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Abstract

The ability of plants to withstand herbivores relies on direct and indirect chemical defense. By using toxic phytochemicals, plants can
deter and/or poison herbivores, while by releasing volatile organic compounds (VOCs) into the atmosphere plants can attract predators
of the herbivores. The activation of specific responses requires recognition and appropriate response towards the attacking enemy and
most of the events which finally lead to gene activation (the signaling pathway) occur within a few minutes. Among the several signaling
molecules involved, reactive oxygen species (ROS) and intracellular calcium signatures belong to early events, which are responsible for
most of the ensuing cascades of chemical and molecular reactions. In this review, we will focus on rapid early events following insect
feeding on plants that eventually lead to the production and release of phytochemicals. Furthermore, we compare and discuss the impact
of mechanical and biotroph wounding.
© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

By co-existing from at least 100 million years, plants and
insects have evolved a variety of beneficial and deleterious
interactions (Stotz et al., 1999). To avoid being overeaten,
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plants have evolved chemical defenses able to cause an
effective and often drastic reduction in insect feeding (Har-
borne, 1993). These defenses have to be orchestrated both
in time and space by highly complex regulatory networks
that themselves are further modulated by interactions with
other signaling pathways. The integrated responses ulti-
mately lead to a characteristic gene expression pattern
resulting, among many other activities, in the production


mailto:massimo.maffei@unito.it

M.E. Maffei et al. | Phytochemistry 68 (2007) 2946-2959 2947

of phytochemicals that are directed against the invading or
feeding organism. This was achieved throughout evolution
of constitutive (e.g. primary and secondary metabolites,
but also silica, thorns, trichomes etc.) and induced defenses
[e.g. secondary metabolites, strengthening of cell walls,
production of reactive oxygen species (ROS), etc.].
Whereas constitutive defense are mostly direct, induced
defenses are either direct (e.g. phytoalexins, ROS) or indi-
rect [e.g. volatile organic compounds (VOCs) such as terp-
enoids, aromatic compounds and green leaf volatiles, etc.].
Direct defenses are plant traits that by themselves affect
insect performance and are generally categorized by their
mode of action. Among secondary metabolites, many phy-
tochemicals function as toxins by poisoning non-adapted
herbivores and forcing adapted herbivores to invest limited
resources in detoxification. In addition to direct defenses,
plants express traits that facilitate ‘top-down’ control of
herbivore populations by attracting predators and parasit-
oids to the feeding herbivore. Thus, indirect defense medi-
ated by the herbivore-induced release of VOCs has received
the most attention, but herbivore-induced nectar produc-
tion by extrafloral nectaries functions similarly (Arimura
et al., 2005; Baldwin et al., 2001).

Insects can locate their hosts even though the host
plants are often hidden among an array of other plants,
and plant volatiles play an important role in this host-
location process (Bruce et al., 2005). Furthermore, these
VOC-mediated interactions of plants with organisms of
higher trophic levels suggest that they communicate simi-
larly with each other (Dicke et al., 2003). VOC exposure
alone, without actual herbivore attack, may directly
increase the production of defenses. Alternatively, VOC
exposure may allow nearby plants to ready their defenses
for immediate use once the herbivores move from the
neighboring plant to attack the “listening’ receiver (Arim-
ura et al., 2000; Baldwin et al., 2006; Heil and Bueno,
2007). Moreover, volatiles from primary host plants may
also attract other insects, as is the case of male aphids
(Powell et al., 2006; Powell and Hardie, 2001). Interest-
ingly, parasitoids also use herbivore-induced responses to
assess habitat profitability and adapt patch residence time
(Tentelier and Fauvergue, 2007). Furthermore, herbivore-
induced plant volatiles emissions are inducible by other
biotrophs as well as abiotic agents (Holopainen, 2004).
After release from leaves, flowers, and fruits to the atmo-
sphere and from roots into the soil, plant phytochemicals
defend plants against herbivores and pathogens or provide
reproductive advantages by attracting pollinators (Dudar-
eva et al., 2006). Moreover, certain volatiles may act as
airborne signals that boost direct and indirect defenses
in remote parts of the same plants (Heil and Bueno,
2007; Ton et al., 2007).

Besides the use of direct constitutive phytochemicals,
several steps are involved from the detection of insect feed-
ing to the production of indirect plant responses. These
include disruption of leaf tissues, release of elicitors, signal-
ing cascades and the activation of transcription factors

eventually leading to the plant cell response. Current
research in plant—insect interaction is focusing mainly on
transcriptomics, genomics, proteomics and metabolomics,
which are late events induced by biotic stress. In contrast,
events within the first seconds to minutes, which are
involved in recognition and signal transductions, are still
poorly understood (Maffei et al., 2007).

Because many other reviews already covered the role of
phytohormones (JA, SA, and ethylene) (Lorenzo and
Solano, 2005; Murphy et al., 1999; van Loon et al., 20006)
in plant-insect interactions, we will not repeat this. Instead
we will focus on the role of calcium ions (Ca®") as a signal
and on the double role of reactive oxygen species as both
signals and defense compounds. Both types of signals pre-
ceed the generation of phytochemicals, which act in direct
and indirect plant defense against herbivores. Finally, the
impact of mechanical vs. herbivore wounding will be
compared.

2. Calcium homeostasis and signaling

Each known system of signal transduction engages Ca>*
as an important second messenger and Ca’" is also
involved in the control of many processes such as growth
and differentiation, photomorphogenesis and embryogene-
sis, perception of symbiotic signals, hypersensitive
responses induced by biotrophs, assembling and disassem-
bling of cytoskeleton elements, perception of red and blue
light and regulation of stomata (all reviewed by Medvedev,
2005). Thus, regulation of intracellular calcium levels is
important for the survival of the cell. The cytosolic Ca®"
concentration is balanced by the presence of a large num-
ber of Ca®" stores which can release Ca>", the Ca”>" specific
channels/pumps that regulate both Ca*" influx and efflux
in cells and subcellular compartments, and different
(Ca*"-binding) proteins that bind to Ca”" either to seques-
trate it or to perform some other complex tasks. All these
components involved in regulation of Ca*>" concentrations
in its equilibrium level constitute the complex network of
Ca’" homeostasis system (Pandey et al., 2000). In the rest-
ing state, Ca®" levels are high in the apoplast, mitochon-
dria, vacuole and ER (ca. 1 mM), and very low in the
cytosol (ca. 0.0001 mM). In response to various stimuli,
Ca’" ions are released into the cytosol via channel proteins
and pumped back into the organelles and apoplast via
Ca*" pumping ATPases (Lecourieux et al., 2006; Medve-
dev, 2005). In plant cells, Ca>" plays a physiological key
role as intracellular second messenger and is especially
important for the maintenance of cellular homeostasis
and signal transduction pathways (see below) (Anil and
Rao, 2001; Reddy, 2001; Sanders et al., 2002).

The typical response patterns to different Ca®* concen-
trations lie in the ability of cells to generate specific cyto-
solic Ca®* concentration signatures. They may be unique,
in terms of spatio-temporal characteristics and in response
to an individual stimulus (Evans et al., 2001).
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The specific biological role of Ca®" in the wound
response signaling cascade both from biotic and abiotic
injury is still unclear. Increases in cytosolic Ca*" levels have
been shown in tomato to be triggered by the wound signal-
ing peptide, systemin (an 18-amino acid polypeptide which
functions in the cascades of a long-distance systemic signal-
ing), resulting from an influx of extracellular Ca>* through
several types of Ca”" permeable channels and mobilization
of internal Ca®" stores (Moyen et al., 2007). By altering
intracellular levels of free Ca®", and then examining the
effects of the altered Ca”" levels on activation of the wound
response cascade, Dombrowski and Bergey (2007)
confirmed that in tomato Ca®" channels play a role in
mediating wound response activation and that inhibition
of Ca*"-ATPases affects the response to wounding and
systemin in a similar way. Furthermore, a direct correlation
was found between Ca”" fluxes and wound gene activation,
while elevated concentrations of Ca®" in the apoplast sig-
nificantly enhanced the biological activity of systemin.

Plants withstand various stress conditions by responses
mediated via changes in cytoplasmic Ca®" concentration
(Pandey et al., 2000), but very likely also in other compart-
ments such as the nucleoplasm (Lecourieux et al., 2006;
Walter et al., 2007). In plant—pathogen interactions, a tran-
sient influx of Ca®* occurs mainly into the cytosol and both
omission of Ca>" from the extracellular medium and appli-
cation of inhibitors of Ca*" channels abolished the plant
defense response (Niirnberger et al., 1997). Cytosolic cal-
cium ([Ca”]cyt) variations have been observed by challeng-
ing plant cells with a series of pathogen-derived elicitors:
cryptogein (a proteinaceous elicitor secreted by the oomy-
cete Phytophthora cryptogea), oligosaccharide elicitors,
oligogalacturonides, lipopolysaccharides, endopolygalactu-
ronases, chitosan or yeast elicitors, proteins leading to
necrosis (including harpin and elicitins) and non-necrotic
protein elicitors (including flagellin) (all reviewed by Lec-
ourieux et al., 2006).

Even after herbivore feeding there is a dramatic
[Ca®™].,; influx limited to few cell layers lining the bite
zone, visualized by using a Ca®'-sensitive dye (Maffei
et al., 2004). A Ca®" spike was always observed and
depended on Ca®" channel activity, since the response
could be reduced by the action of verapamil, a voltage-
gated Ca®" channel antagonist, EGTA (a calcium chela-
tor) and ruthenium red (an inhibitor of calcium release
from internal stores) (Malffei et al., 2004, 2006). From lar-
val oral secretions, several classes of insect-derived elici-
tors have been isolated that may trigger defense
responses in certain plants. For example, the fatty acid-
amino acid conjugate group includes a series of saturated
and unsaturated fatty acids that are 16 or 18 carbons in
length and coupled to l-glutamate or l-glutamine through
a peptide bond (Truitt et al., 2004). The ability of N-acyl-
glutamines to initiate Ca’" influx was independently
confirmed with the test system of aequorin-transformed
soybean cells (Maffei et al., 2004). Upon addition of the
conjugates an immediate Ca®" influx was observed with-

out any obvious lag-phase suggesting a detergent-like
effect rather than a receptor-mediated one. In contrast,
Maischak et al. (2007) showed that still unknown com-
pounds must be present in the oral secretion of Spodoptera
spp. that are able to induce Ca”'-transients in the same
system, which much more resembles classical elicitor
effects. These data indicate that other compounds than
the N-acyl-amino acid conjugates are responsible for the
insect feeding-induced Ca”*" burst. Interestingly, only the
conjugate with I-glutamine has been shown to induce spe-
cific defense responses exclusively in maize (Alborn et al.,
1997), demonstrating that additional specific interactions
between N-acyl-glutamines and the plant are involved in
the elicitation process of corn plants. The finding that in
Lima bean the signaling pathway(s) mediating expression
of defense genes in the receiver plants requires calcium
influx into the cells has been confirmed by treatment with
a chelator of extracellular Ca®* ion, BAPTA [1,2-bis(2-
aminophenoxy)ethane-N,N,N’,N'-tetraacetic acid], or an
inhibitor of serine/threonine protein kinases, stauro-
sporine, which completely suppressed the expression of
the five defence genes in Lima bean leaves that received
spider mite (7Tetranychus urticae) induced volatiles (Arim-
ura et al., 2000). Finally, signals induced rapidly by herbi-
vore attack have been found to spread over the leaf
leading to a strong Ca’"-dependent transmembrane
potential (V) depolarization in the bite zone followed
by a transient V,, hyperpolarization in the close vicinity
and a constant depolarization in distances greater than
6-7 mm (Maffei et al., 2004).

As we discussed, regulation of Ca®>" homeostasis is
important, particularly when calcium is involved as a sig-
naling ion. Ca®"-binding proteins serve also as regulators
of internal free Ca®" levels in plant cells. Ca*"-binding pro-
teins, such as calmodulin or calcium-dependent protein
kinases, function to buffer intracellular Ca®>" levels or
translate intracellular oscillations of free Ca®" levels into
signal-specific cellular responses (Yang and Poovaiah,
2003). In plant-aphid interactions, Diuraphis noxia feeding
on wheat foliage and Myzus persicae feeding on Arabidop-
sis plants each induce increased expression of calmodulin
binding proteins involved in plant defense signaling (Smith
and Boyko, 2007). In corn, treatment with H,O, leads to
significant increases in [Ca”]cyt in the protoplasts of meso-
phyll cells and in the expression of the calmodulin 1
(CaM1) gene and the content of CaM in leaves of maize
plants, and enhanced the expression of the antioxidant
genes superoxide dismutase 4 (SOD4), cytosolic ascorbate
peroxidase (cAPX), and glutathione reductase 1 (GRI1)
and the activities of the chloroplastic and cytosolic antiox-
idant enzymes. The up-regulation of the antioxidant
enzymes was almost completely blocked by pretreatments
with two CaM antagonists (Hu et al., 2007).

However, the main regulation of Ca®>" homeostasis
depends on the activity of Ca>"-ATPases located in various
compartments of the cell, which constantly pump Ca*"
outside the cytsol (Allen et al., 1995).
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Fig. 1. Calcium homeostasis after biotic attack. Influx of Ca®" into the cytosol is caused by a series of plasma membrane inward Ca®" channels, which
activity can be studied by the use of several inhibitors. Herbivores and pathogens have been demonstrated to induce Ca®>" influx that triggers a series of
cascade events, including ROS production. Cytosolic Ca>" concentration can be raised by opening of efflux Ca®" channels located in the membranes
surrounding plant cell internal stores such as mitochondria, endoplasmic reticulum (E.R.), and the vacuole. Both chewing herbivores and pathogens have
been demonstrated to induce opening of these channels. In plant—pathogen interaction IP;-gated Ca®" channels have also been suggested. Cytosolic Ca®"
concentration can be lowered by the activity of Ca®>"-ATPase and by binding to proteins, such as calmodulin and CDPKs. Increase in calmodulin activity
has been demonstrated in plant-pathogen and plant-aphid interactions, while CDPKs are activated by all trophic interactions as illustrated. Colored stars

refer to the appropriate biotroph.

Since calcium-dependent protein kinases (CDPKs) are
regularly involved in signal transduction of a variety of bio-
tic and abiotic stresses, their involvement as active protein
cascades in herbivore/wound responses cannot be excluded
(Ludwig et al., 2004). Moreover, Wu et al. (2007) showed a
local and systemic induction of mitogen-activated protein
kinases (MAPK) in Nicotiana attenuata challenged with
oral secretions of the herbivore Manduca sexta. In potato
(Solanum tuberosum) plants JA has been reported to affect
CDPK transcript level (Ulloa et al., 2002) and in tobacco a
link between CDPKs (NtCDPK?2), MAP kinases, and JA
and ethylene cross-talks has been suggested (Ludwig
et al., 2005). It will be interesting to further address the
question as to where the regulated kinases are positioned
within the different signal transduction chains in plant cells
and, more specifically, whether they represent components
relaying insect-mediated changes in ion fluxes to specific
transcription factors that are suspected to be involved in
the activation of defense-related cellular responses. Fig. 1
summarizes calcium homeostasis after biotic attack.

3. Reactive oxygen species as signals and defense compounds

Oxidative stress, resulting from the generation of ROS,
such as superoxide (O3 ), hydrogen peroxide (H,O,) and
hydroxyl radicals (HO"), is a common phenomenon in
many plant responses to both abiotic and biotic stresses

(Foyer and Noctor, 2005a). A close interaction exists
between perception of ROS (particularly H,O,) and cyto-
solic calcium in response to biotic and abiotic stimuli in
plant systems (Foreman et al., 2003; Hancock et al.,
2002; Maffei et al., 2006; Pei et al., 2000; Sagi and Fluhr,
2001; Sanders et al., 2002; Yang and Poovaiah, 2002).
Because many stress conditions cause cellular redox imbal-
ances, it has been proposed that oxidative stress defense
responses might be a central component mediating cross-
tolerance. However, since ROS exert toxic effects, it has
been difficult to distinguish the ROS signaling roles from
the secondary effects caused by cytotoxicity (Bowler and
Fluhr, 2000).

ROS are continuously produced by plants under differ-
ent stress conditions and in different cellular compartments
(Foyer and Noctor, 2003). Both the chemical identity of a
given ROS and the intracellular site of its production seem
to affect the specificity of its biological activity, further
increasing the complexity of ROS signaling within plants
(Laloi et al., 2004). Furthermore, different types of reactive
oxygen species activate distinct signaling pathways (Laloi
et al., 2007).

Plant cells very likely possess ROS sensors that process
and translate this information into respective biological
output programs. In several systems, various signaling
pathways, particularly those involving (MAPKSs, are modu-
lated by ROS (Desikan et al., 2001, 2005; Neill et al., 2002,
2003; Pitzschke and Hirt, 2006). However, the prominent
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role of ROS has been revealed in the induction, signaling,
and execution of plant cell death (Van Breusegem and
Dat, 2006). Despite all the evidence, the main source of
ROS production in plants in response to biotic attack is still
a matter of debate (Bolwell, 1999).

In absence of stress and under physiological conditions,
the level of ROS is maintained low by the activity of anti-
oxidative systems, which include secondary plant metabo-
lites and scavenging enzymes (see below) (Foyer and
Noctor, 2005a,b; Pandhair and Sekhon, 2006). Both biotic
and abiotic factors induce changes in the ROS equilibrium
and trigger cascades of signals eventually leading to
increased ROS production and/or decreased antioxidant
and scavenging activities (Apel and Hirt, 2004; Asada,
2006; Davies et al., 2006; Foyer and Noctor, 2003; Han-
cock et al., 2002).

ROS are important regulators of plant development and
there is a growing body of evidence that ROS play roles in
cell growth, thus spatial regulation of ROS production is
an important factor controlling plant anatomy and mor-
phology (Gapper and Dolan, 2006).

The rapid increase in ROS concentration which is
observed after both biotic and abiotic injuries is called
“oxidative burst” (Bhattacharjee, 2005; Bolwell et al.,
2002). In plant—pathogen interaction, the most widely stud-
ied system of plant-biotroph interaction, a consistent
amount of data indicate the presence o two compartments
in which ROS production takes place: the apoplast and the
symplast. Quite often both compartments may be operative
at the same time in the same plant or tissue. Subcellular
localization of ROS after insect feeding also shows that
both apoplastic and symplastic localization, with exocellu-
lar matrix, peroxisomes/mitochondria and plasma mem-
brane being the main compartments, are involved (Maffei
et al., 2006).

Apoplastic oxidative burst has been demonstrated in
in vivo and in vitro experiments and appears to act in sev-
eral plants as a first barrier against pathogen invasion both
during pathogen and insect attack (Bolwell et al., 2002; Fel-
ton and Korth, 2000; Maffei et al., 2006; Orozco-Cardenas
et al., 2001; Powell et al., 2006). The activity of plasma
membrane-localized NADPH oxidases (NOX) catalyzes
the production of O;, by the one-electron reduction of
oxygen using NADPH as the electron donor. In plants,
the human NOX homologs have been named respiratory
burst oxidase homologs (Rboh) and are involved in ROS
production in response to biotic attack (Sagi and Fluhr,
2006). Cellular fractionation of plant tissue indicates that
Rboh proteins are stimulated directly by Ca**. Medium
(or apoplast) alkalinization preceding their activation
results from elicitor-induced depolarization of the V, and
subsequent K*/H" exchange followed by Ca*" influx/Cl~
efflux (Sagi and Fluhr, 2001, 2006). Superoxide, which is
produced outside the plasma membrane, serves as a start-
ing material for the production of a large variety of reactive
oxidants, including oxidized halogens, free radicals, and
singlet oxygen (Apel and Hirt, 2004). Superoxide dismuta-

tion yields hydrogen peroxide (H,0,), one of the most
important ROS in plant-biotroph interaction. Recently,
three studies from mammalian systems have provided evi-
dence that H,O,, in addition to the well studied role in
intracellular signaling, is also used as an intercellular signal
molecule, implying a necessary step of transport of H,O, or
ROS across the plasma membranes of signal-producing
and perceiving cells. Molecular genetic evidence for the dif-
fusion of H,O, through specific members of the aquaporin
family has been demonstrated in Saccharomyces cerevisiae
(Bienert et al., 2007 and references cited therein).

Besides NADPH oxidase, other possible sources of ROS
are present in the plant apoplast. These include cell wall
peroxidases and amine oxidases. Peroxidases have mainly
been localized to apoplastic compartments although they
are also vacuolar and can be purified from membranes.
The role of cell wall peroxidases in the generation of
ROS has been clearly shown in certain plant—pathogen
interactions (Bindschedler et al., 2001; Blee et al., 2001;
Bolwell and Wojtaszek, 1997). In plant cells, both poly-
amine oxidase and diamine oxidase are reported to be
located in apoplast. Polyamine oxidase can convert sperm-
ine and spermidine, by oxidative cleavage, back to spermi-
dine and putrescine, respectively, resulting in the formation
of H,O, (Laurenzi et al., 2001). Time-course analyses
showed that within several hours after biotic elicitation,
newly synthesized polyamines are efficiently degraded by
polyamine oxidase in tobacco, releasing H,O, in the apop-
last (Yoda et al., 2003).

Symplastic oxidative burst includes the activity of plant
cell organelles which may contribute to build up consis-
tent levels of ROS. In plant cells, most of the symplastic
ROS produced originate from peroxisomes, chloroplasts
and mitochondria. Peroxisomes were considered to func-
tion mainly for the removal of toxic H,O, by catalase
(CAT, EC 1.11.1.6), one of the many ROS scavenging
enzymes. However, it is now known that in addition to
producing H,O,, peroxisomes can generate O; and NO,
which are known cellular messengers with a variety of
physiological roles in intra- and inter-cellular communica-
tion (del Rio et al., 2006). Nitric oxide and H,O, can per-
meate the peroxisomal membrane and O; can be
produced on the cytosolic side of the membrane (Corpas
et al., 2001; del Rio et al., 2006). In the chloroplast thy-
lakoids, the reaction centers of PSI and PSII are the
major generation sites of ROS (Asada, 2006), but they
do not appear to be involved in herbivore-elicited ROS
production (Maffei et al., 2006). In non-green tissues, or
in the dark, mitochondrial ROS production becomes pre-
dominant. The major site of ROS formation in mitochon-
dria lies in the electron transfer chain, especially at the
level of Complexs I and III, where superoxide, is pro-
duced (Navrot et al., 2007).

In plants, the links between ROS production and pho-
tosynthetic metabolism are particularly important, allow-
ing the selection of antioxidative defense mechanisms,
which place all aerobic cells in a state of pro-oxidant/
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antioxidant balance that prevents cellular damage. Lepi-
dopteran larval saliva contains an elicitor which originates
predominantly in the labial glands, glucose oxidase
(GOX), an enzyme that generates H,O, through the oxi-
dation of D-glucose (Bede et al., 2006; Merkx-Jacques
and Bede, 2004). GOX, while inhibiting some plant
defense responses, has also been suggested to be an elicitor
of plant pathogen defenses (Musser et al., 2005). GOX has
been suggested to increase the -caterpillar’s survival
through the suppression of inducible anti-herbivore
defenses in plants, while tobacco (Nicotiana tabacum)
leaves fed on by caterpillars with ablated salivary glands
had significantly higher levels of nicotine, an inducible
anti-herbivore defense compound of tobacco, than leaves
fed upon by caterpillars with intact labial salivary glands
(Musser et al., 2006). On the other hand, the expression
of an exogenous GOX resulted in enhanced resistance to
biotic attack in transgenic potato (Felcher et al., 2003;
Zhen et al., 2000). However, glucose is not the only sugar
that can be oxidized to produce ROS. In the Asteraceae,
an enzyme with a protein sequence displaying a high sim-
ilarity with reticuline oxidase can utilize a range of reduc-
ing sugars, most notably hexoses that accumulate in plants
upon biotic attack, resulting in the production of ROS
(Custers et al., 2004).

Because ROS can potentially damage proteins, lipids,
and nucleic acids, cells have a number of ROS scavenging
systems that are able to remove these molecules and to
maintain a relatively low and constant ROS concentration
(Bienert et al., 2007).

Plants must find a balance between producing ROS
for defense and producing ROS-detoxifying enzymes to
help stabilize plant tissue damage due to oxidative degra-
dation (Thompson and Goggins, 2005). On the other
hand, since plant-generated ROS pose a serious challenge
to herbivorous insect species during host interactions,
insects have also evolved a complex antioxidant mecha-
nism to overcome the toxic effects of ROS (Mittapalli
et al., 2007).

In plants, the antioxidant defense is primarily constituted
by the enzymatic actions of superoxide dismutase (SOD,
EC 1.15.1.1), which catalyzes disproportionation of O; to
H,0, and O,. SOD is considered to be one of the first line
of defenses. CAT and ascorbate peroxidase (APX, EC
1.11.1.11) are responsible for the scavenging of H,O,.
CAT converts H,O, to H,O and O, and APX catalyzes
the reduction of H>O, using ascorbate as an electron donor.
Other peroxidases, including guaiacol peroxidase (POD,
EC 1.11.1.7) are also involved in H,O, elimination. POD
catalyzes oxidation of many phenolic compounds at the
expense of H,O, and is considered to be a key enzyme in
biosynthesis of lignin (Gaspar et al., 1991).

In plant-insect interactions, high enzyme activity and/or
gene expression of ROS scavenging systems belong to the
later responses following herbivore attack, but occur
before production of volatile compounds (phytochemicals)
as indirect defenses. The leaves of aphid-infested celery,

sorghum, and wheat plants up-regulate a number of
sequences participating in cell wall and cell membrane
strengthening, as well as redox homeostasis and detoxifica-
tion. Transcripts encoding proteins involved in protection
against and detoxification of ROS and other toxins are
up-regulated in celery and wheat, but are downregulated
in N. attenuata (Smith and Boyko, 2007).

After insect feeding on Lima bean, SOD, one of the
early enzymes involved in the reduction of the superoxide
anion generated either by Mehler reaction and photorespi-
ration or by the reduction of molecular oxygen in mito-
chondria and oxidase reaction (Apel and Hirt, 2004), is
activated at the gene transcription and enzyme activity lev-
els only after 6 h. On the other hand, the basal enzyme
activity of SOD was found to be high early after treatment
in both, HW and MD Ileaves, but dropped in MD leaves
after 6 h (Maffei et al., 2000).

In plants, CAT scavenges H,O, generated during mito-
chondrial electron transport, beta-oxidation of the fatty
acids, and most importantly photorespiratory oxidation
(Yang and Poovaiah, 2002). In Lima bean, gene activation
of CAT reaches the highest activity 6 h after feeding. How-
ever, since SOD activity is about 7- and 37-folds higher
than that of the CAT, the resulting effect of herbivore feed-
ing on Lima bean is the net increase with time of H,O, pro-
duction (Maffei et al., 2006). Enzymes involved in ROS
scavenging, such as peroxidases, are also prerequisites for
plant cell wall building.

A low activity of APX is found after Spodoptera littoralis
feeding on Lima bean and this is in agreement with the lack
of ROS localization observed in chloroplasts and suggests a
major role of non-photosynthetic H,O, production after
herbivore attack. GPX, which is involved in the detoxifica-
tion of lipid peroxides rather than hydrogen peroxide per se
(Apel and Hirt, 2004; Foyer and Noctor, 2005a) showed no
increased activity and gene expression after insect feeding
(Maffei et al., 2006). In aphid infested resistant wheat plants
(Boyko et al., 2006) and in M. persicae-susceptible celery
plants (Divol et al., 2006), genes involved in oxidative signal
transduction through the control of cellular hydrogen per-
oxide concentrations, such as peroxidase, catalase,
NADH-dependent glutamate synthase, and a mitochon-
drial adenosine triphosphate/adenosine  diphosphate
(ATP/ADP) carrier protein, are up-regulated.

H,O0, is a relatively stable partially-reduced form of oxy-
gen and its ability to diffuse freely allows H,O, to play a
central role in the generation of the defense response in
plants (Bdka et al., 2007), most studies focused on the anal-
ysis of this particular ROS species. In addition to the pro-
posed direct antimicrobial effect, H,O, acts via signal
transduction pathways which lead to the expression of
defense genes (Orozco-Cardenas et al., 2001).

Generation of H,O, occurs under a diverse range of
conditions, and it appears likely that H,O, accumulation
in specific tissues, and in the appropriate quantities, is of
benefit to plants and can mediate cross tolerance toward
other stresses (Bolwell, 1999).
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H,0, is produced after herbivore feeding (Leitner et al.,
2005; Maffei et al., 2006; Mithofer et al., 2004; Powell et al.,
2006; Walling, 2000), and oxidative changes in the plants
have been demonstrated to correspond with oxidative dam-
age in the midguts of insects feeding on previously
wounded plants (Orozco-Cardenas and Ryan, 1999). In
response to herbivores, H,O, levels are likely to be elevated
as long as the attacks persist.

Maffei et al. (2006) found that in Lima bean leaves, the
accumulation of H,O, occurs at high levels in cell walls
adjacent to intercellular spaces in the spongy mesophyll,
after both mechanical and herbivore damage. However,
after herbivore attack, Lima bean leaves show higher pro-
duction of H,O, with respect to mechanically damaged
leaves. In tomato plants that constitutively express prosy-
stemin, a precursor of systemin, the levels of H,O, are con-
stitutively elevated and might provide an early defense
barrier (Orozco-Cardenas and Ryan, 1999).

Unlike chewing insects that cause swift and extensive tis-
sue damage, most phloem feeders cause minimal tissue
damage as they use their stylet to access the vascular tissue
or directly on plant cells to feed. This relationship is more
analogous to a plant-biotrophic pathogen interaction,
where the pathogen is sustained in a localized area and is
dependent on living plant cells (Kempema et al., 2007;
Walling, 2000). Although the majority of the aphid micro-
array studies reported to date have examined only a select
group of genes and many of the published microarray stud-
ies have limited biological replications and/or do not mea-
sure significance using a statistical method, the current
transcriptome analyses suggest that changes to aphids are
drastically different than those observed by chewing insects
and that aphids tend to induce gene sets more similar to
fungal or bacterial pathogens (Kempema et al., 2007 and
references therein).

Aphids also induce accumulation of H,O, (Powell
et al., 2006) and ROS are elicitors of defense signaling
pathways with known involvement in the elicitation of
plant response to aphid attack (Boyko et al., 2006). Bar-
ley, oat, and wheat plants produce elevated levels of
H,0, in response to feeding by Schizaphis graminum, D.
noxia, and Rhopalosiphum padi (all reviewed by Smith
and Boyko, 2007). The level of mRNAs for several genes,
that enable scavenging of ROS and redox homeostasis,
increased during silverleaf whitefly (Bemisia tabaci) feed-
ing, suggesting that feeding may induce ROS in planta
(Kempema et al., 2007). Infestation with S. graminum
increased H,O, content and total soluble peroxidase activ-
ity in barley, with a maximum level of H,O, observed
after 20 min of infestation and the maximum in soluble
peroxidase activity after 30 min of infestation (Argandona
et al., 2001). This suggests that the aphid-induced accu-
mulation of soluble peroxidase activity is a consequence
of the H,O, burst and indicates that the accumulation
of H,O, could be the beginning of a cascade of events that
triggers physiological and molecular plant responses to
prevent or minimize insect attack, as already observed in

plant-pathogen interactions (Blumwald et al., 1998;
Kotchoni and Gachomo, 2006; Torres et al., 2005).

Even single mechanical damage induce ROS production
(Maffei et al., 2006; Orozco-Cardenas et al., 2001; Rey-
mond et al., 2004) and, in addition, mechanically wounded
Lima bean leaves react fast and dramatically to exogenous
H,O0, by inducing a strong V;, depolarization. Changes in
Vm or modulation of ion fluxes at the plasma membrane
level are amongst the earliest cellular responses to biotic
and abiotic stresses, and induction of ion fluxes and V,,
depolarization have been demonstrated in response to
insect feeding (Maffei et al., 2004, 2007, Maffei and Bossi,
2000).

According to Dangl et al. (1996), the presence of H,O,
in the plant in response to herbivory could be advanta-
geous because timing of the induction of defense responses
can be an important factor in the success or failure of
plants to defend against subsequent pathogen invasion
(Dangl et al., 1996; Dangl and Jones, 2001; Torres et al.,
2006). Wound-generated H,O, that occurs in the veins also
could have a defensive role against bacteria, fungi, or
viruses as they may invade leaves wounded by herbivores
(Orozco-Cardenas and Ryan, 1999). This is particularly
true in S. littoralis-Lima bean interaction, since feeding
insects introduce regurgitate from the foregut containing
microorganisms into the freshly damaged leaf.

Fig. 2 summarizes events leading the production of ROS
in the apoplast and the symplast as well as the main ROS
scavenging enzymes.

4. Crosstalks between pathways and emission of volatile
blends

Today more than 1700 volatile compounds have been
isolated from more than 90 plant families. They constitute
about 1% of plant secondary metabolites and are mainly
represented by terpenoids, aromatic compounds, fatty acid
derivatives, and amino acid-derived products (Dudareva
et al., 2004, 2006). Although some of these compounds
are constitutively emitted by undamaged healthy plants,
considerably higher amounts are emitted after herbivore
damage. Many of them are synthesized de novo in response
to the attacking organism (Paré and Tumlinson, 1996; Piel
et al., 1998). Characteristic for the induction process is a
lag period of several hours (4-8) between the damage and
the emission. Since the complex blends are fed by different
biosynthetic pathways linked to a web of interacting signal-
ing pathways, the volatiles can be considered as a ““volati-
lome™ that is particularly sensitive to different external
triggers. The composition of the volatile blend seems to
reflect an integrative “cross-talk” between Ca®'-ions
(Arimura et al., 2000, 2005), ROS (Mithofer et al., 2005),
jasmonic acid (Blechert et al., 1995; Boland et al., 1995;
Schittko et al., 2000), 12-oxo-phytodienoic acid (Koch
et al., 1999), salicylate (Bi et al., 1997; Engelberth et al.,
2001), ethylene (Rojo et al., 2003), and other still unknown
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Fig. 2. Apoplastic and symplastic generation and scavenging of ROS upon biotic stress. One of the first barriers against plant cell invasion is the
production of ROS at the first line of defense represented by the cell wall and the plasma membrane. Apoplastic ROS production depends on the activity
of several cell wall enzymes, including Rboh, SOD, Peroxidases and amine oxidases. ROS produced in this environment may directly injure the attacking
organisms or be used to strengthen the cell wall by increasing polymerization. Oral secretions of herbivores can generate H,O, through the action of ROS
as H,0O, can enter the cell through specific hydroperoxiporins that might increase the cytosolic HO, concentration. H,O, and other ROS are also
produced by plant cell organelles such as mitochondria, peroxisomes and chloroplasts. Scavenging enzymes like CAT, APX and GPX lower ROS toxicity
and help to maintain H,O, homeostasis. H,O, also induces changes in Ca>" homeostasis by interfering with Ca®" channels and Ca®" binding proteins. As
in Fig. 1, colored stars refer to the effect of the biotroph on ROS production, scavenging and signaling.

members of the octadecanoid family. Methodological
improvements of the last decade made the comprehensive
assessment of volatilome possible and even allowed an
almost real-time monitoring of the emitted compounds
from living plants (Tholl et al., 2006). The volatiles may
convey information on the plants’ physiological status
and the previously experienced stress. They may vary quan-
titatively, sometimes even qualitatively depending on
growth conditions and the attacking organism. In particu-
lar, bioactive compounds from the oral secretions of herbi-
vores or from invading microorganisms significantly
influence their qualitative and quantitative composition.
Therefore, the blend can be either more plant and/or more
herbivore characteristic (De Moraes et al., 1998; Takabay-
ashi et al., 1995). The composition of typical induced vola-
tile blends has been reviewed for many plant systems
(Dudareva et al., 2004, 2006) and their biological functions
have been discussed (Arimura et al., 2005; Kessler and
Baldwin, 2001; Van Poecke and Dicke, 2004; Vancanneyt
et al., 2001). The composition of the blends also depends
on the mode of damage such as single wounding, continu-
ous wounding (Mithofer et al., 2005), herbivore feeding
(Paré and Tumlinson, 1996), and egg deposition (Hilker
and Meiners, 2002). An herbivore-induced volatile blend

may comprise more than 200 compounds (Dicke and van
Loon, 2000), but often the same basic constituents are
found as the major products. Besides addressing organisms
from other trophic levels, induced volatiles also act on
neighbored leaves from the same plant (Heil and Bueno,
2007), neighbored plants of the same species (Arimura
et al., 2000; Engelberth et al., 2004; Kessler et al., 2006;
Tscharntke et al., 2001) as well as neighbored plants of dif-
ferent species. Moreover, the volatile production generally
shows a pronounced rhythmicity (see Fig. 3) by emitting
the volatiles only during the light phase (Arimura et al.,
2005; Kunert et al., 2002; Loughrin et al., 1994). However,
to defend against night-active herbivores also nocturnal
emissions are known (De Moraes et al., 2001; Kessler
and Baldwin, 2001).

The composition of the herbivore-induced volatiles also
strongly depends on abiotic factors, such as the availability
of nitrogen and phosphorous (Schmelz et al., 2003a), soil
and air humidity (Vallat et al., 2005), light intensity and
temperature (Gouinguene and Turlings, 2002). The treat-
ment of plantlets of the Lima bean with heavy metals
(Hg*", Cu*", and Fe*") resulted in a characteristic blend
of volatiles that was observed otherwise only after treat-
ment of the plant with the channel forming peptide
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Fig. 3. Diurnal emission of volatiles from herbivore-damaged leaves of Lima bean ( Phaseolus lunatus). The release of volatiles starts ca. 2 h after the onset
of a continuous mechanical damage by the MecWorm system (Mithofer et al., 2005). Comparable circadian profiles are observed after herbivore feeding
(Kunert et al., 2002). Damage period: 6 h/day represented by a blue bar. Dark phase: grey area. Volatiles are only emitted during the light period. The
amount of volatiles increases from day to day as long as the damage is continued. The emission ceases within 24-48 h after ending the continuous
mechanical damage or removal of the herbivore. Interestingly, the composition of the blend changes dramatically in concentration from day to day,

suggesting that attracted predators must be able to recognize these changes.

alamethicin (Engelberth et al., 2001). Common to both
treatments is most likely the abundant generation of ROS
which in Lima bean leaves generates an entirely different
volatile blend than a feeding herbivore. A reason for this
difference was found in the strong up-regulation of the sal-
icylic acid biosynthesis which suppressed the production of
jasmonic acid that is required for the general stimulation of
volatile biosynthesis (Engelberth et al., 2004). This obser-
vation clearly stresses the outstanding importance of the
“cross-talks” between the network of signaling pathways
for an integrated and adjusted response that is ultimately
reflected in the composition of the volatile blends or other
phytochemicals.

In contrast to the delayed emission of induced volatiles,
the so called “green leaf” volatiles are emitted almost
instantaneously after damage. They are considered as
wound signals and comprise degradation products of
unsaturated fatty acids (Hatanaka, 1993). The typical
green leave volatiles originate from linolenic acid and rep-
resent unsaturated six-carbon aldehydes, alcohols and
esters (e.g. acetates, butyrates, benzoates). These com-
pounds have recently gained particular interest since they
seem to be involved in the “priming process” of undam-
aged leaves (Engelberth et al., 2004; Heil and Bueno,
2007; Heil and Kost, 2006; Kessler et al., 2006). A pro-
nounced synergistic interplay of green leave volatiles and
ethylene has been reported (Ruther and Kleier, 2005).

Mechanical wounding of plant tissues is an inevitable
consequence of herbivory although the intensity and extent
of damage is different and may vary with the mode of feed-
ing, e.g. sucking or chewing. Therefore, in all studies ana-
lyzing the effects of insect feeding or insect elicitors on

plant defense responses, control experiments with wounded
plants have been performed using either a razor (blade) for
scratching or cutting the leaf or a pattern wheel for punc-
turing leaf areas. This type of simulated herbivory resulted
in induction of genes involved in defense strategies and also
in up-regulation of activities addressing primary metabo-
lism (Cheong et al., 2002; Major and Constabel, 2006; Rey-
mond et al., 2004) but induction of defense-related VOC
was not observed. Although it was apparent that wounding
has an enormous impact on gene expression and physiolog-
ical responses in planta, it remained questionable whether
or not these treatments resembled insect feeding, since her-
bivorous insects consume leaves by continuous clipping off
and ingesting small pieces of tissue. This process can be
considered as a series of sequential mechanical wounds
and it is conceivable that plants might recognize and dis-
criminate a continuously sustained damage by feeding
insects from a mechanical wounding that was set only once.
The construction of a mechanical caterpillar allowed to
simulate “herbivory” in a more realistic fashion (Mithoéfer
et al., 2005). Using continuous damage via the mechanical
caterpillar (MecWorm) on Lima bean leaves, virtually the
same blend of volatiles was detected as known from actual
herbivore damage, although there were some quantitative
differences. Strikingly, these experiments revealed that con-
tinuous mechanical wounding was sufficient to induce a
local as well as a systemic emission of VOCs (Mithofer
et al., 2005). Both the duration and the area that has been
mechanically damaged, contribute to the induction of the
whole volatile response. By integrating those two parame-
ters, time and intensity, which can replace each other to
some extent, a damage level could be defined. That damage
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level exhibits a close linear relationship with the accumula-
tion of fatty acid-derived volatiles and monoterpenes while
other terpenoid volatiles and methyl salicylate respond in a
non-linear manner. A detailed consideration of the impact
of the two parameter involved, damage-time and damage-
area, showed that the emission of representative com-
pounds, hexenyl acetate, linalool, and methyl salicylate,
based on different rules: the induction of the first com-
pounds followed the product law stating that the product
of damage time and area is the measure of stimulus
strength; in contrast, the induction and accumulation of
methyl salicylate followed the all-or-none law characterized
by a certain threshold value. All these results demonstrate
that the impact of continuous mechanical impact is clearly
different from “‘single wounding events” and much more
important than previously realized.

However, not all plants investigated so far responded to
MecWorm treatment exactly as Lima bean or cotton did
with an emission of identical volatile compounds of about
90%. For example, the levels of identical VOCs in tobacco
were 78%, in maize 60%, and in potato 43%. Often the
feeding process is accompanied by simultaneous introduc-
tion of saliva and foregut secretions from the insect. As sta-
ted above, oral secretions contain herbivore-specific
compounds with elicitor capabilities, e.g. certain enzymes
[glucose oxidase (Felton and Eichenseer, 1999); B-glucosi-
dase (Mattiacci et al., 1995); alkaline phosphatase (Funk,
2001)] or fatty acid—amino acid conjugates such as volicitin
(Alborn et al., 1997). Some of these compounds exhibited
high VOCs inducing activities when added to certain sin-
gle-wounded plants (Alborn et al., 1997; Halitschke et al.,
2001; Landolt et al., 1999; Mattiacci et al., 1995; Schmelz
et al., 2001, 2003b). However, insect-derived elicitors are
not generally active as in Lima bean and cotton no induc-
tion of VOCs could be demonstrated (Spiteller et al., 2001),
corresponding to the high level of solely mechanically
induced VOC:s in these particular species. Obviously, in dif-
ferent plant species the relative contribution of both the
mechanical wounding and the chemistry of the insects’ oral
secretions in the process of VOCs induction can differ and
is not unique.

5. Conclusions

Understanding insect—plant interactions is of interest
not only from an ecological and evolutionary perspective
but also for the development of novel crop protection strat-
egies. Owing to the massive damage that herbivores cause
to valuable crops, the deciphering of early signals from
plants represent one of the most exciting fields of research
in the first line defense. ROS and calcium signaling appear
to be a common event in induced processes directed against
hervivores (both chewing and piercing/sucking) and patho-
gens, but the way the plant discerns enemies lies in the
speed and intensity of damage as well as in the nature of
specific elicitors delivered to the attacked plant cell. VOCs

production has been demonstrated after a wide range of
biotrophic attacks and even in this case the plant respond
with specific but variable blends, which can attract preda-
tors of the attacking enemies. Despite all evidence, the con-
nection between early perception of the aggressor, the
generation of ROS and second messengers, and the specific
emission of VOC is still far from being clear and much
work is still needed in order to better understand the
important linkage between recognition of a particular bio-
tic stress and the appropriate plant responses.
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