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Entomopathogenic nematodes (EPNs) are obligate parasites
that infect a broad range of insect species. Host-seeking is a
crucial step for EPN infection success and survival. Yet, the
identity and ecological functions of chemicals involved in host-
seeking by EPNs remain overlooked. In this review, we report
known CO,, plant-derived and insect-derived cues shaping
EPN host-seeking and recognition. Despite species-specific
response to environmental cues, we highlight a hierarchical
integration of chemicals by EPNs. We further emphasize the
impact of EPN selection pressure, age, and experience on their
responsiveness to infochemicals. Finally, we feature that EPN
chemical ecology can translate into powerful sustainable
strategies to control insect herbivores in agriculture.
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Introduction

Entomopathogenic nematodes (EPNs) are obligate para-
sites that infect and kill insects. Their short life cycles,
simple rearing requirements, and straightforward molec-
ular manipulations render them ideal to study host—para-
site interactions [1]. Additionally, their efficacy in reduc-
ing herbivore damage in the field contributed to their use
as biological control agents in agriculture [2°,3].

Check for
updates

EPNs comprise three genera, Heterorhabditis, Steinernema,
and Oscheius [4]. Infective juveniles (IJs) are third-stage
free-living nematode larvae (iLL3) that locate, select, and
infect a host by entering through a natural orifice or by
penetrating through the cuticle. Upon infection, IJs
release venom proteins and regurgitate an endosymbiotic
entomopathogenic bacterium, leading to a fatal toxemia
and septicemia of the host. Juveniles then undergo a
transition from free-living to parasitic lifestyle and
resume growth and development by feeding on the
infected flesh. Adult nematodes reproduce inside the
host generating several new generations of nematodes
[5]. Resource depletion and elevated nematode densities
induce the production of ascaroside C11 ethanolamine, an
ascaroside triggering the production of next generation
IJs, often through Endotokia matricida [6]. The newly
hatched IJs emerge from the resource-depleted host
and search to infect new hosts.

Juvenile host-seeking strategies are typically classified
along a gradient ranging from ambushing to cruising [7].
Ambusher nematodes are stationary and infect mobile
hosts. Attachment to a mobile host can be achieved
through nictation, which corresponds to the nematode
standing on its tail, curling, and propelling itself in the
air [8]. Cruiser nematodes disperse in the soil and locate
sedentary hosts [9]. Nematodes with intermediate strat-
egies can ambush or disperse depending on the soil
matrix and host presence [10,11]. Additionally, recent
studies highlighted that EPNs can attract insects to
infected cadavers just before emergence [12°%,13°].
Being the first step of host—parasite interactions, host-
seeking is critical in determining the success of a
parasite.

The cues shaping host-seeking can be physical and
chemical [14]. Olfactory cues trigger chemotaxis or nicta-
tion in all tested EPN species, and include carbon diox-
ide, as well as specific host-derived and plant-derived
chemicals. EPNs may use CO, gradients to locate bio-
logical activity, herbivore-induced plant volatiles to locate
herbivore insects from a distance, and insect-derived
chemicals to accurately find a host. Finally, EPNs can
assess their host quality, including infection status or diet,
prior infection. Yet, and despite their pivotal role in host—
parasite interaction, the identity and ecological functions
of the chemicals involved in host-seeking and host-rec-
ognition by EPNs remain poorly understood [15].
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In this review, we gather knowledge about chemical
signals involved in EPN host-seeking and host-recogni-
tion behavior. We highlight the connection between the
type of chemicals used for foraging and EPN specializa-
tion degree, foraging strategy, development, and experi-
ence. Finally, we feature how EPN chemical ecology can
translate into sustainable pest management strategies.

Infochemicals shaping EPN host-seeking
Carbon dioxide

EPNs can use CO,, ubiquitously emitted by most living
organisms, for host location (for review see Ref. [16°°]).
CO, triggers foraging by EPNs with divergent life strate-
gies, for example, generalists, specialists, ambushers, and
cruisers, each of them exhibiting different sensitivity to
this cue [17°,18]. The CO, response is mediated through
the paired BAG sensory neurons of the head in nematodes
[18,19]. By elegantly combining BAG-neuron ablation
and COs,-free attraction assays, Hallem e 4/. demon-
strated that H. and §. carpocapsae can use CO, solely or
in combination with insect or plant odors to locate a host
[18,19].

Plant-derived cues

EPNs have evolved the ability to use plant signals to
locate potential herbivore hosts. Herbivore-infested roots
release a specific blend of molecules compared to healthy
plants [20-22]. The abundance and diffusion of these
herbivore-induced plant volatiles (HIPVs) represent a
detectable, albeit not reliable, indicator of herbivore
presence. Belowground olfactometer assays and real-time
observations of EPN behavior in Pluronic gel demon-
strate that EPNs aggregate in the vicinity of plant roots
and preferentially orient towards wounded plants than
towards healthy plants [23-25]. HIPVs from various plant
species, including maize, citrus trees, potato, sugarcane,
carrot and vine, induce chemotaxis in EPNs [20,21,26—
32]. The attractive effect of HIPVs was observed in both
cruiser and ambusher EPNs, but the response to different
volatiles was strain-specific rather than related to EPN
foraging strategies [30-33]. For example, only one strain
out of 3 tested strains of the ambusher §. carpocapsae
exhibit chemotaxis towards linalool [32]. Furthermore,
some HIPVs can trigger the nictation of the ambusher
[18]. An increasing number of chemical compounds medi-
ating EPN host-seeking behavior have been identified
and are summarized in Table 1.

Insect cues

EPNs can use insect-specific cues to efficiently locate a
host [34,35]. Herbivores constantly release chemicals in
their environment through pheromones, exudates, molt-
ing skins (exuviae), or feces (frass). Insect-derived che-
micals diffusing in the soil matrix can trigger EPN attrac-
tion, repellence, or nictation (Table 2). Common insect
cues triggering chemotaxis or nictation of EPNs include
frass chemicals such as nitrogen metabolism, and waste
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products, such as uric acid, hypoxanthine, xanthine,
allantoin, urea, and ammonia [36]. Insect species-specific
compounds, such as sex pheromones, can attract EPNs.
For example, the feces of the adult citrus weevil, Dia-
prepes  abbreviatus, contains [(£)-3-(2-hydroxyethyl)-4-
methyl-Z-pentenoate], a pheromone involved in female
attraction for mating [37]. Intriguingly, this pheromone
participates in the recruitment of two intermediate cruiser
EPNs, S. diaprepesi and H. indica [38°]. Rivera er al.
hypothesized that the pheromone-containing frass could
be used as an indicator of a near-future egg deposition and
host presence [38°]. The strength of chemotactic response
to insect-derived cues mirrors EPN host-seeking strate-
gies: Ambusher EPNs are less responsive to insect che-
micals [17°], except if the latter are associated with air
movement or physical contact with the potential host
[39°,40]. Known insect cues mediating EPN host-seeking
are summarized in Table 2.

Infochemicals shaping EPN host-recognition
EPNscanuseinsectcues torecognize and assess the quality
of a potential host. EPNs can distinguish between insects
fed on different plant species [41], although the involved
cues remain unidentified. EPNs may further recognize
herbivores sequestering toxic plant secondary metabolites.
Forinstance, EPNsare repelled by six-methoxy-2-benzox-
azolinone N-glucoside (MBOA-Glc), a plantbenzoxazinoid
detoxification product, released by the benzoxazinoid
sequestering root herbivore, Diabrotica virgifera [42°]. Sim-
ilarly, EPNSs are repelled by glucosinolate breakdown pro-
ducts [43]. Although numerous specialist herbivores have
evolved the ability to sequester and/or release toxic plant
metabolites, the impact of the latter on EPN foraging
remains overlooked [41,44]. Furthermore, EPNs can dif-
ferentiate between healthy and infected hosts [13°,45-48],
and even between hosts infected with conspecific or het-
erospecific EPNs [49]. So far, only afew compounds, such as
isoprenoid prenol (3-Methyl-2-buten-1-ol) and butylated
hydroxytoluene (BHT), have beenimplicated in late infec-
tion recognition cues [12°°,13°]. Interestingly, both prenol
and BH'T attract new, healthy, insects to late stage of
infection cadavers, an effect that enhances the probability
of emerging EPNs to encounter new hosts [12°°,13°]. It
should also be noted that, while prenol repels EPNs, BH'T
attracts IJs and enhance their predation success [12°°].
Known insect cues mediating EPN host-recognition are
summarized in Table 2.

Interactive effects and hierarchical response
to multiple cues

Although the mostreliable cues for EPNs to forage would be
cues emanating from potential hosts, the latter evolved to
emit barely detectable amounts of signals [50]. On the other
hand, attacked plants release large amounts, albeit less
reliable, of chemicals that diffuse in the soil matrix [51].
This reliability-detectability dilemma may have driven
EPNs to integrate a combination of CO,, plant, and insect

www.sciencedirect.com

Current Opinion in Insect Science 2021, 44:72-81



74 Parasites/parasitoids/biological control

Table 1

Plant-derived infochemicals involved in entomopathogenic nematode foraging

Compound effect on EPNs EPN species Chemical type Compound Plant species Ref.
Attractive H. bacteriophora  Aromatic 2,4-Di-tert-butylphenol Carrot (Daucus carota) [30]
Attractive H. bacteriophora  Aldehyde Decanal Potato (Solanum tuberosum) [31]
Attractive H. bacteriophora  Aldehyde Octanal Potato (Solanum tuberosum) [31]
Attractive H. bacteriophora  Alcohol 1-Octanol ND [56]
Attractive H. bacteriophora  Alcohol 1-Nonanol ND [56]
Attractive H. bacteriophora  Alcohol 2-Heptanol ND [56]
Attractive H. bacteriophora  Sesqui-terpene  Humulene Beech (Fagus sylvatica) [26]
Attractive H. bacteriophora  Benzene p-Cymene ND [18]
Attractive H. bacteriophora  Ester Methyl salicylate ND [18]
Attractive H. megidis Alcohol 1-Octen-3-ol Red fescue (Festuca rubra) [28]
Attractive H. megidis Ketone 3-Octanone Red fescue (Festuca rubra) [28]
Attractive H. megidis Hydro-carbon 1-Undecene Red fescue (Festuca rubra) [28]
Attractive H. megidis Hydro-carbon Nonadecatriene Red fescue (Festuca rubra) [28]
Attractive H. megidis Sesqui-terpene  a-Curcumene Red fescue (Festuca rubra) [28]
Attractive H. megidis Sesqui-terpene  (E)-B-Caryophyllene Maize (Zea mays) [21]
Attractive H. megidis Disulfide Dimethyl disulfide Black mustard (Brassica napus) [52]
Attractive S. carpocapsae Alcohol Octanol ND [18]
Attractive S. carpocapsae Alcohol Nonanol ND [18]
Attractive S. carpocapsae Sesqui-terpene  (E)-B-Caryophyllene Maize (Zea mays) [32]
Attractive S. carpocapsae Mono-terpene Linalool Maize (Zea mays) [32]
Attractive S. carpocapsae Mono-terpene Bornyl acetate Carrot (Daucus carota) [30]
Attractive S. carpocapsae Aldehyde Nonanal Potato (Solanum tuberosum) [31]
Attractive S. carpocapsae Aldehyde Octanal Potato (Solanum tuberosum) [31]
Attractive S. carpocapsae Aromatic 1,2,4-Trimethylbenzene Potato (Solanum tuberosum) [31]
Attractive S. carpocapsae Ketone 2-Nonanone ND [18]
Attractive S. carpocapsae Alcohol Heptanol ND [18]
Attractive S. carpocapsae Alcohol Pentanol ND [18]
Attractive S. carpocapsae Sesqui-terpene  (E)-B-Caryophyllene* Hemp varieties (Cannabis sativa) [29]
Attractive S. carpocapsae Alcohol Hexanol ND [18]
Attractive S. carpocapsae Ester Octyl acetate ND [18]
Attractive S. diaprepesi Sesqui-terpene  Geijerene Citrus (Citrus paradisi x Poncirus trifoliata)  [20]
Attractive S. diaprepesi Sesqui-terpene  Pregeijerene Citrus (Citrus paradisi x Poncirus trifoliata)  [20]
Attractive S. diaprepesi Sesqui-terpene  «-Santalene Citrus (Citrus paradisi x Poncirus trifoliata)  [20]
Attractive S. diaprepesi Mono-terpene a-cis-Bergamotene Citrus (Citrus paradisi x Poncirus trifoliata)  [20]
Attractive S. diaprepesi Mono-terpene Limonene Citrus (Citrus paradisi x Poncirus trifoliata)  [27]
Attractive S. feltiae Aromatic 1,2,4-Trimethylbenzene Potato (Solanum tuberosum) [31]
Attractive S. feltiae Canna-binoid Cannabidiol* Medical cannabis (Cannabis sativa) [29]
Attractive S. kraussei Aldehyde Decanal Potato (Solanum tuberosum) [31]
Repellent H. bacteriophora  Mono-terpene a-Pinene Carrot (Daucus carota) [30]
Repellent H. bacteriophora  Mono-terpene Terpinolene Carrot (Daucus carota) [30]
Repellent H. bacteriophora  Alcohol Hexanol ND [18]
Repellent H. bacteriophora  Alcohol Heptanol ND [18]
Repellent H. bacteriophora  Alcohol Nonanol ND [18]
Repellent H. bacteriophora  Alcohol Octanol ND [18]
Repellent H. bacteriophora  Aromatic Belzaldehyde ND [18]
Repellent H. bacteriophora  Mono-terpene 3-Carene ND [18]
Repellent H. bacteriophora  Mono-terpene Limonene ND [18]
Repellent H. megidis Hydro-carbon Decane Red fescue (Festuca rubra) [28]
Repellent S. carpocapsae Mono-terpene Terpinolene Carrot (Daucus carota) [30]
Repellent S. carpocapsae Mono-terpene a-Pinene Carrot (Daucus carota) [30]
Repellent S. carpocapsae Alcohol 2-Ethylhexanol Carrot (Daucus carota) [30]
Repellent S. carpocapsae Mono-terpene Bornyl acetate Carrot (Daucus carota) [30]
Repellent S. carpocapsae Alcohol 2-Ethyl-1-hexanol Potato (Solanum tuberosum) [31]
Repellent S. carpocapsae Mono-terpene Limonene ND [18]
Repellent S. feltiae Aldehyde Decanal Potato (Solanum tuberosum) [33]
Repellent S. feltiae Sulfide Dimethyl sulfide Black mustard (Brassica napus) [43]
Repellent S. feltiae Aldehyde Octanal Potato (Solanum tuberosum) [32]
Repellent S. feltiae Mono-terpene Terpinolene Carrot (Daucus carota) [30]
Repellent S. feltiae Aldehyde Octanal Potato (Solanum tuberosum) [30]
Repellent S. feltiae Hydro-carbon Undecane Potato (Solanum tuberosum) [31]
Repellent S. kraussei Sulfide Dimethyl sulfide Black mustard (Brassica napus) [43]
Repellent S. kraussei Disulfide Dimethyl disulfide Black mustard (Brassica napus) [43]
Repellent S. kraussei Trisulfide Dimethyl trisulfide Black mustard (Brassica napus) [43]
Repellent S. kraussei Isothio-cyanate  Allyl isothio-cyanate Black mustard (Brassica napus) [43]
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Table 1 (Continued)
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Compound effect on EPNs EPN species Chemical type Compound Plant species Ref.
Repellent S. kraussei Isothio-cyanate  Phenylethyl isothiocyanate = Black mustard (Brassica napus) [43]
Repellent S. kraussei Aromatic Benzonitrile Black mustard (Brassica napus) [43]
Repellent S. kraussei Aromatic 2,4-Di-tert-butylphenol Carrot (Daucus carota) [30]
Repellent S. kraussei Mono-terpene a-Pinene Carrot (Daucus carota) [30]
Repellent S. kraussei Mono-terpene Terpinolene Carrot (Daucus carota) [30]

H.: Heterorhabditis; S.: Steinernema; O.: Oscheius. Ref.:reference. ND: Non determined, the authors used synthetic compounds that are known to be
released by plants. A star indicates a putative effect, as the effect of the pure compound was not tested.

signals when foraging [50] (Figure 1). Yet, it would not be
surprising if specialist EPNs respond to lower detection
threshold for insect cues and almost exclusively rely on the
latter, but this hypothesis remains to be tested. Some
evidence points towards a hierarchical order of EPN
response to specific stimuli during foraging. Cruiser EPNs
preferentially orient towards a combination of CO, with
plant or insect signals than towards individual signals
[17°,52]. Similarly, they preferentially navigate towards
plant and insect volatile combination rather than towards
one of the signals alone [53]. Interestingly, EPNs preferen-
tially follow plant volatile cues rather than herbivore odor-
ants alone [17°,20,53-56] although they prefer infested
plant cues rather than healthy plant cues [25,57]. Finally,
EPNs preferentially follow host-specific cues rather than
COjalone[17°,56] (Figure 1). Ambusher EPNsalso followa
hierarchical order of response to environmental cues, but
therequired activation step may be physical (airmovement,
attachment to the insect cuticle) and not chemical [8,39°].
Understanding the order and combinations of stimuli used
by EPNs during foraging is crucial to correctly identify
involved infochemicals.

EPN species-specific response to
infochemicals

EPNs exhibit species-specific response to CO,, plant and
insect cues. The relative importance of CO, is highly
variable among species [16°°]. It should be noted that the
specialist EPN, §. scaprerisci, relies less on CO, than
generalist EPNs in the presence of host cues [17°,58].
Different EPN species exhibit strong preferences for
different plant species [25,54,55], but whether these
preferences correlate with the presence of their preferred
hosts remains to be elucidated. Similarly, EPN response
to insect cues varies considerably between EPN species.
In a comprehensive chemotaxis and nictation study, Dill-
man ¢t al. [17°] demonstrated that 4 out of the 6 tested
species displayed specific responses to insect-derived
cues [17°]. The specificity of response is a pivotal factor
to account for when introducing EPNs for biological
control. Several studies reported the inadequacy of intro-
ducing new EPN species to control herbivore pests [59],
but understanding EPN-host specificity would allow to
better define the appropriated strains to use.

Ecosystem-specific selection pressure, age,
and experience shape EPN response to
infochemicals

One of the challenges associated with the identification
of chemical cues involved in EPN host-seeking behav-
ior is the variability of response within strains. EPN
response depends on their selection pressure, age, and
experience. Artificial selection increases EPN host-find-
ing efficacy within a few generations [60-62]. This rapid
genetic adaptation of EPNs to environmental infochem-
icals together with low mobility suggest probably strong
variations in chemotaxis between EPN populations
[63].

Additionally, EPN age (referring here to the time since
emergence from the natal cadaver) is implicated in behav-
ioral shifts. For instance, CO; repels §. scapterisci 1]s
immediately after emergence but attracts them over
the following weeks [64]. Similarly, the repellent effect
of prenol was age-dependent in 3 out of 5 tested EPN
species [65].

EPN experience, through prior exposure to volatiles, can
prime EPNs in a compound-specific manner [63], result-
ing in increased EPN efficacy [66°,67,68]. Persistent
exposure results in increased preferences and long-term
memory [63]. Intriguingly, primed EPNs can influence
the behavior and chemotaxis of co-occurring EPN species
[63]. The specificity of response to chemical cues empha-
sizes the crucial need for standardized assays to elucidate
the role of infochemicals in host-seeking.

Chemically mediated interactions among
EPNs and soil-living organisms

Except for herbivores, EPNs will also encounter and
interact with various organisms in soil. EPNs may infect
non-herbivore preys, such as fungivorous insects. It is
probable that EPNs have evolved to recognize and orient
towards fungal chemicals, and maybe even towards fun-
givore-induced fungal cues. Recently, 1-octen-3-ol (octe-
nol) and 1-pentanol have been identified from the fungus
Fusarium solani volatiles, which are attractive for both a
fungivorous insect and for EPNs [18,69-71]. Other fungi,
such as F. oxysporum, produce caryophyllene, which may
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Table 2

Insect-derived infochemicals involved in entomopathogenic nematode foraging

Compound effect on EPNs EPN species Chemical type Compound Insect species Ref.
Attractive H. bacteriophora Alcohol Propanol Acheta domesticus (Orthoptera) [17°,18]
Attractive H. bacteriophora Thiazole 4,5 Dimethyl-thiazole Zophobas morio (Coleoptera) [18]
Attractive H. bacteriophora Oxide Carbon dioxide ND [56]
Attractive H. bacteriophora Aromatic Butylated hydroxytoluene Diabrotica virgifera (Coleoptera) [12°7]
Attractive H. indica Ester (E)-3-(2-Hydroxyethyl)-4-methyl-2-pentenoate Diaprepes abbreviatus (Coleoptera) [387]
Attractive O. carolinensis Amine Trimethylamine Acheta domesticus (Orthoptera) [17°]
Attractive O. carolinensis Mono-terpene vy -Terpinene Acheta domesticus (Orthoptera) [177]
Attractive O. carolinensis Amine Trimethylamine Armadillidium vulgare (Isopoda) [17°]
Attractive O. carolinensis Aldehyde Hexanal Galleria mellonella (Lepidoptera) [17°]
Attractive S. carpocapsae Ketone 2-Propanone Armadillidium vulgare (Isopoda) [17°]
Attractive S. carpocapsae Hydro-carbon Tetradecane Armadillidium vulgare (Isopoda) [17]
Attractive S. carpocapsae Ketone 2-Propanone Chrysobothris mali (Coleoptera) [17]
Attractive S. carpocapsae Ether Tetrahydrofuran Euborellia femoralis (Dermaptera) [17]
Attractive S. carpocapsae Mono-terpene «-Pinene Galleria mellonella (Lepidoptera) 17
Attractive S. carpocapsae Aromatic 4-Methylphenol Scapteriscus borellii (Orthoptera) [17°]
Attractive S. carpocapsae Quinone p-Benzoquinone Scapteriscus borellii (Orthoptera) [177]
Attractive S. carpocapsae Alcohol Hexanol Galleria mellonella (Lepidoptera) [18]
Attractive S. carpocapsae Oxide Carbon dioxide Tenebrio molitor (Coleoptera) [18]
Attractive S. carpocapsae Thiazole 4,5-Dimethylthiazole Zophobas morio (Coleoptera) [18]
Attractive S. diaprepesi Ester (E)-3-(2-Hydroxyethyl)-4-methyl-2-pentenoate Diaprepes abbreviatus (Coleoptera) [38°]
Attractive S. feltiae Diureide Allantoin Galleria mellonella (Lepidoptera) [36]
Attractive S. feltiae Hydride Ammonia Galleria mellonella (Lepidoptera) [36]
Attractive S. feltiae Amino acid Arginine Galleria mellonella (Lepidoptera) [36]
Attractive S. feltiae Purine Uric acid Galleria mellonella (Lepidoptera) [36]
Attractive S. feltiae Purine Xanthine Galleria mellonella (Lepidoptera) [36]
Attractive S. glaseri Amine Trimethylamine Acheta domesticus (Orthoptera) [17°]
Attractive S. glaseri Amine Trimethylamine Armadillidium vulgare (Isopoda) [17]
Attractive S. glaseri Quinone p-Benzoquinone Scapteriscus borellii (Orthoptera) [17°]
Attractive S. glaseri Hemi-terpene Isoprenol Plodia interpunctella (Lepidoptera) [47]
Attractive S. scapterisci Hydroxy ketone 3-Hydroxy-2-butanone Acheta domesticus (Orthoptera) 177
Attractive S. scapterisci Sulfone Dimethyl sulfone Acheta domesticus (Orthoptera) [17°]
Attractive/Repellent H. bacteriophora Hydride Ammonia Galleria mellonella (Lepidoptera) [48]
Repellent H. bacteriophora Benzoxa-zolinone MBOA-Glucose Diabrotica virgifera (Coleoptera) [42°]
Repellent H. bacteriophora Aldehyde Hexanal ND [18]
Repellent H. bacteriophora Mono-terpene a-Pinene ND [18]
Repellent H. bacteriophora Ketone 2,4-Butanedione ND [18]
Repellent S. carpocapsae Aldehyde Hexanal ND [18]
Repellent S. carpocapsae Ketone 2,3-Butanedione ND [18]
Repellent S. feltiae Diureide Allantoic acid Galleria mellonella (Lepidoptera) [36]
Repellent S. glaseri Hemi-terpene Prenol Galleria mellonella (Lepidoptera) [137]
Repellent S. riobrave Hemi-terpene Prenol Galleria mellonella (Lepidoptera) [13°]

H.: Heterorhabditis; S.: Steinernema; O.: Oscheius. Ref.:reference. ND: Non determined, the authors used synthetic compounds known to be released by insects.
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therefore attract EPNs [72]. Orienting towards fungal
cues may enhance the infection success of EPNs when
fungivorous insects are present. The identity and role of
fungal volatiles in EPN foraging is receiving an increased
attention and will further contribute to better understand
EPN foraging strategies in soil.

EPNs also interact with plant pathogens, such as phyto-
pathogenic nematodes (PPNs). Terpenoid volatiles,
known to be attractive for EPNs, also attract PPNs to
the root vicinity [33]. The benefit for a plant to emit such
terpenoids can therefore be counterbalanced, and even
reversed, depending on the presence of PPNs in the
environment. Yet, it is generally accepted that, during
the infection process, EPNs produce nematicidal and
repellent compounds, such as ammonia, indole and stil-
bene derivatives, that kill or deter PPNs [73-75] and
thereafter, may limit the impact of PPNs on the plant and
EPN success.

EPNs may compete for resources with other herbivore
enemies, including different EPN species, arthropods,
parasitoids, entomopathogenic fungi or free-living bacter-
ivorous nematodes [69,76-82]. For example, like EPNSs,
the predatory mites and Acrobeloides—group (free-living
bacterivorous nematodes) can also be attracted to

chemical cues from rust mite-infested tulip bulbs
[83,84]. However, some synergistic effects on infection
rates have also been reported between EPNs and ento-
mopathogenic fungi [85-87].

Finally, EPNs also have a myriad of enemies, such as
fungi, bacteria, protozoa and other microaphropods in soil
[88,89]. Interestingly, some of these enemies are able to
either highjack EPN-attractant signals or to lure EPNs in
their vicinity. For instance, the nematophagous fungi
Pochonia clamydosporia can produce 1-octen-3-ol, which
is also produced by plants and attractive to EPNs
[28,36,90,91] These potential risks of EPN chemotaxis
should also be taken into account during application for
insect pest biological control.

The soil matrix as modulator of EPN response
The soil is a complex matrix, whose physical, biological,
and chemical properties can considerably influence
chemical emission, stability, diffusion, and degradation.
For instance, soil moisture, pH, and texture can influence
the root HIPV profiles and diffusion [92,93]. Soil micro-
organisms use plant volatiles as source of carbon, and
therefore modulate their abundance and dispersion [94].
Root architecture also influences EPN foraging, with
higher root density being negatively correlated with
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EPN performance [95]. Root colonized with microbes can
alter HIPV emissions, and thereafter, altered EPN attrac-
tion [96°]. Therefore, the soil characteristics can consid-
erably modulate EPN signal perception and host-seeking
behavior. This phenomenon should be carefully consid-
ered when identifying molecules involved in EPN host-
seeking.

Application in agriculture

Despite the considerable potential of EPNs in pest
control, inconsistencies in efficacy have impaired the
development of EPN-based pest management programs
[2°,59]. As EPN efficacy largely relies on host-finding and
infectivity, exploiting infochemical pathways shaping
their foraging behavior may allow the tailoring of power-
ful strategies to control herbivore pests in agriculture.
Several avenues, based on EPN chemical ecology, have
been proposed. First, crops could be selected or geneti-
cally modified to constitutively emit attractive HIPVs
[97]. Yet, this approach requires a thorough investigation
of pleiotropic effects. For instance, and despite providing
a better protection against root herbivores, transforming
maize plants to constitutively release  (E)-p—
caryophyllene compromises plant development, appa-
rency to leaf herbivores, and yield [98]. Furthermore, a
constitutive release of EPN attractant may disturb EPN
host location. A second approach yielding promising
results is the release of EPN-infected cadavers in the
field. The use of cadavers confers several advantages such
as enhanced EPN protection against unfavorable envi-
ronmental conditions [99], better dispersal and virulence
[100,101], attraction of herbivores [12°%,13°], and induc-
tion of plant defenses [102°,103]. The effect of EPN-
infected cadavers on plants remains to be further investi-
gated to assess possible fitness costs on the plants, as the
volatiles or chemicals released from cadavers may induce
unnecessary and costly plant defenses. Third, encapsu-
lating EPNs in a shell covered with herbivore attractants
and feeding stimulants successfully increased herbivore
control in the field [104°,105]. Fourth, EPN selective
breeding can increase EPN responsiveness to specific
cues [62]. Despite minor trade-offs between responsive-
ness and infectiveness, selected EPN strains were more
effective than original strains in controlling herbivore
pests in the field [62]. Finally, EPN previous exposure
to insect cues or EPN pheromone increases their host-
finding and infectivity [66°,67,68]. These studies provide

promising strategics to develop potent biocontrol
strategies.
Conclusion

The effort of the research community in characterizing
the cues involved in EPN host-seeking has resulted in
considerable progress in the field and has set solid foun-
dations for future research. The identification of info-
chemicals shaping EPN foraging behavior is in its young

age but already demonstrated the large variability of
response among and within EPN strains. We recommend
a thorough and concerted effort in standardizing and
reporting experimental conditions. For example, some
factors such as EPN origin, age, or previous experience
(rearing conditions) should be reported in all studies.
Such endeavor will not only allow the identification of
further key infochemicals for EPN foraging but also of
modulators of EPN response. Possible modulators
highlighted in this review include hierarchical orders of
signal integration, EPN specialization degree, selective
pressure, age, and experience. Understanding the chem-
ical ecology of entomopathogenic nematodes is pivotal to
develop powerful, sustainable, strategies to control insect
herbivores in agriculture.

Author contributions
X.Z. and CAM.R. wrote the first draft, reviewed, and
edited the manuscript. L.L. and L.K. edited and
reviewed the manuscript.

Conflict of interest statement
Nothing declared.

Acknowledgements

We thank Pierre Matéo for his comments on a previous version of this
manuscript. The work of X.Z. and L.L. is supported by the Program of
Introducing Talents of Discipline to Universities (111 Project, number
D16014) of Henan University. The work of CAM.R. and L.K. is supported
by the Swiss National Science Foundation (projects 310030_189071 and
310030_192564).

References and recommended reading
Papers of particular interest, published within the period of review,
have been highlighted as:

e of special interest
ee Of outstanding interest

1. Campos-Herrera R, Barbercheck M, Hoy CW, Stock SP:
Entomopathogenic nematodes as a model system for
advancing the frontiers of ecology. J Nemato/ 2012, 44:162-176.

2. Jagodic A, Trdan S, Laznik Z: Entomopathogenic nematodes:
can we use the current knowledge on belowground
multitrophic interactions in future plant protection
programmes? - review. Plant Protect Sci 2019, 55:243-254.

In this review, the authors discuss how plant volatiles can be used to
protect crops from insect herbivores. This work emphasizes the impact of
plant interactions with soil organisms and plant domestication on volatile
emissions.

3. Shapiro-llan D, Hazir S, Glazer I: Basic and applied research:
entomopathogenic nematodes. In Microbial Control of Insect
and Mite Pests: From Theory to Practice. Edited by Lacey LA. San
Diego, California, USA: Academic Press; 2017:91-105.

4. Dillman AR, Chaston JM, Adams BJ, Ciche TA, Goodrich-Blair H,
Stock SP, Sternberg PW: An entomopathogenic nematode by
any other name. PLoS Path 2012, 8:e1002527.

5. Dillman AR, Sternberg PW: Entomopathogenic nematodes. Curr
Biol 2012, 22:R430-R431.

6. Noguez JH, Conner ES, Zhou Y, Ciche TA, Ragains JR,
Butcher RA: A novel ascaroside controls the parasitic life cycle
of the entomopathogenic nematode Heterorhabditis
bacteriophora. ACS Chem Biol 2012, 7:961-966.

Current Opinion in Insect Science 2021, 44:72-81

www.sciencedirect.com


http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0005
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0005
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0005
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0010
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0010
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0010
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0010
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0015
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0015
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0015
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0015
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0020
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0020
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0020
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0025
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0025
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0030
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0030
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0030
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0030

7. Campbell JF, Gaugler R: Inter-specific variation in
entomopathogenic nematode foraging strategy: dichotomy or
variation along a continuum? Fundam Appl Nematol 1997,
20:393-398.

8. Lewis EE: Behavioral ecology. In Entomopathogenic
Nematology. Edited by Gaugler R. New York: CAB International;
2002:205-2283.

9. Campbell JF, Lewis EE: The behavioural ecology of parasites. In
Entomopathogenic Nematode Host-search Strategies. Edited by
Lewis EE, Campbell JF, Sukhdeo MVK. Wallingford, UK: CABI
Publishing; 2002:13-38.

10. Bal HK, Grewal PS: Lateral dispersal and foraging behavior of
entomopathogenic nematodes in the absence and presence
of mobile and non-mobile hosts. PLoS One 2015, 10:e0129887.

11. Wilson MJ, Ehlers RU, Glazer |I: Entomopathogenic nematode
foraging strategies - is Steinernema carpocapsae really an
ambush forager? Nematology 2012, 14:389-394.

12. Zhang X, Machado RA, Doan CV, Arce CC, Hu L, Robert CA:

ee Entomopathogenic nematodes increase predation success by
inducing cadaver volatiles that attract healthy herbivores.
eLife 2019, 8:e46668.

This work demonstrates that EPN-infected cadavers are attractive for

new hosts, resulting increased transmission success and efficacy of the

parasite. The authors further reported that such strategy is widespread in

EPN-host interactions but involves species-specific chemical cues.

13. Baiocchi T, Lee G, Choe DH, Dillman AR: Host seeking parasitic

e nematodes use specific odors to assess host resources. Sci
Rep 2017, 7:6270.

The work from Baiocchi et al. identifies prenol as a chemical cue used by

EPNSs to distinguish between healthy and infected hosts.

14. Jones JT: Nematode sense organs. In The Biology of
Nematodes. Edited by Lee DL. New York, NY, USA: Taylor &
Francis Inc; 2001:369-387.

15. Gang SS, Hallem EA: Mechanisms of host seeking by parasitic
nematodes. Mol Biochem Parasitol 2016, 208:23-32.

16. Banerjee N, Hallem EA: The role of carbon dioxide in nematode
ee behaviour and physiology. Parasitology 2020, 147:841-854.

This review focuses on molecular, cellular and neural circuit mechanisms
that mediate CO, detection in nematodes and how these processes
shape EPN response.

17. Dillman AR, Guillermin ML, Lee JH, Kim B, Sternberg PW,

. Hallem EA: Olfaction shapes host-parasite interactions in
parasitic nematodes. Proc Nat/ Acad Sci U S A 2012, 109:E2324-
2333.

By testing the chemotaxis, nictation, and virulence response of six EPN

species to seven potential hosts and to a series of insect-derived

compounds, the authors highlight the species-specific response of EPNs
to insect odors.

18. Hallem EA, Dillman AR, Hong AV, Zhang Y, Yano JM, DeMarco SF,
Sternberg PW: A sensory code for host seeking in parasitic
nematodes. Curr Biol 2011, 21:377-383.

19. Hallem EA, Spencer WC, McWhirter RD, Zeller G, Henz SR,
Ratsch G, Miller DM 3rd, Horvitz HR, Sternberg PW, Ringstad N:
Receptor-type guanylate cyclase is required for carbon
dioxide sensation by Caenorhabditis elegans. Proc Natl Acad
Sci U S A 2011, 108:254-259.

20. AliJG, Alborn HT, Stelinski LL: Subterranean herbivore-induced
volatiles released by citrus roots upon feeding by Diaprepes
abbreviatus recruit entomopathogenic nematodes. J Chem
Ecol 2010, 36:361-368.

21. Rasmann S, Kollner TG, Degenhardt J, Hiltpold I, Toepfer S,
Kuhlmann U, Gershenzon J, Turlings TC: Recruitment of
entomopathogenic nematodes by insect-damaged maize
roots. Nature 2005, 434:732-737.

22. Robert CAM, Erb M, Hibbard BE, Wade French B, Zwahlen C,
Turlings TCJ, Thompson K: A specialist root herbivore reduces
plant resistance and uses an induced plant volatile to
aggregate in a density-dependent manner. Funct Ecol 2012,
26:1429-1440.

Infochemicals involved in EPN foraging Zhang et al. 79

23. Le Vieux PD, Malan AP: Prospects for using entomopathogenic
nematodes to control the vine mealybug, Planococcus ficus, in
South African vineyards. S Afr J Enol Vitic 2015, 36:59-70.

24. LiC,WangY, HuY, Hua C, Wang C: Three dimensional study of
wounded plant roots recruiting entomopathogenic
nematodes with Pluronic gel as a medium. Biol Control 2015,
89:68-74.

25. Andalé V, Moreira GF, Moino Junior A: Host-seeking behavior of
the Heterorhabditis amazonensis nematode in response to
stimulant sources. Pesquisa Agropecuaria Trop 2017, 47:265-
272.

26. Voglar GE, Mrak T, Krizman M, Jagodic A, Trdan S, Laznik Z:
Effect of contaminated soil on multitrophic interactions in a
terrestrial system. Plant Soil 2019, 435:337-351.

27. Filgueiras CC, Willett DS, Moino A, Pareja M, El Borai F,
Dickson DW, Stelinski LL, Duncan LW: Stimulation of the
salicylic acid pathway aboveground recruits
entomopathogenic nematodes belowground. PLoS One 2016,
11:e0154712.

28. Kergunteuil A, Roder G, Rasmann S: Environmental gradients
and the evolution of tri-trophic interactions. Ecol Lett 2019,
22:292-301.

29. Laznik I, Kosir IJ, Kosmelj K, Murovec J, Jagodic A, Trdan S,
Acko DK, Flajsman M: Effect of Cannabis sativa L. root, leaf and
inflorescence ethanol extracts on the chemotrophic response
of entomopathogenic nematodes. Plant Soil 2020:1-13.

30. Laznik Z, Trdan S: Attraction behaviors of entomopathogenic
nematodes (Steinernematidae and Heterorhabditidae) to
synthetic volatiles emitted by insect-damaged carrot roots. J
Pest Sci 2016, 89:977-984.

31. Laznik Z, Trdan S: Attraction behaviors of entomopathogenic
nematodes (Steinernematidae and Heterorhabditidae) to
synthetic volatiles emitted by insect damaged potato tubers. J
Chem Ecol 2016, 42:314-322.

32. Laznik Z, Trdan S: An investigation on the chemotactic
responses of different entomopathogenic nematode strains to
mechanically damaged maize root volatile compounds. Exp
Parasitol 2013, 134:349-355.

33. Ali JG, Alborn HT, Stelinski LL: Constitutive and induced
subterranean plant volatiles attract both entomopathogenic
and plant parasitic nematodes. J Ecol 2011, 99:26-35.

34. Boff MIC, Zoon FC, Smits PH: Orientation of Heterorhabditis
megidis to insect hosts and plant roots in a Y-tube sand
olfactometer. Entomol Exp Appl 2001, 98:329-337.

35. Campbell JF, Kaya HK: Influence of insect associated cues on
the jumping behavior of entomopathogenic nematodes
(Steinernema spp.). Behaviour 2000, 137:591-609.

36. Schmidt J, All JN: Attraction of Neoaplectana carpocapsae
(Nematoda: Steinernematidae) to common excretory
products of insects. Environ Entomol 1979, 8:55-61.

37. Lapointe SL, Alessandro RT, Robbins PS, Khrimian A, Svatos A,
Dickens JC, Otalora-Luna F, Kaplan F, Alborn HT, Teal PE:
Identification and synthesis of a male-produced pheromone
for the neotropical root weevil Diaprepes abbreviatus. J Chem
Ecol 2012, 38:408-417.

38. Rivera MJ, Martini X, Khrimian A, Stelinski L: A weevil sex

¢ pheromone serves as an attractant for its entomopathogenic
nematode predators. Chemoecology 2017, 27:199-206.

This work investigates the EPN response to the male-produced sex

pheromone of the citrus weevil. The pheromone is responsible for

attraction of EPNs to locations where the host eggs may be laid in a

near future.

39. Baiocchi T, Braun L, Dillman AR: Touch-stimulation increases

e host-seeking behavior in Steinernema carpocapsae. J Nematol
2019, 51:1-5.

By allowing an ambusher EPN to physically interact with the insect

cuticle, the authors report subsequent increased EPN response to che-

mical cues. This study suggests that the order of cues is crucial when

studying EPN host-seeking behavior.

www.sciencedirect.com

Current Opinion in Insect Science 2021, 44:72-81


http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0035
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0035
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0035
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0035
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0040
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0040
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0040
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0045
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0045
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0045
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0045
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0050
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0050
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0050
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0055
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0055
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0055
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0060
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0060
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0060
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0060
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0065
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0065
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0065
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0070
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0070
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0070
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0075
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0075
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0080
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0080
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0085
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0085
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0085
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0085
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0090
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0090
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0090
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0095
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0095
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0095
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0095
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0095
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0100
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0100
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0100
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0100
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0105
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0105
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0105
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0105
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0110
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0110
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0110
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0110
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0110
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0115
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0115
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0115
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0120
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0120
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0120
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0120
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0125
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0125
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0125
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0125
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0130
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0130
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0130
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0135
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0135
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0135
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0135
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0135
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0140
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0140
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0140
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0145
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0145
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0145
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0145
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0150
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0150
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0150
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0150
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0155
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0155
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0155
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0155
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0160
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0160
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0160
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0160
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0165
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0165
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0165
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0170
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0170
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0170
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0175
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0175
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0175
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0180
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0180
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0180
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0185
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0185
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0185
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0185
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0185
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0190
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0190
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0190
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0195
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0195
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0195

80 Parasites/parasitoids/biological control

40. Lewis EE, Grewal PS, Gaugler R: Hierarchical order of host cues
in parasite foraging strategies. Parasitology 1995, 110:207-213.

41. Hazir S, Shapiro-llan DI, Hazir C, Leite LG, Cakmak I, Olson D:
Multifaceted effects of host plants on entomopathogenic
nematodes. J Invertebr Pathol 2016, 135:53-59.

42. Robert CAM, Zhang X, Machado RA, Schirmer S, Lori M, Mateo P,

e Erb M, Gershenzon J: Sequestration and activation of plant
toxins protect the western corn rootworm from enemies at
multiple trophic levels. eLife 2017, 6:e29307.

In this study, the authors investigate the impact of plant secondary

metabolite sequestration by a root herbivore onto EPN performance.

This work revealed that the specialist herbivore, D. virgifera, uses the

plant metabolites for its own protection against EPNs and their endo-

symbiotic bacteria.

43. Jagodic A, Ipavec N, Trdan S, Laznik Z: Attraction behaviors: are
synthetic volatiles, typically emitted by insect-damaged
Brassica nigra roots, navigation signals for
entomopathogenic nematodes (Steinernema and
Heterorhabditis)? Biocontrol 2017, 62:515-524.

44. Erb M, Robert CA: Sequestration of plant secondary
metabolites by insect herbivores: molecular mechanisms and
ecological consequences. Curr Opin Insect Sci 2016, 14:8-11.

45. Lewis EE, Gaugler R, Harrison R: Response of cruiser and
ambusher entomopathogenic nematodes (Steinernematidae)
to host volatile cues. Can J Zool 1993, 71:765-769.

46. Kunkel BA, Shapiro-llan DI, Campbell JF, Lewis EE: Effect of
Steinernema glaseri-infected host exudates on movement of
conspecific infective juveniles. J Invertebr Pathol 2006, 93:42-
49.

47. Mbata GN, Shapiro-llan DI, Alborn HT, Strand MR: Preferential
infectivity of entomopathogenic nematodes in an envenomed
host. Int J Parasitol 2019, 49:737-745.

48. Shapiro DI, Lewis EE, Paramasivam S, McCoy CW: Nitrogen
partitioning in Heterorhabditis bacteriophora-infected hosts
and the effects of nitrogen on attraction/repulsion. J Invertebr
Pathol 2000, 76:43-48.

49. Grewal PS, Lewis EE, Gaugler R: Response of infective stage
parasites (Nematoda: Steinernematidae) to volatile cues from
infected hosts. J Chem Ecol 1997, 23:503-515.

50. Vet LEM, Dicek M: Ecology of infochemical use by natural
enemies in a tritrophic context. Annu Rev Entomol 1992, 37:141-
172.

51. Hiltpold I, Turlings TCJ: Belowground chemical signaling in
maize: when simplicity rhymes with efficiency. J Chem Ecol
2008, 34:628-635.

52. Turlings TCJ, Hiltpold I, Rasmann S: The importance of root-
produced volatiles as foraging cues for entomopathogenic
nematodes. Plant Soil 2012, 358:51-60.

53. Boff MIC, Van Tol RHWM, Smits PH: Behavioural response of
Heterorhabditis megidis towards plant roots and insect
larvae. Biocontrol 2002, 47:67-83.

54. Rasmann S, Turlings TCJ: First insights into specificity of
belowground tritrophic interactions. Oikos 2008, 117:362-369.

55. Cutler GC, Webster JM: Host-finding ability of three
entomopathogenic nematode isolates in the presence of plant
roots. Nematology 2003, 5:601-608.

56. O’Halloran DM, Burnell AM: An investigation of chemotaxis in
the insect parasitic nematode Heterorhabditis bacteriophora.
Parasitology 2003, 127:375-385.

57. van Tol RWHM, van der Sommen ATC, Boff MIC, van Bezooijen J,
Sabelis MW, Smits PH: Plants protect their roots by alerting the
enemies of grubs. Ecol Lett 2001, 4:292-294.

58. Nguyen KB, Smart GC: Steinernema scapterisci n. sp.
(Rhabditida: Steinernematidae). J Nematol 1990, 22:187-199.

59. Georgis R, Koppenhofer AM, Lacey LA, Bélair G, Duncan LW,
Grewal PS, Samish M, Tan L, Torr P, van Tol RWHM: Successes
and failures in the use of parasitic nematodes for pest control.
Biol Control 2006, 38:103-123.

60.

61.

62.

63.

64.

65.

66.

Gaugler R, Campbell JF, McGuire TR: Selection for host-finding
in Steinernema feltiae. J Invertebr Pathol 1989, 54:363-372.

Gaugler R, Campbell JF, Gupta P: Characterization and basis of
enhanced host-finding in a genetically improved strain of
Steinernema carpocapsae. J Invertebr Pathol 1991, 57:234-241.

Hiltpold I, Baroni M, Toepfer S, Kuhimann U, Turlings TC:
Selection of entomopathogenic nematodes for enhanced
responsiveness to a volatile root signal helps to control a
major root pest. J Exp Biol 2010, 213:2417-2423.

Willett DS, Alborn HT, Duncan LW, Stelinski LL: Social networks
of educated nematodes. Sci Rep 2015, 5:1-8.

Lee JH, Dillman AR, Hallem EA: Temperature-dependent
changes in the host-seeking behaviors of parasitic
nematodes. BMC Biol 2016, 14:36.

Kin K, Baiocchi T, Dillman AR: Dispersal and repulsion of
entomopathogenic nematodes to prenol. Biology 2019, 8.

Oliveira-Hofman C, Kaplan F, Stevens G, Lewis E, Wu SH,
Alborn HT, Perret-Gentil A, Shapiro-llan DI: Pheromone extracts
act as boosters for entomopathogenic nematodes efficacy. J
Invertebr Pathol 2019, 164:38-42.

In this study, the authors show that the application of ascarosides
together with EPNs increase EPN mobility and ability to kill two important
crop herbivores.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

Willett DS, Alborn HT, Stelinski LL, Shapiro-llan DI: Risk taking of
educated nematodes. PLoS One 2018, 13:e0205804.

Wu S, Kaplan F, Lewis E, Alborn HT, Shapiro-llan DI: Infected host
macerate enhances entomopathogenic nematode movement
towards hosts and infectivity in a soil profile. J Invertebr Pathol
2018, 159:141-144.

Hummadi EH, Dearden A, Generalovic T, Clunie B, Harrott A,
Cetin Y, Demirbek M, Khoja S, Eastwood D, Dudley E et al.:
Volatile organic compounds of Metarhizium brunneum
influence the efficacy of entomopathogenic nematodes in
insect control. Biol Control 2021, 155:104527.

Wu SY, Duncan LW: Recruitment of an insect and its nematode
natural enemy by olfactory cues from a saprophytic fungus.
Soil Biol Biochem 2020, 144:107781.

Ndomo-Moualeu AF, Ulrichs C, Adler C: Behavioral responses of
Callosobruchus maculatus to volatile organic compounds
found in the headspace of dried green pea seeds. J Pest Sci
2016, 89:107-116.

Freire ES, Campos VP, Pinho RSC, Oliveira DF, Faria MR,

Pohlit AM, Noberto NP, Rezende EL, Pfenning LH, Silva JRC:
Volatile substances produced by Fusarium oxysporum from
coffee rhizosphere and other microbes affect Meloidogyne
incognita and Arthrobotrys conoides. J Nematol 2012, 44:321-
328.

Kenney E, Eleftherianos |I: Entomopathogenic and plant
pathogenic nematodes as opposing forces in agriculture. Int J
Parasitol 2016, 46:13-19.

Molina JP, Dolinski C, Souza RM, Lewis EE: Effect of
entomopathogenic nematodes (Rhabditida: Steinernematidae
and Heterorhabditidae) on Meloidogyne mayaguensis
Rammah and Hirschmann (Tylenchida : Meloidoginidae)
infection in tomato plants. J Nematol 2007, 39:338-342.

Shapiro-llan DI, Nyczepir AP, Lewis EE: Entomopathogenic
nematodes and bacteria applications for control of the pecan
root-knot nematode, Meloidogyne partityla, in the
greenhouse. J Nematol 2006, 38:449-454.

Barbercheck ME, Kaya HK: Competitive interactions between
entomopathogenic nematodes and Beauveria bassiana
(Deuteromycotina: Hyphomycetes) in soilborne larvae of
Spodoptera exigua (Lepidoptera: Noctuidae). Environ Entomol
1991, 20:707-712.

Kaya HK, Koppenhd&fer AM: Effects of microbial and other
antagonistic organism and competition on entomopathogenic
nematodes. Biocontrol Sci Technol 1996, 6:357-372.

Current Opinion in Insect Science 2021, 44:72-81

www.sciencedirect.com


http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0200
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0200
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0205
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0205
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0205
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0210
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0210
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0210
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0210
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0215
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0215
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0215
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0215
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0215
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0220
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0220
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0220
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0225
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0225
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0225
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0230
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0230
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0230
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0230
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0235
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0235
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0235
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0240
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0240
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0240
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0240
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0245
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0245
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0245
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0250
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0250
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0250
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0255
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0255
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0255
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0260
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0260
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0260
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0265
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0265
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0265
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0270
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0270
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0275
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0275
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0275
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0280
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0280
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0280
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0285
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0285
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0285
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0290
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0290
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0295
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0295
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0295
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0295
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0300
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0300
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0305
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0305
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0305
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0310
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0310
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0310
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0310
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0315
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0315
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0320
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0320
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0320
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0325
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0325
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0330
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0330
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0330
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0330
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0335
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0335
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0340
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0340
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0340
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0340
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0345
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0345
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0345
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0345
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0345
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0350
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0350
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0350
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0355
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0355
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0355
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0355
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0360
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0360
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0360
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0360
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0360
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0360
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0365
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0365
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0365
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0370
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0370
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0370
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0370
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0370
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0375
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0375
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0375
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0375
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0380
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0380
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0380
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0380
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0380
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0385
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0385
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0385

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

Stuart RJ, Barbercheck ME, Grewal PS, Taylor RAJ, Hoy CW:
Population biology of entomopathogenic nematodes:
concepts, issues, and models. Bio/ Control 2006, 38:80-102.

Denno RF, Gruner DS, Kaplan I: Potential for entomopathogenic
nematodes in biological control: a meta-analytical synthesis
and insights from trophic cascade theory. J Nematol 2008,
40:61-72.

Duncan LW, Dunn DC, Bague G, Nguyen K: Competition
between entomopathogenic and free-living bactivorous
nematodes in larvae of the weevil Diaprepes abbreviatus. J
Nematol 2003, 35:187-193.

Duncan LW, Graham JH, Dunn DC, Zellers J, McCoy CW,
Nguyen K: Incidence of endemic entomopathogenic
nematodes following application of Steinernema riobrave for
control of Diaprepes abbreviatus. J Nematol 2003, 35:178-186.

Sher RB, Parrella MP, Kaya HK: Biological control of the
leafminer Liriomyza trifolii (Burgess): implications for
intraguild predation between Diglyphus begini ashmead and
Steinernema carpocapsae (Weiser). Biol Control 2000, 17:155-
163.

Aratchige NS, Lesna I, Sabelis MW: Below-ground plant parts
emit herbivore-induced volatiles: olfactory responses of a
predatory mite to tulip bulbs infested by rust mites. Exp Appl/
Acarol 2004, 33:21-30.

Ali JG, Campos-Herrera R, Alborn HT, Duncan LW, Stelinski LL:
Sending mixed messages: a trophic cascade produced by a
belowground herbivore-induced cue. J Chem Ecol 2013,
39:1140-1147.

Ansari MA, Shah FA, Butt TM: Combined use of
entomopathogenic nematodes and Metarhizium anisopliae as
a new approach for black vine weevil, Otiorhynchus sulcatus,
control. Entomol Exp App! 2008, 129:340-347.

Correa-Cuadros JP, Saenz-Aponte A, Rodriguez-Bocanegra MX:
In vitro interaction of Metarhizium anisopliae Ma9236 and
Beauveria bassiana Bb9205 with Heterorhabditis
bacteriophora HNI0100 for the control of Plutella xylostella.
SpringerPlus 2016, 5:2068.

Hussein HM, Habustova OS, Puza V, Zemek R: Laboratory
evaluation of Isaria fumosorosea CCM 8367 and Steinernema
feltiae ustinov against immature stages of the Colorado
potato beetle. PLoS One 2016, 11:e0152399.

Ulug D, Hazir S, Kaya HK, Lewis E: Natural enemies of natural
enemies: the potential top-down impact of predators on
entomopathogenic nematode populations. Ecol Entomol 2014,
39:462-469.

Kaya HK: Natural enemies and other antagonists. In
Entomopathogenic Nematology. Edited by Gaugler R.
Wallingford, U.K: CABI; 2002.

Lozano-Soria A, Picciotti U, Lopez-Moya F, Lopez-Cepero J,
Porcelli F, Lopez-Llorca LV: Volatile organic compounds from
entomopathogenic and nematophagous fungi, repel banana
black weevil (Cosmopolites sordidus). Insects 2020, 11:509.

Dusenbery DB: Theoretical range over which bacteria and
nematodes locate plant roots using carbon dioxide. J Chem
Ecol 1987, 13:1617-1624.

Som S, Willett DS, Alborn HT: Dynamics of belowground volatile
diffusion and degradation. Rhizosphere 2017, 4:70-74.

Infochemicals involved in EPN foraging Zhang et al. 81

93. Chiriboga MX, Campos-Herrera R, Jaffuel G, Roder G,
Turlings TCJ: Diffusion of the maize root signal (E)-
B-caryophyllene in soils of different textures and the effects
on the migration of the entomopathogenic nematode
Heterorhabditis megidis. Rhizosphere 2017, 3:53-59.

94. Owen SM, Clark S, Pompe M, Semple KT: Biogenic volatile
organic compounds as potential carbon sources for microbial
communities in soil from the rhizosphere of Populus tremula.
FEMS Microbiol Lett 2007, 268:34-39.

95. Demarta L, Hibbard BE, Bohn MO, Hiltpold I: The role of root
architecture in foraging behavior of entomopathogenic
nematodes. J Invertebr Pathol 2014, 122:32-39.

96. Stelinski LL, Willett D, Rivera MJ, Ali JG: ‘Tuning’ communication

e among four trophic levels of the root biome to facilitate
biological control. Bio/ Control 2019, 131:49-53.

The paper of Stelinski et al. suggests to apply synthetic plant HIPVs to

enhance biological control of herbivores. This technique would be

dynamic and responsive to feedbacks from the agricultural system.

97. Degenhardt J, Hiltpold I, Kollner TG, Frey M, Gierl A, Gershenzon J,
Hibbard BE, Ellersieck MR, Turlings TCJ: Restoring a maize root
signal that attracts insect-killing nematodes to control a major
pest. Proc Natl Acad Sci U S A 2009, 106:13213-13218.

98. Robert CAM, Erb M, Hiltpold I, Hibbard BE, Gaillard MDP, Bilat J,
Degenhardt J, Cambet-Petit-Jean X, Turlings TCJ, Zwahlen C:
Genetically engineered maize plants reveal distinct costs and
benefits of constitutive volatile emissions in the field. Plant
Biotechnol J 2013, 11:628-639.

99. Lewis EE, Shapiro-llan DI: Host cadavers protect
entomopathogenic nematodes during freezing. J Invertebr
Pathol 2002, 81:25-32.

100. Shapiro-llan DI, Lewis EE, Son Y, Tedders WL: Superior efficacy
observed in entomopathogenic nematodes applied in
infected-host cadavers compared with application in aqueous
suspension. J Invertebr Pathol 2003, 83:270-272.

101. Shapiro-llan DI, Brown |: Earthworms as phoretic hosts for
Steinernema carpocapsae and Beauveria bassiana:
implications for enhanced biological control. Bio/ Control 2013,
66:41-48.

102. Helms AM, Ray S, Matulis NL, Kuzemchak MC, Grisales W,

. Tooker JF, Ali JG: Chemical cues linked to risk: cues from
below-ground natural enemies enhance plant defences and
influence herbivore behaviour and performance. Funct Ecol
2019, 33:798-808.

This study shows that chemicals emitted from EPN-infected cadavers

trigger plant defenses, and affect in turn the performance and preference

of an herbivore.

1083. Jagdale GB, Kamoun S, Grewal PS: Application of
entomopathogenic nematodes can induce components of
systemic resistance in plants. J Nematol 2009, 41:341.

104. Jaffuel G, Sbaiti |, Turlings TCJ: Encapsulated

. entomopathogenic nematodes can protect maize plants from
Diabrotica balteata larvae. Insects 2020, 11:27.

This study evaluates the ability of EPN-containing beads to control the

population and damage of a root herbivore in the field. The beads are

effective in protecting maize against herbivory when the application is

well-timed.

105. Hiltpold I, Hibbard BE, French BW, Turlings TCJ: Capsules
containing entomopathogenic nematodes as a Trojan horse
approach to control the western corn rootworm. Plant Soil
2012, 358:10-24.

www.sciencedirect.com

Current Opinion in Insect Science 2021, 44:72-81


http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0390
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0390
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0390
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0395
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0395
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0395
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0395
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0400
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0400
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0400
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0400
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0405
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0405
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0405
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0405
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0410
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0410
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0410
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0410
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0410
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0415
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0415
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0415
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0415
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0420
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0420
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0420
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0420
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0425
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0425
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0425
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0425
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0430
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0430
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0430
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0430
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0430
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0435
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0435
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0435
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0435
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0440
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0440
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0440
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0440
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0445
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0445
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0445
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0450
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0450
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0450
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0450
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0455
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0455
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0455
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0460
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0460
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0465
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0465
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0465
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0465
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0465
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0470
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0470
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0470
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0470
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0475
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0475
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0475
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0480
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0480
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0480
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0485
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0485
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0485
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0485
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0490
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0490
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0490
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0490
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0490
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0495
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0495
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0495
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0500
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0500
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0500
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0500
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0505
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0505
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0505
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0505
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0510
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0510
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0510
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0510
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0510
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0515
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0515
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0515
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0520
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0520
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0520
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0525
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0525
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0525
http://refhub.elsevier.com/S2214-5745(21)00044-4/sbref0525

	Chemical host-seeking cues of entomopathogenic nematodes
	Introduction
	Infochemicals shaping EPN host-seeking
	Carbon dioxide
	Plant-derived cues
	Insect cues

	Infochemicals shaping EPN host-recognition
	Interactive effects and hierarchical response to multiple cues
	EPN species-specific response to infochemicals
	Ecosystem-specific selection pressure, age, and experience shape EPN response to infochemicals
	Chemically mediated interactions among EPNs and soil-living organisms
	The soil matrix as modulator of EPN response
	Application in agriculture
	Conclusion
	Author contributions
	Conflict of interest statement
	References and recommended reading
	Acknowledgements


