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I. INTRODUCTION 

Insect pathologists have long been preoccupied with the possibility 
of utilizing microorganisms to control the abundance of those insect 
species whose activities br ing them into competi t ion with man . I t is 
unders tandable then that interest should have been centered on forms 
able to persist in a dormant or quiescent stage outside the in tended host 
insect. In the bacteria, a n u m b e r of mechanisms aiding persistence 
have evolved; one of the most successful of these is the ability to form 
an endospore, which has been described as "a veri table fortress against 
most of the detr imental effects of the envi ronment" (Oginsky and Um-
breit, 1954). 

T h e sporeforming bacteria have been subjected to much study, and 
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some of the best known of the bacterial pathogens of insects are of this 
type. Over 100 named species of sporeformers have been isolated 
from, or found associated with, insects (Steinhaus, 1946, 1947). I t is 
recognized that extensive synonymy exists among these isolates, and only 
a very few are now considered valid species by taxonomists. Undoubt 
edly many are "potent ia l pathogens" that can mul t ip ly in the hemocoel 
from small inocula and produce a fatal septicemia, bu t are not actively 
invasive and do not flourish or mul t iply significantly in the gut of in
sects (Steinhaus, 1959a; Bucher, 1960). 

I t is our in tent ion to confine ourselves in this review to those bac
terial species which are known to be members of the family Bacillaceae 
(Breed et al., 1957) and are accepted as being capable of causing frank 
infection through a normal portal of entry as distinct from an experi
menta l infection depending on some artificial circumvention of an in
sect's defenses. I t will not be possible in the space available to a t tempt 
a complete review of the l i terature; those requir ing such information 
are referred to Steinhaus (1949), Heimpel and Angus (1958a, 1960a), 
and Krieg (1961), where more complete bibliographies are given. 

T h e Bacillaceae have been extensively studied by bacteriologists and 
a voluminous l i terature is in being, bu t study of the Bacillaceae as insect 
pathogens is much less extensive. T h e family Bacillaceae comprises two 
genera of bacteria: Bacillus, which are aerobic or facultatively anaerobic; 
and Clostridium, which are anaerobic or aerotolerant. 

I I . PATHOGENS OF THE GENUS Bacillus 

Bacillus species have rod-shaped cells, sometimes in chains, capable 
of producing endospores. Sporangia are like vegetative cells except that 
in some species the spore has a larger diameter than the cell and causes 
bulging. Most Bacillus species attack a wide variety of substrates by 
means of enzymes which are excreted into the material sur rounding the 
bacterial cell. T h e function of these exoenzymes is to reduce more com
plex compounds into a soluble or at least assimilable condit ion that will 
pass through the cell wall of the growing bacter ium. T h e r e is consid
erable variat ion in these at tr ibutes as between species. Those unfa
mil iar with this group should consult the monographs of Smith et al. 
(1946) and Halvorson (1957, 1960). T h e nut r i t ion and physiology of 
the mesophilic species of the genus Bacillus has been reviewed by Knight 
and Proom (1950) and Proom and Knight (1955). 

A. Diseases Caused by Bacillus cereus 

Bacillus cereus Frankland and Frankland, a widely distr ibuted and 
commonly occurring soil saprophyte, has frequently been isolated from 
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diseased insects, among them: the southern army worm, Prodenia eridania 
(Cramer), the American cockroach, Periplancta americana (Linnaeus), 
and the Ind ian mealworm, Plodia interpunctella (Hübner) (Steinhaus, 
1947). Since 1950 a number of new isolates of Bacillus cereus have been 
reported and these are given in T a b l e I. 

Stephens (1952) isolated twelve bacterial strains, some from diseased 
codling-moth larvae, Carpocapsa pomonella (Linnaeus), which were ca
pable of causing disease in this insect. All bu t one of these isolates 
were identified as members of the B. cereus g roup; one was classified 
as a B. cereus-Bacillus megaterium DeBary intermediate . One of these 
strains CM 1-3, was tested in the field, bu t the results were not encour
aging. Postspray counts of viable bacteria present on the foliage indi
cated that the spores may have germinated on the leaf surface. Since 
vegetative rods are more sensitive to environmental effects than spores, 
this may explain the lower mortal i ty found in the field tests (Stephens, 
1957). 

Smirnoff (personal communicat ion) has isolated from Trichiocampus 
irregularis (Dyar) a strain of B. cereus that has been shown to be patho
genic for the spruce budworm, Choristoneura fumiferana (Clemens). 

A strain of B. cereus known as Pr 1017 was isolated from dead and 
dying larvae of the larch sawfly, Pristiphora erichsonii (Hartig), by 
Heimpel (1954a, b). T h i s strain was found to be pathogenic in feeding 
tests. 

1. Symptoms and Signs 

T h e symptoms noted in larvae infected with B. cereus are qui te 
variable. In codling-moth larvae injected with B. cereus, the first symp
toms were immobil i ty and darkening; death occurred in 24 to 48 hours , 
at which t ime larvae were black, soft, and shrunken. I n feeding tests, 
the first symptom of infection was sluggishness accompanied by the 
appearance of brown spots on the integument . T h e larvae became 
practically motionless and the brown color spread and covered the whole 
integument . At the time of death, larvae were soft, flaccid, and almost 
black. T h e internal organs were broken down and viscous fluid seeped 
out of the body wall. In every case the fluid yielded an almost pu re 
cul ture of the bacter ium fed (Stephens, 1957). 

I n larch sawfly larvae fed B. cereus Pr 1017 some of the symptoms 
were described by Heimpel (1955a) as "unexpected" since instead of 
becoming flaccid and changing color after death, infected larvae retained 
a normal appearance, except for a slight yellowing of the ventral body 
in some cases. T h e other symptoms he regards as typical, for wi thin 
10 to 18 hours of ingesting B. cereus spores infected larvae ceased feed-



T A B L E I 
T H E RELATIVE VIRULENCE OF VARIOUS STRAINS OF Bacillus cereus W H E N INGESTED BY INSECTS^ 

Insect tested T y p e of test& Virulence^ Authority 

Coleoptera 
Rhizopertha dominica (Fabricius) L 0 Steinhaus and Bell (1953) 
Sitophilus oryzae (Linnaeus) L (++) Steinhaus and Bell (1953) 
Sitophilus granarius (Linnaeus) L (+) Steinhaus and Bell (1953) 
Tribolium confusum Jacquelin duVal L ( + ) to ( + + ) Steinhaus and Bell (1953) 

Hymenoptera 
Diprion hercyniae (Hartig) L + to ' + + Heimpel (1961) 
Hemichroa crocea (Fourcroy) L + to + + Heimpel (1961) 
Nematus ribesii (Scopoli) L 0 to - f Heimpel (1961) 
Neodiprion abietis (Harris) L 0 Heimpel (1961) 
Neodiprion banksianae Rohwer L 0 to - j - Heimpel (1961) 
Neodiprion lecontei (Fitch) L (++) Heimpel (1961) 
Neodiprion sertifer (Geoffroy) L and F (+) Heimpel (unpublished) 
Neodiprion swainei Middleton L 0 to - f Heimpel (1961) 
Pikonema alaskensis (Rohwer) L 0 to - f Heimpel (1961) 
Pristiphora erichsonii (Hartig) L and F ( + + + ) to ( + + ) Heimpel (1954a, b; 1961) 

Lepidoptera 
Aphomia gularis (Zeller) L 0 Steinhaus (1954) 
Carpocapsa pomonella (Linnaeus) L and F (+++) Stephens (1952) 
Colias eurytheme Boisduval L 0 to -Ι Steinhaus (1954) 
Anagasta kühniella (Zeller) L Ο Heimpel (unpublished) 
Gnorimoschema operculella (Zeller) L (+) Toumanoff and Grison (1954) 
Junonia coenia Hübner L 0 Steinhaus (1954) 
Malacosoma disstria Hübner L ( + ) to ( + + + ) Toumanoff (1953) 
Malacosoma neustria (Linnaeus) L ( + ) to ( + + + ) Toumanoff (1954); 

Toumanoff and Grison (1954) 
Peridroma margaritosa Haworth L 0 Steinhaus (1954) 
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T A B L E I (Continued) 

Insect tested T y p e of testö 

Lepidoptera (Cont.) 
Phryganidia californica Packard 
Pieris brassicae (Linnaeus) 

L 
L 

Plodia interpunctella (Hübner) L 
Prodenia praefica Grote L 
Pyrausta nubilalis (Hübner) L 
Thaumetopoea processionea Linnaeus F 
Thaumetopoea pityocampa Schiffermüller L 
Thaumetopoea pityocampa Schiffermüller F 

« After Heimpel (1961) and Heimpel and Angus (1958a). 
ö L, laboratory; F, field tests. 
c 25% mortality (accumulative); 0, nonpathogenic . 

Virulence^ Authority 

0 

(+++) t o (++++) 
0 
0 
0 

(+++) 
( + ) to ( + + + ) 
( + + ) 

Steinhaus (1951) 
Toumanoff (1953); 

Toumanoff and Grison (1954) 
Steinhaus (1954) 
Steinhaus (1951) 
McConnell and Cutkomp (1954) 
Grison and Beguin (1954) 
Toumanoff (1953) 
Grison and Beguin (1954) 
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ing, and diarrhea and vomiting were often observed. If, however, B. 
cereus was injected directly in to the body cavity, marked color changes 
took place within 8 to 10 hours and the body wall became shrunken 
and flaccid (Heimpel, 1955a). 

2. Mode of Action 

Point ing out that bacterial pathogens of vertebrates cause damage 
to, or death of, the host by enzymatic means (e.g., streptococcal hyalu-
ronidases and clostridial phospholipases) or by biochemical reactions to 
bacterial poisons (botulinus, tetanus, and diphther ia l toxins), Heimpel 
(1954a, b , 1955a, b) postulated that the mode of action of his Pr 1017 
isolate was of the former type. Knowing that lecithinase (phospholipase 
C) is a lethal toxin for vertebrates, and that B. cereus (and variants) 
and related species produce such phospholipases, he showed that there 
is a significant correlation between the pathogenicity of various strains 
of B. cereus for the larch sawfly and their respective abilities to produce 
lecithinase. 

T h e active enzyme was extracted from young bro th cultures of the 
Pr 1017 strain and was found to be toxic for larch sawfly larvae. T h e 
histopathological changes noted in these larvae were of the type usually 
associated with phospholipase activity. Toumanoff et al. (1954) have 
also presented evidence indicat ing that lecithinase plays an impor tan t 
role in the invasion and destruction of the larvae of Bombyx mori (Lin
naeus) infected with B. cereus var. alesti. T h e type of damage seen in 
larch sawfly larval gut epi thel ium is i l lustrated in Fig. 1. 

W h e n the Pr 1017 strain was tested against other insect species, it 
was found that resistant species had alkaline midgut contents; Heimpel 
(1955a) has suggested that this alkaline condit ion is a l imit ing factor. 
T h e alkalinity may inhibi t germinat ion of ingested spores or prevent 
vegetative reproduct ion of the bacteria so that the toxic exoenzyme 
which is elaborated only by the actively growing vegetative cells is not 
produced. Since B. cereus phospholipase has an op t imum activity range 
from p H 6.6 to 7.4, in an insect with highly alkaline midgut contents 
the action of the enzyme may be seriously l imited or even inhibi ted. 

T h e principle il lustrated by Heimpel 's findings is of great importance 
since it demonstrates that ingested bacteria can be pathogenic only if 
they find the insect gut favorable for growth. T h i s requires a suitable 
environment for the action of lytic enzymes and a sensitive substrate, 
whose integrity is essential for the heal th of the host insect. If the in
gested bacteria do not actively mult iply or seriously compete for nu
trients essential for the insect, their presence need not be lethal and 
most likely can be tolerated unt i l they are excreted. 
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FIG. 1. Sagittal sections of healthy and infected larch sawfly larvae. (A) Midgut epithelial cells of healthy larva. (B) Midgut 
epithel ium of a moribund larva killed by Bacillus cereus (Pr 1017). (After Heimpel , 1955b.) 
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T h e hydrogen-ion concentrat ion is not the only factor l imit ing bac
terial growth in the insect gut. Bucher (1960) has indicated that bacteria 
may be inhibi ted from mult iplying in the gut of most insects by low 
oxygen tension and low oxidation-reduction potentials. 

Bucher (1960) has proposed a most useful classification of the patho
genic bacteria of insects that distinguishes between obligate, facultative, 
and potent ia l pathogens. All the evidence suggests that the B. cereus 
isolates should be considered as facultative pathogens since in varying 
degree they have some mechanism for damaging or invading host tissue 
bu t can main ta in themselves qui te satisfactorily on inert organic sub
stances. Burnet (1953) has discussed how some saprophytic species of 
bacteria may have adapted themselves to a parasitic way of life and the 
entomogenous strains of B. cereus may well be those that have come 
par t of the way in such an adaptat ion. 

B. Crystalliferous Pathogens 

T h e term crystalliferous has been applied to a number of Bacillus 
species which in addi t ion to the endospore also produce a discrete, 
characteristic inclusion in the sporulat ing cell. T h e form of the inclu
sion varies considerably among species, and Hannay (1956) has suggested 
that the term parasporal body be used to denote an inclusion which lies 
alongside the spore and is formed dur ing sporulat ion: those resembling 
crystals are called such, and if known to be proteinaceous they are called 
crystalloids. 

A n u m b e r of Bacillus species which produce crystalloid parasporal 
inclusions have been found associated with insects; some are obligate 
pathogens, some are facultative pathogens, and still others are apparent ly 
harmless if ingested. T h e obligate pathogens include Bacillus popilliae 
Dutky and related forms; these organisms are discussed elsewhere in this 
volume and will not be considered further at this point . 

By far the best known of the crystalliferous Bacillus species are those 
related to B. cereus; these are referred to by us as varieties 2 of Bacillus 
thuringiensis Berliner. Considerable work had been done on these pr ior 
to 1950, bu t since that t ime l i terature has accumulated rapidly so that 
any review of this group is likely to be out of date by the t ime it appears 
in pr int . 

1. Bacillus thuringiensis—Historical 

About 12 years ago, Steinhaus (1951; see also 1960 for historical ac
count) reawakened interest in the potentiali t ies of B. thuringiensis var. 

2 T h e nomenclature proposed by He impe l and Angus (1958b) wil l be used 
hereinafter. It is also briefly discussed in the section on taxonomy. 
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thuringiensis Berliner as an insect pathogen. Since that time, a number 
of reviews of the work with this organism and related varieties have ap
peared, and we have drawn largely on three of these publicat ions (Han-
nay, 1956; Heimpel and Angus, 1960a; Krieg, 1961). These papers deal 
with the subject in detail to an extent not possible in this discussion. 

T h e earliest work was done by Ishiwata in 1901 and 1902 (see Stein
haus, 1961) on the so-called "sotto disease bacil lus" which he isolated 
from diseased silkworm larvae. Aoki and Chigasaki (1915a, b) demon
strated that the pathogenicity of the sotto strain was due to a preformed 
toxin present in sporulated cultures of the bacter ium. I t is obvious that 
they were indeed studying the effects of the toxic crystalloid which is 
now held to be responsible for the pathogenicity of this par t icular strain. 
Mitani and Watara i (1916) succeeded in isolating an active toxic filtrate 
from cultures of Bacillus thuringiensis var. sotto Ishiwata. 

T h e type species of the group, B. thuringiensis var. thuringiensis was 
originally isolated from diseased larvae of Anagasta kühniella (Zeller) 
by Berliner, who described it and its pathogenicity for the flour moth 
(Berliner, 1911, 1915). Mattes (1927) also contr ibuted to our knowledge 
of this par t icular strain. In the late 1920's and early 1930's there appeared 
a number of papers on the effectiveness of B. thuringiensis var. thuringi
ensis as an agent for the biological control of the corn borer Pyrausta 
nubilalis (Hübner) (Husz, 1928, 1929, 1930, 1931; Metalnikov and Tou
manoff, 1928; Metalnikov and Chorine, 1929a, b ; Metalnikov, 1930; 
Metalnikov et al., 1930). T h e bacter ium was also tested in field trials 
against Gelechia gossypiella (Saunders); Prodenia litura Fabricius, Spar-
ganothis pilleriana Schiffermüller; Clysia ambiquella Hübne r ; Ephestia 
elutella H ü b n e r (Metalnikov and Metalnikov, 1932, 1933); and Pieris 
spp. (Pospelov, 1936). Jacobs (1950) reported on a French product 
"Sporeine" (which contains spores of B. thuringiensis var. thuringiensis) 
as a biological control agent for A. kühniella, Steinhaus (1951) also re
por ted that in field trials sporulated cultures of B. thuringiensis gave 
very encouraging results against the larvae of Colias eury theme Boisduval. 
Toumanoff and Vago (1951) isolated a pathogenic sporeformer from silk
worm larvae dying of a "flacherie" and called a t tent ion to the resem
blance between B. cereus, B. thuringiensis var. sotto, and B. thuringiensis 
var. thuringiensis and their isolate, which they called Bacillus cereus var. 
alesti Toumanoff and Vago. 

I n retrospect, all work pr ior to 1950 indicated that B. thuringiensis 
var. thuringiensis and related varieties were pathogenic under certain 
conditions for a n u m b e r of Lepidoptera larvae, b u t wi thout yielding 
sufficient knowledge for rat ional exploitat ion. W h a t was lacking was 
enough information of the factors governing w rhat may be referred to 
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as the virulence of the bacterium. T h e r e was available, however, a tan
talizing collection of clues which were to lead to an explanat ion of the 
mode of action of the B. thuringiensis varieties. 

Hannay (1953, 1956), while examining the sporulat ion of a n u m b e r 
of aerobic sporeformers, saw free diamond-shaped crystals in preparat ions 
of sporulat ing cultures of B. thuringiensis and identified them as para
sporal bodies. These crystals had earlier been noted by Berliner (1915) 
and Mattes (1927), bu t nei ther had ascribed to the crystals any function 
in pathogenicity. Hannay suggested that the crystals might be connected 
with the formation of a toxic substance inducing septicemia of insect 

T A B L E I I 

EFFECT OF FEEDING AND INJECTING LARVAE OF Bombyx mori WITH FRACTIONS OF AN 

ALKALI-TREATED CULTURE OF Bacillus thuringiensis var. sottoa 

Method of dosing larvae 

Culture Feeding Injection 

Original culture 
Spores and crystals (1 χ 105 Paralysis within 4 hr; 

spores per larva) septicemia within 12 
hr 

Alkali-treated culture 

1. Spore fraction (1 χ 107 
spores per larva) 

2. Supernatant 

3. Supernatant dialyzed 

4. Supernatant heated at 
70 °C for 30 min 

« After Angus (1954). 

N o effect 

Paralysis within 4 hr; 
no septicemia 

Paralysis within 4 hr; 
no septicemia 

N o effect 

Septicemia within 12 hr; 
no paralysis 

Septicemia within 12 hr 

N o effect 

N o effect 

N o effect 

larvae. Angus (1954, 1956a, b, c) was able to provide experimental proof 
of Hannay 's suggestion. Unaware of the earlier success of Mitani and 
Watara i (1916) in extracting a toxin, he used a somewhat similar method 
to obta in a cell-free prote in solution that would evoke the typical sotto 
paralysis; his results are given in T a b l e I I . 

Similar toxins have been extracted from B. thuringiensis var. alesti 
(Fitz-James et al., 1958), B. thuringiensis var. thuringiensis (Hannay and 
Fitz-James, in a personal communicat ion), and Bacillus entomocidus 
var. entomocidus (Heimpel and Angus, 1958b). By utilizing mixtures of 
spores and crystals at different ratios, and finally suspensions of sotto 
crystals freed of spores, it was shown that the crystals were responsible 
for the paralytic effect of B. thuringiensis var. sotto on silkworm larvae 
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and were the source of the agent causing toxemia in many Lepidoptera 
larvae (Angus, 1956b). T h e parasporal crystals of B. thuringiensis var. 
thuringiensis and B. thuringiensis var. alesti have also been shown to be 

T A B L E III 
EFFECT OF FEEDING VARIOUS FRACTIONS OF Bacillus thuringiensis 

var. alesti τ ο SILKWORM LARVAE, Bombyx ?noria 

Fraction 
no. Source and method of preparation 

Description of 
preparation 

Conclusion of 
feeding tests 

A
l Crystals completely separated from 

disrupted spores 
Water suspension Highly toxic 

A
2 Crystals completely separated from 

whole spores mechanically 
Water suspension Highly toxic 

A
3 - 3 p H 10.5 wash of partially purified 

crystals 
A l iquid (nö pre

cipitate at p H 4.5) 
Slightly toxic (15% 

of larvae para
lyzed in 24 hr) 

A
3 - 4 Crystals, previously washed at p H 

10.5, extracted at p H 11.8 to 12.0-
alkali extract of crystals, adjusted 
to p H 5.0, and centrifuged 

Supernant 
(freeze-dried) 

N o detectable toxic
ity 

A
3 - 5 Residue: reprecipi-

tated and washed 
(freeze-dried) 

T o x i c 

A
3 - 6 

Crystal gel remaining after alkali 
dispersion, water-washed 

Wet sample Highly toxic 

A
3 - 7 

Dry sample Highly toxic 

A
3 8 Spores repeatedly washed in alkali 

and acid 
Water suspension N o immediate pa

ralysis (20% dead 
in 16 hr, 5 0 % 
dead in 50 hr) 

A
3 9 

A 3 8 spores completely disrupted Freeze-dried 
powder 

N o effect on larvae 

A
4 - l Growing vegetative cell protein ex

tracted at p H 11 to 12 
Freeze-dried at p H 

4.5 
Nontox ic 

A
4 2 

Sporulating cell protein extracted 
at p H 10.5 

Freeze-dried at p H 
4.5 

T o x i c 

α After Fitz-James et al. (1958). 

toxic for insects (Vankovä, 1957; Fitz-James et al., 1958). T h e results of 
the work with B. thuringiensis var. alesti are given in T a b l e I I I . 

2. Taxonomy 

T h e taxonomy of the bacterial pathogens of insects is the subject of 
a separate chapter in this treatise so that it is not necessary to explore 
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the subject at length here. I t will perhaps be sufficient to indicate that 
a n u m b e r of the crystalliferous bacterial pathogens are closely related 
to B. cereus and share with it practically all of its at tr ibutes with respect 
to morphology and biochemical activity. Cross specificity of some B. 
thuringiensis varieties, Bacillus anthracis Cohn, and B. cereus, to the 
same bacteriophage has also been reported (see Section B, 5). 

T A B L E IV 

CRYSTALLIFEROUS BACTERIA« 

N a m e Host or source T a x o n o m i c reassignment 

Bacillus sotto Ishiwata Bombyx mori (Linnaeus) Bacillus thuringiensis var. 
sotto Ishiwata 

Bacillus thuringiensis Anagasta kühniella Bacillus thuringiensis var. 
Berliner (Zeller) thuringiensis Berliner 

Bacillus sp. [Steinhaus] Aphomia gularis (Zeller) Bacillus entomocidus var. en
tomocidus He impe l and 
Angus 

Bacillus sp. [Steinhaus] Plodia interpunctella Bacillus entomocidus var. 
(Hübner) subtoxicus He impel and 

Angus 

Bacillus cereus var. alesti Bombyx mori (Linnaeus) Bacillus thuringiensis var. 
Toumanoff and Vago alesti Toumanoff and Vago 

Bacillus cereus var. alesti Silkworm rearing litter Bacillus thuringiensis var. 
"Anduze" strain alesti Toumanoff and Vago 

Bacillus sp. [Majumder Heliothis obsoleta Bacillus thuringiensis var. 
et al] Fabricius thuringiensis Berliner 

Bacillus dendrolimus Dendrolimus sibericus Bacillus thuringiensis var. 
Talalaev Tschetverikov sotto Ishiwata 

Bacillus thuringiensis Plodia inter punctella Bacillus thuringiensis var. 
Berliner (Hübner) thuringiensis Berliner 

Bacillus sp. [Svecova] Galleria mellonella Bacillus thuringiensis var. 
(Linnaeus) thuringiensis Berliner 

α Modified from Heimpe l and Angus (1960a, b). 

I t has been proposed that B. thuringiensis and related varieties should 
be referred to as varieties of B. cereus (Smith et al., 1946; Toumanoff, 
1952; Toumanoff and Le Corroller, 1959). Heimpel and Angus (1958b), 
while admit t ing the close relat ionship between these isolates, suggested 
that since the ability to produce parasporal inclusions was such a stable 
characteristic in a number of insect pathogens, species status on the basis 
of this characteristic was justified because of the role of the crystals in 
causing toxemia. A similar position has been adopted by animal pathol
ogists with respect to Bacillus anthracis which is also closely related to 
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B. cereus. T h e known crystalliferous bacteria pathogenic for insects are 
listed in T a b l e IV, together wi th the names proposed by Heimpel and 
Angus (1958b). 

Heimpel and Angus (1958b) had designated Bacillus thuringiensis 
var. thuringiensis as the type variety of the species. Steinhaus (1961) has 
since pointed out that Bacillus sotto apparent ly has priori ty over Bacillus 
thuringiensis since B. sotto was used in the l i terature as early as 1908. 
Al though the rules on nomencla ture are qui te clear on this point , most 
insect pathologists feel that B. thuringiensis should be re ta ined in order 
to prevent confusion in the l i terature concerning these bacteria. 

T h e key to the species of the Bacillus cereus g roup proposed by Heim
pel and Angus (1958b) and later modified by Krieg (1961) is also repro
duced here. 

K E Y TO THE SPECIES OF THE "Bacillus cereus G R O U P " 

Mesophil ic (good growth between 28° and 35 °C), aerobic (usually facultative 
anaerobes). Spores ell ipsoidal to cylindrical, paracentral to subterminal, walls thin. 
Sporangia not distinctly bulged. Gram-positive. 

A. N o parasporal body present 

(a) Acid from xylose and arabinose with ammoniacal nitrogen. Acetylmethylcar-
binol not produced. Phospholipase C not produced 

1. Bacillus megaterium 
(aa) N o acid from xylose and arabinose. Acetylmethylcarbinol produced. Phos

pholipase C produced 

(b) Saprophytic, sometimes pathogenic but not causing anthrax; sometimes 
moti le 
(c) Growth on agar not rhizoid 

2. Bacillus cereus 
(cc) Growth on agar rhizoid; seldom moti le 

3. Bacillus cereus var. mycoides 
(bb) Pathogenic. Causative agent of anthrax; nonmoti le 

4. Bacillus anthracis 

B. Parasporal bodies present 

(a) Parasporal body released from sporangium and separated from the spore in 
2 to 6 days; pathogenic for Lepidoptera larvae 
(b) Acetylmethylcarbinol produced. Phospholipase C produced. 

(c) Pellicle formed in nutrient broth. Pell icle breaks into flakes in shaken 
culture. Low toxicity for the silkworm 

5. Bacillus thuringiensis var. thuringiensis a 
(cc) N o pellicle formed in nutrient broth, body of broth evenly turbid, 

shaken culture gives even dispersal. Highly toxic for Lepidoptera 
(d) N o pigment formed when grown on egg-yolk agar 

α Bacillus galleriae Svecova, 1958; Η III Bacillus sp., Majumder et al., 1955; Bacillus 
thuringiensis (wax-moth isolate) Krieg and Franz, 1959. 
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6. Bacillus thuringiensis var. sotto & 
(dd) Rosy pigment formed in agar after several days growth on 

egg-yolk agar 

7. Bacillus thuringiensis var. alesti ο 
(bb) N o acetylmethylcarbinol produced. N o phospholipase C produced 

(c) Acid from trehalose, levulose, and glucose after 20 days' incubation 
at 3 2 ° C Highly toxic for many Lepidoptera 

8. Bacillus entomocidus var. entomocidus d 
(cc) N o acid from trehalose, levulose, and glucose after 20 days. Low tox

icity for certain Lepidoptera 

9. Bacillus entomocidus var. subtoxicus 
(aa) Parasporal body firmly attached to spores, even after months of storage. 

Acid from cellobiose after 48 hours' incubation. Nonpathogenic for certain 
Lepidoptera 

10. Bacillus finitimus 

A recent biochemical and serological study of twenty-four separate 
isolates of crystalliferous bacteria by de Barjac and Bonnefoi (1962) 
confirms the five main groups delineated by Krieg (1961), and adds a 
sixth type represented by the strains isolated from Galleria mellonella 
(Linnaeus). T h e serological tests based on the " H " or flagellar antigen 
were specific for these six main groups of biochemical types. I t is sig
nificant that these six main types also represent geographical distribu
tion of the crystalformers. These authors have proposed a revision of 
the nomenclature so that serotype designation becomes par t of the spe
cific epithet. Such a system has long been in use in the classification of 
certain species in the genus Salmonella which are pathogenic for m a n 
and other animals. Whethe r or not the system proposed by de Barjac 
and Bonnefoi will find wide acceptance depends in par t upon the es
tablishment of a source of s tandard sera, b u t their method undoubtedly 
provides a valuable tool for the identification of new isolates. 

3. Formation and Characteristics of the Toxic Crystal 

I n the opin ion of many workers the ability of the B. thuringiensis 
varieties to produce crystals is a surprisingly constant character, especially 
under normal conditions of temperature and p H on ordinary beef-ex tract 
agar. T h e r e are a number of reports, however, indicating that following 

& Bacillus dendrolimi Talalaev, 1956. T h e name Bacillus dendrolimus Talalaev 
may be considered a lapsus calami and was corrected originally by Toumanoff and 
Le Corroller (1959). 

c Bacillus euxoae Toumanoff and Le Corroller (1959), isolated by Krieg in 1956 
(Krieg, 1961). 

Λ T w o strains from Galleria mellonella Linnaeus reported by Norris (1961) (i.e., 
strains G l and G2) probably deserve varietal status in the B. entomocidus group 
(Heimpel , unpubl i shed data). 
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growth or t reatment under abnormal conditions, crystal formation may 
cease, either permanent ly or temporarily. (Toumanoff et al., 1955; Tou
manoff, 1956; Vankovä, 1957; Le Corroller, 1958; Fitz-James and Young, 
1959). T h e implications of these results have been discussed by Heimpel 
and Angus (1960a) and Krieg (1961). 

a. Development of the crystal. Crystal development, as such, does 
not occur in the vegetative rods bu t begins only when growth and nucleic 
acid synthesis cease and the cell is commit ted to sporulation. Addi t ion of 
the pu r ine analog 8-azaguanine, which inhibits spore formation in B. 
thuringiensis var. alesti if added before sporulat ion begins, also blocks 
crystal formation (Young and Fitz-James, 1959b). I t is a common experi
ence that young vegetative cells of many crystalliferous pathogens of the 
B. thuringiensis g roup are not toxic to larvae which are susceptible to 
sporulated cultures of the same organisms; toxicity does not develop 
unt i l sporulat ion begins (Angus, 1956a, b ; Fitz-James et al., 1958). Monro 
(1959) has shown in a serological study that crystal antigen arises dur ing 
sporulat ion and cannot be demonstrated in vegetative cells. T h e parallel 
development of the endospore and the crystal has also been studied cyto-
logically in B. thuringiensis var. alesti by Young and Fitz-James (1959a, 
b), and their conclusion that the formation of the parasporal crystal is 
associated entirely with the postcommitment phase of sporulat ion would 
seem to apply to all the B. thuringiensis varieties. 

b . Morphology. T h e parasporal bodies of different Bacillus species 
vary considerably in shape and size (Steinhaus and Jerrel , 1954; Hannay , 
1956). Those found in the B. thuringiensis varieties are best described as 
regular diamond-shaped crystals (see Fig. 2) that is, octahedra with a 
tetragonal form. T h i s is not invariable, for other shapes of crystals vary
ing from tr iangular to cuboidal have been reported and this varies with 
the variety studied. Commonly each sporulat ing cell contains one crystal, 
bu t cells containing two crystals have been seen. In some publ ished photo
graphs the crystals appear to have a bent t ip, bu t this is thought to be a 
prepara t ion artifact (Hannay, 1956). 

T h e crystals stain readily with many biological dyes, part icularly the 
acid stains, and they are easily seen with methods that utilize refractive 
differences such as dark-field and phase-contrast microscopy. A very useful 
and widely adopted technique is Robinow's air-mounted nigrosin film 
method. For rout ine examinat ion of large numbers of films, the use of 
simple 3 percent nigrosin yields qui te satisfactory slides (Hannay, 1956; 
Angus, 1956a, b). T h i s method is also very useful for prepar ing smears 
of blood, gut contents, and frass from diseased larvae; because of their 
distinctive shape the crystals are readily recognized (see also Smirnoff, 
1962). 
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FIG. 2. Spores and crystals of Bacillus thuringiensis. (a) A diagram illustrating 
the position of the protein crystal relative to other structures during sporulation; 
(al) after complet ion of sporulation. (b) Free crystals and spores. Electron micrograph. 
Magnification χ ca. 7500 (after Hannay, 1956). (c) Electron micrograph. Preshadowed 
carbon replica of the protein crystals. Magnification χ 84,000. (Photographs courtesy 
of C. L. Hannay.) 
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I n some electron micrographs, regular r idging on the surface of 
the crystals from B. thuringiensis can be seen (Fig. 2c); this r idging is 
qui te pronounced in replica preparat ions and is thought to reflect a 
structural characteristic of the crystals (Hannay and Fitz-James, 1955; 
Hannay , 1956; Norris and Watson, 1960). 

Labaw (1961) has gone further in investigating the structure of the 
crystal and reports: " T h e rectangular cross section of the crystals per
pendicular to the long axis of the bipyramid, together with the separation 
of the rows of molecules on the faces about three times that of the mole
cules in the rows, suggests that the structure can be approximated by a 
cubic close packing of spheres. T h e faces of the crystals would be the (221) 
planes of the face centered cubic structure having a tetramolecular un i t 
cell of about 110 A on an edge. T h e molecular diameter would be about 
80 A and the rows of molecules on the (221) faces would be separated by 
about 250 A. T h e r e are also membranes in cultures which have under
gone autolysis apparent ly made u p on one side of spheres or hemispheres 
about 65 A in diameter in hexagonal array." 

c. Chemistry. Crystals have been obta ined in a relatively pu re state, 
free of spores and vegetative cell debris, in a n u m b e r of ways including 
differential centrifugation or mechanical rup tu r ing of spores followed 
by differential centrifugation (Hannay and Fitz-James, 1955); sucrose 
gradients (Vankovä, 1957); phase separation with fluorocarbon (Angus, 
1959) and ultraviolet inactivation of the spores in a spore-crystal mix ture 
(Bonnefoi and Beguin, 1959). One-half microgram of crystals of B. thur
ingiensis var. sotto can cause paralysis in B. mori larvae (Angus, 1956c). 

Biologically active solutions have been prepared from sporulated 
cultures of several B. thuringiensis varieties including thuringiensis, sotto, 
and alesti, and B. entomocidus var. entomocidus. F rom these solutions, 
pu re prote in has been precipi tated at its isoelectric poin t by the addi t ion 
of suitable buffers (Hannay and Fitz-James, 1955; Angus, 1956c; Fitz-
James et al, 1958). It has been found that the method of alkali e lut ion 
(Hannay and Fitz-James, 1955), or alkaline thioglycolate elut ion (Young 
and Fitz-James, 1959a) results in some loss of toxic activity for Bombyx 
mori larvae when the precipi tated prote in is compared wih intact crystals 
(Angus, unpubl i shed data). 

T h e prote in of the crystals is thermolabile, insoluble in water and 
organic solvents bu t soluble unde r alkaline conditions. I t loses its bio
logical activity when acted on by the usual prote in denaturants . T h e 
amino acid composition of crystals of B. thuringiensis var. sotto has been 
determined by paper chromatography of acid hydrolyzates and is given 
in T a b l e V. 

Young and Fitz-James (1959a), as a result of their studies with B. 
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thuringiensis var. alesti suggest that the crystal is synthesized from 
low molecular weight compounds into a final form of protein which 
undergoes a process of "matura t ion" that is accompanied by solubility 
changes due to the formation of S—S cross linkages. I t has been 
found that there are measurable differences in the toxicity of differ
ent varieties of B. thuringiensis for a part icular insect species (Angus, 
1956a; Burgerjon and Grison, 1959; Toumanoff and Durand , 1961). 

T A B L E V 

A M I N O ACID COMPOSITION OF Bacillus thuringiensis var. sotto CRYSTALLINE INCLUSIONS 

Amount in 
crystalline 

Amino acid& inclusions^ 

Arginine 9.4 
Lysine 4.2 
Cysteine and /or cystine 1.1 
Histidine 1.7 
Aspartic acid 9.5 
Glutamic acid 12.9 
Glycine 2.7 
Serine 5.6 
Alanine 3.2 
Proline 6.7 
Tyrosine 3.9 
Threonine 5.2 
Methionine 0.6 
Phenylalanine 7.4 
Valine 5.0 
Leucine and /or isoleucine 10.4 
Tryptophan^ 2.1 

9L6 

a After Angus (1956c). 
& Estimated by paper chromatography of acid hydrolyzates. 
ο Expressed as grams of amino acid residues per 100 gm of protein analyzed. 
d Tryptophan was determined separately. 

d. Stability. T h e crystals of the B. thuringiensis varieties are sur
prisingly stable either in water suspensions of whole cultures or as sus
pensions of crystals alone; in dried preparat ions the crystals retain activity 
apparent ly indefinitely. Wate r suspensions of sotto crystals held at 3°C 
in the dark for nearly ten years are still toxic (Angus, unpubl ished data). 
T h e dissolved protein, as might be expected, is much less stable. 

4. Additional Toxins Produced 
T h e term endotoxin has acquired a somewhat specialized application 

in bacteriology and is usually associated with protein-polysaccharide-
phosphol ipid complexes derived from the gram-negative bacteria; in its 
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wider sense it infers materials extracted from and associated with the 
structural elements of the cell. T h e known exotoxins are formed dur ing 
the growth of some gram-positive bacteria and are l iberated into the 
med ium or infected tissue. Krieg (1961) has defined the various toxic sub
stances produced by B. thuringiensis as follows: (a) thermolabile endo
toxin; (b) thermostable exotoxin; (c) bacillogenic antibiotic; (d) lecithin-
ase; (e) proteinase. In Krieg's system the thermolabi le endotoxin refers 
to the parasporal crystal. 

T h e thermostable exotoxin is a low molecular weight water-soluble 
substance of unknown composition which affects several orders of insects, 
but only when injected into the body cavity. Product ion of the exotoxin 
begins toward the end of the logari thmic phase of growth and attains 
its m a x i m u m at the beginning of sporulat ion; it is thus qui te distinct 
from the prote in of the crystals. T h e exotoxin has been found in B. 
thuringiensis var. thuringiensis and in B. cereus (McConnell and Rich
ards, 1959), bu t not in B. thuringiensis var. sotto, or var. dendrolimus, 
or in B. entomocidus var. entomocidus, or var. subtoxicus (Burgerjon and 
de Barjac, 1960). 

T h e Bacillus species produce a n u m b e r of well-known antibiotics such 
as polymyxin and licheniformin, and the B. thuringiensis varieties also 
exhibit activity against some other bacteria (Vankovä, 1957). No th ing is 
known of the action of such antibiot ic compounds in the living insect. 

T h e B. thuringiensis varieties produce a lecithinase identical with 
that of B. cereus (see above); in insects with appropr ia te p H conditions 
the enzyme is undoubted ly active. Th i s point is discussed further in the 
section on mode of action. Bucher (1960) pointed out that some faculta
tive pathogens are proteolytic, and these include B. cereus and B. thurin
giensis varieties. In his opinion, the correlation between proteolytic 
activity and the ability to produce septicemia as a result of growth in 
the hemocoel of the host insect is highly significant, for the proteolytic 
enzymes may be responsible for degenerative changes in the phagocytic 
cells of the host and for digestion of the host tissues. Th i s point also will 
be discussed further in the section on mode of action (II, B, 6). 

5. Sensitivity to Bacteriophages and Antibiotics 
T h e B. thuringiensis varieties and B. cereus are attacked by a number 

of bacteriophages which differ in their specificity (Afrikian, 1960; Yoder 
and Nelson, 1960; Krieg, 1961; Norris, 1961; Gochnauer , 1960; Angus, 
unpubl ished data). Afrikian isolated such bacteriophages several times 
from B. mori larvae and suggested that their presence might modify the 
development of infection, bu t there is no definite evidence that this does 
occur. 
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T h e sensitivity of B. thuringiensis var. thuringiensis to the antibac
terial action of certain fungi, namely, Aspergillus flavus Link, and Penicil-
lium frequentans Westl ing has been reported (Krieg, 1961). T h e well-
known antibiotic penicill in, which is derived from Penicillium notatum 
Westling, is not active against B. thuringiensis varieties since they pro
duce a penicillinase (Toumanoff and Lapied, 1954). It is noteworthy that 
B. anthracis is highly sensitive to penicil l in (Waksman, 1947). 

T h e antibiotics derived from actinomycetes are also active against B. 
thuringiensis and these include streptomycin, Aureomycin, Chloromyce
tin, Terramycin, actinomycin, erythromycin, kanamycin, amphomycin, 
and neomycin (Toumanoff and Lapied, 1954; Afrikian, 1960). I t is dif
ficult to envisage that antibiotics from fungi or actinomycetes occur 
natural ly in a host insect, bu t obviously mold contaminat ion could be a 
problem in mass culturings. Similarly, bacteriophage infection might 
also reduce yield. 

Of greater interest is the report of Kushner and Harvey (1962) that 
certain kinds of foliage contain substances inhibi tory to the growth of 
B. cereus and B. thuringiensis varieties and that these substances are 
detectable in the gut contents of insect larvae feeding on such foliage. 
In situations where vegetative growth is a prerequisite to invasion, the 
presence of such substances might modify the infection cycle. 

6. Mode of Action of the Crystalliferous Bacteria 

T h e B. thuringiensis varieties are pathogenic for a wide variety of 
Lepidoptera larvae; Krieg (1961) records nearly 100 susceptible species. 
T h e list is being added to at a rate which would almost justify the 
generalization that most Lepidoptera larvae are susceptible to one or 
other of the B. thuringiensis varieties. W i t h such a wide host range it 
is not surprising to find a variety of symptoms and host responses. 

I t has been shown that susceptibility varies among species of insects 
and that the response of a par t icular species is further modified by such 
factors as age, vigor, and concurrent infection with other microorganisms. 
In addit ion, variability is introduced by environmental factors, such as 
temperature, humidi ty , and food source, and in some instances by the 
method of dosing. Finally the virulence or pathogenicity of the bacter ium 
is affected by varietal differences, cultural conditions, age of culture, 
spore: crystal rat io, and method of preparat ion. As Hannay (1956) states, 
a consideration of even a few of the variations presented by each compo
nent of the triad (insect, bacillus, and inclusion) reveals a formidable 
array of interactions. T h e mode of action of B. thuringiensis has been 
studied in detail in a relatively few species, and any generalizations based 
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on such l imited experience will inevitably require modification as 
studies are extended to other insects. 

a. General paralysis. T h e most striking of the effects of B. thuringiensis 
is the general paralysis observed in the larvae of Bombyx following in
gestion of sporulated cultures of the varieties sotto, alesti, or thuringiensis 
(Aoki and Chigasaki, 1915a, b ; Toumanoff and Vago, 1951; Angus, 1954, 
1956a). T h e development of this paralysis is relatively rapid, for the in
sect is completely incapacitated wi thin 80 minutes of ingesting crystals. 

10.5 
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Time in minutes 

FIG. 3. Changes in the p H of the gut contents and blood of Bombyx mori larvae 
after ingesting crystals from Bacillus thuringiensis var. sotto. (After He impe l and 
Angus, 1960a.) 

Although it is difficult to determine the actual t ime of death of larvae so 
affected, they are truly mor ibund from this poin t on. T h e development 
of paralysis is accompanied by a progressive increase in the alkalinity of 
the blood (Fig. 3), which is thought to occur because the crystal protein 
acts on the epi thel ium of the midgut , al tering its permeabili ty, so that 
equi l ibrat ion occurs between the highly buffered midgut contents (pH 
10.2 to 10.5) and the relatively poorly buffered blood (pH 6.8). If the 
blood of a noninfected silkworm larva is made alkaline (pH 8.0) with 
sterile nontoxic buffers, a general paralysis indist inguishable from that 
seen following ingestion of toxin or crystals occurs (Heimpel and Angus, 
1960a). T h i s indicates that the general paralysis is likely a result of in
creased blood alkalinity ra ther than a direct action of the toxin; the 
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increased alkalinity develops because of damage to the gut epi thel ium. 
A similar general paralysis, developing at a slower rate, also occurs in 
the hornworms Protoparce quin que maculata (Haworth) , Protoparce sexta 
(Johannson), and the Chinese oak silkworm Antheraea pernyi Guerin-
Meneville (Angus and Heimpel , 1959). 

b. Gut paralysis. T h e symptoms noted by other workers in a wide vari
ety of Lepidoptera infected with B. thuringiensis varieties reveals that al
though sluggishness, cessation of feeding, regurgitat ion, and diarrhea are 
often observed, rapid general paralysis of the type seen in B. mori does 
not occur. W h e n the blood of a n u m b e r of susceptible Lepidoptera 
larvae was examined following ingestion of spores and crystals, no signif
icant al teration of p H was found. It was noted, however, that there was 
no further feeding after an initial meal of contaminated foliage (Angus 
and Heimpel , 1959). By the use of X-ray photography it was demonstrated 
that the gut of infected larvae had ceased to function; death followed in 
24 to 48 hours (Vankovä, 1957; Angus and Heimpel , 1959; Heimpel and 
Angus, 1959). 

Compar ing the symptoms in a number of susceptible species, Heimpel 
and Angus (1959) arranged them into three groups. T h e first g roup (type 
I) comprises a l imited number of Lepidoptera larvae having a very high 
p H in the gut and exhibi t ing a rapid general paralysis following an in
crease of blood alkalinity to the extent of 1.0 to 1.5 p H units . T y p e I 
insects also suffer a gut paralysis, bu t this is masked by the general paral
ysis; it becomes evident, however, if subparalytic doses of the toxin are 
ingested. Gut paralysis is accompanied by a decrease of gut alkalinity to 
the point where spore germinat ion and vegetative mult ipl icat ion cause 
death from septicemia. 

In the second group (type II) gut paralysis occurs a few minutes after 
ingestion of the toxic crystals, and feeding ceases. General paralysis does 
not occur and there is no increase in blood alkalinity, bu t there is a slow 
decrease of gut alkalinity which permits rapid growth of the bacteria and 
subsequent septicemia. 

T h e flour mo th A. kühniella was placed in a separate group (type II I ) 
since it did not fit easily into either of the two preceding categories. I t 
exhibited nei ther gut nor general paralysis, a l though death followed a 
septicemia. 

Yamvrias (1961) concluded that B. thuringiensis varieties cause a form 
of diarrhea coupled with a chronic toxemia in A. kühniella. Th i s is con
sistent with the findings of Heimpel , who demonstrated histologically 
that toxic effects were visible in the hemocoel of infected flour-moth 
larvae before bacteria invaded the blood (Heimpel, 1954a). 

T h e French workers under Martouret , and under Grison, have re-
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cently described a new (type IV) group of insects that demonstrate yet 
another reaction when fed spore and crystal preparat ions. They state that 
some insects (e.g., most Noctuidae) are not susceptible to the crystal toxin, 
bu t are susceptible to a toxic thermostable soluble substance, apparently 
released from the cell at the time of sporulat ion. Burgerjon and de 
Barjac (1960) showed that there was no paralysis of tent-caterpillar larvae, 
Malacosoma sp., and the insects keep on feeding u p to 10 days, when 
they die ra ther abrupt ly with symptoms suggesting toxemia. Burgerjon 
and de Barjac, and Mar toure t (1961) theorize that in many insects both 
the crystal toxin and the soluble, thermostable toxin act synergistically 
to kill the host. 

I t should be recalled at this poin t that the B. thuringiensis varieties, 
aside from the product ion of a toxic crystal, secrete the same kinds of 
lytic exoenzymes as B. cereus. T h u s they are capable of causing the same 
kind of damage if the gut p H conditions permi t germinat ion of the spore 
and vegetative mulipl icat ion. T h e toxic crystals are soluble in vitro only 
in qui te alkaline conditions, bu t in vivo this probably occurs at a some
what lower p H , especially in the presence of proteolytic enzymes and 
reducing agents. It has been found that B. thuringiensis var. alesti crys
tals dissolve at a lower p H in the presence of the reducing agent thio-
glycolic acid (Young and Fitz-James, 1959a). 

T h e potent ia l of B. thuringiensis to cause gut damage by vir tue of 
its toxic crystal at p H levels that inhib i t spore germinat ion, and its 
ability to begin growth with the product ion of lytic exoenzymes when 
the gut p H falls explains its wide host range. In the lat ter case the en
zyme phospholipase appears to be the pr imary agent (Toumanoff, 1953, 
1954; Heimpel , 1954a, b, 1955a, b ; Vankovä, 1957; Bonnefoi and Beguin, 
1959). 

7. Histopathology 

T h e histopathological changes in larvae infected with B. thuringiensis 
varieties have been studied in A. kiihniella (Berliner, 1915; Mattes, 1927; 
Heimpel and Angus, 1959), P. rapae (Tanada , 1953), and B. mori (Tou
manoff and Vago, 1953; Heimpel and Angus, 1959). T h e studies con
ducted pr ior to 1953 were made with three insect species that respond 
differently to the pathogen, and before it was realized that at least two 
toxic mechanisms could be operative in B. thuringiensis infections. Nor 
was it realized that the t ime of histological fixation would determine 
which system was dominant , i.e., the immediate effect of the crystal pro
tein could be masked by the subsequent changes caused by the enzymes 
of the vegetative cells growing in or near the tissue. In spite of this dif
ficulty, there is considerable unanimi ty in the findings. Allowing for 
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differences in nomenclature , all agree that there are visible changes in 
the appearance of the midgut epi thel ium, which are described as erosion, 
disintegration, and spongy degeneration. By sampling early in the disease 
cycle, Heimpel and Angus (1959) noted general loosening of the midgut 
cells from one another and from the basement membrane , relaxat ion of 
the gut musculature and degenerative effects such as fenestration of the 
body muscle in the hemocoel. As a result of these findings they postulated 
that in the silkworm the prote in of the toxic crystal, or a derivative of it, 
causes rapid dissolution of cell-cementing substances which exposes the 
cells to the action of gut contents, and thus leads to autodigestion of the 
cells from the disorganized tissue. A gut damaged in this way rapidly be
comes nonfunctional or paralyzed. Th i s suggested to them that the crys
tal protein could be the precursor of an enzyme which under suitable 
conditions in the insect gut attacks a substrate (possibly a mucopolysac
charide) in the substance cementing the epithelial cells. T h e r e is as yet 
no histochemical proof of this hypothesis. However, Mar toure t (1961) has 
shown that there are proteolytic enzymes in the gut of pierid larvae that 
break down the crystal to a substance that is toxic when injected. I t was 
found that when this was injected there was a rapid reduction of the 
prote in fraction in the blood. 

All the histological findings indicate that the pr imary site of action of 
the crystal prote in is the anterior midgut region, and this indication is 
further supported by addit ional evidence supplied by other experimental 
techniques (Heimpel and Angus, 1959). T h e histological changes noted 
in B. mori infected with B. entomocidus var. entomocidus are shown in 
Fig. 4. 

8. Insect Species Affected 

T h e B. thuringiensis varieties were first isolated from Lepidoptera 
larvae and it is against this type of insect that they are most effective. An 
extensive list of susceptible species has been given by Krieg (1961) and 
others; we will not repeat it here. T h e list includes over a hund red species 
that have been tested; only a very few are resistant. Of these, some are 
susceptible to one variety bu t not another, and one is tempted to specu
late that dosage and the k ind of prepara t ion used account for the dif
ferences reported. For instance, Berliner (1915) found that Thaumetopoea 
processioned Linnaeus was not susceptible to his strain of B. thuringiensis; 
Grison and Beguin (1954) report differently. Of the many thousands of 
Lepidoptera species known, only a fraction have been tested, and it is 
certain that as other species are investigated the host list will have to be 
enlarged. 

T h e B. thuringiensis varieties have been tested against a few species 



FIG. 4. Sagittal sections of midgut epi the l ium of Bombyx mori larvae showing: 
(A) anterior midgut epi the l ium 15 minutes after feeding on spores and crystals of 
Bacillus entomocidus var. entomocidus; (B) same area 60 minutes after feeding on 
bacterium. Note relaxation of circular muscle denot ing paralysis, and separation of 
cells. (After Heimpel and Angus, 1959.) 
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outside of the order Lepidoptera, and these are listed by Krieg (1961). 
T h e r e is no discernible pa t te rn in the results and indeed there is some 
ambiguity in that some species are reported as susceptible and resistant 
to the same microorganism by different workers. Susceptible and resistant 
species have been reported in the orders Hymenoptera , Coleoptera, Dip-
tera, and Orthoptera . It should be emphasized, however, that these dif
ferent results are not strictly comparable in that again they were derived 
by a variety of methods and a wide dosage range. 

Of more than ordinary interest is the finding that the honey bee, 
Apis mellifera Linnaeus, is not affected by B. thuringiensis (Krieg, 1961). 
One of the attractive features of B. thuringiensis as a practical microbial 
insecticide is that it does not appear to ha rm most useful insects. 

Some of the Diptera reported as being susceptible are of great eco
nomic importance and include Musca dornest tea Linnaeus, Aedes aegypti 
(Linnaeus), and Anopheles spp. (Krieg, 1961). T h e r e is no evidence avail
able to indicate whether the mode of action in these insects is the same as 
it is in Lepidoptera . In this connection, Heimpel and Angus (1960a) have 
speculated that the crystal may be partially degraded outside the muscoid 
larvae since they ingest only dissolved nutr ients . However, it is equally 
possible that some other soluble toxic product is present in commercial 
preparat ions and that this is responsible for the observed mortality. 

Smirnoff and Heimpel (1961) have reported that the ear thworm Lum-
bricus terrestris Linnaeus is susceptible to infection with B. thuringiensis 
var. thuringiensis and dies as a result of a massive septicemia. Presumably 
the toxic crystal is involved since the ear thworm is not susceptible to in
fection with B. cereus, which is a ubiqui tous soil saprophyte. 

9. Bacillus thuringiensis As a Microbial Insecticide 

T h e very wide host range which includes a large n u m b e r of injurious 
species among the Lepidoptera , the relative stability of the toxic crystals 
and the spores, and the ease with which B. thuringiensis can be produced 
in quant i ty on a wide variety of media, have led to its commercial ex
ploi tat ion as the basis of a number of microbial insecticides. (These com
mercial products are listed in Chapter 15 of this volume.) 

All of these apparent ly utilize B. thuringiensis var. thuringiensis. T h e 
American, and presumably the European, processes are based on tank-
fermentation methods and a variety of media. Various means of concen
trat ing the raw cultures have been utilized and most products contain, 
in addi t ion to the spores and crystals, a considerable quant i ty of fermen
tat ion solids and cell debris. Many products are extended with inert fillers 
such as clays, bentoni te , or diatomaceous earth. In one novel application, 
culture solids are mixed with b ran and this is added to stock and poultry 
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feed in order to control the development of fly larvae in animal feces 
(Dunn, 1960). 

a. Standardization. T h e in t roduct ion of microbial insecticides based 
on B. thuringiensis in to commercial channels, and the requi rement of 
many governmental agencies that the labeling of such products contain a 
statement of activity in comparative terms, has led to the development 
of various methods for establishing the activity of preparat ions. T h e 
method most frequently adopted is that based on the n u m b e r of viable 
spores per gram of product . T h e l imitat ions of this method have been 
discussed by Heimpel and Angus (1960a) and Krieg (1961). Briefly, it is 
based on the assumption that each spore must have been accompanied 
by a crystal. T h e spore count, if derived by a plate cul tur ing method, will 
be reduced by the viable:nonviable spore rat io, by clumping, and by 
other errors. Direct visual count ing (in a blood-cell count ing chamber) 
is a very tedious procedure, which does not yield an absolute measure of 
crystal toxicity. Unfortunately, it is no less tedious to use living insects 
to establish toxicity because of the difficulty of ensuring uniformity of 
test animals from different rearings. As noted above, different insect spe
cies vary in their susceptibility and results with one species are not strictly 
applicable to others. In addit ion, many insects, because of special food 
requirements and life habits, are not available on a year-around basis. 
Th i s has led to at tempts to set u p comparative indices based on the use 
of master or reference preparat ions and a cosmopolitan insect species, 
such as Pier is brassicae (Linnaeus). T h e work of Burgerjon and his col
leagues has been reviewed by Krieg (1961) and Heimpel and Angus 
(1960a). Those with a par t icular interest in this subject, should consult 
the original papers of the French group and other workers. 

T h e use of a biological test has the attractive feature that it embraces 
the joint action of the crystals and the spores, which as ment ioned earlier 
undoubtedly occurs in many insect species. Such a test would at once re
veal any unusual reduct ion in toxicity, as a result of faulty cultural con
dit ions or contaminat ion, that would escape detection by either plate 
count or direct visual count. T h e ideal test would be based on two cri
teria: the first element would be a count of the viable spores per gram; 
and the second, an in vitro evaluation of the effect of the crystal protein 
on a substrate of constant chemical composit ion along the lines of the 
well-known tests for hyaluronidase and lecithinase. T h i s assumes, of 
course, that the toxic prote in acts as an enzyme, an assumption which has 
not yet been proved. 

b . Specificity. T h e heal th hazard associated with the use of conven
tional chemical insecticides is widely acknowledged and requires no re
statement here. T h e microbial insecticides based on B. thuringiensis var. 



48 ARTHUR Μ. HEIMPEL AND THOMAS A. ANGUS 

thuringiensis do not present the same difficulties, bu t there are some pre
cautions that must be observed and the close relat ionship of the B. thur
ingiensis varieties to Bacillus cereus, and thus in tu rn to the animal path
ogen B. anthracis, has given rise to studies of the possibility that B. thur
ingiensis possesses or could develop pathogenicity for hosts outside the 
Insecta. 

A considerable body of evidence, based on tests with various kinds of 
preparat ions of B. thuringiensis var. thuringiensis indicates no patho
genicity for mammals including man. T h e mammals tested include mice 
(Berliner, 1915; Fisher and Rosner, 1959), dogs (Lemoigne et al, 1956), 
rats (Fisher and Rosner, 1959), rabbits (Steinhaus, 1951), guinea pigs 
(Fisher and Rosner, 1959), and also cows, pigs, and sheep (Krieg, 1961). 
In all these species, no pathogenicity was observed, even at massive doses. 

Bacillus thuringiensis var. thuringiensis has been extensively tested 
for pathogenicity to man. Steinhaus (1951) showed that the whole organ
ism can be ingested wi thout ill effects. Much more extensive tests are 
reported by Fisher and Rosner (1959); these involved some eighteen per
sons who ingested 1 gm of spore powder (3.10 9 spores per gram) daily for 
5 days. At the end of the experimental period intensive examinat ion 
failed to detect any alteration of body function or capacity; parallel in
halat ion tests were similarly negative. A postexaminat ion at 4 to 5 weeks 
also was negative. 

T h e birds tested include hens and ducks. Even after daily ingestion of 
0.5 to 1.0 gm of a B. thuringiensis p repara t ion for 23 months , no detri
mental effects were observed in hens (Krieg, 1961). A number of species 
of fish have been exposed to B. thuringiensis var. thuringiensis wi thout 
any indication of harmful effects (Fisher and Rosner, 1959). 

c. Quality control. T h e tests described above are of finished products , 
that is, of normal fermentation yields. T h e close relat ionship of B. cereus, 
B. thuringiensis var. thuringiensis, and B. anthracis has already been 
mentioned, and it has been argued that B. thuringiensis var. thuringiensis 
might be able to muta te or degenerate in to an acrystalliferous variety 
with at tr ibutes of a B. cereus strain that has developed pathogenicity for 
higher animals. Such conversions are known to occur with B. anthracis, 
bu t Steinhaus (1957, 1959b) has considered this point in detail and con
cludes that its occurrence with B. thuringiensis var. thuringiensis is un
likely when considered in the light of contemporary knowledge of bac
terial genetics. 

Brown et al. (1958), who successfully isolated pathogenic anthrax-like 
bacteria from B. cereus cultures, also examined B. thuringiensis varieties 
in a like manne r and found no evidence of pathogenic strains. 

A much more likely source of t rouble than the development in cul-
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tures of pathogenicity for warm-blooded animals, would be the use of 
inocula of B. thuringiensis var. thuringiensis accidentally contaminated 
with pathogenic B. cereus strains. T h i s can be prevented by the applica
tion of known bacteriological techniques and a rigid sampling procedure 
throughout the product ion process. I t is equally obvious that the micro
bial insecticide should be adequately tested before it is released for sale 
or use. 

10. Application (Field Application) 

T h e microbial insecticides based on B. thuringiensis var. thuringiensis 
have been formulated so that they can be used in existing equ ipment 
and are applied either as dusts or sprays; bo th methods have been used 
with equal success. O u r approach to applicat ion has been guided to a 
large extent by experience with conventional chemical insecticides, and 
in the main no great difficulty has been encountered. Many of the com
monly used stickers, emulsifiers, and surface-active agents are compatible 
with B. thuringiensis varieties, bu t the addi t ion of any material that 
would decrease the viability of the spore or inactivate the crystal protein 
is to be avoided. T h u s the practice of incorporat ing some kinds of fungi
cides (such as heavy metal poisons) needs investigation. N o new methods 
specifically for the microbial insecticides have been developed, and there 
is need for extensive study in this area. 

Contrary to early expectations, B. thuringiensis preparat ions are com
pat ible with oil vehicles, bu t the product must be properly treated to 
obta in a small particle size since the microbial insecticides yield not 
solutions bu t suspensions; usable suspensions can be obtained by the use 
of emulsifiers to prepare stable oil-water systems. Compared to ordinary 
insecticides the microbial insecticides are bulky and do not lend them
selves to the prepara t ion of low-volume, high-concentration mixtures. I t 
is also essential that , in large-volume equipment , devices ensuring con
t inuous agitation be incorporated in order to prevent settling. T h e 
method of applicat ion is also governed by the fact that B. thuringiensis 
preparat ions are not a contact poison bu t must be ingested. If they are 
to be effective, the spray or dust must be applied at a t ime when the 
insects are feeding, and so it is essential that the test be based on accurate 
ecological observations. 

T h e effectiveness of a spray can be seriously l imited by the habits of 
the target insect. Any dust or spray will effectively coat only exposed 
surfaces, so that internal feeders such as leaf miners, budworms, stem 
borers, fruit miners, and so on, even though susceptible in laboratory 
conditions, will escape unscathed because their feeding site is protected 
from the spray or dust. 
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C. Bacillus Pathogens of Bees 
1. European Foulbrood; Status of Bacillus alvei 

Al though the first-reported studies of the European foulbrood diseases 
were published by Cheshire and Cheyne in 1885, and despite intensive 
investigations by an imposing array of scientists, the causal agent and 
etiology of this disease are still shrouded in mystery. 

Indeed, there appears to be a clue to the unsett led na ture of our 
knowledge when seeking a concrete description of disease symptoms. 
T o quote Phill ips (1918), " T h e symptoms of European foulbrood are 
simply the outward manifestations of the disease, being chiefly the ap
pearance of the larvae after death." After considerable discussion wi th 
apiculturists and bacteriologists it would seem that the appearance of 
the brood combs, the superficial appearance of the larvae in the diseased 
colony, and sometimes the smell of the comb, are the main symptoms 
and signs noted by the apiculturist in diagnosing a diseased condit ion 
such as European foulbrood. 

a. Symptoms and signs. According to Whi t e (1912), Burnside and 
Sturtevant (1936), and Phill ips (1918), the first sign of infection in the 
colony is the gross observation that sick larvae may be found in uncapped 
cells. I n relatively lightly infected colonies, infected for some time, this 
gives the comb a "pepperbox" appearance due to the large n u m b e r of 
uncapped cells. In advanced stages, the remains of partially removed 
larvae may also be found in some of the cells. All authors are in agree
ment that the symptoms exhibited by the larvae are qui te variable. T h e 
disease attacks the larvae at an early stage so that its manifestations are 
first apparent in 3- to 4-day-old larvae. These early symptoms are changes 
in color to a slightly yellow or gray from the usual glistening white, 
or to a flat white, later becoming yellowish. An impor tan t poin t here, 
and one that is not frequently emphasized, was made by Wh i t e (1912), 
who stated that a peristalsis-like mot ion of the infected larvae could 
be detected with the unaided eye. Indeed, Whi t e stated, " In the absence 
of the exaggerated peristalsis-like movement, however, other tests should 
be applied as the color symptom is sometimes deceptive." Phillips (1918) 
also ment ioned " the uneasy movement of the larva in the cell." T h e 
larvae later flatten on the base of the cell or may tu rn so that the two 
ends are toward the base of the cell, bu t rarely they are found, as in 
American foulbrood, on the sidewall of the cell. T h e dying larvae and 
the scales remaining after death are easily removed, are not ropey in 
the case of the larvae, and are usually dry and normally not black in 
the case of the scales. 

Contrary to current opinion, there is not usually an odor associated 
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with the disease; however, diseased larvae from certain regions do pos
sess a sour odor upon decay, and this is ascribed to the action of 
secondary bacteria developing saprophytically. 

Fur ther dorsal examinat ion of the gut through the "window" in 
the intact, sick larva reveals that the normal yellow, pollen-packed ap
pearance of the healthy gut has usually changed to an elongated dull 
white mass in the mor ibund larva. 

T h e consensus is that the signs and symptoms associated with Euro
pean foulbrood, are extremely variable, and the technique of diagnosis 
would appear to describe a condit ion, not necessarily a specific disease. 

b . Diagnosis and causative agent. If, for the sake of discussion, we 
adopt the hypothesis that European foulbrood (EFB) is a disease that 
cannot be separated from a condit ion (diagnosed by macroscopic means) 
that may be caused by other factors, then we would expect the micro
scopic analysis of the larvae to present a confused picture. Th is , in fact, 
is so. 

Originally, Cheshire and Cheyne (1885) isolated a sporeforming bac
ter ium from diseased larvae and described it as Bacillus alvei Cheshire 
and Cheyne. T h e y cited this organism as the causal agent of European 
foulbrood. 

Maassen (1907) found the "guntheric-iorms" of bacteria described 
by Howard (1900) in typical EFB-infected larvae, and named the organ
ism Streptococcus apis. I n various parts of the world Streptococcus fae-
calis has been frequently isolated from diseased bee larvae and is con
sidered distinct from S. liquefaciens (S. apis) (Breed et al., 1957). 

Whi te (1912) reported a careful study and isolation of bacteria from 
a large n u m b e r of EFB cases. H e conducted feeding tests using EFB-
diseased insects as an infection source. H e classified these diseased 
larvae microscopically into lots according to the bacteria present. One 
group of sick larvae contained large numbers of the sporeformer B. alvei; 
another lot was made u p of unheal thy larvae with a preponderance of 
S. liquefaciens bu t no B. alvei; the thi rd batch contained both B. alvei 
and S. liquefaciens. Heal thy larvae fed the brei of these infected insects 
were examined microscopically, after the larvae showed visible signs of 
disease, and it was found that nei ther S. liquefaciens nor B. alvei were 
present in the gut in significant numbers . 

Whi t e went on to show that all bacteria associated with EFB (as well 
as filterable viruses) could be el iminated as the pathogen except for one 
bacterium, tentatively called "Bacillus Y." H e later described the or
ganism and called it Bacillus pluton Whi te . Th i s bacter ium has recently 
been reisolated, cultured, and designated as Streptococcus pluton (White) 
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(Bailey, 1957). Whi t e was convinced that 5. pluton was the causative 
agent of European foulbrood. 

Since Whi t e completed his work, many investigators, puzzled by the 
variety of organisms associated with the disease, and plagued by the 
inconsistency of results in pathogenicity tests, have offered alternative 
suggestions as to the causal agent (see Steinhaus, 1949). 

T h e solution to this vexing problem was achieved by the cult ivation 
of S. pluton for the first t ime. Th i s organism is believed to cause the 
disease (al though not necessarily the condition) known as European 
foulbrood. Bailey, in cooperation with Garrod of St. Bartholomew's 
Hospital , London, England, isolated, with a specially developed medium, 
a gram-positive, oval, anaerobic coccus. Bailey and Garrod believed this 
bacter ium to be an isolate of the bacterium, S. pluton (Bailey, 1957). 
Fur ther at tempts to develop a bet ter med ium resulted in sufficient cul
tures of S. pluton in mixed culture with Bacterium eurydice Whi te , to 
permi t pathogenicity tests by spraying brood combs. O u t of two hives 
tested, EFB became firmly established in one of the colonies. 

Bailey, with an improved medium developed in 1956, obtained the 
separation and growth of pu re cultures of S. pluton and B. eurydice, and 
he found that , using mixed cultures of these two bacteria, he could 
establish the disease in five out of eight colonies. At this time, Bailey 
(1957) felt that nei ther bacterium, by itself, was capable of causing the 
disease. 

In 1957, 1959, and 1961, Bailey described improved media and 
methods for isolating S. pluton; he also laid less emphasis on the im
portance of the presence of B. eurydice in the disease. One of us (AMH) 
was able, after some difficulty, to grow Bailey's organism on the med ium 
described by h im in 1959. Fur ther , it was found that EFB could be 
established, in weak colonies, by injecting the food of at least 24 larvae 
with doses of culture of S. pluton (kindly supplied by Bailey) of ap
proximately 100,000 cells per larva. N o cultures of B. eurydice were 
recovered from the resulting dead larvae a l though the symptoms observed 
in the unheal thy larvae were those of classical EFB, and 5. pluton was 
identified in all dying and dead larvae. 

Wil le (Büdel and Herold, 1960) has been able to improve Bailey's 
med ium and has confirmed Bailey's findings concerning the ability of 
S. pluton to cause classical EFB in larvae fed the organism. Wil le made 
no ment ion of B. eurydice being involved in the disease. 

Th i s leaves li t t le doubt that S. pluton is the causal agent of Euro
pean foulbrood; therefore, further discussion of this organism and the 
disease it causes will be taken u p in the appropr ia te section of this 
volume (see Chapter 4). 
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W h a t then of the larvae that die from a disease very similar to EFB? 
W h e n examined microscopically these larvae are found to be teeming 
with bacteria such as B. alvei and S. liquefaciens. 

It is a well-known fact, bo th from the l i terature and from the ex
periences of contemporary investigators, that the flora of unheal thy bee 
larvae, exhibi t ing the condit ion called EFB, is varied. Katznelson (1958) 
stated that B. alvei occurred in 75 percent of the infected larvae exam
ined. Michael (personal communicat ion) indicated that B. alvei occurred 
in 80 percent of his diagnoses, and 20 percent were accompanied by S. 
pluton-like organisms. However, B. alvei is less frequently encountered 
at Madison, Wisconsin, and there S. faecalis is found in many cases of 
diseased bee larvae, with and wi thout the presence of lanceolate strep
tococci (Vaughn, 1958). Bailey invariably found S. pluton in material 
from Southern England, Southern Norway, California, and Tanganyika , 
Africa. 

c. The role of B. alvei and other organisms. T h e r e are at least two 
explanations possible that might clarify how pure and mixed cultures 
of B. alvei, S. liquefaciens, and S. faecalis frequently occur in mor ibund 
larvae diagnosed as EFB-infected. Competent workers have fed B. alvei 
and S. faecalis to bee larvae and have obtained mortal i ty in young larvae 
with variable symptoms (Vaughn, 1958; Ha r tman , personal communica
tion). I t is possible that these bacteria can cause mortal i ty in larvae 
weakened by other factors, part icularly in colonies weakened by over
wintering. Certainly this should be investigated intensively now that 
S. pluton can be identified by cul ture and serologically. 

Another explanat ion has been suggested several times in the past, 
beginning with Whi t e (1912). Bacillus alvei and other bacteria found 
in unheal thy larvae might be considered secondary invaders that have 
outgrown the more fastidious, pr imary pathogen S. pluton. Some work
ers have credited these organisms with an effect on the course of the 
disease and with the appearance of the mor ibund larvae. In this con
nection, Michael (personal communicat ion) has brought forward an in
teresting hypothesis that warrants careful investigation. H e points out 
that if S. pluton is the pr imary agent and B. alvei is a secondary invader 
capitalizing on the weakened condit ion of the host, then B. alvei may 
act as a l imit ing agent or "suppressant" of S. pluton by vir tue of its 
product ion of the antibiot ic Alvein (Gilliver et al., 1949). S. pluton can 
frequently be found in young larvae in pu re culture, whereas B. alvei 
is usually found in older sick larvae with or wi thout visible signs of 
S. pluton. T h e possibility that B. alvei suppresses S. pluton could be 
easily tested with in vitro and in vivo experiments to determine whether 
S. pluton is sensitive to Alvein. Th i s last proposal is strengthened by 
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the observation of Katznelson that Chloromycetin actually intensified 
EFB when fed to infected colonies. B. alvei is very sensitive to Chloro
mycetin, and the specific effect on B. alvei might "release" S. pluton. 
Thi s suggestion by Michael is also worth further study. 

2. American Foulbrood 

T h e disease known as American foulbrood (AFB) has been recognized 
since approximately 1900 as a distinct malady of bees. Its dis t r ibut ion 
appears to be worldwide, wherever bees are kept; despite the availability 
of modern control using antibiotics, it apparent ly still takes a consider
able toll. 

As a rule, young larvae (up to 55 hours old) are susceptible; however, 
the disease does not usually kill unt i l the end of the feeding stage. T h e 
pupae and adults are not susceptible. Recent work has suggested that 
resistance to this disease may exist. T h e form of resistance is indirect, 
in that it involves the habits of the adul t bees in uncapping the infected 
cells and then in cleaning out dead larvae. Removal of the infective 
larval remains apparent ly reduces the chance of infecting the next gen
eration. These capabilities of the adul t bees apparent ly are under genetic 
control. 

a. Symptoms and signs. Steinhaus (1949) gave a full account of this 
disease; however, it might be of some benefit to review the salient points 
of symptomatology. 

American foulbrood (as opposed to European foulbrood) usually 
kills the larva after the cell has been capped. T h e caps of cells con
taining dead larvae are shrunken and dark and may be punc tured by 
investigating adults. 

Infected larvae usually take on a brownish t int and become progres
sively more flaccid as the disease reaches its peak. Since, in nature , most 
larvae die in the prepupal stage, they are usually stretched along the side 
of the cell. T h e resulting cadaver dries down to a rich-brown or black-
brown scale which sticks tenaciously to the cell wall. If a probe is 
inserted into the cadaver and is wi thdrawn at this stage, the remains 
adhere to the probe and exhibit an exceptional gummy elasticity. T h e 
scale has a rich, somewhat pungent odor and contains a high concen
trat ion of proteolytic enzyme. 

b . Causative agent. Bacillus larvae Whi t e is the causative agent of 
American foulbrood disease. It is a gram-positive, sporeforming, motile 
bacillus that is ra ther fastidious in that th iamine and other growth 
factors are required (Lochhead, 1942; Steinhaus, 1949; Katznelson, 1958). 
T h e r e is also indirect evidence, from Bailey's studies of the in vitro 
growth of S. pluton (see Section II , C, 1, c), that B. larvae, as a faculta-
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tive anaerobe, can germinate and mult iply slowly in an environment 
suitable for a strict anaerobe. 

T h e spores of B. larvae are relatively resistant to the environment , 
remaining viable for years in larval remains or in the soil. Al though 
somewhat susceptible to heat, they are more resistant when suspended 
in honey. 

In recent years several strains of bacteriophage active against various 
B. larvae isolates have been found (Morgenthaler, 1948; Smirnova, 1954; 
Gochnauer , 1955, 1958; Krasikova, 1956). Smirnova indicated that some 
of her polyvalent phages were useful as a prophylactic for the disease; 
there are no suppor t ing reports to this claim. Gochnauer (1958) de
scribed three phage types of B. larvae strains isolated from AFB-infected 
larvae collected from ten states of the Uni ted States of America. T h e r e 
is ample oppor tuni ty here for further investigations on the possible role 
of B. larvae bacteriophages in prophylaxis, and more impor tan t still, 
in the diagnosis of AFB. 

c. Pathology. O n e of the most in t r iguing points concerning this 
disease is that the bee larva apparent ly is most susceptible to infection 
dur ing the first 50 to 55 hours of its larval life. W h e n the host is fed 
spores of B. larvae after this time, the organism rarely succeeds in kil l ing 
it. Th i s could be a t t r ibuted to the theory that in bee larvae of 60 hours 
or older, the conditions in the gut are not conducive to germinat ion of 
B. larvae spores. T h e r e is no specific statement in the l i terature as to 
the germinat ion of B. larvae spores in older larvae; however, it would 
be very surprising if they would not germinate. Th i s could easily be 
determined by a thorough histological study. T h e r e is one thought 
which might be emphasized. T h e peri t rophic membrane does not de
velop extensively in larvae for 1 to 2 days after hatching. I t might be 
possible that the bacteria are successful only if they germinate and 
mult iply in the vicinity of the epi thel ium before the relatively massive 
per i t rophic membrane is delaminated. Th i s would presuppose that the 
membrane would be laid down about the bacteria, isolating them from 
the midgut lumen near the distal end of the epithelial cells. Such foci 
would be very difficult to detect; after mult ipl icat ion of sizable numbers 
had made their presence more easily discernible, it would appear that 
they had penetra ted the per i t rophic membrane . 

Certainly, spores that germinate in the lumen, after deposition of 
the per i t rophic membrane , do not mul t ip ly rapidly and many investi
gators have noted that their numbers are often reduced as larval life 
proceeds. However, the bacteria do penetra te the epi thel ium and this 
act, whether brought about by direct action of the bacteria or by the 
physiological state of the host, involves the midgut epi thel ium most in-
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timately. Indeed, it is likely that the ability of bacteria generally to 
penetrate or ha rm the epithel ium, is the characteristic that endows 
them with pathogenicity. 

T h e r e are at least two theories as to the mode of invasion of the 
bee larval epi thel ium by B. larvae. Both Maassen (1907) and Jaeckel 
(1930) suggest or imply that the bacteria barely main ta in themselves in 
the lumen of the gut unt i l metamorphic changes involving the sloughing 
of larval epi thel ium take place, whereupon the bacteria penetrate the 
reorganizing tissues and enter the hemocoel. Th i s hypothesis is supported 
by the fact that the entrance of bacteria into the blood appears to co
incide with the onset of metamorphosis. According to Jaeckel (1930), 
the bacteria can be demonstrated histologically in the blood between the 
seventh and eighth day of larval life. H e pointed out that, at this time, 
metamorphic changes in most tissues cannot be distinguished from path
ological changes. I t would be difficult to allocate any cellular disruption 
as an effect due to bacterial action. T h e changes brought about by the 
bacteria in younger larvae artificially fed abnormally large numbers of 
bacteria are perhaps more significant. According to Jaeckel the bacteria 
"penet ra te" the peri t rophic membrane at any poin t in the gut (without 
signs of dissolution of this membrane) and mult iply close to the epi
thelium. At this poin t the epithelial cells undergo erosion, wi thout signs 
of cell separation. " T h e contours of the cells and their nuclei become 
indistinct, the cells c lump or form epithelial shreds." T h e bacteria then 
penetrate the eroded areas and enter the blood. Bamrick (1960), achieved 
much the same results in a histopathological study of AFB-infected bee 
larvae. H e felt that there was good evidence of toxin product ion capable 
of locally eroding epithelial cells wherever clumps of bacteria were found 
mult iplying in the vicinity of the midgut cells. I t was found that bac
teria had "penet ra ted" the peri t rophic membrane 2i/2 days after inocu
lation of infective material . T h e r e is no direct evidence that the bac
teria actually do manage to penetra te the per i t rophic membrane , and 
this would seem to be a critical poin t that would bear further investiga
tion. 

Bamrick concluded that the foci of bacteria growing near the epi
thel ium caused erosion of the gut cells, allowing the bacteria to pene
trate the gut. H e also detected these changes in young larvae heavily 
infected with the bacteria. Th i s implies that the mult iplying cells of 
B. larvae produce a toxin or several toxic materials that can apparently 
destroy the cell membrane and disrupt the cell. 

Very little work has been done on toxin product ion by the vege
tative phase of B. larvae. 

Sturtevant (1924) and Hoist and Sturtevant (1940) demonstrated that 
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B. larvae produces a proteolytic exoenzyme at the t ime of sporulation. 
Gochnauer (1957) found that growing cultures of B. larvae were some
what active against milk agar, bu t caseinase product ion by the bacter ium 
was associated with sporulat ion. N o one, however, has tested the organism 
growing under conditions of anaerobiosis that approach those found in 
the bee gut. Gochnauer reported that water extracts of larval remains 
(sporulation stage of the bacterium) were actively proteolytic and that 
the enzyme(s) responsible appeared to be heat stable. H e concluded that 
these enzymes were not involved directly in the pathogenesis of the 
disease. 

Patel and Gochnauer (1959) fed an aqueous extract from foulbrood 
scale residues to healthy larvae held in aluminum-foil cups. T h e extract 
was mixed with honey and was injected in 50-microliter aliquots into 
the cups containing the larvae. Suitable controls of honey-fed, and 
heated extract-honey-fed larvae were set up . Pupa t ion proceeded nor
mally in the controls; however, more than half the test larvae perished 
after their bodies had blackened. Recently Gochnauer (personal com
municat ion) related that extracts of "B. larvae toxin" had no effect on 
healthy larvae in the hive when the extract was inoculated into the 
food in the cells of the comb. It is highly unlikely that a " toxin," 
produced at the time of sporulat ion, could be considered an "agent" 
of the invading bacter ium. 

Patel and Cu tkomp (1961) found that the water extract of AFB 
scale residue contained three proteolytic fractions that were separated 
on cellulose and a lumina columns. T h e fraction designated by the 
authors as fraction I I I was the most toxic and proved lethal when fed 
to honey bees, house flies (Musca domestica Linnaeus) , milkweed bugs 
(Oncopeltus fasciatus (Dallas)), h ide beetles (Dermestes maculatus De 
Geer), and cockroaches (Periplaneta americana (Linnaeus) and Blatella 
germanica (Linnaeus)). T h e affected insects were immobilized slowly, 
wi thout excitation, and dissection of the mor ibund insects showed ex
tensive lysis of tissue. 

T h e r e seems to be little doubt that these proteolytic enzymes are 
active dur ing the advanced septicemic phase of AFB, bu t the agent(s) 
enabl ing the invasion of B. larvae is yet to be determined. 

I I I . T H E CLOSTRIDIAL PATHOGENS 

T h e genus Clostridium includes a group of sporeforming bacteria 
that are either obligate anaerobes, anaerobes, or aerotolerants. They 
are usually catalase-negative a l though some aerotolerant species produce 
catalase in small amounts . These bacteria are also characterized mor
phologically by the swollen appearance of the spore in the sporangium, 
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hence the generic name, which, translated means "lit t le spindle." Clos
tridial, plectridial, clavate, or navicular sporulat ion forms have been 
described. 

In 1949, Steinhaus reported that no Clostridia had at that t ime been 
reported as na tura l pathogens of insects. Th i s was indeed true, al though, 
as Steinhaus stated, Bacillus popilliae Dutky might more properly have 
been assigned to the genus Clostridium on the grounds that it can be 
cultivated under anaerobic conditions. Fur thermore , it does not pro
duce a catalase. If there were ample reason, for the sake of uniformity 
in taxonomy, to consider this organism as a member of the genus Clos
tridium, then such a revision should be extended to include similar 
organisms isolated since 1949, such as Bacillus fribourgensis Wille, Ba
cillus euloomarahae Beard, Bacillus lentimorbus var. australis Beard, 
Dumbleton 's Bacillus sp. (Dumbleton, 1945; Beard, 1956, Wille, 1956). 

Now, there is apparent ly good reason to reconsider the taxonomic 
position of the anaerobic and semianaerobic pathogens of insects. In 
1954, Bucher (1957) isolated two obligate anaerobes from the guts of 
unheal thy larvae of Malacosoma pluviale (Dyar), collected near Van
couver, B.C., in Canada. After a thorough study, he named these organ
isms Clostridium brevifaciens Bucher and Clostridium malacosomae 
Bucher. These bacteria are the first clostridial pathogens of insects 
named and described in the l i terature. T h e taxonomic revision of the 
previously ment ioned anaerobic species to the genus Clostridium should 
be considered in a carefully conducted investigation. 

A. Brachyosis 

1. Malacosoma Species 

In 1954, Bucher experienced trouble in rearing M. pluviale in the 
laboratory. Examinat ion of dead larvae did not yield any conclusive 
results, bu t further investigation of living, infected larvae from the 
same rearings indicated that a sporeforming rod was mult iplying and 
sporulat ing in the gut. T h e organism was never found in the blood. 
Spores from the gut and excreta were fed to healthy insects and these 
larvae died with characteristic symptoms (Bucher, 1957). 

a. Symptoms and pathology. W h e n spores are fed to laboratory-
reared M. pluviale larvae (during the first four instars) the bacteria ger
minate and vegetative rods appear in the gut within 16 to 24 hours; 
sporulat ion begins near the end of the first day. Heavy mult ipl icat ion 
of cells takes place in the next 12 hours, especially in the anterior half 
of the midgut . By 36 hours vegetative cells and spores are being passed 
freely in the feces. T h e bacteria cont inue to mult iply in all areas of 
the gut except the h indgut and the rectum. Between 36 and 48 hours 
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the bacterial popula t ion reaches its peak, and near the end of the second 
day definite symptoms begin to appear . Bucher (1957) points out that 
the onset of symptoms and the commencement of sporulat ion appear to 
coincide. H e suggested that some toxic substance that impaired the larval 
gut might be produced upon sporulat ion. Apparent ly this substance 
causes an increase in tonicity of the longi tudinal muscles of the gut 
along with gross intracellular changes in the midgut epi thel ium. Wate r 
loss is pronounced at this stage, and there is a question whether this 
transfer of water from the blood and tissues to the gut might not be 
hemorrhage (Bucher, personal communicat ion) . Such a possibility could 
be easily determined by a serological challenge of infected gut contents 
with a specific serum for the blood of the insect. 

Near the end of the second day, the larvae become increasingly irri
table and regurgitate readily. Dur ing the thi rd day, feeding is markedly 
reduced and the larvae void extremely wet feces, sometimes as long chains 
of moist pellets, and these feces leave a rust-colored stain where they 
fall. Near the end of this period the characteristic shortening of the 
body is p ronounced and the insect is sluggish. Longi tudina l sections of 
these insects appear to be folded like an accordion. O n the fifth or sixth 
day the larva usually becomes mor ibund , and just pr ior to all cessation 
of movement the larva tends to empty the gut. T h e result ing deposit 
of reddish-brown fluid contains most of the spores remaining in the 
gut as well as a small amount of p lan t tissue. Al though almost paralyzed 
the animal may respond weakly, by thoracic movements, to strong stimuli 
for a period u p to 4 days thereafter. T h e result ing cadaver is greatly 
shrunken, dry and mummified, and appears to be resistant to putrefac
tion. Other species of bacteria appear in increasing numbers dur ing the 
terminal phase of the infection. (See Fig. 5). 

b . Causative agent. Bucher (1961) made several a t tempts at growing 
the bacteria from infected insects and finally arrived at a med ium that 
supported fair growth in semisolid form and l imited growth on agar 
(see T a b l e VI). 

Isolations made from infected popula t ions of M. pluviale from an 
area near Vancouver, B.C., Canada, suggested that similar bacteria were 
present in mixed culture. One organism grew just below the aerobic 
zone (delineated by the methylene blue) as a heavy disc of growth ex
tending downward with diminishing turbidi ty and never showing growth 
to the bot tom of the tube. Th i s strain Bucher named Clostridium brevi-
faciens Bucher. T h e other invariably grew downward from the poin t 
of inoculat ion, fanning out slightly as mul t ip l ica t ion reached its peak. 
T h e lat ter strain he named Clostridium malacosomae; it was frequently 
isolated along with C. brevifaciens bu t was not isolated in pure culture. 
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FIG. 5. Healthy and infected larvae of Malacosoma pluviale in the fifth instar. 
(A) Healthy larva. (B) Infected larvae showing diagnostic shortening. These larvae 
are moribund (top two) or dead. (After Bucher, 1957.) 
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Heal thy larvae never were found with either organism in the gut; con
sequently Bucher (1961) concluded that C. brevifaciens is the primary 
agent and cause of brachyosis. T h e causative agent, a gram-negative rod, 
apparent ly has a growth cycle: it increases in size as matur i ty and the 
sporulat ion stage are reached (see Fig. 6). 

c. Infection experiments. In 1957 Bucher reported prel iminary lab
oratory feeding tests using spores collected from anal discharge of in
fected M. pluviale larvae. These spore suspensions, which presumably 

T A B L E VI 

BUCHER'S M E D I U M FOR GROWTH OF 

Clostridium brevifaciens AND Clostridium malacosomae 

% w / v 
Grams per Volume of final 

Ingredient 1000 ml (ml) medium 

Tryptose phosphate broth« 29.5 500 — 
Bacto tryptosea 10. — 1.0 
Glucose 1. — 0.1 
Sodium chloride 2.5 — 0.25 
Disodium phosphate 1.25 — 0.125 
Agar« 1. — 0.1 
Methylene blue 0.005 — 0.0005 
Cysteine hydrochloride 0.5 50 0.005 
T h i a m i n e hydrochloride 0.025 50 0.0025 
Leaf brei& — 350 — 
iV-potassium hydroxide — 50 0.28 

« Difco Laboratories, Detroit, Michigan. 
& Preparation of leaf brei as follows: homogenize 50 gm de-stemmed, mature 

apple leaves in 250 ml distil led water with 0.4 g m ascorbic acid; filter through 
coarse cloth; chill at 5°C; add 5 ml ethylene oxide and 10 ml Ν KOH; refrigerate 
for 3 days. Al low to stand at room temperature for 2 weeks. Seitz-filter supernatant 
immediately before using. 

were a mixture of C. brevifaciens and C. malacosomae were cleaned by 
repeated washing and differential centrifugation; this prepara t ion was 
called a raw suspension. Bucher treated raw suspensions chemically 
with phosphate buffer at p H 11 in an a t tempt to el iminate viruses and 
also pasteurized further aliquots of raw suspension to el iminate bac
terial contaminants . All three types of spore suspensions were virulent 
for M. pluviale. Apparent ly Malacosoma americanum (Fabricius) was 
slightly less susceptible and Malacosoma disstria H ü b n e r was qui te re
sistant. T h e results of these prel iminary tests are given in condensed 
form in T a b l e VII . Bucher (1961) extended his infection experiments, 
testing M. pluviale, M. americanum, and M. disstria by feeding pure 
cultures (vegetative rods) of C. brevifaciens and C. malacosomae. 



FIG. 6. Stained smears of Clostridium sp. from the gut of Malacosoma pluviale at various stages of development (magnification 
χ 1610). (A) Regurgitation, 16 to 24 hours after infection, showing young vegetative rods. (B) Midgut, 24 to 36 hours after infection, 
showing bacteria in all stages. (After Bucher, 1957.) 



T A B L E V I I 

M I N I M A L DOSE TESTED AND FOUND EFFECTIVE AGAINST T H R E E Malacosoma spp., USING MIXED SPORE SUSPENSION OF 

Clostridium brevifaciens AND Clostridium malacosomae 

Instar Dose 

Number 
of 

larvae 

Percent 
mortality 

Clostridium 
spp. 

Percent 
mortality 

other 
causes 

Percent 
pupated 

Malacosoma pluviale (Dyar) 2 950 50 96 4 0 
3 950 25 100 0 0 
4 140 30 97 3 0 

Malacosoma americanum (Fabricius) 2 520,000 25 100 0 0 
3 520,00a 50 94 6 0 
4 500,000 25 8 42 50 
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His conclusions were that bo th bacteria cause brachyosis in younger 
larvae, when young cultures are used. Older, fifth-instar larvae may 
survive the disease if tested 5 to 6 days before spinning. A difference 
was detected between C. brevifaciens and C. malacosomae growing in 
the gut of the insect: C. malacosomae sporulates more rapidly and the 
sporangium lyses more quickly as compared with C. brevifaciens. In 
larvae infected with C. malacosomae one rarely finds mixed spores and 
vegetative rods, bu t ra ther the usual picture is either a preponderance 
of vegetative rods or sporulated cultures. M. pluviale is more susceptible 
than M. americanum; M. disstria supports growth of the bacteria bu t is 
more resistant to the lethal action. 

2. Thymelicus lineola 

In 1960, Bucher (personal communication) obtained diseased larvae 
from populat ions of the Essex skipper [Thymelicus lineola (Ochsen-
heimer)] collected in southern Ontar io . T h e disease was not apparent 
in the field, bu t developed in laboratory-reared insects collected in the 
field. T h e larvae were found to be suffering from a mixed infection of a 
virus disease and a clostridial infection that caused brachyosis. A bac
ter ium was isolated and grown in the same med ium used to propagate 
C. brevifaciens. Al though somewhat slower in growth than the bacteria 
from M. pluviale, the organism resembled, bu t was thought to be different 
from, C. brevifaciens (see T a b l e VIII) . Bucher seemed to think this 
organism was of low virulence and incapable of causing symptoms of 
brachyosis in larvae in the field. 

T h e r e seems to be little doubt that clostridial pathogens of insects 
are far more prevalent than originally estimated. T h e reasons for the 
delay in their discovery are qui te obvious. In the first place, bacteria, 
as opposed to fungi, viruses, and protozoans in diseased insects, are often 
present momentari ly; frequently they disappear from the dead insect or 
are overgrown by saprophytic species upon the death of the animal . 
I t is ou r experience that the bu lk of diseased insect mater ial sent in 
from the field is too often in poor condition, bacteriologically speaking. 
Frequently, there are no living insects left in the shipment, and when 
one considers that the saprophytic bacteria average one generat ion every 
20 minutes, even 4 hours ' elapsed time from shipper to laboratory allows 
serious contaminat ion. 

Secondly, a pe rmanent gram stain is usually made of each dead in
sect by most investigators. However, often bacteria are isolated in pure 
cul ture and are examined, only too frequently, wi thout more than cur
sory reference to the original slide. I n order to detect a completely 
fastidious bacterium, each species isolated from a dead insect must be 



T A B L E VIII 
A COMPARISON OF THE CHARACTERISTICS OF Clostridium brevifaciens, Clostridium 

malacosomae, AND Clostridium sp. FROM THE ESSEX SKIPPER 

Essex skipper 
Parameter C. brevifaciens C. malacosomae Clostridium 

Spores Oval Slightly oval Oval Spores 
Subcentral to subterminal Subcentral Subcentral 
Not swollen Slightly swollen N ot swollen 
1.6 by 3.0 to 3.5μ 1.5 by 2.0 to 3.0μ ? 

Sporulating rods Always single Sometimes paired ? Sporulating rods 
Parallel sides Slightly fusiform Parallel sides 
Motile Nonmot i l e Motile 
N o crystalline inclusions N o crystalline inclusions N o crystalline inclusions 
1.4 to 2.0 by 7.0 to 14μ 1.5 to 1.7 by 5.0 to 7.0μ 1.8 by 6 to 10μ 

Vegatative rods Gram negative Gram negative Gram negative Vegatative rods 
Motile Nonmot i l e Motile 
Single or paired Single or paired ? 
Dimensions variable Dimensions less variable Dimensions variable 
0.9 to 1.3 by 3 to 20μ 1.0 by 4.0 to 7.0μ 1.2 to 1.8 by 6 to 10μ 

Growth requirements Anaerobic ( H 2 used) Same requirements Same requirements 
High p H (8.5 to 10.2) 
High concentration Κ to Na 
Alkaline extract from apple 

leaves 

Agar colonies Microscopic (50 to 150) Small, over 0.5 m m N o growth Agar colonies 
Elongated, irregular, colorless Round, flat to low convex 

Colorless, undulate glistening 
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identified on the original slide. Th i s is the only way in which a fastidi
ous organism (often present in small numbers) can be detected. Th i s 
process is tedious and very exacting; it is much slower than methods 
currently in mode, bu t the results should be more rewarding. 

IV. CONCLUDING REMARKS 

During the past two decades two sporeforming insect pathogens (B. 
thuringiensis and B. popilliae) have been brought forth as useful control 
agents of noxious insects. T h e development of our knowledge of these 
bacteria to the poin t where it was commercially feasible to mass-produce 
them is in itself a lesson. In bo th cases it was necessary to carry out inten
sive basic research on the physiology and nut r i t ion of the bacter ium as well 
as the host(s); research on the mode of action has aided in the intelligent 
use of the bacteria in the field. Th i s process is by no means finished. 
Many varieties of the B. cereus-B. thuringiensis g roup have been iso
lated, and these we know to have qui te different capabilities as pathogens; 
there are many basic problems yet to be solved concerning the toxic 
action of these varieties. 

T h e use of insect pathogens in the field has posed questions that 
require still more basic research. T h e question of resistance of insects 
to the B. thuringiensis varieties and the effect of ultraviolet l ight on 
spores and crystals are unresolved questions of immediate importance. 
Another interesting facet of such studies is the possibility of using spore-
forming bacteria in combinat ion with viruses, protozoa, and other path
ogens in order to increase the effectiveness of control by means of micro
organisms. 

Again, there is a new field in the clostridial pathogens of insects. 
What little is known of these bacteria, is due to Bucher's efforts (1957, 
1961). Of course, results from B. popilliae and from B. larvae apply to 
this group as well, since they are an anaerobe and a facultative anaerobe, 
respectively. These anaerobic bacterial pathogens are apparent ly more 
prevalent in insects than was originally anticipated. T h e y do not grow 
at all in any of the well-known anaerobic media used for vertebrate 
pathogens, therefore their detection requires skill and care. If methods 
for growing these organisms can be found, they promise to be useful 
in microbial control. 

Al though the field of bacteriology in insect pathology has gained 
impetus in the last few years, there are still too few men engaged in 
basic research on current problems. T h e sporeforming group of bacteria 
must still be rich in undiscovered species and varieties pathogenic for 
insects. Al though it is certain that bacteria will never be the universal 
ant idote for all insect problems, we are convinced that, as our knowledge 
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increases, they will be used with more and more effect in future control 
work. 
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