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ABSTRACT

Plant responses to wounding and herbivore attack
are orchestrated by complex signaling pathways
that link the production of chemical and physical
signals at the wound site to activation of gene
expression and other cellular processes. The sys-
temic nature of many wound-induced responses
provides an attractive opportunity to study inter-
cellular signaling pathways that operate over long
distances within the plant. Genetic dissection of the
wound-response pathway in tomato indicates that
(1) systemin and its precursor protein, prosystemin,
are upstream components of an intercellular sig-
naling cascade that requires the biosynthesis and
action of jasmonic acid (JA); and (2) physiological
processes regulated by this pathway confer host
resistance to a broad spectrum of plant invaders.
Grafting experiments conducted with mutants
defective in systemic wound signaling indicate that
systemin functions at or near the wound site to
trigger the production of JA, which in turn acts
non-cell autonomously to promote systemic defense

responses. The location of JA biosynthetic enzymes
within the companion cell-sieve element complex
of vascular bundles, together with the accumulation
of JA in vascular tissues, support a role for jasmo-
nates as phloem-mobile signals. The recent discov-
ery of enzymes involved in the metabolism of JA to
volatile methyl-JA and bioactive JA-amino acid
conjugates has potential implications for the
mechanism by which JA promotes wound signal-
ing. Species-specific differences in the mechanism of
wound signaling appear to reflect the way in which
the wound-induced jasmonate pathway is regulated
by other signals including systemin, cell wall-de-
rived oligosaccharides, ethylene, and insect-derived
elicitors. Adding to the complexity of the wound-
induced jasmonate cascade are wound-signaling
pathways that operate independently of JA.
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INTRODUCTION

Higher plants have evolved a diverse repertoire of
self-protection mechanisms to cope with the threat
of herbivores that chew, suck, or otherwise destroy
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plant tissues. One common strategy employed by
many plants is the wound-induced expression of
phytochemicals involved in herbivore deterrence,
wound healing, and other defense-related pro-
cesses. The rapid synthesis and deployment of these
chemical arsenals is regulated by complex signal
transduction pathways that link the production of
specific signals at the site of tissue damage to
changes in gene expression and, ultimately, changes



224 G. A. Howe

in plant metabolism that negatively affect herbivore
growth and reproduction. The widespread occur-
rence of induced resistance to herbivores (Karban
and Baldwin 1997) suggests the existence of com-
mon mechanisms to generate, transport, and per-
ceive wound signals into physiologically relevant
responses that enhance plant resistance to biotic
stress.

An important aspect of many wound-induced
plant defense responses is their occurrence in
undamaged leaves located distal to the site of attack.
Wound-inducible proteinase inhibitors (PIs), which
function as anti-nutritive agents by blocking diges-
tive proteases in the herbivore gut, represent one of
the best examples of this phenomenon. In the well-
characterized tomato (Lycopersicon esculentum) sys-
tem, PI-encoding genes are expressed systemically
within about 2 hours after mechanical wounding or
herbivory (Ryan 2000; Howe and others 2000).
More than 30 years ago, Green and Ryan (1972)
proposed that signals generated at the site of insect
attack travel through the plant and systemically
activate defensive responses that confer protection
against subsequent attacks. The systemic nature of
this and other induced plant defense responses is
analogous to the vertebrate immune response in
which endocrine signals are delivered to target tis-
sues via the circulatory system (Bergey and others
1996). Although several chemical and physical sig-
nals have been implicated in the regulation of
wound-induced systemic plant defenses (Malone
1996; Herde and others 1999; Ryan 2000; Le6n and
others 2001), very little is known about how these
signals interact with one another to effect cell-to-
cell communication over long distances.

The discovery of jasmonic acid (JA) and its me-
thyl ester, methyl-JA (MeJA) as potent signals for
the expression of PIs provided the first evidence that
members of the jasmonate family of oxylipins (re-
ferred to here collectively as JAs) play an important
role in induced defense against insects (Farmer and
Ryan 1990; Farmer and others 1992; Farmer and
Ryan 1992; Howe and others 1996). Since that
discovery, detailed studies of wound signaling in
several plant species have shaped the current par-
adigm that JAs are “‘master”” signals for a multitude
of induced defense responses. Researchers today are
using a wealth of experimental approaches, ranging
from molecular genetics to chemical ecology
(Kessler and others 2004), to understand more
completely the role of JAs in plant defense. Much of
our knowledge about this signaling pathway has
come from studies with solanaceous species (toma-
to, tobacco and potato) and Arabidopsis. However,
increasing evidence indicates that JAs are important

wound signals in species throughout the plant
kingdom, including monocots and trees (Schafleit-
ner and Wilhelm 2002; Martin and others 2003;
Rakwal and Agrawal 2003; Engelberth and others
2004; Hudgins and others 2004). Several recent
papers have reviewed the topic of wound signaling,
its relationship to plant defense, and interactions
that occur between the JA and other defense sig-
naling pathways (Walling 2000; Ryan 2000; Le6n
and others 2001; Kessler and Baldwin 2002; Gate-
house 2002; Turner and others 2002; Kunkel and
Brooks 2002; Wasternack and Hause 2002; Rojo and
others 2003; Farmer and others 2003). Here, I de-
scribe the latest information on the role of JAs as
signals in the wound response. Emphasis is placed
on studies in the well-characterized tomato system,
which has been exploited as a model for genetic
dissection of wound signaling. JA-independent
wound responses are also discussed for the purpose
of highlighting the complexity of wound signaling
and the potential importance of interactions be-
tween JA-dependent and -independent pathways.

Wounbp-Innucisii PIS : A PARADIGM FOR
JA-REGULATED PLANT DEFENSE

Wound-inducible PIs in tomato and other solana-
ceous species have been widely used as a model
system to study the mechanism of wound signaling.
These studies have established the paradigm that
extracellular signals (so-called primary wound sig-
nals) generated in response to wounding signal the
intracellular production of JAs, which in turn acti-
vate the expression of defensive genes (Farmer and
Ryan 1992; Ryan 2000). The identification and
characterization of signals involved in the wound-
induced PI expression was facilitated by a facile
bioassay in which chemical elicitors are supplied to
tomato seedlings through the cut stem, and PI
accumulation in leaf tissue is then measured.
Extensive use of this assay resulted in the discovery
of several PI-inducing signals including cell-wall-
derived oligogalacturonides (OGAs) and systemin
(Ryan 1992). The production of OGAs in response
to wounding appears to involve the action of a po-
lygalacturonase (PG) whose expression in tomato
leaves is wound-inducible (Bergey and others
1999). The relative immobility of OGAs in the plant
vascular system suggests that these compounds
function mainly as local wound signals. However,
because PG activity is also induced systemically in
response to wounding, OGAs may also play a role in
the systemic response (Ryan 2000). Aldington and
co-workers (1991) proposed that the bioactivity of
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OGAs results from direct physical effects on the
plasma membrane. However, the involvement of a
specific receptor for OGAs cannot be excluded
(Navazio and others 2002).

Systemin is approximately 10,000-fold more ac-
tive than OGAs in inducing PI expression in the to-
mato seedling bioassay (Ryan 1992) and, as
discussed below, is implicated as a signal in the sys-
temic wound response. Systemin is derived from the
C-terminal end of a precursor protein (prosystemin)
whose amino acid sequence shows little similarity to
other proteins in the database. Several lines of ge-
netic evidence indicate that prosystemin performs an
essential role in wound-induced defense responses.
For example, transgenic tomato plants expressing an
antisense prosystemin (Prosys) cDNA are deficient in
wound-induced systemic expression of PIs and ex-
hibit increased susceptibility to herbivores (McGurl
and others 1992; Orozco-Cnrdenas and others
1993). Conversely, overexpression of prosystemin
from a 35S-Prosys transgene constitutively activates
PI expression in the absence of wounding, thereby
conferring enhanced resistance to herbivores
(McGurl and others 1994; Li and others 2002b). A
recent major breakthrough in our understanding of
wound signaling was the identification of the syste-
min receptor (SR160; Scheer and Ryan 2002). This
160-kDa plasma membrane-bound protein is a
member of the leucine-rich repeat (LRR) receptor-
like kinase family of proteins. Of considerable
interest to the field of plant signaling was the dis-
covery that SR160 is identical to the tomato brassi-
nosteroid (BR) receptor, tBRI1 (Wang and He 2003).
Additional research into the mechanism by which
SR160/tBRI1 perceives two different ligands (that is,
a peptide and a steroid), and then signals appropriate
downstream responses, is clearly warranted.

Transcriptional activation of PI and other de-
fense-related genes in response to wounding, sy-
stemin, and OGAs depends on the biosynthesis and
subsequent action of JA that is synthesized via the
octadecanoid pathway (Farmer and Ryan 1992;
Ryan 2000; Doares and others 1995; Li and others
2002a). The signal transduction events that couple
the perception of OGAs and systemin at the plasma
membrane to the activation of JA synthesis in the
chloroplast remain to be elucidated. JA synthesized
in response to wounding, systemin, and OGA acts in
concert with ethylene (O’Donnell and others 1996)
and hydrogen peroxide (Orozco-Cnirdenas and
others 2001; Sagi and others 2004) to positively
regulate the expression of downstream target genes.
Readers are referred to other articles in this special
issue for a detailed description of JA biosynthesis
and JA signaling.

GENETIC ANALYSIS OF WOUND SIGNALING
IN ToMATO

The use of mutants offers a powerful approach to
elucidate the molecular components of the wound-
signaling pathway and their role in induced resis-
tance. To date, forward genetic screens for wound-
response mutants have been conducted only in to-
mato. Several features of this agriculturally impor-
tant plant make it attractive as a model system for
genetic analysis of plant-insect interactions. First,
cultivated tomato is a natural host to over 100
arthropod herbivores from various feeding guilds
that attack roots, leaves, or fruit (Kennedy 2002).
Second, biochemical and physiological studies have
produced a wealth of information relevant to the
mechanism of wound signaling in tomato. Third,
several well-characterized defensive proteins such
as PIs and polyphenol oxidase (PPO) provide robust
markers for identifying mutants. Fourth, genetic
analysis of wound signaling in this system can
provide insight into the role of peptide signals (that
is, systemin) in induced defense. Finally, extensive
molecular and genetic tools also are available to
facilitate the identification of genes that have been
defined by mutational analysis (Van der Hoeven
and others 2002).

With these considerations in mind, Lightner and
others (1993) screened an ethylmethane sulfonate
(EMS)-mutagenized population for plants that fail
to accumulate PIs in response to mechanical
wounding. This effort yielded two non-allelic mu-
tants (JL1 and JL5) that are defective in wound-
induced PI expression. The JL5 mutant (renamed
defl) was shown to be deficient in wound- and sy-
stemin-induced JA accumulation and compromised
in defense against insect attack (Howe and others
1996). Treatment of def] plants with exogenous JAs
induces the expression of PI and other defense-re-
lated genes, and restores resistance to herbivores (Li
and others 2002b). Available data suggest that DEF1
does not correspond to any known JA biosynthetic
gene in tomato. Rather, this locus may be involved
in regulating the activity of one or more JA bio-
synthetic enzymes (Li and others 2002a; Stenzel
and others 2003). A defect in JA biosynthesis in the
JL1 mutant line is indicated by a severe deficiency
in wound-induced JA accumulation and in the
ability of the mutant to respond to exogenous JA
(Lightner and others 1993; Lee GI, Jayanty S, and
Howe GA, unpublished data).

For a second strategy to identify wound-response
mutants of tomato, we employed the 35S-Prosys
transgenic plants that constitutively accumulate PIs
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and PPO (Howe and Ryan 1999). An EMS-mutag-
enized population was screened for plants that are
deficient in PI and PPO expression in the absence of
wounding. Several spr (suppressed in prosystemin-
mediated responses) mutants identified were
defective in wound-induced systemic PI expression.
Genetic complementation tests showed that this
collection of mutants included new alleles of defl
and two novel complementation groups designated
SPRI1 and SPR2. A map-based cloning approach was
used to identify the SPR2 gene (Li and others 2003).
It encodes a plastidic omega-3 fatty acid desaturase
that is required for the conversion of linoleic acid to
linolenic acid, which is the precursor of most bio-
active JAs. Consistent with this finding, spr2 plants
produce less than 10% of wild-type levels of JA in
response to wounding and consequently are com-
promised in defense against insects (Li and others
2003). The phenotype of sprl plants indicates that
SPRI plays a role in an early step in systemin sig-
naling (see below).

Genetic screens for jasmonic acid-insensitive (jai)
mutants led to the identification of mutants dis-
rupted in the function of the tomato homolog of the
Arabidopsis Coronatine Insensitivel (COIl) gene (Li
and others 2001; Li and others 2004). Studies in
Arabidopsis have shown that COIl encodes an F-box
protein that participates in the formation of an E3
ligase complex (Xie and others 1998; Xu and others
2002; Devoto and others 2002). COI1 is thought to
mediate ubiquitin-dependent proteolysis of one or
more target proteins that regulate the expression of
JA-responsive genes (Turner and others 2002). Gene
expression profiling studies indicate that COIl is
essential for expression of JA-responsive genes, as
well as the wound-induced expression of genes in-
volved in anti-herbivore defense (Titarenko and
others 1997, Reymond and others 2000; Li and
others 2004). Indeed, virtually all known jasmo-
nate-mediated defense responses in Arabidopsis and
tomato require COIl. The central role of COIl in the
regulation of JA-dependent defense responses in
tomato and Arabidopsis, together with the existence
of COI1 orthologs in monocots (Li and others 2004),
indicates that this component of the wound-signal-
ing pathway is likely conserved in all higher plants.

The current collection of tomato wound-response
mutants can be classified as being defective in either
JA biosynthesis (defl, spr2, JL1), JA responsiveness
(jail), or responsiveness to systemin (sprl). Thus, a
major conclusion of genetic analysis of wound sig-
naling in tomato is that the jasmonate cascade
occupies a central role in wound-induced defense,
including systemic responses. The ability of defl, spri,
spr2, and jail to suppress 35S-Prosys-mediated re-

sponses (Howe and Ryan 1999; Li and other 2001; Li
and others 2004) further demonstrates that wound-
ing and systemin induce PI expression through a
common signaling pathway involving JA, and that
systemin and JA are essential components of the
systemic wound response. These conclusions con-
firm and extend the original signaling model pro-
posed by Farmer and Ryan (1992). Transgene-
mediated anti-sense suppression of JA biosynthesis
has provided additional genetic evidence for a role of
JA in wound-induced local and systemic responses in
this system (Stenzel and others 2003). Although ab-
scisic acid (ABA) is not considered to be a primary
wound signal in tomato (Birkenmeirer and Ryan
1998), it is noteworthy that ABA mutants of tomato
and potato are deficient in PI expression in response
to wounding and elicitation by systemin (Hildmann
and others 1992; Pena-Cortés and others 1996; Car-
rera and Prat 1998). Loss of ABA function appears to
disrupt wound signaling by blocking JA biosynthesis
(Pefia-Cortés and others 1996), which further sup-
ports the central role of JA in wound signaling.

Genetic analysis if wound signaling in tomato has
shown that the JA pathway also plays a critical role
in determining the outcome of plant-pest interac-
tions. Specifically, the increased susceptibility of
wound-response mutants to both herbivores (Howe
and others 1996; Li and others 2002b; Thaler and
others 2002; Li and others 2003; Li and others 2004)
and pathogens (Thaler and others 2004) demon-
strates that genes required for JA biosynthesis and
JA signaling are essential for plant protection
against biotic stress. In addition to providing plant
protection, it is also evident that the wound-in-
duced JA pathway exerts profound effects on her-
bivores that feed on tomato plants. For example,
bioassays performed with Tetranychus urticae (two-
spotted spider mite) indicate that the JA pathway
significantly affects both the fecundity and host
preference of the herbivore (Li and others 2004).
These findings are consistent with recent field
studies showing that JA-induced defenses influence
herbivore community composition (Kessler and
others 2004).

RoLE oF JA 1IN SysTEmic WounND
SIGNALING

An important question regarding the role of JAs in
wound signaling is whether JA action is restricted to
cells in which it is produced or whether JAs func-
tion non-cell autonomously to promote responses
in distal target tissues. Several lines of evidence
support the latter scenario, in which JAs act as
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intercellular signals. First, local application of JAs to
a single leaf or leaflet can elicit the expression of
wound-response genes in distal untreated tissues.
This phenomenon was first demonstrated for PI
expression in tomato plants (Farmer and others
1992). Systemic PI expression is also elicited by
localized application of the Pseudomonas syringae
phytotoxin coronatine (COR), which effectively
mimics the action of JAs. COR-induced systemic PI
expression requires COI1 but not the capacity of the
plant to synthesize JA (Zhao and others 2003). This
observation suggests that COR is transported from
the site of application to distal leaves, where it
activates gene expression in a COIl-dependent
manner. Systemic activation of PI gene expression
in response to COR-producing strains of P. syringae
supports this hypothesis (Pautot and others 1991).
Additional evidence for a role of JA in long-distance
signaling comes from '*C-JA application experi-
ments in tobacco. Radiolabeled JA applied to a
single leaf was readily translocated to roots, which
synthesize nicotine in response to leaf wounding
(Zhang and Baldwin 1997). Both the timing and
quantity of "*C-JA transport were similar to that of
wound-induced changes in endogenous JA levels in
roots. The movement of labeled JA from the site of
application to roots and young immature leaves, but
not mature leaves, indicates that transport of
exogenous JA occurs via the phloem.

A necessary criterion for the long-distance signal
is that wounding or other biotic stress should in-
crease the abundance of the signal in undamaged
leaves. Indeed, studies in tomato, Arabidopsis, and
tobacco have shown that wounding induces a
modest but significant systemic increase in JA
accumulation (Herde and others 1996, Wang and
others 2000; von Dahl and Baldwin 2004). The
ability to detect systemic increases in JA appears to
depend on the quantity and quality of leaf damage
inflicted. von Dahl and Baldwin (2004) reported
that application of caterpillar regurgitant to woun-
ded tobacco plants caused a systemic increase in JA
levels, whereas mechanical wounding alone did
not. This observation may explain other studies
showing that mechanical wounding results in very
slight increases or no significant increase in systemic
JA levels (Rojo and others 1999a; Strassner and
others 2002). The level of systemic JA observed in
the tobacco study (von Dahl and Baldwin 2004) was
about 5% of that in damaged leaves, with maxi-
mum systemic accumulation occurring about 1.5
hours after treatment. Although JA-regulated sys-
temic responses were not measured in these
experiments, the timing of the systemic increase in
JA is generally consistent with the onset of wound-

induced systemic responses. In potato plants in-
duced for systemic acquired resistance (SAR) by
infection with P. syringae pv. maculicola, levels of
OPDA, a bioactive precursor of JA (Weber 2002),
increased in both infected and non-infected leaves
(Landgraf and others 2001). Systemic increases in
OPDA were not accompanied by corresponding in-
creases in JA, suggesting that OPDA might play a
role in SAR. It remains to be determined whether
wound- and pathogen-induced systemic accumu-
lation of JAs results from translocation of these
compounds from the site of tissue damage or from
de novo synthesis in undamaged leaves.

Grafting experiments conducted with wound-
signaling mutants provide an approach to deter-
mining whether a specific gene product is involved
in the production of the systemic (that is, graft-
transmissible) signal in the wounded leaf or the
recognition of that signal in undamaged responding
leaves (Li and others 2002a) (Figure 1). Analysis of
systemic wound signaling in grafts between wild-
type and jail tomato plants showed that JA
responsiveness is not strictly required for the pro-
duction of the systemic signal in damaged leaves, but
rather is necessary for the recognition or processing
of that signal in systemic leaves. Conversely, grafts
between wild-type and JA-deficient spr2 plants
indicated that JA synthesis is required to produce the
systemic signal in wounded leaves, but is not re-
quired in systemic undamaged leaves (Figure 1B).
Similar results were obtained with the JA-deficient
defl mutant (Li and others 2002a). The most
straightforward interpretation of these results is that
JA or a related compound derived from the octa-
decanoid pathway acts as a transmissible wound
signal (Figure 2). Based on the spatially distinct roles
of JA biosynthesis and JA perception in long-dis-
tance wound signaling, it can be predicted that sys-
temic signaling should occur in a grafted plant
lacking both JA responsiveness (for example, jail) in
wounded rootstock leaves and JA biosynthesis (for
example, spr2) in undamaged scion leaves. Con-
versely, systemic signaling in the reciprocal jail/spr2
graft combination should be effectively blocked be-
cause of defects in both signal production and signal
recognition. Indeed, these predictions were con-
firmed by experimentation (Li and others 2002a)
(Figure 1C). Results from grafting experiments
conducted with JA biosynthesis and JA response
mutants of Arabidopsis appear to be consistent with
the hypothesis that JAs are an important component
of the systemic wound signal in this system as well
(Hawkes and Turner 2004).

Results obtained from grafting experiments with
JA biosynthetic mutants (for example, spr2) are not
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Figure 1. Schematic illustration of grafting experiments
used to investigate the role of JA in wound-induced sys-
temic expression of defensive proteinase inhibitors (PIs) in
tomato. Scions and rootstocks of the indicated genotype
were joined at the graft junction (horizontal bar). For
experiments shown in A, B, C, and E, rootstock leaves
were wounded (hatched mark) and PI gene expression in
the damaged leaves and undamaged scion leaves was
measured 8 hours later. Leaves exhibiting low (or no) PI
expression are not shaded whereas leaves showing high PI
expression are shaded. For the experiments depicted in
panel D, no wounds were inflicted because the 35S-Prosys
(PS) transgenic line constitutively produces a systemic
signal. WT, wild type; PS, 35S-Prosys.

consistent with the hypothesis that systemin gen-
erated in wounded leaves is translocated to distal
tissues where it induces JA biosynthesis and sub-
sequent PI expression. First, the inability of woun-
ded spr2 leaves to generate the transmissible signal
shows that JA biosynthesis is required for the pro-
duction of the long-distance signal. Second, the
ability of spr2 scions to express PIs in response to
wounding of wild-type leaves indicates that de novo
JA synthesis in target tissues is not required for
systemic signaling. Because spr2 plants are insensi-
tive to systemin (Howe and Ryan 1999; Li and
others 2003), the transmissible signal responsible for

Wounding and herbivore attack

\d \ 2 / \4

(Pro)systemin  ? OGAs Other signals

TNV N

1 1
1 ]
1 I
1 I
2 1+ 3, £
def1 E g i 1
@£ 1 |
Local AOCas B8 | 1
response 2 i |
p JAC ,; .
. . s I
jay/ &311 . s i ~ N '
b 1 4 Y
Late genes Early genes :Other geney
v |
JA-x |
1
| 1
v : N
JA-x X
Systemic /f"“”\ #7 g
response ] 4
Late genes Early genes  Other genesj
. Y rwad AN g NG ST AR Y 2
~ i
JA-dependent JA-independent
pathway pathway

Figure 2. Model of wound signaling based on genetic
studies in tomato. Wound-induced signals including sy-
stemin, OGAs, and putative unidentified compounds (?)
activate the octadecanoid pathway for JA biosynthesis in
response to mechanical wounding or herbivory. Produc-
tion of JA mediates local and systemic activation of Early
and Late response genes (solid arrows). Mutations that
block various steps in the wound-signaling pathway are
indicated (gray bars). Grafting experiments conducted
with these mutants support the hypothesis that JA or a
derivative thereof (JA-x) functions as a systemic signal.
Wounding also activates JA-independent signaling path-
ways (hatched lines) that regulate local and systemic
expression of Early genes, as well as other genes (for
example, WIPK) whose expression is completely inde-
pendent of JA and systemin. AOCas, antisense suppression
of allene oxide cyclase.

PI expression in spr2 scions is most likely a trienoic
fatty acid-derived compound (for example, JA) ra-
ther than systemin. A model of wound signaling
that is consistent with the grafting studies and other
available genetic data is shown in Figure 2.

INTERACTION BETWEEN JA, SYSTEMIN, AND
OTHER WOUND SIGNALS

A wealth of biochemical and genetic evidence
demonstrates that systemin induces the expression
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of defensive genes by triggering JA synthesis
(Farmer and Ryan 1992; Doares and others 1995;
Howe and others 1996; Ryan, 2000; Li and others
2003; Stenzel and others 2003). This role for syste-
min in wound signaling can be reconciled with the
grafting studies (Li and others 2002a) if (pro)syste-
min acts at or near the wound site (that is, in
rootstock tissues) to increase wound-induced JA to
a level that is necessary for the systemic response.
Support for this idea was obtained from grafting
experiments conducted with 35S-Prosys transgenic
plants. Initial studies showed that these plants
constitutively produce a systemic signal that acti-
vates PI expression in wild-type scion leaves (Fig-
ure 1D) (McGurl and others 1994). More recent
studies (Li and others 2002a) showed that recogni-
tion of the 35S-Prosys-derived signal in scion leaves
is blocked by jail but not by mutations such as spr2
that disrupt JA biosynthesis (Figure 1D). These
observations are consistent with a scenario in which
35S8-Prosys constitutively activates the synthesis of
JA, which is then mobilized to scion leaves, where it
initiates JA signaling in target cells. Activation of PI
expression in spr2 scions shows that the long-dis-
tance signal emanating from 35S-Prosys rootstocks
cannot be systemin, but rather must be a signal that
activates PI expression in the absence of de novo JA
synthesis in scion leaves.

A role for systemin in the wound-induced local-
ized production of JA in tomato leaves is also in
agreement with results obtained from the analysis
of the sprl mutant that is defective in systemin ac-
tion (Howe and Ryan 1999; Lee and Howe 2003).
sprl plants express PI genes in response to polysac-
charide (OGA and chitosan) and octadecanoid (li-
nolenic acid and JA) elicitors, but are insensitive to
applied systemin and prosystemin. This phenotype
indicates that SPRI is involved in a signaling step
that couples systemin perception to activation of the
octadecanoid pathway. Accordingly, sprl plants
provide a useful tool for understanding the role of
systemin in the systemic wound response. An
important feature of spri is that it abrogates wound-
induced systemic PI expression much more than
local PI expression (Lee and Howe 2003). This
phenotype is similar to that of prosystemin anti-
sense plants (Orozco-Cnirdenas and others 1993),
and supports the idea that systemin functions pri-
marily in the systemic pathway. The sprl-I muta-
tion abolishes JA accumulation in response to
exogenous systemin. In contrast, the mutation only
partially reduces wound-induced JA accumulation
(Lee and Howe 2003). These observations indicate
that the wound-induced JA burst in tomato leaves
involves primary signals in addition to systemin,

and that the systemin-mediated component of the
JA burst plays a role in promoting the systemic re-
sponse. Consistent with this interpretation, grafting
experiments showed that SPR! function (that is,
systemin perception) is involved mainly in the
generation of the systemic signal in damaged leaves
rather than recognition of this signal in distal
undamaged leaves (Figure 1E).

A role for systemin in amplifying the wound-
induced JA burst is analogous to that of other
signaling molecules that stimulate JA synthesis at
the site of wounding. This would include not only
plant-derived signals such as OGAs, but also insect-
derived fatty acid-amino acid conjugates (FACs)
that trigger systemic defense responses by eliciting
local JA production (Halitschke and others 2001;
Truitt and Paré 2004). Thus, it can be proposed
that plants use a diversity of mechanisms to acti-
vate the jasmonate pathway and, ultimately, the
expression of downstream defensive processes
(Figure 3). The ability of green leafy volatiles
(GLVs), which are produced in response to
wounding or herbivory, to stimulate JA synthesis
in maize may represent another mechanism to
amplify the wound-induced jasmonate cascade
(Engelberth and others 2004).

The diversity of signals capable of regulating
wound-induced JA accumulation suggests that dif-
ferent species may use different mechanisms to
control JA-dependent wound responses. This
hypothesis is consistent with studies indicating that
some wound signals (for example, OGAs) perform
different roles in tomato and Arabidopsis (Rojo and
others 2003). Similarly, because prosystemin-
encoding genes have been identified only in certain
solanaceous species (Constabel and others 1998;
Ryan and Pearce 2003), systemin may represent a
species-specific adaptation to enhance wound-in-
duced systemic defense responses. Adding to this
complexity is an increasing number of other
wound-induced signals that have been shown to
interact either positively or negatively with the JA
pathway, including ABA, ethylene, nitric oxide,
GLVs, and hydrogen peroxide (Figure 3) (Walling
2000; Ryan 2000; Ledn and others 2001; Engelberth
and others 2004; Wendehenne and others 2004).
Salicylic acid (SA), which typically accumulates in
response to pathogen attack but not wounding, also
modulates the JA signaling pathway in important
ways (Kunkel and Brooks 2002). Thus, it is
becoming increasing clear that the JA pathway for
induced defense is part of a larger regulatory circuit
that is activated in response to tissue damage (Fig-
ure 3). It is important to emphasize that interaction
as between the JA pathway and other wound-in-
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Figure 3. Multiple wound-induced signals regulate the
jasmonate pathway for plant defense. Insect (FACs) and
plant (all others)-derived signals produced in response to
wounding regulate JA synthesis or subsequent JA sig-
naling events in either a positive (+) or negative (-)
manner (thick arrows). Depending on the plant species,
some signals (for example, ethylene) may exert opposing
effects (+/—) on the JA pathway. Thin arrows denote
evidence indicating that JA can modulate the production
or action of the various wound signals. No attempt was
made to distinguish primary wound signals from others
signals whose effects on the JA pathway may be more
indirect. All known JA-mediated defense responses re-
quire COIl. ABA, abscisic acid; NO, nitric oxide; FACs,
insect-derived fatty acid-amino acid conjugates; OGAs,
oligogalacturonides.

duced signals are likely to be highly dependent on
the quality and quantity of wounding.

CeLL-TYPE-SPECIFIC LOCATION OF
JA BIOSYNTHESIS

Important insight into the potential role of JAs in
intercellular wound signaling has come from the
realization that JA biosynthesis occurs in cells of
the vascular bundle (Ryan 2000; Stenzel and oth-
ers 2003). One of the first indications of this spatial
pattern of JA production came from the observa-
tion that an AOS promoter-GUS fusion reporter
gene is expressed in major veins of petioles and
wounded leaves of Arabidopsis (Kubigsteltig and
others 1999). Subsequent detailed characterization
of the temporal and spatial expression pattern of
allene oxide cyclase (AOC) has confirmed and
extended these results. Immunocytochemical
analysis, for example, showed that AOC is exclu-
sively located in vascular bundles of petioles,
petiolules, and the midrib of leaves of tomato

(Hause and others 2000). More recent studies have
demonstrated that AOC accumulates in companion
cell and sieve elements (SE) of the vascular bundle
(Hause and others 2003). Lipoxygenase (LOX) and
AOS, which precede AOC in the octadecanoid
pathway, were also detected in SEs. A recent
proteomics study identified LOX as a constituent of
curcurbit isolated vascular bundles (Walz and
others 2004). These localization studies are sup-
ported by the occurrence of JA in isolated vascular
bundles from Plantago major (Hause and others
2003) and by the preferential accumulation of JA
and OPDA in the midrib of tomato leaves (Stenzel
and others 2003). Of additional relevance to the
hypothesis that JAs acts as phloem-borne signals
are several studies showing that the plant vascular
architecture plays an important role in regulating
the intensity of the systemic wound response
(Davis and others 1991; Orians and others 2000;
Schittko and Baldwin 2003).

Localization of JA biosynthetic enzymes in the
CC-SE complex is noteworthy in light of work
showing that the Prosys gene of tomato is expressed
in vascular bundles of minor and midrib veins of
leaves, petiolules, petioles, and stems (Jacinto and
others 1997). The spatial co-localization of JA bio-
synthetic enzymes and prosystemin to vascular
bundles is consistent with their role in the produc-
tion of the systemic wound signal (Figure 4) (Ryan
2000; Li and others 2002a; Stenzel and others
2003). Recent immunocytochemical and in situ
hybridization studies showed that prosystemin is
specifically localized to the vascular phloem paren-
chyma cells and that expression in these tissues
increases in response to wounding and jasmonate
treatment (Narvnez-Visquez and Ryan 2004). The
expression of JA biosynthetic enzymes and prosy-
stemin in companion and phloem parenchyma
cells, respectively, suggests that activation of JA
biosynthesis by systemin involves systemin-medi-
ated signaling between these two cell types (Fig-
ure 4). If this is the case, one would predict that the
systemin receptor (SR160/tBRI1) is expressed in
companion cells. The highly restricted spatial
expression pattern of prosystemin in phloem tissue
is also interesting in light of the fact that SR160/
tBRI1 is a receptor for both systemin and BRs
(Wang and He 2004). Because BRs do not undergo
long-distance transport (Symons and Reid 2004), it
is possible that SR160/tBRI1 mediates systemin and
BR signaling in different cell types, thus precluding
competition of the two ligands for the same receptor
under physiological conditions. This scenario is
consistent with the notion that the BR receptor
evolved initially and then was later recruited by
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Figure 4. Schematic diagram depicting the location of
prosystemin and JA biosynthetic enzymes in vascular
bundles of tomato leaves. JA produced in the companion
cell-sieve element complex may be transported long dis-
tances in the phloem. Hatched arrows indicate points of
potential positive feedback by JA on systemin synthesis
and action (see text for details). ODP, octadecanoid
pathway enzymes (LOX, AOS, AOC) for JA biosynthesis;
OPDA, 12-oxo-phytodienoic acid precursor of JA.
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plants in the solanaceous family to facilitate sys-
temic wound signaling (Narviiez-Visquez and Ryan
2002).

It has been proposed that systemin and JA com-
prise components of a positive feedback loop that
functions to promote the long-distance wound re-
sponse (Li and others 2002a; Ryan and Moura 2002;
Lee and Howe 2003; Stenzel and others 2003;
Stratmann 2003). On one side of this loop is the
ability of systemin to activate JA biosynthesis and
upregulate the expression of genes encoding JA
biosynthetic enzymes. On the other side of the
feedback loop is evidence indicating that JA posi-
tively regulates systemin action by increasing the
expression of Prosys and the abundance of the sy-
stemin receptor (Jacinto and others 1997; Scheer
and Ryan 1999). Several observations indicate that
this feedback circuit is likely not essential for the
production or propagation of the systemic signal,
but rather is involved in amplifying systemic sig-
naling in response to sustained wounding (that is,
herbivory). For example, the relatively slow timing
of JA-induced Prosys expression and systemin-
binding activity is not consistent with a causal role
for these events in propagation of the systemic sig-
nal (McGurl and others 1992; Scheer and Ryan
1999). Moreover, grafting experiments show that
jail plants, which are defective in all known JA-
mediated responses, including JA-induced expres-
sion of Prosys, are capable of producing a graft-
transmissible signal for PI expression (Li and others
2002; Li and others 2004).

RoOLE oF JA METABOLISM IN WOUND
SIGNALING

Newly synthesized JA is subject to a variety of
enzymatic transformations that profoundly affect
the range of signaling activities of the molecule. The
balance between de novo formation of JA and its
further metabolism is likely to play a critical role in
JA-dependent wound signaling. It is well established
that JA and several of its derivatives, including MeJA
and JA-amino acid conjugates, are biologically ac-
tive when applied to plant tissues (Wasternack and
Hause 2002). However, with the growing realization
that exogenous JAs are readily metabolized in plant
tissues (for example, Swiatek and others 2004), it is
unclear whether the exogenous compounds interact
directly with the jasmonate perception apparatus or
whether they are first metabolized to a bioactive
form that initiates JA signaling. A significant ad-
vance in our understanding of this question has
come from the identification of genes encoding
various JA-metabolizing enzymes. Characterization
of the Arabidopsis jar] mutant that is defective in
some JA-mediated processes led to the discovery
that JARI encodes an ATP-dependent adenylate-
forming enzyme that catalyzes conjugation of JA to
Ile (Staswick and others 2002; Staswick and Tiryaki
2004). The JA-insensitive phenotype of jar! plants
thus indicates that JA-Ile is necessary for at least
some JA-signaled responses. It will be interesting to
determine whether the JAR1-mediated conjugation
step plays a role in the perception, transport, or
further metabolism of the JA signal.

JA methyl transferase (JMT), which converts JA
to MeJA, also may play an important role in JA-
dependent wound signaling (Seo and others 2001).
Overexpression of JMT in Arabidopsis resulted in
increased levels of MeJA, constitutive expression of
JA-responsive genes, and enhanced resistance to a
fungal pathogen. Based on these results, it was
proposed that MeJA functions as an intercellular
signal transducer for defense responses (Seo and
others 2001). Characterization of loss-of-function
JMT mutants is needed to substantiate this idea. To
the contrary, wound-induced increases in the sys-
temic pool of MeJA in N. attenuata do not result
from translocation of MeJA from the wound site
(von Dahl and Baldwin 2004). This study also re-
ported that the wound-induced JA burst is not
associated with the release of significant quantities
of volatile MeJA into the headspace. This finding
supports the earlier conclusion that systemic PI
expression in tomato is mediated by a signal trav-
eling within the plant rather than MeJA diffusing



232 G. A. Howe

through the atmosphere (Farmer and others 1992).
Although some plants, such as Artemisia, constitu-
tively release large quantities of volatile MeJA
(Farmer and Ryan 1990), there is little direct evi-
dence that this release constitutes a mechanism for
activating systemic defense responses.

JA-dependent wound signaling may be influ-
enced by other metabolic transformations of jasm-
onates, including de-esterification of MeJA to JA. A
tomato ¢cDNA encoding an esterase capable of cat-
alyzing this reaction was recently identified (Stu-
hlfelder and others 2004). This MeJA esterase
(MJE) belongs to the a/f fold hydrolase superfamily
of proteins that includes the SA-binding protein-2,
which may function as a SA receptor (Kumar and
Klessig 2003). Given the existence of several highly
related esterases in this family, it will be important
to determine the in vivo specificity of MJE for MeJA.
It is interesting to note that JAR1 accepts JA but not
MeJA as a substrate (Staswick and others 2002).
Thus, MeJA-induced responses mediated by JAR1
appear to involve initial hydrolysis of MeJA to JA,
followed by formation of JA-Ile conjugates (Stas-
wick and Tiryaki 2004). Genetic manipulation of
the relative abundance and spatial distribution of
MeJA, JA, and JA-Ile should provide additional
insight into the role of JA metabolism in wound
signaling.

JA-INDEPENDENT WOUND SIGNALING

In response to tissue damage, plant cells activate the
expression of different classes of wound-response
genes that differ in their amplitude, time course
(that is, onset and duration), and spatial pattern of
expression (Titarenko and others 1997; Ryan 2000;
Howe and others 2000; Schittko and others 2001;
Lee and Howe 2003). Studies with Arabidopsis and
tomato have shown that this phenomenon reflects,
at least in part, the existence of multiple wound
response-pathways that differ in their requirement
for JA. Two criteria are useful for assessing the role
of JA in wound-induced gene expression. The first is
whether exogenous JA differentially regulates the
gene’s expression in the absence of wounding. The
second and more stringent test is whether wound-
induced expression of the gene is disrupted in mu-
tants defective in JA biosynthesis or JA perception.
The strict dependence of JA-mediated changes in
gene expression on COIl makes studies in the
Arabidopsis coll and tomato jail mutants ideal for
this purpose (Titarenko and others 1997; Reymond
and others 2000; Li and others 2004). Initial insight
into distinct JA-dependent and -independent sig-

naling pathways came from studies of wound-in-
duced gene expression in various mutants of
Arabidopis (Titarenko and others 1997; McConn and
others 1997; Nishiuchi and others 1997). Based on
these and more recent studies in tomato (see be-
low), three general classes of genes that differ in
their requirement for JA can be defined: i) genes
whose wound-induced expression is completely
dependent on JA; ii) genes whose wound-induced
expression occurs independently of JA; and iii)
genes whose wound-induced expression is medi-
ated by a combination of JA-dependent and JA-
independent signaling pathways.

Some attempts have been made to correlate the
JA responsiveness of certain genes with their
wound-induced temporal and spatial pattern of
expression. Titarenko and others (1997) reported an
association between the JA responsiveness and
wound-induced systemic expression of genes in
Arabidopsis. Subsequent studies, however, indicated
that JA promotes both local and systemic responses,
and that local responses are suppressed by OGA-
mediated ethylene production (Le6n and others
1998; Rojo and others 1999a). Identification of an
increasing number of genes exhibiting wound-in-
duced systemic expression in the absence of JA
clearly demonstrates the existence of long-distance
signaling pathways that operate independently of
JA (O’Donnell and others 1998; LeBrasseur and
others 2002; Yamada and others 2004; Chang and
others 2004; Hiraga and others 2000).

A role for JA in the regulation of specific classes of
wound-response genes has also emerged from
studies in tomato. In this system, at least three
classes of genes that differ with respect to their
timing of wound-induced expression and regulation
by systemin and JA have been described (Ryan
2000; Howe and others 2000; Strassner and others
2002; Lee and Howe 2003). Transcripts of so-called
late response genes, which encode PIs and other
defense-related proteins, begin to accumulate lo-
cally and systemically about 2 hours after wounding
and reach maximum levels 8 to 12 h after wound-
ing. Genes exhibiting more rapid and transient
expression comprise a second class of early wound-
response genes. This group of genes encodes com-
ponents of the JA-mediated wound-response path-
way, including prosystemin and JA biosynthetic
enzymes, and exhibits stronger local expression
than systemic expression in response to wounding
(Strassner and others 2002). Comparative analysis
of gene expression in wild-type and jail plants
indicates that both the basal and wound-induced
expression of late genes is strictly dependent on the
JA cascade (Li and others 2002a; Li and others 2004;
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L. Li and G. Howe, unpublished results). In contrast,
the basal expression of early genes, together with a
significant portion of their wound-induced expres-
sion, is independent of JA (Howe and others 2000;
Li and others 2004; L. Li and G. Howe, unpublished
results). A third class of wound-response genes in
tomato is regulated independently of JA and syste-
min. Whereas some of these are expressed much
stronger locally than systemically (O’'Donnell and
others 1998; Gross and others 2004), others such as
a wound-inducible MAPK (WIPK) show robust
expression both locally and systemically (Lee and
Howe, 2003). The relationship between JA-depen-
dent and independent wound-signaling pathways
in tomato is depicted in Figure 2. This model is
generally consistent with the description of JA-
dependent and-independent wound responses in
Arabidopsis, and thus suggests that the existence of
multiple wound-signaling pathways is a common
feature of higher plants.

A wealth of genetic evidence demonstrates that
JA-dependent wound responses play an essential
role in plant protection against herbivores and some
microbial pathogens (Howe and others 1996;
McConn and others 1997; Vijayan and others 1998;
Rojo and others 1999b; Kessler and Baldwin 2002;
Thaler and others 2004). The physiological signifi-
cance of JA-independent wound responses, how-
ever, remains to be established. Some clues have
started to emerge from studies of various JA-inde-
pendent wound-responsive genes. One such
wound-responsive peroxidase-encoding gene, for
example, was suggested to play a role in wound
healing of vascular tissues in tobacco (Sasaki and
others 2002). Work in Arabidopsis indicates that
interactions between JA-dependent and -indepen-
dent signaling pathways may optimize the temporal
and spatial expression of distinct sets of wound-re-
sponse genes (Rojo and others 1999a; Le6n and
others 1998; Le6n and others 2001). In tomato, JA-
independent basal expression of early genes that
encode JA biosynthetic enzymes may provide a
mechanism to ensure that unstressed (for exmple,
herbivore-free) plants retain the capacity to gener-
ate an effective JA burst in response to sudden
herbivore attack (Li and others 2004). This
hypothesis is consistent with studies showing that
some early gene products are constitutively ex-
pressed to low levels in unwounded tomato leaves
(Jacinto and others 1997; Stenzel and others 2003),
and that wound-induced JA synthesis does not de-
pend on induced expression of JA biosynthetic
genes (Miersch and Wasternack 2000; Ziegler and
others 2001). Wound-induced JA-independent
expression of early genes could also represent a

priming mechanism that allows plants to amplify
JA-mediated defense responses in the face of pro-
longed insect attack. This idea is consistent with
studies showing that a prior wounding event stim-
ulates PI expression in response to a secondary
wound inflicted several hours after the initial
wound (Graham and others 1986).

In contrast to our rapidly expanding knowledge
of JA-dependent wound signaling, very little is
known about the signal transduction pathways
controlling JA-independent wound responses. The
rapid (for example, within minutes) and systemic
nature of many JA-independent responses is con-
sistent with the involvement of a rapidly propagated
hydraulic or electrical signal that is generated in
response to certain types of tissue damage (Malone
1996, Herde and others 1999). For example,
wound-induced systemic activation of mitogen-
activated protein kinase (MAPK) activity, and in-
creased accumulation of the corresponding MAPK
mRNA, occurs within minutes of wounding (Seo
and others 1995). Steam girdling experiments
showed that rapid activation of MAPK activity is
mediated by signals propagated through the xylem,
which is consistent with a rapidly propagated
physical signal (Stratmann and Ryan 1997). Studies
in tobacco provide evidence that wound-induced
activation of MAPK signaling plays a role in regu-
lating JA biosynthesis (Seo and others 1995; Seo
and others 1999). These and other recent studies in
rice (Rakwal and Agrawal 2003) suggest the exis-
tence of regulatory interactions between JA-
dependent and -independent wound-signaling
pathways.

ConcLusIONS AND FUTURE DIRECTIONS

Significant recent advances in our understanding of
wound signaling in plants have come from the
identification and characterization of genes that are
required for wound-induced defense responses, and
the demonstration that JAs perform a crucial role in
both systemic wound signaling and induced resis-
tance to herbivores. Despite these developments,
several gaps in our understanding of the role of JAs
in wound signaling still exist. For example, virtually
nothing is known about the nature of the early
signaling events that couple tissue damage to the
production of primary wound signals, such as sy-
stemin and OGAs, that act at the level of the plasma
membrane. Recent studies (Ellis and others 2002;
Vorwerk and others 2004) provide tantalizing ge-
netic evidence that the cell wall may be a rich
source of signaling molecules that trigger activation
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of defense signaling pathways, including the jasm-
onate pathway. Efforts to determine how genetic
alterations in cell wall architecture and composition
affect wound-induced defense signaling may ad-
dress this question. In addition to studies of plant-
derived wound signals, it will be important to ad-
vance our understanding of how insect-derived
elicitors modulate the JA cascade upon their intro-
duction into wound sites (Kessler and Baldwin
2002; Korth 2003). Advances in this direction may
come from the identification and characterization of
plant proteins that interact with insect elicitors
(Truitt and others 2004). Given the identification of
the systemin receptor as a receptor kinase (Scheer
and Ryan 2002), it is conceivable that other mem-
bers of this large family of cell surface receptors are
involved in the recognition of insect-derived signals.
Identification of receptors that transduce the wound
signal across the plasma membrane may provide a
starting point for investigating intracellular signal-
ing processes that presumably converge on the
plastid where JA biosynthesis is initiated. Cloning of
genes defined by existing JA-signaling mutants
(Berger 2002; Weber 2002) will undoubtedly yield
new insights into the molecular basis of wound
signaling, as will the isolation of new mutants from
novel genetic screens. The availability of robust
markers (for example, see LeBrasseur and others
2002) for JA-independent wound responses should
facilitate genetic screens designed to elucidate the
mechanisms and physiological function of these
wound- response pathways.

Increasing evidence supports the hypothesis that
JAs function as long-distance signals for plant de-
fense responses. Further development of this idea
will require a better understanding of the cellular
mechanisms involved in the transport and per-
ception of JAs. Detailed analysis of phloem exu-
dates may be wuseful for identifying specific
oxylipins that are mobilized in the long-distance
transport pathway in response to wounding or
other biotic stress. The recent discovery of a
putative lipid transfer protein involved in the
production of the systemic signal for SAR
(Maldonado and others 2002) provides additional
rationale for investigating the lipid content of
phloem exudates. Finally, it is becoming increasing
apparent that various local and systemic outputs of
the wound-induced JA pathway are influenced by
a plethora of other signaling molecules, many of
which are produced together with JA in response
to wounding (Figure 3). Additional work is needed
to clarify the molecular mechanisms by which
these multiple signaling pathways interact with the
JA pathway, and the role that these interactions

play in conferring phenotypic plasticity to plants in
a changing environment.
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