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Abstract

Plants have evolved sophisticated systems to cope with herbivore chal-
lenges. When plants perceive herbivore-derived physical and chem-
ical cues, such as elicitors in insects’ oral secretions and compounds
in oviposition fluids, plants dramatically reshape their transcriptomes,
proteomes, and metabolomes. All these herbivory-induced changes are
mediated by elaborate signaling networks, which include receptors/
sensors, Ca’* influxes, kinase cascades, reactive oxygen species, and
phytohormone signaling pathways. Furthermore, herbivory induces de-
fense responses not only in the wounded regions but also in undamaged
regions in the attacked leaves and in distal intact (systemic) leaves. Here,
we review recent progress in understanding plant perception of her-
bivory and oviposition, and the herbivory-induced early signaling events
and their biological functions. We consider the intraspecific phenotypic
diversity of plant responses to herbivory and discuss the underlying ge-
netic variation. We also discuss new tools and technical challenges in
studying plant-herbivore interactions.
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Secondary
metabolites: a very
diverse group of
compounds that are
not directly required
for plant development
and reproduction and
are distributed in
specific plant lineages

Direct defense:
toxins, repellants,
antidigestive
compounds, etc., that
directly and negatively
affect herbivore
growth, reproduction,
or fecundity

Indirect defense:
production of volatile
compounds that betray
the location of feeding
herbivores to their
predators or
substances that reward
(e.g., extrafloral
nectar) and thus
nourish organisms that
provide carnivore
services for the plant
and thereby reduce
their herbivore loads

MAPKSs: mitogen-
activated protein
kinases

INTRODUCTION

There are almost a million insect species on this
planet and nearly half of them feed on plants.
This ongoing battle between plants and insects
has lasted over 350 million years (24). During
their coevolution with plants, insects have
evolved to be able to locate their host plants
for feeding and oviposition using physical or
chemical cues from host plants. Generalist
herbivorous insects feed on many plant species
spanning different families, whereas specialists
attack only one or a few plant species within
the same family.

Accordingly, plants have evolved elaborate
defense systems to resist insect herbivores.
They equip themselves with physical barri-
ers, such as thorns, trichomes, and cuticles.
Moreover, many of the secondary metabo-
lites in plants are powerful chemical weapons.
There are estimated to be more than 500,000
secondary metabolites in plants (79). Over-
whelming evidence has indicated the crucial
importance of plant secondary metabolites
in plant-herbivore interactions. Plants’ di-
rect defenses, which include glucosinolates,
cyanogenic glucosides, alkaloids, phenolics, and
proteinase inhibitors (PIs), function as toxins,
repellents, or antidigestives. Plants’ indirect
defenses—green leaf volatiles, volatile organic
compounds, and extrafloral nectars—attract the
natural enemies (such as parasitoids) of herbi-
vores. These two powerful defense systems, ac-
quired by plants during the long arms race with
herbivores, have enabled plants to survive (43).
The timing of the deployment also defines de-
fenses. Constitutive defenses are physical and
chemical defensive traits that plants have re-
gardless of the presence of herbivores; in con-
trast, inducible defenses are mounted only after
plants are attacked by herbivores. In light of the
energy and nutrient demands of the biosynthe-
sis of defensive compounds (8, 148), it is not
surprising that plants use highly sophisticated
regulatory systems to balance growth against
defense. Therefore, inducible defenses are par-
ticularly interesting, since they endow plants
with flexible and economy-friendly defense
systems.
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Inducible defenses consist of three compo-
nents: a perception component, which triggers
a downstream regulatory network, which medi-
ates the biosynthesis of metabolites that func-
tion as defenses. Highly complex pathogen-
recognition mechanisms have been identified
in many plant species. In contrast, little is
known about how plants perceive herbivore-
derived signals. However, exciting progress has
been made in elucidating the regulatory ele-
ments in the networks that modulate herbivory-
induced responses in plants; these include Ca?*
ion fluxes, mitogen-activated protein kinases
(MAPKs), jasmonic acid (JA), ethylene (ET),
and reactive oxygen species (ROS).

In this review, we summarize the most re-
cent understanding of how plants perceive her-
bivory, as well as the early herbivory-induced
signaling events and short- and long-distance
mobile signals that convey herbivory alerts
to undamaged tissue and leaves. Furthermore,
we consider the intraspecific diversity of plant
responses to herbivory and discuss the underly-
ing genetic basis and the ecological and evolu-
tionary significance of this variability. Finally,
we review recent advances in the development
of genetic and molecular tools in plant biology
that may benefit research on plant-herbivore
interaction.

PLANT PERCEPTION
OF HERBIVORY

Defense is costly; thus discerning her-
bivory from casual mechanical wounding and
promptly deploying increased levels of de-
fensive compounds are critical skills in the
battle between plants and herbivores. Many
studies have demonstrated dramatic differences
in plant responses to mechanical wounding
and herbivory, although both result in tis-
sue damage and loss (2, 7, 30, 101, 142).
The rapid pace of advances into the mole-
cular basis of plant perception of pathogens
has been particularly inspiring for the study
of how plants perceive herbivory. Various mi-
crobial (or pathogen)-associated molecular pat-
terns (MAMPs or PAMPs) are recognized by
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specific receptors. The R gene-mediated de-
fense system detects the presence of Avr pro-
teins secreted from pathogens and initiates the
hypersensitive response. Similarly, herbivore-
derived elicitors or cues function as herbivore-
associated molecular patterns (HAMPs) (83).
These HAMPs may function in concert with
herbivory-induced molecules originated from
plants themselves to elicit the full patina of de-
fense responses (31).

Perception of Elicitors in Insects’
Oral Secretions

Compared with the vast diversity of herbivores
that attack plants, very few herbivore-derived
elicitors are known, but the chemical and bio-
logical properties of those that have been iden-
tified are particularly intriguing. Fatty acid-
amino acid conjugates (FACs) are a group of
molecules that are the best studied among the
known elicitors. The first fully characterized
herbivore-derived elicitor, volicitin, a hydroxyl
FAC [N-(17-hydroxylinolenoyl)-L-glutamine,
Figure 1a], was identified in Spodoptera exigua
(beet armyworm) oral secretions (OS) (2). Since
then, FACs have been isolated from several
lepidopteran species (30, 97, 118, 119). Fur-
thermore, FACs exist not only in caterpillars
but also in crickets (Teleogryllus taiwanemma)
and fruit flies (Drosophila melanogaster) (147).
FACs are composed of two moieties: a fatty acid
moiety [either linolenic acid (LA) or linoleic
acid, as well as their derivatives, e.g., hydroxyl-
modified] and an amino acid moiety (Glu or
Gln). Interestingly, the fatty acid and the amino
acid originate from plants and insects, respec-
tively, and are synthesized in insects’ midguts
(91). FACs have recently been shown to play
an essential role in insect nitrogen metabolism
(146), and hence it may be difficult for insects
not to produce FAC:s so as to feed stealthily on
plants that use FACs to perceive insect attack.
The application of volicitin greatly en-
hances volatile emission in Zea mays seedlings,
which attracts parasitoids to feeding larvae in
laboratory assays (2). The biological functions

of FACs have been intensively studied in
Nicotiana attenuata, a wild tobacco plant that
grows in western North America. Several
forms of FACs were identified in Manduca sexta
(a specialist herbivore feeding mainly on select
solanaceous taxa) OS, the application of which
to N. attenuata—wounded leaves induces the
activation of MAPKSs, JA, and E'T biosynthesis
and signaling, and the amplification and mod-
ification of wounding-induced transcriptomic,
proteomic, and metabolomic responses, that
have been shown to function as direct and in-
direct defenses in nature (25, 30, 78, 116, 142).
Interestingly, FACs introduced into wounds
during feeding are rapidly metabolized by
lipoxygenases in the octadecanoid pathway to
form additional active elicitors (A. van Doorn,
L'T. Baldwin, G. Bonaventure, unpublished
results).

The molecular mechanism of plant percep-
tion of FACs remains elusive. [*H]-L-volicitin
binds rapidly, reversibly, and saturably to maize
cell membranes, and these binding capacities
increase after methyl jasmonate (MeJA) treat-
ment (132). This suggests the involvement of
a FAC-specific receptor, whose abundance de-
pends on JA signaling. Maischak et al. (72) pro-
posed that the ion channel-forming proper-
ties of OS may contribute to the OS-induced
ion fluxes and membrane depolarization, al-
though FACs themselves aren’t able to form
stable channels. Nevertheless, because apply-
ing volicitin to several plant species showed no
effect on JA and ET production, ion channel
formation does not appear to be the function
of FACs (110). Whether FACs and/or other
components of OS form bona fide ion channels
in plants, and whether and how ion fluxes and
membrane depolarization are translated into
cellular responses, deserve further study.

In addition to FACs, several other types of
elicitors in insect OS have been discovered. In-
ceptins (Figure 15) are proteolytic products of
the plant chloroplastic ATP synthase y-subunit
(cATPC). When fall armyworms (Spodoptera
frugiperda) attack cowpea plants (Vigna unguic-
ulata), the ingested cATPC is cleaved in insect
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Structures of a sampling of the known herbivore-derived elicitors. (#) The fatty acid-amino acid conjugates,
volicitin and N-linoleoyl-L-glutamic acid. (#) Inceptin is a proteolytic product of plant chloroplastic ATP
synthase 'y-subunit found in Spodoptera frugiperda oral secretions. (c) One of the caeliferins isolated from
American bird grasshoppers (Schistocerca americana). (d) Bruchins are components of pea weevil oviposition
fluids, which trigger the growth of neoplasma at the oviposition sites. (¢) Benzyl cyanide in the oviposition
fluids of the bufterfly Pieris brassicae induces the arrest of the egg parasitoid Trichogramma brassicae on

Brussels sprouts.

midguts and forms inceptins; even a minute
amount of inceptin introduced into mechani-
cally damaged cowpea leaves dramatically aug-
ments the levels of JA, ET, and salicylic acid
(SA) (109, 111). A new class of elicitors, caelif-
erins (Figure 1c), was recently identified in
American bird grasshoppers (Schistocerca ameri-
cana). Like volicitin, caeliferins also elicit the re-
lease of volatile terpenes from maize seedlings
(1). Given the great mobility of these grasshop-
pers, the ecological significance of eliciting
volatile release in maize after grasshopper feed-
ing (recognition of caeliferin) is unknown, as it
seems unlikely that the volatile release could
function as an indirect defense.
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In addition to these elicitors with small
molecular sizes, 3-glucosidase in Pieris brassi-
cae OS elicits parasitoid-attracting volatiles in
cabbage (75). Glucose oxidase (GOX) in Heli-
coverpa zea saliva interestingly suppresses plant
defense reactions (86), and GOX in S. exigua
OS interferes with JA signaling by producing
SA that antagonizes JA elicitation by the FACs
that are also present in the OS (17). Testing the
responses of various plant species from differ-
ent families to FACs, inceptin, and a caeliferin
highlighted the diversity of plant perception of
elicitors in herbivore OS (110). There were no
elicitors that induced responses (JA and ET ac-
cumulation) in all plant species; even closely
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related species may not have the same respon-
siveness to a given elicitor.

Specific Patterns of Mechanical
Wounding that Function
as Herbivory Signals

The feeding behaviors of insect larvae are usu-
ally highly specific. The mode, speed, and fre-
quency of tissue damage may be recognized
by plants as herbivory-specific signatures. Us-
ing a programmable mechanical device that
mimics the timing of herbivore feeding, but
not its mechanical properties, Mithofer et al.
(84) revealed that in lima bean (Phaseolus lu-
natus), volatile bouquets elicited by continu-
ous computer-controlled mechanical wounding
qualitatively resembled those induced by attack
from the caterpillar Spodoptera littoralis and the
snail Cepaea hortensis. Therefore, the percep-
tion of certain temporal patterns of mechanical
damage might also be an important part of the
ability of plants to recognize herbivores.

Sensing Oviposition

Many female adult herbivorous insects lay eggs
directly into plants, and some species are known
to perceive insects’ oviposition activities and de-
ploy direct and indirect defenses in response.
After pea weevils (Bruchus pisorum L.) deposit
eggs on pea plants (Pisum sativum L.), neo-
plasma forms at the sites of oviposition (19); as a
result, the eggs are elevated above the surface of
the leaves and may drop off. By expelling eggs,
this response can be said to act as a direct de-
fense. Rice plants produce an ovicidal substance
that kills planthoppers’ (Sogatella furcifera) eggs
(113, 128). The oviposition by Colorado potato
beetle (Leptinotarsa decemlineata) results in a hy-
persensitive response-like necrosis in a potato
plant, and the necrotic regions to which eggs
are attached disintegrate and detach the eggs
(6). Oviposition also induces volatile signals in
some plants that attract parasitoids to eggs (77).

Two substances in oviposition fluids are
known to elicit defense responses in spe-
cific host plants. Bruchins were isolated from

the oviposition fluid of pea weevils, which
are long-chain «,w-diols esterified at one or
both oxygens with 3-hydroxypropanoic acid
(Figure 1d). Even 1 fmol (0.5 pg) of bruchins
applied to the leaf surface results in neoplasma
growth in a particular accession of pea pods
(19). The other compound, benzyl cyanide
(Figure 1e), was found in the oviposition fluid
of large cabbage white butterfly (Pieris brassi-
cae) (22). One ng of benzyl cyanide induces the
arrest of parasitoid Trichogramma brassicae on
Brussels sprout plants (Brassica oleracea var. gem-
mifera cv. Cyrus), although whether the arrest-
ment results in greater rates of parasitism and
functions as a defense is unclear.

R Gene-Mediated
Herbivore Resistance

Aphids and whiteflies use their stylets to suck
plant phloem sap to obtain nutrients. Although
they don’t produce substantial damage, aphids
and whiteflies do elicit remarkable changes
in plant signaling and secondary metabolism
(135). Interestingly, an R gene, Mi-1I (resistance
to Meloidogyne incognita), was found to confer
resistance to aphids, whiteflies, and nematodes
(39). Recently, another R gene, Bphl4, was
found to confer resistance to brown planthop-
pers (Nilaparvata lugens Stil) in rice. Like the
Mi-1 gene in tomato, Bph14 encodes a coiled-
coil, nucleotide-binding site and leucine rich
repeat (CC-NBS-LRR) protein (20). Interest-
ingly, aphids and brown planthoppers are both
phloem sap suckers, and both induce SA signal-
ing. How these R genes are involved in herbi-
vore resistance is unclear. Since these phloem
sap suckers are known to introduce enzymes
via their saliva into the plant during the feed-
ing process, it will be interesting to discover
whether R genes are involved in recognizing
these potential elicitors.

Given the diversity of herbivore species and
the very different fitness consequences of their
attack for plants, it is reasonable to assume
that like the rapidly evolving R proteins, plants
have acquired multiple receptors and sensors
that form a complex surveillance system for
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Membrane potential:
the voltage or electric
potential differences
between the inner and
outer sides of a cell
membrane

CDPKs: calcium-
dependent protein
kinases

SIPK: salicylic
acid-induced protein
kinase

WIPK: wound-
induced protein kinase

herbivores. Depending on the HAMPs intro-
duced by the herbivore into the plant, attack
or oviposition may be perceived by a single re-
ceptor/sensor or a specific combination. Qual-
itatively and quantitatively different signaling
events, though somewhat similar, may be trig-
gered by these receptors/sensors.

EARLY SIGNALING EVENTS
INDUCED BY HERBIVORY

Herbivore attack induces a battery of molecular
events in plant cells, which transduce the alarm
signals and eventually result in the accumula-
tion of defensive metabolites. Although little
is known about how plants perceive herbivory,
many small molecules, as well as proteins, have
been identified to be the nodes of complex reg-
ulatory networks that enable plants to optimize
energy and resource allocation and deploy ap-
propriate defenses.

Calcium Flux, Membrane Potential,
and Calcium Sensors

Ca’* has been recognized as an important sec-
ond messenger involved in numerous signaling
actions in all eukaryotes. Under normal con-
ditions, cytosolic Ca** concentration is about
100 to 200 nM, which is 10* times less than
that in the apoplastic fluid and 10* to 10° times
less than that in cellular organelles. Ca?* in-
flux, which changes cytosolic Ca’* concentra-
tion, is often involved in stress responses and
developmental regulation. Together with the
fluxes of other ions, e.g., Nat, K*, and Cl-,
the fluxes of Ca’>* ions usually result in tem-
porary changes of cell membrane potentials.
S. littoralis larvae feeding results in a large mem-
brane depolarization in lima bean leaves; inter-
estingly, the depolarization is located not only
in the vicinity of the damage but throughout
the leaf (70). Using a Ca?*-specific dye, the au-
thors also showed that herbivore damage in-
duced a strong Ca?* influx in regions 30 to
200 pm away from the damage zones;
the mechanical wounding-elicited Ca’>* signal
was weaker than that induced by herbivory,
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suggesting that an OS-recognition mechanism
plays a role in activating Ca** influxes (70).
Pathogen-derived elicitors must be bound to
their specific receptors to elicit changes of cy-
tosolic Ca** (10, 60). It is likely that herbivore-
derived elicitors must also be bound to as-yet-
unidentified receptors for Ca’>* influxes to be
triggered.

The changes in intracellular Ca’* are
further translated into downstream actions
through various Ca’* sensor proteins (61).
These calmodulins,
binding proteins, calcium-dependent protein
(CDPKs), other EF-hand motif-
containing  Ca’*-binding  proteins, and
Ca’*-binding proteins without EF-hands.
Among these, CDPKs are particularly in-
teresting. They are plant-specific calcium

include calmodulin-

kinases

sensors composed of many gene members (34
in Arabidopsis). A growing number of studies
have revealed their roles in defense against
biotic and abiotic stresses. Several CDPKs in
Arabidopsis are involved in abscisic acid (ABA)
signaling and thus plant resistance to drought
or salt stress (85, 149). CDPKs are activated
by pathogen elicitors and are important for
disease resistance (11, 103). Furthermore,
Ca’* is associated with ROS and nitric oxide
production in plants. A potato NADPH
oxidase is phosphorylated by two CDPKs
in a Ca’*-dependent manner, which in turn
elevates its ability to produce ROS (51). To
date, no CDPKs have been identified as part
of a plant defense system against herbivores.

MAPK Signaling

MAPK signaling is a well-conserved path-
way that regulates various cellular processes
in all eukaryotes. In plants, especially in Nico-
tiana spp. and in Arabidopsis, many studies
have demonstrated the critical roles of MAPKs
in plant stress signaling, especially pathogen
stresses. Using a virus-induced gene silenc-
ing (VIGS) approach, Wu et al. (142) revealed
that both salicylic acid-induced protein ki-
nase (SIPK) and wound-induced protein kinase
(WIPK) play a central role in plant responses
to herbivory. Herbivory highly elicits MAPK
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activity, and OS-elicited JA, ET, and the tran-
scriptional regulation of many defense-related
genes are dependent on the MAPK pathway.
Similar results were obtained in tomato plants
overexpressing the prosystemin gene: silencing
the tomato orthologues of SIPK and WIPK im-
pairs plant JA accumulation after herbivory and
thus defenses against M. sexta (40). Moreover,
the homologues of SIPK and WIPK in potato
are also involved in Mi-1-mediated resistance
to aphids (68). Given the large gene family of
MAPKSs (20 in Arabidopsis genome), we expect
the number of MAPKSs that regulate plant re-
sistance to herbivores will increase.

In mammals, the major targets of MAPKs
are transcription factors, the phosphorylation
of which changes these proteins’ stability,
localization, or activity. Emerging evidence
supports the same scenario in plants. Although
little is yet known about which transcription
factors are MAPKSs’ direct phosphorylation
targets in plants (18, 80), a few studies have
demonstrated the central roles of MAPKs
in regulating plant transcriptomes (48, 99,
142). In addition to transcription factors,
other proteins may also be substrates for
MAPKs. An elegant study showed that MPK6
(an Arabidopsis homolog of SIPK) directly
phosphorylates two 1-aminocyclopropane-1-
carboxylic acid synthases (ACSs), ACS2 and
ACS6, resulting in the enhanced stability of
these proteins and, in turn, higher levels of
pathogen elicitor-induced ET (69). SIPK also
regulates herbivory-induced ET biosynthesis
in N. attenuata, probably through a similar
pathway (142). Studies on how kinases mod-
ulate herbivory-induced JA accumulation and
transcriptional responses are still lacking.

Ca’* influxes appear to be associated with
protein phosphorylation events. Overexpress-
ing a voltage-gated Ca?* channel in rice
enhances elicitor-induced MAPK activity (56).
In tobacco suspension cultures, the application
of lanthanum chloride and calmodulin antago-
nist W7 inhibits the pathogen elicitor-elicited
MAPK activation (104). Nevertheless, evi-
dence supporting the location of Ca’** influxes
downstream of phosphorylation events also

exists. For example, staurosporine, a general
inhibitor of serine/threonine protein kinases,
fully inhibits the cryptogein-induced elevation
of cytosolic Ca’* in N. plumbaginifolia cell
cultures (60). Yet nothing is known about the
interaction between herbivory-induced kinase
signaling, especially MAPK signaling, and Ca**
influxes. The application of Ca’*-specific fluo-
rescence dyes and the transformation of plants
with Ca’*-sensing aequorin and GFP proteins
are all potentially powerful tools with which to
explore the regulation of Ca?* influxes.

In Arabidopsis, a complete MAPK path-
way composed of MEKKI1, MKK4/MKK3,
MPK3/MPKG6, and WRKY22/WRKY29 tran-
scription factors has been identified to func-
tion downstream of FLS2 (the flagellin recep-
tor) (5). A growing number of studies have
revealed more and more elements of MAPK
pathways, especially those involved in plant-
pathogen interactions. Many questions about
MAPK signaling in plant-herbivore interac-
tions remain to be answered: in addition to
SIPK and WIPK, which MAPKs are also in-
volved in plant defenses against herbivores?
Which MAPKKKs and MAPKKs are their
upstream kinases? Which proteins, presum-
ably transcription factors, are MAPKs’ direct
substrates, and how do the phosphorylation
events change their activity or localization, and
thereby modulate the transcriptome?

Reactive Oxygen Species

Superoxide anion (O,~), hydrogen peroxide
(H,0,), singlet oxygen (*O5), and hydroxyl rad-
ical (OH) are collectively called ROS; they are
produced in mitochondria, chloroplasts, and
peroxisomes, as well as on the external surfaces
of plasma membranes. ROS production is an
essential part of plant stress responses; the bio-
logical function of ROS in particular has been
very well recognized in plant-pathogen inter-
actions (58). Several studies have revealed that
ROS are also implicated in herbivory-induced
responses in plants. Feeding of Helicoverpa zea
on soybean plants leads to considerably ele-
vated ROS levels (9). Wounding alone doesn’t
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induce a detectable amount of ROS in Medicago
truncatula, but herbivory does (63). An H,0,-
sensitive dye also revealed an increase in ROS
levels in lima bean after S. /ittoralis attacks (71).

The production of pathogen-induced ROS
is mainly dependent on plasma membrane-
bound NADPH oxidases. In Arabidopsis,
two RBOH genes (respiratory burst oxidase
homologues, encoding an important subunit
of NADPH oxidase), AtrbohD and AtrbobF,
are required for pathogen-induced ROS pro-
duction (131); these two genes also contribute
greatly to the ROS burst after ABA treatment
in stomata (57). Pharmacological evidence has
suggested that NADPH oxidase is involved in
wounding-induced ROS in tomato plants (89,
90). Similar results were obtained in tomato
plants expressing a partial RBOH sequence in
the antisense orientation (105). Although it
has yet to be examined, the herbivory-induced
elevation of ROS levels also likely results from
the activation of NADPH oxidases.

The existence of Ca>*-binding EF hands in
all plant RBOH proteins suggests that stress-
induced Ca** influxes modulate NADPH oxi-
dase activity (42). In line with this, an in vitro
study showed that plant NADPH oxidase can be
directly activated by Ca** (106). However, the
relationship between ROS and Ca** influxes is
complex. Ca’* appears to be both upstream and
downstream of ROS, and the relationships are
likely specific to cell type and signaling pathway
(23, 65, 95, 96). Whether herbivory-induced
Ca’* influxes are required for the ROS produc-
tion is still unknown. Apparently, other layers
of regulation also contribute to ROS produc-
tion. In potato plants, StCDPK4 and StCDPKS5
phosphorylate StRBOHB directly at the N ter-
minal, which enhances the activity of NADPH
oxidase and in turn results in increased ROS
(51). In N. benthamiana, SIPK transcriptionally
regulates RBOHB (4).

Although the function of ROS in plant-
pathogen interaction is well understood, the bi-
ological significance of ROS in plant resistance
to herbivores remains elusive. In tomato plants,
inhibiting NADPH oxidase activity pharma-
cologically results in diminished transcript
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levels of defense-related genes, such as Pls and
a polyphenol oxidase (90). The antisense expres-
sion of the RBOH gene in tomato also compro-
mises the wounding-induced transcript abun-
dance of PIs (105). Identifying genes involved in
the regulation and production of ROS, study-
ing the function of ROS in mediating down-
stream responses, and carrying out bioassays of
herbivore performance on genetically modified
plants with altered levels of ROS will provide
important insightinto how these small, reactive
molecules are involved in the battles between
plants and herbivores.

Jasmonic Acid, Ethylene,
and Salicylic Acid

JA’s pivotal role in plant development and re-
sistance to biotic stresses has been well doc-
umented (12, 32, 138). JA appears unimpor-
tant for plant vegetative growth, but plants
with impaired JA biosynthesis or perception
are male sterile due to insufficient stamen mat-
uration and pollen function. As a part of the
plant immune system, JA confers resistance to
necrotrophic pathogens (55, 133). Many stud-
ies have demonstrated that JA is the most im-
portant hormone that controls plant defense
against herbivores. Drastically decreased re-
sistance was observed in plants with impaired
biosynthesis or perception of JA; the com-
promised resistance is usually associated with
the highly attenuated accumulation of defen-
sive compounds in these plants (29, 33, 44, 94,
135, 137). Moreover, transcriptome analyses
using microarrays indicated that a large por-
tion of wounding- and herbivory-induced re-
sponses are mediated through the JA pathway
(101, 102).

JA is synthesized consecutively in chloro-
plasts and peroxisomes through an octade-
canoid pathway. Almost all the enzymes
involved in JA biosynthesis have been identi-
fied in Arabidopsis. Phospholipase A catalyzes
the hydrolysis of chloroplast membrane lipids
and thus releases free LA (34, 38). After
a series of reactions catalyzed by enzymes
localized in chloroplasts [lipoxygenase (LOX),
allene oxide synthase (AOS), and allene oxide
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cyclase (AOC)], LA is further converted to
12-oxo-phytodienoic acid (OPDA). After
being transported to peroxisomes, OPDA is
catalyzed by an OPDA reductase (OPR); after
three steps of f-oxidation, JA is formed (138).
Moreover, although 13-LOXs convert LA to
13-hydroperoxy LA, different LOXs channel
these fatty acid hydroperoxides to either green
leaf volatile or the JA biosynthesis pathway (S.
Allmann, R. Halitschke, R.C. Schuurink, I.T.
Baldwin, unpublished results). Importantly,
genetic work identified JA-isoleucine conjugate
(JA-Ile; catalyzed by JAR enzymes, JA-Ile is
formed from JA and Ile) as the molecule that
activates the majority of JA-induced molecular
responses (122). An F-box protein, COI1, has
long been recognized to play a central role in
JA signaling. Recently, the identification of
JASMONATE ZIM-DOMAIN (JAZ) pro-
teins as the repressors of JA-induced responses
and COI1 as the receptor of JA-Ile has greatly
advanced our understanding of JA signaling (14,
130, 144). JA-Ile specifically binds to the COI1
protein and thus promotes the physical inter-
action between COII and JAZs. This binding
event facilitates the ubiquitination of JAZs by
the SCFCO!! E3 ubiquitin ligase, which leads
to the subsequent degradation of JAZs in the
26S proteasome. JAZs bind to JA-responsive
transcription factors, such as MYC2, and the
decreased levels of JAZs triggered by wound-
ing, herbivory, or pathogen attack release the
JA-responsive transcription factors and finally
activate JA (more accurately JA-Ile)-induced
transcriptional responses. The mode of JA per-
ception is strikingly similar to that of auxin and
gibberellic acids (GAs): binding of auxin and
GAs to their receptors, F-box proteins TIR1
and GID1, activates the ubiquitination and
subsequent degradation of the transcriptional
repressors Aux/IAA and DELLA.

JA also forms conjugates with other amino
acids (Leu, Val, and Phe), and with ACC,
the precursor of ethylene (122), although their
biological functions remain elusive. Interest-
ingly, some evidence indicates that JA-Ile exe-
cutes only a portion of JA-induced responses;
for example, in Arabidopsis, wounding jarl

mutants highly induces jasmonate-dependent
wounding-induced genes (127), and applying
JA-Tle to N. attenuata plants impaired in JA
biosynthesis (antisense LOX3 plants) doesn’t
fully restore JA-mediated defense traits (137).
Similarly, in addition to being the precursor
of JA, OPDA is also believed to be a signal-
ing molecule that activates certain wounding-
or herbivory-induced responses (124).

The regulation of JA accumulation and
signaling after wounding or herbivory is
particularly important for plants’ ability to
initiate defense reactions in a timely fashion.
JA biosynthesis is generally believed to be
substrate limited. It is not yet known what
signal triggers the biosynthetic responses in
chloroplasts and peroxisomes after wounding
and herbivory. A mutation in a cellulose syn-
thase gene, ArCeSA3, leads to highly increased
levels of both JA and ET, suggesting that the
biosynthesis of plant cell walls is implicated
in the regulation of JA homeostasis, at least in
Arabidopsis (21). In both Nicotiana and tomato
plants that overexpress the prosystemin gene,
silencing SIPK and WIPK impairs the accu-
mulation of wounding- or herbivory-induced
JA (40, 114, 142). However, activating SIPK
and WIPK in Nicotiana tabacum by transiently
overexpressing their upstream MAPK kinase
MEK? in a constitutively active form doesn’t
elicit JA accumulation (47). Therefore, certain
molecules induced by wounding or herbivory
are probably required for JA induction in
addition to MAPK activation.

The mechanism of MAPKSs’ involvement in
JA accumulation is unclear. Chemical analyses
of some precursors of JA in plants deficient in
SIPK and WIPK have indicated that both ki-
nases mediate wounding- and FAC-elicited JA
accumulation in different fashions (38). The
suppression effect of SA on JA accumulation
and signaling is well known. In Arabidopsis,
NPR1 (nonexpressor of pathogenesis-related
genes 1), which is a key element in SA signal
transduction, is required for the antagonistic
function of SA (120). Recent biochemical and
genetic work has revealed that high ET levels
induced by biotic or abiotic stresses abolish the
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NPRI1-dependency of SA’s antagonism on JA
(17, 64). In N. attenuata, NPR1 also modulates
the herbivory-induced accumulation of JA, al-
though the mechanism is unclear (38, 100). In-
terestingly, JA signaling also has a feedback ef-
fect on the regulation of the accumulation of JA,
given that greatly decreased JA levels were de-
tected in COII-silenced plants (93). We expect
to see an increasing number of the regulators
of JA biosynthesis and JA signaling identified in
the near future.

Although it has a very simple structure, ET
regulates a wide range of physiological pro-
cesses in plant development and in abiotic and
biotic stress resistance. The biosynthesis path-
way of ET has been intensively studied. Cat-
alyzed by S-adenosylmethionine (S-AdoMet)
synthetase (SAM), S-AdoMet is formed from
methionine, which is further converted to ACC
by ACC synthases (ACSs); after being oxidized
by ACC oxidases (ACOs), ACC forms ET,
CO;, and cyanide. Among these steps, the for-
mation of ACC is thought to be rate limit-
ing. After herbivore attack, plants rapidly ac-
tivate the biosynthesis of ET. The application
of M. sexta OS or FACs to wounded N. atten-
uata plants induces a burst of ET in quantities
much greater than those induced by mechani-
cal wounding (134). Several other plant species
also recognize elicitors in certain herbivores’
OS and respond with highly elevated ET levels
(54,110, 123). An elegant study revealed thatin
Arabidopsis, the phosphorylation of ACS2 and
ACS6 by MPKG6 stabilizes these proteins and
hence greatly enhances the rate of ET pro-
duction (69). The MPK6-ACS2/6 pathway ac-
counts for roughly half of the pathogen elicitor,
flagellin-induced ET. Using a reverse genetic
approach, Wu et al. (142) also demonstrated
that silencing SIPK but not WIPK abolishes
around 50% of herbivory-elicited ET. Some
evidence suggests that the phosphorylation of
ACSs by an unidentified CDPK might be re-
sponsible for the other half of ET production
(129). Whether ET induced by other types of
herbivore-derived elicitors (e.g., caeliferins and
inceptin) is also partially dependent on MAPK
signaling will be interesting to explore.

Wu o Baldwin

ET signaling has been intensively studied
in Arabidopsis. Five proteins comprise the ET
receptors—ETRI1, ETR2, ERS1, ERS2, and
EIN4—all of which are homologous to bacte-
rial two-component histidine kinases involved
in sensing environmental changes (136). Ge-
netic work identified CTR1 as being directly
downstream of ET receptors, where it functions
as a negative regulator for downstream signal-
ing responses (46). CTR1 encodes a Raf-like
MAPKKK, but the exact mode of CTR1’s ac-
tionin ET signaling remains unclear. EIN2 and
nuclear-localized EIN3 and other EIN3-like
transcription factors are sequentially further
downstream of CTRI1 (3, 13). Interestingly,
SCF E3 ubiquitin ligase complex-mediated
protein degradation is also part of the ET sig-
naling network: two F-box proteins, AtEBF1
and AtEBF2, interact with EIN3 to facilitate its
removal by the 26S proteasome (28, 98). Thus,
EIN3 is likely constantly degraded, and en-
hanced ET levels inhibit this process. Recently,
a MAPKK MKKY in Arabidopsis was shown
to be implicated in modulating EIN3 stability
(145). EIN3 and other EIN3-like transcription
factors target promoters of transcription fac-
tors such as ERF1 (117). These transcription
factors act as further transcription activators or
repressors of ET-responsive genes.

The function of ET in plant resistance to
herbivores is considered to be primarily fine-
tuning JA-induced responses. In tomato plants,
ET potentiates the JA-induced transcript ac-
cumulation of PIs (87). Treating Arabidopsis
plants with ethephon, a synthetic ET donor,
transiently elevates the levels of JA and A0S
transcript (59). Blocking ET perception with
1-MCP diminishes herbivory-induced volatile
emission, which is mainly regulated by JA
(108). Using plants that ectopically express an
ETR gene with mutations that cause loss-of-
function, von Dahl etal. (134) showed that com-
promising ET signaling results in decreased
basal levels of nicotine but enhanced inducibil-
ity after herbivory. An antagonistic effect of ET
on JA-induced responses has also been demon-
strated. In both N. attenuata and N. sylvestris,
ET suppresses putrescine N-methyltransferase
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transcript levels and thus negatively regulates
the accumulation of JA-induced nicotine (115,
141). ET signaling in Arabidopsis also plays a
negative role in plant resistance to a generalist
herbivore, S. littoralis (126).

Phenylalanine ammonia lyase (PAL) and
isochorismate synthase (ICS) are two key en-
zymes in the biosynthesis of SA. Phloem-
feeding insects, such as aphids and silverleaf
whiteflies, induce transcriptional responses in
plants somewhat similar to those induced by SA
treatment or attack from biotrophic pathogens
(135). However, the function of SA in influ-
encing the performance of phloem-feeding in-
sects is species-specific. Tomato plants’ defense
against potato aphids is dependent on SA, given
that aphids survive longer on tomato plants ec-
topically expressing NabG (salicylate hydroxy-
lase) than on wild-type plants (68). In contrast,
aphids (Myzus persicae and Brevicoryne brassicae)
perform better on wild-type Arabidopsis plants
than on nprI mutants, which have impaired SA-
induced responses (81). Whether attack from
different chewing insects alters plants’ SA lev-
els depends on the plant and herbivore species
(15, 17, 63) and the magnitude of the ET burst
elicited by the attack (17). The function of SA
in plant defense against chewing insects remains
largely unknown.

Many of the early signaling events are very
similar in plants challenged by distinct herbi-
vores; these events include Ca’* influxes, ROS
production, MAPK activation, and JA and ET
accumulation (summarized in Figure 2). How
plants accurately and promptly transmit herbi-
vore species—specific alert signals down the sig-
naling network and thereby tailor the biosyn-
thesis of defensive compounds is particularly
interesting. Different HAMPs are perceived
by their specific receptors/sensors. Thereafter,
certain molecular events, which differ qualita-
tively and quantitatively but are largely simi-
lar, modify the output of different HAMP in-
ductions. Certain signal transmission pathways
may be on or off for different HAMPs, re-
sulting in qualitatively different regulatory ef-
fects. Perhaps most important, the intensity
and the temporal and spatial distribution of the

signaling events greatly influence the specific
regulatory output. After perceiving a specific
HAMP, the unique signature in each step of a
molecular reaction is gradually amplified and
translated into a specific combination of defen-
sive secondary metabolites.

SYSTEMIC SIGNALING

Plants accumulate defensive compounds not
only in herbivore-damaged leaves but also in
distal intact (systemic) leaves. Clearly, a signal
travels to other parts of the plants and trans-
mits an herbivory alert. Although this systemic
response was found almost forty years ago, the
identity of the mobile signal remains unknown
(27, 41). Solanaceous plants have long been
used as model organisms for studying systemic
signaling. Recently, research in Arabidopsis has
begun to shed light on systemic responses in
other plant species (26, 52).

Although the nature of the systemic signal
has long been debated, several studies have in-
dicated that the vascular system is involved in
the transportation of this mobile signal (35, 88,
107). Electric and hydraulic signals were pro-
posed to play a role (73, 121). A recent study
on broad bean (Vicia fuba) and barley (Hordeum
vulgare) supports the involvement of electric
signals in systemic responses (150). In tomato,
systemin was thought to travel out of wounded
leaves to convey wounding or herbivory alert
to systemic leaves (76). In an excellent study
using grafting techniques and plants deficient
in JA biosynthesis and responses, Li et al. (67)
demonstrated that systemin is not the mobile
signal in tomato and is not required for the
induction of systemic responses. Instead, the
production of JA in damaged local leaves and
the perception of JA in distal leaves are nec-
essary for inducing systemic responses; there-
fore, JA or a JA-induced compound travels to
systemic leaves and elicits defenses (Figure 34).
The critical role of JA production in local leaves
in eliciting systemic responses was further con-
firmed in tomato acxl mutants (66). In Nico-
tiana, a mobile signal travels from attacked
leaves to roots and initiates the biosynthesis
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Figure 2

A model summarizing early signaling events in a cell in an herbivore-attacked leaf. Step 1: Herbivore-
derived elicitors are perceived by unidentified receptors on the plasma membranes. Step 2: The perception
events trigger the activation of Ca>* channels and result in Ca’* influxes. Step 3: Binding of Ca’* to
NADPH oxidase and its phosphorylation by CDPKs enhance the activity of NADPH oxidase and lead to
the production of ROS. Step 4: Oxidation of proteins by reactive oxygen species (ROS) further modifies the
activity of ROS-responsive transcription factors. Step 5: MAPKs are also rapidly activated; among those
activated, SIPK and WIPK trigger the biosynthesis of JA and thus JA-Ile. Step 6: Binding of JA-Ile to the
COII receptor leads to the rapid degradation of JAZ proteins, resulting in the release of their inhibitory
effect on MYC2 and MYC2-like transcription factors. Step 7: SIPK and likely a CDPK phosphorylate ACS
proteins and enhance ACS stability, and thereby increase ethylene production. Step 8: After several steps of
signaling events, elevated ethylene production leads to the increased activity of ethylene-responsive
transcription factors, such as ERF. These early signaling events are gradually translated into the
accumulation of metabolites that function as defensives.

of nicotine; whether the same signal travels to
both roots and systemic leaves is unclear. In-
terestingly, Arabidopsis seems to have a distinct
systemic signaling mechanism. Koo et al. found
that in Arabidopsis, the de novo biosynthesis of
both JA and JA-Ile in systemic leaves is required
for activating systemic responses, and this

Wu o Baldwin

process is independent of the JA and JA-Ile pro-
duction in local leaves (52). This suggests thata
mobile signal generated in the wounded leaves,
whose production is independent of JA, con-
veys an alert to systemic leaves, which in turn
initiates JA and JA-Ile biosynthesis (Figure 35).
Investigating systemic signaling in other plant
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Figure 3

Systemic signaling in plants. (#) Systemic signaling in solanaceous plants. Herbivory rapidly induces a
short-distance mobile signal (red arrows) that travels in particular directions that are both facilitated and
constrained by leaf vasculature to the undamaged parts of the attacked leaves and thus activates MAPKSs and
triggers JA accumulation. Thereafter, a long-distance mobile signal (light blue arrows), which is either JA or a
JA-induced compound, is produced. It moves to systemic leaves, where it is converted to JA-Ile or it elicits
the accumulation of JA-Ile. Defense responses, such as increased activity of proteinase inhibitors, are
induced after the perception of JA-Ile in both local and systemic leaves. In Nicotiana plants, another
long-distance mobile signal (dark blue arrow) of unknown identity travels to roots and induces defenses, e.g.,
nicotine biosynthesis. () Systemic signaling in Arabidopsis plants. After herbivores attack, a mobile signal
produced independently of JA signaling is generated in wounded leaves and travels to undamaged leaves and
induces the biosynthesis of JA and JA-Ile, and thereby activates defense responses in these leaves.
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systems will shed further light on how this im-
portant defense mechanism evolved in different
plants. Although different mechanisms may ex-
ist, the JA pathway is likely to play a pivotal role
in all plant systemic responses. Interestingly,
N. tabacum and Arabidopsis were also shown to
have distinct mechanisms of systemic acquired
resistance (37, 92).

Little is known about how after wounding
or herbivory the cells that perceive herbivore-
derived elicitors transmit alerts to the cells in
other parts of the damaged leaf. After tomato
was wounded at the tip of its leaves, elevated
transcript levels of a PI gene were detected; in-
terestingly, even higher levels of PI transcript
accumulated in undamaged basal parts of the
leaves (33, 62). Thus, after a leaf is wounded,
a mobile signal moves from the wounded re-
gion to the other parts of the damaged leaf
and activates defense responses. Using a MAPK
activity assay and mRNA blotting as imag-
ing techniques, Wu et al. (142) demonstrated
that after herbivores attack certain regions of
N. attenuata leaves, a short-distance mobile sig-
nal rapidly disperses to specific undamaged ar-
eas in the attacked leaves; these areas activate
MAPKSs and elicit JA accumulation and tran-
scriptional responses. The identity of the sig-
nal is unclear, although it appears to be dis-
tinct from the one that travels to systemic leaves
(the long-distance mobile signal), given that
this short-distance signal is capable of activating
MAPKs and no MAPKSs are activated in sys-
temic leaves in N. attenuata (142). One possi-
bility is that FACs in OSs applied to wounds
are transported to other parts of the attacked
leaves and thus act as the short-distance mo-
bile signal that activates downstream responses,
or it may be a compound elicited by wounding
and/or FACs. Given that the long-distance sig-
nal is either JA or a JA derivative, its production
is likely dependent on the short-distance signal.
The defined movement of the short-distance
mobile signal probably results from the con-
straints of the leaf’s vasculature (142). Consis-
tent with this hypothesis, Stork et al. (125) ap-
plied OS to N. attenuata leaves wounded with
a needle and measured JA content in different
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regions; the data suggest that plant vascula-
ture is likely to be involved in transporting this
short-distance signal as well as constraining the
spread of the JA response to the region of the
leaf lamina that was elicited.

DIVERSITY OF PLANT
RESPONSES TO HERBIVORES

Within a species, heritable genetic and pheno-
typic variations among populations and even
among individuals are the driving force for
evolutionary changes. Substantial genetic vari-
ation has been demonstrated in humans, Sac-
charomyces cerevisiae, Drosophila, Caenorbabditis
elegans, and Arabidopsis.

Owing to its abundant genetic and genomic
resources, Arabidopsis has been intensively stud-
ied for its diversity in many phenotypic traits
(53). The high genetic variation leads to great
diversity of plant metabolites. Using an untar-
geted metabolic profiling approach, Keurentjes
et al. (45) showed that only 13.4% of the mass
peaks from the liquid chromatography—mass
spectrometry (LC-MS) analyses were common
among 14 accessions of Arabidopsis, indicating
the remarkable intraspecific diversity of plant
metabolites. Great variation among the glu-
cosinolates, antiherbivore compounds in Bras-
sicaceae, was also detected among 39 Arabidopsis
accessions (50), as well as among various popu-
lations of close relatives of Arabidopsis (140). In-
traspecific variation of herbivory-induced plant
volatiles was found in maize, lima bean, tomato,
cabbage, etc., as well as among wild plants
Datura wrightii and N. attenuata (16). In ad-
dition to the intraspecific diversity of antiher-
bivore secondary metabolites, variation among
the regulatory signaling events that dictate
downstream herbivory-induced reactions have
been described. Large differences in herbivory-
induced early signaling events (MAPK activity,
JA and ET production, and transcript accumu-
lation of transcription factors) were observed in
two accessions of N. attenuata (143). In line with
this, within a N. attenuata population, plants
grown in close proximity also display extremely
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heterogeneous levels of herbivory-induced JA
and volatile compounds (112).

Heritable genetic variation in plant sec-
ondary metabolites and their underlying regu-
latory elements are essential for a plant’s ability
to adapt to the abiotic and biotic stresses of their
natural environments. By exploiting the natu-
ral phenotypic variations in plant resistance to
insects and studying the genetic diversity that
determines these phenotypic variations, we in-
crease our understanding of the coevolutionary
process that has shaped the molecular machin-
ery of plant defense systems against insects.

PLANT-HERBIVORE
INTERACTIONS: TOOLS
AND CHALLENGES

Widely used in the model plants Arabidopsis and
rice, forward genetics, especially the analyses of
artificially generated mutants that have desired
phenotypic changes, has played an enormous
role in advancing our understanding of the
genetic basis of plant development, hormone
signaling, and stress responses. Unfortunately,
the systems that have proven most useful for
our understanding of the ecological significance
of plant-herbivore interaction lack the char-
acteristics of good genetic model systems: ge-
netic markers, small sizes with short generation
times, facile transformation systems, and small
compact genomes, all the traits that facilitate
forward genetic analyses. Despite these draw-
backs, the great genetic diversity of herbivore-
resistance traits in many plants is a valuable re-
source for identifying new herbivore-resistance
genes. The Mi-1 gene, which confers resistance
to aphids and nematodes in tomato, and the
brown planthopper-resistance gene BphI4 in
rice were both identified by map-based cloning
(20, 82). When the traits are controlled by
many loci, quantitative trait loci (QTL) map-
ping and association (or linkage disequilibrium)
mapping are powerful tools with which to iden-
tify the genetic elements underlying diverse
phenotypes, including genes implicated in her-
bivore resistance. Notably, although its appli-
cation is still limited mostly in human disease

research, genome-wide association mapping
has recently been used in Arabidopsis research
(139). Given the rapid development in sequenc-
ing technologies, we expect this powerful link-
age disequilibrium mapping approach will be
used for studying the genetic basis of plants’
resistance to herbivores. Other new tools
have also emerged in recent years. The rapid
development in microarray and second gener-
ation sequencing technology has greatly facil-
itated the identification of genes using expres-
sion QTL (eQTL) mapping (36, 49). In this
analysis, different expression levels of genes are
regarded as QTLs to map genes that account
for these differences. Instead of analyzing just a
few traits, eQTL mapping deals with thousands
of traits simultaneously. These forward genetic
approaches are not only widely used in model
plants, such as Arabidopsis, rice, and crop plants,
but they probably also offer the best ways to
study genes involved in herbivore resistance in
nonmodel organisms, especially in those that
can’t be genetically transformed.

Reverse genetics has become increasingly
important. In reverse genetic studies, plants
with altered transcript levels of specific genes
are studied and the functions of these genes are
explored. Plants carrying mutations at genes-
of-interest can be obtained from public mutant
seed banks, which are created by physical
or chemical mutagenesis or Agrobacterium-
mediated T-DNA insertion. Plants trans-
formed with genes in sense, antisense or
inverted-repeat orientations are also very
valuable for reverse genetics. In species that are
not transformable or are difficult to transform,
TILLING (targeting induced local lesions in
genomes) is emerging as an important tool
in reverse genetics. Using reverse genetic ap-
proaches, researchers can investigate the func-
tions of candidate genes efficiently and rapidly.

The advance in the secondary genera-
tion sequencing technology will surely become
an essential driving force in studying plant-
herbivore interactions. Together with genetic
tools, genomic tools such as microarrays, deep
sequencing, and other transcriptional profil-
ing tools (subtractive hybridization, differential
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display, cDNA-AFLP, SAGE, etc.) and rapidly
developing mass spectrometry—based pro-
teomic and metabolic platforms all will greatly
facilitate our understanding of the plant defense
network on a molecular level.

FUTURE PERSPECTIVES

Substantial progress has been made in re-
cent years in understanding the signaling
pathways involved in plant herbivore resis-
tance, especially the recent development in
MAPK and JA signaling. Nevertheless, many
questions remain to be answered. How do
plants recognize specific predators and deploy
herbivore-specific responses? What are the
receptors? How do these receptors and other
yet-to-be-identified effectors activate MAPK
signaling? What is the molecular mechanism
for how MAPKs modulate phytohormone
accumulation and reshape the transcriptome?
How is JA biosynthesis rapidly activated?
Finding R proteins in pathogen resistance
has greatly enriched our understanding of
the defenses plants use against pathogens.
Similarly, searching for R genes responsible
for phloem-sucking insect resistance and
deciphering how plants perceive elicitors such
as FACs in chewing insects” OS will bring us
exciting knowledge about the plant first line
of defense against herbivores. Using mapping
technology, some progress has been made
in identifying R genes for aphids and brown
planthoppers. However, due to a lack of ap-
propriate reporter/screening systems, forward

SUMMARY POINTS

genetics using direct artificial mutagenesis
in plants has so far seemed impractical. An
overwhelming number of receptor-like genes
makes the success of reverse genetics unlikely.
Given the advancement in rapidly producing
genetic markers for nonmodel plant species
and other techniques facilitating mapping (36),
we believe that identifying plant populations
that have significant differences in early chew-
ing herbivore-elicited responses (e.g., MAPK
activity and JA accumulation) and finding
the genetic basis for these differences using
mapping will shed light on the identity of genes
involved in plants’ very early responses, includ-
ing the receptors for herbivore elicitors. Many
studies have been carried out to elucidate the
functions of pathogen effectors in suppressing
plant defense reactions. Whether components
of herbivore OS, especially those of aphids
and other phloem-sucking insects that activate
defense responses in plants similarly to those
induced by pathogens, suppress plant defenses
deserves attention. Our understanding of
plant-pathogen interaction has benefited
remarkably from our ability to genetically ma-
nipulate pathogens (e.g., Pseudomonas syringae);
in contrast, genetically modifying insects re-
mains an underdeveloped challenge. Although
the range of applicable herbivore species is
unclear, expressing herbivore-targeting RINAi
constructs in plants to silence the expression of
particular genes in herbivores is an exciting new
approach that would revolutionize the study of
the coevolutionary dynamics of both partners
in the plant-herbivore interactions (74).

1. Herbivory and oviposition lead to increased levels of defenses in plants, which are com-

posed of direct and indirect defenses.

2. Plants sense the existence of herbivores and initiate changes in a battery of signaling path-
ways, including Ca’* influxes, membrane depolarization, kinase activation, and jasmonate
accumulation. These pathways form sophisticated intertwined regulatory networks that
orchestrate specific defense responses according to the species of the herbivore.

3. The jasmonate pathway, which is well conserved in all plant species, plays a central role
in modulating plant resistance to herbivores.
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4. A short-distance mobile signal travels from damaged regions in an herbivore-attacked
leaf to certain regions of the undamaged portion and initiates defense reactions; more-
over, a long-distance mobile signal conveys an herbivory alert to distal intact leaves and
subsequently triggers defenses in these systemic leaves. Although different plant species
may have different mechanisms with which to activate systemic responses, the jasmonate
pathway is required for systemic responses.

5. Large intraspecific variations in herbivory-induced signaling events and secondary
metabolites exist among different plant populations and even individuals within a
population.

FUTURE ISSUES
1. What are the mechanisms with which plants perceive herbivory and oviposition?

2. Which proteins constitute complete MAPK cascades, including MAPKKK, MAPKK,
MAPK, and downstream transcription factors that are activated by herbivory?

3. Whatare the additional regulators of JA accumulation and signaling, especially the direct
regulator that activates OPDA biosynthesis in chloroplasts?

4. What are the components of herbivores’ oral secretions that likely suppress plants’
herbivore-resistance responses?
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