ELSEVIER

Available online at www.sciencedirect.com

science (@hormeer

Biological Control 38 (2006) 6679

Biological
Control

www.elsevier.com/locate/ybcon

Behavioral ecology of entomopathogenic nematodes

Edwin E. Lewis ®** James Campbell ¢, Christine Griffin ¢, Harry Kaya *®, Arne Peters °

% Department of Nematology, University of California, Davis, Davis, CA 95616, USA
b Department of Entomology, University of California, Davis, Davis, CA 95616, USA
CUSDA ARS GMPRC, 1515 College Ave, Manhattan, KS 66502, USA
4 Department of Biology and Institute of Bioengineering and Agroecology, National University of Ireland, Maynooth, Co. Kildare, Ireland
¢ E-Nema GmbH, Klausdorfer Str. 28-36, D-24223 Raisdorf, Germany

Received 9 June 2005; accepted 16 November 2005
Available online 18 January 2006

Abstract

We discuss the behavior and ecology of entomopathogenic nematodes in relation to their successes and failures as biological control
agents. Four categories of studies have been reviewed herein; infective juvenile foraging strategies, recognition and evaluation of the host
by infective juveniles, the actual behaviors of infective juveniles that result in infection, and the protective role of the symbiotic bacteria
during nematode reproduction in the cadaver. This constitutes a chronological order of events. Two challenges are suggested. First, the
data on entomopathogenic nematode behavioral ecology, while very extensive for some species, are almost completely lacking for most
described species. We need to approach future studies paying more attention to phylogenetic origins of the traits that we study. Second,
there is little consensus on exactly what are the traits that are worth studying. By reviewing and synthesizing current work, we make some

suggestions about where future research should be directed.
© 2005 Elsevier Inc. All rights reserved.

Keywords: Behavior; Ecology; Entomopathogenic nematode; Infection; Host; Parasite; Insect; Steinernema; Heterorhabditis

1. Introduction

The behavior and ecology of entomopathogenic nema-
todes (i.e., steinernematids and heterorhabditids) have been
studied in the past in attempts to make them better biologi-
cal control agents. Indeed, their utility as biological control
agents has spurred most of the research that has been con-
ducted. Much of this work has been focused on their behav-
ioral interactions with hosts. Several reasons have been put
forward to explain the need for further understanding of
entomopathogenic nematode behavior and ecology. Many
of the papers published in this area, and grant proposals as
well, have begun with a sentence resembling the following:
“Entomopathogenic nematodes have great potential as bio-
logical control agents, but because of significant gaps in our
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knowledge of their foraging behavior (or infection strate-
gies, host associations, etc.), this potential has not been real-
ized.”

Only relatively recently have entomopathogenic nema-
todes been the subject of more basic studies, where entomo-
pathogenic nematodes are viewed as model organisms with
which to ask questions about parasite biology in general.
Entomopathogenic nematodes are excellent models for this
purpose since they share the trait of having an active third
stage infective juvenile (IJ) as the infective stage with many
other parasitic nematode species. They have distinct experi-
mental advantages over many animal parasites; they are
easy and cheap to culture, they live from several weeks up
to months in the infective stage and there is a large group of
species which facilitates comparative studies. However,
entomopathogenic nematodes differ from other parasitic
nematodes because of their mutualistic association with
bacteria. In this review, we address the basic studies that
attempt to examine the theoretical underpinnings of
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entomopathogenic nematode behavior, and the potential
applications of these findings to biological control of insect
pests.

We cannot know all biological aspects of all species of
entomopathogenic nematode. Therefore, we must pick and
choose our questions and experimental subjects well. Here,
we ask which aspects of entomopathogenic nematode biol-
ogy are most important to understand to improve their suc-
cess as biological control agents. We divide this review into
four sections that describe the behavioral and ecological
aspects of the infection process for entomopathogenic nem-
atodes in chronological order. The first section describes
host-finding behaviors and strategies. The second section,
and next step in infection, is a mechanistic look at how 1Js
recognize hosts and how they gain entrance into the host
hemocoel. Third is a section on infection strategies and the
interaction between nematodes inside and outside the host.
Finally, we examine the defense of the host cadaver from
opportunistic competitors, specifically ants.

2. Foraging strategies

How organisms forage for resources can be described
using different conceptual models. These models were origi-
nally developed for foragers other than entomopathogenic
nematode infective stages, but are broadly applicable to
many taxa and life histories. Two broad categories of con-
ceptual models are (1) those based on the behavioral
responses to sequentially encountered stimuli that vary in
the quality of information that they convey and (2) those
based on how searchers move through their environment.
Both types of models can be applied to infective stage juve-
nile host foraging behavior. In the first category of models,
host search is divided into a hierarchical process of host
habitat location, host location, host acceptance, and host
suitability (Doutt, 1964; Laing, 1937; Salt, 1935). This con-
ceptual model has been widely adopted and has proven use-
ful for understanding parasitoid host search behavior
(Godfray, 1994). This hierarchical set of behaviors is not
necessarily rigid (Vinson, 1981), and more recent models
have emphasized the dynamic ranking of stimuli based on
how closely they are associated with the host, forager inter-
nal state, and the amount of directional information pro-
vided by the cue (Godfray, 1994; Lewis et al., 1990; Vet
et al., 1990).

Using the second category of models, foraging strategies
are divided into two broad categories; cruise (widely forag-
ing) and ambush (sit-and-wait) (Echkhardt, 1979; Huey
and Pianka, 1981; McLaughlin, 1989; Pianka, 1966; Scho-
ener, 1971). Classification is based on differences in how
foraging time is allocated to motionless scanning versus
moving through the environment (Huey and Pianka, 1981;
O’Brien et al., 1989). Cruise foragers allocate more of their
foraging time to scanning for resource-associated cues
when moving through the environment, or during short
pauses. Ambush foragers scan during long pauses that are
interrupted by repositioning bouts of relatively short dura-

tion. These differences are significant because the duration
of scanning pauses influences the types of resources that the
organism is likely to encounter. Cruise foragers have a
higher probability of finding sedentary and cryptic
resources than ambushers, and ambush foragers are more
effective than cruise foragers at finding resources with high
mobility. Extreme ambush and cruise foraging represent
endpoints on a continuum of foraging strategies, rather
than a strict dichotomy (Regal, 1978; Taigen and Pough,
1983). However, in many cases, foraging strategies of a
group of species have a bimodal distribution that justifies
the utilization of an ambusher/cruiser dichotomy
(McLaughlin, 1989). The adoption of a particular foraging
mode influences a range of related characters; forming
what has been termed as an adaptive syndrome (Root and
Chaplin, 1976). Thus, species that are distantly related taxo-
nomically may share similar adaptive syndromes due to
similarity in foraging mode (Echkhardt, 1979). The ambush
foraging strategy may be particularly relevant for parasite
infective stages that often search for hosts that are larger
and more mobile than themselves (Campbell and Gaugler,
1993).

The two classes of models, hierarchical cues and
ambusher/cruiser, are interconnected. Foragers typically
respond behaviorally to hierarchical stimuli from the envi-
ronment in ways that improve the probability or rate of
encounter with a resource. The method of scanning, the rel-
ative importance of different stimuli, and the nature of the
response will be influenced by foraging strategy (O’Brien
etal, 1989, 1990). In response to information indicating
that a forager is in a good patch, cruise foragers typically
switch to movements that generate localized search (e.g.,
reduce speed, increase turning rate, turn biases) to remain
in a patch (Bell, 1991). In contrast, ambush foragers in
response to information indicating a higher quality patch
may exhibit localized search by increasing the time spent in
a scanning location (i.e., increase giving-up time) or using
localized search movements during repositioning bouts (i.e.,
area-concentrated search).

Research into behavioral mechanisms of foraging has
been heavily biased toward the more active cruise foragers;
for example, the use of chemotaxis and localized search
patterns in patches to facilitate finding resources (e.g., Bell,
1985; Huettel, 1986; Ramaswamy, 1988; Vet and Dicke,
1992). However, stimuli from the environment have also
been demonstrated to be important for ambush foragers.
Cues are used for selecting ambush sites (Greco and Kevan,
1994, 1995), assessing patch quality (O’Brien et al., 1990;
Sonerud, 1992), and triggering resource capture behaviors
(Bye et al,, 1992). In response to external stimuli, foragers
may shift along the continuum between ambush and cruise
foraging. This can be accomplished by adjusting the alloca-
tion of time to either pausing or moving (O’Brien et al.,
1990). This ability has been demonstrated for a number of
species of insects, fish, birds, and lizards (Akre and John-
son, 1979; Formanowicz and Bradley, 1987; Inoue and
Matsura, 1983; O’Brien et al., 1990).
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A number of relatively simple decision rules or rules-of-
thumb for leaving a patch have been proposed (Stephens
and Krebs, 1986), with the performance of a particular
action (e.g., leaving a patch) being influenced by the distri-
bution of prey within and between patches (Green, 1984,
Iwasa et al., 1981; McNair, 1982). Many ambush foragers
appear to use relatively simple rules-of-thumb (e.g., Janetos,
1982; Janetos and Cole, 1981; Kareiva et al., 1989). Parasite
infective stages may use a fixed time or giving-up time rule;
they use information other than prey capture or oviposition
in evaluating patch quality and adjusting residence times
(e.g., always leave a patch after some fixed amount of time
has elapsed; leaving is a random process with a fixed proba-
bility, although the probability may be adjusted to different
environmental conditions). For example, levels of host-
associated volatile cues can influence the patch leaving of
parasitoid wasps (e.g., Hemerik et al., 1993; Waage, 1979).
Information gained within a patch can influence not only
the tendency to leave the current patch, but also the ten-
dency to leave subsequently encountered patches (Shettle-
worth, 1984).

2.1. Infective juvenile foraging mechanisms

Infective juvenile small size, lack of appendages, limited
sensory modalities and capabilities, and the size/mobility
discrepancy between parasite and host constrain the host-
seeking ability of entomopathogenic nematodes. The small
size of the nematode IJ means that the surface tension of
water films has a more profound influence on their
behavior than gravity (Crofton, 1954). Nematodes are lim-
ited primarily to chemosensation, thermosensation, and
mechanosensation to obtain information about their envi-
ronment with which to make foraging decisions. The
impact of these factors on three behaviors—crawling,
standing, and jumping—is important in determining where
along the continuum between ambush and cruise foraging a
nematode 1J stage lies.

Most nematode species crawl by sinusoidal movement
on the substrate using the surface tension forces associated
with the water film to propel them forward or backward
(Croll, 1970). Crawling nematodes may scan for environ-
mental cues while crawling on the substrate or during short
pauses. Environmental cues such as chemical and tempera-
ture gradients have been demonstrated to influence nema-
tode crawling behavior (Bargmann and Mori, 1997; Croll,
1970; Dusenberry, 1980; Huettel, 1986; Zuckerman and
Jansson, 1984). Crawling locomotion and the use of various
kineses and taxes to locate hosts is consistent with a cruise-
type of foraging strategy.

The infective stages of some entomopathogenic nema-
tode species exhibit two additional behaviors that facilitate
ambush foraging: standing and jumping. Most nematode
species can raise the anterior portion of their body off the
substrate and wave it back and forth. However, some spe-
cies can elevate more of their body off the substrate and
balance on a bend in their tail (Campbell and Gaugler,

1993; Ishibashi and Kondo, 1990; Reed and Wallace, 1965).
This behavior has been termed ‘winken’ (V6lk, 1950), ‘nic-
tation’ (Campbell and Gaugler, 1993; Ishibashi and Kondo,
1990), and most recently ‘standing’ (Campbell and Kaya,
1999a,b, 2000). Standing behavior is restricted to the free-
living infective or dauer stages of certain species (Campbell
and Gaugler, 1993, 1997, Campbell and Kaya, 2002).
Standing behavior may function as both an immobile scan-
ning bout and a mechanism to attack passing hosts.

Standing behavior is commonly observed in Steinernema
(Campbell and Kaya, 2002). Among species that exhibit
standing behavior, variation occurs in the duration of
standing bouts and nematode activity while standing and
this may be correlated with variation in foraging strategy.
Some species have a stable standing behavior in which the
nematode becomes straight and immobile and can maintain
this posture, with interspersed periods of waving, for
extended periods of time (Campbell and Kaya, 2002).
Within Steinernema, standing behavior occurs in at least
eight species, with stable long-term standing occurring only
in Steinernema carpocapsae, S. scapterisci Nguyen and
Smart, and S. siamkayai Stock, Somsook, and Reid (Camp-
bell and Kaya, 2002). Standing behavior facilitates attach-
ment to mobile hosts by reducing the surface tension
holding the nematode to the substrate (Campbell and Gau-
gler, 1993). By raising the anterior region out of the water
film, standing nematodes may also be scanning the environ-
ment for host-associated cues, such as volatile chemicals
(Campbell and Kaya, 2000).

Jumps occur when an 17J is standing; the nematode forms
a loop with its body that when released propels the nema-
tode many times its body length through the air (Campbell
and Kaya, 1999a,b, 2000; Reed and Wallace, 1965). The
forces generated by the jumping mechanism of S. carpocap-
sae (Weiser) propel individuals many times their body
length (Campbell and Kaya, 1999a,b). The frequency of
jumping, like standing behavior, varies among species of
Steinernema, but has not been reported in Heterorhabditis
(Campbell and Kaya, 2002). Jumping can function as a
means of dispersal and also as an ambush attack mecha-
nism (Campbell and Kaya, 1999a). Jumping occurs in at
least 11 species, with high rates of jumping expressed in the
three species listed above and S. ceratophorum Jian, Reid,
and Hunt. Although no standing or jumping has been
reported in Heterorhabditis, there is no a priori reason to
suspect that it could not occur in untested species in this
genus.

2.2. Interaction between foraging strategy and host-
associated cues

Cruise foragers range through the environment and are
attracted to, or arrested by, cues that may indicate the loca-
tion of a potential host. These behavioral mechanisms are
consistent with the responses of a diverse range of cruise
type foragers (Bell, 1991). Cruise foraging entomopatho-
genic nematode IJs move using relatively linear movement
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patterns that are typical of ranging search in the absence of
host-associated cues (Lewis et al., 1992). Ranging move-
ment is thought to maximize the area searched. During
ranging search, cruise foragers typically respond to volatile
cues, or cues dissolved in the water film, emanating from
the host or its immediate environment. This response can
be considered part of the hierarchical process of host habi-
tat location and host location within its habitat. For exam-
ple, cues emanating from plant roots (a potential host
habitat) can influence entomopathogenic nematode behav-
ior (Bird and Bird, 1986; Choo et al., 1989; Lei et al., 1992;
van Tol et al., 2001). Cues from plants damaged by insect
feeding provide more specific information about the pres-
ence of potential hosts and these chemical cues have been
shown to increase attraction and infection by Heterorhabd-
itis megadis (Rasmann et al., 2005; van Tol et al.,, 2001).
Caryophyllene, the cue produced by damaged corn roots, is
the first plant-produced compound to be identified to cause
active recruitment of natural enemies in the soil.

Entomopathogenic nematodes also respond to specific
cues produced by the insect itself. Lewis et al. (1993) found
that Steinernema glaseri (Steiner) responded positively to
volatile cues from an insect host and that this response was
eliminated if CO, was removed. Grewal et al. (1994) found
a similar level of response to volatile cues for other cruise
foraging entomopathogenic nematode species in Steiner-
nema and for two species of Heterorhabditis. Recently, this
strong response to volatile cues was extended to many Ste-
inernema spp. that are effective at finding sedentary hosts
(Campbell et al., 2003). Cruise foragers also respond to host
contact cues. Lewis etal. (1992) found that S. glaseri
switched to localized search (e.g., speed decreased, distance
traveled decreased, proportion of time spent moving
decreased) after contact with then removal from host-asso-
ciated cues (e.g., cuticle, feces). Localized search is thought
to maximize the chance that a searcher will either remain in
a potentially profitable patch or reestablish contact with a
host that was lost.

Ambush foraging entomopathogenic nematodes also
respond to volatile cues, but their behavioral responses can
be different from those of cruise foragers and are context
specific. On smooth substrates, ambush foragers like
S. carpocapsae exhibit ranging search, but they are not
attracted to host volatile cues like CO, without prior con-
tact with a host (Lewis et al.,, 1993, 1995a). This response
does not appear to result from a constraint in their sensory
systems, because artificial selection can produce popula-
tions of nematodes that are attracted to host insects (Gau-
gler et al,, 1989). Ambush foragers also do not switch to
area-concentrated search in response to contact with host
cues such as cuticle and feces like S. glaseri (Lewis et al.,
1992). Although initially it was assumed that ambush for-
agers were just not as responsive to chemical cues as cruise
foragers (Lewis et al., 1992), it has since become apparent
that they do respond to chemical cues but their response is
fundamentally different from cruise foragers. S. carpocap-
sae 1Js when crawling on the substrate were not attracted to

host volatiles, but they did respond to volatile cues after
contact with host cuticle (Lewis et al., 1995a). This was pro-
posed to occur because after a standing nematode con-
tacted a host, it would be triggered to seek routes of entry
into the host. Lewis et al. (1995a) proposed that ambush
foragers are presented with cues in a more sequential fash-
ion than cruise foragers and therefore only responded to
cues if they were presented in the appropriate sequence.

Ambush foraging 1Js also respond to volatile cues prior
to host contact, but their responses are expressed only when
nematodes are standing. Ambush foraging 1Js presented
with host-associated cues when standing start to wave back
and forth and/or jump toward the source of the cue (Camp-
bell and Kaya, 1999a, 2000). This appears to result from
two types of cues: volatile chemical cues and air movement
(a mechanosensory cue). This behavioral response increases
the host attack area surrounding the standing IJ and can
increase the probability of attaching to a host. This result
indicates that standing IJs are scanning the environment
actively and that they respond to host cues in a way that
can increase the probability of host encounter.

One of the above-mentioned rules-of-thumb for parasite
infective stages may be that when exposed to host volatile
cues ambush foragers increase their giving-up time during
standing. It is likely that potential hosts have patchy distri-
butions in time and space at the soil surface. Therefore,
some locations where nematodes stand will have a higher
probability of host encounter than other areas. When a for-
ager arrives at a patch, it has to decide how long to remain
in that patch. If no host arrives within a certain period of
time, there are two possible explanations: it is a poor patch
or it is a good patch but by chance no hosts have yet
arrived. Infective juveniles unlike predators or female para-
sitoids, do not have information on patch quality obtained
directly by sampling resources within the patch, but may
use chemical cues to evaluate patch quality. For S. carpo-
capsae, when host-associated cues were present, IJs were
less likely to terminate a standing bout than when no host
cues were present (Campbell et al, unpublished data).
However, not all nematode species that stand also respond
to host cues when standing.

Intermediate forager responses to host-associated cues
were more variable than for species at either end of the con-
tinuum. Many intermediate foragers are attracted to host
volatiles and switch to localized search in response to con-
tact with host cuticle (Campbell et al., 2003). However,
most species also exhibit standing and jumping behaviors.
One intermediate forager, S. riobrave Cabanillas, Poinar
and Raulston was found to have short duration standing
bouts and standing giving-up time was not influenced by
the presence of host cues (Campbell et al., unpublished
data). Intermediate foragers also tended not to be triggered
to jump by the sudden introduction of host cues and not to
jump toward the source of cues (Campbell and Kaya,
2000). Of the species tested, only those entomopathogenic
nematode species that are extreme ambushers tended to
exhibit stable standing or have chemical cues trigger
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changes in standing bout duration and control the timing
and direction of their jumps. These differences in characters
suggest that intermediate foragers use host cues in a man-
ner consistent with cruise foragers, although perhaps not as
effectively, but because they can stand or jump they can
also attach to moving hosts.

2.3. Evolution of foraging strategies

When comparing traits among species it is important to
take into account the evolutionary relationships among the
species being compared (Harvey and Pagel, 1991). Two spe-
cies may share a trait due to common descent or because
both species evolved under similar selection pressures. The
mapping of behavioral traits onto a phylogeny of Steiner-
nema provides a means of developing hypotheses about the
evolution of forging strategies and the adaptive function of
different behaviors within this group. A hypothesis of the
evolutionary history of Steinernema was developed based
on molecular and morphological characters (Stock et al.,
2001). To investigate the evolutionary history of foraging
behavior within Steinernema, behavioral, ecological, and
morphological characters were mapped onto this phylog-
eny. The most basal clade within Steinernema contained S.
carpocapsae S. scapterisci, and S. siamkayai, which were all
classified as ambush foragers based on their host-finding
and standing behavior. In another clade, all species were
classified as cruise foragers based on both host-finding and
their lack of standing behavior. The remaining species were
either cruise or intermediate foragers based on at least one
of the two criteria. Mapping of the jumping rate character
on the phylogeny suggests that evolution of an increase or
loss of jumping has evolved multiple times. Other traits
such as host associations and habitat type can also be
mapped onto phylogenies, but unfortunately our under-
standing of these traits for most species is limited to the
extent that such mapping cannot be considered at this time.

Size is probably correlated with foraging strategy
because 1Js are non-feeding and have a fixed amount of
stored nutrients, and cruise foragers may be larger [ie.,
store more lipids (Selvan et al., 1993a)] than ambush forag-
ers because active search is more energetically expensive.
There is considerable variation in size among species of Sze-
inernema (Stock et al., 2001). Campbell and Kaya (2002)
noted that cruise foragers tended to have longer IJs than
ambush foragers. The three species of the ambusher clade
were all in the smallest size category and the species in the
cruiser clade tended to be in the largest size categories.
Intermediate foragers tended to be intermediate in size, but
1J size appears to be a highly plastic trait.

Based on the mapped traits, the ancestral species of Ste-
inernema appears to be an intermediate forager. Given cur-
rent taxon sampling, ambush foraging appears to have
evolved once, whereas cruise foraging has evolved multiple
times. Unfortunately, the replication needed to address
questions about the assembly of traits associated with a
given foraging strategy is not currently available. However,

we can hypothesize that the ancestral Steinernema had the
following traits; little or no standing behavior, low fre-
quency of jumping, medium size, low level of attraction to
host volatiles, and no change to localized search after host
contact. As more species are described and characterized as
to their host-finding behaviors, the evolution of foraging
strategy in Steinernema may be more fully addressed.

3. Recognizing and entering a host

Once a nematode has reached the vicinity of an insect
host, it must change its behavior to gain entrance into the
hemocoel of that host. These behaviors could be energeti-
cally expensive and penetration into an unsuitable host
could potentially be fatal to a nematode, due to either
defense against infection (a lethal composition of gut fluids
or a strong immune response against the nematode) or
some other condition that would kill the infecting nema-
tode. Ultimately, nematodes choosing an unsuitable host
will not produce offspring and those choosing the suitable
ones will. A certain capability of recognizing a suitable host
before trying to enter can therefore be expected in entomo-
pathogenic nematode populations. In contrast to “host
finding,” the term “host recognition” describes the reaction
towards host stimuli which ultimately result in penetration
into the host hemocoel.

How do entomopathogenic nematodes recognize hosts?
It is most likely that nematodes react to chemical stimuli or
that they sense the physical structure of the insect’s integu-
ment. The stimuli might be associated with the host directly
or with their by-products, like feces or volatile by-products
of the insect’s metabolism. Whether signals from the plants
on which insect hosts feed are involved in host recognition
has not been investigated. Host finding of weevil larvae by
Heterorhabditis megidis Poinar, Jackson, and Klein, how-
ever, is mediated by signals from injured plant roots (van
Tol et al., 2001).

To detect these stimuli, a part of the cascade of events
involved in the penetration process must be assessed. Intui-
tively, the penetration rate, which is generally determined
by counting the number of nematodes that enter an insect
host, could serve as an indicator of how “stimulated” a
population of entomopathogenic nematodes was by a par-
ticular host. However, there are too many other factors
affecting penetration, like the physiological status of the
insect, the impact of wounds to the insect’s cuticle which
might stimulate penetration of further nematodes, or the
establishment of the symbiotic bacteria in the host which
might trigger secondary invasion (Hay and Fenlon, 1995)
or deter nematodes from entering (Glazer, 1997). A reliable
screening for penetration stimuli must rely on specific
events in the penetration cascade, not just how many nema-
todes end up inside a host. Recording the electrical activity
of neurons is widely used to screen for stimuli in insects.
Jones et al. (1991) were the first to use this method with
plant parasitic nematodes and it may be worth trying with
entomopathogenic nematodes. Another possibility is
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testing differential activity in RNA transcription. For
example, Dolan et al. (2002) have used nucleic acid binding
SYTO dyes to detect early events in dauer juvenile recovery
of Heterorhabditis bacteriophora Poinar. To our knowledge,
this method has not yet been used to visualize events in host
recognition. By analyzing the regions where transcriptional
activity is evoked by host stimuli, the physiological changes
during host recognition can be elucidated. For instance, if
enzymes are involved in the penetration process, transcrip-
tional activity in the salivary glands of the dauer juveniles
would be expected. Third, and most practically, excitement
is visible by a change in locomotion behavior. The dog
hookworm, Ancylostoma caninum (Ercolani) Hall, for
example, starts penetrating into the agar surface in
response to heat, dog serum, and hydrophilic skin washings
of dogs (Granzer and Haas, 1991). Typical changes in loco-
motion behavior in response to surface washings of Tipula
oleracea L. were observed for Steinernema feltiae (Filipjev)
(Huneke et al., 1994). Steinernema carpocapsae, S. scapteri-
sci, S. glaseri, and H. bacteriophora responded with behav-
ioral changes to host feces (Grewal et al.,, 1993a,b). Head
thrusting was presumed to be a penetration behavior that
could be related to successful parasitism.
Entomopathogenic nematodes can penetrate to the
hemocoel of a host through the cuticle, through the wall of
the gut via the anus/mouth or through the tracheal cuticle
via the spiracles. Thus, putative penetration stimuli may be
located at these locations. Since penetration into non-suit-
able hosts is a dead end for that specific nematode geno-
type, it can be expected that nematodes recognize suitable
hosts and that the response to host-associated stimuli and
the ultimate success in establishing and propagating in a
host is correlated. This was partially found for S. glaseri, S.
carpocapsae, S. scapterisci, and H. bacteriophora with the
hosts Spodoptera exigua (Hiibner), Popillia japonica New-
man, Blatella germanica (L.), and Achaeta domestica (L.)
(Grewal et al., 1993a). The reaction of S. carpocapsae to
contact with the integument of nine different insect species
was studied by Lewis et al. (1996). Excitement was indi-
cated by significantly faster movement towards volatile
host cues after contact with the cuticle of a putative host.
The nematodes responded differently to different host spe-
cies and even to different stages of the same host species
[larvae versus pupae of Agrotis ipsilon (Hufnagel)]. The lev-
els of response were positively correlated with the suscepti-
bility of the insect hosts tested and with reproductive
success of the nematodes within the host. A notable excep-
tion to this rule was larvae of P. japonica which were not
susceptible although S. carpocapsae responded positively to
cuticle contact with this insect. It is likely that mechanical
barriers (sieve plates that are located on the entrance to the
spiracles in this species) exclude S. carpocapsae from the
hemocoel. Hence, for P. japonica, host specificity acts at the
time of penetration rather than recognition. The ambusher
S. carpocapsae resides at the soil surface and would there-
fore rarely encounter root-feeding scarab grubs. Due to this
spatial separation, avoiding the attempted penetration into

P. japonica was probably not under strong selection pres-
sure in S. carpocapsae.

The nature of the materials in the insect’s hemocoel that
stimulate penetration remains unclear. Comparing three
lepidopteran hosts, Khlibsuwan et al. (1992) reported a
positive correlation between larval susceptibility and the
attractiveness of their cell-free hemolymph to S. carpocap-
sae. Aqueous surface washings from 7. oleracea triggered
penetration behavior in S. feltiae. Possibly, hydrophilic
components of the hemolymph which may be small enough
to diffuse through the insect’s integument trigger penetra-
tion behavior. Those substances should also be present in
the tracheae and the intestine. Higher concentrations can be
expected to diffuse at the intersegmental membranes which
are known to be preferred penetration sites (Bedding and
Molyneux, 1982; Blossey and Ehlers, 1991). For 4. cani-
num, the component of dog serum that stimulated penetra-
tion behavior proved to be a small protein (5-30kDa). The
component in the lepidopteran hemolymph attracting
S. carpocapsae was less than 14kDa (Khlibsuwan et al., 1992).

The penetration rate through the integument or the
intestine walls can be measured directly. Cui et al. (1993)
established penetration sites in the alimentary tract of P.
Jjaponica by dissection. The intestine was filled with nema-
todes and closed, and the emergence from the intestine was
then recorded. Sulistyanto (1997) constructed a chamber
where pieces of insect cuticle could be fixed to separate two
compartments. The experiments were done with S. feltiae
and H. bacteriophora. Infective juvenile had to move
through the integument to enter the water filled compart-
ment where a putative penetration stimulant was added.
Only if insect cues (i.e. aqueous surface washings, hemo-
lymph or feces) were added to the attraction chamber did
the nematodes penetrate. The integument itself did not trig-
ger penetration. Interestingly, the cuticle of Phyllopertha
horticola (Coleoptera: Scarabaeidae) and Galleria mello-
nella (L.) was penetrated by S. feltiae in the experiment,
whereas no penetration of G. mellonella was recorded
in vivo (Peters and Ehlers, 1994). Unfortunately, experi-
ments with these penetration chambers were not continued.
It would be a suitable design to characterise the nature and
molecular weight of penetration stimuli. The weakness of
this method, however, is that the integument is physiologi-
cally changed when removed from the insect. In addition to
ruptures which may result from the dissection process, the
chemical composition of an integument will change rapidly
after it has been separated from the living insect.

Depending on the host and the nematode species, differ-
ent routes of penetration are taken. One route of entry is
through the mouth opening or the anus. The width of both
openings (e.g., in wireworms) may exclude IJs (Eidt and
Thurston, 1995), and insects’ mandibles may crush the
nematodes to death (Gaugler and Molloy, 1981). Using the
anus as an entry site avoids the latter problem and repre-
sents the main route in house fly maggots and leafminers
(Renn, 1998). Still, frequent defecation may expel nema-
todes entering the anus, and in grubs and sawfly larvae
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invasion is more successful via the mouth than via the anus
(Cui et al.,, 1993; Georgis and Hague, 1981). When nema-
todes have reached the gastric caecae, malpighian tubules
or the gap between the peritrophic membrane and midgut
epithelium, expulsion with feces is avoided. Another gen-
eral problem with parasite infection via the intestinal tract
is the host’s gut fluid, which may kill up to 40% of invading
non-adapted nematodes and significantly reduce penetra-
tion via the intestine (Wang et al., 1995).

Alternatively, entomopathogenic nematodes may enter
the tracheal system via the spiracles. In sawfly larvae, the
spiracles are the most important route of entry by S. carpo-
capsae (Georgis and Hague, 1981). Other insect species,
however, exclude invaders from the tracheal system by
sieve plates. Entering the insect via the tracheal system is
not possible in many scarab grubs (Forschler and Gardner,
1991), leatherjackets (Peters and Ehlers, 1994), and mag-
gots (Renn, 1998).

Another site of penetration by entomopathogenic nema-
todes is the integument or the intersegmental membranes of
an insect. Penetration through the integument was shown
to be the main route of entry for S. feltiae into leatherjack-
ets (Peters and Ehlers, 1994). Another port of entry to adult
arthropods is the gonad openings. This is the main entry
port for nematodes into ticks (Samish and Glazer, 1992).

After successfully entering the tracheal system or the
intestine, the 1J still must pass through the tracheole or the
gut wall, respectively. The fragile tracheole wall might be
penetrated just by the mechanical pressure of the pointed
nematode head. The gut wall, however, is in part protected
by the peritrophic membrane, which can be a serious obsta-
cle for nematodes (Forschler and Gardner, 1991). Steiner-
nema glaseri 1Js take 4-6 h to penetrate from the midgut to
the hemocoel of P. japonica (Cui et al., 1993); the nema-
todes preferably penetrate the midgut region and the gas-
tric caecae. Infective juvenile H. bacteriophora were
observed using their proximal tooth to rupture the insect
body wall (Bedding and Molyneux, 1982) and it was long
believed that only Heterorhabditis could penetrate tissues
like the insect’s integument, since 1Js of Steinernema spp.
lack the apical tooth. Reports of superior penetration of S.
glaseri compared to H. bacteriophora through gut tissues of
grubs (Wang and Gaugler, 1998) and of the penetration of
S. feltiae through the integument of leatherjackets (Peters
and Ehlers, 1994) challenged this perspective.

There is evidence that nematode secretions are involved
in penetration, at least in Steinernema species. Protease
inhibitors decreased penetration of S. glaseri through the
gut wall of P. japonica (AbuHatab et al., 1995) and the mid-
gut epithelium cells of G. mellonella showed a marked his-
tolysis in response to secretions of axenic S. carpocapsae
(Simoes, 1998). Penetration by S. feltiae through the cuticle
of leatherjackets might be attributed to the absence of an
epicuticular wax layer, which may block the activity of hist-
olytic enzymes (Dowds and Peters, 2002).

When penetrating into the insect’s hemocoel, the 1J
encounters the non-self response by the immune system of

the host. Nematodes can be trapped into cellular or non-
cellular capsules. The non-cellular capsules, consisting of
melanin, are formed rapidly. In 7. oleracea, 1Js of S. feltiae
have been found stuck in the cuticle and completely melan-
ized (Gouge, 1994; Peters, 1994). Encapsulation of entomo-
pathogenic nematodes has been reported in Orthoptera,
Coleoptera, Diptera, and Lepidoptera (Dowds and Peters,
2002). Whether or not encapsulation occurs depends on the
particular nematode species—insect species combination. In
Acheta domesticus, the nematodes S. carpocapsae and H.
bacteriophora are encapsulated, whereas S. scapterisci is not
(Wang et al.,, 1994). Interestingly, S. scapterisci has been
found naturally associated with the orthopteran Scapteris-
cus vicinus Scudder. Similarly, S. glaseri, which is often
found associated with scarab larvae, is not encapsulated in
P. japonica, in contrast to S. carpocapsae and H. bacterio-
phora, both of which elicit a strong encapsulation response.
These findings suggest that nematodes are not encapsulated
in hosts similar to those with which they are naturally asso-
ciated.

Nematodes may resist encapsulation in insects by either
avoidance of being recognized (evasion), by overwhelming
the immune system by multiple infections and disrupting
encapsulation (tolerance), or by actively suppressing the
encapsulation response (suppression) (Dowds and Peters,
2002). The presence of the symbiotic bacteria increased
encapsulation of S. feltiae in leatherjackets (Peters and
Ehlers, 1997). At the same time, however, the bacteria sup-
press the immune response since they adhere to and kill the
hemocytes (Dunphy and Webster, 1988). The period from
nematode invasion to bacterial release is hence crucial for
counteracting the encapsulation response.

The physiological and behavioral changes following
host recognition are likely to increase the energy consump-
tion of the nematodes. Increased energy consumption will
subsequently shorten the life of the non-feeding 1J. Hence,
unsuccessful penetration attempts must be costly. It is not
exactly known, however, at what step in the cascade of
events the 1J has irreversibly switched to a parasitic stage.
Host penetration has been intensively studied in nematodes
parasitic to vertebrates and plants. Elucidating this process
for entomopathogenic nematodes will be a rewarding scien-
tific challenge.

4. Infecting a host

For entomopathogenic nematodes a host insect repre-
sents not only a source of food but also a mating rendez-
vous, and so the decision to infect may be shaped by the
need both to find suitable partners and resources and to
avoid competition. The decision to infect (as well as the
outcome of the attempt to infect subsequent to that deci-
sion) will obviously be influenced by host species and stage.
Here, we are concerned with the influence of nematode-
related factors on the decision; both extrinsic (presence of
other nematodes), and intrinsic (such as sex, age) to the
deciding nematode.
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4.1. Responses to hosts infected by conspecifics

Entomopathogenic nematodes routinely infect hosts
harboring conspecific nematodes. For a steinernematid to
reproduce, there must be at least one member of the oppo-
site sex present in the cadaver. Even for heterorhabditids
and for Steinernema species in which most of the IJs
develop into self-fertile adults (S. hermaphroditum Stock
et al., 2004), the presence of conspecifics may be advanta-
geous, facilitating outcrossing in subsequent generations.
There may in addition be a requirement for “mass attack”
or invasion by sufficient number of IJs to overcome the
host’s defenses (Peters and Ehlers, 1997). Above this mini-
mum number required to provide mating partners and co-
attackers, every additional invading nematode is also a
potential competitor. As crowding increases, the reproduc-
tive output per invading nematode is reduced (Boff et al.,
2000; Koppenhofer and Kaya, 1995; Ryder and Griffin,
2002) and at very high densities no IJs at all are produced
from the cadaver (Koppenhofer and Kaya, 1995; Selvan
et al, 1993b). However, in the laboratory, both steinerne-
matids and heterorhabditids continue to invade crowded
hosts, reaching numbers well in excess of the host’s carrying
capacity. Some studies have reported no change in the pro-
portion of nematodes invading over a range of exposure
concentrations (Epsky and Capinera, 1993; Fan and Homi-
nick, 1991a,b; Ryder and Griffin, 2002). Other studies, par-
ticularly those including a wider range of concentrations,
have noted a decline in the proportion of nematodes invad-
ing with increasing concentration (Boff etal, 2000;
Koppenhofer and Kaya, 1995; Selvan et al., 1993b) suggest-
ing that under these conditions at least some nematodes
detect and avoid overcrowded hosts. Such experiments, in
which insects are simultaneously exposed to large numbers
of 1Js, probably do not reflect conditions in the field, where
encounters would be spread out over longer periods, and so
may fail to detect mechanisms for avoiding or deterring
invasion into occupied hosts. Moreover it is possible that
the nematodes’ natural hosts emit signals in response to
crowding that are not produced by the “unnatural” wax
moth host used in lab studies.

Evidence for such a mechanism was reported by Glazer
(1997), who demonstrated that invasion of Steinernema
spp. (S. carpocapsae, S. riobrave, and S. feltiae) was signifi-
cantly reduced 6-9h after injection of conspecifics into the
hosts. Glazer produced evidence that initial infection by
these nematodes induced the release of a chemical which
deterred further invasion. There are only a few reports of
inhibitory effects, such as that reported by Glazer (1997),
though Wang and Ishibashi (1999) reported that cadavers
harboring a single S. carpocapsae 48h post-infection were
less likely to be invaded by conspecifics than was an unin-
fected host. On the other hand, Campbell et al. (unpub-
lished) found that hosts infected by S. feltiue 24h
previously were invaded in preference to uninfected hosts,
and that natural infection up to 8 h previously had no effect
on the infection decision of this species (in Glazer’s experi-

ments, S. feltiae were inhibited from entry 9 h post-injection
with conspecifics). Further support for the phenomenon
reported by Glazer would be welcome, particularly employ-
ing natural invasion rather than injection for the primary
infection.

4.2. Responses to hosts infected by heterospecifics

Evidence both from the laboratory and from natural
infections in the field suggests that entomopathogenic nem-
atodes do not avoid insects harboring another species or
even genus of entomopathogenic nematode. For example,
S. carpocapsae and S. glaseri co-invade Galleria larvae in
the laboratory (Koppenhofer et al., 1995; Wang and Ishib-
ashi, 1999). Koppenhofer et al. (1995) found no effect on
number of nematodes establishing in mixed versus single
infections, whereas Wang and Ishibashi (1999) found that
more S. carpocapsae invaded when mixed with S. glaseri
than when alone. Such effects may be mediated directly by
interactions between the 1Js as well as indirectly through
effects on the host. Failure to avoid a host infected by
another species is not merely a laboratory artifact; for
example, Bovien (1937) reported co-occurrence of S. feltiae
and S. affine (Bovien) in bibionid larvae infected in the field.
Species of Steinernema can develop together in the one
insect host, though one species may suffer the effects of
competition more than the other. It does not seem that
there has been strong selection to avoid invading hosts har-
boring heterospecifics. Although both S. carpocapsae and
S. glaseri were repelled by volatiles from insects infected
with S. riobrave (Grewal et al., 1997), they both co-infected
insects with S. riobrave (Koppenhofer and Kaya, 1996).
However, the timing of invasion was not a factor in the lat-
ter study; both species may have co-invaded before the
development of any species-specific signal, or S. riobrave
may have invaded later.

Normally Heterorhabditis and Steinernema cannot co-
exist within a host, though clearly they can co-infect (Ala-
torrre-Rosas and Kaya, 1990); S. carpocapsae outcompeted
H. bacteriophora unless the heterorhabditid was given a 6-h
lead in time in the hemocoel (Alatorrre-Rosas and Kaya,
1991). Three species of Steinernema (though not S. carpo-
capsae) were attracted by volatiles from hosts infected with
H. bacteriophora 4 h previously and, in the case of S. glaseri
and S. arenarium (Artyuhovsky) (= anomali), the attraction
was stronger than to other congenerically nematode-killed
hosts (Grewal et al., 1997). The nature of the volatiles and
their specificity were not identified. In addition, responses
by Heterorhabditis to insects harboring heterospecifics have
received less attention than those of steinernematids.

4.3. Males (or females) as colonizers

Grewal et al. (1993c) proposed that male steinernemat-
ids are the colonizing sex; that they disperse, locate and
establish in distant hosts before females, and that parasit-
ism by males renders the hosts more attractive to females.
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Evidence that males are more highly represented amongst
the dispersing fraction than in the base population was pre-
sented for four of the five Steinernema species tested,
including S. glaseri. Stuart et al. (1998) failed to support the
male colonization hypothesis for S. glaseri, finding no tem-
poral differences in colonization by males and females
infecting Galleria in sand. The male colonization hypothesis
remains controversial in relation to Steinernema. S. feltiae,
the only species not showing male-biased dispersal in Gre-
wal et al.’s (1993c) assays, may actually have a female-first
strategy: Bohan and Hominick (1997a) reported a mark-
edly female-biased sex ratio during the initial stages of the
infection of G. mellonella, but with later invasion the sex
ratio became balanced, as was the underlying population
sex ratio. Further supporting evidence comes from the find-
ing by Renn (1998) that male S. feltiae were found only in
house fly larvae harboring 10 or more females. The tempo-
ral dynamics of this infection were not studied, and the flies
were exposed to IJ entomopathogenic nematodes for a rela-
tively short period (4.5h). It might be expected that with
longer exposure more males would have invaded. However,
even with longer (3 day) exposure, males constituted less
than 20% of the S. feltiae that invaded phorid fly larvae
(Scheepmaker et al., 1998). These authors found that in
cases of low establishment (1-5 nematodes/insect) only
females were present in larvae most of the time, whereas at
higher establishment rates, the phorid may not be large
enough to support successful reproduction. The fact that in
both Renn’s and Scheepmaker et al.’s studies many insects
contained only females indicates that the female bias does
not arise from early-arriving males “defending” the insect
and potential mates. Grewal et al. (1993c) suggested that
the small size of S. feltiae’s dipteran hosts accounted for it
not having a male-colonizer strategy. However, as Scheep-
maker et al. (1998) point out, a female-skewed sex ratio of
invaders is a risky strategy in very small larvae.

Hay and Fenlon (1995) distinguished between a subpop-
ulation of S. feltiae that would invade uninfected sciarid fly
larvae and another subpopulation that would only invade
infected hosts. The sex ratio of these two groups was not
ascertained, but based on Renn’s and Scheepmaker et al.’s
findings for house fly and phorid larvae, together with
Bohan and Hominick’s results, it is likely that the primary
invaders are largely females, while secondary invaders may
be largely males.

4.4. Phased infectivity

Hominick and Reid (1990) proposed that on emergence
from a host, some individuals are immediately infective,
while others become dormant for a time. In this way, IJs
produced from the same mother avoid competition with
each other in crowded hosts near the source (the infected
host from which they emerged). There are currently two
concepts of “phased infectivity” in entomopathogenic nem-
atodes. One model, proposed by Hominick and co-workers,
is based on a switch between non-infectious and infectious

nematodes, while the second, proposed by Griffin (1996), is
based on graded levels of infectiousness. According to the
more popular switch model, individuals in a population are
either infectious or non-infectious, and the proportion of
non-infectious individuals in the population may change
over time (Bohan and Hominick, 1996, 1997b; Hominick
and Reid, 1990). To demonstrate a non-infectious propor-
tion, IJs must have unlimited opportunity to infect poten-
tial hosts (Campbell etal, 1999). An alternative
explanation proposed to account for changes in infectivity
over time is that individuals within a population vary in
ability or motivation to infect, and that the level of ability
or motivation may change in a graded manner over time
(Griffin, 1996). Phased infectivity of this sort will not be
detected when nematodes have unlimited access to hosts, as
in such circumstances all individuals capable of infecting
will eventually do so.

There are thus two questions: is there evidence for
phased infectivity of any kind, and is there evidence of a
temporarily non-infectious proportion of 1Js? What is the
evidence for phased infectivity? Bohan and Hominick
(1997b) reported long-term fluctuations in infectivity of S.
feltiae over 8 weeks at 15°C, and interpreted this as a
change in the size of the non-infectious proportion. Cen-
tral to this interpretation is the assertion that the nema-
todes were given unlimited access to hosts. Campbell et al.
(1999) tested infectivity with “sufficient suitable hosts”
and found no evidence for the existence of a non-infec-
tious proportion in three species of Steinernema (S. gla-
seri, S. feltiae, and S. carpocapsae). This calls into doubt
the existence of phased infectivity sensu Bohan and Hom-
inick in these species (or at least the strains tested). How-
ever, the temporal changes in infectivity reported by
Bohan and Hominick (1996) may represent more subtle
changes in infectivity—i.e., phased infectivity sensu Griffin
(1996).

Griffin (1996) reported an increase in the infectivity of
H. megidis 1Js stored at 20°C, reaching a peak after 3
weeks. In these assays, IJs were not given unlimited access
to hosts and so the presence of a non-infectious proportion
was not tested. Indeed, when given unlimited access to a
host all infected. Griffin suggested that the increase in infec-
tivity might represent an incremental improvement in
responsiveness to host or an increase in general locomotor
activity. However, subsequently it was shown that over the
period during which there is an increase in infectivity of
H. megidis, there is a decrease in locomotion and respon-
siveness to host volatiles, but an increase in “head-thrust-
ing” in the absence of a host, which may reflect an increase
in penetration motivation (Dempsey and Griffin, 2002). An
increase in infectivity was also reported for H. bacterio-
phora stored at 22°C (Wojcik et al., 1986); this may repre-
sent (at least in part) a switch of some individuals from a
non-infectious to infectious state (phased infectivity sensu
Bohan and Hominick), as Campbell et al. (1999) found
evidence for the existence of a non-infectious proportion in
H. bacteriophora.
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There is evidence of cold-induced dormancy for entomo-
pathogenic nematodes stored at 5-9 °C. Fan and Hominick
(1991a,b) found that infectivity of S. feltiae and S. kraussei
(Steiner) at optimal temperatures initially declined but then
increased with time of cold-storage, resulting in a “U-
shaped curve.” Similar results were reported by Curran
(1993) and for H. megidis by Griffin (1996). This may repre-
sent an overwintering strategy akin to the diapause of many
types of parasitic nematodes (Wharton, 2004).

4.5. Interactions between extrinsic and intrinsic conditions

Many laboratory experiments demonstrate that the
infection behavior of entomopathogenic nematodes may be
quite complex and the decision whether to infect or not is
influenced by several factors. Infection decisions are based
on both host status (whether it is infected or not, the species
and density of the resident nematodes, and how long they
have been in occupation) and the status of the IJ (male or
female, status of “infectivity,” and age). It has been widely
demonstrated that infectivity of IJs declines with age, espe-
cially as stored reserves are exhausted (e.g., Lewis et al.,
1995b; Patel etal, 1997). By analogy with parasitoids,
which tend to become less selective in placement of their
eggs as they age (Godfray, 1994), it is likely that entomo-
pathogenic nematodes also become less discriminating with
age.

5. Defense of the cadaver: the ant-deterrent factor

Because nematode-killed hosts remain in or near the soil
for at least 7 to 20 or more days before the infective stage
emerges, the dead hosts may be utilized as a food resource
by invertebrate saprophages before the 1Js emerge. How-
ever, field tests demonstrated that workers of the Argentine
ant, Linepithema humile (Mayr) did some foraging on nem-
atode-killed larvae (Baur et al., 1998; Zhou et al., 2002), but
in many instances, the nematode-killed insects were only
partially consumed or not consumed at all. This response
was not limited to the Argentine ant as other ant species in
California, Hawaii, and Wisconsin showed similar
responses (Table 1).

The nematode-killed insect and ant interaction showed
that 4-day-old nematode-killed G. mellonella larvae placed
on the soil surface in the field where Argentine ants were

Table 1
Ant species that have been affected by ant deterrent factor

Reference

Baur et al. (1998), Zhou et al. (2002)
Baur et al. (1998)
Baur et al. (1998)
Baur et al. (1998)
Baur et al. (1998)
Zhou et al. (2002)
Zhou et al. (2002)
Zhou et al. (2002)

Ants species

Linepithema humile (Mayr)
Veromessor andrei (Mayr)
Pheidole vistana Forel

Formica pacifica Francoeur
Monomorium ergatogyna Wheeler
Pheidole megacephala (Fabricius)
Lasius alienus (Foerster)

Formica subsericea (Say)

foraging had very few to no scavenging ants on them, com-
pared to freeze-killed control cadavers. Ants would initially
touch the cadavers of G. mellonella infective with entomo-
pathogenic nematodes with their antennae and in a few
instances bite the cadavers with their mandibles, but further
scavenging would immediately cease. If the integument of
the cadaver was lacerated, the developing nematodes died
because the cadaver would desiccate (Zhou et al., 2002).
Thus, any encroachment of the integument, particularly in
low moisture soils, would adversely affect nematode recy-
cling.

The deterrence of ants from scavenging nematode-
killed insects is due to a factor produced by the bacterial
symbiont; insect larvae killed by direct injection of the
bacterial symbiont are also protected from ant scavenging
compared to frozen- or Bacillus thuringiensis Berliner-
killed controls (Baur et al., 1998). The data suggest that
this deterrence is due to an ant-deterrent factor (ADF)
produced by the bacterial symbionts, Xenorhabdus
nematophila (Poinar and Thomas) and Photorhabdus spp.
(Zhou et al., 2002).

ADF production was also noted with bacteria produced
in vitro. Bacteria grown in laboratory culture and assayed
in an ant-choice-test showed that the bacterial culture
mixed with sucrose (the bait) had deterrent activity against
ants (Zhou et al., 2002). Using this assay, ADF was charac-
terized demonstrating that the compound(s) was heat sta-
bile, sensitive to acid treatment, and less than 10kDa and
may be a small, non-proteinaceous compound (Table 2)
(Zhou et al., 2002).

Table 2
Characteristics of the ant deterrent factor

Chemical and ~ Molecular Repellence conferred by <10 kDa
physical weight? fraction
properties
Heat tolerance Repellence persists after
autoclaving (20 min at 121 °C)
Acid/base Repellence decreased progressively
treatment at lower pH (<6). Autoclaving
partially restored ADF activity at
low pH.
Association with  Activity almost entirely in filter-
cells sterilized culture supernatant
Activity/ Ant species® 3 ant species are repelled with
spectrum differing sensitivities
Titration 5-20X dilution eliminates
repellence
Strain survey 2/2 X. nematophila strains produce
ADF
2/5 Photorhabdus strains produce
ADF
Escherichia coli does not produce
ADF
Regulation Secondary form®  Loss of repellence

% Using Millipore Centricon system.

b Ant species: Lasius alienus, Formica subsericea, and the argentine ant,
Linepithema humile.

¢ Secondary form of X. nematophila was isolated after 2 weeks of aer-
ated incubation in liquid Luria—Bertani at 30 °C.
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6. Conclusions

In the past 10 years, great strides have been made in
understanding entomopathogenic nematode behavioral
ecology. In a review such as this, it is appropriate to ask
“Where do we go from here?” Two sets of challenges con-
front us. First, of the 40+ described species in the Heteror-
habditis and the Steinernema, almost all of the published
information is focused on 5 or 6 of them. For example, we
have referred to 10 Steinernema species and two Heteror-
habditis species in a comprehensive review of the literature.
Clearly, we need to consider the diversity that exists within
these two genera more seriously. With new studies that con-
sider phylogeny, such as Campbell et al. (2003), this situa-
tion is beginning to be addressed. By mapping characters,
such as foraging strategy, onto a phylogeny we can begin to
make predications about how new or unstudied species
might behave. For example, if a new species is described
and is closely related to S. carpocapsae, then we would pre-
dict that the 1J stages would forage by ambushing, spend
significant time nictating, be able to jump, etc. Of course, to
be able to make these predictions, we must first have the
species described, which is a challenge beyond the scope of
this review.

The second challenge we face is to determine which
behaviors might be the most “important” to document.
Given that it will not be possible to study all aspects of
behavioral ecology for all species and strains, some list of pri-
ority behaviors and ecological attributes might be appropri-
ate. Surely, at least one aspect of each of the main sections of
this review should be given priority. A list of suggested
behaviors might be useful to those who focus on surveying
new areas for entomopathogenic nematode populations.
Determining which behaviors would be best to study would
depend on both the aspect of entomopathogenic nematode
biology in question and the repeatability of the assay among
all the various laboratories that would conduct it. This deter-
mination would also depend upon whether the focus of study
is developing biological control agents or understanding
behavioral ecology of entomopathogenic nematodes; what is
important in each of these contexts could be quite different.
Perhaps the biggest challenge will be to come to a consensus
as a research community on what is important to know
about entomopathogenic nematodes.
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