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ABSTRACT

Plant responses to herbivores are complex. Genes
activated on herbivore attack are strongly correlated
with the mode of herbivore feeding and the degree
of tissue damage at the feeding site. Phloem-feeding
whiteflies and aphids that produce little injury to
plant foliage are perceived as pathogens and activate
the salicylic acid (SA)-dependent and jasmonic acid
(JA)/ethylene-dependent signaling pathways. Dif-
ferential expression of plant genes in response to
closely related insect species suggest that some elici-
tors generated by phloem-feeding insects are spe-
cies-specific and are dependent on the herbivore’s
developmental stage. Other elicitors for defense-
gene activation are likely to be more ubiquitous.
Analogies to the pathogen-incompatible reactions
are found. Chewing insects such as caterpillars and
beetles and cell-content feeders such as mites and
thrips cause more extensive tissue damage and ac-

tivate wound-signaling pathways. Herbivore feeding
is not equivalent to mechanical wounding. Wound
responses are a part of the induced responses that
accompany herbivore feeding. Herbivores induce di-
rect defenses that interfere with herbivore feeding,
growth and development, fecundity, and fertility. In
addition, herbivores induce an array of volatiles that
creates an indirect mechanism of defense. Volatile
blends provide specific cues to attract herbivore
parasites and predators to infested plants. The na-
ture of the elicitors for volatile production is dis-
cussed.

Key words: Phloem-feeding insects; Jasmonic acid;
Pathogenesis-related proteins; Ethylene; Saliva; Sig-
nal transduction; Salicylic acid; Defense; Chewing
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INTRODUCTION

In their natural habitat, plants encounter multiple
biotic and abiotic challenges simultaneously. Each
environmental hazard activates multiple signal
transduction pathways to ensure an effective spatial
and temporal defense response (Dempsey and oth-
ers 1999; Genoud and Métraux 1999; Pieterse and
van Loon 1999; Ryan 2000). Therefore, plants must
be able to identify and prioritize each signaling path-
way to mount the most efficacious defense strategy
to minimize current and future damage and also to
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preserve vegetative growth and reproductive success
(Karban and Baldwin 1997). These complex bio-
chemical and physiologic responses often result in a
tolerance or protection from further environmental
challenges (Bostock 1999; Dempsey and others
1999; Karban and Baldwin 1997; Pieterse and van
Loon 1999).

To protect themselves from pathogen and herbi-
vore attack, plants use constitutive and induced de-
fenses. These defenses can influence herbivore set-
tling, feeding, oviposition, growth and development,
fecundity, and/or fertility. All defenses, whether
constantly or transiently expressed, are costly (Bald-
win and Preston 1999). Defense responses channel
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carbon and nitrogen resources from vegetative and
reproductive growth into protective mechanisms.
The plant must attain a balance to ensure survival
from immediate and subsequent attacks without
sacrificing plant vitality, longevity, or reproduction.
The balance of constitutive and induced defense re-
sponses appears to supply the plant with the flex-
ibility to achieve these goals.

Constitutive defenses include the physical barri-
ers that impede pathogen ingression or arthropod
access to tissues, that is, cell walls, suberin, callose,
and cuticles, as well as the stored allelochemicals
that have antixenotic (deters herbivore colonization
of plant) or antibiotic (deters herbivore growth, re-
production, development, or survival) effects (Conn
1981; Hedin 1983; Paiva 2000; Rosenthal and Jan-
zen 1979). Constitutive defenses, as well as induced
defenses, are only effective if the herbivore contacts
the defense phytochemical. Because allelochemicals
are often species-specific and are expressed in a sub-
set of tissues or cells, the choice of host plant by an
herbivore and the mode and site of herbivore feed-
ing determines the defense chemicals that are en-
countered.

Most of our knowledge of plant responses to her-
bivores has been gleaned from studies with insects
that extensively damage foliage (Karban and Bald-
win 1997; Stotz and others 1999). Far less is known
about plant responses to herbivores that cause less
tissue damage such as arthropods that mine or gall,
or herbivores that pierce or lacerate cells to feed on
intracellular fluids (Gerling and Mayer 1996; Miles
1999; Needham and others 1928; Raven 1983; Ra-
man 1994). The landmark text by Karban and Bald-
win (1997) provides a comprehensive literature on
induced responses to damage-inducing herbivores.
By contrast, the literature on plant responses to
nonchewing insects has emerged more recently.
This review will focus primarily on this latter group
of herbivores. Herbivores induce several well-
characterized plant defense- and wound-response
pathways, as well as novel pathways to alter plant
gene expression (Figures 1, 2). Herbivores produce
novel signals (elicitors) to activate plant gene ex-
pression and volatile synthesis (Korth and Dixon
1997a; Pare and others 1998; van de Ven and others
2000). The source of these cues will be discussed.

RESPONSES TO PIERCING/SUCKING INSECTS:
ACTIVATION OF PATHOGEN-DEFENSE
RESPONSE PATHWAYS

Insects that use a piercing/sucking mode of feeding
have an intimate and long-lasting interaction with
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Figure 1. The signal transduction pathways induced by
pathogens and herbivores are outlined (see text for de-
tails). Genes regulated by these pathways are described in
Table 1. Pathogens use four signaling pathways to activate
gene expression: the SA-, the ROS-, and two JA/ethylene-
dependent pathways. Phloem-feeding whiteflies and
aphids activate both the JA/ethylene and SA-dependent
pathways. It is unclear whether herbivores activate ISR.
Evidence for a novel pathway activated by whitefly (WF)
feeding is provided by the SLW3 gene of squash. The
source of the elicitor for SLW3 may be provided by diges-
tive or sheath saliva (saliva?). This figure is based on data
compiled from several plant species (Arabidopsis, tomato,
and squash).

plant cells. Using a stylet to pierce cells, these her-
bivores consume large quantities of fluids as a nu-
tritional source. Feeding sites vary. Most aphids,
mealy bugs, leafhoppers, psyllids, and whiteflies
stylets must traverse the cuticle, epidermis, and me-
sophyll to establish feeding sites in veins of the
phloem (Miles 1999; Raven 1983). Other piercing/
sucking insects primarily feed on (1) mesophyll pa-
renchyma (scale insects), (2) both epidermal and
mesophyll cells (thrips), or (3) xylem (leathoppers)
(Parker and others 1995; Raven 1983; Rosen 1990).
The amount of tissue damage caused by piercing/
sucking insects varies tremendously. Some herbi-
vores (like thrips and spider mites) are cell-content
feeders; they lacerate cells and consume cellular
contents by means of their stylets (Helle and Sabelis
1985; Parker and others 1995). Other cell-content
feeders such as the pyrrhocorids and lygaeids (true-
bugs) cause more extensive damage along the path
to and at their feeding site (Saxena 1963; Taylor and
Miles 1994).

The stylets of piercing/sucking insects that feed
on phloem are in continuous contact with plant
cells. Once feeding sites are established, they can be
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Figure 2. The signal transduction pathways induced by
wounding and herbivores in the Solanaceae are illustrated
(see text for details). Genes regulated by these pathways
are described in Table 1. Chewing insects (beetles and cat-
erpillars) and cell-content feeders (mites and thrips) in-
duce the JA-regulated wound-response pathway. Evi-
dence for a JA-independent pathway in the Solanaceae
exists but its regulator is unknown. Caterpillar regurgitant
induces novel genes not activated by wounding, providing
evidence for a novel herbivory-response pathway.

used for hours to weeks. Given the limited tissue
damage and prolonged stylet interactions with plant
cells, it is not surprising to find that plant responses
to phloem-feeding insects are distinct from that of
chewing insects and tissue-damaging cell-content
feeders. On the basis of the limited number of stud-
ies currently available, some piercing/sucking in-
sects induce the defense-signaling pathways most
commonly activated by bacterial, fungal, and viral
pathogens (Figure 1).

Plant Responses to Pathogen Attack

Signaling mechanisms activated after pathogen at-
tack have been elegantly dissected using the tools of
genetics, molecular biology, and biochemistry (for
reviews, see Dempsey and others 1999; Glazebrook
1999; Martin 1999; McDowell and Dangl 2000; Pi-
eterse and van Loon 1999). When pathogens and

plants with cognate avirulence (avr) and resistance
(R) genes interact (incompatible interactions),
pathogens are rapidly perceived. Plants respond
with production of reactive oxygen species (ROS)
and nitric oxide (NO), membrane depolarizations,
ion fluxes, and activation of signaling cascades that
involve the action of kinases and phosphatases (Bol-
well and Wojtaszek 1997; Dempsey and others
1999). The signaling cascades result in the accumu-
lation of defense-response RNAs and proteins locally
and systemically (Figure 1; Table 1). Defense-
response proteins hydrolyze pathogen cell wall poly-
mers, strengthen and modify plant cell walls, turn-
over proteins, enhance synthesis of secondary
metabolites, generate signals to modulate defense-
signaling pathways, or have unknown functions in
defense (for reviews, see Kombrink and Somssich
1997; Reymond and Farmer 1998). Similar bio-
chemical events are induced in compatible interac-
tions but at a slower pace. Incompatible (fast recog-
nition) and compatible (slow recognition) interac-
tions are also distinguished by the presence or
absence of a hypersensitive response (HR), respec-
tively. During incompatible interactions, the HR
causes a rapid, localized cell death at the site of in-
fection, which restricts the pathogen to small areas
of tissue. Micro-HRs occur systemically and may aid
in activation of defense responses at remote loca-
tions on the plant (Alvarez and others 1998).

Four signaling pathways are important in re-
sponses to pathogens (Figure 1). First, the salicylic
acid (SA)-dependent cascade uses SA (Figure 3) and
its methyl conjugate (MeSA; Figure 3) to stimulate
expression of defense-response genes, including
pathogenesis-related protein (PR) genes that encode
proteins with an apoplastic localization (acidic PR
genes) (Table 1) (Kombrink and Somssich 1997;
Shulaev and others 1997). SA also promotes the de-
velopment of systemic acquired resistance (SAR),
which confers a broad-range resistance to pathogens
and some insects (Bostock 1999; Dempsey and oth-
ers 1999). The second pathway is dependent on ROS
and NO, which increase after pathogen attack. These
molecules promote an HR, stimulate SA synthesis,
and induce some defense-response genes (Figure 1;
Table 1) (Lamb and Dixon 1997; McDowell and
Dangl 2000).

The remaining two pathways are regulated by jas-
monic acid (JA) and ethylene (Figure 1) (Chao and
others 1999; Penninckx and others 1998; van Wees
and others 1999). Both JA (Figure 3) and ethylene
(Figure 3) levels increase after pathogen attack. In
Arabidopsis, JA and ethylene act concomitantly to
induce expression of defensin and PR genes that en-
code vacuolar-localized proteins (basic PR genes)
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Table 1. List of Genes and Their Roles in Plant Defense or Wound Responses
Genes Function in Defense or Wounding

Tomato Chi3
Tomato Chi9
Tomato GIuAC
Tomato GluB
Tomato LapA
Tomato LOX
Arabidopsis
LOXI, LOX2
Tomato PAL
Arabidopsis
PAL
Tomato PR-1
Tomato P2
Tomato PR-4
Tomato pin2,
pinl
Arabidopsis
PIN

Tomato PG

Tomato Sys

Tomato Wfil

Arabidopsis ACO

Arabidopsis AOS

Arabidopsis CHS
Arabidopsis CK

Arabidopsis CPRI
Arabidopsis DFR
Arabidopsis GST
Arabidopsis GPX

Arabidopsis JR1
Arabidopsis JR3

Chi3 encodes an acidic chitinase that hydrolyzes chitin in pathogen cells walls and possibly in insect
guts. Acidic chitinases are localized in the apoplast.

Chi9 encodes a basic chitinase that hydrolyzes chitin in pathogen cells walls and possibly in insect
guts. Basic chitinases are localized in the vacuole.

GluAC encodes an acidic -1,3-glucanase that hydrolyzes callose and glucan polymers of pathogen
walls. Acidic glucanases are localized to the apoplast.

GluB encodes a basic B-1,3-glucanase that hydrolyzes callose and glucan polymers of pathogen walls.
Basic glucanases are stored in the vacuole.

LapA encodes the wound-induced leucine aminopeptidase that removes N-terminal amino acids
from peptides and proteins. LAP-A function in wounding is not known. It is only found in a
subset of the Solanaceae (Figure 4).

LOX encodes the 13-lipoxygenase that synthesizes 13-hydroperoxide-octadecatrienoic acid from
linolenic acid (an 18:3 fatty acid), (Figure 4).

PAL (phenylalanine ammonia lyase) is important for the biosynthesis of SA, flavanoid phytoalexins,
lignin, and other cell wall phenolics.

The PR-1 gene of tomato encodes an acidic PR-1 protein also known as P4 and highly related to P6.
Its function is not known. Acidic PR-1 has an apoplastic location. Basic PR-1 genes also exist and
encode proteins with a vacuolar location.

The P2 protein is a basic win-like protein with a chitin-binding domain. Its function is unknown
and it has a vacuolar location.

PR-4 encodes an acidic win-like protein with a chitin-binding domain. Its function is unknown and
it has an apoplastic location.

Pin genes encode inhibitors of Ser proteases. Pins interfere with insect growth and development by
hyper-inducing proteases in the insect gut (Figure 4).

A wound-induced PG (polygalacturonase) hydrolyzes pectin in the cell wall to release OGAs, which
are potent signals that activate the tomato octadecanoid pathway (Figure 4).

Sys encodes prosystemin, which is a precursor protein that is proteolytically processed to its bioactive
peptide systemin (Figure 3). Systemin is only found in Solanaceous plants. Systemin is a potent
activator of the octadecanoid pathway (Figure 4).

WHil is the large subunit of the multi-subunit plasma-membrane complex called NADPH oxidase.
NADPH oxidase generates the reactive oxygen species superoxide anion. Only the gp91-phox
subunit has been cloned in plants (Figure 1).

ACO encodes an acyl CoA oxidase-like protein. ACO is involved in B-oxidation of fatty acids. Its
substrate and function in the wound response are not known (Figure 5B).

AOS (allene oxide synthase) converts linolenic acid (18:3) to a 13-hydroperoxide form. This enzyme
commits lipids to the octadecanoid pathway and appears to have an important regulatory in
regulation of the wound responses in Arabidopsis (Figure 5B).

CHS encodes chalcone synthase important for the synthesis of lignin to strengthen the cell wall and
phenylpropanoid compounds that can have antimicrobial activity (Figure 5B).

CK encodes a choline kinase-like protein. It function in the wound-response is not known (Figure
5B).

CPRI1 (constitutive expresser of PR genes) function is not yet known. It is a regulator of multiple
defense signaling pathways. cprl mutants express PR proteins and SAR constitutively (Figure 5B).

DFR encodes dihydroflavanol reductase. DFR is important for the synthesis of anthocyanin pigments
(Figure 5B).

GST encodes glutathione S-transterase. GST is important in detoxifying many compounds and ROS
(Figure 5B).

GPX encodes glutathione peroxidase. GPX is important in scavenging of ROS (Figure 5B).

JRI (JA-regulated 1) encodes a protein of unknown function (Figure 5B).

JR3 (JA-regulated 3) encodes a protein similar to the ILRI amidohydrolase. ILR1 releases auxin from
conjugated forms. The role of JR3 in wounding is not known (Figure 5B).
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Table 1. Continued
Genes Function in Defense or Wounding
Arabidopsis NPRI (nonexpresser of PR genes) encodes protein similar to the transcription factor inhibitor IB.
NPRI This is a critical regulator of both SA-induced responses and responses leading to ISR. npr!l (also
known as niml) mutants cannot induce PR gene expression or SAR (Figure 1).
Arabidopsis PDFI.2 encodes the small antimicrobial protein defensin. PDFI.2 is regulated by JA but not by
PDF1.2 wounding.

Arabidopsis SSII
Arabidopsis TAT
Arabidopsis
Thi2.1
Arabidopsis VSP
Arabidopsis WR3

Squash SLW1

Squash SLW3

The function of SSI1 (suppressor of SA-insensitivity) is not known. The ssil mutant suppresses the
nprl phenotype. SSI1 is a key regulator of multiple defense signaling pathways.

TAT encodes a tyrosine aminotransferase that is important for the synthesis of tyrosine. Tyrosine is
used for the synthesis of cell wall phenolics, lignins, and flavanoids (Figure 5B).

Thi2.1 encodes thionin, which is a small polypeptide with anti-fungal activity (Figure 5B)

VSP (vegetative storage protein) encodes a protein that accumulates to high levels in leaves. VSP is
regulated by JA, but its role in defense is not known (Figure 5B).

WR3 (wound-response 3) encodes an RNA that accumulates in response to wounding but its function
is not known (Figure 5B).

SLWI (silverleaf whitefly-induced 1) encodes a M20b peptidase. Its function unknown. SLW1I is
preferentially induced by silverleaf whiteflies and is regulated by JA and ethylene (Figure 1).

SLW3 (silverleaf whitefly-induced 3) encodes a B-glucosidase-like protein. Its function unknown. SLW3
is preferentially expressed in response to silverleat whiteflies and is regulated by a novel signaling

pathway (Figure 1).

@ Defense- and wound-response genes mentioned within the review are tabulated. Species are indicated because similar genes in other plants are given different names, although
gene products are thought to have similar functions. A comprehensive listing of wound- and defense-response proteins can be found in several recent reviews (Kombrink and

Somssich 1997; Reymond and Farmer 1998; Reymond and others 2000).

(Table 1) (Penninckx and others 1998). In addition,
JA and ethylene act sequentially to induce a sys-
temic tolerance to a broad range of pathogens,
which is distinct from SAR, and called induced sys-
temic resistance (ISR) (Pieterse and others 1998).
Development of ISR is not correlated with the SA-
or JA/ethylene-induced genes studied to date
(Schweizer and others 1998; van Wees and others
1999). Several other uncharacterized signaling path-
ways may be active after pathogen attack (Chappell
and others 1997; Clarke and others 1998; Thomma
and others 1999).

The SA- and JA/ethylene-dependent signaling
pathways cross talk. Rises in SA are correlated with
down-regulation of the JA/ethylene-regulated de-
fense-response genes, as well as JA-regulated
wound responses (Figures 1, 2) (Doares and others
1995; Doherty and others 1988; Pena-Cortés and
others 1993; Pieterse and van Loon 1999; Preston
and others 1999; van Wees and others 1999). Coor-
dination of these defense pathways with each other
and with wound-response pathways is complex and
not understood at this time (Figures 1, 2). These
signaling mechanisms appear to converge at several
regulatory junctions involving wound-induced
(WIPK) and SA-activated (SIPK) MAP kinases (Ku-
mar and Klessig 2000; Romeis and others 1999;

Sano and others 1994; Seo and others 1995). In ad-
dition, some gene products that regulate PR gene
expression, NPR1 (non-expresser of PR genes), SSI1
(suppressor of SA insensitivity), and CPR6 (consti-
tutive expresser of PR genes), influence multiple sig-
nal transduction pathways (Clarke and others 1998;
Shah and others 1999). Convergence of these sig-
naling networks allows plants to prioritize cues and
activate the mechanisms that most effectively com-
bat the current invading pathogen or pest.

Activation of Defense-signaling Pathways
by Herbivores

Several nonchewing arthropods increase levels of PR
proteins and activities (Tables 1 and 2). Increases in
chitinase or B-1,3-glucanase activities after whitefly,
aphid, or mite infestations have been observed (Bro-
derick and others 1997; Bronner and others 1991;
Mayer and others 1996; van der Westhuizen and
others 1998a; b). Increases in chitinase and B-1,3-
glucanase activities are correlated with increases in
these proteins (Mayer and others 1996). Further-
more, increases in P2, P4, and PR-10-like proteins
are detected (Broderick and others 1997; Mayer and
others 1996). As in incompatible plant-pathogen in-
teractions, PR proteins and activities increase more



200 L. L. Walling
. H,C=CH,
Cﬁiw Cii? AN COOH Q COOH Ethylene
__ 1, NN
OH OH 4

AVQSKPPSKRDPPKMQTD

SA MeSA JA DH-JA Systemin
/‘ ?Hs \ (l;H3
?:o =0
OOH OOH OOH OOH H,OH NH CH,OH NH

P
Ko ) f o N K K
H H H — H OH HO OH H d OH
OH OH OH OH l|\lH CH,OH II\JH CH,OH
n (=0 (=0
Oligogalacturonides (OGAs) CH, \ CHa/
Galacturonic acid repeating unit n
Chitosan
Poly-D-glucosamine repeating unit
\\\COOH
\\\\
, @ I g e COOH
iy TN & -
_— OH ‘o
Volicitin H,N 12-OPDA Dn-OPDA

Figure 3.

Structures of signaling compounds in herbivore-plant interactions. The structures of salicylic acid (SA), methyl

salicylate (MeSA), ethylene, jasmonic acid (7-iso-JA; JA), dihydro-JA (DH-JA); 12-oxo-phytodienoic acid (12-OPDA),
dinor-oxo-phytodienoic acid (dn-OPDA), and N-(17-hydroxylinolenyl)-L-glutamine (volicitin) are shown. The bioactive
peptide systemin is processed from the prosystemin polypeptide and its peptide sequence is indicated in the single letter
code. Oligogalacturonides (OGAs) are polymers of galacturonic acid with an o 1-4 linkage. The galacuturonic acid
repeating unit is shown. Chitosan is a polymer of p-glucosamine with a B 1 -4 linkage. The p-glucosamine repeating unit

is shown.

rapidly when herbivores attack resistant plant geno-
types (Bronner and others 1991; van der Westhui-
zen and others 1998a; b).

Feeding by greenhouse whitefly (Trialeurodes va-
porariorum) and silverleaf whitefly (Bemisia argenti-
folii)y nymphs activates the SA- and JA/ethylene-
dependent pathways of tomato (Figure 1; Table 1)
(Puthoff and others unpublished). However, PR
gene RNAs do not increase locally or systemically in
response to adult whiteflies. Transcripts for PR genes
regulated by JA and/or ethylene (basic B-1,3-
glucanase, basic chitinase, and PR-1) accumulate to
higher levels than SA-regulated gene RNAs (acidic
B-1,3-glucanase and acidic chitinase) (Chao and
others 1999; Puthoff and others unpublished; van
Kan and others 1995). Similar to whiteflies, the po-
tato aphid (Macrosiphum euphorbiae) and green peach

aphid (Myzus persicae) cause increases in lipoxyge-
nase (LOX) and PR-1 RNAs in infested tomato leaves
(Fidantsef and others 1999). In Arabidopsis, the cab-
bage aphid (Brevicoryne brassicae) and the cotton
aphid (Aphis gossypii) induce both the SA-dependent
(PR-1 and acidic B-1,3-glucanase) and JA/ethylene-
dependent (defensin and LOX) signaling pathways
(P. Moran and G.A. Thompson, personal communi-
cation).

Consistent with limited tissue damage during
whitefly feeding (Walker and Perring 1994),
wound-response gene RNAs (leucine aminopepti-
dase [LapA] and proteinase inhibitor [pin2]) (Table
1) do not accumulate in response to adult or imma-
ture whitefly feeding (Puthoff and others unpub-
lished). Furthermore, analyses of LapA:GUS trans-
genic tomato plants show that the LapA promoter is
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Table 2. Changes in Defense-Response Protein and Activity Levels in Response to Nonchewing Insects
Protein

Insect Plant Accumulation®® Enzymatic Activities® Reference

Silverleaf whitefly Pumpkin Changes in IF proteins  Reduced apoplastic Jiménez and

Bemisia argentifolii
(Bellows and
Perring)

Silverleaf whitefly

Bemisia argentifolii
(Bellows and
Perring)

Russian wheat aphid

Diuraphis noxia

Cucurbita pepo L.

Tomato
Lycopersicon
esculentum L.

Wheat
Triticum aestivum L.

Chitinase
B-1,3-glucanase

P2

P4 (PR-1)

Changes in IF proteins
Apoplastic peroxidase

chitinase®
Reduced apoplastic
B-1,3-glucanase
Peroxidase
Chitinase
B-1, 3-glucanase

Apoplastic peroxidase
Apoplastic chitinase
Apoplastic
B-1,3-glucanase
Intracellular

others 1995

Mayer and others
1996

Van der
Westhuizen
and others
1998a, b

(Mordvilko) Apoplastic chitinase
Apolastic 3-1,3-
glucanase

Greenbugs Sorghum ND
Schizaphis graminum Sorghum bicolor

(Rondani)
Redlegged earth mite Subterranean clover PR-10
Halotydeus destructor Trifolium

(Tucker) subterraneum
Gall mite Bittersweet Changes in IF proteins
Aceria caldophthirus nightshade

(Nalepa) Solanum dulcamara L.

B-1,3-glucanase
Apoplastic peroxidase
Apoplastic chitinase
Apoplastic

B-1,3-glucanase
Apoplastic peroxidase
Apoplastic chitinase

Krishnaveni and
others 1999

Broderick and
others 1997

Bronner and
others 1991

B-1, 3-glucanase
chitinase

“Changes in the protein composition of intercellular fluids (IF) were assessed after SDS-polyacrylamide gel electrophoresis and Coomassie blue staining. Immunoblot analyses
detected changes in specific PR proteins (chitinases, B-1,3-glucanases, P2 and P4. PR-10 was identified as an induced protein in a stained gel and its peptide
sequence was determined. Changes in protein levels were not determined (ND) in some studies.

PFunctions of PR proteins are listed in Table 1.

“The intracellular location of enzymatic activities were determined by assessing activities in IF versus total extracts. In these cases, the implied subcellular localization of activities

is indicated.

In the silverleaf whitefly-pumpkin interaction, reduced levels of apoplastic enzyme activities were noted. In all other interactions, herbivore infestation resulted in increased

levels of enzymatic activities.

not activated in cells along the stylet path (Puthoff
and others unpublished). Likewise, phloem-feeding
aphids do not increase pin2 RNA levels (Fidantsef
and others 1999). This contrasts to the tomato re-
sponse to the two-spotted spider mite (Tetranychus
urticae) and western flower thrip (Frankliniella occi-
dentalis). Although these arthropods use stylets to
feed, they cause substantial cellular damage and in-
duce JA-dependent wound-response genes of to-
mato (G. Howe, personal communication).

Plant Responses to Whiteflies: Specific
Responses to Whitefly Species and
Developmental Stages

Studies on the whitefly-induced 1 (Wfil) gene of to-
mato and silverleaf whitefly-induced 1 (SLWI) and
SLW3 genes from squash indicate that some plant

genes respond to signals generated by specific insect
species and specific stages in insect development
(Figure 1). Wfil RNAs accumulate locally and sys-
temically in tomato leaves after feeding by whitefly
nymphs but not in response to pink potato aphids or
whitefly adults (Puthoff and Walling unpublished).
These data suggest that some of the signals gener-
ated by whitefly and aphid feeding, as well as adult
and immature insects, are distinct. Wfil encodes a
membrane-bound subunit of NADPH oxidase (a
gp91-phox homologue) (Table 1) (Puthoff and Wall-
ing unpublished). Increases in NADPH oxidase ac-
tivity are correlated with the ROS burst that accom-
panies pathogen infection and wounding (Bolwell
and Wojtaszek 1997; Ryan 2000). Like basic PR
genes, Wfil RNAs accumulate after JA and ethylene
treatments but not after systemin treatments (a po-
tent inducer of wound-response genes) (Figures 1,
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2) (Puthoff and others unpublished; Chao and oth-
ers 1999; Ryan, 2000). Surprisingly, wounding tran-
siently increases levels of Wfil RNAs. These data in-
dicate that Wfil is primarily regulated by the JA/
ethylene defense-signal transduction pathway after
whitefly infestation (Figure 1) and may be activated
by a systemin-independent pathway after wounding
(Figure 2) (Puthoff and others unpublished).

Even closely related insect species, such as the
silverleaf whitefly and the sweetpotato whitefly (B.
tabaci Type A), produce elicitors that differentially
regulate plant gene expression (van de Ven and oth-
ers 2000). Similar to tomato PR genes and Wfil,
SLWI, and SLW3 transcripts increase in response to
silverleaf whitefly nymph feeding but not to adult
feeding (Table 1) (van de Ven and others 2000).
More notably, SLWI and SLW3 RNAs accumulate
systemically after feeding by the silverleaf whitefly
nymphs but not after feeding by sweetpotato white-
fly nymphs. The preferential expression of SLW1 and
SLW3 by the silverleaf whitefly suggests that this in-
sect generates (1) a novel signal, (2) larger amounts
of a systemic elicitor, or (3) a more potent signal
than is produced by the sweetpotato whitefly. Treat-
ments with defense signals show SLWI is regulated
by both JA and ethylene (Figure 1). In contrast,
SLW3 RNAs do not accumulate in response to any
known defense/wound signals (NO, H,O,, NO plus
H,0,, JA, ethylene, SA, abscisic acid, JA plus ethyl-
ene, JA plus SA, or wounding) (van de Ven and
others 2000). These data suggest that the silverleat
whitefly activates a novel signaling pathway to in-
duce SLW3 expression (Figure 1). Interestingly, both
SLWI and SLW3 transcripts accumulate after water-
deficit stress, suggesting that the signals produced by
silverleaf whitefly feeding and water-deficit may
share some features (van de Ven and others 2000).
This is in contrast to caterpillar feeding in Arabidop-
sis, where genes induced by water-deficit are ex-
pressed in response to wounding but not to cater-
pillar feeding (Reymond and others 2000).

Source of Elicitors in Aphid-, Mite- and
Whitefly-plant Interactions

The signals generated by herbivores, which pierce
plant cells to remove liquids as a nutrient source, are
complex. Some cues, like those that activate PR gene
expression, are likely to be shared by many herbi-
vores (whiteflies, aphids, and mites). In contrast,
some elicitors appear to regulate species-specific re-
sponses such as the changes in levels of Wfil and
SLW RNAs (Puthoff and Walling unpublished; van
de Ven and others 2000) and the complex volatile
blends that regulate plant-herbivore-herbivore en-

emy interactions (De Moraes and others 1998).
These general or specific signals may derive from
physical damage and mechanical stress. During
stylet probing for a feeding site, herbivores may in-
advertently damage cells along the stylet path and
release stored plant signals that stimulate expression
of PR, Wfil, and SLW genes. Alternatively, move-
ment of the stylet between cells, which disrupts es-
sential cell-to-cell contacts, or puncture of the feed-
ing-site cells and consumption of liquids may be per-
ceived as a physical stress generating signals to
activate gene expression. Both hydraulic and elec-
trical signals are implicated in the induction of
wound-response genes (Rhodes and others 1999
and references within). However, it is unlikely that
these mechanical signaling mechanisms can account
for the temporal and spatial differences in SLW gene
expression induced by the silverleaf and sweetpo-
tato whiteflies (van de Ven and others 2000).

A component of a herbivore’s saliva is likely to
provide the general and specific elicitors for PR, Wfil,
and SLW gene expression, respectively. Liquid-
imbibing insects, like aphids and whiteflies, secrete
two types of saliva along the stylet path and at the
feeding site: a rapidly gelling, sheath saliva and a
watery, digestive saliva (Miles 1999). Salivas have
been characterized in a small number of ho-
mopteran and hemipteran insects (Miles 1999).
Sheath salivas are composed primarily of protein,
phospholipids, and conjugated carbohydrates (Miles
1999). When egested, sheath salivas polymerize
around the flexible stylet to form a protective shield,
thereby limiting direct contact of the stylet with the
plant apoplast. It is not clear whether unpolymer-
ized sheath materials are elicitors in these plant-
insect interactions.

The composition of the watery, digestive saliva is
more complex and variable containing a wide array
of enzymes including pectinases, cellulases, amy-
lases, proteases, lipases, alkaline and acidic phos-
phatases, and peroxidases (Miles 1999). In addition,
chitosan is secreted by gall mites at the feeding site
(Bronner and others 1989). The general and species-
specific elicitors may correspond to one of the
known salivary constituents or may be an unchar-
acterized component of the saliva. The chitosan
(Figure 3), oligogalacturonides created by pectinases
(Figure 3), and ROS from peroxidases are known
elicitors of wound- and/or defense-signaling path-
ways (Figures 1, 2).

The general and species-specific elicitors may be
directly synthesized by the insect or may be a prod-
uct of endosymbiotic bacteria (Costa and others
1995; Douglas 1998). An elicitor could also be gen-
erated by concerted biochemical activities of the in-
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sect and the plant, similar to the synthesis of volic-
itin (Figure 3), an inducer of terpenoid volatile pro-
duction in lepidopteran caterpillars (Alborn and
others 1997; Pare and others 1998).

Resistance to Piercing/Sucking Herbivores:
Role of PR Proteins, Secondary Metabolites,
and Resistance Genes

The role of PR proteins and other herbivore-induced
gene products on plant resistance to herbivores that
use a piercing/sucking mode of feeding is unknown
(Tables 1 and 2). The accelerated expression of PR
genes in resistant plant-herbivore interactions
(Bronner and others 1991; van der Westhuizen and
others 1998b) suggests that one or more compo-
nents induced by herbivore feeding may function in
antixenosis or antibiosis. However, because many
PR proteins induced after pathogen infection are ac-
tive against a subset of pathogens, it is unclear
whether any PR proteins influence resistance to
piercing/sucking herbivores. The use of plant mu-
tants that constitutively activate or suppress the JA/
ethylene- and SA-dependent defense pathways will
be useful for dissecting the impact of these pathways
on resistance to phloem-feeding insects (Dempsey
and others 1999; Glazebrook 1999; McDowell and
Dangl 2000; Penninckx and others 1998). Examina-
tion of transgenic plants that up- or down-regulate
specific PR genes may also provide insight into the
roles of individual PR proteins in herbivore resis-
tance. Analysis of transgenic plants overexpressing
insect and plant chitinases suggests that chitinases
have a more limited impact on herbivore interac-
tions (Kramer and Muthukrishnan 1997).

Nonproteinaceous, secondary metabolites appear
to influence phloem-feeding insects more pro-
foundly. For example, volatiles derived from SA
(MeSA) and lipids (C4 volatiles) accumulate in re-
sponse to aphid feeding and actively deter aphid set-
tling and fecundity, respectively (Hardie and others
1994; Hildebrand and others 1993; Shulaev and oth-
ers 1997). In addition, several secondary metabolites
(that is, acyl-sugars, glucosinolates, and hydroxamic
acids) have established roles in resistance to
phloem-feeding insects. Genes that control the pro-
duction of these compounds are being used in
breeding programs to enhance insect resistance
(Blauth and others 1998; Giamoustaris and Mithen
1995; Gianoli and Niemeyer 1998).

In addition to these quantitative traits, single
genes that confer resistance to nonchewing insects
have been identified (Ponda and Khush 1995).
Some R genes provide a phloem-mediated resistance
that deters aphid feeding (Kaloshian and others

1997; Klingler and others 1998). Several R genes
confer resistance to a single or a small number of
aphid biotypes suggesting that “gene-for-gene”-like
mechanisms of resistance are also active against
phloem-feeding insects (Glazebrook 1999). Ex-
amples include Nr in lettuce that confers resistance
to a single aphid species, Nasonovia ribisnigri (van
Helden and others 1993), SdI of apple that mediates
resistance to two biotypes of the aphid Dysaphis de-
vecta, but not a third biotype (Roche and others
1997), and Mi1.2 of tomato that confers resistance to
the potato aphid (Macrosiphum euphorbiae) (Rossi
and others 1998).

Mil.2 was the first insect resistance gene cloned
and is a member of the leucine zipper, nucleotide-
binding, leucine-rich repeat family of R genes that
confers resistance to pathogens (Milligan and others
1998; Vos and others 1998). The ability of Mil.2 to
mediate resistance to the potato aphid and the root-
knot nematode (Meloidigyne incognita) is intriguing
(Rossi and others 1998, see review by Bird and Kol-
tai, this volume). The facts that resistance to aphids
and nematodes develops in seedlings of different
ages (I. Kaloshian, personal communication) and
that Mil.2 causes an HR in response to M. incognita,
but not to M. euphorbiae, suggest that Mil.2 dual
specificity may be complexly regulated.

The parallels to pathogen compatible and incom-
patible interactions are most compelling in the in-
teractions of the Hessian fly (Mayetiola destructor) and
cereals. The Hessian fly does not extensively damage
leaves (Grover 1995). These larvae appear to secrete
substances that stimulate the release of nutrients
from cells (Refai and others 1956). Wheat resistance
to the Hessian fly is controlled by more than 26 re-
sistance genes, providing resistance to 13 Hessian fly
races or biotypes (Dweikat and others 1997). Similar
to pathogen/plant incompatible interactions, Hes-
sian fly resistance is accompanied by an HR sur-
rounding the larvae (Grover 1995). Although the
temporal and spatial expression of defense-response
genes in these interactions are not yet described,
there are intensive mapping initiatives to identify
and characterize the wheat resistance genes and
their cognate avirulence genes from the Hessian fly
(Dweikat and others 1997; Schulte and others
1999).

CHEWING INSECTS AND
WouUND RESPONSES

Phytophagous arthropods that cause extensive tis-
sue damage induce changes in plant gene expression
and accumulation of secondary metabolites similar
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to mechanical wounding (for reviews, see Baldwin
and Preston 1999; Karban and Baldwin 1997; Rey-
mond and others 2000; Ryan 2000). Multiple
wound signaling pathways are active in plants (Fig-
ure 2) (Reymond and others 2000; Rojo and others
2000; Ryan 2000). Wound-signaling pathways con-
trol the profound changes in plant cell biochemistry
that facilitate recovery and healing at the site of in-
jury (Figure 4) (for reviews; see Bostock and
Stermer 1989; Kahl 1982). In addition, wound-
response proteins may have a direct or indirect role
in (1) limiting damage induced by attacking insects,
(2) killing opportunistic pathogens that invade
wound sites, and (3) developing an induced resis-
tance (IR) that protects plants from subsequent chal-
lenges from pests and pathogens (Bostock and
Stermer 1989; Bostock 1999; Felton and others
1999; Karban and Baldwin 1997). IR is distinct from
the pathogen-induced SAR, but its relationship to
the microbe-induced ISR is not understood (Figures
1, 2).

Wound-response genes may be expressed locally
or systemically, and these proteins have diverse
roles as outlined in Figure 4 (Duffey and Stout
1996; Karban and Baldwin 1997; Ryan 2000; Wast-
ernack and others 1998a). Many proteins and
secondary metabolites that accumulate after
wounding and JA-treatments interfere with insect
feeding, oviposition, growth and development, and
fecundity (Duffey and Stout 1996; Pechan and
others 2000) or attract herbivore predators (Dicke
1999; Pare and Tumlinson 1999). These compounds
limit plant injury or restrain insect population ex-
pansion (Figure 4). Other wound-response proteins
have unidentified roles in the defense and/or tissue
recovery.

Activation of the Octadecanoid Pathway and
JA-mediated Wound Responses

Comprehensive reviews detailing the changes in
lipid metabolism and mechanisms used to activate
JA-mediated wound responses have been published
recently (Blée 1998; Leén and Sénchez-Serrano
1999; Ryan 2000; Schaller 1999; Wasternack and
others 1998a). The octadecanoid pathway is induced
by herbivores, such as caterpillars and beetles, that
chew and tear tissues (Figure 2) (Ryan 2000). Thrips
and spider mites, which lacerate cells and imbibe
cellular fluids through stylets, also induce JA-
mediated wound responses (G. Howe, personal
communication). Herbivores not only damage tis-
sues, but their salivary secretions may directly intro-
duce chitosan (Figure 3) and/or polygalacturonase
(PG) into the wound site (Bronner and others 1989;

Miles 1999). PG generates oligogalacturonides
(OGAs; Figure 3) from the pectin in the plant cell
wall. Both chitosan and OGAs are potent inducers of
the Solanaceous octadecanoid pathway (Figure 4).
OGAs and chitosan act at the site of release or in-
troduction, respectively; these oligosaccharides are
not transported throughout the plant (Baydoun and
Fry 1988).

Mechanical wounding generates electrical or hy-
draulic signals that are rapidly propagated from the
site of damage (Rhoades and others 1999 and refer-
ences within). These signals are thought to stimulate
the local and systemic release of compounds (OGAs
and systemin) that further amplify this signaling cas-
cade throughout the plant (Figures 4, 5A). The in-
creases in plant wound-induced PGs liberate OGAs
from pectin (Bergey and others 1999). In addition,
the bioactive peptide systemin (Figure 3) is pro-
duced and transported through the phloem to me-
diate both local and systemic activation of the octa-
decanoid pathway (for details, see Ryan 2000).
OGA, chitosan, and systemin treatments cause in-
creases in cytosolic calcium, inactivation of H*-
ATPase, membrane depolarization, K* and H*
fluxes, MAP kinase activity, generation of ROS, and
phospholipase A, and D activation (for reviews; see
Ryan 2000; Schaller 1999).

Phospholipases release linolenic acid (18:3) from
membranes (Narvaez-Vasquez and others 1999; Ryu
and Wang 1998). LOX converts linolenic acid to a
13-hydroperoxide, which has two possible fates
(Figure 4). It is hydrolyzed by hydroperoxide lyase
(HPL) to generate Cq4 volatiles (See C, Volatiles Her-
bivore Interactions) and traumatin, a lipid that stimu-
lates wound healing (Zimmerman and Coudron
1979). Alternatively, the 13-hydroperoxide is com-
mitted to the octadecanoid pathway by allene oxide
synthase (AOS). After six sequential reactions, the
bioactive JA is produced (Figure 4). JA and its meth-
yl ester, amino acid, and glucose conjugates are po-
tent signaling molecules (Kramell and others 1997).
These jasmonates activate wound-response genes by
a yet undefined mechanism.

ABA, ethylene, auxin, and SA are additional
regulators of the octadecanoid pathway (Figure 3).
ABA has an early role in activation of the octade-
canoid pathway (Carrera and Prat 1998; Chao and
others 1999; Pena-Cortés and others 1996). The role
of ethylene is more complex. Ethylene is essential
for JA-mediated wound-response gene expression
(O’Donnell and others 1996) but antagonizes JA-
induced nicotine production (Kahl and others
2000). Auxin is a negative regulator of wound re-
sponses, and the mechanism of auxin action is not
understood (Kernan and Thornberg 1989). SA in-
hibits both JA synthesis and action (Figure 4)
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Figure 4. JA-dependent wound-signal transduction pathway of the tomato. This model is based on the octadecanoid
signaling pathway of tomato (see text for details). The tomato JA-dependent pathway integrates numerous signals in-
cluding oligogalacturonides (OGAs), chitosan, systemin, and signals generated by tissue-damaging insects. Linolenic acid
is used to synthesize JA or C, volatiles and traumatin. Several elicitors, regulatory proteins, and enzymes of the octade-
canoid signaling pathway are induced on wounding to amplify the wound-response; these are in red and italicized for
emphasis. Several components of this pathway are speculative (area in brackets). The sites of calmodulin [CAM(?)] and
NADPH oxidase action are not known. NADPH oxidase appears to act downstream of JA (C.A. Ryan, personal commu-
nication). Four Arabidopsis genes known to determine JA sensitivity (COII, JIN1, JIN4, and JAR4) are included in this
scheme, although analogs in tomato have yet to be analyzed. Their order of action is supported by analyses in Arabidopsis.
The def] mutant (not shown) impacts this signaling pathway at an unknown location (G. Howe, personal communication).
ABA, ethylene, SA and auxin influence the JA-dependent wound signaling. The sites of action of ethylene, auxin, and the
downstream SA are not known (see text for details).
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detail in the text. Panel A, A single signaling
pathway perceives systemin, chitosan, and
oligogalacturonides (OGAs) in tomato to in-
crease JA and activate wound-response
genes. The initial systemic signal may be
electrical or hydraulic (1) and is followed by
the phloem-transported peptide systemin
(2) (see text for details). JA-independent
pathways have not been elucidated in to-
mato. Panel B, OGAs and chitosan stimulate
the OSD (oligosaccharide-dependent) sig-
naling pathway in injured arabidopsis cells
resulting in expression of wound-response
(WR) genes, which are described in Table 1.
Wounding induces ethylene that blocks ex-
pression of the JA-regulated wound signal-
ing pathway but induces AOS (allene oxide
synthase), a key enzyme in JA biosynthesis.
This provides an important control point for
the balancing of the two signaling cascades.
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nes | Although the nature of the systemic sig-

nal(s) is not known in Arabidopsis, COII ap-
pears to be a regulator of this process.

Wound-response genes that are JA-
regulated are presented in Table 1. Only
VSP, JRI, and JR2 were examined in the
Rojo and others (2000) studies; the regula-
tory programs for other JA-response genes

are made by analogy. The importance of SA or ABA in regulating the OSD- and JA-dependent wound response pathways
has not been determined. A systemin analog has not been detected in non-Solanaceous plants to date (C.A. Ryan, personal

communication).

(Doares and others 1995; Doherty and others 1988;
Pena-Cortés and others 1993).

Lipases also release other fatty acids that are used
for the synthesis of additional wound signals: dinor-
oxo-phytodienoic acid (dn-ODPA) (Figure 3) and
dihydroxy(DH)-JA (Figure 3). The octadecanoid
pathway enzymes hydrolyze 16:3 lipids to generate
dn-ODPA (Weber and others 1997). The production
of DH-JA from linoleic acid (18:2) is not completely
understood and may vary in different plants (Gun-
dlach and Zenk 1998). Plants accumulate different
levels of JA and its conjugated forms, DH-JA, dn-
OPDA, and 12-OPDA (Figure 3). These oxylipins are
activators of phytoalexin biosynthesis, alkaloid bio-
synthesis, or wound-response gene expression in a
variety of plants (Gundlach and Zenk 1998; Wast-
ernack and others 1998b; Weber and others 1997).

At present, it is not known whether the balance
of these oxylipin-pathway intermediates and prod-
ucts are different after wounding and insect feeding.
Furthermore, it is not known whether insect feeding
induces novel fatty acid-derived signals, not present

in wounded plants. The recent identification of two,
previously undescribed 18-carbon divinyl ether fatty
acids, colneleic acid and colnelenic acid, which ac-
cumulate in response to Phytophthora infestans infec-
tion (Weber and others 1999), indicates that our
understanding of the nature of the lipids that accu-
mulate and their roles in defense are still developing
(Blée 1998).

JA-independent Wound-response Pathways

Although JA-mediated wound-responses are best
characterized, JA-independent wound responses
have been implicated in several studies in tomato
(Figure 2) (O’Donnell and others 1998; Pearce and
others 1998; Puthoff and Walling unpublished). This
contrasts to Arabidopsis, where the coordination of
the JA-dependent and JA-independent signaling
pathways is understood (Figure 5B). At present,
wound signaling in Arabidopsis appears to be distinct
from tomato.

In tomato, a single pathway responds to OGAs,
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chitosan, and JA (Figures 4, 5A). In Arabidopsis two
pathways mediate the spatial and temporal pro-
grams of wound-induced gene expression (Figure
5B). A JA-independent signaling pathway is acti-
vated by OGAs and chitosan (Rojo and others 2000).
This oligosaccharide-dependent (OSD) pathway ac-
tivates wound-response (WR) genes in damaged
leaves, consistent with the fact that OGAs are not
transported from the site of injury (Baydoun and
Fry 1988). The OSD pathway is not influenced by JA
or ethylene (Rojo and others 2000).

The expression of JA-regulated (JR) wound-
response genes is antagonized by OGAs or chitosan
in Arabidopsis (Figure 5B) (Rojo and others 2000). JR
RNAs accumulate in apical nonwounded leaves, and
at lower levels, in injured leaves. Analysis of mu-
tants that influence ethylene perception or action
(etrl, ein2, and ein3) show that ethylene antagonizes
the local expression of JR genes (Rojo and others
2000). This is balanced by ethylene increasing levels
of allene oxide synthase (AOS), which stimulates
the synthesis of JA (Figure 5B) (Laudert and Weiler
1998).

The OSD- and JA-pathways appear to be recipro-
cally regulated, because they have opposite re-
sponses to kinase and phosphatase inhibitors and
internal [Ca?*] fluxes (Ledén and others 1998; Rojo
and others 1998). A comprehensive analysis of
genes that respond to wounding and cabbage but-
terfly larvae (Pieris rapae) shows that these caterpil-
lars induce both JA-dependent and -independent
wound-response genes in Arabidopsis (Reymond and
others 2000). In fact, some Arabidopsis genes are
regulated by both pathways (Nishiuchi and others
1997; Rojo and others 1998). Collectively, data from
Arabidopsis indicate that an herbivore will encounter
different induced defense molecules in damaged and
undamaged leaves. It is unclear whether similar
complexity exists in other plants, although it is prob-
able.

Importance of the Octadecanoid Pathway in
Herbivore Resistance

Whereas the importance of the JA-independent
wound-response in herbivore resistance is not
known, activation of the octadecanoid pathway is
important for resistance to chewing insects. The Ara-
bidopsis fad3-2 fad7-2 fad8 mutant abolishes JA and
octadecanoid intermediate synthesis and is more
susceptible to fungal gnat larvae (Bradysia impatiens)
(McConn and others 1997). Arabidopsis mutants that
have an impact on JA sensitivity (jinl, jarl, jar4, and
coil) have been identified and are impaired in their
resistance to several fungal pathogens (Staswick and

others 1998; Thomma and others 1998; Vijayan and
others 1998). The importance of jinl, jin4, jarl, and
coil in resistance to herbivores has not been formally
tested.

The tomato (defl) mutant, which does not induce
wound-response gene expression, has a compro-
mised resistance to tobacco hornworm larvae
(Manduca sexta), thrips (F. occidentalis), and spider
mites (7. urticae) (Howe and others 1996; G. Howe
personal communication). Transgenic plants that
up- or down-regulate several JA-regulated genes
(LOX, prosystemin, or pin2) enhance or impair resis-
tance, respectively, to lepidopteran caterpillars
(Royo and others 1999; for additional references see,
Ryan 2000).

Studies using exogenous JA and benzothiadiazole
(BTH; a SA mimic) treatments also emphasize the
importance of JA-regulated events in resistance to
herbivores. Both caterpillar feeding and JA increase
the levels of polyphenol oxidase, peroxidase, pin2,
and LOX activities, which interfere with gut function
or decrease the nutritional value of food (Stout and
others 1994; Thaler and others 1996). JA treatments
also increase plant tolerance to challenging insects
and pathogens and decrease chewing herbivore per-
formance (Thaler and others 1996, Thomma and
others 1998). In a reciprocal fashion, BTH sup-
presses JA-induced responses, increases susceptibil-
ity of plants to beet army worm (Spodoptera exigua),
and enhances resistance to pathogens (Fidantsef and
others 1999). Analysis of PAL over- and under-
expressing lines that stimulate SA-regulated and JA-
regulated pathways, respectively, supply additional
support for the importance of JA-regulated re-
sponses in resistance to chewing herbivores (Felton
and others 1999).

Wounding and Herbivore Feeding are
not Equivalent

Although many responses to chewing insects over-
lap with mechanical wounding, these processes are
not equivalent. First, herbivore feeding or herbivore
regurgitant (contents of the foregut) often cause
larger increases in JA (Baldwin and others 1997)
and wound-response gene RNAs (Korth and Dixon
1997a) than wounding alone. These data imply that
the herbivore oral secretions contain elicitors that
stimulate the octadecanoid pathway; however, the
nature of these elicitors and their site of action in the
octadecanoid pathway are unknown. Second, the
temporal and spatial increases in polyphenol oxi-
dase, peroxidase, pin, and LOX activities after
wounding and feeding by different tissue-damaging
herbivores (caterpillars, mites, and leaf miners) are
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distinct (Stout and others 1994). Third, novel genes,
which are not induced by wounding alone, are in-
duced by herbivory and tobacco hornworm regur-
gitant, suggesting novel signaling pathways are in-
duced by chewing insects (Figure 1B) (Korth and
Dixon 1997b). Fourth, wounding and herbivore
feeding provoke the synthesis and release of differ-
ent sets of volatiles in most plants (see Volatiles: Direct
and Indirect Defenses). Fifth, soybean’s wound-
induced resistance to herbivores is enhanced on in-
sect feeding or application of regurgitant to plants
(Lin and Kogan 1990). Sixth, insect feeding and re-
gurgitant suppress selected wound-induced re-
sponses such as nicotine production (Kahl and oth-
ers 2000). Finally, although wounding of Arabidopsis
induces several genes that respond to water-deficit
stress, cabbage butterfly larvae do not induce these
genes (Reymond and others 2000). These observa-
tions suggest that caterpillar feeding interferes selec-
tively with wound induction of these genes. Collec-
tively these data indicate that there are substantial
differences in plant responses to herbivores and
wounding, the magnitude of these differences are
not currently appreciated. It is presumed that com-
ponents of herbivore oral secretions are the elicitors
for these herbivore-specific responses (See: Elicitors
of Volatile Production).

VOLATILES: DIRECT AND
INDIRECT DEFENSES

In response to mechanical or herbivore injury,
plants release a complex blend of volatiles providing
valuable cues for herbivores and their natural en-
emies (for reviews, see Dicke 1999; Pare and Tum-
linson 1999). Volatiles emitted by healthy or in-
fested plants are used by herbivores to discriminate
between host and nonhost plants and assess the
density of feeding insects on a plant (Bolter and oth-
ers 1997; Quiroz and others 1997). Volatiles also
serve as attractants for herbivore predators and
parasites. This indirect defense mechanism provides
natural herbivore enemies with reliable, easily de-
tected, and accurate cues to identify plants infested
with their host insects. The ability of natural en-
emies to reduce phytophagous arthropod popula-
tions is the basis of biologic control strategies in the
field.

Healthy plants release volatiles into the atmo-
sphere, but wounding and herbivore feeding change
the volatile blend released by the plant. The con-
stituents of volatile blends are influenced by (1) the
herbivore species and its developmental stage; (2)
plant species, genotype, and age; and (3) environ-
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Figure 6. Terpenoid volatiles. The structure for indole
and five commonly emitted volatile terpenes are shown.

mental stress (for reviews, see Dicke 1999; Paré and
Tumlinson 1999). In response to arthropods or me-
chanical damage, plants release volatiles in two
phases (McCall and others 1994). Some volatiles are
released immediately (within 1 h) after injury. La-
beling studies indicate that other volatiles are newly
synthesized (locally and/or systemically) in response
to damage and appear 5 to 6 h later (Pare and Tum-
linson 1998). Volatiles have diverse structures and
arise from the activities of several biochemical path-
ways (Figures 6, 7). The most commonly released
volatiles include C, volatiles (lipoxygenase/
hydroperoxide lyase-dependent pathways), indole
and MeSA (the shikimic acid/tryptophan pathway),
cyclic and acyclic terpenoids (isoprenoid pathway),
and oximes and nitriles (derived from amino acids)
(Dicke 1999; Dicke and others 1999; Pare and Tum-
linson 1999). Glucosinolates are partially volatile
and are emitted by a limited number of species in-
cluding the Brassicacae (Halkier and Du 1997).

As with other plant defense responses, wounding
and herbivore feeding are not equivalent. In Brassica
wounding and herbivore feeding release a similar
blend of terpenoid volatiles, but increases in Cq vola-
tiles and indole glucosinolates are enhanced by in-
sect feeding, relative to wounding (Bodnaryk 1994;
Mattiacci and others 1994). In contrast, maize, soy-
bean, cotton, lima bean, and cucumber emit distinct
arrays of terpenoid volatiles after mechanical
wounding and herbivore feeding (Dicke 1999; Pare
and Tumlinson 1999), implicating insect-specific
elicitors in the volatile production and release (See:
Elicitors of Volatile Production).
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Figure 7. Traumatin and C4 volatile synthesis. The scheme for C, volatile synthesis is presented. Structures for each
intermediate, the C, volatiles and traumatin are illustrated. LOX (lipoxygenase), HPL (hydroperoxide lyase), ADH (alcohol

dehydrogenase), IF (isomerization factors).

The volatile blends released by each herbivore-
plant interaction are qualitatively and quantitatively
distinct. The most abundant terpenoid volatiles are
emitted by many different plant-herbivore interac-
tions (Pare and Tumlinson 1999). It is the molar
ratio of the individual volatiles that distinguishes
each plant-herbivore interaction (De Moraes and
others 1998). These quantitative differences are spe-
cific cues that either attract or repel natural enemies
from herbivore-infested plants (De Moraes and oth-
ers 1998). For example, the specialist parasitic wasp
Cardiochiles nigriceps is preferentially attracted to
plants infested by its host, Heliothis virescens (boll
worm), rather to than plants infested with a nonhost
insect, Helicoverpa zea (corn ear worm). These obser-
vations indicate that the interaction between plants,
herbivores, and the herbivore natural enemies is
complex and finely tuned.

Volatiles and Phloem-feeding Herbivores

Compared with caterpillars and spider mites, rela-
tively little is known about the volatile blends re-

leased by herbivores that do not extensively damage
plant tissues. Aphid-infested plants release volatile
blends to make them attractive to parasitoid wasps
(Du and others 1998) and mediate the density of
aphids on plants (Bernasconi and others 1998;
Quiroz and others 1997). The corn leaf aphid (Rko-
palosiphum maidis)-maize interaction releases the
most common terpenoids emitted after caterpillar
and spider mite infestation: B-ocimene, linalool, 4,8-
dimethyl-1,3,7-nonatriene, a-farnesene, B-farne-
sene, 4,8,12-trimethyl-1,3,7,11-tridecatetraene, and
acetylated C, volatiles (Figures 6, 7) (Bernasconi
and others 1998; Pare and Tumlinson 1999; Quiroz
and others 1997).

In addition to terpenoids and C, volatiles, MeSA
is released after aphid feeding (Bernasconi and oth-
ers 1998). MeSA may have two roles. MeSA, like
SA, activates the SA-dependent defense-signaling
pathway and induces PR gene expression and SAR
(Figure 1) (Shulaev and others 1997). Although
controversial, MeSA may also provide an interplant
communication that activates defense responses in
neighboring plants (Preston and others 1999; Shu-
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laev and others 1997). MeSA and the volatile terpe-
noid B-farnesene are strong aphid repellents (Fig-
ures 3, 6) (Hardie and others 1994; Pickett and Grif-
fiths 1980). Bernasconi and others (1998) have
speculated that these compounds allow aphids to
avoid settling on plants with high aphid densities.
These infested plants have a decreased nutritional
quality, attract more parasitic wasps, and have
higher induced defenses. All would be conditions
detrimental for aphid survival.

JA and Volatile Release

The release of terpenoid and C, volatiles are strongly
influenced by the release of linolenic and linoleic
acids from membranes. These C, 4 fatty acids provide
substrates for the synthesis of JA, C, volatiles (See:
Cys Volatiles and Herbivore Interactions) or insect-
modified lipid elicitors for volatile production (See:
Elicitors of Volatile Production). JA treatments of plants
induce release of volatiles not emitted by healthy
plants. JA releases a complex blend of terpenoid
volatiles from Phaseolus lunatus (lima beans), maize,
and Gerbera jamesonii, but the volatiles are not
equivalent to those released after herbivore feeding
(Dicke and others 1999; Gols and others 1999;
Hopke and others 1994). For example, although the
carnivorous mite (Phytoseiulus persimilis) is attracted
to volatiles from JA-treated plants relative to
healthy plants, they prefer plants infested with their
prey T. urticae. These data indicate that the qualita-
tive and quantitative differences in the volatiles re-
leased from mite-infested and JA-treated plants pro-
vide important cues to natural spider mite enemies.
Finally, in the field, JA-treatment of insect-infested
tomato plants enhanced plant-herbivore-herbivore
enemy interactions. Tomato plants treated with JA
and infested with the beet army worm (Spodoptera
exigua) enhanced the attraction and/or retention of
the parasitoid wasp Hyposoter exiguae relative to
plants not treated with JA (Thaler 1999).
Nevertheless, a dichotomy exists because wound-
ing does not induce the array of volatiles emitted
after JA treatment, but wounding induces JA syn-
thesis. Wounding may repress the synthesis of the
JA- and herbivore-induced volatiles to prevent her-
bivore enemies from being attracted to noninfested,
but mechanically damaged, plants. This suppression
could be due to differences in the balance of the
oxylipin intermediates and jasmonates that occur af-
ter wounding and exogenous JA treatments. Alter-
natively, repression may be due to mechanisms that
are independent on the products of the octade-
canoid pathway. Because JA stimulates activities of
some enzymes critical for terpenoid volatile biosyn-

thesis (Bouwmeester and others 1999), it is possible
that the volatile-repression mechanisms may influ-
ence expression of volatile biosynthesis genes or
regulation of enzymatic activities that control or
limit volatile production. The insect-derived elicitors
for volatile production may antagonize this suppres-
sion mechanism.

Cg Volatiles and Herbivore Interactions

Although large changes in volatile terpenoids occur
after herbivore feeding in many plants, changes in
C, volatiles can also be dramatic and have a strong
impact on herbivore-plant interactions. C, volatiles
are emitted at low levels by healthy plants and are
rapidly released in response to insect feeding and
mechanical damage. C, volatiles, the “green” odors
emitted from freshly cut grass, are synthesized from
linolenic (18:3) and linoleic (18:2) acids (Blée 1998).
With the activity of LOX, 13-hydroperoxide lyases
(HPLs), alcohol dehydrogenase (ADH), isomeriza-
tion factors (IF), and acylases, the C, volatiles cis-3-
hexenol, trans-2-hexenal, trans-2-hexenol, hexanol,
and cis-3-hexenyl acetate are formed (Hatanaka and
others 1987) (Figure 7). Because the levels of 18:3
and 18:2 fatty acids in each organ and plant vary,
the balance of the linolenic- and linoleic-derived Cg
volatiles may be distinct and provide important sig-
nals in plant-herbivore-herbivore enemy interac-
tions. In some plants, the substrates and enzymes
critical for Cq4 volatiles are synthesized de novo in
response to injury. This is consistent with the fact
that wounding and JA enhance phospholipase A,,
HPL, and LOX activities, thereby increasing sub-
strates for C4 volatile production (Avdiushko and
others 1995; Narvaez-Vasquez and others 1999).
Cq volatiles influence plant-herbivore and plant-
pathogen interaction at several levels (Table 3).
First, C4 volatiles stimulate expression of wound-
response genes (Bate and Rothstein 1998). It is not
presently known whether C, volatiles induce a
novel set of genes important in herbivore-plant in-
teractions. Second, C,4 volatiles reduce aphid fecun-
dity, spider mite fecundity, and caterpillar feeding
(Avdiushko and others 1997; Hildebrand and others
1993; Kasu and others 1995). Third, C, volatiles are
used as attractants for the Colorado potato beetle
and specialist aphids (Bolter and others 1997; Visser
and others 1996). Fourth, C, volatiles have antimi-
crobial and antifungal activity at biologically rel-
evant concentrations. (Andersen and others 1994;
Croft and others 1993). Because defense- and
wound-signaling pathways cross talk, deterrence of
pathogen growth at the wound site might enhance
activity of wound-response pathways critical for
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Table 3. TImpact of C4 Volatiles on Herbivore-plant Interactions

C, Volatile®

Impact on Herbivores and Plant Gene Expression

Reference

trans-2-hexenal

Reduces aphid fecundity
Reduces spider mite fecundity
Increases in A0S, LOX, PAL, VSP, CHS, and DFR RNAs

Hildebrand and others 1993
Kasu and others 1995
Bate and Rothstein 1998

Reduces M. sexta feeding

cis-3-hexenol Reduces aphid fecundity

Hexanol Reduces aphid fecundity
Increases in LOX RNAs
Hexanal Reduces spider mite fecundity

Deters M. sexta feeding
cis-3-hexenal Increases in LOX RNAs
trans-3-hexenyl acetate

C, Mixture

“Structures for C4 volatiles are shown in Figure 7.

Attractant for the cabbage aphid
Attractant for Colorado potato beetle

Avdiushko and others 1997
Hildebrand and others 1993
Hildebrand and others 1993
Bate and Rothstein 1998
Kasu and others 1995
Avdiushko and others 1997
Bate and Rothstein 1998
Visser and others 1996
Bolter and others 1997

wound healing and containment of herbivore dam-
age (See: Plant Responses to Pathogen Attack). Finally,
C, volatiles inhibit pollen tube germination (Hamil-
ton-Kemp and others 1992), which may have a sig-
nificant impact on the timing and success of fertil-
ization (a fitness cost) in herbivore-infested plants.

Elicitors of Volatile Production

Two insect elicitors of volatile release have been
identified: volicitin and B-glucosidase. Volicitin
[N-(17-hydroxylinolenyl)-L-glutamine] (Figure 3)
was identified in regurgitant from the beet army-
worm (Turlings and others 1993) and is synthesized
by the concerted efforts of the plant and insect (Pare
and others 1998). Linolenic acid is supplied by the
plant and the glutamine is of insect origin. Applica-
tion of volicitin to a wound induces the same array
of volatiles released by beet armyworm feeding on
maize.

B-Glucosidases are the second class of elicitors
that mediate volatile release. Treatment of lima
beans and B. oleraceae (cabbage) with an almond
B-glucosidase releases acyclic terpenes that are typi-
cally emitted by the red-spotted spider mite and P.
brassicae larvae, respectively (Hopke and others
1994; Mattiacci and others 1995). The detection of a
B-glucosidase in P. brassicae regurgitant suggests that
an insect-derived B-glucosidase may be an elicitor
for volatile production. The recent identification of a
squash B-glucosidase-like protein gene (SLW3) that
is induced by insect feeding (van de Ven and others
2000) suggests that plant-encoded B-glucosidases
could potentially play a role in this signaling process.

Regurgitant also contains signaling molecules

that enhance expression of wound-response genes
(Korth and Dixon 1997a), increase JA biosynthesis
(McCloud and Baldwin 1997), and enhance the in-
duced resistance stimulated by insect feeding (Lin
and Kogan 1990). It is not presently known whether
volicitin, B-glucosidases, or another component of
insect regurgitant is responsible for these changes.
Relatively little is known about the composition of
herbivore regurgitant and less is known about the
saliva of chewing insects. The recent identification of
a H. zea salivary glucose oxidase (Eichenseer and
others 1999) suggests that this H,0,-generating en-
zyme could play an important role in ROS produc-
tion at the site of feeding. ROS are important signals
in the plant defense and wound responses (Bolwell
and Wojtaszek 1997).

FUTURE DIRECTIONS

The field of plant-herbivore interactions has entered
an exciting period. Herbivore-plant interactions are
exceedingly complex. Insects from different feeding
guilds induce distinct changes in plant gene expres-
sion. Whereas phloem-feeding whiteflies and aphids
activate defense-response pathways induced by
pathogen attack, chewing and cell-content feeding
herbivores activate wound-response pathways.
Most studies to date have focused on herbivores that
consume foliage. Virtually nothing is known about
the signaling pathways activated in response to her-
bivores that feed on seeds or roots. It will also be
interesting to determine whether other phloem-
feeding herbivores that cause more extensive dam-
age to foliage induce the pathogen defense-response
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pathways like whiteflies or whether there is a bal-
ance or shift from defense-signaling pathways to
wound-signaling pathways during infestation.

In the field, plants are challenged by multiple her-
bivores simultaneously, and they must prioritize the
signals and determine which pathway to activate.
Treatment of plants with SA, BTH, and JA, and
analysis of transgenic plants with a suppressed
wound-induced MAP kinase or altered levels of
PAL, support the idea that SA- and JA-regulated
signaling pathways are reciprocally regulated (Fel-
ton and others 1999; Fidantsef and others 1999;
Pena-Cortés and others 1993; Seo and others 1995).
The mechanisms that control the balance of SA- ver-
sus JA-mediated responses have a profound impact
on plant tolerance to herbivores. Furthermore, the
interactions of the JA-defense and JA-wound re-
sponse pathways are not understood. Although JA-
dependent defense response and wound-response
genes use both JA and ethylene as cues, the mecha-
nisms to activate these sets of genes appear to be
distinct. Many JA-regulated defense-response tran-
scripts accumulate in response to ethylene but are
not activated by wounding (or systemin), whereas
JA-regulated wound-response transcripts do not ac-
cumulate in response to exogenous ethylene treat-
ments (Chao and others 1999; van Wees and others
1999). Because JA-wound response genes induce
products that actively antagonize herbivore feeding
or decrease the nutritional value of food (PPO, per-
oxidase, pins, Cys proteases, LOX) (Broadway and
Duffey 1986; Felton and others 1992; Johnson and
others 1989; Pechan and others 2000), understand-
ing the networks that coordinate the flux between
these pathways is important.

Finally, there is substantial evidence that herbi-
vores produce novel elicitors to influence direct and
indirect defenses. Two of these elicitors have been
identified, and no doubt more will be identified in
coming years. Understanding these elicitors and in-
teractions with R genes in herbivore-resistant plant
interactions is a priority. In addition, labor-intensive
experiments to characterize biochemically the con-
stituents of insect oral secretions and the specific
defense responses they induce in different plant spe-
cies should be done. Finally, it is important to re-
member that many phloem-feeding insect-plant in-
teractions actually represent the interactions of
three organisms: the plant, herbivore, and endosym-
biont(s). The importance of endosymbionts in pro-
duction of signals from phloem-feeding insects will
be important to discover.

ACKNOWLEDGMENTS

I would like to thank Drs. WTG van de Ven, CS
LeVesque, DT Puthoff, and TM Perring for their con-

tributions to the whitefly projects. The whitefly re-
search project has been supported by grants from
the UC Biotechnology Program to TMP and LLW,
the USDA 95-37301-2081 to TMP and LLW and 99-
35301-8077 to LLW.

REFERENCES

Alborn HT, Turlings TCJ, Jones TH, Stenhagen G, Loughrin JH,
Tumlinson JH. 1997. An elicitor of plant volatiles from beet
armyworm oral secretion. Science 276:945-949.

Alvarez ME, Pennell RI, Meijer PJ, Ishikawa A, Dixon RA, Lamb
C. 1998. Reactive oxygen intermediates mediate a systemic
signal network in the establishment of plant immunity. Cell
92:773-784.

Andersen RA, Hamilton-Kemp TR, Hildebrand DF, McCracken
CT, Collins RW, Fleming PD. 1994. Structure-antifungal activ-
ity relationships among volatile C, and C, aliphatic aldehydes,
ketones, and alcohols. J Agric Food Chem 42:1563-1568.

Avdiushko S, Croft KPC, Brown GC, Jackson DM, Hamilton-
Kemp TR, Hildebrand D. 1995. Effect of volatile methyl jas-
monate on the oxylipin pathway in tobacco, cucumber, and
Arabidopsis. Plant Physiol 109:1227-1230.

Avdiushko SA, Brown GC, Dahlman DL, Hildebrand DF. 1997.
Methyl jasmonate exposure induces insect resistance in cab-
bage and tobacco. Environ Entomol 26:642-654.

Baldwin IT, Preston CA. 1999. The eco-physiological complexity
of plant responses to insect herbivores. Planta 208:137-145.

Baldwin IT, Zhang Z-P, Diab N, Ohnmeiss TE, McCloud ES, Lynds
GY, Schmelz EA. 1997. Quantification, correlations and ma-
nipulation of wound-induced changes in jasmonic acid and
nicotine in Nicotiana sylvestris. Planta 201:397-404.

Bate NJ, Rothstein SJ. 1998. C,-volatiles derived from the lipoxy-
genase pathway induce a subset of defense-related genes. Plant
J 16:561-569.

Baydoun EAH, Fry SC. 1988. The immobility of pectic substances
in injured tomato leaves and its bearing on the identity of the
wound hormone. Planta 165:269-276.

Bergey DR, Orozco-Cardenas M, De Moura DS, Ryan CA. 1999.
A wound- and systemin-inducible polygalacturonase in tomato
leaves. Proc Natl Acad Sci USA 96:1756-1760.

Bernasconi ML, Turlings TCJ, Ambrosetti L, Bassetti P, Dorn S.
1998. Herbivore-induced emissions of maize volatiles repel the
corn leat aphid, Rhopalosiphum maidis. Entomol Exp Appl
87:133-142.

Bird DM, Kolati H. 2000. Plant parasitic nematodes: Habitat, hor-
mones, and horizontally-acquired genes. J Plant Growth Regul
19:183-194.

Blauth SL, Churchill GA, Mutschler MA. 1998. Identification of
quantitative trait loci associated with acyl-sugar accumulation
using intraspecific populations of the wild tomato, Lycopersicon
pennillii. Theor Appl Genet 96:458-467.

Blée E. 1998. Phytooxylipins and plant defense reactions. Prog
Lipid Res 37:33-72.

Bodnaryk RP. 1994. Potent effect of jasmonates on indole glu-

cosinolates in oilseed rape and mustard. Phytochemistry
35:301-305.

Bolter CJ, Dicke M, van Loon JJA, Visser JH, Posthumus MA.
1997. Attraction of Colorado potato beetle to herbivore-
damaged plants during herbivory and after its termination. J
Chem Ecol 23:1003-1023.

Bolwell GP, Wojtaszek P. 1997. Mechanisms for the generation of



Herbivore-Plant Interactions 213

reactive oxygen species in plant defence—a broad perspective.
Physiol Mol Plant Path 51:347-366.

Bostock RM. 1999. Signal conflicts and synergies in induced re-
sistance to multiple attackers. Physiol Mol Plant Path 55:99—
109.

Bostock RM, Stermer BA. 1989. Perspectives on wound healing
in resistance to pathogens. Annu Rev Phytopath 27:343-371.

Bouwmeester HJ, Verstappen FWA, Posthumus MA, Dicke M.
1999. Spider mite-induced (3S)-(E)-nerolidol synthase activity
in cucumber and lima bean. The first dedicated step in acyclic
C,,-homoterpene biosynthesis. Plant Physiol 121:173-180.

Broadway RM, Duffey SS. 1986. Plant proteinase inhibitors:
Mechanism of action and effect on the growth and digestive
physiology of larval Heliothis zea and Spodoptera exigua. J Insect
Physiol 32:827-834.

Broderick K, Pittock C, Arioli T, Creaser EH, Weinman JJ, Rolfe
BG. 1997. Pathogenesis-related proteins in Trifolium subterra-
neum: A general survey and subsequent characterization of a
protein inducible by ethephon and redlegged earth mite attack.
Aust J Plant Physiol 24:819-829.

Bronner R, Westphal E, Dreger F. 1989. Chitosan, a component
of the compatible interaction between Solanum dulcamara L.
and the gall mite Eriophyes cladophthirus Nal. Physiol Mol Plant
Path 34:117-130.

Bronner R, Westphal E, Dreger F. 1991. Pathogenesis-related pro-
teins in Solanum ducamara L. resistant to the gall mite Aceria
caldophthirus (Nalepa) (syn Eriphyes cladophthirus Nal.). Physiol
Mol Plant Path 38:93-104.

Carrera E, Prat S. 1998. Expression of the Arabidopsis abil-1 mu-
tant allele inhibits proteinase inhibitor wound induction in to-
mato. Plant J 15:765-771.

Chao WS, Gu Y-Q, Pautot V, Bray EA, Walling LL. 1999. Leucine
aminopeptidase RNAs, proteins and activities increase in re-
sponse to water deficit, salinity and the wound signals—
systemin, methyl jasmonate, and abscisic acid. Plant Physiol
120:979-992.

Chappell J, Levine A, Tenhaken R, Lusso M, Lamb C. 1997. Char-
acterization of a diffusible signal capable of inducing defense
gene expression in tobacco. Plant Physiol 113:621-629.

Clarke JD, Liu YD, Klessig DF, Dong XN. 1998. Uncoupling PR
gene expression from NPRI and bacterial resistance: Charac-
terization of the dominant Arabidopsis cpr6-1 mutant. Plant Cell
10:557-569.

Conn EE. 1981. Seconday Plant Products. Vol. 7. San Diego: Aca-
demic Press. 1-798 p.

Costa HS, Westcot DM, Ullman DE, Rosell R, Brown JK, Johnson
MW. 1995. Morphological variation in Bemisia endosymbionts.
Protoplasma 189:194-202.

Croft KPC, Juttner F, Slusarenko AJ. 1993. Volatile products of
the lipoxygenase pathway evolved from Phaseolus vulgaris (L.)
leaves inoculated with Pseudomonas syringae pv. phaseolicola.
Plant Physiol 101:13-24.

De Moraes CM, Lewis WJ, Pare PW, Alborn HT, Tumlinson JH.
1998. Herbivore-infested plants selectively attract parasitoids.
Nature 393:570-573.

Dempsey DMA, Shah J, Klessig DF. 1999. Salicylic acid and dis-
ease resistance in plants. Crit Rev Plant Sci 18:547-575.

Dicke M. 1999. Are herbivore-induced plant volatiles reliable in-
dicators of herbivore identity to foraging carnivorous arthro-
pods? Entomol Exp Appl 91:131-142.

Dicke M, Gols R, Ludeking D, Posthumus MA. 1999. Jasmonic
acid and herbivory differentially induce carnivore-attracting
plant volatiles in lima bean plants. J Chem Ecol 25:1907-1922.

Doares SH, Narvaez-Vasquez J, Conconi A, Ryan CA. 1995. Sali-
cylic acid inhibits synthesis of proteinase inhibitors in tomato
leaves induced by systemin and jasmonic acid. Plant Physiol
108:1741-1746.

Doherty HM, Sevendran RR, Bowles DJ. 1988. The wound re-
sponse of tomato plants can be inhibited by aspirin and related
hydroxy-benzoic acids. Physiol Mol Plant Path 33:377-384.

Douglas AE. 1998. Nutritional interactions in insect-microbial
symbioses: Aphids and their symbiotic bacteria Buchnera. Annu
Rev Entomol 43:17-37.

Du Y, Poppy GM, Powell W, Pickett JA, Wadhams LJ, Woodcock
CM. 1998. Identification of semiochemicals released during
aphid feeding that attract parasitoid Aphidius ervi. J Chem Ecol
24:1355-1368.

Dutffey SS, Stout MJ. 1996. Antinutritive and toxic components
of plant defense against insects. Arch Insect Biochem Physiol
32:3-37.

Dweikat I, Ohm H, Patterson F, Cambron S. 1997. Identification
of RAPD markers for 11 Hessian fly resistance genes in wheat.
Theor Appl Genet 94:419-423.

Eichenseer H, Mathews MC, Bi JL, Murphy JB, Felton GW. 1999.
Salivary glucose oxidase: Multifunctional roles for Helicoverpa
zea? Arch Insect Biochem Physiol 42:99-109.

Felton GW, Donato KK, Broadway RM, Duffey SS. 1992. Impact
of oxidized plant phenolics on the nutritional quality of dietary
protein to a noctuid herbivore, Spodoptera exigua. J Insect Phys-
iol 38:277-285.

Felton GW, Korth KL, Bi JL, Wesley SV, Huhman DV, Mathews
MC, Murphy JB, Lamb C, Dixon RA. 1999. Inverse relationship
between systemic resistance of plants to microorganisms and to
insect herbivory. Curr Biol 9:317-320.

Fidantsef AL, Stout MJ, Thaler JS, Duffey SS, Bostock RM. 1999.
Signal interactions in pathogen and insect attack: expression of
lipoxygenase, proteinase inhibitor II, and pathogenesis-related
protein P4 in the tomato, Lycopersicon esculentum. Physiol Mol
Plant Path 54:97-114.

Genoud T, Métraux JP. 1999. Cross-talk in plant cell signaling:
structure and function of the genetic network. Trends Plant Sci
4:503-507.

Gerling D, Mayer RT. 1996. Bemisia: 1995: Taxonomy, biology,
damage, control and management. Andover: Intercept.
1-702 p.

Giamoustaris A, Mithen R. 1995. The effect of modifying the
glucosinolate content of leaves of oilseed rape (Brassica napus
ssp. oleifera) on its interaction with specialist and generalist
pests. Ann Appl Biol 126:347-363.

Gianoli E, Niemeyer HM. 1998. DIBOA in wild Poaceae: Sources
of resistance to the Russian wheat aphid (Diuraphis noxia) and
the greenbug (Schizaphis graminum). Euphytica 102:317-321.

Glazebrook J. 1999. Genes controlling expression of defense re-
sponses in Arabidopsis. Curr Opin Plant Biol 2:280-286.

Gols R, Posthummus MA, Dicke M. 1999. Jasmonic acid induces
the production of gerbera volatiles that attract the biological
control agent Phytoseiulus persimilis. Entomol Exp Appl 93:77—
86.

Grover PB. 1995. Hypersensitive response of wheat to the Hessian
fly. Entomol Exp Appl 74:283-294.

Gundlach H, Zenk MH. 1998. Biological activity and biosynthesis
of pentacyclic oxylipins: The linoleic acid pathway. Phyto-
chemistry 47:527-537.

Halkier BA, Du LC. 1997. The biosynthesis of glucosinolates.
Trends Plant Sci 2:425-431.

Hamilton-Kemp TR, McCracken CT, Loughrin JH, Andersen RA,



214 L. L. Walling

Hildebrand DF. 1992. Effects of some natural volatile com-
pounds on the pathogenic fungi Altemaria alternata and Botrytis
cinerea. J Chem Ecol 18:1083-1091.

Hardie J, Isaacs R, Pickett JA, Wadhams LJ, Woodcock CM. 1994.
Methyl salicylate and (-)-(1R,5S)-myrtenal are plant-derived
repellents for black bean aphid, Aphis fabae Scop. (Homoptera:
Aphididae). J Chem Ecol 20:2847-2855.

Hatanaka A, Kajiwara T, Sekiya J. 1987. Biosynthetic pathway for
C¢-aldehyde formation form linolenic acid in green leaves.
Chem Phys Lipids 44:341-361.

Hedin P. 1983. Plant resistance to insects. Washington, DC:
American Chemical Society. 1-375 p.

Helle W, Sabelis MW. 1985. Spider mites: Their biology, natural
enemies, and control. Vol. A. Amsterdam: Elsevier. 1-405 p.

Hildebrand DF, Brown GC, Jackson DM, Hamilton-Kemp TR.
1993. Effects of some leaf-emitted volatile compounds on
aphid population increase. J Chem Ecol 19:1875-1887.

Hopke J, Donath J, Blechert S, Boland W. 1994. Herbivore-
induced volatiles: the emission of acyclic homoterpenes from
leaves of Phaseolus lunatus and Zea mays can be triggered by a
B-glucosidase and jasmonic acid. FEBS Lett 352:146-150.

Howe GA, Lightner J, Browse J, Ryan CA. 1996. An octadecanoid
pathway mutant (JL5) of tomato is compromised in signaling
for defense against insect attack. Plant Cell 8:2067-2077.

Jiménez DR, Yokomi RK, Mayer RT, Shapiro JP. 1995. Cytology
and physiology of silverleaf whitefly-induced squash silverleaf.
Physiol Mol Plant Path 46:227-242.

Johnson R, Narvrez J, An GH, Ryan CA. 1989. Expression of
proteinase inhibitor-I and inhibitor-II in transgenic tobacco
plants—effects on natural defense against Manduca sexta larvae.
Proc Natl Acad Sci USA 86:9871-9875.

Kahl G. 1982. Molecular biology of wound healing: The condi-
tioning phenomenon. In: Kahl G, Schell J, editors. Molecular
biology of plant tumors. New York: Academic Press, Inc. p
211-267.

Kahl J, Siemens DH, Aerts RJ, Gabler R, Kuhnemann F, Preston
CA, Baldwin IT. 2000. Herbivore-induced ethylene suppresses
a direct defense but not a putative indirect defense against an
adapted herbivore. Planta 210:336-342.

Kaloshian I, Kinsey MG, Ullman DE, Williams VM. 1997. The
impact of Meul-mediated resistance in tomato on longevity,
fecundity and behaviour of the potato aphid, Macrosiphum eu-
phorbiae. Entomol Exp Appl 83:181-187.

Karban R, Baldwin IT. 1997. Induced responses to herbivory.
Chicago: University of Chicago Press. 1-319 p.

Kasu T, Brown GC, Hildebrand DF. 1995. Formation of lipoxy-
genase products in Phaseolus vulgaris L. leaves as a response to
two-spotted spider mite (Acari: Tetranychidae) feeding and
their effect on spider mite populations. J Kan Entomol Soc
68:27-34.

Kernan A, Thornberg RW. 1989. Auxin levels regulate the ex-
pression of a wound-inducible proteinase inhibitor II-
chloramphenicol acetyl transferase gene fusion in vitro and in
vivo. Plant Physiol 91:73-78.

Klingler J, Powell G, Thompson GA, Isaacs R. 1998. Phloem spe-
cific aphid resistance in Cucumis melo line AR 5: Effects on feed-
ing behaviour and performance of Aphis gossypii. Entomol Exp
Appl 86:79-88.

Kombrink E, Somssich IE. 1997. Pathogenesis-related proteins
and plant defense. In: Carroll C.G., Tudzynski P., editors. Plant
relationships. Berlin: Springer-Verlag. p 107-128.

Korth KL, Dixon RA. 1997a. Evidence for chewing insect-specific

molecular events distinct from a general wound response in
leaves. Plant Physiol 115:1299-1305.

Korth KL, Dixon RA. 1997b. Differential transcript accumulation
near wound sites in response to insect or mechanical damage.
Plant Physiol 114:26

Kramell R, Miersch O, Hause B, Ortel B, Parthier B, Wasternack
C. 1997. Amino acid conjugates of jasmonic acid induce jas-
monate-responsive gene expression in barley (Hordeum vulgare
L.) leaves. FEBS Lett 414:197-202.

Kramer KJ, Muthukrishnan S. 1997. Insect chitinases: Molecular
biology and potential use as biopesticides. Insect Biochem Mol
Biol 27:887-900.

Krishnaveni S, Muthukrishnan S, Liang GH, Wilde G, Manickam
A. 1999. Induction of chitinases and -1,3-glucanases in resis-
tant and susceptible cultivars of sorghum in response to insect
attack, fungal infection and wounding. Plant Sci 144:9-16.

Kumar D, Klessig DF. 2000. Differential induction of tobacco
MAP kinases by the defense signals nitric oxide, salicylic acid,
ethylene, and jasmonic acid. Mol Plant-Microbe Inter 13:347-
351.

Lamb C, Dixon RA. 1997. The oxidative burst in plant disease
resistance. Annu Rev Plant Physiol Plant Mol Biol 48:251-275.

Laudert D, Weiler EW. 1998. Allene oxide synthase: A major
control point in Arabidopsis thaliana octadecanoid signalling.
Plant J 15:675-684.

Leo6n J, Rojo E, Titarenko E, Sanchez-Serrano JJ. 1998. Jasmonic
acid-dependent and -independent wound signal transduction
pathways are differentially regulated by Ca?*/calmodulin in
Arabidopsis thaliana. Mol Gen Genet 258:412-419.

Leo6n J, Sanchez-Serrano JJ. 1999. Molecular biology of jasmonic
acid biosynthesis in plants. Plant Physiol Biochem 37:373-380.

Lin H, Kogan M. 1990. Influence of induced resistance in soybean
on the development and nutrition of the soybean looper and
the Mexican bean beetle. Entomol Exp Appl 55:131-138.

Martin GB. 1999. Functional analysis of plant disease resistance
genes and their downstream effectors. Curr Opin Plant Biol
2:273-279.

Mattiacci L, Dicke M, Posthumus MA. 1994. Induction of para-
sitoid attracting synomone in brussels sprouts plants by feeding
of Pieris brassicae larvae: Role of mechanical damage and her-
bivore elicitor. J Chem Ecol 20:2229-2247.

Mattiacci L, Dicke M, Posthumus MA. 1995. 3-glucosidase: An
elicitor of herbivore-induced plant odor that attracts host-
searching parasitic wasps. Proc Natl Acad Sci USA 92:2036—
2040.

Mayer RT, McCollum TG, McDonald RE, Polston JE, Doostdar H.
1996. Bemisia feeding induces pathogenesis-related proteins in
tomato. In: Gerling D, Mayer RT, editors. Bemisia: 1995. Tax-
onomy, biology, damage, control and management. Andover:
Intercept Ltd. p 179-188.

McCall PJ, Turlings TCJ, Loughrin J, Proveaux AT, Tumlinson JH.
1994. Herbivore-induced volatile emissions from cotton (Gos-
sypium hirsutum L.) seedlings. J Chem Ecol 20:3039-3050.

McCloud ES, Baldwin IT. 1997. Herbivory and caterpillar regur-
gitants amplify the wound-induced increases in jasmonic acid
but not nicotine in Nicotiana sylvestris. Planta 203:430-435.

McConn M, Creelman RA, Bell E, Mullet JE, Browse J. 1997.
Jasmonate is essential for insect defense in Arabidopsis. Proc
Natl Acad Sci USA 94:5473-5477.

McDowell JM, Dangl JL. 2000. Signal transduction in the plant
immune response. Trends Biochem Sci 25:79-82.

Miles PW. 1999. Aphid saliva. Biol Rev 74:41-85.



Herbivore-Plant Interactions 215

Milligan SB, Bodeau J, Yaghoobi J, Kaloshian I, Zabel P, William-
son VM. 1998. The root knot nematode resistance gene Mi
from tomato is a member of the leucine zipper, nucleotide
binding, leucine-rich repeat family of plant genes. Plant Cell
10:1307-1319.

Narvéez-Vasquez J, Florin-Christensen J, Ryan CA. 1999. Posi-
tional specificity of a phospholipase A activity induced by
wounding, systemin, and oligosaccharide elicitors in tomato
leaves. Plant Cell 11:2249-2260.

Needham JG, Frost SW, Tothill BH. 1928. Leaf-mining Insects.
Baltimore: Williams & Wilkins Co. 1-351 p.

Nishiuchi T, Hamada T, Kodama H, Iba K. 1997. Wounding
changes the spatial expression pattern of the Arabidopsis plastid
omega-3 fatty acid desaturase gene (FAD7) through different
signal transduction pathways. Plant Cell 9:1701-1712.

O’Donnell PJ, Calvert C, Atzorn R, Wasternack C, Leyser HMO,
Bowles DJ. 1996. Ethylene as a signal mediating the wound
response of tomato plants. Science 274:1914-1917.

O’Donnell PJ, Truesdale MR, Calvert CM, Dorans A, Roberts MR,
Bowles DJ. 1998. A novel tomato gene that rapidly responds to
wound- and pathogen-related signals. Plant J 14:137-142.

Pare PW, Alborn HT, Tumlinson JH. 1998. Concerted biosynthesis
of an insect elicitor of plant volatiles. Proc Natl Acad Sci USA
95:13971-13975.

Pare PW, Tumlinson JH. 1998. Cotton volatiles synthesized and
released distal to the site of insect damage. Phytochemistry
47:521-526.

Pare PW, Tumlinson JH. 1999. Plant volatiles as a defense against
insect herbivores. Plant Physiol 121:325-331.

Parker BL, Skinner M, Lewis T. 1995. Thrips biology and man-
agement. 276. New York: Plenum Press. 1-636 p.

Paiva NL. 2000. An introduction to the biosynthesis of chemicals
used in plant-microbe communication. J Plant Growth Regul
19:131-143.

Pearce G, Marchand PA, Griswold J, Lewis NG, Ryan CA. 1998.
Accumulation of feruloyltyramine and p-coumaroyltyramine
in tomato leaves in response to wounding. Phytochemistry
47:659-664.

Pechan T, Lijun Y, Chang Y-M, Mitra A, Lin L, Davis FM, Williams
WP, Luthe DS. 2000. A unique 33-kD cysteine proteinase ac-
cumulates in response to larval feeding in maize genotypes
resistant to fall armyworm and other Lepidoptera. Plant Cell
12:1031-1040.

Pefia-Cortés H, Albrecht T, Prat S, Weiler EW, Willmitzer L. 1993.
Aspirin prevents wound-induced gene expression in tomato
leaves by blocking jasmonic acid biosynthesis. Planta 191:123—
128.

Pena-Cortés H, Prat S, Atzorn R, Wasternack C, Willmitzer L.
1996. Abscisic acid-deficient plants do not accumulate protein-
ase inhibitor II following systemin treatment. Planta 198:447—
451.

Penninckx IAMA, Thomma BPHJ, Buchala A, Metraux J-P, Broe-
kaert WE. 1998. Concomitant activation of jasmonate and eth-
ylene response pathways is required for induction of a plant
defensin gene in Arabidopsis. Plant Cell 10:2103-2113.

Pickett JA, Griftiths DC. 1980. Composition of aphid alarm pher-
mones. J Chem Ecol 6:349-360.

Pieterse CMJ, van Loon LC. 1999. Salicylic acid-independent
plant defence pathways. Trends Plant Sci 4:52-58.

Pieterse CMJ, Van Wees SCM, Van Pelt JA, Knoester M, Laan R,
Gerrits H, Weisbeek PJ, Van Loon LC. 1998. A novel signalling

pathway controlling induced systemic resistance in Arabidopsis.
Plant Cell 10:1571-1580.

Ponda N, Khush G. 1995. Host plant resistance to insects. Wall-
ingford, UK: CAB International/International Rice Institute.
1-431 p.

Preston CA, Lewandowski C, Enyedi AJ, Baldwin IT. 1999. To-
bacco mosaic virus inoculation inhibits wound-induced jas-
monic acid-mediated responses within but not between plants.
Planta 209:87-95.

Quiroz A, Pettersson J, Pickett JA, Wadhams LJ, Niemeyer HM.
1997. Semiochemicals mediating spacing behavior of bird
cherry-oat aphid, Rhopalosiphum padi feeding on cereals. J
Chem Ecol 23:2599-2607.

Raman A. 1994. Adaptational integration between gall-inducing
insects and their host plants. In: Ananthakrishnan TN, editor.
Functional dynamics of phytophagous insects. Lebanon, NH:
Science Publishers, Inc. p 249-275.

Raven JA. 1983. Phytophages of xylem and phloem. Adv Ecol Res
13:135-234.

Refai FY, Miller BS, Wolfe JE. 1956. The feeding mechanism of
Hessian fly larvae. J Econ Entomol 49:182-184.

Reymond P, Farmer EE. 1998. Jasmonate and salicylate as global
signals for defense gene expression. Curr Opin Plant Biol
1:404-411.

Reymond P, Weber H, Damond M, Farmer EE. 2000. Differential
gene expression in response to mechanical wounding and in-
sect feeding in Arabidopsis. Plant Cell 12:707-719.

Rhodes JD, Thain JF, Wildon DC. 1999. Evidence for physically
distinct systemic signalling pathways in the wounded tomato
plant. Ann Bot 84:109-116.

Roche P, Alston FH, Maliepaard C, Evans KM, Vrielink R, Dun-
emann F, Markussen T, Tartarini S, Brown LM, Ryder C, King
GJ. 1997. RFLP and RAPD markers linked to the rosy leaf
curling aphid resistance gene (S41) in apple. Theor Appl Genet
94:528-533.

Rojo E, Le6n J, Sanchez-Serrano JJ. 2000. Cross-talk between
wound signalling pathways determines local versus systemic
gene expression in Arabidopsis thaliana. Plant J 20:135-142.

Rojo E, Titarenko E, Ledn J, Berger S, Vancanneyt G, Sanchez-
Serrano JJ. 1998. Reversible protein phosphorylation regulates
jasmonic acid-dependent and -independent wound signal
transduction pathways in Arabidopsis thaliana. Plant J 13:153—
165.

Romeis T, Piedras P, Zhang S, Klessig DF, Hirt H, Jones JDG. 1999.
Rapid Avr9- and Cf-9-dependent activation of MAP kinases in
tobacco cell cultures and leaves: Convergence of resistance
gene, elicitor, wound, and salicylate responses. Plant Cell
11:273-287.

Rosen D. 1990. Armored scale insects: Their biology, natural en-
emies, and control. A. Amsterdam: Elsevier. 1-384 p.

Rosenthal GA, Janzen DH. 1979. Herbivores. Their interactions
with secondary plant metabolites. San Diego: Academic Press.
1-718 p.

Rossi M, Goggin FL, Milligan SB, Kaloshian I, Ullman DE, Will-
iamson VM. 1998. The nematode resistance gene Mi of tomato
confers resistance against the potato aphid. Proc Natl Acad Sci
USA 95:9750-9754.

Royo J, Leon J, Vancanneyt G, Albar JP, Rosahl S, Ortego F,
Castanera P, Sanchez-Serrano JJ. 1999. Antisense-mediated
depletion of a potato lipoxygenase reduces wound induction of
proteinase inhibitors and increases weight gain of insect pests.
Proc Natl Acad Sci USA 96:1146-1151.



216 L. L. Walling

Ryan CA. 2000. The systemin signaling pathway: differential ac-
tivation of defensive genes. Biochim Biophys Acta 1477:112—
122.

Ryu SB, Wang X. 1998. Increase in free linoleic and linoleic acids
associated with phospholipase D-mediated hydrolysis of phos-
pholipids in wounded castor bean leaves. Biochim Biophys
Acta 1393:193-202.

Sano H, Seo S, Orudgev E, Youssefian S, Ishizuka K, Ohashi Y.
1994. Expression of the gene for a small GTP binding protein in
transgenic tobacco elevates endogenous cytokinin levels, ab-
normally induces salicylic acid in response to wounding, and
increases resistance to tobacco mosaic virus infection. Proc Natl
Acad Sci USA 91:10556-10560.

Saxena KN. 1963. Mode of ingestion in a heteropterous insect
Dysdercus koenigii (E.) (Pyrrhocoridae). J Insect Physiol 9:47-71.

Schaller A. 1999. Oligopeptide signalling and the action of sys-
temin. Plant Mol Biol 40:763-769.

Schulte SJ, Rider SD, Hatchett JH, Stuart JJ. 1999. Molecular
genetic mapping of three X-linked avirulence genes, vH6, vH9
and vHI3, in the Hessian fly. Genome 42:821-828.

Schweizer P, Buchala A, Dudler R, Metraux JP. 1998. Induced
systemic resistance in wounded rice plants. Plant J 14:475-481.

Seo S, Okamoto M, Seto H, Ishizuka K, Sano H, Ohashi Y. 1995.
Tobacco MAP kinase: a possible mediator in wound signal
transduction pathways. Science 270:1988-1992.

Shah J, Kachroo P, Klessig DF. 1999. The Arabidopsis ssil mutation
restores pathogenesis-related gene expression in nprl plants
and renders defensin gene expression salicylic acid dependent.
Plant Cell 11:191-206.

Shulaev V, Silverman P, Raskin 1. 1997. Airborne signalling by
methyl salicylate in plant pathogen resistance. Nature
385:718-721.

Staswick PE, Yuen GY, Lehman CC. 1998. Jasmonate signaling
mutants of Arabidopsis are susceptible to the soil fungus Pythium
irrequlare. Plant J 15:747-754.

Stotz HU, Kroymann J, Mitchell-Olds T. 1999. Plant-insect inter-
actions. Curr Opin Plant Biol 2:268-272.

Stout MJ, Workman J, Duffey SS. 1994. Differential induction of
tomato foliar proteins by arthropod herbivores. J Chem Ecol
20:2575-2594.

Taylor GS, Miles PW. 1994. Composition and variability of the
saliva of coreids in relation to phytotoxicoses and other aspects
of the salivary physiology of phytophagous Heteroptera. Ento-
mol Exp Appl 73:265-277.

Thaler JS. 1999. Jasmonate-inducible plant defences cause in-
creased parasitism of herbivores. Nature 399:686—-688.

Thaler JS, Stout MJ, Karban R, Duffey SS. 1996. Exogenous jas-
monates simulate insect wounding in tomato plants (Lycoper-
sicon esculentum) in the laboratory and field. J Chem Ecol
22:1767-1781.

Thomma BPHJ, Eggermont K, Penninckx IAMA, Mauch-Mani B,
Vogelsang R, Cammue BPA, Broekaert WF. 1998. Separate
jasmonate-dependent and salicylate-dependent defense-
response pathways in Arabidopsis are essential for resistance to
distinct microbial pathogens. Proc Natl Acad Sci USA
95:15107-15111.

Thomma BPHJ, Nelissen I, Eggermont K, Broekaert WE. 1999.
Deficiency in phytoalexin production causes enhanced suscep-
tibility of Arabidopsis thaliana to the fungus Alternaria brassici-
cola. Plant J 19:163-171.

Turlings TCJ, McCall PJ, Alborn HT, Tumlinson JH. 1993. An
elicitor in caterpillar oral secretions that induces corn seedlings
to emit chemical signals attractive to parasitic wasps. J Chem
Ecol 19:411-425.

van de Ven WTG, LeVesque CS, Perring TM, Walling LL. 2000.
Local and systemic changes in squash gene expression in re-
sponse to silverleaf whitefly feeding. Plant Cell 12:1409-1423.

van der Westhuizen AJ, Qian XM, Botha AM. 1998a. 3-1,3-
glucanases in wheat and resistance to the Russian wheat aphid.
Physiol Plant 103:125-131.

van der Westhuizen AJ, Qian XM, Botha AM. 1998b. Differential
induction of apoplastic peroxidase and chitinase activities in
susceptible and resistant wheat cultivars by Russian wheat
aphid infestation. Plant Cell Reports 18:132-137.

van Helden M, Tjallingii WF, Dieleman FL. 1993. The resistance
of lettuce (Lactuca sativa L.) to Nasonovia ribisnigri: Bionomics of
Nasonovia ribisnigri on near isogenic lettuce lines. Entomol Exp
Appl 66:53-58.

van Kan JAL, Cozijnsen T, Danhash N, de Wit PJGM. 1995. In-
duction of tomato stress protein mRNAs by ethephon, 2,6-
dichloroisonicotinic acid and salicylate. Plant Mol Biol
27:1205-1213.

van Wees SCM, Luijendijk M, Smoorenburg I, van Loon LC, Pi-
eterse CMJ. 1999. Rhizobacteria-mediated induced systemic
resistance (ISR) in Arabidopsis is not associated with a direct
effect on expression of known defense-related genes but
stimulates the expression of the jasmonate-inducible gene
AtVsp upon challenge. Plant Mol Biol 41:537-549.

Vijayan P, Shockey J, Levesque CA, Cook RJ, Browse J. 1998. A
role for jasmonate in pathogen defense of Arabidopsis. Proc Natl
Acad Sci USA 95:7209-7214.

Visser JH, Piron PGM, Hardie J. 1996. The aphid’s peripheral
perception of plant volatiles. Entomol Exp Appl 80:35-38.

Vos P, Simons G, Jesse T, Wijbrandi J, Heinen L, Hogers R, Frijters
A, Groenendijk J, Diergaarde P, Reijans M, Fierens-Onstenk J,
deBoth M, Peleman J, Liharska T, Hontelez J, Zabeau M. 1998.
The tomato Mi-1 gene confers resistance to both root-knot
nematodes and potato aphids. Nature Biotech 16:1365-1369.

Walker GP, Perring TM. 1994. Feeding and oviposition behavior
of whiteflies (Homoptera: Aleyrodidae) interpreted from AC
electronic feeding monitor waveforms. Ann Entom Soc Am
87:363-374.

Wasternack C, Miersch O, Kramell R, Hause B, Ward J, Beale M,
Boland W, Parthier B, Feussner 1. 1998a. Jasmonic acid: bio-
synthesis, signal transduction, gene expression. Fett/Lipid
100:139-146.

Wasternack C, Ortel B, Miersch O, Kramell R, Beale M, Greulich
F, Feussner I, Hause B, Krumm T, Boland W, Parthier B.
1998b. Diversity in octadecanoid-induced gene expression of
tomato. J Plant Physiol 152:345-352.

Weber H, Chetelat A, Caldelari D, Farmer EE. 1999. Divinyl ether
fatty acid synthesis in late blight-diseased potato leaves. Plant
Cell 11:485-493.

Weber H, Vick BA, Farmer EE. 1997. Dinor-oxo-phytodienoic
acid: A new hexadecanoid signal in the jasmonate family. Proc
Natl Acad Sci USA 94:10473-10478.

Zimmerman DC, Coudron CA. 1979. Identification of traumatin,
a wound hormone, as 12-oxo-trans-10-dodecenoic acid. Plant
Physiol 63:536-541.



