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I . INTRODUCTION 

Nematodes have exploited the parasitic mode of existence perhaps 
more completely than any other g roup of animals. Size alone illustrates 
this; certain parasitic nematodes of vertebrates may at ta in more than a 
meter in length, whereas free-living nematodes seldom exceed one or 
two centimeters. T h e surprise then, is not that nematodes parasitize the 
largest g roup of known animals, insects, bu t that parasitologists generally 
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overlook the abundance and range of adapta t ion displayed by insect-
nematode associations. Th i s survey will review those associations in 
which insects are definitive hosts, and occasionally refer to those in 
which insects are intermediate hosts for nematode parasites of verte
brates. 

Nematodes are included with microorganisms in insect pathology 
more by default than by logic. Nematodes display size ranges, bisexu-
ality, gradual metamorphosis, metabolic complexity, and behavior more 
akin to the metazoan than to protistan parasites. Yet certain microbio
logical principles and techniques are combined in this subject with 
those of he lmin th and ar thropod parasitology. T h u s within this field 
exist bridges that l ink various aspects of insect parasitism by such diverse 
organisms as microorganisms and insect parasitoids. 

T h e subject is relatively new: the first treatise was that of Filipjev 
(1934), or as translated by Filipjev and Schuurmans Stekhoven (1941); 
Bovien made several fundamental studies in 1937; Christie (1941) sum
marized the field with respect to nematode evolution, and Steinhaus 
(1949) to that of insect pathology. In the last decade there have been 
impor tant contr ibutions by several German workers, of which Rühm' s 
monograph, "Die Nematoden der Ipiden" (1956) is notable for its many 
original observations. 

II . TYPES OF INSECT-NEMATODE ASSOCIATIONS 

Associations of insects and nematodes may be accidental, as when 
both nematodes and insects are saprophagous on the same media. Where 
the symbiosis (Hertig et al., 1937) appears to be well established, it 
may take many forms. Phoresis is common and is highly expressed in 
scatophagous nematodes that invariably utilize aphodi id beetles or 
psychodid flies as transport agents from one site to another. Com-
mensalism is manifest in several ways among entomophil ic nema
todes. I t describes the existence of those nematodes which inhabi t the 
galleries of certain bark beetles and feed on microorganisms associated 
with beetle frass. T h e inhabi ta t ion of the host gut by certain rhabdi to id 
and all oxyuroid nematodes is endocommensalism. Commensalism shows 
intergrades from facultative to obligatory. Parasitism may also be facul
tative or obligatory, as well as external or internal , of widespread or re
stricted host range, and of general body or organ specificity. Nematodes 
may be parasites in any or all stages of growth and may parasitize any 
or all growth stages of insects. Some nematodes appear as parasites for 
one generation then may be free-living for several generations. R ü h m 
(1956) named these "Halbparas i ten," or semiparasites. 

Sections III and IV are concerned with the taxonomy, morphology, 



11. NEMATODE INFECTIONS 365 

and life history of entomophilic nematodes. Those readers who are in
terested only in the interaction of nematodes and insects should continue 
with Section V. 

I I I . NEMATODE IDENTIFICATION 

Insect pathologists usually need not be concerned with taxonomic 
entities above the superfamily or below family or, occasionally, generic 
levels. T o those interested in higher categories, the classifications of 
Chitwood and Chitwood (1950) and Chitwood in T h o r n e (1961) are 
recommended. In the following discussions only characteristics of value 
for superfamilies and families will be stressed. 

Nematodes are of fusiform shape, their head rounded with a terminal 
mouth , and the tail tapered usually to a pointed t ip. T h e digestive 
tract consists of a stoma (really a buccal capsule) and esophagus (really 
a pharynx) filling the anter ior th i rd of the body, and an intestine filling 
the posterior two-thirds. T h e stoma may be as in Fig. 2, modified as 
in Fig. 3, or transformed into a spear as in Figs. 6-8. T h e muscular 
esophagus has characteristic shapes and parts. T h e female gonads con
sist of a vulva, vagina, and one or two oviducts and ovaries that usually 
extend anteriorly and posteriorly from where the vulva is located. T h e 
male system consists of one or two curved or straight, rodlike, sclerotized 
structures known as spicules, the vas efferens, and testes, the latter rec
ognized under the microscope by their st ippled appearance. Adul t fe
males can be identified by the ventral opening of the vulva near the 
middle of the body or toward the tail, as well as by the presence of eggs 
or young nematodes in their bodies. Adul t males may be distinguished 
by the presence of spicules in the tail region, and by the flattened or 
swollen structure of the tail. Young nematodes do not possess any ex
ternal genital structures. Nematodes usually undergo four molts between 
egg and adult . T h e stages between molts are called larvae by most 
nematologists, bu t the more correct term is juveniles. R ü h m (1957) 
gave a useful key to the juveniles of many species. 

T h e location and behavior of the nematodes in the host body should 
be noted for their value in nematode identification. Nematodes can 
be removed by means of a pipet te , or individually with a bamboo splint 
or a fine wire, and examined live in water unde r a magnification öf 
150 times or more. Nematodes may be relaxed and killed on a slide 
over a small flame with care to avoid overheating. Solutions of 5 percent 
formaldehyde or 70 percent alcohol are adequate fixatives. Better fixa
tives are given in Goodey (1957) and T h o r n e (1961), who should also be 
consulted for details on preservation and mount ing . 
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IV. NEMATODE TAXONOMY, LIFE CYCLES, AND HABITS 

A. Rhabditoidea 

All species have a walled stoma, and the esophagus is usually divided 
into a corpus, isthmus, and bu lb . T h r e e large families and three small 
families have insect associates. These are small nematodes, 0.5 to 2 m m 
in length (Fig. 1-5). 

These nematodes are soil-inhabiting and are commonly found on or 
near decaying organic matter . They usually feed on bacteria, and fre
quently occur as secondary invaders of dead insects. Development is 
direct, though a resting stage often occurs in which third-stage juveniles 
are enclosed in second-stage cuticles. Fuchs (1915) named these "Dauer-
larven," (dauerlarvae or dauer larvae), a name accepted by many English-
speaking nematologists, though the term "ensheathed juveniles" is 
also used. Goodey (1951) and T h o r n e (1961) described the members of 
the superfamily. 

1. Rhabd i t idae 
Th i s family may be recognized by the smooth lips, straight-walled 

and strongly sclerotized stoma, and the presence of a valve in the bu lb . 
Single or double ovaries occur, bu t are always reflexed. Males have a 
r ibbed lateral expansion of the tail known as a bursa (Fig. 1). 

T h e genera most commonly found in insects, Rhabditis Dujardin 
and Parasitorhabditis (Fuchs) may be separated from one another by 
the smoother rounded lips, the widely expanded stomatal base devoid of 
telostom structure, the single ovary, and the posterior vulva of the lat
ter genus. T h r e e other genera, Poikilolaimus Fuchs, Diploscapter Cobb, 
and Bunonema Jaegerskiold occur in similar habitats bu t are not con
sidered associates of insects. T w o species of Rhabditophanes Fuchs are 
known from insects, one from staphylinid beetles, the other from galleries 
of a scolytid beetle. T h e taxonomy and nomenclature of Rhabditis and 
related genera were revised by Osche (1952) and Dougherty (1955). 

Rhabdi t ids utilize insects for transport , or are facultative or obliga
tory commensals of the gut or Malpighian tubes, and in one case, a 
facultative parasite of the hemocoel of Dorcus parallelopipedus (Lin
naeus). Ensheathed juveniles are common. Rhabdi t ids are known mainly 
from Orthoptera , Isoptera, Neuroptera , Lepidoptera, Coleoptera, Diptera, 
and Hymenoptera . 

2. Diplogasteridae 
Th i s family is identified by the presence of one or more strong teeth 

in the short stoma, an enlarged metacorpus, and the absence of a valve 
in the bu lb (Fig. 3). 
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At least five genera contain insect associates. Diplogaster M. Schultze 
and Diplogasteroides de M a n are the ma in genera; the lat ter may be 
distinguished from the former by its longer tubu la r stoma, armed with 
smaller teeth, and its longer filamentous tail. Neodiplogaster Cobb, with 
a wide cheilostom and long slender protostom, and Fuchsia (Micoletzky), 

1. RHABDITID 3. DIPLOGASTERID 4. CEPHALOBID 5. NEOAPLECTANID 
PANAGROLAIMUS 

6. ALLANTONEMATID 7. TYLENCHOID 8. APHELENCHOID 9. OXYUROID 10. MERMITHID 

FIGS. 1-10. Schematic representation of the heads of generalized species of nine 
families of nematodes. T h e arrows indicate diagnostic characters. 
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with a wide procorpus, are commensals of scolytid beetles. Weingär tner 
(1955) revised some of the genera, part icularly Diplogaster. 

Many species are commensals and utilize insects for transport . Several 
species attach themselves to the host genitalia or enter the hindgut . 
Bovien (1937) described two from the hemocoel of Aphodius spp. T w o 
Diplogaster spp. and Cephalobium microbivorum Ackert and Wadley 
are parasitic in insects. T h e ensheathed juveniles are notable for the 
possession of a waxy, water-resistant cuticle that aids in their adhesion 
to insects. 

3. Cephalobidae 
T h e stoma usually has distinctly jointed walls, the metacorpus is not 

swollen, the bu lb usually contains a valve, the female has one gonad, and 
the male lacks a bursa (Fig. 4). 

Panagrolaimus Fuchs is the main genus of insect associates. It has a 
wide cheilo- and protostom and a narrowed telostom. Th i s and six other 
genera are commensals of various Orthoptera , Coleoptera, Lepidoptera , 
and Diptera. T h e ensheathed juveniles attach themselves to the host by 
means of a sticky material exuded from the mouth . These dauerlarvae 
lack a waxy covering bu t have a thick cuticle. Th i s protective cuticle 
may explain why no member of the Cephalobidae developed the habi t 
of internal parasitism. 

4. Neoaplectanidae 
T h e structure of the stoma is reduced, the metacorpus is not swollen, 

and the valve of the bu lb is reduced in this family (Fig. 5). 
Formerly named the Steinernematidae, the family contained Steiner-

nema Travassos and Neoaplectana Steiner. In 1951 Skryabin et al. made 
Steinernema a synonym of Oxysomatium Rail l iet and Henry. Sobolev 
(1954) consequently erected Neoaplectanidae. Separated mainly on the 
basis of head structure and of the shape of the male tail and genitalia, 
the presently known species are as follows: Neoaplectana glaseri Steiner, 
Neoaplectana menozii Travassos, Neoaplectana feltiae Filipjev, Neoa
plectana bibionis Bovien, Neoaplectana affinis Bovien, Neoaplectana 
chresima Glaser, McCoy, and Girth, Neoaplectana leucaniae Hoy, Neoa
plectana janickii Weiser and Koehler, Neoaplectana carpocapsae Weiser, 
Neoaplectana bothynoderi Kirjanova and Puchkova, and Neoaplectana 
melolonthae Weiser. Dutky's nematode, arbitrarily named DD-136 and 
recovered from Carpocapsa pomonella (Linnaeus) (Dutky and Hough, 
1955), is nei ther described nor named, so that the question of its synon
ymy with N. carpocapsae remains unsettled. Weiser (1955) presented a 
tabular identification of six of the species. 

These nematodes are obligate parasites. Ensheathed juveniles are 
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ingested with food by the host. T h e nematodes molt in the gut and 
invade the hemocoel through the wall of the foregut. Mat ing occurs, 
males die, and females grow and become large gravid worms. Eggs hatch 
within the female and the juveniles consume most of the mother 's tissue 
before escaping into the host hemocoel. Several generations may occur 
and produce an enormous n u m b e r of nematodes within the dead host 
body. Each generat ion produces successively smaller adults, a fact which 
must be considered in their taxonomy. Unt i l Dutky's discovery of the 
transport by the nematode DD-136 of bacteria lethal to insects, no ade
qua te explanat ion had been given for the insect's death. I t is probable 
that the other nematodes have associated bacteria. Known hosts include 
members of the Coleoptera, Lepidoptera , and Diptera. 

5. Cylindrocorporidae 

Th i s family is characterized by a long slender stoma, the fusion 
of the pro- and metacorpus in to a cylindrical bu lb , and the absence of 
a valve in the bu lb . T h e ensheathed juveniles of the single species of 
Goodeyus Chitwood occur on larvae, pupae , and unde r the elytra and 
on the genital segments of Scolytus spp. T h e cuticle of these ensheathed 
juveniles has a waxy covering. 

6. Carabonemat idae 
Stammer and Wachek (1952) created this family for the single spe

cies, Carabonema hasei, from the body cavity of Pardileus and Harpalus 
spp. T h e family has one large tooth in the metastom (base of protostom) 
and a long esophagus lacking any metacorpus or bu lb swelling. 

B. Tylenchoidea 
Members of this superfamily are characterized by a stylet or spear, 

near whose base the dorsal esophageal duct opens (Fig. 7). 
These nematodes use their stylets to pierce and suck juices from the 

cells of their hosts. They may be free-living, or ecto- or endoparasites of 
plants or insects. They are small, 0.3 to 1.5 m m in length, though the 
insect associates are larger. All the Al lantonemat idae, and a few species 
of the Neotylenchidae and Tylenchidae, are insect parasites or com
mensals. Goodey (1951) and T h o r n e (1961) are excellent references 
to the superfamily. 

1. Tylenchidae 
Th i s family may be recognized by the presence of a median esophag

eal bu lb equipped with a valve. T e n species of Ditylenchus Filipjev are 
the ma in Tylenchidae associated with insects, mostly with scolytids. 
T h e ensheathed juveniles are at tached to the elytra and intersegmental 
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folds, whereas the adul t stages live in the frass of the beetles. Species of 
Tylenchus Bastian and Sychnotylenchus R ü h m have similar habits. 

2. Neotylenchidae 
These nematodes lack a median esophageal bu lb . Juveniles of four 

or more genera occur in association with scolytids (Fig. 7). 

3. Al lantonemat idae 
T h e common form encountered in this family is the sausage-shaped 

gravid female in the hemocoel of insects. Most of the internal s tructure 
is indistinguishable, as it is pushed aside by the massive development of 
the ovary. Adul t males and inseminated females are seldom seen except 
in cultures. T h e i r stylets and the openings of the esophageal gland are 
difficult to see (Fig. 6). 

About 15 genera of some 50 species are known, bu t a satisfactory 
classification remains to be worked out. Wachek's (1955) study is the 
most useful reference to the family. T h e usual life history involves the 
penetra t ion of a fertilized female into the host body cavity, her growth, 
and the product ion of eggs or juveniles. T h e juveniles grow, molt , and 
leave the host via either the genital system or the digestive tract. Once 
free-living, growth occurs and mat ing follows. Th i s cycle is encountered 
in Bradynema zur Strassen, Allantonema Leuckart , Howardula Cobb, 
and several other genera. A significant modification is the fertilization 
of the female while she is a juvenile. German workers call this koriog-
amy; see R ü h m (1956) and Wachek (1955) for a discussion of this and of 
neoteny in the family. A second generat ion is sometimes interpolated 
into the cycle. T h e second generation may have asexual reproduct ion, 
as in Heterotylenchus Bovien, or sexual, as in various Parasitylenchus 
Micoletzky or Polymorphotylenchus R ü h m . Another cyclic pa t te rn is 
that of Fergusobia (Currie) in which eel worms leave the insect, pass 
through several parthenogenetic generations in the p lant gall produced 
by the host fly, then finally re turn to the insect. In Chondronema Chris
tie and Chitwood, juvenile nematodes are parasitic and the adults 
free-living. Finally in Sphaerulariopis Wachek, the uterus is evaginated 
with the immense ovary development, much as in certain Aphelen-
choidea. I n addi t ion to Wachek's single species from an anobiid, the 
species found in bark beetles by Massey (1956) and Khan (1957) are 
probably also of this genus. 

C. Aphelenchoidea 

Nematodes of this superfamily also possess a stylet, bu t are separated 
from the preceding by the dorsal esophageal gland opening into the 
median esophageal bu lb . 
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T h e superfamily contains free-living, plant-parasitic, and predacious 
nematodes. About 75 species of entomophi l ic nematodes belonging to 
eight genera are scattered throughout the three families. T h e classifica
tion of the species in the superfamily was revised by Paramonov (1954), 
Sobolev (1954), and Allen (1960). 

1. Aphelenchidae 
Th i s family may be recognized by the extension of the basal por t ion 

of the esophagus as a lobe over the intestine. Aphelenchus macrobolus 
Steiner, 1932, recovered from bark beetle frass, is the only known insect 
associate (Fig. 8). 

2. Aphelenchoididae 
T h e r e is no esophageal l umen beh ind the median esophageal bu lb , 

the esophagus uni t ing directly with the intestine. 
Most insect associates occur in this family. Various species of Aphe-

lenchoides Fischer, Seinura Fuchs, Tylaphelenchus R ü h m , and Laima-
phelenchus Fuchs occur in frass of scolytid beetles, and in a few cases 
obligatory associations were established. Ensheathed juveniles of Bursa-
phelenchus Fuchs attach themselves under the elytra and in the abdom
inal folds of adul t beetles, on the elytra anlagen of the pupae and the 
head capsules of the larvae. Cryptaphelenchus (Fuchs) Skryabin et al. 
has the same habits as the previous genus, bu t in some species ensheathed 
larvae occur in the host intestinal tract. Juveni le female worms of Ek-
taphelenchus (Fuchs) Skryabin et al. are found in cocoonlike structures 
on the underside of elytra and in abdominal folds. Juveniles of the re
main ing genera, Parasitaphelenchus Fuchs, Entaphelenchm Wachek, 
and Ρ er aphelenchus Wachek invade the host body cavity for a time, b u t 
leave to become free-living adults. 

3. Sphaerular i idae 
Th i s family is characterized by the eversion and the enormous growth 

of the uterus. Often the uterus swells to many times the size of the nema
tode, which appears as a small appendage attached to the uterus. 

Sphaerularia Dufour, 1837, the type genus, is known from only 
bumble and honey bees. T h e fertilized female nematode invades the 
body cavity of the host, matures , evaginates, and oviposits. Juveniles 
hatch and leave the host via the gut . T h e other genera are Scatonema 
Bovien, containing one ovoviviparous species, and Tripius Chitwood, 
containing two species which have partial ly protrusible uteri . 

D . Oxyuro idea 
Members of this superfamily and certain Rhabdi to idea are difficult 

to distinguish morphologically, though biologically they are qui te sepa-
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rate. All oxyuroids pass almost their entire life cycle in the h indgut of 
their a r thropod hosts, the egg being the only free-living stage. Hosts are 
infected orally by ingesting eggs with their normal food. It is not sur
prising, as both Leibersperger (1960) and Osche (1959) pointed out , 
that the hosts are mainly detri tus feeders, a fact which probably explains 
their restricted range of ar thropod hosts. Most members of the super-
family parasitize vertebrates. 

T h e taxonomy of the oxyuroids in ar thropods has received much 
at tention. Recent major contr ibutions are as follows: Basir (1956) mono
graphed the Thelas tomat idae and Oxyuridae; Travassos and Kloss 
(1958) dealt with 44 species in 15 genera from various Coleoptera in
cluding Passalidae; Kloss (1959 a-e) described oxyuroids from Gryllo-
talpoidea and Coleoptera, mainly Hydrophi l idae; Rao (1958) dealt wi th 
20 genera of oxyuroids from arthropods collected in India; and Leiber
sperger (1960) dealt wi th 35 species of oxyuroids from European ar
thropods and provided a useful host list of ar thropods for the Oxyuroi-
dea. 

T h r e e families contain invertebrate parasites. T h e Rhigonemat idae 
possess four cephalic papil lae, and include about 12 genera of 44 species 
parasitic only in the Diplopoda. T h e Oxyuridae have four double ce
phal ic papi l lae and an esophagus of moderate length (Fig. 9). They are 
found mainly in the vertebrates, bu t have two genera parasitic in the 
Diplopoda and two in Gryllidae. 

1. Thelas tomat idae 
These nematodes have eight cephalic papil lae, an esophagus of mod

erate length, and either a single spicule or none at all. 
T h o u g h the family is recognized by most authorit ies, many at tempts 

were made to split off genera and erect new families. Such families in
clude: Lepidonemat idae Travassos, of at least three genera; Hystrig-
nath idae Travassos and Kloss, of at least 12 genera parasitic in the Cole
optera; Aorur idae Skryabin et al., of about four genera; and the recently 
proposed Travassosinematidae Rao , of three genera mainly from milli
pedes. W i t h the taxonomy in such an unsett led state, li t t le can be said; 
one can only repeat Osche's opinion (1959) that this family displays a 
greater plasticity than the Rhigonemat idae , having as it does, hosts not 
only in the Diplopoda, bu t also in the Orthoptera , Coleoptera, Diptera, 
and Lepidoptera . 

E. Mermithoidea 

These nematodes are identified by the degenerate musculature of the 
esophagus, the very long esophagus (Fig. 10), the presence of numerous 
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esophageal cells along its length, and the development of the intestine as 
a food storage organ. 

T h e superfamily is qui te separate from the preceding ones, being 
placed in the Adenophorea or Aphasmidia, the second of the two nema
tode classes. Members of the two families of this superfamily usually 
parasitize juvenile stages of land and freshwater ar thropods and mol
lusks. 

1. Te t radonemat idae 
Th i s family is identified by the presence of four large esophageal 

glands. 
T h r e e species are known, namely, Tetradonema plicans Cobb, Aproc-

tonema entomophagum Keilin, and Mermithonema entomophilum 
Goodey. Tetradonema plicans, unl ike other mermithoids, is parasitic in 
all its developmental stages. Its Sciara spp. (Diptera) hosts become in
fected through consumption of the nematode eggs. Hosts of the other 
species are also from the Diptera, though there are indications that a 
fourth species infects certain Coleoptera. 

2. Mermith idae 
Insect pathologists usually find mermithids as whitish eelworms, 1 to 

20 cm in length, either coiled in the host body cavity, or in the process 
of emergence from the host. These eelworms should be held in moist soil 
for some time to permi t the development of adul t characters and then 
preserved for examinat ion by an expert . 

Filipjev (1934) warned of the difficulties in the taxonomy of the 
Mermithidae . Whi le he overstated the case, it must be admit ted that 
only a few contr ibut ions were made in the last twenty years. Lit t le 
success has been achieved in associating immature stages found in insects 
by entomologists with adul t nematodes encountered by nematologists. 
T h e major effort at present is a consolidation of the taxonomy of the 
adul t forms. Polozhentsev made major contr ibut ions with a checklist 
of species (1954), several species descriptions (1941, 1952), and with Ar-
tyukhovskii (1958, 1959) a key to genera and species. Coman (1953, 1955) 
and Kirjanova et al. (1959) also made valuable contr ibutions. Welch 
(1958, 1960a, b , 1962, 1963) reexamined several forms, described six 
species, and is prepar ing a monograph on the family. 

T h e life cycle commences when the second stage juvenile armed with 
an odontostyle penetrates the host cuticle and enters the body cavity. An 
odontostyle is a spear derived from esophageal tissue. T h e nematodes 
grow, fill the host body cavity, then emerge to begin a free-living exist
ence. Matura t ion , fertilization, and oviposition may occur in several 
months, as in aquat ic forms such as Gastromermis sp. and Isomermis sp. 
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(Anderson and DeFoliart , 1962), or take over one year, as in terrestrial 
forms such as Agamermis (Christie, 1936). In Mermis nigrescens Du-
jardin , a parasite of Or thoptera and Dermaptera , the life cycle is altered 
to passive host infection through the consumption of elaborately tasseled 
eggs deposited on grass blades. These eggs as i l lustrated in some text
books have created the erroneous impression that this method of infec
tion is common to all mermithids; actually it occurs in only five species 
of Mermis. 

Hither to mermithids were known to invade only immature or larval 
hosts in na ture . Common (1954) and Welch (1963) recorded the para
sitism of the adults of the Bogong moth , A grot is infusa (Boisduval), by 
two Mermithidae in Australia. Mermi th idae are known from 15 of the 
insect orders, the widest host range of any of the entomophil ic nema
todes. 

V . PARASITIC ADAPTATIONS OF THE NEMATODES 

A. Ex te rna l Parasi t ism 
T r u e ectoparasitism is presently known in only one genus, Ektaphe-

lenchus, whose species occur on larval, pupa l , and adul t scolytids. Be
cause nematodes grow and develop on the host, it is assumed that some 
nut r i t ion is obtained from the host though this has yet to be demon
strated (Rühm, 1956). 

T h e association of most nematodes of the Rhabdi to idea , Tylen-
choidea, and Aphelenchoidea with insects is one of phoresis. Th i s requires 
an ability on the par t of the nematodes to find hosts, to attach themselves 
securely, and to withstand adverse environmental conditions. 

T h e habi t of rhabdi to id nematodes to at tach their tails to a surface 
and to wave the anterior por t ion of their bodies to and fro in the air is 
well known. T h e nematode may thus secure a hold on a passing insect. 
Similar behavior occurs among strongyloid nematodes that ascend grass 
blades and wave to and fro in search of r u m i n a n t hosts. Bovien (1937) 
reported that nematodes would readily at tach themselves to bamboo 
splints brought close to them. Sachs (1950) defined two basic types of 
"waving" nematodes, the roving and the stationary. T h e habi t occurs 
in those species which display little or no host specificity, part icularly in 
those that inhabi t decaying organic matter , and must be transported to 
new sites upon deplet ion of the old. 

Host-specific nematodes, which are the more common, lack the wav
ing habi t . T h e y wriggle on to their hosts from the media. Usually both 
host and parasite share the same media, which, itself, is often the result 
of the host activity, e.g., frass of bark beetles. 

T h e juveniles attach themselves to specific areas of the hosts. Protec-
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tion from desiccation and from abrasion appear to be major factors 
in the selection of sites. I n adul t Coleoptera they are usually attached 
under the elytra, part icularly near the soft cuticle at the points of inser
tion. Other areas of a t tachment are the intersegmental folds of the 
abdomen, and the genital segments. In larval hosts the most favored 
areas of a t tachment are the intersegmental folds and especially the re
gion between the head and body. Ensheathed nematodes on pupa l hosts 
occur in the intersegmental folds and under the elytra pr imordia . Com
pet i t ion for a t tachment sites must occur, as in heavy infestations more 
exposed parts of the insect, such as leg joints or the intrasegmental crev
ices may be used. 

Most larvae are at tached to their host by their posterior termini 
and may be solitary or in clumps. Such clumps may become sufficiently 
large to resemble plates on the host. In these large clumps the outer 
members may die, and provide protect ion for the inner members. Dead 
nematodes may also be used by species of Ektaphelenchus in the con
struction of protective cocoons that are part ial ly formed from an exudate 
produced by the vaginal glands of the nematodes (Rühm, 1956). T h e 
waxy cuticle of diplogasterids aids in individual or mul t ip le at tachment. 
An oil d rop exuded from the m o u t h of the nematode provides means of 
a t tachment for Panagrolaimus, o ther cephalobids, and at least one rhab
doid (Körner, 1954). I n Rhabditophanes, Bovien (1937) described how 
the nematode is curled like a watch spring and attached by a sticky 
material exuded from the mouth . Bovien also described a novel attach
ment of certain Rhabditis that curl themselves, braceletlike, in the inter
segmental folds a round the abdomen of Psychodidae. 

T h e nematodes at tached to the insects are usually in a state of re
duced metabolic activity and thus able to withstand the dry conditions 
of insect flight or movement . Th i s resting state is found in many kinds 
of nematodes and is usually, bu t not always, a third-stage larva enclosed 
in a second-stage cuticle. R ü h m (1956) suggested that the term dauer-
larva should not designate a morphological stage, bu t ra ther a physi
ological state. A new term of similar implications as that of diapause in 
entomology might be useful. "Ensheathed" or "exsheathed" are descrip
tive terms used for a similar behavior in nematode parasites of verte
brates which have been studied more in this regard than have those 
of invertebrates. 

Ensheathed juveniles are inactive. Usually they do not respond to 
touch, bu t the neoaplectanids will move when prodded and then quickly 
re turn to the extended posture. Most ensheathed juveniles are shortened 
and thickened, as in Bursaphelenchus. I n the diplogasterid eelworms 
the waxy covering of the ensheathed juvenile is hydrophobic and resist-
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ant to chemicals, bu t apparent ly fails to retard desiccation any more than 
the normal cuticle of other nematodes (Bovien, 1937). Microscopic exam
inat ion of ensheathed juveniles reveals that bo th the stoma and anus are 
reduced, that the second stage juvenile cuticle may form a loose enve
lope, and that the macroscopic opaqueness is caused by the accumulat ion 
of reserve materials. T h e causes, either intrinsic or extrinsic, of the re
duced metabolic state remain undefined. In certain species and genera 
ensheathed juveniles do not occur; in others they occur only under cer
tain conditions, and in yet others they occur in every generation. 

Exsheathment of the second-stage cuticle occurs when conditions, 
particularly of moisture, re turn to normal . Rogers and Sommerville 
(1957) studied the process in species of Trichostrongylus and discovered 
that an exsheathing fluid was exuded between the two cuticle layers in 
the region of the excretory pore. T h e outer cuticle loosens, and the 
nematode can break open the cuticle near the excretory pore so that 
the cuticle is pushed aside in the form of a cap and the nematode can 
wriggle out. T h e same split t ing of the cuticle was noted by myself in 
Neoaplectana, suggesting that the same process occurs in the Rhabdi-
toidea. 

B. Internal Parasitism 

Endoparasites occur in all the superfamilies associated with insects. 
They may inhabi t the gut, as do the oxyuroids, and hemocoel, as do the 
mermithids and al lantonematids, or par t icular organs such as the 
Malpighian tubes, as do certain rhabditoids. Juveni le a n d / o r adul t nem
atodes may be parasitic in all or only in one host stage. 

Host infection may be passive or active for the nematodes. Passive 
infection involves consumption of infective eggs, as in the oxyuroids, the 
genus Mermis, and juveniles of Neoaplectana spp. Basir (1951) drew 
at tent ion to the filaments on the eggs, and the habi t of depositing eggs 
in clumps, in the Thelas tomat idae. Leibersperger's correlation (1960) of 
these structures and habits with the aquat ic life of some of the hosts is 
valid, bu t a better correlation might be made with host feeding habits. 
Fi lamentous egg structures occur in species of Mermis, totally unrela ted 
nematodes, in which the structure is assumed to aid in the infection 
of such plant-chewing insects as grasshoppers. Another aspect of this 
example of parallel evolution is the fact that infective eggs of bo th 
Mermis and the oxyuroids contain second-stage juveniles; nematologists 
describe these eggs as "embryonated. ' ' Mermithids and filaroid nema
todes pierce the gut wall, including the per i t rophic membrane , in their 
invasion of the body cavity. Penetrat ion has seldom been observed, bu t 
appears to occur in the midgut . 
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Active invasion requires the ability to locate a suitable host. Only 
Bovien (1932) provided evidence of such an ability. H e described an 
unmistakable st imulus of Scatopse larvae on Scatonema wülkeri Bovien. 
Whi le the possibility of r andom search must be tested first, directed 
search seems a definite possibility on the basis of the behavior in p lan t 
parasitic tylenchoid eelworms. Wallace (1958) showed Heterodera spp. 
to be attracted to host plants , though the mechanism has yet to be 
clarified. 

Nematodes equipped with stylets or odontostyles penetra te the host 
cuticle. Bovien (1932) found that S. wülkeri penetra ted any par t of the 
host body, and Christie (1936) reported that Agamermis decaudata Cobb, 
Steiner, and Christie showed no preference for any par t of the exoskele-
ton of its grasshopper hosts. Th i s lack of preference may be explained 
by Dickinson's (1959) observations: larvae of Heterodera hold their lips 
against and pierce with their stylets hydrophobic surfaces bet ter than 
hydrophil ic ones, an apparen t response to a physical ra ther than a 
biological stimulus. Insect cuticle is uniformly waxy and hydrophobic, 
so this may explain the lack of preference. 

Linford's (1937) observations of a two-phase piercing of p lan t cells 
by Meloidogyne appears t rue also for insect nematodes. Bovien (1932) 
described the jabbing of the stylet and the flow of a digestive enzyme. 
T h e product ion of this material in the dorsal esophageal gland in a 
species of Howardula in Drosophil idae was confirmed by Welch (1959). 
Christie (1936) noted that the subventral glands a t rophied in A. de
caudata after penetrat ion. 

W h e n nematodes occupy the host gut, the main concentrat ion occurs 
in the h indgut . Th i s is t rue of oxyuroids and rhabditoids. Many rhab-
ditoids invade the host gut via the anus, and occasionally they will move 
into the midgut or foregut while the host is overwintering. Residence in 
the h indgut may be because of the greater acidity, the slower passage 
of food, and richer bacterial fauna. Oxyuroids feed on bacteria and 
occupy much the same region in invertebrate hosts as in vertebrates. 
Lower oxygen concentrations in the h indgut would seem critical bu t 
apparent ly are not so, though this factor is suggested as one reason for 
the failure of freshly laid oxyuroid eggs to hatch in vertebrate hosts. 

Nematode survival in the gut dur ing host mol t ing poses an interest
ing problem. Bovien (1937) noted that dauerlarvae of two Neoaplectana 
spp. remained in the host gut dur ing host metamorphosis. Lee (1960a) 
concluded that the shrunken appearance of female Hammerschmidtiella 
diesingi (Hammerschmidt) in the gut of Blatta orientalis Linnaeus was 
the result of exposure to a hypertonic environment . 

T h e problems of living in the host hemocoel appear to have been 
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solved in much the same way in all superfamilies of nematodes. All 
adul t hemocoel parasites lose their fusiform shape, increase in length 
and width, and gradually take on a sausagelike shape, especially among 
the al lantonematids. Similar sausage-shaped development occurs in 
microfilaria in their intermediate hosts. T h e r e is also a loss of body 
musculature, th inning of the cuticle, and a gradual curling of the body. 
These morphological changes probably arise in an a t tempt to obtain 
osmotic balance and to obtain greater food uptake in the development 
of the female into practically an enlarged gonad. It is an interesting 
example of parallel evolution that several endoparasit ic p lant genera, 
Heterodera and Meloidogyne of the Tylenchoidea, display a similar 
swelling, loss of musculature, and feeding structure. Th i s is also true 
of certain nematode parasites of vertebrates, notably the genus Tetrameres 
Creplin. 

T h e mermithids which do not reproduce, bu t only grow and develop 
in the host hemocoel, show a th inner cuticle as parasites than as free-
living forms. Th i s suggests osmotic feeding through the cuticle, though 
the method of feeding, either through the long esophagus or through 
the cuticle, remains unsettled. 

T h e exit of the nematode from the host also requires special adapta
tions. T h e most complicated paths occur in the al lantonematids, in 
which there are two alternative routes: one via the crop, midgut , hind
gut, and anus, the other via the ovarioles, oviduct, uteri , and gonopore. 
In the mermithids the parasite often moves through the body wall at 
intra- or intersegmental folds or through na tura l openings. 

T h e r e are few observations on the factors that cause emergence from 
the host. Exit in the al lantonematids coincides with host oviposition. 
In the mermithids it is correlated with special developmental events, 
such as pupa t ion or adul t emergence (Welch, 1960a), or in black fly 
hosts at the time of oviposition (Grunin, 1949). Such observations sug
gest a relationship between host physiological changes and nematode 
emergence. In Neoaplectana the nematodes emerge when the food supply 
appears to be depleted, a reflection of the fact that the host is dead and 
that the food supply cannot be replenished. 

Intra- and interspecific competi t ion often occurs among parasites. 
Intraspecific competi t ion usually results in a decrease in parasite size 
with an increase in parasite number , as in al lantonematids (Welch, 
1959). Th i s phenomenon, though observed in vertebrate parasites, is 
probably more noticeable in invertebrates, among which parasite mass 
is closer to that of the host and the food reserves are definitely limited. 
Another example of the l imit ing effect of the host on the parasite is 
evident in the Mermithidae, in which aquat ic genera mainly from small 
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hosts, such as Chironomidae and Culicidae, are smaller than the terres
trial genera that parasitize large hosts, such as grasshoppers and Melo
lontha spp. (Schmassman, 1914). Another fascinating reflection of mul
tiple parasit ism is the tendency to increase the propor t ion of male 
nematodes as the parasite numbers increase. Comas (1927) and Christie 
(1929) showed this, though the mechanism remains unknown. Similar 
phenomena in insects suggest differential mortali ty, though this ex
p lana t ion does not seem likely in mermithids where mortal i ty was 
not observed. 

Compet i t ion between nematodes and other parasites has received 
only slight a t tent ion. R ü h m (1955) described competi t ion between a 
sphaerularid-like parasite and a hymenopterous larval parasite. In all 
cases the nematode died and the insect parasite survived. 

VI. HOST REACTIONS 

A. Host Tolerance 

In general, insects show litt le immediate morphological or be-
havioristic response to nematode association. T h e effect is apparent 
usually only after a long period. Host tolerance may be cited in the 
observation that gravid females of certain al lantonematids are often 
surrounded by normal fat tissue in to which tracheoles have obviously 
grown (Wachek, 1955). 

B. Host Resistance 
Host resistance occurs in the form of melanization, encapsulation, 

and expulsion. T h e first two types are similar, in general, to those 
described by Salt (1955) for insects against insect parasites. 

Brug (1932) reviewed the early observations and concluded that the 
chit inous encapsulat ion of filaroid nematodes in their in termediate 
hosts, mosquitoes, was a means of host defense. Kar tman (1953) estab
lished that encapsulat ion could be against live or dead nematodes, and 
that the response of each host race was different. 

Welch (1960a) recorded probably the first evidence of the melanization 
and encapsulat ion of an entomophi l ic nematode, a mermi th id in mos
qui to larvae. Welch and Bronskill (1962) discovered the melanization 
and encapsulat ion of Dutky's nematode, DD-136, by larvae of several 
species of mosquitoes. T h e reaction often takes less than an hour and 
appears to be l imited, in that when high mul t ip le infection occurs fewer 
nematodes are encapsulated. T h e i m m u n e reaction was not caused by 
the in t roduct ion of an alien parasite, as a survey revealed that a local 
mosqui to gave a similar reaction to an enzootic nematode. Bronskill 
(1962) described the capsule as a two-layered structure consisting of an 
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inner layer of melanin clumps deposited on an initially melanized 
sheath about the nematode cuticle, and an outer layer of host blood cells 
with melanin particles in their cytoplasm. She also discovered that mos
qui to pupae and adults could expel the encapsulated nematodes at the 
time of molt ing, or through the adul t body wall. Jourdheu i l (1960) 
described an apparent ly similar encapsulation of a l lantonematid nema
todes by Chrysomelidae. Coutur ier (1953) described an encapsulation, 
more akin to an encystment, of a mermi th id in Melolontha sp. 

Jourdheui l (1960) recorded an interesting effect of the host's physi
ological state on nematode development. Specimens of Howardula sp. 
would not develop and eventually died if the nematodes invaded a host 
in diapause. 

C. Host Injury-
T w o families of nematodes, the Mermithidae and Neoaplectanidae, 

cause the death of their host. T h e former kill the host upon emergence 
and the latter utilize a microbial-disease agent. These are direct cause 
and effect phenomena, whereas, for most other families, host injury is 
the rule and death, the exception. R ü h m (1956) suggested this as evi
dence of the long association of nematodes with scolytids. 

Both harmless and harmful effects of nematode parasitism on insect 
flight are recorded in the literature-. Sen and Das Gup ta (1958) claimed 
that mermithids did not curtail the flight range of Culicoides alatus Das 
Gup ta and Ghosh. Weis-Fogh (1956) noted that mermithids reduced 
locust flight. Fuchs (1915) claimed that tylenchoid and aphelenchoid 
nematodes increased scolytid wing beat. Atkins (1961) found that only 
the dura t ion of the initial flight of Dendroctonus pseudotsugae Hop
kins was reduced by nematode parasitism; all other at tr ibutes, such as 
total durat ion, wing-beat ampl i tude, and wing-beat frequency, were 
unaffected. 

Observations on physiological effects of parasitism are also confus
ing. Massey (1960) recorded that the egg galleries of healthy Ips confusus 
(LeConte) averaged 7 inches in length, whereas those of parasitized 
beetles averaged 4.5 inches. Welch (1960a) reported that noninfected 
Aedes communis (De Geer) broke the water surface with their siphons 
twice as often as parasitized larvae. Moore (1955) found that mortal i ty 
in insecticide tests was similar for bo th healthy and parasitized 7. 
confusus. 

Usually hosts are slightly discolored or swollen by nematode para
sitism, bu t rarely are changes noted in chaetotaxy, size, propor t ion, or 
position of structures. Sugiyama (1956a) reported a tendency of the 
wings of Oxya japonica Willemse to shorten with parasitism, bu t this 



11. NEMATODE INFECTIONS 381 

was not necessarily correlated with the n u m b e r of mermithids in the 
insect. If morphological changes occur, they usually reflect anatomical 
adjustments to parasitism. Such are the anomalies of size and gaster 
structure in Formicidae. Wheeler was first to study these; later Gösswald 
and Vandel contr ibuted to our knowledge. Wheeler (1937) listed his 
own and the works of these authors, and gave species records for each 
of the three ma in types, mermithogates, mermithogynes, and mermitho-
dinergates, anomalous forms of workers, females, and soldiers, respectively. 
A curious feature of these forms is the possession of characters found 
in other castes, which lead some authori t ies to call them intercastes. 

Perhaps one of the most interesting effects of nematode parasitism 
is the formation of intersexes. Common in many animals, and even in 
nematodes themselves, it was first noted by von Siebold in Chi ronomidae 
parasitized by mermithids. T h i e n e m a n n (1954) has reviewed the litera
ture on the subject. Rempel (1940) found that mermi th id parasitism 
caused adul t females to have male genital structures, and suggested that 
these female intersexes were formed through the destruction of female 
gonads and the consequent development of male sexual characters. W i t h 
the aid of recently devised techniques of cytological sex determinat ion, 
Wülker (1961) found both male and female intersexes and showed that 
intersexes with male genitalia were cytologically similar to normal males, 
and those with female cerci similar to normal females. Callot (1959) 
recently reported an intersexuality in Culicoides albicans Winner tz in 
which the action of the parasite is obvious in the male. Four hypotheses 
involving competi t ion for food and space, product ion of toxic sub
stances, and accumulat ion of metabolic wastes appear in the l i terature 
bu t are unproved. Perhaps damage to the hormonal system is decisive, 
as in Bombus spp. where toxic substances from Sphaerularia nematodes 
dis turb the growth and function of the corpora allata, thus reducing 
hormone product ion and inhibi t ing ovary growth (Palm, 1948). T h e 
sexual mosaic of dipterous tissue may also be impor tant . T h e causes of 
intersexuality and its relat ion to parasitism remain vague and invite 
investigation. Rempel et al. (1962) recently confirmed Wulker ' s findings 
in the chironomids. 

Whi le intercastes and intersexes reflect malfunction of metabolic and 
hormonal systems, other anatomical damage can be a t t r ibuted directly 
to parasite feeding or peregrinations. Such damage usually occurs with 
the emergence of the eelworms from the host. Both intestine and gonads 
may be r iddled, the ducts blocked, and the ovaries shriveled (Wachek, 
1955; Welch, 1959). 

T h e destruction of internal tissue is apparen t in the reduced fertility 
of the parasitized insect. Massey (1960) reported 52 percent fewer eggs 
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laid by I. confusus parasitized by tylenchoids and aphelenchoids than by 
healthy beetles. Crisp (1959) found almost two-thirds fewer eggs in gravid 
adults of Sigara scotti Fieber parasitized by Mermithidae. These find
ings, especially Massey's (1956, 1960), differ from Ruhm ' s (1956) descrip
tion of slight injury to the ovaries. 

Most authorit ies agree that parasitism retards insect growth and 
development. Wachek (1955) found this true for beetles parasitized by 
tylenchoids, and Wülker (1961) and Welch (1960a), respectively, for 
chironomids and culicids parasitized by mermithids. 

VII. NEMATODES AS VECTORS OF INSECT DISEASES 

Bovien (1937) noted the presence of bacteria in the anterior por t ion 
of the intestine of the neoaplectanid N. bibionis and postulated a sym
biotic relat ionship between the nematode and the bacteria. How apt 
was his concluding statement that this was "a question which deserves 
at tent ion 'Ί 

Dutky (1937) was the first to demonstrate the symbiotic relat ionship 
between nematodes and bacteria. H e found a peculiar oval-shaped 
bacter ium containing spindle-shaped refractile bodies associated with an 
unidentified species of Neoaplectana present in Japanese beetle, Popillia 
japonica Newman, larvae. H e showed that the bacteria could be trans
ferred by the nematodes from one lot of beetle larvae to another. 

T h e best-known disease complex was discovered by Dutky and 
H o u g h (1955) in larvae of Carpocapsa pomonella (Linnaeus). T h e com
plex is known as DD-136, though this appel lat ion is given also to the 
nematode. T h e nematode, a neoaplectanid, and its life cycle were 
described in Section IV, A, 4. T h e r e is no publ ished description of the 
associated bacter ium or of its properties. T h e r e are several accounts of 
the disease and its potentiali t ies for insect control (Anonymous, 1956; 
Dutky, 1959). 

T h e nematode serves as a vector for the bacteria which produce a 
septicemia in the host body. At 20°C, nematodes enter the body cavity of 
Galleria mellonella (Linnaeus) in less than an hour . T h e bacteria are 
quickly released and soon commence to mult iply. Median times for host 
mortal i ty at various temperatures are as follows: 15°C, 130 hours; 20°, 
56 hours; 25°, 24 hours; and 30°, 18 hours. T h e nematodes feed on both 
the dead host tissue and the bacteria. T h e bacteria thus ingested are 
retained in the intestine, as the nematodes do not feed dur ing their 
free-living existence. Theoretically, one nematode should transport an 
inoculum sufficient for bacterial infection. In practice, however, more 
than one nematode is often necessary. T h i s suggests that some nematodes 
either are bacteria free or carry too small an inoculum. Several nema-
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todes must invade the host to ensure sufficient numbers of each sex for 
reproduct ion. Frequent ly at low nematode-densities insufficient numbers 
of each sex enter, so that, though host infection and death occur, nema
tode reproduct ion does not. An interesting feature of the disease is the 
fact that the dead host body discolors only slightly, and remains intact 
and unputrefied for more than 3 weeks. T h i s must result from the pro
duct ion by the bacteria of an ant ibiot ic that inhibits the growth of other 
microorganisms. 

Another unusual aspect of the complex is its pathogenicity for a 
wide range of host species in many orders of insects. Dutky and other 
workers infected more than a h u n d r e d different insects. Only a few cases 
of noninfection were encountered, and these were a t t r ibutable ra ther 
to the host not consuming the nematode than to the failure of the bac
teria. Both nematode and bacteria can be cul tured separately. As far as 
I am aware no one has a t tempted the in t roduct ion of other bacteria for 
t ransport by this or other neoaplectanids. T h i s would throw light on the 
na tu re of the symbiosis between nematodes and bacteria. 

Does this type of nematode-bacterial symbiosis occur in other 
neoaplectanids? Dutky (1959) found it in several other unidentified 
neoaplectanids. T h e description by Kirjanova and Puchkova (1955) of 
the pathology of N. bothynoderi in curculionid beetles suggests a bac
terial breakdown. Weiser (1955) noted a septicemia associated with N. 
carpocapsae. T h e evidence is suggestive, bu t the hypothesis of such an 
association would be strengthened by investigations of the other 
neoaplectanids. Perhaps the bacterial associates of N. glaseri and N. 
chresima were lost in their cul ture th rough many generations. An "asso
ciate" hypothesis could explain the loss of pathogenicity of these nema
todes in artificial culture, and its reinforcement when the nematodes 
were again passed through insect hosts. 

T h e association has not been noted elsewhere among the ento
mophi l ic nematodes. Its occurrence in the Neoaplectanidae would seem 
to be related to the common bacterial feeding habi t in the Rhabdi to idea . 
T h a t the phenomenon may be more widespread may be inferred from 
Christie's review (1960) of three p lan t diseases that involve two bacteria 
and one fungus associated with p lan t parasitic tylenchoid and aphelen-
choid nematodes. 

VIII . HOST-PARASITE POPULATION INTERACTION 

For the practical objective of insect control this is one of the most 
impor tan t aspects of the subject, bu t unfor tunately the few evaluations 
are contradictory. Most of our knowledge is based on observational data, 
as there have been only a few at tempts at experimental manipula t ion . 
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Many records of percentage parasitism may be found in the litera
ture. Despite the sampling problems involved in their derivation, and 
the care that must be exercised in their use, they are indicative of inter
actions. Rates range from 0 to 100; their magni tude usually shows an 
increase with host development or age, or else with the degree of suit
ability of the physical environment for the nematode, for example, the 
water content of frass or the microclimatic humidi ty in plants. Corre
lations with host abundance are given in a few cases. Welch (1959) found 
a correlation between the percentage parasitism of Drosophila sub-
obscura Collin and the number of flies caught each week in traps for 
an 18-month period. Density dependence was shown lately for Para-
sitaphelenchus oldhami R ü h m in Scolytus multistriatus (Marsham) 
in experiments in which percentage parasitism increased with the limi
tation of brood wood in caged populat ions of beetles (Saunders and 
Norris, 1961). R ü h m (1956) reported percentage parasitism in unrelated 
populat ions of a host to be independent of the host densities. 

Unfortunately nematode parasitism has not been considered in those 
insects for which life tables have been devised. Consequently the in
formed opinion of those who have worked for some time on part icular 
groups may be significant. R ü h m (1956) and Wachek (1955), who studied 
tylenchoid and aphelenchoid parasites of scolytids and Coleoptera, re
spectively, concluded that the effect of nematodes was small. O n the other 
hand for specific host groups, such as Melolontha spp., one finds state
ments such as that of Niklas (1960) that "nematodes were the only para
sites that played an impor tan t role as biotic agents." 

Mult ip le parasitism is a common feature of nematode infection. 
Frequency distr ibutions of the number of parasites per host were often 
given and analyzed (Sugiyama, 1956b; Welch, 1959, 1960a; Wülker , 
1961; Jourdheui l , 1960). Departures from a chance distr ibut ion were 
shown in all these cases. Th i s suggests that nematode distr ibution is 
contagious and is not cont inuous throughout an area of host distr ibution. 

In this regard the effect of abiotic conditions on free-living nema
todes has attracted some at tention. Wachek (1955) suggested that these 
factors were of minor importance because of the relatively short t ime 
that parasitic nematodes spend as free-living forms. R ü h m (1956), Dutky 
(1959), and Welch and Briand (1961) were of different opinion, especially 
with regard to moisture. Nematodes require a film of water for move
ment and respiration. T h e na ture of the soil, the usual habi ta t of nema
todes, was considered only by Theodor ides (1952), who found mermithids 
more common in insects living in areas of chalky, than on normal , soils. 

Many more data must be accumulated to answer the question what 
is the role of nematodes in the regulat ion of insect populat ions, and even 
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then the answer will probably be qualified by the na ture of the symbiosis 
and the character of the physical and biological environment . 

I X . PHYSIOLOGY AND CULTURE OF ENTOMOPHILIC NEMATODES 

T h e r e are few studies of the physiology of entomophil ic nematodes. 
Th i s is surprising because among the entomophil ic nematodes are several 
families that have unusual morphological features and that might be 
expected to exhibit unusual physiological adaptat ions. Neoaplectana 
glaseri was used as a test animal in several experiments. Rogers (1948) 
found its oxygen consumption to be of the same range as that of most 
other nematodes, and Massey and Rogers (1950) established that this 
nematode, with certain others, utilized the Krebs cycle for oxidat ion. 
Recently Lee (1960b) found a similar dis t r ibut ion of fat and glycogen 
in species of Thelostoma as that in Ascaris sp., the pig roundworm. Lee 
(1960a) explained the shrunken appearance of Hammenschmidtiella sp. 
dur ing the molt of its host as a consequence of the nematode's exposure 
to a hypertonic gut environment . 

Closely related to, and actually par t of physiology, is the cul ture of 
entomophil ic nematodes. Dougherty (1960) reviewed this subject in 
considerable detail . T h e work of Stoll (1959) should be consulted for a 
review of the earlier work of Glaser and his colleagues on N. glaseri, and 
of Stoll's own work on this species. Whi le many entomophil ic nematodes 
were cul tured xenically (i.e., with an unknown n u m b e r of associated 
species of organisms) (see R ü h m , 1956; Musprat t , 1947; Wachek, 1955), 
only two, N. glaseri and N. chresima were cul tured synxenically, the 
former by Glaser (1940) and the lat ter by Glaser et al. (1942), and 
axenically, the former by Glaser (1940) and Stoll (1959) in l iquid me
dium, and the lat ter by Glaser et al. (1942). Synxenically is with one or 
more known species of associated organisms, and axenically is with no 
species of associated organisms. N o obligate endoparasit ic nematode 
other than Neoaplectana spp. has been cultured. 

X . EVOLUTIONARY CONSIDERATIONS 

Comments on evolutionary tendencies among entomophil ic nematodes 
are indeed rash when the data are so meager, but , perhaps beneficial, if 
only to promote discussion. 

Several series of species may be arranged to show what is certainly 
a hypothetical , yet a plausible, series of events in the adapta t ion of free-
living nematodes to insect parasitism. T h e Rhabdi t idae provide one 
such series ranging from nematodes and insects that share the same 
habi tat , to phoresis, endocommensalism, and finally parasitism of the 
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host body cavity. Similar series in the Tylenchoidea would culminate 
in the Allantonematidae; and in the Aphelenchoidea, with the 
Sphaerulari idae. Whi le these series include taxonomically related nema
todes, the hosts are unrelated. I t is still impossible, because of the lack 
of data, to correlate the origin of any par t icular parasitic nematode 
group with that of a par t icular host group. Perhaps the closest approach 
is the apparent restriction of known species of Parasitorhabditis to the 
Scolytidae. 

T h e concomitant evolution of insects and nematodes was investigated 
in two cases. R ü h m (1956) suggested that tylenchoids and aphelenchoids 
were apparently the first to parasitize Scolytidae; then with the split t ing 
of the family into subfamilies and tribes, other nematodes, including 
cephalobids, rhabdit ids, diplogasterids, and aphelenchoidids became 
parasites. Osche (1959) noted that in the Oxyuroidea the species of the 
Rhigonemat idae show little diversity and are restricted to the Diplopoda, 
whereas the Thelas tomat idae occur not only in lower, bu t in higher, 
ar thropods, including Orthoptera , Coleoptera, Diptera, and Lepidoptera . 
Present knowledge of life histories suggests that the Al lantonemat idae 
are highly adaptive and were able to evolve with the evolution of their 
hosts. Th i s is also implied by the fact that most existing records of 
Al lantonematidae are from the more highly evolved insect orders, such 
as the Diptera, Hymenoptera , and Coleoptera. 

Taxonomy and life history data form the base of most biological 
sciences. O n this base rests the accumulated knowledge of the organisms 
and their responses to the environment. T h e progress of insect nema-
tology toward this goal may be measured by the number of pages 
assigned to each section in this discussion. T h a t taxonomic and life 
history data should occupy almost half of the subject mat ter suggests 
that though the higher categories are defined, much remains to be 
accomplished at the specific level. T h a t the remaining pages could be 
devoted to the more intricate problems of specific insect and nematode 
associations and their significance at the popula t ion level, reflects what 
has been accomplished and indicates what should be investigated in 
the future. Such investigations will utilize the disciplines of physiology, 
pathology, and ecology in developing greater unders tanding of nematode 
adaptat ion, host reaction, and vector role, essential not only to theoretical 
knowledge of parasitism, bu t also to practical biological manipu la t ion 
for pest control. 
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