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I. INTRODUCTION 

Insects are not particularly unique among animals in their compli
cations involving other lesser organisms; but the small size and ubiqui
tous presence of insects endows them with habits particularly suitable for 
disseminating microorganisms. The vectoring capacity of insects for 
pathogens of plants and animals, including man, is a separate discipline 
not included in the scope of this chapter; and since other chapters in 
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these volumes deal with the pathogens of insects, there is left as the 
subject of this chapter the microorganisms associated with healthy 
insects. The primary reason for considering the microbiota of healthy 
insects in a work devoted largely to the microbial diseases of insects is 
the valid assumption that a sound understanding of the abnormal is 
based on a knowledge of the normal. 

Before proceeding further, it is desirable to establish a definition 
of a healthy insect. I shall define a healthy insect as one which, living 
in its natural ecological niche, is able to perform its vital functions in 
the shortest feasible time and produce its potential number of offspring. 
Whereas selection and adaptation have long since synchronized the life 
cycles of the insects with the distribution of their hosts, and with 
geophysical factors, we need to exclude any debilitating natural or 
man-made stressors. Stressors include extremes of temperature or relative 
humidity, treatment with chemical toxins, crowding, starvation or in
adequate nutrition. Stressors usually produce one or more of the follow
ing consequences: (1) prolonged larval life; (2) shortened adult life; (3) 
decreased egg production and/or viability. 

A prolonged larval life does not necessarily increase the total life 
span of an insect since it frequently is followed by higher adult mortality; 
and as a consequence it decreases the reproductive potential. This is 
especially true in the case of species in which the females lay eggs 
repeatedly at intervals up until the moment of death; so that the 
shorter the life, the fewer the eggs. 

Healthy insects and their associated microorganisms may be treated 
as a study in physiological ecology, in which we are concerned with 
both temporary and permanent relations of two or more dissimilar 
populations occupying the same territory. 

I I . T H E SCOPE OF RELATIONSHIPS BETWEEN INSECTS AND 

MICROORGANISMS 

The simplest type of association spatially, that is anatomically, and 
in certain cases from the point of view of duration of time, is the use 
of microorganisms or their products as food by insects (Steinhaus, 1960). 
This may involve complex sensory physiology. 

A. Microorganisms as Food 

Early observations of the feeding habits of mosquito larvae established 
the role of aquatic microorganisms as food (see House, 1958, for 
references). Dead or alive, these organisms constitute a rich storehouse 
of vitamins, protein intermediates, etc. Refinements on the part of a 
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number of workers have now culminated in the ability to rear certain 
of the important disease vectors axenically through a complete life 
cycle (Dimond et al, 1956; Singh and Brown, 1957). Eventually such 
work will aid tremendously in understanding the provisions made by 
insect hosts for maintenance and transmission of vertebrate pathogens 
(Huff et al, 1959; Terzian and Stahler, 1960; Trager, 1955). 

The great amount of effort expended on the use of Drosophila 
melanogaster Meigen as a genetic tool led to the development of the 
first chemically defined diet to be used for axenic rearing of any metazoan 
invertebrate (Sang, 1959); and it is the extension of this technique to 
other insects that has shown that the naturally occurring microorganisms 
can be dispensed with if additional nutritional requirements are provided 
in the diet. The most difficult part of such experiments is the formu
lation of a sterilized dietary mixture which is chemically and physically 
acceptable to the insect so that it is stimulated to feed. Once this is 
accomplished, testing of the efficacy of individual components and their 
balances becomes routine (Friend, 1958). Studies such as those of 
Hinton (1959) on genetic variations in synthesizing ability of different 
strains of Drosophila illustrate how far reaching are the accomplishments 
that can be based on the use of such a simple concept as a sterile 
synthetic diet. 

B. Microbial Decomposition Products as a Food Substrate 
The metabolic activities of saprophytic bacteria and fungi which 

break down organic material to smaller molecules, producing poly
peptides, organic acids, volatile substances, etc., convert otherwise un
available food substances into foods which are assimilable by insects. 
The change to a utilizable food may involve liquefaction or pulverizing 
of texture as well as chemical conversions. The odors from sweet, 
fermented, or putrefied materials are attractive to the adults of many 
species of Diptera, Hymenoptera, Coleoptera, Lepidoptera, and Trichop-
tera. The physiology of olfaction and chemoreception, as well as the 
nature of stimulation for feeding and oviposition, is the subject of 
numerous recent papers (Browne, 1960; Dethier and Arab, 1958; Frings 
and Cox, 1954; Frings and Frings, 1956a, b; Hodgson, 1957). Not only 
do the adults feed on the decomposed substances, but many of them 
lay their eggs in it, so that it serves as a larval substrate of suitable 
consistency and moisture content. 

The importance of microbial attack as a precursor to insect feeding is 
probably not duly recognized. The case of the onion maggot, Hylemya 
antiqua (Meigen), illustrates the point (Friend et al, 1959). Under 
field conditions, the soil is a very septic environment, and the tunnels 
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which the burrowing larvae produce in the onion bulbs contain large 
populations of bacteria. The larvae eat the bacteria along with the 
onion tissue. Evidently the sound onion tissue itself is inadequate food 
for the larvae, the needed nutrients being supplied by the micro
organisms. This has been borne out by repeated attempts to rear the 
larvae under aseptic conditions by using onions that were sterilized 
by several different means. In no case did any larvae grow beyond the 
second instar. An aseptic diet has been devised on which the onion 
maggot grows better than on its natural food, rotting onions. But even 
this chemical diet will accelerate growth if it is contaminated by micro
organisms, particularly Escherichia coli (Migula) and a species of 
Bacillus, probably B. circulans Jordan. Furthermore, the microorganisms 
need not be alive when eaten to stimulate growth, because removing the 
cells by centrifugation followed by autoclaving the diet does not destroy 
the growth factor. 

Presumably a variety of microorganisms may possess the desirable 
metabolic ability to convert the deficient onion substrate into a satis
factory growth medium for the insect; but there are more subtle 
requirements than this. Of the microorganisms tested, Friend and co
workers reported that only those which form diffuse colonies were 
compatible to larval growth and used as food, whereas those whose 
growth habits blocked the tunnels caused asphyxiation of the larvae. 

The role of proteolytic bacteria in aiding the penetration and feeding 
of insects parasitic on other insects and animals has not been clarified. 
Hodson (1939) stated that the larva of Sarcophaga aldrichi Parker, 
parasitic on Malacosoma disstria Hübner, immediately after penetration 
breaks down the host tissues by some proteolytic action and then proceeds 
to feed as a scavenger. Whether the proteolytic enzyme was produced by 
the insect tissues or associated bacteria was not determined. In
contestable proof that entomogenous parasites can live as saprophytes 
has come out of the work of House and his colleagues on the aseptic 
nutrition of Pseudosarcophaga affinis (Fallen) (House, 1959). 

For many years digestion in both free-living and parasitic insects has 
been studied by demonstrating the presence of various digestive enzymes 
(see Waterhouse, 1957). In some cases, color spot tests of gut regions 

were used; in others, biochemical determinations were made on homog
enates of gut tissue, either with its included gut juice or washed free 
of it. But as a rule, only simple precautions were taken to avoid 
excessive contamination of epithelial cells with microbial cells, or 
perhaps the homogenate was incubated under a layer of toluol to 
inhibit further bacterial growth. There was thus no identification of 
the source of the enzymatic activity. The current tendency is to attempt 
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to make this distinction. Patel and Richards (1960) were able to 
separate electrophoretically extracts of the midgut of adults of Musca 
domestica Linnaeus into three discrete proteolytic enzymes. Of these 
three, the authors thought one originated as an endoenzyme of the 
epithelial cells, while a second was suggested to be a product of micro
flora of the midgut. But it is only with axenic culture that one can 
completely eliminate the microflora as contributors. Cheldelin and 
Newburgh (1959) found that the sterile medium in which larvae of the 
black blow fly, Phormia regina (Meigen), had been reared aseptically is 
rich in proteolytic activity and contains various protein breakdown 
products. As House (1958) points out, liquefying action of bacteria on 
solid foods is often useful to larvae; but blow fly larvae do not depend on 
bacteria for protein breakdown. 

One of the interesting speculations that prompts investigations of 
this sort, emphasized by Waterhouse and Irzykiewicz (1957), is that 
certain specialized food habits of insects are accompanied by appropriate 
enzymes not ordinarily found in mammals. For the sake of comparative 
biochemistry, then, it is desirable to ascertain whether the production 
of these unfamiliar enzymes is to be accredited to the cytoplasm of 
the insects' cells or to the more ubiquitous and versatile microorganisms. 
Waterhouse and Irzykiewicz corroborated the former by demonstrating 
collagenase activity in the excreta of aseptically grown larvae of the 
blow fly Lucilla sericata (Meigen). The digestion of keratin is also 
performed by the enzymes secreted by the insect (Waterhouse, 1959). 
While most wood- and plant-eating insects digest cellulose by the aid of 
symbiotic microorganisms (refer to Section II , F, 2 ) , Lasker and Giese 
(1956) found that a California silvernsh of the genus Ctenolepisma 
produces cellulase in extracts of the midgut whereas the gut flora 
normally present was unable to decompose cellulose. 

Rybicki (1952) demonstrated the presence of a lipolytic enzyme 
capable of hydrolyzing beeswax in extracts of larvae of the greater 
wax moth, Galleria mellonella (Linnaeus), and in bacteria cultured 
from the gut. When rearing larvae aseptically on beeswax he found that 
they grew very slowly and exhibited a high degree of cannibalism. 
While suggesting the role of the gut flora, these results are inconclusive 
because of the extenuating circumstances of nutritional nitrogen defi
ciency. Waterhouse (1959) succeeded in the aseptic culturing of G. 
mellonella and the lesser wax moth, Achroia grisella (Fabricius), on a 
sterilized but adequate artificial food to which could be added various 
lipids representing those occurring in beeswax. In his preliminary 
studies he found that the sterile larvae could digest some of the lipid 
materials (cetyl alcohol, stearic acid, and octadecyl stearate), but not 
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the C 3 0 paraffin, n-tri-acontane. Moreover, larvae that were infected with 
bacteria could not digest this material either. Another study on the 
effects of wax components on the growth of septic G. mellonella revealed 
that paraffin wax with a chain somewhat longer than C 2 0 became 
growth promoting if the feeding time was extended to 12 days (Young, 
1961). This may involve adaptive enzyme formation by the intestinal 
flora. 

The probability of the conversion by soil microorganisms of an 
inadequate food into something utilizable is suggested by Davis (1959a, 
b ) . Larvae of the Puget Sound wireworm, Ctenicera aeripennis aeri-
pennis (Kirby), apparently do not feed directly on soil microorganisms, 
but the latter seem to make some factor in the food (sterilized flax seed) 
available to the larvae. It is surprising, then, if the larvae do not 
eat the microorganisms, to learn that even during prolonged starvation, 
more larvae survived in unsterilized soil than in sterilized soil. 

The determination of quantitative and qualitative nutritional re
quirements is of course philosophically justifiable; but some of the more 
interesting uses of axenic technique have led to such studies as those 
of Levinson and Bergmann (1957, 1959) on steroid utilization and 
vitamin deficiencies in the oriental house fly, Musca domestica vicina 
Macquart. T o date it is impossible to rear this fly through a complete 
life cycle without the presence of at least E. coli. But the larval stages 
can be reared aseptically on an artificial diet; and although their growth 
is subnormal, their requirements for certain vitamins were demonstrated 
by the use of antivitamins. The same antivitamins were not all effective 
in inhibiting vitellogenesis by adults. However, the adults were not 
reared aseptically, so that this comparison is not valid. 

By aseptic culture, i.e., elimination of all fortuitous organisms but 
not intracellular mutualists, it has been determined that the intestinal 
flora of the German cockroach, Blattella germanica (Linnaeus), is not 
qualitatively responsible for the conversion of inorganic sulfur into 
organic sulfur compounds (Henry and Block, 1960, 1961). Interestingly, 
in the highly specialized phytophagous larvae of the silkworm, Bombyx 
mori (Linnaeus), the intestinal flora are remarkably scant, both in 
numbers and in species; the feeding of antibiotics to this insect results 
in a growth-stimulating effect directly on the host rather than through 
the mediation of microorganisms (Legay, 1958; Shyamala et al., 1960). 

While it is perhaps pointless to list here in detail all the insects 
known to have been fed aseptically, enough has been said to indicate 
the range of useful studies that are possible by this technique. [The 
reader is referred to Dougherty (1959) for a more complete listing.] As 
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Dougherty has indicated, no insect has as yet been reared axenically on 
a diet of exactly known chemical structure. Moreover, of the 24 species 
that have been reared axenically on substances of less certainty, only 
7 have been reared through more than one generation. All the work 
shows that when the synthetic contributions of microorganisms are 
eliminated as a variable in the food, the basic nutritional requirements 
are essentially the same, whether the insects are phytophagous, ento-
mophagous, or animal parasites. However, as technical refinements are 
added and the spectrum of investigated insects broadened, quantitative 
and synthetic differences certainly will be found. 

C. The Cultivation of Microorganisms by Insects 
The known cases of this type of instinctive behavior are all found 

in insects with complex social structure; and moreover, the micro
organisms are all fungi, simply because these are large enough to be 
manipulated by the insects. 

1. Ants and Termites 

Several genera of fungus-growing ants of the New World have been 
studied in detail (Weber, 1955a, b; 1956a, b ) . While the different 
species of ants tolerate one another in foraging and in proximity of 
nesting, they are highly selective and intolerant in maintaining their 
fungus gardens, each ant species always cultivating a particular species 
of fungus. The ants prepare garden beds, fertilize them, inoculate them, 
transplant mycelia, and exercise restricted use of the bromatia for food. 
By their constant licking and peculiar habits of defecating, the ants 
evidently release antibiotic substances against foreign contaminants and 
stimulate the growth of the symbiotic fungus. The ants do not tolerate 
a foreign, naturally introduced fungus in their colonies; but laboratory-
cultured fungi are accepted by a number of different species. It is 
evident that when the particular secretions are missing, the ants no 
longer recognize the fungi as invaders. 

Non-wood-eating termites exhibit the same degree of specialization 
in selecting and cleaning their fungi and in avoiding the depletion of 
the food supply (Liischer, 1951). The architecture of the fungus 
gardens built by the subfamily Macrotermitinae was found to be 
characteristic of the genera by Grasse and Noirot (1958), who also 
presented evidence that the fungi decompose lignin and cellulose. 

2. Beetles 
Certain species of bark beetles or timber beetles of the families 

Scolytidae and Platypodidae are known as "ambrosia beetles" because 
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of their association with the glistening white fruiting bodies of particular 
fungi. Aside from the economic aspect of the transmission of tree 
disease organisms by these beetles, a dark stain produced by the growth 
of the ambrosia fungi in the galleries renders part of the lumber useless, 
or of inferior quality. T o what extent the fungi serve as food for the 
adult beetles has never been determined, but the adults cultivate the 
fungus gardens and provision the brood chambers so that the larvae 
may feed on the tender growth. Ingested spores are not digested and 
can germinate on fecal material (Leach et al, 1934). As in the case 
of the ants and termites, the beetles suppress all other contaminating 
microorganisms (Leach et al, 1940). For more details on the biology 
of these insects, consult Steinhaus (1949) or Rudinsky (1962). 

It becomes difficult to know where to draw the line between "con
tamination" and "cultivation" of a specific microorganism if the insect 
host is not observed in any overt act of attendance. The case of the 
passalid beetle, Passalus cornutus Fabricius, as described by Lichtwardt 
(1957), illustrates the point. This beetle, like the foregoing gardeners, 
is gregarious, living in a network of tunnels in or near rotting logs. 
All specimens examined contained hyphae of Enterobryus attenuatus 
Leidy attached to the lining of the ileum and colon. The means of 
infection is probably through ingestion of resistant spores that are 
excreted in the feces of another host. The relationship of the fungus 
to the beetle's economy is only a matter of speculation. Since there is 
no known means of culturing the fungus outside the beetle, and all 
individuals seem to harbor it, can we consider this to be cultivation 
by the insect? It is perhaps a case of internal symbiosis. 

The study by Umeya (1961) on the free amino acids of the midgut 
in several species of lamellicorn beetles indicates that the amino acids 
are correlated with the food habits rather than with either the taxonomic 
classification or anatomical type of gut in the beetles. The passalids are 
unique in being the only ones which feed on decaying wood and in 
possessing the highest amounts of tryptophan and phenylalanine. 
Whether or not these amino acids are produced by the fungi studied by 
Lichtwardt awaits investigation. 

D. Microorganisms Found as Fortuitous Contaminants of Insects 
During the first two decades of the present century, much enthusiasm 

was engendered over the identification of microorganisms, and soon 
over 300 species of bacteria (exclusive of intracellular mutuals and 
rickettsialike organisms) were reported from insects and ticks. Steinhaus 
(1947, 1949) has reviewed these findings in detail and none of the early 

work will be discussed here except in brief summary. 
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1. External Contaminants 
Fortuitous contaminants, especially those carried on the external 

surface of the body, simply reflect the immediate past history of the 
insect, such as its breeding site, feeding habitat, or rearing chamber. 
Flying insects with brushlike appendages or sticky footpads are naturally 
equipped to shelter and transport organisms which they contact in their 
movements. At first it is surprising to learn that actually there are only a 
relatively small number of bacteria that live on external surfaces 
compared to internal cavities; flies and cockroaches are exceptions. But 
this is partially a consequence of the unfavorable nature of the dry or 
oily cuticle as a culture medium (Koidsumi, 1957). It is significant that 
honey bees, which are admirably equipped with brushes and baskets 
for carrying pollen, carry only a few innocuous bacteria. 

With the exception of the insects which breed in filth, the soil insects 
—especially if taken from highly fertile soil—harbor soil organisms 
which far exceed in both number and variety the organisms from other 
habitats. Free-living aerial or terrestrial insects become contaminated 
by those organisms, which are borne on dust particles or water droplets 
and settle out on the vegetation which the insects visit. But in this 
connection it should be recalled that the type of mouthparts of the 
different orders affect the likelihood of their becoming contaminated. 
Aquatic insects harbor microorganisms indigenous to the water, but 
which in turn are regulated by temperature, dissolved oxygen, and 
pollution by sewage and soil erosion. Substances which are inimical 
to life, such as a high salt concentration, hydrogen sulfide, or industrial 
wastes will be accompanied by a decrease in insect life. A high popu
lation of protozoa may consume the bacteria to such an extent that the 
insects may be relatively free of them. Insects and ticks which feed on 
fur, feathers, or blood are contaminated with the microorganisms 
common to the skin and fur of vertebrates. In climates where there are 
distinct seasons, the availability of different substrates varies during 
the year and this results in a seasonal fluctuation in the microorganisms 
available to insects. Surely geographical variations will influence 
external flora, but they may even affect the organisms that find their way 
into the hemolymph (Tauber, 1960). 

Externally borne fungi, yeasts, protozoa, and viruses are known poorly 
if at all. Fungi, except the parasitic forms, cannot germinate on the 
cuticle. Some commensal protozoa attach to aquatic insects, thus gain
ing transport to richer food supplies (Laird, 1959; Welch, 1960). 
Viruses are usually found on the exterior of insects only as accidental, 
temporary contaminants on the mouthparts or appendages (Section I I , 
E, 2). 
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2. Internal Contaminants 
Internally harbored microorganisms are much more numerous and 

varied because the moisture and food factors are more favorable. 

a. Environmental Factors. Although the external environment deter
mines initially which microorganisms are available for infection, there 
are a number of extenuating circumstances and physiological factors 
which are influential internally in deciding which organisms shall 
flourish and which shall be suppressed. T o what extent humoral and 
cellular immunity are involved is still relatively unknown in insects 
(refer to Chapter 9, Immunity in Insects). Commonly bloodsucking 

arthropods have sterile intestines, or if they become contaminated while 
feeding, they are able to rid themselves of the bacteria (Steinhaus, 1942; 
Weyer, 1960). On the other hand, grasshoppers are sterile upon hatch
ing, but they soon acquire a bacterial flora which increases both in 
absolute numbers and variety of species as the insects develop (Bucher, 
1959). 

Microorganisms may be located in any duct or passage, for example, 
the genital apertures, eyes, spiracles, or tracheae. One of the most 
obvious factors that is operative in regulating the fate of the organisms 
is the anatomy of the gut. Many examples are cited by Steinhaus (1947, 
1949). In brief, a straight-tube type of gut is likely to possess only 
adventitious and saprophytic forms of microorganisms. In a complex 
type of gut with pouches, sacs, ceca, diverticula, or folds, the food 
material as well as the pH varies from region to region, and there is a 
greater variety of microorganisms, including some that are quite peculiar 
and characteristic. Although no one apparently has investigated it, there 
may be locally differentiated floras correlated with the microenvironment 
of histochemically differentiated cells, as found in blow fly larvae 
(Waterhouse, 1955) (see Section II , F ) . 

Currently there is a revived interest in identifying microorganisms 
isolated by aseptic techniques from insect guts. Investigations in this 
area can be roughly separated into two categories: (1) those which are 
devoted to recovering a particular group of microorganisms, usually 
disease agents or contaminants of food and water; and (2) those which 
are concerned with a particular insect, usually a potential public health 
hazard or a serious economic pest. For example, Eaves and Mündt 
(1960), in a study of the distribution of streptococci among 26 species 

of adult insects associated with plants in various ways, found such a 
random distribution that they concluded that the microorganisms are 
present only as a result of circumstantial contact. Lysenko (1959) came 
to the conclusion that the common occurrence in insects of saprophytic 
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corynebacteria and brevibacteria warrants further efforts to differentiate 
them. A perusal of the literature indicates that work falling into the 
.second category above excites much more interest; grasshoppers, cock
roaches, stored grain beetles, mosquitoes, and nonbiting flies are the 
subjects of numerous recent papers. The underlying motivations are 
not always parallel, however. For instance, Bucher and Stephens (1959a, 
b) sought to correlate the presence of bacteria in grasshoppers with 
disease of the insect, or the possibility of utilizing the bacteria for 
microbial control. Cockroaches are perennially under investigation 
because of their habit of commuting between filth and kitchens; the 
biotic associations of these insects are the subject of a compilation by 
Roth and Willis (1960). 

It seems profitable at this time to compare the results of two different 
teams of investigators both studying the same species of cockroach, 
Blaberus craniifer Burmeister. Wedberg et al. (1949) reported that 
10 species of bacteria, representing 5 families, were recovered in a viable 
form from the feces of Blaberus fed Pablum for a week after capture. 
Briscoe et al. (1961) reported that 7 species of bacteria were isolated 
from aseptically removed sections of gut from Pablum-fed, insectary-
reared Blaberus. These 7 species were all members of one family, the 
Enterobacteriaceae, of which only two were identical to those of Wedberg 
et al. Can this mean anything other than what has been stated above, 
viz., the external environment determines which organisms are available 
for contamination? 

Wedberg and co-workers then maintained the cockroaches in an 
immobile position by force-feeding them a clean diet of sucrose, skim 
milk, and yeast extract, and they found that the fecal flora changed 
over a period of time. The number of species per insect decreased. 
The change was undoubtedly a result of the limited diet, which mini
mized the chance ingestion of microorganisms. This may be compared 
to the situation mentioned above in which grasshoppers become more 
prolifically contaminated with time while feeding in the field. 

Because of its tremendous importance to world health, a better 
understanding of the biological relationship of mosquitoes to their flora 
is desirable. Isolation of microorganisms from four species has been 
reported by one pair of workers (Chao and Wistreich, 1959, 1960; 
Wistreich and Chao, 1960, 1961). Their findings may be summarized 
as follows: (1) Whereas over half of the specimens contained micro
organisms, there were always some sterile individuals in each species. 
(2) The flora of larvae was not the same as that of adults of the same 

species. (3) The pattern of distribution of the species of microorganisms 
differed among the species of mosquitoes. (4) For the most part, the 
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identified species of microorganisms are nonpathogens widely dis
tributed naturally in food, soil, water, and intestines of animals. (5) The 
flora recovered from the environment, i.e., larval pans and adult cages, 
was not identical with the flora of the insects themselves. 

Simultaneously with the above, Ferguson and Micks (1961) and 
Micks et al. (1961), submitted reports on the flora of adults of four 
more species of mosquitoes. In contrast to the aforementioned works, 
in these studies the adults had not been fed, but this did not make a 
great difference in the proportion of sterile insects. 

Seemingly there is now ample evidence that the intestinal flora of 
insects simply reflects chance contamination from the environment and 
further isolations are pointless unless they are correlated with either the 
ability of the host to control its flora or the effect of the flora on the 
host's physiology. It is refreshing to find that an effort in this direction 
has been made by Micks and Ferguson (1961), who found that a reduction 
of microorganisms through the feeding of antibiotics was followed by an 
increased susceptibility to malarial oocysts. Presumably the loss of gut 
flora was accompanied by nutritional deficiencies which worked in favor 
of infection. Since Terzian and Stahler (1960) and earlier co-workers 
have demonstrated previously that there are many factors besides anti
biotics involved in susceptibility of mosquitoes to malaria oocysts, this 
seems to be the type of question which demands axenic culture. 

While again on the subject of nutrition and microbial floras, it is 
pertinent to quote from Lindsay and Scudder (1956), writing on the 
subject of dissemination of disease by nonbiting flies: "The relationship 
of diet to survival of both microorganisms and flies is (similarly) 
complex, involving not only the enzyme systems of the host but also 
those of the ingested microorganisms, in addition to the nutrient 
components of the diet." 

An approach based on dietary effects has been made by Kushner 
and Harvey (1960), who found that there is an antibacterial substance 
extractable from the leaves of certain coniferous trees. The extract is 
effective in the guts of larval defoliators against certain bacteria. This 
substance may be a complex organic molecule acting as a bacteriostat; 
but one wonders also what role is played by the high concentration of 
inorganic minerals present in many leaves. Air-borne microorganisms 
are deposited on the surfaces of leaves, and as Mündt et al. (1958) have 
indicated, organisms such as the enterococci are widely distributed on 
plants. Yet some phytophagous larvae, B. mori for example, have nearly 
sterile gut contents. Is it possible that the high concentration of calcium 
in the mulberry leaves is at an antagonistic level for the manganese or 
magnesium required for bacterial synthesis and growth (Spector, 1956) ? 
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Some antibiotic substances produced by plants, e.g., kojic acid, juglone, 
are probably maximally antagonistic toward certain microorganisms 
when in the chelated form (Weinberg, 1957). Perhaps the minerals 
in the leaves act as chelating agents, enhancing some unknown anti
microbial substance. Or is it simply that leaves are deficient in nitrogen, 
constituting a poor bacterial culture medium? 

b. Stored Products Pests. Only a few species of bacteria have been 
isolated from midgut or feces of the granary weevil, Sitophilus granarius 
(Linnaeus), or from the yellow mealworm, Tenebrio molitor Linnaeus 
(Crawford et al, 1960; Wedberg et al, 1949; Wistreich et al, 1960). 
But the economically important microorganisms in stored grain are 
fungi (Christensen, 1957). The species of Aspergillus, primarily re
sponsible for development of germ-damaged or "sick" wheat, was found 
in the proventriculus, intestine, and feces of granary weevils; it persisted 
in starved insects until they died, and grew out and fruited on the surface 
of weevils that had been killed by a surface disinfectant (Agrawal et al, 
1957). Storage fungi do not infect grain kept at less than 13.5% 
moisture; but if weevils gain access, they not only provide the original 
inoculum, but by their metabolic activity they increase the moisture 
in localized areas. Once this condition is established, both the moisture 
and accompanying fungi spread through the wheat (Agrawal et al, 
1958). The larval and pupal stages of the confused flour beetle, Tri
bolium confusum Jacquelin duVal, are hosts to several species of Asper
gillus and Penicillium as well as to unidentified bacteria (van Wyk 
et al, 1959). But in the adults only the bacteria are predominant. This 
beetle seems to be attracted to moldy grain, and feeds on the fungi; 
but as the beetle population increases the fungi nearly vanish, presum
ably because of toxic quinones secreted by the beetles. In contrast to 
the fungi, the bacteria increase in both the insects and the flour and 
furnish the insects with growth factors. Grain-infesting mites likewise 
inoculate stored wheat with various fungi which they subsequently use 
along with the embryos of the kernels for food (Griffiths et al, 1959). 

c. Metamorphosis. In a series of papers on the persistence of bac
teria in the developmental stages of the house fly, Greenberg (1959a, 
b, c, d) has shown that bacterial populations drop in the prepupa and 
again in the emerging adult. Competition and succession between bac
terial species may account for some gradual changes in the population 
of the larval medium under laboratory conditions. However, the drastic 
decline just prior to pupation seems accountable in mechanical terms. 
The prepupa ceases to feed during the 24-hour wandering period, and 
yet it continues to eliminate. After the puparium is formed, the foregut 
and hindgut are evacuated by the shedding of the cuticular linings of 



228 MARION Α. BROOKS 

these structures. The bacteria are thus deposited on the inner surface 
of the pupal case and on the molting membrane. The midgut, also, 
becomes nearly sterile but by some other unknown means, perhaps 
by phagocytosis, as suggested by earlier workers for other species. The 
resulting adult fly emerges with a bacterial count of about 100, leaving 
behind a puparium containing a thousand times as many bacteria. The 
organisms which persist in the fly are typically Proteus, Pseudomonas, 
and various coliforms. Only the availability of excrement and other 
wastes as a source of contamination of the adult during its lifetime 
determines its potential as a vector of pathogens. A similar pattern ap
proaching autosterilization during metamorphosis occurs in blow flies 
(Greenberg, 1960). 

d. Hatching Stimulus. Eggs of floodwater mosquitoes are laid in 
the spring or early summer and pass through the remainder of the 
summer and following winter as latent embryos. After the proper con
ditioning sequence of moisture, time, and temperature they become 
active and hatch during the spring floods of the following year. Al
though it has been known for a long time that placing latent embryos 
in a bacterial broth culture could stimulate them to hatch, it is only 
recently that this action has been defined (Horsfall and Fowler, 1961; 
Horsfall et al., 1958). In natural pools, microbial metabolism slowly 
depletes the oxygen as the spring temperatures rise. Judson (1960) has 
shown that a changing concentration of oxygen provides a powerful 
stimulus to hatch. 

E. Insects Serving as Vectors of Animal and Plant Disease 
Organisms 

This subject is treated fully in books on tropical medicine, medical 
entomology, and transmission of plant diseases by insects (see also 
Chapter 8, Vol. I of the present work). 

1. Natural Vectors 

Vectors, agents of dissemination or of inoculation of pathogens, in 
nature have evolved to a relatively high degree of specificity in regard 
to which organisms they can transmit physiologically. The specificity 
involves (usually) resistance to harm on the part of the arthropod, 
multiplication of the microorganism within the arthropod, and selec
tion of the susceptible host by the arthropod. Notable exceptions to 
the rule of harmlessness for the insects are the cases of injury to stomach 
epithelium of body lice by rickettsiae (Weyer, 1960) and of cytopathic 
effects and reduced longevity of leafhoppers by plant viruses (Littau 
and Maramorosch, 1956; Jensen, 1958). 
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2. Experimental Vectors 
Domestic cockroaches and house flies are frequently suspected of 

transmitting human pathogens, but so many factors complicate the re
lationship that as yet the evidence is certainly far from decisive. When 
Wedberg and co-workers (1949) force-fed Blaberus the food-poisoning 
organism Salmonella typhimurium (Loeffler), it established itself and 
multiplied only if fed in massive doses. Salmonella typhosa (Zopf), the 
cause of typhoid fever, could not be recovered from excreta even after 
billions of cells were fed repeatedly. 

There is some evidence that three of the domestic cockroaches, 
B. germanica, Periplaneta americana (Linnaeus), and Supella supellec-
tilium (Serville), might transmit strains of poliomyelitis, Coxsackie, 
mouse encephalomyelitis, and yellow fever viruses (Roth and Willis, 
1960). After feeding the insects, the viruses were recovered from the 
intestines, feces, and various organs. Some strains were found in nat
urally infected cockroaches. 

Greenberg (1959a) found that Salmonella typhosa and Shigella flex-
neri Castellani and Chalmers, the cause of bacillary dysentery, after 
having been introduced into a normally contaminated larval medium, 
could not be recovered from adult house flies. Salmonella paratyphi Β 
(Kayser) was recovered from a small percentage of adults. But when 

each of these three organisms, as well as Salmonella enteritidis (Gaert-
ner), was introduced into sterile larval media, they could be recovered 
from larvae and pupae. There was a reduction in count during meta
morphosis just as with the coliforms. The complete elimination of the 
Salmonella and Shigella organisms from larvae living in contaminated 
media was thought by Greenberg to be a consequence of competitive 
inhibition by the indigenous flora. The fact that the bacteria were 
able to survive pupation in the absence of competing flora is of little 
practical consideration, since no natural breeding site is monoxenic. 

Insects which cannot be classified as known vectors of disease are 
no more physiological in their dissemination of microorganisms than 
are unwashed hands, contaminated artifacts, or air-borne particles (refer 
to Section I I I , C on biological indicators) . 

F. Mutualistic Symbiotes of Insects and Ticks 

Symbiotes are two dissimilar organisms which live together. The 
origin and definition of the word "symbiosis" is clearly set forth by 
Steinhaus (1947, 1949), whose books the reader is urged to consult. For 
the most part, until now the word "symbiosis" has not been used in this 
discussion in referring to insects and their associated microorganisms 
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because one of the key points of the original meaning, that is living 
together as in a partnership, has been missing. This is especially so in 
those cases in which insects merely tolerate contaminants or profit tem
porarily from chance associations, as do the cockroaches, mosquitoes, and 
fly larvae. Upon further study, some of the instances cited previously 
might prove to be true cases of permanent or obligatory association, 
particularly the cases of the onion maggot and the bacteria which de
compose the onions (Friend et al., 1959); Tribolium and the bacteria 
which provide growth factors (van Wyk et al., 1959); or the passalid 
beetles and their intestinal fungi (Lichtwardt, 1957). Of course, all 
those instances of cultivation of fungi by insects are true symbiotic 
arrangements. 

As mentioned above, fortuitous contaminants picked up by insects 
from the environment are temporarily harbored in a straight-tube type 
of gut. There is a transition from this relationship to that of a con
stant and characteristic flora harbored in gastric ceca, which are saclike 
appendages opening into the posterior end of the midgut in certain 
groups of Heteroptera. Wherever such a consistent flora is encountered, 
the microorganisms are correctly spoken of as symbiotes. The bacterial 
symbiotes from the ceca of several bugs have been cultured by Steinhaus 
et al. (1956). Although the bacteria occur in the ceca as an unmixed 
population of Pseudomonas excibis Steinhaus, Batey and Boerke, two 
colony types, mucoid and nonmucoid, were repeatedly isolated, suggest
ing a dissociation of the well-known Μ ^± S ̂ ± R type. 

Actually, symbiosis encompasses parasitism and commensalism as 
well; but as if by common consent, in spite of the broad concept of 
the word, many authors use symbiosis to refer to mutualism. On this 
point most of our information is highly subjective, because whereas 
it is relatively simple to demonstrate microorganisms inside an insect, 
it is another matter to demonstrate any physiological benefits or de
pendence. Usually if an investigator finds that a microorganism is 
universally present in an insect species, he interprets this to be an 
indication of a mutually dependent symbiosis. Thus much of the 
literature on symbiosis implies mutualism without rigorous proof. 

1. Geological Age and Evolution of Symbiosis 

Awareness of the existence of intracellular symbiotes in insects dates 
back to the time of the early microscopists over a century ago. At first 
the microorganismic nature of the visible particles was not recognized, 
but once Blochman (1888) expressed the opinion that the inclusions 
in cockroaches were bacteria, the pattern was set and numerous inves
tigators reported bacteria, yeasts, or rickettsiae as intracellular, or at 
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least internal, symbiotes. Most of the claims were based on appearance 
only—the real nature of the particles is still unknown for many. 

There is no need to review here all the reported cases of symbiosis 
in at least a dozen orders of insects as well as many mites and ticks. 
Detailed descriptions may be found in Büchner (1953); Steinhaus (1947, 
1949); and recent review articles (Koch, 1956a, b, 1957, 1960; Richards 
and Brooks, 1958; Toth, 1959). 

With rare exceptions, attempts at in vitro culture of intracellular 
symbiotes have failed. Thus, lacking any physiological or cultural 
criteria for identification of symbiotes, the only recourse left is to 
attempt to analyze them histochemically and, recently, by electron 
microscopy (Bush and Chapman, 1961; Gresson and Threadgold, 1960; 
Meyer and Frank, 1957, 1960). Anyone familiar with bacterial cytology 
knows the vagaries attendant upon identifying loci comparable to 
nuclear or mitochondrial elements based on histochemical reactions. 
Before the turn of the century, opponents of the organismal nature of 
symbiotes countered with the proposal that they were cellular (waste) 
products or mitochondria (Cuenot, 1896; Dehorne, 1925), and in recent 
years the arguments have been revived (Lanham, 1952; Trager, 1952). 
T o the uninitiated, these arguments seem superfluous because of a few 
well-known successful cases of culturing symbiotes (Baines, 1956; Pant 
and Fraenkel, 1954); but it should be remembered that these are either 
extracellular or at least have external stages in their life cycles. It is 
the perpetually intracellular symbiotes which are the least amenable to 
culture. 

The origin of such highly developed reciprocal relations as are evi
dent in symbiotic partners poses a nice question (Jucci, 1952). Büchner 
(1953) presents evidence that intracellular bacterialike symbiotes in the 
common ancestor of termites and cockroaches must have been established 
by the Carboniferous Period, at least 300 million years ago. After such 
an ancient period of association, it is no wonder that the two organisms 
in the system—insect and bacteria—are so well-adjusted that they oper
ate as one. It is conceivable that new symbiotes are still evolving. 
Mosquitoes are usually considered to lack symbiotes as a consequence 
of their balanced nutrition in the larval state. Yet when rickettsialike 
organisms are found intracellularly in a considerable proportion of 
adults, this indicates that a new development is evolving (Micks et ah, 
1961). 

2. Physiological Significance of Symbiotic Life 

Admittedly, there are many more cases of unidentified symbiotes and 
unanalyzed associations than there are known ones. But for the sake of 
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a logical presentation, let us assume that those cases which we do under
stand will prove to be typical of the rest. It is then permissible to 
state that the possession of symbiotic microorganisms by insects allows 
them to extend their life ranges beyond those usually adequate for the 
support of metazoans. 

a. Nutrition. It is impossible to arrange the orders of insects in 
which some members possess symbiotes in any kind of a series which 
reflects a phylogenetic relationship. But approached from the standpoint 
of dietetics, it immediately becomes apparent that the known symbiotic 
insects, scattered as they are throughout the orders, with few exceptions 
have one thing in common, and that is a diet which is incomplete. 
These diets are wood, seeds, or other cellulose products, deficient in 
nitrogen and vitamins; wool, feathers, and hair, deficient in vitamins; 
plant sap, deficient in nitrogen; or vertebrate blood, deficient in vita
mins. With respect to the latter diet, the belief is generally held that 
only those insects which feed on blood throughout the entire life cycle 
possess symbiotes (but refer to Section F, 1 above). A moment's re
flection on the importance of the diets listed above will bring to mind 
the economic implications of the insects which eat them. It is possible 
that our knowledge of symbiotes is based on a biased sample, taken 
from economically important pests; and that with an increasingly large 
and representative sample, we may see things differently. 

As a counterweight to the lack of successful culture of symbiotes, 
attempts to eliminate them from hosts has met with a greater measure of 
success (Koch, 1956a, b ) . The metabolic derangements of the surviving 
insects and the nutritional supplements needed to replace the symbiotes 
indicate their original function. But please observe that "indicate," 
not "prove," was used in the last sentence. It may be possible to sup
port growth of aposymbiotic insects by supplementing their diet with 
particular vitamins, while the function of the symbiotes may conceivably 
not be the synthesis of vitamins per se, but instead be the synthesis of a 
precursor of a vitamin or the combination of a vitamin into a coenzyme 
or other larger molecule. For instance, Baines (1956) has shown that 
the bloodsucking bug Rhodnius, deprived of its intestinal symbiotic 
bacteria, responds to Β vitamins injected into the blood stream of its 
mammalian host. On the other hand, Geigy and others (1953, 1954) 
found that the cultured symbiotes of a related bloodsucking bug Tria-
toma synthesized about 2500 times as much folic acid as they utilized 
for their own growth; but feeding folic acid to the aposymbiotic bugs 
could not replace the symbiotes. This was interpreted as a failure to 
determine the proper dose to feed, but it might as well have been inter
preted by some alternative hypothesis. 
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A third well-known case of a blood-feeder which can be deprived 
of its symbiotes is the louse Pediculus (Aschner, 1934; Puchta, 1955). 
The aposymbiotic lice can be maintained by anal injections of yeast 
extract or Β vitamins. Overdoses are toxic and unbalanced ratios of 
the vitamins cause severe injuries to both normal and aposymbiotic 
lice. This again indicates that the symbiotes are involved in something 
more complex than synthesis of vitamins. 

The clarity with which Pant and Fraenkel (1954) were able to 
demonstrate the vitamin synthetic function of the yeasts of Lasioderma 
serricorne (Fabricius) and of Stegobium paniceum (Linnaeus) seems 
to be exceptional. Similarly, following the early reports of Schanderl 
(1942) and Toth et al. (1942) on fixation of atmospheric nitrogen by 

cultures of symbiotic bacteria from aphids and beetles, this concept of 
physiological function became widely known among entomologists. With 
more recent experiments it has become apparent that the cultured 
symbiotes fix nitrogen only in a medium practically free of bound ni
trogen (Csäky and Toth, 1948; Fink, 1952). Therefore, surviving sys
tems, that is, breis of insect tissues containing proteinaceous material, 
will not favor atmospheric nitrogen fixation. Furthermore, Smith (1948) 
demonstrated with N1 5-labeled atmosphere that nitrogen was not in
corporated into living aphids. Toth (1952) points out that today the 
problem is resolved into two theories, viz., (1) the symbiotic micro
organisms fix atmospheric nitrogen, or (2) they break down nitrogenous 
metabolic waste products such as urea and uric acid, converting them 
into utilizable compounds. The latter function would constitute a re
cycling of the little nitrogen that is assimilated from plant sap or wood 
(Hungate, 1955; Mittler, 1958; Smith, 1948). 

Even though the mutual dependence of termites and woodroaches 
and their respective intestinal flagellates is undisputed, the exact physio
logical means by which each contributes to the general welfare still 
remains to be determined (see Hungate, 1955, for earlier references). 
Defaunated termites cannot live on their normal diet of wood. The 
flagellates are refractory to in vitro culture; at best only one species 
has been cultured for any length of time, but the surviving cultures are 
always contaminated by their own symbiotic bacteria. In some roach 
protozoa, the bacteria are in orderly arrangements over the surface or 
embedded under the pellicle (Nutting, 1956). In termite protozoa, 
there are bacteria in "bacteria vacuoles" where wood particles are en
gulfed and digested (Schmidt, 1956). Thus quantitative analyses of 
cellulose digestion are complicated first by the metabolism of the bac
teria, and second by the release of unidentified stored food products 
into the substrate when dead flagellates undergo cytolysis. But allowing 
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for these complications, Hungate (1943) demonstrated that cellulose is 
decomposed by a washed suspension of flagellates, the products being 
lecoverable as carbon dioxide, hydrogen, and acetic acid (plus small 
amounts of unidentified acids). Glucose, the immediate product of 
cellulase action, is evidently completely broken down because no glu
cose was recovered in the reaction vessels. 

In the living, fauna ted termite, the flagellates are restricted to the 
thin-walled, enlarged hindgut. When this structure was ligated and 
placed for some hours in a physiological salt solution, acetic acid was 
recovered from the bathing fluid. Although defaunated termites can live 
on glucose, presumably in the normal situation termites oxidize acetic 
acid as their carbonaceous source of energy and eliminate carbon dioxide 
and hydrogen. There is some evidence that not all the symbiotic flagel
lates metabolize cellulose in the same way, because of different ratios of 
carbon dioxide, hydrogen, and acetic acid from different colonies of 
termites (Hungate, 1943). In fact, particular species of symbiotic fla
gellates are thought to be nutritionally dependent upon either the host 
or other protozoa rather than to be contributing to cellulose digestion 
(Nutting, 1956). 

Nitrogen and vitamin sources for termites present additional prob
lems which are solved by further complications in microecology. In all 
instances the nitrogen content of wood is vanishingly small (0.03 to 
0.05 percent), but wood which is eaten by termites is in various stages 
of decomposition by fungi, the several species of termites each exhibiting 
their own preference as to the state of decay. Presumably the fungi, 
when consumed, serve as a source of vitamins which they have synthe
sized and/or concentrated, since normal termites fail to grow on mold-
free filter paper. Fungi may also be concentrating nitrogen. The con
tribution of the flagellates to the nitrogen economy can never exceed 
that of utilizing the nitrogen of the wood for building their own proto
plasm since there is no evidence that they can fix atmospheric nitrogen. 
It is thought that they conserve nitrogen by utilizing the uric acid waste 
products of the host. 

The ability of termite colonies to increase their mass on nitrogen-
deficient wood substrate is logically explained only by an exceedingly 
efficient use of all available nitrogen. This would involve the use of 
cytolyzed flagellate bodies and flagellate nitrogenous wastes, combined 
with the practices of feeding on fungi, scavenging on dead termites, and 
coprophagy. A high rate of cannibalism obviously would not contribute 
to an increase in overall mass. 

The presence and necessity of symbiotes in generalized feeders such 
as cockroaches remains unexplained. The interesting work of Henry 
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and Block (1960), in which it is shown that the intracellular symbiotes 
may be able to convert inorganic sulfur in vivo into organic compounds, 
in no way explains why this should be necessary to an insect which feeds 
on a variety of foods which include complete proteins. Actually, the 
experiments demonstrated (1) that injected, labeled inorganic sulfate 
was recovered in the amino acids extracted from symbiotic roaches; (2) 
that the mycetocytes of injected roaches were radioactive; and (3) that 
labeled sulfur amino acids were not recovered from aposymbiotic 
roaches. The experiments do not tell us whether the symbiotes per se 
were synthesizing amino acids or whether the sulfate was being funneled 
through the mycetocytes for some other purpose. As Henry and Block 
point out, the aposymbiotic cockroach may be a pathological organism 
unable to perform its required functions. If the symbiotes really do 
function in the capacity of transsulfuration for a generalized feeder, this 
may serve only as a safety valve during emergencies and in that respect 
may help to account for the universal success of these insects. In order 
to ascertain such a role, the insects should be maintained under the 
stress of a sulfur amino acid-deficient diet prior to the experiments. 

With exceptions such as that of Rhizopertha dominica Fabricius 
(Huger, 1954), in general a loss of symbiotes is accompanied by in

creased nutritional requirements. But the foregoing remarks are per
haps sufficient to make a point of the fact that it is unwise in our 
present state of knowledge to extrapolate the nutritional findings from 
specific instances to include broadly all related forms of symbiosis. 

Although at the present time the most valuable contribution of 
experimental elimination of symbiotes is an understanding of physio
logical relationships, there remains the hope of some practical applica
tion to insect pathology. As Steinhaus (1955) states, theoretically alter
ing an insect's environment in such a way as to destroy its symbiote or 
cause the symbiote to become pathogenic offers a possible method of 
biological control of certain pests. Exciting as this suggestion is, there 
seems to be no feasible method as yet which does not involve more 
trouble and expense than is incumbent upon chemical or physical 
methods of control. 

b. Reproduction. It is but a logical consequence of nutritional 
deficiency that aposymbiotic insects suffer impaired reproductive po
tentials. If the insects can be reared to maturity, the usual end is atro
phied ovaries and premature death. If a satisfactory diet can be found, 
filial generations of aposymbiotic insects can be obtained. As a rule, 
the symbiotes are transmitted only by the female and the mycetocytes 
may atrophy in adult males. Exceptions are some bostrychid beetles, in 
which the symbiotes are transferred in the seminal fluid (Mansour, 
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1934). In adult males of the German cockroach, mycetocytes persist 
attached to the testes although symbiotes are not physically transferred 
with the sperm. Loss of symbiotes makes the males less virile than 
normal (Brooks and Richards, 1955a). 

The very unusual phenomenon of phenotypical sex determination is 
encountered in a tropical coccid, Stictococcus diversiseta Silvestri. Only 
females develop from eggs which seemingly, by chance, contact and 
engulf the symbiotes; males develop from the uninfected eggs (Büchner, 
1955). Sex ratio in Drosophila, a different type of reaction, is regulated 
by the presence of maternally transmitted spirochetes which cause mor
tality in male zygotes (Poulson and Sakaguchi, 1961). 

3. Modifications for Transmission of Symbiotes 

The completeness with which all the individuals of an insect species 
receive their quota of symbiotes is not left to chance (Carayon, 1952; 
Koch, 1960). 

a. Behavioral. If the microorganisms are located either extra- or 
intracellularly but connected to the gut, they are usually acquired per 
os. This is accomplished by stereotyped behavioral patterns on the part 
of both adults and hatching or molting larvae. Termites infect their 
young with flagellates by proctodeal feeding (Nutting, 1956). Females 
of the bug Coptosoma scutellatum Geoffrey deposit little packets or 
cocoons of symbiotic bacteria between the bases of the eggs; the young 
larvae eat these bacteria soon after hatching (Müller, 1956). In many 
cases, the eggs are simply dropped amidst the fecal material from which 
they become contaminated with the intestinal symbiotes (Baines, 1956; 
Pant and Fraenkel, 1954). These methods of transmission give the clues 
to the ways the symbiotes can be eliminated by such simple methods as 
surface disinfection of the eggs with chemicals, or manual removal of 
the bacterial packets. 

b. Anatomical. Some symbiotes located in the lumen of the gut and 
all those detached from the gut in mycetocytes are transmitted by more 
complicated means. There may be connections between the intestine 
and oviduct which permit the symbiotes to be smeared over the eggs so 
that they become infected through the micropyle before they are laid. 
In some insects the steps prior to oviposition are very involved, entailing 
wholesale migrations of cells or organs in the body of the female. 

Theoretically, the ancestors of insects with mesodermal mycetocytes 
housed their symbiotes in structures attached to the wall of the gut. 
Eventual detachment from the gut was followed by migration of these 
structures to the ovaries. Comparable migratory detachments from the 
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gut can be seen in some modern anobiid larvae. Several genera present 
different arrangements of mycetomes ranging from close attachment on 
the gut wall to distant connection by means of a slender duct (Gräbner, 
1954; Parkin, 1952). In cockroaches there appears to be a migration of 
mycetocytes in the fat body to the ovaries in immature females (Brooks 
and Richards, 1955a). 

The details of the entry of the symbiotes into the eggs, and ultimately 
the embryos, vary with species (Koch, 1960). But the fact that the in
fection has already occurred before the eggs leave the body makes it 
clear that no simple mechanical or chemical treatment of the exterior 
of these eggs will result in aposymbiotic offspring. Only treatments 
affecting the physiology of the mother are effective. Koch (1956b) re
views the various methods involving heat, starvation, antibiotics, sur
gery, centrifugation, etc. In addition, the ratio of certain mineral ions 
in the diet fed to the mother profoundly affects transmission in the 
German cockroach (Brooks, 1960). As so often happens in entomology, 
a method which works with one insect may not necessarily work with 
another. Each species has its own lethal temperature and its own tol
erance of antibiotics, while the microorganisms display a spectrum of 
reactions to antibiotics. The disposition of mycetomes determines 
whether surgical treatments will be successful. 

c. Adaptive functions of host cells. One of the properties which 
invests parasites with pathogenicity is invasiveness. This property is 
based partially on enzymatic reactions, partially on other unknown 
chemical reactions, which permit the microrganism to overthrow the 
host's defenses and invade cells and tissues. Such reactions are not 
known at all for symbiotic microorganisms. All their movements are 
passive, being governed by migrations and engulfing reactions on the 
part of the host's cells which constitute the mycetocytes or ovarian 
sheaths. These migrations occur at different stages in the life cycle; 
details are given in the reviews cited above (Section F, 1 ) . In fertilized 
eggs, symbiotes may be carried from peripheral or polar regions inward 
by vitellophags, primary mycetocytes, or pole cells. Frequently they 
become massed in the residual yolk of the midgut, only to be extruded 
through the gut epithelium after its formation and pinched off after 
evagination. In newly hatched Oxymirus, protoplasmic processes ex
trude from the future mycetocytes of the gut epithelium into the lumen 
and engulf masses of the symbiotic yeasts which the insects have just 
consumed (Schomann, 1937). In some larvae the symbiotes may actu
ally emigrate from the mycetome, but they are carried passively by the 
hemolymph to their next site, ovarian ampules. What chemotactic 
stimuli cause these attractions are unknown. 
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One fact that stands out consistently among all the diverse methods 
of transferring the microorganisms is that the mycetocyte is formed 
before it receives its complement of symbiotes. Usually the mycetocytes 
can be distinguished histologically in the fat body, intestinal epithelium, 
etc., of the embryo or hatchling by the hyaline appearance of the cyto
plasm and by the large nuclei. Any treatment which prevents symbiotes 
from getting into the eggs leaves the anläge of the sterile mycetocytes in 
an arrested state of development in the embryo and larva, if it hatches 
(Brooks and Richards, 1955a; Huger, 1954; Puchta, 1954). Among the 

complicated varieties of symbioses found in the coccids, Büchner (1957) 
reports one in which the symbiotes appear to have been lost in phylogeny 
but the empty mycetomes yet remain. 

Having been transported to the ovaries by the mycetocytes, there 
still remains for the nonmotile, intracellular microorganisms the task 
of passing through several membranes to reach the peripheral ooplasm. 
Büchner (1953) gives details of many histological studies in which the 
organisms appear to pass through minute openings in the follicular 
epithelium, which subsequently close. Two recent electron microscope 
studies on this question of invasion of cockroach oocytes reveal similar 
pictures but contradictory interpretations. Gresson and Threadgold 
(1960) observed that after the symbiotes have migrated into the 

ooplasm, a number of thin, dense, membranelike structures arising from 
the microorganisms spread out through the cytoplasm and coalesce to 
form a much-folded covering. Bush and Chapman (1961), on the other 
hand, interpret these same folded structures as microvilli extending from 
the periphery of the egg before the entrance of the microorganisms. The 
microvilli become intimately apposed to the symbiotes, which are then 
passively drawn in through the egg membrane. This process must in
volve transitory or undulating openings and closures in the membrane 
which have not as yet been detected. 

Transplantation experiments indicate a high degree of tissue im
munity and dependence of the symbiotes on the mycetocytes. Ries 
(1932) found that in nearly all interspecific grafts, the foreign tissue 

was walled off and melanized. Brooks and Richards (1956) found that 
symbiotes implanted intraspecifically became translocated only in myce
tocytes. 

Mycetocytes bear a striking resemblance to oenocytes in many insects, 
not only in their histological appearance but also in their metameric 
arrangement, cyclic growth, high degree of polyploidy, and evident in
volvement in intermediary metabolism (Koch, 1960). In insects which 
lack recognizable mycetocytes (Drosophila, mosquitoes, Tribolium) the 
oenocytes may be mistaken for them (Koch, 1940). Although oenocytes 
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are of ectodermal origin, and mycetocytes probably mesodermal, it is 
conceivable that they are homologous in their function. 

d. Pleomorphism of symbiotes. Much of the early literature on 
symbiosis was preoccupied with morphological changes of the symbiotes 
presumably correlated with phases of the life cycle, especially if found 
in different parts of the host's body. Koch (1955) compares the changes 
in appearance of Salmonella paratyphi Β and Escherichia colt grown on 
media of different mineral composition with some changes observed in 
symbiotes. The changes in symbiotes may reflect a variety of host physio
logical factors, including nutrition, age, and sex, as well as cultural fac
tors. The existence of pleomorphism, well known as it is, has frequently 
been used to account for the unexpected appearance of microorganisms 
which grow on culture media during attempts to isolate symbiotes. 
Obviously the only way to prove that the cultured organisms are pleo
morphic forms of the original symbiotes, rather than contaminants, is 
to use them in reestablishing the symbiotic relationship in axenic insects. 
It is to be expected that many technical difficulties would be encountered 
in the process because of the dependence of intracytoplasmic symbiotes 
on their mycetocytes. 

Since in most insects, it is the female which transmits the symbiotes 
while the male allows them to atrophy, authors have suggested that 
hormones are involved in cyclic changes (Koch, 1955). Evidence for 
the existence of sex hormones in insects is largely speculative at present. 
However, the growth and development hormone, ecdysone, has been 
shown to be responsible for inducing the cyclic changes involved in 
gametogenesis in intestinal flagellates of wood roaches and termites 
(Cleveland, 1959; Cleveland and Nutting, 1955). 

e. The question of immunity. Immunity of insects to disease as we 
understand it today is discussed elsewhere in these volumes. It is per
tinent simply to mention in this place that the long and intimate 
association of insects with symbiotes and fortuitous contaminants un
doubtedly must have made some contribution to the establishment of 
immunity. Perhaps it is not merely coincidence that Lepidoptera, in 
which there is no evidence for a symbiotic flora, are the most susceptible 
to current methods of control by pathogenic bacteria and viruses. The 
ability of fly larvae, cockroaches, and other filth-breeding insects to 
remain unharmed after consuming huge quantities of microorganisms 
that are pathogenic for other forms of life, can be explained only as a 
manifestation of the principle of host specificity. The ability of many 
insects to withstand septic accidental wounds, surgery, and injections 
without contracting a septicemia is a well-known convenience for re
search in insect physiology. 
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The German school of Buchner and Koch make frequent mention 
of the "regulation" of symbiotes by host cells. Much importance is 
placed on the inability of symbiotic microorganisms to invade any of 
the host cells except the mycetocytes or special regions of midgut epi
thelium (Koch, 1960). This is interpreted as being a case of sovereignty 
of the host; whereas in experimental infections by unnatural symbiotes, 
the control is lost and the microorganisms may invade other tissues, 
behaving like parasites. 

A high incidence of polyploidy has been recorded for the nuclei of 
mycetocytes in several species (Baudisch, 1958). This seems to be a 
consequence of some natural but unknown "divisional inhibition." In 
the German cockroach, particular experimental manipulations caused 
gigantic mycetocytes to develop from cells which originally had an in
sufficient content of symbiotes (Brooks and Richards, 1955b). Evidently 
the decreased pressure failed to stimulate the mycetocytes to undergo 
the normal sequence of mitotic divisions so that they simply grew in 
volume. 

The overall complex of insects, mycetocytes, and symbiotes repre
sents a unified organism. Efforts to analyze the contributions of each 
are comparable to any other analysis which necessarily destroys the 
natural relationship of the members in the process of breaking them 
apart. 

I I I . PRACTICAL CONSIDERATIONS FOR WORKERS IN INSECT PATHOLOGY 

The material presented so far has given the reader a background 
for understanding the ways in which nonpathogenic microorganisms 
may affect the study of diseases in insects. The following are a few 
specific considerations. 

A. Demonstrating the Presence of Microorganisms 
Diseases in insects have two facets: undesired pathogens accidentally 

killing off our beneficial or experimental insects or decreasing their yield 
of useful products; and the use of pathogens to control economic pest 
insects. In the former instance, the pathologist is called upon to identify 
the causative agent, whereas in the latter he is asked to devise means 
of mass culture and dissemination of the causative agent. In both in
stances, he uses cytological and cultural techniques, and in both he 
needs to be alert to the possibilities of the confusion that can be 
caused by symbiotic or contaminating nonpathogens. 

1. Cytological Methods. 
It is a foregone conclusion that the investigator will have prepared 

himself by mastering the techniques of histochemistry and familiarizing 
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himself with the fundamentals of the microanatomy of insects. But even 
with such preparation, proper interpretation of the wide variety of cases 
which come before him will call for obtaining information as to the 
likelihood of finding either symbiotic microorganisms or contaminants 
picked up during the immediate past. 

In preparing histological material, one should bear in mind that 
smear preparations are of limited value. They are a means of making 
a quick survey, but tell very little about the abundance of microorgan
isms and nothing about their relationship to host cells other than 
whether they are found in hemolymph, gut, fat body, etc. But even 
after careful histological preparation, it may be impossible with un
familiar material to distinguish pathogens, symbiotes, and contaminants. 
If one is searching for symbiotes, one should study a large sample of 
the insect species taken from many different natural habitats. If the 
microorganism is found in every individual, it is probably a symbiote. 
On the other hand, if a limited number of specimens are consigned for 
a diagnosis of disease, it is impossible to state from inspection whether 
the microorganisms are pathogens or symbiotes. This may be true even 
if the insects are moribund, because the pathogen may be ultramicro-
scopic and thus escape detection. Additional procedures involved in 
diagnosis are considered in Chapter 16, Volume II . 

While examining insects taken from cadavers, manure, or other de
composing material, the investigator would expect to find at least some 
of the microorganisms natural to the substrate. More fastidious insects, 
such as the wood-eating Prionoxystus or Parcoblatta, probably would not 
be contaminated with many organisms. If insects such as these are put 
into a tight container, offered ripe bananas and filter paper, and left 
unattended for two or three days in a warm room, the ultimate exami
nation will reveal molds, yeasts, and assorted bacteria which gained en
trance from the unnatural microenvironment. On the other hand, the 
practice of capturing insects and maintaining them for some time in un
naturally clean conditions may cause them to lose their external asso
ciates or prevent the young from becoming infected with their intestinal 
symbiotes. This could occur with termites, wood roaches, fungus ants, 
Rhodnius, Triatoma, and probably many others with similar habits. 

Cell organelles or concretions may be mistaken for microorganisms in 
histological preparations. In certain cells of the Malpighian tubes of 
the larvae of Blepharida rhois (Forster) there are refractile particles 
which resemble excretory granules in the tubules of other insects. Yet 
these same particles when stained give reactions which make them ap
pear to be microorganisms. In the cockroach, there is no certain way 
of distinguishing mitochondria from symbiotic bacteria in stained sec-
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tions of mycetocytes. Furthermore, mycetocytes contain several inclu
sions in addition to the symbiotes. These are recognizable in electron 
micrographs but escape detection with the light microscope (Meyer 
and Frank, 1957). 

2. Cultural Methods. 

We are not concerned here with attempts to mass culture potential 
pathogens of insects, but rather with the use of physiological criteria to 
isolate and characterize symbiotes and pathogens. It is axiomatic in 
microbiology that a culture medium will support only those organisms 
for which it is a suitable growth substrate; this accounts for the in
ability to isolate most intracellular symbiotes. However, the less fastid
ious contaminants will be expected to grow up and cloud the issue. 
Whether it is a commensal or a pathogen that is under study, strict 
adherence to the microbiological postulates of Koch should be followed. 
But as discussed above (Section I I , F, 3, c ) , the technical difficulties of 
obtaining aposymbiotic insects and of successful implantation of organ
isms into the appropriate receptor cells imposes technical limitations on 
proving the case for symbiotes. 

B. Some Effects of Chemical Treatments 
Various chemical treatments of insects or their eggs may be used 

with one of several objectives in mind. Preliminary to the isolation of 
flora from intestine, blood, or any particular part of the body, the sur
face of the insect is sterilized by immersing it in a disinfectant. T h e 
precaution of ligaturing or sealing off the mouth and anus prevents 
involuntary swallowing of the chemical, but there is nothing in the 
literature about the possibility of entrance through the spiracular system. 

It is a common practice when studying insects related to molds or 
bacteria which decompose stored food products to obtain sterile insects 
by surface-disinfecting the eggs with mercuric chloride, sodium hypo
chlorite, crystal violet, etc. These agents can kill not only fortuitous 
molds, but also externally transmitted symbiotes. The investigator must 
ascertain whether the insect is one which is likely to be adversely 
affected by such a loss. 

Antibiotics have been used widely for several purposes. Commonly 
they are fed or injected to destroy symbiotes or to prevent the ovarial 
transmission of symbiotes. It must be recognized that some antibiotics 
may stimulate certain aspects of metabolism, as reported for the silk
worm by Shyamala et al (1960). Tissue culturists routinely add at 
least one antibiotic to suppress contaminating bacteria, while the pos
sible effect of the antibiotic on included intracellular symbiotes in insect 
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tissue is ignored. Tetracycline, Oxytetracycline, and Chlortetracycline 
have been found to combine specifically with the mitochondria of living 
cells (monkey kidney tissue) and with the cells of Salmonella typhosa 
(DuBuy and Showacre, 1961). The mammalian cells remained alive 
for days, but there is much that remains unexplored about the effects 
on the metabolism or nutritional requirements of cells treated in this 
way. 

C. Insects as Biological Indicators of Pollution 

In light of the remarkable ability of certain insects to harbor and 
transport pathogens, coliforms, and other organisms of interest to man, 
it might be worthwhile to exploit more efficiently the use of these in
sects as biological indicators of pollution, as suggested for flies by Lind
say and Scudder (1956). The flora of aquatic insects might be more 
indicative of water conditions than the free-living flora. The parasites 
of mosquito larvae can be used as an index of habitat pollution. Laird 
(1959) reported that the species of bacteria, algae, and protozoa found 
as external and internal associates of mosquito larvae proved to be 
referable to a system of classification of degrees of water pollution in 
which the end products of oxidation provide the nutritive substrate. 
There was a correlation between the presence of microorganisms known 
to be good indicators of pollution with particular species of mosquitoes. 
Certain organisms with wide limits of tolerance to pollution could not 
be used as indicators. Laird emphasized that none of the epibionts ex
hibited a marked preference for mosquito larvae over other available 
substrates, and if they had been collected without reference to the ecol
ogy of the habitat, they might well have been regarded as bona fide 
mosquito parasites. The variety of microorganisms was limited and the 
epibionts particularly rare on larvae taken from artificial containers 
such as drums, tires, and cans. Natural conditions of advanced pollu
tion and decomposition could be simulated in laboratory breeding pans 
by adding excessive food. This produced conditions favorable for the 
development of particular microorganisms harmful to the mosquito 
culture. This study corroborates other indications that nonsymbiotic 
microorganisms reflect the immediate past history of the insect. 
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