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Abstract
Key Message  This review provides an overview, analysis, and reflection on insect elicitors and effectors (particularly 
from oral secretions) in the context of the ‘arms race’ with host plants.
Abstract  Following injury by an insect herbivore, plants rapidly activate induced defenses that may directly or indirectly 
affect the insect. Such defense pathways are influenced by a multitude of factors; however, cues from the insect’s oral secre-
tions are perhaps the most well studied mediators of such plant responses. The relationship between plants and their insect 
herbivores is often termed an ‘evolutionary arms race’ of strategies for each organism to either overcome defenses or to 
avoid attack. However, these compounds that can elicit a plant defense response that is detrimental to the insect may also 
benefit the physiology or metabolism of an insect species. Indeed, several insect elicitors of plant defenses (such as the fatty 
acid-amino acid conjugate, volicitin) are known to enhance an insect’s ability to obtain nutritionally important compounds 
from plant tissue. Here we re-examine the well-known elicitors and effectors from chewing insects to demonstrate not only 
our incomplete understanding of the specific biochemical and molecular cascades involved in these interactions but also to 
consider the role of these compounds for the insect species itself. Finally, this overview discusses opportunities for research 
in the field of plant-insect interactions by utilizing tools such as genomics and proteomics to integrate the future study of 
these interactions through ecological, physiological, and evolutionary disciplines.

Keywords  Elicitors · Effectors · Plant-insect interactions · ‘Arms race’

Introduction

Following injury by an insect herbivore, plant species rap-
idly activate induced defenses through which an insect spe-
cies may be directly affected through toxic or anti-nutritive 
properties or indirectly affected through volatile cues to 
predators or parasitoids of the insect species (Karban and 
Baldwin 1997; Chen 2008; Felton and Tumlinson 2008; 
Melotto et al. 2008; Louis et al. 2013). Such defense path-
ways are influenced by a multitude of factors, particularly 
insect-produced cues, (known as elicitors and effectors) 
many of which occur in the oral secretions of an insect spe-
cies (Turlings et al. 1993; Delphia et al. 2007; Diezel et al. 

2009; Tian et al. 2012a; Louis et al. 2013; Chuang et al. 
2014).

Insect-derived compounds that influence plant defenses 
through activating such responses are termed elicitors, 
whereas those molecules that disrupt plant defense path-
ways are referred to as effectors (Felton and Tumlinson 
2008; Chen and Mao 2020; Malik et al. 2021). It is worth 
noting that the term Herbivore-Associated Molecular Pattern 
(HAMP) is based on the vocabulary used to described elici-
tors produced by microbes or by the host plant that activates 
the host’s plant defense responses (Microbial-Associated 
Molecular Pattern or MAMP) (Felton and Tumlinson 2008; 
Mithofer and Boland 2008). Therefore, HAMPs refer to 
insect-derived compounds that activate defense responses 
in a host plant species and are synonymous with compounds 
called elicitors. For simplicity, HAMPs will be referred to 
as elicitors throughout this review. However, a particular 
compound can activate one plant’s defense pathways and 
disrupt that of another species (Musser et al. 2005a; Tian 
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et al. 2012a, b). It is, therefore, essential to consider the 
ecological context in which specific interactions exist.

Insect-derived compounds are frequently located in the 
oral secretions of an insect and therefore, in direct con-
tact with host plant tissue. In caterpillars, ‘oral secretions’ 
refers broadly to the combination of the saliva and regurgi-
tant (Musser et al. 2006). Caterpillar saliva is secreted from 
labial glands through the spinneret and from the mandibular 
glands through pores in the mandibles. In some species, sali-
vary glands are modified to produce and secrete silk for ‘bal-
looning’ or pupation (Takai et al. 2018; Mikó et al. 2019). 
Regurgitant, though, is comprised primarily of gut contents 
and some saliva (Liu et al. 2004; Tian et al. 2012a; Chuang 
et al. 2014). Some caterpillar species defensively regurgi-
tate, dispelling gut contents when disturbed (Grant 2006). 
The compounds of these oral secretions often profoundly 
influence host plant defense responses. However, bacteria 
in caterpillar frass or in beetle regurgitant, the oviposition 
fluid from weevils or sawflies, and some insect pheromone 
compounds can also either disrupt or elicit plant defenses.

Here we will discuss many of the insect-derived com-
pounds that act as elicitors and/or effectors in altering the 
defense responses of a host plant species. Due to the vari-
ety of insect species, host plants, and types of host plant 
defense responses, our understanding of these interactions 
serves as a cross section of the complex ‘arms race’ between 
insect species and their host plant species. This overview 
demonstrates our incomplete understanding of the specific 
biochemical and molecular cascades involved in these inter-
actions. It also encourages us to consider the role of these 
compounds for the insect species itself. Some elicitors are 
known to have a beneficial role in the insect’s physiology 
or metabolism (Yu 1989; Mori and Yoshinaga 2011). For 
instance, it is possible that the benefit a caterpillar species 
derives from elicitors such as volicitin and other fatty-acid 
amino-acid conjugates (FACs) through nitrogen metabolism, 
outweighs the occasional cost of being parasitized by wasps 
orienting to plant volatiles produced in response to these 
compounds. Finally, this overview discusses the exciting 
research opportunities present in this field which should 
utilize tools such as genomics and proteomics to integrate 
the continued study of these interactions through ecological, 
physiological, and evolutionary disciplines.

Elicitors

Insect-derived compounds that activate plant defense path-
ways are referred to as elicitors (Felton and Tumlinson 
2008). The compounds are frequently found in insect oral 
secretions but have also been identified from oviposition 
fluid and pheromones involved in aggregating and mating, 
and may upregulate defense genes and phytohormones, 

induce specific plant volatiles and secondary metabolites, 
and/or callus formation (Helms et al. 2013, 2014, 2017; 
Bittner et al. 2019; Magalhães et al. 2019). However, insect 
elicitor compounds can have a beneficial role for the insect 
itself. For instance, mating pheromones facilitate reproduc-
tive success, and FACs enhance nitrogen metabolism for 
many caterpillar species (Mori and Yoshinaga 2011; Helms 
et al. 2013, 2014, 2017). The benefits to the physiology or 
reproductive success of an insect species may outweigh pos-
sible parasitoid attraction or other deleterious effects. These 
compounds and the interactions and responses they facilitate 
may provide a ‘snapshot’ of the arms race between certain 
plant and insect species.

The β‑glucosidase oral elicitor

β-Glucosidase is a hydrolytic enzyme that catalyzes the 
hydrolysis of glycosidic linkages in glycosides and is found 
in a wide diversity of insect species, including locusts, 
cockroaches, aphids, and caterpillars (Lindroth 1988; Yu 
1989; Mattiacci et al. 1995). For example, the eastern tiger 
swallowtail (Papilio glaucus) feeds on plant species in the 
Salicaceae, many of which contain phenolic glycosides. A 
subspecies, P. g. canadensis, is adapted to these compounds 
and exhibited a lower β-glucosidase activity when forced to 
feed on them. However, P. g. glaucus does not have an adap-
tion to phenolic glycosides and exhibited a higher activity 
of this elicitor when feeding on these compounds (Lindroth 
1988). Presumably, the β-glucosidase benefits an insect spe-
cies by detoxifying host plant allelochemicals to which it is 
not adapted (Lindroth 1988; Yu 1989). This elicitor appears 
to have a quantitative difference in activity among various 
caterpillar species that have been tested (Yu 1989). Within a 
species, elicitor activity may also vary by host plant species 
and seasonality (Lindroth 1988; Yu 1989).

β-Glucosidase functions as an elicitor of plant defense 
by hydrolyzing a variety of glucosides during caterpillar 
herbivory, cleaving plant volatile compounds conjugated to 
them (Lindroth 1988; Yu 1989; Mattiacci et al. 1995; Felton 
and Tumlinson 2008). In maize (Zea mays) and lima bean 
(Phaseolus lunatus), β-glucosidase will activate, among 
other things, of the biosynthesis of various terpenes (Hopke 
et al. 1994). However, jasmonic acid (JA) treatment alone 
elicited the emission of most, but not all, the volatiles emit-
ted by β-glucosidase treatment (Hopke et al. 1994) (Table 1). 
Furthermore, the induction of a volatile profile from cabbage 
during herbivory of the β-glucosidase containing cabbage 
white butterfly, Pieris brassicae (Linnaeus), is attractive to 
parasitic wasps of the caterpillar (Mattiacci et al. 1995).

That some volatile compounds are triggered by both 
or one or the other of these externally applied compounds 
indicates that different plant signals and transducers may be 
responsible for various pathways leading to volatile emission 
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(Hopke et al. 1994). It appears, in cabbage at least, that 
mechanical damage in conjunction with β-glucosidase appli-
cation must occur to elicit herbivore-induced plant volatiles 
(HIPVs) (Matticci et al. 1995). Since this observation has 
not been reported in maize and lima bean, this requirement 
bears further investigation as it could provide clues as to the 
transportation and perception of this elicitor by the plant. 
Further work to conclusively demonstrate the cleavage of 
the volatile-sugar conjugate by the β-glucosidase and the 
impact of this elicitor on other plant defense responses, such 
as phytohormone accumulation, would be beneficial. Addi-
tionally, it has not been definitively shown that the benefit of 
caterpillar β-glucosidase for host detoxification outweighs 
potential parasitizing indirectly brought about by the emis-
sion of volatile compounds in response to this elicitor.

The fatty‑acid amino‑acid conjugate (FACs) oral 
elicitors

The FACs are unsaturated 18-carbon fatty acids coupled to 
glutamine or glutamate (Pohnert et al. 1999). A comprehen-
sive review of FAC elicitor biosynthesis was published  by 
Tumlinson and Lait (2005). Essentially, membrane-bound 
fatty acids of the plant are released during leaf damage and 
modified by the feeding caterpillar through the addition of 
an amino acid (Truitt et al. 2004). This contribution of the 
amino acid from the insect species and the fatty acid from 
the plant species allows for a diversity of FACs influenced by 
caterpillar diet (Felton and Tumlinson 2008). In fact, the sig-
nificant differences in the quantities of the N-acylamino acid 
conjugates in the oral secretions of three noctuid species, 
suggest that the various proportions of these compounds 
are species-specific (Mori et al. 2003). Indeed, the patterns 
by which FACs occur in caterpillar species regurgitant are 
classified into four types: (a) glutamine conjugates only, (b) 
glutamine and glutamic acid conjugates, (c) glutamine con-
jugates and those with hydroxylated fatty acids, and (d) all 
of them (Mori and Yoshinaga 2011).

FACs facilitate nitrogen assimilation in those insects with 
glutamine-type FACs; however, the physiological roles and 
details of the biosynthetic pathways of glutamic-acid FACs 
are not known (Yoshinaga et al. 2008; Mori and Yoshinaga 
2011). Glutamine is one of the key compounds for nitro-
gen metabolism in insect species, and glutamine synthesis 
in the caterpillar gut was enhanced when an artificial diet 
was enriched with linolenic acid, resulting in an over 20% 
increase in nitrogen assimilation efficiency (Yoshinaga et al. 
2008). The positive effect of nitrogen assimilation for larvae 
growth may offset the induced plant defenses and attraction 
of natural enemies by FACs (Yoshinaga et al. 2008). How-
ever, such a tradeoff still needs to be shown conclusively.

During herbivory on maize, the beet armyworm, Spodop-
tera exigua, triggers the release of a specific suite of HIPVs, 

different from those emitted during mechanical damage, 
which serves as a chemical cue for parasitic wasps (Turlings 
et al. 1993, 1995). A FAC, N-(17-hydroxylinolenoyl)-L-glu-
tamine (volicitin) was identified from the caterpillar regur-
gitant as the compound responsible for eliciting the induced 
volatile response (Fig. 1A) (Alborn et al. 1997). In addition 
to volicitin, there is extensive diversification of the FACs 
across the Lepidopteran caterpillars; they have also been 
identified in Teleogryllus taiwanemma (crickets; Orthoptera) 
and Drosophila melanogaster (fruit flies; Diptera) (Yoshi-
naga et al. 2010, 2014; Mori and Yoshinaga 2011).

The addition of FACs to lima bean triggered a strong 
membrane potential depolarization at the damage site which 
then spread throughout the leaf (Maffei et al. 2004). Since 
Ca2+ acts as an intracellular secondary messenger in plant 
cells, the depolarization of the cell membrane potential and 
Ca2+ influx is likely at least a part of the signaling cascade 
from the plant species detection of FACs to induced defense 
responses (Lecourieux et al. 2006). This elicitor is perceived 
through the binding of a protein-ligand interaction, although 
the relationship of this step to induced defense responses 
in the plant species is unclear (Truitt and Paré 2004; Truitt 
et al. 2004). Either through increased Ca2+ influx or directly, 
FACs induce the expression and activity of specific genes 
involved in terpenoid biosynthesis, specifically those for ter-
pene synthases (Paré and Tumlinson 1997; Bouwmeester 
et al. 1999; Arimura et al. 2004; Gomez et al. 2005). Vola-
tiles elicited from volicitin application, including a set of 
acyclic terpenes and indole (via the shikimate pathway), may 
be biosynthesized de novo following insect damage; on the 
other hand, in some plant species, such as Gossypium hir-
sutum (Linnaeus), cyclic terpenes, butyrates, and green leaf 
volatiles (GLVs) may be released from storage or synthe-
sized from intermediates (Paré and Tumlinson 1997).

In addition to eliciting volatiles, FAC application to 
plant species elicits several herbivore-associated defense 
responses such as bursts in plant phytohormones (Table 1) 
(Schmelz et al. 2009). Interestingly, FAC application can 
also lead to the suppression of plant direct defenses, such as 
nicotine, which is an attribute of an insect effector (Diezel 
et al. 2009; Halitschke et al. 2001). Insect compounds that 
decrease or suppress plant defenses are typically consid-
ered to be effectors (see next section on Effectors). It may 
be that these compounds can act to both prevent (nicotine 
reduction) and elicit (volatile emission and JA induction) 
plant defense responses, dependent on additional factors 
such as host plant species (Fig. 2). The evident functional 
duality of FACs deserves further examination. Such work 
will provide valuable tools for the further characterization of 
plant responses to chewing insect species. Specifically, the 
identification and characterization of the volicitin binding 
protein, the enzymes encoded by terpene synthase genes, 
and the genomic sequences that regulate these processes 
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will advance in the decoding of the plant signaling cascade 
(Truitt et al. 2004; Gomez et al. 2005).

The inceptin oral elicitors

Inceptins, from the fall armyworm, Spodoptera frugiperda, 
are disulfide-bridged peptides derived from cowpea (Vigna 
unguiculata), chloroplastic ATP synthase γ-subunits (cAT-
PCs) (Fig. 1B) (Schmelz et al. 2006). cATPCs are essential 
components of chloroplastic ATP synthase, necessary for 
a plant species to catalyze the synthesis of ATP from ADP 
and phosphate (Schmelz et al. 2006). When ingested by S. 
frugiperda, cATPCs are proteolyzed in the gut; some of the 
resulting peptide fragments, termed inceptins, induce cow-
pea defense responses (Table 1) (Schmelz et al. 2006; Schm-
elz et al. 2007). Several caterpillar species produce active 
inceptins (Schmelz et  al. 2012). Although lepidopteran 
larvae generate inceptins through both N- and C-terminal 

proteolysis, the velvetbean caterpillar (Anticarsia gemmata-
lis) proteolyzes cATPC by removing the C-terminal alanine. 
This shorter inceptin disrupts cowpea defense responses, 
acting as an A. gemmatialis effector (Schmelz et al. 2012).

Synthetic inceptins induce ethylene, JA, salicylic acid 
(SA), volatile emission, cinnamic acid, and transcripts of 
cystatin, a protease inhibitor, in cowpea plants, indicating 
that inceptins induce direct and indirect cowpea defenses 
(Fig.  2) (Schmelz et  al. 2006, 2009). These enhanced 
defenses led to a direct effect on S. frugiperda; larvae fed 
on plants previously treated with inceptins exhibited reduced 
biomass compared to larvae fed on untreated plants (Schm-
elz et al. 2006). Inceptins, then, are essential in inducing 
direct and indirect defenses, with major ramifications for 
the plant species, herbivore species, and potentially the 
surrounding environment (i.e., predators and parasitoids). 
Particularly, the induced phytohormones during this pro-
cess form part of a complex defense signaling cascade for 

Fig. 1   Insect elicitor structures. Those from insect oral secretions 
include: A Fatty-acid amino-acid conjugates, B Cowpea-derived 
inceptin, and C Caeliferins. D Bruchins compose a portion of weevil 
(Bruchus spp.) oviposition fluid, while E E, S—conophthorin is part 

of the male gall fly (Eurosta solidaginis) pheromone (Alborn et  al. 
1997, 2007a, b; Doss et  al. 2000; Oliver et  al. 2000; Schmelz et  al. 
2006; Helms et al. 2013). Figure created with ChemDraw Prime 17.1 
in Microsoft Office 365 PowerPoint
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the plant species (Schmelz et al. 2006, 2009). Undoubtedly, 
inceptins act early in these signaling pathways to trigger a 
variety of responses from cowpea, leading to the reduced 
biomass of S. frugiperda fed on induced cowpea plants 
(Schmelz et al. 2006).

Since inceptin production is dependent on proteolysis in 
the caterpillar gut, only caterpillar larvae that have previ-
ously ingested cATPCs and proteolyzed them ‘correctly’ 
can induce cowpea defenses during herbivory (Schmelz 
et al. 2006). The cATPC sequence is conserved throughout 
most photosynthesizing plant species, perhaps because of its 
association with chloroplasts (Schmelz et al. 2006, 2009). 
Fall armyworm proteolyzes inceptins from cATPCs obtained 
through herbivory on maize or cowpea (and presumably 
many other plants); however, the inceptin receptor (INR) 
appears to be only functional in a group of plants within the 
Fabaceae (Steinbrenner et al. 2020). For example, maize-
derived inceptin triggers defense responses in cowpea, but 
does not induce such defense responses in maize (Fig. 2) 
(Schmelz et al. 2006). It is unknown if cATPC is cleaved in 
other herbivorous caterpillar guts to produce inceptin pep-
tides. Inceptins do not appear to induce maize or tobacco 
defense responses. (Schmelz et al. 2006, 2009).

Inceptins are not permanent elicitors in the caterpillar oral 
secretions. Due to exo- and endopeptidases in the insect gut, 
inceptins are proteolytically cleaved over time and become 
inactive, no longer able to induce plant defense responses 
(Schmelz et al. 2006). Some variation in the active inceptin 
peptide can occur, perhaps reflecting different cleavage sites 
and/or plant species variation of cATPC. However, the C ter-
minal alanine is necessary for activity (Schmelz et al. 2007). 
For example, the presence of a lysine in the spinach inceptin 
peptide, resulted in its cleavage and the loss of its inducing 
defense response activity (Schmelz et al. 2007). Since the 
inceptin sequence in cowpea and several other plant species 
is established, this area of peptide elicitors is wide open for a 
variety of studies to further understand the source, synthesis, 
role, activities, and receptors involved in these interactions 
(Schmelz et al. 2006).

The S. frugiperda-cowpea-inceptin system is unique in 
that (1) very few caterpillars have been examined for pro-
teolyzing inceptins from plant cATPC, (2) cowpea is the 
only tested plant in which defense responses were elicited, 
and (3) inceptin can be proteolyzed from the cATPCs of 
several plant species but, to date, is perceived only by select 
species within the Fabaceae. This system, while studied 

Fig. 2   The classification of plant defense responses from selected 
insect-derived compounds—inceptins,  fatty acid-amino acid conju-
gates (FACs), and glucose oxidase (GOX) based which plant defense 

responses are activated (elicitors; dark grey) or disrupted (effectors; 
light grey). Figure created in Microsoft Office 365 PowerPoint
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in detail similar to the FAC elicitors, represents a curious 
deviation from those compounds. While S. frugiperda regur-
gitant contains FAC elicitors, these elicitors do not induce 
cowpea defense responses (Spiteller et al. 2001; Schmelz 
et al. 2006). It is evident that plant species both specifically 
influence and respond to the composition of caterpillar oral 
secretions. The thorough approach to the discovery and 
activity of inceptins should serve as a model on which to 
research other elicitors and effectors. Through such work, 
the specifics of the elicitor, its role and mechanism, and the 
discovery of a unique receptor for it have been elucidated.

The caeliferin oral elicitors

Grasshopper (Schistocerca americana) regurgitant elicits 
HIPVs from maize seedlings (Table 1) (Alborn et al. 2007a, 
b). The eliciting compounds are sulphur-containing fatty-
acid elicitors of plant volatiles, termed caeliferins (Fig. 1C). 
Interestingly, the composition of caeliferins will change in 
wild grasshopper populations when confined in the labora-
tory, independent of diet. The factors that cause this change 
are unknown (Alborn et al. 2007a, b). Though the precur-
sors for caeliferins have not been determined, it follows that 
fatty acids—possibly derived from maize—are an impor-
tant part of this elicitor. Caeliferins may interact with a 
sulfotransferase to transform 12-hydroxy-jasmonate into its 
corresponding sulfate (as shown in Arabidopsis thaliana) 
(Schmelz et al. 2009). If this interaction occurs, potentially 
caeliferins are partly involved in deactivating part of the 
plant response to herbivory through the JA pathway.

Considering the variation in the response, or lack of 
response, of other elicitors, particularly volicitin, among 
plant species, it is surprising that the full activity range of 
caelferins on plant defense responses has not been accom-
plished (Schmelz et al. 2009). These elicitors may serve as 
part of the insect’s chemical defense, since S. americana 
will readily regurgitate when attacked; however, this deter-
rent effect has yet to be tested. The advantage of caeliferin 
is unclear for S. americana and the advantage of caeliferin-
induced maize volatiles is unknown for the plant species 
Alborn et al. (2007a, b) suggested that these VOCs may 
deter further feeding by S. americana or aid in aggregation. 
The little-known caeliferin elicitors represent a research area 
replete with possibilities to determine the activity range, 
deterrent effect, parasitoid attraction, the solitary vs. gre-
garious nature of S. americana, and maize signaling.

The bruchin elicitors

Bruchins are mono- and bis-(3-hydroxypropanoate) esters of 
long-chain α, ω-diols deposited on pea pods (Pisum sativum 
L.) by ovipositing pea and cowpea weevils (Bruchus spp.) 
(Fig. 1D) (Doss et al. 2000; Oliver et al. 2000). Bruchins 

form calluses in the pod tissue beneath the weevil egg, 
impeding larval entry into the pod (Doss et al. 2000). Some 
bruchins are intensely active; callus formation can be initi-
ated by applications of these elicitors at concentrations as 
low as 0.5–1.0 fmol (Oliver et al. 2000; Doss et al. 2000).

In addition to forming a physical structure to impede wee-
vil larvae, bruchins induce the upregulation of an isoflavone 
synthase gene, an enzyme involved in JA synthesis (12-oxo-
phytodienoic acid 10,11-reductase; OPDAR), and the iso-
flavone, pisatin (Cooper et al. 2005; Doss 2005). Pea pisatin 
levels were increased after bruchin treatment and remained 
detectible for more than 64 h (Cooper et al. 2005). Since this 
isoflavone is induced by pathogen infection to the plant, its 
induction after treatment with an insect oviposition elicitor 
is curious (Cruickshank and Perrin 1962, Hammerschmidt 
and Nicholson 1999, Cooper et al. 2005). Bruchins induce 
several types of pea defense responses—the callus formation 
as a physical barrier, synthesis of the antibiotic compound, 
pisatin, and enzymes involved in phytohormone signaling 
(Table 1) (Doss 2005).

The structural requirements for bruchin activity are 
unknown; possibly they are offshoots of fatty acid synthe-
sis or metabolism, potentially placing them in a similar 
level of functionality as FACs (Doss et al. 2000). Certainly, 
both FACs and bruchins initiate a complex plant-signaling 
sequence that ultimately has a negative effect on the insect 
species that produced the compound, although the full 
mechanism of this is unknown (Doss et al. 2000; Cooper 
et al. 2005). Bruchins likely have a beneficial role for the 
weevil to balance possible offspring mortality due to callus 
formation (Cooper et al. 2005). Perhaps the production of 
bruchins is related to egg pathogen resistance; however, it 
has not been definitively demonstrated that pisatin promotes 
disease resistance to benefit the weevil. (Doss et al. 2000).

The sawfly oviposition fluid elicitor

The oviduct secretions of the pine sawfly, Diprion pini 
appears to contain an elicitor that induces local and sys-
temic terpenoid volatile production in Pinus sylvestris (Scots 
pine). This volatile signal attracts an egg parasitoid (Chrys-
onotomyia ruforum) which kills the egg, thereby prevent-
ing damage to the plant from feeding sawfly larvae (Mumm 
et al. 2003). This elicitor is applied to the eggs of the female 
sawfly when they are inserted into a slit in the pine needle; 
it may be a peptide or protein, or a component bound to 
these (Hilker et al. 2005). The elicitor in the sawfly oviduct 
secretion has not been characterized, although P. sylvestris 
defense responses to it are well described.

The elicitor enhanced transcription rates of the terpene 
synthases PsTPS 1 and PsTPS 2 at 72 h after egg deposi-
tion, matching the timing of particular odor attractiveness to 
the parasitoid (Table 1) (Köpke et al. 2008). Egg deposition 
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also decreased pine ethylene emission compared to con-
trols (Schröder et al. 2007). P. sylvestris responded to egg 
deposition by accumulating ROS (reactive oxygen species) 
and reducing ROS scavenger catalase activity (Bittner et al. 
2017). Since ROS play an important role in plant defense 
against a myriad of biotic stressors, this response could lead 
to egg mortality and/or deterrence against future larval her-
bivory (Bittner et al. 2017). Indeed, sawfly larvae that began 
development on twigs from which they hatched gained less 
weight and suffered higher mortality than those fed on egg-
free twigs (Beyaert et al. 2012). However, other than the 
likely induction of terpenoid volatiles and ROS accumula-
tion, the elicitor from sawfly oviduct secretions does not 
appear to affect the plant’s defensive potential against sawfly 
larvae (Beyaert et al. 2012).

There are numerous research opportunities in the sawfly, 
pine, parasitoid system. Future research must include the 
identification of the elicitor in the oviduct secretion (Hilker 
et al. 2005). An understanding of the elicitor compound and 
its mechanism of action will provide insights into its role for 
the sawfly itself. Finally, studies on the upregulation of P. 
sylvestris genes and phytohormones will provide clarity on 
the effect of plant defenses on sawfly eggs.

Other compounds that act like elicitors

Although oral secretions are the primary means through 
which plants perceive insect herbivores, insect pheromones, 
oviposition, and frass deposition are also capable of induc-
ing plant defense responses (Helms et al. 2013; Ray et al. 
2015, 2016a, b, c; Bittner et al. 2019). Goldenrod (Soli-
dago altissima) exposed to E, S, - conophthorin, the major 
component of the male gall fly (Eurosta solidaginis) sex 
pheromone, exhibit induced JA accumulation, HIPV emis-
sion, and reduced susceptibility to damage by the specialist 
herbivore Trirhabda virgata (Fig. 1E) (Helms et al. 2013, 
2014, 2017). The male sawfly (D pini) sex pheromone can 
increase hydrogen peroxide concentrations and defense-
related gene expression after egg deposition in the pine nee-
dles of Pinus sylvestris (Bittner et al. 2019). The aggregation 
pheromone of Anthonomus grandis (boll weevil; Boheman) 
increased the VOC emission from the host plant G. hirsutum 
subsequently becoming more attractive to a parasitic wasp 
Bracon vulgaris (Magalhães et al. 2019). The elicitors of 
Tetranychus urticae (the two-spotted spider mite), tetranin1 
and tetranin2, increased transcript abundances of defense 
genes and induced phytohormone biosynthesis of the host 
leaf which resulted in reduced survivability of the mite (Iida 
et al. 2019). Lastly, caterpillar frass (or molecules derived 
from it) induce plant defenses specific to each host-herbivore 
system, depending on the frass composition, the plant organ 
on which it is deposited, and the insect species Ray et al. 
2015, 2016a-b; 2020). These non-oral cues represent a novel 

class of compounds able to elicit plant defense responses 
(Table 1).

Summary of elicitors

To summarize, plant defense responses to insect elici-
tors can include volatile emission, callus formation, and/
or phytohormone induction. However, signal transduction 
from elicitor application to the defense response is often 
unclear or unknown (Truitt and Paré 2004; Bonaventure 
et al. 2011). Furthermore, the complexity of the elicited 
defense response—tritrophic interactions with predators 
or parasitoids of the herbivorous insect species—has been 
reported for some elicitors (β-glucosidase, FACs, inceptins) 
but not others (caeliferins, bruchins, and the sawfly ovipo-
sition fluid). Finally, some elicitors can benefit the insect 
species that produce them, detoxifying host plant chemicals 
(β-glucosidase) or aiding in the insect’s nitrogen metabolism 
(FACs) (Lindroth 1988, 1989; Yoshinaga et al. 2008). The 
apparent ‘dual-purpose’ of several effectors—their benefit to 
the insect’s physiological processes and yet their perception 
by the plant species to initiate defense responses—will be 
discussed later in this review.

Effectors

Compounds found in insect oral secretions that disrupt plant 
defense pathways are termed effectors. While insect saliva 
can have numerous functions; the most obvious is its role in 
facilitating food ingestion and digestion of an insect species 
(Ribeiro 1987; Ribeiro et al. 1995; Eichenseer et al. 1999). 
Secreted salivary proteins can modify host plant tissues 
to increase their nutritional suitability and/or manipulate 
host plant defensive responses. Insect species are generally  
benefited from these compounds through their ability to 
manipulate host plant defense responses. Much like elicitor 
compounds, effectors can be identified through a response of 
the host plant species. However, it is imperative to confirm 
that their role and mode of action for beneficially manipulat-
ing host plant defenses (Eichenseer et al. 1999).

The glucose oxidase (GOX) effector

As an effector, glucose oxidase (GOX) represents an insect 
compound with the capacity to decrease host plant defense 
responses (Felton and Tumlinson 2008). This enzyme, pre-
sent in the saliva of many caterpillars, catalyzes the oxida-
tion of glucose to produce gluconic acid and H2O2 (Eichen-
seer et al. 1999, 2010). These enzymes are about 70 kDa 
and are part of the GMC-oxidoreductases (Tang et al. 2012). 
These effectors may serve as part of an antioxidant enzyme 
system in the insect midgut by mitigating the oxidation of 
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ingested food during herbivory (Eichenseer et al. 1999, 
2010).

The GOX reaction also has antimicrobial properties. 
Gluconic acid, the product of this reaction, regulates plant 
gene expression and plays a key role in plant defense sign-
aling against pathogens (Musser et al. 2005a, b). Indeed, 
the GOX reaction, enhanced with supplemental glucose, 
reduced the growth of the bacteria Serratia marcescens 
and Pseudomonas aeruginosa (Musser et al. 2005b). The 
acidic nature of gluconic acid may account for the observed 
antimicrobial properties. The formation of this antimicro-
bial agent by the GOX reaction may function to prevent the 
ingestion of plant-based bacteria by the caterpillar and may 
also protect the plant’s wound site from general infection 
during herbivory.

The subsequent bursts of H2O2 from the GOX reaction 
may serve as an inter-plant signal since H2O2 is believed to 
be an upstream plant signal that can lead to phytohormone 
biosynthesis which interferes with JA-dependent responses 
(Merkx-Jaques and Bede 2005; Peiffer and Felton 2005). A 
caterpillar species may use H2O2 to enhance the nutritive 
quality of the host by denaturing ingested plant oxidative 
enzymes in addition to suppressing the wound-inducible 
defenses in some host plants species (Table 1) (Eichenseer 
et al. 1999).

A sugar substrate is necessary for the GOX reaction. 
Glucose, in particular, is an optimal substrate for caterpillar 
GOXs (Eichenseer et al. 1999). Since sugars such as glucose 
are required for GOX to produce gluconic acid and H2O2, 
it follows that glucose availability in host plant tissues may 
function as a rate-limiting factor in eliciting plant responses. 
Eastern corn borer (Ostrinia nubilalis) GOX-containing 
saliva induces tomato but not maize defenses, likely due 
to higher levels of glucose in tomato (Fig. 2) (Louis et al. 
2013). Additionally, tobacco leaves or an artificial diet sup-
plemented with glucose increased GOX activity in Helicov-
erpa armigera salivary glands (Hu et al. 2008). Salivary 
GOX from H. zea induced a large variation of defense pro-
tein induction among tested solanaceous plants (Lin et al. 
2020). For instance, while GOX reduced tobacco defenses, 
this effector increased tomato defenses (Musser et al. 2002, 
2005a, b; Tian et al. 2012a, b; Lin et al. 2020). As the rate-
limiting step in this reaction, glucose may (1) affect transla-
tional or posttranslational regulation of GOX, increasing the 
transcriptional expression of this enzyme, (2) serve as the 
rate-limiting substrate for GOX, or (3) influence this reac-
tion in a combination of these methods (Tang et al. 2012; 
Louis et al. 2013).

GOX activity can be dependent not only on a host plant 
species but also on the caterpillar species (Table 1) (Merkx-
Jacques and Bede 2005; Hu et al. 2008; Eichenseer et al. 
2010; Tang et al. 2012; Louis et al. 2013). The saliva from 
different caterpillar species can influence plant defense 

responses in different ways. H. zea herbivory or synthetic 
GOX application to tomato leaves induced transcript levels 
of the proteinase inhibitor Pin2. Salivary gland homogen-
ates from species that do not produce high levels of GOX 
(Trichoplusia ni, Manduca sexta, and S. frugiperda) did not 
increase tomato Pin2 transcripts; however, gland homogen-
ates from species with high levels of GOX (Heliothis vires-
cens and S. exigua) did increase those transcripts (Table 1) 
(Tian et al. 2012a, b). This variation may play an adaptive 
role in fitness to host plant species or it may merely be a 
consequence of dietary factors and insect development stage 
(Merkx-Jacques and Bede 2005; Hu et al. 2008; Eichenseer 
et al. 2010).

Overall, GOX activity is statistically higher in the saliva 
of generalist caterpillar species than those with a more spe-
cialized host range (Eichenseer et al. 2010). Such higher 
GOX activity is likely not from a greater transcription rate of 
the enzyme but by greater transcription stability or a combi-
nation of rate and stability (Yang 2017). High GOX activity 
in phytophagous caterpillar species may contribute to host-
range expansion (Eichenseer et al. 2010). If GOX activity 
is dependent on both the herbivore and plant species, then 
it stands to reason that there are decidedly different plant 
responses to GOX. This has been observed in a comparison 
of the effects of this effector on tobacco and tomato.

Tobacco

GOX strongly mitigated induced defenses in tobacco (Fig. 2) 
(Peiffer and Felton 2005). H. zea GOX reduced nicotine pro-
duction induced by herbivory by more than 26% (Musser 
et al. 2002). Heliothis virescens saliva, also containing GOX, 
suppressed volatile nicotine (Delphia et al. 2006). In turn, 
nicotine reduction enhanced caterpillar fitness; H. zea neo-
nates reared on tobacco with reduced nicotine (from prior 
GOX application) experienced increased survival and body 
weights (Musser et al. 2002). Since GOX activity is higher 
in H. zea glands after tobacco herbivory, this effector may be 
necessary to contend with nicotine production (Peiffer and 
Felton 2005). Since nicotine is synthesized in the roots and 
transported through the xylem, suppression of foliar nico-
tine may be due to stomata closure caused by GOX (Lin 
et al. 2021). Further research is necessary to elucidate the 
particular relationships and pathways involved in this effec-
tor system.

Tomato

GOX elicits an opposite response in the closely related 
solanaceous plant tomato, Solanum lycopersicum. GOX 
induced anti-nutritive trypsin protease inhibitors (TPIs) in 
tomato, inhibiting digestive serine proteases in the caterpil-
lar gut (Musser et al. 2005a; Lin et al. 2020). It must be 
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noted though, that damage to tomato leaves, whether treated 
with GOX or not, will induce TPIs (Musser et al. 2005a, 
b). Transcripts of another protease inhibitor, Pin2, were 
induced by S. exigua, H. virescens, and H. zea salivary gland 
homogenates, but were not by those of T. ni, M. sexta, and 
S. frugiperda (Tian et al. 2012a, b; Louis et al. 2013). This 
disparity in response may represent differing GOX activities 
among the examined caterpillar species. The saliva of some 
caterpillar species (which contains GOX) also increased JA 
levels in tomato (Fig. 2; Table 1) (Tian et al. 2012a, b). Cat-
erpillars fed on Pin2-induced plants experienced reduced 
larval growth (Louis et al. 2013). GOX treatment reduced 
H. zea growth on tomato (Lin et al. 2020). Furthermore, 
GOX-producing H. zea herbivory inhibited tomato volatile 
emission (compared to the increased volatile emission dur-
ing feeding by caterpillars unable to produce this effector 
through CRISPR-CAS9 gene editing), at least partially due 
to stomatal closure in response to GOX application (Lin 
et al. 2021).

Additionally, GOX induced tomato physical defenses. 
GOX-producing H. zea herbivory triggered a higher den-
sity of type VI glandular trichomes on tomato leaves than 
herbivory by caterpillars unable to produce GOX (Fig. 2; 
Table 1) (Tian et al. 2012a, b). It is evident that tomatoes 
treated with GOX are deleterious to the fitness of caterpillar 
species, and that GOX triggered an elicitor-type responses 
in tomato. Thus, it remains to be seen whether this is due to 
GOX-induced proteases, physical defenses, responses due to 
JA induction or a combination of these mechanisms.

Surveys across plant species are important in understand-
ing the role of GOX in specialist and generalist herbivore 
species (Eichenseer et al. 2010). Studies to better under-
stand the rate-dependent factors in these interactions are also 
essential (Hu et al. 2008; Tang et al. 2012). Each insect/
plant system has specific factors that determine the activity 
of GOX. The glucose content of the plant species, specific 
types of plant defenses, and particular insect herbivore spe-
cies demonstrate the diversity and complexity within each 
system Bede et al. 2006; Merkx-Jacques and Bede 2005; 
Yang 2017). Therefore, it is necessary to consider both plant 
and insect factors, as well as to consider the breadth of plant 
defense responses to GOX—gene transcripts, phytohor-
mones, constitutive defenses, and volatile emission.

The effectors modifying GLVs

Plant green leaf volatiles (GLVs) are modified during insect 
herbivory by several effectors that alter the emission of these 
volatiles (Matsui and Koekuka 2016; Jones et al. 2019). 
GLVs are small aldehydes, alcohols, and esters believed to 
be degradation products of the plant lipoxygenase (LOX) 
pathway. These compounds are emitted from all green plant 
species in response to biotic and abiotic stress and play an 

important role in signaling host plant attraction and deter-
rence of herbivores, attracting parasitoids to deleterious 
herbivores, influencing pathogen infection, and inter- and 
intra-plant signaling (Scala et al. 2013; Matsui and Koeduka 
2016; Ameye et al. 2018). Many of the aforementioned inter-
actions are indirect plant defense responses (such as the 
emission of HIPVs, which parasitoids learn is indicative of 
prey—the feeding herbivore) (Matsui and Koeduka 2016). 
In this sense, effectors that modify GLV emission are alter-
ing a common plant stress response that is part of the plant’s 
defensive signaling.

A Bombyx mori fatty acid hydroperoxide dehydratase 
(BmFHD) effector suppresses GLV production (Table 1) 
(Takai et al. 2018). This enzyme converts 13(S)-hydrop-
eroxyl (9Z, 11E, 15Z)—oxadecatrienoic acid (13-HPOT), 
the immediate precursor of GLVs, into its keto-derivative, 
thereby removing it from the GLV biosynthetic pathway 
(Matsui and Koeduka 2016; Takai et al. 2018). A tachinid 
parasitoid fly of B. mori (Zenillia dolosa) laid fewer eggs 
when exposed to mulberry leaves infested with B. mori 
producing BmFHD than when exposed to leaves beset 
with caterpillars unable to secret this enzyme (Takai et al. 
2018). This clear response activity demonstrates the impor-
tance of GLVs in the mulberry volatile signal for Z. dolosa. 
Homologs of this enzymatic effector are present in other 
caterpillar species (Takai et al. 2018; Jones et al. 2019).

In addition to the FHD effector, a heat-stable small mol-
ecule is present in the gut contents (regurgitant) of M. sexta, 
Trichoplusia ni, S. frugiperda, and S. exigua. This HexenAL 
Trapping (HALT) effector directly reacts with (Z)-3-hexenal, 
the first GLV biosynthesized (Table 1) (Jones et al. 2019). 
Efforts are ongoing to characterize this effector, its mode 
of action, and its distribution throughout the herbivorous 
Lepidoptera.

An isomerase in M. sexta oral secretions converts the 
(Z)-3-hexenal GLV to its (E)-2-isomer, changing the ratio 
of released GLVs into the environment (Table 1) (Allmann 
and Baldwin 2010). Tobacco plants emitting the (E)-iso-
mer GLV are attractive to predatory Geocoris spp. beetles, 
indicating a likely meal (Allmann and Baldwin 2010). This 
isomerase has been partially characterized (Allmann disser-
tation). Similar isomerizing activity has been detected in the 
oral secretions (specifically in homogenates of the salivary 
glands) of several noctuid species (Allmann and Baldwin 
2010; Jones et al. 2019). Since the shift of the volatile ratio 
from (Z)-3-hexenal to (E)-2-hexenal emission is attractive 
to predatory beetles, the isomerase triggering it technically 
fits the definition of an elicitor (similar to the emission of 
maize HIPVs which are attractive to herbivore parasitoids 
when treated with the FAC elicitors).

While the FHD, HALT, and isomerase compounds alter 
GLV emission from host plants, thus far the isomerase 
is the only compound that has been shown to directly 
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influence an insect response. Naturally, the classification 
of these compounds as effectors assumes that GLVs can 
act as an early defense response to stressors of plant spe-
cies (Scala et al. 2013; Matsui and Koeduka 2016). The 
variety of mechanisms through which caterpillar species 
suppress or modify GLV emission from their host plant 
species, suggests a need for the insect to counteract indi-
rect volatile defense responses (Jones et al. 2019).

The other effector compounds

Several other effectors from caterpillar oral secretions 
decrease the host plant’s defense responses. The saliva of 
either the rice or maize S. frugiperda strains feeding on 
non-preferred host plants contains higher phospholipase 
C (PLC) activity (Acevedo et al. 2017). Increased activity 
of this effector induced greater accumulation of protease 
inhibitors or suppressed the induction of trypsin inhibi-
tor activity, in maize and Bermuda grass, respectively 
(Acevedo et al. 2017). The fact that saliva composition 
is adjustable to influence host plant defenses, is indica-
tive that saliva components can be adaptable to host plant 
species. S. frugiperda saliva also contains benzoic acid 
and the phytohormones JA, SA, and abscisic acid, which 
when applied to plant species at equivalent concentra-
tions, upregulated a proteinase inhibitor gene expression 
in maize and down-regulated several herbivore-induced 
defenses in tomato (Acevedo et al. 2019). The Helicoverpa 
armigera R-like protein 1 (HARP) interacts directly with 
plant JA2 receptors, blocking JA signal transduction, and 
rendering the host plant species susceptible to herbivory 
(Chen et al. 2019). Interestingly, the host plant species 
may modulate this effector since HARP is induced during 
insect herbivory on gossypol, a major defense compound 
in cotton plants (Gossypium sp.) (Chen et al. 2019). ATP 
hydrolyzing enzymes from H. zea salivary glands sup-
press the defense genes regulated by the JA and ethylene 
pathways as well as the production of glandular trichomes 
of tomato (Wu et al. 2012; Felton et al. 2018). Extracel-
lular ATP (eATP) is a damage-associated molecular pat-
tern (DAMP) that is released in plant tissues following 
wounding, and acts on JA defense signaling to amplify 
plant defenses; thus, salivary ATPases may be directly 
hydrolyzing this DAMP to attenuate JA responses (Choi 
et al. 2014; Tripathi et al. 2018). The salivary protein 
tyrosine phosphatase (PTP) suppressed the wound-induced 
accumulation of JA-regulated proteins (Ward et al. 1994; 
Felton et al. 2018). Finally, sundry caterpillar species uti-
lize a salivary enzyme that lyses bacteria on the surface 
of a plant species, possibly providing the herbivore with 
an immediate antibacterial factor (Liu et al. 2004). The 
release of peptidoglycan and other cell fragments from this 

lysis may also trigger complex signaling among the phyto-
hormone signaling pathways of the plant species (Table 1) 
(Morishima et al. 1988; Liu et al. 2004).

Additionally, other insect-derived compounds from 
aphid feeding, oviposition fluid, and the bacteria present in 
oral secretions can disrupt the defenses of a plant to spe-
cific herbivores. The aphid (Myzus persicae; green peach 
aphid) salivary protein Mp55, released into the host plant 
during phloem feeding, resulted in increased aphid repro-
duction (Elzinga et al. 2014). The small brown planhop-
per (Laodelphax striatellus) had an effector that attenuated 
host rice plant defenses by preventing hydrogen peroxide 
(H2O2) accumulation and promoting insect performance. 
This C-terminal polypeptide of vitellogenin (VgC) inter-
acted directly with the rice transcription factor OsWRKY71 
(Ji et al. 2021). Similarly, P. brassicae and S. littoralis egg 
extract reduced the induction of insect responsive genes 
and induced SA accumulation which negatively interfered 
with JA pathways of the host plant species (Bruessow et al. 
2010). Egg-derived effectors suppress plant defenses and by 
doing so, confer an advantage to an insect species offspring 
(Bruessow et al. 2010). Microbes in oral secretions are capa-
ble of modifying defense protein expression, depending on 
the host plant species and the suite of bacteria present, which 
can subsequently affect an insect’s growth or reproductive 
success (Chung et al. 2013; Acevedo et al. 2017). Bacteria 
(Stenotrophomonas, Pseudomonas, and Enterobacter sp.) in 
the oral secretions of Leptinotarsa decemlineata (Colorado 
potato beetle) larvae decreased JA and JA-responsive anti-
herbivore defenses, and increased SA and SA-responsive 
gene expression in tomato (Solanum lycopersicum) (Chung 
et al. 2013). Diverse insect-derived compounds and bacterial 
symbionts can be perceived by host plant species in such a 
way as to disrupt plant defense responses (Table 1).

Summary of effectors

By disrupting plant defenses as opposed to eliciting them, 
insect effectors act in contrast to insect elicitors (Felton and 
Tumlinson 2008) However, plant species may respond to 
effectors in an elicitor-like fashion (GOX treated tomato 
plants increase their defenses) while other plant species 
may respond to these compounds by a reduction in defense 
responses (GOX-treated tobacco plants decrease their 
defenses) (Musser et al. 2005a; Peiffer and Felton 2005; Lin 
et al. 2020). Additionally, plant species may respond differ-
ently to GLV effectors, perhaps in part because plant spe-
cies often biosynthesize different quantities of these volatiles 
(Engelberth and Engelberth 2020) As with elicitors, these 
insect-derived compounds appear to benefit the insect spe-
cies; however, some plant species may respond defensively 
to them.
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Conclusions

The coevolution of plants and insect herbivores resulted 
in a profusion of defense molecules and strategies for both 
sides of this relationship (Acevedo et al. 2015; Malik et al. 
2021; Zunjarrao et al. 2020). The ‘arms race’ perspective 
of these interactions represents a specific cross-section of 
interactions within evolutionary time, rather than charting 
the relationship of an insect and host plant over its evolution-
ary history. The compounds involved in these defense strate-
gies are often derived from conserved structural features of 
herbivores (for instance many elicitors—volicitin, caelifer-
ins, bruchins—are derived from fatty acid biosynthesis or 
metabolism), and therefore, have a role in the physiology or 
metabolism of the herbivorous insect species. For example, 
the particular glutamate and linolenic acid-based FACs that 
elicit HIPVs which subsequently attract parasitoids play a 
critical role in assimilating nitrogen for the caterpillar (Tum-
linson and Engelberth 2008; Yoshinaga et al. 2008; Mori 
and Yoshinaga 2011). Interestingly, the interactions between 
plant species and their insect herbivores bear parallels to 
those between plant species and pathogens. (Tumlinson and 
Felton 2008). Studies detailing the role of insect-derived 
bacteria in manipulating plant-insect interactions provide a 
place for the fields of plant pathology and plant-herbivory to 
intersect via shared concepts (Jones and Dangl 2006; Chung 
et al. 2013; Acevedo et al. 2017).

Continued research is necessary to determine the ecologi-
cal and evolutionary significance of elicitors and effectors 
for both the plant and insect species in these interactions 
(Felton and Tumlinson 2008). Undoubtedly there are elici-
tors and effectors as yet undescribed, in addition to those that 
deserve further study. A significant challenge that has not 
yet been undertaken is the assessment of the known range 
of these compounds for a particular insect species, and the 
resulting defense responses and signaling cascades of a par-
ticular host plant species. A second challenge in this area is 
determining the host plant range for generalist and specialist 
insects and the responses of the plants to such an insect’s 
particular cocktail of elicitors and effectors. These questions 
are dependent on a detectible defense response from the host 
plant species. Through utilizing the wealth of genomic, 
proteomic, and metabolomic tools, the available data from 
model plant systems, and insect feeding assays we can refine 
our ability to detect plant defense responses to herbivory. 
Furthermore, the literature from plant-pathogen interactions 
should provide a strong framework for approaching these 
interactions and should be further utilized to provide the 
context, structure, and direction to this challenge (Jones and 
Dangl 2006; Felton and Tumlinson 2008).

A holistic understanding of plant-insect interactions 
must account for the ecological and physiological context 

in which a plant species perceives and responds to her-
bivore-associated signals (Felton and Tumlinson 2008; 
Acevedo et al. 2015). Such an approach would consider 
the specific molecular steps at which an insect-derived 
compounds will influence plant signaling pathways. Plant 
molecular components involved in perception, recogni-
tion, and signal transduction of insect elicitors and effec-
tors have recently been the subject of increased interest 
and review Chen and Mao 2020; Erb and Reymond 2019; 
Malik et al. 2021). Recent reviews have also emphasized 
the machinery of herbivory sensing and the cellular and 
systemic signaling in plants responding to insect-derived 
compounds (Arimura 2020), the role of jasmonate as the 
main regulator in plant signaling against insect species 
(Chen and Mao 2020), the molecular events involved in 
these interactions, plant defense mechanisms, and insect 
strategies used to combat plant defense (Zunjarrao et al. 
2020). Although such work presents a considerable chal-
lenge, it offers exciting opportunities to discover new 
interactions in the field of chemical ecology. Recent 
insights into the cellular pathways by which plant species 
sense elicitors and elicit defense responses against her-
bivore species will increase applications of this research 
for agriculture (Acevedo et al. 2015; Arimura 2020). In 
light of the increased focus towards improved crop pro-
duction through the reduction of pesticides, it is essential 
to recognize both the challenges and the opportunities in 
the areas of plant signaling, plant defense responses to 
herbivores, and herbivore strategies for challenging those 
defense responses.
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