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Abstract. Dynamic defense responses plants exhibit when attacked by insects are prob-
ably as important ecologically as constitutive defenses were once thought to be. Plants
recognize and respond to interspecific differences among insects and microbes, and some
insects appear to manipulate plant signaling and response systems. These interactions are
based on an exchange of signals among plant, insect, and microbes. Many of these signals
are hormones, and a surprising number are common to both kingdoms. Fatty-acid-based
hormones provide a particularly good example, and preliminary data suggesting that plant
defense responses can be mediated by common insect hormones and signals (prostaglandins)
are presented. The evolutionary and ecological implications of shared signals and signal-
stealing are diverse and can greatly improve our understanding of plant–pest interactions.
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INTRODUCTION

Multicellular life could not have evolved without the
chemical signaling necessary to coordinate interactions
among cells (Rasmussen et al. 1996, Stoka 1999, Kaiser
2001). Evidence is accruing to suggest that many in-
tercellular, eukaryotic signals (‘‘hormones’’) have been
adapted from signals originally used by prokaryotes to
coordinate interactions within populations of cells, for
example to regulate density or to locate nutrients (Stoka
1999, Blackstone 2000). In higher organisms, hor-
mones coordinate interactions among cells, tissues, and
organs, and produce whole-organism responses to the
environment. It is in this last sense that hormones have
great ecological significance, particularly in plant–pest
interactions.

Dynamic defense responses exhibited by plants when
they are attacked by pests are probably as important
ecologically as constitutive defenses were once thought
to be (Kessler and Baldwin 2002, but see Gatehouse
2002). The specificity and importance of plant respons-
es to pathogens have been appreciated for a long time,
and are best represented by the ‘‘gene-for-gene’’ view
of plant–pathogen compatibility, in which pathogen
identity and plant responses are based largely on pro-
tein differences (‘‘virulence factors’’) among the mi-
crobes (Ellis and Jones 1998, Bogdanov 2002, Fou-
longue et al. 2002, van’t Slot and Knogge 2002). Plant
receptors (encoded by ‘‘R genes’’) discriminate among
these proteins, signal the microbe’s identity, and elicit
the appropriate response from the plant (Ellis and Jones
1998). This kind of identification system is conserved
across kingdoms, in part because the biochemistry and
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invasive tactics of plant, and animal, pathogens are
quite similar (Wharam et al. 1995, Rossier et al. 1999,
Cao et al. 2001).

Plants also recognize and respond differentially to
insects (Kessler and Baldwin 2002) using a complex,
interacting array of signal pathways (Gatehouse 2002).
This, plus the observation that some insects appear to
manipulate plant responses (Rhoades 1985, Eichenseer
et al. 1999, Felton and Korth 2000, Musser et al. 2002,
Schultz 2002), highlights the importance of signal ex-
change between plants and herbivores. Many of these
signals are hormones and a surprising number are com-
mon to both kingdoms. For some, a hormonal role is
only now being discovered in either plants or animals
or both.

We suggest that understanding ecological interac-
tions between plants and pests would be enhanced by
focusing attention on their commonalities, particularly
common signals, rather than their differences. While
plants, insects, and microbes are evolutionarily and bi-
ologically distant from one another, they have devel-
oped many interactive ‘‘styles’’ and signaling systems
that are quite similar. Moreover, all three groups often
interact simultaneously, as antagonists or sometimes as
allies, so that three-way communication is likely to be
a common event (e.g., Spiteller et al. 2000). The ability
to perceive, interpret, and manipulate each others’ sig-
nals is likely to have adaptive value, as is the ability
to deceive or mask signaling (Rhoades 1985). We sug-
gest that there is a limited set of ‘‘interactive lan-
guages’’ among plants, microbes, and insects, and that
the ecology and evolution of plant–pest interactions can
be understood best by learning it.

PLANTS AND ANIMALS SHARE HORMONE SYSTEMS

Plants produce many chemicals that have physio-
logical function in animals. Often, it has been difficult
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to identify primary roles for these molecules in the
plant, leading to use of the term ‘‘secondary metabo-
lite’’ (Rosenthal and Berenbaum 1991). For example,
all plants produce glutamate, a chemical messenger
with many important functions in animal nervous sys-
tems. In humans, functions of glutamate range from
acquiring and storing memories to suspected roles in
certain human mental health ailments. Since chemical
ecology developed in the 1960s, the common expla-
nation for the presence of such messengers in plants
has been that they function in interactions with her-
bivores or pathogens, i.e., that they are defensive (Ro-
senthal and Berenbaum 1991). This view was based on
the assumption that plants do not use such molecules
as signals. However, recent advances in molecular bi-
ology have led to the discovery of genes encoding glu-
tamate receptors in the Arabidopsis genome (and the
cognate protein in the plant), contradicting this view
(Chiu et al. 1999). Even though plants lack central
nervous systems, they are evidently using one of the
signals used in animal nervous systems. The impact of
glutamate or other plant signals on animals consuming
them may tell us how these putative defenses work in
plants (Tan and Ausubel 2000, Cao et al. 2001).

Even if plants and animals do produce related sig-
naling molecules, are they equipped to perceive them?
Many assume that plants, in particular, lack perceptual
abilities (e.g., see Lerdau 2002). But plants and animals
appear to share large families of extracellular receptors
that interact with many similar types of signals. Al-
though many of these receptors are well characterized
in animals, they are just beginning to be explored in
plants. Over 600 genes encoding putative receptor-like
kinases (RLKs) have been identified in the Arabidopsis
genome, and their structures appear to be conserved
across animal and plant kingdoms to a considerable
degree (Shiu and Bleecker 2001). Known functions in-
clude hormone perception (brassinosteroids, ethylene,
systemin), pathogen recognition, and self-recognition
(self-incompatibility) (Becraft 2002, Gomez-Gomez
and Boller 2002, Takayama and Sakagami 2002). It
seems likely that additional hormone receptors will be
found among these and related plant receptor families,
and that at least some will be able to perceive animal
hormones.

Similar hormonal systems in plant, animals, and mi-
crobes may be homologous or convergent (Bergey et
al. 1996). Plants and animals may have converged on
‘‘optimal’’ hormonal systems that solve common sig-
naling problems. Modeling optimal solutions to signal
transduction problems is a basis of rational drug design
(Hardcastle et al. 1995, Barril et al. 2002), and was
used to predict the chemistry of pheromonal signaling
among ants (Holldobler and Wilson 1990). Optimal
signals, signaling systems, or elements of signaling
systems may have evolved multiple times or been pre-
served in divergent organisms.

Whether homologous or convergent, sharing signal-
ing systems has emergent ecological and evolutionary
consequences; appreciating this may lead us to revise
some of our views of plant–herbivore and plant–path-
ogen interactions. The need to recognize and interact
successfully with enemies and hosts is obvious. When
organisms using related hormonal systems interact, we
would expect individuals that can block or enhance
signal exchange to gain adaptive advantage. The co-
evolution of plants with pathogens is characterized by
ongoing modification of signal/recognition and should
include interference with plant perception or signaling
(Rhoades 1985). Some larval Lepidoptera activate dis-
ease-resistance signaling pathways in their host plants,
which has the effect of downregulating defenses
against insects (Felton and Korth 2000). Emission of
volatiles that attract parasitoids to plants attacked by
insect herbivores is cued by a diverse set of molecules
(e.g., volicitin) that act as signals in animals, plants,
and microbes (Krumm et al. 1995, Pohnert et al. 1999,
Spiteller et al. 2000, Turlings et al. 2000).

We suggest that two organisms sharing a common
signaling pathway are more likely to interact via that
pathway than by a mechanism unique to one or the
other. Evolutionary constraint, be it via common de-
scent or convergence on a particularly useful mecha-
nism, provides a predictive framework for understand-
ing the evolution and ecological interactions among
interacting species. Hence, a key to understanding eco-
logical interactions is to look for signaling common-
alities.

AN EXAMPLE: FATTY-ACID-BASED SIGNALING

Hormonal/signaling systems based on fatty acid ox-
idation products exemplify several of the points we
have raised. Their structure and some functions are
conserved from microbes through higher organisms,
possibly because they were originally derived from
plastid membranes of intracellular microbial symbionts
(Weber 2002). They have multiple functions, some of
which appear to be ‘‘exaptations’’ for interspecific
communication (Stoka 1999, Weber 2002). In plants,
the hormonal functions of fatty acid oxidation products
were discovered relatively recently and new roles are
still being discovered. Their impact on plant–pest in-
teractions is so central that it now appears that herbi-
vores and pathogens may gain selective advantage by
manipulating their effects.

To understand the similarities and potential for cross-
kingdom communication in shared fatty acid signaling
pathways it is necessary to understand some of the
underlying chemistry. In plants, fatty acid signals are
called ‘‘oxylipins’’ (see Blee 2002, Fuessner and Was-
ternak 2002, Weber 2002 for helpful reviews) and are
produced via enzymatic oxidation of linoleic or lino-
lenic acid released from membranes by lipases (Creel-
man and Mullet 1997, Mueller 1997). One major prod-
uct of this pathway, jasmonic acid (JA), has received



S
pe

c
ia
l

Fe
at

u
r
e

72 JACK C. SCHULTZ AND HEIDI M. APPEL Ecology, Vol. 85, No. 1

FIG. 1. Structures of prostaglandin E2 (PGE2) from in-
vertebrates used in this study, phytoprostane El (a plant pros-
taglandin), and jasmonic acid (a plant wound hormone).

the bulk of attention by researchers because it and its
derivatives evidently modulate a wide range of eco-
logically important physiological events, including as-
pects of fruit ripening, production of viable pollen, se-
nescence, root growth and tuberization, stomatal resis-
tance, abscission, germination, tendril coiling, protein
synthesis and catabolism, and plant resistance to insects
and pathogens (Gardner 1995, Creelman and Mullet
1997, Kessler and Baldwin 2002). Many different oxy-
lipin structures are produced via oxidation of unsatu-
rated fatty acids by a suite of cytochrome P450, li-
poxygenase, and cyclo-oxygenase-like enzymes (Blee
2002). Any or all of these structures may be active
signals in plants, as may their fatty-acid conjugates and
a wide variety of synthetic structural variants (Gate-
house 2002, Weber 2002).

In animals, fatty acid signals are called ‘‘eicosa-
noids’’ and are functionally and structurally analogous
to plant oxylipins (Stanley 1999, Blee 2002). Eicosa-
noids play multiple roles in animal systems, including
regulating wound responses, reproductive physiology
and behavior, inflammation and immune responses,
platelet aggregation, cardiovascular function, and tu-
mor growth, among others (van Ryn et al. 2000). They
include prostaglandins (PGs), prostacyclins, and
thromboxanes (all produced via cyclo-oxygenase
[COX] enzymes), as well as the lipoxygenase products
hydroperoxyeicosatetraenoic acids, hydroxyeicosate-
traenoic acids, and leukotrienes (Gardner 1995).

Fatty-acid-derived signals are good candidates for
plant–insect recognition and host plant manipulation
by herbivores. Volicitin is a fatty acid/amino acid con-
jugate produced in caterpillars and shown to elicit
plant-defense responses in some (Turlings et al. 2000),
but not all (Krumm et al. 1995), plants. Molecules of
this type are diverse and abundant in insect guts, where
their surfactant properties may aid nutrient absorption
(Deveau and Schultz 1992, Spiteller et al. 2000). The
structurally related prostaglandins are synthesized in
larval lepidopteran midguts (Buyukguzel et al. 2002)
and would likely be found in regurgitant (Fig. 1). The
potential for specific signaling between plants and her-
bivores via fatty acids is further suggested by the ob-
servations that volicitin does not elicit responses from
all plants, that many related structures may occur in
different herbivores, that diverse fatty acid-derived
structures (of any origin) can elicit diverse plant re-
sponses (Krumm et al. 1995, Pohnert et al. 1999), and
that some plants can use arachidonic acid (the basic
substrate for animal eicosanoid signals) to produce
analogous oxylipin signals (Yu et al. 1997). All studies
of fatty acid signaling between insect and plants thus
far have focused on elicitation of plant defenses, but
we suggest that the same family of signals could also
suppress defense responses in plants, as they do in
vertebrate hosts (Stanley 1999).

PROSTAGLANDINS AS CUES IN

PLANT–HERBIVORE INTERACTIONS

Prostaglandins are diverse, well-studied, animal ei-
cosanoid hormones (Fig. 1). They are synthesized from
arachidonate in the cell membrane by the action of
phospholipase A2. Structure/activity variation is con-
ferred by substitutions to the pentane ring of the basic
20-carbon molecular skeleton. Two synthetic pathways,
the cyclo-oxygenase and lipoxygenase pathways, com-
pete with one another to form prostaglandins and
thromboxanes or leukotrienes, respectively. Because
they are lipid soluble, they can pass easily through cell
membranes.

Plants were not thought to make prostaglandins per
se until Imbusch and Mueller (2000b) recently discov-
ered a plant pathway synthesizing isoprostanes (Fig.
1). Isoprostanes are markers of oxidative stress in an-
imals, an observation now extended to plants (Imbusch
and Mueller 2000b). Other prostaglandins have been
found in plants (Groenewald and van der Westhuizen
1997, Imbusch and Mueller 2000a, b), but their sig-
naling activity there is unexamined.

Since animals produce a wide range of eicosanoid
structures that converge closely on plant hormones in
structure and function, we hypothesize that animal ei-
cosanoids, including prostaglandins, may convey her-
bivore identity to plants or mediate plant responses to
attack. This line of thought led us to carry out prelim-
inary experiments to see if a common animal eicosa-
noid is active in a plant system variably responsive to
insect feeding.
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PROSTAGLANDINS AS POTENTIAL DEFENSE

MEDIATORS IN NORTHERN RED OAK

Herbivory comprises both wounding and chemical
signaling, and plant responses to the two are not the
same (Korth and Dixon 1997, Reymond et al. 2000,
Kessler and Baldwin 2002). Depending on the plant
and the insect, artificial wounding can produce stron-
ger, weaker, or the same response seen with live insects
(Lin et al. 1990, Korth and Dixon 1997, Kessler and
Baldwin 2002). The most logical explanation for these
differences is that insects provide some chemical cue
to the plant which either amplifies or suppresses the
plant response to wounding (Felton and Korth 2000).
Studies with salivary gland secretions (Musser et al.
2002), ‘‘oral secretions’’ (Halitschke et al. 2001), and
regurgitant (Turlings et al. 2000) support this view.

Wounding elicits increased concentrations of proan-
thocyanidins in northern red oak (Quercus rubra L.)
leaves (Rossiter et al. 1988). On the other hand, de-
foliation by gypsy moth larvae (Lymantriidae: Lyman-
tria dispar L.) sometimes elicits similar responses
(Schultz and Baldwin 1982, Hunter and Schultz 1993,
1995) and sometimes does not (D’Amico et al. 1998;
H. M. Appel and J. C. Schultz, unpublished data). Ros-
siter et al. (1988) found differential production of tan-
nins by oaks in response to tearing and to gypsy moth
chewing. Havill and Raffa (1999) found that poplar
responses to gypsy moth regurgitant differed from re-
sponses to actual herbivory.

Prostaglandin E2 (PGE2) (Fig. 1) is produced by the
midgut cells of Lepidoptera larvae (Buyukguzel et al.
2002) and is widely distributed among arthropods
(Stanley 1999). It is particularly abundant in the saliva
of blood-feeding species such as ticks and reduviids
(assassin bugs), where it suppresses the host wound
responses and promotes vasodilation (Stanley 1999). It
seemed reasonable to us that PGE2 might occur in re-
gurgitant or ‘‘oral secretions’’ of feeding caterpillars,
where it could influence plant responses. Preliminary
ELISA assays suggest that PGE2 and related PGs can
be found in gypsy moth larval regurgitant (T. Lee, H.
M. Appel, and J. C. Schultz, unpublished data).

Methods

We carried out two experiments in which we eval-
uated the effect of PGE2 on phenolic defense responses
of wounded red oak seedlings and compared these re-
sponses with those to caterpillar regurgitant under sim-
ilar experimental conditions. For all three studies, we
grew half-sib red oak seedlings in the greenhouse in
20 3 50-cm pots containing MetroMix 250 (Scotts-
Sierra Horticultural Products, Marysville, Ohio, USA),
at a mean temperature of 258C under supplemental
lighting (peak 800 mE) with a 11:13 (light:dark) pho-
toperiod, until each seedling had four leaves about one-
half to three-quarters fully expanded. The soil con-

tained an initial fertilizer charge; we did not fertilize
further during the experiment.

To study PGE2 effects, leaves were damaged by run-
ning a pattern wheel once down each side of the midrib
every other day for 7 d, with subsequent woundings
added alongside each other towards the leaf margin
(Halitschke et al. 2001). A watch glass was held behind
the wheel to provide a firm surface against which to
wound. Immediately after wounding, each plant re-
ceived either water or an aqueous solution of PGE2

(#P4172; Sigma, St. Louis, Missouri, USA). The water
and aqueous prostaglandin solution were applied to the
wound as five 1-mL droplets spaced evenly along its
length. All items contacting the plants were rinsed with
ethanol and dried between treatment of each plant. On
day 7, all treated leaves were harvested by cutting at
the petiole, pooled, and frozen in liquid nitrogen.

The two PG experiments differed in three ways. In
the first experiment (September 2001), 0.5 mmol/L
PGE2 was used and the droplets were left intact. In the
second experiment (June 2002), 1.0 mmol/L PGE2 was
used and the droplets were gently spread along the
wound using a fine camel hair brush, because we ob-
served in experiment 1 that little fluid appeared to enter
the wound. We have observed that induction of con-
densed tannins in Q. rubra is local; it occurs primarily
or only in wounded leaves (Hunter and Schultz 1995;
H. M. Appel and J. C. Schultz, unpublished data). In
the first experiment, half of the leaves on each plant
were treated; we performed statistical analyses on those
leaves and on all leaves combined from each seedling.
In the second experiment, all leaves on each tree were
treated and analyzed together. Sample sizes differed
within and between experiments (Fig. 2). Because we
hypothesized that PGs may be perceived by plants in
a manner similar to perception of octadecanoids, we
applied concentrations similar to those used in studies
in which JA has been applied (e.g., Havill and Raffa
1999, Arnold and Schultz 2002, Stotz et al. 2002) and
considerably smaller total amounts per plant than many
(e.g., Agrawal et al. 1999, Thaler et al. 2001).

The regurgitant (RG) experiment was conducted ex-
actly as the second PG experiment, but five 1-mL drop-
lets of either full strength gypsy moth or forest tent
caterpillar (Lasiocampidae: Malacosoma disstria L.)
regurgitant were applied with a pipettor. There were 10
or 11 trees in each treatment class. Regurgitant from
fourth and fifth instar larvae fed red oak leaves was
collected by gently massaging caterpillars until they
regurgitated into microcentrifuge tubes on ice. Samples
were centrifuged at 48C to remove particulate matter
and stored at 2808C until use.

Plant samples were stored at 2208C, freeze-dried,
and ground in a UDY cyclone mill to reduce heating.
Tannins were extracted from the samples in a cold so-
lution of 70% acetone in 1 mmol/L ascorbate, and the
extracts measured for proanthocyanidins (condensed
tannins, butanol/HCl assay) as described in Appel et
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FIG. 2. Means (61 SE) of condensed tannin concentra-
tions in red oak leaves after 7 d untouched (CONTROL) or
after 7 d of wounding (WOUND) and wounding with the
addition of prostaglandin E2 (W 1 PGE2). (A) Experiment 1,
using 0.5 mmol/L PGE2. (B) Experiment 2, using 1.0 mmol/L
PGE2. (C) Condensed tannin concentrations in leaves of red
oak after 7 d untouched (CONTROL), with wounding
(WOUND), with wounding plus 5 mL of gypsy moth regur-
gitant (W 1 GMREG) or 5 mL of forest tent caterpillar re-
gurgitant (W 1 FTCREG). Bars with different letters are
statistically distinguishable at P 5 0.05; letters with asterisks
differ at P 5 0.058. Sample sizes are given at the bases of
bars.

al. (2001). Standards for these colorimetric assays were
prepared by purifying tannins from leaves of plants in
each treatment (Appel et al. 2001). Significant variation
in mean concentrations of each chemical class among
treated and control plants was characterized separately

for each experiment using the GLM procedure (SAS
Institute, Cary, North Carolina, USA) followed by Tu-
key’s hsd analysis to identify significant differences
among treatments.

Results

As expected, in both experiments, leaves of wounded
plants contained increased concentrations of condensed
tannins after 7 d, compared with leaves from unwound-
ed controls (Fig. 2A and B). In experiment 1, all leaves
on wounded plants had ;55% greater mean concen-
trations of condensed tannins after 7 d than did un-
wounded controls; concentrations in wounded leaves
on those plants increased ;78% above leaves on con-
trol plants. In experiment 2, condensed tannin concen-
trations were generally greater, and wounding increased
them ;50%. The wound effect was significant using
Tukey’s hsd test at a level of P 5 0.05 for both sets
of leaves in experiment 1, and at P 5 0.058 in exper-
iment 2.

Wound responses were suppressed when PGE2 was
added to wounds in both experiments (Fig. 2A and B).
The significance estimate for overall treatment effects
(wounding and PGE addition) was below or near P 5
0.05 for all three data sets (experiment 1 all leaves, SS

5 0.013, F2,35 5 3.31, P 5 0.049; experiment 1 treated
leaves, SS 5 0.021, F2,22 5 4.81, P 5 0.019; experiment
2 all leaves, SS 5 0.040, F2,18 5 3.53, P 5 0.053). PGE2

application held wound-induced increases in mean con-
densed tannin concentrations to 31% (compared with
50%) in all leaves and to 52% (compared with 78%)
in treated leaves in experiment 1. Wound-induced con-
densed tannin increases were 2% (compared with 50%)
when PGE2 was applied in experiment 2. These sup-
pressive effects of PGE were significant at P 5 0.050
in experiment 1 (both leaf sets) and P 5 0.058 in ex-
periment 2 using Tukey’s hsd test. The marginal P value
for the second experiment (despite greater numerical
impact) was probably due to its smaller samples sizes
(not enough seedlings grew sufficiently well for inclu-
sion as unwounded controls).

In experiment 3, leaves of wounded plants accu-
mulated condensed tannin concentrations 67% greater
than leaves of unwounded controls after 7 d (Fig. 2C).
Gypsy moth and tent caterpillar RG reduced those in-
creases to 18% and 2%, respectively. Leaves treated
with either gypsy moth or forest tent caterpillar regur-
gitant had condensed tannin concentrations that were
not significantly different from unwounded controls af-
ter 7 d, according to the Tukey hsd analysis (at P 5
0.05; full model, SS 5 0.04, F2,55 5 11.2, P , 0.0001).

These preliminary results suggest that something in
caterpillar regurgitant suppresses oak seedling wound
responses, at least in terms of phenylpropanoid syn-
thesis. This suppressive impact, especially of tent cat-
erpillar RG, was similar to that of similarly applied 1
mmol/L PGE2, although the small sample size of our
PGE application experiments reduced our ability to
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achieve equivalent statistical confidence. These results
support the concept that the suppressive factor might
be one or more eicosanoids, among them prostaglan-
dins. These studies were designed merely to provide
support for this concept, and many details remain to
be addressed. Since we applied very little prostaglandin
signal (less than has been used in comparable experi-
ments with JA or other fatty acid signals, e.g., Krumm
et al. 1995) and because PGE2 has low solubility in
water, we suspect that very little actually entered the
plants. There was no visible evidence of overt toxicity
to any plant. Experiments with radiolabeled PGs will
eventually be necessary to determine in-plant titers. No
one has yet determined how much regurgitant is de-
posited by feeding caterpillars.

In our experiments, PGE2 attenuated the host’s
wound response, much as saliva containing PGE2 is
thought to do for blood-feeding insects and caterpillar
regurgitant did in experiment 3. We would expect her-
bivore regurgitant to contain a more complex mixture
of potential fatty-acid-based signals; this would make
the impact of any species’ mixture difficult to predict
from the action of one component. Moreover, inter-
actions between insect signals and plant chemistry
could influence fatty acid signal transmission (e.g., De-
veau and Schultz 1992). Regurgitant is also likely to
contain enzymes capable of inactivating fatty acid sig-
nals (J. H. Tumlinson, personal communication). Our
finding that PGE2 can modify wound responses in oak
leaves is consistent with the view that parasites and
hosts, herbivores and plants could interact using shared
fatty-acid-based signaling systems.

ECOLOGICAL AND EVOLUTIONARY IMPLICATIONS

There are as many potential consequences of cross-
kingdom hormonal interactions as there are functions
regulated by shared hormone classes. Plants and insects
(and often microbes) share peptide, arabinogalactan,
steroidal, mono- and polyamine, auxin-like, cytokinin/
nucleotide, reactive oxygen species, and nitric-oxide-
based signaling systems (Schultz 2002). These signals
control functions ranging from morphogenesis to se-
nescence, from immunity to reproduction, and provide
recognition of friend and foe. New examples of signals
shared by plants and animals continue to arise (e.g.,
Kuklin and Conger 1995, Dinan et al. 1999, Imbusch
and Mueller 2000b, Berna et al. 2002, Lindsey et al.
2002).

The fact that mechanisms underlying responsiveness
to the biotic and abiotic environment can be shared by
plants and animals (and microbes) means that each
brings to its interactions with the other(s) a form of
information that can be exploited. Since plants rec-
ognize their own signals, they may be able to recognize
similar ones in insects and use them to initiate appro-
priate defense responses. Li et al. (2002) recently found
that both SA and JA elicit cytochrome P450 activity
in lepidopteran herbivores, and interpreted this as ‘‘sig-

nal-stealing’’ by the insect. Successful symbioses also
require subtly altering the antagonistic signaling nor-
mally done between enemies (Kistner and Pamiske
2002). Avoiding detection and intercepting signals
ought to be valuable to plant, pest, and symbiont; co-
evolution does not comprise merely developing and
adapting to new classes of defenses.

If plants can regulate their own signaling systems
(e.g., producing inhibitors or promoters), they may be
able to manipulate the related signaling systems of her-
bivores. For example, plants modulate their own oc-
tadecanoid signaling with salicylate, a modified form
of which modulates eicosanoid signaling in animals
(Pierpoint 2002). Blocking PG production in insects
has the potential to interfere with immunity to patho-
gens, reproduction, and development (Stanley 1999).
Several phenolics, for example resveratrol, curcumin,
quercetin, and salicylate, block prostaglandin synthesis
by inhibiting cyclo-oxygenase activity (Moreno 2000,
Pierpoint 2002). Lysophospholipids such as lysophos-
phoethanolamine, which are common midgut surfac-
tants in insect herbivores, are also phospholipase in-
hibitors, and could deprive both the octadecanoid and
the eicosanoid biosynthetic pathways of needed sub-
strates (Ryu et al. 1997). Plant anacardic acids, which
are themselves fatty acid derivatives, inhibit lipoxy-
genase and prostaglandin endoperoxide synthase
(Grazzini et al. 1991). No doubt plants are feeding
insect herbivores many factors that may ‘‘jam’’ the
eicosanoid hormonal system.

We usually try to understand ecological and evolu-
tionary interactions between plants and herbivores in
terms of defensive secondary metabolites and adaptive
responses to them (e.g., Rosenthal and Berenbaum
1991), often with limited success. We suggest that
much of the interaction and adaptation between these
groups—as is true for plants and microbes—has more
to do with signaling, signal reception, and signal in-
terference. Many ‘‘defensive’’ secondary metabolites
can have a direct impact on enemies, but their existence
and impacts may be due as well to ancestral or con-
vergent roles as hormones. We can learn a lot about
how plants, animals, and microbes interact via com-
parative study of their signaling systems, but only if
we focus on similarities as well as differences. Plant
and animal signaling systems offer many avenues for
exploitation and resistance, many of which are not pres-
ent until elicited by an environmental stimulus or en-
emy and a ‘‘conversation’’ begins.
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