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Introduction

Abstract Insects have long been the most abundant herbivores, and plants have
evolved sophisticated mechanisms to defend against their attack. In particular, plants can
perceive specific patterns of tissue damage associated with insect herbivory. Some
plant species can perceive certain elicitors in insect oral secretions (OS) that enter
wounds during feeding, and rapidly activate a series of intertwined signaling pathways to
orchestrate the biosynthesis of various defensive metabolites. Mitogen-activated protein
kinases (MAPKs), common to all eukaryotes, are involved in the orchestration of many
cellular processes, including development and stress responses. In plants, at least two
MAPKS, salicylic acid-induced protein kinase (SIPK) and wound-induced protein kinase
(WIPK), are rapidly activated by wounding or insect OS; importantly, genetic studies us-
ing transgenic or mutant plants impaired in MAPK signaling indicated that MAPKs play
critical roles in regulating the herbivory-induced dynamics of phytohormones, such as
jasmonic acid, ethylene and salicylic acid, and MAPKs are also required for transcriptional
activation of herbivore defense-related genes and accumulation of defensive metabolites. In
this review, we summarize recent developments in understanding the functions of MAPKSs
in plant resistance to insect herbivores.
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In contrast, many metabolites are produced at low lev-
els, or not at all, in unattacked plants, but increase af-

Insects are the most abundant and among the oldest her-
bivores: plants and insects have co-evolved for more than
350 million years (Gatehouse, 2002). Thus plants have
evolved sophisticated response systems to defend against
their insect predators. Plants are equipped with physical
defenses, such as thorns, trichomes and cuticles, but they
are also rich in secondary metabolites, most of which are
thought to function against herbivores. Some secondary
metabolites are maintained at near-constant concentra-
tions regardless of whether plants are attacked by insects,
and these can be categorized as constitutive defenses.
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ter insect feeding; these are termed inducible defenses.
There is evidence that the production of defensive com-
pounds is costly, and inducible defenses may be more cost-
effective (Steppuhn & Baldwin, 2007). Inducible defenses
are tightly controlled by signaling systems that regulate
downstream responses to herbivore-specific cues, includ-
ing transcriptional activation of genes which encode en-
zymes for the biosynthesis of defensive compounds (Wu
& Baldwin, 2010; Howe & Jander, 2008; Wu & Baldwin,
2009).

One of the earliest signaling events after herbivore
attack is the activation of mitogen-activated protein ki-
nases (MAPKSs), and growing biochemical and genetic
evidence has revealed that MAPKSs play critical roles in
plant resistance to herbivores. Following herbivore at-
tack, plants activate MAPK signaling, which in turn alters
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levels of phytohormones, including jasmonic acid (JA)
and ethylene, reshaping the transcriptome and thus the
proteome in preparation to defend against attack. In this
review, we summarize recent progress in elucidating the
functions of MAPKSs in plant—insect interactions, includ-
ing SIPK (salicylic acid-induced protein kinase), WIPK
(wound-induced protein kinase), and MPK4, which are
the only MAPKs that have been studied in plant—insect
interactions.

MAPKs

MAPKSs are part of well-conserved eukaryotic signal-
ing cascades which regulate numerous cellular responses
(Herskowitz, 1995; Chang & Karin, 2001). MAPKSs con-
sist of 11 domains (I-XI) that are found in all ser-
ine/threonine protein kinases (Hanks ef al., 1988), and
are activated by the dual phosphorylation of Thr and Tyr
residues in a TxY motif located in the activation loop
(T-loop) between subdomains VII and VIII. Activation
occurs via MAPK kinases (MAPKKs or MEKs), which
in turn are activated by MAPKK kinases (MAPKKKs
or MEKKSs) through phosphorylation of conserved Ser
and/or Thr residues in their T-loop. Activated MAPKs
phosphorylate their substrates, most of which are tran-
scription factors and enzymes, triggering downstream
stress-related responses (Hazzalin & Mahadevan, 2002).
Based on the phylogenetic analysis of amino acid se-
quences and TxY phosphorylation motifs, plant MAPKs
can be divided into four groups (A, B, C and D). Members
of subfamilies A, B and C have a well conserved TEY mo-
tif, whereas MAPKSs in subfamily D contain a TDY motif
and a long C-terminal sequence, and also lack the evolu-
tionarily conserved C-terminal CD domain which is con-
sistently found in members of the other MAPK groups and
functions as a docking site for MAPKKs, phosphatases
and protein substrates (MAPK Group, 2002).

Genome sequencing projects revealed that the Ara-
bidopsis, rice and poplar genomes contain 20, 15 and
21 MAPKSs, respectively; in contrast, there are only 6
and 10 MAPKSs in yeast and humans (Hamel et al,
2006). Considering that plants are sessile and cannot
relocate themselves to avoid unfavorable conditions,
the expanded numbers of MAPKs in plants imply that
they assist in adaptation to a variety of environmental
stresses.

Insect-derived elicitors

Plants recognize microbe-associated molecular patterns
(MAMPs), most of which are conserved proteins (e.g.,

bacterial flagellin and elongation factor EF-Tu) or cell
wall components (such as fungal chitin and bacterial
lipooligosaccharides). MAMPs are mostly perceived by
pattern recognition receptors (Boller & Felix, 2009)
and recognition of MAMPs often leads to activation of
MAPKs.

In analogy to MAMPs, herbivore-associated molecu-
lar patterns (HAMPs) was proposed as a term to cover
all herbivore-derived signaling compounds that can be
perceived by host plants and thereby elicit defense re-
actions (Mithofer & Boland, 2008; Mithéfer & Boland,
2012). Among the HAMPs, elicitors in insect OS form
the largest group of substances that have been stud-
ied in plant-herbivore interactions (Bonaventure et al.,
2011). These elicitors play important roles in activating
herbivory-specific responses after they enter plant tis-
sues during insect feeding. The first elicitor was iden-
tified in beet armyworm (Spodoptera exigua Hiibner)
OS: N-(17-hydroxylinolenoyl)-L-glutamine. Commonly
referred as volicitin, it is able to induce volatile com-
pounds in corn, and these volatiles attract parasitic wasps
ofbeet armyworm (Alborn et al., 1997). Later, compounds
with similar structures to volicitin, the fatty acid—amino
acid conjugates (FACs), were identified in many different
lepidopteran insects, such as the tobacco hornworm Man-
duca sexta (Halitschke et al., 2001) and other Spodoptera
spp- (Pohnert et al., 1999; Spiteller & Boland, 2003).
Thus far, FACs are the best-studied group of insect elic-
itors. Applying FACs to wounds, a way of mimicking
caterpillar feeding, activates herbivory-specific responses
in plants, such as greatly increased jasmonic acid (JA),
ethylene (ET), and salicylic acid (SA) levels and tran-
scriptome reconfigurations (Halitschke ef al, 2003;
Halitschke et al., 2001; von Dahl et al., 2007). Impor-
tantly, FACs were found to be the elicitors that activate
MAPK signaling (Wu et al., 2007) (see below).

In addition to FACs, Schifer ef al. (2011) demon-
strated that grasshopper (Schistocerca gregaria) OS ac-
tivate MPK3 and MPKG6 in Arabidopsis (Arabidopsis
thaliana), although the identity of the elicitor remains
unknown. When fall armyworm (Spodoptera frugiperda)
feeds on cowpea plants (Vigna unguiculata), the ingested
plant chloroplastic ATP synthase y-subunit forms prote-
olytic fragments in the insect midgut, and one of these
fragments, called inceptin, dramatically augments levels
of JA, ET and SA in damaged cowpea leaves (Schmelz
et al., 20006). Caeliferins, sulfur-containing compounds
from American bird grasshoppers (Schistocerca ameri-
cana), induce releases of terpenoid volatiles from maize
seedlings (Alborn et al., 2007). Other high molecular-
weight insect-derived elicitors also exist: S-glucosidase
in cabbage butterfly (Pieris brassicae) OS elicits volatiles
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in Brussels sprouts (Brassica oleracea L. var. gemmifera
cv. Titurel) (Mattiacci et al., 1995); and interestingly, glu-
cose oxidase (GOX) in corn earworm (Helicoverpa zea)
OS suppresses plant defense responses (Musser et al.,
2005). Schmelz et al. (2009) investigated the specificity
and phylogenic distribution of elicitor recognition in culti-
vated plants and demonstrated that volicitin exhibited the
widest range of phytohormone-inducing activity, whereas
inceptin-related peptides only induced defense responses
in a few plant species. Much work is still needed to re-
veal how elicitors activate plant signaling (e.g., MAPKs)
and downstream defense reactions, and given the diversity
of plant—insect interactions, it is expected that there are
still more insect-derived elicitors to be discovered, which
may activate specific defense responses in particular plant
species.

Functions of SIPK and WIPK in plant-insect
interactions

The first line of evidence of the involvement of MAPKs
in plant-herbivore interactions was from a study on to-
bacco (Nicotiana tabacum) in which Seo et al. (1995)
demonstrated that WIPK, a member of MAPK subfamily
A, transcripts and total MAPK activity increased rapidly
(1 min) after wounding; furthermore, antisense expression
of WIPK led to reduced levels of JA and defense-related
genes.

Later, the functions of MAPKSs in plant resistance to
herbivores were studied using coyote tobacco (N. attenu-
ata), a wild tobacco which grows in post-fire monocul-
tures in the deserts of western North America. Wu et al.
(2007) found that supplementing M. sexta OS to wounded
N. attenuata leaves to simulate herbivory rapidly (within
5min) activated SIPK and WIPK, and the OS-induced
activity levels of SIPK and WIPK were at least two-
fold greater than those induced by mechanical wounding
alone; importantly, removing FACs from OS using ion-
exchange columns abolished the ability of OS to amplify
SIPK and WIPK activity, and adding synthetic FACs to
wounds increased the activity of these MAPKs to lev-
els similar to those induced by OS. Like WIPK, SIPK
also belongs to subfamily A, and the two MAPKs are
homologues (e.g., in N. attenuata, they share 73% iden-
tity on the amino acid sequence level). When SIPK or
WIPK were silenced in N. attenuata, the levels of JA in-
duced by simulated herbivory or wounding treatment were
strongly reduced, demonstrating that SIPK and WIPK
are both important regulators of induced JA biosynthesis
(Wu et al., 2007). At least eight different enzymes are
involved in JA biosynthesis (Wasternack, 2007), and al-
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though the mode of action is still unknown, there is ev-
idence that SIPK and WIPK function differently: SIPK
likely regulates the lipase which releases linolenic acid
(18:3) from chloroplast membranes, and WIPK probably
influences the activity of allene oxide synthase (AOS)
which converts 13-OOH-18:3 to the immediate precursor
of 12-oxo-phytodienoic acid (OPDA) (Kallenbach ef al.,
2010). In contrast, only SIPK, but not WIPK, is involved
in M. sexta herbivory-induced ET production (Wu ef al.,
2007). ET is synthesized in two consecutive steps cat-
alyzed by 1-aminocyclopropane-1-carboxylic acid (ACC)
synthase (ACS) and ACC oxidase (ACO). In Arabidopsis,
MPKG6 (the homologue of SIPK), but not MPK3 (the ho-
mologue of WIPK), directly phosphorylates ACS6 and
ACS2 and thus stabilizes these enzymes, and this in-
creases the production of ET (Liu & Zhang, 2004); Ara-
bidopsis leaves show greatly increased MPK6 and MPK3
activity after wounding (Ichimura et al, 2000). Very
likely, the same SIPK-regulated mechanism accounts for
the herbivory-induced ET “burst” in N. attenuata. Given
the role of JA and ET in modulating plant defense against
herbivores (Paschold et al., 2007; von Dahl et al., 2007;
O’Donnell et al., 1996; Xie et al., 1998), it is not sur-
prising that many herbivore resistance-related genes and
consequently many defensive metabolites were found to
have decreased levels in SIPK- and WIPK-silenced plants
(Meldau et al., 2009; Wu et al., 2007).

Herbivory-induced MAPK activation has also been
demonstrated in tomato (Solanum lycopersicum). In trans-
genic tomato overexpressing the prosystemin gene, which
increases plant resistance to insects, M. sexta feed-
ing activates MPK3 (the tomato homologue of WIPK),
MPK1 and MPK2 (two tomato homologues of SIPK)
within 10 min; furthermore, co-silencing MPK1/2 re-
duces induced JA levels and the expression of JA
biosynthetic genes, and consistently, M. sexta lar-
vae grow better on MPKI/2-silenced plants (Kandoth
etal.,2007).

Compared with what is known about the function of
MAPKSs in plant defense against chewing insects, the in-
volvement of MAPK signaling in the interactions between
plants and piercing and sucking insects, such as aphids
and whiteflies, is not well understood. Li et al. (2006)
demonstrated that tomato MAPKs (MPK1, MPK2 and
MPK3) confer resistance to aphids, although the underly-
ing mechanism remains unclear.

MPK4, a multi-functional MAPK having plant
species-specific functions

MPK4, a member of the MAPK subfamily B, was ini-
tially found to play a role in the resistance of Arabidopsis
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to the bacterial pathogen Pseudomonas syringae pv.
tomato DC3000 (Pst DC3000) (Petersen et al., 2000):
the mpk4 mutant has strongly elevated levels of SA and
likely exhibits SA-dependent bacterial resistance; it fur-
thermore displays stunted growth and is sterile, indicating
that MPK4 is also important for plant development. Later,
it was found that MPK4 is required for cytokinesis in
Arabidopsis (Kosetsu et al., 2010). Using a virus-induced
gene silencing (VIGS) system, Liu ef al. (2011) showed
that the homologues of MPK4 in soybean (Glycine max)
have similar functions as in Arabidopsis.

However, studies in N. tabacum and N. attenuata in-
dicated that MPK4 plays a distinct role in this genus.
Gomi ef al. (2005) showed that MPK4 is activated 10 min
after tobacco is wounded, and silencing MPK4 compro-
mises the expression of JA-responsive genes. In contrast
to SIPK and WIPK in V. attenuata, MPK4 did not regulate
JA levels in response to wounding or OS from Spodoptera
littoralis, but it negatively affected M. sexta OS-induced
JA levels (Hettenhausen et al., 2013a). While experiments
with MPK4-deficient lines indicated that MPK4 sup-
presses a novel JA-independent defense pathway against
the solanaceous specialist M. sexta, MPK4 is not required
for resistance to the generalist S. /itforalis (Hettenhausen
et al., 2013a). It is likely that the FAC contents of S. /iz-
toralis OS are too low (about 500-fold lower than those
in M. sexta OS) to activate the MPK4 signaling pathway.
Interestingly, in N. attenuata, MPK4 also plays a role in
regulating drought- or abscisic acid-induced stomatal clo-
sure and is also required for full resistance to leaf surface-
deposited Pst DC3000 (Hettenhausen et al., 2012).

Thus, some functions of MPK4 appear specific to par-
ticular plant species and interactions. Studies of the evo-
lution of MPK4 and how it exerts its function in different
plant species will help to elucidate the processes through
which plants distinguish between attackers.

MAPK signaling in systemic tissues

It is generally agreed that systemic induced responses ben-
efit plants under insect attack, since systemic tissues can
accumulate defensive metabolites before insects arrive.
Systemic defense was first found in tomato, in which
wounding not only induces proteinase inhibitors (small
peptides which inhibit digestive proteinases in the in-
sect midgut) in the wounded leaves (the so-called “local”
leaves), but also in distal untreated leaves (the “systemic”
leaves) (Green & Ryan, 1972).

Systemic activation of MAPKs is very likely an impor-
tant part of the signaling events that eventually lead to
proper deployment of defenses in undamaged tissues. In

tobacco, Seo et al. (1995) found that WIPK mRNA lev-
els increase just 1 min after wounding in both local and
systemic leaves. The same research group demonstrated
that cutting off tobacco stems rapidly induces WIPK ac-
tivity in leaves adjacent to the cut position (Seo et al.,
1999). Similarly, in tomato, wounding treatment elevates
the activity of a 48 kDa MAPK in systemic leaves within
a few minutes (Stratmann & Ryan, 1997), and wounding-
induced systemic MAPK activation was also found in
soybean (Lee et al, 2001). Using N. attenuata as the
model, Hettenhausen et al. (Hettenhausen, Baldwin, and
Wu, unpublished data) systematically examined local and
systemic SIPK activity and found that after simulated
M. sexta feeding, only specific (not all) systemic leaves
show activation of SIPK, and unlike tomato and cultivated
tobacco, N. attenuata systemic leaves do not have in-
creased SIPK activity until 30 min after local elicitation.
Importantly, only simulated herbivory, but not wounding
alone, can trigger the elevation of SIPK activity in sys-
temic leaves, indicating that N. attenuata is able to specif-
ically recognize M. sexta feeding and activate systemic
SIPK signaling. In addition to systemic leaves, SIPK ac-
tivity can be also detected in specific unwounded regions
of herbivore-attacked leaves (Wu et al., 2007).

Taken together, these studies indicate that a mobile sig-
nal(s), which is produced in the attacked leaf area, is trans-
ported to specific regions of the same leaf and to systemic
leaves to activate MAPK signaling. A growing body of
evidence has suggested the involvement of electric sig-
nals in systemic signaling (Maffei et al., 2004; Mousavi
et al., 2013; Zimmermann et al., 2009). Recent work by
Mousavi et al. (2013) showed that the electrical signals
are generated via glutamate receptor-like genes and are
sufficient to increase production of the active jasmonate,
jasmonoyl-isoleucine (JA-Ile) in leaves.

MAPKKSs in plant-insect interactions

MAPKKs are the immediate upstream activators of
MAPKSs. Arabidopsis, rice and poplar genomes con-
tain 10, 13 and 13 canonical MAPKKSs, respectively
(Hamel et al., 2006), in all cases fewer than the num-
bers of MAPKSs in the corresponding genomes. Thus, it
is likely that MAPKKSs have multiple downstream MAPK
targets. Some progress has been made in understanding
the involvement of MAPKKs in plant—pathogen interac-
tions (Kiegerl et al., 2000; Gao et al., 2008; Liu et al.,
2004); however, the roles of MAPKKs in plant—insect
interactions are still not well studied.

In N. tabacum, overexpressing constitutively active
MEK?2, a MAPKK, strongly activates SIPK and WIPK
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(Yang et al., 2001). Similarly, the homologues of MEK2
in Arabidopsis, MKK4 and MKKS5, were also found to
activate MPK6 and MPK3, when constitutively activated
in Arabidopsis protoplasts (Asai et al., 2002). Using the
VIGS approach, Heinrich et al. (2011a, b) examined the
functions of MEK1, MEK2, MKK 1, SIPKK and NPK2
in the defense of N. attenuata against M. sexta. Of these
MAPKKSs, only MEK?2 was required for the activation of
SIPK and WIPK after wounding or simulated M. sexta
herbivory, although it is likely that in addition, one or
more unknown MAPKKSs contribute to the full activa-
tion of SIPK and WIPK. Interestingly, all five of these
MAPKKs affect the activity levels of trypsin proteinase
inhibitors, suggesting that certain MAPKKs may regulate
plant resistance to herbivores via a mechanism indepen-
dent of the MAPKSs SIPK and WIPK, and of JA signaling.

Perspectives

Approximately 1/3 of all proteins in eukaryotic cells are
phosphorylated at any given time (Zolnierowicz & Bollen,
2000). Given the known importance of MAPKSs in yeast
and animals, the functions of MAPKs have drawn much
attention in plant research. Multiple MAPK signaling
pathways, including those of MPK3, MPK6 and MPK4
in Arabidopsis, have been intensively studied for their
roles in plant—pathogen interactions. In these pathways,
MAPKKs, MAPKs and direct MAPK substrates (e.g.,
transcription factors or enzymes) have been identified
(Asai et al., 2002; Gao et al., 2008; Kong et al., 2012;
Andreasson et al., 2005). However, many questions re-
main to be answered in order to understand MAPK-
mediated signaling in plant-insect interactions, includ-
ing: (i) which genes encode receptors for insect-derived
elicitors, such as FACs, which trigger the activation of
MAPKSs; (ii) what are the components of the MAPK cas-
cades involved in plant—insect interactions and how is
MAPK-substrate specificity achieved; and (iii) how do
plants employ these pathways in recognition of different
insect herbivores to deploy specific responses?

In addition to MAPKs, other types of kinases are
also important for regulating plant defense responses
against herbivores. Two N. attenuata calcium-dependent
protein kinases (CDPKs), CDPK4 and CDPKS, nega-
tively affect wounding- and herbivory-induced JA levels
(Hettenhausen et al., 2013b; Yang et al., 2012). BRII-
associated kinase 1 (BAK1) has been intensively studied
for its function as a co-receptor of brassinosteroids and
as a regulator of immunity to pathogens, and it was found
that BAK1 is also involved in plant defense against insects
(Yang et al., 2011). N. attenuata lectin receptor kinasel
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(LecRK1) inhibits the accumulation of M. sexta feeding-
induced SA and thus promotes JA-mediated defense
(Gilardoni et al., 2011). Given the known importance of
protein phosphorylation in regulating responses to ex-
ternal stimuli, it is very likely that many more types of
kinases also contribute to plant resistance to insects.

Acknowledgments

Max Planck Society and Professor Ian T. Baldwin at
the Max Planck Institute for Chemical Ecology are
thanked for supporting the authors’ research. The cur-
rent work of the Wu laboratory at the Kunming Institute of
Botany, Chinese Academy of Sciences, is supported by the
Yunnan Recruitment Program of Experts in Sciences (No.
2012HAO016), the Thousand Young Talents Program, and
a Max Planck Partner Group Program. CH was supported
by a “Fellowship for Young International Scientists” from
the Chinese Academy of Sciences. MCS is supported by
the Max Planck Society and European Research Coun-
cil advanced grant to Professor lan T. Baldwin, number
293926.

Disclosure

The authors declare no conflicts of interest in this review
article.

References

Alborn, H.T., Hansen, T.V,, Jones, T.H., Bennett, D.C., Tum-
linson, J.H., Schmelz, E.A. and Teal, PE. (2007) Disulfooxy
fatty acids from the American bird grasshopper Schistocerca
americana, elicitors of plant volatiles. Proceedings of Na-
tional Academy of Sciences of the United States of America,
104, 12976-12981.

Alborn, T., Turlings, T.C.J., Jones, T.H., Stenhagen, G.,
Loughrin, J.H. and Tumlinson, J.H. (1997) An elicitor of plant
volatiles from beet armyworm oral secretion. Science, 276,
945-949.

Andreasson, E., Jenkins, T., Brodersen, P.,, Thorgrimsen, S., Pe-
tersen, N.H., Zhu, S., Qiu, J.L., Micheelsen, P., Rocher, A.,
Petersen, M., Newman, M.A., Bjorn Nielsen, H., Hirt, H.,
Somssich, 1., Mattsson, O. and Mundy, J. (2005) The MAP
kinase substrate MKS1 is a regulator of plant defense re-
sponses. EMBO Journal, 24, 2579-2589.

Asai, T., Tena, G., Plotnikova, J., Willmann, M.R., Chiu, W.L.,
Gomez-Gomez, L., Boller, T., Ausubel, FM. and Sheen, J.
(2002) MAP kinase signalling cascade in Arabidopsis innate
immunity. Nature, 415, 977-983.

© 2014 Institute of Zoology, Chinese Academy of Sciences, 22, 157-164



162  C. Hettenhausen et al.

Boller, T. and Felix, G. (2009) A renaissance of elicitors: per-
ception of microbe-associated molecular patterns and danger
signals by pattern-recognition receptors. Annual Review of
Plant Biology, 60, 379—406.

Bonaventure, G., van Doorn, A. and Baldwin, I. T.
(2011) Herbivore-associated elicitors: FAC signaling and
metabolism. Trends in Plant Science, 16, 294-299.

Chang, L. and Karin, M. (2001) Mammalian MAP kinase sig-
nalling cascades. Nature, 410, 37—40.

Gao, M., Liu, J,, Bi, D., Zhang, Z., Cheng, F., Chen, S. and
Zhang, Y. (2008) MEKK1, MKK1/MKK?2 and MPK4 func-
tion together in a mitogen-activated protein kinase cascade to
regulate innate immunity in plants. Cell Research, 18, 1190—
1198.

Gatehouse, J.A. (2002) Plant resistance towards insect herbi-
vores: a dynamic interaction. New Phytologist, 156, 145—
169.

Gilardoni, PA., Hettenhausen, C., Baldwin, I.T. and Bonaven-
ture, G. (2011) Nicotiana attenuata LECTIN RECEPTOR
KINASEL1 suppresses the insect-mediated inhibition of in-
duced defense responses during Manduca sexta herbivory.
Plant Cell, 23,3512-3532.

Gomi, K., Ogawa, D., Katou, S., Kamada, H., Nakajima, N.,
Saji, H., Soyano, T., Sasabe, M., Machida, Y., Mitsuhara, 1.,
Ohashi, Y. and Seo, S. (2005) A mitogen-activated protein
kinase NtMPK4 activated by SIPKK is required for jasmonic
acid signaling and involved in ozone tolerance via stom-
atal movement in tobacco. Plant Cell Physiology, 46, 1902—
1914.

Green, T.R. and Ryan, C.A. (1972) Wound-induced proteinase
inhibitor in plant leaves — possible defense mechanism against
insects. Science, 175, 776-7717.

Halitschke, R., Gase, K., Hui, D., Schmidt, D.D. and Baldwin,
I.T. (2003) Molecular interactions between the specialist her-
bivore Manduca sexta (Lepidoptera, Sphingidae) and its nat-
ural host Nicotiana attenuata. V1. Microarray analysis reveals
that most herbivore-specific transcriptional changes are me-
diated by fatty acid-amino acid conjugates. Plant Physiology,
131, 1894-1902.

Halitschke, R., Schittko, U., Pohnert, G., Boland, W. and
Baldwin, I.T. (2001) Molecular interactions between the spe-
cialist herbivore Manduca sexta (Lepidoptera, Sphingidae)
and its natural host Nicotiana attenuata. 111. Fatty acid-amino
acid conjugates in herbivore oral secretions are necessary and
sufficient for herbivore-specific plant responses. Plant Phys-
iology, 125, 711-717.

Hamel, L.P, Nicole, M.C., Sritubtim, S., Morency, M.J., Ellis,
M., Ehlting, J., Beaudoin, N., Barbazuk, B., Klessig, D., Lee,
J., Martin, G., Mundy, J., Ohashi, Y., Scheel, D., Sheen, J.,
Xing, T., Zhang, S., Seguin, A. and Ellis, B.E. (2006) Ancient
signals: comparative genomics of plant MAPK and MAPKK
gene families. Trends in Plant Science, 11, 192—198.

Hanks, S.K., Quinn, A.M. and Hunter, T. (1988) The protein
kinase family: conserved features and deduced phylogeny of
the catalytic domains. Science, 241, 42-52.

Hazzalin, C.A. and Mahadevan, L.C. (2002) MAPK-regulated
transcription: a continuously variable gene switch? Nature
Reviews Molecular Cell Biology, 3, 30—40.

Heinrich, M., Baldwin, I.T. and Wu, J. (2011a) Three MAPK
kinases, MEK 1, SIPKK, and NPK2, are not involved in ac-
tivation of SIPK after wounding and herbivore feeding but
important for accumulation of trypsin proteinase inhibitors.
Plant Molecular Biology Reporter, 30, 731-740.

Heinrich, M., Baldwin, I.T. and Wu, J. (2011b) Two mitogen-
activated protein kinase kinases, MKK1 and MEK2, are in-
volved in wounding- and specialist lepidopteran herbivore
Manduca sexta-induced responses in Nicotiana attenuata.
Journal of Experimental Botany, 62, 4355-4365.

Herskowitz, I. (1995) MAP kinase pathways in yeast: for mating
and more. Cell, 80, 187-197.

Hettenhausen, C., Baldwin, I. and Wu, J. (2012) Silencing MPK4
in Nicotiana attenuata enhances photosynthesis and seed pro-
duction but compromises abscisic acid-induced stomatal clo-
sure and guard cell-mediated resistance to Pseudomonas sy-
ringae pv. tomato DC3000. Plant Physiology, 158, 759-776.

Hettenhausen, C., Baldwin, I.T. and Wu, J. (2013a) Nico-
tiana attenuata MPK4 suppresses a novel jasmonic acid (JA)
signaling-independent defense pathway against the specialist
insect Manduca sexta, but is not required for the resistance
to the generalist Spodoptera littoralis. New Phytologist, 199,
787-1799.

Hettenhausen, C., Yang, D.H., Baldwin, I.T. and Wu, J. (2013b)
Calcium-dependent protein kinases, CDPK4 and CDPKS5, af-
fect early steps of jasmonic acid biosynthesis in Nicotiana
attenuata. Plant Signaling & Behavior, 8: €22784.

Howe, G.A. and Jander, G. (2008) Plant immunity to insect
herbivores. Annual Review of Plant Biology, 59, 41-66.

Ichimura, K., Mizoguchi, T., Yoshida, R., Yuasa, T. and Shi-
nozaki, K. (2000) Various abiotic stresses rapidly activate
Arabidopsis MAP kinases ATMPK4 and ATMPK®6. Plant
Journal, 24, 655-665.

Kallenbach, M., Alagna, F., Baldwin, I.T. and Bonaventure, G.
(2010) Nicotiana attenuata SIPK, WIPK, NPR1, and fatty
acid-amino acid conjugates participate in the induction of
jasmonic acid biosynthesis by affecting early enzymatic steps
in the pathway. Plant Physiology, 152, 96-106.

Kandoth, PK., Ranf; S., Pancholi, S.S., Jayanty, S., Walla, M.D.,
Miller, W., Howe, G.A., Lincoln, D.E. and Stratmann, J.W.
(2007) Tomato MAPKs LeMPK1, LeMPK2, and LeMPK3
function in the systemin-mediated defense response against
herbivorous insects. Proceedings of National Academy Sci-
ences of the United States of America, 104, 12205-12210.

Kiegerl, S., Cardinale, F., Siligan, C., Gross, A., Baudouin,
E., Liwosz, A., Eklof, S., Till, S., Bogre, L., Hirt, H. and

© 2014 Institute of Zoology, Chinese Academy of Sciences, 22, 157-164



Meskiene, 1. (2000) SIMKK, a mitogen-activated protein ki-
nase (MAPK) kinase, is a specific activator of the salt stress-
induced MAPK, SIMK. Plant Cell, 12, 2247-2258.

Kong, Q., Qu, N., Gao, M., Zhang, Z., Ding, X., Yang, F.,
Li, Y., Dong, O.X., Chen, S., Li, X. and Zhang, Y. (2012)
The MEKK1-MKK1/MKK2-MPK4 kinase cascade nega-
tively regulates immunity mediated by a mitogen-activated
protein kinase kinase kinase in Arabidopsis. Plant Cell, 24,
2225-2236.

Kosetsu, K., Matsunaga, S., Nakagami, H., Colcombet, J.,
Sasabe, M., Soyano, T., Takahashi, Y., Hirt, H. and Machida,
Y. (2010) The MAP kinase MPK4 is required for cytokinesis
in Arabidopsis thaliana. Plant Cell, 22, 3778-3790.

Lee, S., Hirt, H. and Lee, Y. (2001) Phosphatidic acid activates
a wound-activated MAPK in Glycine max. Plant Journal, 26,
479-486.

Li, Q., Xie, Q.G., Smith-Becker, J., Navarre, D.A. and Kaloshian,
I. (2006) Mi-I1-mediated aphid resistance involves salicylic
acid and mitogen-activated protein kinase signaling cascades.
Molecular Plant—Microbe Interactions, 19, 655-664.

Liu, J.Z., Horstman, H.D., Braun, E., Graham, M.A., Zhang,
C., Navarre, D., Qiu, W.L., Lee, Y., Nettleton, D., Hill, J.H.
and Whitham, S.A. (2011) Soybean homologs of MPK4
negatively regulate defense responses and positively regu-
late growth and development. Plant Physiology, 157, 1363—
1378.

Liu, Y., Schiff, M. and Dinesh-Kumar, S.P. (2004) Involvement
of MEK1 MAPKK, NTF6 MAPK, WRKY/MYB transcrip-
tion factors, COIl and CTRI in N-mediated resistance to
tobacco mosaic virus. Plant Journal, 38, 800-809.

Liu, Y. and Zhang, S. (2004) Phosphorylation of 1-
aminocyclopropane-1-carboxylic acid synthase by MPK6, a
stress-responsive mitogen-activated protein kinase, induces
ethylene biosynthesis in Arabidopsis. Plant Cell, 16, 3386—
3399.

Maffei, M., Bossi, S., Spiteller, D., Mithofer, A. and Boland,
W. (2004) Effects of feeding Spodoptera littoralis on lima
bean leaves. I. Membrane potentials, intracellular calcium
variations, oral secretions, and regurgitate components. Plant
Physiology, 134, 1752-1762.

MAPK Group (2002) Mitogen-activated protein kinase cascades
in plants: A new nomenclature. Trends in Plant Science, 7,
301-308

Mattiacci, L., Dicke, M. and Posthumus, M.A. (1995) beta-
Glucosidase: an elicitor of herbivore-induced plant odor that
attracts host-searching parasitic wasps. Proceedings of Na-
tional Academy of Sciences of the United States of America,
92,2036-2040.

Meldau, S., Wu, J. and Baldwin, I.T. (2009) Silencing two
herbivory-activated MAP kinases, SIPK and WIPK, does not
increase Nicotiana attenuata’s susceptibility to herbivores in
the glasshouse and in nature. New Phytology, 181, 161-173.

MAPK signaling in plant—insect interactions 163

Mithofer, A. and Boland, W. (2008) Recognition of herbivory-
associated molecular patterns. Plant Physiology, 146, 825—
831.

Mithofer, A. and Boland, W. (2012) Plant defense against herbi-
vores: chemical aspects. Annual Review of Plant Biology, 63,
431-450.

Mousavi, S.A., Chauvin, A., Pascaud, F., Kellenberger, S. and
Farmer, E.E. (2013) GLUTAMATE RECEPTOR-LIKE genes
mediate leaf-to-leaf wound signalling. Nature, 500, 422-426.

Musser, R.O., Cipollini, D.F., Hum-Musser, S.M., Williams,
S.A., Brown, J.K. and Felton, G.W. (2005) Evidence that the
caterpillar salivary enzyme glucose oxidase provides herbi-
vore offense in solanaceous plants. Archive of Insect Biochem-
istry and Physiology, 58, 128—137.

O’donnell, PJ., Calvert, C., Atzorn, R., Wasternack, C., Leyser,
H.M.O. and Bowles, D.J. (1996) Ethylene as a signal me-
diating the wound response of tomato plants. Science, 274,
1914-1917.

Paschold, A., Halitschke, R. and Baldwin, I.T. (2007) Co(i)-
ordinating defenses: NaCOIl mediates herbivore- induced
resistance in Nicotiana attenuata and reveals the role of her-
bivore movement in avoiding defenses. Plant Journal, 51,
79-91.

Petersen, M., Brodersen, P, Naested, H., Andreasson, E., Lind-
hart, U., Johansen, B., Nielsen, H.B., Lacy, M., Austin, M.J.,
Parker, J.E., Sharma, S.B., Klessig, D.F., Martienssen, R.,
Mattsson, O., Jensen, A.B. and Mundy, J. (2000) Arabidopsis
map kinase 4 negatively regulates systemic acquired resis-
tance. Cell, 103, 1111-1120.

Pohnert, G., Jung, V., Haukioja, E., Lempa, K. and Boland,
W. (1999) New fatty acid amides from regurgitant of lepi-
dopteran (Noctuidae, Geometridae) caterpillars. Tetrahedron,
55, 11275-11280.

Schifer, M., Fischer, C., Meldau, S., Seebald, E., Oelmuller,
R. and Baldwin, I.T. (2011) Lipase activity in insect oral
secretions mediates defense responses in Arabidopsis. Plant
Physiology, 156, 1520-1534.

Schmelz, E.A., Carroll, M.J, Leclere, S., Phipps, S.M.,
Meredith, J., Chourey, PS., Alborn, H.T. and Teal, PE.
(2006) Fragments of ATP synthase mediate plant percep-
tion of insect attack. Proceedings of National Academy
of Sciences of the United States of America, 103,
8894-8899.

Schmelz, E.A., Engelberth, J., Alborn, H.T., Tumlinson, J.H. and
Teal, PE.A. (2009) Phytohormone-based activity mapping of
insect herbivore-produced elicitors. Proceedings of National
Academy of Sciences of the United States of America, 106,
653-657.

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

© 2014 Institute of Zoology, Chinese Academy of Sciences, 22, 157-164



164  C. Hettenhausen et al.

Seo, S., Sano, H. and Ohashi, Y. (1999) Jasmonate-based
wound signal transduction requires activation of WIPK, a
tobacco mitogen-activated protein kinase. Plant Cell, 11,
289-298.

Spiteller, D. and Boland, W. (2003) N-(15,16-Dihydroxy-
linoleoyl)-glutamine and N-(15,16-epoxylinoleoyl)-gluta-
mine isolated from oral secretions of lepidopteran larvae.
Tetrahedron, 59, 135-139.

Stratmann, J.W. and Ryan, C.A. (1997) Myelin basic protein
kinase activity in tomato leaves is induced systemically by
wounding and increases in response to systemin and oligosac-
charide elicitors. Proceedings of National Academy of Sci-
ences of the United States of America, 94, 11085-11089.

Steppuhn, A. and Baldwin, I.T. (2007) Resistance management
in a native plant: nicotine prevents herbivores from compen-
sating for plant protease inhibitors. Ecological Letters, 10,
499-511.

Von Dahl, C.C., Winz, R.A., Halitschke, R., Kuhnemann, E.,
Gase, K. and Baldwin, I.T. (2007) Tuning the herbivore-
induced ethylene burst: the role of transcript accumulation
and ethylene perception in Nicotiana attenuata. Plant Jour-
nal, 51, 293-307.

Wasternack, C. (2007) Jasmonates: an update on biosynthe-
sis, signal transduction and action in plant stress response,
growth and development. Annals of Botany (Lond), 100,
681-697.

Wau, J. and Baldwin, I.T. (2009) Herbivory-induced signalling in
plants: perception and action. Plant, Cell & Environment, 32,
1161-1174.

Wu, J. and Baldwin, I.T. (2010) New insights into plant re-
sponses to the attack from insect herbivores. Annual Review
of Genomics, 44, 1-24.

Wau, J., Hettenhausen, C., Meldau, S. and Baldwin, I.T. (2007)
Herbivory rapidly activates MAPK signaling in attacked and
unattacked leaf regions but not between leaves of Nicotiana
attenuata. Plant Cell, 19, 1096-1122.

Xie, D.X., Feys, B.F., James, S., Nieto-Rostro, M. and
Turner, J.G. (1998) COI1: an Arabidopsis gene required for
jasmonate-regulated defense and fertility. Science, 280, 1091—
1094.

Yang, D.H., Hettenhausen, C., Baldwin, I.T. and Wu, J. (2011)
BAKI1 regulates the accumulation of jasmonic acid and the
levels of trypsin proteinase inhibitors in Nicotiana attenuata’s
responses to herbivory. Journal of Experimental Botany, 62,
641-652.

Yang, D.H., Hettenhausen, C., Baldwin, I.T. and Wu, J. (2012)
Silencing Nicotiana attenuata calcium-dependent protein ki-
nases, CDPK4 and CDPKS35, strongly up-regulates wound- and
herbivory-induced jasmonic acid accumulations. Plant Phys-
iology, 159, 1591-1607.

Yang, K.Y, Liu, Y. and Zhang, S. (2001) Activation of a mitogen-
activated protein kinase pathway is involved in disease resis-
tance in tobacco. Proceedings of National Academy of Sci-
ences of the United States of America, 98, 741-746.

Zimmermann, M.R., Maischak, H., Mithofer, A., Boland, W. and
Felle, H.H. (2009) System potentials, a novel electrical long-
distance apoplastic signal in plants, induced by wounding.
Plant Physiology, 149, 1593-1600.

Zolnierowicz, S. and Bollen, M. (2000) Protein phosphorylation
and protein phosphatases. De Panne, Belgium, September 19—
24,1999. EMBO Journal, 19, 483-488.

Accepted April 7, 2014

© 2014 Institute of Zoology, Chinese Academy of Sciences, 22, 157-164



