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I. INTRODUCTION 

There are many circumstances under which a host insect can be 
infected by a virus without manifesting any of the usual signs of disease. 
In 1911 the terms "latent" and "acute form" were used by Escherich 
(for the first t ime). Since then the words "latent" and "latency" have 

been used by many authors. The expression "latent virus" has been 
used by some insect virologists, but at the Symposium on Latency and 
Masking in Viral and Rickettsial Infections, held at the University of 
Wisconsin in 1957, the term "occult virus" was proposed; it has been 
supported by some researchers. Accordingly, I should like to use the 
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term "occult virus" here. The word "latent" may be reserved for cases 
of viral infection where the infectious particles cannot be detected and 
in which the actual state of the virus cannot as yet be ascertained. Thus, 
the terms "latent infection" and "occult virus" (but not "latent virus") 
seem appropriate for our discussion. 

A latent infection may be induced or activated to become a progres
sive infection (resulting in overt disease) without further introduction 
of virus particles into the host organism. If virus is present in the in
sect host and is transmitted to the offspring without ever manifesting 
any signs of overt disease in the carrier host, the condition may be 
spoken of as an attenuated infection. A great number of investigations 
have been carried out on the induction of virus infections in insects 
using the silkworm, Bombyx mori (Linnaeus), and other insects. How
ever, the mechanism of induction has not yet been ascertained. In some 
insects it is possible to increase the incidence of virus disease enormously 
by exposing the larvae to any of several physical agents or chemicals. 
Steinhaus (1960b) uses the word "stress" in speaking of the effect of 
certain ecological or environmental factors (physical and biological) on 
the insect-microbe relationship. He defines stress as a state manifested 
by a syndrome, or bodily changes, caused by some force, condition, or 
circumstance (i.e., by what he calls a "stressor") in or on an insect 
or on one of its physiological or anatomical systems. He considers a 
stressor to be any stimulus, or succession of stimuli, that tends to dis
rupt the homeostasis of an animal; "incitants" are factors that incite or 
activate pathogens or potential pathogens. 

It is convenient to distinguish the factors controlling the induced 
production of insect viruses into three main groups: (1) a genetic 
factor responsible for the susceptibility of an insect larva to the action 
of inducing agents; (2) the inducing agent itself; (3) and the physio
logical conditions that allow the insect larva to respond to the action 
of the inducing agent by the production of virus; these physiological 
conditions may be controlled by several external environmental factors. 

II . FACTORS T H A T CONTROL THE OCCURRENCE OF VIRUS INFECTIONS 

UNDER NATURAL CONDITIONS 

The occurrence of virus infection in insects under natural condi
tions may vary according to several environmental factors. Some of 
these factors are described below mainly in relation to the induction 
of virus infections. It is possible that in some cases transition from 
latency to frank disease, that is to say, transition from an occult virus 
to an active virus, may be caused by the physiological modification of 
tissues due to one or more of several internal and external factors. It 
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has long been recognized by many researchers that some environmental 
factors act as predisposing causes of disease. 

A. Temperature 
Abnormal temperature and the change of temperature have some 

relation to the occurrence of insect virus diseases. The results of ex
periments on the role of low or high temperatures in artificially inducing 
virus disease, especially in the silkworm, B. mori, indicate that temper
ature has some relation to the natural induction of insect-virus infec
tions. Both negative and positive results have been reported concerning 
the induction of virus infections by controlling the temperature in ex
periments with several kinds of insects. 

In only a few of the experiments was there any indication that 
keeping the insects under varying conditions of heat stress caused a 
greater incidence of virus-caused death. Rearing larvae at a high tem
perature (36°C) and moderate relative humidity (45 percent) did not 
result in an increased incidence of either polyhedrosis or granulosis in 
the imported cabbageworm, Pieris rapae (Linnaeus) (Tanada, 1953). An 
increase was observed in virus infections among caterpillars which were 
raised at high temperature and high humidity (Vago, 1951). It has been 
recognized by Japanese researchers that, in the case of B. mori, the con
ditions of artificial hatching and incubation of the egg play a part in the 
occurrence of some diseases. Artificial hatching and the temperature of 
incubation appear to control the occurrence of cytoplasmic polyhedrosis 
in B. mori, a higher incidence of disease occurring at 30 °C than at 25 °C 
(Yokokawa and Yamaguchi, 1960). In B. mori there are numerous strains 
differing in their susceptibility to high or low temperatures, especially 
among uni-, bi-, tetra-, and polyvoltine races. In general the tetra- and 
poly vol tine races are more resistant to the abnormal environmental con
ditions than are the uni- and bivoltine races. 

B. Humidity and Air Currents 
There are few reports as to whether or not humidity has any rela

tion to insect-virus infections. T h e induction of nuclear polyhedrosis 
in Lymantria monacha (Linnaeus) by solar radiation and moist warm 
weather has been recognized (Wellenstein, 1942). Direct correlation 
between high humidity and the appearance of virus epizootics in gypsy-
moth [Porthetria dispar (Linnaeus)] populations was observed by 
Wallis (1957). The possible connection between the development of 
virus epizootics and high humidity has been indicated in the gamma 
noctuid Plusia gamma (Linnaeus) (Vago and Cayrol, 1955), the Cali
fornia oakworm, Phryganidia californica (Packard) (Harville, 1955), 
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gypsy-moth larvae, and the fall webworm, Hyphantria cunea (Drury) 
(Szirmai, 1957). High temperature and high humidity caused nuclear 

polyhedrosis in the silkworm, B. mori (Acqua, 1930). Experiments were 
carried out by Ayuzawa and Sato (1961) on the induction of nuclear 
polyhedrosis in the larvae of B. mori by exposing them to low temper
ature with different relative humidities. The induction rate of poly
hedrosis was the highest at 100 percent RH; it decreased gradually and 
after reaching the minimum between 50 and 30 percent RH, it in
creased again at 30 percent RH. From these results, the investigators 
concluded that the relative humidity is one of the factors in the induc
tion of nuclear polyhedrosis by exposure to low temperature. 

Inasmuch as humidity affects or controls many of the physiological 
functions of an insect, and the optimal condition of humidity is differ
ent at the several devolopmental stages, it may plausibly be thought 
that humidity controls the occurrence of insect virus diseases by chang
ing the physiological function, which, in turn, may change the state of 
the occult virus. 

Few investigations or observations have been carried out on the re
lation between air currents and the occurrence of insect virus diseases. 
However, it is generally believed that air currents in the silkworm 
rearing room play a role in the occurrence of the diseases, including 
both the cytoplasmic and nuclear polyhedroses. 

C. Density of Insect Population (Crowding) 

Few careful researches have been reported on the relation between 
the population density of insects and the occurrence of insect virus 
diseases. It has been generally observed, however, that natural epizootics 
of virus disease are more common in situations in which there is a high 
host density (see Chapter 13, Vol. I I ) . An interesting laboratory study 
of crowding as a stress factor in insect diseases has been made by Stein
haus (1958b). He investigated the effects of crowding on the occurrence 
of disease in certain lepidopterous insects. In some situations the dis
ease seemed to appear as the result of the activation of occult virus. 
The virus that occurred in Colias larvae was a nuclear polyhedrosis 
virus, and those in Junonia and Peridroma were granulosis viruses. As 
the population density is related to changes in the microclimate of an 
insect, we can expect crowding to affect the physiological functions 
concerned with the induction of virus infections in insects. 

D. Starvation and Food Quality 
A few studies have been made to determine whether or not nutri

tional factors have any relation with the induction of insect-virus in-
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fections. The effects of reduced quantities of food, starvation, and 
feeding on plants to which insects are not generally receptive, etc., upon 
the occurrence of insect virus infections have been investigated. 

The consumption of reduced quantities of food had little effect on 
the mortality of the cabbage looper, Trichoplusis ni (Hübner), from poly
hedrosis (Jaques, 1960), and of the variegated cutworm, Peridroma 
margaritosa (Haworth), from granulosis (Steinhaus and Dineen, 1960). 
Starvation did not induce or aid granulosis infection in the Peridroma 
larvae. It may plausibly be considered that starvation may not play an 
important role as a stressor in the induction of insect virus disease, but 
acts rather as a modifier in the induction by other primary stressors. 

A few investigations have been carried out to determine whether or 
not the occurrence of insect virus diseases is controlled by different kinds 
of plants fed to insects, and by the difference in the quality of food of 
a given plant fed under several environmental conditions. It has been 
ascertained by some Japanese investigators that the rate of occurrence 
of nuclear polyhedrosis in the silkworm is higher in larvae fed with the 
leaf of Vanieria tricuspidata (Hu) than in larvae fed with mulberry. 
Experiments where the larvae of Peridroma and Junonia were fed on 
plants to which they are not generally receptive (lettuce, thistle, and 
alfalfa for Junonia; and plantain for Peridroma) failed to induce a 
virus infection (Steinhaus and Dineen, 1960). In the investigation of 
the polyhedroses of Colias eury theme (Boisduval) and Pieris rapae, the 
provocation was not recognized in either of these insects by feeding 
them with the body contents of the other. The same result was obtained 
when P. rapae larvae were fed polyhedra from species other than C. 
eury theme (Tanada, 1954). According to Bergold (unpublished) the 
injection of human serum into Choristoneura fumiferana (Clemens) 
from various geographic localities seemed to have little effect. The 
feeding of blood albumen did not provoke polyhedrosis in C. eury theme 
or in P. rapae (Tanada, 1953, 1954). The proteins of one insect species 
might induce virus disease in another species, but in both C. eurytheme 
and P. rapae, the proteins, which were obtained from apparently healthy 
larvae and which were foreign to the inoculated species, did not cause 
the development of polyhedrosis (Tanada, 1954). It was reported that 
a lack of suitable food may have stimulated a latent infection into 
activity (Ossowski, 1960). 

I I I . INDUCTION OF VIRUS DISEASES B Y STRESSORS 

Numerous research projects have been carried out on the artificial 
induction of insect virus infections by treating insects, particularly B. 
mori, with physical and chemical agents. The experimental results 
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showed that a few physical and chemical agents were able to induce 
nuclear and cytoplasmic polyhedroses in B. mori and other insects, but 
that in some insects the stressors effective for the induction of the silk
worm polyhedroses did not induce virus diseases. 

A. Physical Agents 

Physical agents such as, excessive cold, excessive heat, changes in 
temperature, ultraviolet radiation, X rays, and vibration have been 
employed in the induction of insect-virus diseases in several develop
mental stages of several insects, especially silkworm larvae. Two types 
of experiments have been carried out concerning the influence of such 
stressors on the occurrence of insect-virus diseases. One consists of tests 
in which some physical or chemical treatment has been performed after 
feeding a small amount of virus to insect larvae; the other is comprised 
of experiments in which several physical or chemical treatments have 
been carried out without previously feeding viruses. These two types 
must be strictly differentiated. In the case of feeding viruses followed by 
physical or chemical treatment, two main factors, i.e., the infection and 
the induction, must be considered. By treating insect larvae with stress
ors, the physiological function having a relation with the multiplication 
of a virus may be altered. Consequently, the multiplication of small 
amounts of virus may be modified in the stressed insect, and in some 
cases virus multiplication may be promoted at a rate higher than when 
no stress is given. In such cases, it is possible that the activation of an 
occult virus is due to a change in a physiological function which occurs 
in some insects, but some virus-diseased larvae may be due to an in
fection with a virus, and multiplication of an inoculated virus might 
be promoted in some cases by the effect of stressors. In the case of 
treatment by some stressors without feeding small amounts of virus, the 
occurrence of the virus disease may mainly be due to the induction, 
but as it is very difficult to rear insects in an environment free of virus, 
some of the larvae may be diseased as a result of a virus infection. One 
of the methods of distinguishing between these two types is to rear 
insects in a virus-free condition. No clear difference was recognized in 
the occurrence of virus diseases of B. mori by cold treatment between 
larvae reared in a virus-free room and in an ordinary rearing room 
(Aruga, 1959). 

1. Temperature and Modifying Factors 

Numerous studies have been reported on the induction of insect-
virus infections, especially of nuclear and cytoplasmic polyhedroses of 
B. mori by cold treatment. In some insects it has been shown that cold 



15. INDUCTION OF VIRUS INFECTIONS 505 

treatment does not induce virus infection, whereas in B. mori the results 
that cold treatment can induce nuclear and cytoplasmic polyhedroses 
have been very clearly demonstrated and several factors controlling the 
induction phenomena have been studied. 

That nuclear polyhedrosis (grasserie) of B. mori can be induced by 
cold treatment has been shown by Suzuki and Sakizaki (1925), Sakai 
(1935), Ishimori (1951), and Aruga (1957a). Cytoplasmic polyhedrosis 

of the silkworm can also be induced by the cold treatment (5°C, 24 
hours), as shown by Kurisu (1955) and Aruga (1957a). Soon after 
ecdysis of the fifth instar is the most effective time for applying the 
cold treatment of silkworm larvae for the induction of both nuclear 
and cytoplasmic polyhedroses (Ishimori, 1940; Aruga, 1957a, b ) . 

The rate of induction of polyhedroses by cold treatment in the silk
worm is controlled by several factors: (1) the condition of low tem
perature, (2) the difference of silkworm races or strains which is mainly 
controlled by numerous genetic factors which control the physiological 
functions relating to the activation of occult virus, (3) the difference 
of developmental stages of larvae at the time of cold treatment, (4) 
the difference in nutritional conditions or quality of mulberry leaves 
fed to the larvae before the cold treatment (Aruga and Arai, 1959; 
Aruga et ah, 1959; Aruga and Watanabe, 1959, 1961; Aruga, 1957a, b, 
1958a, c ) . There was no marked difference between 24- and 30-hour 
treatments for the induction of nuclear and cytoplasmic polyhedroses in 
the silkworm with 5°C treatment, but in a 36-hour treatment a reduc
tion of nuclear polyhedrosis occurred, and an induction of both poly
hedroses was obtained with 10°C treatment (24, 30, and 36 hours), 
although the induction rate was lower than in the 5°C treatment (Aruga, 
1957a). In the cold treatment of silkworm larvae nutritional or health 
conditions of larvae had some relation with the occurrence of polyhe
droses and flacherie. When the larvae were relatively healthy before a 
cold treatment, nuclear polyhedrosis was more evident than flacherie, 
but accompanying the decrease in health conditions the rate in occur
rence of flacherie increased (Suzuki, 1951). A similar tendency was ob
served between nuclear and cytoplasmic polyhedroses in the silkworm 
(Aruga et al, 1959). 

Polyhedrosis was induced in Lymantria monacha by exposure of 
larvae to sunlight and storage for several hours on ice (Escherich and 
Miyajima, 1911). A few experimental results have been reported that 
cold treatment did not induce a polyhedrosis or granulosis. Short peri
ods of exposure to subzero temperature (2, 4, 6, and 8 minutes at 
—32 °C) apparently did not activate virus diseases in the cabbageworm, 
Pieris rapae (Tanada, 1954). Regarding the nuclear polyhedroses of 
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the western yellow-striped armyworm Prodenia praefica (Grote), Junonia 
coenia (Hübner), Laphygma exigua (Hübner), and Nymphalis antiopa 
(Linnaeus), in none of these insects was there a substantial increase in the 
percentage of nuclear polyhedrosis virus infection over that occurring 
in the untreated controls after treatment at —2°C for 5 minutes, and 
—3°C for 20 minutes (Steinhaus, 1960a). The same negative results 
were obtained with the cytoplasmic polyhedrosis of Heliothis zea (Boddie) 
treated at 4°C for 24 hours (Steinhaus, 1960b). It was reported that in 
Peridroma margaritosa (Haworth) larvae exposed to low temperatures (3, 
5, and 8°C) for different lengths of time either before or after inocula
tion with a virus, there was only a slight indication that exposure to 
low temperatures enhanced the percentage of granulosis-infected larvae, 
and that low temperatures might be somewhat more effective in pro
moting granulosis infections in older larvae than they were in young 
larvae. When the larvae of Barathra brassicae (Linnaeus) and Hyphan-
tria cunea were exposed to low temperature (5°C) for 1 to 2 days or 
so, no polyhedrosis was induced (Aruga et ah, 1960). 

As mentioned above, the nuclear and cytoplasmic polyhedroses in 
the silkworm are induced by cold treatment. In such experiments on 
induction by cold treatment, it is thought that the change of temper
ature may have some relation with the occurrence of an induction 
phenomenon. Experiments have been carried out on the influence of 
intermittent cold treatment. The rate of occurrence of nuclear poly
hedrosis in the silkworm was higher in sudden changes from room tem
perature to low temperature (5°C) than in the gradual changes (Ishi
mori, 1951; Suzuki and Hayasaka, 1955). Intermittent cold treatment is 
more effective than continuous treatment in the induction of nuclear 
and cytoplasmic polyhedroses in the silkworm (Hukuhara and Aruga, 
1959). The larvae were exposed to cold intermittently two or three 
times (5°C, 2 to 6 hours) and were kept at 25 °C during the inter
vening period. The rate of occurrence of nuclear polyhedrosis was nearly 
the same as that accompanying continuous exposure to low temperature 
when the period of interrupted exposure at 25 °C was shorter than 1 
hour. However, the rate of induction decreased when the period of 
interrupted exposure was longer than 2 hours (Ayuzawa and Sato, 
1961). 

It has been reported by some Japanese researchers that high-temper
ature treatment can induce insect-virus infections, especially in the 
silkworm. In Bombyx larvae, high-temperature treatments were tried 
(Kitajima, 1926a) at 45 to 50°C (10 minutes) for the induction of 
nuclear polyhedrosis, and positive results were obtained. High-tempera
ture treatment is also effective in the induction of a cytoplasmic poly-
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hedrosis in the silkworm (Hukuhara and Aruga, 1959). For the induction 
of nuclear polyhedrosis in this insect, high temperature treatment is less 
effective than low-temperature treatment (Ishimori, 1951). The induction 
of polyhedroses in the silkworm by high temperature was observed in 
the fourth and fifth instars, and no induction of the nuclear polyhedrosis 
was observed in the molting and pupal stages with high-temperature 
treatment (Ishimori, 1951). It was ascertained that high-temperature 
treatment induced polyhedroses in the silkworm by an experiment of 
heat treatment to portions of the larval body, and that special organs or 
tissues situated in the anterior part of larva play a part in the induction 
of polyhedroses (Hukuhara and Aruga, 1959). From these results it was 
thought that heat and cold treatments disturb the physiological condition 
of larvae, culminating in an abnormal condition, which in turn causes 
the transformation of the viruses from a non-infective state to an infective 
one. 

It has been reported that experiments using excessive heat as a 
stressor did not provide any instances in which the high temperatures 
induced the appearance of insect-virus diseases. Some experiments were 
tried by treating larvae of the western yellow-striped armyworm, Pro
denia praefica, Colias eurytheme, a Hungarian strain of B. mori, Junonia 
coenia, Laphygma exigua, and Nymphalis antiopa with 47°C for 10 
minutes, and 51 °C for 15 minutes. In none of these instances was there 
a substantial increase in the percentage of nuclear-polyhedrosis-virus in
fection over that occurring in the untreated controls. In larvae of 
Heliothis zea subjected to heat (55°C for 5 minutes), no induction of 
a cytoplasmic polyhedrosis was observed (Steinhaus, 1960a). 

2. Ultraviolet Light and X Rays 

Ultraviolet light has been found to be effective for the induction of 
prophage in lysogenic bacteria, but it has not been determined that the 
exposure to ultraviolet radiation is effective for the induction of insect-
virus infections. No significant increase in spontaneous virus infection 
in Peridroma margaritosa larvae resulted from exposure to ultraviolet 
radiation. The test larvae were treated for different lengths of time and 
at different distances from the lamp (2537 Ä ) . In the virus-fed group, 
the percentage of virus deaths was markedly lower in those larvae treated 
with ultraviolet light than in those not treated, and it was reported 
that there was no indication that ultraviolet light induced or enhanced 
the granulosis (Steinhaus and Dineen, 1960). Although the silkworm 
is the most inducible insect with several physical and chemical stressors, 
ultraviolet light could induce neither the cytoplasmic nor the nuclear 
polyhedrosis in the silkworm (Aruga and Yoshitake, 1961). 
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There was no indication that exposure to X rays increased the per
centage of polyhedrosis-infected larvae of silkworms, but in the case of 
treatments both with X rays and low temperature (5°C, 24 hours), more 
virus-caused deaths resulted in the test larvae than in the control. The 
percentage of larvae with nuclear and cytoplasmic polyhedroses was 
markedly higher in those larvae treated with X rays before and after 
cold treatments than in those treated only with low temperature 
in the fifth instar larval stage soon after ecdysis (Aruga and Yoshitake, 
1961). 

3. Other Agents 
Recently, it was reported that the incidence of nuclear polyhedrosis 

among shaken or vibrated larvae of the cabbage looper, Trichoplusia ni, 
fed low dosages of polyhedra was up to four times that occurring among 
control (unshaken) larvae fed polyhedra (Jaques, 1960). 

B. Chemical Agents 
Numerous studies have been reported on the induction of insect 

virus infections with several kinds of chemicals. Some Japanese re
searchers reported that feeding mulberry leaves smeared with formalin 
induced nuclear polyhedrosis (grasserie) of the silkworm, and fifth-
instar larvae were the most susceptible to this treatment, as was the 
case in heat and cold treatments. Nuclear polyhedrosis of the silkworm 
was induced when third-, fourth-, and fifth-instar larvae were fed 1 to 
8 percent formalin with mulberry leaves, and susceptibility was highest 
in the fifth instar (Kitajima, 1926b). Certain other chemicals have been 
reported to be effective for the development of virus diseases in insects 
(Paillot, 1943; Yamafuji and Yoshihara, 1950; Vago, 1951; Ishimori and 
Osawa, 1952a; Bergold, 1953; Tarasevich, 1953; Aruga, 1958b; Aruga 
and Hukuhara, 1960; Yokokawa and Yamaguchi, 1960; Steinhaus, 1960a; 
Hukuhara, 1961b). 

The hypothesis that hydrogen peroxide may have a virus-inducing 
ability was proposed by Yamafuji and Kosa (1944). Potassium nitrite 
and hydroxylamine in both feeding and injection treatments were found 
to stimulate the production of nuclear polyhedrosis in the silkworm. 
However, Tanada (1954) found potassium nitrite (2.5 to 5 percent) and 
hydroxylamine (0.125 Ν to 0.25 N) did not stimulate a virus infection in 
the imported cabbageworm. Nitrite and hyponitrite have the ability to in
hibit the cellular catalase without retarding respiration and to induce 
a nuclear polyhedrosis in the silkworm. Also, various oximes, which 
are produced by the spontaneous combination of hydroxylamine and 
carbonyl compounds, can act as a catalase inhibitor and virus inducer 
(Yamafuji and Omura, 1950). These workers maintain that nuclear 
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polyhedrosis induction is caused by acetoxime, and it was deduced that 
viral production in the silkworm was initially connected with a disturb
ance of oxime metabolism (Yamafuji and Yoshihara, 1950). 

It was reported that nuclear polyhedrosis could be induced by in
jecting into normal silkworm larvae an alkaline solution of several 
deoxyribonucleic acid preparations which were prepared from healthy 
silkworms (Yamafuji et al., 1954). They presented a hypothesis that 
depolymerized products of nuclear deoxyribonucleic acid may be pre-
viral substances, and it was supposed that the polyhedral virus would 
come from the deoxyribonuclease-controlling gene (Yamafuji et al., 
1955). They further assumed the convertibility of previral deoxyribo-
nucleate in embryos in order to interpret the mechanism of experimental 
virogenesis and the decomposition of chromosomal protein in larvae. 
It was supposed that the decomposition of proteinaceous substances 
covering the virus or chromosome, as well as the rearrangement of cen
tral DNA, should be a prerequisite to viral multiplication and induc
tion, and that the genes which synthesize such alkaline enzymes may 
be previral for nuclear polyhedrosis in the silkworm (Yamafuji, 1958). 
Deoxyribonucleic acid may be a previrus for polyhedrosis. In chemical 
virogenesis, DNA-depolymerization should be one of the principal re
actions and proteolysis would be a preliminary step (Yamafuji, 1959). 

Protease and deoxyribonuclease in larval tissues and in polyhedral 
protein and viral rods exhibit the highest activity at pH 10.5 to 11.5. 
It was assumed that this peculiarity has an intimate relation to the 
induction phenomenon of a nuclear polyhedrosis virus in the silkworm 
(Yamafuji and Hirayama, 1957). The specific inhibition of the catalatic 
potentiality of cells would result in an accumulation of hydrogen per
oxide which acts as a powerful virogen (Yamafuji and Yoshihara, 1960). 

It was also assumed that the nuclear polyhedrosis in the silkworm 
was induced by the sudden decrease of catalase activity in the body 
fluid of the larva, and virus protein was formed by the protein denatur-
ation from the decomposed substance of H 2 0 2 because of the fact that 
the nuclear polyhedrosis developed by the injection of H 2 0 2 (Ishimori 
and Osawa, 1951a, b ) . It was ascertained that there are some strains 
differing in the catalase activity of body fluids in the silkworm, and 
there is a correlation between the catalase activity and induction rate 
by cold treatment (7°C, 24 hours). The strain with the highest catalase 
activity showed the lowest induction rate, and vice versa (Ishimori and 
Osawa, 1953a). From this result it was supposed that both the cata
lase activity and H 2 0 2 play an important role in the production of 
nuclear polyhedrosis virus. In the induction experiments of nuclear 
polyhedrosis by hydrogen peroxide injection in both larvae and pupae 
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of the silkworm, it was observed that the occurrence of nuclear poly
hedrosis increased with the increase in the quantity of H 2 0 2 injected; 
about 3 to 40 percent with 1.0 mg H 2 0 2 , 90 percent with 2 mg, and so 
forth (Ishimori and Osawa, 1952a). Because of this result they specu
lated that the occurrence of nuclear polyhedrosis might be due to the 
production of virus protein through the denaturation of the protoplas
mic protein in the host cell. 

Experiments have been conducted by several insect pathologists to 
determine whether or not those chemicals reported by Yamafuji et al. 
to be effective for the induction of nuclear polyhedrosis in the silkworm 
are also effective for the induction of virus diseases in other insects. In 
Prodenia praefica and a few other insects, no induction of polyhedrosis 
was observed by treating them with 0.2 N, 0.5 N, and 1 Ν potassium 
nitrite, and 1 Ν hydroxylamine (Steinhaus, 1960a). Acriquine and dini-
trophenol lower, and diaminopurine and 4-aminopterin increase, the 
percentage of polyhedrosis in the silkworm. However, hydroxylamine 
did not provoke polyhedrosis or stimulate virus multiplication in larvae 
exposed to the virus (Tarasevich, 1953). It was reported that polyhe
drosis in B. mori larvae was not induced by feeding mulberry leaves 
wetted with 1 Ν NH 2OH, 0.5 Ν K N 0 2 , NaF (0.01 percent) or thiogly-
colic acid (1 percent) (Krieg, 1955). The provocation of polyhedrosis 
was not observed in D. hercyniae, N. sertifer, or N. p . banksianae by 
feeding K N 0 2 or NaF (Bird, 1955). Polyhedrosis in the silkworm was 
induced by feeding NH 2OH; this is believed to be not a specific, but 
rather a weakening, effect of normal protective factors (Gershenson, 
1955). It was impossible to provoke virus with sodium fluoride or po
tassium nitrite in silkworm larvae of the German strain strictly inbred 
by cousin and brother-sister mating for 16 generations. However, some 
of the larvae of the ¥ 1 generation with no added treatment, and many 
or all of the F 2 generation larvae, developed disease and died (Bergold, 
1958). 

Such chemicals as sodium cyanide, sodium fluoride, arsenic acid, 
monoiodoacetic acid, sodium azide, ethylenediamine tetraacetic acid 
(EDTA) and its disodium salt were found to be effective for the induc
tion of cytoplasmic polyhedrosis in the silkworm. The last two chem
icals induced cytoplasmic polyhedrosis with a high frequency when they 
were fed to fifth-instar larvae, but only with a low frequency when fed 
to fourth-instar larvae (Aruga and Hukuhara, 1960). Polyhedroses were 
induced in the larva of Hyphantria cunea by feeding chemicals such as 
arsenic acid, mercuric chloride, phygon, EDTA, and the sodium salt of 
EDTA (Aruga et al., 1960). The cytoplasmic polyhedrosis in the third-, 
fourth-, and fifth-instar silkworm larvae can be induced by nitrogen 
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mustard treatment (feeding and injection), but no induction of nuclear 
polyhedrosis took place (Aruga, 1958b). It was found that ether anes
thetization might constitute an important factor in inducing or pro
moting infections of insect-virus diseases. In Peridroma larvae there ap
peared to be an increase in deaths caused by virus in those larvae which 
had been etherized (Tanada, 1959a; Steinhaus and Dineen, 1960). It 
was shown that some agricultural chemicals could induce cytoplasmic 
polyhedrosis in silkworm larvae, and the induction rate was modified 
by rearing seasons and developmental stages (Yokokawa and Yamaguchi, 
1960). 

It may plausibly be thought that the rate of induction by chemicals 
is controlled by the concentration or the number of treatments. The 
induction rate of silkworm polyhedroses by E D T A treatment increases 
with an increase in its concentration (Aruga and Hukuhara, 1960). As 
to the induction of insect-virus infections by chemical treatments, both 
positive and negative results in several different insects have been re
ported by a few researchers. It is very difficult to understand by what 
means such different results have been obtained. This subject will be 
discussed later. 

IV. FACTORS T H A T CONTROL INDUCTION 

A. Genetic Factors in Insects 
It is not clear by what mechanism the chromosomal genes or the 

cytoplasmic elements of the host cell control the induction of insect 
virus diseases. From the experimental results with silkworm polyhe
droses, however, it may plausibly be supposed that the genes control 
some basic physiological functions having a relation to the induction 
of virus disease by changing the state of occult virus in cells, as in the 
case of the role of the gene for manifestation of several heritable 
characters. 

There are differences in the rate of natural and artificial inductions 
among insects in which virus diseases have been recognized. The dif
ference in the induction rate among several strains of B. mori has been 
observed (Aruga and Watanabe, 1959), indicating that the genetic factor 
is one of the most important elements controlling the induction of insect-
virus diseases. In general, the gene action is modified by some internal 
or external environmental factors resulting in the change of the physio
logical function of the insects. 

1. Insect Species 
A great amount of research has been carried out on the artificial 

induction of insect-virus diseases, particularly by Japanese researchers 
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using the larvae of B. mori. Some insect pathologists tried a few experi
ments on other lepidopterous insects by treating them with physical and 
chemical agents which previously had been noticed to be effective for 
the induction of polyhedroses in the silkworm, but they generally failed 
to induce virus infections. 

Two questions must be considered on this subject. One may be the 
difference between the occult virus of B. mori and those of other insects: 
(1) it is quite likely that occult virus exists in almost all strains of B. mori 
reared in Japan, whereas occult virus may not exist in some of the 
other lepidopterous insects used in induction experiments; (2) the occult 
viruses are contained in lepidopterous insects in which virus diseases 
have been recognized, but their state is not changed by treatments with 
several physical and chemical agents which are effective for B. mori. 
From numerous observations on the occurrence of insect virus diseases 
in nature, it may reasonably be thought that, as the natural induction of 
virus infections occurs in some insects, the occult viruses are contained 
in the bodies of those insects even though their states and the mechanism 
of induction have not been analyzed. 

2. Insect Strains 

Numerous induction experiments with larvae of B. mori have been 
carried out using several strains (hybrids produced by some Japanese 
researchers), but no strain has been found in which the induction of 
nuclear polyhedrosis is not possible by the cold treatment. From such 
results it may be inferred that almost all the silkworm strains of Japa
nese, European, Chinese, Korean, and Southeastern races reared in Japan 
contain occult virus which can be induced by cold treatment. As to 
cytoplasmic polyhedrosis in the silkworm, larvae of several strains reared 
in Japan may contain occult virus (Aruga, 1957a, b ) . There are some 
races which differ in the voltinic character of the silkworm: univoltine, 
bivoltine, tetravoltine, and polyvoltine races. Polyvoltine races are gen
erally resistant to virus diseases, and in the larvae of these races nuclear 
and cytoplasmic polyhedroses are rarely induced under ordinary rearing 
conditions. But in the larvae of polyvoltine races which show com
plete resistance to polyhedroses under natural conditions, both poly
hedroses are induced at a considerably high rate when they are treated 
with low temperature in the fifth instar (Aruga, unpublished). An 
outbreak of nuclear polyhedrosis caused by hydrogen peroxide treatment 
in the silkworm was lower in strains showing low catalase activity (Ishi
mori and Osawa, 1953a, b ) . There are clear-cut differences in the induc
tion rate by cold treatment among several strains in B. mori (Aruga, 
1957a; Aruga and Watanabe, 1959; and others). 
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The weight of the cocoon layer of the silkworm is economically one 
of the most important characters of this insect. This character has a 
certain relation to the physiological function of larvae, especially with 
regard to the insects's resistance to some diseases. Generally speaking, 
the strains which have been bred to increase the weight of a cocoon 
layer are more susceptible to flacherie and polyhedroses than original 
strains having a lighter cocoon layer. In strain H5 there are two segre
gated substrains which breed true and which differ in the weight of the 
cocoon layer (heavy and light). Larvae of these two substrains were 
compared for resistance to cytoplasmic polyhedrosis. Larvae with a 
heavy cocoon weight contain globulated hemocytes in the blood, but 
those with light-weight cocoons do not contain globulated hemocytes 
(Nittono, 1960). Larvae with heavy-weight cocoons are more suscepti

ble to cytoplasmic and nuclear polyhedroses and flacherie than those 
with light-weight cocoon, but in the case of cold treatment cytoplasmic 
polyhedrosis was more common, and nuclear polyhedrosis was less so, 
in the substrain with a heavy-weight cocoon than in that with a light
weight one (Aruga and Nagashima, unpublished). Some research on 
genes which control resistance to polyhedroses in the silkworm have 
been carried out, but genes controlling resistance under both natural 
conditions and in artificial inductions have not been determined; only 
the influence of cytoplasm transmitted from the female moth to the egg 
has been clarified (Aruga and Nagashima, unpublished). When the 
larvae of 3-molt and 4-molt segregate in the rearing of the larvae of a 
4-molt strain; the 3-molt larvae have a smaller cocoon-layer weight and 
are more resistant to nuclear and cytoplasmic polyhedroses than are the 
4-molt larvae (Aruga and Nagashima, unpublished). 

The relation between the induction rate of nuclear polyhedrosis and 
the resistance shown in natural rearings of the silkworm was investigated, 
and it was concluded that (1) the strains resistant to cold treatment 
exhibited a resistance in natural rearing conditions and (2) the strains 
susceptible to cold treatment did not always exhibit a susceptibility in 
natural rearing conditions (Ayuzawa, 1961). From these results it was 
concluded that the method of exposure to low temperature was not 
always applicable for a screening test in the breeding of silkworm strains 
resistant to nuclear polyhedrosis. Among various inbred lines of silk
worm, universal correlation has not been recognized in the frequency 
of nuclear and cytoplasmic polyhedroses between cold treatment and 
control, i.e., the induction rate of polyhedroses by cold treatment in 
resistant inbred lines (to* polyhedroses), was not always higher or lower 
than that in susceptible lines (Aruga and Watanabe, 1961). 
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3. Inbred Lines and Their Hybrids 
In silkworms one interesting phenomenon is the fact that in F x hybrids 

showing heterosis and resistance to virus diseases under natural condi
tions, a higher induction rate was observed than in their parents (Yama
fuji and Yoshihara, 1953; Aruga and Watanabe, 1959, 1961). It was 
reported that chemical production of the nuclear-polyhedrosis virus in 
pure breeds was difficult, and hybrids were found to be more suitable 
for induction than the pure lines (Yamafuji and Yoshihara, 1953). It 
was also proposed that the purebred strains contained less occult virus 
than their hybrids, which suggested that probably most B. mori strains, 
and many other insects species, were more or less latently infected with 
virus diseases. The outcome of any stimulation would probably be di
rectly dependent on the concentration and/or stage of the occult virus, 
and occult insect viruses probably could be provoked into an actively 
multiplying form by certain chemical treatments, particularly when the 
concentration of the occult virus is high (Bergold, 1958). 

It was also reported that the frequency of polyhedroses in ¥ 1 hy
brids was much less than in their parental lines, and F1 hybrids showed 
heterosis for resistance to both nuclear and cytoplasmic polyhedroses in 
the silkworm. The heterosis for resistance to cytoplasmic polyhedrosis 
was likely to be greater than a resistance to nuclear polyhedrosis. When 
fifth-instar larvae were exposed immediately after ecdysis to low temper
ature (5°C) for 24 hours before the first feeding, the frequency of 
nuclear polyhedrosis was higher in F x hybrids than in the inbred lines. 
Nuclear polyhedrosis in F x hybrids between resistant strains, induced by 
cold treatment, tended to break out with much greater frequency than that 
in hybrids between susceptible inbred strains. In regard to the frequency 
of cytoplasmic polyhedrosis, the above-mentioned tendency observed be
tween F j hybrids and their parental lines was usually observed in spring 
rearing, but in summer and autumn rearings, in which both the quality 
of mulberry leaves and some environmental conditions were worse than 
in spring rearing, F1 hybrids showed only a medium frequency in par
ental lines (Aruga and Watanabe, 1959). The same phenomenon was 
observed after high temperature (50°C for 30 minutes) treatment of 
fifth-instar larvae of the silkworm, but in the case of a 0.5 Μ EDTA 
treatment no such tendency was recognized and the ¥ 1 showed a lower 
percentage in the control than in their parental lines (Aruga and Wata
nabe, 1961). 

Two hypotheses have been proposed to explain the mechanism re
sponsible for a higher rate of occurrence of nuclear polyhedrosis in ¥ 1 

hybrids than in their parents after cold treatment. One is the concept 
that larvae of the ¥ 1 hybrid contain larger amounts of occult virus than 
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parental pure lines (Bergold, 1958); the other is that the difference in 
physiological conditions having a relation to the induction of occult 
virus between F x hybrids and their parents may play an important role 
in the occurrence of such a phenomenon (Aruga and Watanabe, 1959, 
1961). 

Judging from several phenomena on the induction of cytoplasmic 
and nuclear polyhedroses in the silkworm, it might logically be thought 
that one of the major factors that control the induction rate of an occult 
virus (i.e., a latent infection) is the physiological function of the insect 
or its tissues. In the induction of cytoplasmic or nuclear polyhedrosis in 
the silkworm with certain physical and chemical stressors, it was demon
strated that the inoculation of small amounts of virus promoted the 
induction rate; on the other hand, there were many results showing 
that the physiological condition of insects played an important role in 
the induction of virus diseases. As mentioned above, the induction rate 
in certain F x hybrids is changeable by the difference in the physiological 
condition of insects as controlled by several environmental factors, and 
yet even in experiments carried out using the same pure lines of 
silkworm, in which no conspicuous difference in the amount of occult 
virus might exist, the induction rate of polyhedrosis was changed mark
edly by the difference in physiological condition of larvae as controlled 
by the quality of mulberry leaves and several other factors (Aruga, 
1958a; Aruga et al, 1959). 

B. Physiological Conditions of the Insect 
The physiological condition of insects is controlled by genetic and 

environmental factors. The physiological condition of insects is also 
markedly controlled by several internal and external environmental 
factors, for example, hormones secreted from a few organs, temperature, 
humidity, light, population density, rain, the quality and quantity of 
food. The physiological functions of insects change with their stage of 
development. 

1. Stages of the Insect 

In general, nuclear polyhedrosis of the silkworm cannot be induced 
in larvae from the first to the third instar, but is induced in larvae of 
the fourth and fifth instars, especially the fifth instar (Kitajima, 1926c). 
Similar phenomena have been recognized in the induction of cytoplasmic 
polyhedrosis in the silkworm (Aruga and Arai, 1959). E D T A is effective 
for the induction of cytoplasmic polyhedrosis in the silkworm, and the 
aptitude of silkworm larvae remains very low from the first to the 
third instar and reaches a very high level in the fifth instar. The most 
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effective way to induce a cytoplasmic polyhedrosis in the silkworm is to 
feed a 0.1 Μ concentration of EDTA to fifth-instar larvae (Hukuhara, 
1961b). Silkworm larvae in molting stages from the first to the fourth are 
very resistant to several inducing agents, but the larvae are very sus
ceptible to the induction of polyhedroses immediately after ecdysis in 
the fourth and fifth instars (Ishimori, 1951; Aruga and Arai, 1959). 
Aptitude is very low during molting, whereas after ecdysis it rapidly 
increases and reaches a very high level which is maintained for a certain 
period. Numerous research works show that physiological functions of 
larvae in the molting stages are different from those of other stages. 

Such phenomena show that the change or disturbance of a physio
logical function in insects has a bearing on the induction of insect virus 
diseases. We cannot neglect the direct influence of natural or artificial 
environmental factors or stressors on occult virus, but the most important 
factor controlling the induction of insect-virus diseases might be thought 
to be the change in a physiological function of host insects. 

When cytoplasmic polyhedra (tetragonal and hexagonal) are fed to 
silkworm larvae in the fourth and fifth larval instars, the polyhedra 
formed in the cells at the anterior portion of midgut are larger than 
those formed in the cells of the posterior end of the midgut. No difference 
in polyhedron size between the anterior and posterior portions after 
induction by cold treatment was observed. Heat treatment is also effective 
for the induction of cytoplasmic polyhedrosis, but in the case of induc
tion by heat the polyhedra formed in the anterior portion are larger 
than those produced in the posterior area. The case of induction by 
EDTA feeding differs from both cases of induction by cold and heat 
treatment in regards to the size of polyhedra in the anterior and posterior 
portions of the midgut. Such a phenomenon might be thought to have 
some relation to the differentiation in the cylindrical cells of the midgut. 
The fact that no difference in the size of polyhedra between anterior and 
posterior portions was observed when first- and second-instar larvae were 
fed cytoplasmic polyhedra indicates that no such marked differentiation 
occurs among several portions of midgut in these early developmental 
stages as they do in the fourth and fifth instars (Aruga and Israngkul, 
1961). The induction rate of both nuclear and cytoplasmic polyhedroses 
in silkworm larvae treated by low temperature during 0 to 6 hours after 
ecdysis was lower than that of larvae treated during 6 to 48 hours after 
ecdysis (Aruga and Arai, 1959). From such results it may be concluded 
that the rate of induction by cold treatment is changed by the difference 
in physiological function accompanying the lapse of time after ecdysis. 

In B. mori there are a few races which differ in their molting 
character, having 3, 4 (normal), or 5 molts. Although the molting 
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character is controlled by a respective gene, its manifestation is changed 
by some environmental factors in certain developmental stages. The 
respective hormones secreted from the corpora allata, prothoracic gland, 
and brain play an important role in the changes in manifestation of the 
molting characteristics. In other words, the physiological function and 
the biochemical substances in cells that are related to the molting of 
silkworm larvae are changed by the effect of these hormonal substances. 
The manifestation of molting characteristics in the silkworm larva is 
changed by high temperature (38 °C, 48 hours) and high humidity (90 
percent). When larvae in the third and fourth ins tars are treated with 
such high temperature and humidity shock, lavae of the 3- and 4-molt 
segregate, showing a different rate of nuclear and cytoplasmic polyhed
roses in those segregants (Aruga and Iwashita, unpublished). 

As mentioned above, cold and heat treatments of silkworm larvae 
induce polyhedroses, but the same treatments do not induce both types 
(nuclear and cytoplasmic) of polyhedrosis in the pupal stage. Such a 
difference may be due to the difference in the physiological functions of 
several organs and tissues between the larval and pupal stages. The 
occurrence of change in some biochemical substances in the cells of 
several organs and tissues which may be affected by the hormonal sub
stance secreted from the prothoracic gland plays an important role in 
the difference of induction for a virus disease between larvae and pupae. 

2. Nutritional and Other Conditions 

It has been suggested that nutritional factors have some relation to 
the occurrence of insect-virus diseases. Some experimental results on 
the effect of starvation and quality of food on the occurrence of insect-
virus diseases have been reported. The physiological state of insects or 
insect tissues before or after treatment with some physical and chemical 
agents controls aptitude, that is, the ability of insects to respond to the 
treatment by producing virus. Disturbance in insect metabolism may 
affect this aptitude, as shown by the effects of different qualities of 
mulberry leaves and starvation prior to cold treatment in the silkworm. 
In induction by cold and heat treatments, the difference in the amount 
of mulberry leaves fed to silkworm larvae after treatment controls the 
occurrence of nuclear and cytoplasmic polyhedroses (Nakayama and 
Kusuno, 1952). The polyhedroses in the silkworm occurred at a higher 
rate when the larvae were fed on mulberry leaves soon after cold treat
ment than when they were fed the leaves 12 hours after cold treatment 
(Ooba, 1956). Similar results have been reported by several workers. 

When fourth-instar larvae were fed with mulberry leaves immediately 
after cold treatment the incidence of nuclear polyhedrosis was higher than 
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was cytoplasmic polyhedrosis, but when the larvae were fed after 24 
hours' starvation the cytoplasmic polyhedrosis showed a higher occurrence 
than the nuclear virus disease. The rate of occurrence of nuclear and 
cytoplasmic polyhedroses in the silkworm under natural conditions was 
changed by differences in a few nutritional factors relating to the quality 
of mulberry leaves, and the same phenomenon was recognized in experi
ments in which nutritional factors were changed before and after cold 
treatment. When the nutritional factors of larvae were considered to be 
relatively good before refrigeration, the induction rate of nuclear poly
hedrosis was high, and that of the cytoplasmic disease was low, but if 
nutritional conditions were relatively poor, the tendency of the induction 
of polyhedroses showed a reversed relation. EDTA treatment induces 
both nuclear and cytoplasmic polyhedroses in the silkworm when the 
quality of mulberry leaves is good, whereas it induces cytoplasmic poly
hedrosis alone when the leaves are in poor condition (Aruga and 
Watanabe, 1961). 

From experimental results on artificial induction and the observations 
on natural induction of insect-virus infections, it may be supposed that 
the disturbance of physiological conditions of insects plays an important 
part in the induction of insect-virus diseases. But it cannot be said that 
the same abnormal condition of physiological function controls the 
induction of several kinds of virus infections. 

In both natural and artificial inductions, there are many factors 
that disturb the physiological conditions of insects, and yet those factors 
change dynamically under natural conditions, modifying the physio
logical conditions of insects. In regard to the relation between natural 
induction and nutritional factors, attention has been given to the effect 
of starvation. No evidence has been recognized as yet that starvation will 
induce insect-virus diseases, but it is possible that starvation is related 
to the induction phenomenon in insects. In the silkworm, starvation of 
fifth-instar larvae modifies the induction rate of both nuclear and cyto
plasmic polyhedroses by cold treatment. Starvation for 12 hours after 
ecdysis slightly increased the induction rate, but starvation for 24 to 48 
hours markedly reduced the induction rate of nuclear and/or cytoplasmic 
polyhedroses (Aruga and Arai, 1959). 

The fact that the occurrence of cytoplasmic polyhedrosis in the silk
worm is very low in a spring rearing and high in an autumn rearing has 
been reported (Ooba, 1955; Aruga, 1958c). The rate of occurrence of 
cytoplasmic polyhedrosis is higher in late autumn rearings than in the 
summer. Such a tendency could be recognized as for the induction of 
cytoplasmic polyhedrosis by cold treatment (5°C, 24 hours) immediately 
after ecdysis in fifth-instar larvae (Aruga, 1958a). When silkworm larvae 



15. INDUCTION OF VIRUS INFECTIONS 519 

from the first to the third instar were fed on mulberry leaves shaded from 
sunlight or stored for 8 days, the percentage of cytoplasmic polyhedrosis 
which occurred after the middle of the fifth instar showed a higher value 
than the control. The same phenomenon was observed in fifth-instar 
silkworm larvae treated with low temperature (5°C, 24 hours) (Aruga 
et al., 1959). Such a phenomenon might be caused by the change of an 
occult virus from its inactive to its active or infective state, caused by the 
change in the physiological condition of larvae as the result of inadequate 
nutrition. In some insects the quality of food plays a part in the occur
rence of insect-virus disease. Insufficient amounts of potassium in oak 
leaves favor the outbreak of polyhedrosis in A. pernyi larvae (Arseniev 
and Bromley, 1951). The addition of cobalt nitrate and cobalt sulfate 
(0.05 percent) to the food of B. mori larvae decreases the frequency of 
spontaneous polyhedrosis, particularly if 1 percent CaCl 2 is added (Ger
shenson, 1958). 

The results obtained with partial heat treatment of silkworm larvae 
reveal that high temperature (45 to 50°C) can induce a polyhedrosis 
where special organs or tissues situated in the anterior part of the larval 
body play a part in the induction of polyhedroses. Heat treatment of the 
anterior part showed a higher induction rate than that of the posterior 
end (Hukuhara and Aruga, 1959). Evidence that physiological shock in 
tissue cells stimulated the induction of insect-virus diseases was shown 
by tissue culture experiments. In cultures of the ovary of Hemerocampa 
leucostigma (J . E. Smith), when Wyatt's medium as modified by Grace was 
changed to the same medium by adding 3 percent plasma obtained from 
diapausing pupae of the promethea moth, Callosamia promethea 
(Drury), it was noticed 4 days later that many of the nuclei were filled 

with granules which were found by inoculation experiments, to be poly
hedra. From such a result, it was postulated that the larvae used carried 
a latent infection of a polyhedrosis which became manifest after the 
cultures were subjected to a physiological shock brought about by an 
abrupt change from one medium to another (Grace, 1958). 

V . MECHANISM OF INDUCTION 

A. Occult Virus and Induction 
One aspect of research on the relation between the occurrence of 

virus infections in insects and the role of stress has been the phenomenon 
of latency in insect-virus diseases. The mechanism of the induction of 
insect-virus diseases has not been completely analyzed. Two main hypoth
eses have been proposed on this subject. One is the existence of occult 
virus and a change of its state by the effects of several stressors; the other 
is production of virus from biochemical substances in the cell of the 
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insect. Some insect virologists proposed the idea of an autochthonic 
origin of polyhedra in insects and thought that induction may be due 
to the change of certain elements contained in host cells without con
sidering the existence of occult virus which might be transmitted from 
one generation to the next through the egg (Acqua, 1930, Yamafuji and 
Cho, 1947; Ishimori and Osawa, 1952a). For example, a change from 
chromosomal genes in the host cell to a virus has been recently proposed 
(Yamafuji, 1959). 

However, the majority of investigators are of the opinion that several 
physical and chemical treatments stimulate occult virus (i.e., latent 
infection). Inducing agents are thought to be able to initiate the primary 
alteration of physiological functions inside the insect body. As it has 
not been possible to observe with certainty an occult virus with the 
electron microscope, the existence of occult virus has not been substan
tiated experimentally. Evidence as to which hypothesis is more reasonable 
has not been demonstrated as yet. 

Recently, new types of nuclear and cytoplasmic polyhedroses which 
might be caused by mutants of the respective viruses have been dis
covered in the silkworm. In each case the new type of polyhedrosis can 
be induced by the same stressors effective for the induction of the 
original type of polyhedrosis. As mentioned above, there are two types 
of cytoplasmic polyhedroses in the silkworm, one producing hexagonal, 
and the other tetragonal, polyhedra; the latter might possibly be due 
to a mutation from the former virus. The cytoplasmic polyhedrosis in 
which tetragonal polyhedra are formed is also induced by cold treatment, 
as in the case of the polyhedrosis producing hexagonal polyhedra. 

An interesting phenomenon has been observed in which the tetra
gonal polyhedra were fed to first-instar larvae and some of these inocu
lated larvae pupated and emerged as adults. Some eggs were laid by 
these adult moths which were crossed in several combinations between 
treated and untreated moths. The larvae which hatched from these eggs 
were compared with respect to virus induction by cold treatment in the 
fifth instar. In larvae inoculated with tetragonal polyhedra in the 
previous generation, tetragonal polyhedra were observed in numerous 
induced larvae whereas in controls in which the larvae had not been 
inoculated by tetragonal polyhedra, hexagonal polyhedra developed in 
some larvae. From such results it seems possible that the viruses of 
tetragonal polyhedra inoculated in first-instar larvae of the previous 
generation might be retained in the bodies of larvae, pupae, and adult 
moths in an inactive state and could be transmitted from the female 
moth to larvae of the next generation (Aruga and Nagashima, un
published) . Similar results were also obtained in an experiment in which 
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tetragonal polyhedra were inoculated into fifth-instar larvae of the pre
vious generation (Hukuhara, 1961a). 

It has not been ascertained just where in the insect an occult virus 
exists. In this matter we must distinguish between two types, one in 
which virus multiplication and the production of polyhedra is in the 
nucleus, the other in the cytoplasm. Nucleic acid of a nuclear-polyhe
drosis virus in the silkworm is DNA, whereas that of cytoplasmic virus is 
RNA (Iwashita and Aruga, 1957). Cytoplasmic polyhedra are formed in 
mitochondria of the cytoplasm of cylinder cells of the midgut in silk
worms (Tsujita, 1955). DNA and RNA are both contained in the 
nucleus, and RNA is observable only in the cytoplasm. Such a relation
ship among the types of nucleic acid in the cell, the position of polyhedral 
formation in both nuclear and cytoplasmic polyhedroses and the kind of 
viral nucleic acids in both types give us some important suggestions. 

Since occult virus differs from an infective or "active" virus in its 
state, it would be interesting to know whether an occult virus interferes 
with an infective virus. In lysogenic bacteria, the prophage interferes 
with an infective virus. On the other hand it has been ascertained that 
some insect viruses interfere with other different viruses (Tanada, 1959b; 
Bird, 1959; Aruga et al., 1961). In the cytoplasmic polyhedrosis virus of 
B. mori, the virus which forms a hexagonal polyhedron interferes with 
its mutant virus which produces a tetragonal polyhedron (Aruga et al., 
1961). But occult virus of a hexagonal polyhedrosis does not interfere 
with the development or activity of the tetragonal virus (Aruga et al., 
1961). 

A number of insect virologists have proposed a hypothesis that the 
occult virus is transmitted from one generation to the next through the 
egg. Such a hypothesis is necessary for the understanding of some phe
nomena concerning latency and induction, but it has not been substan
tiated experimentally. Such a hypothesis could be supported by several 
observations that polyhedra were observed in the larvae which died soon 
after hatching from egg, or that polyhedrosis occurred in newly hatched 
larvae before the usual incubation period had elapsed. It has also been 
shown that the cytoplasmic-polyhedrosis virus multiplies and produces 
polyhedra in embryos of B. mori by injecting virus into the egg (Kita-
zawa and Takami, 1959). 

Although adult insects do not suffer frank infection by most viruses, 
contaminated females may oviposit contaminated eggs. Larvae hatching 
from such eggs may acquire the virus and die from the ensuing infection. 
Some research has been carried out to determine whether or not the 
virus from female adults infected by a virus disease is transmitted to the 
egg. The same granules observed in blood of silkworm larvae infected 
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with a nuclear polyhedrosis were recognized in the eggs laid by female 
moths infected with the blood of an infected larva (Paillot, 1926). On 
the other hand some workers suggest that the virus particle is not 
transmitted through the egg (Yamafuji, et al., 1953; Kitajima, 1935). 
Such results do not mean that an occult virus is not transmitted from 
generation to generation in insects. It has not been clarified exactly that 
occult virus is transmitted through egg, but generation-to-generation 
transmission of a virus may take place via the egg. It has been observed 
that all infected adult females of Diprioti hercyniae transmit disease to 
some, but not all, of their offspring (Bird, 1949). 

It may be speculated that chromosomes act as carriers of occult virus 
in virus diseases where the virus multiplies in the nucleus of host 
cells when in an infective state, but in the case of a virus which multi
plies in the cytoplasm another mechanism must be envisioned; for ex
ample, mitochondria or other cytoplasmic elements may play a part in 
this case. The presence of occult viruses apparently does not have any 
effect on the growth and physiological functions of the host insect, and 
the occult virus behaves as a normal cell constituent. Only when the 
occult virus-insect relationship is disturbed do insects produce infective 
virus. In other words, occult virus is the noninfectious form of a virus 
which exists and may be perpetuated in stable intracellular association 
with structures in the insect cell. Inasmuch as an occult virus may 
possibly be contained in insect cells in a stable state and does not have 
any injurious effect on the host, it would appear to be similar to the 
normal cell constituents. 

For insect virus to be produced by treatments with some stressors, 
there must be a change from the occult or "inactive" to the infective or 
"active" state. Once the infective state is reached, virus multiplication 
proceeds in the same fashion after induction of insect larvae as after 
infection of susceptible larvae with homologous virus particles. Little is 
known about the mechanism by which virus development is initiated 
after exposure of insect larvae to an inducing agent. A question may be 
raised whether the primary effect is on insect cells or on the occult virus. 
There is no clear evidence to support any one of these concepts, but 
several experimental results on natural and artificial induction seem to 
suggest that the development of an infective virus from an occult virus 
appears as a secondary effect, the primary event consisting of some altera
tion in the nature of tissue cells or the insect. Inducing agents (or 
"stressors" as defined by Steinhaus, 1958a, 1960b) probably act indirectly 
through insect metabolism, not directly (as "incitants") on occult virus. 
It may be supposed that in an inducible insect both spontaneous and 
induced production result from a similar mechanism. The primary event 
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would be the formation of a chemical mediator and the secondary event 
would be the activation of the occult virus. In the spontaneous produc
tion, the primary event would appear at random in a small fraction of 
the insect population. 

It is apparent that in some cases viruses inoculated into insects are 
retained in the occult state in the insect body, where they begin multi
plication when certain stressors or incitants are applied. A few experi
mental results have been obtained suggesting that inoculated viruses 
can be transmitted in an occult state from parent to offspring through 
the egg. It is likely that an equilibrium is maintained in insects between 
the occult virus and the insect cells, and that virus development may 
occur only when the equilibrium is disturbed or, as stated by Steinhaus 
(1960b), when the homeostasis of the insect is disrupted. 

B. Carbon Dioxide Sensitivity in Drosophila and Induction 
in Lysogenic Bacteria 

Carbon dioxide sensitivity was first discovered by L'Heritier and 
Teissier in 1937 in Drosophila melanogaster (Meigen). Carbon dioxide 
sensitivity is a genuine case of cytoplasmic inheritance, and the word 
"genoide" was coined for the cytoplasmic determinant. The viral nature 
of the so-called "genoide" was demonstrated with the evidence that an 
infectious agent could be extracted from sensitive flies. When injected 
into Drosophila from a resistant origin, this agent multiplied, bringing 
about the development of C02-sensitivity symptoms, but no disease. 
Judging from its genetic behavior, its size, the course of its multiplica
tion, and its ability to undergo mutation, the C02-sensitivity agent fits 
every characteristic of a virus and has been called the sigma virus or 
virus a. 

The virus responsible for C02-sensitivity in Drosophila can be trans
mitted by injection from C02-sensitive flies to normal individuals. As 
stable C02-sensitivity in Drosophila is transmitted only by crosses in 
which the females carry the character, the inheritance of C02-sensitivity 
is maternally inherited, and inheritance of this characteristic appears to 
be controlled by a cytoplasmic localization of the so-called provirus. 
When the virus penetrates into an oocyte, the opportunity arises for 
initiating the so-called stabilized condition, which corresponds to the 
symbiotic cycle in bacteria. 

Such a phenomenon resembles latency of insect-virus infections and 
the occult insect viruses. A "stabilized fly" is the equivalent of a culture 
of lysogenic bacteria and, similarly, mature virus can only be produced 
by an accidental upsetting of the symbiotic hereditary equilibrium, as 
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in the induction of insect-virus infections. The virus remains within the 
generations of Drosophila cells, without being lost during mitosis and 
female meiosis and without maturing, and becomes apparent or manifests 
itself under only rare circumstances (L'Heritier, 1958). The integrated 
complex is very similar to a lysogenic bacterium and insect-virus induc
tion. Sensitive flies seem to live as long as resistant ones and lay eggs 
normally. Nothing is known of the intimate physiological mechanism 
underlying sensitivity, since only the very specific action of C 0 2 has 
been reported, whereas several physical and chemical stressors or in-
citants, are effective for the induction of insect-virus infection and 
lysogenic bacteria. 

The case of lysogenic bacteria has been compared with that of latent 
viral infections in plants and animals (Lwoff, 1953; Jacob, 1954). 
Lysogenic bacteria contain a noninfectious factor, the prophage, which is 
responsible for their ability to produce phage (Lwoff and Gutmann, 
1950). Phage development appears to be possible only when the pro-
phage-bacterium relationship is disturbed. Phage production by lysogenic 
bacteria is controlled by three factors: (1) the genetic property of the 
lysogenic strain, (2) the inducing shock, and (3) the physiological 
conditions of the culture. These factors are also important in the induc
tion of insect-virus infections. Various physical and chemical agents are 
able to initiate the development of the prophage in inducible lysogenic 
bacteria. Both ultraviolet light near 2537Ä (Lwoff and Gutmann, 1950) 
and soft X rays (Latarjet, 1951) are very efficient. Among the chemicals 
that have been shown to act as inducers are organic peroxide, epoxide, 
ethyleneimines (Lwoff and Jacob, 1952) as well as nitrogen mustard 
(Jacob, 1952). Hydrogen peroxide also induces phage formation (Lwoff 
and Jacob, 1952). All the inducing agents are also known to stimulate 
mutagenic or carcinogenic activities. However, all the mutagenic and 
carcinogenic substances do not induce phage production in lysogenic 
bacteria. Some physical and chemical agents effective for the induction 
of lysogenic bacteria also effectively induce insect-virus infection, as 
mentioned above. 

Another property which is conferred on lysogenic bacteria by the 
presence of a prophage is their immunity to an infection by the phage 
they are able to produce, the homologous phage, but such a phenomenon 
has not been recognized in insects (Aruga et al., 1961). A lysogenic 
bacterium is always immune against the homologous phage or mutants 
of this phage, but in B. mori the larvae containing an occult virus which 
produces hexagonal polyhedra is not immune against both the homol
ogous virus and its mutant, tetragonal polyhedron virus. 
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VI. RECAPITULATION 

Concerning the induction of insect-virus infections it may be con
cluded that there are some differences among insect species, stressors, 
physiological conditions, and other factors. 

(1) There is a marked difference between most insect species and B. 
mori, which is a domesticated insect selected for a specific purpose, and 
which is the most inducible insect among those so far tested. (2) There 
is a difference in induction among several strains of a species. (3) The 
rate of induction is different at the several developmental stages of 
insects. (4) Differences between pure lines and hybrids can be observed 
in some insects in the induction of insect-virus infections. (5) In some 
insects a parallelism is recognized between the natural occurrence of 
virus diseases and the rate of induction by some stressors (or by inci-
tants), but this is not applicable in all cases investigated. (6) There are 
differences in the induction of two or more virus diseases among strains 
of a given insect species. There is, for example, a strain which is very 
resistant to nuclear and cytoplasmic polyhedrosis in B. mori, but certain 
other strains resist the induction of nuclear polyhedrosis, although not 
that of cytoplasmic polyhedrosis. Such a phenomenon may exist in other 
insects. (7) There are a few stressors that are able to induce two or more 
different kinds of insect-virus diseases, but others may induce only one 
of these virus diseases. (8) In the artificial induction of insect-virus 
infections by treating insects with some physical and chemical agents, 
several modifying factors play a part, e.g., rearing temperature, humidity, 
quality and quantity of food. (9) One of the important factors control
ling the rate of induction is the stage of the development of insect, i.e., 
molting and pupation. There are marked differences in induction among 
the several larval and molting stages. Induction may be controlled by the 
nature of the differentiation of tissue cells and that of physiological 
function, which, in turn, may be controlled by several hormonal sub
stances secreted by a few organs or tissues at certain critical stages. (10) 
Physiological functions and their changes in insects (controlled by both 
the genetic and environmental factors) play an important role in the 
induction of insect-virus diseases. (11) It is important to discriminate 
between the induction of virus diseases in which no virus feeding occurs 
before the treatment by stressors, and the increase of the occurrence of 
insect-virus diseases in which small amount of viruses are fed before the 
treatment by some inducing agents, stressor, or incitant. In experiments 
on the induction of insect-virus diseases, it is necesary to avoid con
tamination by virus particles or polyhedral bodies in the course of the 
experiments. On the other hand, we must be careful about the influence 
of changes in physiological conditions, which are controlled by genetic 
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and environmental factors, and their role in the induction of insect-virus 
diseases. 

The state or nature of occult virus in the cells of organs and tissues 
of insects has not been determined. It is very difficult to determine the 
nature of occult virus which is presumed necessary for the phenomenon 
of latency and for the induction of viruses which multiply in the nucleus 
or cytoplasm. However, a hypothesis has been proposed by Yamafuji, 
based on the result of chemical inductions of nuclear polyhedrosis in the 
silkworm; and the relation between the bacterial chromosome and pro
phage in lysogenic bacteria has been discovered. It may be expected 
in the near future the nature of occult virus and the mechanism of induc
tion of insect-virus infections will be further clarified cytologically and 
biochemically. 

The induction of insect-virus infection by chemicals is also significant 
in respect to the microbial control of insects. If certain chemicals are 
found to be not injurious to human beings and domesticated animals, 
and yet effective in the induction of insect-virus diseases, they can be 
utilized for the purpose of controlling insects by means of induced 
infections. 

Although it does not seem possible as yet to develop a satisfactorily 
simple picture of the induction of insect-virus infections, the situation 
is rather encouraging in the light of recent discoveries and the many 
interesting experiments that still remain to be carried out. 
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