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I . INTRODUCTION 

A remarkable creative effort in insect pathology has been, and is con
t inuing to be, seen in the mass product ion of pathogens for the micro
bial control of harmful insects. Al though the use of microorganisms to 
control noxious insects has been advocated since before the middle of the 
nineteenth century (see Steinhaus, 1956b, for historical aspects), the need 
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for and potent ial of microbial control products has been recognized 
since early efforts were made along this l ine in the 1880's by Metchnikoff 
and Krassilstschik. Mart ignoni in a comprehensive review (in prepara
tion) of the history of product ion methods, conveys the spirit of the many 
dramatic at tempts, failures, and successes in the mass product ion of 
insect pathogens. Steinhaus (1956a, 1960), Briggs (1962), and others have, 
in recent years, emphasized the opportuni t ies and the role of industry 
in the prepara t ion of products for use in microbial control. 

T h e development of a mass-production method and its economic 
success are qui te different matters. Despite phenomenal technical 
achievements for the mass product ion of a given pathogen, the economic 
heal th of the enterprise must be considered, particularly the manufac
turer 's re turn on his investment, in order to truly label it commercial 
mass product ion. Ra the r than being a burden , an awareness of the eco
nomic considerations in pathogen product ion furnishes a challenging 
dimension to insect pathology. 

T A B L E I 
COMMERCIALLY PRODUCED INSECT PATHOGENS LISTED IN ORDER ( Α τ ο C ) OF INCREASED 

CONTROL OF THE PRODUCTION PROCESS BY THE MANUFACTURER 

Product Medium for production 

A. Nuclear polyhedrosis virus of the 
cabbage looper 

Larvae of the cabbage looper, Tri
choplusia ni (Hübner). 

B. T y p e A and T y p e Β milky-disease 
spores: Bacillus popilliae Dutky and 
B. lentimorbus Dutky 

Larvae of the Japanese beetle, 
Popillia japonica N e w m a n 

C. Spores and parasporal toxin crystals 
of Bacillus thuringiensis Berliner 

Complex culture med ium in vitro 

For the purpose of this chapter, we shall be concerned with the com-
mercial product ion of insect pathogens exemplified in the Uni ted States 
today by three distinct endeavors—three examples (Table I). T h e pro
duct ion processes fundamentally differ from one another in many re
spects. T h e diversified manufacturer is interested in selecting a product 
and developing a process on a basis that will enable h im to establish 
realistic product ion volumes and meet competi t ion; the amount of 
control by h im over the process in mass product ion is basically important . 

As the commercial product ion of insect pathogens is an element of 
increasing importance in insect pathology and microbial control, so 
should our awareness of this subject become more acute. Toward this 
end it would be presumptuous for this writer to a t tempt an assessment 
of the fermentation industry's potent ia l for insect pathogen product ion, 
or to provide a technical guide to "practical insect pathogen produc-
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t ion." Rather , an exposition is presented on the pr incipal steps and con
siderations in product ion and suppor t ing research, and in development 
and engineering for the mass propagat ion of pathogens. T h e student or 
professional wishing fully to appreciate the potent ia l of the industrial 
applications of microbiology is referred to Prescott and D u n n (1959). 

T o protect and establish priori ty on original ideas for use, design, 
or technical advances in microbiology, as in other fields, an individual 
or g roup of individuals may obta in patents in one or more countries. If 
a pa tent is granted, it may be assigned to an inst i tut ion by the patentee, 
often to the inst i tut ion suppor t ing him. W i t h o u t the benefit of patents 
to protect innovations of a manufacturer , exact producion process de
tails (e.g., med ium constitutents, growth and recovery conditions, or 
formulation) would be kept confidential; the propagat ion of insect path
ogens is no exception in this regard. Patents on processes designed to 
produce Bacillus thuringiensis Berliner for use as insecticidal materials 
have been granted in France and in Canada (Bonnefoi, 1960, 1961; Hage-
m a n n and Couil laud, 1962; Megna, 1962). 

II . PRODUCTION 

A. Nuclear Polyhedrosis for the Cabbage Looper, Trichoplusia ni 
(Hübner) 

T h e commercial mass product ion of the nuclear-polyhedrosis virus 
of the cabbage looper is the foundat ion of a successful business enterprise 
in the Uni ted States at Phoenix, Arizona (Flood, 1961). For crops that 
are subject to severe damage due to infestations of the cabbage looper, 
applications of the virus are available to growers for a fee according to 
the area treated. T h e commercial mass product ion and use of polyhe
drosis virus provides an exciting example of how imaginat ion and initia
tive can successfully develop and supply a market for a product wi thout 
elaborate equ ipment (Table II) . 

1. Substrate 

In prepara t ion for the product ion of the polyhedrosis virus, a host 
crop is selected having sufficient size and matur i ty to suppor t a large 
popula t ion of cabbage loopers following normal oviposition. T h e devel
oping popula t ion of loopers is protected from egg and larval parasites 
and predators through the use of selective insecticides for these bene
ficial insects. I t is a paradox that in this par t icular si tuation tradit ionally 
beneficial insects are considered to be pest species. 

Identification of the subject insect, the cabbage looper, must be made 
in order to ensure exposure of the definitive host to the virus. In the 
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Recovery of polyhedra 

Standardization of po lyhedra/volume 

Biological assay 

Formulation of product 

2. Inoculum 

T h e inoculum necessary to ini t iate an epizootic in the prepared 
field "substrate" is obtained initially by the collection of specifically in
fected, identified hosts. T h e popula t ion of cabbage loopers can be 
exposed to the polyhedrosis virus using conventional agricultural pesti
cide application methods. Aerial application of a material enables more 
acreage to be treated in a shorter period of time with a m i n i m u m of 
l iquid carrier. A ground-propelled spray appara tus would, on the other 
hand , ensure greater coverage of all parts of the host plants with the 
virus suspension so as to ensure ingestion of the pathogen by all insect 
hosts present. 

T h e amount of inoculum will determine the rate of disease develop
ment , as reported by Hal l (1957). Acceleration of polyhedrosis is achieved 
by increasing the n u m b e r of polyhedra in the inoculum per un i t area. 

part icular agriculture area in Arizona where the polyhedrosis virus is 
produced, the preponderance of cabbage looper dur ing a 2- to 3-month 
period virtually guarantees a " p u r e " cul ture of this host insect. 

T A B L E II 

STEPS IN PRODUCTION OF NUCLEAR-POLYHEDROSIS VIRUS OF THE CABBAGE LOOPER 

Larvae on host plants 

Virus treatment of host plants, ingestion of virus 
by cabbage-looper larvae 

Incubation of polyhedrosis virus 

Harvest of diseased larvae 
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T h e acceleration is characterized by shortening of the incubat ion period 
of the disease. 

3. Incubation 

In the field product ion of the nuclear-polyhedrosis virus the incuba
tion per iod of the disease will vary depending upon meteorological con
ditions; increasing temperatures accelerate the appearance of polyhedral 
bodies (Hall, 1957). T i m e for harvesting of the infected host will, there
fore, depend on a calculation based on the normal incubat ion t ime as 
influenced by the amount of inoculum, the weather, and when examina
tion of a sample of infected larvae reveals full development of the nu
clear polyhedra, signaling the presence of the m a x i m u m n u m b e r of in
fective bodies to be used in the final product . Harvest ing can begin from 
4 to 8 days following inoculat ion (Flood, 1961). 

4. Harvest and Recovery 

I n lieu of adequate mechanical means, the infected, mor ibund , and 
dead larvae are hand-picked from the host plant . A harvest, properly 
timed, could be accomplished through the sweeping of plants with a 
conventional sweep-net, or by beat ing the plants and collecting the fallen 
larvae from the ground. A l imit ing factor in any method other than 
hand picking is the fact that larvae of various sizes and in different 
stages of virus development will be found in the field at any one time. 
H a n d picking of larvae insures a certain amount of selection for those 
hosts in the most advanced stages of pathogen development and also for 
hosts of m a x i m u m size to obta in the m a x i m u m quant i ty of polyhedra. 
For economy in harvesting infected hosts for commercial product ion, all 
larvae are taken in a single operat ion following the proper incubation 
period. 

Collected larvae are finely chopped, filtered to remove insect parts, 
and quick frozen in volumes of 1 p in t (approximately 480 ml). 

5. Standardization 

T h e polyhedra and associated free virus from several thousand in
fected larvae, frozen in 1-pint quanti t ies , constitute the source for spray 
preparat ions. As applied to a crop, a volume of spray is standardized to 
contain not less than ten mil l ion (10 χ 106) polyhedra per milliliter 
(Flood, 1961). 

6. Formulation 

T h e cabbage-looper polyhedrosis virus is available as a frozen or 
powdered concentrate. Laboratory and field studies show stability with 
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surfactants and agricultural chemicals, thus giving flexibility to the use 
of the polyhedrosis virus in control programs (McEwen and Hervey, 
1958; Hofmaster and Di tman, 1961). 

A process for prepar ing specific polyhedral suspensions to be used 
in the control of sawfly (Neodiprion spp.) infestations of forests, has 
been published by Lewis (1960). A polyhedral-virus preparat ion, "Poly-
virocide," is available for the control of the European p ine sawfly, Neo
diprion sertifer (Geoffroy). Th i s product is distr ibuted by Ind iana Farm 
Bureau Co-Op Association, Indianapolis , Indiana . 

B. Milky-Disease Spores 

T h e product ion of Bacillus popilliae Dutky and Bacillus lentimorbus 
Dutky as etiological agents of T y p e A and T y p e Β milky diseases of the 
Japanese beetle, Popillia japonica Newman, presents the first of the 
early commercial mass-production efforts that has been sustained to the 
present. 

As an industrial process, product ion of milky-disease spores incor
porates the dependence upon a na tura l host for the growth of the patho
gen, with the sophistication of host infection being effected by inocula
tion with a syringe and then holding the host unde r controlled condi
tions. In this case, m a n exerts a greater influence on the fortunes of 
milky-disease pathogen product ion than is evident in polyhedra produc
tion (Table III) . 

1. Substrate 

For the mass product ion of the nuclear-polyhedrosis virus of the 
cabbage looper, the host insect or substrate is encouraged in a part icular 
area and remains there unt i l harvesting of the host to obtain the patho
gen. In the case of the product ion of the milky-disease organism, the host 
is first gathered from the field and brought to a laboratory where the 
host individuals may be centrally main ta ined and inoculated. Larvae of 
the Japanese beetle are manual ly collected in heavily infested turf and 
pasture lands. Identification of the beetle grubs is desirable to ensure 
that only those of the Popillia japonica are used as a substrate in the 
mass product ion of Bacillus popilliae. Al though B. popilliae will infect 
other species of grubs, " p u r e " cultures of the host protects the pathogen's 
original virulence for the definitive species. 

2. Inoculum 

T h e inoculum for infecting Japanese-beetle grubs may be obtained 
from a larva that has a frank infection caused by B. popilliae, or by a 
mix ture of B. popilliae and B. lentimorbus, and preserved pr ior to in-
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Recovery of spores 

Standardization of spores /volume 

Biological assay 

Formulat ion of product 

syringe ensures the delivery of a predetermined lethal dose of inoculum 
to each individual not guaranteed in a si tuat ion where foliage is treated 
and the subject host is expected to ingest the necessary lethal dose. 

3. Incubation 

Following inoculat ion, the host Japanese-beetle grubs are held in
dividually in chambers filled with a mix tu re of soil and a small amount 
of grass seed (Dutky, 1942). Survival of the host g rub is essential in order 
to allow the full development of the bacterial pathogen in each injected 
individual . Whi le main ta in ing the grubs in an op t imum condit ion with 
respect to food and tempera ture and moisture conditions, under the con
trol of the manufacturer , those conditions cont r ibut ing to op t imum bac
terial growth are also regulated insofar as the host influences the devel-

oculation as a dried hemolymph smear on a glass slide (Dutky, 1942) or 
lyophilized to avoid possible contaminat ion (Haynes et al., 1961). 

In contrast to the free access to the inoculum by the cabbage loopers, 
the grubs of the Japanese beetle are precisely inoculated with a measured 
amount of B. popilliae and B. lentimorbus spores. Inoculat ion with a 

T A B L E III 

STEPS IN PRODUCTION OF T Y P E A AND T Y P E Β MILKY-DISEASE SPORES 

Collection of host larvae 

Inoculat ion of larvae by injection 

Incubation in hold ing chamber 

Harvest of diseased larvae 
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opment of the parasite. Whereas the producer is at the mercy of meteor
ological conditions and the other environmental factors in the case of 
the cabbage-looper maintenance dur ing polyhedrosis development, the 
manufacturer of milky-disease spores quickly increases his chances of an 
efficient re turn on his investment of t ime and efforts by providing the 
best possible conditions over which he may have absolute control. 

Complete sporulat ion of the vegetative bacillus takes place 14 to 18 
days after inoculat ion at 30°C (Dutky, 1940). Since the entire hemocoel 
of the grub is involved in the development of the bacillus, the period for 
harvest of spores is coincident with an easily observed m a x i m u m devel
opment of the pathogen. Th i s may not be the case with the nuclear 
polyhedrosis since not all nuclei of infected cells may show complete 
"matur i ty" of the pathogen simultaneously. 

4. Harvest and Recovery 

W h e n sporulat ion of the milky-disease bacilli is complete, before 
disintegration of the host body, the grubs are removed from their indi
vidual holding cells, washed, and held in the refrigerator unt i l used 
(Dutky, 1942). Spores are freed from the host by crushing grubs in a meat 
grinder (Dutky, 1941). 

5. Standardization 

T h e concentration of spores in the suspension is determined with 
the aid of a visual counting chamber. Volumes of the spore suspension of 
known concentration are mixed with a dry inert powder so that each 
gram of the dried spore-powder mixture will contain one bill ion (10°) 
spores (Dutky, 1941). 

6. Formulation 

T h e means for dis tr ibut ion of the milky-disease spores dictates to a 
great extent the na tu re of the final formulated product . T h e recom
mended procedures for use on turf is for deposition of formulated pow
der at intervals to allow spread of the microorganism into the soil and 
permanent establishment of the disease in a grub populat ion. Spread of 
the pathogen from concentrated foci, stability in storage, and ease of 
handl ing dictate the necessity for a dry material . Presently, the milky-
disease spore-powder available for sale contains as active ingredients: 

. . not less than one hundred mil l ion (100 χ 106) viable spores of re
sistant stages of either or bo th B. popilliae and B. lentimorbus per gram 
of inert powder" (manufactured by Fairfax Biological Laboratory, Clin
ton Corners, New York). 
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Inoculation and incubation in vitro 

Recovery of spores and parasporal toxin crystals 

Standardization of spores/weight 

Vertebrate safety tests 

Biological assay 

Formulation of product 

satisfy the economic considerations as well as the fastidious demands of 
the microorganism itself (Table IV). 

1. Medium 

For cul tur ing in vitro, an artificial med ium substitutes for the nat
ural sources of energy and ni t rogen that would be expected in an 
insect host. T h e med ium must, in addi t ion to nutr ients , provide growth 
factors and trace elements necessary for the growth and development 
of the pathogen to be mass cultured. An essential advantage of an 
artificial cul ture med ium is that the manufacturer is not at the mercy 
of variations in the host insect such as might result from poor nut r i t ion 
of the host. 

T h e source of nitrogen, carbon, vitamins, and trace elements may be 
found in common materials. In the case of B. thuringiensis, for example, 
molasses and corn steep l iquor provide these essentials (Anonymous, 

C. Bacillus thuringiensis Berliner 

T h e commercial mass product ion of B. thuringiensis incorporates 
the epitome of control by a manufacturer over virtually every phase of 
the growth and development of an insect pathogen. Product ion under 
such circumstances provides for every advantage that may be taken to 

T A B L E IV 

STEPS IN PRODUCTION OF Bacillus thuringiensis 

Culture medium Inoculum scale-up 
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1960). T h e amounts and availability to the pathogen of each nut r i t ional 
element in the raw materials to be used in the med ium must be estab
lished, for these are taken into consideration in the evaluation of costs 
with respect to the yields of the final product . 

2. Inoculum (Seed) 

Not unlike the manne r in which the Japanese-beetle grub is inocu
lated with spores of B. popilliae, a vessel holding a microbiological nu
trient med ium is inoculated with a pure cul ture of the organism to be 
grown. For the product ion of obligate parasites, the inoculum is main
tained from insect host to insect host in contrast to pathogen product ion 
in vitro, where the inoculum is mainta ined from product ion lot to pro
duct ion lot on the complex cul ture medium. 

T h e B. thuringiensis inoculum differs from in vivo product ion also 
in that it is not in a resting stage, bu t in an active vegetative growth 
phase, at the t ime of inoculation. Since the total volume of med ium in
volved is qui te sizable, the amount of inoculum is also large, repre
senting 1 to 2 percent of the total volume to be inoculated. T o obtain 
a synchronous development of the microorganism ensuring that all 
vegetative cells will form a terminal stage simultaneously, the inoculum, 
or seed, is "scaled-up" pr ior to inoculation of the product ion vessel. T h e 
inoculum scale-up may involve several transfers, each involving a 
larger volume. Each stage is transferred dur ing its m a x i m u m rate of 
growth. T h e final seed volume, in the logari thmic phase of the bac
terium's growth, is inoculated into the prepared product ion medium. 

3. Incubation and Growth 

Protection of the microorganism from competi t ion by contaminat ing 
microorganisms in the product ion tank (Fig. 1) is essential for the eco
nomic success of a par t icular fermentation. T o this end the cul ture 
medium, vessel, pipes, valves, and accessory equipment in which these 
processes will take place must be sterile. Whi le little control of host 
sterility or separation of pathogen from contaminants could be assured 
in the product ion of nuclear polyhedra, a greater control is possible in 
the product ion of milky-disease organisms through guarding against the 
use of infected grubs. Infections by other than the pathogen concerned 
would compete with the B. popilliae and B. lentimorbus for nut r i t ional 
elements in the host grub, prevent m a x i m u m re turn of spores per grub , 
and introduce contaminants in the final product . El iminat ion of such 
difficulties can be achieved in the cases of B. thuringiensis through the 
control that can be mainta ined over the artificial environment in a 
fermentation tank. 
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Bacillus thuringiensis, an aerobic sporeformer, has respiration re
quirements that are met in submerged l iquid propagat ion med ium by 
aeration of the medium, in addi t ion to mechanical agitation. An opti
m u m growth temperature of 30°C for B. thuringiensis is met not only 
by elevation in low ambient temperatures, bu t by cooling in high am
bient temperatures in order to regulate the rate of pathogen develop
ment . 

FIG. 1. Production fermentation tanks with 40,000-liter capacity. (Courtesy of 
Bioferm Corporation, Wasco, California.) 

For economical operations the manufacturer must be in a position to 
anticipate the t ime when growth will be complete. A patent on a B. 
thuringiensis commercial process, for the product Thur ic ide , claims com
plete development of the bacter ium within 28 to 32 hours following in
oculat ion (Megna, 1962). 

4. Harvest or Recovery 
Having grown B. thuringiensis in submerged culture it is necessary 

to remove spores and parasporal-toxin crystals from the exhausted l iquid 
medium, and to separate them from soluble metabolic products and 
cell debris referred to as the "final whole cul ture ." W h e n the volume 
of the final whole cul ture is 30,000 to 40,000 liters, less than 10 per
cent of this is solid material tha t will be recoverable in a separation 
step. Separation of the great bulk of water and soluble nu t r ien t materials 
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from the solid spores and toxin still remaining in the med ium is ac
complished with a centrifugal separator. Following removal of the great
est par t of the l iquid fraction from a final whole culture, the resulting 
concentrated fluid, creamlike in consistency, is filtered to retain spores 
and toxin crystals. T h e moist "filter cake" is dried in a vacuum oven 

FIG. 2. Sampling of Bacillus thuringiensis spore and parasporal crystal-toxin con
centrate held in vacuum drying-oven trays. (Courtesy of Bioferm Corporation, Wasco, 
California.) 

(Fig. 2), then is g round or milled unt i l a finely divided dry technical 
concentrate results. 

5. Standardization 

Prior to formulation, the B. thuringiensis technical concentrate is 
assayed or tested in three ways. First, a viable spore count is made to es-
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tablish spore concentration. Th i s information guides the formulator in 
main ta in ing the requirements for active ingredients in terms of viable 
spores per gram. Safety of the concentrate for vertebrates is confirmed 
in a mouse acute toxicity test (Harvey, 1960). T h e activity of the ma
terial against insects is guaranteed according to an insect biological 
assay. 

6. Formulation 

As presently available, Bacillus thuringiensis products are formulated 
as wettable powders, dusts, and granular preparat ions. Compatibi l i ty 
of formulated material with a wide range of surfactants, fungicides, and 
chemical insecticides affords great flexibility for the consumer (Bioferm 
Corporat ion, 1961). 

I I I . RESEARCH 

W i t h the general steps in mind for the commercial cul ture of three 
insect pathogens, it behooves us to consider what is involved in br inging 
a p lanned product to reality. An effective and useful host-pathogen com
binat ion may hold promise for commercial product ion; however, it 
would be a rare instance in which the method of product ion was estab
lished de novo. A period of development supported by sound research 
are the main elements in the p lann ing and execution of a process for 
any product . Commercial product ion of insect pathogens is no excep
tion to past experience, paral lel ing many of the steps, as one might ex
pect, in the research, development, and product ion of other na tura l 
products (e.g., antibiotics, vitamins, and enzymes). 

A. Selection of Pathogens 

Candidate pathogens for commercial product ion are selected in 
several ways, depending on the emphasis placed by the manufacturer on 
a research effort. T h e microorganism may be detected and isolated from 
a diseased host, the pathogen playing a significant role in the na tura l 
regulat ion of the host popula t ion . Th i s procedure has the advantage 
of providing original discoveries and, as such, allows the commercial 
g roup an oppor tun i ty to develop a considerable lead over competitors in 
the development of similar products. T h e researcher, being aware of his 
company's capabilities, would be "condi t ioned" to the type of pathogen 
which would be most suited for his company's development and pro
duct ion program. Independen t explorat ion for pathogens with com
mercial possibilities can be a long, yet rewarding, avenue for a g roup 
prepared to embark upon it. Isolation of new, yet apparent ly effective 
pathogens, carries the disadvantage for the research group in that it 
does not benefit from the reports of other investigators on activity and 
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on vertebrate safety. Published information materially aids in the de
velopment of a pathogen. In the three examples cited in earlier sections 
(Section I I , A, B, C), all the pathogens had been recognized as impor
tant factors in the regulat ion of the specific host populat ions pr ior to 
their commercial development. Consequently, the potent ial of a product 
developed from the pathogen could be assessed with some confidence. 

Relatively virgin areas for research on pathogens will benefit from 
competi t ion among industrial organizations which appreciate the poten
tial for microbial control of invertebrates other than insects. Part icularly 
significant would be the isolation of pathogens affecting mites or other 
acarines, and pathogens of agriculturally and medically impor tan t 
nematohelminths . 

Review of described insect pathogens as product ion candidates, 
documented in the l i terature for activity and utility, may entail legal 
considerations. T h e polyhedrosis virus of the cabbage looper and Bacil
lus thuringiensis were reviewed by research and management groups 
and were determined to be impor tant candidates for commercial pro
duction. Both these pathogens were free of possible legal priorities on 
their product ion or use at the outset of manufacturer 's interest. Uni ted 
States pa tent applications and issued patents (see Section I) concern B. 
thuringiensis, therefore close review of potential processes are necessary 
to avoid possible patent infringement in the countries involved. A 
Uni ted States pa tent was issued for a method of using spores of B. 
popilliae and B. lentimorbus for the control of the Japanese beetle 
(Dutky, 1941). T h e patent , issued October 7, 1941, cites two claims: 
"(1) A method for the control of Japanese beetle, which comprises dis
seminating in the soil the resistant stages of Bacillus popilliae. (2) A 
method for the control of Japanese beetle which comprises disseminat
ing in the soil the resistant stages of Bacillus lentimorbus." A procedure 
is described for the prepara t ion of an "insecticidal composition of mat
ter" essentially incorporat ing " the resistant stages of bacteria of milky 
disease." 

Review of the possible patentabil i ty of new procedures, techniques, 
compounds, formulation, or use of an insect pathogen, for example, 
is the responsibility of an investigator to his inst i tut ion irrespective of 
the na ture of the insti tution. Ra ther than detract ing from the merit of 
a discovery, a pa tent will afford the inst i tut ion protection for use of 
the innovation, provide st imulat ion for further investigation, and create 
addit ional interest in its possible commercial development. 

In addi t ion to isolation of heretofore undescribed pathogens or the 
use of described pathogens as product ion candidates, the screening of 
the lat ter against a wide range of insects affords an oppor tuni ty for a 
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research group to contr ibute significantly to insect pathology and at 
the same time uncover unique applications of a par t icular micro
organism. In this way an industr ial g roup will find added justification 
for investment in the development of a candidate to its possible pro
duct ion, successful formulation, and use. 

A striking example of the advantage of screening of known pathogens 
leading to new use is seen by the work of Hal l and Arakawa (1959), 
who showed an apparent susceptibility of larval house flies, Musca 
domestica Linnaeus , to the effects of B. thuringiensis. T h e active prin
ciple has been demonstrated to be a soluble principle other than the 
spores and parasporal body of B. thuringiensis (Briggs, 1960). Heat-
stable toxins possessing insect activity are produced by B. thuringiensis 
according to reports by McConnell and Richards (1959) and Burgerjon 
and de Barjac (1960). Such observations are indicative of the value of 
investigating the by-products of insect pathogens, thereby broadening 
the use of a pa thogen with an apparen t narrow spectrum of activity. 
T h u s the l imitat ion of B. thuringiensis in its use against only certain 
lepidopterous insect pest species is found unnecessary. T h e potent ial 
importance of fermentat ion products as a source for materials with activ
ity for insects is underscored by the recent isolation of a feeding inhibi
tory principle produced in vitro by a soil fungus (Kishaba et al., 1962). 

B. Activi ty 

By the na tu re of the cul ture method used, an obligate pathogen 
may be moni tored regularly for pathogenic activity by examining in
fected hosts to ensure maintenance of pathogenicity under commercial 
product ion conditions. On the basis of the success obtained to date, the 
developmental cycles of the nuclear polyhedrosis and the milky diseases 
are apparent ly satisfied by environment and condit ion of hosts in mass 
product ion. In scaling-up a normal host-pathogen relat ionship to com
mercial proport ions, the result of modification of environment for the 
host, and consequently the pathogen, must be considered. For example, 
mass rearing of a normally univol t ine or bivoltine host species main
tained under greenhouse conditions to encourage mult ivol t ine activity, 
the obligate parasite may not be able to satisfy its complete require
ments from a host whose physiology is altered, albeit slightly, owing to 
life-cycle manipula t ion . A latency or aging period may be necessary in 
some obligate parasites in order for them to realize their full potent ia l 
evidenced in the field by their success on a season-to-season basis. Dif
ficulties of this na tu re have not been reported to occur in commercial 
product ion of nuclear polyhedrosis for the cabbage looper or of milky-
disease organisms for the Japanese beetle. 
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For the industr ial researcher a t tent ion must be given to the effect 
of cul tur ing an insect pathogen on a complex cul ture medium in vitro. 
Will repeated passages of the microorganism in vitro reduce or enhance 
its pathogenicity? How often is passage through an insect host necessary, 
if at all, to main ta in normal pathogenicity? 

W i t h the obligate pathogens that we have considered (nuclear-poly
hedrosis virus of the cabbage looper, Β. popilliae, and B. lentimorbus), 
the quality of pathogen may be ensured by providing a host insect in 
op t imum condit ion in which to produce the pathogen. A healthy, well-
nourished host would appear to provide the best nutr i t ive source for the 
development of the obligate pathogen, yet evidence is only circum
stantial. Simultaneous infections or other predisposing conditions which 
could result in quali tat ive and quant i ta t ive enhancement of the mass 
product ion of the pathogen warran t research effort (Section IV, B). 

T h r o u g h the use of an artificial cul ture med ium the actual nutr i 
tional requirements of the pathogen can be studied. T h e information 
obtained provides a basis for de termining the nu t r i t ion necessary for 
efficient toxin and enzyme product ion. T h e appearance of toxin crystals 
dur ing growth and development of B. thuringiensis, and the source of 
prote in for toxin formation are reported by Monro (1961a, b). 

Unders tanding the mode and site of pathogen action is of cardinal 
importance as an aid in evaluat ing results and guiding nutr i t ional 
balance of a microorganism grown in an artificial medium. For spore
forming insect pathogens belonging to the genus Bacillus, a l imited 
amount of information on mode and site of action is available (Heimpel, 
1955; Angus, 1956; Angus and Heimpel , 1956; Heimpel and Angus, 
1958). A growth med ium and conditions should be engineered so as to 
allow a microorganism (e.g., B. thuringiensis) to produce the largest 
amount and most potent toxin possible, at the same time main ta in ing 
the characteristics of the microorganism that makes possible a safe, 
specific, microbial insecticide. 

C. Assay 

T o consider an insect pathogen in terms of its host spectrum, level 
of activity, and mode or site of action wi thout having a means for 
determining the identi ty of the pathogen, the quant i ty present, and its 
activity would be a fundamental error. T h e identity, presence or absence, 
and enumerat ion of a par t icular pathogen may be considered rout ine 
since these determinat ions are possible through visual examinat ion, host 
response, or, if applicable, the biochemical performance of the pathogen 
in vitro. I t is necessary to determine the quant i ty of a pathogen and 
accurately relate this quant i ty to a given activity in order to interpret 
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intelligently research and development results and ult imately to guaran
tee the performance of a product . 

Determinat ion of a reproducible , precise, quant i ta t ive assay, eithei 
biological or chemical, is not surpassed in importance by any other 
facet in the research, development, or product ion of an insect pathogen. 
Except for the initial steps in the isolation of new pathogens or in 
establishing a given pathogen on a cul ture medium, no phase of the 
work can function on a sound basis wi thout reliance on an assay pro
cedure. T h e assay should be reproducible to the extent that major 
decisions affecting the further development or abandonment of a project 
may safely be based upon it. 

Each of the insect pathogens we have discussed has been charac
terized by a "resting" or "resistant" stage in its developmental cycle. 
Protective polyhedra bodies in the case of the insect viruses, and spores 
in the case of the bacilli, consti tute microscopically easily enumerated 
objects for de termining the numbers of a par t icular pathogen present 
per volume, weight, or area. As presently used, each of these products is 
standardized on the basis of the n u m b e r of polyhedra per milli l i ter or 
spores per gram of product . Al though it may serve as an indication of 
the extent of disease and as a means of determining the concentration 
or number of potential ly infectious agents, a polyhedra or spore count 
may not necessarily reflect the inherent activity of a par t icular prepara
tion. In commercial product ion, insect activity per un i t of product 
manufactured is the criterion by which the product should be measured. 
A biological assay, based on the effect of per os inoculat ion of the 
pathogen into an insect host can be a rap id or a slow process: 60 to 70 
minutes in the case of the analysis of B. sotto Ishiwata crystal toxin 
against the silkworm (Angus and Heimpel , 1956), to a mat ter of 2 weeks 
to more than 2 months , depending on criterion used, in the case of the 
milky diseases of the Japanese beetle (Beard, 1945). 

As more is unders tood concerning the site of action of pathogens, 
such as B. thuringiensis, it is expected that the mode of action will in 
tu rn be understood, and on this basis an intell igent approach can be 
made toward the development of a rap id chemical assay. A chemical 
assay to be useful must accurately reflect the potent ia l of a pathogen 
prepara t ion. A reproducible quant i ta t ive assay, ei ther biological or 
chemical, is impor tan t from the s tandpoint of the consumers. At present, 
the Uni ted States Depar tment of Agricul ture requires that the n u m b e r 
of viable spores per un i t weight of formulated material be carried on 
the label of those products available for sale that contain bacterial 
spores. If spore count per un i t weight differs among products , does the 
insect activity differ to the same degree? I n order to ensure that activity 
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or potency of a product is uniform from one product ion lot to another , 
manufacturers conduct quali ty control biological assays utilizing larvae 
of a susceptible lepidopterous insect. T h e work of Burger j on, defining 
a "biological un i t " of activity for B. thuringiensis preparat ions, is a 
significant contr ibut ion toward product standardization (Burgerjon, 
1958). A comprehensive t reatment of microbial pesticide bioassay is 
provided by Fisher (1963). 

IV. DEVELOPMENT 

W h e n it has been established, through a reliable research program, 
that a pathogen has potent ia l as a factor in the regulat ion of a par t icular 
pest species or group of species, that its activity can be main ta ined on 
a realistically available substrate and the requirements for maintenance 
of its activity have been determined, and that a quant i ta t ive assay has 
been established to guide further studies on the organism, the pathogen 
may then warrant further study in a developmental program. Pilot-
p lant studies will permit sound evaluation of a potent ial product ion 
process under product ion conditions (Fig. 3). T h e research program 
showed that a pathogen could be handled and its activities understood 
under various environmental conditions. A development program bears 
the burden of establishing whether or not the pathogen, with its poten
tial for commercial mass product ion, can be produced economically. 

A. Strain Selection 

I n dealing with living, inherently variable organisms, exemplified by 
the three insect pathogens discussed, variations in the expected patho
genicity of any one, may indicate a strain difference that can work 
either for the benefit or the detr iment of a commercial product . Field 
product ion of nuclear polyhedra for cabbage-looper control, as now 
practiced, could allow for the detection of certain host individuals which 
exhibit a more rapid death, possibly revealing a variat ion in the potency 
of the polyhedrosis virus. T h e suspected strain could then be selected 
in order to obta in one that developed more rapidly in the host, or which 
was more active or virulent , making less inoculum necessary to init iate 
the infection for product ion or as applied to a crop. In a similar man
ner, reduct ion in potency, as indicated by slow activity, or by the 
necessity of increasing amounts of material for inoculum or t reatment, 
must be guarded against at all times. Cont inual observation of hosts 
infected with milky disease can be made in order to detect variations 
evidenced by infection more rapid than expected or by a shortening 
of the incubat ion period. 

Great flexibility is possible and more influence by the manufacturer 
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FIG. 3. A syringe is employed to inoculate a pilot plant fermentation tank. 
(Courtesy of Bioferm Corporation, Wasco, California.) 

Cul tur ing of the potent ial pathogen in the laboratory on a s tandard 
medium in vitro, in cul ture tubes or Erlenmeyer flasks, may not fully 
reflect the capacity or lack of capacity of the microorganism to adapt 
to a scale-up for growth in volumes exceeding 40,000 liters. A pilot-
p lan t study utilizing facilities scaled to the product ion equ ipment to 
be used, enables the potent ial of the pathogen to be realized under the 
conditions in which it must perform to be commercially successful. 
Providing that all other growth conditions are satisfactory, the scale-up 

can be exercised in strain selection of a pathogen cul tured on media 
in vitro than with an obligate parasite. As more opportuni t ies are avail
able for improving a product through the selection of desirable charac
teristics, so also is more caution needed to anticipate difficulties. 
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from small to large volumes may affect the microorganism in that the 
growth is self-limiting due to accumulations of metabolic products. 
Pilot-plant studies with the counsel of research and engineering per
sonnel provide the working group in process development to overcome 
scale-up handicaps. 

In addi t ion to growth characteristics that may benefit or be detri
mental to the success of pathogen product ion, changes in the organism 
itself must be watched. For B. thuringiensis the availability of free 
spores and parasporal bodies following lysis of sporangia is an essential 
terminal stage in the growth of the microorganism, contr ibut ing to its 
suitability for formulation. A strain of the Bacillus which would not 
give satisfactory lysis of the sporangia at the terminal phase of growth 
could cause difficulties and be undesirable. I t is not possible or fruitful 
to anticipate all the consequences of variat ion that could be encountered, 
yet some awareness of them is necessary in order to be prepared to take 
advantage of the unexpected. 

T h e growth characteristics, the adaptabil i ty of the candidate organism 
to a product ion medium, and the maintenance of insect activity, as 
determined through research and pilot-plant studies, guide the selection 
of the most suitable strain of the pathogen for mass product ion. T h e 
question of pathogen nut r i t ion in successfully scaling-up a process from 
the bench to the product ion line must receive close a t tent ion in order 
to offer the microorganisms the nut r i t ional essentials at a price that 
will make the mass product ion economical. 

B. Media 

Proper nut r i t ion for an obligate parasite is satisfied by its living 
host. O p t i m u m physiological conditions of the host insect presumably 
are a prerequisite to the m a x i m u m product ion of an obligate parasite 
because then all the nut r i t ional elements needed by the parasite would 
be available to the pathogen and not be lacking or diverted through a 
deranged physiology caused by other infections or by noninfectious 
maladies. 

T h e possibility that certain chemicals or other infections may pre
dispose the cabbage looper or the Japanese-beetle g rub to yield a greater 
amount of the subject pathogen or a more active strain of the pathogen 
cannot be overlooked (Section I I I , B). I t should be kept in mind that 
under any abnormal circumstances the condit ion of the host and, there
fore, the quali ty of the substrate may in tu rn affect the desirable charac
teristics of the pathogen. 

T h e selection of a suitable cul ture med ium for the growth of a 
microorganism in a fermentat ion vessel challenges the investigator to 
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provide or improve upon the apparent ly op t imum nut r i t ion and environ
ment for the pathogen as found in an insect host. 

In a cul ture med ium for commercial product ion, ni trogen and carbo
hydrate sources must be obta ined that are economical yet provide the 
quali ty and quant i ty necessary to satisfy the nut r i t ional requirements 
of the pathogen. A wide selection of materials has been used in the pro
duct ion of B. thuringiensis: alfalfa, bran , and corn steep l iquor for 
nitrogen, molasses for carbon. For the sake of economy, the constituents 
of the med ium are chosen not only as a source for ni trogen and carbon, 
bu t also to supply vitamins and trace elements such as calcium, zinc, 
manganese, and magnesium. These lat ter elements are cited specifically 
because they are enumerated in a recent French pa ten t for the cul ture 
of B. thuringiensis in ant ic ipat ion of its use as a biological insecticide 
(Bonnefoi, 1960). In order intelligently to seek a desirable source of 
such a nut r ien t , the development g roup draws upon information pro
vided by the research laboratory, who have delimited, or in many cases 
identified, specific amino acids, carbohydrates, vitamins, and elements 
in trace amounts that are needed to obta in m a x i m u m insecticidal activity 
by the pathogen. 

A med ium that will encourage growth of a microorganism is not 
necessarily the one that will produce the stage of the pathogen best 
suited for use as insecticidal material . T y p e A milky-disease organism, 
B. popilliae, has been main ta ined in vitro on cul ture medium, yet efforts 
to obta in a full r e tu rn of spores from the vegetative forms have not 
been successful (Steinkraus, 1957). Ei ther the med ium or the conditions 
under which the microorganism was encouraged to grow in vitro, or a 
combinat ion of these two factors in varying degrees, did not provide the 
prerequisites necessary for the formation of spores outside of the host 
grub. T h e chances of designing a med ium and conditions for B. popilliae 
that will satisfy its requirements , yet re tain all the at tr ibutes of the 
spore produced in na ture , will be aided immeasurably by unders tanding 
what the insect provides to the microorganism for realizing the desired 
terminal stage. 

A process for producing an obligate pathogen may be feasible on a 
very small scale; however, the commercial mass product ion of a pathogen 
can be seriously l imited in quant i ty depending on its host's require
ments. Insect hosts that are intolerant to high popula t ion densities make 
it difficult to produce a pathogen in the amounts required. Large num
bers of the cabbage loopers are able to be supported on a given host 
plant , whereas grubs of the Japanese beetle are less tolerant to other 
individuals in close proximity, thus increasing the amount of host-sub
strate costs. 
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If an insect host is mainta ined only to provide a par t icular tissue 
substrate for the growth of a pathogen, it would be more efficient and 
perhaps more economical to main ta in the tissue or cells in question 
apart from the insect host. T h e in vitro cul ture of insect cells is reviewed, 
with an enlightening discussion of the difficulties involved, by Day and 
Grace (1959). A significant breakthrough in the cul ture of insect cells 
was reported by Grace (1962a), who, with a chemically denned cul ture 
med ium (except for the addit ion of silkworm larval hemolymph), was 
successful in cul tur ing the ovarian cells of the emperor gum moth , 
Antheraea eucalypti Scott. A virus is able to develop in the cul tured host 
cells, thus providing a potentially recoverable virus product produced 
exclusively outside of the intact host insect (Grace, 1962b). 

Successful growth of a pathogen in vitro will depend to a great extent 
on the respiratory requirements of the microorganism. For surface cul
ture on a solid substrate the question is one of providing sufficient surface 
area for growth of the microorganism, as opposed to the case with sub
merged fermentation in a l iquid med ium with aeration and agitation. A 
manufactur ing group limited, by the availability of facilities, to sub
merged fermentation may not be able to pursue the process develop
ment of an insect pathogen restricted to surface culture. Similar restric
tions in available space may be placed on the further development of a 
product that is dependent upon a host insect if the facilities for mass 
rearing are not available. O n the other hand , if a technique were 
available, host-cell cultures could conceivably be mainta ined success
fully in submerged fermentation facilities in a manne r not unl ike that 
which has accompanied the scale-up of mammal ian host tissue 
(McLimans et al, 1957; Ziegler et al., 1958). 

T h e processes for B. thuringiensis propagat ion, so far patented (Bonne
foi, 1960; Hagemann and Couil laud, 1962; Megna, 1962), describe l iquid 
media for submerged fermentations. One commercial process, not pub
lished, employs a semisolid or surface-culture fermentation method in the 
product ion of B. thuringiensis based materials (Mechalas, 1962). 

Irrespective of the na ture of the med ium and the source of nu t r ien t 
components, the pure culture of the subject pathogen is essential for 
economical, efficient product ion and, of most importance, for guarantee
ing the quali ty of product to the consumer. From this s tandpoint , assum
ing a pure inoculum, the substrate must be mainta ined in an aseptic 
condit ion pr ior to inoculat ion in order to enable the desired pathogen 
to achieve full expression without competi t ion from other organisms. 
T h e assumption that host insects are "normal" or "heal thy" and thus 
providing the "op t imum" conditions for support of an obligate pathogen 
can be erroneous and dangerous to the long-range success of a project 
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using insect hosts for product ion. I t is necessary to ensure that the host 
insect is in the best possible condit ion and uninfected by other agents 
to assure the pathogen unchallenged use of the substrate, and freedom 
from contaminat ion that might be incorporated into the final product . 

C. Sterilization 

Sterilization of a cul ture med ium in vitro may be accomplished by 
a n u m b e r of methods: filtration, ultraviolet or nuclear radiat ion, heat, 
and chemicals. T h e method used will depend on the stability of med ium 
constituents and on economic justifications. For B. thuringiensis the 
product ion med ium is sterilized by heat. Maintenance of asepsis and 
puri ty of cul ture dur ing growth will be dependent on the physical 
exclusion of contaminat ing organisms. Proper design and operat ion of 
fermentation vessels will exclude contaminants , yet allow ready access 
to the sterilized media for inoculat ion purposes or for sampling the 
growing culture. Chemical sterilants and antibiotics may be used as 
selective "sterilizing" agents initially e l iminat ing or severely reducing 
saprophytic contaminants and main ta in ing their numbers at low levels 
to afford the subject pathogen an oppor tuni ty for overwhelming growth. 
For insect host-cell cultures and media constituents sensitive to physical 
or chemical agents, the applicat ion of antibiotics is a successful means 
for main ta in ing an aseptic condit ion in the cul ture vessel, as reported 
by Grace (1962a). 

D . Growth Conditions 

T o use commercially either a host insect or a complex cul ture med ium 
for the mass product ion of a pathogen, information is required on its 
rate of growth and the quant i ty (i.e., yield) of microorganism available 
at the expected time of harvest. I t is necessary to produce the m a x i m u m 
possible n u m b e r of active units (spores or polyhedra) per un i t t ime at 
the lowest cost, all consistent with main ta in ing quality, i.e., pathogenicity 
of the pathogens. 

Field product ion of polyhedra is dependent on the normal air 
temperature , with its daily variations, as it affects the host larvae which, in 
turn , influences the rate of pathogen development. Control of the ambient 
temperature or the exact tempera ture of Japanese-beetle grubs in an 
incubator and cul ture med ium provides a strict regulat ion of the rate 
of pa thogen development. I n pilot-plant studies determinat ions are 
made on the amoun t of tempera ture elevation or reduct ion necessary to 
main ta in the rate of development in balance with the economical 
util ization of harvest and recovery facilities ensuring capacity product ion. 

Encouraging the m a x i m u m rate of development for a pathogen in a 
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l iquid culture medium, for example that used for B. thuringiensis, will 
not necessarily mean m a x i m u m yields of spores and parasporal bodies. 
T h e growth will flourish at the expected rate on the surface of the 
l iquid medium, yet will reduce in rate and amount with an increasing 
depth below the surface owing to decreasing amounts of atmospheric 
oxygen. Requi red amounts of atmospheric oxygen for op t imum growth 
of aerobic B. thuringiensis is accomplished by aeration of the inoculated 
culture medium. T h e diffusion or bubbl ing of sterile compressed air 
(free of contaminat ing oil and water) through the med ium is cont inued 
dur ing the entire incubat ion period. Changes in the oxygen demand of 
the organism dur ing rapid vegetative growth are determined in order 
to anticipate the magni tude of compressed air that would be required 
in large volumes for the more than 40,000 liters of medium. 

A fermentation med ium will contain a certain amount of insoluble 
constituents and an increasing mass of cells dur ing incubat ion and 
growth of the bacteria. Aerat ion will aid in keeping a small volume of 
med ium agitated, yet effective aeration (dispersing small bubbles evenly 
u p through a medium) does not agitate large volumes sufficiently well to 
ensure the even dis t r ibut ion of nutr ients and growing cells throughout 
the fermentation vessel. Mechanical agitation of the growing cul ture is 
accomplished by a motor-driven stirring appara tus designed to keep the 
entire volume mixed and all par t iculate mat ter in suspension. 

Aerat ion and agitat ion of a growing cul ture will in many instances 
result in the formation of foam on the surface of the medium. Where 
excessive foaming is sustained, the complete mixing of the med ium and 
growing cells is not accomplished. Vegetable oils, mineral oils, or 
silicones, frequently used as antifoam materials , are added to the grow
ing cul ture in order to el iminate the formation of foam. T h e quant i ty 
of the antifoaming substances should not be so large as to affect the 
successful development of the pathogen. 

T h r o u g h pilot-plant studies the manufacturer is able to obta in valid 
estimates of electrical and other energy demands for tempera ture regu
lation, aeration, and agitation dur ing the growth of the microorganism 
under product ion conditions. 

E. Recovery 

Bacillus thuringiensis presents the challenge of recovering a solid 
living material and its associated prote in toxin from a fluid medium 
without loss in activity. T h e development of the spore harvesting and 
recovery process described earlier for B. thuringiensis spores (filtration 
and vacuum-oven drying, Section I I , C, 4) resulted from knowledge of 
the stability limits of the pathogen and the available equ ipment suitable 
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for the product . Informat ion on tempera ture and p H range to retain 
spore viability and toxin activity unde r various moisture conditions was 
obta ined from the research group. According to these data, limits on 
recovery conditions are set, adjustment of conditions dur ing recovery 
noted, and the result ing steps tested in recovery equ ipment scaled to 
the pilot-plant volumes of final whole cul ture. Recovery equ ipment 
(centrifuges, filters, vacuum driers) must have adequate capacity to 
handle rapidly the volume available from the product ion vessels at the 
terminat ion of the growth phase if the pathogenic propert ies of the 
microorganism are found to be unstable u p o n long periods of storage 
in the final whole culture. 

Pathogens produced in a living host, a l though offering very few 
factors that may be influenced by the manufacturer dur ing their growth, 
are comparatively free of l imitat ions on pa thogen harvest and recovery 
that may be encountered with a microorganism cul tured in vitro. T i m e 
l imitations are to be considered in collecting infected hosts pr ior to 
prepar ing B. popilliae, B. lentimorbus, and polyhedra concentrates be
cause the host in tegument may be fragile and therefore l imit the amount 
of handl ing pr ior to processing. 

F. Formula t ion 

T o be able to provide the meticulously researched, developed, and 
produced pathogen to a consumer in a form that he can use is a prob
lem to be solved by the research and development groups of an indus
trial organization. T h e liability of a poor formulat ion can essentially 
cancel all advantages gained in a successful research and development 
and product ion process. T h e formulat ion provides the "vehicle" by 
which the microbial insecticide is used and therefore identified, the step 
by which it may succeed or fail. Activity (i.e., viability and virulence) of 
the insect pa thogen must be mainta ined, if not enhanced, through the 
formulat ion procedure. As a consequence, activity is moni tored by 
biological assay at every stage in formulat ion development to determine 
the individual and combined effects of chemical and physical formulat
ing agents, " iner t" di luents, and agricultural chemicals. All three micro
bial insecticides that we have discussed are subject to every precaut ion 
ensuring effective formulation. 

T h e par t iculate na tu re of marketable products containing spores, 
parasporal bodies, or polyhedra is a significant physical characteristic 
of the formulated product . T o be widely accepted by consumers and 
included in control programs, the product must be usable in equip
ment the consumer has at h a n d (perhaps equ ipment fitted with 50-mesh 
strainers in spray nozzles) wi thout clogging or interfering with normal 
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operations. T h e importance of med ium selection is evident at this poin t 
in order to avoid med ium constituents, carried in to the formulated 
product , that may add a distressing amount of insoluble, solid material 
to the spray material , or unusually large or heavy particles to a dust. 
T h e proper strain of organism used, one having great adaptabil i ty to 
physical and chemical agents, or the size of active principle, takes on 
great importance when considered with respect to formulation. 

V . PROCESS ENGINEERING 

T h e role of the engineer is taken for granted and often not fully 
recognized in the development of a product ion process. T h e engineering 
group is provided with information, by the research and development 
groups, on what can or cannot be done with the pathogen in its mass 
cul ture with respect to the na tu re and sterilization of media, growth, 
recovery of the microorganism, and the estimated energy demands. W i t h 
int imate knowledge of the flexibility and potent ia l of the company's 
facilities, the engineering group is able to provide management with 
an appraisal of a proposed process and to guide its economic im
plementat ion. 

For a manufacturer equipped with large-scale, submerged, fermen
tation facilities for product ion of antibiotics or vitamins, B. thuringiensis 
is a logical candidate as an addit ional product for commercial mass 
product ion. A pr imary consideration is whether existing or available 
equipment and methods are applicable to the B. thuringiensis produc
tion process, and what the requirements are for new equipment and 
methods (Jang, 1961). 

Engineering difficulties arising from equipment requirements can 
be exemplified by considering the drying ra ther than filtering of a 
concentrated final whole culture of B. thuringiensis to obta in a spore 
and crystal-toxin concentrate. Available drying equipment may be ade
quate for obta in ing solid materials from suspensions by water removal 
through application of high temperatures. Whereas some materials can 
be dried on a heated d r u m drier, this system may be unsui table for 
evaporation of fluids from B. thuringiensis suspensions wi thout possible 
a t tenuat ion of the spores and toxin. If no other method for spore-toxin 
recovery is possible, and in balance with the product ion method, 
modifications of existing equipment must be weighed against the in
stallation of new equipment . An economic evaluation of equ ipment 
modification must be based not only on the absolute cost, bu t also on 
the basis of the effect on processes of other products being manufactured. 

New methods or increased use of rout ine methods in a process, with
out considering new equipment , will mean man-power requirements that 



15. COMMERCIAL PRODUCTION OF INSECT PATHOGENS 545 

can be significant factors in cost calculations of the process. Al though 
not necessarily applicable in the product ion of insect pathogens, produc
tion operat ing hazards are to be considered. These hazards encompass 
for example the use of volatile solvents or the direct effect of the product 
or process on the heal th of the employees. 

Commercial mass product ion in vitro characterized by virtually un
limited amounts of the pathogen carries with it the expense and responsi
bility of efficiently handl ing the pathogen as well as the disposal of 
wastes and by-products of the fermentation. Centrifugal separation of 
final whole cul ture solids from a great amoun t of exhausted nut r ien t 
media and B. thuringiensis metabolic products makes it necessary to 
dispose of a large volume of fluid. In any area adequate disposal sites 
for the raw waste must be calculated in the process (e.g., city sewage-
treatment plants), or pre t rea tment of wastes may be necessary, thus 
adding another expense to the process. 

In the same manne r that the disposal of fluid wastes must be con
sidered, similar a t tent ion must be given to a i rborne wastes in the form 
of odors and dusts that may result from the product ion or formulation 
processes. Acceptance of a manufacturer in a given locale, and in turn 
successful economic operat ion, may depend on the engineering effort 
pu t to the solution of problems that will make an industry an asset 
to its community. 

V I . CONTINUING RESPONSIBILITIES 

T h e actual practice of using pathogens in the microbial control of 
insects is fully treated in another chapter. Producing and formulat ing 
the insect pathogen according to government regulations, so that it may 
be pu t to work on a commercial basis, is the responsibility of the 
manufacturer . 

In the Uni ted States, laws regulate the use of all pesticides, including 
microbial-control products. Demonstrat ion of pesticide utility is required 
by the Uni ted States Depar tment of Agricul ture before "registrat ion" 
of a product for use on a specific crop can be granted. Based on acute and 
chronic toxicity tests in warm-blooded vertebrates, a tolerance or exemp
tion from a tolerance for residues of the pesticide on certain crops is 
established by the Food and Drug Adminis t ra t ion. In addit ion, if used 
on a processed food, the pesticide may be subject for review as a "food 
addit ive" with respect to possible carcinogenic properties. A pioneering 
study significantly contr ibut ing to the firm establishment of the safety 
of 22. thuringiensis was published by Fisher and Rosner (1959). 

Demonstrat ion of the utility of a pathogen for regulat ion of a par
ticular crop pest obviously does not establish the pathogen as a rout ine 
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material in a control program. Unl ike many conventional insecticides 
that are broad in spectrum, and may initially be relatively inexpensive 
for the consumer, an insect pathogen must be appreciated for what it is 
as a control agent not what many would hope it to be. A product con
taining an insect pathogen permits the in t roduct ion and manipula t ion 
of an effective biological element in the environment complex of a 
susceptible host. T h e pathogen's performance will be satisfactorily 
evaluated only to the extent that the ecology of the host is understood. 
In most cases, the use of an insect pathogen is not a short-term emergency 
measure for crop salvation and should not be so evaluated. 

By defining the role of commercially produced insect pathogens, we 
hope we have provided a basis for more cooperative investigations by 
manufacturers with government research agencies, universities, and 
experiment stations. T h e challenge of realizing the full potent ial of 
entomogenous microorganisms as control agents is one to be met by 
workers in those segments of insect pathology contr ibut ing to the appli
cation known as microbial control. 
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