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I . INTRODUCTION 

An impor tan t goal in insect pathology is to determine the funda
menta l principles governing the disease dynamics in groups or popula
tions of insects. Th i s study involves the science of epizootiology. Al
though there is considerable knowledge in the epidemiology of the 
diseases of man, only li t t le is known of the epizootiology of insect 
diseases. T h i s is unders tandable because of the few investigators study
ing insect diseases in relat ion to the large n u m b e r of insect species 
involved. Of the innumerab le insect species, unt i l recent years only 
the domesticated insects, the silkworm and the honey bee, have been 
the object of extensive studies as far as their diseases are concerned. 
T h e si tuation has improved considerably dur ing the past two decades, 
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especially in the knowledge of the na ture and characteristics of many 
insect pathogens, primari ly viruses and protozoa. T h e most thorough 
investigations on the epizootiology of the diseases of "wild" insects 
have been conducted with the milky diseases of the Japanese beetle, 
Popillia japonica Newman, and the virus diseases of sawflies and of the 
n u n moth, Lymantria monacha (Linnaeus). 

Many of the principles of epizootiology of insect diseases have been 
adopted from epidemiology, and whether they apply to insect diseases 
will depend on future studies (see Steinhaus, 1949, 1954; Franz, 1961). 
T h e first por t ion of this chapter deals with the general principles of 
epizootiology as they relate to insect diseases, and the remainder of 
the chapter discusses our present knowledge of the epizootiology of the 
various diseases. T h e reader is expected to refer to other chapters that 
are concerned with subjects closely interrelated with epizootiology, such 
as immuni ty in insects, induct ion of insect virus infections, and physio-
pathology, and also to the chapters dealing with the various types of 
infectious diseases. 

Epizootiology concerns both noninfectious and infectious diseases. 
T h e noninfectious diseases may result from different causes, such as 
nutr i t ional , genetical, physiological, physical, etc. T h e separation of epi
zootics into those of noninfectious and infectious diseases may not be 
distinct occasionally because both types of diseases, independent or 
interacting, may be involved in an epizootic. For example, nut r i t ional 
factors may instigate a noninfectious disease and at the same t ime may 
stimulate an infectious disease from an enzootic to an epizootic phase 
or may activate latent infections. T h e present discussion will be l imited 
primari ly to the epizootiology of infectious diseases in insect populat ions. 

T h e r e are three pr imary factors contr ibut ing to the causation and 
development of epizootics of infectious diseases: the host populat ion, 
the pathogen populat ion, and an efficient means of transmission. These 
primary factors are not only interrelated with each other, bu t they are 
also associated closely with the physical and biotic environments which 
may increase or decrease the incidence of disease throughout the host 
populat ion. Generally in epizootiological studies only a single pathogen 
species is considered for a host popula t ion . In nature , however, an in
sect popula t ion may be attacked by several different pathogens simul
taneously or a pathogen may attack not only the host populat ion, bu t 
also the insect parasites and predators as well as other insect species 
associated with the host. Th i s may result in a complex interaction of 
host populat ions and pathogen populat ions of different types and num
bers. Vago (1959b) has discussed the interrelat ionship of diseases in the 
silkworm, Bombyx mori (Linnaeus), caused by different pathogens. In 
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the Essex skipper, Thymelicus lineola (Ochsenheimer), two primary 
diseases, caused separately by a cytoplasmic-polyhedrosis virus and a 
sporeforming bacterium, can develop a stress condit ion in the larva to 
allow the development of a secondary disease caused by nonsporeform-
ing bacteria which kill the host larva before the complete development 
of the pr imary diseases (Bucher and Ar thur , 1961). 

Krieg (1961b) and Franz (1961) have presented hypothetical diagrams 
of the interact ion of the host and pathogen populat ions. Al though the 
interactions may proceed as they have indicated, the impor tan t question 
is how are these interactions brought about , especially with the different 
hosts and pathogens involved. 

T h e progress of the disease in t ime throughout the host popula t ion 
is expressed graphically in the form of a curve designated the epizootic 
wave. T h e curve may be separated into three major portions, the pre-
epizootic, epizootic, and postepizootic phases. T h e shape of the curve 
may vary depending on the influence of certain factors dur ing the 
different phases. For example, the shape of the curve may vary with 
the virulence of the pathogens. I n the epizootic of the milky disease 
of the Japanese beetle, the preepizootic phase will be prolonged and 
the curve will have a gradual ascending phase because of the slow 
action of the disease in causing death (Beard, 1945). Whereas in epi
zootics caused by Bacillus thuringiensis var. thuringiensis Berliner or 
by virulent viruses on highly susceptible hosts, the high virulence of 
these pathogens may result in a curve with a steep ascending phase. 

W h e n the disease is of low incidence and is continually present in 
the popula t ion, it is called an enzootic disease. T h e disease may oscil
late at intervals between enzootic and epizootic phases depending on 
a complex of interacting factors. These factors may be the increasing 
or decreasing virulence of the pathogens, the increasing or decreasing 
resistance of the host, the rate of transmission, the rate of emigration 
and immigrat ion of the host, the density and spatial dis tr ibut ion of the 
host, and the effect of environmental factors which may increase or 
decrease the ra te of infection. In insect diseases little is known of the 
factors responsible for this oscillation. 

I I . PATHOGEN POPULATION 

T h e properties of the pathogen that are of significance in epi
zootiology are: (1) virulence and infectivity, (2) capacity to survive, and 
(3) capacity to disperse. T h e r e is a close relat ionship between the viru
lence and infectivity of the pathogen and its capacity to survive and 
disperse. At times, these properties cannot be separated as, for example, 
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when the pathogen is t ransmit ted through the egg. However, in most 
cases these properties are sufficiently distinct to meri t separate discussion. 

A. Virulence and Infectivity 
Among the various properties of the pathogen, its virulence and 

infectivity are the most impor tan t in epizootics. T h e virulence of a 
pathogen is its disease-producing intensity or power, and the infectivity 
is its capacity to spread from one insect host to another. Strains that 
possess the properties of high virulence and of high infectivity are 
designated in epidemiology as epidemic strains that give rise natural ly 
to a severe and fatal epidemic (Wilson and Miles, 1946). W i t h the loss 
of either property, the strains lose their epidemic character. Steinhaus 
(1949) has referred to such strains in insect diseases as epizootic strains. 
T h e importance of virulence and infectivity and epizootics is questioned 
by Webster (1946), who has found that the host with its individuals 
of variable susceptibility to diseases may be of more fundamental im
portance than the change in the virulence in infectivity of the patho
gens. T h e problem, however, may be more involved, as indicated by 
Burrows (1959), who states: "Disease is by no means entirely a mat ter 
of host resistance and microbic virulence; it is, in a very real sense, 
the outcome of the interaction of the host and parasite popula t ions ." 

I n the pathology of vertebrates, the virulence of a pathogen has 
been increased in the laboratory by: (1) passing it th rough susceptible 
animals; (2) causing it to dissociate in to its more virulent or less virulent 
strains; (3) introducing, together with the microorganism, substances 
(mucin, starch, etc.) that may aid in increasing its invasive power; (4) 
associating it in a mutual is t ic relat ionship with other microorganisms 
that may render it more capable of invading tissues than it would be 
otherwise. Examples of the use of these methods in the laboratory to 
increase or to decrease the virulence of insect pathogens can be found 
in the l i terature of insect pathology. Taylor and Knowelden (1957) 
main ta in that the enhancement of the virulence of vertebrate pathogens 
by passage through susceptible hosts is a laboratory phenomenon and 
whether a comparable change in the virulence can take place in natur
ally occurring epidemic diseases in m a n and other animals is doubtful . 
Th i s also applies to the epizootic diseases of insects. 

T h e r e are several methods by which the virulence of insect pathogens 
has been increased. Pathogens that have shown a loss in virulence when 
raised on artificial media have usually regained their virulence when 
passed through susceptible insect hosts. Virulence has also been increased 
by combining the pathogen with certain incitants and with other patho
genic or nonpathogenic microorganisms. T h e incitants that have been 
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used are t r i tura ted glass (Weiser and Lysenko, 1956; Steinhaus, 1958), 
and mucin (Stephens, 1959a). T h e mutual is t ic or synergistic association 
of two or more microorganisms may increase the virulence of one or 
all of them. In some of these cases, the microorganisms are not primary 
pathogens. 

Strains of insect pathogens which differ in their virulence are com
mon in bacteria and fungi, bu t they are known to a lesser extent among 
the viruses, and practically none at all in the rickettsiae, protozoa, and 
nematodes. 

T h e virulence of insect pathogens is generally determined by bio-
assay and expressed as E D 5 0 (median effective dose), L D 5 0 (median 
lethal dose), or L T 5 0 (median lethal time). Sussman (1952) has pro
posed another method based on the respiratory gas exchange of the in
fected host. H e has found that the p u p a of Hyalophora cecropia (Lin
naeus) undergoes a twentyfold increase in oxygen uptake when infected 
by the fungus Aspergillus flavus Link. By this method the dura t ion of 
the incubat ion period of the infection by Serratia marcescens Bizio in 
the diapausing pronymphs of the sawfly, Cephalcia abietis Linnaeus, has 
been accurately determined (Lysenko and Slarna, 1959). T h e incubat ion 
period is inversely correlated to the infectious dose of the pathogenic 
bacteria which have been injected into the host. 

B. Capaci ty to Survive 
T h e capacity of the insect pathogens to survive among the hosts and 

within the host environment may determine the frequency of epizootics 
in the insect populat ions . T h e insect pathogens may survive (1) in the 
host habi ta t and (2) wi thin the individuals of the host popula t ion and the 
associated insect parasites, predators, and other animals. Insect patho
gens which possess a resistant stage in their life cycles are generally 
capable of surviving and persisting for long periods in the environments 
of their hosts. Examples of resistant stages are the spores of bacteria, 
protozoa, and fungi, the inclusion bodies of insect viruses, and the cyst 
and ensheathed stages of nematodes. 

In recent years many workers have observed the persistence of insect 
pathogens within live individuals, such as the infected and uninfected 
carriers in the host popula t ion, and wi thin the associated parasites, pre
dators and saprophytes. In some cases, as for example with the nuclear-
polyhedrosis viruses of the sawflies (Bird, 1954, 1955; Smirnoff, 1962), the 
persistence of the pathogens within live carriers appears to be more im
por tan t than their survival in the host habitat . In the case where the hosts 
live on annua l or deciduous plants and each year's host generations live 
on new host plants or p lan t parts, the persistence in infected hosts may be 
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especially impor tan t in the spread of the pathogen and in the devel
opment of epizootics (Clark, 1955, 1958). Fur ther aspects of persistence 
will be discussed in the sections on the dispersal capacity and the trans
mission of pathogens and on latent infections. 

I n many cases, the insect pathogens have shown a marked capacity 
to survive and persist in the host popula t ions for a long period. Such 
long association occurs with many native insects and their pathogens. 
In the case of exotic insects, such as the Japanese beetle and European 
spruce and p ine sawflies [Diprion hercyniae (Hartig) and Neodiprion 
sertifer (Geoffroy)] in Nor th America, the pathogens when introduced 
into the host popula t ion have survived for very long periods. However, 
with some pathogens, such as Bacillus thuringiensis var. thuringiensis, 
repeated applications are necessary because of their low capacity to sur
vive in the host popula t ion . 

C. Capaci ty t o Disperse 
T h e ability of the pathogen to spread or to distr ibute itself through

out the host environment is designated as the capacity of the pathogen 
to disperse. A pathogen lacking a high dispersal capacity may have only 
a low potent ia l of developing an epizootic even though it may possess 
high virulence and efficient survival capacities. Th i s seems to be the 
case with Bacillus thuringiensis, which is highly pathogenic for many 
species of Lepidoptera bu t rarely causes epizootics under na tura l con
ditions. T h e importance of the dispersal or dis t r ibut ion of B. thuringi
ensis and other pathogens in the host environment is acknowledged 
when such pathogens are applied with insecticidal equipment . A good 
coverage with an adequate dosage of the pathogen is a requisite to suc
cessful microbial control. Such a control generally requires that the dis
ease spread rapidly throughout the host popula t ion. I n some epizootics, 
especially those caused by fungi and viruses, high dispersal capacity of 
the pathogens is indicated by the extensive epizootics caused by them. 

Most insect pathogens either lack or possess very l imited means of 
locomotion and must rely on other methods, such as physical and biotic 
agents, for their dispersal throughout the host popula t ion . T h e physical 
agents are wind, rain, stream, snow, etc. In the case of biotic agents, 
the pathogens are carried by healthy and infected hosts, or by other 
nonsusceptible insects, small mammals, birds, and man . For the dis
t r ibut ion of insect pathogens by man, the reader should refer to the chap
ter on microbial control. 

T h e r e is very little indication that insect pathogens possess proper
ties comparable to the searching capacities of insect parasites and pred
ators. T h e possible exceptions are certain entomogenous nematodes 
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and fungi, bu t it is still quest ionable whether they exhibit a definite 
search pat tern . 

I n most insect diseases, lit t le is known about the climatic and physical 
factors that play a role in the dis t r ibut ion of the pathogens. W i n d and 
air currents are impor tan t in the movement of infected hosts, healthy 
carriers, and certain pathogens. Pathogens which are capable of surviv
ing in the dusts and in the remains of dead insects which have died on 
an elevated location, as in those with nuclear polyhedrosis, may be 
blown and distr ibuted by the wind. Fall ing ra in disseminates some 
pathogens under certain conditions, bu t in general it would be ex
pected to wash the pathogens off the plants . Streams and rivers may 
carry and deposit pathogens from place to place. I r r igat ion water when 
it covers the host plant , such as the alfalfa, may deposit pathogens, such 
as the nuclear-polyhedrosis virus of the alfalfa caterpillar, Colias en-
rytheme Boisduval, on the plants (Thompson and Steinhaus, 1950). 

One of the pr incipal methods of dissemination of insect pathogens 
is by the movement of infected pr imary and secondary hosts and un
infected insects. Such carriers dis tr ibute the pathogens through their 
eggs, fecal matter , regurgitations, and, after death, their disintegrating 
bodies deposit the pathogens in the insect's habi ta t . Parenta l trans
mission of the pathogens on or wi thin the eggs has been observed 
mainly with viruses, bacteria, and protozoa. In the case of the sawflies 
in which the virus is t ransmit ted through the egg, the ovipositional 
characteristics of the insect species, whether it lays its eggs singly or 
in a cluster, determine the area of dispersal of the virus (Bird, 1955). 
Pathogens that infect the gut, Malpighian tubes, and silk glands are 
dispersed primari ly through the highly contagious host feces and, at 
times, the host regurgitations. 

Predatory insects, small mammals , and birds which feed on infected 
insects or on insects killed by disease, even though they are not sus
ceptible to the pathogens, are capable of d is t r ibut ing the pathogens 
through their fecal deposits. Some insect parasites and predators are also 
known to be susceptible to certain pathogens, such as Microsporidia, 
and apparent ly are capable of disseminating and t ransmit t ing the patho
gens to their common hosts. 

T h e r e is very little study on the effect of pathogen density on epi
zootics. T h e density of the pathogen together with its dis t r ibut ion may 
be a factor in the rapidi ty with which an epizootic develops. For ex
ample, in microbial control, the applicat ion of too low a concentrat ion 
of the pathogen may result in little or no infection even though it is 
thoroughly dispersed. It is possible that a low pathogen density may re
sult in the development of acquired immuni ty among the host insects be-
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cause of subinfectious dosages. However, once infection has been ini
tiated in the host popula t ion, regardless of the initial low pathogen 
populat ion, the pathogen, in time, may increase rapidly in numbers 
and, possibly with an associated rise in virulence, may give rise to an epi
zootic. 

I I I . METHODS OF TRANSMISSION 

Pathogens gain entrance into their insect hosts by several methods 
(portals of entry): through the external openings (mouth, spiracles, anus, 
and genital openings), through the integument , and by being passed 
through the egg. T h e transmission of the pathogens through these por
tals of entry is achieved by: (1) the host feeding on contaminated food, 
(2) the egg infected or contaminated through the reproductive organs 
of the parents or through the feces, (3) the stings of insect parasites or 
bites of infected predators, and (4) cannibalism. Transmission is some
times accomplished by certain agents, physical or biotic, bu t such agents 
may or may not be essential. 

W h e n an insect popula t ion increases excessively in density, exten
sive epizootics occasionally develop throughout the popula t ion. Such 
epizootics, especially those caused by viruses, may spread so rapidly 
throughout the host popula t ion that all the individuals appear to be 
dying at the same time. In most cases the mechanism involved in at
taining the rapid transmission or spread of the pathogen is not known. 
Some workers have speculated that the spontaneous development of 
the epizootic is caused by the activation of a latent infection through 
some stress factors. However, in certain cases careful observations have 
indicated that such a sudden appearance of epizootics has been init iated 
by small foci of infections (Bird, 1961). 

Nearly all pathogens, with the possible exception of fungi and 
nematodes, are t ransmit ted through the oral openings. Nematodes and 
fungi invade the hosts through the integument , bu t there are some 
reports that transmission also occurs through the m o u t h and spiracles. 

Parental transmission has been shown in recent years to occur ra ther 
commonly, especially with viruses and protozoa. I n this type of trans
mission, the pathogens may occur within the egg through infection in 
the ovary or testis, and on the surface of the egg by contaminat ion 
through the feces or adul t body parts that carry the pathogen. In the 
former case, the larva is infected pr ior to its emergence from the egg, 
whereas in the latter, it acquires the pathogen while feeding on the 
chorion. T h e transmission of pathogens from the mother to eggs is 
called trans-ovum transmission (Mart ignoni and Milstead, 1962); a spe
cial case of trans-ovum transmission is the transovarian one, in which 
the passage of the pathogen from mother to egg occurs within the ovary. 
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In mammals , the respiratory system is a common pa th of invasion 
of pathogens, bu t there is l i t t le information, if any, that pathogens in
vade insects by this route . Some fungi are repor ted to invade through 
the spiracles and tracheal systems of their hosts, bu t such reports await 
substantiat ion. 

In the case of transmission through the mouth , the susceptible host 
may acquire the pathogen through cannibalism on infected individuals 
and by feeding on food contaminated with: (1) the decomposed remains 
of infected insects; (2) the feces from infected larvae; (3) and the in
fectious microorganisms carried to the food plants by wind, rain, and 
by other animals. 

Insect vectors play a vital role in the transmission of many plant 
and vertebrate diseases. I n some cases, these vectors serve merely as 
mechanical transmitters of the pathogens, bu t in others, they serve as 
secondary hosts to the pathogens which may or may not requi re a com
plet ion of certain phases of their life cycle before being transmit ted to 
the other host. I n the case of the diseases of insects, predators and parasites 
may serve as mechanical transmitters of pathogens when they feed or 
oviposit into their common insect host. Some of the insect predators and 
parasites are also susceptible to the same pathogen which infects the in
sect host, and they serve in the mult ipl icat ion, distr ibution, and trans
mission of the pathogen. However, there is apparent ly no established 
record of an insect pa thogen which must requi re an insect vector to 
complete certain port ions of its life cycle before it can invade the in
sect host, such as in the case of the malar ia l and helminthic parasites of 
man. 

IV. HOST POPULATION 

An insect popula t ion may be composed of various types of in
dividuals as far as their susceptibility to disease is concerned. Based on 
a system used in epidemiology, Steinhaus (1949) has classified the in
dividuals in an insect popula t ion in to the following types: (1) the 
typically diseased insect; (2) the atypically diseased insect; (3) the un
infected immune ; (4) the uninfected susceptible; (5) the latently in
fected insect; and (6) the heal thy carrier. At that t ime, Steinhaus noted 
that latently infected individuals and heal thy carriers were inadequately 
known, bu t since then ample evidence has accumulated showing that 
such individuals occur in insect popula t ions . However, it has not been 
established whether all six classes occur together in an insect popula t ion . 

T h e resistance or susceptibility of the host may be considered on the 
basis of the individual or the popula t ion . Al though the mechanism of 
the susceptibility of individual insects is generally known for various 
diseases, there is still much ignorance on the susceptibility of the insect 
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popula t ion taken in its entirety. In order to unders tand the na ture of 
epizootics, Steinhaus (1949) has emphasized the importance of the "pop
ulation infection" and "popula t ion immuni ty ." 

T h e resistance of an insect popula t ion to disease involves several 
factors, bu t the major factors are the property, distr ibution, and com
position of the various types of individuals within the popula t ion. A 
popula t ion that contains susceptible individuals may not be subject 
to epizootic outbreaks because of the direct resistance by certain indiv
iduals to the introduct ion and spread of the disease (e.g., American foul
brood in the honey bee), or because the susceptibile individuals in the 
popula t ion are so located or distr ibuted that the infection cannot reach 
them. T h e movement (emigration and immigration) and spatial dis
t r ibut ion (aggregation) of the individuals in a popula t ion may influence 
the incidence and magni tude of epizootics. Wel l ington (1962), th rough 
his study with species of Malacosoma, has emphasized the importance 
of host quali ty on the maintenance of viroses in an insect populat ion. 

T h e r e are variations in the susceptibility of the various stages in the 
life cycle of the insect to many diseases. Certain diseases (e.g., the foul-
broods of the honey bee) are restricted to the larval stages, whereas 
others (e.g., nosema disease of the honey bee) are found only in the 
adults. T h e older larvae of insects are generally more resistant to in
fection than the younger larvae to most diseases (i.e., matura t ion im
munity). However, there are some reports to the contrary, bu t these 
reports need confirmation. Cellular and humora l immunit ies occur in 
insects, bu t the humora l immuni ty may not involve antibodies com
parable to those of vertebrates (see Chapter 9, Volume I, on immuni ty in 
insects). Antibacterial , antifungal (Masera, 1954) and antiviral substances 
(Aizawa, 1962) have been found in the intestinal fluid of the silkworm. 

T h e domesticated insects (silkworm and honey bee) are known to 
have strains that are resistant to certain diseases. Very little is known, 
however, about the occurrence of resistant strains of wild insects or the 
acquired resistance of wild insects to disease despite the long association 
between the hosts and pathogens. Probably this stems mainly from the 
lack of sufficient investigation along this line. Recently, resistance to 
virus infections has been observed in several insect species. 

T h e r e is l i t t le information on the climatic and physical factors that 
may increase the resistance of the insect popula t ion to disease outbreaks. 
Environmental conditions that are favorable for the op t imum growth 
of the host popula t ion would be expected to increase the resistance of 
the host, and unfavorable conditions would be expected to enhance 
the development of disease. Th i s aspect will be discussed further under 
environmental factors. 
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T h e number and spatial dis t r ibut ion of host individuals affect the 
development and ini t iat ion of epizootics. In general, pathogens act as 
density-dependent mortal i ty factors, i.e., they infect a greater propor t ion 
of the insects as the host popula t ion increases in density (see Steinhaus, 
1954; Franz, 1961). However, when pathogens are dis tr ibuted by man 
as "living insecticides" or "microbial insecticides , , with insecticidal equip
ment , they act as density-independent mortal i ty factors just as do chem
ical insecticides. T h e r e is a difference between pathogens and chemical 
insecticides, nevertheless, because some suitable pathogens are capable 
of persisting and spreading after applicat ion as density-dependent mor
tality factors. Th i s has been the case with the applicat ion of the nuclear-
polyhedrosis viruses of sawflies and the milky-disease bacteria of the 
Japanese beetle. 

Al though the density dependence of pathogens is generally accepted 
by ecologists, Ullyett and Schonken (1940) after studying the fungus 
epizootics in the d iamondback moth, Plutella maculipennis (Curtis), 
concluded that fungus diseases should be classed as a density-independ
ent mortal i ty factor because the appearance of the disease is wholly 
dependent upon the extraneous factor of weather conditions. Ullyett 
and Schonken have failed to realize that even though the appearance 
or the ini t ia t ion of infection (i.e., for fungus diseases) is dependent 
largely on weather and climatic conditions, this has no bear ing on the 
density dependence of disease. For example, certain insect parasites and 
predators are capable of acting on their hosts only under certain weather 
conditions; yet they would not be classified as density-independent mor
tality factors. I n other words, weather and climatic factors should not 
be regarded as causing disease to act as a density-independent mortali ty 
factor, bu t only as permi t t ing or not permi t t ing the disease to act, i.e., 
as a condit ional factor of na tura l control. Later, Ullyett (1953) modified 
his viewpoint and stated that disease factors are peculiar and belong to 
a class of their own: they are nei ther wholly density dependent nor den
sity independent bu t pass through phases which include both character
istics. 

I n general, epizootics among insect popula t ions occur under high 
host densities. However, under certain conditions epizootics may de
velop at relatively low host densities. In these cases the pathogens (e.g., 
viruses and fungi) have been dispersed so widely, usually from a previous 
epizootic, that they are able to prevent the increase of the following host 
generation, w rhich may be at a low density. 

If there is activation of latent virus infections, the absolute host den
sity would be expected to play a secondary role to the environmental 
factors in developing epizootics. T h e occurrence and effect of such stress 
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factors, however, should be thoroughly investigated. W i t h the fungi, 
environmental factors may influence the development of epizootics at 
low and high host densities. For example, white-muscardine fungi and 
entomophthoraceous fungi are known to attack their hosts under favor
able conditions regardless of host densities. 

T h e relative spatial arrangement of the host may be of greater im
portance than the actual number of individuals in the spread and de
velopment of epizootics. T h e closer the individuals are to one another, 
the greater the oppor tuni ty for repeated contact and the spread of in
fection. However, in addit ion to the spatial distr ibution of the host, 
the character of the various types of individuals, for example, suscepti
ble insect, resistant insect, healthy carrier, typically diseased insect, etc., 
and their movements into and out of the host popula t ion may influence 
the spread of the infection. According to Stallybrass (1931) the maxi
m u m oppor tuni ty for the spread of infection in animal populat ions will 
occur when a center of close aggregation of susceptible hosts is associated 
with marked dispersal of such hosts. T h e rapidi ty in the progress of the 
epizootic will depend largely on the dispersal of the infected individuals. 
Th i s may have been the case with the fungi of the spotted alfalfa aphid, 
Therioaphis maculata (Buckton), which spread rapidly th roughout south
ern California within a very few years after their initial discovery. T h e 
aphid has shown high dispersal capacity and very likely the fungi were 
also disseminated dur ing its dispersal. However, suppor t ing evidence 
for this speculation is lacking at present. T h e milky disease of the Japa
nese beetle may be an example of a disease associated with a low dis
persal capacity. T h e relatively low dispersal of the milky-disease organ
isms is caused by the high mortali ty rate of the grubs which remain 
in the soil and hence the pathogens have little oppor tuni ty for dispersal 
to .other populat ions of the insect. A l imited dispersal occurs by means 
of a few surviving adults and other animal carriers which may account 
tor the occasional presence of milky disease in areas where the bacter ium 
had not been introduced. Th i s may be one of the reasons why the mech
anical dis t r ibut ion of the spores by m a n is so highly effective against 
the Japanese beetle whereas in the case of the fungi of the spotted 
alfalfa aphid, the mechanical dis tr ibut ion is not so effective after an 
initial in t roduct ion because of the high dispersal capacity and persist
ence of the fungi. 

V . ENVIRONMENTAL FACTORS 

Inasmuch as the pr imary factors of epizootics cannot be divorced 
from the environment , bo th the biotic and physical environmental fact
ors would be expected to influence the ini t iat ion and development (or 
prevention and suppression) of disease outbreaks. T h e influence of these 
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factors would vary with the properties and characteristics of the primary 
factors. Not only active, bu t also latent infections are affected by en
vironmental factors. T h e r e are numerous observations of the importance 
of environmental factors in epizootics, bu t quant i ta t ive data on the spe
cific factors and mechanisms involved in the environment are very 
meager. T h e subject is a complex one. Certain aspects of this subject 
have been discussed in previous sections, especially those dealing with 
biotic factors. 

In general, many factors in the environment have some influence on 
epizootics, bu t in certain diseases, a single factor, e.g., high humidi ty 
in fungus and nematode diseases, plays a dominan t role. T h e emphasis 
in ecology of the importance of the microenvironment also applies to 
epizootiology. A knowledge of the factors operat ing at this level will 
provide a better unders tanding of disease outbreaks. 

Among the various physical factors, tempera ture and humidi ty have 
received the most a t tent ion as far as their effects on epizootics are con
cerned. T e m p e r a t u r e conditions wi thin the normal growth range of the 
insect hosts appear to have only a l imited effect on epizootics, bu t they 
are of greater importance in association with the other factors. In general, 
high temperatures accelerate the progress of disease. Most insects under 
laboratory conditions are more susceptible to infections under the stress 
of high temperatures, bu t a few appear to become more resistant to cer
tain infections (virus and protozoan diseases) when reared under high 
temperatures. Certain insects are more susceptible to fungi, bacteria, 
and viruses when reared at low temperatures (Pospelov, 1926; Franz, 
1961). Humid i ty is the single physical factor of importance in many epi
zootics, such as those of fungi, nematodes, and possibly some viruses. 
Sunlight and desiccation are unfavorable especially to the nonresistant 
or vegetative stages of the pathogens. T h e physicochemical conditions 
of the soil, aside from tempera ture and humidi ty , may affect certain 
diseases of soil-inhabiting insects. Such conditions are associated with 
the p H , high h u m u s content, ni t rogenous organic matter , and the tex
ture and structure of the soil. 

Biotic factors, which include the host popula t ion, microorganisms, 
parasites, predators, other animals, plants, etc., have received less at
tention. T h e importance of animals, including the pr imary hosts, in 
the dispersal and transmission of the pathogens has been discussed pre
viously. Al though the nut r i t iona l requirements of insects (aside from 
depleted food and cannibalism) would be expected to play an impor tan t 
role in epizootics among insect populat ions, such information is generally 
lacking or not supported by adequate evidence. Most of such studies are 
concerned with the effect of nu t r i t ion on bacterial and protozoan dis-
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eases of the honey bee (Bailey, 1959b; Matuka, 1959; Stejskal, 1959), and 
on the activation of latent virus infections (see Bergold, 1958). Anti
bacterial substances, especially against members of the genus Bacillus, 
were found in the foliage of different trees by Kushner and Harvey 
(1962). These substances may render an insect popula t ion more resistant 
to infections. 

T h e phenomenon of latency, especially in virus infections, has re
cently received wide at tent ion, bu t as observed by Bergold (1958), this 
phenomenon is the most problematic subject in insect virology. Recent 
observations have indicated that latency plays an impor tan t role in 
epizootiology, bu t there is still some confusion because of the insufficient 
knowledge of the process of latent infections in insects. Among the most 
convincing evidences in support of latency are the observations by Grace 
(1958, 1962) of a nuclear- and a cytoplasmic-polyhedrosis virus develop
ing in apparently healthy cultures of insect ovarian tissues grown in 
vitro. T h e reader should refer to Chapters 11 and 15 in Volume I of 
this treatise for detailed discussions of latent infections. 

In order to differentiate the factors involved in the activation of 
latent infections, Steinhaus (1958, 1960b) has suggested the term "stress" 
to refer to a state manifested by a syndrome, or bodily changes, caused 
by some force, condition, or circumstance in or on an insect or on one 
of its physiological or anatomical systems. T h e force and activator are 
designated "stressor" and "inci tant ," respectively. According to Stein
haus, a stressor may also be thought of as any stimulus, or succession of 
stimuli, that tend to disrupt the homeostasis of an animal. Depending 
on the circumstances and the level of intensity, the environmental fact
ors become stressors or incitants. I t is, therefore, impor tan t to determine 
as precisely as possible, not only the action of the environmental factors 
on the host and pathogen, bu t also the level of intensity at which the 
disease is caused to break out. Such precise data are scarce. 

T h e existence of latent infections has not been established in all 
diseases of insects. T h e r e are accumulat ing records that they occur in 
virus infections, bu t there are still some doubts as regards other diseases. 

Only a relatively few environmental factors have been considered 
impor tan t in activating latent infections in field insect populat ions. T h e y 
are humidity, nut r i t ion , and crowding. Humid i ty is more impor tan t at 
high than at low levels. I t is conceivable, however, that the st imulat ion 
resulting from the change in levels from low to high may cause the 
activation ra ther than the high humidi ty per se. T h i s aspect needs in
vestigating. Epizootics may develop by a change in the quali ty or short
age of food and when an insect feeds on less preferred host plants . T h e 
increase in popula t ion density becomes a factor when the insect popula
tion approaches the carrying capacity of the environment . 
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VI. BACTERIAL DISEASES 

Several bacterial species possess strains which vary in their virulence. 
Strains of the grasshopper bacter ium, "Coccobacillus acridiorum cTHe-
relle" (^Cloaca cloacae (Jordan) Castellani and Chalmers, or Cloaca 
type A) have been investigated by several workers (Glaser, 1918; Stein
haus, 1951b; Lysenko, 1958; Bucher, 1959a). T h e r e is some doubt as to 
the pathogenicity of this bacter ium (Pospelov, 1926; Uvarov, 1928; 
Bucher, 1959a). I t is difficult, however, to discount the epizootics among 
grasshoppers observed by d 'Herel le (1911, 1914), Velu and Bouin (1916), 
Beguet (1916), and others, bu t the epizootics may have been caused by 
agents or factors other than "C. acridiorum." Strains of the entomogen
ous sporeforming bacteria, Bacillus cereus F rankland and Frankland and 
B. thuringiensis Berliner, have shown differences in their virulence to in
sects (Steinhaus, 1951a; Stephens, 1952; Heimpel and Angus, 1958; Krieg, 
1961a). Toumanoff and Le Corroller (1959) main ta in that the differences 
between B. thuringiensis and B. cereus are not sufficient to separate these 
species. Several workers have designated B. sotto Ishiwata and B. alesti 
Toumanoff and Vago as varieties of B. thuringiensis (Delaporte and Be-
guin, 1955; Heimpel and Angus, 1958). T h e milky-disease organisms, 
Bacillus popilliae Dutky and B. lentimorbus Dutky, are known to have 
strains which differ in their pathogenicity for the Japanese beetle, Popillia 
japonica, and the European chafer, Amphimallon majalis (Razoumow
sky) (White, 1947; Tash i ro and Whi te , 1954; Tashi ro , 1957). 

Strains of entomogenous bacteria have also been differentiated with 
the use of antibiotics, bacteriophages, and serological techniques. Tou 
manoff and Lapied (1954) have found that B. thuringiensis and related 
varieties vary in their tolerances to Terramycin , Chloromycetin, Aure
omycin, and streptomycin. W i t h the use of bacteriophages, Gochnauer 
(1958) has differentiated several strains of Bacillus larvae Whi te , the cause 
of American foulbrood, and B. alvei Cheshire and Cheyne, the cause of 
European foulbrood according to some authorit ies; Bucher and Stephens 
(1957) have recognized five different strains of Pseudomonas aeruginosa 
(Schroeter) Migula. A serological comparison of the toxic protein crystals 
of B. thuringiensis var. thuringiensis and its strains has shown that the 
crystals from the different strains contain a common toxic component , 
a l though the gross composition of the crystals is serologically different 
(Krywienczyk and Angus, 1960). 

T h e infectivity may be associated with the stage of the bacteria, 
whether in the vegetative or spore stages. Bacillus larvae, and B. thuringi
ensis and its relatives are infectious only in the spore stage when fed 
to larvae (Tarr , 1937; Steinhaus and Jerrel , 1954; Angus, 1956). T a r r 
(1937) has suggested that the infectivitv of B. larvae spores is associated 
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with their ability to survive the bactericidal mechanism of the larval 
gut unt i l such times as conditions favor their mult ipl icat ion. I n the 
case of B. thuringiensis and its relatives, the toxic parasporal body pres
ent in the sporangium not only increases the permeabil i ty of the midgut 
epi thel ium bu t also causes the breakdown of the epi thel ium (Heimpel 
and Angus, 1959, 1960). Whethe r similar toxic compounds in the form 
of enzymes or other substances produced dur ing sporulat ion are also 
responsible for the infectivity of the spores in B. larvae should be investi
gated. In this connection, the sporangium of the milky-disease organism, 
B. popilliae, contains a parasporal body, bu t whether it has any function 
in pathogenicity has not been determined. 

In many cases, repeated cultivations have resulted in a loss of viru
lence of the entomogenous bacteria, bu t such loss has been regained after 
passage through a susceptible host. Whi t e (1923a, b) has reported, how
ever, that the cultures of Bacillus noctuarum Wh i t e ( = Serratia mar
cescens Bizio) and of Bacterium [=z Bacillus] sphingidis (White) in arti
ficial media have not lost their virulence. Al though the Mattes strain 
of Bacillus thuringiensis var. thuringiensis has re ta ined its virulence for 
many years after repeated transfers in nu t r ien t media (Steinhaus, 1951a), 
other strains of this bacillus have lost some of their virulence (Touman
off, 1955). 

An increase in virulence generally results when the bacteria are 
passed successively through susceptible hosts. Th i s has occurred with 
"Coccobacillus acridiorum" (d'Herelle, 1911, 1914) bu t has not been con
firmed by Bucher (1959a), with B. cereus, whose virulence was increased 
fifty times (Stephens, 1957), and with B. popilliae (Beard, 1945; Fleming, 
1958). Such increase in virulence has not been demonstrated conclusively 
in na tura l epizootics in insect populat ions. 

T h e virulence and infectivity of entomogenous bacteria may be asso
ciated with their relat ionship with other bacteria and microorganisms, 
lsakova (1954) has observed that a mixed cul ture of three species of 
bacteria, especially when reared in l iquid medium, is more pathogenic 
to several species of insects than that of the individual bacter ium. W h e n 
Serratia marcescens and Bacillus thuringiensis var. thuringiensis are fed 
together to larvae of the greater wax moth , Galleria mellonella (Lin
naeus), the former inhibits the development of the bacillus possibly 
through an antibiotic action, bu t the latter nevertheless enables 5. mar
cescens to develop more freely (Steinhaus, 1959). Since this phenomenon 
occurs in the absence of vegetative bacillus rods, Steinhaus suggests that 
the toxic crystalline inclusions may be responsible for increasing the 
susceptibility of the wax-moth larva. On the other hand, Stephens (1959b) 
has found no more infectivity when Pseudomonas aeruginosa and Serra-
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tia marcescens are fed together than when they are fed separately to the 
grasshopper Melanoplus bivittatus (Say). Bailey (1957) has presented 
evidence that a mix ture of Streptococcus pluton (White) and Achromo-
bacter [= Bacterium] eurydice (White) ra ther than Bacillus alvei is the 
cause of European foulbrood, bu t recently he laid greater emphasis on 
S. pluton as being the pr imary cause (Bailey, 1959a, b). 

La ten t bacterial infections have been repor ted in the eggs of the n u n 
moth, Lymantria monacha (Linnaeus) (Janisch, 1958), and in the Ger
m a n cockroach, Blattella germanica (Linnaeus), and the coleopteran 
Amphimallon [= Rhizotrogus] solstitialis (Linnaeus) (Vago, 1952). These 
latent infections, however, need further substantiat ion. 

T h e survival capacity of nonsporeforming bacteria outside of their 
hosts is, in general, very l imited in na ture . T h e y are readily destroyed 
by desiccation or sunlight when unprotected. However, they survive for 
long periods under certain conditions, such as moist soil in the case of 
5. marcescens var. noctuarum (White, 1923b), dried cadavers and feces 
in the case of "Coccobacillus acridiorum" (d 'Herelle 1914) and Streptococ
cus pluton (Bailey, 1959a). T h e ability of S. pluton to survive in the 
hives may explain how a honey-bee colony can develop European foul
brood in its new brood. 

T h e entomogenous sporeformers would be expected to survive with
out great difficulty under na tura l conditions. T h e dried spore prepara
tions of B. thuringiensis var. thuringiensis re tain for at least ten years 
their ability to kill susceptible insects (Steinhaus, 1960a). T h e more or 
less permanent control of the Japanese beetle by the milky-disease or
ganisms indicates the long-term persistence of the bacteria once the 
spores have been introduced into the habi ta t (turf) of the host (White, 
1940; Beard, 1945). T h e viability of spores of Bacillus popilliae, however, 
may be reduced by the direct exposure to sunlight after 8 hours (White, 
1946), and by a low hydrogen-ion reaction in the soil (Beard, 1945). 
T h e r e is only l imited information of the persistence in na tu re of other 
entomogenous sporeformers, such as Bacillus cereus, B. thuringiensis, 
and their related varieties. 

One of the factors that restricts the development of epizootics by 
highly pathogenic entomogenous bacteria, such as Bacillus thuringiensis 
var. thuringiensis, is their low capacity to disperse throughout the host 
environment and ult imately to infect susceptible hosts. Bacteria are 
generally dispersed by infected hosts or healthy carriers, as in the case 
of "Coccobacillus acridiorum," Pseudomonas aeruginosa, Serratia mar
cescens, and Bacillus cereus in grasshoppers (d'Herelle, 1914; Bucher 
and Stephens, 1957; Bucher, 1959b). In the epizootics caused by Bacillus 
dendrolimus Tala laev ( = B. thuringiensis), the mass migrat ion of the 
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larvae of the Siberian silkworm, Dendrolimus Sibiriens (Tshetverikov), 
distributes the pathogen (Talalaev, 1958). Adul t Japanese beetles in
fected with T y p e A milky disease have been collected in the field and 
can serve as foci for new infection (Langford et al., 1942). 

Besides the host insects, other insects and animals may disperse the 
entomogenous bacteria. Tiphia parasites, birds, moles, skunks, and mice 
have been shown to disperse the milky-disease organisms (White and 
Dutky, 1940; Whi te , 1943). T h e parasites, Dibrachys sp. (Metalnikov 
and Metalnikov, 1935) and Apanteles glomeratus (Linnaeus) (Toumanoff, 
1959), may act as mechanical carriers of Bacillus cazaubon (Metalnikov, 
Ermolaev, and Schobaltzyn) and Bacillus thuringiensis. Inasmuch as the 
spores of B. thuringiensis var. thuringiensis survive passage through the 
digestive tracts of birds and mammals, Smirnoff and MacLeod (1961) 
have suggested the addi t ion of spores to feeding stations bui l t for birds 
and animals which may disseminate the bacillus in the host habi ta t . 

Entomogenous bacteria are t ransmit ted to their hosts generally by 
the host feeding on food contaminated with the bacteria, and through 
cannibalism on infected individuals. Cannibalist ic behavior is an im
por tan t method of transfer of bacteria such as "Coccobacillus acridio
rum," Serratia marcescens, and Pseudomonas aeruginosa in grasshoppers 
(d'Herelle, 1914; Beguet, 1916; Velu and Bouin, 1916; Bucher and 
Stephens, 1957; Stevenson, 1959; Stephens 1959b); Aerobacter scolyti 
Pesson et al., Escherichia klebsiellaeformis Pesson et al. and S. marcescens 
in Scolytis multistriatus Marsham (Doane, 1960); and the milky-disease 
organisms in the larvae of the Japanese beetle (Hawley and Whi te , 1935; 
Beard, 1945). 

Transmission through the egg has been repor ted for P. aeruginosa 
in grasshoppers (Bucher and Stephens, 1957) and in the "Schlaffsucht" 
bacteria in the n u n moth (Janisch, 1958). Generation-to-generation pa
rental transmission of "Coccobacillus acridiorum" may also take place 
through the fecal mat ter that contaminates the surface of the eggs or 
the mucilaginous mat ter that is secreted a round the eggs (d'Herelle, 
1914). Achromobacter eurydice, which is associated with S. pluton in 
European foulbrood, is present in the alimentary tract of normal adul t 
bees and is t ransmitted to the larvae dur ing feeding (Bailey, 1959a). 
Parasites may transmit the spores of B. thuringiensis mechanically 
through their ovipositors (Metalnikov and Metalnikov, 1935; T o u m a n 
off, 1959). An unusual transmission of the bacter ium Micrococcus nigro-
fasciens N o r t h r u p apparent ly occurs through the in tegument of June-
beetle larvae, bu t the likelihood of infection is increased when the in
tegument is injured by parasitic insects, fungi, or mechanical means 
(Nor thrup, 1914). 

Al though the susceptibility of insects to bacterial infections decreases 
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with an increase in the age of the young, some exceptions that need con
firmation have been reported. According to d 'Herel le (1914), and Du-
Porte and Vanderleck (1917), the older instar nymphs of grasshoppers 
are more susceptible to "Coccobacillus acridiorum" than the younger 
instars and the period of least resistance is reached at the last nymphal 
molt . Adul t grasshoppers are most susceptible dur ing the period of ovi
position, bu t they are less susceptible than the nymphs. T h e hornworms, 
Protoparce sexta (Johanssen) and P. quinquemaculata (Haworth) , are 
most susceptible to infection with septicemia as fifth-instar larvae (White, 
1923a, b). After feeding on low virulent or a t tenuated cultures of "Coc
cobacillus acridiorum" the grasshopper may acquire an immuni ty against 
the bacter ium (d'Herelle, 1911, 1914; Velu and Bouin, 1916; DuPor te 
and Vanderleck, 1917). Differential resistance occurs among Japanese-
beetle larvae for the milky-disease organisms (Beard, 1944, 1945; Tashi ro , 
1957). In the milky disease, a heavy grub popula t ion or a high inoculum 
potential of spores leads to a rapid spread of the disease (Beard, 1945). 
High potential of either the grub or the spore inoculum compensates for 
the low potent ia l of the other in causing a resultant high incidence of 
milky disease. However, the host popula t ion has a greater effect on the 
resultant incidence of disease than does the size of the inoculum. 

Resistance to European foulbrood has been associated with the be
havior of the worker bees in ejecting infected larvae as the amount of 
brood to be fed is increased (Bailey, 1960). Infected larvae are ejected 
preferentially as they, presumably, need more food. T h e resistant colonies 
also are able to bui ld brood nests quickly. In the case of the American 
foulbrood, resistance has been associated with (1) the rapid removal by 
the colony of infected brood before the causative organism, Bacillus 
larvae, reaches the infectious spore stage (Woodrow and Hoist, 1942); 
(2) the activity of the honey stopper in removing the spores of B. larvae 
(Sturtevant and Revell, 1953); (3) the age of the colony and the activity 
of the proventr iculus (Schulz-Langner, 1957); (4) the differential pro
tection of larvae by resistant-line adults which may have a more effective 
honey-stopper mechanism for spore removal or which may secrete an 
anti-foulbrood factor in the larval food (Thompson and Rothenbuhler , 
1957); (5) the inheri tance of resistance to the bacillus by the bees (Lewis 
and Rothenbuhler , 1961; Bamrick and Rothenbuhle r , 1961). All five 
forms of resistance appear to be involved when the entire colony is con
sidered. An indirect resistance to American foulbrood is apparent ly asso
ciated with the type of food fed the larvae. T h e vegetative forms of 
Bacillus larvae die after a period of 6 hours in royal jelly because of its 
strong acidity, and the infection with the bacillus results when the brood 
is no longer fed royal jelly (Matuka, 1959). 

T h e insects may be protected by the conditions and characteristics 
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of the midgut , such as the presence of a bactericidal, bacteriostatic, and 
fungicidal substance in the intestinal fluid of the silkworm (Masera, 
1954); the presence of microorganisms antagonistic to pathogenic bac
teria (Afrikian, 1960); the anaerobic condit ion (Bucher, 1960); and the 
p H (Heimpel, 1955; Angus, 1956). Insects with a midgut p H near the 
op t imum for the action of the enzyme lecithinase (pH 6.6 to 7.4) are 
susceptible to B. cereus (Heimpel, 1955), whereas those with a midgut 
p H towards the alkaline side (pH 9.0 to 10.5) are susceptible to the 
crystalliferous bacteria, B. thuringiensis and its relatives (Angus, 1956). 
Heimpel and Angus (1959) have classified the lepidopterous hosts of 
B. thuringiensis into three types depending on their physiological re
actions to the spores and toxic crystals. 

Insects may also become susceptible to bacterial infections when 
they are attacked by insect parasites (Paillot, 1925), when their gut is 
damaged by physical rup ture , gregarines, and by mol t ing (Bucher, 
1959b), and when their food includes incitants, such as gastric mucin 
(Stephens, 1959a) and abrasive glass particles (Weiser and Lysenko, 1956; 
Steinhaus, 1958). 

Laboratory cultures of insects are usually affected by bacterial dis
eases when they are main ta ined under adverse conditions, especially 
high humidi ty and temperature . On the other hand, very little is 
known about the effect of environmental factors under field conditions 
on the development of bacterial diseases among insect populat ions. A 
light ra in of short dura t ion and temperatures between 28° to 30°C are 
op t imum for epizootics of "C. acridiorum" among grasshoppers (d'He
relle, 1914). T h e infectivity of Micrococcus nigrofasciens for June-beetle 
larvae apparent ly increases with high moisture in the soil (Nor thrup, 
1914). Low soil temperatures in the fall and spring dur ing the active 
feeding season of the larvae of the European chafer l imit the effective
ness of certain strains of the milky-disease organisms (Tashiro and Whi te , 
1954; Tashiro , 1957). Under these conditions the De Bryne strain is 
most capable of infecting the grub . Whi t e (1940) has reported that 
nei ther the excessive wet conditions nor the extreme dryness reduces 
the ability of T y p e A organisms to infect the Japanese-beetle grubs. 
Less milky disease seems to occur among grubs in lighter than in 
heavier soils (Beard, 1945). Beard believes that possibly the soil colloids 
are an aid in fixing the bacteria to the soil and that the loss in infective 
spores is due more to a di lut ing or leaching factor than to an actual 
mortali ty of bacteria. H u r p i n (1955) has observed that a bacillus similar 
to the Type A milky-disease organism in more capable of infecting Melo
lontha melolontha (Linnaeus) in soil r ich in humus than in sandy or 
clay soils. 
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Compet i t ion or antagonism may occur between two bacterial path
ogens. T h e T y p e A and T y p e Β organisms do not occur in the same 
Japanese-beetle g rub (Beard, 1946). T h e relative dosages of the path
ogens and the t ime of infection govern which pathogen is successful. Grass
hoppers fed different combinat ions of two pathogens generally die from 
an infection produced by one organism only (Stephens, 1959b). T h e 
organism taking precedence is generally that fed in greater numbers , 
bu t when Pseudomonas aeruginosa and Serratia marcescens are fed in 
equal numbers all the deaths are caused by S. marcescens. 

T h e annua l epizootics of European foulbrood in the honey bee 
usually coincide with the period of nectar flow. However, the cause of 
these epizootics is still under speculation. Bailey (1959b, 1960) has 
thoroughly discussed the various hypotheses concerning epizootics of 
European foulbrood. 

VII . VIRUS DISEASES 

Dur ing the past fifteen years, the greatest advance in the epizootiol
ogy of insect diseases has been achieved with the virus diseases, espe
cially those of the sawflies, gypsy moth, n u n moth , and silkworm. Most 
of the studies involve the nuclear-polyhedrosis viruses, to a lesser extent 
the granulosis viruses, and least of all the cytoplasmic-polyhedrosis 
viruses. Several noninclusion viruses have been discovered but , aside 
from sacbrood of the honey bee which is presumably caused by such 
a virus, the epizootiology of their diseases has not been investigated. 

Recent reports indicate the presence of strains of insect viruses. T h e 
wattle bagworm, Kotochalia junodi (Heylaerts), is differentially suscep
tible to nuclear-polyhedrosis viruses collected from different areas (Os-
sowski, 1957b, 1958, 1960). These viruses are different strains and a 
given popula t ion of bagworm differs in its susceptibility to the various 
strains. I t is still unknown how the virus strains developed. Unde r 
laboratory conditions, certain viruses have apparent ly muta ted to forms 
which possess polyhedra of distinctly different shapes tha t are re ta ined 
even when the viruses infect a l ternate hosts (Aruga, 1958a; Aizawa, 
1958; Gershenson, 1959a, b). However, there is still no evidence of viru
lent virus strains arising from successive passages th rough susceptible 
hosts. 

T h e virulence of the nuclear-polyhedrosis virus is enhanced when it 
is fed together wi th the granulosis virus to the armyworm, Pseudaletia 
unipuncta (Haworth) (Tanada , 1956, 1959). T h e synergistic association 
is re ta ined even after the granulosis virus has been heated at 80°C 
for 10 minutes which is beyond its thermal inactivation poin t (75°C 
for 10 minutes) . Because bo th viruses are present together in na tura l 
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epizootics in armyworm populat ions, the synergistic association appears 
to play an impor tan t role in regulat ing armyworm populat ions (Tanada , 
1959, 1961). By feeding a mixture of a nuclear-polyhedrosis and a gran
ulosis virus to spruce-budworm larvae, Choristoneura fumiferana (Clem
ens), Bird (1959) has obtained greater mortal i ty than by feeding them 
only one of the viruses. H e believes, however, that there is no evidence 
of synergism between the two viruses because the individuals are not 
equally resistant to both viruses, and those which may have survived 
exposure to one virus, die from exposure to the second. I t is common 
experience that the virus infections in an insect occasionally increase 
the possibility of infection by other pathogens (see Vago, 1956). 

Insect viruses which are occluded in inclusion bodies (polyhedra and 
capsules) are able to withstand adverse conditions, such as desiccation, 
sunlight, moderately high humidi ty and temperatures, for relatively long 
periods. Steinhaus (1960a) has found the nuclear-polyhedrosis virus of 
the silkworm still infectious after a twenty-year period; dur ing most of 
the t ime the virus, which was suspended in hemolymph, was kept under 
refrigeration. T h e r e is, however, a gradual loss in the virulence of the 
nuclear-polyhedrosis virus of the European spruce sawfly, Diprion her-
cyniae, after a year in storage at 4.5°C and at room tempera ture (Neilson 
and Elgee, 1960). Viruses outside of their inclusion bodies are generally 
considered to be easily destroyed by adverse environmental conditions. 

Some soils in the alfalfa fields contain the nuclear-polyhedrosis virus 
pathogenic for the alfalfa caterpillar, Colias eurytheme (Steinhaus, 1948; 
T h o m p s o n and Steinhaus, 1950). The virus particles are deposited on 
the plants when the alfalfa fields are irrigated. T h o m p s o n and Stein
haus consider such irrigation practice when associated with high alfalfa-
caterpillar popula t ion a possibly impor tan t factor in the development 
of virus epizootics. Clark (1955, 1956, 1958) has shown experimentally 
that the nuclear-polyhedrosis virus of the Great Basin tent caterpillar, 
Malacosoma fragile (Stretch), persists successfully throughout the winter 
on the host plants. T h e nuclear-polyhedrosis virus of the wattle bag-
worm, Kotochalia junodi, may persist in virus-killed larvae remaining 
in the bags on the trees for more than a year and is carried from one 
season to another in such infected cadavers (Ossowski, 1957a). On the 
other hand, winter rains wash off the viruses of the European spruce 
and p ine sawflies (Diprion hercyniae and Neodiprion sertifer) and the 
viruses apparent ly do not survive on the host plants the following year 
(Bird, 1954, 1955). T h e persistence of these sawfly viruses depends on 
the survival of par t of an infected host popula t ion which plays a major 
role in the spread and transmission of the virus the following year. 
Al though the nuclear-polyhedrosis virus of the Great Basin tent cater-
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pil lar is capable of persisting on the host plants, the survival and trans
mission of the virus through the eggs of infected hosts or healthy car
riers may be more impor tan t in carrying the virus through the 9- to 
10-month per iod between generations dur ing which no susceptible stage 
of the insect is present (Clark, 1955). 

T h e long-term survival of insect viruses in a host popula t ion has 
been demonstrated by the in t roduct ion of the viruses of the European 
spruce and p ine sawflies into N o r t h America. These viruses have sur
vived successfully and have played an impor tan t par t in keeping these 
sawflies under economic control (Balch and Bird, 1944; Bird, 1955; Bird 
and Elgee, 1957; Balch, 1958). T h e nuclear-polyhedrosis virus of the 
European spruce sawfly has main ta ined a very high virulence for over 
twenty years (Bird and Burk, 1961). 

Insect viruses are dispersed in na tu re by the movement of healthy 
carriers and infected hosts, by insect parasites and predators, and by 
climatic and physical factors (wind, rain, etc.). T h e r e is increasing 
evidence that the dispersal by infected hosts and heal thy carriers is one 
of the pr incipal means of dispersal of viruses th roughout the host en
vironment . Th i s aspect has been ment ioned in the previous section 
under survival capacity, and will also be touched upon in the section 
under transmission. 

I n the European spruce sawfly, Diprion hercyniae, the European 
p ine sawfly, Neodiprion sertifer, and N. lecontei (Fitch), the oviposi-
tional characteristics of the females, whether they lay eggs singly or in 
clusters, de termine the extent of the dissemination of their respective 
nuclear-polyhedrosis viruses (Bird, 1955, 1961). T h e infected D. her-
cyniae female, which lays eggs singly, establishes a larger number of 
foci of infection through its infected eggs than the infected female of 
N. sertifer, which lays eggs in clusters. After the virus infection is 
established on a colony of sawflies on a tree, Bird (1961) has observed 
that the dispersal of the virus down the tree is mainly th rough the 
action of rain, whereas tree to tree dispersal is chiefly by the na tura l 
enemies of sawflies, especially insect parasites. T h e importance of nat
ural enemies in the tree-to-tree dispersal of the virus is indicated by 
the rapid dispersal and transmission of the virus in colonies of N. le
contei, a nat ive insect with a well-established complement of na tura l 
enemies, whereas the virus of AT. sertifer, an introduced insect, is dis
t r ibuted and transmit ted more slowly, apparent ly because of the few 
parasites associated with this sawfly. Smirnoff (1960, 1961), however, 
believes that in Neodiprion swainei Middle ton the mass migrat ion of 
infected larvae, in addi t ion to other factors, is also impor tan t in the 
tree-to-tree dispersal of the virus. 
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Other workers have also observed the importance of insect parasites, 
predators, scavengers, and birds in virus dissemination. T h e r e are indi
cations that the parasites of the European spruce sawfly, Diprion her-
cyniae, are responsible for the in t roduct ion of the nuclear-polyhedrosis 
virus of the sawfly into N o r t h America from Europe (Balch and Bird, 
1944; Balch, 1958). T h e birds, catbird and cedar wax wing, after feeding 
on virus-infected sawfly larvae have stomach contents that are highly 
infectious for the larvae of the European pine sawfly, AT. sertifer (Bird, 
1955). In the feces of the predatory bug, Rhinocorus annulatus Lin
naeus, and the robin, Erithacus rubecula Linnaeus, the virus still remains 
infectious for N. sertifer after its passage through the digestive tracts 
of these animals (Franz and Krieg, 1957). 

Ra in and wind play a par t in virus dissemination. T h e larvae of 
many lepidopterous and hymenopterous species when infected wi th 
virus tend to die on the tops of trees and plants, and their disintegrating 
remains are scattered to the lower parts of the plants by ra in and wind. 
Inasmuch as the nuclear-polyhedrosis virus of the alfalfa caterpillar is 
capable of surviving in the soil of alfalfa fields, the virus may be dis
seminated with dust by wind, and by irrigation water on to the plants 
(Steinhaus, 1948; T h o m p s o n and Steinhaus, 1950). R a i n and heavy dew 
aid in the dissemination of the nuclear-polyhedrosis virus among a 
popula t ion of the cabbage looper, Trichoplusia ni (Hübner) (Hofmas
ter, 1961). 

Insects generally become infected with virus by feeding on contam
inated food, and to a much lesser extent t h rough cannibalism on in
fected individuals. T h e r e is an increasing n u m b e r of reports, however, 
on the transmission of viruses through the egg (see Bergold, 1958). T h e 
virus may be t ransmit ted on the surface of the egg or wi thin the egg. 
Viruses, such as the cytoplasmic-polyhedrosis viruses, which infect the 
midgut epi thel ium would be expected to contaminate the surface of 
the egg. Bird (1961) believes that the nuclear-polyhedrosis viruses of 
sawflies, even though they attack only the midgut epi thel ium, are trans
mit ted within the egg. H e has not been able to demonstrate the virus 
within the egg, bu t his supposition is supported by the fact that the 
larva emerges by pushing rather than chewing its way out of the egg. 
In the silkworm, however, H u k u h a r a (1962) and Aruga and Nagashima 
(1962) have observed trans-ovum transmission of the cytoplasmic-poly
hedrosis virus. 

Most of the trans-ovum transmission has been reported for the 
nuclear-polyhedrosis viruses that infect internal tissues of the insect. 
In some cases, the virus transmission is supposed to occur in the occult 
(latent) state. Several investigators have concluded that latent-virus 
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infections are present th roughout the popula t ion of certain forest in
sects (Roegner-Aust, 1949; Bergold, 1953, 1958; Grison and Vago, 1953; 
Vago, 1953; Krieg, 1956, 1957; Franz and Krieg, 1957; Janisch, 1958). 

T h e importance of the materna l transmission of the nuclear-polyhe
drosis viruses of the sawflies in establishing widespread foci of infection 
has been repor ted by Bird (1955, 1961) and Bird and Elgee (1957). Bird 
(1961) has presented two observations that indicate trans-ovum trans
mission in sawflies: (1) virus epizootics among sawfly populat ions start 
each year from a small percentage of the total popula t ion, and (2) the 
larval stages dur ing which the disease spreads are consistent for each 
species from year to year. After the emerging larvae become infected 
and die from virus, their cadavers serve as the source of infection of 
the progeny from heal thy females, and an epizootic is init iated. T h e 
characteristics of D. hercyniae to reproduce pathenogenetically and for 
the females to lay eggs singly account for the phenomenal spread of 
the virus of this insect and for the effectiveness of this virus at low 
popula t ion levels (Bird and Elgee, 1957). 

Insect viruses are generally considered host specific. T h e r e are, 
however, numerous examples of insect viruses which may infect several 
insect species. Most of the cross transmissions have succeeded with t he 
nuclear- and cytoplasmic-polyhedrosis viruses and least of all with t he 
granulosis viruses. T h e r e are only a few noninclusion types of insect 
viruses known at present. T h e noninclusion Tipula iridescent virus is 
exceptional because of its unusua l nonspecificity for many insect species, 
some of which belong to insect orders different from the one of its 
original host, Tipula paludosa Meigen (Smith et al., 1961). 

Most insects exhibit a ma tu ra t ion immuni ty to virus infections. T h e 
larvae become increasingly more resistant to infection as they ma tu re , 
and the adults are generally resistant to infection, even though they 
may transmit the virus in an active or occult state to their offspring. 
T h e r e are reports of the observation of virus inclusion bodies in the 
tissues of adul t insects, bu t few of them, if any, discuss the effect of 
such infection on the adul t insects. T h e question of adul t immuni ty 
to virus has hardly been explored. According to Szirmai (1957), females 
of the fall webworm, Hyphantria cunea (Drury), which developed from 
virus-infected larvae laid fewer eggs than females from uninfected larvae. 
T h e females were mated to heal thy males. T h i s test, however, does not 
differentiate the reduct ion in fecundity caused by the direct effect of 
the virus on the adul t from that caused by the effect of the virus on 
the larval development in such a way as to weaken the adul t . 

Recently, insect strains resistant to virus infections have been ob
served under laboratory and field conditions. A laboratory stock of 
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Pieris brassicae (Linnaeus) which has survived an outbreak of granulosis 
has been found more resistant to this virus than P. brassicae larvae ob
tained from other localities (Rivers, 1959; David and Gardiner , 1960). 
T h e resistant stock also appears less susceptible to a cytoplasmic-polyhe-
drosis virus than the other stocks (Sidor, 1959). However, when the 
granulosis virus is passed through another species, Pieris napi (Lin
naeus), it is able to infect the resistant P. brassicae stock (Smith, 1959). 

Al though Bird and Elgee (1957) have speculated that the cont inual 
increase of the European spruce sawfly in recent years wi thout a sub
sequent rise in polyhedrosis indicates for the first t ime a possible in
crease in the resistance of the sawfly to the virus, the laboratory tests 
conducted by Neilson and Elgee (1960) have shown no indication of a 
change in larval resistance. Mart ignoni (1957) has found that the L D 5 0 

of a granulosis virus increased from 1954 to 1955 in a popula t ion of the 
larch b u d moth, Eucosma griseana (Hübner) . H e concluded that the 
resistance of the larch-bud-moth popula t ion, which had been declining 
because of a granulosis epizootic since 1954, had apparent ly increased. 
Different populat ions of Phryganidia californica Packard and of Pieris 
rapae (Linnaeus) in California have been compared for their resistance 
to their respective viruses (Mart ignoni and Schmid, 1961). T h e two 
populat ions of P . calif ornica, a native species, showed differences in 
their susceptibility to a nuclear polyhedrosis virus, whereas the two 
populat ions of P. rapae, a recent immigrant , did not differ in their 
susceptibility to a granulosis virus. Th i s indicates that some popula
tions of native species which have had long association with their viruses 
may eventually develop some resistance to them. I n a t tempt ing to 
control the wattle bagworm with a nuclear-polyhedrosis virus, Ossow-
ski (1960) has observed the existence not only of virus strains which 
vary in virulence, bu t also bagworm populat ions which vary in their 
susceptibility to the virus. 

Laboratory studies on the effect of environmental factors on virus 
infections have been directed mainly to the activation of latent virus 
infections. T h i s aspect has been discussed previously. T h e effect of 
stress factors on the larvae of Trichoplusia ni which have been exposed 
to low dosages of a nuclear-polyhedrosis virus has been studied by 
Jaques (1961). H e has found that, among the larvae which were fed 
the virus, the incidence of nuclear polyhedrosis in shaken or vibrated 
larvae increases u p to four times that occurring in control larvae. Some 
of the claims of activating a la tent virus infection are possibly con
cerned with a s t imulat ion of the virus from a low intensity of infection 
(chronic) to one of high intensity (acute) as a result of stress factors. 
Investigators on problems of latency should consider this possibility. 
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Al though high temperatures generally result in an acceleration of 
virus infections, certain insects when reared under these conditions 
seem to increase their resistance to such infections. Th i s has occurred 
with the impor ted cabbägeworm, Pieris rapae, when exposed to the 
granulosis virus and reared at 36°C (Tanada , 1953), the European spruce 
sawfly, Diprion hercyniae, when exposed to the nuclear-polyhedrosis 
virus at 85°F (29.4°C) (Bird, 1955), the cabbage looper, Trichoplusia ni, 
and the corn earworm, Heliothis zea (Boddie), to their respective nuclear-
polyhedrosis viruses at 39°C (Thompson, 1959). W h e n the temperatures, 
however, are lowered or al ternated between high and low, these insects 
become susceptible to infection. T h e viruses are capable of withstanding 
higher temperatures outside of the insects and, therefore, the inhibi t ion 
of the infection does not seem to be caused by an inactivation of the virus. 
From the observation that the cabbage looper and the corn earworm, 
when exposed to their respective viruses for 2 days at 26.7°C, die of 
virus infections even when they were subsequently placed at 39°C, 
T h o m p s o n (1959) has concluded that the high temperature appears to 
affect the mechanism or mode of invasion of the viruses. On the other 
hand, the imported cabbageworm, when exposed to the granulosis for 
2 to 5 days at room temperatures and then transferred to 36 °C, does 
not die from granulosis (Tanada , 1953). Th i s difference in observation 
may be due to differences in the types of viruses and hosts. In the case 
of the cabbageworm, the resistance to granulosis apparent ly results 
either from an inability of the virus to mul t ip ly in the host at high 
temperatures or from an increased cellular and humora l immunit ies in 
response to the high metabolic rate of the host. 

Among the various environmental factors in nature , many investi
gators have found high humidi ty to be one of the impor tan t factors in 
the development of virus epizootics. Humid i ty has been reported to 
affect virus epizootics in the California oak worm, Phryganidia calif ornica 
(Harville, 1955), in the gamma noctuid, Plusia gamma (Linnaeus) (Vago 
and Cayrol, 1955), in the fall web worm, Hyphantria cunea (Szirmai, 
1957; Schmidt and Philips, 1958), in the gypsy moth, Porthetria dispar 
(Wallis, 1957), and in the armyworm, Pseudaletia unipuncta (Haworth) 
(Marcovitch, 1958). However, humidi ty appears to play a minor role, 
if any, in the epizootics of nuclear polyhedroses of the European spruce 
and pine sawflies (Balch and Bird, 1944; Bird, 1955) and of the alfalfa 
caterpillar (Thompson and Steinhaus, 1950). I n the case of the two 
sawflies, the virus epizootics appear independent of stress conditions 
and secondary factors, such as k ind of food and weather. 

W h e n an insect popula t ion increases in density, there is is a greater 
tendency to develop virus epizootics than at a low density. However, 
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virus epizootics may be init iated at low and at high host densities in 
the sawflies (Bird and Elgee, 1957; Bird, 1961), in the Great Basin tent 
caterpillar (Clark and Thompson , 1954; Clark, 1955) and in the army-
worm (Tanada, 1961). In some cases, the virus epizootic is dependent 
not directly on the absolute host density bu t on the relative density, 
determined in relat ion to the environmental ("carrying") capacity for 
the species (Martignoni, 1957). According to Mart ignoni , this seems 
to be the case in the larch b u d moth, Eucosma griseana. W h e n the 
popula t ion of the larch b u d moth approaches the capacity of the biotope, 
the insect is apparent ly affected by stressors, such as starvation, which 
encourage the development of virus epizootics. 

Food shortage and especially the effect of nu t r i t ion apparently result 
in the ini t iat ion of virus epizootics. Krieg (1956) fed larvae of Neodi
prion sertifer from two field populat ions and a laboratory cul ture with 
thioglycolic acid, sodium fluoride, and hydroxylamine and observed 
that only the field populat ions developed nuclear polyhedrosis. T h e 
disease developed more readily in the field popula t ion where the virus 
was enzootic than in the other field popula t ion . T h e laboratory culture, 
which failed to succumb to disease, had not been exposed to the virus. 
Krieg believes that the field populat ions contained the virus in an 
occult state. Several workers have repor ted that the host p lan t or the 
type of food eaten by the gypsy-moth larva may be more impor tan t than 
weather in activating virus infections in this insect (Schmidt, 1956; Vago, 
1953; Shvetsova, 1954; Kovacevic, 1954, 1956). T h e incidence of the 
cytoplasmic polyhedrosis in the silkworm in J a p a n increases in a u t u m n 
and is apparent ly associated with the quali ty of the mulberry leaves 
used as food for the insect (Aruga, 1958b). 

Different viruses may be synergistic or antagonistic with each other. 
I n the armyworm, a l though the granulosis and nuclear-polyhedrosis 
viruses react synergistically in causing the invasion of the nuclear-poly
hedrosis virus into the armyworm, nevertheless, bo th viruses compete 
against each other for the host tissue (fat body), which is attacked com
monly by both of them (Tanada , 1959). Antagonism between two vi
ruses has been observed also in Pieris brassicae (Vago, 1959a), in Cho-
ristoneura fumiferana (Bird, 1959), and in Bombyx mori (Aruga et ah, 
1961). I n these cases, the virus which has an advantage in time, dosage, 
or virulence in infecting the host may prevent the second virus from 
infecting the same tissue. 

VII I . RICKETTSIAL DISEASES 

Aside from the rickettsial diseases of m a n and other vertebrates tha t 
are t ransmit ted by insects, there are only a few known rickettsiae that 
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are pathogens primari ly of insects. T h r e e rickettsiae, which have been 
found on beetles, two in Scarabaeidae and one in Coccinellidae, infect 
several related hosts: Rickettsiella melolonthae (Krieg) infects several 
Melolontha spp. (Niklas, 1960); Rickettsiella popilliae (Dutky and 
Gooden) infects Popillia japonica, Phyllophaga anxia LeConte and P. 
ephilida (Say) (Dutky and Gooden, 1952); Enterella stethorae (Hall and 
Badgley) infects several Stethorus spp. (Hall and Badgley, 1957). Krieg 
(1955) has cultivated R. melolonthae in the coelom of Tenebrio molitor 
Linnaeus. 

T h e disease in Melolontha larvae caused by Rickettsia melolonthae 
is called Lorsch disease (Wille and Mart ignoni , 1952). T h e larvae ac
qui re the disease when they feed on infected cadavers or by cannibalism 
on infected individuals (Niklas, 1960). Lorsch disease occurs in the 
larva, pupa , and sometimes in the adult . Trans-ovum transmission 
through infected females has not been demonstrated. From field obser
vations, Niklas (1956, 1960) believes that small mammals and birds are 
not impor tan t in the dispersal of the pathogen. Infected larvae have 
a peculiar behavior of rising to the surface of the ear th dur ing October 
to December and sometimes into January (Wille and Mart ignoni , 1952; 
Niklas, 1957). A reduct ion in tempera ture apparent ly acts as a nervous 
stimulus to cause the infected larvae to emerge from the soil (Niklas, 
1957). 

Peaks in the outbreak of the Lorsch disease under laboratory condi
tions have some relat ion with the peaks in the field. I n the laboratory 
there are two peaks of mortali ty, one in the summer and the other 
early in the winter. Each peak has two separate maxima. According 
to Niklas (1958, 1960), the first m a x i m u m of the summer peak corre
sponds to an outbreak not yet verified in the field, and the second 
m a x i m u m appears in the field several weeks after the one in the labo
ratory. T h e winter peaks in the laboratory correspond to those appear
ing the following season: the difference is caused by the low winter 
tempera ture in the field. High mortal i ty by rickettsia occurs in Melo
lontha popula t ions with a cont inuous regression in host density (Niklas, 
1960). 

IX . FUNGUS DISEASES 

T h e striking na tu re of insects killed by fungi has led to the investi
gat ion of fungus diseases many years before other insect diseases. I n 
spite of these early beginnings there is still a need for thorough inves
tigation on the epizootics caused by fungi. Many species of fungi possess 
strains which vary in their virulence for their hosts. MacLeod (1954a, b) 
has concluded from a thorough study of the species of Beauveria and 
related genera that 14 allegedly different species should be reduced to 
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two species, Β. bassiana (Balsamo) Vuil lemin and B. tenella (Delacroix) 
Siemaszko. These "14 species" are known to differ in their pathogenicity 
to different insect species. Other familiar entomogenous fungi from 
which strains have been detected are the white halo fungus, Cephalo-
sporium lecanii Z immerman (Ganhäo, 1956), and the green-muscardine 
fungus, Metarrhizium anisopliae (Metchnikoff) Sorokin (Rockwood, 
1950b; R a d h a et al, 1956). 

Fungi possess resistant resting stages, such as chlamydospores, zygo
spores, azygospores, sporangia, etc. W i t h these resistant stages the fungi 
are able to withstand adverse conditions. Certain ubiqui tous fungi, B. 
bassiana, M. anisopliae, and some entomophthoraceous fungi, appear 
to persist successfully in the host habi ta t . These fungi cause epizootics 
each year among their hosts when the conditions are favorable. Several 
fungus species of the spotted alfalfa aphid, Therioaphis maculata, when 
introduced into a host popula t ion have persisted even dur ing periods 
of host scarcity (Hall and Dunn , 1957). Van den Bosch et al. (1959) 
have observed that the striking feature of the fall fungus epizootic, 
caused mainly by Entomophthora exitialis Hal l and Dunn , in the 
spotted-alfalfa-aphid popula t ion is the sudden appearance of the epi
zootic with the onset of rains after an unfavorable dry period of more 
than 5 months, dur ing which not a single diseased aphid can be found 
in the samples. T h e fungus apparent ly persists in the resting spore 
stage dur ing the dry period. W h e n applied to the h iberna t ing quarters 
of the bug, Aradus cinnamomeus Panzer, the white-muscardine fungus 
has persisted for at least two years, and has spread out extensively from 
the treated foci (Smirnov, 1954). Because of the long persistence and 
omnipresence of the white-muscardine fungus in certain areas infested 
with the chinch bug, Blissus leucopterus (Say), the application of the 
fungus in these areas has not increased greatly the incidence of infec
tion among the chinch bugs (Billings and Glenn, 1911). T h e conidia 
of three strains of B. bassiana, when dried on glass slides and held at 
different temperatures, have lost their viability in about 7 weeks when 
held at 23° and 28°C, and remained viable for 128 weeks at 4°C 
(Steinhaus, 1960a). 

Certain fungi (Entomophthorales) possess conidiophores that are ca
pable of discharging their conidia into the air. T h e spores of these and 
other fungi are generally dispersed by the wind. However, the dispersal 
within or on infected insects and on the bodies of uninfected insects 
also plays an impor tant role. Dead house flies may frequently be seen 
attached to the windows, walls, plants, and other structures with a halo 
of spores of Entomophthora muscae (Cohn) a round them. In the case of 
the familiar example of Massospora cicadina Peck, the terminal abdominal 
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segments of the infected periodical cicada break off and expose the 
spores (Speare, 1921). As the infected cicada moves about, the spores 
d rop off as fast as the body segments of the host break away. Similar 
to this is the infection of Zygaenobia intestinalis Weiser in the larva 
of Zygaena carniolica Scopoli (Weiser, 1951). T h e fungus discharges its 
conidia in the gut, and the conidia are disseminated through the feces. 

Many entomogenous fungi are not host specific. T h e importance of 
of such al ternate hosts in the propagat ion, dispersal, and transmission 
of the fungi has not been ascertained in many cases. In the areas of silk
worm culture, the incidence of green muscardine in the a u t u m n culture 
of silkworms is closely associated with the abundance of al ternate wild 
insect hosts, especially Naranga aenescens Moor (Tateishi, 1957). Various 
insect species that are also susceptible to the white-muscardine fungus 
disseminate the fungus in the h iberna t ing areas of Eurygaster integriceps 
Puton (Sulzdalskaya, 1954). 

Some insects with certain fungus infections tend to migrate or to 
attach themselves to tops of plants before dying. Such behavior aids in 
the dissemination of the wind-blown spores. Entomophthora aphidis Hoff
man, according to Rock wood (1950a), is dispersed largely by the infected 
alate pea aphids, Macrosiphum pisi (Harris), which are impelled to mi
grate in an early stage of infection. In the case of the infected young 
aphids, they tend to migrate and die on the topmost leaves. 

Fungi generally invade their hosts through the integument . T h e r e 
are some reports of transmission through the mouth , and through the 
spiracles and tracheal system, bu t most of these reports need careful 
substantiat ion. Gabriel (1959) has succeeded in experimental ly infecting 
several insect species by microfeeding them conidia of Metarrhizium 
anisopliae and Beauveria bassiana, bu t the infection could have resulted 
through injury to the midgut dur ing the microfeeding. A more conclu
sive indication of fungus infection through the intestinal tract was pre
sented by Pilat (1938), who observed the hyphae of B. bassiana penetra
t ing through the intestinal tract of the larva of Loxostege sticticalis 
(Linnaeus) which were fed the fungus conidia. Pospelov (1938) has re
por ted the possible transmission of M. anisopliae th rough the egg of 
Melolontha melolontha Linnaeus. From field observations on the oc
currence of hymenopterous insect parasites together with the fungus 
Spicaria farinosa (Fries) var. verticilloides Fron, in the pupae of Poly-
chrosis botrana Schiffermüller, Voukassovitch (1925) has concluded that 
the parasites appear to transmit the fungus to the pupae dur ing their 
oviposition. 

Insects generally do not show an increase in resistance to fungus 
infections with an increase in their age. Adul t insects are also suscepti-
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ble, in many cases, to the fungus that infects the immature stages. In the 
case of the cabbage looper, Trichoplusia ni, the younger larval instars 
are more susceptible than the older instars to infection by Spicaria rileyi 
(Farlow) Charles (Getzin, 1961). Sussman (1951) has infected with As-
pergillus flavus L ink all stages of Hyalophora cecropia (Linnaeus) ex
cept the egg, which was not tested. Ullyett and Schonken (1940) reported 
that the earlier larval instars of Plutella maculipennis are more resistant 
than the older instars to infection by Entomophthora sphaerosperma 
Fresenius. Old chinch bugs, Blissus leucopterus, which have finished 
depositing their eggs, succumb more readily to B. bassiana than do the 
younger ones (Billings and Glenn, 1911). In the case of the Colorado 
potato beetle, Leptinotarsa decemlineata (Say), the second- and third-
instar larvae are apparent ly more susceptible to B. bassiana than the 
fourth-instar larva, and the adul t is less susceptible than the larva (Schaerf
fenberg, 1957). T h e susceptibility of Eurygaster integriceps depends to 
a certain extent on its physiological condition, especially after hiber
nat ion when it is highly susceptible to infection by the muscardine 
fungus (Sulzdalskaya, 1954). 

Al though newly formed pupae of some Lepidoptera are susceptible, 
the older pupae are resistant to infection by B. bassiana, Aspergillus 
flavus, and A. luchuensis I nu i (Sussman, 1951; Tanada , 1955b). T h e 
resistance of the older pupae may be accounted for by the development 
of a waxy epicuticular layer (Sussman, 1951; Koidsumi, 1957). Th i s layer 
contains free medium-chain saturated fatty acids, presumably caprylic 
or capric acids, which seem to act as antifungal agents and may be gener
ally present in the epicuticle of insects (Koidsumi, 1957). 

As in the case wi th bacterial and viral infections, very little is known 
of the effect of fungus infections on the fecundity of infected adult in
sects. Pascalet (1939) found that the female scolytid, Stephanoderes ham-
pei Ferrari , when infected with the white-muscardine fungus, lays fewer 
eggs than uninfected adults. Sterility may develop in the adults of 
Plutella maculipennis when infected by E. sphaerosperma (Ullyett and 
Schonken, 1940). 

W i t h certain fungi, such as the white-muscardine and entomophthora-
ceous fungi, they are capable of ini t iat ing epizootics at low and high 
host densities (Billings and Glenn, 1911; Ha l l and Dunn , 1957). These 
fungi generally are dis tr ibuted extensively throughout the host habi ta t 
and depend on favorable climatic conditions for their activity. 

Most reports in the l i terature specify high humidi ty as the l imit ing 
factor in the development of fungus epizootics. T h e humidi ty require
ments may vary from moderate (about 60 percent) to saturation, and 
even to the presence of water, in order that the fungus spores germinate 
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successfully. I n the case of entomogenous fungi in which infection takes 
place through zoospores, water must be present for the zoospores to 
emerge from the infected host and migrate to new hosts. An unusual 
observation is that of Pospelov (1913), who reported that the excessive 
drought conditions provoked an epizootic of the red muscardine, Soro
sporella uvella (Krassilstschik) Giard, in Cleonus punctiventris Germar. 

Physical factors, such as temperature , sunlight, wind, etc., apparent ly 
are less impor tan t than humidi ty in fungus epizootics. T h e relat ionship 
between humidi ty and tempera ture in the germinat ion of B. bassiana 
spores has been studied by H a r t and MacLeod (1955). O p t i m u m germina
tion of the spores occurs at a relative humidi ty above 94 percent and at 
a temperature of 28°C. Germina t ion is slightly less at 25° and negligible 
at 10° and above 38°C. A distinct variat ion in the tempera ture require
ments occurs among five entomophthoraceous species, even though they 
are closely related (Hall and Bell, 1960). Schaerffenberg (1957) has ob
served that tempera ture and relative humidi ty are of l imited importance 
in the infection of the Colorado pota to beetle by B. bassiana. Al though 
the o p t i m u m tempera ture for infection is between 20° to 30 °C, the 
m i n i m u m and m a x i m u m limits are in the vicinity of 0° and 40°C, re
spectively. An Aspergillus sp. near A. parasiticus Speare is unable to 
infect and kill mealybugs at and below 17°C even wi th high humidi t ies 
(Boyce and Fawcett, 1947). Schaefer (1936) reports that h igh humidi ty 
is not impor tan t in the infection of the red locust, Nomadacris septem-
fasciata (Serville), wi th Entomophthora grylli Fresenius because the 
insect can be infected at relative humidi t ies below 60 percent. H e con
siders the heal th or na tura l resistance of the insects to be of pr imary 
importance, and climatic and other factors to st imulate infection by 
lowering the resistance. 

T h e humidi ty of the microclimate which surrounds the insect is 
more impor tan t than that of the general climate in the field. Mainly 
because of the microclimate, epizootics by B. bassiana have developed 
among chinch bugs, Blissus leucopterus (Snow, 1896); by Entomophthora 
grylli among grasshoppers (Domenichini and Vago, 1955); by various 
entomophthoraceous fungi among spotted alfalfa aphids (Hall and Dunn , 
1957). Al though the generalization that fungus diseases are not prevalent 
in California because of the dry summer months may apply to insects in 
arboreal habitats , the occurrence of fungus epizootics in the summer in 
insects which live on low vegetations, such as the spotted alfalfa aphid 
on alfalfa crops, emphasizes the importance of the microclimate. 

In the case of mycoses of soil-inhabiting insects, the soils with high 
organic content are more favorable for fungus diseases than those with 
low organic matter , such as sandy soils (Bünzli and Büttiker, 1959; 
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Dutky, 1959). Organic matter , such as humus, increases the water reten
tion property of the soils and the result ing high humidi ty would favor 
the fungus. I n addi t ion to humidity, another factor, the contact between 
spores adsorbed onto soil particles and the insect cuticle, is impor tan t 
for the infection of the insect by M. anisopliae (Dutky, 1959). Soils with 
an abnormally high content of ni trogenous organic mat ter favor the 
breeding of Anomala exitialis Pering and Schizonycha profuga Pering, 
bu t they also provide a suitable med ium for the survival and develop
ment of a high degree of virulence in the fungi, Torrubiella sp., Beau
veria bassiana, and Metarrhizium anisopliae. T h e p H of the soil may 
favor the presence of certain fungi. T h u s in acid-reacting soils, the grubs 
of the beet weevil, Cleonus punctiventris, are killed chiefly by M. aniso
pliae, whereas they succumb mostly to Sorosporella uvella in alkaline 
soils (Pospelov, 1940; Pyatnitzkii, 1940). I t is of interest that P. F. Mende 
has succeeded in varying the incidence of the two fungi by changing the 
acidity of the soil with mineral fertilizers (Pyatnizkii, 1940). Meier (1940) 
has concluded that fungus diseases among soil insects may follow a 
change in the acidity of the soil by suitable manures . However, Bünzli 
and Bütt iker (1959) have not observed such a correlation between soil 
acidity and fungus-disease incidence in the soils in Southern Rhodesia. 

According to Pospelov (1938), M. anisopliae may exist apparent ly in 
an unrecognized form as a latent infection within the larval organs of 
Cleonus punctiventris, and the infection is activated by the addi t ion of 
spores or an unfavorable environmental condition. T h i s isolated example 
of latent fungus infection suggests a need for further investigation with 
this and other fungi. 

X. PROTOZOAN DISEASES 

Most of the present knowledge of the epizootiology of protozoan 
diseases is concerned with diseases caused by the Sporozoa, a g roup 
which possesses greater pathogenicity for insects than do most other 
Protozoa. T h e r e is no evidence of the existence of protozoan strains 
with variable virulence probably because investigation along this l ine 
has been limited. I n the gypsy moth, Porthetria dispar (Linnaeus), the 
mixed infection by two or more microsporidian species is not more 
virulent than the infection by only one of the microsporidian species 
(Weiser, 1956). However, certain microsporidian species may enable 
other host-specific microsporidians to infect another host. Thus , Nosema 
lymantriae Weiser, even though it usually attacks only Lymantria mon-
acha, can infect Euproctis chrysorrhoea (Linnaeus) if it is combined with 
the microsporidian, Thelohania similis Weiser, which is pathogenic for 
these two insects (Weiser, 1956, 1957a). 
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Protozoa, such as the members of the Sporozoa, which possess a resist
ant stage, would be expected to survive for long periods in the host 
environment . T h e microsporidian spore survives in the soil for at least 
12 months (Weiser, 1956). Certain entomogenous flagellates remain alive 
over long periods when their resistant bodies (metacyclic forms) are em
bedded in the dry feces of their hosts (Gibbs, 1948). Many protozoa, 
especially those which are t ransmit ted from parent to offspring may 
survive wi thin the insect hosts for a number of generations. 

In the protozoa, the pr imary method of dissemination is by the 
movement of healthy carriers and infected pr imary and secondary hosts. 
Other methods of dispersal, such as by the wind, are not as impor tant . 
T h e protozoa on aquat ic insects generally possess means of locomotion 
(e.g., cilia and flagella), bu t infected hosts would disperse such forms 
over greater areas of the host habi ta t . 

Al though some Microsporidia are host specific, others infect several 
al ternate hosts which may be impor tan t in the dispersal of the proto
zoan. T h e pr incipal host of the microsporidian Thelohania hyphantriae 
Weiser is Hyphantria cunea, bu t there are other hosts, such as the lackey 
moth, Malacosoma neustria (Linnaeus), the brown-tail moth , Euproctis 
chrysorrhoea, and the apple tree webmoth, Hyponomeuta malinellus 
Zeller, which also spread the infection in na tu re (Weiser and Veber, 
1955). T h e microsporidians which infect the European cabbageworm, 
Pieris brassicae (Blunck, 1954), the imported cabbageworm, P. rapae 
(Tanada , 1955a), and Aporia crataegi (Linnaeus) (Lipa, 1957) also infect 
the hymenopterous parasites of these hosts. In many protozoan diseases, 
especially when the infection occurs in the midgut epi thel ium and Mal
pighian tubes, the feces of the infected hosts are highly contagious 
(Weiser, 1956; Günther , 1956). 

Nonsusceptible carriers, such as scavengers, insect parasites, and pred
ators, may disseminate certain protozoa (Weiser, 1956). T h e spores of 
Thelohania hyphantriae re ta in their virulence even after being excreted 
with the feces of insects, such as Calosoma sycophanta Linnaeus, Xylo-
drepa quadripunctata Linnaeus, Cantharis fusca Linnaeus, and Formica 
ruf a Linnaeus, and the mite, Tyrophagus noxius Zakhvatkin (Weiser, 
1957b). Similarly there is little or no loss in the virulence of the spores 
of Nosema polyvora Blunck and Plistophora schubergi Zwölfer when the 
spores pass through the al imentary tract of a b i rd (Parus major Lin
naeus), or that of an earwig (Forficula auricularia Linnaeus) (Günther , 
1959). 

T h e hosts of protozoa are infected through the mouth , egg, and at 
times through oviposition by insect parasites. Cannibal ism among larvae 
of the Medi ter ranean flour moth , Anagasta kühniella (Zeller), may result 
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in the transmission of the protozoan, Mattesia dispora Naville (Weiser, 
1954). In 1933, Paillot was the first to suggest that some Microsporidia 
could not be t ransmit ted through the mouth , bu t either by: (1) trans-
ovum transmission or (2) transmission by insect parasites. Paillot has 
suggested that the braconid wasp, Apanteles glomeratus, is essential in 
t ransmit t ing the microsporidian, Glugea legeri (Paillot), because the in
cidence of infection by the protozoan in cabbageworms was closely asso
ciated with the parasitization by the wasp. Other examples of protozoan 
transmission apparent ly by parasites are: Thelohania ephestiae Mattes 
by Bracon hebetor Say to the Medi terranean flour moth , Anagasta kilh-
niella (Payne, 1933); Coelogregarina ephestiae Ghelelovitch by Dibrachys 
cavus (Walker) [ = Dibrachys boucheanus (Ratzeburg)] to the greater 
wax moth, Galleria mellonella (Toumanoff, 1950); Nosema polyvora by 
Apanteles glomeratus to the European cabbageworm, Pieris brassicae 
(Blunck, 1954); Glugea mesnili (Paillot) by A. glomeratus to the imported 
cabbageworm, Pieris rapae (Tanada , 1955a); Nosema aporiae L ipa by 
Apanteles sp. to Aporia crataegi (Lipa, 1957). Al though heavily infected 
by Nosema polyvora and Glugea mesnili, the braconid, A. glomeratus, 
is still able to lay viable eggs. 

Since Pasteur proved that Nosema bombycis Naegeli was t ransmit ted 
through the egg of the silkworm, others have found trans-ovum trans
mission ra ther common among protozoan infections. However, Weiser 
(1956) has concluded that congenital transmission occurs in only a few 
cases in wild insects. Trans-ovum transmission has been observed in the 
European cabbageworm (Blunck, 1952); the imported cabbageworm 
(Tanada , 1955a); the European corn borer, Pyrausta nubilalis (Hübner) 
(Zimmack et al, 1954; Zimmack and Brindley, 1957; Kramer, 1959a); 
the spruce budworm, Choristoneura fumiferana (Thomson, 1958); the 
fall webworm, Hyphantria cunea (Weiser, 1957b); and the alfalfa snout 
beetle, Brachyrhinus ligustici (Linnaeus) (Weiser, 1958). Apparent ly the 
infected males of the European corn borer (Zimmack et al., 1954) and the 
silkworm (Machay, 1957) cannot transmit the microsporidians, bu t the 
infected males of the spruce budworm transmit the microsporidian to 
a certain extent to the offspring (Thomson, 1958). W h e n the microspor
idian infects the midgut epithel ium, the spores are el iminated with the 
fecal matter , which may contaminate the egg surface or the anal hairs; 
these may in tu rn pass the spores to the eggs dur ing oviposition (Gün
ther, 1956). 

T h e r e are indications that the susceptibility of the larva to proto
zoan infections decreases with age, bu t quant i ta t ive study to demonstrate 
such matura t ion immuni ty is lacking. Nosema disease of the honey bee 
caused by Nosema apis Zander, unl ike the foulbrood diseases, is re-
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stricted to the intestinal epi thel ium of adul t bees, bu t not that of the 
brood. As ment ioned previously, in many insects other than the honey 
bee the protozoan infects both the immature and matu re stages of the 
insects. Reduct ion in the host fecundity occurs with some microsporidian 
diseases. T h e microsporidian-infected adults of the spruce budworm, 
Choristoneura fumiferana (Neilson, 1956; Thomson , 1958), and the 
European corn borer, Pyrausta nubilalis (Zimmack et al., 1954; Zim
mack and Brindley, 1957), lay fewer eggs than normal adults. 

Very few, if any, cases of the resistance of insects to protozoan in
fections are known. Masera (1957) has reported that the Chinese white 
race of the silkworm is more resistant to pebr ine than are other races. 
Al though certain strains of honey bee have been reported to be resistant 
to nosema disease, Goetze and Zeutzschel (1959) have tested some of the 
strains and found them susceptible. They believe that the phenomenon 
of resistant apiaries depends on the cont inuous int roduct ion of some 
factors which inhibi t the transmission of the microsporidian. T h e resist
ance of honey bees to nosema disease appears to be associated with high 
temperatures. Schulz-Langner (1958) has found the internal body tem
peratures of bees, even wi thin the hive, to exceed 37°, reaching even 
44°C. T h e number of hours the bees spend at 37°C retards proport ion
ately the development of the nosema infection. Th i s indicates that tem
pera ture has a direct effect on nosema infection ra ther than an indirect 
one as has been previously suggested. However, Bailey (1959c) has ob
tained evidence that the na tura l suppression of the disease is not caused 
by increased environmental temperature , but , because of the reduct ion 
of infective fecal matter , the bees do not t ransmit the infection to young 
individuals in the summer. T h e importance of weather conditions in 
epizootics of nosema disease will be discussed later. 

According to Goetze et al. (1959), Chebun in has differentiated three 
types of nosematoses in the honey bee: (1) apparent , (2) latent, and (3) 
harmless infections. In the winter, only single spores are evident in the 
individuals with latent infections. La tent protozoan infections also have 
been reported for the amoeba infection caused by Malpighamoeba 
mellificae Prell in the honey bee (Giordani , 1959), and in the micro
sporidian infection caused by Nosema locustae Canning in the African 
migratory locust, Locusta migratoria migratorioides Reiche and Fair-
maire (Canning, 1953). All these latent infections should be confirmed 
by careful study, and keeping in m i n d especially the definition of latency 
proposed by Walker et al. (1958). 

T h e importance of weather in the epizootics of protozoan diseases 
has received l imited at tent ion except for nosema disease of the honey 
bee. Weiser (1956) has concluded that, in general, weather and host 
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food plant have no effect on microsporidian infections. However, there 
are some exceptions. Kramer (1959b) has found more microsporidian-
infected European corn borers (Pyrausta nubilalis) killed by the low 
winter and the high summer temperatures in Illinois than uninfected 
individuals. T h e type of host p lan t of the European corn borer may 
effect the incidence of microsporidiosis. T h e incidence of microsporidian 
infection is lower in European corn borers on borer-resistant corn vari
eties than those on susceptible varieties (Chiang and Holdaway, 1960). 

In the wet season in Venezuela, the rains which affect the nectar 
and pollen of the flowers make them unfavorable to the bees, and ap
parently result in an increased incidence of the protozoan diseases caused 
by Nosema apis, Malpighamoeba mellificae, and cephaline gregarines 
(Stejskal, 1959). According to Goetze and Zeutzschel (1959), the suscep
tibility of bee colonies to epizootics of Nosema apis is increased chiefly 
by unfavorable general conditions, such as past or present poor weather 
and honey flow conditions, unsui table hive sites, and defective housing 
of the bees. In addi t ion to these external factors, Doull and Cellier 
(1961) suggest that there may be factors operat ing wi thin each hive 
which give rise to variations in the level of infection from hive to hive. 
Doull (1961) has proposed a hypothesis that the increases in the inci
dence of nosema disease in any hive are ini t iated by stress reactions in 
individual bees when the behavior pat terns of the colony as a whole are 
disrupted. T h e stress reactions cause metabolic changes that result in 
an increase of the microsporidian. 

I n the disease caused by Malpighamoeba mellificae in the honey 
bee, seasonal cycles of epizootics occur in many countries, bu t Giordani 
(1959) suggests that this rhy thm depends not so much on the season it
self as on the fact that the development of bees in the summer is too 
rapid to allow for the mult ipl icat ion and spread of the amoeba, which is 
a slow-evolving parasite. 

T h e salt concentration of the med ium affects the formation of meta-
cyclic forms and the motili ty of the leptomonads of Leptomonas cteno-
cephali Fantham, which infects the digestive tract of the dog flea, Cteno-
cephalides cants (Curtis) (Gibbs, 1948). I t is of interest that hydrat ion and 
dehydrat ion may affect the infectivity of microsporidian spores. Freshly 
dissected spores of Thelohania californica Kellen and Lipa are not in
fectious to Culex tarsalis Coquillett , bu t the spores become infectious 
when alternately dried and hydrated (Kellen and Lipa, 1960). 

XI. NEMATODE DISEASES 

T h e r e are a great many nematodes that are associated with insects. 
T h e association may vary from a mere fortuitous relat ionship to a strict 
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and destructive parasitism (Steinhaus, 1949). T h e present discussion will 
be restricted primari ly to the nematodes (especially the families Mer
mi th idae and Neoaplectanidae) that are parasitic to insects and cause 
destruction of tissues and usually death of their insect hosts. However, 
little is known about the epizootics caused by nematodes in insect popula
tions. 

T h e virulence and pathogenicity of nematodes in the family Neo
aplectanidae (Steinernematidae) may be associated with the mutual is t ic 
relat ionship between the nematodes and certain bacteria (Dutky, 1937, 
1959; Weiser, 1955). T h e bacter ium is present in the esophagus (phar
ynx) of the nematode and is injected into the insect hemocoel after the 
nematode has been ingested by the insect. T h e bacter ium produces a 
septicemia and kills the host. T h e nematode feeds on the bacter ium and 
dead tissues of the host. 

T h e nematodes persist in cysts or an ensheathed stage for long periods 
in the soil, under bark of trees, and in the stems or whorls of plants 
where some moisture is available (Glaser and Farrell , 1935; Hoy, 1954; 
Dutky, 1959). Ensheathed nematode larvae, however, cannot withstand 
desiccation. An axenic cul ture of Neoaplactana glaseri Steiner was still 
infectious for the Japanese-beetle grubs after seven years dur ing which 
180 to 195 generations had been cul tured in vitro (Stoll, 1953). 

Among the insect pathogens of terrestrial insects, the nematodes ap
pear to be the most capable of dispersing by their own means. Certain 
entomogenous nematodes, such as the nematode DD-136 (Neoaplectan
idae), may be able to search for their hosts, bu t it is not known how 
great a distance they would be at tracted and what mechanism is involved 
in the at tract ion (Welch, 1958; Dutky, 1959). Many nematodes are spread 
by the movements of their infected hosts (Bovien, 1937; Glaser et al, 
1940; Gi r th et al., 1940). Inasmuch as the mermithids upon emerging 
from their aquat ic hosts are carried a short distance downstream by the 
current and would soon be expected to be moved beyond the breeding 
areas of their hosts (e.g., black flies), it is apparent ly the parasitized adul t 
insects tha t main ta in the nematodes in the host breeding areas (Welch, 
1960b). 

Nematodes enter their hosts actively by invasion through the integ
ument and the na tura l openings on the body of the insect, and passively 
by the feeding of the insects on the nematode eggs and encysted stages. 
T h e r e appears to be no record of trans-ovum transmission of nematodes 
by the insect hosts. T h e nematodes emerge from their hosts through the 
in tegument or with the fecal matter . 

Nematodes are generally host specific, bu t some of them have wide 
host ranges (Welch, 1958, 1960b). Some nematode infections are debilita-
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t ing diseases which may affect the locomotive and reproductive organs 
and other morphological structures. These deformities result in inter
castes, intersexes, and restrict the movement of some infected individuals. 
Resistance of insects to entomogenous nematodes has not been demon
strated. Welch (1960a) has presented evidence, however, that a mermi-
thid, Hydromermis churchillensis Welch, is occasionally encapsulated 
in mosquito larvae. T h e r e is some indication of host density dependence 
in the incidence and magni tude of infections of Parasitaphelenchus old-
hami R ü h m in the European elm bark beetle, Scolytis multistriatus 
(Marsham) (Saunders and Norris, 1961). T h e pathogenicity of this nem
atode, however, is still questionable. 

T h e most critical environmental factor for nematodes is high humid
ity and moisture. Moisture seems essential especially dur ing the disper
sal of nematodes outside of their hosts and dur ing the long free-living 
periods (Girth et al, 1940; Couturier , 1950; Schvester, 1957; Welch, 1958; 
Dutky, 1959). Schvester (1957) has observed that the infection of the 
scolytid beetle, Ruguloscolytus rugulosus Müller, by the nematode, Para-
sitylenchus dispar rugulosi Schvester, exceeds 30 percent in h u m i d years, 
bu t dur ing dry years is as low as 12 percent. Certain entomogenous 
nematodes (Mermithidae) which are soil inhabi t ing favor calcareous 
soils (Theodorides, 1952). T h e mermithid , H. churchillensis, is irregularly 
distr ibuted in the pools in the forest and transit ion zones, and there ap
pears to be no correlation between the physical features of the pools and 
the mermi th id dis tr ibut ion (Welch, 1960a). 

I n his ecological study on Melolontha spp., Niklas (1960) concludes 
that certain nematodes play an impor tan t role in the control of these 
scarabaeids. Inasmuch as nematodes may contain other insect pathogens 
in their digestive tracts and are frequently found in hosts containing 
rickettsiae, fungal spores, and bacteria, Niklas has suggested that the 
nematodes may serve as vectors of these pathogens. 

XII . CONCLUDING REMARKS 

In spite of the rapid advances in the study of insect diseases in recent 
years, there is still a serious lack of knowledge of their epizootiology. Be
cause of the scarcity of accurate observations and the lack of precise data, 
the general principles of the epizootiology of insect diseases are inade
quately established. Al though epizootics of various diseases occur com
monly in insect populat ions, we are still unable to predict with any 
degree of accuracy when an epizootic may develop. Fungus epizootics 
appear most easily predictable because of their dependence primarily on 
high humidi ty , bu t even with these diseases the predict ion may not be 
always correct. 
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Several areas where there is a distinct need for extensive investiga
tions may be pointed out. (1) More studies should be conducted on the 
diseases in the insect popula t ion dur ing the enzootic and preepizootic 
phases. Such studies may provide answers to: the methods of transmis
sion and spread of the pathogens, the composition of the host popula
tion, the effect of immigrat ion and emigration of the various types of 
individuals in the host popula t ion, and the possible increase in the viru
lence and infectivity of the pathogens dur ing an epizootic. (2) T h e r e 
is also a need for investigation on the factors responsible for the termina
tion of an epizootic. Such terminat ion may result from the lack of suf
ficient individuals to cont inue the epizootics, from an increasing resist
ance in the host popula t ion, and from environmental conditions that 
may favor the terminat ion of the epizootics. (3) T h e present insufficiency 
in the knowledge of environmental stress factors in epizootics has been 
emphasized by Steinhaus (1960b). T h e stress factor or stressor (physical 
and biological) may affect the insect-microbe relat ionship at the chronic, 
acute, or latent levels of infection. W i t h the growing interest in the ecol
ogy of insect diseases, we can anticipate an increasing unders tanding of 
the principles of epizootiology and the applicat ion of these principles in 
the control of insect pests. 
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