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I. INTRODUCTION 

This chapter will be concerned with the physical factors which cause 
harm to insects, the kind of injuries suffered, and the responses to these 
injuries. The subject is, therefore, a wide one and most aspects can be 
mentioned only briefly. Some facets, for example the effects of crowding 
and aging, are omitted. Another facet, namely the effects of radiation 
damage, has been the subject of a great deal of recent work. This work 
has been summarized by Irwin I. Oster in Section I I , F of this chapter. 

Reviews of various aspects will be mentioned under the appropriate 
headings, but the field as a whole has not been reviewed since Steinhaus' 
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"Principles of Insect Pathology" (1949). Unfortunately there is little 
basic knowledge about the effects on insects of many of the physical fac
tors discussed. Most published work has been concerned with factors 
causing the death of insects and the economic feasibility of killing insects 
by various physical agencies. As a result, we have a number of relevant, 
but unconnected, facts affording no foundation for an integrated picture 
of cell injury and responses to damage. However, insects are generally 
able to withstand a remarkable amount of trauma, and their ability to 
withstand physical injuries has made them suitable subjects for many 
types of experiments. 

One reason for the insect pathologist's concern about physical injuries 
is that the study of injuries may assist him in interpreting signs and 
symptoms of disease. The histopathology of insects has been, however, 
very inadequately studied. Furthermore, the vast amount of informa
tion on the histology of normal insects has never been brought together, 
so that the pathologist must search widely if he is to relate his findings 
to those obtained with undamaged tissue. There is a pressing need for 
collation of this immense store of data. 

The recognition of biochemical lesions in insects is even less appre
ciated. This is understandable with the scarcity of knowledge in this 
field, but the situation should improve now that insect biochemistry has 
recently been the subject of a comprehensive treatise (Gilmour, 1961). 
The earlier descriptive and anatomical phase of the study of wound 
healing, as will be seen, has given way to a biochemical approach to the 
subject, but this reorientation has not yet occurred in any other aspect 
of the subject of this chapter. 

II . PHYSICAL AGENTS T H A T CAUSE INJURY 

A. Gravity, Percussion, and Mechanical Stimulation 
1. Gravity 

Several studies have shown that insects are resistant to very high 
gravitational fields. In most species examined no effects were apparent 
even after exposures to fields that were hundreds of times in excess of 
those that cause structural damage in man (roughly 20 g ) . Sullivan and 
McCauley (1960) found that adult flour beetles suffered 50 percent 
mortality after 73 minutes at 20,600 g; whereas only 2 minutes exposure 
to 6250 g caused similar mortality in the larger Japanese beetle. These 
authors reported that, in general, insects were not killed until eviscera
tion occurred, and ascribed the marked difference in resistance to dif
ferences in mass and in the nature of the exoskeleton (Sullivan and 
McCauley, 1960). Bailey (1961) found that forces imposed by 10,000 g 
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for 1 minute had no effect at all on adult flour beetles. Glöckner (1956) 
submitted ant pupae to about 2300 g in a centrifuge for up to 15 minutes 
and found young pupae more resistant than old, but both survived the 
treatment. Eggs laid by centrifuged females produced normal progeny. 
Tirelli (1946) stated that 5000 rpm killed many silkworm eggs (without 
providing information which would permit the strength of the gravita
tional field to be calculated), but the majority withstood 2500 rpm for 
3 days. Diapausing eggs were more resistant than eggs recently laid, 
and although the embryos in the former often remained displaced for 
a long time, development appeared normal after diapause was broken. 
Bodine and Boell (1936) reported that centrifugation at 400,000 g did 
not alter the oxygen consumption of diapausing grasshopper eggs, al
though these eggs subsequently did not undergo development. 

A different kind of experiment was reported by Sullivan and Westlake 
(1959), who showed that Drosophila could be bred through two genera
tions while continuously exposed to a force of 10 g. The number of 
flies produced was reduced to about one-half, but the duration of the 
life cycle was only very slightly increased. 

2. Percussion 
The small amount of information available indicates that insects are 

fairly sensitive to percussive forces. Bailey (1962) has investigated the 
effects of percussion on various stages of the grain beetle. The insects 
were shot from a blowgun under accurately controlled velocities at a 
brass target. Adults and larvae were killed at quite low velocities. 
Significant numbers of the immature stages inside wheat grains, however, 
were able to withstand impact at 100 feet per second, and nearly all 
survived velocities that killed all adults and naked larvae. Insect control 
by percussive force is used successfully on a commercial scale in the treat
ment of beetle-infested flour. This is passed continuously through a 
device, "the Entoleter," in which the flour and any insects are struck by 
rapidly spinning steel pegs (Parkin, 1956). No information is available 
as to the precise cause of death, although Bailey (1962) suggests that, in 
the case of larvae and pupae, bursting of the cuticle caused by the in
crease of pressure due to the flattening of the insect upon impact may 
be important. In addition, smashing of the cuticle was suggested as a 
probable cause of death of adults. 

3. Mechanical Stimulation 
When larvae of the cabbage looper Trichoplusia ni (Hübner) were 

reared on a mechanical vibrator, their resistance to infection by a nuclear 
polyhedrosis was reduced (Jaques, 1961). 
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There is evidence in the cockroach for the existence of several kinds 
of physiological response to mechanical stimulation. Beament (1958a) 
found that, during their struggles to free themselves, cockroaches which 
were immobilized for several days produced a substance in the blood 
that caused paralysis in other cockroaches into which it was injected. 
This substance, which can also be produced by extreme mechanical or 
electrical stimulation, differs from that found in the blood of DDT-
poisoned cockroaches by earlier workers (Milburn et al., 1960). The 
acetylcholine (ACh) content of nerve cords of cockroaches paralyzed by 
mechanical stimulation was approximately double that of normal in
sects from the same colony. Desiccation also increases the ACh content, 
but only to the extent of about one-third that of the mechanically 
stimulated insects (Lewis et al., 1960). Although the stressed cockroaches 
studied by Beament (1958a) contained little hemolymph, the hindgut 
contained abnormally large amounts of water, an observation suggesting 
that the water-absorbing mechanism was not functioning properly. A 
surge of respiratory activity preceded the paralysis of mechanically 
stressed insects (Heslop and Ray, 1959). 

In vertebrates, one of the most characteristic responses to stress is 
the release of adrenaline into the blood stream. A comparable reaction 
may occur in insects, for Cameron (1953) has shown that the corpora 
cardiaca contain substances with at least some of the pharmacological 
properties of adrenaline, and Hodgson and Geldiay (1959) have reported 
that forced hyperactivity or electrical stimulation caused a marked re
duction in the amount of histologically recognizable secretion in these 
glands of adult female cockroaches. This reduction in stainable material 
was accompanied by a loss in the potency of extracts in depressing the 
spontaneous activity of the central nervous system. Barton Browne et al. 
(1961) have shown that extracts of the corpus cardiacum of Periplaneta 
inhibited contractions of the rat uterus in a manner similar to that shown 
by adrenaline, whereas gland extracts from cockroaches subjected to 
repeated electric shocks were less active. It is suggested that the release 
of substances during conditions of stress from the corpora cardiaca may 
be a part of the normal response of the insect. 

B. Air Pressure 

1. Total Pressure 

Wellington (1946) has reviewed work on the effects upon insects of 
changes in pressure and concludes that extreme changes have no direct 
effects. 

The effects of simulated altitudes of 500, 8000, and 14,000 feet on 
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populations of two species of Tribolium during a period of 660 days 
have been studied by Kennington (1953). Both species showed a physi
ological response to atmospheric pressure, but no adaptation occurred 
during the period. 

Tolerance to anoxia develops rapidly in the house fly. Stemler and 
Hiestand (1951) have shown that insects exposed for 3 minutes to 
1/3800 of an atmosphere survived longer when exposed 10 minutes 
later to an atmosphere of nitrogen, than if not previously decompressed. 
The reverse was also true, the insects gaining a tolerance to anoxia when 
treated with nitrogen. The mechanism of such rapid development of 
tolerance is not understood. 

Insects are well known to be resistant to damage resulting from rapid 
changes in atmospheric pressure. Thus, Periplaneta can be repeatedly 
taken to a simulated altitude of 50,000 feet and momentarily returned 
to normal pressures without appearing to suffer distress (Day, 1951). 
Insects are found at high altitudes, but most of these studies have been 
carried out in respect to distribution and little is known of the survival 
of insects after prolonged periods in the upper atmosphere (Glick, 
1942). 

Woodworth (1932) recorded a decrease in C 0 2 production in the 
honey bee when atmospheric pressures were reduced to 200 mm Hg. 
Below that point, irritation activity occurred. Reduction in pressure 
has been considered as a means of insect control, and the method cer
tainly can be made effective in killing insects (Back and Cotton, 1925; 
Mori, 1953), but it has not been found to be economically feasible. 

The histopathology of the nervous system which results from suffo
cation of mosquito larvae by oil films has been studied by Richards 
(1941). Clumping of chromatin is an early sign of asphyxiation. 

2. Partial Pressures 

a. Oxygen and other gases. Insects are able to withstand marked 
alterations in the partial pressures of gases. Nevertheless, hermetic seal
ing has been found to be an efficient method of storing grain because 
of the efficiency of insects in extracting 0 2 from enclosed spaces. Bailey 
(1955) has recorded that sealed silos with a total capacity of 850,000 
tons of grain have been built in Argentina and that these operate very 
efficiently. He has demonstrated that death of grain insects is caused by 
0 2 depletion, not by C 0 2 accumulation as has been claimed. Insects 
can lower the partial pressure of 0 2 to a remarkable extent, for Sito-
philus granarius (Linnaeus) were not all killed until the 0 2 tension 
had decreased to 2 percent and C 0 2 had increased to 40 percent of 
the volume of the gases in sealed containers. Under conditions of crowd-
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ing, adult Sitophilus oryzae (Linnaeus) were able to reduce the 0 2 

tension to 0.06 percent, the last stages of 0 2 reduction probably occur
ring after death (Bailey, 1956). Adult weevil mortality occurs within 
30 to 40 days of sealing the containers. 

Excess 0 2 , like inadequate 0 2 , is also poisonous to aerobic animals. 
Williams and Beecher (1944) have shown that a number of factors 
including temperature, C 0 2 tension, and age of the insect all influenced 
the lethal effect of excess 0 2 . Under standardized conditions the rate 
of poisoning by 10 atm of 0 2 was roughly 8 times that by 2 atm. At 
20°C, exposures of 6 to 7 hours to 5 atm 0 2 were required to kill Dro-
sophila melanogaster Meigen. The lethal effect for this species is simply 
related to exposure time and 0 2 tension. 

Goldsmith and Schneiderman (1958, 1960) have studied the effect 
of 5 and 10 atm pressure of oxygen, nitrogen, and helium on the devel
opment of the chalcid wasp, Mormoniella vitripennis Walker. Only the 
0 2 was toxic. Adult emergence was reduced 50 percent by exposure of 
diapausing larvae to 5 atm for 12 hours. Prepupae were more sensitive, 
and adults lost their righting reflex after 2 hours at 5 atm. It is thought 
that the primary effect was on the prevention of nerve conduction. 
Epidermal cells are normally resistant to poisoning by 0 2 , but they 
become sensitive during mitotic activity. Clark (1959) studied the 
effects of exposures to 0 2 at 5 atm pressure. He found that four species 
of Lepidoptera and two of Coleoptera were sensitive to 0 2 poisoning 
whereas three species of Diptera were resistant. Two species of Hyme-
noptera were studied; one was sensitive, the other was resistant. Brooks 
(1957) has shown that exposures to C 0 2 for 3 minutes weekly retarded 
the growth rate of the German cockroach by 14 to 53 percent. C 0 2 is 
widely used as an anesthetic for insects, and Brooks' results show that 
caution is necessary in its use. 

Frankel and Schneiderman (1958) showed that helium and argon 
at 5 atm were without effect on insect development. 

b. Water vapor. Changes in humidity can be considered as changes 
in the partial pressure of water vapor. A great deal of work, well 
summarized by Andrewartha and Birch (1954) and by Edney (1957), 
has been done on the effects of humidity on insects, and Edwards (1953) 
has reviewed its effects on insect metabolism. 

Excess humidity is deleterious usually only through its effect on mi
crobial attack (e.g., Vago, 1951), but it is probably true to say that 
insects are more prone to death by desiccation than they are to the 
effects of any other adverse change in their physical environment. 
Furthermore, death from heat, cold, and some other physical factors is 
often attributable to desiccation of the tissues. In spite of this, there is 
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insufficient information on the physiological effects of desiccation, al
though, as already mentioned, it can cause an increase in ACh in the 
central nervous system (Lewis et al., 1960). The deleterious effects of 
osmotic changes in cells can occur with quite small changes in water 
content, but the tissues of the intact insect have the ability to maintain 
a constant ionic environment in spite of alterations which may occur in 
the hemolymph. This is well illustrated by the experiments of van 
Asperen and van Esch (1956), who injected distilled water or salt solu
tions into the cockroach Periplaneta americana (Linnaeus). They found 
that the insects restored normal concentrations rapidly, exhibiting a tol
erance far greater than that found in mammals, although the injection of 
high potassium concentrations (6.70 mg/ml) did produce paralysis for 5 
to 6 hours. Bolwig (1953) has shown that the adult house fly has the 
ability to tolerate very large changes in the osmotic pressure of the 
hemolymph (from 4.3 to 19.0 atm) without succumbing. Schneiderman 
(1959) replaced the hemolymph of a diapausing cecropia pupa with 

distilled water, and yet the moth developed normally. 
Ebeling and Wagner (1959) have shown that termites are very sus

ceptible to sorptive dusts and die after losing water to the extent of 30 
percent of their body weight. Although many insects die if their water 
content falls by 20 percent (Hinton, 1953), which is roughly the loss 
that can be tolerated by man, insect tissues are more resistant to altera
tions in composition of extracellular fluids than tissues of vertebrates, 
and there are numerous reports on resistance of insects to the effects of 
desiccation (Hinton, 1953; Selman, 1961). 

3. Responses of the Tracheal System 

The anatomy of the tracheal system may be altered by changes in 
composition of gases in which insects develop. Tracheae on one side 
of a Tenebrio larva, on which the spiracles were occluded with 
wax, were much more abundant than those on the normal side 
(Locke, 1958). Similarly, raising Tenebrio larvae at 0.5 atm pres

sure, or in 10 percent of 0 2 in nitrogen resulted in changes in tracheal 
patterns after one molt, and these changes were more marked after 3 
molts. On the other hand, 50 percent 0 2 in the atmosphere greatly 
decreased tracheation. Locke (1958) also found that implantation of 
an organ into the hemocoel resulted in increased diameter of tracheae 
over their entire length. He concluded that growth in the tracheal sys
tem varies inversely with the 0 2 tension. Wigglesworth (1959) showed 
that the migrating tracheoles draw tracheae after them into implanted 
organs. He also showed (Wigglesworth, 1937) that wounding the epi
dermis results in stimulation of tracheal growth in Rhodnius. 
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4. Protection of the Tracheal System 
The tracheal system in most terrestrial and some aquatic insects is 

open, and it is remarkable that it is not more subject to damage than 
it appears to be. A few mites do manage to parasitize tracheae and may 
cause serious disease (Rennie et al, 1921), but there is very little evi
dence of particulate materials penetrating the spiracles and causing 
damage to the respiratory mechanism. The entry of dusts into the 
tracheal system will depend upon whether ventilation occurs and on 
the effectiveness of the spiracular mechanism in protection. Many in
sects have elaborate "hairs" associated with the spiracles, and Connell 
and Glynne-Jones (1953) have shown that particles greater in diameter 
than 4 μ will not pass the honey-bee spiracles. Only the finest dusts 
penetrated spiracles, and then only so far as the first thoracic tracheal 
trunk. Hamilton (1937) concluded that insecticidal dusts would not 
kill insects as a result of inhalation while flying. It thus appears that 
the tracheal system is well supplied with protective mechanisms, and it 
may be that the glands often associated with spiracles also produce 
secretions with protective functions. 

C . Temperature 
Life, as we know it, exists only in a relatively narrow thermal range, 

and insects, like other poikilotherms, are completely dependent upon 
environmental temperatures. Valuable summaries of a vast literature on 
the effects of temperature on insects are given by Uvarov (1931), and 
more recently by Andrewartha and Birch (1954). The latter authors 
point out that, in spite of its immense practical significance, relatively 
little fundamental work has been done on the adverse effects of temper
atures outside the range of 0° to 50°C. Edwards (1953), reviewing some 
of the theories advanced to explain heat and cold injury, found none 
completely satisfactory, but it appears likely that death by heat or cold 
may often be attributable to changes in hydration of the tissues. 

1. Heat 
Insects are composed largely of water, and they will lose this to the 

atmosphere in all but nearly saturated conditions, unless provided with 
special means for preventing this loss. The nonliving, oriented wax layer 
of the cuticle does, in fact, provide such a mechanism. In a series of 
elegant experiments (Beament, 1958b, 1959) has demonstrated that at 
particular "transition temperatures" the permeability of most insect 
cuticles changes abruptly. The precise temperature varies between 33° 
and 64°C in different species and also varies with age and instar. In 
most insects the wax maintains almost constant permeability with in-
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creasing temperature up to the transition point. Some species having 
cement and wax layers have two transition temperatures. The wax of 
Periplaneta is unusual in that it is a grease which spreads over water 
droplets, whereas most of the insect waxes are hard waxes. Insects can 
survive for short periods at temperatures considerably in excess of the 
transition temperature (Beament, 1958b, 1961). High temperatures may 
adversely affect insect reproduction and sperm seem to be particularly 
sensitive (Riordan, 1957; and earlier workers). The females of the chalcid 
Dahlbominus fuscipennis (Zetterstedt) are more resistant than males. A 
high percentage of males was sterilized by exposure to 43 °C for 60 
minutes. Recovery may occur in a small percentage of individuals, but 
most males are permanently sterilized. 

It has frequently been observed that the lethal effects of high tem
perature do not appear until some time after the exposure. A possible 
mechanism for this delayed action of heat was suggested by Jefferson 
(1945) who found that the mitochondria of blow-fly fat-body cells ex

posed to high temperatures became enlarged and aggregated and finally 
broke up. These observations led to the hypothesis (which has not been 
subsequently examined) that the primary effects of heat were on the 
mitochondria and their destruction caused a disruption of enzyme bal
ance. Mitochondria have long been known to be very sensitive to cellular 
insults (Rouiller, 1960), and it would not be surprising to find that 
they are the first target for heat damage. Their membranes have a large 
lipid component, and lipids are known to be more thermolabile than 
most cell constituents. The hypothesis of Jefferson can be readily tested 
experimentally by more detailed studies of the type initiated by Hopf 
(1940) on the biochemical effects resulting from exposures to high tem
peratures. If the enzymes normally occurring in mitochondria were 
found in the soluble fractions, the hypothesis would be strengthened. 
Histological effects of high temperatures were described by Hartzell 
(1934) and by Day and Powning (1949), but not in sufficient detail to 

allow one to determine the effects on cell components. 

Heilbrunn and his co-workers (1946) suggested that a wound sub
stance is produced in mammals by exposure to high temperatures, and 
it is likely that such a substance is produced in insects also. However, 
in neither has it been purified or identified. 

Any hypothesis seeking to explain the adverse effects of temperature 
must be capable of accounting for the phenomenon of acclimatization. 
Baldwin (1954) reared the chalcid D. fuscipennis at 29°C and found 
such insects considerably more resistant to temperatures at 40° to 46°C 
than similar insects reared at 17°C or 23°C. Acclimation to 43°C oc
curred in 2 to 3 hours in D. fuscipennis, the time depending upon the 
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temperature at which the insects were raised. Changes in resistance to 
heat may be attributed to desiccation of the tissues, which is reflected in 
alterations in specific gravity of hemolymph (Baldwin and Riordan, 
1956). Baldwin and House (1954) raised two species of sawflies, Neodi-
prion lecontei (Fitch) and N. sertifer (Geoifroy) and found that the 
larvae raised at high temperatures were more resistant to heat than those 
raised at lower temperatures. The increased resistance was associated 
with an increase in osmotic pressure and in specific gravity, but not in 
the pH, of the hemolymph. It has also been shown that the degree of 
desiccation of the food influences the specific gravity of the hemolymph, 
and it seems logical that heat resistance is associated with reduction of 
water in the cell. Koidsumi (1953) has shown that the cuticular lipids 
of insects grown at high temperatures have a higher melting point than 
those of the same species reared at lower temperatures, thus giving sup
port to an alternative hypothesis of the mechanism of acclimatization. 
House et al. (1958) found that the thermal resistance of larvae of a 
Pseudosarcophaga was increased roughly 20 percent by feeding the larvae 
on saturated fatty acids in comparison with those reared on unsaturated 
fatty acids. The iodine number of total body lipids was concomitantly 
increased from 64.3 to 73 percent. Munson (1953) found a comparable 
increase, during a 2-week period, in the iodine number of body lipids 
of the cockroach when the insects were kept at temperatures from 27° 
to 35 °C. However, this change in body lipids was not accompanied by 
any increase in resistance to heat death. 

Most insects, even those inhabiting hot springs, are unable to survive 
temperatures exceeding 53 °C. A notable exception is a remarkable 
chironomid larva described by Hin ton (1960) which when desiccated 
could be heated to 102° to 104°C for 1 minute and subsequently undergo 
metamorphosis. Some larvae temporarily recovered from an exposure of 
5 minutes to a temperature of 200°C. 

The study of heat death in insects has received some stimulus from 
the fact that insect pests, particularly in stored products, may be con
trolled by the application of heat. The method has been particularly 
studied by Headlee and later by Busnel (Busnel and Busnel, 1952), but 
has not come into extensive use. Although heat is one of the least ex
pensive forms of energy suitable for killing insects, it is difficult to apply 
uniformly, and the temperatures lethal to insects are too close to those 
which cause undesirable effects on the surroundings. The lethal temper
atures for particular insects and stages are greatly influenced by a variety 
of other factors, particularly the moisture content. Knipling and Sullivan 
(1958) reported that exposure to 60°C for 15 minutes killed all stages 

of all pest species they studied. 
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Certain other treatments which kill insects may do so by virtue of 
their heating effects. This has been indicated to be the mechanism of 
action of dielectric fields (Webber et al., 1946; Soderholm, 1952), micro
wave radiation and X rays (Baldwin, 1956). Each of these reports will 
be discussed later. Baldwin (1958) has shown that a sublethal dose of 
X rays sensitizes the chalcid D. fuscipennis to heat death. This sensitivity 
to heat decreases with time after exposure, the rate of decrease being 
faster at high than at low temperatures; it ceases in the presence of 
carbon dioxide. These observations suggest that the process of recovery 
from heat damage is linked to the metabolism of the damaged cell. 
There are some similarities between the effects of heat and X-radiation 
on insect cells, but the mode of action is not identical (Baldwin and 
Narraway, 1957). 

2. Cold 

The effects of cold on insects have been discussed in detail by Salt 
(1956, 1961b, c ) ; the problems are better defined than those associated 
with heat injury, and yet the mechanism of injury by freezing is also 
far from being understood. It seems likely that the explanation of tissue 
injury must be sought in the differential effects of cold on different 
biochemical reactions. Progress can be expected, therefore, when the 
effects of cold on metabolic pathways are studied, but such investigations 
have not yet been undertaken. 

Freezing is injurious to most insects. At least four theories of the 
lethal effect of freezing injury have been propounded, but none is com
pletely satisfactory (Salt, 1961c). These theories have been designated: 
(1) the bound water theory, (2) the electrolyte concentration theory, 
(3) the mechanical theory, and (4) the site-of-freezing theory. The last 

seems to be in part valid and is the most probable explanation. It holds 
that the freezing of extracellular water is innocuous, whereas the freezing 
of intracellular water causes irreparable cell damage. The precise nature 
of the damage is still unknown. 

Some cells can freeze and thaw without injury, as, for example, the 
fat-body cells of the larva of the goldenrod fly Eurosta (Salt, 1959), or 
those of the cold-hardy larva of the European corn borer (Hanec and 
Beck, 1960). Freezing occurs around an ice crystal nucleus, and such 
nuclei occur frequently in food in the digestive tract (Salt, 1953, 1958). 

Water in biological systems is associated with colloids and ions that 
lower its freezing point, and supercooling generally occurs in insect tis
sues. Insects frequently undercool to between —20°C and —30°C before 
they freeze (Salt, 1936), although water crystals form in many insects 
held in the undercooled state (Salt, 1950). The temperature at which 
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freezing occurs varies greatly, and it is altered by various prior treat
ments of the insect. The undercooling point is modified by movement 
or by wounding. When insects are placed in an electrostatic field, they 
freeze at higher temperatures than normal (Salt, 1961a). The discovery 
that glycerol occurs in surprising concentrations in the insect hemolymph 
suggested that it may have a role in preserving tissues against the effects 
of cold, and the data may be considered to substantiate this (Salt, 1957). 
However, they merely show a correlation between the occurrence of cold-
hardiness and the presence of glycerol. How it acts in the cell has still 
to be determined. 

Many insects preparing for diapause lose water and greatly reduce 
their undercooling point. Another mechanism for increasing cold-
hardiness is to increase the quantity of glycerol in the tissues. Acclima
tion to cold may occur within a few hours; its nature is not understood. 

Insects can be damaged by temperatures above freezing. In a thor
ough study of the effects of cold storage on puparia of the house fly, 
Bucher et al. (1948) showed that death did not occur during storage, 
but at a later stage. Storage for 5 days at 6°C resulted in decreased per
centage of emergence but this percentage varied greatly with the age at 
storage. Temperatures below the threshold of development caused a 
variety of physiological disturbances, as was demonstrated by the effects 
on longevity, oviposition, and the ability of the eggs from surviving 
adults to hatch. The authors consider that these effects are caused by 
metabolic disturbances resulting from alterations in the relative rates of 
development of various organ systems. 

Asahima and Aoki (1958), after careful precooling, froze larvae of 
two species of Lepidoptera in liquid air for 24 hours. Normal growth 
proceeded after thawing. Hin ton (1960) reported that six dehydrated 
larvae of the chironomid Polypedilum vanderplanki Hinton survived 
immersion in liquid helium (—270°C), and five larvae survived in 
liquid air (—190°C). During these treatments the insects must become 
cryptobiotic, that is, under these conditions "the concept of life becomes 
synonymous with that of the structure, which supports all the compo
nents of its catalytic systems. Only when the structure is damaged or 
destroyed does the organism pass from the state of anabiosis or latent 
life to that of death" (Keilin, 1959). 

The effect of cold on insects is of considerable economic significance. 
Insects in many environments are subjected to lethal cold, and many 
insects are carried into high altitudes by air currents where they are 
subjected to low temperatures. Recently problems of the transport of 
insects on aircraft have prompted work on the effects of these tempera-
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tures on insects. Mexican bean beetle, grasshoppers, Japanese beetle, 
yellow-fever mosquito, American cockroach, and house fly were killed 
by exposure to —15°C or lower for 1 hour. However, Tribolium and 
the tick Dermacentor survived temperatures of —20°C for 1 hour (Knip-
ling and Sullivan, 1957). These observations serve to underline the fact 
that cold-hardiness is by no means a common attribute of insects. Active 
honey bees, for example, are very sensitive to cold. 

It should not be overlooked that low temperatures are not always 
deleterious and may, in fact, be necessary, as for the breaking of 
diapause (Way, 1960; Hogan, 1960; and others). 

D. Sound 
It would not be expected that readily attainable intensities of audible 

sound (i.e., waves in the range 16 to 20,000 cycles per second) would 
have deleterious effects upon insects, but the effects of ultrasound have 
been studied by several workers. 

Frings et al. (1948) examined the effects of airborne ultrasound from 
a 19-kc siren at an intensity of about 1 watt/cm 2 (or about 10 4 times 
the pain level in the sonic range) on a variety of animals. Mice were 
killed from the thermal effects in 1 minute even though the air temper
ature did not rise above 31°C. Cockroaches and silverfish, which reflected 
the sound more effectively than the hair-covered mouse, were killed in 
2 to 4 minutes; here again the indications were that death was due to 
heating. Blow flies and mosquitoes were more sensitive and were killed 
by exposures of 5 to 10 seconds. Mechanical injury appeared to be the 
cause of death; the abdomen was crushed. Using a piezoelectric gener
ator at frequencies of 400 to 1500 kc at an intensity of 540 watts, Yeo-
mans (1952) obtained the results shown in Table I. 

Yeomans concluded that sound waves do not penetrate the insect 

T A B L E I 

TOLERANCE OF ULTRASONIC FREQUENCIES BY INSECTS 

Maximum 
Temp. power input Frequency Duration Mortality 

Insect (•C) (ma) (kc) (sec) (percent) 

Newly hatched 17 300 400 40 100 
codling-moth 17 300 400 10 25 
larvae 20 300 400 5 70 

20 300 400 2 50 
20 160 400 5 0 

Aedes aegypti 25 300 400 7 100 
larvae 42 300 400 540 100 
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cuticle and that high-intensity waves shatter insects but damage surround
ing materials. It is probable that the death of cells is attributable to 
heating effects, and it is unlikely that cavitation ever occurs in tissues. 

Several workers have examined the possibility that supersonic waves 
might cause mutations. Fritz-Niggli and Böni (1950) and Frings and 
Boyd (1951) concluded that no such effects resulted from exposures of 
up to 1.7 watts/cm2. Drosophila were found to be very resistant to ultra
sound and survived exposures of up to 45 minutes. Fritz-Niggli and Böni 
(1950) reported a marked change in susceptibility of Drosophila pupae 

with age. Pupae 22 hours old suffered 75 percent mortality after 20 
minutes' exposure at an intensity of 1.75 watts/cm2. After metamorphosis 
the resistance of flies increased rapidly until it was some 1000 times 
greater than that of the freshly laid egg. Selman and Counce (1953) and 
Counce and Selman (1955) attempted to use ultrasonic treatment as a 
tool in experimental embryology. An ultrasonic frequency of 1 Mc/sec 
for 30 seconds was employed at intensities of 0.05, 0.1, 0.3, 0.5, and 1.2 
watts/cm2. Intensities lower than 0.1 watt/cm 2 had little effect on embry
onic development. Maximum killing effect for Drosophila eggs occurred 
at the syncytial blastoderm stage. Eggs in the preblastoderm stage failed 
to develop after treatment with intensities of 1.2 watts/cm2. Abnormal
ities produced at lower intensities were due to alterations in distribution 
of yolk granules. At late cleavage stages polyploidy and abnormal mitotic 
figures were induced, and it is apparent that developmental abnormalities 
can be produced from ultrasonic treatment of an intensity lower than 
that required to produce cavitation or chemical changes in the tissues. 

No experiments on focused beams of ultrasound, such as have been 
used in producing lesions of the vertebrate central nervous system 
(Hueter and Fry, 1960), have been attempted with insects. 

E. High-Frequency Electric Fields 

The frequencies from roughly 1 to 100 Mc/sec cause dielectric and 
inductive heating. Dielectric heating occurs in substances like grain 
which are electric insulators, whereas inductive heating occurs in 
electrical conductors. An excellent summary of the earlier literature is 
presented by Thomas (1952). Soderholm (1952) has shown that rice 
weevils were killed after exposure to a 40-Mc field for 1 second. The 
temperature in wheat of 12 percent moisture reached 38°C, but a higher 
temperature was required to kill all stages of the insect. A temperature 
of 76°C was required to give complete kill of all stages of the pink boll-
worm and this required an exposure of 14 to 29 seconds. Soderholm 
concluded that (1) the method has some possibilities for commercial use 
and (2) the entire effect of high-frequency fields was due to their heating 
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effects; he found no selective action on insects. These studies were 
continued by Whitney et al. (1961), who reported that the maximum 
attainable field intensity is limited by arcing in the grain. No arcing 
occurred at 4.8 kv per inch (root-mean-square) and all insect species 
studied were killed by a few seconds' exposure at this intensity. At a 
frequency of 3.9 Mc, insects which were not killed were injured. The 
appendages were often broken and some insects moved around for days 
on stumps of femora and tibiae. There was, however, little effect on 
reproduction. All the killing effects were due to heat, but adult insects 
are selectively heated at about twice the rate of wheat. Thus 100 percent 
mortality of adult rice weevils was achieved in a few seconds when the 
temperature did not rise above 39.5°C, whereas in an oven at the same 
temperature an exposure of 16 hours resulted in only 9 percent mortality. 

There was delayed killing effect with rice weevils, some of which were 
still dying 1 week after treatment, but no such effect was observed with 
confused flour beetle or red flour beetle. Webber et al. (1946) used an 
apparatus producing 11 Mc/sec to give 100 percent mortality of insects 
in flour without damage to containers or contents. A field intensity of 
5400 volts/sec/cm 2 was required to produce 70°C in a short time to 
give 100 percent kill. 

Baker et al. (1956) found that a temperature of about 74°C for 
21 seconds was necessary to give 100 percent kill of adult flour beetles 
1 week after the treatment. Even under these conditions 23 percent of the 
eggs hatched. Kocian (1936) found an effect on respiratory rate as a 
result of exposure for about 10 minutes each day. In Agrion nymphs the 
Ο2 consumption was increased, whereas with mealworm larvae it was 
decreased. 

Frings (1952) showed the difficulties in comparing the effects of 
radio frequency fields on different species of insects because these effects 
are influenced by the space occupied by the insects, by the presence or 
absence of appendages (which heat faster), and by the orientation of 
insects in the field. Furthermore, adults are generally killed more easily 
than larvae and there are marked effects of age. He showed that there 
is no possibility of using the method to kill insects in fruit, for example, 
and concluded that dielectric heating is expensive heating, but may be 
justified in certain situations. Thus, this method of insect control does 
have applications in, for example, the control of Lyctus in timber 
(Thomas, 1960). Dielectric heating is already in use in the woodworking 
industries for gluing and bonding, so the equipment is available. The 
temperature must reach 65°C in less than 40 seconds in order to kill 
larvae, which are more resistant than the other stages. Although 
dielectric heating is not competitive with other methods of heating on 
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the basis of energy consumption, the method finds a use in insect control 
in, for example, oak paneling which cannot easily be removed. 

The effects of low potential gradients ( roughly 10 to 180 volts/cm) 
have small effects on the behavior of some insects (Edwards, 1960, 1961) 
and a somewhat greater field intensity (2.5 χ 10 3volts/cm) is said to 
affect the number of offspring produced in Drosophila cultures (Leven-
good and Shinkle, 1960; Edwards, 1961). 

F. Radiation1 

Insects, like all living organisms, are sensitive to the deleterious effects 
of radiation. Although the overall extent of this damage varies with the 
total dose and the intensity with which it is delivered to the different 
groups of the class, in general, radiosensitivity tends to decrease with 
increasing maturity in insects (Mavor, 1927; Henshaw and Henshaw, 
1932; Wharton and Wharton, 1959; Grosch, 1962). The radioresistance 
of the adult stage is appreciable since it has been found that the dose of 
X rays or of gamma rays needed to kill a mature insect is 100 times greater 
than that needed to kill a mammal of comparative age. 

The median lethal dose (LD 5 0) for 3-hour-old Drosophila embryos 
is approximately 200 r,2 for 4-hour-old embryos it is 500 r, and for Ί]/2-
hour-old embryos it is 810 r, as reported by Hassett and Jenkins (1952). 
On the other hand, it has been reported that the L D 5 0 for haploid embryos 
of Habrobracon increases from 200 r during cleavage to about 7000 r over 
a 4-hour period (Clark and Mitchell, 1952). The early embryonic stages 
of other insects appear to be even more resistant. For example, whereas 
1- to 4-day-old eggs of Anobium and Xestobium can be killed by 400 r of 
gamma rays, doses of 48,000 to 68,000 r are necessary to kill mature eggs 
of Anobium, and doses of above 32,000 r to kill mature eggs of Xestobium 
(Bletchly and Fisher, 1957). Doses below the L D 5 0 for any particular 

embryonic stage, although permitting the majority of the embryos to 
hatch, cause a delay in larval growth and some deaths during the ensuing 
larval and pupal periods. 

Four main effects of X-irradiation of the larval stages can be 

1 Grants received by I. I. Oster from the U. S. Atomic Energy Commission 
[AT(30-1)-2618] and the U. S. National Institutes of Health, Public Health Service 
(Cy-4615), affording assistance for his research in this field, made it possible for him 
to devote the time necessary for the preparation of this section. 

2
 The doses referred to in this section should be considered as relative values only, 

because it has been found that different strains of the same species may differ 
considerably in their sensitivity to radiation (Oster, Muller, and Ostertag, unpublished). 
In many cases this was not taken, or could not be taken, into account since genetically 
homogeneous samples were not available to the investigators cited. 
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recognized; the severity of this damage varies with the total dose and to 
a lesser extent with the intensity with which it is delivered. Sufficiently 
high doses will (1) prolong the larval period (Hussey et al., 1927, 1932), 
(2) produce phenocopies (Friesen, 1936; Epsteins, 1939; Waddington. 
1942; Villee, 1946; Kroeger, 1957), (3) cause some deaths during the 
subsequent pupal or imaginal stages (Oster and Cicak, 1958; Oster, 
1959a, b, 1961; Ostertag and Muller, 1959); and (4) reduce fertility in 
the surviving adults (Moore, 1932; Erdman, 1961). In some cases this 
reduction in fertility may be of a temporary nature. Using Drosophila 
it has been found that doses in the range of 1500 r for first-ins tar larvae 
to 3500 r for third-instar larvae cause appreciable killing whereas the 
development of irradiated Calliphora larvae into imagoes is practically 
unaffected by doses below 1000 r, and irradiation of Culex larvae with 
doses of about 3000 r or less is essentially without effect on subsequent 
imago formation (Halberstaedter et al, 1943). Bourgin and his co
workers (1956), in a detailed histological study of irradiated Drosophila, 
were able to delineate two categories of damage: those which appear 
immediately (within 12 hours after irradiation) and those which remain 
latent until the time when the pupal stage should begin under normal 
circumstances. The former include cell degeneration in tissues under
going rapid division at the time of treatment, whereas the latter are due 
to hormonal disturbances. Baldwin and Salthouse (1959a, b ) , using the 
very elegant method afforded by the bloodsucking bug Rhodnius prolixus 
(Stäl), in which the onset of mitosis can be controlled and where it is 
synchronous, were able to show that the appearance of radiation-induced 
damage could be correlated with cell division. The types of phenocopies 
which are produced include damage to the eyes (such as reduction in 
size and/or roughening of the surface), wings, bristles, scutellum, 
abdomen, etc. Such changes, which mimic the phenotypes of mutant 
genes, can usually be traced back to the induction of damage at the 
time of irradiation in a particular section or structure which still has to 
undergo further development following the exposure. 

Pupae are somewhat more resistant to X rays and, depending on the 
dose, effects ranging from killing to the production of phenocopies can 
be produced. 

Upon reaching adulthood, radioresistance increases markedly. For 
instance, doses of more than 60,000 r are needed to kill Drosophila adults 
(King, 1955), and some insects can withstand doses above 100,000 r. 
Here, again, fractionation of the dose appears to have a mitigating effect 
(Baxter and Tuttle, 1957). Sterility can be induced with considerably 
lower doses (Erdman, 1960), but with suitable dose fractionation, 
fertility is not impaired to any great extent in Drosophila. King (1957) 



46 Μ. F . DAY AND I. I. OSTER 

also observed the formation of unregulated growths which can be loosely 
characterized as ovarian "tumors" following treatment of Drosophila 
females with 4000 r of gamma rays from a cobalt source. 

As with other systems, the amount of oxygen present during the time 
of treatment plays a role in determining the extent of the damage which 
is induced by a particular dose of X rays. 

Radioactive isotopes have also been tried and found to produce 
deleterious effects in insects (Bugher and Taylor, 1949; Hassett and 
Jenkins, 1951). 

According to Packard (1928), X rays and gamma rays appear to be 
equally effective in producing damage in insects although Tahmisian and 
Vogel (1953), using well-calibrated sources of radiation, were able to 
detect a distinct correlation between the extent of the damage to grass
hopper ovarioles and the specific ionization of gamma rays, X rays, and 
neutrons. Beta rays have also been reported to produce sterility and 
mortality in Habrobracon (Dent and Avry, 1950). Very few studies 
have been carried out with alpha particles, but Rogers and von Borstel 
(1957) have reported that one particle is sufficient to induce lethality in 

Habrobracon eggs. 
There is no evidence whatsoever to indicate that insects can become 

better adapted to withstand radiation following repeated exposures 
(Luning and Jonsson, 1958). An occasional report has described an 
apparently beneficial effect of ionizing radiation on insects [such as an 
increase in longevity (Cork, 1957) or egg laying (Melville, 1958) ] , but in 
every instance this could be traced back to the induction of damage 
and consequent slowing down of some normal physiological process 
which has concomitant deleterious effects. 

Nonionizing radiation such as ultraviolet light is also effective in 
causing damage to exposed insects. On the other hand, although, like 
X rays, it caused a drop in respiration, it did not appear to prolong larval 
or pupal life as X rays did (Thompson, 1935). It has been reported that 
exposure of the immature stages of Drosophila to ultraviolet light 
produced phenocopies (Eloff, 1939; Villee, 1947). These could be photo-
reactivated, that is, lessened in extent, by subjecting the treated 
individuals to visible light shortly after the ultraviolet exposure (Per-
litsh and Keiner, 1953). In general, however, ultraviolet light is not 
too effective since it is readily absorbed by the chitin of the cuticle 
(Durand et al., 1941). 

It has also been reported that larvae of Drosophila which have been 
sensitized by a photodynamic dye, cyanin (quinoline blue), and exposed 
to visible light are killed (Villee and Lanvin, 1947). Lower exposures 
resulted in the production of phenocopies. 
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All the available evidence indicates that the most drastic changes 
resulting from the irradiation of living things can be traced back directly 
to damage induced within the genetic material composing the genes and 
chromosomes of the nucleus. The seeming universality of this finding 
strongly suggests that a similar situation serves as a basis for the great 
majority of the effects observed following the irradiation of insects, and 
the steadily accumulating evidence in this area fully supports this view. 
These observations include the following: 

(1) Immature stages which are haploid are more radiosensitive than 
those of comparable age which are diploid (Clark and Rubin, 1961). 

(2) Males, which have only one X chromosome, are more radio
sensitive than females, which have two X chromosomes (Whiting and 
Bostian, 1931; King, 1954; Oster and Cicak, 1958). 

(3) Females which have been genetically synthesized so that follow
ing radiation-induced breakage their two X chromosomes (so-called 
attached-X chromosome stocks) behave like one single unit (as normally 
occurs in the male) are more radiosensitive than females with normally 
structured chromosomes (Oster, 1959b). 

(4) Males containing chromosomes (ring-shaped sex chromosomes) 
which are more likely to be lost following breakage are more radio
sensitive than males with normally structured chromosomes (Oster, 
1959a, b ) . 

(5) Females heterozygous for chromosomal deficiences are more 
radiosensitive than females with nondeficient chromosomes (Ostertag and 
Muller, 1959). 

(6) Significantly lower doses of X rays are needed to kill eggs if the 
portion containing the nucleus is treated (Ulrich, 1958). 

(7) Adults are considerably less radiosensitive than the immature 

stages. 

There is no doubt that the main cause for the high radioresistance 
of adults lies in the fact that cell division does not occur in most tissues 
of such individuals and hence there is not much opportunity for the 
induction of widespread chromosomal disturbances. However, that this 
may not be the sole explanation in the special case of adult insects, is 
indicated by the finding that individual cells of insects appear to be more 
radioresistant than comparable individual cells of other organisms 
(Bacq and Alexander, 1961). Other factors may be involved since 
insects may not rely too heavily on enzyme systems which are ordinarily 
very sensitive to radiation, and their body fluids are rich in free amino 
acids which have some protective action against radiation. 

Radiation may be useful in controlling insect pests. Following a 



48 Μ. F . DAY AND I. I. OSTER 

suggestion of E. F. Knipling it has been shown that it is possible to 
eradicate from wide areas such insects as the screw-worm, Callitroga homi-
novorax (Coquerel) ( = C. americana (Cushing and Pat ton)) . This 
method is applicable to species which are subject to great seasonal 
variation in numbers. It involves seeding the wild population, when it 
is at its lowest ebb, with large numbers of heavily irradiated males. 
Such males should successfully mate since the fertilizing ability of their 
spermatozoa is not affected, but the resulting embryos would be largely 
inviable because of the structurally altered chromosomes which such 
treated spermatozoa would transmit. Moreover, the few resulting off
spring would probably carry some structurally altered chromosomes 
which would reduce the yield of their offspring in succeeding generations. 
When this procedure was repeated several times in areas infested by 
screw-worm flies they were eventually eliminated. When this technique 
was applied to some other insects it seemed to be a failure. However, 
upon subsequent analysis these unsuccessful attempts have been shown 
to be due to a combination of inadequate doses of radiation and the 
treatment of reproductive stages which are not appropriate for the 
transmission of dominant lethality. 

Irradiation of the reproductive cells in insects, while causing chromo
somal damage in all the different stages, will have different end results 
depending on the stage treated. That is, treatment of mature stages will 
produce chromosomal disarrangements, but affected cells can function 
in fertilization and serve to transmit the altered chromosomes to the 
progeny. On the other hand, damage produced within immature cells 
may interfere with their further development into viable germ cells. 
If the latter is extensive it may result in permanent sterility. 

After more careful study of the appropriate stages and doses to use 
for the different stages and insects, this method should constitute a 
valuable method for insect control. 

Another method which has been suggested for eliminating noxious 
insects is the use of radiation to cause direct killing of the infesting 
individuals (Baker et al., 1954; Hassett, 1956; Cornwall et al., 1957; 
Sullivan, 1961). Here, again, the appropriate doses for stage and species 
must be carefully worked out. Although the doses needed to cause 
100 percent mortality could not be used on stored foodstuffs because 
disagreeable color and taste changes are thereby produced, this method 
may prove valuable for treating precious wood and wooden sculptures 
and in other instances where contamination with chemical insecticides 
would be undesirable. 
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G. Wounds 
1. Injury to Specific Organs 
a. Cuticular and epidermal wounds. It is well known that some 

insects are killed in a dry environment by exposure to dusts and that 
death results from increased water loss (Alexander et al., 1944; Parkin, 
1944; Beament, 1961). Wigglesworth (1947) has shown that certain dusts 
act only on insects that are moving and that lesions on the cuticle can be 
made clear by staining with 5 percent ammoniacal silver hydroxide. 
These lesions occur mainly on the articulations of the limbs. In the 
undamaged insects the polyphenols of the cuticle are covered by waxy 
epicuticle. When this is removed, the polyphenols are exposed to the 
staining reagent. If fine abrasive powders are applied in aqueous 
suspension, abrasion occurs during drying when the particles are 
subjected to large forces from surface tension (Wigglesworth, 1958). 
However, Helvey (1952) showed that the insecticidal effects of dusts is 
not necessarily related to their abrasive effects. Electron micrographs 
showed that the dusts most effective against Mexican bean beetles were 
those without abrasive surfaces. 

Ebeling and Wagner (1959) and Tarshis (1961) have shown in 
detailed investigations that dry-wood termites and other insects were 
more susceptible to sorptive than to abrasive dusts. The sorptive dusts 
also acted by removing the lipoid layer covering the epicuticle. T h e 
most effective dusts were certain silica aerogels; their efficiency was 
enhanced when they were mixed with certain water-soluble fluorides. 

Healing of epidermal cells has been studied by several authors. 
Wigglesworth (1937, 1957) recognized a number of successive stages in 
the healing process. The epidermal cells surrounding the wound are 
activated; some migrate toward the wound, where there is a simultaneous 
aggregation of hemocytes. Mitoses begin in the peripheral area where the 
cells have been depleted in numbers. Cells then spread over the wound 
until cellular continuity has been restored and a new cuticle secreted. 
Similar observations were made by Braemer (1956) on wound healing 
in the larva and pupa of the flour moth. Giant cells were often observed 
during the healing process. 

Barton Browne and Evans (1960) found that piercing of flies with 
large hypodermic needles (e.g., 27 gauge) resulted in greatly decreased 
general activity, although no effects on other behavioral responses have 
been observed. Puncturing the epidermis of diapausing cecropia pupae 
results in a great increase in 0 2 consumption; but this injury-type 
metabolism persists long after the wound is healed; a similar injury in 
the developing pupae does not cause any metabolic increase (Schneider-
man and Williams, 1953). 



50 Μ. F . DAY AND I. I. OSTER 

Resistance of plants to insect attack has received little attention in 
comparison with the importance of the subject. The way in which the 
hooked epidermal hairs of French beans affect colonies of Aphis 
craccivora Koch illustrates the interest of such investigations (Johnson, 
1953). 

b. Induced hemorrhage. Insects can withstand considerable altera
tions in hemolymph volume and hemocyte numbers without ill effects. 
Cameron (1934) described alterations in relative numbers of two cell 
types in wax-moth larvae 24 hours after hemorrhage. Beard (1949) found 
that 40 percent of the volume of a Japanese-beetle larva was occupied 
by hemolymph. Half of this could be lost without fatal results. In fact, 
replacement was nearly complete in 3 days. The potassium content and 
specific gravity were temporarily decreased, but both regained normal 
values after about 24 hours. Pupation was delayed by 2 to 3 weeks, but it 
is apparent that considerable powers of recuperation are mobilized 
following hemorrhage. 

Jones and Tauber (1952) reported that the total and differential 
counts of hemocytes of larvae of the mealworm were unaffected by a 
single hemorrhage. Starvation for more than 10 days was associated with 
decreased total count and plasmatocyte count, and severe cautery resulted 
in a marked decrease in total hemocyte count. 

c. Denervation. Nerve regeneration takes place rapidly in insects 
(Bodenstein, 1957, 1959). When a sensory nerve is damaged the axons 

grow out along any nerve they encounter. If an axon contacts a more 
peripheral part, it may grow around in circles to form an annular nerve 
with no connections with the central nervous system (Wigglesworth, 
1953). 

Bodenstein (1957) showed both histologically and by electrophysio
logical methods that innervation of a cockroach leg was reestablished 
within a few weeks after denervation. Beränek and Novotn^ (1958) 
reported that spontaneous electrical activity occurs in denervated cock
roach muscle from the 8th day after denervation. Regeneration of nerves 
occurs even after complete removal of the ganglion normally supplying 
the limb. However, motor fibers are maintained only if the muscles they 
innervate are intact, and they undergo atrophy if the muscles are 
extirpated (Bodenstein, 1957). 

In the developing adult saturiid moth the development of muscles is 
dependent upon the integrity of the innervating nerves. If the central 
nervous system is removed from a pupa, the resulting adult appears 
normal but flaccid. The adult contains no muscles except those of the 
heart and gut (Williams and Schneiderman, 1952). Some muscles are 
more sensitive to denervation than others, but there is no particular 
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nerve with a trophic function (Finlayson, 1960). Wigglesworth (1956) 
showed that denervation of intersegmental muscles of Rhodnius did 
not affect their growth or involution. Hughes (1957) examined the 
effects of limb amputation on coordination of movements in the cock
roach and found considerable plasticity of nervous control of limb 
movements. Modifications in both posture and rhythm, involving many 
muscles, occurred but could be interpreted in terms of known reflexes. 

d. Wounds of other tissues. T h e bed bug can live for weeks after the 
gut has ruptured (Wigglesworth, 1931). In the cockroach, gut wounds 
healed in a high percentage of cases. The first reaction following wound
ing is that hemocytes accumulate at the wound in great numbers. These 
plug the opening and surround any foreign matter that may have 
escaped into the hemocoel. All types of hemocytes become involved, 
including those that contain material phagocytosed 24 hours earlier. By 
the end of 3 days all injured tissues are encapsulated and repair of the 
injured area from regenerating midgut epithelium is under way. After 
3 weeks the size of the "wound tissue" has begun to decrease and this 
decrease is hastened as soon as epithelial continuity is reestablished 
(Day, 1952). When 0.01 Μ ascorbic acid, which inhibits coagulation of 

hemocytes, is injected into wounded cockroaches, mortality is greatly 
increased and the amount of wound tissue decreased. 

In mosquitoes there are few hemocytes and healing is efficiently 
accomplished without their intervention: in only 1 of 165 insects with 
gut wounds were hemocytes involved (Day and Bennetts, 1953). 

2. Biochemical Changes Associated with Wound Healing 

Information on wound healing in insects has hitherto been based 
mainly on histological observations. Recently the changes in biochemical 
events associated with injury have been studied (Harvey and Williams, 
1961). 

The process of wounding a lepidopteran pupa initiates—probably 
through the medium of an "injury factor" (Shappirio, 1960) —a series 
of metabolic changes which are, in general, similar to those that occur 
when postdiapause development commences. Postdiapause changes are 
associated with the secretion of ecdysone, but this hormone is not 
involved in wound healing, since healing can occur in the isolated pupal 
abdomen (Schneiderman and Williams, 1954). Nevertheless, the bio
chemical similarities in the two processes are striking. Thus, the rate 
of glycine-1-C14 incorporation is increased in both (Telfer and Williams, 
1960); the cytochrome c level in wing epithelia increases in both post
diapause and in injured cecropia (Shappirio, 1958, 1960) ; and, not only 
is the rate of respiration increased, but this increase is prevented by 
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carbon monoxide in both (Harvey, 1956; Kurland and Schneiderman, 
1959). Synthesis of both DNA (Davis and Schneiderman, 1960) and 
RNA (Wyatt, 1959) occurs in normal development and also after 
wounding. 

Telfer and Williams (1960) have pointed out that the increased 0 2 

consumption following wounding is greater than is necessary for merely 
closing the wound. They suggest that the expenditure of energy may 
result from an increased rate of protein turnover from membrane 
transport, and so on. Laufer (1960) has demonstrated striking changes 
in blood protein turnover following wounding, and Wyatt (1961) has 
found that injury produces marked qualitative changes in carbohydrate 
metabolism of saturniids. For example, the concentration of blood 
trehalose more than trebles, whereas that of glycerol falls. Injected 
glucose-i-C14 appears as glycogen in the fat body. 

Injury to one member of a parabiotic pair stimulates respiration in 
the other (Jankowitz, 1955). Many of these metabolic effects of wounding 
thus occur in tissues other than those actually damaged (Gilbert and 
Schneiderman, 1961). In the healing of epidermal wounds numerous 
hypodermal nuclei, as well as numerous hemocytes, incorporate tritiated 
thymidine. Thymidine is a precursor of DNA, and the incorporation is 
evidence that cell multiplication has occurred and presumably plays a 
part in the wound-healing process (Davis and Schneiderman, 1960). 

Although the above account illustrates that some interesting work 
on the biochemistry of the injury response is being undertaken, a glance 
at the proceedings of a recent symposium on biochemistry of vertebrate 
injury (Stoner, 1960) will indicate how little is known of the problems 
in insects in comparison with the work done on injury to mammals. 
However, some of the biochemical responses have superficial similarities, 
and further work may show that work with insects has a good deal to 
contribute to the solution of the larger problem. 

3. Transplantation 
Insects do not produce tissue antibodies, and interordinal graft 

transplantations are often successful. Rejection of heteromorphic trans
plants by the immunological mechanisms well known in vertebrates 
(Medawar, 1961) does not generally occur in insects. Bodenstein (1959, 
p. 80 ) , however, reported that Drosophila virilis tissues develop in D. 
melanogaster, whereas those of D. melanogaster do not develop in D. 
virilis. 

4. Regeneration of Appendages 
Insects are able to regenerate many organs following loss by ampu

tation or autotomy. Bodenstein (1953) has reviewed earlier contributions 
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to the study of the factors responsible for regeneration. Subsequent 
studies have been concerned with the role of nerves and hormones, the 
time sequence, and the histological details of regeneration. These facts 
will be briefly mentioned, but the general observation should be made 
that the underlying developmental phenomena are still poorly under
stood. Many insects regenerate lost limbs at the following molt, but 
adults cannot regenerate unless induced to molt by appropriate endocrine 
manipulations. Prothoracic gland hormone is needed for regeneration, 
but extirpation of the gland has no effect on regeneration. 

A normal nerve supply is not required for regeneration; in fact, 
regeneration of nerves is so rapid that no regenerate has been found into 
which nerves had not penetrated (Bodenstein, 1955, 1959). 

If removal of a leg or tarsus occurs before a critical period, a complete 
regenerated limb (which, however, always lacks one tarsal segment) is 
found after the next molt. If, however, the injury is sustained after the 
critical period, a papilla appears after the next molt and the regenerated 
limb does not appear until the second molt after the injury. No delay 
in time of ecdysis occurs if a papilla is formed, but the succeeding 
ecdysis is delayed if a regenerated limb is to be formed. Regeneration of 
the cercus is not influenced by a critical period (O'Farrell et al., 1960; 
O'Farrell and Stock, 1958). 

I I I . CONCLUSIONS 

A few generalizations, based on the experimental results reported in 
preceding sections, seem warranted. 

Insects are resistant to gravitational forces many hundreds of times 
greater than those which affect vertebrates, undoubtedly the result of 
the differences in blood-vascular and skeletal systems between the two 
groups. Insects are likewise relatively insensitive to changes of pressure 
in gases. Here the increased resistance results from the efficiency of the 
tracheal mode of respiration which permits operation at very low 
pressures; but tracheal respiration is less efficient at increased pressures, a 
fact perhaps related to the scarcity of insects in the oceans. 

Insects are to be found in some of the coldest and in the hottest 
environments occupied by animals. Many survive a wider thermal range 
than the homoiotherms, and they have remarkable powers of acclimati
zation. Some insects can enter a reversible cryptobiotic state, but active 
insects are fairly sensitive to increased temperatures. Proteins, wherever 
they occur, are subject to thermal denaturation, but the temperature 
lethal to insects is modified by many factors, particularly humidity. Heat 
death is often the result of desiccation. 
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Sound, electric fields, and certain kinds of radiations kill insects 
mainly by their heating effect. 

Adult insects are less sensitive to X-radiation and to γ-radiation than 
any vertebrate, a fact probably correlated with the relative scarcity of 
cells in the replacement phase. Damage by low-intensity radiation is 
probably always the result of effects on chromosomes. 

Finally, insects readily withstand wounding and have efficient wound-
healing mechanisms. These generally depend upon the hemocytes, which 
also provide a very efficient phagocytic system. 

Thus, insects are more resistant than vertebrates to almost every type 
of physical injury. This resistance is attributable to a variety of 
mechanisms, including those resulting chiefly from the "open" respiratory 
and circulatory systems, the Poikilothermie mechanism, the exoskeleton, 
and the efficient phagocytic system. 

In fact, so adaptable and resistant are insects that it is small wonder 
that it has been said that the hexapods will still inhabit the earth when 
all vertebrates have perished. 
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