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I . INTRODUCTION 

T h e nonsporula t ing bacterial pathogens of insects are found in two 
orders of the class Schizomycetes, the Pseudomonadales and the Eubac-
teriales. T h e i r taxonomic position has no apparen t pathogenic signifi
cance because species of bo th the Pseudomonadales and the Eubacteri-
ales produce diseases in a similar way. Most pathogens are found in 
two families of the Eubacteriales, the Enterobacteriaceae and the spore
forming Bacillaceae. Th i s chapter will consider only the nonsporulat ing 
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bacteria that cause disease in insects and will omit consideration of bac
teria that associate with insects in a commensal or mutualis t ic fashion, 
bacteria that are primarily pathogens of noninsect life bu t that have ad
verse effects on their insect vectors, and bacteria that are specifically 
transmitted between insects by nematode vectors. 

Dur ing the rapid expansion of bacteriology, from about 1880 to 1930, 
numerous workers isolated bacteria from insects in the belief that they 
had found the causative agents of disease. Others tested the ability of 
bacteria of miscellaneous origin to cause disease in insects. Th i s early 
work, which was adequately reviewed by Paillot (1930, 1933), Masera 
(1936), and Steinhaus (1947, 1949), will receive brief ment ion here for 
much of it has little value, either because the bacteria were inadequately 
described or because the pathogenicity tests were invalidly conducted. 
Thus , most workers assumed that their isolates were new species and as
signed them either to the genus Bacillus (often without establishing spore 
formation), or to the genera Bacterium and Coccobacillus, which are no 
longer recognized as valid genera of nonsporeformers. These bacteria 
were rarely subjected to the cultural and biochemical tests that were 
currently in use for identification in other branches of bacteriology and 
were compared even more rarely with well known and characterized 
bacteria isolated from insects or other sources. As cultures have not been 
preserved for study by modern techniques, the entomological l i terature 
is full of invalidly named bacteria that cannot be identified. Moreover, 
bacteria were called pathogens if they caused death when massive doses 
were injected directly in to the body cavity of test insects; the validity 
of this criterion has been severely questioned (Bucher, 1959a). 

T h o u g h other groupings of entomogenous bacteria were proposed 
(Weiser and Lysenko, 1956; Lysenko, 1959b; Steinhaus, 1959b), Bucher 
(1960) classified the bacterial pathogens of insects into groups based on 
properties or requirements of pathogenic significance ra ther than on 
taxonomic position. T h r e e groups, termed respectively obligate, po
tential, and facultative pathogens, contain nonsporula t ing bacteria. For 
this discussion a fourth group is added to include bacteria that are fre
quently associated with disease bu t have not been demonstrated to be 
the causal agents. 

I I . OBLIGATE PATHOGENS 

T h e obligate pathogens require specialized conditions for growth and 
reproduction. For example, they can be cul tured in vitro only with dif
ficulty, if at all, mult iply in na ture only within the bodies of specific 
insects where they cause specific diseases, and have a narrow host range 
usually l imited to a single species or closely related group of species. 
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Therefore, some mechanism must exist for their transmission from one 
host generation to another, especially in univolt ine hosts where the 
generations are separated by unfavorable climatic conditions. Insects 
have developed structures that ensure the transovarian passage of rau-
tualistic bacteria, bu t pathogens are t ransmit ted in a more mechanical 
and r andom fashion. T h u s , most obligate pathogens form spores that 
help them to survive outside their insect hosts. Only two insect diseases 
are known to be caused by nonsporula t ing obligate pathogens: European 
foulbrood of bees and an unnamed disease of a bagworm. 

A. Disease of Solenobia triquetrella (Fischer v. Rosier stamm) 

Puchta and Wil le (1956) described a disease of the bagworm, Solen
obia triquetrella, caused by a gram-negative, motile, small, rod-shaped, 
facultative anaerobe that mul t ip l ied solely wi thin cells of the midgut 
epi thel ium. T h o u g h readily cultured, it was not characterized or named. 
Bacteria invade the cells distally through the brush border, mul t iply in 
the cytoplasm, and cause the infected cells to swell and burst , thereby 
l iberat ing their contents between the epi thel ium and the per i t rophic 
membrane and t ransmit t ing the bacteria to other cells. Heavily infected 
larvae are small, sluggish, often abnormally white and opaque, and die 
after several weeks. Lightly infected larvae can pupa te . At each molt the 
whole active midgut epi thel ium is sloughed off and a new epi thel ium 
formed from regeneration nidi which are never infected. T h e old epi
thel ium remains in situ unt i l the new epi thel ium has produced a peri
t rophic membrane , bu t is enclosed by a sac formed of the old basement 
membrane , which is impermeable to the bacteria. T h u s , at each molt the 
infected larva forms a healthy epi thel ium, a fact that explains its ability 
to survive unless it is heavily reinfected. As the per i t rophic membrane 
is also impermeable to the bacteria, invasion can occur only at its ends. 
Anteriorly, food particles and bacteria can slip between the per i t rophic 
membrane and the epi thel ium in the vicinity of the cardiac valve. Pos
teriorly the per i t rophic membrane is disrupted by peristalsis and the 
spiny in t ima of the anterior h indgut ; many bacteria are caught by the 
spines and are not voided in the frass. At each molt before the new 
epi thel ium forms a per i t rophic membrane , there is a period of several 
hours when the host larva does not feed and bacteria in the h indgu t 
can move forward and infect the naked cells of the new midgut epithe
l ium. T h e bacter ium produces disease by interfering with the function 
of the midgut epi thel ium ra ther than by producing toxic substances. 
Tissues other than midgut epi thel ium show no pathological changes 
except that the fat body is poorly developed and contains little fat or 
normal inclusions. Larvae appear to die from starvation. If the infected 
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larva can molt, the new epi thel ium may provide sufficient nour ishment 
before reinfection to permit the next molt, or it may not be reinfected 
and the larva may survive. T h u s the disease is not highly lethal and 
some larvae apparently are never infected. One might postulate that this 
association is progressing from parasitism to commensalism. 

In view of the fact that intracellular pathogens are notoriously dif
ficult to culture, Puchta and Wil le (1956) offered scant proof that the 
bacter ium they so readily cultured was indeed the causal agent of the 
disease. An unstated propor t ion of 120 field-collected larvae became 
diseased after feeding on food contaminated with a culture of the bac
terium, whereas control larvae remained healthy. Th i s result could be 
explained by the chance occurrence of enzootic disease in the test group, 
and so more extensive tests are necessary. Information is lacking on the 
geographical extent of the disease, its importance as a mortali ty factor, 
and its persistence from one generat ion to another. 

B. European Foulbrood of the Honey Bee, Apis mellifera Linnaeus 

Steinhaus (1949) summarized the symptoms and the views on the 
etiology of this disease and provided an int roduct ion to its massive 
l i terature. I t is an extracellular infection of the midgut of larval honey 
bees that causes losses wherever bees are kept. Confusion about its etiol
ogy has resulted because several bacteria commonly occur in sick bees: 
Bacillus alvei Cheshire and Cheyne, Streptococcus faecalis Andrewes and 
Horder [ = 5. apis Maassen], Streptococcus [= Bacillus] pluton (White), 
Achromobacter [— Bacterium] eurydice (White), and less common spe
cies. As 5 . alvei is capable of dissociating into asporogenic rods and even 
into cocci, as bo th S. pluton and A. eurydice may be pleomorphic, and as 
S. pluton had not been cultured, some authors regarded B. alvei as the 
causal agent and S. pluton merely as a dissociant form despite the lack 
of clear experimental proof that B. alvei would induce the disease. 
Bailey (1956, 1957a, b , c, 1959a, b , c, 1960) cul tured S. pluton, demon
strated that it was a distinct species, and produced the disease by spray
ing it on brood in combinat ion with A. eurydice. (See also Chapter 2, 
Vol. II.) 

Streptococcus pluton is a gram-positive, oval, anaerobic coccus that 
forms short chains and grows in media composed of 1 percent glucose, 
1 percent yeast extract, and 0.1 Μ K H 2 P 0 4 . Growth is inhibi ted by 
peptones, citrate, sodium ions, and oxygen, and by sterilization of the 
med ium by filtration or excessive heat. O p t i m u m growth occurs at 35 °C, 
at p H 6.6, at high potassium and phosphate concentrations, and when a 
wide range of C 0 2 is present in the gas phase. T h e bacter ium utilizes 
glucose and fructose, bu t not other carbohydrates; it does not produce 
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acid. I t forms flocculent growth in b ro th and small pearly colonies on 
agar. W h e n strains are condit ioned to grow aerobically, their nut r i t ional 
requirements are less critical and they may produce catalase and grow 
in rod form. 

Achromobacter eurydice is a gram-negative, nonmoti le , p leomorphic 
rod that grows anaerobically or aerobically on a wide variety of media, 
especially if s t imulated by an aqueous extract of pollen. T h e smooth, 
gray, translucent colonies do not readily emulsify. Anaerobic growth is 
s t imulated by glucose plus fructose or by honey, and acid is produced 
from these sugars. Gubler (1954) stated it was gram-variable and 
microaerophilic, and on such slim evidence assigned it to the genus 
Lactobacillus (Lactobacillaceae). 

Both S. pluton and A. eurydice grow well together in mixed culture 
provided that acid product ion by A. eurydice from available sugars is 
insufficient to inhibi t growth of S. pluton. I n infected bee larvae, bo th 
bacteria grow solely in the midgut lumen formed by the per i t rophic 
membrane . Both are isolated from typical cases of European foulbrood. 

T h e disease can be produced by spraying the brood with a mix ture 
of pu re cultures of these two bacteria. Disease is not produced by spray
ing with A. eurydice alone and only rarely with S. pluton alone. In the 
latter case, larvae presumably are natural ly infected with A. eurydice. 
A. eurydice occurs frequently in the foregut of adul t pollen-gathering 
bees, probably mult ipl ies there under the stimulus of ingested pollen 
without ha rming the bee, and frequently infects the pollen loads. A. 
eurydice rapidly dies in stored pollen, bu t the brood may be infected 
if fresh pol len is eaten by nurse bees. Brood is commonly infected in 
summer though it remains healthy unless it is also infected with S. pluton. 
S. pluton is resistant to desiccation and can survive in honey or on combs 
for 12 to 15 months , so that infection may persist in a hive. Beekeeping 
practices and the robbing habits of bees can transmit S. pluton infection 
and preserve it for long periods. Brood thus exposed to infection con
tracts the disease whenever A. eurydice becomes available. 

T h e interaction of the two bacteria and their mode of action is 
hot well understood. W h e n S. pluton is fed to larvae free of A. eurydice, 
it disappears from the gut after producing rodlike involut ion forms 
similar to those produced in artificial aerobic culture. Th i s suggests that 
the gut is insufficiently anaerobic to allow development of S. pluton and 
that one role of A. eurydice is to produce anaerobic conditions in the 
gut. T h e extent to which A. eurydice can mult iply in the larval gut 
wi thout S. pluton has not been investigated, nor has its infective dose. 
About 100 cells of S. pluton kill nearly all larvae if they are infected 
when 1 day old, bu t older larvae are more resistant and some survive. 
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Because surviving larvae often pupa te wi thout spinning cocoons, the 
bacterial-rich gut contents are discharged and smeared over the brood 
cells, which become the most concentrated source of reinfection with 
S. pluton, bu t not with A. eurydice, which does not survive desiccation. 
It is unknown how growth of these bacteria in the gut produce symp
toms of European foulbrood and death of larvae. Surviving pupae are 
significantly smaller than normal , a fact which suggests that infection 
may cause malnu t r i t ion and may increase susceptibility to secondary 
invaders. 

T h e disease is enzootic and often unrecognized. Epizootics are com
monest in early summer and are correlated with in termit tent nectar 
flows and brood rearing, and with increased infection with A. eurydice 
from pollen-gathering adults. Infected larvae tend to be well fed and 
to survive when new brood is sparse and larval food, produced by nurse 
bees, is therefore plentiful, as may occur when the flow of nectar is 
temporarily halted. Th i s builds a reservoir of S. pluton. W h e n nectar 
flow resumes, new brood becomes plentiful bu t is heavily infected. T h e n 
larval food becomes scarcer, infected larvae are not well fed bu t tend 
to be ejected by hive bees, and the disease may appear to be epizootic. 
Rap id ejection of infected larvae reduces the concentration and trans
mission of S. pluton and suppresses the disease. Fur ther suppression may 
occur when there is abundan t stored pollen on which nurse bees can 
feed and avoid infection with A. eurydice on fresh pollen. T h u s the 
disease is self l imiting. 

T h e weakest l ink in the argument that S. pluton and A. eurydice 
are the causes of the disease is the experimental product ion of European 
foulbrood by spraying these bacteria on brood combs. Bailey gives no 
details of his techniques, doses, or percentage of infection and little 
information on how extensive his experimental tests were. T h u s the 
validity of his tests cannot be estimated and this work needs confirma
tion by other investigators. Apiarists and entomologists find it neces
sary to diagnose the disease by a group of symptoms and not, as with 
most other insect diseases, by the isolation and identification of a causal 
organism. T h u s , European foulbrood is the name of a syndrome, which 
may have several causes. Larval bees have been killed by adding other 
bacteria to their food: Streptococcus apis (Vaughn, 1958), Bacillus alvei 
(Michael, in litt.). These may not be impor tant pr imary causes of the 
disease in nature , bu t they may account for some mortali ty diagnosed 
as foulbrood and may influence mortali ty and the terminal signs of the 
syndrome (Katznelson, 1958). 

Wille (1951b) isolated several streptococci similar to S. pluton from 
cases of foulbrood in Switzerland. Strains differed in vi tamin require-
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merits, Lancefield's grouping, and in their ability to peptonize milk 
or to reduce methylene blue and l i tmus in milk media. Wil le believes 
that in cases of foulbrood there occur a n u m b e r of streptococci inter
mediate between the distinct types S. pluton and S. faecalis. T h e rela
t ionship of these intermediates to typical S. pluton and their pathogen
icity has not been determined. Obviously, the etiology of European 
foulbrood needs further clarification. 

I I I . POTENTIAL PATHOGENS 

T h e potent ia l pathogens mult iply extracellularly in the hemocoel 
of insects and produce a lethal septicemia. They grow readily in cul
ture, attack a wide range of insects, and thus differ from the obligate 
pathogens. Acceptance of this group as one different from bacteria of 
little or no pathogenicity, depends on the importance of the dose in 
one's concept of a pathogen. Many kinds of bacteria kill insects if they 
are artificially injected into the hemocoel in massive doses, such as a 
small d rop or 0.01 ml of a b ro th cul ture, which may contain from 
1 χ 10 7 to 5 χ 10 7 bacteria. Th i s is equivalent to injecting m a n with 
from 0.7 to 7.0 liters of culture, depending on the size of the insect 
used in the comparison. In na tu re the hemocoel of insects would not 
likely be invaded by such huge numbers . Therefore, though a pathogen 
causes an infection, i.e., it mult ipl ies in a susceptible tissue and pro
duces disease (Steinhaus, 1949, pp . 167-171), the term should be re
stricted to bacteria that can init iate the infection from small doses that 
might invade the hemocoel. How small the infective dose should be 
is an arbitrary decision, bu t one that should result in a definite separa
tion of bacteria in to distinct groups. Some bacteria init iate infection 
of the hemocoel from doses of ten to ten thousand cells, others from 
doses of one mil l ion to ten mil l ion cells, and few from doses in the inter
mediate range. T h u s Bucher (1959b, 1960) defined "potent ia l pathogens" 
as bacteria capable of ini t ia t ing infection of the hemocoel from doses of 
less than 10,000 cells, and he showed that the median lethal dose (LD 5 0) 
of most of these bacteria for most species of hosts was below 10,000. 

A. Pseudomonas aeruginosa (Schroeter) Migula 

T h e action of the potent ial pathogens is exemplified by the infec
tion of grasshoppers with Pseudomonas aeruginosa (Schroeter) Migula. 
Grasshoppers are very susceptible to doses of P. aeruginosa injected di
rectly into the hemocoel. T h e L D 5 0 for an adul t grasshopper, Melano-
plus bivittatus (Say) or Camnula pellucida (Scudder), is from 10 to 20 
bacteria (Bucher and Stephens, 1957). Invasion of the hemocoel by an 
infective dose is followed by a lag period oi 6 hours; after the lag, the 
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bacteria mult iply logarithmically and produce about 10 9 cells in about 
48 hours, at which time the host dies. Diseased grasshoppers show no 
signs of infection unt i l shortly before death. T h e n they become sluggish, 
fall on their sides, and make slow movements of the appendages unt i l 
they die. At death the tissues show considerable decomposition. After 
death of the host the bacteria cont inue to mult iply and complete the 
disintegration of the tissues, and normal gut bacteria may invade the 
hemocoel and mult iply there. W h e n the dose is close to the L D 5 0, the 
lag period may be prolonged in some individuals so that they die after 
4 to 6 days whereas in other individuals the bacteria do not mult iply 
and the grasshopper survives. Once the bacteria begin to mult iply, there 
is no recovery: the infection causes death. Resistance of the grasshopper 
to infection depends on its ability to kill or indefinitely suppress mul
tiplication of the original invading bacteria. Individuals vary greatly 
in resistance so that the slope of dosage-mortality curves is low, and some 
lots of grasshoppers are more heterogeneous than others so that the 
slopes have values between 1.1 and 2.7, usually between 1.8 and 2.2 
(Bucher, 1958 and unpubl ished) . Th i s means that doses of 10 to 20 
times the L D 5 0 are required to kill 99 percent of grasshoppers. Nymphal 
instars are more susceptible to infection than adults because the ability 
of nymphs to suppress mult ipl icat ion of the bacteria is reduced dur ing 
molting. Mortali ty depends on the propor t ion of mol t ing nymphs, and 
this upsets the linearity of dosage-mortality curves and prevents an 
accurate determinat ion of the L D 5 0 and the slope. 

Adul t grasshoppers are more resistant to ingested doses of P. aeru
ginosa. LDgo's in the range of 8000 to 60,000 bacteria have been recorded 
(Bucher and Stephens, 1957; Stephens, 1959a, c; Bucher, unpubl ished) . 
Individuals are heterogeneous with respect to resistance so that the slope 
of dosage-mortality curves is very low (0.8 ± 0.2) and doses of 200 to 
5000 times the L D 5 0 are required to kill 99 percent of grasshoppers. 
Nymphs are more susceptible, especially when they molt, and accurate 
determinations of the L D 5 0 and slope cannot be made. T h e bacteria do 
not mult iply in the gut after they are ingested by grasshoppers, bu t 
disappear within 72 hours. Resistance of a grasshopper to ingested 
bacteria consists of inhibi t ing invasion of the hemocoel as long as the 
bacteria survive in the gut. Bacteria probably reach the hemocoel 
through the midgut epithel ium. Most grasshoppers die in 7 to 21 days 
after ingesting P. aeruginosa, and there is poor correlation between the 
size of the dose and the time of death. Th i s pa t te rn suggests that the 
bacteria are not actively invasive, bu t that penetra t ion into the hemocoel 
is largely due to chance factors. T h u s huge doses increase the proba
bility of invasion bu t do not increase the aggressiveness of the bacteria. 
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T h e L D 5 0 is significantly reduced by simultaneously feeding grasshoppers 
gastric mucin or by confining them in vials where the humidi ty is high 
(Stephens, 1958, 1959a). These conditions and high mortal i ty of nymphs 
dur ing mol t ing are hypothetically associated with increased permeabili ty 
of the gut wall. Direct evidence that injury of the midgut facilitates 
invasion is provided by high mortali ty when cells of the midgut are 
damaged by gregarines or when its wall is rup tured . Rup tu res occur 
frequently in grasshoppers, especially at the insertion of the gastric ceca 
(Bucher, 1959b), and result in a bacteremia of the normally sterile blood. 
If the bacteria are not pathogenic, they rapidly disappear from the blood 
and the grasshopper recovers; if P. aeruginosa is present, it mult iplies 
in the blood and produces a lethal septicemia in 2 to 3 days. T h e 
long period (1 to 3 weeks) between ingestion of the bacteria and death, 
together with the apparent disappearance of bacteria from the gut, 
suggests that bacteria survive in some unknown situation in numbers 
too small to be detected, perhaps in pockets of the gut, such as the 
gastric ceca, or even within phagocytic tissues. 

Pseudomonas aeruginosa causes disease in some laboratory cultures of 
grasshoppers. T h e original infecting bacteria occur in the foam of the 
egg pod or in the soil sur rounding eggs collected in the field and infect 
a small percentage of emerging nymphs. T h e nymphs die rapidly, con
taminate the culture, and the disease may become epizootic. T h e bac
teria are t ransmit ted when healthy individuals feed on contaminated 
food or water or on their sick and dead siblings. Epizootics are less 
serious in cultures of old nymphs and adults than of young nymphs. 
Na tura l infection in field populat ions has never been demonstrated. 
P. aeruginosa is readily killed by desiccation and insolation (Stephens, 
1957). Emerging nymphs, infected in the field, may dry too rapidly for 
transmission of the bacteria to occur. It is unlikely that the contamina
tion of some egg pods comes from their deposit ion by diseased females, 
as diseased adults are unknown in the field. T h e soil about the egg pods 
is likely contaminated by some noninsect source. Field populat ions of 
grasshoppers were artificially infected bo th by baits contaminated with 
the bacter ium and by treat ing egg beds with bacterial cultures (Baird, 
1958), bu t the infection did not spread and no control was obtained. 

Pseudomonas aeruginosa produces lethal septicemia in other insects 
into which it has been experimentally injected (greater wax moth , silk
worm, grasshoppers, locusts, tent caterpillars, cutworms, horn worms); 
the known LDg^s vary from 10 to 100 cells (Stephens, 1959b; Bucher, 
unpubl ished) . All these insects are highly resistant to ingested doses; 
the known L D 5 0' s vary from 5 χ 10 4 to 5 χ 10 6 cells. T h e bacter ium 
has never been recorded as a cause of epizootic disease in any field 



126 G. Ε. BUCHER 

popula t ion bu t has caused epizootics in the laboratory on locusts (Ste
venson, 1959a), Phlegethontius sextus (Johannson), and Agrotis ortho-
gonia Morrison (Bucher, unpubl ished) . 

B. Other Pseudomonads 

Other members of the genus Pseudomonas are potential pathogens. 
Pseudomonas fluorescens Migula infects grasshopper populat ions in 
western Canada bu t causes little mortali ty; the injected L D 5 0 is from 
5000 to 10,000 cells, bu t the bacter ium does not mult iply in the gut 
and grasshoppers are very resistant to ingested doses (Bucher, 1959b). 

Kudler et al. (1959) infected larvae of Cacoecia crataegana H ü b n e r 
by feeding them unknown doses of Pseudomonas chlor or aphis isolated 
from an epizootic of the same host and of Pseudomonas reptilivora from 
Bupalus piniarius (Linnaeus) and Saturnia pyri Denis and Schiffer
müller. Mixed suspensions of the pseudomonads in concentrations of 
10 8 to 10 9 cells per milli l i ter caused 78 percent mortal i ty in field popu
lations of C. crataegana, and the disease spread to unsprayed areas. En
zootic infection was probably responsible for at least some of the re
corded mortali ty. Pseudomonas septica is pathogenic to Melolontha 
melolontha (Linnaeus) and other scarabaeids (Hurp in and Vago, 1958) 
and to Aporia crataegi (Linnaeus), Trypodendron [— Xyloterus] linea-
tum (Olivier), and Phyllopertha sp. (Lysenko, 1959a). Pseudomonas chlo-
roraphis and Pseudomonas putida infect Euproctis chrysorrhoea (Lin
naeus) and Pseudomonas striata infects Hyphantria cunea (Drury) 
(Lysenko, 1959a). Steinhaus (1951) isolated Pseudomonas sp. from dead 
Ostrinia [= Pyrausta] nubilalis (Hübner) . Coccobacillus insectorum 
(Hollande and Vernier, 1920), a pathogen of Malacosoma castrensis (Lin
naeus), Malacosoma neustria (Linnaeus), and Aglais [=z Vanessa] urticae 
(Linnaeus) could have been a species of Pseudomonas, as could other 
bacteria that were improperly identified or invalidly named by their 
original discoverers. 

Insect pathologists have long had difficulty in recognizing pseudo
monads that did not produce water-soluble greenish pigments such as 
pyocyanine or fluorescein. Bacillus apisepticus Burnside was isolated as 
the cause of septicemia in adult honey bees. Bacillus sphingidis Whi te 
and Bacillus noctuarum Whi t e were isolated as the causes of septicemia 
in larvae of sphingids and noctuids, respectively. T h e original descrip
tions of these three bacteria are inadequate for positive identification, 
bu t it seems likely that all were achromogenic strains of Serratia marces-
cens Bizio. It is doubtful that any extant named cultures of these 
bacteria are t rue descendants of the original isolates. Existing named 
cultures were probably isolated from diseased insects by various workers 
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and given these names because they did not differ materially from the 
original descriptions. Modern workers have expressed diverse opinions 
as to whether such named strains or newly isolated similar achromogenic 
bacteria were pseudomonads or members of the Serratia g roup of the 
Enterobacteriaceae. For example, Landerk in and Katznelson (1959) iden
tified seven strains called Bacillus apisepticus and Bacillus sphingidis as 
species of Pseudomonas and Aeromonas, and produced lethal septicemia 
in adul t honey bees with bacterial aerosols of unstated concentration. 
O n the other hand, Wil le (1961a) isolated from sick bees in Switzerland 
a bacter ium resembling B. apisepticus and produced septicemia by 
spraying or d ipp ing adul t bees in heavy suspensions; further study 
(Wille, unpubl ished) demonstrated that nei ther the Swiss isolates or a 
named cul ture of B. apisepticus were pseudomonads bu t were members 
of the Enterobacteriaceae. Weiser and Lysenko (1956) isolated from 
septicemic silkworms a bacter ium similar to Bacillus noctuarum and 
called it Pseudomonas noctuarum; after further study Lysenko (1958b) 
reidentified it as a colorless strain of Serratia marcescens. Stevenson 
isolated a bacter ium as the cause of septicemia of Schistocerca gregaria 
(Forskäl); he tentatively identified it as a paracolon bacter ium, then 
named it Aeromonas margarita Stevenson, and finally identified it as 
S. marcescens (Stevenson, 1959a). Stevenson (1959c) concluded that most 
so-called aeromonads were unpigmented S. marcescens, a conclusion not 
supported by Liu (1961). T h e above examples illustrate the confusion 
that exists over the separation of achromogenic strains of the Pseudo-
monadaceae and the Serratia group. Th i s confusion could be diminished 
if good differential tests were more widely used. Known members of 
the genera Pseudomonas and Aeromonas produce arginine dihydrolase 
and cytochrome oxidase (Bucher and Stephens, 1959b; Ewing and John
son, 1960) whereas S. marcescens does not (Bucher and Stephens, 1959b). 

Taxonomic studies of the pseudomonads (Rhodes, 1959; Colwell and 
Liston, 1960; Lysenko, 1961) indicate that many species names are syn
onyms. Unt i l there is bet ter agreement on the definition of species and 
genera in the family, it seems best to regard the insect pathogens as 
varieties of P. aeruginosa and P. fluorescens. 

C. The Enterobacteriaceae 

Other potent ia l pathogens belong to the family Enterobacteriaceae, 
which some modern students prefer to classify in to groups ra ther than 
into genera and species [see Bucher and Stephens (1959a) for an intro
duct ion to the taxonomic l i terature and for characteristic reactions of 
isolates from insects]. 

Strains of Cloaca type Β infect grasshopper popula t ions in western 
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Canada, bu t the na tura l mortal i ty is unknown. T h e injected L D 5 0 

ranges from 500 to 1000 bacteria per grasshopper, bu t the bacteria are 
not invasive and grasshoppers survive huge ingested doses (Bucher, 
1959b). Paracolobactrum rhyncoli (Pesson et al., 1955), a pathogen of 
Er emotes [= Rhyncolus] porcatus (Germar) and Scolytus scolytus (Fa
bricius), probably belongs to the Cloaca Β group. Proteus bombycis 
(Glaser, 1925), a pathogen of Bombyx mori (Linnaeus) and Malacosoma 
americanum (Fabricius), might well be a member of this group. Other 
incompletely characterized bacteria called Α er ob acter spp., Cloaca spp., 
paracolons, or coliforms may also be members of this group for which 
the binomials Aerobacter aerogenes, Cloaca aerogenes, and Enterobacter 
aerogenes have been proposed (see Hormaeche and Edwards, 1958, 1960). 
Pathogenic members of Cloaca Β differ from other Enterobacteriaceae 
in producing proteolytic enzymes and in forming gas as well as acid 
from glycerol and inositol (Bucher, 1959b). 

T h e Proteus g roup is usually classified into a genus with four species, 
of which three are potent ial pathogens. Proteus vulgaris Hauser, P. 
inhabilis Hauser , and P . rettgeri (Hadley et al.) infected grasshoppers 
with injected L D 5 0' s of 50-100, 20-500, and 300-1000 respectively 
(Bucher, 1959b). Pathogenicity was correlated with proteolytic activity 
(Bucher, 1960), bu t grasshoppers were resistant to ingested doses. Ly
senko (1959a) reported P. vulgaris as pathogenic to Dolerus nigratus 
Müller and D. gonager Fabricius. Species of Proteus have been isolated 
from several healthy insects (see Volume I, Chapter 7), bu t so-called 
Proteus spp. isolated from diseased insects have often been misidentified. 
Members of the Proteus g roup are readily identified by the product ion 
of much urease and the ability to deaminate phenylalanine to phenyl-
pyruvic acid. 

D . General Characteristics 

T h e potent ia l pathogens have a number of common propert ies 
(Bucher, 1960). They produce a lethal septicemia in a variety of hosts 
from small injections bu t do not readily infect insects when ingested. 
They do not actively invade the susceptible hemocoel and do not mul
tiply sufficiently in the gut of insects to produce enzyme-toxin substances 
that would weaken the host and ensure invasion. T h e i r ability to mul
tiply in the aerobic blood of various insects is due to the fact that they 
are primari ly aerobic bacteria and that they are not nutr i t ional ly fas
tidious bu t are capable of utilizing numerous sources of carbon and 
nitrogen for energy and metabolism. T h e i r ability to ini t iate growth 
in the blood from small inocula, or conversely the low resistance of 
insects, is not well understood. Nonpathogenic bacteria are rapidly 
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el iminated from insect blood by cellular or humora l factors. T h e po
tential pathogens are not readily phagocytized and resist the antimi
crobial factors of blood (Frings et al., 1948; Hirsch, 1960) that apparently 
suppress the mult ipl icat ion of the nonpathogens, bu t the specific prop
erties that endow them with this resistance are unknown. Pathogenicity 
is correlated with the product ion of proteolytic enzymes that are re
sponsible for destruction of tissue and final putrefaction of the dead 
host. T h e pathogens produce a wide range of other enzyme-toxin sub
stances of importance in damaging host tissue. T h u s phospholipase, an 
enzyme that attacks cell-cementing substances such as lecithin, is pro
duced in quant i ty by species of Pseudomonas bu t not of Proteus (Essel-
m a n n and Liu, 1961). Possibly the product ion of some enzymes or 
toxins also neutralizes the cellular and humora l defenses of the host. 
Whatever the reason, insects show a very low order of na tu ra l resistance 
to the mul t ipl icat ion of the init ial invaders of the hemocoel and none 
at all once mult ipl icat ion has commenced. O n the other hand , insects 
are reasonably successful in prevent ing the invasion of the hemocoel. 
Bacteria can invade the hemocoel through wounds made by the ovi
positors of parasitoids (Biliotti, 1956) or by the bites of fellow insects 
(Doane, 1960). T h e lat ter invasion route may be impor tan t when in
sects are reared in the laboratory and may account for epizootic disease 
if the insects are stressed by overcrowding. Nei ther route is likely to 
be impor tan t unde r normal field conditions. T h e potent ia l pathogens 
are common inhabi tants of water, soils, and plants , are ingested fre
quently by many species of insects, and normally invade the hemocoel 
through the gut wall. T h e y are not known to mul t ip ly in the gut and 
appear to have a transient existence there. T h e i r failure to mul t iply 
in the gut may be due to antibacterial factors (Duncan, 1926; Kushner 
and Harvey, 1960) or simply because they are aerobes and thereby in
hibi ted by the low oxidation-reduction potentials of the gut lumen. 
T h e intact gut wall apparent ly acts as an efficient barr ier to even large 
ingested doses, bu t the integrity of the gut may be breached more often 
than is usually supposed. For example, the midguts of 10 percent of 
some popula t ions of grasshoppers showed evidence of physical rup ture , 
and this may occur in other insects. Bacteria can pass through a midgut 
epi thel ium damaged by gregarines, nematodes, cytoplasmic gut viruses, 
or the p lanont stages of the microsporidia (Weiser, 1956; Huger , 1960). 
Harsh abrasives, such as g round glass, facilitate invasion of the hemocoel, 
presumably by damaging the gut (Weiser and Lysenko, 1956; Steinhaus, 
1959a), and food of poor texture may act in the same mechanical way. 
High humidi ty increases infection of grasshoppers by P. aeruginosa 
presumably by facilitating penet ra t ion of the gut wall; perhaps for the 
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same reason, insects in general are more susceptible to infection when 
damp. Molt ing is a critical period in the life of an insect, possibly 
because the gut wall becomes more permeable to bacteria. 

T h e hypothesis that many so-called stress conditions, which increase 
the susceptibility of insects to ingested bacteria, act by reducing the 
integrity of the gut wall is reasonable bu t needs much more experi
mental support than is now available. 

T h e potent ial pathogens are common causes of low and sporadic 
mortali ty in insect cultures, bu t cause epizootics rarely in the laboratory 
and even more rarely in the field. In the laboratory, transmission is 
facilitated by the usual mass rearing techniques that cause crowding, 
contaminat ion of the food, cannibalism, and scavenger behavior, so that 
many individuals may carry large numbers of bacteria in the gut and 
are r ipe for infection whenever the gut wall is weakened. In the field, 
transmission is h indered by the usual absence of these factors and by 
rapid destruction of the bacteria by desiccation and insolation. T h u s 
dis tr ibut ion of these bacteria to control insect pests has failed and future 
at tempts will likewise fail unless the weaknesses of the bacteria can 
be overcome. For example, a spray formulat ion is required to protect 
the bacteria from drying and from sunlight; some per t inent investigations 
have been published (Stephens, 1957; Webb , 1960). Secondly, the bac
teria must be aided to invade the hemocoel either by a chemical adju
vant such as gastric mucin (Stephens, 1959a), by the synergistic action 
of other pathogens or insecticides, or by the development of invasive 
strains. A number of workers a t tempted to "enhance the virulence" of 
bacteria (including some potential pathogens) by serial injection into 
long series of hosts. Some reported sporadic successes with techniques 
that were condemned (Bucher, 1959a), whereas others failed to obta in 
a measurable and significant change in virulence (Glaser, 1918b; Bucher, 
1959a; Steinhaus, 1959a). For the potent ial pathogens the critical 
link is invasion of the hemocoel, not mult ipl icat ion after invasion. T h u s 
the selection of invasive bacteria by host passage should be conducted 
by feeding insects, not by injecting them. T h e r e are no published re
ports of such trials with potent ial pathogens. At tempts to select invasive 
strains of P . aeruginosa by serial host passage per os failed (Bucher, un
published). Steinhaus (1959a) was unable to enhance the virulence of 
Serratia marcescens Bizio for wax-moth larvae by serial passage per os. 

IV. FACULTATIVE PATHOGENS 

These bacteria differ from the potent ia l pathogens in possessing 
some mechanism for invading a susceptible tissue of the body or for 
damaging host tissue by growing in the gut. T h e y do no t require spe-
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cialized conditions for growth and mult ipl icat ion, do not cause specific 
diseases in specific hosts, and thus differ from the obligate pathogens. 
Examples are strains of Bacillus cereus F rankland and Frankland that 
mult iply in the gut of insects, such as the larch sawfly Pristiphora erich
sonii (Hartig), and produce much phospholipase, which either kills the 
host directly or facilitates bacterial invasion of the hemocoel (Heimpel , 
1955b). Serratia marcescens Bizio has the properties and behavior of a 
potent ial pathogen, bu t is arbitrari ly classed as a facultative pathogen 
because it causes disease so frequently that it is likely to possess some 
positive ability to invade the hemocoel. Actually no one has unques
tionably demonstrated either that S. marcescens actually mult iplies in 
the gut of any insect or that it can invade the hemocoel through a gut 
wall that is undamaged or unstressed by some other factor. 

A. Serratia marcescens Bizio 

Serratia is the only genus in the tribe Serratieae of the Enterobac
teriaceae. Davis et al. (1957) and Mart inec and Kocur (1961) studied 
many strains from noninsect sources and recognized only one species 
(S. marcescens) in the genus. Common synonyms include Bacterium 
prodigiosum, S. plymouthensis, S. kielensis, and S. indica. Typically the 
bacter ium produces br ight red colonies on agar or imparts a red color 
to broth, so that it can be identified with reasonable accuracy by ento
mologists wi thout using diagnostic tests. Undoubted ly this easy recog
ni t ion has contr ibuted to the frequency with which it has been isolated 
as an insect pathogen. However, p igment product ion is variable, and 
unpigmented strains are common and difficult to identify. They also 
are pathogenic to insects, and probably many bacteria that were formerly 
isolated from diseased insects and named as new species are simply 
achromogenic strains of S. marcescens. A gram-negative, motile, short, 
rod-shaped bacter ium that is isolated from a diseased insect as a likely 
pathogen is almost certainly S. marcescens regardless of its pigmentat ion, 
if it has the following characteristics: it produces little or no gas in 
fermentable carbohydrates; it liquefies gelatin and hydrolyzes casein; it 
does not deaminate phenylalanine; it does not produce arginine dihy-
drolase, cytochrome oxidase, or much urease; it does not form any gas 
in inositol and glycerol. 

Steinhaus (1959a) ment ioned about 50 insects from which character
istic red strains had been isolated as suspected pathogens or for which 
red strains had been experimentally pathogenic (Table I). T h e n u m b e r 
of susceptible insects keeps increasing (Table II) . Several points be
come evident from these records: S. marcescens is pathogenic in many 
hosts bu t chiefly in larvae of holometabolous insects; it has been more 



T A B L E I 
LIST OF INSECTS SUSCEPTIBLE TO R E D STRAINS OF Serratia 

(COMPILED FROM STEINHAUS, 1959a) 

marcescens 

Experimental^ 

Order Family Species Isolation« I F 

Acarina Dermacentor andersoni Stiles — — F 
Orthoptera Acrididae Locust in Phi l ippines — I F 

Schistocerca gregaria (Forskäl) C I F 
Blattidae Blaberus craniifer Burmeister — — F 

Periplaneta americana (Linnaeus) c — — 
Gryllidae Nemobius fasciatus (DeGeer) Ν — — 
Phasmatidae Carausius morosus Brunner — I — 

Isoptera Hodotermitidae Zootermopsis angusticollis (Hägen) C I F 
Lepidoptera Arctiidae Estigmene acrea (Drury) — I F 

Bombycidae Bombyx mori (Linnaeus) c I F 
Galleriidae Galleria mellonella (Linnaeus) — I F 
Gelechiidae Gnorimoschema operculella (Zeller) c I F 
Geometridae Sabulodes caberata Guenee — I F 
Lasiocampidae Malacosoma neustria (Linnaeus) — I F 
Lymantriidae Porthetria dispar (Linnaeus) Ν I F 
Noctuidae Agrotis ipsilon (Hufnagel) c — — 

Chorizagrotis auxiliaris (Grote) Ν — — 
He Hot his zea (Boddie) Ν — — 
Pericyma cruegeri (Butler) Ν — — 
Peridroma margaritosa (Haworth) — I F 
Pseudaletia unipuncta (Haworth) — I F 

Nymphal idae Nymphalis antiopa (Linnaeus) C — — 
Junonia coenia Hübner — I F 

Olethreutidae Carpocapsa pomonella (Linnaeus) c — — 
Pieridae Colias eurytheme Boisduval — I F 



T A B L E I (Continued) 

Experimental*) 

Order Family Species Isolation« I F 

Pieris brassicae (Linnaeus) — I F 

Pyralidae Loxostege sticticalis (Linnaeus) — I F 
Ostrinia nubilalis (Hübner) — I F 

Yponomeutidae Yponomeuta malinella Zeller — I F 

Coleoptera Curculionidae Cleonus punctiventris (Germar) Ν I F 

Cylas formicarius elegantulus (Summers) C — — 
Pantomorus spp. — I — 
Sitophilus granarius (Linnaeus) — — F 

Sitophilus oryzae (Linnaeus) — — F 

Scarabaeidae Oryctes rhinoceros (Linnaeus) c — — 
Scolytidae Dendroctonus monticolae Hopkins c — — 
Tenebrionidae Tenebrio molitor Linnaeus c I F 

Tribolium confusum Jacquelin duVal — — F 

Hymenoptera Braconidae Macrocentrus ancylivorus R o h wer C — 
Diprionidae Neodiprion banksianae Rohwer — F 

Neodiprion lecontei (Fitch) — F 
Neodiprion swainei Middleton — F 

Pteromalidae Dibrachys cavus (Walker) C — 
Tenthredinidae Nematus ribesii (Scopoli) — F 

Pristiphora erichsonii (Hartig) — F 
Vespidae Polist es spp. Ν — 

Vespula germanica (Fabricius) Ν — 
Diptera Chironomidae Tendipes spp. — F 

Muscidae Musca domestica Linnaeus C — 
Tephrit idae Dacus dorsalis Hendel c — 

a C, isolated from laboratory cultures of the host. N , isolated from natural hosts in the field, 
ö I, host susceptible to bacteria injected into the hemocoel . F, host susceptible to bacteria ingested with its food. 



T A B L E I I 

SUPPLEMENTARY LIST OF INSECTS SUSCEPTIBLE TO Serratia marcescens 

Experi-
Order Family Species Isolation« mentals Authority 

Orthoptera Acrididae Camnula pellucida (Scudder) Whi te Ν I F Bucher, 1959b 
Locustana pardalina (Walker) R e d Ν I F Prinsloo, 1960 
Melanoplus bilituratus (Walker) Whi te Ν I F Bucher, 1959b 
Melanoplus bivittatus (Say) Whi te Ν I F Bucher, 1959b 
Melanoplus packardii Scudder Whi te Ν I F Bucher, 1959b 
Schistocerca gregaria (Forskäl) Whi te C I F Stevenson, 1959a 

Blattidae Blattella germanica (Linnaeus) R e d C I He impel and West, 1959 
Isoptera Rhinotermitidae Reticulitermes santonnensis DeFeytaud R e d C — Toumanoff and 

Toumanoff, 1959 
Lepidoptera Bombycidae Bombyx mori (Linnaeus) Whi te C — Meklenburtseva, 1955 

Lysenko, 1958b 
Olethreutidae Carpocapsa pomonella (Linnaeus) Red C — Heimpel and West, 1959 
Sphingidae Phlegethontius sextus (Johannson) Whi te Ν C I Lawson, 1959 

Phlegethontius quinquemaculatus (Haworth) Whi te Ν C I Lawson, 1959 
Coleoptera Cerambycidae Saperda carcharias (Linnaeus) Whi te C — Lysenko, 1959a 

Scarabaeidae Melolontha melolontha (Linnaeus) Red N C I Hurpin and Vago, 1958 
Scolytidae Pityokteines curvidens (Germar) 

Pityokteines confusus (LeConte) 
Red C 
R e d C 

— Lysenko, 1959a 
Wood, 1961 

Scolytus multistriatus (Marsham) Red Ν — Doane, 1960 
Hymenoptera Diprionidae Neodiprion lecontei (Fitch) Red C — Heimpel and W

r
est, 1959 

Megachilidae Megachile sp. White C — Lysenko, 1958b 
Pamphil i idae Cephalcia abietis (Linnaeus) Red — I Lysenko and Släma, 1959 
Tenthredinidae Dolerus gonager Fabricius Whi te C — Lysenko, 1959a 

Diptera Drosophilidae Drosophila spp. Red C — Heimpel and West, 1959 

* Red indicates classical colored strains; White , achromogenic strains. Ν C as Table I. 
b I F as Table I. 
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commonly isolated from insects unde r laboratory cultivation than from 
insects taken in the field; it has been isolated from fewer hosts than it 
will experimental ly attack; many records of its pathogenicity are based 
only on its isolation from dead insects wi thout confirmatory experimental 
tests; recent isolations are about equally divided between red and non-
chromogenic strains. 

T h e bacter ium mult ipl ies extracellularly in the blood and body 
cavity and produces a generalized septicemia that kills the host rapidly, 
usually within 1 to 3 days. For bacteria injected directly in to the 
hemocoel, the L D 5 0 was from 10 to 50 bacteria for adul t grasshoppers 
(Bucher, 1959b; Stephens, 1959c), about 10 for Schistocerca gregaria 
(Forskäl) (Stevenson, 1959a), about 40 for Galleria mellonella (Linnaeus) 
(Stephens, 1959b), about 100 for pronymphs of Cephalcia abietis (Lin
naeus) (Lysenko and Släma, 1959), and about 40,000 for the roach Blat-
tella germanica (Linnaeus) (Heimpel and West, 1959). Steinhaus (1959a) 
killed about 90 percent of test insects of n ine species with intracoelomic 
doses of about 300,000 bacteria. T h e injected doses used by other 
workers were not accurately measured, bu t probably ranged from 5 χ 10 5 

to 5 χ 10 7 bacteria per insect. Such large injected doses are apparently 
lethal for any species of insect. Infected insects display no characteristic 
symptoms. Insects infected with red strains may have a red or rosy 
coloration at death, bu t this sign is not precisely diagnostic as insects 
killed by other diseases may develop a red color (Bucher and Stephens, 
1957). At death of the host the bacteria fill the blood and tissues, and 
mult iply even after death to produce disorganization and putrefaction 
of the body contents. An adul t grasshopper may contain 5 χ 10 8 bac
teria just before death and more than 5 χ 10 1 0 bacteria shortly after 
death (Bucher, 1959b). Numbers for other insects are unknown. 

Workers have found greater difficulty in infecting insects by feeding 
them S. marcescens. T h e per os L D 5 0 for adul t grasshoppers was between 
3 χ 10 5 and 5 χ 10 5 for white strains (Bucher, 1959b) and between 
3 χ 10 4 and 9 χ 10 4 for red strains (Stephens, 1959c). Steinhaus (1959a) 
killed from 12 to 28 percent of six species of lepidopterous larvae by 
microfeeding them with 3 χ 10 5 to 6 χ 10 5 bacteria. Other investigators 
fed test insects huge doses of unknown size by contaminat ing the food 
with heavy suspensions of bacteria. Mortalit ies of 8 to 58 percent were 
recorded for seven lepidopterous larvae (Steinhaus, 1959a), of 44 to 63 
percent for five species of sawfly larvae (Heimpel , 1955a), of 50 percent 
for termites (DeBach and McOmie, 1939), of 96 percent for Schistocerca 
gregaria (Stevenson, 1959a), and of 72 percent for Locustana pardalina 
(Walker) (Prinsloo, 1960). Most workers have reported great variat ion 
in mortal i ty between repeated tests. Some of this was caused by varia-
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tion in dose, bu t there is little doubt that the remainder was caused 
by variation in susceptibility to infection between groups of an insect 
species and between individuals in the group. Even within a single test, 
infected individuals died at intervals of 1 to 3 weeks or more. In view 
of the uncertain dosage and this great variat ion in susceptibility, state
ments by some authors that a strain of S. marcescens was more or less 
virulent than others or that one insect species was more or less susceptible 
than others are tenuous. Nevertheless a few insects appear to be par
ticularly refractory to infection per os: Apis mellifera, Sitophilus gra-
narius (Linnaeus), Sitophilus oryzae (Linnaeus), Tribolium confusum 
Jacquel in duVal, and Sitotroga cerealella (Olivier) (Steinhaus, 1959a); 
Oncopeltus fasciatus (Dallas) (Steinhaus, 1947); and Blattella germanica 
(Heimpel and West, 1959). 

T h e r e is some indirect evidence that S. marcescens can mult iply in 
the gut of certain insects following ingestion. Bucher (1959b) stated that 
apparent ly healthy grasshoppers might carry from 5 χ 10 4 to 5 χ 10 6 

cells in the gut and that the infection persisted in the popula t ion. H e 
suggested that the bacter ium mult ip l ied to main ta in such numbers 
against the constant di lut ion of feeding, bu t provided no experimental 
proof. Wedberg et al. (1949), who fed massive doses of 5. marcescens to 
Blaberus craniifer Burmeister, recovered the bacteria from the feces of 
the roaches for several weeks and postulated that the bacteria had become 
established in the gut, bu t made no counts to prove that mult ipl icat ion 
occurred. T h e i r statement that " t remendous mult ipl icat ion occurred in 
some roaches" obviously refers to mult ipl icat ion in the hemocoel fol
lowed by death of the roach. Other statements in the l i terature that 
S. marcescens mul t ip l ied in the gut are completely unsubstant iated. 
However, there is no obvious reason why it should not mul t iply as it 
is a facultative anaerobe, grows in a wide range of p H , and is not nu
tritionally fastidious. 

Regardless of mult ipl icat ion in the gut, there is no evidence that 
any insects show signs of disease unt i l mult ipl icat ion in the hemocoel 
is advanced. It has not been shown that the bacter ium has a greater 
ability to invade the hemocoel than the potential pathogens, though 
it is certainly well equipped with enzymes such as lecithinase (Esselmann 
and Liu, 1961) and extracellular toxins (Liu, 1961). If mult ipl icat ion 
does occur in the gut, product ion of enzymes and toxins might well 
facilitate invasion of the hemocoel. 

Lysenko and Slarna (1959) showed that curves of 0 2 consumption 
in protonymphs of Cephalcia abieiis injected with S. marcescens were 
similar to classical curves of bacterial mult ipl icat ion in broth, and pos
tulated that the curves reflected mult ipl icat ion of bacteria in the insect. 
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T h o u g h they did not prove this by count ing the bacteria, it is likely 
that, after it invades the hemocoel, S. marcescens mult ipl ies in the same 
fashion as Pseudomonas aeruginosa (Bucher and Stephens, 1957) and 
that death occurs when a critical n u m b e r of bacteria has formed. I t 
seems apparen t that the product ion of enzymes and toxins is the direct 
cause of death, bu t their precise role has not been determined. 

Serratia marcescens has been the cause of outbreaks of disease in 
some laboratory cultures of insects, bu t there are no records of it causing 
an epizootic in field populat ions. I t has been recorded as a common 
pathogen of na tura l popula t ions only in the Acrididae. Bucher (1959b) 
recorded it as producing enzootic disease in 40 of 73 Canadian collec
tions of grasshoppers of 4 species, Stevenson (1959b) isolated it from 
dying locusts in British Somaliland, and Prinsloo (1960) from diseased 
locusts in South Africa. 

V . PATHOGENS OF DOUBTFUL STATUS 

Bacteria of this k ind have been isolated in association with insect 
disease bu t have not been experimental ly demonstrated to be the causal 
agents. They are readily divided into three ma in groups. 

A. Bacteria That Produce Mortality When Injected 

Thi s g roup contains bacteria that kill insects when inoculated into 
the hemocoel in massive numbers . Some of these bacteria were isolated 
from dead insects and were presumed to be the causal agents of disease. 
Others were isolated from noninsect sources and tested on insects. None 
of these bacteria are known to infect the hemocoel from small numbers , 
as do the potent ia l pathogens, or to produce significant mortal i ty when 
fed to insects. Some may be capable of ini t ia t ing infection of the hemo
coel from small inocula, bu t were not subjected to this test by their 
investigators, and further investigation may show that they should be 
reclassified as potent ia l pathogens. These bacteria mul t ip ly in the body 
cavity after the insect is dead, bu t it has not been shown that they 
mult iply before the insect dies even when they have been injected in 
large numbers . T h u s it is quest ionable that they cause death of the in
sects through the product ion of enzymes or toxins associated with met
abolic activity, growth, and mult ipl icat ion. Death of the host often 
occurs rapidly, sometimes within 6 to 12 hours, and has some of the 
aspects of a toxemia. For example, heat-killed cultures of Streptococcus 
faecalis Andrewes and Horder caused as much mortal i ty in larvae of 
Galleria mellonella as living cultures (Cameron, 1934). T h e toxic sub
stances may be preformed toxins or enzymes present in the cul ture 
medium, which is usually inoculated along with the bacteria, or l iberated 
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by lysis of the bacteria in the hemocoel. In other cases the insects may 
die of shock through exposure of their tissues to large quanti t ies of 
foreign protein. Observations on these bacteria have been superficial, 
probably because studies on insect bacteriology have been largely di
rected toward insect control and these bacteria have shown little pro
pensity for achieving this aim. Actually there is no real proof that any 
of these bacteria are the cause of disease in na ture or in laboratory 
cultures of insects. 

T h e r e is little to be gained by compiling a list of all the bacteria 
that cause some mortal i ty when injected into the hemocoel of insects 
in massive doses. Many were inadequately characterized, incorrectly 
identified, or invalidly named. Most can be found under their original 
names by consulting texts (Paillot, 1933; Masera, 1936; Steinhaus, 1947), 
reviews on immuni ty (Huff, 1940; Wagner , 1961), and papers (Cameron, 
1934; Metalnikov and Chorine, 1928). A few examples will serve to 
illustrate the investigations made on this group and explain why its 
pathogenic status is uncertain. 

Coccobacillus acridiorum d 'Herelle, isolated from sick locusts, was 
shown to cause mortali ty when injected in massive doses into the hemo
coel of a variety of locusts, grasshoppers, and other insects by a large 
number of investigators. None of these workers demonstrated that it 
would infect locusts from small intracoelomic doses or that it was path
ogenic when ingested. In spite of this, it was artificially distr ibuted in 
many areas for locust control. Some workers claimed that mortal i ty in 
treated populat ions was caused by this bacterium, bu t did not fulfill 
Koch's postulates for proof of the etiological agent of disease. More 
careful workers showed that healthy locusts normally carried indistin
guishable bacteria in the gut. Others showed by serological tests that 
strains isolated from dead locusts of treated populat ions were different 
from the strains that had been used in the treatments. T h u s it would 
appear that the distr ibuted bacteria were not the cause of mortali ty. 
Dur ing all this work C. acridiorum had not been adequately described 
or compared with cultures of well-known bacteria and hence its taxo
nomic position will never be known with certainty. However, from its 
published characters and from studies of strains preserved under this 
name, it appears to be a member of the Cloaca type A group of the 
Enterobacteriaceae (Lysenko, 1958b; Bucher, 1959a). Strains of Cloaca 
type A cause mortali ty when large doses are injected into grasshoppers; 
the injected LDgo's are a round 600,000 bacteria, bu t huge ingested doses 
do not produce disease (Bucher, 1959a). Several authors have proposed 
that Cloaca type A be called by the binomials Aerobacter cloacae, Cloaca 
cloacae, or Enterobacter cloacae (Hormaeche and Edwards, 1958, 1960). 
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It can be distinguished from Cloaca type Β (Aerobacter aerogenes, Cloaca 
aerogenes, Enterobacter aerogenes) by product ion of arginine dihydrolase 
and by lack of gas in glycerol and inositol, bu t insect pathologists have 
rarely made a distinction. For example, Aerobacter aerogenes (Kruse), 
which was not pathogenic to Bombyx mori when injected at doses of 
1 χ 10 7 (Briggs, 1958), was probably Cloaca type A, and so was the 
A. aerogenes that Stevenson (1959b) found to be nonpathogenic for lo
custs per os bu t pathogenic when injected with an L D 5 0 of about 2 χ 10 6. 
Cloaca A are common inhabi tants of the gut of many insects and are 
frequently isolated from dead insects. 

Members of the Escherichia group, usually called Escherichia colt 
(Migula) Castellani and Chalmers, have been reported by some authors, 
bu t not by others, to cause mortal i ty on injection. T h e varying results 
probably occurred from the use of different doses. Escherichia coli was 
nonpathogenic to Bombyx mori larvae at intracoelomic doses of 1 χ 107 

bacteria (Briggs, 1958) and to Schistocerca gregaria (Stevenson, 1959b). 
Members of the Escherichia g roup isolated from grasshoppers were not 
pathogenic to these insects at intracoelomic doses of 1 χ 10 7 (Bucher, 
1959b). 

T h e Danysz bacillus, Salmonella enteritidis (Gaertner) Castellani 
and Chalmers, was frequently used to study immuni ty principles of in
sects and would kill insects when injected in huge doses. Other workers, 
probably using smaller doses, found it and other members of the Sal
monella g roup of the Enterobacteriaceae to be nonpathogenic to insects 
(Bucher, 1959b, 1960). 

Proteus morganii (Winslow et al.) Rauss, a nonproteolytic member 
of the Proteus group, killed grasshoppers when injected in huge doses 
bu t was not pathogenic per os; the injected L D 5 0 was about 600,000 bac
teria per grasshopper (Bucher, 1959a). 

A n u m b e r of workers, including Cameron (1934), produced mortali ty 
in insects by injecting them with large bu t unmeasured doses of various 
micrococci such as Staphylococcus aureus Rosenbach and streptococci 
such as Streptococcus pyogenes Rosenbach or S. faecalis Andrewes and 
Horder . Briggs (1958) killed nearly all Bombyx mori larvae with injected 
doses of 1 χ 10 5 cells of Staphylococcus aureus. Grasshoppers were resist
ant to injected doses of 1 χ 10 6 micrococci and streptococci (Bucher, 
1959b, unpubl ished) . T h e pathogenicity of these organisms needs to be 
investigated on numerous insects with careful a t tent ion to dosages be
fore their status as pathogens can be clarified. 

Modern workers have reported that members of the Enterobacteri
aceae were pathogens or presumed pathogens of insects wi thout char-
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acterizing them in sufficient detail to enable proper identification or 
wi thout sufficient exper imentat ion to determine in what manner they 
acted. Steinhaus (1951) remarked on the frequency of coliform bacteria 
in dead insects submit ted for diagnosis and speculated on their possible 
role as causes of disease. Pesson et al. (1955) isolated from snout and bark 
beetles three bacteria that they named as new species. Paracolobactrum 
rhyncoli (probably Cloaca type B, a potent ia l pathogen) was pathogenic 
when fed to Eremotes [— Rhyncolus] porcatus and Scolytus scolytus. I t 
was said to mult iply in the gut and then to invade the hemocoel and 
produce septicemia. Aerobacter scolyti (probably Cloaca type A) and 
Escherichia kleb siellae for mis (possibly a member of either the Citro
bacter or the Hafnia group) were isolated from Scolytus multistriatus 
(Marsham) and produced septicemia in S. scolytus by feeding and in
jection. All three bacteria seemed to act chiefly by producing septicemia, 
bu t failure of the workers to report doses and other data makes it dif
ficult to assess the t rue pathogenic status of the bacteria or their t rue 
taxonomic position. Doane (1960) tested A. scolyti and E. kleb siellae formis 
on Scolytus multistriatus and concluded that larvae were infected only 
under crowded conditions when the in tegument was injured by the bites 
of other larvae; high mortal i ty occurred in control larvae unexposed to 
artificial infection, and so there is considerable doubt that the bacteria 
were really pathogenic. H u r p i n and Vago (1958) identified as Aerobacter 
sp. a bacter ium isolated from Melolontha melolontha, which produced 
septicemia by inoculat ion of unstated doses bu t which was not highly 
pathogenic when ingested; the published characteristics of the bacter ium 
do not permit its positive identification, bu t it may belong to the Cloaca 
A or Β group. 

B. Bacteria that Produce Mortality when Ingested 

This group contains bacteria that mult iply in the gut of insects and 
are associated with mortali ty, bu t that have not been demonstrated to be 
the direct cause of disease. 

In some grasshoppers death is preceded by abnormally high numbers 
of bacteria in the gut (Bucher, 1959b). These bacteria are similar to 
those normally associated with healthy grasshoppers viz.: Cloaca type 
A, Citrobacter, and some strains of the Cloaca Β group of the Entero
bacteriaceae, and members of the genera Brevibacterium and Strepto
coccus. But in healthy insects the total flora is restricted to 1/100 or 
1/1000 of the number that the volume of the gut can support . Similar 
observations have been made on other insects (Bucher, unpubl ished) 
and by other insect pathologists engaged in diagnosis of disease. Lit t le 
has been published because the bacteria isolated are similar to those 



4. NONSPORULATING BACTERIAL PATHOGENS 141 

found in the gut of healthy insects and produce little mortal i ty when fed 
in huge doses to healthy insects. Some examples follow. 

Streptococcus disparts Glaser, isolated from the gypsy moth, was 
pathogenic when ingested by larvae of Porthetria dispar (Linnaeus) bu t 
not of Bombyx mori or of Pseudaletia unipuncta (Haworth) (Glaser, 
1918a). These streptococci, which cannot be identified by a valid specific 
epithet, mul t ip l ied in the gut and invaded the hemocoel only after the 
gut was extensively damaged. Glaser's sparse tests and huge doses fail to 
make clear whether it was a t rue facultative pathogen or an opportunis t 
st imulated to mult iply by some unknown factor. 

Steinhaus (1945) isolated Aerobacter cloacae (probably Cloaca type 
A) and a slow lactose-fermenting coliform (possibly Citrobacter group) 
from Gnorimoschema operculella (Zeller) and produced mortal i ty in 
the pota to tuberworm by feeding and by injecting large doses. Infected 
individuals were diarrheic, suggesting that the bacteria mul t ip l ied in the 
gut. Observations were insufficient to determine whether these bacteria 
were t rue pathogens or simply mul t ip l ied in the gut of insects already 
subjected to some unrecognized factor of stress. 

T h e bacteria that Pesson et al. (1955) claimed were pathogenic when 
fed to Scolytus scolytus (see Section V, A) may have mul t ip l ied in the 
gut because the larvae were already in poor heal th from crowding or 
unknown causes. 

Streptococci commonly occur in the gut of healthy larvae of Bombyx 
mori, bu t not in large numbers unless the larvae are diseased (Glaser, 
1925). Large numbers usually occur in larvae suffering from a disease 
called gatt ine, which is said to be caused primari ly by virus infection, and 
less frequently in cases where virus etiology has not been demonstrated. 
Various strains, usually identified as Streptococcus bombycis, differ in a 
n u m b e r of biochemical reactions including proteolytic activity, bu t all 
appear to be enterococci of Lancefield's g roup D, closely related to Strep
tococcus faecalis Andrewes and Horder (S. faecium Orla-Jensen). Lysenko 
(1958a) killed silkworm larvae by intracoelomic injection of large doses 
(probably 2 χ 106) and by feeding them leaves contaminated with heavy 
bacterial suspensions. H e concluded that the disease was primari ly of 
gut origin, that strains isolated from sick silkworms were not more viru
lent than those from healthy larvae, and only slightly more virulent than 
strains of S. faecalis from noninsect sources. Under na tura l conditions 
silkworms would not ingest the huge doses necessary to produce the dis
ease experimentally, and predisposing factors would be necessary before 
the cocci would cause overt disease. According to Vago (1959), predis
posing factors include sublethal doses of Bacillus thuringiensis Berliner 
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toxin, exposure to excessive heat, part ial asphyxiation, or combinations 
thereof. 

Many species of healthy insects have a surprisingly small number of 
bacteria in the gut, mostly confined to the hindgut . Even in insects that 
normally carry a large number of bacteria throughout the gut (e.g., grass
hoppers, locusts, cutworms), the popula t ion of bacteria is less than could 
exist in the volume of the gut. In the healthy insect both the number 
and kinds of bacteria are restricted by unknown factors, which might in
clude the following: mere di lut ion through feeding; high p H , as in many 
lepidopterous larvae; oxygen deficit and reducing oxidation-reduction 
potentials; nonop t imum nutr i t ional conditions; competi t ion from other 
bacteria including inhibi t ion by antibiotics; or inhibi t ion by gut secre
tions or by the food of the host. A change in any factor might allow one 
or more kinds of bacteria to mult iply excessively. Therefore, abnormal 
numbers of bacteria may be a symptom of disturbed physiology and not 
a cause of disease. O n the other hand, abnormal mult ipl icat ion of bac
teria in the gut, with its a t tendant product ion of toxins, enzymes, and 
metabolic by-products, its competi t ion for nutr ients , and its change in 
p H and oxidation-reduction potential , might well prove fatal to an insect 
already suffering from a physiological disturbance. Some observations sug
gest that abnormal mult ipl icat ion of gut bacteria is autocatalytic and 
that the insect does not recover even though the cause of the original 
physiological disturbance is removed. An excessive number of bacteria 
in the gut accompanied by abnormal mortali ty is frequently associated 
with unfavorable rearing conditions, such as starvation, food of poor 
quality or of nonpreferred kinds, n o n o p t i m u m temperature or humidi ty 
—especially contact with free water, and poor sanitat ion as a result of 
crowding, and with insects suffering from virus or other infections and 
from sublethal doses of poison. 

T h e relat ion between such environmental stress factors and exces
sive mult ipl icat ion of the normal gut flora has not received the at tent ion 
it deserves from either a fundamental or a practical s tandpoint . Th i s 
relationship is based largely on casual observations, for experimental 
work on the role of stress has been directed to determining its importance 
in inducing overt symptoms of virus disease or to increasing general 
mortali ty in lots of insects reared in the laboratory. Steinhaus (1958a, b) 
for example, produced abnormally high mortal i ty in certain lepidop
terous larvae by crowding, temperatures a round 40°C, ultraviolet light 
and by administrat ion of chemicals such as hydroxylamine hydrochloride, 
potassium nitr i te, sodium fluoride, and Zymosan. Mortali ty was associated 
with virus disease or with septicemia produced by various bacteria of the 
normal gut, which had invaded the hemocoel of insects weakened by the 
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stressors. Steinhaus did not record that the bacteria had mult ipl ied ab
normally in the gut before invading the hemocoel or that prel iminary 
mult ipl icat ion in the gut was a prerequisi te for invasion. Critical experi
ments supported by viability counts of gut bacteria are needed to deter
mine whether environmental stress factors induce mult ipl icat ion of bac
teria in the gut and what effects this has on the heal th of insects. 

C. Bacterial Epibionts 

Bacteria that occur on the external surfaces of terrestrial insects are 
transient chance contaminants , apparent ly incapable of significant mul
tiplication on the cuticle. O n the other hand , bacteria may adhere to the 
body surfaces of aquat ic insects and mult iply to such an extent that their 
masses are readily visible. T h o u g h they cannot be considered pathogens 
in the strict sense that they mul t ip ly at the expense of insect tissue, their 
presence may be detr imental to the heal th of the host. Lai rd (1960) re
corded the following bacteria as epibionts of larval mosquitoes and other 
aquat ic insects: Siderocapsa treubii Molisch (Siderocapsaceae), Sphaero-
tilus natans Kützing and Sphaerotilus dichotomus (Cohn) Migula (Chlam-
ydobacteriaceae), Zoogloea ramigera Itzigsohn (Pseudomonadaceae). In 
heavily pol luted water, excessive growth, especially the "beards" of S. 
natans and S. dichotomus, may hamper movement , cause exhaustion, and 
render larvae more susceptible to attack by fungi and protozoa. 

VI. FUTURE INVESTIGATIONS 

T h e n u m b e r of statements qualified by "probably," "apparent ly ," 
etc., in this chapter reflects the dep th of our ignorance. Much more 
factual knowledge about the normal as well as the abnormal or patho
genic bacterial flora of insects is necessary, bu t three phases in par t icular 
need special emphasis to keep u p with advances in other fields of insect 
pathology and bacteriology. Bacteria isolated from insects must be more 
precisely identified than they have been in the past. Pathologists need a 
greater appreciat ion of variat ion and probabil i ty and must express ob
servations and experimental data in numbers so that their conclusions 
can be based on statistical significance. Finally, precise knowledge of the 
properties and mode of action of pathogenic bacteria is required to per
mit rapid isolation, identification, and selection of highly virulent strains 
and to indicate how these may be manipu la ted to control insects. 
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