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Insect herbivores interact via plant-mediated interactions in
which one herbivore species induces changes in plant quality
that affects the performance of a second phytophagous insect
that shares the food plant. These interactions are often
asymmetric due to specificity in induced plant responses to
herbivore attack, amount of plant damage, elicitors in herbivore
saliva and plant organ damaged by herbivores. Parasitoids and
their symbiotic polydnaviruses alter herbivore physiology and
behaviour and may influence how plants respond to parasitized
herbivores. We argue that these phenomena affect plant-
mediated interactions between herbivores. We identify that the
extended phenotype of parasitoid polydnaviruses is an
important knowledge gap in interaction networks of insect
communities.
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Introduction

Insect herbivores sharing a food plant often interact
indirectly through plant-mediated effects [1-3]. Plant-
mediated interactions occur when one herbivore species
induces changes in plant morphology, defence chemistry
or nutrition that affects the performance of a second
phytophagous insect that is feeding on other plant organs
or occupies the plant at a different time [1,2]. Although
predators are predominantly considered to directly affect
herbivore interactions by preying on herbivores [4], pre-
dators and parasitoids may also affect the outcome of
plant-mediated interactions among herbivores through
non-consumptive interactions [5,6,7°°]. With their

Check for
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presence, predators cause changes in herbivore behaviour
such as shifts in the feeding intensity and feeding position
of herbivores [7°%,8,9]. Parasitoids that use phytophagous
insects as hosts for their offspring even manipulate host
physiology and behaviour that result in altered interac-
tions of the phytophagous host with the food plant [10-
15]. In the past decade, it has been identified that the
induced plant responses by parasitized herbivores affect
the performance of other herbivores feeding on the plant
[16,17], food plant preference of herbivores [18,19°°], as
well as responses of parasitoids and hyperparasitoids to
plant volatiles [11,20]. Recently, functional analyses of
the mechanisms underlying the plant-mediated interac-
tions initiated by parasitoids identified that not the larvae
of the parasitoid, but the parasitoid associated polydna-
viruses (PDVs) that are injected into the caterpillar host
along with the parasitoid egg are the key drivers of the
interaction network [19°°,21°°,22,23].

Here we argue that parasitoid-associated polydnaviruses
have an impact on plant-mediated interactions among
insect herbivores by altering insect host physiology and
behaviour (Figure 1). We illustrate how PDVs may influ-
ence interactions beyond host manipulation, discuss
whether these effects are adaptive to the parasitoid and
provide evidence for a key role of PDVs in altering plant-
mediated interactions among herbivores. Although para-
sitism of aphids affects plant responses [17], aphid asso-
ciated parasitoids do not have a symbiosis with PDVs. We
therefore focus our review on PDVs and caterpillar asso-
ciated parasitoids.

How do PDVs affect plant responses to
herbivore attack?

Although PDVs have long been described as viruses
allowing the parasitoid offspring to escape the immune
response of herbivore hosts [24°,25], it is now increasingly
evident that PDVs also interact with the food plant of the
herbivore [19°°,21°°,22,23,26]. One question that remains
to be explored is whether PDVs actively manipulate plant
responses to herbivory, or instead the effects that PDVs
induce on plants are simply a by-product of the action that
PDVs exert on the infected herbivore.

An evidence in favour of the ‘active manipulation
hypothesis’ is that PDV-induced plant-mediated effects
enhance the fitness of the parasitoid larva growing inside
the parasitized caterpillar [19°°,21°°]. Indeed, plants have
been shown to reduce their chemical defences when
attacked by herbivores experimentally injected with
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Impact of PDVs on plant-mediated interactions between two herbivores.

(a) Insect herbivores indirectly interact via plant-mediated interactions in which one herbivore species (initiator H1) induces changes in plant traits
that affects the performance of a second phytophagous insect (receiver H2) that shares the food plant. Parasitoids and their symbiotic
polydnaviruses (PDVs) can also act as initiators (P) by inducing phenotypic changes in herbivores that alter the interaction network. (b) PDV
particles injected by parasitoid females into a caterpillar host infect several tissues (including salivary glands and the gut) which eventually alter
herbivore physiology and behaviour (drawing based on scheme by Utsumi et al. [7°°]).

PDV particles, which in turn likely increased the nutri-
tional quality of the host food plant for the parasitized
herbivore [19°°,21°°]. This outcome is mediated by the
effect that PDVs induce on the caterpillar oral secretions
which often contain elicitors that the plants use to recog-
nize the identity of the herbivore attacker [27,28]. Once
PDV particles are delivered in the herbivore hemocoel,
they infect several tissues among which salivary glands
can be targeted [22,29]. PDVs impact the composition of
caterpillar salivary glands via quantitative effects leading
to a reduction of the activity of caterpillar-resident elici-
tors (i.e. beta-glucosidase and glucose oxidase) [21°%,22]
as well as qualitative effects resulting in the production of
viral-encoded peptides [23]. The recent discovery of viral
‘alien’ proteins (GlyProl_Hd2, GlyPro2_Hd2) in salivary
glands of infected herbivores opens new lines of research
to investigate their possible role at the plant—insect
interface.

Alternatively, PDV-induced effects on plants may be a
by-product of the complex effects that PDVs induce in
the infected caterpillar: the fundamental functions of
PDVs are to suppress the host immunity and regulate the
caterpillar metabolism in order to allow the successful
development of the parasitoid progeny inside the

herbivore host [24°,25]. Concerning the latter, PDVs
exert a wide range of effects on the caterpillar which
experiences inhibition of protein synthesis [30,31], dis-
ruption of hormone balance [32-39], developmental
arrest [35,37,40], inhibition of growth [41-45] and pre-
vention of metamorphosis [46]. Because the herbivore
phenotype is extensively affected after PDV infection,
one may argue that such alterations subsequently affect
the interactions that the herbivore establishes with its
food plant. An evidence supporting the by-product
hypothesis is that plant-mediated PDV-induced
responses are not always beneficial to the parasitoid
and can result in increased mortality by its hyperpara-
sitoid enemies [22]. Yet the ecological costs of PDVs due
to plant-mediated effects are probably minor when com-
pared to the benefit conferred by PDVs to their parasit-
oid partners via herbivore-mediated effects.

While it is challenging to disentangle the active versus
passive effects of PDVs in plant—insect interactions,
there is clear evidence showing that PDVs truly alter
plant phenotypic responses to herbivory [19°%,21°°,22,
23,26]. As a result, PDVs can also act as hidden players
affecting indirect plant-mediated interactions among
herbivores.
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Parasitoids and their PDVs affect

reduced plant damage [16]. For example, when PDVs

plant-mediated interactions between isolated from the solitary wasp Hyposoter didymator are
herbivores injected in Spodoptera frugiperda caterpillars, a reduction
Plant-mediated interactions between herbivores are  of feeding damage is observed on corn leaves, compared
often asymmetric due to specificity in plant induced  with uninfected caterpillars [23]. Some gregarious para-
responses to herbivores and herbivore adaptations to  sitoids have been found to extend the host development
plant defences [2,47]. Plant responses to insect feeding  with increased plant damage or even with an additional
are specific for the phytophagous insect that is feeding  more ferociously feeding instar stage [48]. Such quantita-
on the plant, because herbivores differ in the mode of  tive variation in plant damage by parasitized and PDV-
feeding (leaf chewing or phloem feeding), the amount  infected herbivores may correspond with the magnitude
and pattern of damage they cause, the plant organ they  of induced plant responses that affect subsequent herbi-
feed on as well as the composition of elicitors in oral  vores feeding from the plant [16]. Parasitism of Pieris
secretions that trigger an induced plant response [2,3].  rapae by the solitary parasitoid Cozesia rubecula reduced
Moreover, herbivore species differ in how they are  plant damage compared to unparasitized caterpillars and
affected by plant responses such as their resistance or  resulted in similar performance of a second generation of
tolerance to morphological and chemical defences and  unparasitized P. rapae caterpillars feeding on parasitized
the plant tissue they feed on [47]. Since parasitoids and  caterpillar induced plants compared to undamaged plants
their PDVs alter how plants respond to feeding by their  [16]. However, the congeneric gregarious parasitoid Coze-
herbivore host, this may lead to an important route of  si@ glomerata slightly increased feeding by its host and
how parasitoids affect plant-mediated interactions  reduced performance of a second generation of P. rapae

among herbivores (Figure 2). feeding on induced plants. Because in this host—parasitoid
system (. glomerata bracoviruses (CgBV) have been iden-
Physiological changes in herbivores tified to be key regulators of the host [49] and these

In regulating the host metabolism for the benefit of the  specific PDVs affect plant induced responses [19°%,22],
parasitoid offspring, PDVs may affect the development ~ we may speculate that PDVs were responsible for the
and nutritional needs of the host. Many solitary parasi- differential plant-mediated effects on performance of a
toids and their associated PDVs reduce the host devel- ~ second generation of P. rapae. For the two genera of
opment to fewer instar stages, which is associated with ~ PDVs, bracoviruses (BVs) and ichnoviruses (IVs), plant

Figure 2
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Impact of PDVs on plant-mediated interaction networks.

(a) PDVs can control for the amount of feeding time and damage inflicted to plants by parasitized caterpillars. This phenotypic change in infected
caterpillars further modulates the way the herbivore induces plant traits causing temporal effects in the interaction network. (b) PDVs can induce
non-consumptive effects in parasitized caterpillars altering the movement patterns of the herbivore on the plant. This phenotypic change in

infected caterpillars further modulates the way the herbivore induces plant traits causing spatial effects in the interaction network. H1, H2 and H3

indicate different herbivore species (drawing based on scheme by Utsumi et al. [7°7)).
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induction by PDV-injected caterpillars leads to effects on
subsequent performance of the herbivore host [21°°,23].
In pepper plants parasitism of aphids attenuated the
enhanced performance of thrips feeding on plants previ-
ously attacked by unparasitized aphids [17]. This exam-
ple in aphid parasitoids that do not carry PDVs illustrates
that parasitoids may affect plant-mediated interactions
among different herbivore species, even though these
interactions may also be neutral [50]. Whether PDVs are
responsible for parasitoid effects on plant-mediated her-
bivore interactions is still largely unexplored. The poten-
tial of interspecific plant-mediated interactions initiated
by PDVs is established for herbivore preference. The
diamondback moth Plutella xylostella prefers to lay eggs on
cabbage leaves that have been previously induced by
unparasitized Pieris caterpillars over leaves induced by
Pieris caterpillars carrying PDV-associated parasitoids.
By controlling for the amount of plant damage using a
pattern wheel and applying oral secretions of parasitized
and unparasitized Pieris caterpillars, it has become evi-
dent that parasitoids affect the plant-mediated interaction
through qualitative changes in herbivore oral secretions
[18]. Microinjection of PDVs separate from the parasitoid
eggs, yvielded evidence that indeed the PDVs were driv-
ing these effects [19°°].

The mechanisms by which PDVs may affect induced
plant responses and thereby plant-mediated interactions
among herbivores may involve a complex interplay of
microorganisms. Recent studies on parasitoids carrying
PDVs identify that parasitisation alters the host micro-
biome [51] with organ specific changes such as the com-
position of the gut microbiome [52°]. We speculate that
PDVs may also alter the microbiome of herbivore oral
secretions and thereby affect induced plant responses.
"This includes a role for the microbiome of the salivary
gland and the foregut that is regurgitated by some herbi-
vores on the plant during feeding [53]. Similar to how
Colorado potato beetles use microorganisms to suppress
plant responses to their feeding [54], PDVs may alter food
plant quality through changes in caterpillar microbiome
for the benefit of the parasitoid offspring. Since specificity
in induced plant responses is leading to asymmetry in
plant-mediated interactions among herbivores, we argue
that PDVs may directly or indirectly affect — through
herbivore physiology - plant-mediated herbivore
interactions.

Behavioural changes in herbivores

In addition to herbivore physiology, PDVs may alter
herbivore behaviour [10,55,56]. Changes in herbivore
behaviour, such as their feeding position on the plant
or the feeding duration by for example relocation to
neighbouring plants affects patterns of induced plant
response and thus plant-mediated interactions among

herbivores [3,7°°].

Usurpation of herbivore behaviour by parasitoids is
widespread. Many parasitoids that parasitize aphids or
caterpillars manipulate the movement of their herbi-
vore host just before parasitoid pupation [56]. The
parasitoid directs the herbivore to a position where
the parasitoid pupa is less conspicuous to its predatory
and hyperparasitic enemies [57-59]. Usurpation of her-
bivore movement may establish itself early in host
development to reduce exposure of the parasitized
caterpillar to predators. Alteration in movement pat-
terns will cause changes in feeding duration, distribu-
tion of damage across a plant and the specific position
where the herbivore feeds. These quantitative aspects
of herbivore damage to plants have been found to affect
plant induced responses to herbivory and contributes to
variation in plant-mediated herbivore interactions
[3,7°°]. Parasitoid-associated viruses have been shown
to be involved in usurpation of host movement. For
example, when the coccinellid Coleomegilia maculata is
parasitized by the endoparasitoid Dinocampus coccinellae,
it displays — after parasitoid egression — a ‘zombie-
behaviour’ that protects the wasp larvae from predators.
This host manipulation has been shown to correlate
with infection in the coccinellid brain by the D. cocci-
nellae paralysis virus (DcPV) which has remained inside
the host after parasitoid egression [60]. A similar zom-
bie-behaviour occurs in Preris brassicae caterpillars when
attacked by the wasp C. glomerata, and it would be
interesting to investigate if (. glomerata bracovirus
(CgBV) is involved in such host manipulation. Thus
the changes that parasitoids and their associated viruses
induce on the movement patterns of herbivores may
generate spatial effects in the plant-mediated interac-
tion network [7°°].

A few studies identified intricate qualitative changes in
feeding behaviour by parasitized herbivores that are
likely to affect plant-mediated herbivore interactions,
although in these studies the parasitoids are not associ-
ated with PDVs. Parasitoids of gall midges affect the
shape and size of gall formation in plants, likely to
enhance the protection that the gall offers to the para-
sitoid against its hyperparasitoid enemies [12]. The
induction of gall formation is an apparent form of a
change in plant quality and is likely to result in plant-
mediated effects on performance of other herbivores
feeding on the gall itself or leaves on which galls have
formed. Parasitoids of aphids have been found to alter
feeding of their aphid host from phloem to xylem. Such
markedly different plant tissues being damaged by
parasitized herbivores is likely to affect other herbi-
vores feeding from the same plant via plant-mediated
interactions [61]. We hypothesize that PDVs in cater-
pillar associated parasitoids may affect plant-mediated
interactions through similar changes in feeding behav-
iour of caterpillars as found for parasitoids not carrying
PDVs.

www.sciencedirect.com
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Although we lack causal evidence that these effects of
parasitoids on behaviour of their herbivore host can be
directly attributed to PDVs, evidence of these extended
effects of viruses is found in Baculoviruses, which are
closely related to Bracoviruses. Baculoviruses in caterpil-
lars interfere with Protein tyrosine phosphatase (P'TP)
activity of the host and cause hyper-active and abnormal
herbivore movement [62-64]. The pzp genes are widely
represented in Bracoviruses and these PDVs are thus
likely to cause the behavioural manipulation of the host
in similar ways as Baculoviruses.

Future perspective

Current evidence for PDVs affecting plant-mediated
interactions among herbivores is indirect and arises when
bringing together different fields of research such as PDV
host usurpation and induction of plant responses by
parasitized herbivores. Nevertheless, the extended phe-
notype of parasitoid associated PDVs on plant quality and
the fact that each parasitoid species is associated with its
own specific symbiotic virus, suggest that PDVs contrib-
ute to variation in plant-mediated interactions among
herbivores. Future studies should explore whether para-
sitoids and their PDVs developing in one herbivore
species affect the performance of other herbivore species
sharing the food plant. These studies should deepen
functional understanding of the mechanisms by which
PDVs interact with the host and food plant. Drawing
parallels with host manipulation by Baculoviruses will
stimulate the functional understanding of PDV — host
interactions. This will be especially beneficial for Bra-
coviruses whereas the yet unknown origin of Ichnoviruses
makes this group of PDVs particularly challenging to
characterize from a functional perspective [65]. Interac-
tion networks in insect communities induced by PDVs
are also likely to extend to interactions among higher
trophic level organisms such as connecting parasitoids
that develop inside different herbivores feeding on other
plant organs or that occupy the plant at a different time
[16]. To understand evolution of host manipulation by
PDVs in parasitoids, we should include the costs and
benefits of PDVs interacting directly and indirectly with
the food plant of their herbivore host. Moreover, the
extended phenotype of PDVs on the food plant may
cascade to plant-mediated effects across trophic levels
and impact common interaction networks that are unex-
plored in insect community ecology [66].

Conflict of interest statement
Nothing declared.

Acknowledgements

We thank James Bryan Whitfield and Jean-Michel Drezen for the invitation
to write this manuscript. The study was supported by the Earth and Life
Science council of the Netherlands Organisation for Scientific Research
(NWO-ALW) (grant no. ALWOP.343 to AC and ALWOP.368 to EHP).

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. Denno RF, McClure MS, Ott JR: Interspecific interactions in
phytophagous insects: competition reexamined and
resurrected. Annu Rev Entomol 1995, 40:297-331.

2. Kaplan I, Denno RF: Interspecific interactions in phytophagous
insects revisited: a quantitative assessment of competition
theory. Ecol Lett 2007, 10:977-994.

3. Stam JM, Kroes A, Li Y, Gols R, van Loon JJA, Poelman EH,
Dicke M: Plant interactions with multiple insect herbivores:
from community to genes. Annu Rev Plant Biol 2014, 65:689-
713.

4. Holt RD, Bonsall MB: Apparent competition. Annu Rev Ecol Evol
Syst 2017, 48:447-471.

5.  Mouritsen KN, Haun SCB: Community regulation by herbivore
parasitism and density: trait-mediated indirect interactions in
the intertidal. J Exp Mar Biol Ecol 2008, 367:236-246.

6. Wood CL, Byers JE, Cottingham KL, Altman |, Donahue MJ,
Blakeslee AMH: Parasites alter community structure. Proc Natl
Acad Sci U S A 2007, 104:9335-9339.

7. Utsumi S, Ando Y, Miki T: Linkages among trait-mediated

ee indirect effects: a new framework for the indirect interaction
web. Pop Ecol 2010, 52:485-497

This paper provides a clear overview and concept of plant-mediated

interactions and how these interactions are part of more complex inter-

action networks. The role of predators in affecting the outcome of plant-

mediated herbivore interactions is illustrated.

8. Ingerslew KS, Finke DL: Non-consumptive effects stabilize
herbivore control over multiple generations. PLoS One 2020,
15:€0241870.

9. Abdala-Roberts L, Puentes A, Finke DL, Marquis RJ,
Montserrat M, Poelman EH, Rasmann S, Sentis A, van Dam NM,
Wimp G et al.: Tri-trophic interactions: bridging species,
communities and ecosystems. Ecol Lett 2019, 22:2151-2167.

10. Adamo SA: How parasites alter the behavior of their insect
hosts. In Parasitic Effects on Host Hormones and Behavior.
Edited by Beckage NE. New York: Chapman & Hall; 1997:231-
245,

11. Poelman EH, Bruinsma M, Zhu F, Weldegergis BT, Boursault AE,
Jongema Y, van Loon JJA, Vet LEM, Harvey JA, Dicke M:
Hyperparasitoids use herbivore-induced plant volatiles to
locate their parasitoid host. PLoS Biol 2012, 10:e1001435.

12. Fujii T, Matsuo K, Abe Y, Yukawa J, Tokuda M: An endoparasitoid
avoids hyperparasitism by manipulating immobile host
herbivore to modify host plant morphology. PLoS One 2014, 9:
e102508.

13. Ode PJ, Harvey JA, Reichelt M, Gershenzon J, Gols R: Differential
induction of plant chemical defenses by parasitized and
unparasitized herbivores: consequences for reciprocal,
multitrophic interactions. Oikos 2016, 125:1398-1407.

14. Cuny MAC, Gendry J, Hernandez-Cumplido J, Benrey B: Changes
in plant growth and seed production in wild lima bean in
response to herbivory are attenuated by parasitoids. Oecologia
2018, 187:447-457.

15. Tan C-W, Peiffer M, Hoover K, Rosa C, Felton GW: Parasitic wasp
mediates plant perception of insect herbivores. J Chem Ecol
2019, 45:972-981.

16. Poelman EH, Gols R, Snoeren TAL, Muru D, Smid HM, Dicke M:
Indirect plant-mediated interactions among parasitoid larvae.
Ecol Lett 2011, 14:670-676.

17. Vaello T, Sarde SJ, Marcos-Garcia MA, de Boer JG, Pineda A:
Modulation of plant-mediated interactions between
herbivores of different feeding guilds: effects of parasitism
and belowground interactions. Sci Rep 2018, 8:14424.

Current Opinion in Insect Science 2022, 49:56-62

www.sciencedirect.com


http://refhub.elsevier.com/S2214-5745(21)00125-5/sbref0005
http://refhub.elsevier.com/S2214-5745(21)00125-5/sbref0005
http://refhub.elsevier.com/S2214-5745(21)00125-5/sbref0005
http://refhub.elsevier.com/S2214-5745(21)00125-5/sbref0010
http://refhub.elsevier.com/S2214-5745(21)00125-5/sbref0010
http://refhub.elsevier.com/S2214-5745(21)00125-5/sbref0010
http://refhub.elsevier.com/S2214-5745(21)00125-5/sbref0015
http://refhub.elsevier.com/S2214-5745(21)00125-5/sbref0015
http://refhub.elsevier.com/S2214-5745(21)00125-5/sbref0015
http://refhub.elsevier.com/S2214-5745(21)00125-5/sbref0015
http://refhub.elsevier.com/S2214-5745(21)00125-5/sbref0020
http://refhub.elsevier.com/S2214-5745(21)00125-5/sbref0020
http://refhub.elsevier.com/S2214-5745(21)00125-5/sbref0025
http://refhub.elsevier.com/S2214-5745(21)00125-5/sbref0025
http://refhub.elsevier.com/S2214-5745(21)00125-5/sbref0025
http://refhub.elsevier.com/S2214-5745(21)00125-5/sbref0030
http://refhub.elsevier.com/S2214-5745(21)00125-5/sbref0030
http://refhub.elsevier.com/S2214-5745(21)00125-5/sbref0030
http://refhub.elsevier.com/S2214-5745(21)00125-5/sbref0035
http://refhub.elsevier.com/S2214-5745(21)00125-5/sbref0035
http://refhub.elsevier.com/S2214-5745(21)00125-5/sbref0035
http://refhub.elsevier.com/S2214-5745(21)00125-5/sbref0040
http://refhub.elsevier.com/S2214-5745(21)00125-5/sbref0040
http://refhub.elsevier.com/S2214-5745(21)00125-5/sbref0040
http://refhub.elsevier.com/S2214-5745(21)00125-5/sbref0045
http://refhub.elsevier.com/S2214-5745(21)00125-5/sbref0045
http://refhub.elsevier.com/S2214-5745(21)00125-5/sbref0045
http://refhub.elsevier.com/S2214-5745(21)00125-5/sbref0045
http://refhub.elsevier.com/S2214-5745(21)00125-5/sbref0050
http://refhub.elsevier.com/S2214-5745(21)00125-5/sbref0050
http://refhub.elsevier.com/S2214-5745(21)00125-5/sbref0050
http://refhub.elsevier.com/S2214-5745(21)00125-5/sbref0050
http://refhub.elsevier.com/S2214-5745(21)00125-5/sbref0055
http://refhub.elsevier.com/S2214-5745(21)00125-5/sbref0055
http://refhub.elsevier.com/S2214-5745(21)00125-5/sbref0055
http://refhub.elsevier.com/S2214-5745(21)00125-5/sbref0055
http://refhub.elsevier.com/S2214-5745(21)00125-5/sbref0060
http://refhub.elsevier.com/S2214-5745(21)00125-5/sbref0060
http://refhub.elsevier.com/S2214-5745(21)00125-5/sbref0060
http://refhub.elsevier.com/S2214-5745(21)00125-5/sbref0060
http://refhub.elsevier.com/S2214-5745(21)00125-5/sbref0065
http://refhub.elsevier.com/S2214-5745(21)00125-5/sbref0065
http://refhub.elsevier.com/S2214-5745(21)00125-5/sbref0065
http://refhub.elsevier.com/S2214-5745(21)00125-5/sbref0065
http://refhub.elsevier.com/S2214-5745(21)00125-5/sbref0070
http://refhub.elsevier.com/S2214-5745(21)00125-5/sbref0070
http://refhub.elsevier.com/S2214-5745(21)00125-5/sbref0070
http://refhub.elsevier.com/S2214-5745(21)00125-5/sbref0070
http://refhub.elsevier.com/S2214-5745(21)00125-5/sbref0075
http://refhub.elsevier.com/S2214-5745(21)00125-5/sbref0075
http://refhub.elsevier.com/S2214-5745(21)00125-5/sbref0075
http://refhub.elsevier.com/S2214-5745(21)00125-5/sbref0080
http://refhub.elsevier.com/S2214-5745(21)00125-5/sbref0080
http://refhub.elsevier.com/S2214-5745(21)00125-5/sbref0080
http://refhub.elsevier.com/S2214-5745(21)00125-5/sbref0085
http://refhub.elsevier.com/S2214-5745(21)00125-5/sbref0085
http://refhub.elsevier.com/S2214-5745(21)00125-5/sbref0085
http://refhub.elsevier.com/S2214-5745(21)00125-5/sbref0085

PDVs affect plant-mediated herbivore interactions Poelman and Cusumano 61

18. Poelman EH, Zheng S-J, Zhang Z, Heemskerk NM, Cortesero A-
M, Dicke M: Parasitoid-specific induction of plant responses to
parasitized herbivores affects colonization by subsequent
herbivores. Proc Natl Acad Sci U S A 2011, 108:19647-19652.

19. Cusumano A, Zhu F, Volkoff AN, Verbaarschot P, Bloem J,

ee Vogel H, Dicke M, Poelman EH: Parasitic wasp-associated
symbiont affects plant-mediated species interactions
between herbivores. Ecol Lett 2018, 21:957-967

This paper proved the first evidence that PDVs can affect the behavior of

an insect herbivore via plant-mediated species interactions. Piers bras-

sicae caterpillars injected with Cotesia glomerata bracovirus (CgBV) and

venom induced plant phenotypic changes in wild cabbage plants that

affect subsequent oviposition preferences by the diamondback moth

Plutella xylostella.

20. Zhu F, Broekgaarden C, Weldegergis BT, Harvey JA, Vosman B,
Dicke M, Poelman EH: Parasitism overrides herbivore identity
allowing hyperparasitoids to locate their parasitoid host using
herbivore-induced plant volatiles. Mol Ecol 2015, 24:2886-2899.

21. Tan CW, Peiffer M, Hoover K, Rosa C, Acevedo FE, Felton GW:
ee Symbiotic polydnavirus of a parasite manipulates caterpillar
and plant immunity. Proc Nat/ Acad Sci U S A 2018, 115:5199-
5204
This paper showed that PDVs can affect herbivore oral secretions and
plant quality in order to benefit the parasitoid larvae growing inside
caterpillars. Microplitis croceipes bracovirus (McBV) injected in Helicov-
erpa zea caterpillars reduced activity of the elicitor glucose oxidase as
well as chemical defenses of tomato plants. This increase in plant quality
in turn allowed parasitized caterpillars to grow faster which benefitting the
performance of parasitoid larvae.

22. Zhu F, Cusumano A, Bloem J, Weldegergis BT, Villela A,
Fatouros NE, van Loon JJA, Dicke M, Harvey JA, Vogel H,
Poelman EH: Symbiotic polydnavirus and venom reveal
parasitoid to its hyperparasitoids. Proc Nat/ Acad Sci U S A
2018, 115:5205-5210.

23. Cusumano A, Urbach S, Legeai F, Ravallec M, Dicke M,
Poelman EH, Volkoff A-N: Plant-phenotypic changes induced
by parasitoid ichnoviruses enhance the performance of both
unparasitized and parasitized caterpillars. Mol Ecol 2021,
30:4567-4583 http://dx.doi.org/10.1111/mec.16072 In this issue.

24. Strand MR: Polydnavirus gene expression profiling: what we
. know now. In Parasitoid Viruses. Edited by Beckage NE, Drezen
JM. Academic Press; 2012:139-147

This paper extensively reviews PDV expression patterns in the parasitized
herbivore which trigger the phenotypic changes that subsequently affect
the way parasitized herbivores interact with the food plant. It highlights
the diversity of expression patterns observed among PDV genes depend-
ing on the parasitoid/PDV association.

25. Burke GR, Strand MR: Systematic analysis of a wasp parasitism
arsenal. Mol Ecol 2014, 23:890-901.

26. Cusumano A, Volkoff AN: Influence of parasitoid-associated
viral symbionts on plant-insect interactions and biological
control. Curr Opin Insect Sci 2021, 44:64-71.

27. Bonaventure G: Perception of insect feeding by plants. Plant
Biol 2012, 14:872-880.

28. Rivera-Vega LJ, Acevedo FE, Felton GW: Genomics of
Lepidoptera saliva reveals function in herbivory. Curr Opin
Insect Sci 2017, 19:61-69.

29. Bitra K, Zhang S, Strand MR: Transcriptomic profiling of
Microplitis demolitor bracovirus reveals host, tissue and
stage-specific patterns of activity. J Gen Virol 2011, 92:2060-
2071.

30. Shelby KS, Webb BA: Polydnavirus infection inhibits synthesis
of an insect plasma protein, arylphorin. J Gen Virol 1994,
75:2285-2292.

31. Shelby KS, Webb BA: Polydnavirus infection inhibits translation
of specific growth-associated host proteins. Insect Biochem
Mol Biol 1997, 27:263-270.

32. Pennacchio F, Falabella P, Vinson SB: Regulation of Heliothis
virescens prothoracic glands by Cardiochiles nigriceps
polydnavirus. Arch Insect Biochem Physiol 1998, 38:1-10.

33.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

Beckage NE: Endocrine interactions between endoparasitic
insects and their hosts. Annu Rev Entomol 1985, 30:371-413.

Davies DH, Strand MR, Vinson SB: Changes in differential
haemocyte count and in vitro behaviour of plasmatocytes
from host Heliothis virescens caused by Campoletis
sonorensis polydnavirus. J Insect Physiol 1987, 33:143-153.

Dover BA, Davies DH, Strand MR, Gary RS, Keeley LL, Vinson SB:
Ecdysteroid-titer reduction and developmental arrest of last-
instar Heliothis virescens larvae by calyx fluid from the
parasitoid Campoletis sonorensis. J Insect Physiol 1987,
33:333-338.

Dover BA, Davies DH, Vinson SB: Degeneration of last-instar
Heliothis virescens prothoracic glands by Campoletis
sonorensis polydnavirus. J Invert Pathol 1988, 51:80-91.

Tanaka T, Agui N, Hiruma K: The parasitoid Apanteles kariyai
inhibits pupation of its host, Pseudaletia separata, via
disruption of prothoracicotropic hormone release. Gen Comp
Endocrinol 1987, 67:364-374.

Lawrence PO, Lanzrein B: Hormonal interactions between
insect endoparasites and their host insects. In  Parasites and
Pathogens of Insects Vol. 1: Parasites. Edited by Beckage NE,
Thompson SN, Federici BA. San Diego: Academic Press; 199359-
86.

Stoltz DB: The polydnavirus life cycle. In Parasites and
Pathogens of Insects, Vol. 1: Parasites. Edited by Beckage NE,
TBomMpgon SN, Federici BA. San Diego: Academic Press; 1993:

Vinson SB, Edson KM, Stoltz DB: Effect of a virus associated
with the reproduction system of the parasitoid wasp,
Campoletis sonorensis, on host weight gain. J Invert Pathol
1979, 34:133-137.

Dorémus T, Urbach S, Jouan V, Cousserans F, Ravallec M,
Demettre E, Wajnberg E, Poulain J, Azéma-Dossat C, Darboux |,
Escoubas JM: Venom gland extract is not required for
successful parasitism in the polydnavirus-associated
endoparasitoid Hyposoter didymator (Hym. Ichneumonidae)
despite the presence of numerous novel and conserved
venom proteins. Insect Biochem Mol Biol 2013, 43:292-307.

Strand MR, Pech LL: Microplitis demolitor polydnavirus
induced apoptosis of a specific haemocyte morphotype in
Pseudoplusia includents. J Gen Virol 1995, 76:283-291.

Yamanaka A, Hayakawa Y, Noda H, Nakashima N, Watanabe H:
Characterization of polydnavirus-encoded RNA in parasitized
armyworm larvae. Insect Biochem Mol Biol 1996, 5:529-536.

Béliveau C, Laforge M, Cusson M, Bellemare G: Expression of a
Tranosema rostrale polydnavirus gene in the spruce
budworm, Choristoneura fumiferana. J Gen Virol 2000,
81:1871-1880.

Cusson M, Laforge M, Miller D, Cloutier C, Stolz D: Functional
significance of parasitism-induced suppression of juvenile
hormone esterase activity in developmentally delayed
Choristoneura fumiferana larvae. Gen Comp Endocrinol 2000,
117:343-354.

Pruijssers AJ, Falabella P, Eum JH, Pennacchio F, Brown MR,
Strand MR: Infection by a symbiotic polydnavirus induces
wasting and inhibits metamorphosis of the moth
Pseudoplusia includens. J Exp Biol 2009, 212:2998-3006.

Mertens D, Fernandez de Bobadilla M, Rusman Q, Bloem J,
Douma JC, Poelman EH: Plant defence to sequential attack is
adapted to prevalent herbivores. Nat Plants 2021, 7:1347-1353.

Ode PJ: Plant chemistry and natural enemy fitness: effects on
herbivore and natural enemy interactions. Annu Rev Entomol
2006, 51:163-185.

Kim Y: An evidence for host translation inhibitory factor
encoded in a polydnavirus, Cotesia glomerata Bracovirus,
genome and its expression in parasitized cabbage white
butterfly, Pieris rapae. J Asia Pac Entomol 2007, 10:351-356.

Bustos-Segura C, Cuny MAC, Benrey B: Parasitoids of leaf
herbivores enhance plant fitness and do not alter caterpillar-
induced resistance against seed beetles. Funct Ecol 2020,
34:586-596.

www.sciencedirect.com

Current Opinion in Insect Science 2022, 49:56-62


http://refhub.elsevier.com/S2214-5745(21)00125-5/sbref0090
http://refhub.elsevier.com/S2214-5745(21)00125-5/sbref0090
http://refhub.elsevier.com/S2214-5745(21)00125-5/sbref0090
http://refhub.elsevier.com/S2214-5745(21)00125-5/sbref0090
http://refhub.elsevier.com/S2214-5745(21)00125-5/sbref0095
http://refhub.elsevier.com/S2214-5745(21)00125-5/sbref0095
http://refhub.elsevier.com/S2214-5745(21)00125-5/sbref0095
http://refhub.elsevier.com/S2214-5745(21)00125-5/sbref0095
http://refhub.elsevier.com/S2214-5745(21)00125-5/sbref0100
http://refhub.elsevier.com/S2214-5745(21)00125-5/sbref0100
http://refhub.elsevier.com/S2214-5745(21)00125-5/sbref0100
http://refhub.elsevier.com/S2214-5745(21)00125-5/sbref0100
http://refhub.elsevier.com/S2214-5745(21)00125-5/sbref0105
http://refhub.elsevier.com/S2214-5745(21)00125-5/sbref0105
http://refhub.elsevier.com/S2214-5745(21)00125-5/sbref0105
http://refhub.elsevier.com/S2214-5745(21)00125-5/sbref0105
http://refhub.elsevier.com/S2214-5745(21)00125-5/sbref0110
http://refhub.elsevier.com/S2214-5745(21)00125-5/sbref0110
http://refhub.elsevier.com/S2214-5745(21)00125-5/sbref0110
http://refhub.elsevier.com/S2214-5745(21)00125-5/sbref0110
http://refhub.elsevier.com/S2214-5745(21)00125-5/sbref0110
http://dx.doi.org/10.1111/mec.16072
http://refhub.elsevier.com/S2214-5745(21)00125-5/sbref0120
http://refhub.elsevier.com/S2214-5745(21)00125-5/sbref0120
http://refhub.elsevier.com/S2214-5745(21)00125-5/sbref0120
http://refhub.elsevier.com/S2214-5745(21)00125-5/sbref0125
http://refhub.elsevier.com/S2214-5745(21)00125-5/sbref0125
http://refhub.elsevier.com/S2214-5745(21)00125-5/sbref0130
http://refhub.elsevier.com/S2214-5745(21)00125-5/sbref0130
http://refhub.elsevier.com/S2214-5745(21)00125-5/sbref0130
http://refhub.elsevier.com/S2214-5745(21)00125-5/sbref0135
http://refhub.elsevier.com/S2214-5745(21)00125-5/sbref0135
http://refhub.elsevier.com/S2214-5745(21)00125-5/sbref0140
http://refhub.elsevier.com/S2214-5745(21)00125-5/sbref0140
http://refhub.elsevier.com/S2214-5745(21)00125-5/sbref0140
http://refhub.elsevier.com/S2214-5745(21)00125-5/sbref0145
http://refhub.elsevier.com/S2214-5745(21)00125-5/sbref0145
http://refhub.elsevier.com/S2214-5745(21)00125-5/sbref0145
http://refhub.elsevier.com/S2214-5745(21)00125-5/sbref0145
http://refhub.elsevier.com/S2214-5745(21)00125-5/sbref0150
http://refhub.elsevier.com/S2214-5745(21)00125-5/sbref0150
http://refhub.elsevier.com/S2214-5745(21)00125-5/sbref0150
http://refhub.elsevier.com/S2214-5745(21)00125-5/sbref0155
http://refhub.elsevier.com/S2214-5745(21)00125-5/sbref0155
http://refhub.elsevier.com/S2214-5745(21)00125-5/sbref0155
http://refhub.elsevier.com/S2214-5745(21)00125-5/sbref0160
http://refhub.elsevier.com/S2214-5745(21)00125-5/sbref0160
http://refhub.elsevier.com/S2214-5745(21)00125-5/sbref0160
http://refhub.elsevier.com/S2214-5745(21)00125-5/sbref0165
http://refhub.elsevier.com/S2214-5745(21)00125-5/sbref0165
http://refhub.elsevier.com/S2214-5745(21)00125-5/sbref0170
http://refhub.elsevier.com/S2214-5745(21)00125-5/sbref0170
http://refhub.elsevier.com/S2214-5745(21)00125-5/sbref0170
http://refhub.elsevier.com/S2214-5745(21)00125-5/sbref0170
http://refhub.elsevier.com/S2214-5745(21)00125-5/sbref0175
http://refhub.elsevier.com/S2214-5745(21)00125-5/sbref0175
http://refhub.elsevier.com/S2214-5745(21)00125-5/sbref0175
http://refhub.elsevier.com/S2214-5745(21)00125-5/sbref0175
http://refhub.elsevier.com/S2214-5745(21)00125-5/sbref0175
http://refhub.elsevier.com/S2214-5745(21)00125-5/sbref0180
http://refhub.elsevier.com/S2214-5745(21)00125-5/sbref0180
http://refhub.elsevier.com/S2214-5745(21)00125-5/sbref0180
http://refhub.elsevier.com/S2214-5745(21)00125-5/sbref0185
http://refhub.elsevier.com/S2214-5745(21)00125-5/sbref0185
http://refhub.elsevier.com/S2214-5745(21)00125-5/sbref0185
http://refhub.elsevier.com/S2214-5745(21)00125-5/sbref0185
http://refhub.elsevier.com/S2214-5745(21)00125-5/sbref0190
http://refhub.elsevier.com/S2214-5745(21)00125-5/sbref0190
http://refhub.elsevier.com/S2214-5745(21)00125-5/sbref0190
http://refhub.elsevier.com/S2214-5745(21)00125-5/sbref0190
http://refhub.elsevier.com/S2214-5745(21)00125-5/sbref0190
http://refhub.elsevier.com/S2214-5745(21)00125-5/sbref0195
http://refhub.elsevier.com/S2214-5745(21)00125-5/sbref0195
http://refhub.elsevier.com/S2214-5745(21)00125-5/sbref0195
http://refhub.elsevier.com/S2214-5745(21)00125-5/sbref0195
http://refhub.elsevier.com/S2214-5745(21)00125-5/sbref0200
http://refhub.elsevier.com/S2214-5745(21)00125-5/sbref0200
http://refhub.elsevier.com/S2214-5745(21)00125-5/sbref0200
http://refhub.elsevier.com/S2214-5745(21)00125-5/sbref0200
http://refhub.elsevier.com/S2214-5745(21)00125-5/sbref0205
http://refhub.elsevier.com/S2214-5745(21)00125-5/sbref0205
http://refhub.elsevier.com/S2214-5745(21)00125-5/sbref0205
http://refhub.elsevier.com/S2214-5745(21)00125-5/sbref0205
http://refhub.elsevier.com/S2214-5745(21)00125-5/sbref0205
http://refhub.elsevier.com/S2214-5745(21)00125-5/sbref0205
http://refhub.elsevier.com/S2214-5745(21)00125-5/sbref0205
http://refhub.elsevier.com/S2214-5745(21)00125-5/sbref0210
http://refhub.elsevier.com/S2214-5745(21)00125-5/sbref0210
http://refhub.elsevier.com/S2214-5745(21)00125-5/sbref0210
http://refhub.elsevier.com/S2214-5745(21)00125-5/sbref0215
http://refhub.elsevier.com/S2214-5745(21)00125-5/sbref0215
http://refhub.elsevier.com/S2214-5745(21)00125-5/sbref0215
http://refhub.elsevier.com/S2214-5745(21)00125-5/sbref0220
http://refhub.elsevier.com/S2214-5745(21)00125-5/sbref0220
http://refhub.elsevier.com/S2214-5745(21)00125-5/sbref0220
http://refhub.elsevier.com/S2214-5745(21)00125-5/sbref0220
http://refhub.elsevier.com/S2214-5745(21)00125-5/sbref0225
http://refhub.elsevier.com/S2214-5745(21)00125-5/sbref0225
http://refhub.elsevier.com/S2214-5745(21)00125-5/sbref0225
http://refhub.elsevier.com/S2214-5745(21)00125-5/sbref0225
http://refhub.elsevier.com/S2214-5745(21)00125-5/sbref0225
http://refhub.elsevier.com/S2214-5745(21)00125-5/sbref0230
http://refhub.elsevier.com/S2214-5745(21)00125-5/sbref0230
http://refhub.elsevier.com/S2214-5745(21)00125-5/sbref0230
http://refhub.elsevier.com/S2214-5745(21)00125-5/sbref0230
http://refhub.elsevier.com/S2214-5745(21)00125-5/sbref0235
http://refhub.elsevier.com/S2214-5745(21)00125-5/sbref0235
http://refhub.elsevier.com/S2214-5745(21)00125-5/sbref0235
http://refhub.elsevier.com/S2214-5745(21)00125-5/sbref0240
http://refhub.elsevier.com/S2214-5745(21)00125-5/sbref0240
http://refhub.elsevier.com/S2214-5745(21)00125-5/sbref0240
http://refhub.elsevier.com/S2214-5745(21)00125-5/sbref0245
http://refhub.elsevier.com/S2214-5745(21)00125-5/sbref0245
http://refhub.elsevier.com/S2214-5745(21)00125-5/sbref0245
http://refhub.elsevier.com/S2214-5745(21)00125-5/sbref0245
http://refhub.elsevier.com/S2214-5745(21)00125-5/sbref0250
http://refhub.elsevier.com/S2214-5745(21)00125-5/sbref0250
http://refhub.elsevier.com/S2214-5745(21)00125-5/sbref0250
http://refhub.elsevier.com/S2214-5745(21)00125-5/sbref0250

62 Parasites/parasitoids/biological control

51. Gloder G, Bourne ME, Verreth C, Wilberts L, Bossaert S,
Crauwels S, Dicke M, Poelman EH, Jacquemyn H, Lievens B:
Parasitism by parasitic wasps alters the internal but not the
external microbiome in host insects. Anim Microbiome 2021,
3:1-15.

52. Cavichiolli de Oliveira N, Consoli FL: Beyond host regulation:

e changes in gut microbiome of permissive and non-permissive
hosts following parasitization by the wasp Cotesia flavipes.
FEMS Microbiol Ecol 2020, 96:fiz206

This paper shows that parasitoids associated with PDVs induce changes
in the host microbiome, although the specific role of PDVs has not been
characterized. Parasitization of Diatraea saccharalis and Spodoptera
frugiperda larvae by Cotesia flavipes altered the abundance and diversity
of operational taxonomic units in the caterpillar gut. This works lays the
bases for investigating the role played by PDVs as drivers of the changes
in foregut microbiome, which can affect the composition of the regur-
gitate and in turn plant responses to caterpillar feeding.

53. Vadassery J, Reichelt M, Mithofer A: Direct proof of ingested
food regurgitation by Spodoptera littoralis caterpillars during
feeding on Arabidopsis. J Chem Ecol 2012, 38:865-872.

54. Chung SH, Rosa C, Scully ED, Peiffer M, Tooker JF, Hoover K,
Luthe DS, Felton GW: Herbivore exploits orally secreted
bacteria to suppress plant defenses. Proc Nat/ Acad Sci U S A
2013, 110:15728-15733.

55. Maure F, Daoust SP, Brodeur J, Mitta G, Thomas F: Diversity and
evolution of bodyguard manipulation. J Exp Biol 2013, 216:36-
42.

56. Libersat F, Delago A, Gal R: Manipulation of host behavior by
parasitic insects and insect parasites. Annu Rev Entomol 2009,
54:189-207.

57. Khudr MS, Oldekop JA, Shuker DM, Preziosi RF: Parasitoid
wasps influence where aphids die via an interspecific indirect
genetic effect. Biol Lett 2013, 9:20121151.

58. Brodeur J, McNeil JN: Host behaviour modification by the
endoparasitoid Aphidius nigripes: a strategy to reduce
hyperparasitism. Ecol Entomol 1992, 17:97-104.

59.

60.

61.

62.

63.

64.

65.

66.

Tanaka S, Ohsaki N: Behavioral manipulation of host
caterpillars by the primary parasitoid wasp Cotesia glomerata
(L.) to construct defensive webs against hyperparasitism. Eco/
Res 2006, 21:570-577.

Dheilly NM, Maure F, Ravallec M, Galinier R, Doyon J, Duval D,
Leger L, Volkoff AN, Missé D, Nidelet S, Demolombe V: Who is the
puppet master? Replication of a parasitic wasp-associated
virus correlates with host behaviour manipulation. Proc Royal
Soc B 2015, 282:20142773.

Ramirez CC, Villagra CA, Niemeyer HM: Increased xylem
ingestion and decreased phloem ingestion in the aphid
Acyrthosiphon pisum (Hemiptera: Aphididae) parasitised by
Aphidius ervi (Hymenoptera: Braconidae). Eur J Entomol 2006,
103:263-265.

Kamita SG, Nagasaka K, Chua JW, Shimada T, Mita K,
Kobayashi M, Maeda S, Hammock BD: A baculovirus-encoded
protein tyrosine phosphatase gene induces enhanced
locomotory activity in a lepidopteran host. Proc Nat/ Acad Sci U
S A 2005, 102:2584-2589.

Van Houte S, Ros VID, Van Oers MM: Walking with insects:
molecular mechanisms behind parasitic manipulation of host
behaviour. Mol Ecol 2013, 22:3458-3475.

van Houte S, Ros VI, Mastenbroek TG, Vendrig NJ, Hoover K,
Spitzen J, van Oers MM: Protein tyrosine phosphatase-induced
hyperactivity is a conserved strategy of a subset of
baculoviruses to manipulate lepidopteran host behavior. PLoS
One 2012, 7:e46933.

Volkoff AN, Jouan V, Urbach S, Samain S, Bergoin M, Wincker P,
Demettre E, Cousserans F, Provost B, Coulibaly F et al.: Analysis
of virion structural components reveals vestiges of the

ancestral ichnovirus genome. PLoS Pathog 2010, 6:e1000923.

Zhu F, Poelman EH, Dicke M: Insect herbivore-associated
organisms affect plant responses to herbivory. New Phytol
2014, 204:315-321.

Current Opinion in Insect Science 2022, 49:56-62

www.sciencedirect.com


http://refhub.elsevier.com/S2214-5745(21)00125-5/sbref0255
http://refhub.elsevier.com/S2214-5745(21)00125-5/sbref0255
http://refhub.elsevier.com/S2214-5745(21)00125-5/sbref0255
http://refhub.elsevier.com/S2214-5745(21)00125-5/sbref0255
http://refhub.elsevier.com/S2214-5745(21)00125-5/sbref0255
http://refhub.elsevier.com/S2214-5745(21)00125-5/sbref0260
http://refhub.elsevier.com/S2214-5745(21)00125-5/sbref0260
http://refhub.elsevier.com/S2214-5745(21)00125-5/sbref0260
http://refhub.elsevier.com/S2214-5745(21)00125-5/sbref0260
http://refhub.elsevier.com/S2214-5745(21)00125-5/sbref0265
http://refhub.elsevier.com/S2214-5745(21)00125-5/sbref0265
http://refhub.elsevier.com/S2214-5745(21)00125-5/sbref0265
http://refhub.elsevier.com/S2214-5745(21)00125-5/sbref0270
http://refhub.elsevier.com/S2214-5745(21)00125-5/sbref0270
http://refhub.elsevier.com/S2214-5745(21)00125-5/sbref0270
http://refhub.elsevier.com/S2214-5745(21)00125-5/sbref0270
http://refhub.elsevier.com/S2214-5745(21)00125-5/sbref0275
http://refhub.elsevier.com/S2214-5745(21)00125-5/sbref0275
http://refhub.elsevier.com/S2214-5745(21)00125-5/sbref0275
http://refhub.elsevier.com/S2214-5745(21)00125-5/sbref0280
http://refhub.elsevier.com/S2214-5745(21)00125-5/sbref0280
http://refhub.elsevier.com/S2214-5745(21)00125-5/sbref0280
http://refhub.elsevier.com/S2214-5745(21)00125-5/sbref0285
http://refhub.elsevier.com/S2214-5745(21)00125-5/sbref0285
http://refhub.elsevier.com/S2214-5745(21)00125-5/sbref0285
http://refhub.elsevier.com/S2214-5745(21)00125-5/sbref0290
http://refhub.elsevier.com/S2214-5745(21)00125-5/sbref0290
http://refhub.elsevier.com/S2214-5745(21)00125-5/sbref0290
http://refhub.elsevier.com/S2214-5745(21)00125-5/sbref0295
http://refhub.elsevier.com/S2214-5745(21)00125-5/sbref0295
http://refhub.elsevier.com/S2214-5745(21)00125-5/sbref0295
http://refhub.elsevier.com/S2214-5745(21)00125-5/sbref0295
http://refhub.elsevier.com/S2214-5745(21)00125-5/sbref0300
http://refhub.elsevier.com/S2214-5745(21)00125-5/sbref0300
http://refhub.elsevier.com/S2214-5745(21)00125-5/sbref0300
http://refhub.elsevier.com/S2214-5745(21)00125-5/sbref0300
http://refhub.elsevier.com/S2214-5745(21)00125-5/sbref0300
http://refhub.elsevier.com/S2214-5745(21)00125-5/sbref0305
http://refhub.elsevier.com/S2214-5745(21)00125-5/sbref0305
http://refhub.elsevier.com/S2214-5745(21)00125-5/sbref0305
http://refhub.elsevier.com/S2214-5745(21)00125-5/sbref0305
http://refhub.elsevier.com/S2214-5745(21)00125-5/sbref0305
http://refhub.elsevier.com/S2214-5745(21)00125-5/sbref0310
http://refhub.elsevier.com/S2214-5745(21)00125-5/sbref0310
http://refhub.elsevier.com/S2214-5745(21)00125-5/sbref0310
http://refhub.elsevier.com/S2214-5745(21)00125-5/sbref0310
http://refhub.elsevier.com/S2214-5745(21)00125-5/sbref0310
http://refhub.elsevier.com/S2214-5745(21)00125-5/sbref0315
http://refhub.elsevier.com/S2214-5745(21)00125-5/sbref0315
http://refhub.elsevier.com/S2214-5745(21)00125-5/sbref0315
http://refhub.elsevier.com/S2214-5745(21)00125-5/sbref0320
http://refhub.elsevier.com/S2214-5745(21)00125-5/sbref0320
http://refhub.elsevier.com/S2214-5745(21)00125-5/sbref0320
http://refhub.elsevier.com/S2214-5745(21)00125-5/sbref0320
http://refhub.elsevier.com/S2214-5745(21)00125-5/sbref0320
http://refhub.elsevier.com/S2214-5745(21)00125-5/sbref0325
http://refhub.elsevier.com/S2214-5745(21)00125-5/sbref0325
http://refhub.elsevier.com/S2214-5745(21)00125-5/sbref0325
http://refhub.elsevier.com/S2214-5745(21)00125-5/sbref0325
http://refhub.elsevier.com/S2214-5745(21)00125-5/sbref0330
http://refhub.elsevier.com/S2214-5745(21)00125-5/sbref0330
http://refhub.elsevier.com/S2214-5745(21)00125-5/sbref0330

	Impact of parasitoid-associated polydnaviruses on plant-mediated herbivore interactions
	Introduction
	How do PDVs affect plant responses to herbivore attack?
	Parasitoids and their PDVs affect plant-mediated interactions between herbivores
	Physiological changes in herbivores
	Behavioural changes in herbivores

	Future perspective
	Conflict of interest statement
	References and recommended reading
	Acknowledgements


