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In Memoriam Clarence A. (Bud) Ryan

Bud Ryan left us on October 7th, 2007. His sudden passing away is felt deeply by his
family and friends. Bud has left us with a flourishing field of research but we must
now continue along this road without him. Throughout his long career Bud gave
the community many startling insights into nature. One of the first milestones in the
long and unerring path to reveal the invisible secrets of the plant defense mechanism
was the discovery, published in 1972, of wound-inducible proteinase inhibitors in
potato. Much of Bud’s career was spent finding out how these proteins functioned
in defense, how they were made, and how their genes were regulated. Constantly
incorporating new ideas and technologies, Bud and his collaborators brought to light
the first peptide hormone in plants (systemin) and found that jasmonates regulate
proteinase inhibitor gene expression. These and other achievements initiated much
if not most of the ongoing work in trying to understand the wound response in plants.
All those who joined him in this endeavour were touched by his vision, his modesty,
his strong sense of humour, and, above all, by his friendship. I personally feel the
void he has left and know that this feeling is shared by my colleagues.

Lausanne, Switzerland, October 18th, 2007 Edward E. Farmer

Photo: Bud Ryan (right) with his closest colleague Gregory Pearce in 1992. The image shows Bud
on one of his frequent visits to the greenhouse to examine tomato plants engineered for altered
defense responses.
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10 Defense by Pyrrolizidine Alkaloids: Developed by Plants and
Recruited by Insects . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 213
Thomas Hartmann and Dietrich Ober

Part C Anti-nutritional Enzymes and Proteins

11 Plant Protease Inhibitors: Functional Evolution for Defense . . . . . . . . 235
Maarten A. Jongsma and Jules Beekwilder

12 Defensive Roles of Polyphenol Oxidase in Plants . . . . . . . . . . . . . . . . . . 253
C. Peter Constabel and Raymond Barbehenn

13 Action of Plant Defensive Enzymes in the Insect Midgut . . . . . . . . . . . 271
Hui Chen, Eliana Gonzales-Vigil and Gregg A. Howe

14 Plant Lectins as Part of the Plant Defense System Against Insects . . . 285
Els J.M. Van Damme

Section III Defense Signaling

Part A Activation of Plant Defenses

15 Systemins and AtPeps: Defense-Related Peptide Signals . . . . . . . . . . . . 313
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Introduction

The class Insecta with more than one million described species is the most diverse
group of animals on Earth and outnumbers all other forms of life. Almost half of
all existing insect species are herbivores, i.e. they feed on living plants. The abil-
itity of plants to persist in such a hostile environment relies on evolved resistance
systems allowing them to escape herbivores in time or in space, to confront her-
bivores directly by affecting host plant preference or reproductive success, or to
fight herbivores indirectly by association with other species. Plant defenses against
insect herbivores were long known to change in evolutionary time and may even
change during the lifetime of an individual plant. Until recently however, plant de-
fenses were generally assumed to be constitutively expressed, i.e. independent from
herbivore attack. This view changed in 1972 when Green and Ryan reported that
wounding by Colorado potato beetles causes the rapid accumulation of proteinase
inhibitors in potato and tomato leaves. As inducible resistance factors which inter-
fere with the digestive system of leaf-consuming insects, the proteinase inhibitors
were suggested to defend the plants against herbivores.

In the 35 years following the initial discovery by Green and Ryan, many more
traits have been identified that are induced by wounding or herbivory. The full
breadth of induced responses became apparent with the advent of novel techniques
for transcriptome analysis, revealing large-scale changes in gene expression in re-
sponse to herbivory. In fact, many of this book’s chapters focus on herbivore-
induced responses including the results of transcriptome analyses, and how they
relate to plant defense. At this point, a cautionary note is required: Inducibility of
a certain gene (or any given trait) is per se not sufficient evidence for a function
in resistance or plant defense. Adopting the definitions advocated by R. Karban
J.H. Myers, A.A. Agrawal, and I.T. Baldwin, the term ‘induced resistance’ refers to
induced changes in preference, performance, or reproductive success of the attacker.
Therefore, to test for a role in resistance, it is necessary to compare herbivore pref-
erence and/or performance on plants that differ in the trait of interest, which can
easily be done in a laboratory setting. Induced resistance is thus defined from the
point of view of the herbivore, and it does not necessarily benefit the plant. For
example, the investment in induced resistance may be larger than the benefit form
reduced herbivore damage, or induced herbivore resistance may render the plant

A. Schaller (ed.), Induced Plant Resistance to Herbivory, 1
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2 Introduction

more susceptible to other stresses. Defense, on the other hand is defined from the
plant’s perspective, and it implies a benefit for the plant. Only when they result in
a gain in plant fitness are induced traits considered to contribute to plant defense.
Therefore, to demonstrate a role in plant defense, field studies are required that re-
veal differences in fitness for plants that differ in the trait of interest. Only very few
herbivore-induced responses have actually been shown to result in a fitness benefit
for the plant. Nevertheless, the term ‘defense’ is frequently used by researchers in
the field and also by the authors of this book to describe induced changes in plant
architecture, metabolism, or physiology that are assumed to minimize the negative
impact of herbivory.

Two types of defense are commonly distinguished (Table 1). Defense is called
direct if induced responses affect the interaction of the herbivore and its host plant
directly. It relies on resistance factors that by themselves or in combination impact
on the preference of insect herbivores during host plant selection (antixenosis), or
the performance of the insect on its host plant (antibiosis). Resistance factors in-
clude morphological features of the plant which act as physical barriers to ward off
invading pests, and the chemical constitution of the plant which is the primary deter-
minant for host plant selection. As an additional component of direct defense, plants
may develop tolerance, allowing them to support a herbivore population similar to
that on a susceptible host but without the concomitant reduction in plant fitness.
Underlying tolerance are traits related to plant morphology and to the production or
allocation of resources which – similar to resistance traits – may be constitutive or
inducible by herbivory (Table 1).

For indirect defense plants rely on natural enemies of their herbivores. Morpho-
logical and chemical features support the presence, abundance, and effectiveness of
predators or parasites of herbivorous insects, and may thus serve as resistance fac-
tors. Examples include hollow thorns (domatia) that provide shelter, and extrafloral
nectar that is produced as a food source for ants which, in a mutualistic relationship
with myrmecophilic plants, protect their hosts from herbivores. Furthermore, in re-
sponse to herbivory, plants may produce odors that attract predators or parasitoids
of herbivores and guide them to their prey. Table 1 includes carnivorous enemies of
insect herbivores as ‘ecological resistance factors’ that are recruited by the plant for
indirect defense.

Table 1 Classification of defensive traits. Resistance factors can be categorized as physical (in-
cluding morphological and structural features of the plant), biochemical (e.g., toxic or anti-nutritive
metabolites and proteins), or ecological (i.e., involving other species). They differ with respect to
their modes of expression (constitutive or inducible) and action (in direct or indirect defense)

Type of trait Mode of expression Mode of action

Physical
Constitutive

Direct defense
(antixenosis, antibiosis, tolerance)

(Bio)chemical

Ecological
Induced

Indirect defense
(tritrophic interactions)
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Direct and indirect mechanisms of plant defense against herbivores, and the
raison d’être for inducibility as opposed to constitutive expression of defense
are introduced in Section I of this book. These introductory chapters provide the
background for the subsequent more focussed discussion of individual resistance
factors in Section II, and the signals and signaling mechanisms for the induction of
direct and indirect defenses in Section III. With emphasis on plant responses that
are induced by wounding or herbivory, the progress of research is summarized in a
field that continues to be highly dynamic, even 35 years after the initial discovery
of proteinase inhibitor accumulation as a wound-induced anti-nutritive defense by
Ryan in 1972.



Section I
Basic Concepts of Plant Defense Against

Insect Herbivores



Chapter 1
Direct Defenses in Plants and Their Induction
by Wounding and Insect Herbivores

Gregg A. Howe and Andreas Schaller

Resistance factors for direct plant defense against herbivorous insects comprise
plant traits that negatively affect insect preference (host plant selection, oviposition,
feeding behavior) or performance (growth rate, development, reproductive success)
resulting in increased plant fitness in a hostile environment. Such traits include mor-
phological features for physical defense, like thorns, spines, and trichomes, epicu-
ticular wax films and wax crystals, tissue toughness, as well as secretory structures
and conduits for latices or resins. They also include compounds for chemical de-
fense, like secondary metabolites, digestibility reducing proteins, and antinutritive
enzymes. All these traits may be expressed constitutively as preformed resistance
factors, or they may be inducible and deployed only after attack by insect herbivores.
The induction of defensive traits is not restricted to the site of attack but extends to
non-infested healthy parts of the plants. The systemic nature of plant responses to
herbivore attack necessitates a long-distance signaling system capable of generat-
ing, transporting, and interpreting alarm signals produced at the plant–herbivore
interface. Much of the research on the signaling events triggered by herbivory has
focused on tomato and other solanaceous plants. In this model system, the peptide
systemin acts at or near the wound site to amplify the production of jasmonic acid.
Jasmonic acid or its metabolites serve as phloem-mobile long-distance signals, and
induce the expression of defense genes in distal parts of the plant. In this chapter,
we will provide an overview of physical and chemical defense traits, and review
the signaling mechanisms that account for their inducible expression after insect
attack.

1.1 Introduction

Plants, flowering plants in particular, exhibit a tremendous diversity in size and
shape, ranging from just a few millimeters in the tiny duckweeds to almost 100

A. Schaller
University of Hohenheim, Institute of Plant Physiology and Biotechnology, D-70599 Stuttgart,
Germany
e-mail: schaller@uni-hohenheim.de
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8 G.A. Howe, A. Schaller

meters in giant eucalyptus trees. Some may complete their life cycle in a few
weeks, while others live thousands of years. The amazing diversity results from
the adaptation to different, oftentimes hostile environments, as exemplified by the
early evolution of land plants. The colonization of land by plants, dating back some
480 million years according to fossil records (Kenrick and Crane 1997), marks the
beginning of an evolutionary success story, with flowering plants now occupying
every habitat on Earth except the regions surrounding the poles, the highest moun-
taintops, and the deepest oceans (Soltis and Soltis 2004). The colonization of land
was a major event in the history of plant life, and at the same time, paved the way
for the explosive evolution of terrestrial ecosystems. Despite the vulnerability of
plants as sessile organisms to adverse biotic and abiotic conditions, they actually
dominate over much of the land surface. This apparent success of flowering plants
relies on the evolved ability to persist in unfavorable and variable environments by
virtue of effective resistance systems that are based on a combination of physical,
chemical, and developmental features (Schoonhoven et al. 2005). It was recognized
by Stahl in 1888 that the great diversity of mechanical and chemical ‘means of
protection of plants were acquired in their struggle for existence within the animal
world’ leading to the conclusion that ‘the animal world [. . .] deeply influenced not
only their morphology but also their chemistry’ (Stahl 1888; Fraenkel 1959). Hence,
not only thorns and spines as morphological resistance traits, but also the bewilder-
ing variety of plant secondary chemicals attest to the selective pressure exerted by
phytophagous animals (Fraenkel 1959; Ehrlich and Raven 1964).

It was later discovered that induced expression of resistance traits increases plant
fitness in environments that harbor a variety of plant parasites. The inducibility of
plant resistance was first reported for fungal and bacterial pathogens in the early
1900s (Karban and Kuc 1999) and, much later, inducible defenses were shown
to exist also against insect herbivores. In their seminal paper of 1972, Green and
Ryan demonstrated that tomato and potato plants accumulate inhibitors of trypsin
and chymotrypsin-like serine proteinases throughout their aerial tissues, as a di-
rect consequence of insect-mediated damage or mechanical wounding (Green and
Ryan 1972). Proteinase inhibitors are present constitutively in high concentrations
in plant storage organs, and a possible function as protective agents against insects
was discussed at that time (Lipke et al. 1954; Applebaum and Konijn 1966). Green
and Ryan suggested that the expression of proteinase inhibitors may be regulated in
leaves to make the plant less palatable and perhaps lethal to invading insects. The
accumulation of proteinase inhibitors in aerial tissues was proposed to constitute
an inducible defense system, directly affecting the performance of leaf-consuming
insects by starving them of nutrients, thus resulting in enhanced plant resistance
against herbivory (Green and Ryan 1972). It is now clear that the nutritional quality
of the foliage is an important determinant of herbivore growth and development
(Painter 1936; Berenbaum 1995; Schoonhoven et al. 2005) and anti-nutritional de-
fense as part of the plant’s arsenal for induced resistance is well accepted (Rhoades
and Cates 1976; Felton 2005).

Thirty-five years of research following the initial discovery by Ryan and co-
workers established plant resistance against insect herbivores as a highly dynamic
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process. In addition to the proteinase inhibitors, many more inducible factors have
been identified which contribute to direct defense and which have the potential to
enhance host plant fitness after herbivore attack. These are aspects that will be in-
troduced in this chapter to provide the background for a more detailed discussion of
the defensive role of individual proteins in the subsequent, more focused chapters
of this volume. Another aspect of induced resistance that has fascinated researchers
since the seminal Green-and-Ryan-paper is the systemic nature of the response:
defense proteins accumulate not only at the site of wounding but also systemically
in unwounded tissues of the infested plant. Obviously, a signal must be generated
locally as a consequence of insect feeding which is then propagated throughout the
plant, and able to induce the expression of defense proteins at distant sites (Green
and Ryan 1972; Ryan and Moura 2002). Our current understanding of systemic
wound signaling for direct defense will also be summarized here.

1.2 Inducible Resistance Factors for Direct Defense

Since the initial observation of proteinase inhibitor accumulation in wounded tomato
and potato plants, inducibility by herbivory has been shown for a large number of
other potential resistance factors (Walling 2000; Gatehouse 2002). In the light of
recent studies analyzing induced responses at the level of the entire transcriptome,
we now begin to appreciate the full breadth and highly dynamic nature of plant-
insect interactions. Numerous studies have shown that herbivory causes large-scale
changes in gene expression (Cheong et al. 2002; Delessert et al. 2004; Reymond
et al. 2004; Smith et al. 2004; Voelckel and Baldwin 2004; Zhu-Salzman et al. 2004;
De Vos et al. 2005; Schmidt et al. 2005; Ralph et al. 2006b; Thompson and Goggin
2006; Broekgaarden et al. 2007). In hybrid poplar, for example, it is estimated
that 11% of the transcriptome is differentially regulated by insect feeding (Ralph
et al. 2006a). However, inducibility of a certain gene or enzyme per se is not suf-
ficient evidence for a function in plant defense. Whereas the potential contribution
of a given trait to plant resistance can be readily tested in a laboratory setting by
comparing herbivore preference and/or performance on plants that differ in the
trait of interest, a role in plant defense implies that expression of the resistance
trait is associated with a gain in plant fitness; such associations must ultimately be
demonstrated in field experiments that simulate ‘real world’ conditions (Karban and
Myers 1989).

A further requisite for the evolution of inducible defense systems is heritable
variation in the degree of inducibility (Karban and Myers 1989; Agrawal 1999).
Genetic variation has frequently been observed in natural populations, e.g., for phys-
ical (trichome density) or chemical (glucosinolate content) resistance characters in
Arabidopsis, and both traits are associated with fitness costs (Mauricio 1998). For
induced resistance traits, however, a fitness benefit has been demonstrated in only
a few cases. One example is radish plants that were induced to accumulate higher
levels of glucosinolates and to produce trichomes at increased density. Compared to
control plants, these induced plants exhibited both increased resistance to herbivory
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and increased seed mass (a correlate of lifetime fitness). This experiment confirmed
a role in direct defense for trichomes and glucosinolates as inducible physical and
chemical resistance factors, respectively (Agrawal 1998, 1999). Likewise, in Nico-
tiana attenuata, the induced production of nicotine as a chemical resistance factor
was associated with metabolic costs, but provided a fitness benefit when plants were
under attack by herbivores (Baldwin 1998; see also Steppuhn and Baldwin this vol-
ume). Although these findings should not be generalized and a defensive role should
not be assumed for all plant responses to wounding and herbivory, the prevalence
of inducible resistance traits in present day plant-herbivore systems implies that
such responses are likely the result of natural selection imposed by insect herbivores
during evolution.

Any plant trait that interferes with host plant selection, oviposition, or feeding
of an insect herbivore is a potential resistance factor and may further contribute to
plant defense. Most prominent among these traits are morphological features and
the chemical composition of the plant, both of which have long been recognized
as constitutive resistance characters (Stahl 1888; Fraenkel 1959), and were also the
focus of initial studies on inducible resistance to insect herbivores. In this chapter,
we provide a brief overview of inducible factors that lead to enhanced resistance
through direct effects on insect preference or performance. The traditional distinc-
tion between plant defense traits that are either morphological or chemical is used
throughout this volume (see also Table 1 on page 2 in the Introduction). It is im-
portant to realize, however, that this classification is often arbitrary because any
morphological feature is the manifestation of a genetically regulated biochemical
process and, therefore, also chemical at its very basis.

1.2.1 Morphological Features for Physical Defense

Insect herbivores from all feeding guilds must make contact with the plant surface
in order to establish themselves on the host plant. It is therefore not surprising that
physical and chemical features of the plant surface are important determinants of
resistance. Epicuticular wax films and crystals cover the cuticle of most vascular
plants. In addition to their important role in desiccation tolerance, they also increase
slipperiness, which impedes the ability of many non-specialized insects to populate
leaf surfaces. The physical properties of the wax layer as well as its chemical composi-
tion are important factors of preformed resistance (see Müller this volume). Whereas
induced changes in wax production and surface chemistry have been observed, ev-
idence for a role of the cuticle and epicuticular waxes in induced resistance is still
scant. Wax biosynthesis and composition areknown to vary during plantdevelopment,
and the physico-chemical properties of the cuticle respond to changes in season and
temperature (Müller this volume). Considering the ingenuity of plants in dealing with
their offenders, it would thus be surprising if regulated production of wax on the
leaf surface were not adopted to influence the outcome of plant-insect interactions.

Other components of the plant surface that serve a role in constitutive de-
fense include thorns and spines directed against mammalian herbivores, and hairs
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(trichomes) which are effective against insects (Myers and Bazely 1991;
Schoonhoven et al. 2005). Non-glandular trichomes may serve as structural resis-
tance factors preventing small insects from contacting the leaf surface or limiting
their movement. Morphological and chemical resistance factors are combined in
glandular trichomes. Glands produce substances which may repel insect herbivores
or deter them from feeding (antixenosis), or immobilize them on the leaf surface.
Quite interestingly, trichome density in some plant species increases in response to
insect feeding, and therefore constitutes an inducible resistance trait. The defensive
role of trichomes is discussed in more detail by Dalin et al. (this volume).

Leaf toughness is an important physical factor for plant resistance, as it affects
the penetration of plant tissues by mouthparts of piercing-sucking insects, and also
increases mandibular wear in biting-chewing herbivores (Schoonhoven et al. 2005).
Leaf toughness is frequently correlated with insect resistance and is a good pre-
dictor of herbivory rates (Bergvinson et al. 1995; Coley and Barone 1996; Howlett
et al. 2001). Although leaf toughness is typically regarded as a physical character,
this trait exemplifies the general difficulty in drawing clear distinctions between
physical and chemical resistance factors. Cell wall reinforcement for enhanced leaf
toughness results from the deposition of ‘chemicals’, including macromolecules
such as lignin, cellulose, suberin, and callose, small organic molecules (e.g., pheno-
lics), and even inorganic silica particles (Schoonhoven et al. 2005). Enhanced syn-
thesis and/or deposition of these chemicals after wounding leads to induced physical
resistance (McNaughton and Tarrants 1983; Bernards this volume; Ginzberg this
volume).

Another anatomical defense found in plants of diverse phyolgenetic origin is a
network of canals such as lacticifers (latex-containing living cells) or resin ducts
(resin-filled intercellular spaces) that store latex or resins under internal pressure.
When the canal system is severed, the contents are exuded and may entrap or
even poison the herbivore. Out of more than 50 plant families for which such de-
fense systems have been described, the well-studied milkweeds (genus Asclepias
in the family Asclepiadacea) may serve as an example. Milkweed latices coagulate
upon exposure to air and immobilize small insect larvae. As an additional chem-
ical resistance factor, the latex may contain large amounts of toxic cardenolides
(Dussourd and Hoyle 2000; Agrawal 2004). Fascinatingly, many specialist herbi-
vores that feed on milkweed or other latex-producing plants employ feeding strate-
gies that block the flow of latex to intended feeding sites. Such feeding behavior
has evolved independently in several phylogenetic lineages, and can be viewed as
a counteradaptation of herbivores to circumvent latex-based plant defenses (Carroll
and Hoffman 1980; Dussourd and Eisner 1987; Dussourd and Denno 1994).

A widely appreciated and well-established form of anatomical protection are the
resin-based defenses in conifers (Berryman 1972). The resin, which is a mixture
of monoterpenes, sesquiterpenes, and diterpene resin acids, accumulates in resin
ducts and related secretory structures. Stem-boring bark beetles and other insects
that breach the resin duct system are expelled (‘pitched out’) from the bore hole by
resin flow. Upon exposure to air, the highly volatile monoterpene fraction evapo-
rates, leaving the insects trapped in the solidifying resin acids and the wound site
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sealed (Phillips and Croteau 1999; Trapp and Croteau 2001). Although this complex
resin-based defense system in conifers is preformed, it is further induced in response
to wounding. Among the inducible components of the system are terpene biosyn-
thesis (Bohlmann this volume) and the formation of new resin ducts (Krokene et al.
this volume).

Finally, the wound healing process itself can be considered as a wound-induced
anatomical trait for enhanced resistance. Efficient sealing of the wound is important
to prevent water loss and opportunistic infections by bacterial and fungal pathogens
at the site of tissue damage. Wound closure may involve extensive cell division and
formation of wound callus (e.g., Guariguata and Gilbert 1996). In the case of plants
with resin- and latex-based defenses, coagulation of the exudates may efficiently
seal the wound site. More generally, a sealing cell layer is formed by infusion
of antimicrobial and water-impermeable substances, including lignin and suberin
(Rittinger et al. 1987). This may be followed by the induction of cell division and
the formation of a periderm as a protective tissue that is impermeable to water and
resistant to pathogens. Wound periderm formation and its potential contribution to
plant defense are discussed in greater detail by Ginzberg (this volume).

1.2.2 Metabolites and Enzymes for Chemical Defense

Plant chemicals that play a role in direct defense impair herbivore performance by
one of two general mechanisms: these chemicals may reduce the nutritional value
of plant food, or they may act as feeding deterrents or toxins. There has been con-
siderable debate as to which of these two strategies is more important for host plant
selection and insect resistance. An important part of this debate concerns the extent
to which variation in the levels of primary and secondary metabolites has evolved
as a plant defense (Berenbaum, 1995). Plant primary metabolism, which is shared
with insects and other living organisms, provides carbohydrates, amino acids, and
lipids as essential nutrients for the insect. Food quality is largely determined by the
availability of these nutrients, and its importance for longevity, size, fecundity, and
death rates in herbivorous insects has been recognized early on by Painter (1936).
In addition, more than 100,000 plant compounds (i.e., secondary metabolites) have
been identified with no apparent role in primary metabolism, and many of these
have been regarded as expendable metabolic waste products. While many secondary
metabolites are in fact expendable for primary metabolism, it is now widely ac-
cepted that they serve important ecological functions in the interaction of plants
with their biotic and abiotic environment.

According to the paradigm put forward by Fraenkel in his seminal paper in
1959, secondary metabolites in a given plant species may act both as repellents for
generalist (polyphagous) insects and as attractants for specialist (monophagous) in-
sects, and may thus be largely responsible for host range restriction (Fraenkel 1959).
In addition to these allelochemical functions, secondary metabolites also act in mul-
tiple ways as toxins, feeding deterrents, as digestibility reducers or antinutritives,
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as precursors for physical defense, and as volatiles in indirect defense (Bennett and
Wallsgrove 1994; Karban and Baldwin 1997). Despite their diversity in structure,
activity, and distribution in the plant kingdom, all secondary compounds are de-
rived from universally available intermediates of primary metabolism, including
sugar phosphates (erythrose 4-phosphate), acetyl-coenzyme A, and amino acids,
and are conveniently classified according to their biosynthetic pathways as pheno-
lics, terpenoids, and alkaloids. Each of these classes of compounds and their role
in induced resistance are the focus of subsequent chapters of this volume. While
the importance of secondary metabolites in plant defense remained undisputed for
decades following Fraenkel’s landmark paper (Fraenkel 1959), the realization that
some secondary metabolites (e.g., tannins and phenolics) exert anti-nutritive activity
brought greater attention to the idea that food quality, nutritional value, and variation
in primary metabolism may have evolved as a plant defense (Feeny 1970; Rhoades
and Cates 1976; Berenbaum 1995). The relevance of nutritional quality as a resis-
tance trait was further supported by Ryan and coworkers (Green and Ryan 1972)
who showed that induced expression of serine proteinase inhibitors contributes to
plant defense by interfering with the insect’s digestive processes, thus limiting the
availability of essential amino acids.

Following the landmark study of Green and Ryan, many workers reported that
the overall chemical composition of the plant is greatly influenced by developmen-
tal and environmental parameters, including herbivory. Induced changes in plant
chemistry involve the biosynthesis of a wide variety of secondary metabolites, in-
cluding phenolics, terpenoids, alkaloids, cyanogenic glucosides, and glucosinolates
(Karban and Baldwin 1997; Constabel 1999; Chapters 8–10, this volume). It was
further shown that the induction of anti-nutritional proteins is not limited to ser-
ine proteinase inhibitors, but includes inhibitors of other classes of proteases, ox-
idative enzymes, amino acid-metabolizing enzymes, and lectins (Constabel 1999;
Felton 2005). Such examples of protein-based defenses are further discussed in
Chapters 11–14 of this volume.

1.2.3 Metabolic Reconfiguration to Shift from a Growth-
to a Defense-Oriented State

The numerous anatomical and chemical changes associated with induced resistance
require massive reprogramming of gene expression. For the quantitative analysis
of large-scale changes in gene expression, novel techniques have been developed
in recent years. Most notable among these approaches are microarray technolo-
gies for the identification of differentially expressed transcripts, and even more
recently, techniques for high-throughput proteomic analysis (Kessler and Baldwin
2002; Kuhn and Schaller 2004; Giri et al. 2006; Lippert et al. 2007). With the
advent of these techniques, it is now possible to obtain a relatively unbiased ac-
count of the plant’s response to herbivory. Many of the genes required for the ex-
pression of known resistance traits were in fact shown to be upregulated during
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plant-insect interaction. Consistent with the activation of structural defenses, genes
of general phenylpropanoid metabolism and monolignol biosynthesis, lignin poly-
merization, and cell wall fortification are induced by wounding or herbivory in hy-
brid poplar (Smith et al. 2004; Lawrence et al. 2006; Major and Constabel 2006;
Ralph et al. 2006a), Sitka spruce (Ralph et al. 2006b), and Arabidopsis (Cheong
et al. 2002; Delessert et al. 2004; Reymond et al. 2004). Likewise, the activation of
chemical defenses is accompanied by the induction of genes involved in secondary
metabolism, including phenolics, polyamine, and alkaloid biosynthesis in N. attenu-
ata (Voelckel and Baldwin 2004; Schmidt et al. 2005; Giri et al. 2006), the genes for
the formation of phenolics and terpenes in spruce and poplar (Ralph et al. 2006a, b),
and phenolic metabolism and glucosinolate biosynthesis in Arabidopsis (Cheong
et al. 2002; Reymond et al. 2004). These studies also confirmed the activation
of genes for antidigestive and antinutritional defenses (e.g., proteinase inhibitors,
oxidative enzymes, lectins), and for the signaling of the resistance response (e.g.,
jasmonic acid and ethylene biosynthesis, transcription factors). Notably, however,
these genes represent only a fraction of the total wound-induced changes in gene
activity. The insect-responsive transcriptome was estimated to comprise 10% of all
transcripts, suggesting that massive reprogramming of gene expression is required
to bring about a shift from growth-oriented to defense-oriented plant metabolism
(Hui et al. 2003; Ralph et al. 2006a). The latter state involves the activation of genes
for general stress responses (oxidative stress, dehydration stress, heat-shock pro-
teins), protein turnover (e.g., proteases), and transport processes (e.g., aquaporins,
lipid transfer proteins, ABC transporters, sugar and peptide transporters), as well
as modulation of primary metabolism (carbohydrate and lipid metabolism, nitro-
gen assimilation), and downregulation of photosynthesis and chloroplast function.
These changes in gene expression may reflect the herbivore-induced reallocation of
resources from primary processes to defense (Voelckel and Baldwin 2004; Ralph
et al. 2006b).

Efficient mobilization of plant resources is likely to facilitate the expression of
costly resistance traits, including the accumulation of defense proteins, the synthesis
of secondary metabolites, and the formation of structural defenses. On the other
hand, mobilization of resources may also contribute to plant tolerance of herbivory.
Unlike resistance, tolerance does not affect herbivore preference or performance, but
rather allows the host plant to minimize the fitness consequences of tissue loss. Tol-
erance and resistance are therefore viewed as alternative and complementary strate-
gies for plant defense against insect herbivores (Karban and Myers 1989; Mauricio
2000; Weis and Franks 2006). Whereas tolerance is still not well-understood at the
molecular level, it may include the mobilization of leaf carbon and nitrogen that
is threatened by herbivory, and temporary storage of these resources for later re-
growth. The induction of protein turnover, lipid and carbohydrate metabolism, and
transport functions observed in microarray studies (see above) may thus be equally
relevant for both tolerance and induced expression of resistance traits. Temporary
storage of resources occurs in organs that are less susceptible to herbivory, e.g., the
root system. Indeed, a change in sink-source relations was observed in N. attenuata
after simulated herbivore attack, resulting in increased allocation of sugars to roots



1 Herbivore-Induced Direct Defense 15

and enhanced tolerance (Schwachtje et al. 2006). Likewise, the induction of vegeta-
tive storage proteins frequently observed in response to wounding (Staswick 1994;
Christopher et al. 2004; Reymond et al. 2004; Major and Constabel 2006) may allow
the plant to buffer mobilized resources for later use in re-growth. Remarkably, such
a role as interim storage or temporary protein depot had already been suggested for
proteinase inhibitor I in tomato and potato plants, the first protein shown to be sys-
temically induced by herbivory (Ryan and Huisman 1969; Green and Ryan 1972).

1.3 Systemic Signaling for Induced Direct Defense

An important feature of many wound-induced direct defense responses is their
occurrence in undamaged tissues located far from the site of wounding. Wound-
inducible serine proteinase inhibitors (PIs) represent one of the best examples of a
systemically induced defense response. In tomato plants, PI genes are expressed in
distal leaves within 1–2 hrs after insect attack or mechanical wounding (Ryan 2000;
Strassner et al. 2002). The rapid and systemic nature of this response is analogous
to vertebrate immune responses in which endocrine signals are delivered to target
tissues via the circulatory system (Bergey et al. 1996). However, because plants
lack mobile defender cells, systemic signals must be transmitted long distances via
mechanisms that are specific to plants (Malone 1996; León et al. 2001; Schilmiller
and Howe 2005). Ryan’s pioneering work on systemic wound signaling inspired
generations of plant biologists to investigate the underlying mechanisms of this fas-
cinating response.

The widespread occurrence of systemic defense responses in the plant kingdom
implies the existence of common mechanisms to generate, transport, and perceive
alarm signals that are generated at the site of tissue damage. Wound-inducible PIs
in tomato and other solanaceous plants have been widely used as a model system
in which to study the molecular mechanism of systemic wound signaling. Green
and Ryan (1972) proposed that chemical signals produced at the wound site travel
through the plant and activate PI expression in undamaged leaves. Identification of
these signaling compounds was facilitated by a simple bioassay in which test solu-
tions (e.g., containing an elicitor) are supplied to tomato seedlings through the cut
stem, followed by measurement of PI accumulation in the leaves. Extensive use of
this assay led to the discovery of several distinct classes of PI-inducing compounds,
including cell-wall-derived oligogalacturonides (OGAs), systemin, jasmonic acid
(JA), and hydrogen peroxide (Ryan 2000; Gatehouse 2002). Physical signals (e.g.,
hydraulic forces and electrical signals) generated by tissue damage have also been
implicated in the systemic signaling process (Wildon et al. 1992; Malone 1996).
Currently, a major challenge is to determine how these diverse signals interact with
one another to promote intercellular communication across long distances.

Farmer and Ryan (1992) established the current paradigm that extracellular
signals such as OGAs and systemin (so-called primary wound signals), gener-
ated in response to wounding, trigger the intracellular production of JA via the
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octadecanoid pathway and that JA, in turn, activates the expression of defensive
genes. Wound-induced production of OGAs is catalyzed by a family of polygalac-
turonases (PGs) that are expressed in various plant tissues (Bergey et al. 1999).
OGAs are relatively immobile in the plant vascular system and thus are thought
to act as local mediators. However, because PG activity is induced systemically in
response to wounding, OGAs could also amplify defense responses in undamaged
leaves (Ryan 2000). OGA-mediated signal transduction may result from direct phys-
ical effects of these compounds on the plasma membrane or may involve specific
receptors (Navazio et al. 2002).

Systemin was the first bioactive peptide discovered in plants (Pearce et al. 1991).
This 18-amino-acid peptide is derived from proteolytic cleavage of a larger pre-
cursor protein, prosystemin. When used in the tomato seedling bioassay, sys-
temin is >10, 000-fold more active than OGAs in inducing PI expression. Sev-
eral lines of evidence indicate that systemin serves a key role in induced de-
fense responses in tomato. For example, transgenic plants expressing an anti-
sense prosystemin (Prosys) cDNA are deficient in wound-induced systemic ex-
pression of PIs and, as a consequence, are more susceptible to insect herbivores
(McGurl et al. 1992; Orozco-Cárdenas et al. 1993). Overexpression of prosys-
temin from a 35S::Prosys transgene constitutively activates PI expression in the
absence of wounding, thereby conferring enhanced resistance to herbivores (McGurl
et al. 1994; Li et al. 2002; Chen et al. 2005). Forward genetic analysis has shown that
genes required for systemin-mediated signaling are essential for wound-induced ex-
pression of PI and other defense-related genes (Howe and Ryan 1999; Howe 2004).
Thus, wounding and systemin activate defense genes through a common signaling
pathway.

Transcriptional activation of defense genes in response to systemin requires the
biosynthesis and subsequent action of JA (Farmer and Ryan 1992; Howe, 2004). The
systemin signaling pathway is initiated upon binding of the peptide to a 160-kDa
plasma membrane-bound receptor (SR160) that was identified as a member of
the leucine-rich repeat (LRR) receptor-like kinase family of proteins (Scheer and
Ryan 1999, 2002). Binding of systemin to the cell surface is associated with sev-
eral rapid signaling events, including increased cytosolic Ca2+ levels, membrane
depolarization, and activation of a MAP kinase cascade (Felix and Boller 1995;
Stratmann and Ryan 1997; Moyen et al. 1998; Schaller and Oecking 1999). The
precise mechanism by which systemin activates JA synthesis remains to be de-
termined. There is evidence indicating that a systemin-regulated phospholipase
A2 activity in tomato leaves releases linolenic acid, a JA precursor, from lipids
in the plasma membrane (Farmer and Ryan 1992; Narváez-Vásquez et al. 1999).
Alternatively, the role of a chloroplast-localized phospholipase A1 in JA biosyn-
thesis (Ishiguro et al. 2001) raises the possibility that systemin perception at the
plasma membrane is coupled to the activation of a similar lipase in the chloro-
plast. JA synthesized in response to systemin, OGAs, and wounding acts in concert
with ethylene (O’Donnell et al. 1996) and hydrogen peroxide (Orozco-Cárdenas
et al. 2001; Sagi et al. 2004) to positively regulate the expression of downstream
target genes.
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1.3.1 Genetic Analysis of the Wound Response Pathway in Tomato

Genetic analysis provides a powerful approach to identify components of the sys-
temic wound response pathway. The robust nature of wound-induced PI expres-
sion in tomato, together with facile assays for PIs and other biochemical markers
(e.g., polyphenol oxidase) of the response, has been exploited for this purpose.
Forward genetic screens identified mutants that are defective in PI expression in
response to mechanical wounding or treatment with methyl-JA (MeJA) (Howe 2004;
Li et al. 2004). Additional screens have been conducted to identify mutations that
suppress the inductive effects of the 35S::Prosys transgene (Howe and Ryan 1999).
These screens have yielded numerous mutants that are deficient in wound-induced
systemic expression of defensive genes. That most of these mutants display altered
resistance to arthropod herbivores and various pathogens demonstrates the impor-
tance of induced responses to plant protection (Howe 2004).

Map-based cloning and candidate gene approaches were used to identify genes
defined by forward genetic analysis. The spr2 and acx1 mutants, which were gen-
erated by ethylmethane sulfonate mutagenesis, are defective in genes required for
JA biosynthesis. Spr2 encodes a plastidic �-3 fatty acid desaturase that converts
linoleic acid to the JA precursor linolenic acid (Li et al. 2003). ACX1 encodes a
peroxisomal acyl-CoA oxidase that catalyzes the first step in the �-oxidation stage
of JA synthesis (Li et al. 2005). The jasmonate insensitive1 ( jai1) mutant harbors
a deletion in the tomato ortholog of the Arabidopsis Coronatine insensitive1 (Coi1)
gene (Li et al. 2004). Coi1 encodes an F-box protein that is essential for expression
of jasmonate-responsive genes, including many wound-responsive genes involved
in anti-insect defense (Xie et al. 1998). Reverse genetic strategies identified sev-
eral additional wound response mutants of tomato. For example, transgenic lines
specifically engineered for defects in JA biosynthesis (Stenzel et al. 2003), ethylene
synthesis (O’Donnell et al. 1996), ABA signaling (Carrera and Prat 1998), and ROS
production (Sagi et al. 2004) are impaired in wound-induced systemic PI expression
and other defense responses.

1.3.2 Jasmonate Performs a Key Role in Systemic Wound Signaling

Despite significant progress in the identification of genes that regulate systemic
defense responses, relatively little is known about the specific role of these com-
ponents in the long-distance signaling pathway. In theory, genes required for the
systemic response could play a role in production of the mobile signal, transloca-
tion of the signal from damaged to undamaged leaves, signal perception by tar-
get cells in distal leaves, or subsequent signaling steps leading to expression of
target genes. Classical grafting techniques provide a powerful approach to deter-
mine whether a particular mutant is defective in the production of the systemic (i.e.,
graft-transmissible) wound signal or the recognition of that signal in responding
leaves (Li et al. 2002). Reciprocal grafting experiments performed with the
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JA-insensitive jai1 mutant showed that jasmonate perception (i.e., COI1) is essential
for recognition of the mobile signal in distal responding leaves (Fig. 1.1Ad). These
studies also suggest that the mobile signal is produced in the absence of COI1
(Fig. 1.1Ac). Experiments conducted with JA biosynthetic mutants (e.g., acx1)
showed that production of the graft-transmissible signal depends on JA biosynthesis
in wounded tissues (Fig. 1.1Bc). The ability of JA-deficient scions to express PIs
in response to a signal emanating from wild-type rootstock leaves further indicated
that de novo JA synthesis is likely not necessary for recognition of the mobile sig-
nal in the responding leaves (Fig. 1.1Bd). Based on these collective studies, it was
proposed that JA (or a JA derivative) is a critical component of the systemic signal
(Schilmiller and Howe 2005). These findings are also consistent with DNA microar-
ray studies showing that local and systemic tissues undergo distinct signaling events
(Strassner et al. 2002).

The plant vascular system is involved in long-distance trafficking of a wide range
of signaling compounds (Lucas and Lee 2004). Recent studies provide direct evi-
dence that jasmonates are transported in the phloem (Fig. 1.2). For example, several
JA biosynthetic enzymes are located in the companion cell-sieve element complex
of the vascular bundle (Hause et al. 2003; Wasternack 2007). This observation is
supported by the occurrence of JA in phloem bundles from Plantago major (Hause
et al. 2003) and the preferential accumulation of jasmonates in the tomato leaf
midrib (Stenzel et al. 2003). The hypothesis that the systemic signal is translo-
cated in the phloem is further supported by the fact that wound-induced systemic
responses are strongly enhanced by the strength of vascular connections between
wounded and responding leaves (Davis et al. 1991; Schittko and Baldwin 2003). The
rate of movement of the endogenous signal in tomato plants is estimated between
1 and 5 cm/hr (Schilmiller and Howe 2005). The ability of the phloem to transport
small molecules at rates up to 40 cm/hr (Fisher 1990) could readily accommodate
such a signal. Because systemic PI expression is mediated by a signal traveling
within the plant rather than a signal diffusing through the atmosphere (Farmer and
Ryan 1992), it is unlikely that volatile MeJA released at the wound site is a causal
factor for systemic PI expression in tomato.

The idea that JA (or a JA derivative) functions as a mobile wound signal implies
that JA synthesized in damaged leaves is transported to distal undamaged leaves.
In tomato and other dicots, however, systemic increases in JA levels in response to
mechanical damage are generally very low (i.e., <10% of that in damaged leaves) or
not significant (Strassner et al. 2002). In those cases where systemic increases in JA
levels have been reported, it was not determined whether accumulation of the signal
results from de novo synthesis in undamaged leaves or JA transport from wounded
source leaves. Grafting experiments (see above) support the latter possibility, as does
the phloem mobility and systemic signaling activity of exogenous JA (Farmer and
Ryan 1992; Zhang and Baldwin 1997). Low levels of wound-induced JA in systemic
leaves may reflect sequestration of the signal in specific cell types of the vasculature.
An alternative, though not mutually exclusive, possibility is that the phloem-mobile
pool of JA is rapidly metabolized to another bioactive derivative. JA derivatives
produced by methylation, glycosylation, hydroxylation, sulfonation, amino acid
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Fig. 1.1 Schematic diagram of grafting experiments used to study the role of JA in systemic
wound signaling in tomato. Scions and rootstocks of the indicated genotype were joined at the graft
junction (horizontal bar). For experiments shown in A, B, and C, rootstock leaves were wounded
(hatched mark) and PI gene expression in the undamaged scion leaves was measured 8 hrs later.
(A) The jai1 mutant was used to investigate the role of jasmonate perception in systemic wound
signaling. (B) The acx1 mutant was used to study the role of JA synthesis in systemic wound
signaling. (C) The spr1 mutant was used to study the role of systemin perception in systemic
signaling. For experiments depicted in panel D, no wounds were inflicted because the 35S::Prosys
(PS) transgenic line constitutively produces a systemic signal. ‘+’ and ‘−’ denote the expression
or lack of expression, respectively, of PIs in undamaged scion leaves. Unfilled ovals correspond to
wild-type (WT) leaves. Gray-shaded ovals depict leaves on mutants (jai1, acx1, or spr1) that are
defective in systemic wound signaling. Black ovals depict leaves on the 35S::Prosys transgenic line
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Fig. 1.2 Schematic model showing the role of JA in systemic wound signaling. Chloroplastic
(Plastid) and peroxisomal (Perox) JA biosynthetic enzymes are located in vascular bundles of the
leaf. Binding of systemin to its receptor (SR160) activates JA accumulation. JA synthesis in tomato
leaves is also activated by systemin-independent pathways (not shown; Lee and Howe 2003). JA
produced in the companion cell-sieve element complex is transported in the phloem via plasmod-
esmata connections between cells. JA, or a covalently modified form of JA (JA-x; such as JA-Ile),
activates target gene expression in distal undamaged leaves through COI1. Esterases may convert
exogenous MeJA to JA upon diffusion of MeJA across membranes

conjugation, and decarboxylation have been described (Wasternack 2007). One or
more of these modifications could conceivably alter the transport, stability, or inter-
action of JA with target molecules (Fig. 1.2).

MeJA and certain jasmonoyl-amino acid conjugates (e.g., JA-Ile) are potent
elicitors of defense gene expression (Wasternack et al. 1998). The dependence of
MeJA- and JA-Ile-induced responses on COI1 indicates that both compounds are
candidates for signals in the systemic wound response. Analysis of mutants that fail
to produce MeJA or JA-Ile provides a powerful approach to test this hypothesis.
Conversion of JA to MeJA is mediated by JA carboxyl methyltransferase (JMT),
whereas conversion of JA to JA-Ile is catalyzed by the ATP-dependent adenylate-
forming enzyme JAR1 (Seo et al. 2001; Staswick and Tiryaki 2004). Although the
effect of loss of JMT function on wound-induced defense responses is not known,
it is firmly established that JAR1-mediated production of JA-Ile plays a critical role
in numerous jasmonate-signaled processes (Staswick and Tiryaki 2004). Moreover,
recent studies have shown that JAR1 homologs in N. attenuata are required for
wound-induced defense responses to insect attack (Kang et al. 2006). JA-Ile’s key
role in induced defense raises the possibility that biological responses previously
attributed to JA/MeJA are in fact mediated by JA-Ile or other amino acid conjugates
of JA. Consistent with this notion, physical interaction between COI1 and repressors
of jasmonate-dependent gene expression, which results in proteasome-dependent
degradation of the repressor proteins, was recently shown to be promoted by JA-Ile
but not by JA or MeJA (Thines et al. 2007). The potency of exogenous MeJA as


