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I . INTRODUCTION 

T h e great increase in our knowledge of the basic aspects of insect 
pathology and the microorganisms associated with insects in recent years 
has been presented in an able manne r by the authors of the preceding 
chapters in this treatise. Th i s knowledge is of value to science in general 
from the fundamental s tandpoint alone. I n addit ion, it provides an ever 
more firm foundat ion on which entomologists who are interested in the 
potentiali t ies of applied insect pathology can develop practical workable 
procedures for the util ization of entomogenous microorganisms to suppress 
insect pests. W i t h the increasing interest displayed by workers throughout 
the world in the possibilities of such an approach, it is qui te proper that 
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this advanced work on insect pathology should include a discussion of 
the broad aspects of microbial control. (Other types of applied insect 
pathology are discussed in Chapter 1, Volume I, of this treatise.) 

In the past, microbial control has been denned in its simplest form 
as the biological control of pest species, in most instances insects and 
related forms, through the util ization of pathogenic microorganisms. I t is 
apparent at this t ime that this definition, if interpreted narrowly, has 
become inadequate because of the present widespread interest in the 
development of toxin-producing pathogens such as the crystalliferous 
bacteria. Therefore, for the purpose of this paper, we wish to make it 
clear that microbial control includes all aspects of the uti l ization of 
microorganisms or their by-products in the control of pest species. 

In recent years, there have been a n u m b e r of reports on the varied 
phases of microbial control (Steinhaus, 1956c, 1957a, 1959a, d, 1960; 
Baird, 1958; Bergold, 1958; Bucher, 1958, 1960; Dutky, 1959; T a n a d a , 
1959; Briggs, 1960a; McEwen, 1960; A.I.B.S., 1960; Franz, 1961; Hal l , 
1961; Krieg, 1961). W i t h these papers readily available for reference, a 
review to cover the recent advances in the use of pathogenic microorgan
isms to control insects is deemed unnecessary. T o better utilize the space 
allotted, it is the in tent ion of the au thor to l imit the review of other 
works to the post-1955 period and to present to the reader a discussion of 
impor tant aspects dealing with the techniques of modern microbial 
control. 

T h e rapid advance of microbial control that is taking place at the 
present t ime in the Uni ted States as well as in other parts of the world 
has placed much of the responsibility for the testing of mass-produced 
pathogens in the hands of applied entomologists who have had little 
t ra ining in insect pathology. It would appear that the development of 
the use of entomogenous microorganisms might be retarded because of 
the inability of the entomologists conducting the evaluations to make 
impart ia l comparisons of microbial and chemical materials based on an 
unders tanding of the inherent differences between the two methods of 
control, the problems involved in the part icular situation, and the results 
that should be expected. Wi thou t a knowledge of the na ture of the 
entomogenous microorganisms under investigation and their relation
ship with their host and environment, what could be considered to be 
good microbial control may appear to be a failure when compared di
rectly to the action of effective chemical insecticides. Therefore, an under
standing of some of the basic aspects of insect pathology including such 
points as the means of infection, host specificity, and effect of physical 
factors, should be acquired before a t tempt ing to utilize microorganisms 
in insect control. 
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I I . GENERAL CONSIDERATIONS 

In the consideration of entomogenous microorganisms for their poten
tial as microbial insecticides, it may be generalized that the methods of 
infection or modes of action of insect pathogens or their toxic by-products 
may be divided into two groupings according to the na tura l portal of entry 
of the microorganisms into their hosts. One group which includes the bac
teria, protozoa, and viruses, must be ingested in order to cause infection 
and mortali ty. I n a t tempt ing to draw an analogy with the chemical 
method of insect control, it has been suggested that the members of this 
g roup could be considered to be similar in activity to the stomach-poison 
type of chemical insecticide (Hall, 1961). Certain of the microorganisms, 
such as the viruses, are qui te specific in their sites of development and 
mult iply only in certain tissues wi thin the body of the host. Others, 
such as the bacteria, may cause a septicemia by growing profusely 
throughout the tissues and body fluids of the host. T h e crystalliferous 
bacteria may respond in this manne r against certain susceptible insects, 
or they may kill their hosts purely on the basis of the activity of their 
associated toxins. 

T h e second group, which includes the entomogenous fungi and other 
organisms such as certain of the nematodes, enter their hosts through 
the integument . T h e members of this g roup have been considered to be 
similar to the contact chemical insecticides since they do not have to be 
ingested to cause infection (Hall , 1961). These microorganisms are more 
subject to regulat ion by the physical factors in the environment since 
their penetrat ive stages generally are not highly resistive to the effects 
of external influences. 

T h e uti l ization of microbial control on many crops may be dependent 
to a marked degree upon the host specificity of the infective materials. 
It is well known that some microorganisms such as the viruses, in general, 
show pathogenicity to single species of host, while other pathogens dis
play varying degrees of virulence against many different insect species. 
Nevertheless, even the relatively nonspecific microorganisms may be con
sidered to have narrow ranges of specificity when compared to broad-
spectrum chemical materials because of the inabili ty to infect certain 
groups of insects. Th i s may be an advantage in instances where integrated 
control programs are being developed to protect beneficial species. On 
the other hand , it could be a serious liability in situations where efforts 
are being made to use single insecticidal materials to control mixed 
populat ions of pest species on one crop. In such cases, if microbial control 
is to be used, it may be necessary to employ combinations of different 
microbial materials, mixtures of pathogens with compatible selective 
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chemical insecticides, or supplemental applications of chemical materials 
by themselves in order to protect the crop (Hall, 1961). 

T h e importance of physical factors such as temperature and humidi ty 
in the regulat ion of the activity of entomogenous microorganisms, as 
well as their hosts, has long been known. According to T a n a d a (1959), 
these factors may affect the pathogen and its survival and ability to 
infect; the host and its susceptibility or resistance, including the activa
tion of latent infections; and the progress of infection within the host. 
Al though these factors may work independently, it is likely that under 
natura l conditions the interaction of temperature and humidi ty will have 
a direct bearing on the ability of microorganisms to suppress insect pests 
and in many instances will be responsible for the success or failure of 
microbial control methods. 

As has been stated by Hal l (1961), the role that these factors play 
will vary according to the type of pathogen and its par t icular charac
teristics. Tempera tu re by itself appears to have a twofold effect on ento
mogenous microorganisms. T h e first effect is on survival of the pathogen 
outside of the host. Th i s is impor tan t since microorganisms are known 
to vary widely in their inherent ability to withstand unfavorable tem
peratures. For example, viruses which form resistant polyhedra or cap
sules are able to survive levels of temperature that are lethal to viruses 
that do not have resistive stages. Those species that are able to withstand 
adverse temperature conditions may prove to be more suitable for 
manipu la t ion in the control of insect pests. T h e second effect is on the 
activity of the microorganisms within the body of the host. Al though the 
actions of some pathogens such as the crystalliferous sporeforming bac
teria do not appear to be influenced by variations in temperature , it is 
widely recognized that, wi thin reasonable limits, temperature has an 
inverse effect upon the incubat ion period of other microorganisms such 
as the insect viruses. Th i s could greatly restrict or even prohibi t the use 
of viruses dur ing periods of relatively low temperature because of the 
possibilities of slow action and resultant poor control. 

Microorganisms, such as the fungi, that infect by germinat ing ex
ternally and penetra t ing their host through the in tegument are obviously 
qui te responsive to humidi ty conditions. T h e lack of adequate moisture 
can prevent infection by inhibi t ing spore germinat ion or subsequent 
growth of the penetrat ive stages even though the host may be highly 
susceptible. Therefore, it is unders tandable that the successful applica
tion of entomogenous fungi in any situation will depend upon the pres
ence of proper moisture conditions in the microclimatic zone surrounding 
the host. If there is adequate moisture, mass infection can proceed. O n the 
other hand, if humidi ty conditions are unfavorable, germinat ion and 
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infection probably will not occur regardless of the amount of infective 
material that is applied. 

It is apparent that microorganisms such as the bacteria and viruses 
that must be ingested in order to cause infection will vary also in their 
response to humidi ty . Survival outside of the host by pathogens wi thout 
resistive stages may be highly dependent on moisture conditions whereas 
those species with resistant stages may remain free from such external 
influences unt i l they are eaten by a susceptible host. Other physical fac
tors, such as wind and rain, may affect the activity of insect pathogens. 
In most instances wind probably plays an indirect role by affecting the 
relative humidi ty, which in tu rn affects the activity of the microorganism. 
Ra in may serve to increase the relative humidi ty , which would favor the 
activity of the fungi and at the same t ime prove detr imental to other 
pathogens by washing the infective stages off the foliage. 

I I I . METHODS OF UTILIZATION OF INSECT PATHOGENS 

Modern-day microbial control has cont inued to rely on two major 
methods of util ization of entomogenous microorganisms for the suppres
sion of insect pests (Hall, 1961). One method involves the direct intro
duct ion or colonization for the purpose of establishment of pathogens 
into an insect popula t ion for long-term reduct ion and possible permanent 
control of the pest species. T h e second method makes use of direct appli
cation of a pa thogen for quick control of an economic pest popula t ion 
in the manne r of a chemical insecticide. 

A. Introduction and Colonization for Long-Term Biological Control 

Most of the early efforts at microbial control were l imited to the 
int roduct ion and colonization of pathogens. I n general, the colonization 
at tempts were made as par t of overall programs in which microorgan
isms were in t roduced into an environment along with complexes of 
insect parasites and predators. Probably the most successful program of 
this type from the s tandpoint of cont inued and expanded applicat ion 
dur ing the past twenty years has involved the use of Bacillus popilliae 
Dutky and B. lentimorbus Dutky in the control of larvae of the Japanese 
beetle, Popillia japonica Newman, on turf in the eastern Uni ted States. 
Other outs tanding efforts have been the introduct ions of entomogenous 
viruses for the control of a n u m b e r of insect pests in the forests of 
Canada. 

T h e colonization of insect pathoges is considered to be an integral 
par t of biological control and thus would be guided by the regulations 
that govern biological control efforts. In most instances, microbial control 
through in t roduct ion and colonization would appear to have a greater 
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oppor tuni ty to succeed when made against nonindigenous insect pests. 
However, it is entirely possible that an insect which occurs in many 
different areas may be attacked by an effective pathogen in one location 
and not in another. If the microorganism controlled the pest in its 
apparent "nat ive" area, it would be worth in t roducing into the new 
location where the host insect was not being suppressed. 

T h e acquisition of microbial materials for the purpose of introduc
tion and colonization always has been a problem and probably has been 
the principal obstacle to greater use of the technique. As insect pathology 
has grown in recent years, there has been a tendency to utilize contacts 
with insect pathologists, microbiologists, and entomologists in labora
tories in other parts of the world to obta in new infective materials. T h i s 
method does have the advantage of saving bo th t ime and money in the 
acquisition of known microbial agents. Its main drawback would appear 
to be the overlooking of the many promising species of entomogenous 
microorganisms that have yet to be discovered. Probably the most un
developed means of locating insect pathogens is that of conducting 
explorat ion in the native home of the pest species. Al though there are 
mixed feelings concerning the practicability of under tak ing such efforts, 
there is no question that concerted work by an experienced person in an 
incompletely explored area should be qui te productive in the discovery 
of new species or strains of entomogenous microorganisms. 

T h e int roduct ion of insect pathogens, as in similar efforts with insect 
parasites and predators, has as a goal the a t ta inment of long-term control 
of pest species at a m i n i m u m of expense by the agencies concerned. I t is 
impor tan t that this be kept in mind when techniques are being devel
oped for the dissemination of a pathogen. Above and beyond the cost 
factor, a technique for the in t roduct ion of a par t icular microorganism 
may depend on the specific host-parasite relationships, the environmental 
factors, including the characteristics of the crop, and the speed of control 
that is desired. 

Pathogens that can be mass-produced on artificial media in the lab
oratory or wi thin populat ions of host insects in the insectary may be 
introduced into a location by special mechanical application. Th i s has 
been accomplished for years in the inoculat ion of bacillus spore-powders 
for control of the Japanese beetle in the eastern Uni ted States. Spot 
applications of this type take advantage of na tura l spread of the disease 
through outward movement of infected hosts or the carrier action of 
other agents, such as birds, from the points of inoculation. Cont inuous 
infection of new insects occurs in a slow manne r unt i l m a x i m u m effect 
of the microorganism is reached and a balance becomes established be
tween pathogen and host. However, if the cost of t reatment is not im-
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por tan t or fast dissemination is desired, the microorganisms may be 
applied by s tandard insecticide equipment , such as the airplane or 
ground-broadcast power machines, to give thorough coverage to a wide 
area. By this approach, an oppor tuni ty will be given for rapid establish
ment of the microbial agent and quick suppression of the pest. 

Certain highly desirable pathogens, such as the entomophthoraceous 
fungi that attack aphids and other insects, may be adaptable to cultiva
tion on a small scale, bu t may not be produced in quant i ty , economically 
or physically, by means available in the average laboratory. Advantage 
may be taken of the cultivability of such a microorganism by making 
repeated placement of artificial cultures in protected locations in the 
midst of healthy host popula t ions in the field, with the expectation that 
the infective spore stages of the pathogen will be transmitted from cul
ture to new host by the same means employed under na tura l conditions. 
In the case of pathogens that are difficult to produce in quant i ty , 
either on artificial media or in insectary insects, the best method of intro
duct ion may be the placement of infected living hosts into contact with 
healthy susceptible host insects in the field. Where quaran t ine regula
tions have been established, the diseased "seed stock" used in the first 
releases probably will have to be infected in the insectary to prevent the 
chance entry of hyperparasites and p lant diseases. If these initial intro
ductions are successful, subsequent releases may be made subject to area 
control by the collection and transfer of infected host populat ions to new 
locations where the microorganism may have a chance of becoming es
tablished. A modification of this technique in which contaminated adults 
would be released to spread a pathogen has been suggested by Knipl ing 
(1960). 

Some of the early efforts to use entomogenous microorganisms in co
ordinated programs of biological control led to the belief in some circles 
that the catastrophic na tu re of pathogens would be detr imental to the 
control of pest species by upset t ing the activity of beneficial insects. Th i s 
idea never received wide acceptance, and, as the knowledge of microbial 
control has increased, it has become apparent , as stated by T a n a d a 
(1959), that pathogens may be established in combinat ion (or coordina
tion) with insect parasites, predators, or other entomogenous microorgan
isms for the overall a t ta inment of long-term reduct ion and possible 
eventual pe rmanen t control of the pest species. Th i s modern viewpoint 
is in agreement with the widespread concept that as many biotic agents 
as possible should be released in any effort to biologically regulate an 
insect pest. I t is recognized that in any program of mul t ip le releases, 
there will be a lack of synchronization among some of the parasites, and 
certain species will develop at the expense of others. T h e competi t ion for 
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host material will br ing about a rapid adjustment of popula t ion levels, 
and those organisms, be they pathogens or insects, possessing the char
acteristics that permit survival will take over and become par t of the 
biota acting to regulate the host species while the less adaptive organisms 
will fail to become established. Entomogenous microorganisms and other 
biological agents may enter into competi t ion in certain situations; how
ever, they often are qui te compatible under na tura l conditions since they 
may operate against populat ions of the same host at different times of 
the year. For example, the fungus Entomophthora exitialis Hal l and 
D u n n is most effective against the spotted alfalfa aphid, Therioaphis 
maculata (Buckton), in the low desert areas of southern California dur ing 
the winter months when the parasitic wasp Praon pallitans Muesebeck 
is in diapause, and the fungus disappears from the scene dur ing the 
warm summer period when the insect parasite is most active. Pathogens 
and other biota also may operate in close synchronization when they are 
present in the host popula t ion at the same time. Th i s is exemplified by 
the many cases of na tura l control of lepidopterous pests wherein insect 
parasites develop in the younger-instar larvae and virulent viruses spread 
rapidly through the populat ions of older larvae that developed in spite 
of the parasite activity. 

T h e integrat ion of introduced pathogens with chemical control 
agents must be the subject of speculation at this t ime because very little 
is known of the effect of the various ingredients of chemical materials 
on the exposed stages of the different types of microorganisms. I t may be 
reasoned that the highly resistant spores of some bacteria and the pro
tective polyhedra of many viruses would furnish protection to the infec
tive stages from the m i n i m u m amounts of chemical materials that would 
be contacted as the result of insecticidal or fungicidal applications. How
ever, since some chemicals are known to have a deleterious effect on 
artificial cultures of certain species of entomophthoraceous fungi (Hall 
and Dunn , 1959), it can be assumed that the very tender exposed port ions 
of these and other similar microorganisms would be damaged when cov
ered by a chemical dur ing t reatment of the crop. Fortunately, in many 
situations this does not occur since chemicals may not be needed when 
the microorganisms are active and wide-scale insecticidal applications 
are made dur ing the period of the year when the pathogens, facing 
unfavorable environmental conditions, have transformed into more re
sistant resting stages. 

I t is possible that the action of chemical materials on the pest insect 
species may have an impor tan t effect on an introduced pathogen. Th i s 
could be particularly impor tan t in a si tuation where there exists a fine 
balance between the pathogen and its host. In such a case, the disap-
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pearance of the host supply, because of the sterilizing effect of a highly 
efficient insecticide dur ing a period when the pathogen was not pro
ducing resistive stages, could cause a severe disrupt ion of the cycle of 
development of an entomogenous microorganism and thus prevent its 
successful establishment. 

B. Direct Manipulation for Short-Term Insecticidal Control 

In recent years in areas of the world where intensive agriculture has 
necessitated the development of procedures to cope with increasing pest 
problems, the pr incipal interest in microbial control has been directed 
toward the util ization of insect pathogens in the manne r of chemical 
insecticides for the quick control of economic pest infestations. As a 
result, a t tempts have been made to develop means of applying ento
mogenous microorganisms directly to infested crops for the purpose of 
inducing mass infection and subsequent rapid reduct ion of the host 
populat ions. As with chemical control measures, the control a t ta ined by 
the use of microorganisms in this fashion would be at best only temporary 
in na ture . 

Al though only a few promising pathogens have been subjected to 
extensive testing in the field, the results of the l imited studies have given 
the indicat ion that microbial control is a distinct possibility and many 
microorganisms may prove to be adaptable to applicat ion to all types of 
crops with the conventional g round and air-power equ ipment in use in 
pest control programs throughout the world. Following the general t rend 
to favor the use of sprayable materials, most of the entomogenous micro
organisms have been applied as sprays through all types of nozzle equip
ment . T h e materials have been successfully appl ied at bo th high and 
low gallonage to meet the needs for p roper coverage of the foliage, and 
certain pathogens have been found to possess the ability to withstand 
very high pressure wi thout loss of effectiveness. I n addit ion, work has been 
done on the development of dust, granular , and bait preparat ions of 
pathogenic materials for the a t ta inment of more effective control. In 
certain situations, the use of these speciality formulations has made the 
difference between success and failure in the uti l ization of a micro
organism as an insecticide. Because of this, it may be expected that those 
pathogens which can be adapted readily to all types of formulations and 
means of applicat ion will be more useful, and therefore more successful, 
in fitting in alongside the recommended chemical materials in many 
insect control programs. 

T h e effectiveness of any microbial material will depend to a great 
extent upon the survival of the pathogen wi thout u n d u e loss of virulence 
from the t ime of product ion, on through application, unt i l contact or 
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ingestion by a susceptible host. T h a t por t ion of survival between appli
cation and contact with the host may be considered to be the persistence 
or residual activity of the pathogen on the crop. T o minimize the prob
lem of survival, pathogens should be applied in their resistant stages 
wherever possible. T h e importance of these stages has been widely recog
nized and most of the promising pathogens that have been tested success
fully in recent years have had resistant stages, such as spores of bacteria 
or polyhedra of viruses, that could be formulated into applicable mate
rials. Al though not completely neglected to date, the insect pathogens 
that do not form resistant stages have received very little at tent ion. 
However, there are a n u m b e r of species in this group that may be of 
promise as microbial control agents if applied with additive materials 
that will serve as protectants of the nonresistive stages to preserve the 
viability of the pathogens unt i l contact or ingestion with a susceptible 
host. 

T h e value of residual activity will vary greatly according to the par
ticular microbial control effort and the pathogen-host relationship. Long 
residual activity may be of m i n i m u m importance when a highly patho
genic microorganism is applied for the control of an insect that develops 
only one generat ion dur ing the growing period of a crop, since the pest 
populat ion, once reduced, does not bui ld u p again dur ing the same cycle 
of p lan t growth (Hall, 1961). Moreover, survival of viable stages may 
not be a factor affecting the crystalliferous bacteria, such as Bacillus 
thuringiensis var. thuringiensis Berliner, since the insecticidal properties 
of these microorganisms are invested, in par t at least, in the "crystallike" 
proteinaceous inclusion bodies and in other toxins that are external to 
the spores. In using this type of microorganism, as with chemical mate
rials, the residual effect of the toxic by-products applied to the crop will 
be of major importance and the pathogens will not be expected to 
perpetuate themselves on the foliage. O n the other hand, in situations 
where populat ions of a pest tend to overlap, the residual activity of a 
pathogen, either through viable resistive stages or toxic by-products, can 
be an impor tan t factor governing its use since the need for addit ional 
applications to main ta in effective control of the pest will depend on the 
persistence of the infective material . 

T h e ability of a pathogen to increase its concentration on the foliage 
has an impor tan t effect on residual activity. It has been stated by Hal l 
(1961) that since virus-killed larvae usually remain on the foliage unless 
dislodged by physical agents, the viruses should have a lengthy residual 
activity l imited only by the stresses in the environment , including 
weathering action and the di lu t ion effect of growth of the plant . In 
contrast, insects killed by bacteria tend to fall from the foliage and, since 
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no increase of infective stages can occur on the plants to compensate for 
actions such as weathering and growth, the residual effect should be 
expected to be of relatively short dura t ion. 

Al though laboratory tests can furnish data that suggest the efficacy 
of a microbial insecticide against a given insect pest, the actual effective
ness of a pa thogen can be determined with certainty only through 
well-planned and executed field studies under conditions that are repre
sentative of those faced dur ing practical control procedures. Proper 
dosage levels can be established easily with the techniques that are in 
wide-scale use in the testing of chemical insecticides. If microorganisms 
from a commercial source are being tested, the suggestions from the 
manufacturers can serve as start ing points for dosage evaluations for each 
susceptible insect and crop. If suggestions of this type are not available 
or a noncommercial microorganism is being tested, the field dosage 
should be high in the initial applications to give the pathogen every 
chance to at tain control, and then adjusted in subsequent trials to more 
practical levels. 

T h e dosage of a given pathogen that must be applied for effective 
control of a par t icular pest will vary according to the size and charac
teristics of the crop on which the insects are feeding and type of applica
tion (i.e., dust or spray) that is necessary to place the infective materials 
in contact with the pest popula t ion . Addit ionally, a par t icular micro
organism may be highly pathogenic against one insect pest with only 
a low dosage required for adequate suppression, and at the same t ime 
may be only marginally pathogenic against another pest species with a 
very high dosage required for control. These facts, plus the marked 
differences in the values of different crops and the resultant variations 
in the permissible costs for pest control, make it evident that the deter
minat ion and subsequent recommendat ion and util ization of a proper 
dosage of any mass-produced pathogen will be dependent on the cost 
of the material and the degree of control that can be at tained. 

T h e standardizat ion of microbial materials is a necessity where insect 
pathogens are being developed for wide-scale agricultural use since it is 
mandatory that insect control be achieved with a m i n i m u m of difficulty. 
Wi thou t satisfactory methods of standardization, it is almost impossible 
to at tain successful control with the frequency necessary to permit the 
recommendat ion and wide-scale use of a microbial insecticide for positive 
suppression of an insect popula t ion . Since mass-produced microbial 
materials are living entities or their by-products, and some pathogens can 
be made to vary in toxicity to their insect hosts by slight variations of 
the substrate in artificial culture, it is apparen t that microorganisms 
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cannot be treated in the manner of a specific chemical insecticide that 
has the same structure regardless of source. 

Standardization of a single microbial product from one manufacturer 
can be achieved through the development of bioassay techniques utilizing 
one or more selected insect hosts plus arbitrari ly established counting 
methods to assure the product ion and dis tr ibut ion of a uniform material . 
Difficulty is encountered when more than one manufacturer or processor 
handles the same entomogenous microorganism. Th i s problem can be 
lessened to some extent by the careful independent effort by each manu
facturer to adopt techniques for a t ta ining the most potent material that 
can be evolved from the established method of product ion. T h e resultant 
preparat ions, a l though undoubtedly not of the same level of toxicity, 
should be similar enough in activity following formulat ion to permit the 
establishment of levels of use in some pest control programs that would 
be slight overdosages for some products while permi t t ing satisfactory 
performances from the least effective material . Th i s is not to be con
strued as a recommended substi tute for an effective method of 
standardization agreed on by the different manufacturers. However, it 
is a means of permi t t ing the util ization of insect pathogens unt i l accept
able methods of standardization are achieved. An applicat ion of this 
technique will be discussed later in Section IV, A of this chapter. 

One of the major obstacles in the pa th of developing microbial 
insecticides is the widespread hesitancy of growers to accept this new 
method of control because of the general slowness of action of the 
stomach-poison type of materials caused by the t ime delay dur ing the 
period of incubat ion of the disease from the moment of ingestion and 
infection to the cessation of feeding and death of the insect host. Th i s 
apparen t delay in activity plus the frequent survival of diseased insects 
for variable periods after t reatment often has placed microbial materials 
in an unfavorable position as compared to the activity of many of the 
modern chemical insecticides. Because of this, the acceptance of pathogens 
for use in modern pest control programs may necessitate a change of 
att i tudes on the par t of the grower and economic entomologist from the 
idea of quick eradication of a pest popula t ion with resultant insect-free 
plants to the acceptance of control through induced cessation of feeding. 
Bringing about such a change of feeling must be recognized as a difficult 
task which will have to be accomplished through a program of education 
to furnish evidence that in most instances the cont inued presence of 
insects on the crop may not be of importance because the insects are 
causing damage no longer. 

Because any delay in insecticidal action following t reatment may 
greatly influence the degree of control that can or must be obtained, it 
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is an impor tan t factor that must be weighed when considering the use of 
microbial materials to suppress insects on crops where damage cannot be 
tolerated. Therefore, it is possible that the relatively long incubat ion 
period of some pathogens may prohib i t their use against serious pests of 
high-value crops. I t must be understood that the proper use of microbial 
materials probably will require precise t iming of applicat ion to allow 
for the characteristic periods of incubat ion of the part icular preparat ions. 
T h e pathogens with short incubat ion periods, including the crystal
liferous bacterium, B. thuringiensis var. thuringiensis, which has been 
found to be capable of causing death to certain susceptible hosts in the 
field as quickly as 24 hours after application, should require no par t icular 
changes in t iming from present day practices since their speed of action 
should not differ too greatly from the activity of a great many of the 
chemical materials in general use today. However, the use of infectious 
agents, such as the viruses, with relatively long incubat ion periods may 
require earlier applicat ion to compensate for the delay in action in order 
to prevent excessive damage to the plants . T h i s could create problems by 
forcing undesired adjustments in the detection of pest populat ions on 
different crops to permi t earlier t reatment or result in the adopt ion of 
programs of preventive applications which are not looked on with 
favor by many entomologists. 

Modern chemical control has made noted advances through the devel
opment of various types of insecticides that quickly kill pest insects on 
contact and often cause addi t ional mortal i ty by fuming action under 
favorable climatic conditions. It must be recognized that insect patho
gens do not possess these characteristics, and, a l though some species do 
have means of dispersion to place them in contact with their host, many 
of the microorganisms, such as the bacteria and the viruses that are con
sidered to have the greatest potent ia l as microbial insecticides, have 
modes of action in the na tu re of a stomach poison. I t is unders tandable , 
therefore, that microbial preparat ions of this type must be placed where 
the feeding stages of the pest insects are active in order that the sus
ceptible hosts will ingest enough of the infective materials to become 
diseased, cease to feed, and die. T o br ing this about quickly enough to 
minimize damage to the crop, it is essential that applicat ion techniques 
be used to assure thorough coverage of the total feeding areas on every 
plant . 

T h e coverage that will be needed to obta in satisfactory control will 
vary with the virulence of the pathogen, the susceptibility of the insect 
popula t ion , the feeding habits of pests, and the growth characteristics 
of the crop. A low-gallonage spray applicat ion of preparat ions of a virus 
or B. thuringiensis var. thuringiensis to the uppe r port ions of the plant 



490 IRVIN Μ. HALL 

will result in good control of the alfalfa caterpillar, Colias eurytheme 
Boisduval, since the highly susceptible larvae feed on the exposed tips 
of the foliage. O n the other hand, larvae of the cabbage looper, Tricho-
plusia ni (Hübner) , spend the first por t ion of their life on the undersides 
of the outer leaves of host crops such as lettuce and cabbage and, as they 
mature , move into the protected inner port ions of the plants. In general, 
the application of sprays of wettable-powder formulations of B. thurin
giensis var. thuringiensis against cabbage-looper infestations have given 
inadequate results. Good control of the pest larvae on low spread-out 
foliage has been obtained only with the use of dust preparat ions, which 
through swirling action, place a deposit of infective material on all 
exposed surfaces of the foliage. 

T h e assumption is widespread that the inherent specificity of ento
mogenous microorganisms will permi t the selected use of microbial 
materials for the control of pest insects wi thout adverse effect to bene
ficial species. Th i s may prove to be t rue as far as the direct infective 
actions of the pathogens themselves are concerned as the use of microbial 
control procedures is increased in the years ahead. However, care will 
have to be taken to prevent upsets to the populat ions of beneficial insects 
through indirect nonmicrobial factors created in the commercial pro
duct ion and formulat ion of microbial materials. Of pr ime importance in 
this regard is the distinct possibility of repellency in which the applica
tion of deposits of certain types of microorganisms or the inert additives 
in the formulations could create unfavorable environmental conditions 
that would cause the mass exodus of species of beneficial insects from the 
treated fields. 

Indigenous pathogens and errtomophagous insects qui te often are 
delicately synchronized in relation to their own and host development 
and complement each other in a t ta ining a level of na tura l control of a 
pest. Therefore, it is reasonable to expect that the application of mate
rials containing pathogens which already are present in the environment 
to advance the mortal i ty peak of epizootics that occur natural ly could 
cause disruptions in the synchronization of host-parasite development 
that could drastically affect the activity of the beneficial insects. Such 
antagonism could be more marked with the use of non-native microbes, 
such as B. thuringiensis var. thuringiensis, since the material containing 
them, al though not directly infecting the parasites and predators, would 
act in the manner of a chemical insecticide by kill ing large numbers of 
pest popula t ion and thereby upsett ing future development of the bene
ficial species. It may be possible to surmount this problem through the 
development of precise techniques of t iming of application following 
careful supervised control evaluations of the pest and beneficial insect 
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populat ions. However, should difficulties of this type develop, it is un
likely that they would prove to be highly detr imental to the use of 
microbial materials since the upsets to beneficial insects in most instances 
would be minor in comparison to the drastic "field sterilizations" caused 
by many of the modern wide-spectrum chemical insecticides. 

Very little information is available on the effect of agricultural chem
icals on the new microbial insecticides, and any speculation wi thout the 
support of thorough laboratory and field studies at best would be guess
work. Certain aspects of this problem that were discussed in Section I I I , 
A of this chapter in relat ion to the in t roduct ion of entomogenous micro
organisms would apply also to pathogens being developed for short-term 
insecticidal use. It appears, though, that most of the adjuvants in agricul
tural use, when used properly, should have no harmful effect on mi
crobial preparat ions containing resistant stages, and the inclusion of 
such materials, when necessary for bet ter applicat ion and retent ion on 
the plants , may permi t m a x i m u m insecticidal activity by the infective 
agents. T h e r e are, however, many factors that must be considered in 
determining the compatibil i ty of microbial and chemical insecticides. 
These include the characteristics of the par t icular pathogen plus the 
short- and long-term effects of the technical compounds and associated 
extenders and emulsifying agents that are used in the formulat ion of 
the materials, not only dur ing periods of storage pr ior to use, bu t also 
dur ing the t ime of applicat ion and while the combined materials are on 
the foliage. I t is evident that the pa t te rn already has been set in the 
early commercial development of B. thuringiensis var. thuringiensis as a 
microbial insecticide in which field entomologists have started to experi
ment with the applicat ion of microbial-chemical mixtures (McEwen 
et al., 1960). T h e reasoning beh ind these uses is twofold as far as the 
microbial pesticide industry in the Uni ted States is concerned. In the 
first place, it has been recognized that pathogens qui te often have their 
l imitations as to host range and that, to permit their use where two or 
more pest species are present at economic levels, chemicals may have to 
be added to control the insects that are not susceptible to the microbial 
material . Secondly, there is the feeling that the marginal effectiveness 
of a pathogen against a par t icular pest may be enhanced by application 
in a mix ture with a marginally effective chemical material . Theoretically, 
the two materials would assist each other, the pathogen making the pest 
sick enough to become less resistant to the chemical, and the chemical 
in tu rn weakening the pest sufficiently to make it more susceptible to 
infection by the microorganism. Such a program has been used with 
success in experiments in Russia by Telenga (1958) who combined sub
lethal dosages of B H C and D D T with Beauveria bassiana (Balsamo) 
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Vuillemin and Metarrhizium sp. to control the sugar-beet weevil, 
Bothynoderes punctiventris (Linnaeus), the codling moth, Carpocapsa 
pomonella (Linnaeus), the brown-tail moth , Nygmia phaeorrhoea (Don
ovan), and other insects. Fur ther support of this idea has been given by 
Veber and Jasic (1961) who suggest that the chronic effect of infections 
such as those caused by the entomogenous protozoa can result in a 
general reduct ion of the biological potency of the host in succeeding 
generations, including, in part , a lowered resistance to chemical insec
ticides. 

Al though it can be expected, in the Uni ted States at least, that the 
use of microbial-chemical mixtures will become commonplace as the 
products containing B. thuringiensis var. thuringiensis enter into general 
use, only t ime will tell whether or not this practice will develop on a 
sound basis. T h e r e is speculation in some quarters that if a chemical 
is needed to make a pathogen workable in any situation at this stage 
of development of microbial control practices, it may be bet ter to use 
an effective chemical by itself, since the addi t ion of even a marginal 
compound to a microbial prepara t ion would nullify the "no chemical 
residue" advantage of the pathogen. 

Because of the calamitous effects of the rapid development of resist
ance by insect pests to chemical insecticides in recent years, there has 
been considerable speculation that similar problems of resistance to 
microbial products will begin to appear as soon as the materials are 
widely used. Since this has not yet occurred, it only can be said at this 
t ime that there have been no detections of indications that species of 
insects have started to become resistant to the actions of applied micro
organisms or their by-products (e.g., see Steinhaus, 1959c). Al though 
studies on the resistance of insect populat ions to infection by certain 
pathogens have been reported (David and Gardiner , 1960; Mart ignoni 
and Schmid, 1961), very little is known of the basic aspects of either nat
ural or acquired resistance of insects to infective processes, and the meth
ods of development of such phenomenon are almost totally unexplored. 
Nevertheless, it is believed that susceptibility of an insect to t rue infec
tion by a living microorganism, al though showing some variat ion within 
a given popula t ion, is not a rapidly shifting phenomenon, and alter
ations that would indicate changes in levels of susceptibility (or resist
ance) should not be expected to occur rapidly. 

T h e possibility of the development of resistance to the chemical 
action of microbial by-products, such as the toxins associated with B. 
thuringiensis var. thuringiensis, is a different matter . Recent history has 
shown that resistance to chemicals can occur rapidly in populat ions of 
many different species of insects. Since the toxins of B. thuringiensis var. 
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thuringiensis vary in their effectiveness against different pest insects and 
even within populat ions of a single species, it must be recognized that 
changes in resistance by an insect may be possible after frequent contact 
with the toxic materials. Whe the r or not this will occur will remain 
conjecture unt i l wide-scale commercial use of the microbial insecticides 
becomes a reality. 

IV. PRACTICAL U S E OF ENTOMOGENOUS MICROORGANISMS 

Although at tempts have been made in the past to utilize ento
mogenous microorganisms to suppress popula t ions of pest insects, the 
present movement underway in many parts of the world to develop 
usable microbial insecticides has transcended any previous efforts. In 
the Uni ted States in par t icular the advances in the last five years in the 
development of commercial microbial control is wi thout parallel in the 
history of applied insect pathology. 

A. Bacteria 

Industr ia l interest in the use of entomogenous microorganisms in 
the Uni ted States made a noticeable u p t u r n in 1956 shortly after the 
appearance of articles by Steinhaus (1956a, b) on the potentiali t ies of 
microbial control and living insecticides. Ini t ial response came primarily 
from companies with experience in the mass cul ture of microorganisms 
and an intense interest in the possibilities of expanding into the pro
duct ion of materials for the agricultural market . In addit ion, inquiries 
were received by insect pathologists from many of the chemical com
panies with vested interests in the manufacture and sale of insecticides. 
It became evident very rapidly that interest in applied insect pathology 
was widespread and that there were qui te a few industr ial concerns 
willing to under take efforts to determine the potentiali t ies of the micro
bial method of insect control. T h e studies of Steinhaus (1951) on the 
control of the alfalfa caterpillar, Colias eurytheme Boisduval, had sug
gested that the crystalliferous bacter ium B. thuringiensis var. thuringien
sis might possess the characteristics of ease of product ion, viability, and 
virulence that would make it an ideal pathogen to be developed by 
industry into a microbial insecticide. Ini t ial interest was focused in this 
direction, and within the next few months several firms had programs 
underway leading toward the development of means of manufactur ing 
the bacillus in to a usable insecticidal product . 

In the beginning stages of this new under taking, most of the com
panies main ta ined close contact with the insect pathologists of the 
University of California in an effort to gain an unders tanding of the 
problems involved and to receive technical assistance in the establish-
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merit of procedures for the development of microbial insecticide materials 
that could compete with existing chemical products. Cul tura l studies 
at laboratory and pilot p lan t levels by each manufacturer were followed 
by the development of specific techniques for the mass product ion of 
B. thuringiensis var. thuringiensis. A critical analysis of the evolvement 
of industrial insect pathology and modern mass-production methods has 
been presented in Chapter 15 of this volume. Aspects dealing with 
methods of manufacture will be discussed in this report only in respect 
to the techniques of formulation that have a direct influence on the 
applied use of microbial insecticides. 

As the commercial studies progressed, some of the companies sent 
samples of their bacillus preparat ions to the University of California 
insect pathology laboratories at Berkeley and Riverside to be checked 
for insecticidal activity against suitable test insects. Many different 
microbial samples were tested against insects such as the alfalfa cater
pillar, C. eurytheme, the cabbage looper, Τ. ni, the diamondback moth , 
Plutella maculipennis Curtis, the greenhouse leaf tier, Udea rubigalis 
(Guenee), and the salt-marsh caterpillar, Estigmene acrea (Drury), in an 
effort to find a species that had the necessary characteristics of wide
spread availability, ease of rear ing and handl ing, freedom from cata
strophic diseases, and satisfactory response to infectivity tests. Of the 
above-named insects, the salt-marsh caterpillar was found to be the 
most suitable insect for use in the bioassay of bacillus materials. It was 
readily accepted by industry and has become the s tandard insect in the 
microbial insecticide program in the Uni ted States for the bioassay of 
bacillus products in relat ion to infection by germinat ion of the spores 
with the resulting lethal septicemia and the effect of the toxin in the 
proteinaceous crystalline inclusions. In addit ion, certain industrial con
cerns have adopted the use of larvae of the house fly, Musca dornestica 
Linnaeus, to bioassay another toxin, produced outside of the crystals, 
that has become known in some circles as the "fly factor." 

W h e n the commercial materials began to make their appearance in 
quanti ty, it was with the unders tanding that the microbial products 
would be evaluated by entomologists throughout the Uni ted States as 
well as in other parts of the world on the same basis as any chemical 
insecticide, and the pathogenic materials would have to perform in a 
satisfactory manner if they were to be used in insect control programs. 
I t was recognized that the microbial materials would not be accepted for 
general use just because they left no residue on the foliage that was 
toxic for warm-blooded animals or had no appreciable effect on insect 
parasites, predators, and bees, and they would have to compete in terms 
of applicability and cost, as well as performance under varied situations 
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in the field, against the ever-growing complex of efficient chemical in
secticides. T h e best chance for early acceptance and use of commercial 
pathogens appeared to be in situations where residue problems were 
critical on certain crops or where resistance to chemicals by insect pests 
was making control by s tandard practices more difficult. W i t h these 
points in mind , init ial microbial control studies in southern California 
were under taken against the alfalfa caterpillar on alfalfa and the cab
bage looper on lettuce and various cole crops. 

T h e first commercial materials containing B. thuringiensis var. 
thuringiensis were made available for testing in the field in the Uni ted 
States in 1958. T h e initial preparat ions that were received at Riverside 
in most cases were crude materials from the laboratory or pilot p lan t 
that were dispatched wi thout formulat ion to permi t the field studies to 
get underway. Al though none of the materials were processed for spray 
application, they were referred to, in a general way, by the manu
facturers as wettable powder products. Therefore, in the initial field 
test the various preparat ions were applied by h a n d sprayer to cauli
flower plants for the control of the cabbage looper. In addit ion, one 
material , in which the bacillus ingredient was blended with a Celite 
carrier to a concentrat ion of approximately 3 bil l ion viable spores per 
gram, was applied as a dust. W h e n the counts of the larval popula t ions 
in the plots were made a few days later, it was determined that the 
sprayed materials, which were applied with difficulty, failed to give good 
control regardless of the amount of mater ial applied to the foliage 
whereas the easily applied dust killed almost 100 percent of the larvae. 
Subsequent tests of these and other early materials bore out the superi
ority of bacillus dusts over sprays when used to control the cabbage 
looper, and indicated the possible desirability of dust formulations in 
situations where thorough coverage of difficult-to-spray foliage is neces
sary in order to obta in satisfactory control (Hall and Andres, 1959; 
Grigarick and T a n a d a , 1959). U p o n receipt of this information, the 
various manufacturers under took the processing of dust materials, and, 
dur ing 1959 and 1960, greatly improved microbial dust formulations were 
made available. These materials, in general, proved to be qui te effec
tive against the cabbage looper on lettuce, as well as on cabbage and 
cauliflower, when applied in amounts commensurate to their formulated 
levels of insecticidal activity (Hall et al., 1961; Shorey and Hal l , 1962). 

Whi le microbial dusts containing B. thuringiensis var. thuringiensis 
have turned out to be superior to sprayed materials for the control of 
certain insects such as the cabbage looper and the imported cabbage
worm, Pieris rapae (Linnaeus), on vegetable crops in southern Cali
fornia, bacillus wettable powder preparat ions have been found to be 
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satisfactory for use in the control of the alfalfa caterpillar on alfalfa. 
In the first g round and air application tests, utilizing the best of the 
early-series wettable powder formulations, it was found that low dosages 
of the material applied as sprays to the tops of the plants by ground 
and air equipment caused the fourth- and fifth-instar larvae of this highly 
susceptible insect to stop feeding and drop from the foliage within 
24 hours after applicat ion (Stern et al., 1959). Subsequent tests with 
improved wettable powder materials from several manufacturers have 
given similar results (Hall and Stern, 1962). W i t h the prohibi t ion of 
the use of many chemical materials on alfalfa, it is possible that the 
bacillus products may end u p being the insecticide used to control the 
alfalfa caterpillar in California. 

As has been indicated previously, the proper processing of microbial 
insecticides is essential if the products are to a t ta in any marked degree 
of acceptance for use in insect control programs. T h e materials should 
be as highly developed as technology will permit in order to minimize 
the chance of failure when used by the grower or pest control operator. 
In addit ion, the products from different sources should have a degree 
of equality brought about through some means of industry standard
ization. Th i s question of standardization is probably the greatest prob
lem that confronts the several manufacturers of microbial insecticide 
materials in the Uni ted States. Unfortunately, this problem is much 
more complex with pathogenic materials than it is with chemical in
secticides that are stabilized by formula and always have the same 
chemical content regardless of source. Microbial materials containing 
B. thuringiensis var. thuringiensis, on the other hand , are known to vary 
in insecticidal activity when grown in different media. Al though it 
would be no problem for each company to stabilize his own product , 
the different manufacturers produce their bacillus materials by tech
niques that undoubtedly differ from those of their competitors, with 
the result that variations in the toxicity of the final products that reach 
the market must be expected. Agreement for product standardization 
through single-method product ion does not appear to be possible be
cause of the diversity of methods of manufacture. Therefore, the solu
tion must be an arrangement among the manufacturers of the microbial 
products to adapt uniform bioassay and counting procedures and to 
stabilize their materials in relation to an established standard of in
secticidal activity. Because of the complexity of industr ial microbial 
control in the Uni ted States, it would appear that the biological uni t 
measurement advocated by Burgerjon (1957, 1959), and supported by 
Heimpel and Angus (1960), for the comparison of new formulations or 
strains with a s tandard prepara t ion will not solve the problem since it 
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is na tura l to expect that any industr ial agreement will assure that no 
product will be placed at a competitive disadvantage when made avail
able to the grower and pest control operator through established sales 
procedures. 

T h e agencies of the Federal government which supervise strict con
trol over the use of chemical pesticides in the Uni ted States have exerted 
an influence to some degree over product s tandardizat ion by main ta in ing 
rigorous control over the registration of microbial materials. In order 
to obta in Federal registration, which is necessary for the interstate use 
of insecticides, the microbial materials have had to meet certain precise 
standards to assure their safe use. T h e products were subjected to exhaus
tive toxicological and bacteriological studies by commercial testing 
laboratories and government agencies before registration was forth
coming. Many of these findings remain unpubl ished, bu t some of the 
initial studies have been made available (Fisher and Rosner, 1959). 
Certain other aspects relat ing to the harmlessness of insect pathogens, 
to standardization, and to data per ta in ing to the improbabil i ty of B. 
thuringiensis mu ta t ing to forms pathogenic for vertebrates have been 
discussed by Steinhaus (1957b, 1959b). 

Regulat ions have been set u p to determine the safety of continuously 
manufactured microbial products . These regulations as constituted on 
September 1, 1961, require that the microbial pesticide for which exemp
tion from a tolerance has been established shall have the following 
specifications: 

(1) T h e microorganism shall be an authent ic strain of Bacillus 
thuringiensis Berliner conforming to the morphological and biochemical 
characteristics of B. thuringiensis as described in "Bergey's M a n u a l " 
(Breed et al, 1957). 

(2) Spore preparat ions of B. thuringiensis shall be produced by 
pure-culture fermentat ion procedures with adequate control measures 
dur ing product ion to detect any changes from the characteristics of the 
parent strain or contaminat ion by other microorganisms. 

(3) Each lot of spore preparat ion, pr ior to the addi t ion of other 
materials, shall be tested by subcutaneous injection of at least 1 mill ion 
spores in to each of five laboratory test mice weighing 17 grams to 23 
grams. Such test shall show no evidence of infection or injury in the 
test animals when observed for 7 days following injection. 

An added requi rement for Federal registration is the inclusion of 
spore-count information on the label of each package of microbial in
secticide material . T h e need for this rule may be questioned, for, al
though the spore-count method has been used repeatedly to determine 
the concentrat ion of infective bacillus materials, it is widely recognized 
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that the count of viable spores is not an accurate guide to the toxicity of 
materials containing B. thuringiensis var. thuringiensis because of the 
importance of the toxins that are exterior to the spore. T o circumvent 
this problem while adhering to the legal requirements , some manu
facturers have under taken the listing of the rat io of crystalline-inclusions-
to-viable spores as a means of furnishing a more reliable guide to the 
insecticidal activity of their products. 

Considerable progress has been made by the various manufacturers in 
the formulation of their bacillus products, and addit ional improvements 
can be expected as experience is gained in the practical use of microbial 
insecticides. Al though initial emphasis was placed on the product ion of 
wettable powder materials, the most rapid progress has been made in 
the formulation of dust preparat ions. T h e bacillus concentrates were 
found to blend readily with diluents such as pyrophyllite, a hydrous 
a luminum silicate, to produce materials with good dust characteristics 
for satisfactory application and high enough toxicity levels to control 
an insect of moderate susceptibility such as the cabbage looper. At the 
present time, commercial microbial dust formulations are available in 
concentrations ranging from 2.5 bill ion to 7.5 bill ion spores per gram 
for use in various pest control programs. 

Wet table powders have been more of a problem, and, a l though some 
products have performed in an exemplary manner , others have been 
prone to clog the nozzles of g round equipment and stick the cutoff 
valves on aircraft. Much effort is being exerted toward improving the 
materials, especially in respect to reducing the size of the particles in 
the preparat ions, and it can be anticipated that in the not too distant 
future wettable powder formulations that can be used wi thout difficulty 
will be available from all the manufacturers. If present trends are con
t inued, the improved wettable powder materials will be made available 
at concentrations of from 25 bil l ion to 100 bill ion viable spores per 
gram. 

As of the writ ing of this chapter, there are four major brands of 
microbial insecticides containing B. thuringiensis var. thuringiensis in 
the Uni ted States. They are as follows: 

(1) Bakthane L-69®1 

(2) Biotrol BTB® 2 

ι Product of R o h m & Haas Co., Phi ladelphia, Pennsylvania. Formulations that 
are available include a wettable powder at a concentration of 75 bi l l ion spores per 
gram and a dust at a concentration of 5 bi l l ion spores per gram. 

2 Product of Nutri l i te Products, Inc., Buena Park, California. Formulations 
available include a wettable powder at a concentration of 25 bi l l ion spores per gram 
and a dust at a concentration of 2.5 bi l l ion spores per gram. Bio-guard® is another 
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(3) Parasporin® 3 

(4) Thur ic ide® 4 

At least one other company in the Uni ted States has made consider
able progress with the manufacture of B. thuringiensis var. thuringiensis 
preparat ions. Therefore, it is possible that more products will make 
their appearance if the agricultural and home markets cont inue to 
develop. 

Similar products are being produced in laboratories and institutes 
in several countries in Europe. These are listed by Krieg (1961) as 
follows: 

(1) Bactospeine IP 54 δ 

(2) Biospor 2802 6 

(3) Entobakter in 3 7 

(4) Sporeine 8 

According to information received from commercial circles within 
this country, u p to the present t ime the greatest interest in the Ameri
can-produced microbial insecticides from outside of the Uni ted States 
has come from Israel and New Zealand. Varying degrees of interest 
have been shown by entomologists in many other parts of the world, bu t 
in some countries, notably Austral ia and Japan , field tests have not 
been possible because of restrictions on the entry of microbial in
secticides that could have deleterious effects on beneficial insects such 
as the cactus moth, Cactoblastis cactorum Berg, and the silkworm, Bombyx 
mori (Linnaeus). 

T h e bacillus materials have been tested in many parts of the United 
States, pr imari ly against susceptible insect pests on vegetable and field 
crops. At present, all the American products have received an exemption 
from the requirement of a residue tolerance from the Food and Drug 
Adminis t ra t ion of the Federal government on the following raw agricul-

preparation formulated as a wettable powder at 15 bi l l ion spores per gram and as a 
dust at 2.5 bi l l ion spores per gram that has been developed by Nutri l i te Products, 
Inc. for the control of insect pests around the home. 

3 Product of Grain Processing Corporation, Muscatine, Iowa. Formulations available 
include wettable powders at concentrations of 50 bi l l ion and 100 bil l ion spores per 
gram and a dust at a concentration of 5 bi l l ion spores per gram. 

4 Product of Bioferm Corporation, Wasco, California. Formulations available 
include a wettable powder at a concentration of 30 bi l l ion spores per gram and 
dusts at concentrations of 5 bi l l ion and 3 bi l l ion spores per gram. 

5 Product of Institute Pasteur, France. 
6 Product of Farbwerke Hoechst, Germany. 
7 Product of Microbiological Laboratory of the Al l -Union Institutes for Plant 

Protection (VIZR), USSR. 
8 Product of Laboratoire LIBEC, Paris, Fiance. 
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tural commodities: alfalfa, apples, artichokes, beans, broccoli, cabbage, 
cauliflower, celery, cottonseed, lettuce, melons, potatoes, spinach, and 
tomatoes. Since only a few reports of results of recent tests have been 
published, very little is known about the field performance of the 
various materials, and there can be only speculation about the response 
on the par t of the agriculture industry to the idea of microbial insecti
cides in the different parts of the country. I t would appear, though, that 
at this t ime the preponderance of interest lies in the tobacco belt in the 
southeastern states and the vegetable and field crop areas in Florida and 
the West Coast. 

As far as is known, the only recommendations to date for the use of 
microbial insecticides containing B. thuringiensis var. thuringiensis have 
been made in California. These are: (1) for the use of dust formulations 
on lettuce, cabbage, cauliflower, broccoli, and celery for the control of 
the cabbage looper, the imported cabbageworm, and larvae of the 
diamondback moth , and (2) for the use of wettable powder formulations 
for the control of the alfalfa caterpillar on alfalfa. T h e lack of industr ial 
s tandardization presented a serious obstacle to the drafting of these 
recommendations by personnel of the Agricultural Exper iment Station 
and the Agricultural Extension Service of the University of California. 
Th i s was of par t icular importance with respect to the use of dusts be
cause of the noticeable variat ion in activity by the materials of different 
concentration. T h e recommendat ion was made finally on a dual basis 
in which the dusts with concentrations of 5 bil l ion spores per gram are 
to be applied at 30 pounds per acre and the material with 3 billion 
spores per gram at 50 pounds per acre. I t was recognized that this would 
create problems in local in terpreta t ion of the recommendat ion, bu t it 
was the best that could be accomplished unde r the circumstances. T h e 
recommendat ion was not extended to the nor thern par t of the state 
because of the lack of use of dusts on the crops concerned and the 
failure of microbial sprays to br ing about effective control. Because of 
the high degree of susceptibility of the insect to the bacillus, the develop
ment of a recommendat ion for the use of wettable powder products 
for the control of the alfalfa caterpillar was less of a problem, being 
l imited only by the characteristics of the various materials. T h e handl ing 
problems encountered with ground equipment was alleviated by recom
mending only air application, and a dosage of 6 ounces in 5 to 10 gallons 
of water per acre was established to assure the effectiveness of each 
material , regardless of its relative level of toxicity. Th i s was an over
dose for some materials; but , because of the market susceptibility of the 
insect, it was a means of a t ta ining some form of product standardization 
by making all the materials equal in field activity. 
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T h e problem of the development of resistance to chemical insecticides 
by the cabbage looper and associated lepidopterous larvae on row crops 
has focused considerable a t tent ion on the possibilities of utilizing the 
new commercial products containing B. thuringiensis var. thuringiensis 
in the control of these pests in other parts of the Uni ted States. T h e 
results of a n u m b e r of field studies with some of the early-series microbial 
preparat ions have been publ ished dur ing the past three years, and the 
variability of the findings have contr ibuted to unders tandable confusion 
concerning the value of bacillus products as insecticidal materials for 
control of the cabbage looper, the imported cabbageworm, the the 
diamondback moth . 

T h e data obtained by McEwen and Hervey (1959) in field trials 
with sprays of several bacillus preparat ions on broccoli and cauliflower 
at Geneva, New York, in 1958, gave the indicat ion that the imported 
cabbageworn could be controlled easily with relatively low dosages of 
infective material whereas control of the cabbage looper requires a 
much higher rate of application. Subsequent tests conducted in 1959 
with a different series of wettable powder preparat ions showed that sprays 
of B. thuringiensis var. thuringiensis can provide good control of these 
two insects, a l though because of the great difference in susceptibility, 
control of the imported cabbageworm required about one-eighth the 
amount of bacillus prepara t ion necessary to suppress the cabbage looper 
(McEwen et al., 1960). Th i s difference in susceptibility is in general 
agreement with the earlier findings of T a n a d a (1956), Hal l and D u n n 
(1958), and Hal l and Andres (1959). Entirely different results were 
obtained by Semel (1961), who reports that commercial preparat ions of 
B. thuringiensis var. thuringiensis used as sprays or a transplant-dip on 
cauliflower at Long Island, New York, were unable to give control of 
the cabbage looper. T h e lat ter findings are difficult to unders tand in 
the light of the much better results a t ta ined by McEwen and his associ
ates with spray applications and the excellent control with the use of 
dust formulations reported by Shorey and Hal l (1962). It would appear 
that the poor control obta ined by Semel resulted more from the inherent 
coverage difficulties encountered with the use of sprays and the drastic 
effect of the heavy rainfall that followed the d ip t reatment than the 
ineffectiveness of the microbial materials. Beyond a doubt , no chemical 
insecticide that required more than a few hours for control would have 
fared better under similar circumstances. Another report on the com
parative effectiveness of B. thuringiensis var. thuringiensis and other 
insecticidal materials against the cabbage looper on collards has been 
presented by Genung (1960). Unfortunately, the lack of information on 
the amounts of bacillus mater ial used in the Florida test prevents com-
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parison of the results with the findings of other workers. However, it is 
apparent that, in spite of coverage problems, the bacterial prepara t ion 
performed in a satisfactory manne r u p to 1 week after application and 
began to lose effectiveness at 14 days. 

Other tests of bacillus materials have been reported from Canada 
and Europe. Jaques and Fox (1960) state that B. entomocidus var. 
entomocidus Heimpel and Angus generally was more effective than 
B. thuringiensis var. thuringiensis when the two materials were applied 
as sprays against the imported cabbageworm in tests on cabbage in Nova 
Scotia in 1959. Both pathogens, a l though not equal in effectiveness to 
certain chemical insecticides, gave adequate protection to the cabbage 
plants. Performance was improved through the use of skim-milk powder 
and Geon latex as sticking agents. T h e successful use of sprays and 
dusts containing B. thuringiensis for control of the cabbageworm, P. 
hrassicae (Linnaeus), on cabbage has been reported from France 
(Lemoigne et al., 1956; Martoure t , 1959). It was found that for good 
results sprays containing 1 p o u n d of a powder with a toxicity level of 
900 biological units per 100 gallons should be applied at the rate of 
126 gallons per acre and dusts containing 5 percent of the powder at 
27 pounds per acre. Similar results have been obtained with B. thurin
giensis var. thuringiensis against the cabbageworm in Germany (Krieg, 
1957) and in Russia (Isakova, 1958). In the latter test, larval mortali ty 
was noted within 2 to 3 days after spraying with the bacterial material 
and control as high as 85 to 95 percent was attained. 

Spray and dust applications of experimental commercial preparat ions 
of B. thuringiensis var. thuringiensis have been found to be equally 
effective in l imit ing infestations of the artichoke p lume moth, Platyptilia 
carduidactyla (Riley), on young sprouts and developing artichokes in 
field tests conducted in California by T a n a d a and Reiner (1960). T h e 
effectiveness of the bacter ium is dependent on its high virulence for the 
first-instar larvae which are killed wi th in 1 or 2 days after infection and 
before they can mine into the p lan t tissues. Th i s study has demonstrated 
that highly virulent pathogens may be used against insect pests with 
low economic thresholds. I t has been followed by the registration of the 
commercial bacillus preparat ions for use on artichokes. However, addi
tional field evaluations and comparisons with accepted chemical con
trol programs will be needed before the microbial products can be 
recommended and adapted for use against artichoke p lume moth 
infestations. 

An a t tempt was made to determine the effectiveness of sprays of 
B. thuringiensis var. thuringiensis against the corn earworms, Heliothis 
zea (Boddie), on sweet corn in Nova Scotia (Jaques and Fox, 1960). T h e r e 
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was no evidence that the treatments caused any reduct ion in the n u m b e r 
of larvae in the ears. Th i s lack of control reflects not only the mode of 
activity of the corn earworm, which, like the larvae of the artichoke 
p lume moth , feeds very little on the surface and quickly enters into the 
protected inner parts of the plant , bu t also the relatively low degree 
of susceptibility of the insect to the bacillus. 

Fox and Jaques (1961) report interesting results of field tests con
ducted in Nova Scotia dur ing 1960 involving seven spray schedules 
using a commercial prepara t ion of B. thuringiensis var. thuringiensis, 
D D T , and rotenone for control of the impor ted cabbageworm and the 
diamondback moth . U p to three spray treatments were applied at 2-week 
intervals. It was found that none of the spray schedules tested el iminated 
either insect. However, the pests were adequately controlled by two 
spray schedules consisting of three applications of a microbial insecticide, 
or one applicat ion of D D T followed by two of the bacillus. Al though 
mortali ty of the cabbageworms was high immediately following one 
or two applications of the microbial material , the plants were not pro
tected for a sufficiently long period. Likewise, a single applicat ion of 
D D T followed by one applicat ion of bacillus did not protect the plants 
u p to the time of harvest. Al though the effectiveness of the microbial 
material against the insects was not outs tanding, the control was 
acceptable and demonstrated the potent ia l usefulness of B. thuringiensis 
var. thuringiensis as an alternative to D D T or rotenone. 

T h e r e has been considerable interest shown by entomologists in the 
Uni ted States in the use of microbial preparat ions for the control of 
insect pests on tobacco. These investigations have been motivated by 
the need to develop new materials or control methods that will result 
in reduced insecticidal residues for protect ion of the smoking public . 
Unfortunately, as of the wri t ing of this chapter, there are no published 
evaluations available on the efficacy of the new commercial bacillus 
products against the various tobacco pests. However, R a b b et al. (1957) 
report on the results of a series of small-plot field tests conducted in 
Nor th Carolina with sprays of a noncommercial p repara t ion of B. thu
ringiensis var. thuringiensis. I t was found that low dosages of this ma
terial, which at concentrations of 40 to 50 bil l ion spores per gram was 
within the range of the present commercial products , gave good control 
of the tomato hornworm, Protoparce quinquemaculata (Haworth) , and 
the tobacco hornworm, P. sexta (Johannson). At a dosage of approxi
mately 0.3 p o u n d in 50 to 60 gallons of water per acre, the bacillus 
suspension gave as good control 72 hours after t reatment as T D E , 
a recommended hornworm toxicant. I t was observed that the infected 
larvae ceased to feed almost immediately after t reatment , thereby 
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minimizing the more rapid larval kill by the chemical material . One 
noted drawback to the use of the pathogen against the complex of 
tobacco insects was the lack of effect on budworms [Heliothis sp., pri
marily H. virescens (Fabricius)] by the low dosages that controlled the 
hornworms. It would appear that the tobacco budworm, like its close 
relative the corn earworm, may have a low degree of susceptibility to 
the bacillus and means will have to be developed to place concentrated 
amounts of infective material into contact with the larvae. 

T h e r e are a few reports of tests of various species of entomogenous 
bacteria against insect pests of deciduous fruit crops. Tests by Jaques 
and Fox (1960) in Nova Scotia showed that an experimental commercial 
wettable powder prepara t ion of B. thuringiensis var. thuringiensis could 
be used for controll ing the winter moth , Operophtera brumata (Lin
naeus) and the fall cankerworm, Alsophila pometaria (Harris), on apple. 
Later studies on the same crop with several commercial bacillus materials 
indicated that spray applications provided good control of not only the 
above species, bu t also the eastern tent caterpillar, Malacosoma ameri-
canum (Fabricius). T h e microbial materials were less effective against 
larvae of the gray-banded leaf roller, Argyrotaenia mariana (Fernald), 
and the eye-spotted b u d moth, Spilonota ocellana (Denis and Schiffer
müller) . Good control of the red-banded leaf roller, A. velutinana 
(Walker), with the use of bacillus products has been reported by McEwen 
et al. (1960), a l though a relatively high dosage was required to provide 
suppression equal to that of normally recommended chemical insecti
cides. Addi t ional tests have been conducted against the codling moth , 
C. pomonella, on apple with commercial preparat ions of B. thuringiensis 
var. thuringiensis (McEwen et al., 1960; Jaques, 1961) and B. cereus 
Frankland and Frankland (Stephens, 1957). I n these experiments, the 
microbial materials gave some kill, but , in general, very inadequate 
control of the pest larvae. 

Commercial bacillus materials have been tested against defoliating 
insects of forest and shade trees in the Uni ted States and Canada. 
Cantwell et al. (1961) report the results of aerial tests made in wood
lands in Connecticut and Vermont in which sprays of B. thuringiensis 
var. thuringiensis provided control of heavy infestations of larvae of the 
gypsy moth, Porthetria dispar (Linnaeus), that compared favorably with 
chemical treatments. Tests r u n in New Brunswick and British Columbia 
gave the indication that a commercial microbial insecticide applied by 
airplane against infestations of the spruce budworm, Choristoneura 
fumiferana (Clemens), produced some insecticidal effect a l though the 
control achieved was not sufficiently high to consider its use in place of 
D D T (Prebble et al., 1961). T h e oil formulat ion used yielded easier 
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passage through the spray apparatus , a bet ter pa t te rn and degree of 
deposition of material , and slightly higher insecticidal effect than a 
water formulation. 

Many more tests of entomogenous bacteria have been made in 
Europe for the control of forest insect pests dur ing the past few years. 
A manufactured powder consisting mainly of toxic crystals of the E-58 
strain of B. thuringiensis was found to be fairly effective against in
festations of the tent caterpillar, M. neustria, when applied in a water 
spray on elm trees in Hol land (van Damme and van der Laan, 1959). 
Tests in forests in Czechoslovakia using a strain of B. thuringiensis and 
Pseudomonas chlororaphis Bergey et al. applied by mist blower against 
the leaf roller moth, Archips crataegana (Hübner) , gave 80 to 90 per
cent control (Kudler et al., 1959). Vasiljevic (1957) obtained good control 
of infestations of the fall web worm, Hyphantria cunea (Drury), in Yugo
slavia with applications of sprays of a Bacillus sp. isolated from Tibicen 
(Cicada) plebeja (Scopoli) received from France. Other successful tests 
with B. thuringiensis materials were made by Franz (1961) and his co
workers in Germany against Choristoneura murinana (Hübner) and 
Hyponomeuta malinellus Zeller, and Tala laev (1959) (with B. thurin
giensis var. sotto) against the Siberian silkworm, Dendrolimus sibiricus 
(Tshetverikov), in Siberia. 

Investigations on the use of nontoxic bacterial pathogens to suppress 
lepidopterous pests of stored agricultural products have been renewed 
following the advent of the manufactured bacillus materials in the 
Uni ted States. Kantack (1959) reports on laboratory studies with com
mercial preparat ions of B. thuringiensis var. thuringiensis against the 
Indian-meal moth , Plodia interpunctella (Hübner) , and suggests that 
further studies may show that field control of this insect is possible. 
Addi t ional tests should be expected as new and better microbial 
materials make their appearance. 

T h e r e is great interest in the Uni ted States at this t ime in the 
possibility of utilizing the commercial B. thuringiensis var. thuringiensis 
materials as feed additives to prevent the emergence of adults of the 
house fly, M. domestica, from the droppings of livestock. Larvae of the 
house fly were first reported to be susceptible to a toxin in cultured 
bacillus material by Hal l and Arakawa (1959). Briggs (1960b) found that 
a filterable substance interfered with the development of the larvae and 
reduced the n u m b e r of adults issuing from a treated substrate. Applica
tion of laboratory and commercially produced bacillus preparat ions as 
an additive to chicken feed resulted in 99 percent reduct ion of adul t 
emergence when 3 grams per day were consumed by laying hens. No 
deleterious effects on the hens, or on the quant i ty or quali ty of their 
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eggs, were noted after cont inued consumption of the microbial in
secticide materials. Comparable studies conducted by D u n n (1960) 
showed that cattle given B. thuringiensis var. thuringiensis as an additive 
in their feed produced droppings that prohibi ted normal development 
of 92 percent of the 48-hour-old house-fly larvae placed in the feces. 
At the concentrations of the toxic materials used in the tests, it was found 
that most of the mortali ty occurred in the p repupa l ra ther than the 
larval stage. Other studies with a commercial bacillus mater ial involving 
feeding to livestock and adding to manure to suppress house-fly develop
ment have been reported (Harvey and Brethour, 1960). Feeding 20 grams 
per day of a prepara t ion containing 25 bill ion spores per gram to a 
steer prevented development of house flies in manure , and 0.125 gram 
of the same material per kilogram of ra t ion greatly reduced the n u m b e r 
of adult flies emerging from hen droppings. T h e microbial insecticide 
when mixed directly with cattle feces at rates of 0, 50, 100, 200, and 
300 milligrams per kilogram and inoculated with 100 house-fly eggs 
resulted in an average of 43, 41 , 9, 5, and 0 adul t flies completing 
development, respectively. Similar findings have come from tests with layer 
hens (Burns et al., 1961). T h e results of these tests and the findings of Liles 
and D u n n (1959) on the susceptibility of the yellow-fever mosquito, 
Aedes aegypti (Linnaeus), to the pathogen would suggest that B. thurin
giensis var. thuringiensis and possibly a number of other microbial 
agents may be useful in the control of insects of medical importance. 
Investigations along these lines undoubtedly will be increased as 
microbial control continues to develop into an accepted practice. 

B. Viruses 

On the basis of reports that have been published dur ing the past 
five years, it is evident that world-wide interest in the utilization of 
entomogenous viruses in the control of insect pests has cont inued to in
crease. Many of the viruses have been used in efforts to obtain long-
term regulation of forest insects, and others have been applied as 
insecticides for possible short-duration control of susceptible insects on 
vegetable and field crops. [For ment ion of some of the earlier examples 
of the use of viruses in the control of insect pests see such reviews as those 
by Steinhaus (1957), T a n a d a (1959), and Franz (1961).] 

Successful field experiments have been conducted dur ing the past 
few years with sprays of a nuclear-polyhedrosis virus against the cabbage 
looper on a number of different vegetable crops, including cabbage, 
cauliflower, broccoli, and lettuce in different parts of the Uni ted States 
(Hall, 1957; McEwen and Hervey, 1958; Genung, 1959; Semel, 1961). 
None of these studies was extensive enough to enable the working out 
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of the intricacies of t iming of application, dosage, and other factors 
that would have to be known for the a t ta inment of effective results. 
However, the insecticidal value of the cabbage looper polyhedrosis has 
been recognized, and it has been suggested by Semel (1961) that the 
virus sprays may be used in a program of applicat ion early in the season 
when the first looper eggs begin to hatch and again at the time when it 
is no longer advisable to use highly toxic chemical insecticides because 
of the residue hazards involved. 

Abul-Nasr (1959) has presented the results of tests conducted in Egypt 
with a polyhedrosis virus for the control of the cotton leafworm, Prodenia 
litura Fabricius, on cotton and other field crops. T h e pathogen, when 
applied as a spray, was part icularly effective against second- and third-
instar larvae, whereas fully grown larvae were not seriously affected by 
the disease, ei ther because of their t ransformation into pupae or because 
the virus did not contact the h idden larvae. In another field experiment 
applicat ion of a polyhedrosis virus on tobacco in Nor th Carolina resulted 
in 100 percent mortal i ty to the tobacco budworm popula t ion over a 
13-day period (Chamberl in and Dutky, 1958). T h e results were not too 
promising since 10 days were required for an adequate reduction, a 
period dur ing which the tobacco plants sustained severe feeding damage. 

Sprays of a granulosis virus have been used experimentally in a 
number of countries on cole crops for control of the cabbageworm 
(Biliotti et al., 1956) and the imported cabbageworm (Tanada , 1956; 
Kelsey, 1957; McEwen and Hervey, 1959). I n most instances, the mortal i ty 
was high, bu t the viruses acted very slowly. Nevertheless, on the basis 
of their test results, it was concluded by Biliotti and his co-workers that 
even if the virus is not disseminated unt i l some of the larvae are about 
to pupa te , th£ t reatment should result in almost complete destruction 
of the cabbageworm popula t ion . 

Only a few reports have appeared on the use of viruses to control 
insect pests of orchard trees. Best results were obtained with the appli
cation of sprays of a polyhedrosis virus against newly hatched larvae 
of the watt le bagworm, Kotochalia junodi (Heylaerts), on wattle in South 
Africa (Ossowski, 1957, 1959). Following t rea tment with the virus ma
terial, there was very high init ial mortali ty, and defoliation of the trees 
was light, whereas unt rea ted trees were completely defoliated. Less 
spectacular results were a t ta ined by Glass (1958) with the use of a 
granulosis virus against the red-banded leaf roller on apple trees in 
New York. Following application, most of the hatching larvae of the 
first generat ion were infected and destroyed. However, the virus is very 
slow acting, requi r ing u p to 30 days to kill the insect unde r field condi
tions, and very high concentrations of infective materials must be used to 
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reduce the larval popula t ion before serious fruit damage occurs. Because 
of this, it is suggested that the practical use of the granulosis virus could 
be to reduce the popula t ion level and thus indirectly to keep fruit 
damage to m i n i m u m levels in subsequent years. 

Probably the most outs tanding use of entomogenous viruses has been 
in the control of destructive forest insects. In Nor th America, the 
greatest success has been at tained in Canada with the artificial dis
semination of the polyhedrosis virus of the European spruce sawfly, 
Diprion hercyniae (Hartig), in a moderately infested area that formerly 
was disease free (Bird and Burk, 1961). T h e disease became established 
from a small initial in t roduct ion and spread rapidly throughout the 
infested area. Virus epizootics have recurred each year, prevent ing exces
sive popula t ion increases, and the sawfly has been kept below the level 
necessary to cause economic damage or even serious defoliation. More 
l imited studies have been made in the Uni ted States on the use of a 
polyhedrosis virus to control the European pine sawfly, Neodiprion 
sertifer (Geoffroy) (Schuder, 1957). T h e virus used against the insect in 
Canada was introduced, and tests in which it was sprayed over 600 
acres of infested pine trees showed that it was very effective, causing 
nearly 90 percent mortal i ty to the larvae and being transmitted to the 
next generation by the survivors. 

A number of studies have been made on the use of viruses to control 
forest defoliators in Europe dur ing the past few years (Franz, 1961). 
T h e viruses successfully tested included nuclear polyhedroses, cytoplas
mic polyhedroses, and granuloses against insects such as the fall web-
worm and the pine processionary caterpillar, Thaumetopoea pityocampa 
(Denis and Schiffermüller). 

C. Fungi 

Most successes in the use of entomogenous fungi to control insect 
pests in past years have involved int roduct ion and colonization of the 
microorganisms into areas where susceptible host populat ions occur. 
T h e r e have been a number of at tempts to assist the na tura l spread of the 
pathogens through the mechanical application of sprays and dusts of 
infective materials. However, the fungi have proved to be so highly 
dependent on suitable, bu t unpredictable , environmental conditions 
that they could not be relied on for effective activity in insect control 
programs. Nevertheless, companies producing microbial insecticides in 
the Uni ted States at the present t ime are looking into the possibilities 
of manufactur ing some of the more pathogenic species of fungi that can 
be easily cultured, and it is qui te likely that some of these preparat ions 
will be available in quant i ty before long for wide-scale testing in the 
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field against susceptible insect pests. T h e first modern microbial in
secticide having a fungus as the active ingredient probably will contain 
spores of Beauveria bassiana. T h i s material will be released with the 
recommendat ion that repeated massive dosages be used to init iate and 
sustain control of susceptible insects under field conditions ra ther than 
relying on local colonization in hopes of inducing widespread epizootics 
(Dunn and Mechalas, 1961). 

Because of the current interest in the bacteria and viruses, only a 
few field studies have been a t tempted with the entomogenous fungi in 
the Uni ted States and Europe. Tests with spore dusts of B. bassiana 
against susceptible larvae of the artichoke p lume moth in California 
indicated that the pathogen was unable to cause high mortali ty to the 
insects that quickly bored into the sprouts (Tanada and Reiner , 1960). 
A similar investigation has been made by York (1958) utilizing spore 
powders of Beauveria sp. against the European corn borer, Pyrausta 
nubilalis (Hübner) , in Iowa. Sprays and dusts caused appreciable 
mortalit ies bu t were not as effective as granular formulations. Sterilized 
dry cornmeal as a carrier of the spores gave an average larval reduct ion 
of 91 percent whereas granula ted at tapulgi te gave 79 percent. Other 
studies in which sprays of spores of Spicaria rileyi (Farlow) Charles 
caused moderate mortal i ty to cabbage loopers on cabbage dur ing cool 
d a m p weather in Texas have been reported by Getzin (1961). T h e results 
indicate that the use of Spicaria spores would be ineffective as a direct 
measure for control of the cabbage looper because of the long interval 
between infection and mortali ty. I t has been suggested that artificial 
spore dis t r ibut ion may best serve to reduce the reproductive capacity 
of the looper popula t ion through the secondary spread of spores, thus 
facilitating chemical control measures. 

Beauveria bassiana has been tried against the Colorado pota to beetle, 
Leptinotarsa decemlineata (Say), in Europe. A dust of spores gave about 
75 percent mortal i ty to the larvae; the adults were found to be more 
resistant in a test made in Poland by Blonska (1957). Similar studies 
were made in Austria and Germany (Schaerffenberg, 1957). In the 
Austr ian test, the dust was appl ied under favorable conditions when 
the second-generation larvae were in the fourth instar. Wi th in 3 weeks, 
90.7 percent of the larvae, p repupae , and pupae were killed by the 
fungus. I n the exper iment at Cologne, Germany, 80 percent of the 
fourth-instar larvae became infected within the first 4 days. T h e mortal i ty 
reached 96.4 percent in 19 days, and more than 50 percent of the pupae 
appeared to be infected. 

Studies on the use of bacteria to control insects of medical impor
tance have been ment ioned earlier in this report . According to Laird 
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(1959), the rapidly increasing magni tude and complexity of insecticide 
resistance problems is forcing the investigation of alternative control 
measures, and increasing interest is being taken in the possible role of 
Coelomomyces fungi in the biological control of mosquitoes. T h e fact 
that these fungi are of unusually high incidence in some areas while 
altogether absent from others would suggest that they may be suitable 
for use in microbial control efforts against susceptible mosquito hosts. 
Th i s is a relatively unexplored area of endeavor, and much good should 
come from serious investigations. 

D. Protozoa 

Although the entomogenous protozoa have long been considered to 
be of potent ia l value as microbial control agents because of the many 
species parasitic in insects, only a few at tempts have been made to utilize 
them in the field to suppress susceptible insect pests. In most areas of 
the world, they have received very little a t tent ion because of their 
obligate na ture , which creates product ion difficulties, and the knowledge 
that they generally cause chronic ra ther than acute infections in na ture . 
In recent years, most of the studies leading toward the practical use of 
the more promising species have been made in Czechoslovakia (Weiser, 
1958). According to Weiser, of the great n u m b e r of Protozoa living in 
insects, only three groups, the Schizogregarina, the Coccidia, and the 
Microsporidia are of pr imary interest in biological control. T h e Micro
sporidia are the most impor tant . 

T h e results of field experiments in which spore suspensions of several 
species of Microsporidia were sprayed on larvae of the fall webworm, 
the brown-tail moth , and the gypsy moth have been reported (Weiser, 
1957; Weiser and Veber, 1957). I t was found that all the larvae that 
contacted the contaminated food became infected and about 80 per
cent died of the infection. T h e rest pupated , only about 3 percent 
surviving to emerge as adults. These successful tests have indicated that 
the Microsporidia may have practical applicat ion in the biological 
control of insects (Weiser, 1958). W i t h further study, they may be 
developed into valuable tools, especially against insects in forests and 
orchards. 

£ . Nematodes 

Like the protozoa, the entomophil ic nematodes have received little 
a t tent ion over the years, and, a l though many species are known to 
parasitize insects, there have been only a few efforts to use them in 
any program of biological control. A review by Welch (1958) of recent 
work on nematodes associated with insects indicates that so little is 
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known of the relat ionship of nematodes to their insect hosts that much 
work is yet to be done on basic aspects in order to provide the back
ground for serious biological control efforts. 

T h e publici ty given the nematode parasite of the codling moth fol
lowing reports of its discovery and host range (Dutky and Hough, 1955; 
Dutky et al., 1956) has brought forth an increased interest in the Uni ted 
States in the use of nematodes for insect control. A number of field 
studies have been made with the codling-moth nematode (DD-136) and 
its associated bacter ium, and the few reports that have appeared have 
presented varied results. T h e findings by Chamber l in and Dutky (1958) 
from field tests against the tobacco budworm in Nor th Carolina have 
indicated the importance of humidi ty and tempera ture on the activity 
of the nematode. In one experiment , in which the foliage was wet and 
the humidi ty high from heavy rains while the daily m a x i m u m tempera
ture was about 87°F, the nematode appl ied at a rate of 5 mil l ion per 
100 plants caused a larval reduct ion of 80 to 85 percent wi thin 3 to 4 
days. I n other tests, in which the tempera ture frequently exceeded 90°F 
and the surface of the tobacco leaves was dry dur ing much of the test 
period, the nematode gave little or no control. Other studies by T a n a d a 
and Reiner (1960) revealed that applications of the nematode DD-136 
were ineffective against larvae of the art ichoke p lume moth present 
within the p lan t tissues and were unable to prevent the infestation of 
sprouts following repeated treatments. 

V . NOTES ON MICROBIAL CONTROL DEVELOPMENT 

I t is evident that there is a great desire on the par t of entomologists 
throughout the world to develop entomogenous microorganisms into 
usable tools for the suppression of popula t ions of pest insects. Much 
of the current interest is directed toward B. thuringiensis and other 
sporeforming and toxin-producing bacteria because of the ease with 
which these microorganisms can be cultivated and processed into usable 
preparat ions. T h e r e are signs that Beauveria bassiana and certain other 
fungi that are pathogenic against a wide range of hosts will be the next 
g roup to be studied extensively in the Uni ted States. T h e r e is interest 
also in the virulent viruses, which many insect pathologists consider to 
offer the greatest potent ia l as microbial control agents, bu t wide-scale 
exploi tat ion will lag unt i l efficient and economical means of mass 
propagat ion are worked out and it becomes a certainty that there will 
be enough of a market for the specific pathogens to warrant the high 
costs of development. Should these endeavors be successful, it can be 
expected that all types of pathogens, including the protozoa and the 
nematodes, will be investigated to determine their worth in microbial 
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control. I t is possible that subsequent efforts will be made to develop 
pathogens for the control of other pests such as mites, since the findings 
by Smith et al. (1959) and Steinhaus (1959c) of possible virus diseases 
in the citrus red mite, Panonychus citri (McGregor), and the European 
red mite, P. ulmi (Koch), have suggested that phytophagous mites may 
be subject to a large number of as yet undetected microbial agents. 

T h e greatest obstacle to the development of any microbial insecticide 
is the availability of adequate supplies of materials for use when needed 
by the grower or pest control operator. Th i s is especially t rue of the 
highly industrialized agriculture in the Uni ted States where the average 
grower has nei ther the t ime nor the interest to produce his own infec
tive material . T h e most promising microbial insecticide must be 
available from a good source of supply or it will not be accepted for 
use. As a case in point , it may be noted that the polyhedrosis virus, 
which was demonstrated to be highly effective against the alfalfa cater
pillar, was removed from the list of insecticides recommended for control 
of the pest in California, after being listed for several years, because the 
nonavailabili ty of material prevented use of the virus when needed by 
interested growers. 

W i t h the solving of the problems of supply, an impor tan t mat ter of 
concern to the grower is the performance of the par t icular microbial 
material (i.e., its effectiveness in comparison to that of the currently 
recommended chemical) against the pest popula t ion . In this regard, a 
lesson can be learned from the present program underway in the Uni ted 
States in which competitive companies are developing B. thuringiensis 
var. thuringiensis. I t has been unfor tunate for the entire program that 
some of the experimental materials and later-series products that were 
made available for wide-scale use were of too low potency to work 
properly. W h e n they were tried by the entomologist, pest control 
operator, or grower and failed to perform in a satisfactory manner , it 
was " the bacillus" ra ther than the par t icular inferior product that 
received the blame. W i t h the pest control si tuation as it is, in the 
Uni ted States at least, a few failures can overbalance many successful 
applications and a poor product that receives broader testing than the 
better materials can create a skepticism on the par t of the grower and 
operator that is difficult to overcome. 

One of the difficulties encountered with the bacillus products has 
been in the application of the materials so as to place the toxic stages 
where they can be eaten by the susceptible larvae. In the tests against 
the cabbage looper, sprays of the stomach-poison materials never have 
been too effective, with the result that Semel (1961), who only tested 
wettable-powder materials, has made the broad statement that "it is 
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highly improbable that this agent can be relied on to give adequate 
control of the cabbage looper." Th i s of course may be t rue in locations 
where only sprays are used. However, it certainly is not correct for areas 
such as California where the growers will gladly use any means available 
to control the insect and properly formulated dusts have proved to be 
highly effective microbial insecticides. 
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