, and kept refrigerated until 
they are used by the consumer. Regular refrigeration of especially succu
lent fruits and vegetables is sometimes preceded by a quick hydrocooling 
or air cooling of these products, aiming at removing the excess heat, 
carried in them from the field, as quickly as possible to prevent any new 
infections that might start otherwise. The magnitude of disease control 
through refrigeration and its value to the growers and the consumers can 
hardly be exaggerated. 

DISEASE CONTROL 
BY RADIATIONS 

Various types of electromagnetic radiations, such as ultraviolet (UV) 
light, X-rays, and γ-rays, as well as particulate radiation, such as 
α-particles and β-particles have been studied for their ability to control 
postharvest diseases of fruits and vegetables by killing the pathogens 
present on them. Some satisfactory results were obtained in experimental 
studies using γ-rays to control postharvest infections of peaches, straw
berries, tomatoes, etc., by some of their fungal pathogens. Unfortunately, 
with many of these diseases the dosage of radiation required to kill the 
pathogen also injures the plant tissues on which the pathogens exist. So 
far, no plant diseases are commercially controlled by radiations. 
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chemical control 

The most commonly known means of controlling plant diseases in the 
field and in the greenhouse and, sometimes, in storage, is through the use 
of chemical compounds that are toxic to the pathogens. Such chemicals 
either inhibit germination, growth, and multiplication of the pathogen or 
are outright lethal to the pathogen. Depending on the kind of pathogens 
they affect, the chemicals are called fungicides, bactericides, nematicides, 
viricides or, for the parasitic higher plants, herbicides. Some chemicals 
are toxic to all or most kinds of pathogens, others affect only one kind of 
pathogen, and certain compounds are toxic to only a few or a single 
specific pathogen. 

Most of the chemicals are used to control diseases of the foliage and of 
other aboveground parts of plants. Others are used to disinfest and protect 
from infection seeds, tubers, and bulbs. Some are used to disinfest the 
soil, others to disinfest warehouses, to treat wounds, or to protect stored 
fruit and vegetables from infection. Still others (insecticides) are used to 
control the insect vectors of some pathogens. 

The great majority of the chemicals applied on plants or plant organs 
can only protect them from subsequent infection and cannot stop or cure 
a disease after it has started. Also, the great majority of these chemicals 
are effective only in the plant area to which they have been applied (local 
action) and are not absorbed or translocated by the plants. Some chemi
cals, however, do have a therapeutic (eradicant) action, and several new 
chemicals are absorbed and systemically translocated by the plant (sys
temic fungicides and antibiotics). 

METHODS OF 
PLANT DISEASE CONTROL 
WITH CHEMICALS 

FOLIAGE SPRAYS AND DUSTS 

Chemicals applied as sprays or dusts on the foliage of plants are usually 
aimed at control of fungus diseases and to a lesser extent of bacterial 
diseases. Most fungicides and bactericides are protectants and must be 
present on the surface of the plant in advance of the pathogen in order to 
prevent infection. Their presence usually does not allow fungus spores to 
germinate or they may kill spores upon germination. Contact of bacteria 
with bactericides may inhibit their multiplication or cause their death. 

Some fungicides may also have a direct effect on pathogens which have 
already invaded the leaves, fruit, and stem, and in this case they act as 
eradicants by killing the fungus inside the host, or they may suppress the 
sporulation of the fungus without killing it. Some fungicides, e.g., dodine, 
have a partial systemic action because they can be absorbed by a part of 
the leaf tissues and be translocated internally into the whole leaf area. 
Several fungicides, e.g., the benzimidazoles, benomyl and thiabendazole, 
and the oxanthiins, carboxin and oxycarboxin, are clearly systemics and 
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can be translocated internally throughout the host plant. Some bac
tericides, e.g., streptomycin, are also systemics, as are most antibiotics. 

Fungicides and bactericides applied as sprays appear to be more 
efficient than when applied as dusts. Dusts may be preferable to sprays if 
application is to be made during a rain because they adhere better to wet 
plant tissues. Sometimes other compounds, e.g., lime, may be added to 
the active chemical in order to reduce its phytotoxicity and make it safer 
for the plant. Compounds with a low surface tension, such as detergents, 
are often added to fungicides in order to increase their spreading and 
thereby the contact area between fungicide and the sprayed surface. Some 
compounds, finally, are added to increase the adherence of the fungicide 
to the plant surface, e.g., starch and oils. 

Since most fungicides and bactericides are protectant in their action, it 
is important that they be at the plant surface before the pathogen arrives 
there or at least before it has time to germinate, enter, and establish itself 
in the host. Because spores require a film of water on the leaf surface or at 
least atmospheric humidity near saturation before they can germinate, 
sprays or dusts seem to be most effective when they are applied before, 
during, or immediately after every rain. Considering that most fungicides 
and bactericides are effective only upon contact with the pathogen, it is 
important that the whole surface of the plant be covered completely with 
the chemical in order to be protected. For this reason, young, expanding 
leaves, twigs, and fruits must be sprayed more often than mature tissues, 
since small, growing leaves may outgrow protection after 3 to 5 days from 
spraying. The interval between sprays of mature tissue may vary from 7 
to 14 days or longer, depending on the particular disease, the frequency 
and duration of rains, and the season of the year. The same factors also 
determine the number of sprays per season which may vary from 2 or 3 to 
15 or more. Figure 22 shows some types of equipment used for spraying 
and dusting plants and for injecting chemicals into plants or into the soil. 

The number and variety of chemicals used for foliar sprays and dusts is 
quite large. Some of these compounds are specific against certain dis
eases, others are effective against a wide spectrum of pathogens. Sprays 
with these materials usually contain 0.5 to 2 pounds of the compound per 
hundred gallons of water, although some, e.g., sulfur, are applied at 4 to 6 
pounds per 100 gallons of water. Some of the fungicides used for foliar 
sprays or dusts are also used for seed treatments. 

SEED TREATMENT 

Seeds, tubers, bulbs, and roots are usually treated with chemicals to 
prevent their decay after planting by controlling pathogens carried on 
them or existing in the soil where they will be planted. Chemicals can be 
applied on the seed as dusts, as thick water suspensions mixed with the 
seed, or the seed can be soaked in a water solution of the chemical and 
then be allowed to dry. Tubers, bulbs, corms, and roots can be treated in 
similar ways. 

In treating seeds or any other propagative organs with chemicals, 
precautions must be taken so that their viability is not lowered or de-
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Fumigators 

FIGURE 22. 
Various types of equipment used for dusting, spraying, injection, or fumigation for 
control of plant diseases. Dusters: ( A - C ) Portable dusters, (D) Tractor mounted. 
Sprayers: (A-C) Portable sprayers, (D) Tree injection gravity flow apparatus, (E) 
Tree injection under pressure, (F-H) Tractor-mounted sprayers for annuals (F) and 
for trees (G,H), (I) Airplane spraying (or dusting), (J) Spraying through the irrigation 
system. Fumigators: (A) Handgun fumigator, (B,C) Tractor mounted gravity-flow 
or pump-driven injectors, (D) Fumigation can for greenhouse or warehouse. 
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stroyed. At the same time enough chemical must stick to the seed to 
protect it from attacks of pathogens and, when the seed is planted, to 
diffuse into, and disinfest a sphere of soil around the seed in which the 
new plant will grow without being attacked at this particularly vulnera
ble period of growth. 

Chemicals used in treating seeds, bulbs, corms, tubers, and roots 
include some inorganic copper and zinc compounds but mostly organic 
compounds such as captan, carboxin, oxycarboxin, chloroneb, chloranil, 
dichlone, hexachlorobenzene, maneb, zineb, thiram, pentachloronitro-
benzene (PCNB), and streptomycin. Some chemicals may control spe
cific diseases of some plants while others are more general in their action 
and may control many diseases of a number of plants. 

SOIL TREATMENT 

Soil to be planted with vegetables, ornamentals, or trees is frequently 
treated (fumigated) with volatile chemicals (fumigants) for control of 
nematodes, fungi, and bacteria. Treatment is usually done several days, 
weeks or months before planting. The chemicals are applied either with 
tractor-mounted, chisel-tooth injection shanks or disks, or, for small 
areas, with hand applicators (Fig. 22). The chemical is injected 10 to 15 cm 
deep in the soil and is applied either throughout the field or along 
the rows in which the plants will be planted. Some of the fumigants are so 
volatile that the treated soil must be covered immediately with a plastic 
or other covering to retain the fumes. Certain fumigants move through 
the soil slowly so that no covering other than the soil is needed. The most 
common fumigants are chloropicrin, methyl bromide, ethylene dibro-
mide (EDB), dichloropropene-dichloropropane (D-D), Mylone, Nema-
gon, Vapam, Vorlex, and Zinophos. 

Certain fungicides are applied to the soil as dusts, drenches, or 
granules to control damping off, seedling blights, crown and root rots, and 
other diseases. Such fungicides include captan, diazoben, PCNB, and 
chloroneb. 

TREATMENT OF TREE WOUNDS 

Large pruning cuts and wounds made on the bark of branches and trunks 
accidentally or in the process of removing infections by fungi and bac
teria, need to be protected from drying and from becoming ports of entry 
of new pathogens. Drying of the margins of large tree wounds is usually 
prevented by painting them with shellac or any commercial wound dres
sing. The exposed wood is then sterilized by swabbing it with a solution 
of either 0.5 to 1.0 percent sodium hypochlorite (10 to 20 percent Clorox), 
or with 70 percent ethyl alcohol. Finally, the entire wound is painted 
with a permanent-type, tree wound dressing, such as a 10:2:2 mixture of 
lanolin, rosin, and gum, or Cerano, or Bordeaux paint, or an asphalt-
varnish tree paint. Some wound dressings, e.g., Cerano and Bordeaux 
paint, are themselves disinfectants, while most others require the addi
tion of a disinfectant, such as 0.25 percent phenyl mercuric nitrate or 6 
percent phenol. 
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CONTROL OF 
POSTHARVEST DISEASES 

The use of chemicals for the control of postharvest diseases of fruits and 
vegetables is complicated enormously by the fact that most compounds 
effective against storage diseases leave on the produce high concen
trations of residues that are toxic to consumers. Many chemicals also 
cause injury to the products under storage conditions and give off unde
sirable odors. 

A number of fungitoxic chemicals, however, most of them used specif
ically for control of postharvest diseases, have been developed. Most of 
these are used as dilute solutions into which the fruits or vegetables are 
dipped before storage, or as solutions used for washing or hydrocooling of 
fruits and vegetables immediately after harvest. Some chemicals, e.g., 
elemental sulfur, are used as dusts or crystals that undergo sublimation in 
storage, and others, e.g., S 0 2 , as gases. Finally, some chemicals are im
pregnated in the boxes or wrappers containing the fruit. Among the com
pounds used for commercial control of postharvest diseases of, primarily, 
citrus fruits but also of other fruits are borax, biphenyl, sodium 
o-phenylphenate, and thiabendazole. Certain other chemicals, such as 
elemental sulfur, sulfur dioxide, dichloran, captan, and benzoic acid, have 
been used mostly for the control of storage rots of stone and pome fruits, 
bananas, grapes, strawberries, melons, potatoes, etc. 

DISINFESTATION 
OF WAREHOUSES 

To avoid infection of stored products by pathogens left over in the 
warehouse from previous years, the storage rooms are first cleaned 
thoroughly and the debris is removed and burned. This is usually fol
lowed by washing the walls and floors with a copper sulfate solution (1 
pound in 5 gallons of water), or by spraying with a 1:240 solution of 
formaldehyde. Warehouses that can be closed airtight and in which the 
relative humidity can be kept at nearly 100 percent while the tempera
ture is between 25 and 30°C can be effectively fumigated with chloropic-
rin (tear gas) used at 1 pound per each 1000 cubic feet. Fumigation of 
warehouses can also be carried out by burning sulfur in the warehouse at 
the rate of 1 pound per 1000 cubic feet of space, or with formaldehyde gas 
generated by adding 23 ounces of potassium permanganate to 3 pints of 
formaldehyde per 1000 cubic feet of space. In all cases the fumigants 
should be allowed to act for at least 24 hours before the warehouse doors 
are opened for aeration. 

CONTROL OF INSECT VECTORS 

When the pathogen is introduced or disseminated by an insect vector, 
control of the vector is as important as, and sometimes easier than, the 
control of the pathogen itself. Application of insecticides for the control 
of insect carriers of fungus spores and bacteria has been fairly successful 
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and is a recommended procedure in the control of several such insect-
carried pathogens. 

In the case of viruses, mycoplasmas, and rickettsialike bacteria, how
ever, of which insects are the most important disseminating agents, 
insect control has been helpful in controlling the spread of their diseases 
only when it has been carried out at the area and on the plants on which 
the insects overwinter, or on which the insects feed before they enter the 
crop. Control of such diseases by killing the insect vectors with insec
ticides after they have arrived at the crop has seldom proved adequate. 
This is probably because, even with good insect control, enough insects 
survive for sufficiently long periods to spread the pathogen. Nevertheless, 
appreciable reduction in losses from certain such diseases has been ob
tained by controlling their insect vectors, and the practice of good insect 
control is always desirable. 

TYPES OF CHEMICALS 
USED FOR PLANT DISEASE 
CONTROL 

Many hundreds of chemicals have been advanced to date for crop protec
tion as fumigants, soil treatments, sprays, dusts, paints, pastes, and sys-
temics. The most important of these chemicals and some of their proper
ties and uses are described below. 

COPPER COMPOUNDS 

Bordeaux mixture, the product of reaction of copper sulfate and calcium 
hydroxide (lime), is the most widely used copper fungicide all over the 
world. It controls many fungus and bacterial leaf spots, blights, anthrac-
noses, downy mildews, and cankers, but causes burning of leaves or 
russeting of fruit such as apples when applied in cool, wet weather. The 
phytotoxicity of Bordeaux is reduced by increasing the ratio of lime to 
copper sulfate, since copper is the only ingredient in the Bordeaux mix
ture that is toxic to pathogens and, sometimes, to plants, while lime's 
role is primarily that of a "safener." For dormant sprays, concentrated 
Bordeaux is made by mixing 10 pounds of copper sulfate, 10 pounds of 
lime, and 100 gallons of water; it has the formula 10:10:100. The most 
commonly used formula for Bordeaux is 8:8:100. For spraying young, 
actively growing plants the amounts of copper sulfate and lime are re
duced, and the formulas used may be 2:2:100, 2:6:100, etc. For plants 
known to be sensitive to Bordeaux, a much greater concentration of lime 
may be used, as in the formula 8:24:100. 

Fixed copper. In the "fixed" or "insoluble" copper compounds the 
copper ion is only slightly soluble, and these compounds are, therefore, 
less phytotoxic than Bordeaux, but also less effective as fungicides. The 
"fixed" coppers are used for control of the same diseases as Bordeaux and 
they can also be used as dusts. The "fixed" coppers contain either basic 
copper sulfate (e.g., Basicop, Tribasic), or basic copper chlorides (e.g., 
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C - O - C - S ) , or copper oxides (e.g., Cuprocide, Perenox), or miscellaneous 
other formulations. Most of them are recommended as sprays at the rate 
of 4 pounds per 100 gallons of water or as 7 percent copper dusts. 

Kocide is a copper formulation fungicide and bactericide that contains 
cupric hydroxide and dissolves readily in water. It controls the same 
diseases as the other copper compounds but, because it is water soluble, it 
does not clog spray nozzles as often. 

SULFUR COMPOUNDS 

Several inorganic sulfur formulations and numerous organic sulfur com
pounds have proven to be excellent fungicides and are used to control a 
variety of diseases. 

INORGANIC SULFUR COMPOUNDS Sulfur. The element sulfur as a 
dust, wettable powder, paste, or liquid is used primarily to control powdery 
mildews on many plants, but it is also effective against certain rusts, leaf 
blights, and fruit rots. Sulfur, in its different forms, is available under a 
variety of trade names, such as Kolodust, Microfine sulfur, Magnetic spray 
wettable sulfur, Micronized sulfur, Kolofog, etc. Most sulfur formulations 
are applied at the rate of 1 to 6 pounds per 100 gallons of water and may 
cause injury in hot (temperatures above 30°C), dry weather, especially to 
sulfur-sensitive plants such as tomato, melons, and grape. 

Lime-sulfur. By boiling lime and sulfur together Lime-Sulfur, Self-
Boiled Lime-Sulfur, and Dry Lime-Sulfur are produced which are used as 
sprays for dormant fruit trees to control blight or anthracnose, powdery 
mildew, apple scab, brown rot of stone fruits, peach leaf curl, etc., and are 
sometimes used for summer control of the same diseases. The various 
lime-sulfurs are applied at the rate of 2 to 10 gallons per 100 gallons of 
water. 

ORGANIC SULFUR COMPOUNDS—CARBAMATES The organic sulfur 
compounds comprise unquestionably the most important, most versatile, 
and most widely used group of modern fungicides. They include thiram, 
ferbam, ziram, nabam, maneb, and zineb and are all derivatives of 
dithiocarbamic acid. 

Thiram consists of two molecules of dithiocarbamic acid joined to
gether. It is used mostly for seed and bulb treatment for vegetables, 
flowers, and grasses, but also for the control of certain foliage diseases, 
e.g., rusts of lawn, fruits, and vegetables. Thiram is also good as soil 
drench for control of damping off and seedling blights. Thiram, in various 
formulations, is sold under many trade names: Thiram, Arasan, Tersan, 
Spottrete, Thylate, Ortho Lawn and Turf Fungicide, etc. 

Ferbam consists of three molecules of dithiocarbamic acid reacted to 
one atom of iron. Ferbam is used to control many foliage diseases of fruit 
trees and ornamentals. It is sold as Fermate, Ferbam, Karbam Black, 
Coromate, Carbamate, etc. 

Ziram contains two molecules of dithiocarbamic acid joined to zinc. It 
is sold as Zerlate, Karbam White, Corozate, etc., and controls many 
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foliage diseases of vegetables and ornamentals,- especially safe for tender 
seedlings. 

Another group of dithiocarbamic acid derivates with different molecu
lar configurations contains the fungicides nabam (Na), zineb (Zn) and 
maneb (Mn). Nabam is sold as Dithane D-14, Parzate Liquid, etc., and 
gives fair control of some foliage diseases of flowers and vegetables. 
Nabam, ziram, and even ferbam have been largely replaced by newer 
organic fungicides. 

Zineb is sold as Dithane Z-78, Parzate, etc.; it is an excellent, safe, 
multipurpose foliar and soil fungicide for the control of leaf spots, blights, 
fruit rots, etc. of vegetables, flowers, fruit trees, and shrubs. 

Maneb contains manganese, it is sold as Manzate, Dithane M-22, 
Tersan LSR, etc., and is an excellent, broad-spectrum fungicide for the 
control of foliage and fruit diseases of many vegetables, especially to
mato, potato, and vine crops, and of flowers, trees, turf, and some fruits. 
Maneb is one of the most frequently used fungicides for control of vegeta
ble diseases. Maneb is often mixed with zinc or with zinc ion and results 
in the formulations known as maneb-zinc (sold as Manzate D or Dithane 
M-22 Special) and as zinc ion maneb called mancozeb (sold as Manzate 
200, Dithane M-45, and Fore). The addition of zinc reduces the 
phytotoxicity of maneb and improves its fungicidal properties. 

QUINONES 

Quinones, which occur naturally in many plants and are also produced 
upon oxidation of plant phenolic compounds, often show antimicrobial 
activity and are often considered to be associated with the innate resis
tance of plants to disease. Only two quinone compounds, chloranil and 
dichlone, however, have been developed and are used commercially as 
fungicides. 

Chloranil is sold as Spergon; it is used mainly as seed and bulb treat
ment for flowers, vegetables and some grasses. It is also used as a soil 
drench, as a dip for flower corms and bulbs, and as sprays and dusts for 
certain foliage diseases, e.g., downy mildews of melons, damping off. 

Dichlone is sold as Phygon, Phygon XL, etc., and is used mainly as a 
seed treatment for certain vegetables and grasses. Dichlone is also used as 
a protectant or eradicant spray for certain blights, fruit rots, and cankers 
of vegetables and fruit. 

BENZENE COMPOUNDS 

Many rather unrelated compounds that have a benzene ring are toxic to 
microorganisms, and several have been developed into fungicides and are 
used commercially. 

Dinitro-o-cresol is contained in the formulations called Elgetol, Kre-
nite, etc., and is used as a dormant spray for control of certain diseases of 
fruit and ornamental trees, as a preemergence ground spray, and as a tree 
wound treatment. 
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Hexachlorobenzene, or HCB, is used as seed treatment for the control 
of seed- and soil-borne bunt in wheat and other grains. 

Pentachlownitrobenzene, sold as PCNB, Terrachlor, etc., is a long-
lasting soil fungicide. It controls various soil-borne diseases of vegetables, 
turf, and ornamentals and is applied as a dip or in the furrow at planting 
time. It is used primarily against Rhizoctonia, Sclerotinia, and Plas-
modiophora but has no effect on Pythium. 

Dichloran, sold as Botran, DCNA, etc., is used as a foliar, fruit and soil 
fungicide for diseases of vegetables and flowers caused mostly by 
sclerotia-producing fungi, and as postharvest dip or spray for fruits, vege
tables and flowers affected by the same fungi or by Rhizopus and Penicil-
lium. 

Dinocap, sold as Karathane, Mildex, etc., is specific against powdery 
mildews. It also suppresses mites. 

Diazoben, sold as Dexon, is used as a seed and soil fungicide against 
damping-off and root rots of many ornamentals, vegetables, &nd fruits 
caused by Pythium, Aphanomyces and Phytophthora. 

Chlowthalonil, available as Bravo, is an excellent broad-spectrum 
fungicide against many leaf spots, blights, downy mildews, rusts, an-
thracnoses, scabs, fruit rots of many vegetables, field crops and ornamen
tals and even trees. Another formulation of chlorothalonil is sold as 
Daconil 2787 and is used primarily against foliage diseases of turf grasses 
and of some ornamentals. A tablet formulation called Termil is thermally 
dispersed in greenhouses for control of Botrytis on many ornamentals and 
for several leaf molds and blights of tomato. 

HETEROCYCLIC COMPOUNDS 

This is a rather heterogeneous group but includes some of the best 
fungicides, e.g., captan. 

Captan is sold as Captan, Orthocide, etc.; it is an excellent, safe 
fungicide for control of leaf spots, blights, fruit rots, etc. on fruits, 
vegetables, ornamentals and turf. It is also used as a seed protectant for 
vegetables, flowers and grasses and as a postharvest dip for certain fruits 
and vegetables. 

Folpet is sold as Folpet, Phaltan, Orthophaltan, etc.; it is similar to 
captan in spectrum and effectiveness. In addition, it controls many pow
dery mildews. 

Captafol is sold as Difolatan, Ortho Difolatan, etc., and has properties 
similar to those of captan and folpet. Moreover, Difolatan exhibits un
usual resistance to weathering which provides extended redistribution 
and residual activity. These properties, combined with its low 
phytotoxicity, also allow the use of up to three times the regular amount 
of Difolatan as a single application treatment (SAT) on apples against 
apple scab, cherry leaf spot, citrus melanose and scab, and against several 
foliage diseases of tomato. Such concentrated sprays may provide protec
tion for longer periods and reduce the number of sprays needed. 
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Glyodin is a liquid fungicide with excellent wetting and sticking 
properties. It is sold as Glyodin, Crag Glyodin, etc., and is effective 
against apple scab and certain other foliar diseases of fruit trees and 
ornamentals. It is often combined with dodine (Glyodex). 

Dyrene is sold as Dyrene, Turftox, etc., it is used for spraying orna
mentals, turf, and vegetables. 

SYSTEMIC. FUNGICIDES 

Systemic fungicides are absorbed through the foliage or roots and are 
translocated upward internally by the plant through the xylem. Systemic 
fungicides generally move upward in the transpiration stream and may 
accumulate at the leaf margins, while downward translocation in the 
phloem is rare or does not occur at all. They are not reexported to new 
growth. Some of them become systemically translocated when sprayed 
on herbaceous plants but most are only locally systemic on the sprayed 
leaves. Many systemics are most effective when applied as seed treat
ments, root-dip, in-furrow treatment or soil drench, and in trees when 
injected into the trunks. 

Several systemic fungicides are presently available in the market and 
many more are in the experimental stage. Systemic fungicides belong to 
at least three groups of compounds although some of them are not related 
to these groups. 

OXANTHIINS They include primarily carboxin and oxycarboxin and 
are effective against some smut and rust fungi and against Rhizoctonia. 

Carboxin is sold as Vitavax. It is used as a seed treatment and is 
effective against damping-off diseases caused by Rhizoctonia and the 
various smuts of grain crops. 

Oxycarboxin is sold as Plantvax. It is used as a seed or foliar treatment 
and is effective in controlling a wide variety of rust diseases. 

BENZIMIDAZOLES They include the most important, up to now, sys
temic fungicides such as benomyl, thiabendazole, and thiophanate. They 
are effective against numerous types of diseases caused by a wide variety 
of fungi. 

Benomyl is sold as Benlate, Tersan 1991, etc. It is a safe, broad-
spectrum fungicide against a large number of important fungus pathogens 
and it also suppresses mites. It controls a wide range of leaf spots and 
blotches, blights, rots, scabs, plus seed- and soil-borne diseases. Benomyl 
is particularly effective for powdery mildew of all crops; scab of apples, 
peaches, and pecans; brown rot of stone fruits,- fruit rots in general; 
Cercospora leaf spots; cherry leaf spot; black spot of roses; blast of rice; 
various Sclerotinia and Botrytis diseases,- loose and cover smuts of wheat. 
It is highly active against and suppresses infections by Rhizoctonia, 
Thielaviopsis, Ceratocystis, Fusarium, and Verticillium. It has no effect 
on Phycomycetes, on some dark-spored Imperfects such as Helmintho-
sporium and Alternaria, on some Basidiomycetes, nor on bacteria. Be-
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nomyl may be applied as seed treatment, foliar spray, trunk injection, 
root dip or row treatment and as a fruit dip. Benomyl seems to be 
mutagenic and to hasten the appearance of pathogen races resistant to it. 

Thiabendazole is sold as Mertect, Tobaz, etc. It is also a safe, broad-
spectrum fungicide and effective against many Imperfect fungi causing 
leaf spot diseases of turf and ornamentals, diseases of bulbs and corms. It 
is commonly used as a postharvest treatment for the control of storage 
rots of citrus, apples, pears and banana, potato and squash. 

Thiophanate ethyl, under the trade names Topsin, Cercobin, and 
Cleary, is effective against several root and foliage fungi affecting 
turf grasses. 

Thiophanate methyl, under the trade names Fungo, Topsin M, Cerco
bin M, Zyban, Chipco Spot Klean, etc., is a broad-spectrum preventive 
and curative fungicide for use on turf and as a foliar spray to control 
powdery and downy mildews, Botrytis diseases, numerous leaf and fruit 
spots, scabs and rots. Also used as a soil drench or dry soil mix to control 
soil-borne fungi attacking bedding plants, foliage plants, and container-
grown plants. 

PYRIMIDINES They include primarily the compounds dimethirimol, 
ethirimol and triarimol which are effective against powdery mildews and 
certain otKer fungi. They are used primarily as seed and soil treatments. 

MISCELLANEOUS SYSTEMICS 

Chloroneb, sold as Demosan, Tersan SP, or Chloroneb, is a seed and soil 
fungicide for turf and ornamentals. 

Ethazole, sold as Truban, Terrazole, Koban, is a soil, seed, and turf 
fungicide that controls Pythium and Phytophthora damping off and seed
ling blights of ornamental and nursery crops. Often sold combined with 
PCNB (Terrachlor-Super-X, Terra-Coat), or with thiophanate methyl 
(Banrot) for broader spectrum. 

Triforine, effective against many foliar diseases of fruit trees and or
namentals. 

MISCELLANEOUS 
ORGANIC FUNGICIDES 

A number of other, chemically diverse compounds are excellent protec
tant fungicides for certain diseases or groups of diseases. 

Dodine is sold as Cyprex. It is an excellent fungicide against apple 
scab, and it also controls certain foliage diseases of cherry, strawberry, 
pecan, and roses. It gives long-lasting protection and is also a good eradi-
cant. It appears to have local systemic action in leaves. Strains of the apple 
scab fungus resistant to dodine have appeared and predominate in some 
areas. 

Fentin hydroxide, sold as Du-Ter, is a broad-spectrum fungicide with 
activity against many leaf spots, blights, and scabs. It also has suppressant 
or antifeeding properties on many insects. 

Polyram is a foliar and seed protectant fungicide. It controls rusts, 
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downy mildews, leaf spots and blights of vegetables, ornamentals, and 
certain trees. 

Oxyquinoline sulfate (also benzoate and citrate) is used as a soil drench 
to control damping off and other soil-borne diseases. An oxyquinoline-
copper complex has also been used as a seed treatment, as a foliar spray 
against certain diseases of fruits and vegetables, and as a wood preserva
tive for packing boxes, baskets, crates, etc. 

Two cadmium-containing fungicides, Caddy (cadmium chloride) and 
Cadminate (cadmium succinate), are used for control of turf diseases. 

Zinc is sometimes used as zinc naphthenate for disinfestation and 
preservation of wood. 

SOIL FUMIGANTS 

They are used primarily for control of plant-parasitic nematodes and are 
discussed in the chapter on "Plant Diseases Caused by Nematodes." 

ANTIBIOTICS 

Antibiotics are substances produced by one microorganism and toxic to 
another microorganism. Most antibiotics known to date are products of 
Actinomycetes and some fungi, e.g., Penicillium, and are toxic mostly 
against bacteria, including rickettsialike bacteria, mycoplasmas, and also 
against some fungi. The chemical formulas of most antibiotics are com
plex and are not, as a rule, related to each other. Antibiotics used for plant 
disease control are generally absorbed and translocated systemically by 
the plant. Antibiotics may control plant diseases by acting on the patho
gen or on the host directly, or after undergoing transformation within the 
host. 

Among the most important antibiotics in plant disease control are 
streptomycin, tetracyclines, and cycloheximide. 

Streptomycin is produced by the actinomycete Streptomyces griseus. 
Streptomycin or streptomycin sulfate is sold as Agrimycin, Phytomycin, 
Ortho Streptomycin, Agri-Strep, etc., and as a spray shows activity 
against a broad range of bacterial plant pathogens causing spots, blights, 
wilts, rots, etc. Streptomycin is also used as a soil drench, e.g., in the 
control of geranium foot rot caused by Xanthomonas sp., as a dip for 
potato seed pieces against various bacterial rots of tubers, and as a seed 
disinfectant against bacterial pathogens of beans, cotton, crucifers, cere
als, etc. Moreover, streptomycin is effective against several phycomy-
cetous fungi especially Pseudoperonospora humuli, the cause of downy 
mildew of hops. 

Tetracyclines are antibiotics produced by various species of Strep
tomyces and are active against many bacteria, against all mycoplasmas 
and against some rickettsialike bacteria. Of the tetracyclines, Terramycin 
(oxytetracycline), Aureomycin (chlortetracycline), and Achromycin (tet
racycline) have been used to some extent for plant disease control. 
Oxytetracycline is often used with streptomycin in the control of fire 
blight of pome fruits. Tetracyclines injected into trees infected with 
mycoplasmas or rickettsialike bacteria stop the development of the dis-
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ease and induce remission of symptoms, i.e., the symptoms disappear and 
the trees resume growth as long as some tetracycline is present in the 
trees. Usually one injection at the end of the growing season is sufficient 
for normal growth of the tree during the following season. 

Cycloheximide is produced by Streptomyces griseus and is obtained as 
a by-product in the production of streptomycin. It is sold as Actidione, 
Actispray, Actidione PM, Actidione RZ, etc., and is effective against 
many phytopathogenic fungi. Cycloheximide is used for the control of 
many turf diseases, and of cherry leafspot, caused by Coccomyces 
hiemalis. It is also effective against powdery mildews of many crop and 
ornamental plants, but its high phytotoxicity limits its usefulness appre
ciably. 

GROWTH REGULATORS 

Certain plant hormones have been shown to reduce infection of plants by 
certain pathogens, e.g., tomato by Fusarium, potato by Phytophthora, 
through the increase by these substances of the disease resistance of the 
host. In tobacco plants treated with maleic hydrazide, a growth retardant, 
the rootknot nematode, Meloidogyne, is unable to induce giant cell for
mation and is thereby prevented from completing its life cycle and from 
causing disease. Kinetin treatment of leaves, before or shortly after inocu
lation with a virus, also reduces virus multiplication, number and size of 
lesions on local-lesion hosts, and postpones the onset of systemic symp
toms and death of the plant. Stunting and axillary bud suppression as
sociated with certain virus and mycoplasma diseases of plants can be 
overcome with sprays of gibberellic acid. Although treatments with vari
ous growth regulators have given encouraging control of some plant 
diseases in experimental trials, only gibberellic acid sprays are used 
somewhat for the field control of sour cherry yellows virus on cherries. 

MECHANISMS OF 
ACTION OF CHEMICALS 
USED TO CONTROL 
PLANT DISEASES 

The complete mechanisms by which the various chemicals applied to 
plants control plant diseases are yet unknown for most of the chemicals. 
Some chemicals seem to reduce infection by increasing the resistance of 
the host to the pathogen. This may be brought about by altering the 
constitution of the cell walls of the host, by limiting the availability of 
essential coenzymes in the host, or by altering the rate or the direction of 
metabolism in the host, which may thus be in a better position to defend 
itself against the pathogen. 

The great majority of chemicals are used for their toxicity directly on 
the pathogen and are effective only as protectants at the points of entry of 
the pathogen. Such chemicals act by inhibiting the synthesis by the 
pathogen of certain of its cell wall substances, by acting as solvents of, or 
otherwise damaging, the cell membranes of the pathogen, by forming 
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complexes with, and thus inactivating, certain essential coenzymes of 
the pathogen, or by inactivating enzymes and causing general precipita
tion of the proteins of the pathogen. 

The systemic fungicides and antibiotics are absorbed by the host, 
are translocated internally through the plant, and are effective against 
the pathogen at the infection locus. Such chemicals are called 
chemotherapeutants, and control of plant diseases with such chemicals is 
called chemotherapy. Once in contact with the pathogen, chemo
therapeutants seem to affect pathogens in ways similar to those 
mentioned above for the nonsystemic chemicals, but systemic fungicides 
are much more specific in that they apparently affect only one function in 
the pathogen rather than a variety of them. As a result, new pathogen 
races resistant to one or another of the systemic fungicides have already 
appeared. 

RESISTANCE 
OF PATHOGENS TO 
CHEMICALS 

Just as human pathogens resistant to antibiotics, and insects and mites 
resistant to certain insecticides and miticides appeared rather soon after 
continuous and widespread use of these chemicals, several plant patho
gens have also developed strains that are resistant to and therefore unaf
fected by certain fungicides. For many years, when only protectant fun
gicides such as thiram, maneb, or captan were used, no such resistant 
strains were observed, presumably because these fungicides affect several 
vital processes of the pathogen and it would take too many gene changes 
to produce a resistant strain. Resistance to some fungicides, all of which 
contained a benzene ring, began to appear in the 1960s when Penicillium 
strains resistant to diphenyl, Tilletia strains resistant to hexachloroben-
zene, and Rhizoctonia strains resistant to PCNB were found to occur 
naturally. In some areas these strains became major practical problems. 
Later, a strain of Venturia inaequalis (cause of apple scab) appeared that 
was resistant to dodine and that excellent chemical became ineffective 
against the fungus over a large area. 

Strains of Erwinia amylovora, the fire blight bacterium, that were 
resistant to the systemic antibiotic streptomycin, had been known for 
several years. However, it was the introduction and widespread use of the 
systemic fungicides, especially benomyl, that really triggered the appear
ance of strains of numerous fungi resistant to one or more of these 
fungicides. In some cases, strains resistant to the fungicide appeared and 
became widespread after only two years of use of the chemical, and the 
chemical had to be abandoned. To date, several of the important fungal 
pathogens, e.g., Cercospora, Fusarium, Sphaerotheca, Aspergillus, 
Penicillium, and Ustilago, are known to have produced strains resistant 
to one or more of the systemic fungicides and it appears that resistant 
strains of other fungi can be expected to develop in the future. This is 
apparently because systemic fungicides are specific in their action, i.e., 
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they affect only one or perhaps two steps in a genetically controlled event 
in the metabolism of the fungus and, as a result, a resistant population 
can arise quickly either by a single mutation or by selection of resistant 
individuals in a population. 

Good systemic or nonsystemic fungicides that become ineffective 
because of the appearance of new resistant strains can still be saved, and 
the resistant strains can still be controlled, either by using mixtures of 
specific systemic and wide-spectrum protectant fungicides; or by alter
nating sprays with systemic and protectant fungicides; or by spraying 
during half of the season with systemic and the other half with protectant 
fungicides. In each of these schedules, the systemic or specific action 
chemical carries most of the weight in controlling the disease while the 
protectant or nonspecific chemical eliminates any strains of the pathogen 
that may develop resistance to the systemic or specific action chemical. 

RESTRICTIONS ON 
CHEMICAL CONTROL OF 
PLANT DISEASES 

Most chemicals used to control plant diseases are much less toxic than 
most insecticides but they are, nevertheless, poisonous substances and 
some of them, especially the nematicides, are extremely poisonous. For 
this reason, a number of restrictions are imposed in the licensing, regis
tration and use of each chemical. 

In the United States, both the Food and Drug Administration (FDA) 
and the Environmental Protection Agency (EPA) keep a close watch on 
the registration, production and use of pesticides. It is estimated that only 
1 out of 10,000 new compounds synthesized by the pesticide industry 
turns out to be a successful pesticide and it takes 4 to 8 years and 5 to 6 
million dollars from initial laboratory synthesis to government registra
tion. In the meantime, exhaustive biological tests, field testing, crop 
residue analyses, toxicological tests, environmental impact studies, etc., 
are carried out. If the compound meets all requirements it is then ap
proved for use on specific food or nonfood crops for which data have been 
obtained. Clearance must be obtained separately for each crop and each 
use (e.g., seed treatment, spray, soil drench) for which the chemical is 
recommended. 

Once a chemical is approved for a certain crop, then two important 
restrictions on the use of the chemical must be observed: (1) the number 
of days before harvest that use of a particular chemical on the crop must 
stop; and (2) the amount of the chemical that can be used per acre must 
not exceed a certain amount. If either of these restrictions are not ob
served it is likely that, at harvest, the crop, especially vegetables and 
fruits, carries on it a greater amount than is allowed for the particular 
chemical, and the crop can be seized. All recommendations contained in 
bulletins published by the Extension Service are within the tolerances 
established by FDA and EPA and should be followed carefully. 
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INTEGRATED 
CONTROL OF PLANT 
DISEASES 

Control of plant diseases is most successful and economical when all 
available pertinent information regarding the crop, its pathogens, the 
environmental conditions expected to prevail, locality, availability of 
materials, costs, etc., are taken into account in developing the control 
program. Usually, an integrated control program is aimed against all 
diseases affecting a crop, e.g., apples, citrus, bananas, potato, beans, etc. 
Sometimes an integrated control program is aimed against a particularly 
destructive and common disease, e.g., apple scab, potato late blight, etc. 

In an integrated control program of an orchard crop, e.g., apple, peach, 
or citrus, one must first consider the nursery stock to be used and the 
location where it will be planted. If the fruit tree is susceptible to certain 
viruses, mycoplasmas, crown gall bacteria, nematodes, etc., the nursery 
stock (both the rootstock and the scion) must be free of these pathogens. 
Stock free of certain viruses and other diseases can usually be bought 
from selected nurseries whose crops are inspected and certified. If the 
possibility of nematodes on the roots exists, the stock must be fumigated. 
The location where the trees will be planted must not be infested with 
fungi such as Phytophthora, Armillaria, or serious and numerous 
nematodes; if it is, it should be treated with fumigants before planting, 
and varieties grafted on rootstocks resistant to these pathogens should be 
preferred. The drainage of the location should be checked and improved, 
if necessary. Finally, the young trees should not be planted between or 
next to old trees that are heavily infected with canker fungi and bacteria, 
insect-transmitted viruses and mycoplasmas, pollen-transmitted viruses 
or with other pathogens. 

Once the trees are in place and until they begin to bear fruit they 
should be fertilized, irrigated, pruned, and sprayed for the most common 
insects and diseases so that they will grow vigorously and free of infec
tions. Later on, when the trees bear fruit, the care should increase, as 
should the vigilance to detect and control the diseases that affect any part 
of the tree. Any trees that develop symptoms of an infectious disease 
caused by virus, mycoplasma, etc. should be removed as early as possi
ble. 

Disease control in an orchard may begin in the winter, when dead 
twigs, branches or fruit are removed during pruning operations and are 
buried or burned to reduce the amount of fungal or bacterial primary 
inoculum that will start infections in the spring. Pruning shears and saws 
should be disinfected before moving to new trees to avoid spreading any 
pathogens from tree to tree. Because many fungi and bacteria (as well as 
insects and mites) are activated in the spring by the same weather condi
tions that make buds to open, a "dormant" spray, containing a 
fungicide-bactericide (e.g., Bordeaux mixture), or a plain fungicide plus a 
miticide-insecticide (e.g., Superior oil), is applied before bud break. After 
that, as the buds open, the blossoms and leaves that are revealed are 
usually very susceptible to either fungal or bacterial pathogens, or both, 
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depending on what is present in the particular area. Therefore these 
organs (blossoms and leaves) must be protected with sprays containing a 
fungicide and/or a bactericide and, possibly, an insecticide that does not 
harm bees and/or miticide. It is usually possible to find effective materials 
compatible with each other and so all of them can be mixed in the same 
tank and sprayed at once. If one compound, however, must be used to 
control an existirig disease but is incompatible with the other com
pounds, then a separate spray will be needed. Because flowers appear over 
a period of several days and the leaves enlarge rapidly at that stage, and 
because many fungi release their spores and bacteria ooze out most 
abundantly during and soon after bloom, the blossoms and leaves may 
have to be sprayed frequently (every 3 to 5 days) so that they will be 
protected by the fungicide and/or bactericide, especially if it rains often 
and stays wet for many hours. Insecticides and miticides may still have to 
be used with the fungicide but these insecticides must not be toxic to 
bees which must be allowed to pollinate the flowers. The frequent sprays 
usually continue as long as there are spores being released by fungi, or 
bacteria oozing out, as long as the weather stays wet, and as long as there 
are growing plant tissues. Combining weather forecasting with disease 
control is most helpful. 

Once blossoming is over, young fruit appear and these may or may not 
be affected by the same pathogens and insects as the flowers and leaves. If 
they are, the same spray schedule with the same materials continues as 
long as there is inoculum around. But often new pathogens and insects 
may attack the fruit and the schedule must be adjusted and materials 
must be included that control the new pathogens. 

Usually, fruit becomes susceptible to several fruit-rotting fungi that 
attack fruit from the early maturity stages through harvest and in storage. 
Therefore, fruit must be sprayed every 10 to 14 days with materials that 
will control these fungi until harvest. Most fruit rots start at wounds 
made by insects and therefore insect control must continue. Also, 
wounding of fruit during harvesting and handling must be avoided to 
prevent fungus infections. Fruit-picking baskets and crates must be clean, 
free of rotten debris which may harbor fruit-rotting fungi, and the packing
house and warehouse must also be clean, free of debris, and preferably 
fumigated with formaldehyde, sulfur dioxide, etc. Harvested fruit is often 
washed in a water solution containing a fungicide to further protect the 
fruit during storage and transportation. During packing, infected fruit is 
removed and discarded. Storage and transportation, of course, should be 
refrigerated so that any existing infections will develop slowly and no 
new infections will get started. 

In an integrated control program of an annual crop, e.g., potatoes, one 
must again start with healthy stock and must plant it in a suitable field. 
Potato tuber seed may carry several viruses, the late blight fungus, ring-
rot bacteria, and several other fungi, bacteria and nematodes. Therefore, 
starting with clean, disease-free seed is of paramount importance. Cer
tified potato seed is usually free of most such important pathogens and is 
produced under strict quarantine and inspection rules that guarantee seed 
free of these pathogens. Healthy seed must then be planted in a field free 
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of old potato tubers that may harbor some of the above pathogens, free of 
Verticillium, Fusarium, the root knot nematode, etc. It is best not to 
follow a potato crop with another and rotation with legumes, corn or 
other unrelated crops will usually reduce the populations of potato 
pathogens. Any potato cull piles should be destroyed or sprayed to insure 
that no Phytophthora sporangia will be blown from there to the potato 
plants in the field later on. Tubers are cut with disinfected knives to 
reduce spread of ring rot among seed pieces and the seed pieces are 
usually treated with a fungicide, a bactericide, and an insecticide to 
protect them from pathogens on their surface or in the soil. The soil may 
have to be treated with a fumigant if it is known to be infested with the 
root knot or other nematodes, Fusarium or Verticillium. The seed pieces 
are planted at a date when their sprouts are expected to grow quickly 
since slow growing sprouts in cool weather are particularly susceptible to 
Rhizoctonia attack. The field must, of course, have good drainage to 
avoid damping off, seed-piece rot, and root rots. 

A few weeks after the young plants have emerged they become suscep
tible to attack by early blight (Alternaria) and late blight (Phytophthora 
infestans). If the diseases occur regularly year after year, in addition to 
using resistant varieties, the grower should start spraying with the appro
priate fungicides as soon as the disease appears or even before, and should 
continue the sprays, especially for late blight, throughout the season 
whenever the weather is cool and damp. Insecticide sprays control insects 
and may reduce spread of viruses. Using weather data to forecast disease 
appearance and development can help in spraying at the right time and in 
not wasting any sprays. Before harvest, the infected vines must be killed 
with chemicals to destroy late blight inoculum that could come in con
tact with the tubers when they are dug up. Tubers must be harvested 
carefully to avoid wounding that would allow storage-rot fungi such as 
Fusarium and Pythium to gain entrance into the tuber. The tubers must 
then be sorted, and the damaged ones discarded. The healthy tubers are 
stored at about 15°C for the wounds to heal and then at about 2°C to 
prevent development of fungus rots in storage. Storage rooms must of 
course be cleaned and disinfested before the tubers are brought in. Potato 
cull piles should not be kept near the field but should either be burned or 
buried as soon as possible. 

Thus, in an integrated control program several control methods are 
employed including regulatory inspections for healthy seed or nursery 
crop production, cultural practices (crop rotation, sanitation, pruning, 
etc.), biological control (resistant varieties), physical control (storage 
temperature), and chemical controls (soil fumigation, seed or nursery 
stock treatment, sprays, disinfestation of cutting tools, crates, 
warehouses, washing solution). Each one of these measures must be 
taken for best results, and the routine use of each of them makes all of 
them that much more effective. 
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