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I . INTRODUCTION 

In insects, as in other animals and in plants, nutritional diseases 
develop when faulty nutrition causes the metabolism of the organism to 
become abnormal. The importance of these diseases and the close inter
relation between faulty nutrition and deranged metabolism were 
recognized by Steinhaus (1949) in his "Principles of Insect Pathology." 
As might be expected, determinations of the specific causes and mani
festations of these diseases come mostly from nutritional research; 
nevertheless, understanding of these is surprisingly limited. According 
to Gordon (1959), one of the most striking features of insect nutrition 
research is the difficulty in producing characteristic effects as observed 
in mammals, because a deficiency in any essential nutrient in insects 
usually causes merely cessation of growth and prolonged survival. As 
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existing knowledge usually is of particular species, these diseases are 
discussed here on a particular, rather than generalized, basis. 

Throughout this chapter, the term "nutritional diseases" refers to 
abnormalities caused by the absence, insufficiency, or excess of one or 
more nutrients; a "symptom" is any perceptible change in the body or 
its function that indicates disease [see also Chapter 16, Vol. I I ] . The 
term "gross pathology" refers to obvious conditions, such as paralysis, 
abnormal coloring, and morphological abnormalities; the term "physio-
chemical" refers to abnormalities not visible to the naked eye, such 
as changes in pH, osmotic pressure, or chemical composition; the term 
"histopathological" refers to abnormalities—in the tissues, cells, and 
other microstructures—that are detectable only by histological or histo-
chemical techniques. The term "nutritional requirements" refers to the 
chemical factors essential to the adequacy of the ingested food. The 
term "imbalance" means a relative deficiency of an essential nutrient 
that results from an immoderate excess of one or more other nutrients. 

I I . INSECT NUTRITION 

The subject of insect nutrition was reviewed by Lipke and Fraenkel 
(1956), Friend (1958), and House (1958, 1961, 1962); what follows in this 
section is basically a synopsis of these reviews. 

In general, insects require for growth the common ten essential 
amino acids, six or more Β vitamins, a sterol such as cholesterol, and a 
number of inorganic salts; some species require carbohydrates, certain 
fatty acids, and components of nucleic acids; and a few may need 
miscellaneous and unidentified substances. In some cases, certain 
substances can be substituted for others; moreover, the presence of 
certain substances may determine the need for another. Although most 
insects may synthesize ascorbic acid, or vitamin C, a few species require 
dietary sources of it. Apparently in no insects are fat-soluble vitamins 
essential for growth or development; carotene, however, is beneficial in 
locusts (Dadd, 1957). 

Less is known about the nutritional requirements of adults. But in 
contrast to the rather uniform requirements for the growth of larvae, 
adult nutritional requirements vary widely. Adults of some species do 
not feed, many require carbohydrates only, others need protein and 
probably vitamins and minerals. These differences usually are related 
to the extent to which growth continues into the adult stage, in partic
ular the growth and development of the reproductive organs; and as 
these demands for growth and development may differ with sex, nutri
tional requirements may differ likewise. 
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For optimum nutrition not only must all essential nutrients be 
obtained in both the immature and adult stages, but they must be 
obtained in a satisfactory proportional relationship, or balance. Quan
titative requirements for some substances depend on a number of fac
tors; for example, vitamin and energy requirements depend on meta
bolic rate, and in some cases on the dietary protein level. 

Some of the apparent differences between the nutritional require
ments of insects that have different food habits arise because of covert 
sources of nutritional supplement. In some species intestinal microflora 
or intracellular symbiotes supply nutrients, particularly vitamins. These 
sources obscure recognition of nutritional requirements in nature or 
in nonaxenic cultures: when these microorganisms were eliminated, the 
nutritional requirements of the insect concerned were found to be quite 
ordinary. A similar masking of requirements occurs if nutritional re
serves are stored in the immature forms and subsequently mobilized 
to nourish the adult, or are passed from the adult via the egg to the 
young. Although techniques designed to avoid the intervention of 
microorganisms are used often in research on insect nutrition, few at
tempts have been made to overcome the intervention of nutrient re
serves. It is significant that understanding of nutritional requirements 
of insects usually is founded on the needs for part or all of but one 
generation. But recently Gordon (1959) showed that if deficiency tests 
are prolonged to include succeeding generations the need for certain 
substances, heretofore considered nonessential, becomes apparent. 

Physical and chemical stimuli often are necessary to induce feeding 
responses, especially in insects that have rather specialized feeding habits. 
Inadequate tactile or gustatory stimuli, for example, can reduce the 
feeding activities of the insect concerned and result in its undernourish
ment. Many substances, including some nutrients, are phagostimulants. 
The usual assumption is that a dietary component is an essential nu
trient if its omission results in poor growth, though if the component 
in question is a phagostimulant, poor growth may be caused by a 
reduction in feeding activity (Dadd, 1960a). 

It may be concluded that nutritional requirements depend on syn
thesizing abilities and on other metabolic processes which are highly 
developed in insects and in many respects are similar to those of verte
brates. There are genetic bases for nutritional requirements, and dif
ferences in requirements may occur between strains of insects. More
over, metamorphosis is often attended by changes in food habits and 
nutrition, and these are usually greatest in species that undergo com
plete metamorphosis. But it is doubtful whether nutritional require-
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merits differ among species of insects any more than among species of 
mammals, as the qualitative nutritional requirements of insects are very 
similar and differences between species do not appear to have any strik
ing taxonomic significance. Quantitative requirements vary widely, 
depending on various factors. Only a heuristic and rather fragmentary 
insight has been obtained on the metabolic fate of most nutrients in 
insects. 

I I I . NUTRITIONAL DISEASES: CAUSES AND SYMPTOMS 

Gordon (1959) reasoned that in insects cessation of growth resulting 
from a deficiency of any essential nutrient is probably a mechanism for 
efficient survival under highly unfavorable conditions, as it avoids the 
wasteful and lethal biochemical imbalances that mammals create when 
they continue to grow on deficient diets. Slow or arrested growth and 
development, diminutive size, and high or complete mortality of the 
immature stages, and little or no reproduction in the adult, are familiar 
symptoms of most nutritional defects. For example, Sang (1956) stated 
that deficiencies of certain vitamins result in death of the vinegar fly, 
Drosophila melanogaster Meigen, during the larval stage and are often 
characterized by a high mortality during a particular instar; shortages 
of other vitamins result in death during the developmental crises of 
the pupal instar; and, whenever adults emerge, their appearance is in
variably normal though their size may be reduced. Various workers 
supposed similar effects to result from unsatisfactory quantitative rela
tionships between various nutrients (House, 1959). But, as many ex
amples of these familiar common symptoms may be found in the litera
ture on insect nutrition, further discussion of them may be omitted here 
to enable causes and less familiar characteristic symptoms of various 
nutritional diseases to be discussed, as will be done in the following 
paragraphs. 

A. Effects of Proteins and Amino Acids 
Lack or insufficiency of protein or essential amino acids cause re

tardation of many physiological processes. Various gross pathological 
conditions that arise indicate metabolic stress, and sometimes they may 
cause death. When newly emerged honey bees, Apis mellifera Linnaeus, 
were fed on pure sugar, but without pollen, the bees lacked vitality, 
remained motionless on the comb, and mortality was high (Haydak, 
1937). These effects were probably caused by lack of protein, though 
the possibility of deficiencies of vitamins and other substances must be 
considered. The exoskeletal structure and the characteristics of the in
tegument and processes associated with it are significantly affected in 
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various ways. On protein-deficient diets, A. mellifera became paralyzed, 
chitin became brittle, hair was lost, and the wings broke off—especially 
in nurse bees—as nitrogenous reserves were depleted, mostly from the 
integument, when the hive was depleted of pollen for a long time 
(Butler, 1943). With the European corn borer, Ostrinia [= Pyrausta] 

nubilalis (Hübner), delayed or supernumerary molts and suboptimal 
growth of the head-capsule width occurred on protein-deficient diets 
(Beck, 1950). Lack of dietary cystine caused misshapen puparia in the 

greenbottle fly, Phaenicia [— Lucilia] sericata (Meigen), and in Droso
phila melanogaster (Michelbacher et al., 1932; Lafon, 1939) and caused 
more than usual mortality during ecdysis in the German cockroach, 
Blattella germanica (Linnaeus), and during adult emergence in the 
yellow-fever mosquito, Aedes aegypti (Linnaeus) (House, 1949; Gol-
berg and DeMeillon, 1948). Color variation, as observed in A. aegypti 
larvae and the oriental beetle, Anomala orientalis Waterhouse, may be 
taken as symptomatic of metabolic difficulties caused by unfavorable 
dietary levels of phenylalanine and tyrosine (Golberg and DeMeillon, 
1948; Po-Chedley, 1958). The eye color in wild and vermilion D. 
melanogaster can be changed by variations in the dietary concentration 
of tryptophan (Valadares and Charconnet-Harding, 1950). 

Some histopathological conditions are expressions of metabolic upset 
caused by excessive quantities of protein or by unfavorable proportions 
of amino acids in the diet. For example, visible white deposits, presum
ably urates or uric acid, occurred in the legs, head, and other body parts 
of the American cockroach, Periplaneta americana (Linnaeus); the ab
domen was greatly extended; and the white mass of the fat body hard
ened very quickly on exposure to air (Haydak, 1953). The incidence 
of melanotic tumors is increased in certain strains of D. melanogaster by 
feeding excessive quantities of tryptophan, lysine, asparagine, phenyl
alanine, and arginine; other amino acids, including tyrosine, which is 
involved in melanin formation, either decreased the incidence of such 
tumors or had no effect (Mittler, 1952; Wilson, 1947, 1949). Hinton 
et al. (1951) found that excessive tryptophan caused other abnormali
ties, including deformed heads and tarsi, barlike eyes, and darkened 
body and eye color. Kanehisa (1956) pointed out the particularly close 
relationship between tumor formation and the tryptophan metabolic 
system involving eye color in this insect. Mizutani (1957) found that 
the incidence of tumors in certain strains of Drosophila depended on 
nutrition and that reduction in the incidence of tumors occurred in 
cultures reared on certain yeast, possibly due to amino acid or vitamin 
deficiencies, and concluded that tumor incidence is linked with eye-
color genes and is regulated by tryptophan metabolism. 
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Many adult insects require proteinaceous food to promote ovulation 
and egg development. In the adult California green lacewing, Chrysopa 
californica Coquillett, ovisorption is a symptom of a protein deficiency 
(Hägen, 1950). Ovaries lacked oocytes in the stage of yolk synthesis 

when D. melanogaster was reared on diets that lacked isoleucine, leucine, 
lysine, methionine, phenylalanine, threonine, tryptophan, or valine 
(Sang and King, 1959). Absence of tryptophan prevented yolk forma
tion in the adult female blow fly Protophormia terraenovae (Robineau-
Desvoidy) (Harlow, 1956). 

B. Effects of Carbohydrates 

The dietary requirements for carbohydrates are nonspecific, though 
certain carbohydrates are utilized more readily than others. In general, 
the nutritional value of carbohydrates depends on their kind and it may 
vary with the species of insect. It is generally supposed that carbo
hydrates are always broken down into their component monosaccharides 
before they are absorbed by the insect gut. Lipke and Fraenkel (1956) 
pointed out that a given carbohydrate may be inert nutritionally, 
satisfactory as a carbon source but unacceptable in a gustatory sense, 
or toxic per se. One would expect the literature to contain many 
pertinent observations on carbohydrate deficiency symptoms, but this 
does not seem to be the case. As a principal metabolic role of carbo
hydrates is to supply energy, it has been tacitly accepted that carbo-
hyrate deficiency is manifest as a loss of general vitality and activity that 
affects the whole organism rather than as an obvious effect localized 
on any one part of the insect. 

Beck (1950) found that a dietary deficiency of carbohydrate resulted 
in suboptimal growth expressed as head-capsule width, and affected 
molting in Ostrinia nubilalis. Excessive dietary levels of carbohydrates 
may upset the metabolic balance. Barlow and House (1960) showed 
that larvae of the dipterous parasitoid Agria affinis (Fallen) could not 
control their blood carbohydrate to the usual level when reared on diets 
containing more than 1 percent of glucose: decreased growth rate and 
increased mortality were concurrent effects. Symptoms of carbohydrate 
deficiency in the adult female of some species are retardation of ovarian 
development and decreased or no egg production, as, for example, in the 
black blow fly, Phormia regina (Meigen) (Rasso and Fraenkel, 1954). 
Possibly such conditions may arise in many insects in natural environ
ments under special circumstances; for example, dietary carbohydrates 
are needed for normal reproduction in the female mosquito Anopheles 
maculipennis Meigen only at suboptimal temperatures (Hecht, 1933). 
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C. Effects of Lipids 
A dietary sterol, such as cholesterol, is required by all insects that 

have been investigated, but fat synthesis seems to be so well developed 
that a dietary source of specific fatty acids was found necessary for only 
a few species. These few fatty acids seem to play special metabolic roles 
other than calorific. Most noteworthy symptoms of a fatty acid deficiency, 
including effects on growth and development, concern linoleic acid, and, 
until recently, symptoms of fatty acid deficiencies had been observed 
only in insects that feed on fresh or on processed plant material, particu
larly in species of Lepidoptera. 

Fraenkel and Blewett (1946) found that linoleic acid was essential 
in the Mediterranean flour moth, Anagasta [= Ephestia] kühniella 
(Zeller), for production of intact wing scales, expansion of wings, and 
emergence of the moths. Without linoleic acid in the diet these features 
were affected detrimentally, and the extent of the abnormalities was 
proportional to the severity of the deficiency. The wing scales were 
actually formed but remained stuck to the cast-off exuvia. Some other 
substances, such as barbituric acid, may prevent scale development 
(Blaustein and Schneiderman, 1960). Faulty moth emergence and 
malformed and scaleless wings were reported in the pink bollworm, 
Pectinophora gossypiella (Saunders), reared on fat-deficient diets (Beck-
man et al., 1953). Later work by Vanderzant et al. (1957) showed that 
when P. gossypiella was reared on suboptimal levels of corn oil few moths 
emerged normally, but many emerged with their wings attached to the 
pupal case, and that linolenic acid was more active than linoleic acid in 
promoting moth emergence. A close correlation between fecundity of 
the beet webworm, Loxostege sticticalis (Linnaeus) and the linoleic acid 
content of its host plant was pointed out by Pepper and Hastings 
(1943). 

In the locust Schistocerca gregaria (Forskäl) the absence of dietary 
linoleic acid affected growth only in the late nymphal stages, but the 
nymph to adult molt was marked by a high number of unsuccessful 
attempts, and in the adults that emerged there was a high incidence of 
wing malformation (Dadd, 1960b) . Deficiencies of linoleic acid in 
Blattella germanica usually caused first-generation females to abort their 
egg capsules, and any nymphs produced to walk erratically and then to 
fall and lie upturned with weak agitation of their legs and antennae 
until death occurred (Gordon, 1959). However, linoleic acid is not a 
dietary requirement of all insects. For example, linoleic acid and other 
polyunsaturated fatty acids included or omitted from diets of known 
composition had no effect on Agria affinis, though a deficiency of 
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palmitic, stearic acids, and, especially, oleic acid resulted in slow growth 
(House and Barlow, 1960). 

According to Levinson (1960) there was an obvious tendency for 
cannibalism among larvae of the hide beetle, Dermestes maculatus De Geer 
[= D. vulpinus Fabricius], that were grown on low levels of cholesterol, 
though this behavior may not be symptomatic of cholesterol deficiency 
only, but rather a response of gregarious insects to partial lack of 
nutrients in general. Many larvae of the Levant house fly, Musca vicina 
(Macquart), reared on sterol-deficient diets were flacciform and unable 
to resist infection from certain pathogenic bacteria (Silverman and 
Levinson, 1954). A similar correlation was found between bacterial 
infection and the amount of dietary cholesterol in Phaenicia sericata 
(Hobson, 1935). Levinson (1960) pointed out that the function of 

cholesterol in insects, though not precisely defined, closely resembles the 
activity of the juvenile hormone neotenin. 

D. Effects of Vitamins 
Vitamin deficiencies can have profound effects on insects, as vitamins 

act as constituents of essential coenzymes in catalytic roles. In general, 
thiamine and riboflavin are active in energy metabolism, the other B-
complex members in protein metabolism. In addition to familiar effects 
on growth and metamorphosis, various gross, physiochemical, and histo-
pathological conditions of avitaminosis occur. Avitaminosis of each 
vitamin may be discussed separately. 

Levinson and Bergmann (1959) showed that a slight deficiency of any 
of the essential vitamins in Musca vicina, caused by feeding antivitamins, 
resulted in uncontracted puparia that did not produce adults or in 
nonovoid-shaped puparia from which the flies sometimes were unable to 
free themselves. Some adults developed from biotin-deficient larvae 
were affected similarly and others were unable to spread their wings 
and fly. Adult females fed milk and various antivitamins died mostly 
in distorted positions with their ovipositors erect, their alimentary tracts 
filled with undigested milk; the females, though mated, did not contain 
eggs. Moreover, deficiencies of both nicotinic acid and pyridoxine caused 
by antivitamins resulted in larvae that moved unusually slowly, lacked 
appetite, were diarrheic, and invariably died in a typically paralyzed 
position. These symptoms appeared to be characteristic of a deficiency 
of these two vitamins and resembled the larval diseases of the silkworm, 
Bombyx mori (Linnaeus), referred to as "dysenterie flaccidiforme." 
Drosophila melanogaster that were fed diets lacking folic acid, nicotinic 
acid, pyridoxine, or riboflavin had ovaries that contained no oocytes in 
the yolk synthesis stage; additional abnormalities of the oocyte, nurse 
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cells, and follicle cells occurred on the pyridoxine-free diet (Sang and 
King, 1959). 

On thiamine-deficient diets, larvae of the rice moth, Corcyra ceph-
alonica (Stainton), accumulated large quantities of pyruvic acid in 
their tissues, as do vertebrates (Sarma and Bhagvat, 1942). Various 
degenerative changes occurred in the muscular, adipose, and midgut 
epithelium tissues, especially involving the cellular contents (Swamy 
and Sreenivasaya, 1942). In the confused flour beetle, Tribolium con
fusum Jacquelin du Val, the fat body had small cells with low lipid 
content and other degenerative symptoms: riboflavin-deficient diets had 
no apparent effect on any of the tissues (Fröbrich, 1939). 

Pyridoxine deficiency upset tryptophan metabolism in C. cephalonica 
by leading to a block in the conversion of tryptophan between the 
kynurenine, 3-hydroxykynurenine, or 3-hydroxyanthranilic acid stage 
(Sundarum and Sarma, 1953; Shanmuga Sundaram and Sarma, 1954). 
In pyridoxine-deficient larvae, the pigment 3-hydroxykynurenine accu
mulated and was excreted, causing yellow feces; with pyridoxine in the 
food, the pigment was further metabolized and the feces were normal 
in color, or white. 

Diets free of folic acid produced Aedes aegypti larvae that were 
unable to free themselves from their third instar integument and had 
only their heads pigmented (Goldberg et al., 1945). Goldsmith and 
Kramer (1956) treated wild-type D. melanogaster larvae with an anti-
folic substance, aminopterin, and found that albuminoid granules 
appeared in the fat body just before puparium formation. King and 
Sang (1959) used aminopterin with this species and found that though 
the ovaries remained morphologically normal they contained an ab
normal distribution of various stages of oocytes and that yolk formation 
was inhibited. 

Tissues of biotin-deficient C. cephalonica larvae did not desaturate 
palmitic and stearic acids as effectively as those of larvae-fed biotin, and 
there was less fat and cholesterol and a greater accumulation of nitrogen 
in the tissues than in larvae-fed biotin (Siva Sankar and Sarma, 1951). 
Such larvae excreted less uric acid than those on adequate diets (Siva 
Sankar and Sarma, 1952). 

Scorbutic effects were determined in Blattella germanica by feeding a 
specific antagonist of ascorbic acid. Day (1949) found few striking 
differences from the normal histology; however, conspicuous basophilic 
granules occurred in the distal region of the epithelial cells of the large 
intestine that were more distinct than those in normal specimens. More
over, an enlargement of pericardial nephrocytes occurred, some of which 
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contained basophilic granules not found in normal specimens. It was 
shown recently that the locusts Schistocerca gregaria and Locusta migra
toria (Linnaeus) are unable to synthesize sufficient ascorbic acid and 
that S. gregaria was more sensitive than L. migratoria to a dietary defi
ciency of the vitamin (Dadd, 1960a). The deficiency became manifest in 
S. gregaria as abortive attempts to molt from the fourth to fifth instar 
accompanied by high mortality and no adult emergents, and in L. 
migratoria as death while attempting to emerge during the final molt and 
as short-lived emergents. Histochemical tests showed no differences 
between sections of locusts reared with and without ascorbic acid. If 
ascorbic acid was fed, traces of it could be detected in the blood and 
the concentration was found to decrease at time of ecdysis. Legay 
(1958) cited works showing that similar variations in ascorbic acid 

content occurred in B. mori. 
Deficiency of carnitine, or vitamin B T , sometimes is encountered in 

certain beetles of the family Tenebrionidae. The effects in the yellow 
mealworm, Tenebrio molitor Linnaeus, seem to vary in detail with the 
age of the larvae. The regulatory system that controls water loss and 
the tanning of new cuticle obviously was affected. Deficient larvae did 
not mobilize stored fat and died at the molt, but when some carnitine 
was present a few individuals survived and pupated, though the adults 
were deformed (Fraenkel and Chang, 1954). The histopathology of 
deficient larvae was described in detail by Chang and Fraenkel (1954). 
The severest symptoms occur in the oenocytes, Malpighian tubes, blood, 
and fat body, but not in the neural and muscular systems. The symptoms 
include clumping of chromatin material and disorganization of the 
cytoplasm in oenocytes, degeneration of midgut epithelia, and the 
occurrence of uric acid or its salts in the intestine; similar conditions can 
arise in starved larvae of this species, but more slowly. Carnitine 
deficiency in the beetle Tribolium destructor Uyttenboogaart caused 
contractions in the midgut and skeletal musculature, breakdown of gut 
epithelium in the adults, and often in uncolored cuticle; consequences 
of the muscle contraction were saclike bulges of the head region and an 
almost right-angled upward bend of the abdomen (Naton, 1961). 

Carotene, a precursor of vitamin A, was beneficial to the growth of 
the locust S. gregaria (Dadd, 1957). The inclusion of ß-carotene in the 
diet of nymphs enabled development of normal pigmentation, as the 
pink tinge that normally occurs in second and third instar nymphs and 
in young adults, and the usual yellow color in fourth and fifth instar 
nymphs, failed to materialize when carotene was absent from the diet 
(Dadd, 1960b). On diets with low concentrations of inositol, pigmenta-
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tion caused by melanins in the integument was usually imperfect or 
absent, and this was associated with a reduction in yellow background-
color due to ß-carotene (Dadd, 1961a). Other effects of carotene 
deficiency on locust nymphs included lessened activity and the appear
ance of bluish-colored blood by the fifth instar (Dadd, 1961b). 

When the diet of a strain of D. melanogaster was enriched with 
excessive quantities of biotin, cyanocobalamin, nicotinic acid, p-amino-
benzoic acid, pyridoxine, riboflavin, sodium pantothenate, and thiamine 
individually or in various combinations, there was a significant increase 
in the incidence of tumors (Friedman, 1955; Mittler, 1954). Injection of 
folic acid into the European cabbage butterfly, Pieris brassicae (Lin
naeus) , when the corpora allata were inactive and no hormone of 
metamorphosis was being produced, resulted in melanotic tumors and a 
concurrent increase in ribonucleic and deoxyribonucleic acids; these 
tumors were infectious when reinjected in the form of breis (L'Helias, 
1959). 

E. Effects of Minerals 
Allen and Selman (1957) showed that diets of leaves exhibiting 

symptoms of a deficiency of nitrogen, phosphorus, potassium, or iron 
reduced the growth rate, produced light-weight larvae, and delayed 
pupation of Pieris brassicae. The beetle Phaedon cochleariae (Fabricius) 
reared on leaves deficient in nitrogen, potassium, or iron showed a 
reduction in egg production (Allen and Selman, 1955). On diets lacking 
potassium, magnesium, or phosphorus, Drosophila melanogaster con
tained ovaries without oocytes in the yolk synthesis stage (Sang and 
King, 1959). The toxicity of certain alkali metal ions in D. melanogaster 
was rated as lithium > potassium > sodium at high (0.4 M) concen
trations (King, 1953). Lithium inhibition was specific rather than 
caused by osmotic or hydration phenomena, as the developmental time 
of the insect was increased and characteristic abnormalities involved 
male terminalia and wing venation. Intake of toxic amounts of zinc 
caused inhibition of growth and a pronounced decrease in catalase 
activity in the tissues of Coreyra cephalonica (Stainton) (Sivarama Sastry 
and Sarma, 1958). 

Brooks (1960) found that Blattella germanica reared on diets lacking 
manganese grew slowly and survived poorly and that any nymphs 
produced were aposymbiotic. Lack of zinc had no effect on growth, but 
the nymphs were practically aposymbiotic. She concluded from this that 
manganese is essential for bacteriod transmission and that zinc acts as 
a synergist to manganese. Aposymbiotic nymphs were weak, lightly 
colored, and died early. 
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F. Effects of Water 
Without water Tenebrio molitor larvae lost weight and exhausted 

their fat reserves in about a month at 35°C, but with water the larvae 
grew well and laid down fat reserves (Mellanby and French, 1958). 
Bolwig (1953) found that thirst in an unidentified fly was associated 
with increasing osmotic pressure of the blood and that flies at the death 
point were so desiccated that no blood could be extracted. Excessive 
imbibition of water increased diuresis in the bug Iphita limbata Stäl 
and copious stainable matter was released into the blood through the 
aorta wall, and when the bugs were forcibly fed salt water the urine 
became concentrated and reduced in quantity and the release of neuro
secretory material to the blood appeared to be inhibited (Nayar, 1957). 

G. Effects of Starvation 
Effects of starvation have been determined more widely than those 

of specific nutrients. This permits a more or less comprehensive insight 
into the gross, physiochemical, and histopathological conditions that may 
arise in the starved organism. 

Insufficient larval food resulted in: dwarfed adult Apis mellifera) in 
small-cocooned larch sawfly, Pristiphora erichsonii (Hartig); and loss 
of weight in the wasp Bracon hebetor Say [ = z Habrobracon juglandis 
(Ashmead) ], chiefly from the abdominal region, which in the ultimate 
condition was extremely flattened dorsoventrally (Büchner, 1953; Heron, 
1955; Grosch, 1950). Wellington (1957) stated that reduction in the 
food quantity and quality during the larval stage of the western tent 
caterpillar, Malacosoma pluviale (Dyar), exaggerated any innate 
sluggishness and may increase the numbers of sluggish individuals in 
the next generation. Mellanby (1932) observed that Tenebrio molitor 
larvae were restless and passed a certain amount of excrement during 
the first two days of starvation, after which they became quiescent and 
passed little excrement. Köhler (1940) showed that pigmentation of 
pupae and of the eyes of the adult of Anagasta kühniella decreased with 
the quantity of food and that the length and width of the wings and of 
the wing scales varied in direct proportion to the amount of food. 

X rays of starved T. molitor larvae showed that the sequence of events 
was disappearance of food from the foregut; disappearance of food, 
excrement, and water from the hindgut; enlargement and distention of 
the entire alimentary tract, especially in the foregut and midgut; the 
appearance of an area of digestive activity in the midgut as stored body 
fats were used up; and, finally, distention of the intestinal tract by air 
or gas until it occupied almost all the body cavity (MacLeod, 1941). 
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Distention of the thorax and sometimes of the abdominal segments, 
stretched integument, distended thoracic legs, and bloated digestive tract 
were noted in starved larvae of the pale western cutworm, Agrotis 
orthogonia Morrison (Salt and Seamans, 1945). Starvation caused 
permanent and often lethal deformation of the cuticle in the New 
Zealand armyworm, Persectania ewingii (Westwood), as both chemical 
and structural changes occurred that prevented close union of the layers 
of endocuticle secreted during pre- and poststarvation periods (Lower, 
1959). Starvation is one of the factors that can induce the development 
of winged offspring from alate parents in certain aphids, according to 
Lai (1952). The blood of normal and partially starved larvae of 
Anomala orientalis usually darkens on exposure to air; but the color 
was not so intense during late weeks of starvation when tyrosine 
concentration had decreased, and the larvae were paler than normal 
(Po-Chedley, 1958). 

Metabolism of proteins, amino acids and other nitrogenous sub
stances, glycogen, and fats and other lipids during starvation were 
determined in different insects. According to Newton (1954), utilization 
of protein reserves varies greatly in different insects: some can use 
considerable amounts of body protein during starvation; others do not 
use body protein or do so only to a very limited extent. Horie (1961) 
showed that during starvation larvae of Bombyx mori decreased their 
level of fat body glycogen more quickly than that of their blood sugar. 
Trehalose was the major sugar found in the blood of B. mori and was 
an important source of energy (Wyatt and Kalf, 1956, 1957). Horie 
supposed that there is some physiological mechanism by which a 
relatively constant level of blood trehalose is maintained during starva
tion, though in fed larvae the turnover rate of blood trehalose was higher 
than that of fat body glycogen. The effects of various carbohydrates 
and amino acids on glycogen synthesis and deposition in the tissues of 
Aedes aegypti following starvation were described by Wigglesworth 
(1942) . In most insects starvation begins with the loss of carbohydrate 

as shown by the rapid depletion of glycogen from the tissues; proteins 
may or may not be used up, but fat is always the chief reserve substance 
and 50 to 90 percent of the fat may disappear before death occurs 
(Steinhaus, 1949). In T. molitor utilization of body fat starts at about 
the second week of starvation and insects that have begun to use their 
stored body fat cannot be considered normal specimens for precise 
physiological and toxicological work (MacLeod, 1941). During starva
tion the immature forms of T. molitor; the greater wax moth, Galleria 
mellonella (Linnaeus); and the green-striped grasshopper, Chortophaga 
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viridifasciata (De Geer), lost much water, and this accounted for much 
of the decrease in body weight (Mellanby, 1932; Zielinska, 1952; Ludwig, 
1950a). But the water content increased relatively in Pristiphora 
erichsonii (Heron, 1955) and remained the same in the Japanese beetle, 
Popillia japonica Newman (Ludwig and Wugmeister, 1953). Large 
quantities of uric acid and other products of nitrogen metabolism 
accumulated in or were excreted by many of the species named above; 
but in P. japonica uric acid decreased, allanitoin remained constant, and 
urea increased (Ludwig and Cullen, 1956). A shift in nitrogen from 
protein to lipid and water-soluble fractions indicated to Newton (1954) 
a possible increase in phospholipids and in waste nitrogen in P. japonica 
larvae. Ludwig (1950b) concluded that the decrease of nitrogen-contain
ing lipids in C. viridifasciata indicated that these, probably phospho
lipids, are important sources of energy in starving insects. During the 
first days of starvation G. mellonella lost much of its phosphorus 
(Niemierko, 1950). Similarly the potassium content of the African 

migratory locust, Locusta migratoria migratorioides (Reiche and Fair-
maire), decreased as much as 50 percent during starvation, a decrease 
that may account for observed variations in the mechanical responses 
of its muscles to nerve stimulation (Hoyle, 1954). Po-Chedley (1958) 
showed that during starvation the protein nitrogen in Anomala orientalis 
remained constant, the nonprotein and amino acid nitrogen increased, 
and, of 21 free amino acids and three derivatives identified by paper 
chromatography, all except tyrosine, asparagine, and glutamine increased 
in concentration. On the other hand, Bursell (1960) showed that in 
starved tsetse fly Glossina morsitans Westwood the general ninhydrin 
positivity greatly decreased, the concentrations of most of the amino 
acids and related substances decreased, and ornithine appeared. He also 
found some differences in the relative concentrations of amino acids 
between fed and starved individuals of some other insects. Heimpel 
(1955) found that starvation resulted in changes in the pH of the gut 

and blood of the forest tent caterpillar, Malacosoma disstria (Hübner). 

Histochemical techniques showed that glycogen, protein, and fat 
were used concurrently in Aedes aegypti larvae during starvation and 
that changes occurred in the sarcoplasm, cytoplasm, and nuclei (Wiggles
worth, 1942). In starved Blattella germanica, degenerating cells of the 
gut epithelium became more abundant and the degeneration took the 
form of extrusion of droplets or of a nucleus and its adherent cytoplasm 
(Day and Powning, 1949). In Bracon hebe tor the greatest loss of 

material from males and females was in the number and size of the cells 
of the fat body: additional loss occurred from the ovaries (Grosch, 1950). 
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Heron (1955) stated that starved Pristiphora erichsonii may be readily 
recognized if their fat body cells are stained for cytochemical differenti
ations: cells in fully fed larvae are heavily laden with large fat inclusions; 
in partially starved larvae the fat globules are dispersed, small in size, 
and usually occupy a peripheral position within the cell. Ovanesyan 
(1951) found that starvation reduced the number of spindle-shaped 

blood cells in Bombyx mori caterpillars; these symptoms also appeared 
in larvae fed on leaves whose nutritive value was reduced by certain 
bacterial diseases, and in diseased larvae. The corpora allata of the large 
milkweed bug, Oncopeltus fasciatus (Dallas), increased much in size in 
fed individuals but very little in starved ones (Johansson, 1954). 
According to Wigglesworth (1960), the influence of nutrition on repro
duction is profoundly affected by the cycles of hormone secretion, and, 
conversely, the influence of ovarian and hormonal cycles may influence 
the choice of nutriment. He stated that the process of oocyte develop
ment in a starved bloodsucking bug Rhodnius prolixus Stäl continues 
until the nutritive cords that connect the oocytes with nurse cells are 
interrupted, whereupon the oocyte dies and is resorbed. The size of 
oenocytes of B. mori depends on adequate feeding (Yokoyama, 1959). 
Inanition hindered the development of tumors in some strains of Droso
phila melanogaster, but not in others (Ghelelovitch, 1951). 

Although an insect may develop from egg to adult on a food at near 
normal rate, it may show obvious symptoms of malnutrition when it 
attempts to reproduce or is reared on the same diet through the second 
or third generation. Growth of Agria affinis on chemically denned diets 
was exceptionally good, judged by developmental rate and larval size 
finally attained (House and Barlow, 1960), but histological examination 
(Dr. Joan F. Bronskill, unpublished) of individuals reared on the best 

diets showed that the fat cells, midgut epithelium, and muscular tissues 
had a "starvation-like" appearance, and that the embryonic development 
of eggs in almost all mated females was arrested in the blastular stage. 
Thus "starvation" may occur on diets seemingly adequate for larval 
development if qualitative or quantitative deficiencies are sufficient to 
"starve" certain metabolic processes partially. 

IV. DISCUSSION 

In nature malnutrition in insects results from shortages of food and 
from variations in the composition of foodstuffs. Undoubtedly this 
plays an important role in insect control, though it is difficult to make an 
evaluation of it. Seamans (1938) described how starvation can control 
the cutworm Agrotis orthogonia when the soil is cultivated and kept 
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free of all plant growth for a period in the spring. Examples may be 
found where other nutritional defects possibly were involved in pest 
control, such as in varietal resistance of peas to the pea aphid, Acyrthosi-
phon pisum (Harris) (Auclair et al, 1957). Some kinds of food plants 
were not utilized as well as others by the migratory grasshopper, 
Melanoplus bilituratus (Walker), and the composition of its body 
tissues varied accordingly in some respects (Smith, 1959). Gordon 
(1959) pointed out that a diet optimal in the early period of growth 

may be suboptimal in the later period, and vice versa. Atwal (1955) 
concluded that normal activities of the diamondback moth, Plutella 
maculipennis (Curtis), depended on a balance of nutrients, and stated 
that a number of metabolic and morphologic abnormalities occurred in 
the insect when the proportions of nutrients in the leaves of the host 
plant were upset. The nutrition of host plants may be influenced by 
application of fertilizers and nutritional sprays, by insecticidal and 
fungicidal sprays, and by soil insecticides; consequently phytophagous 
insects are affected in various ways (Rodriguez, 1960). 

Moreover with insects nutrition may play a significant subsidiary 
role in other means of control. For example, many workers showed that 
susceptibility to insecticides was affected by the kind and quantity of 
food eaten by insects or stored in their body tissues (Gaines and Μ is trie, 
1960). Evidence that bacterial infection may be related to dietary 
cholesterol was mentioned above (Section I I I , C ) . Bergold (1958) 
concluded that the quality and kind of food seem to play a very 
important part in the susceptibility of an insect population to virus 
diseases. Possibly the influence of nutrition on infectious diseases differs 
somewhat between insects and vertebrates. With vertebrates, Clark 

(1950) stated that "in surveying the investigations which seek for 
possible causal relations between nutrition and resistance, a few general
izations or at least suggestive correlations appear, although somewhat 
dimly." 

That malnutrition in insects has certain ecologic and economic 
importance is sufficient reason for making greater efforts to understand 
insect nutritional diseases. In addition to being factors in pest control 
nutritional diseases may be valuable in entomology as research tools. 
It is debatable whether impairment of form and caste determination in 
insects may be classed as a nutritional disease; however, failure to achieve 
normal form or caste is a manifestation of malnutrition. Weaver (1957) 
stated that dimorphism in the female honey bee is known to be 
controlled by nutrition of the larvae, but the mechanism of control was 
not well elucidated. There is evidence that strepogenin may play some 
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role in caste determination in the ant Pheidole pallidula (Nylander) 
(Goetsch, 1954). Because nutritional requirements depend on metabolic 
processes, determination of nutritional needs can lead to biochemical 
explanations of the capabilities for synthesis and other processes. Sang 
(1959) stated that the nutritional differences resulting from evolution— 
the taxonomic differences—are not likely to be apparent only at the 
level of requirements but, more likely, at the level of metabolism, and 
that nutritional techniques are not as blunt an instrument for probing 
metabolic processes as is sometimes supposed. T o make full use of 
malnutrition in insects it would be advantageous to be able to determine 
the precise nutritional state of the organism, particularly while the insect 
is still alive. T o do this, dependable diagnostic methods have to be 
developed for recognizing the nutritional diseases that are characteristic 
of causal dietary defects. Most of the symptoms of specific nutritional 
defects observed in various insects, as described in Section I I I , may be 
summarized as in Table I. The question arises: how significant are 
these symptoms? 

The symptoms before us may not be very significant, except where 
different workers have more or less confirmed the results. Most of the 
symptoms were observed in insects reared on unnatural diets made 
defective by design, and the occurrence of particular abnormalities may 
have been peculiar to the experimental technique or strain of insect 
used. In many cases it is doubtful that food so lacking or imbalanced in 
content of essential nutrients would ever be encountered in nature. In 
other cases, deficiency symptoms probably would not have occurred had 
steps not been taken to avoid the intervention of nutrient reserves or of 
symbiotic organisms that normally are capable of supplying limited 
quantities of certain essential nutrients. Symptoms that characterize 
deficiencies of specific nutrients may occur in starved insects and are 
recognized, together with wasted tissues and other symptoms, as charac
teristic of starvation. Until more comprehensive work is done we may be 
wary of symptoms that characterize deficiencies produced with analogs 
and antimetabolites that may have far-reaching effects. For example, 
King and Sang (1959) pointed out that only the drastic treatment of 
exposure to aminopterin, which acts irreversibly, is capable of demon
strating the effects of folic acid deficiency on the regulative processes that 
underly ovary growth in Drosophila melanogaster. 

The pathologist may have difficulty diagnosing nutritional diseases 
at present because the paucity of data does not allow sufficient insight to 
distinguish between symptoms that may occur only in certain insects and 
those that may be expected to occur more generally, or between these and 
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symptoms caused by other factors. In most insects symptoms of 
qualitative or quantitative defects, such as lack or imbalances of essential 
nutrients, are determined, at present, in the immature but not mature 
form or vice versa. Moreover, apart from infectious diseases, the insect 
pathologist who would diagnose disease in a specimen must rely almost 
entirely on such obvious symptoms as behavioral and morphological 
abnormalities. Often he has neither the advantage of observing the 
specimen in its natural habitat nor of having any precise knowledge of 
what inclement weather, disease organisms and parasites, foods, poisons, 
and so forth the specimen may have experienced. And, unlike the 
physician, he has neither an intelligent subject nor an established clinical 
technology to assist diagnosis. 

In most cases there should be little difficulty in distinguishing between 
diseases caused by nutritional factors and microbial agents, but compara
tive data may be needed on the effects of physical factors, and especially 
of toxins and poisons, on insect tissues. For example, the effects of D D T 
and of starvation on Popillia japonica were characterized by only slight 
differences (Ludwig and Bartolotta, 1953; Ludwig and Cullen, 1956). 

At present the symptoms of a nutritional disease as observed in one 
species of insect should not be applied without caution to other species, 
except possibly to close relatives. Differences that depend on the 
metabolism and synthesizing abilities of different species may be 
expected. In most of the examples cited above, the symptoms of 
variously caused malnutrition were those manifested during one gener
ation on a defective diet. In some of these the severity of a nutritional 
disease, and so the extent of its symptoms, probably depended on the 
nutrient reserves possessed by the individuals. Possibly had nutrient 
reserves been fully depleted, other symptoms of disease would have 
appeared. Valadares da Costa (1958b) found that nutritional stress in 
D. melanogaster on unsatisfactorily balanced diets caused the appearance 
of such irregularities as embryonic variations, tumors and death of 
tissues, and phenocopies of mutant adults. She stated that, though 
irregularities may appear in the first generation, visible effects of 
nutritional stress may not be apparent then, though physiological 
changes, such as in the rate of oviposition, are immediate, but flies with 
normal appearance may have internal irregularities. The influence of 
diet was certain and the incidence and kind of malformations varied with 
each experiment and, though unstable, phenocopies were persistent and 
often reappeared after long absence (Valadares da Costa, 1958a). 

Physiologically, each part, process, and function of the insect organism 
is the cumulative result of metabolism of many substances derived 
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directly or from precursors in food, each impinging directly on the other 
in complex interrelationship controlled by genotypic and phenotypic 
limitations. As symptoms of nutritional disease are manifestations of 
many metabolic derangements, they, especially when localized in or 
limited to a particular part or function of the organism, cast much light 
on the specific metabolic role of the nutrient in the insect concerned. 
Because of this, nutritional pathology is a useful research tool in 
entomology. But as a number of different substances may be involved 
successively and concurrently in a vital process, it is not unusual to find 
similar symptoms manifest for one or more nutritional defects when 
each factor may act detrimentally on one point or another of a given 
metabolic system. Thus the same pathologic condition may result in a 
process, say simply involving two essential substances, whether metabolism 
is deranged by omission of one substance or the other or by imbalances. 
For example, diseased tissues may exhibit themselves as tumors when 
tissue processes are upset by intake of excessive quantities of certain 
amino acids or vitamins. Certain abnormalities of the reproductive 
processes are similar whether caused by certain amino acids, by vitamins, 
or by other nutrients (Section I I I , A, D, E ) . It seems likely that mal
formation of wings is a general symptom of several unrelated deficiencies 
that become evident at the crucial stage of molting: examples above were 
deficiency of ascorbic acid in locusts and of linoleic acid in several 
insects. It is probable that wing failure is the most obvious outcome of 
weakness from many causes to become manifest at this developmental 
crisis. 

Generally, starved insects commonly show a loss of nutrient reserves: 
the glycogen, fats, and proteins are depleted from the tissues and the 
cells begin degeneration. In many respects similar events may occur 
when metabolism is impaired by a dietary deficiency, imbalance, or lack 
of various nutrients. Thus it may be difficult to pinpoint the actual 
cause of a nutritional disease. One may be misled if a symptom is 
considered alone. For example, the accumulation of uric acid or urates 
is a symptom of ingestion of very protein-rich diets, of a carnitine 
deficiency, of a biotin deficiency, or of starvation (Section I I I , A, D, C ) . 
T o characterize the nutritional disease and to identify its causal factor 
with certainty in any particular insect it is necessary to recognize a 
group of concurrent symptoms, sometimes referred to as the syndrome, 
which is always associated with the specific cause. For practical purposes 
these syndromes have yet to be established in most cases. The problem 
is complicated by the great number of species of insects. But determi
nation of the syndromes of various nutritional diseases, particularly those 
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of early stages of dystrophy, in a number of different kinds of economi
cally important species would add much to our understanding of this 
subject and the knowledge could be most usefully applied. 

Finally, the nutritional diseases must not be regarded as an esoteric 
subject of insect pathologists. The comparative and comprehensive data 
necessary for a better understanding of nutritional diseases in insects 
must be assembled by various disciplines and techniques. Many of the 
symptoms of nutritional diseases cannot be elucidated without im
proving nutritional techniques, possibly involving axenic rearing on 
chemically defined diets. Although work on natural foodstuffs may be 
heuristic, it is severely limited by lack of sufficiently detailed food 
analysis. Such work is seldom sufficiently precise and it may even fail 
to distinguish between nutritional and nonnutritional responses. Insect 
nutrition includes both the requirements and the processes by which 
the insect absorbs, or takes in and utilizes, food substances, and these 
phenomena cannot be determined merely on the basis of rate of growth 
and development, survival, and weight of the individual. It is evident 
that, to be able to recognize many abnormalities that occur in the insect 
from malnutrition, one must have a clear insight into the anatomical 
microstructures of the species and of the distribution of normal and 
abnormal constituents of its tissues and cells. T o do this, the techniques 
of morphologists, histologists, biochemists, and others must be employed 
to elucidate all irregularities that characterize the syndrome of a 
nutritional disease. It is evident that any embodiment of the subject 
as it exists at present is possible mostly because of a number of unrelated 
casual and fortuitous observations, especially on symptomatology of 
nutritional diseases, and that more objective investigations are needed 
to improve this situation. 

V . CONCLUSIONS 

Precise data on nutritional diseases in insects are scarce. We may 
conclude, however, that symptoms of a given nutritional defect vary 
with the species depending on metabolic differences; some symptoms 
seem to be species specific, and so the symptoms may have to be 
characterized for each species. An exception may be those of starvation, 
which, though varying in some respects, seem to have sufficient features 
common to all species investigated to enable diagnosis of what is 
probably the most common dystrophy of insects in nature. In other cases 
the symptoms recognized in some insects may be regarded as a guide 
to the kinds and sites of abnormalities that possibly may occur in others. 
More objective work, employing several disciplines on a more compre-
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hensive basis than at present, is necessary so that the nutritional diseases 
of insects may be well understood. 
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