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Abstract

Insect hyperparasitoids are fourth trophic level organisms that commonly occur in terrestrial food webs, yet they are relatively
understudied. These top-carnivores can disrupt biological pest control by suppressing the populations of their parasitoid
hosts, leading to pest outbreaks, especially in confined environments such as greenhouses where augmentative biological
control is used. There is no effective eco-friendly strategy that can be used to control hyperparasitoids. Recent advances in the
chemical ecology of hyperparasitoid foraging behavior have opened opportunities for manipulating these top-carnivores in
such a way that biological pest control becomes more efficient. We propose various infochemical-based strategies to manage
hyperparasitoids. We suggest that a push-pull strategy could be a promising approach to ‘push’ hyperparasitoids away from
their parasitoid hosts and ‘pull’ them into traps. Additionally, we discuss how infochemicals can be used to develop innovative
tools improving biological pest control (i) to restrict accessibility of resources (e.g. sugars and alternative hosts) to primary
parasitoid only or (ii) to monitor hyperparasitoid presence in the crop for early detection. We also identify important missing
information in order to control hyperparasitoids and outline what research is needed to reach this goal. Testing the efficacy
of synthetic infochemicals in confined environments is a crucial step towards the implementation of chemical ecology-based
approaches targeting hyperparasitoids.
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1 INTRODUCTION

1.1 Importance of parasitoids in biological control

effective biocontrol agents of pest insects on ornamental or
vegetable crops in greenhouses, including Encarsia spp. against

Parasitoids are insects whose larvae develop in or on the bodies
of other arthropods (mostly other insects), whereas the adults
are free living. Most parasitoids are quite specialized and thus
only attack a limited number of related species of hosts. More-
over, parasitoids generally attack a very limited number of host
stages in nature, with different parasitoid species occupying
well-defined ‘guilds’.’ For instance, parasitoid guilds include
specialized egg, egg-larval, larval, larval-pupal, pupal, and adult
parasitoids. Because they are much more specialized than most
predators, parasitoids have been extensively used in biological
control programs for over a century, with often quite spectacular
success both in open field and protected cropping systems.?
Indeed, today, parasitoids are of tremendous importance in
biological control of arthropod pests worldwide.> Well over
100 different species are commercially available for biological
control of pest insects, making hymenopteran parasitoids the
most diverse group of arthropod biocontrol agents. For example,
Trichogramma species that parasitize the eggs of lepidopteran
pests are released over millions of hectares to protect field crops
such as corn, cotton and sugarcane. Likewise, parasitoids are very

whiteflies and Aphidius spp. against aphids. In their native ranges,
naturally occurring parasitoids are also important in controlling
herbivore populations, especially in cropping systems that are
highly prone to pest infestations from native herbivores. Plant
defenses are often much lower in crop plants compared with their
progenitors because of domestication where certain traits, such as
growth and taste, are selected at the expense of defenses.* These
factors make top-down control of insect pests by natural enemies
of paramount importance in cropping systems.
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1.2 Hyperparasitoids are specialized natural enemies

of parasitoids

Although parasitoids clearly mediate trophic cascades in natural
and agro-ecosystems by reducing herbivore abundance, food
webs do not stop at three trophic levels and many contain four
or even more.®> Indeed, parasitoids themselves have their own
specialized natural enemies, i.e. so-called hyperparasitoids, which
can greatly hamper their effectiveness. Hyperparasitoids can
be classified according to different life history traits.® Based on
a dichotomy in the way they exploit host tissues, two types of
hyperparasitoids are distinguished. Primary hyperparasitoids are
generally koinobionts (i.e. parasitoids that allow their host to con-
tinue development during parasitism)” and parasitize immature
primary parasitoid stages inside the body of their herbivore hosts.®
Secondary hyperparasitoids are predominantly idiobionts, i.e. par-
asitoids that arrest host development during parasitism,” which
attack non-growing host stages such as pre-pupae and pupae
of their primary parasitoid hosts after they have egressed from
the body of the herbivore hosts or, in the case of aphids, inside
the body of the mummified hosts.® Hyperparasitoids can also be
classified as ‘obligate’, when they are always hyperparasitoids,
and ‘facultative’, when they can develop as a hyperparasitoid in
a primary parasitoid or directly in the primary parasitoid’s host.
Finally, ‘ecto-hyperparasitoids’ develop on the outside of their
hosts (albeit on the inside of the mummy shell or parasitoid silk
cocoon) and ‘endo-hyperparasitoids’ develop inside their primary
parasitoid hosts.

Hyperparasitoids have remarkable adaptations that enable them
to exploit their parasitoid hosts in the field, and that makes hyper-
parasitism a very successful strategy. Some primary parasitoids
harbor several species of hyperparasitoids in nature (Supporting
Information, Table S1 and references therein), and they can locally
decimate numbers of parasitoids over several generations.® This
role as consumers at the top of insect food chains also means that
hyperparasitoids may disrupt biological control of pest insects.
Indeed, hyperparasitoids may be one of the greatest threats to
the success of parasitoids in biological control programs,5° par-
ticularly in augmentative biological control in greenhouses but
also in establishment of parasitoids that are introduced to new
areas in classical biological control programs (see Supporting
Information, Table S1 for examples). Hyperparasitoids have often
been overlooked but their negative impact on biological control
may be more common than previously thought. Thus, when
biological control programs do not achieve the expected results, it
is important to check whether hyperparasitism could be a reason
for failure. Careful selection of parasitoid species might prevent
problems due to hyperparasitoids in classical biological control,
for example by selecting parasitoid species that suffer less from
hyperparasitoid-caused mortality instead of more susceptible
species as biological control agents. However, in the case of aug-
mentative biocontrol programs, active management strategies
are needed. Such strategies are not currently available and this is
in part due to major gaps in our understanding of the biology and
ecology of hyperparasitoids.

Earlier studies of hyperparasitoids were largely descriptive and
focused on the structure of hyperparasitoid communities associ-
ated with primary parasitoid hosts and on the impacts of hyperpar-
asitoids on primary parasitoids in the field, as has been reviewed.®
More recently, increasing attention has been paid to life-history
traits of hyperparasitoids that affect hyperparasitoid reproduction
and hence fitness, such as development and host-feeding.'®™
Progress has also been made in understanding hyperparasitoid

behavior, in particular host- and mate-finding, which are mainly
guided by chemical cues (infochemicals)."'3 The idea of manip-
ulating hyperparasitoids to enhance biological control was put
forward more than two decades ago,'*'> but recent progress
in chemical ecology makes it possible now to develop truly
eco-friendly pest control, including strategies for managing
hyperparasitoids.

Our review covers this topic by (i) detailing the effects of hyper-
parasitoids on parasitoids in a biological control context, (ii)
reviewing the knowledge on the chemical ecology of hyperpara-
sitoids, focusing on infochemicals that may be used to manipulate
their behavior, and (iii) developing infochemical-based man-
agement strategies, including a push-pull strategy to manage
hyperparasitoids. We foresee that such strategies may be more
successful in greenhouses as compared to the open field because
of the advantages of confined spaces and more controlled
environmental conditions.

2 IMPACT OF HYPERPARASITOIDS ON
BIOLOGICAL CONTROL

2.1 Occurrence of hyperparasitoids in agricultural crops

Hyperparasitoids are known from various agricultural systems,
including greenhouse vegetables, annual field crops, orchard fruits
and cultivated forests (Supporting Information, Table S1 and refer-
ences therein). Although the effects of hyperparasitoids on biolog-
ical control have not been quantified in most agricultural systems
(but see below for exceptions), it is generally thought that the pres-
ence of hyperparasitoids decreases the efficacy of biological con-
trol. Indeed, in a rare empirical study, using caged miniature fields,
the hyperparasitoid Asaphes suspensus quickly drove its parasitoid
host Aphidius ervi to extinction.® Still, populations of the parasitoid
were not eliminated in open lucerne fields. Another recent study,
using a DNA-based approach to characterize the aphid-parasitoid
food web in Mediterranean citrus, concluded that hyperpara-
sitoids impede the success of Binodoxys angelicae for biolog-
ical control of pest aphids.'® Perhaps surprisingly, hyperpara-
sitoids may also positively affect components of biological control
because they can dampen extreme host-parasitoid oscillations
and prevent parasitoid extinction by overexploitation of hosts.®'”

2.2 Effects of hyperparasitoids on their parasitoid hosts

Hyperparasitoids may impact their primary parasitoid hosts in
several ways that are relevant to biological control. First, hyperpar-
asitoids have direct negative effects on parasitoids by parasitizing
their offspring. Hyperparasitoids can indeed cause substantial
mortality to parasitoid species commonly used as biological
control agents® (Supporting Information, Table S1 and refer-
ences therein). Sixteen species of hyperparasitoids were found
to attack Cotesia melanoscela, which is an important natural
enemy of gypsy moth (Lymantria dispar) larvae. This hyperpar-
asitoid complex caused approximately 50% mortality of the
primary parasitoid. In the Netherlands, at least nine species of
hyperparasitoids attack cocoons of Cotesia glomerata and Cotesia
rubecula, two endoparasitoids of Pieris caterpillars in wild and
cultivated brassicaceous plants. Mortality of these parasitoid
cocoons due to hyperparasitoids varies from 9% to more than
80% between years, fields and the two Cotesia species. Parasitoids
of aphids are also under severe pressure from hyperparasitoids in
greenhouse and field crops. Over 80% of parasitoid hosts inside
aphid mummies in Brassica fields were killed by ten species of
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hyperparasitoids, while at least nine species of hyperparasitoids
caused up to 100% mortality of aphid mummies in sweet pep-
per greenhouses in two different studies. Failure of aphid pest
control with Aphidius colemani in sweet pepper and eggplant
greenhouses using banker plants (i.e. non-crop plants providing
host resources to parasitoids) was attributed to high rates of
hyperparasitism.

A second direct negative effect of hyperparasitoids on their
parasitoid hosts is host-feeding by hyperparasitoids. Host-feeding
occurs when adult females of hymenopteran (hyper)parasitoids
consume haemolymph or tissue from the same host species
that is also used for oviposition. This behavior can kill the
host, depending on the type and extent of host-feeding.'®
Host-feeding has been described for many, but not all, hyper-
parasitoid species.5 However, few studies have quantified the
effect of hyperparasitoid host-feeding on host mortality. To
our knowledge, this is only known in one system: 25% of the
cocoon stage of Cotesia melanoscela was killed by host-feeding of
hyperparasitoids.'?

Indirect effects of hyperparasitoids on their parasitoid hosts may
also influence the efficacy of biological control. In the presence
of its hyperparasitoid Alloxysta victrix, the aphid parasitoid Aphid-
ius uzbekistanicus is less efficient in host exploitation because it
attacks fewer hosts and makes more flight attempts compared
to control conditions without hyperparasitoids. This suggests that
the hyperparasitoid induces dispersal and patch leaving (i.e. the
parasitoid leaves a profitable environment in which hosts are
present) of the biological control agent.2’ Aphid hyperparasitoids
may also affect the sex ratio of their hosts. Hyperparasitoid pres-
ence resulted in lower proportions of emerging females in Lysiphle-
bus hirticornis®' and Binodoxys angelicae.'® This phenomenon may
be explained by a preference of hyperparasitoids for larger para-
sitized aphids, which are more likely to contain a female parasitoid.
Finally, a study on the parasitoid Cotesia melitaerum suggested
that generalist hyperparasitoids can mediate apparent competi-
tion between C. melitaerum and the congeneric C. glomerata that
attacks another herbivore.?? Hence, increases in host abundance
of generalist hyperparasitoids in areas close to agricultural fields
could indirectly cause increased rates of hyperparasitism on bio-
logical control agents and thus reduce the biological control effi-
cacy of pests.

2.3 Impact of hyperparasitoids on biological control
programs

Native hyperparasitoids may hamper the introduction of exotic
biological control agents in classical biological control programs
(Table S1 and references therein). For example, after its introduc-
tionin southwestern Virginia, C. rubecula experienced much higher
rates of hyperparasitism than C. glomerata that had earlier estab-
lished in this area. It was hypothesized that hyperparasitism would
be a limiting factor in establishing C. rubecula as a biological con-
trol agent of Pieris rapae. Another example is found in biologi-
cal control of the leek moth Acrolepiopsis assectella by the pupal
parasitoid Diadromus pulchellus. The native facultative hyperpar-
asitoid Conura albifrons uses leek moth pupae (including those
already parasitized by D. pulchellus) as hosts, and its role as a com-
petitor and as an intraguild predator may affect establishment
of D. pulchellus. However, the presence of native hyperparasitoids
does not always preclude the success of classical biological con-
trol programs, as demonstrated in biological control of the cas-
sava mealybug in Africa.® Although the parasitoid Apoanagyrus

lopezi is attacked by at least ten different indigenous hyperpar-
asitoids, sometimes at high hyperparasitism rates, its introduc-
tion is still considered economically successful. Indeed, theoretical
models have shown that hyperparasitoids may dampen extreme
host-parasitoid oscillations and can thereby contribute to the sta-
bility of multitrophic systems. Increased stability would allow par-
asitoids to persist in the crop and prevent pest outbreaks that may
occur in the absence of parasitoids, thus retaining the efficacy of
biological control.* However, such situations may be rare and, in
most cases, invading hyperparasitoids are more likely to disrupt
stable host-parasitoid interactions. Climate change may increase
the frequency and magnitude of disruption of biological control
by hyperparasitoids in the near future due to biological invasions
or shifts in phenology.?

The examples in this section not only show substantial mortality
of parasitoids due to hyperparasitoids in agricultural systems, but
also illustrate that hyperparasitoid communities are often highly
diverse, with multiple hyperparasitoid species attacking one pri-
mary parasitoid. Within systems, the species composition of hyper-
parasitoids may further vary in space and over the season. In a
study on C. glomerata cocoons attached to leaves at the bottom
of the plant or in the canopy, it was shown that wingless species
such as Gelis proximus were predominant in the vegetation close
to the ground whereas winged species such as Acrolyta nens were
more abundant in the canopy. This demonstrates that commu-
nity composition of hyperparasitoids can greatly vary even at small
spatial scales.?” Temporal changes in hyperparasitoid communities
were recorded in a monthly survey of aphid hyperparasitoids in
organic sweet pepper greenhouses, where Dendrocerus aphidum
was more abundant before summer and Asaphes vulgaris became
more abundant in late summer (Table S1). This diversity and varia-
tion presents a challenge in managing hyperparasitoids in biolog-
ical pest control because a successful strategy against one species
may not be effective against another species. Conversely, most
of the hyperparasitoid species mentioned above have a broad
host-range and many of them occur across different combinations
of crops and pests, such as the suite of aphid hyperparasitoids
(attacking mainly Aphidius and Aphelinus parasitoids) or the hyper-
parasitoid communities attacking Cotesia cocoons. These systems
could serve as case studies for the development of hyperparasitoid
management strategies.

In terms of their impact on the crop, hyperparasitoids are in
fact pest insects, being natural enemies of the natural enemies
of herbivorous pest insects. In developing sustainable manage-
ment strategies for hyperparasitoids, knowledge on herbivore pest
management strategies may therefore be applied. In addition,
as in strategies to manage crop pests, the impact of hyperpara-
sitoid management strategies on non-target organisms must be
minimized. Specifically, such a strategy should not interfere nega-
tively with biological control agents of the target herbivore pest.
Because hyperparasitoids are biologically very similar to their par-
asitoid hosts, this is a main challenge in developing management
strategies. For example, if a hyperparasitoid trap was available,
it should not also trap primary parasitoids or other natural ene-
mies. It is therefore important to consider the specificity of the
lure to bait such a trap (and to consider aspects of trap design
or implementation) to minimize the impact on beneficial insects.
Because infochemicals are very important in mediating the behav-
ior of many insects,® and because such chemical cues usually have
species-specific effects, we propose that studying the chemical
interactions between hyperparasitoids, their parasitoid hosts, her-
bivores and plants is an essential first step.
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3 INFOCHEMICALS THAT CAN BE USED TO
MANIPULATE HYPERPARASITOID BEHAVIOR

Infochemicals are used by insects in mate, host or food location
and the (blends of) chemical compounds that guide these behav-
iors could be exploited to manipulate hyperparasitoid behavior.
Infochemicals can originate from various sources in the hyper-
parasitoid’s environment and may mediate interactions between
hyperparasitoids and other organisms (Fig. 1). Infochemicals can
function as inter-specific signals (e.g. plant volatiles or cues asso-
ciated with parasitized herbivores) or act intra-specifically (e.g.
pheromones) (Table 1). It is also possible that hyperparasitoids
respond to signals that are used in communication between or
within other species, i.e. they ‘eavesdrop’. In this section we list
the infochemicals that can be used to manipulate hyperparasitoid
behavior, whereas in Section 4 we discuss how to employ such
chemical cues in possible management strategies.

3.1 Herbivore-induced plant volatiles and other
plant-derived cues

Although herbivore-induced plant volatiles (HIPVs) are important
for many parasitoids of herbivorous hosts,?” only a few species of
hyperparasitoids are known to respond to HIPVs. Lysibia nana, a
specialized ecto-hyperparasitoid of hosts within the genus Cotesia,
prefers HIPVs emitted by cabbage plants attacked by parasitized
caterpillars over plant volatiles emitted in response to unpara-
sitized caterpillars.?® The chemical composition of the HIPV blend
changes according to the parasitism status of the attacking herbi-
vore, allowing hyperparasitoids to locate their hosts. Interestingly,

HIPV attraction of L. nana occurs regardless of the host caterpil-
larsin which C. glomerata parasitoid larvae develop (Pieris brassicae
or P. rapae), showing that the parasitoid signature overrules herbi-
vore identity in this system.'>?° Lysibia nana and also Pteromalus
semotus are attracted to HIPVs induced by parasitized caterpillars
ondifferent cabbage cultivars and both hyperparasitoids preferred
cultivars that also are more attractive to their primary parasitoid
host C. glomerata.3°

While HIPVs emitted in response to parasitized herbivores may
offer detectable and reliable cues for foraging hyperparasitoids,
as they do for primary parasitoids,?’ there is no evidence yet that
they are used by hyperparasitoids associated with aphids. Sev-
eral studies have investigated aphid hyperparasitoid responses
to plant volatiles, but the role of plants in mediating the attrac-
tion of this group of hyperparasitoids remains unclear. Eunera
augarus, an ecto-hyperparasitoid specialized on aphids feeding
on coniferous plants, discriminates between odors of coniferous
(i.e. Pinus sylvestris) versus non-coniferous plants (i.e. Betula pen-
dula), irrespective of the presence of its mummy host.'* The aphid
endo-hyperparasitoid Alloxysta pleuralis responds to foliar extracts
of plants"3? while the congeneric A. victrix and the general-
ist ecto-hyperparasitoid Dendrocerus carpenteri are attracted to a
combination of oat leaves and aphids.* In contrast, there was no
attraction of four unrelated species of hyperparasitoids (D. carpen-
teri, Asaphes suspensus, A. victrix and Syrphophagus aphidivorus)
towards volatiles from the potato plant—host complex.3* The lack
of a clear role for HIPVs in the host-searching behavior of aphid
hyperparasitoids could be due to a paucity of studies after the
first discovery of this phenomenon in the caterpillar-associated
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Figure 1. Infochemical-based searching behavior of hyperparasitoids. (A) In the natural environment, hyperparasitoids find their parasitoid hosts by
exploiting plant-derived chemical cues (HIPVs) and cues associated with the parasitized herbivores. (B) In the agricultural environment, the same
infochemicals could be used in management strategies to divert hyperparasitoids away from parasitized herbivores and lure them towards point-source
attraction devices such as sticky traps. HIPVs, herbivore-induced plant volatiles; mVOCs, microbial volatile organic compounds.
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increased residence times in
substrates contaminated with aphid
honeydew

Table 1. Hyperparasitioid species known to respond to infochemicals. Species are grouped according to three main categories of infochemicals:
plant-derived cues, herbivore-derived cues or pheromones
Hyperparasitoid species Infochemical source Effect on hyperparasitoid Chemical characterization Reference
Plant-derived cues
Alloxysta pleuralis Plants extracts Attraction to foliage extracts of arange Active compounds soluble in water 31,32
of plant species (including the host
plant pigeon pea Cajanus cajan)
Alloxysta victrix Plant-herbivore complex Attraction to volatiles from a Active compounds: (E)-B-farnesene 33
combination of oat leaves (Avena and linalool
sativa) and aphids
Dendrocerus carpenteri ~ Plant-herbivore complex Attraction to volatiles from a NA 33
combination of oat leaves (Avena
sativa) and aphids
Eunera augarus Plant volatiles Preference for volatiles of coniferous NA 13
plants (Pinus sylvestris) over non
coniferous plants (Betula pendula)
Lysibia nana HIPVs Attraction towards HIPVs emitted by Parasitization induced changes in 12,28,29
cabbage plants (Brassica oleracea) the quantitative composition of
induced by parasitized caterpillars the blend of HIPVs
over unparasitized caterpillars (E)-DMNT was present in higher
concentrations in plants
damaged by Cotesia glomerata
—parasitized caterpillars
Pteromalus semotus HIPVs Attraction towards HIPVs emitted by NA 30
cabbage plants (Brassica oleracea)
induced by parasitized caterpillars
Preferences for the cultivar Christmas
Drumhead over Badger Shipper
Herbivore-derived cues
Alloxysta victrix Parasitized aphids Arrestment response leading to a Solubility in hexane 15
significantly longer residence time  Possible involvement of cuticular
compared with unparasitized aphids hydrocarbons
Aphids Attraction to the aphid-alarm Active compound: (E)- g-farnesene 33
pheromone
Honeydew Arrestment response leading to Active compounds soluble in water 37,38
increased residence times in
substrates contaminated with the
aphid honeydew
No response to scale honeydew
No discrimination between honeydew
from parasitized and unparasitized
aphids
Baryscapus galactopus  Caterpillar body odors Attraction to volatiles released by Parasitization changes the 36
parasitized caterpillars over quantitative composition of the
unparasitized caterpillars blend of body odors
2,3-butanedione was present in
higher concentrations in the
headspace of parasitized
caterpillars
Dendrocerus carpenteri. Honeydew Arrestment response leading to Active compounds soluble in water 37,38
increased residence times in
substrates contaminated with the
aphid honeydew
No response to scale honeydew
No discrimination between honeydew
from parasitized and unparasitized
aphids
Dendrocerus carpenteri  Aphid mummies Attraction to volatiles emitted by aphid Hexane extracts contained 11 33
mummies with or without healthy compounds (long-chain alkanes,
aphids present aldehydes and alcohols
C25-C33) which were active as
mixture but not as single
compounds
Phaenoglyphis villosa Honeydew Arrestment response leading to Active compounds soluble in water 37
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Table 1. (Continued)

Hyperparasitoid species Infochemical source

Effect on hyperparasitoid

Chemical characterization Reference

Syrphophagus aphidivorus Honeydew

aphids
Pheromones

Alloxysta victrix Females and males

Dendrocerus carpenteri Females

patches

Arrestment response leading to
increased residence times in
substrates contaminated with the
aphid honeydew

No response to scale honeydew

No discrimination between honeydew
from parasitized and unparasitized

The chemical cue attracts males
(volatile sex pheromone) and repels
females (putative spacing
pheromone)

Volatile sex pheromone attracts NA 42
conspecific males. Female
attractiveness depends on age and
mating status

Marking pheromone applied on the NA 43
mummy shell after oviposition
prevents superparasitism

Marking pheromone applied on the
substrate reduces repeated
exploration of previously visited

Active compounds soluble in water 38

Active compound: MHO or 14
sulcatone

Juvenile hormone 44

HIPVs, herbivore-induced plant volatiles; (E)-DMNT, (E)-4,8-dimethylnona-1,3,7-triene; MHO, 6-methyl-5-hepten-2-one; NA, no information available.

hyperparasitoid L. nana. Using HIPVs may be particularly adap-
tive for aphid endo-hyperparasitoid species that attack parasitized
aphids that actively feed on plants. This advantage may be less
obvious for ecto-hyperparasitoids because their mummy hosts no
longer feed on the plant and such hyperparasitoids can usually
attack a wide range of aphid-parasitoid combinations.® An indica-
tion that HIPV composition may be influenced by the parasitism
status of aphids comes from recent work showing that a jasmonic
acid-responsive gene is differentially expressed after infestation
with parasitized versus healthy aphids.>

3.2 Herbivore-derived cues

Evidence that hyperparasitoids exploit herbivore-derived
cues when foraging for hosts is available for caterpillar-
as well as aphid-associated hyperparasitoids. For example,
the endo-hyperparasitoid Baryscapus galactopus uses body
odors of the herbivore to discriminate between unparasitized
caterpillars and those carrying parasitoid host larvae3® The
endo-hyperparasitoid A. victrix responds strongly to hexane
extracts of parasitized aphids, while unparasitized aphids elicit
only a weak response. This suggests that apolar compounds, such
as cuticular hydrocarbons, may be involved in hyperparasitoid
recognition of Myzus persicae aphids carrying Aphidius colemani
parasitoid larvae.”

Honeydew, excreted by aphids, may also emit infochemicals that
can be used by aphid-associated hyperparasitoids. Honeydew is a
valuable food source that can extend the longevity of hyperpara-
sitoid species in the genera Asaphes and Dendrocerus,' but it may
also indicate the presence of hosts to hyperparasitoids. Indeed,
aphid hyperparasitoids from different families (Megaspilidae,
Alloxystidae, Encyrtidae) respond to substrates contami-
nated with aphid honeydew by investigating the surrounding
areas by antennal drumming, while flight is suppressed (i.e.

arrestment behavior)."3” Infochemicals from honeydew appear
to be somewhat specific because three hyperparasitoid species
did not respond to honeydew produced by scale insects, which
are non-hosts for the primary parasitoids.3® This ability to dis-
criminate between aphid and non-aphid honeydew may allow
hyperparasitoids to focus on searching in areas where aphid
parasitoids are probably present. Nevertheless, hyperparasitoids
did not discriminate between honeydew from parasitized and
unparasitized aphids,® even though parasitism may change the
composition of honeydew, at least in terms of amino acid concen-
trations and ratios,*® and this could reveal important information
about the presence of the primary parasitoid to hyperparasitoids.
Furthermore, attraction of hyperparasitoids to honeydew over
longer distances (i.e. during in-flight foraging) has not yet been
shown. The importance of honeydew infochemicals in managing
hyperparasitoids is therefore likely to be limited compared to
more specific signals such as cuticular compounds or HIPVs, the
latter having the additional advantage of being attractive over
larger distances.

3.3 Pheromones

Pheromones are an interesting group of infochemicals employed
in management of hyperparasitoids. Pheromones mediate
intraspecific communication and are important in insects for
mate finding and recognition, for aggregation of individuals of
both sexes, and for marking previously visited patches or para-
sitized hosts to prevent superparasitism. An extensive body of
literature on pheromones exists for herbivorous insects,**4! while
research on the effects of pheromones on parasitoids and hyper-
parasitoids has lagged behind. The limited information available
for hyperparasitoids illustrates the complexity of intraspecific
communication, at least in some species. For example, three
different pheromones have been described so far for the aphid
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ecto-hyperparasitoid Dendrocerus carpenteri: (i) a volatile sex
pheromone released by females that attracts males,*? (i) an exter-
nal marking pheromone deposited on mummies after oviposition
that prevents superparasitism,** and (iii) external marks applied
on the substrate that reduce repeated exploration of previously
visited patches (i.e. areas with hosts).** The chemical cues used to
mark parasitized aphids appear to be composed of two externally
perceivable chemical markers that are deposited on mummy
shells: one marker is short-lived but strongly active whereas the
other marker is more persistent but moderately active.*> Further-
more, behavioral assays suggest that the infochemicals left on
patches with hosts are different from marks left on patches where
no hosts have been found.** The aphid hyperparasitoid Alloxysta
victrix produces a volatile sex pheromone whose major com-
pound, 6-methyl-5-hepten-2-one (MHO, also known as sulcatone),
has been suggested to act as a sex pheromone.'* Surprisingly,
there is no evidence that MHO plays a role in intraspecific commu-
nication in the closely related species A. brevis.*> (E)-p-farnesene,
which is an aphid alarm-pheromone, attracts the aphid hyper-
parasitoid A. victrix, albeit at low response rates,3 suggesting
that hyperparasitoids may indeed eavesdrop on communication
between other organisms.

3.4 Microbial volatiles

Some microbial volatile organic compounds (mVOCs) can be
insect infochemicals. This discovery has recently opened up a new
field in chemical ecology and mVOCs are potentially very impor-
tant for communication between higher organisms, such as plants
and insects.*® In fact, manipulating insect—microbe chemical com-
munication could be a novel approach to control insect pests in
agriculture.*” Unfortunately, virtually nothing is known on the role
of microbial volatiles in the chemical ecology of fourth trophic
level organisms. Future research efforts should be made to eluci-
date whether mVOCs are reliable signals for hyperparasitoids dur-
ing mate and host finding, and whether they may be exploited in
infochemical-based management strategies.

4 DEVELOPING PUSH-PULL AND OTHER
INFOCHEMICAL-BASED STRATEGIES TO
MANAGE HYPERPARASITOIDS

4.1 Push-pull strategies in pest control
Infochemicals have been used successfully in pest control to moni-
tor insect pest populations, to remove pests from the environment
(mass trapping), or to interfere with their behavior to reduce dam-
age to the crop.*® Most of these infochemical-based pest manage-
ment strategies rely on pheromones of the targeted species. Plant
volatiles have been implemented most successfully in push-pull
strategies to manipulate the behavior of pests and/or their natural
enemies.*%°0

A push-pull strategy consists of a two-component approach in
which infochemicals are combined with each other to alter the
behavior of the target organisms (either the pests or their nat-
ural enemies) in order to influence their abundance and distri-
bution in the crop.* When the target organism is a pest insect,
repellents or deterrents to ‘push’ them away from the crop are
combined with attractant or stimulant cues to ‘pull’ them into
other areas such as a neighboring trap crop or into baited traps.
In the case of parasitoids, the goal is to combine chemical cues to
push them out of the area surrounding the crop and to pull them
into the focal crop. Push-pull implementation has in some cases

achieved promising results, for example in management of stem-
borers in maize and sorghum in sub-Saharan Africa.’ Molasses
grass Melinis minutiflora (push component) emits compounds such
as (E)-p-ocimene and (E)-4,8-dimethyl-1,3,7-nonatriene that are
repellent in pest oviposition assays.>® Napier grass Pennisetum
purpureum (pull component) is used as the trap crop in which
stemborers oviposit heavily despite the strong mortality experi-
enced by the developing larvae.>? An advantage of a push-pull
strategy, compared with strategies based on a single infochemi-
cal, is to exploit the combined effects of the attractive and repel-
lent components, which often act in synergy to influence insect
behavior.* In fact, either push or pull component may not be (suf-
ficiently) effective when acting alone because their effects may be
not strong enough to modify the distribution/abundance of the
targeted insects.

4.2 Push-pull strategies to manipulate hyperparasitoids

We suggest that a push-pull strategy could also be an interest-
ing approach for hyperparasitoid management because a com-
bination of infochemicals may be selected to effectively remove
hyperparasitoids from the agricultural environment, while mini-
mizing the impact on beneficial insects. Different infochemicals
may be combined to push hyperparasitoids away from their par-
asitoid hosts and to pull them into traps, thus releasing primary
parasitoids from hyperparasitoid pressure. Alternatively, the same
infochemical (blend) may be used to simultaneously pull hyper-
parasitoids into a trap and to push primary parasitoids away from
the trap, thus minimizing the removal of beneficial natural ene-
mies from the crop (Fig. 2). This alternative push-pull strategy is
similar to conventional mass trapping, with the difference that the
used infochemicals have the dual function of attracting hyperpar-
asitoids and repelling primary parasitoids so that only hyperpar-
asitoids would be caught in traps and removed from agricultural
settings.

Hyperparasitoid pheromones may be particularly suitable
as push components. For example, external host-marking
pheromones, used by hyperparasitoids to prevent superpar-
asitism or to mark previously explored areas, would interfere
with hyperparasitoid foraging behavior, effectively disguising
parasitized hosts as already exploited resources. As such, a hyper-
parasitoid marking pheromone could be used to protect primary
parasitoids (i.e. the biological control agents) from hyperpar-
asitism upon introduction into the greenhouse. This may be
important for parasitoids attacked by species of Dendrocerus and
Asaphes that attack aphid mummies until approximately a day
before primary parasitoids emerge.'">* Marking pheromones act
at short range so a possible strategy could be to directly apply
the pheromone to the release devices with the biological con-
trol agents (e.g. the containers with mummies could be coated
with the pheromone), whereas the use of dispensers may be less
effective given the low volatility of these compounds. Spraying
pheromones onto the crop may be effective but requires assays
first to verify if this leads to interactions between the pheromones
and the plants. Infochemicals that act over a longer range than
currently identified aphid hyperparasitoid marking pheromones
would be even more suitable as a first line of defense against
hyperparasitoid attack. However, to date, no other sources of info-
chemicals that repel hyperparasitoids have been found, likely due
to the fact that hyperparasitoids are understudied as pest insects.
The novel (and largely unknown) field of insect—microbe com-
munication may provide opportunities to explore whether there
are mVOCs that specifically repel hyperparasitoids, and not their
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Figure 2. Infochemical-based strategies to manage hyperparasitoids in agricultural environments. (A) Possible push-pull approach where marking
pheromones are used to push hyperparasitoids away from parasitized herbivores and HIPVs (derived from plants induced by parasitized herbivores)
are used to pull hyperparasitoids towards a trapping device. HIPVs derived from plants induced by parasitized herbivores also push parasitoids away from
the trap, thus minimizing the removal of biological control agents from the agricultural environment. (B) Marking pheromones can be used to limit the
accessibility of resources (e.g. sugars or parasitized aphids present in banker plants) to hyperparasitoids. (C) Sex pheromones can be used to monitor

hyperparasitoid presence for early detection in the agricultural environment.

primary parasitoid hosts. If such compounds are discovered, they
could be synthetized and implemented in an infochemical-based
management strategy. Alternatively, mVOCs may be produced
by the repellent microbes directly. Microbes could be grown in
containers with media suitable for bacterial and/or fungal growth
and placed in the crop. We think this approach would be more
successful than spraying microbes directly onto plants or coating
seeds with microbes because of possible interactive effects of
bacterial/fungal cells with the crop.

Pheromones have been successfully applied as pull components
in monitoring and mass trapping of herbivorous insects.*! For
example, female cerambycid beetles produce a sex pheromone
that attracts conspecific males and additionally acts as an aggre-
gation pheromone (i.e. by also attracting conspecific females)
thus recruiting conspecifics of both sexes.*® The latter property
makes such pheromones particularly useful because all individu-
als in the pest population are targeted. Whereas no aggregation
pheromones have been identified in hyperparasitoids, evidence
of sexual communication is available for species in the genera
Dendrocerus and Alloxysta, where males are attracted to conspe-
cific females."**? In mass trapping, removing only males from
the crop would be a limitation of using sex pheromones because
the female hyperparasitoids that kill the primary parasitoids by
laying eggs in their host would not be targeted. Nonetheless,

such infochemicals could still be used in monitoring traps (Fig. 2
and below). The species-specificity of sex pheromones can be
an advantage because this may reduce the impact on behavior
of beneficial insects, but it may also be a disadvantage because
multiple pull stimuli would be needed when the biocontrol agent
is attacked by a complex of hyperparasitoids. In the case of MHO,
its function as a sex pheromone in Alloxysta victrix is apparently
indeed highly species-specific because the congeneric A. brevis is
not attracted.'*> However, MHO induces dispersal in the aphid
parasitoid Aphidius uzbekistanicus, potentially interfering with its
foraging efficiency.?’ Due to this negative effect on the beneficial
insects, using MHO for mating disruption of Alloxysta victrix may
not be advised because a high number of lures (and thus high
concentration of the chemical compound) would likely be needed
to interfere with the pheromonal communication of the targeted
hyperparasitoids.

HIPVs are also of potential interest for push-pull strategies
because they may simultaneously affect both hyperpara-
sitoids and their parasitoid hosts. Cabbage plants emit HIPVs
in response to feeding by parasitized caterpillars that attract
hyperparasitoids®® but repel primary parasitoids.>* Repellence
of the latter by these HIPVs is thought to reduce intra-specific
competition and to improve the efficiency of parasitoids as they
do not waste time exploring a plant containing already exploited
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resources. Because HIPVs emitted in response to parasitized pests
selectively attract caterpillar-associated hyperparasitoids, their
implementation in biological pest control programs is promising.
Furthermore, traps baited with HIPVs are expected to mainly
attract hyperparasitoid females and this should lead to an effec-
tive decline of the hyperparasitoid population. As described
above, hyperparasitoids can also exploit cues from parasitized
pest insects but because these cues (body odors of caterpillars
and cuticular hydrocarbons of aphids) are perceived at short
range, their value as a pull component is limited compared to
HIPVs, which are airborne signals that generally act over larger
distances.

To summarize, to control hyperparasitoids with push-pull, per-
haps the most effective approach would be to combine the
most promising stimuli discussed above (HIPVs as pull, marking
pheromones as push) to achieve multiple beneficial effects, such
as (i) protection of developing parasitoids, which is especially
important when the stage of the biological control agent that
is released in the crop is also the suitable host stage for hyper-
parasitoids, (ii) attraction of adult hyperparasitoids towards the
trap, and (iii) repellence of primary parasitoids away from the trap
(Fig. 2(A)).

4.3 Other infochemical-based strategies to manage
hyperparasitoids
Disrupting hyperparasitoid behavior with repellent/deterrent
infochemicals could also be used in strategies to support primary
parasitoids without also supporting their hyperparasitoid natural
enemies, e.g. in a conservation biological control context. For
example, melibiose is a sugar commonly found in floral nectar,
which benefits primary aphid parasitoids (Aphidius colemani
and A. matricariae) more than the hyperparasitoid Dendrocerus
aphidum.>® Using repellent/deterrent infochemicals in crop areas
where sugar sources are provided could further limit the acces-
sibility of these resources to hyperparasitoids. A similar approach
could be used to optimize the use of banker plants in green-
houses: these are non-crop plants (often cereals) infested with
aphid species that do not attack the crop, yet the aphids are
suitable hosts for parasitoid species, which can thus increase their
abundance in the greenhouse. Banker plants thus enhance the
complexity of simplified confined agro-ecosystems and represent
a reservoir of alternative hosts for primary parasitoids but may at
the same time provide a jackpot to hyperparasitoids (Fig. 2(B)).>
The same risk may exist when companion plants are used to pro-
vide alternative food or hosts in conservation biological control in
the open field.>” Thus, chemical ecology could help to tailor these
biocontrol strategies to selectively benefit the biological control
agent, provided infochemicals can be found that influence the
behavior of primary and hyperparasitoids differentially.
Knowledge of the chemical ecology of hyperparasitoids can also
be applied in other ways. For example, hyperparasitoids could be
detected at an early stage by using monitoring traps baited with
sex pheromones or other attractive infochemicals. Early detection
could be particularly useful in those situations where hyperpara-
sitoids cannot be effectively managed. In these cases, to prevent
disruption of biological control, a possible solution could be to
switch from regular releases of primary parasitoids towards releas-
ing predatory natural enemies. In this situation, monitoring traps
for hyperparasitoids allow the timing of the release of the alterna-
tive biocontrol agent immune to hyperparasitoids to be optimized
(Fig. 2(Q)).

5 CONCLUSION AND FUTURE RESEARCH

The few studies on the use of infochemicals by hyperparasitoids
have highlighted that these top carnivores respond to a variety of
plant- and insect-derived cues. However, to exploit infochemicals
in hyperparasitoid management strategies to enhance biological
pest control, a more thorough understanding of their chemical
ecology is needed. This will be challenging given the diversity
of hyperparasitoid communities that may attack the parasitoid
species used for biological control. Up to now, little is known about
infochemicals that elicit long-range repellence and that could be
employed to ‘push’ hyperparasitoids away from their parasitoid
hosts. mVOCs represent an untapped potential source of info-
chemicals for dealing with hyperparasitoids and further research
is needed to unravel their function, especially to clarify whether
mVOCs could act as long-range repellents. Current information
on hyperparasitoid chemical ecology is scarce and scattered
over different biological systems, precluding generalizations. In
particular, we do not yet understand how widely HIPVs are used
by hyperparasitoids and consequently what the true potential of
such infochemicals as ‘pull’ components is. There is evidence that
caterpillar-associated hyperparasitoids can discriminate between
HIPVs induced by parasitized and unparasitized herbivores, but
whether aphid-associated hyperparasitoids are capable of doing
so remains to be shown.

5.1 Aresearch agenda to identify infochemicals to manage
hyperparasitoids

Future research efforts should identify infochemicals that mediate
the behavior of hyperparasitoids, particularly of aphid-associated
hyperparasitoids because they are often responsible for disrupting
biological control in greenhouses (Table S1). A possible research
approach could consist of the following steps: (i) chemical analy-
ses to identify the chemical composition of the biological source
known to be attractive or repellent for hyperparasitoids, (ii) elec-
troantennogram studies and/or behavioral assays with synthetic
chemical compounds to select a subset of candidate infochem-
icals present in the complete blends, and (iii) greenhouse (or
field) tests with selected candidate compounds, including evalu-
ating the impact on non-targets, particularly natural enemies of
the pest insect. Key compounds that have a role as hyperpara-
sitoid pheromones have been identified for a few aphid-associated
species and these chemicals could already be tested in a green-
house setting to develop attractive lures (phase 3). Unfortunately,
attractive compounds such as the commercially available MHO
also induce the dispersal of third trophic level parasitoids, warrant-
ing special attention to evaluate whether the benefits of decreased
hyperparasitoid populations by using MHO-based lures outweigh
the costs of a reduction in parasitoid efficiency.

An important next step in designing an effective
infochemical-based management strategy concerns the opti-
mal concentration of active compounds. This is a challenging
step because optimal concentrations are not known for many
carnivores, including hyperparasitoids, and may differ between
the hyperparasitoid species present in the crop. Studies on
third trophic level parasitoids and predatory mites suggest that
attraction towards infochemicals is likely to be maximized at
intermediate concentrations due to a dose-response relationship
that is hump-shaped.”®>° Thus, further studies should investi-
gate hyperparasitoid responses to different doses of candidate
chemical compound(s) to unravel which concentrations are the
most effective in attracting hyperparasitoids. At the same time,
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varying the concentration of infochemicals presents an oppor-
tunity to minimize the impact on beneficial natural enemies
because optimal concentrations are likely to be species-specific.
The effectiveness of a lure is also determined by the medium from
which the lure is released and by the density of lures installed in
the crop, and these aspects need to be optimized to maximize
the effectiveness of the management strategy in a cost-effective
way. Furthermore, because applications must be easy to use
for growers, passive systems (i.e. rubber dispensers or coated
traps) are probably better than active systems (i.e. air streams in
greenhouses). Slow release dispensers to deliver optimal rates of
infochemicals tailored to each hyperparasitoid species may be
the best solution in such challenging situations because they can
deliver constant rates over long periods of time.

Finally, trap design and placement are key aspects for effec-
tive hyperparasitoid management. Because the goal is to remove
hyperparasitoids, point-source attraction devices such as sticky
traps or delta traps baited with the attractive lure can be employed.
These traps are relatively cheap and widely available on the mar-
ket. The placement of the trap likely depends on the specific crop-
ping system, and height may be varied throughout the season due
to plant growth. Trap color should be considered because hyper-
parasitoids may respond to different colors to their primary para-
sitoid hosts. For example, the aphid hyperparasitoid Pachyneuron
aphidis is sensitive to yellow light, unlike its host Aphidius gifuen-
sis, %1 suggesting that yellow sticky traps would be a good choice
in this case. The number of hyperparasitoids present in/on traps
could be used to assess trap efficacy and inspections should also
evaluate how many beneficial insects are removed from the agri-
cultural environment. During development - and ideally also dur-
ing commercial trap use - assessments of trap efficacy should also
include functional changes with respect to biological control of the
pest insect (i.e. whether there is an effective drop in hyperpara-
sitism rates).

5.2 Targeting hyperparasitoids with transgenic plants or
with plants primed for defenses

An alternative approach to the use of synthetic infochemicals
to manage hyperparasitoids is the use of transgenic plants that
emit such infochemicals.? For example, wheat plants exist that
overexpress (E)-f-farnesene, the alarm pheromone for many pest
aphid species. However, using these plants did not lead to the
expected level of biological pest control, likely because plants
without pest insects continuously emit this infochemical, which
may disrupt the attraction of primary parasitoids. When para-
sitoids are attracted to plants without herbivore hosts, they may
become habituated to the infochemical, leading to a reduction
or even lack of response to the overexpressed infochemical.®?
How hyperparasitoids would respond to such transgenic plants
under laboratory and field conditions remains to be investigated.
A disadvantage of the continuous emission of volatile compounds
from uninfested plants are the metabolic costs involved. Instead
of using their resources for growth, plants may ‘waste’ resources
to produce chemical compounds, even when hyperparasitoids
are not present in the environment. To overcome these problems,
plant ‘priming’ (a physiological state in which a plant is condi-
tioned for faster and stronger defense activation) may be a more
useful strategy because defenses are not active continuously.5®
Plant priming occurs when uninfested plants respond to signals
indicating herbivore presence in the environment (i.e. HIPVs from
neighboring infested plants) and it allows plants to prepare their
defenses when herbivory occurs. So far, knowledge of the effects

of plant priming on parasitoids is scarce and nothing is known
for hyperparasitoids, so it is challenging to predict if and how this
strategy could be used to manage hyperparasitoids.

5.3 Challenges and perspectives for infochemical-based
hyperparasitoid management
We suggest that developing hyperparasitoid management strate-
gies in confined environments such as greenhouses provide the
best opportunity, both from an economical and biological per-
spective. In confined environments, hyperparasitoids build up
their populations faster than in the field, potentially leading to
the extinction of the pest’s natural enemies.® Developing efficient
biological control methods is therefore especially needed in pro-
tected agriculture considering that fewer new insecticides are
becoming available on the market and pesticide applications may
be particularly harmful for workers in confined environments.®
This makes the economic benefits of developing trapping sys-
tems for hyperparasitoids greater in protected agriculture than
in open fields. Moreover, environmental conditions are much
more variable in open fields, which may hamper successful imple-
mentation of infochemical-based strategies. In fact, an extensive
body of literature exists on attraction of parasitoids and other
carnivores to infochemicals in the laboratory, yet implementation
of infochemical-based tactics to manipulate parasitoid behavior
is limited, with failures possibly due to the complexity of field
cropping systems.®%° In greenhouses, the application of info-
chemicals has not yet been considered in a biological control
context because the focus has been on third trophic level par-
asitoids that are released and retained in the closed system so
there is limited need to lure them into crops from surrounding
areas.% However, the emerging pattern that hyperparasitoids can
disrupt commercial biological control by parasitoids opens new
scenarios for implementation of infochemicals in greenhouses.
It is difficult to predict the actual feasibility and the likelihood
of implementation of push-pull strategies to manage hyperpar-
asitoids. So far, no studies attempted to achieve this goal and
certainly carrying out semi-field experiments with synthetic com-
pounds is a crucial step towards understanding the real potential
of this infochemical-based approach. Currently, no other effective
strategies are available for growers when hyperparasitoids disrupt
biological control. In fact, under such circumstances, the only
pesticide-free solution may be to switch from parasitoids to other
biological control agents that are less susceptible or immune to
hyperparasitoids (i.e. predators). Considering the need to find
strategies that can replace pesticides in protected agriculture, we
see a need to invest in developing a push-pull approach, which
has proven to be very successful in pest management in other
cropping systems.*

Shifting from pesticide application to biological control requires
a better understanding of food web functioning, as four-trophic
level systems commonly occur, even in simple agroecosystems
such as greenhouses. Research on chemical ecology should there-
fore be integrated with community ecology to evaluate the impact
of hyperparasitoid management at each trophic level in the
food web. In this sense, infochemical-based tactics that rely on
HIPVs provide more challenges compared with hyperparasitoid
pheromones. The latter chemical signals are generally highly spe-
cific to a single species and sex, whereas plant volatile compounds
are known to affect organisms of different trophic levels, includ-
ing neighboring plants, pests and natural enemies.?’#%8 More-
over, HIPVs usually consist of complex blends of volatiles, of which
one or more compounds play a role in mediating insect behavior,
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often in specific ratios.®’° Regardless of whether plant-derived
or insect-derived chemical cues are used, it is important that the
compound selectively targets hyperparasitoids without interfer-

16

Gomez-Marco F, Urbaneja A, Jaques JA, Rugman-Jones PF,
Stouthamer R and Tena A, Untangling the aphid-parasitoid food
web in citrus: can hyperparasitoids disrupt biological control? Biol
Control 81:111-121 (2015).

ing with the activity of primary parasitoids. To conclude, managing 17 Beddington JR and Hammond PS, Dynamics of host-parasite hyper-

hyperparasitoids in greenhouse crop cultivation using infochem- parasite interactions. J Anim Ecol 46:811-821 (1977).

icals is a promising approach but many research efforts are still 18 Jervis MA and Kidd NAC, Host-feeding strategies in hymenopteran

needed to develop effective (push-pull) strategies _ parasitoids. Biol Rev Camb Philos Soc 61:395-434 (1986).

' 19 Eichhorn O, Experimental studies upon the parasitoid complex of the
gypsy moth (Lymantria dispar L.) (Lep., Lymantriidae) in lower host

populations in eastern Austria. J Appl Entomol 120:205-212 (1996).

20 Holler C, Micha SG, Schulz S, Francke W and Pickett JA, Enemy-induced

ACKNOWLEDGEMENTS dispersal in a parasitic wasp. Experientia 50:182-185 (1994).

We thank Dr. Tolis Pekas for the original idea about this review.Our 21 Mackauer M and V&lkl W, Sex ratio shift caused by hyperparasitism

research is funded by Open Competition grants from the Nether- in the solitary parasitoid Lysiphlebus hirticornis (Hymenoptera: Bra-

lands Organization for Scientific Research (NWO) [ALW Open Pro- 2 vasoﬁflf:;)éspglilrl\r:jaisﬁg(ij f”fég‘;’r ;r?tz?;i ;Jitsi:i(()znoise)t.ween oar

gramme ALWOP.343 to A.C.and ALWOP.368 to E.H.P.and M.E.B.and asitoids mediated by a shared hyperparasitoid. Ecol Lett 3:82-84

domain TTW project number 13848 (J.G.d.B.)]. (2000).

23 Holt RD and Hochberg ME, The coexistence of competing parasites.
Part Il - hyperparasitism and food chain dynamics. J Theor Biol
193:485-495 (1998).

SUPPORTING INFORMATION 24 Tougeron K and Tena A, Hyperparasitoids as new targets in biological

Supporting information may be found in the online version of this control in a global change context. Biol Control 130:164-171(2018).

article. 25 Heinen R and Harvey JA, Spatial and temporal diversity in hyperpara-

sitoid communities of Cotesia glomerata on garlic mustard, Alliaria
petiolata. Ecol Entomol 44:357-366 (2019).

REFERENCES 26 Wel?ster B and Cardé RT, Use of habitat odour by host-seeking insects.
. - s . Biol Rev 92:1241-1249 (2017).

1 Pr|c§ PW, Par.a5|t.|ods utilizing the same host: adaptive nature of 27 Mumm R and Dicke M, Variation in natural plant products and the

'd|ffer'ences in size and form.E.cology 53:1,90,_195 (1972). X attraction of bodyguards involved in indirect plant defense. Can

2 Kimberling DN, Lessons from history: predicting successes and risks JZool 88:628-667 (2010)
of intentional introductions for arthropod biological control. Biol 28 Poelman EH, Bruinsma M,' Zhu F, Weldegergis BT, Boursault AE,
Invasions 6:301-318 (2004). ) ) ) . Jongema Y etal.,, Hyperparasitoids use herbivore-induced plant

3 van Lenteren JC, The state of commercial augmentative biological volatiles to locate their parasitoid host. PLoS Biol 10:e1001435
control: plenty of natural enemies, but a frustrating lack of uptake. (2012).

BioControl 57:1-20 (2012). o o 29 ZhuF, Broekgaarden C, Weldegergis BT, Harvey JA, Vosman B, Dicke M

4 Chen YH, Gols R and Benrey B, Crop domestication and its impact on etal., Parasitism overrides herbivore identity allowing hyperpara-
naturally selected trophic interactions. Annu Rev Entomol 60:35-58 sitoids to locate their parasitoid host by using herbivore-induced
(2015). ) , plant volatiles. Mol Ecol 24:2886-2899 (2015).

5 Matsuno Kand Ono N, How many trophic levels are there? J Theor Biol 30 Poelman EH, Harvey JA, van Loon JJA, Vet LEM and Dicke M, Varia-
1§°:105‘109 (1“996)- » . . tion in herbivore-induced plant volatiles corresponds with spatial

6 Sullivan DJ and V6Ikl W, Hyperparasitism: multitrophic ecology and heterogeneity in the level of parasitoid competition and parasitoid
behavior. Annu Rev Entomol 44:291-315(1999). exposure to hyperparasitism. Funct Ecol 27:1107-1116 (2013).

7 Askew AR and Shaw MR, Parasitoid communities: their size, structure 31 sjngh R and Srivastava PN, Factors associated with host location by
and developmer.mt, in Insect Parasitoids, ed. by Waage J and Great- Alloxysta pleuralis (Cameron), a hyperparasitoid of Trioxys indicus
head D. Academic Press, London, pp. 225-264 (1986). Subba Rao and Sharma (Alloxystidae: Hymenoptera/Aphidiidae:

8 Schooler SS, De Barro P and Ives AR, The potential for hyperparasitism Hymenoptera). Entomon 12:325-328 (1987).
to compromise biological control: why don't hyperparasitoids drive 35 singh Rand Srivastava PN, Potential host-habitat location by Alloxysta
their primary parasitoid hosts extinct? Biol Control 58:167-173 pleuralis (Cameron) (Alloxystidae: Hymenoptera). Z Angew Zool
(2011). 74:337-341 (1987).

9 Brodeur J, Host specificity and trophic relationships of hyperpara- 33 Sjri N, Analysis of Host Finding Behaviour of Two Aphid Hyperparasitoids
sitoids, in Parasitoid Population Biology, ed. by Hochberg ME and Ives (Hymenoptera: Alloxystidae, Megaspilidae). Christian-Albrechts Uni-
AR. Princeton University Press, Princeton, pp. 163-183 (2000). versity, Kiel, Germany (1993).

10 Harvey JA, Wagenaar R and Bezemer TM, Life-history traits in closely 34 Buitenhuis R, Vet LEM, Boivin G and Brodeur J, Foraging behaviour
related secondary parasitoids sharing the same primary parasitoid at the fourth trophic level: a comparative study of host location in
host: evolutionary opportunities and constraints. Entomol Exp Appl aphid hyperparasitoids. Entomol Exp Appl 114:107-117 (2005).
132:155-164 (2009). 35 Vaello T, Sarde SJ, Marcos-Garcia MA, de Boer JG and Pineda A,

11 de Boer JG, Salis L, Tollenaar W, van Heumen LJM, Costaz TPM, Harvey Modulation of plant-mediated interactions between herbivores of
JA etal, Effects of temperature and food source on reproduction different feeding guilds: effects of parasitism and belowground
and longevity of aphid hyperparasitoids of the genera Dendrocerus interactions. Sci Rep 8:14424 (2018).
and Asaphes. BioControl 64:277-290 (2019). 36 Zhu F, Weldegergis BT, Lhie B, Harvey JA, Dicke M and Poelman EH,

12 Cusumano A, Harvey JA, Dicke M and Poelman EH, Hyperparasitoids Body odors of parasitized caterpillars give away the presence of
exploit herbivore-induced plant volatiles during host location to parasitoid larvae to their primary hyperparasitoid enemies. J Chem
assess host quality and non-host identity. Oecologia 189:699-709 Ecol 40:986-995 (2014).

(2019). 37 Budenberg WJ, Honeydew as a contact kairomone for aphid para-

13 Volkl W and Sullivan DJ, Foraging behaviour, host plant and host sitoids. Entomol Exp Appl 55:139-148 (1990).
location in the aphid hyperparasitoid Euneura augarus. Entomol Exp 38 Buitenhuis R, McNeil JN, Boivin G and Brodeur J, The role of hon-
Appl 97:47-56 (2000). eydew in host searching of aphid hyperparasitoids. J Chem Ecol

14 Micha SG, Stammel J and Holler C, 6-Methyl-5-heptene-2-one, a 30:273-285 (2004).
putative sex and spacing pheromone of the aphid hyperpara- 39 Cloutier C, Amino acid utilization in the aphid Acyrtosiphon
sitoid, Alloxysta victrix (Hymenoptera, Alloxystidae). Eur J Entomol pisum infected by the parasitoid Aphidius smithi. J Insect Physiol
90:439-442 (1993). 32:263-267 (1986).

15 Grasswitz TR, Contact kairomones mediating the foraging behav- 40 Hanks LM and Millar JG, Sex and aggregation-sex pheromones of
ior of the aphid hyperparasitoid Alloxysta victrix (Westwood) cerambycid beetles: basic science and practical applications.JChem
(Hymenoptera : Charipidae). J Insect Behav 11:539-548 (1998). Ecol 42:631-654 (2016).

wileyonlinelibrary.com/journal/ps © 2019 The Authors. Pest Manag Sci 2020; 76: 432-443

Pest Management Science published by John Wiley & Sons Ltd on behalf of Society of Chemical Industry.



Hyperparasitoid management

WWW.S0Ci.org

@)
SCI

41 Witzgall P, Kirsch P and Cork A, Sex pheromones and their impact on their hyperparasitoid Dendrocerus aphidum. J Pest Sci 91:351-360
pest management. J Chem Ecol 36:80-100 (2010). (2018).

42 Schworer U, Volkl W and Hoffmann KH, Foraging for mates in 56 Nagasaka K, Takahasi N and Okabayashi T, Impact of secondary par-
the hyperparasitic wasp, Dendrocerus carpenteri: impact of asitism on Aphidius colemani in the banker plant system on aphid
unfavourable weather conditions and parasitoid age. Oecologia control in commercial greenhouses in Kochi, Japan. Appl Entomol
119:73-80 (1999). Zool 45:541-550 (2010).

43 Holler C, Williams HJ and Vinson SB, Evidence for a 2-component 57 Rand TA, van Veen FJF and Tscharntke T, Landscape complexity differ-
external marking pheromone system in an aphid hyperparasitoid. entially benefits generalized fourth, over specialized third, trophic
J Chem Ecol 17:1021-1035 (1991). level natural enemies. Ecography 35:97-104 (2012).

44 Holler C and Hérmann R, Patch marking in the aphid hyperparasitoid, 58 de Boer JG and Dicke M, The role of methyl salicylate in prey searching
Dendrocerus carpenteri — the information contained in patch marks. behavior of the predatory mite Phytoseiulus persimilis. J Chem Ecol
Oecologia 94:128-134 (1993). 30:255-271 (2004).

45 Volkl W, Hibner G and Dettner K, Interactions between Alloxysta brevis 59 Whitman DW and Eller FJ, Orientation of Microplitis croceipes
(Hymenoptera, Cynipoidea, Alloxystidae) and honeydew-collecting (Hymenoptera, Braconidae) to green leaf volatiles — dose-response
ants — how an aphid-hyperparasitoid overcomes ant aggression by curves. J Chem Ecol 18:1743-1753 (1992).
chemical defense. J Chem Ecol 20:2901-2915 (1994). 60 Chen Z, Kuang RP, Zhou JX and Liu X, Phototactic behaviour in

46 Davis TS, Crippen TL, Hofstetter RW and Tomberlin JK, Micro- Aphidius gifuensis (Hymenoptera: Braconidae). Biocontrol Sci Technol
bial volatile emissions as insect semiochemicals. J Chem Ecol 22:271-279 (2012).

39:840-859 (2013). 61 Chen Z, Liu X, Zhou JX, Dou H and Kuang RP, Phototactic

47 BeckJJand Vannette RL, Harnessing insect-microbe chemical commu- behaviour of Pachyneuron aphidis (Hymenoptera: Pteromali-
nications to control insect pests of agricultural systems. J Agric Food dae) - hyperparasitoid of Myzus persicae (Hemiptera: Aphidiae).
Chem 65:23-28 (2017). Biocontrol Sci Technol 24:1469-1480 (2014).

48 Rodriguez-Saona CR and Stelinski LL, Behavior-modifying strategies in 62 Bruce TJA, Aradottir GI, Smart LE, Martin JL, Caulfield JC, Doherty A
IPM: theory and practice, in Integrated Pest Management: Innovation et al., The first crop plant genetically engineered to release an insect
Development Process, ed. by Peshin R and Dhawan AK. Springer, pheromone for defence. Sci Rep 5:11183 (2015).

Dordrecht, The Netherlands, pp. 263-315 (2009). 63 Martinez-Medina A, Flors V, Heil M, Mauch-Mani B, Pieterse CMJ,

49 Cook SM, Khan ZR and Pickett JA, The use of push-pull strategies Pozo MJ et al., Recognizing plant defense priming. Trends Plant Sci
in integrated pest management. Annu Rev Entomol 52:375-400 21:818-822 (2016).

(2007). 64 van Lenteren JC, A greenhouse without pesticides: fact or fantasy?

50 Khan ZR, AmpongNyarko K, Chiliswa P, Hassanali A, Kimani S, Crop Prot 19:375-384 (2000).

Lwande W et al., Intercropping increases parasitism of pests. Nature 65 Meiners T and Peri E, Chemical ecology of insect parasitoids: essential
388:631-632(1997). elements for developing effective biological control programmes,

51 Khan ZR and Pickett JA, The ‘push-pull’ strategy for stemborer man- in Chemical Ecology of Insect Parasitoids, ed. by Wajnberg E and
agement: a case study in exploiting biodiversity and chemical ecol- Colazza S. Wiley-Blackwell, UK, Chichester, West Sussex, pp.
ogy, in Ecological Engineering for Pest Management: Advances in 193-224(2013).

Habitat Manipulation for Arthropods, ed. by Gurr GM, Wratten SD and 66 Messelink GJ, Bennison J, Alomar O, Ingegno BL, Tavella L, Shipp Let al.,
Altieri MA. CABI, Wallington, pp. 155-164 (2004). Approaches to conserving natural enemy populations in green-

52 Khan ZR, Midega CAO, Hutter NJ, Wilkins RM and Wadhams LJ, Assess- house crops: current methods and future prospects. BioControl
ment of the potential of Napier grass (Pennisetum purpureum) vari- 59:377-393 (2014).
eties as trap plants for management of Chilo partellus. Entomol Exp 67 Bruce TJA, Wadhams LJ and Woodcock CM, Insect host location: a
Appl 119:15-22 (2006). volatile situation. Trends Plant Sci 10:269-274 (2005).

53 Mitsunaga T, Nagasaka K and Moriya S, Development and para- 68 Heil M and Karban R, Explaining evolution of plant communication by
sitization of an aphid’s secondary parasitoid, Dendrocerus laticeps airborne signals. Trends Ecol Evol 25:137-144 (2010).
(Hymenoptera: Megaspilidae), on Aphidius colemani (Hymenoptera: 69 Bruce TJA and Pickett JA, Perception of plant volatile blends by herbiv-
Braconidae). Appl Entomol Zool 49:511-518 (2014). orousinsects - finding the right mix. Phytochemistry 72:1605-1611

54 Fatouros NE, Van Loon JJA, Hordijk KA, Smid HM and Dicke M, (2011).

Herbivore-induced plant volatiles mediate in-flight host discrimina- 70 McCormick AC, Unsicker SB and Gershenzon J, The specificity of
tion by parasitoids. J Chem Ecol 31:2033-2047 (2005). herbivore-induced plant volatiles in attracting herbivore enemies.

55 Goelen T, Baets D, Kos M, Paulussen C, Lenaerts M, Rediers H etal., Trends Plant Sci 17:303-310 (2012).

Gustatory response and longevity in Aphidius parasitoids and
Pest Manag Sci 2020; 76: 432-443 ©2019 The Authors. wileyonlinelibrary.com/journal/ps

Pest Management Science published by John Wiley & Sons Ltd on behalf of Society of Chemical Industry.




