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AB5TRACT

Most of all nematodes studied for biological control of insect, those in the families Steinemematidae and He­
terorhabditidae have aroused the most interest, and information about them is growing exponentially. These two fa­
milies, mutualistically associated with bacteria in the genus Xenorhabdus are similar in their actions and are consi­
dered here together.
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BAZI ENTOMOPATOJEN NEMATOOLAR

ÖZ

Böceklerin biyolojik kontrolü için çalışılmış nematodların çoğu Steinemematidae ve Heterorhabditidae famil­
yalarına aittir. Bu canlılar arasındaki ilişki konuya olan ilgiyi artırdığı gibi bilgi arayışıda sürekli olarak artmaya de­
vam etmektedir. Bu iki familya Xenorhabdus cinsi bir bakteri ile de karşılıklı olarak bir ilişki içinde olup, aktivite­
leri birbirine benzerlik göstermektedir. Burada bu ilişkiler birlikte ele alınmıştır.

Anahtar Kelimeler: Entomopatojenik nematodlar, Heterorhabditidae, Steinemematidae, Xenorhabdus.

1. INTRODUCTION

The most urgent needs in the field of insect parasi­
tic nematodes are to conduct more successful field tri­
als and to activate private industry into mass producing
these parasites for retail. We now know enough about
identification rearing, life cycles and parasite associati­
ons to begin large scale field trials for controlling in­
sects with these parasites. The free-living, non-feeding
infective juveniles of these nematodes possess attribu­
tes of both insect parasitoids or predators, and microbi­
al pathogens. Like parasitoids-predators, they have che­
moreceptors and are motile; like pathogens, theyare
highly virulent, killing their hosts quickly, and can be
cultured easily in vitro, have a high reproductive poten­
tial, and have a numerical but no functional response.
They have a broad host range (Gaugler, 1981;1988), are
safe to vertebrates, plants and other non-target orga­
nisms (Akhurst, 1990; Poinar, 1989), have been exempt

from registration in the United States (Gorsuch, 1982),
are easily applied using standard spray equipment (Ge­
orgis, 1990 a), are compatible with many chemical pes­
ticides (Forschler et.al., 1990; Hara and Kaya, 1983;
Rovesti et.al., 1988; Rovesti and Deso, 1990; Zimmer­
man and Cranshaw, 1990) and are amenable to genetic
selection(Gaugler,1987). These nematodes, because
they serve as vectors of Xenorhabdus bacteria, are ter­
med entomopathogenic, reinforcing the link between
insect nematology and insect pathology (Gaugler and
Kaya, 1990). Numerous reviews have been written on
entomopathogenic nematodes since 1985 including as­
pects of biology and biological control (Gaugler , 1988;
Georgis and Hauge, 1991; Georgis and Poinar, 1989;
Kaya ,1985; 1990 a; Popiel and Hominick,1992; Wouts,
1991), genetics and biotechnology (Gaugler,1987; Po­
inar, 1991), epizootiology (Kaya, 1987), techniques
(Woodring and Kaya,1988) and safety (Akhurst, 1990;
Poinar ,1989). Compilation of research conducted in Ja-
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pan (Ishibashi, 1987;1990) and an extensive bibliog­
raphy (Smith et.al.,1992) of Steinemematid and Hete­
rorhabditid 1iteratureare available. Moreover a compre­
hensive book on Steinemematids and Heterorhabditis
and their mutialistic bacteria was recently published.
Therefore, this review provides a brief background of
the nematodes and bacteria and focuses on recent ad­
vances made with these nematodes and on current criti­
cal issues and research directions (Kaya and Gaugler,
1993).

1.1. Nematodes

Entomopathogenic rhabditid nematodes belong to
two monogenetic families, the Steinemematidae and
the Heterorhabditidae. The Steinemematids have 10
species (Douced and Douced 1990; Poinar, 1990) and
the Heterorhabditids contain 3 species (Poinar, 1990)
(Table 1).

We need to conserve these strains or isolates to
prevent their loss or contamination with other strains
and species, to preserve genetic diversity, and so that
they can serve as a source to group and identify nema­
tode species and strains through classical taxonomy and
biotechnology. (Curran, 1990; Smits et.al., 1991). The
liquid-nitrogen storage technique will be most helpful
in reaching the goals (Popiel and Vasquez, 1991; Smith
et.al., 1990).

1.2. 8acteria

Symbiotic bacterium Xenorhabdus spp., plays an
essential role in subsequent stages of the life cycle of
entomopathogenic nematodes. Bacterial cells are found
in a modified ventricular part of the intestine in Steiner­
nema and in this area, as well as throughout the intesti­
ne lumen, in Heterorhabditis. Xenorhabdus spp., which
are gram negative, facultatively anaerobic rods, belong

Table ı. Steinernema and Heterorhabditis Species and Their
Respective Symbiotic Xenorhabdus (bacterial)
Species (Kaya and Gaugler, 1993).

Nematode acnus Nematode species Xenorhabdus species
Steinernema affinis bovineii

anomali undeseribed
carpocapsae nematophilus
feltiae (=bibionis) bovineii
glaseri poinarii
intermedia bovineii
kushidai undeseribed
ram undeseribed
riteri undeseribed
scapteris undeseribed
Undeseribed beddineti

Heterorhabditis Bacteriophora(=heliathidis} luminescens
Megidis luminescens
Zealandic luminescens
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to the family Enterobacteriaceae. Five species have be­
en deseribed (Table: 1), but some undeseribed orga­
nisms may represent new or different species of Xenor­
habdus (Aklıurst and Boemare, 1990). The vast majo­
rityof X. luminescens, associated with Heterorhabditis,
luminesce (Aklıurst et.al., 1992; Aklıurst and Boemare,
1986) while Xenorhabdus spp. associated with Steiner­
nematids do not 1uminesce. Dimorphism occurs in Xe­
norhabdus spp. and is referred to as phase one (primary
form) and phase two (secondary form). Phase one and
two have distinctly different colony morphologies but
show no differences in pathogenicity to a Galleria mel­
lonella host. Other differences are that phase one produ­
ces antibiotics (Akhurst and Boemare, 1990; Mc Iner­
ney et.al., 1991; 1991; Nealson et. aL., 1990) adsorbs
certain dyes, and develops large intracellular inCıusions,
whereas phase two does not adsorb the dyes, does not
produce antibiotics, and forms intracellular inclusions
inefficiently, For detailed information on the associated
bacteria, see Akhurst and Boemare (1990), Frackman
and Nealson (1990), and Nealson et. al.. (1990).

1.3. 8iology of the Nematode 8acterium Complex

Knowledge of the bacteria-nematode interactions
is based mainıyon the S. carpocapsae and X. nematop­
hilus model, which does not necessarily apply to other
species and is unlikely to apply to Heterorhabditis and
X. luminescens. When the nematodes and bacteria are
within the haemocoel, they must cope with the host's
ability to neutralize infectious agents. The infective
third-stage (13) juvenile, ensheathed by the second-sta­
ge cuticle (Poinar, 1979) carries the bacterial cells of
Xenorhabdus in its intestinal tract. Once a suitable host
is found, the infective juvenile enters the host through
natural openings (mouth, anus or spiracles) or possib­
le wounds and penetrates into the hemocoel. The infec­
tive juvenile of Heterorhabditids also possesses a dorsal
tooth that may assist in the direct penetration through
the host's integument, particularly around the thin inter­
segmental areas (Bedding and Molyneux, 1982) altho­
ugh cuticular penetration appears to be rare (Mracek et.
aL., 1988). The bacterial cells, voided from the nemato­
de's intestine into the hemolymph, propagate and kill
the host by Septicemia within 48 hours. The nematodes
feed on the bacterial cells and host tissues, produce two
or three generations, and emerge from the host as infec­
tive juveniles to search for new host (Kaya and Gaug­
ler, 1993).

Mutualism occurs between the nematode and bac­
terium (Aklıurst and Boemare, 1990). Each nematode
species has a specific association with onlyone Xenor­
habdus species, although a Xenorhabdus species may
be associated with more than one nematode species
(Table 1). In this association, the nematode relies upon
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the bacterium (symbiont) for killing its insect host, ere­
ating a suitable environment for its development by
producing antibiotics that suppress competing secon­
dary microorganisms, break down the host tissues into
usable nutrients, and serve as a food source. The bacte­
rium requires the nematode for protection from the ex­
tema! environment penetration into the host's haemoco­
el and possibly inhibition of the host's antibacterial pro­
teins such as cecropins.

In nature, the infective juveniles invariably conta­
in only phase-one bacteria. Even where the majority of
Xenorhabdus are in phase two during the time of S. car­
pocapsae infective juvenile formation, the infective ju­
veniles only carry phase one cells (Akhurst, 1980).

1.4. Host Range

Nematodes have parasitized insects for a long ti­
me. Nematodes have evolved to parasitize just about
every kind of plant and animal in the world, so it is not
too suprising to find them killing, srerilizing or otherwi­
se debilitating millions of insects such as mosquitoes,
black flies, chironomids, grasshoppers, moths, ants, be­
es and many other insects and invertebrates. Entomo­
pathogenie nematodes and their bacterial partners kill
insect so quickly that they do not form the intimate,
highly adapted host-parasite relationships characteristic
of other insect-nematode infections like mermithids and
allantonematids (Kaya and Gaugler, 1993). This rapid
morta!ity permits the nematodes to exploit a range of
hosts that spans nearly all insect orders (Poinar 1979), a
spectrum of activity well beyond that of any other mic­
robia! control agent. This extraordinary host range is
one of the main reasons for the current intense interest
in nematode development for biologica! control. Ento­
mopathogenic nematodesare routinely isolated from
soil without determination of their host associations
(Akhurst and Bedding, 1986; Akhurst and Brooks,
1984; Hara et.al., 1991; Hominick ,1990).

Like other biological control agent, Steinemamatid
and Heterorhabditid nematodes attack a far wider spect­
rum of insects in the laboratory were host contact is as­
sured, environmental condition are optimal and no eco­
logieal or behavioral barriers to infection exist (Gaug­
ler, 1981, 1988). Foliage feeding lepidopteran larvae
may provide the best illustration. These insects are
highly susceptible to infection in petri plates but are sel­
dom impacted in the field, where nematodes tend to be
quickly inactivated by the environmental extremes like
desiecation, radiation and temperature, characteristie of
exposed foliage (Gaugler et.al., 1992). Infective juveni­
les are similarly highly letha! to mosquito and black fly
larvae in the laboratory, but in pools or streams they
cannot swim or quickly settle out of the host feeding zo-
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ne (Finney and Harding, 1981; Gaugler et.al., 1983; Ga­
ugler and and Molloy, 1981).

Field studies demonstrate that entomopathogenic
nematodes do possess an unusual ability to exploit dif­
ferent insect species as hosts. Infective juveniles of
S.carpocapsae can provide acceptable control of field
populations of fungus gnats artichoke plume maths,
cutworms, sod webworms, strawberry root weevils and
citrus root weevils (Georgis, 1990 b) a list encompas­
sing representatives from three orders of insects. But
these successes, complied after decades of field testing,
are trivia! relative to the long list of insects that nema­
todes have not controlled in the field (Kaya et.al.,
1981). Although field infections often result from these
trials, impact on target populations has most frequently
been judged modest or negligible, even when concent­
ration equivalent to billions of nematodes per hectare
are applied. Even in as analysis of field tests resulting
in signifieant suppression of soil and aquatic target in­
sects, non targets were not adversely affected (Georgis
and Kaya, 1991).

1.5. Behavior

The behavior of the nematode depends on the spe­
cies involved, but theyare able to locate insect hosts
with varying degrees of efficiency. They usually enter
the host through natural openings such as mouth, anus,
spiracles but the 13 stages of Heterorhabditid nematode
species possess a tooth and can penetrate through the
body wall, Predators and parasitoids respond to physi­
cal and chemical stimuli that lead them to potential
prey. These cues are alsa essentia! in recognition and in
decisions on whether or not to feed or oviposit. This
ability to find and attack suitable prey is a key determi­
nant of biological control performance and is likely a
major source of inconsistent field result (Lewis et. aL.,
1990; Nguyen and Smart,1994; Parkman et.al., 1994).
Consequently an extensive body of literature provides a
theoretical framework on the efficient location and
identity of prey by predators and parasitoids (Bell,
1990; Nordlund et. al., 1988; ü'brien et. aL., 1990). This
framework is largely based on multiple feedings (preda­
tors) or ovipositions (parasitoid). Field efficacy could
be improved simply by matching nematode species and
strains against those insects for whieh theyare best
adapted, an approach that requires understanding how
entomopathogenie nematodes locate, identify, and asses
potentia! hosts. That is the infection process must be un­
derstood as it relates to host selection, behaviors (Kaya
and Gaugler, 1993).

The first behavior specifiea!ly host search, attach­
ment, and recognition is host search, which begins with
habitat selection, presumably the most important barri-
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er restricting entomopathogenic nematode host range
(Schmaedick and Shelton, 1999). Here some species
appear to prefer to search for hosts at or near the soil
surface (S. carpocapsae) (Moyle and Kaya, 1981) whe­
reas others are adapted to search deeper in the soil pro­
file (H. bacteriophora) (Choo et.aL. , 1989). Once the
habitat has been selected, entomopathogenic nematodes
are believed to adopt one of two search strategies: am­
bush or cruise (Gaugler et. aL., 1989; Lewis et.al.,
1992). Ambushers, like S.carpocapsae, take an energy
conserving approach, remaining nearly sedentary whi­
te waiting for mobile surface adapted hosts. Ambus­
hers, ought to be poorly adapted to attack immobile
hosts deeper in the soil such as scarabaeid larvae. They
should however, be adapted for mole crickets, because
these insects are highly mobile and feed at the soillitter
interface. Cruisers, like S. glaseri, are highly mobile
and respond strongly to host chemoattractants (Lewis
et.al., 1992). They would be best adapted to parasitize
sedentary subterranean hosts (Kaya and Gaugler, 1993).

The second phase in host selection is nematode at­
tachment to the host. Although attachment must be a
prerequisite to infection, this important phase remains
unstudied. Even Ishibashi and Kondo's (Ishibashi and
Kondo, 1990) detailed review of infective stage behavi­
or does not deal with attachment. These authors do
deseribe nietation , the behavior of lifting all but the
posterior portion of the nematode from the substrate
and waving the extended body from side, but do not
ascribe a function. This behavior is believed to be invol­
ved in nematode orientation to host insect (Gaugler
et.al., 1980).

The third phase of host selection is recognition.
Surface carbohydrates have attracted attention as being
plausibly essential to the specificity of host recognition
in other nematode species (Cook, 1986). In the case of
phytonematodes, contact between heterosaccharides on
the nematode body wall (Spigel et. al., 1982) and their
binding sites (lectins) on the root surface (Peumans
et.al.,1982) may lead to recognition. Amphid secretions
alsa appear to play a role in recognation. Blockage of
Heterodera roctochiensis amphid apertures by deter­
gents interfered with host recognition (Forrest et.al.,
1988) As for entomopathogenic nematodes, the role of
the sensory organs and the mechanisms of host recogni­
tion during search and attachment remain unknown.

Following host selection, the remaining behavior
in the infection process is penetration into the host. En­
tomopathogenic nematodes using oral or anal portals of
entry must penetrate through the gut wall, a behavior
that has not been well described. Invasion through the
spiracles and escape from tracheal tubes into the hemo­
coel have been associated in S. scapterisci with move­
ment to apoint where tube diameter is only slightly gre-
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ater than the nematode, fol1owed by vigorous thrashing
movements that rupture the tube (Nguyen and Smart,
1991). Post penetration behaviors that may be involved
in nematode response to the host defense response have
not been documented (Kaya and Gaugler, 1993).

1.6. Ecology

Use of S. glaseri, the first nematode applied as a
soil colonization agent against the larval stage of the Ja­
panese beetle, Popillia japonica, produced mixed re­
sults in the 1930s. In part, a lack of understanding of the
complex biology of the nematode-bacterium symbiotic
relationship impeded efforts to effectively use this ne­
matode (Poinar, 1979). The discovery of S. carpocap­
sae and other species resulted in renewed interest in
using nematodes for biological control programs. Ex­
cellent control was obtained against insect pest in mo­
ist, cryptic habitats in the Iate 1970 s and early 1980s
(Bedding and Miller, 1981; Lindegren et. aL., 1981;
Miller and Bedding, 1982) but fai!ures against foliage
feeding insects from the 1950s to early 1980s clearly
demonstrated that these nematodes were poorly adapted
to the foliage environment (Begley, 1990; Kaya,1985).
Because the number of insect pests in cryptic habitats
are limited and these nematodes provided poor efficacy
against foliage feeding insects, the priority of using
these nematodes shifted back to the soi!, which is their
natural habitat (Schroder et al., 1996). Moreover %90
of insect pest species spend at least part of their life
cycle in soi!, providing further impetus in redirecting
the research emphasis (Akhurst, 1986; Klein, 1990).
The successful application of these nematodes as inun­
dative agents against various soil insect pests continues
to be somewhat elusive (Georgis and Gaugler, 1991;
Klein, 1990). Several studies have examined one or two
components of abiotic and biotic soil factors to unders­
tand nematode ecology (Kaya, 1990b).

1.7. Dispersal and Host Finding

Nematode dispersal is necessary for host finding.
Although nematodes may disperse passively (Epsky
et.a!., 1988; Timper et. al., 1988) active dispersal, parti­
cularly by cruiser nematodes, appears to be the primary
means for host finding. Even where water assists in the
passive movement of nematodes through thatch (Zim­
merman and Cranshaw, 1991) active dispersal probably
plays a major role in host finding (Perez et al., 1995).

Factors affecting active nematode dispersal and
host finding in soi! include small pore spaces (Blacks­
haw and Sentharnizhselvan, 1991; Choo and Kaya,
1991; Georgis and Poinar, 1989; Molyneux and Bed­
ding, 1984) , moisture (Molyneux and Bedding, 1984)
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temperature (Molyneux and Bedding, 1984) and plant
roots (Choo et. al., 1989). Clay soils have small pores
limiting nematode movement , and nematodes require
a water film to disperse in soil (Walker, 1984). In field
studies, nematodes have been most efficacious against
the Japanese beetle at soil temperatures at 20°C (Geor­
gis and Gaugler, 1991). Many insect pests, however are
active at lower temperatures and cold adapted nemato­
des and Xenorhabdus bacteria are required to kill such
pests. Heterorhabditid isolates from temperate regions
are active and can infect a host at 7°C (Griffin and
Downes 1991) and an undeseribed steinernematid spe­
cies from England infects hosts in sand from 5 to 25°C
with optimal infection occurring at 15-20°C (Fan and
Hominick, 1991). Plant roots may alsa affect nematode
dispersal (Bird and Bird, 1986; Choo et al., 1989; Ishi­
bashi and Choi, 1991) S. glaseri accumulates around ro­
ots in response to COı (Bird and Bird, 1986) and this

behavior may bring this nematode in closer contact with
a sedentary host feeding in the root zone.

1.8. Survival

Both Steinernema and Heterorhabditis spp. have a
third stage juvenile (13), termed a dauer larva, that is the
infecti ve stage. These juveniles are non-feeding and can
survive in soil for extended periods the duration of
which depends on the species and the physical conditi­
ons within the soil, especially temperature and moistu­
re. Nematode survival is enhanced in soil where they
are buffered from environmental extremes. They can
survive slow desiccation at high relative humidites
(Womersley, 1990) and can survive low temperatures
(Molyneux, 1985; Schmidt and All, 1979) although a
tropical heterorhabditid isolate does not survive at 10
CO (Molyneux, 1985). S. carpocapsae and S. glaseri
survive best in sandy loam and sand soils, respectively
(Kung et. al., 1990). Poor aeration probably is a sigrıi­

ficant factor in lover nematode survival in clay soils
(Kung et. al., 1990).

Not all infective juveniles are infectious at the sa­
me time (Bednarek and Nowicki, 1991; Fan and Homi­
nick, 1991; Figueroa et.aL. , 1990; Hominick and Reid,
1990; Ishibashi and Kondo 1986). Suggesting that ne­
matodes have adobted a survival strategy by staggering
their period of infectivity. The number of nematodes
infecting hosts decreases after storage at low tempera­
tures, but is followed by an unexpected increase with
passage of time, indicating that the cold temperatures
induce some nematodes to enter a noninfectious or "di­
apause" state (Fan and Hominick, 1991). Regardless of
nematode strain, concentration, or exposure to one or
several insect host under presumably optimal conditi­
ons, only %30-40 of the nematodes infect the host (Fan
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and Hominick, 1991). The reason for the lack of infec­
tivity by the majority of nematodes remains unknowrı,

but if nematodes are all infectious at the same time and
no hosts are available, the nematodes may become 10­
cally extinct. Their dispersal range is limited and beca­
use a certain percantage of the nematode population en­
ters a quiescent or diapause state, some of them will
survive periods of host absence (lshibashi and Kondo,
1986).

1.9. Interspecific Competition

Entomopathogenic nematodes are widely distribu­
ted throughout the world and nematode species may oc­
cur sympatrically (Akhurst et. aL., 1992; Aklıurst and
Brooks, 1984; Beavers et.al., 1983; Ehlers et.al., 1991).
In laboratory studies, heterorhabditid and steinernema­
tid nematodes generally connet coexist in the same host
(Alatorre and Kaya, 1990, 1991) whereas two steiner­
nematid species (Kondo, 1989) may successfully para­
sitise the same host. An antagonistic relationship, ho­
wever mayaıso exist between steinernematid species
(Kondo, 1989). The mutualistic bacteria are believed to
be the basis for the incompatibility of the heterorhabdi­
tid and steinernematid species. The nematodes from
one genus cannot feed on the mutualistic bacteria from
another genus (Aklıurst, 1983; Alatorre-Rosas and Ka­
ya, 1991).

If two insect pest species occur simultaneously in
different niches in the same habitat, however one sho­
uld consider using two nematode species for a that are
each adapted to one of the pests. The combination of a
cruiser nematode species for a sedentary pest in the so­
il and an ambusher nematode species for a soil-surface
pest may be more efficient than one nematode species
alone (Alatorre-Rosas and Kaya, 1990).

Interspecific competition studies of the entomopat­
hogenic fungus Beauveria bassiana and entomopatho­
genic nematodes show that theyare not compatible wit­
hin the same host (Barbercheck and Kaya, 1990). The
nematodes out compete 'the fungus, the mechanism for
fungal exclusion is based on antibiotic production by
the symbiotic Xenorhabdus. For the fungus to be suc­
cessful, the host must be infected one to several days
before nematode exclusion occurs. In spite of this com­
petition, the fungus and nematode may coexist in the
same habitat because the nematodes are not attracted to
fungal infected hosts (Barbercheck and Kaya, 1991)
And the presence of both pathogens in the soil results in
higher mortality than either pathogen alone (Barberc­
heck and Kaya, 1991).
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1.10. Recycling and Epizootiology

Entomopathogenic nematodes are similar to arth­
ropod predators and insect parasitoids in that they kill
their hosts, but their bacterial associates make them no­
tably different. Steinernematids and heterorhabditids,
obligate pathogen in nature, require insect hosts to
recyCıe. In many inundative application of these nema­
todes, persistence date are routinely taken but whether
the nematodes merely persist or actually recyCıe is not
known. In a year-long study, the addition of insect hosts
into potted soil at preseribed intervals showed good per­
sistence at high levels of the nematode population, whe­
reas the lack of hosts resulted in a rapid decline of the
nematodes within SO days after application (Kaya, 1990
a). Inoculative releases have not been attempted yet, but
this method of nematode introduction may provide
long-term control.

Conservation and augmentation of naturally occu­
ring entomopathogenic nematode populations through
agricultural practices show promise for insect control
(Brust, 1991). Using a wheat-corn rotation and cultural
practices, greater yields, less root damage and weedy
treatrnents compared with conventional tillage treat­
ments. Apparenty, no tillage and weeds create adiverse
environment providing alternate hosts and soil conditi­
ons conducive for nematode survival and recycling
(Kaya and Gaugler, 1993).

Epizootics of entomopathogenic nematode dise­
ases probably occure regularly in soil but theyare diffi­
cult to detect and often go unrecorded (Kaya, 1987).
Two epizootic, both from Australia involving undersc­
ribed Heterorhabditis species, have been documented
(Akhurst et.al., 1992; Sexton and Williams, 1981). In
the first case, a significant reduction of the whitefringed
beetle, Graphagnathus leucoloma larvae and adults was
observed in a lucerne field (Sexton and Williams,
1981). In the second, two undeseribed species of Hete­
rorhabditis were found infecting four scarabaeid speci­
es in three adjoining sugar cane fields (Akhurst et.al.,
1992). Under laboratory conditions, the scarabaeid lar­
vae are not susceptible to the nematodes but in the field,
infected larvae are readily recovered. One mechanism
is that larvae in the field may have been stressed, ma­
king them more susceptible to nematode infection. As
more epizootics are reported, conditions for their deve­
lopment can be determined and these conditions can be
manipulated to initiate artificial epizootics. Long-term
studies of both the insect and nematode populations in
the soil will provide the most useful information (Kaya
and Gaugler, 1993).
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2. CONCLUSIONS

Entomopathogenic nematology has a relatively
short history dating back to the pioneering research of
R'W, Glaser and his coworkers in the 1930s and 1940s
(Gaugler and Kaya, 1990). The primary emphasis of
their research and of others following them focused on
developing and using these nematodes as biological in­
secticides. The reasons for success or lack of success
controlling insect pests. Particularly in the soil environ­
ment, often remain unknown, underscoring the need to
obtain basic information on the biology, behavior, eco­
logy, and genetics of these nematodes. Recent advances
made in nematode behavior and ecology c1early de­
monstrate that theyare not generalist pathogens; their
behavior, for example, restricts much of their activity to
a certain soil stratum, eliminating many insect from in­
fection. Understanding these behavioral patterns and
their genetics will enhance the use and production of
the most adapted species for insect control in the field
(Kaya and Gaugler, 1993).

Survival mechanisms of nematodes are being unra­
veled. The OCCUITence of quiescent nematodes suggests
that they have evolved effective survival strategies and
the J2 cuticle on some nematode species seems to play
a significant role in desiccation tolerance and protecti­
on against fungal antagonists. Although very little is
known about other survival mechanisms or about their
population dynarnics, the nematodes are highly suc­
cessful for theyare ubiquitous in nature. As we begin to
understand them, they can be used effectively and se­
lectively as inundative agents against numerous insect
pest and have the potential to be used as inoculative
agents for c1assical biological control. Conservation
and augmentation of natural nematode populations
through proper management practices and periodic ne­
matode releases offer exciting possibilities for insect
pest suppression. Finally, these fascinating animals may
contribute more to science than their use solely as bi­
ological control agents. To begin with, they may be use­
ful tools in understanding evolution of parasitism and
symbiosis and the mechanism of insect resistance of in­
fection (Kaya and Gaugler, 1993).

This review explored some important aspects of
the biology of the nematodes that require attention if
progress in their use as biocontrol agents is to be main­
tained. Future efforts should be directed toward more fi­
eld experimentation and the activation of the private
sector to mass produce these parasites.
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