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The plant hormone jasmonic acid (JA) plays a pivotal role in plant-insect interactions. Herbivore attack usually elicits dramatic
increases in JA concentrations, which in turn activate the accumulation of metabolites that function as defenses against
herbivores. Although almost all enzymes involved in the biosynthesis pathway of JA have been identified and characterized,
the mechanism by which plants regulate JA biosynthesis remains unclear. Calcium-dependent protein kinases (CDPKs) are
plant-specific proteins that sense changes in [Ca2+] to activate downstream responses. We created transgenic Nicotiana attenuata
plants, in which two CDPKs, NaCDPK4 and NaCDPK5, were simultaneously silenced (IRcdpk4/5 plants). IRcdpk4/5 plants
were stunted and aborted most of their flower primordia. Importantly, after wounding or simulated herbivory, IRcdpk4/5
plants accumulated exceptionally high JA levels. When NaCDPK4 and NaCDPK5 were silenced individually, neither stunted
growth nor high JA levels were observed, suggesting that NaCDPK4 and NaCDPK5 have redundant roles. Attack fromManduca
sexta larvae on IRcdpk4/5 plants induced high levels of defense metabolites that slowed M. sexta growth. We found that
NaCDPK4 and NaCDPK5 affect plant resistance against insects in a JA- and JA-signaling-dependent manner. Furthermore,
IRcdpk4/5 plants showed overactivation of salicylic-acid-induced protein kinase, a mitogen-activated protein kinase involved in
various stress responses, and genetic analysis indicated that the increased salicylic-acid-induced protein kinase activity in
IRcdpk4/5 plants was a consequence of the exceptionally high JA levels and was dependent on CORONATINE
INSENSITIVE1. This work reveals the critical roles of CDPKs in modulating JA homeostasis and highlights the complex duet
between JA and mitogen-activated protein kinase signaling.

Many aspects of a plant’s physiology are regulated
by a suite of phytohormones, that include auxin, gib-
berellins, brassinosteroids, jasmonic acid (JA), salicylic
acid (SA), abscisic acid, ethylene, cytokinins, and stri-
golactones. These hormones modulate specific but yet
overlapping aspects of plant development, growth,
and stress resistance traits.

Among these, JA plays an important role in defense
against herbivores and is also required for reproduc-
tion. Mutants or transgenic plants impaired in JA bio-
synthesis or signaling have greatly decreased levels of
defensive secondary metabolites and suffer large losses

of biomass and fitness under insect attack (Howe et al.,
1996; Halitschke and Baldwin, 2003; Paschold et al., 2007),
and these plants are also male sterile (Feys et al., 1994;
Stintzi et al., 2001). JA is synthesized in chloroplasts and
peroxisomes by at least eight enzymes, including
phospholipase, 13-LIPOXYGENASE (13-LOX), ALLENE-
OXIDE SYNTHASE (AOS), ALLENE-OXIDE CY-
CLASE (AOC), OPDA REDUCTASE (OPR), and
ACYL-COENZYME A OXIDASE (ACX; Delker et al.,
2006). Recent studies have revealed that a conjugate
between JA and Ile, JA-Ile, plays a critical role in JA
signaling: JA-Ile, but not JA, binds to an F-box protein,
CORONATINE INSENSITIVE1 (COI1) and activates
downstream responses by degrading the negative
regulators of JA responses, namely, JASMONATE
ZIM-DOMAIN proteins (Chini et al., 2007; Thines
et al., 2007; Browse, 2009).

The transient accumulation of JA is one of the early
responses after plants are attacked by herbivores
(Howe and Jander, 2008; Wu and Baldwin, 2010). In
addition to the wounding caused by herbivore feed-
ing, certain plant species also recognize insect-derived
elicitors and are able to deploy herbivory-specific re-
sponses, including JA biosynthesis (Howe and Jander,
2008; Wu and Baldwin, 2009, 2010). A wild tobacco
plant, Nicotiana attenuata, can perceive fatty acid–
amino acid conjugates (FACs) in the oral secretions
(OS) of the specialist insect herbivore Manduca sexta
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(Halitschke et al., 2001), and compared with mechan-
ical wounding, FACs elicit greatly amplified levels of
JA and ethylene, which are important phytohormones
in regulating the accumulation of defensive secondary
metabolites againstM. sexta, such as trypsin proteinase
inhibitors (TPIs; Zavala et al., 2004), diterpene glyco-
sides (Jassbi et al., 2008; Heiling et al., 2010), and caf-
feoylputrescine (CP; Kaur et al., 2010).

Although much is known about the biosynthetic
pathway and the signal transduction of JA, how plants
control the accumulation of JA is not well understood.
Reverse genetic studies indicated that mitogen-activated
protein kinases (MAPKs), SA-induced protein kinase
(SIPK), and wound-induced protein kinase (WIPK), are
rapidly activated by FACs and these MAPKs are nec-
essary for the induction of JA in response to herbivory
(Kandoth et al., 2007; Wu et al., 2007). In addition to
MAPKs, Ca2+ also appears to be involved in herbivore
resistance: Caterpillar feeding increases the levels of Ca2+

intracellularly in lima bean (Phaseolus lunatus) and
Arabidopsis (Arabidopsis thaliana; Maffei et al., 2004;
Kanchiswamy et al., 2010), suggesting that certain
Ca2+-sensing proteins may be involved in herbivory-
induced defense reactions.

Calcium is a ubiquitous second messenger in the
signal transduction in eukaryotes, which controls a
large number of signaling pathways and activates var-
ious cellular processes in response to developmental
and stress-induced stimuli (Sanders et al., 2002;
Hetherington and Brownlee, 2004; Lecourieux et al.,
2006). In plants, cytosolic Ca2+ levels transiently arise due
to Ca2+ fluxes from apoplast, chloroplast, vacuole,
endoplasmic reticulum, mitochondrion, and nuclear
envelope. Particular stimuli trigger characteristic Ca2+

oscillations by altering the activities of Ca2+ channels,
H+/Ca2+ antiporters, and Ca2+- and H+-ATPases lo-
calized in different cell compartments (Hetherington
and Brownlee, 2004; McAinsh and Pittman, 2009).
To decode the messages conveyed by Ca2+, various
Ca2+-specific sensors are specialized in recognizing
and transducing Ca2+ signals, including calmodulins,
calmodulin-binding proteins, calcium-dependent pro-
tein kinases (CDPKs or CPKs), and calcineurin B-like
proteins (Cheng et al., 2002; Zhang and Lu, 2003). These
Ca2+ sensors further interact with their downstream
target proteins and in turn trigger Ca2+ signature-specific
responses (Sanders et al., 1999; Harper et al., 2004).

Among the various Ca2+-sensing proteins, CDPKs
comprise a unique group. CDPKs are found only in the
plant kingdom and in some protozoans (Harmon et al.,
2001; Cheng et al., 2002) and the Arabidopsis and rice
(Oryza sativa) genome sequencing efforts have revealed
that CDPKs form a large gene family in plants: 34 and
29 CDPKs were predicted in Arabidopsis and rice
genome (Arabidopsis Genome Initiative, 2000; Asano
et al., 2005). A typical CDPK consists of four domains:
an N-terminal variable domain, a kinase domain,
an autoinhibitory domain, and a calmodulin-like do-
main; among these, the N-terminal domain shows the
highest sequence divergence among CDPKs. Several

CDPKs are known to be involved in phytohormone
signaling, such as abscisic acid (Choi et al., 2005; Mori
et al., 2006; Zhu et al., 2007), ethylene (Ludwig et al.,
2005), gibberellins (Ishida et al., 2008), auxin (Lanteri
et al., 2006), and brassinosteroid (Yang and Komatsu,
2000), as well as in plant development (Ivashuta et al.,
2005; Yoon et al., 2006). Furthermore, a growing body
of evidence has identified roles of CDPKs in abiotic
and biotic stress responses in plants. CPK10 and
CPK23 are both involved in drought tolerance in
Arabidopsis (Ma and Wu, 2007; Zou et al., 2010). To-
bacco (Nicotiana tabacum) CDPK2 and CDPK3 function
in pathogen-induced hypersensitive response (Romeis
et al., 2000, 2001). CPK1 confers resistance to fungal and
bacterial pathogens in Arabidopsis (Coca and San
Segundo, 2010). CDPKs are activated by the bacterial
elicitor, flg22, and CPK4/11 and CPK5/6 were found
to be important for the resistance of Arabidopsis to
Pseudomonas syringae pv tomato DC3000 in a MAPK-
independent manner (Boudsocq et al., 2010). Potato
(Solanum tuberosum) CDPK4 and CDPK5 play a criti-
cal role in stress-induced oxidative burst (Kobayashi
et al., 2007). In Medicago truncatula CDPK1 is impor-
tant for root development and both CDPK1 and CPK3
are involved in nodulation (Ivashuta et al., 2005;
Gargantini et al., 2006).

Although very little is known about how CDPKs
function in plant defense against herbivores, emerging
evidence has pointed to the roles of CDPKs in wound-
ing- and herbivory-induced reactions: CDPKs were
found to have elevated transcript levels after wounding
in maize (Zea mays) and tobacco, and after herbivore
attack in N. attenuata (Yoon et al., 1999; Szczegielniak
et al., 2005; Wu et al., 2007). Furthermore, CPK3 and
CPK13 regulate the transcript accumulation of several
stress-related genes in Arabidopsis after Spodoptera
littoralis feeding (Kanchiswamy et al., 2010).

Here we show that two CDPKs in N. attenuata,
NaCDPK4 and NaCDPK5, play redundant roles in neg-
atively controlling wounding- and herbivory-elicited JA
accumulation. N. attenuata silenced in NaCDPK4 and
NaCDPK5 showed greatly elevated levels of secondary
metabolites that function as defenses against the specialist
herbivore,M. sexta. We found that the greatly elevated JA
levels in NaCDPK4- and NaCDPK5-silenced plants also
activated SIPK in a COI1-dependent manner.

RESULTS

NaCDPK4 and NaCDPK5 Are Expressed Mainly in Stems
and Reproductive Organs and Are Induced by Wounding
and Simulated Herbivory

In tobacco, sequence analysis of NtCDPK4 and
NtCDPK5 indicated that they are CDPKs; further in
vitro biochemical assays also confirmed that their
kinase activity is dependent on Ca2+ (Wang et al.,
2005; Zhang et al., 2005). We cloned NaCDPK4
and NaCDPK5 from N. attenuata and an unrooted
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neighbor-joining tree was constructed to examine the
phylogenetic relationship of their deduced protein se-
quences with other CDPKs (Supplemental Fig. S1).
NaCDPK4 and NaCDPK5 closely clustered with
NtCDPK4 and NtCDPK5 in tobacco, respectively, in-
dicating that they are close homologs of these tobacco
CDPKs. Although with weak bootstrap support, they
were in the same clade with Arabidopsis AtCPK16,
AtCPK18, and AtCPK28, which belong to subgroup IV
of CDPKs (Cheng et al., 2002). Searching public Nico-
tiana EST databases on National Center for Biotech-
nology Information and The Institute for Genomic
Research Plant Transcript Assembly BLAST Server did
not reveal any close homologs of NaCDPK4 and
NaCDPK5, suggesting that Nicotiana may have only
CDPK4 and CDPK5 in subgroup IV. Importantly,
NaCDPK4 and NaCDPK5 showed high similarities on
amino acid (89%) and nucleotide sequence (85%) level
(Supplemental Fig. S2), suggesting that these two ki-
nases may have derived from a common ancestral
gene by gene duplication.
To further understand the function of these CDPKs,

the promoters (about 1.3 kb including 59-untranslated
region) of NaCDPK4 and NaCDPK5 were isolated, and
N. attenuata plants were transformed with constructs
carrying promoters fused to GUS reporter gene to form
NaCDPK4Pro:GUS and NaCDPK5Pro:GUS plants,
respectively. At the seedling stage, both NaCDPK4 and
NaCDPK5 were found to be expressed in cotyledons
and true leaves, whereas NaCDPK4 was weakly ex-
pressed in hypocotyls and strongly in roots, no detect-
able levels of NaCDPK5 were found in these organs
(Fig. 1, A and B). Staining was barely detectable in
leaves of NaCDPK4Pro:GUS and NaCDPK5Pro:GUS
plants. However, after being wounded, highly in-
creased activity of NaCDPK4 and NaCDPK5 pro-
moter was detected in the regions in vicinity of the
wounds (Fig. 1, A and B). Furthermore, NaCDPK4 and
NaCDPK5 were strongly expressed in stems, seed
capsules, and developing seeds. GUS staining was
also observed in the anthers, stigmas, and sepals of
NaCDPK4Pro:GUS and NaCDPK5Pro:GUS plants
(Fig. 1, A and B). The trichomes of NaCDPK4Pro:GUS
plants also showed strong activity but not the tri-
chomes of NaCDPK5Pro:GUS plants (Supplemental
Fig. S3). Therefore, NaCDPK4 and NaCDPK5 might
have functions in regulating the development of stems
and reproductive organs, and may be involved in re-
sponses to wounding and herbivore attack.
To quantitatively examine whether wounding and

herbivore feeding induce the accumulation of NaCDPK4
and NaCDPK5 transcripts, N. attenuata leaves were
wounded with a fabric pattern wheel and 20 mL of
either M. sexta OS (W + OS) or water (W + W) were
immediately applied to the wounds to mimic M. sexta
feeding or to generate mechanical wounding. Tran-
script levels of both genes were rapidly induced by
both treatments: NaCDPK4 and NaCDPK5 mRNA
levels increased 5- and 3-fold, respectively, 30 min af-
ter W + W treatment; in comparison, slightly higher

levels of NaCDPK4 and NaCDPK5 transcripts were
found in W + OS-treated plants (Fig. 1C).

Simultaneously Silencing NaCDPK4 and NaCDPK5
Impairs Plant Development

To study the function of NaCDPK4 and NaCDPK5,
we used the RNA interference (RNAi) approach to
obtain gene-silenced plants. CDPKs have similar ki-
nase, autoinhibitory, and calmodulin-like domains,
but their N-terminal variable domains show little
similarities. Therefore, partial sequences from the 59 of
NaCDPK4 (201 bp) and NaCDPK5 (251 bp) open
reading frame, where NaCDPK4 and NaCDPK5 have
the greatest sequence difference (Supplemental Fig. S2),
were cloned into a binary vector in an inverted repeat
orientation to create RNAi constructs, pRESC5-CDPK4
and pRESC5-CDPK5, respectively. Agrobacterium-
mediated transformation was used to transform these
constructs into N. attenuata to produce the IRcdpk4
and IRcdpk5 lines. In the T1 generation, eight out of 10
independently transformed IRcdpk5 lines showed re-
tarded growth and decreased seed production, whereas
all IRcdpk4 plants of T1 generation were morphologi-
cally and developmentally similar to wild type. Two
homozygous and independently transformed T2 lines
of IRcdpk4 and IRcdpk5 were used for further studies.

Quantitative real-time (qRT)-PCR was used to ex-
amine whether IRcdpk4 and IRcdpk5 lines had re-
duced transcript levels of NaCDPK4 and NaCDPK5.
IRcdpk4 lines specifically silenced NaCDPK4 (approx-
imately 90% decreased) with no changes in NaCDPK5
transcript levels (Fig. 2A). Unexpectedly, in IRcdpk5
lines, not only was NaCDPK5 (approximately 70%
decreased) silenced but NaCDPK4 (approximately 60%
decreased) was also cosilenced (Fig. 2B). Thus, IRcdpk5
was renamed IRcdpk4/5. Consistent with the large
sequence distance between CDPKs in subgroup IV and
those in other groups, qRT-PCR analyses indicated
that IRcdpk4/5 did not have decreased levels of any
other known CDPKs (NaCDPK1, NaCDPK2, and
NaCDPK8) in N. attenuata (Supplemental Fig. S4; note:
unlike tetraploid tobacco, the diploid N. attenuata
genome has only one close homolog of NtCDPK2 and
NtCDPK3, which is named NaCDPK2 here).

Similar to the T1 plants, the T2 generation showed no
developmental differences between IRcdpk4 and wild
type (Supplemental Fig. S5). IRcdpk4/5 was morpho-
logically similar to wild type before bolting, although
their rosette diameters were slightly smaller (Fig. 3A);
however, during bolting, these plants showed highly
stunted stems, and during the late elongation stage,
IRcdpk4/5 showed defects in apical dominance, which
resulted in multiple inflorescences and abortion of
many stem leaf primordia (Fig. 3, B and C). The rosette
leaves curled downwardly and most rosette leaves
showed deformations probably due to uneven growth
among different regions; in contrast, stem leaves were
hyponastic (Fig. 3D). IRcdpk4/5 flowered much later
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than did wild type and during the flowering stage
IRcdpk4/5 aborted more than 90% of its floral pri-
mordia and thus produced much less seeds than did
wild type. All further experiments were therefore per-
formed with rosette-staged plants.

IRcdpk4/5 Plants Have Substantially Elevated Levels
of Wounding- and Simulated Herbivory-Induced JA

Given that JA plays a central role in plant defense
against herbivores, we determined whether IRcdpk4/5

and IRcdpk4 plants have altered JA levels in response
to wounding and herbivory. Plants were treated with
W + W and W + OS and the JA contents were quan-
tified (Fig. 4A). Before the treatments, IRcdpk4/5 al-
ready had 2- to 3-fold higher JA levels than did wild
type (30, 90, and 120 ng/g JA in wild type, IRcdpk4/5-1,
and IRcdpk4/5-2, respectively). By 30 min, W + W- and
W + OS-treated wild-type plants accumulated 1,360
and 3,260 ng/g JA, indicating that N. attenuata recog-
nized the FAC elicitors in OS and accumulated higher
levels of JA to counteract herbivore attack (Halitschke
et al., 2001; Wu et al., 2007). Strikingly, 8,500 and

Figure 1. NaCDPK4 and NaCDPK5
are expressed in specific tissues and
are induced by wounding and simu-
lated herbivore feeding. Constructs
harboring the promoters of NaCDPK4
and NaCDPK5 fused with GUS re-
porter gene were transformed into N.
attenuata to create NaCDPK4Pro:GUS
and NaCDPK5Pro:GUS plants, re-
spectively. GUS histochemical assays
were performed to examine the ex-
pression ofNaCDPK4 (A) andNaCDPK5
(B) in seedlings (I), leaves (II), wounded
leaves (III), stems (IV), flowers (V and
VI), young seed capsules (VII), and
developing seeds (VIII). N. attenuata
was wounded with a pattern wheel and
20 mL of water (W +W) orM. sextaOS
(W + OS) were immediately applied to
wounds and relative transcript levels
(mean 6 SE) of NaCDPK4 and
NaCDPK5 (C) were determined with
qRT-PCR in samples harvested at indi-
cated times. Asterisks indicate signifi-
cant differences between W + W- and
W + OS-treated samples (n = 5; Stu-
dent’s t test; **, P , 0.01; ***, P ,
0.001).
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11,100 ng/g JA (averages of two independent lines)
were detected in W + W- and W + OS-elicited
IRcdpk4/5 plants 30 min after treatments (Fig. 4A);
these values are 5.25- and 2.4-fold (after W + W and
W + OS, respectively) higher than those observed in
wild-type plants. Similarly, 1 h after W +W andW + OS
induction, the contents of the active form of jasmonates,
JA-Ile, in IRcdpk4/5 were 4.5-fold and 3-fold higher
than those in wild type, respectively (Fig. 4B). In
contrast, both IRcdpk4 lines showed similar levels of
JA and JA-Ile as those in wild type after W + W and
W + OS treatments (Supplemental Fig. S6). Therefore,
we inferred that silencing NaCDPK4 and NaCDPK5,
but not NaCDPK4 alone, leads to dramatically elevated
JA levels in response to wounding and herbivory. JA
level is usually antagonized by SA (Spoel et al., 2003).
However, we found that SA levels tended to be
somewhat higher in IRcdpk4/5 lines than in wild-type
plants (Supplemental Fig. S7), ruling out the possibility

that the high JA levels in IRcdpk4/5 resulted from low
SA contents.

To further examine whether the greatly elevated
W + W- and W + OS-induced JA accumulations in
IRcdpk4/5 plants were associated with altered tran-
script levels of genes in the JA biosynthesis pathway,
the transcript abundance of GLYCEROLIPASE A1,
NaLOX3, NaAOS, NaAOC, NaOPR3, and NaACX1 was
quantified by qRT-PCR. Compared with those in wild
type, IRcdpk4/5-1 plants had similar levels of these
genes before and either 0.5 or 1 h after W + OS treat-
ment, except that 1 h after W + OS treatment the levels
of NaAOC tended to be higher in irCDPK4/5 than in
wild type (Fig. 4C). Given the rapid nature of JA bio-
synthesis and that the large differences in JA contents
between wild-type and irCDPK4/5 plants appeared as
early as 0.5 h after W + OS treatment, it is very unlikely
that the elevated NaAOC levels in 1 h W + OS-treated
irCDPK4/5 plants accounted for their high JA contents.

Thus, the large difference in W + W- and W + OS-
induced JA levels between IRcdpk4/5 and wild-type
plants probably resulted from modification of certain
enzymes in the JA biosynthesis pathway at the post-
transcriptional level, such as enzyme abundance and/or
activity.

NaCDPK4 and NaCDPK5 Redundantly and Negatively
Regulate Wounding- and Herbivory-Induced
JA Accumulation

IRcdpk4 plants showed no growth phenotype and
after wounding and simulated herbivory similar levels
of JA were found in IRcdpk4 and wild type; in contrast,
simultaneously silencing NaCDPK4 and NaCDPK5 in
IRcdpk4/5 resulted in stunted growth and dramati-
cally elevated JA levels in wounding- and herbivory-
induced plants. Therefore, either NaCDPK5 itself is an
important negative regulator of JA accumulation or
these two CDPKs play redundant roles.

To examine whether these two CDPKs have a re-
dundant function in JA regulation, we sought to create
plants whose NaCDPK4 and NaCDPK5 were specifi-
cally silenced. To avoid the lengthy procedure re-
quired for creating stably transformed N. attenuata and
the low success rate of transformation when both
NaCDPK4 and NaCDPK5were knocked down, a virus-
induced gene silencing (VIGS) system was used (Ratcliff
et al., 2001; Saedler and Baldwin, 2004). Constructs
pTV-NaCDPK4 and pTV-NaCDPK5 were created to
target the first 190 bp encoding the N termini
of NaCDPK4 and NaCDPK5, respectively, where
NaCDPK4 and NaCDPK5 showed the highest sequence
difference; another VIGS construct (pTV-NaCDPK4/5)
was prepared to silence both NaCDPK4 and NaCDPK5
using a region that shared high sequence similarity
between these two kinases (Supplemental Fig. S8).
Young N. attenuata plants were inoculated with
Agrobacteria harboring these constructs to form VIGS-
NaCDPK4, VIGS-NaCDPK5, and VIGS-NaCDPK4/5,
and plants inoculated with the empty vector (EV)

Figure 2. NaCDPK4 is specifically silenced in IRcdpk4 plants, but
bothNaCDPK4 and NaCDPK5 are knocked down in IRcdpk4/5 plants.
Relative transcript levels (mean 6 SE) of NaCDPK4 and NaCDPK5 in
(A) wild type (WT) and IRcdpk4 (lines IRcdpk4-6 and IRcdpk4-8), and
in (B) WT and IRcdpk4/5 (lines IRcdpk4/5-1 and IRcdpk4/5-2). Aster-
isks indicate significant differences between WT and IRcdpk4 or
IRcdpk4/5 plants (n = 5; Student’s t test; ***, P , 0.001). Note: The
levels of NaCDPK4 and NaCDPK5 in WT are designated to 1.
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pTV00 served as comparisons. Using gene-specific
primers, the transcript levels ofNaCDPK4 andNaCDPK5
were determined. VIGS-NaCDPK4 plants showed
unaltered NaCDPK5 levels but reduced NaCDPK4
transcripts by 62%; NaCDPK5 transcript levels were
reduced by 58% in VIGS-NaCDPK5 plants without
influencing NaCDPK4 transcript accumulations (Fig.
5A). VIGS-NaCDPK4/5 plants had attenuated levels
of both NaCDPK4 and NaCDPK5 (78% and 88%,
respectively; Fig. 5A). Notably, the pTV-NaCDPK4/5
construct had greater silencing efficiencies for
NaCDPK4 and NaCDPK5 than did pTV-NaCDPK4 and
pTV-NaCDPK5. This was likely due to the longer target
sequence used in the transformation construct (Thomas
et al., 2001). Compared with EV, VIGS-NaCDPK4 and
VIGS-NaCDPK5 showed no obvious morpholog-
ical changes, except that they were slightly shorter
(Supplemental Fig. S9). We speculated that under
the relatively low temperatures required for VIGS,
NaCDPK4 and NaCDPK5 may have a minor function in
stem elongation. Importantly, VIGS-NaCDPK4/5 plants
were semidwarf, had more branches, and aborted many
of their floral buds and flowers (Supplemental Fig. S9).
These developmental phenotypes of VIGS-NaCDPK4/5
are highly reminiscent of those of IRcdpk4/5.

We further determined the JA levels in these plants,
which were treated with W + W or W + OS 1 h before

sample harvesting. Contents of JA in VIGS-NaCDPK4
and VIGS-NaCDPK5 plants were not significantly dif-
ferent from those in EV; in contrast, VIGS-NaCDPK4/5
showed around 1.3-fold greater JA levels (Fig. 5B). Thus,
both NaCDPK4 and NaCDPK5 play redundant roles in
negative regulating the JA levels in N. attenuata in re-
sponse to herbivore feeding.

IRcdpk4/5 Plants Have Augmented Contents of Defensive
Compounds and Increased Resistance to M. sexta

In N. attenuata, herbivore attack enhances the levels of
JA and induces the accumulation of 17-hydroxyger-
anyllinalool diterpene glucosides (HGL-DTGs), TPIs,
and CP, which are important plant secondary metabo-
lites and serve as direct defenses against herbivores
(Zavala et al., 2004; Paschold et al., 2007; Heiling et al.,
2010; Kaur et al., 2010). To determine whether the highly
increased JA contents in IRcdpk4/5 plants result in
greater levels of defensive compounds and confer higher
resistance to the specialist insect herbivore M. sexta, we
applied W + W and W + OS treatment to wild type and
IRcdpk4/5 and the concentrations of HGL-DTGs and
CP and the activity of TPIs were quantified in samples
harvested 3 d after treatments.

Even when not treated, compared with those in
wild-type plants, IRcdpk4/5 plants had about 1- to

Figure 3. IRcdpk4/5 plants exhibit various growth
defects. Plants were germinated at the same time and
cultivated concurrently. A, Wild type (WT), IRcdpk4
(line IRcdpk4-6), and IRcdpk4/5 (line IRcdpk4/5-1) at
rosette stage (30 d old). B, WT and IRcdpk4/5-1 at
flowering stage (53 d old). C, IRcdpk4/5 plants
aborted most of their leaf primordia during bolting.
Red arrows indicate abscised and dried-out leaf pri-
mordia (53-d-old plant). D, Leaf morphology of WT
(row 1) and IRcdpk4/5-1 (rows 2 and 3) plants (45 d
old). Please note the curly rosette leaves (row 2) and
the hyponastic stem leaves (row 3) of IRcdpk4/5.
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Figure 4. IRcdpk4/5 plants have dramatically increased JA and JA-Ile levels after wounding and simulated herbivory treatment.
Wild type (WT) and IRcdpk4/5 (line IRcdpk4/5-1 and IRcdpk4/5-2) were wounded with a pattern wheel, and 20 mL of water
(W + W) or M. sexta OS (W + OS) were immediately applied to wounds. Contents (mean 6 SE) of JA (A) and JA-Ile (B) and
relative transcript levels (mean 6 SE) of genes involved JA biosynthesis (C) were determined in W + OS-treated samples after
indicated times. Asterisks indicate significant differences between WTand IRcdpk4/5 plants (n = 5; Student’s t test; *, P , 0.05;
**, P , 0.01; ***, P , 0.001).
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2-fold higher concentrations of HGL-DTGs, CP, and
levels of TPI activity. After both W + W and W + OS
treatments, 1- to 3-fold greater levels of HGL-DTGs, CP,
and activity of TPIs were detected in IRcdpk4/5 plants
(Fig. 6, A–C). Bioassays were performed to determine
whether IRcdpk4/5 plants have increased resistance to
M. sexta larvae. Consistent with the high contents of
W + OS-induced defensive secondary metabolites, after
feeding for 12 d, M. sexta larvae gained 60% less mass
on IRcdpk4/5 than on wild type (Fig. 6D). In contrast,
after W + W or W + OS treatment, no differences in the
levels of defensive compounds (HGL-DTGs, CP, and
TPIs) were found between wild type and IRcdpk4, and
M. sexta growth rates were not affected by silencing
NaCDPK4 alone (Supplemental Fig. S10).

The Increased Defense Levels of IRcdpk4/5 Plants
Are Completely Dependent on JA and JA Signaling

Other pathways in addition to JA signaling may also
confer resistance to M. sexta in IRcdpk4/5 plants. To

examine this possibility, IRcdpk4/5-1 was crossed
with IRcoi1 (silenced in COI1, the receptor for JA-Ile;
Paschold et al., 2007) to abolish JA signaling (IRcdpk4/
5-1 3 IRcoi1 plants). Moreover, IRcdpk4/5-1 line was
also crossed with a line ectopically expressing an
Arabidopsis JASMONIC ACID CARBOXYL METH-
YLTRANSFERASE (ovJMT; Seo et al., 2001), which
converts JA to methyl jasmonate, an inactive form of
jasmonate in N. attenuata (Stitz et al., 2011; IRcdpk4/
5-1 3 ovJMT plants). Notably, the morphologies of both
IRcdpk4/5-13 IRcoi1 and IRcdpk4/5-13 ovJMT plants
were indistinguishable from those of IRcoi1 and ovJMT,
respectively, including having similar stem lengths to
those of IRcoi1 and ovJMT, normal leaf shape, and
partial male sterility due to deficiencies in JA signaling
and JA accumulation (M. Heinrich, C. Hettenhausen, I.T.
Baldwin, and J. Wu, unpublished data). Thus, the de-
velopmental defects in IRcdpk4/5 resulted solely from
overproduction of JA rather than other potential path-
ways regulated by NaCDPK4 and NaCDPK5.

M. sexta bioassays were performed on wild-type,
IRcdpk4/5-1, IRcdpk4/5-1 3 IRcoi1, and IRcoi1
plants. We found that the growth rates of M. sexta on
IRcdpk4/5-1 3 IRcoi1 plants were very similar to
those reared on IRcoi1 and after 9 d of feeding,M. sexta
larvae fed on IRcoi1 and IRcdpk4/5-1 3 IRcoi1 were
2- and 1.4-times heavier than those on wild-type and
IRcdpk4/5-1 plants, respectively (Fig. 7A). Analyzing
the contents of HGL-DTGs, CP, and the activity of TPIs
confirmed that silencing COI1 in IRcdpk4/5-1 abol-
ished the accumulation of these defensive metabolites
(Fig. 7, B–D). Comparable bioassay results were
obtained from wild-type, IRcdpk4/5-1, IRcdpk4/5-13
ovJMT, and ovJMT plants (Supplemental Fig. S11,
A–D). The levels of JA in W + OS-treated IRcdpk4/5-
1 3 ovJMT confirmed that ectopic expression of JMT
effectively abolished JA accumulation (Supplemental
Fig. S11E).

Thus, we concluded that the strong defense of
IRcdpk4/5 against M. sexta was completely dependent
on JA signaling and the highly enhanced JA levels.

Simultaneously Silencing NaCDPK4 and NaCDPK5
Increases the Levels of SIPK Activity Induced by
Simulated Herbivory

In N. attenuata, tobacco, and tomato (Solanum lyco-
persicum), SIPK and WIPK (or their homologs) are re-
quired for JA accumulation in response to wounding
and herbivory (Seo et al., 1999; Kandoth et al., 2007;
Seo et al., 2007; Wu et al., 2007). To determine whether
the increased JA levels in IRcdpk4/5 plants were as-
sociated with elevated MAPK activity, total proteins in
wild-type and IRcdpk4/5-1 leaves that had been
treated with W + W and W + OS were extracted and
the MAPK activity levels were measured using an in-
gel MAPK activity assay.

In wild-type plants, both W + W and W + OS rap-
idly activated SIPK and WIPK within 10 min of

Figure 5. NaCDPK4 and NaCDPK5 have redundant roles in control-
ling herbivory-induced JA levels. Agrobacterium carrying pTV00 (EV),
pTV-NaCDPK4, pTV-NaCDPK5, and pTV-NaCDPK4/5 was inoculated
into N. attenuata to create EV, VIGS-NaCDPK4, VIGS-NaCDPK5, and
VIGS-NaCDPK4/5, respectively. A, Relative transcript levels (mean 6 SE)
of NaCDPK4 and NaCDPK5 in untreated plants. Note: Levels
NaCDPK4 and NaCDPK5 in EV are designated to 1. B, JA contents
(mean 6 SE) in plants after simulated herbivore feeding. Plants were
wounded with a pattern wheel and 20 mL of M. sexta OS were applied
to wounds and samples were collected 1 h after treatment.
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treatments (Fig. 8A). Thirty minutes after W + W
treatments, SIPK activity declined to levels that were
only slightly higher than those in nontreated plants; in
contrast, strong SIPK activity was found in W + OS-
treated wild-type plants even 60 min after W + OS
treatment (Fig. 8A), indicating that N. attenuata rec-
ognized the FACs in M. sexta OS and responded with

greater MAPK activity. Importantly, 30 and 60 min
after both W + W and W + OS treatment, greater SIPK
activity levels were seen in IRcdpk4/5-1 than in wild
type (Fig. 8A). Elevated SIPK activity was also detected
in line IRcdpk4/5-2, 30 and 60 min after W + OS
(Supplemental Fig. S12A). Since biological replicates
were pooled for these assays, in another independently

Figure 7. Silencing COI1 in IRcdpk4/5
plants abolishes herbivore defenses.
IRcdpk4/5-1 was crossed with IRcoi1
to generate IRcdpk4/5-1 3 IRcoi1. A,
Masses of M. sexta larvae grown on
wild type (WT), IRcdpk4/5-1, IRcoi1,
and IRcdpk4/5-1 3 IRcoi1. Concen-
trations (mean 6 SE) of HGL-DTGs (B)
and CP (C), and activity (mean 6 SE) of
TPIs (C) were quantified in plants that
had been fed for 12 d. Asterisks indi-
cate significant differences between
WT and other plants (n = 30 for A; n =
5 for B, C, and D; t test; *, P, 0.05; **,
P , 0.01; ***, P , 0.001). n.d., Not
detected.

Figure 6. IRcdpk4/5 plants have ele-
vated defensive secondary metabolites
and enhanced defense against M.
sexta. Wild type (WT) and IRcdpk4/5
(line IRcdpk4/5-1 and IRcdpk4/5-2)
were wounded with a pattern wheel,
and 20 mL of water or M. sexta OS
were immediately applied to wounds
(W + W and W + OS, respectively).
Contents (mean6 SE) of HGL-DTGs (A)
and CP (B), and activity (mean 6 SE) of
TPIs (C) were determined in samples
harvested 3 d after treatments (non-
treated plants served as controls). D,
Masses (mean 6 SE) of M. sexta larvae
grown on WT and IRcdpk4/5 plants.
Asterisks indicate significant differ-
ences between WT and IRcdpk4/5
plants (n = 5 for A, B, and C; n = 30 for
D; Student’s t test; *, P , 0.05; **, P ,
0.01; ***, P , 0.001).
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performed experiment, we analyzed the kinase activity
in four biological replicates that were harvested 30 min
after W + OS treatment: Compared with those in wild
type, both IRcdpk4/5-1 and IRcdpk4/5-2 showed el-
evated SIPK activity levels (Supplemental Fig. S12B).
Notably, increased WIPK activity levels were observed
in these kinase assays (Fig. 8A; Supplemental Fig. S12,
A and B), although these could not be reliably quan-
tified due to poor signal-noise ratios.

Two scenarios may account for the increased SIPK
activity in IRcdpk4/5 plants: (1) NaCDPK4 and
NaCDPK5 suppress the transcript abundance of SIPK
and WIPK; (2) IRcdpk4/5 had normal levels of SIPK
and WIPK protein but these kinases had a higher de-
gree of phosphorylation/activity after wounding or
herbivore attack. First, qRT-PCR was performed to
determine the transcript levels of SIPK and WIPK after

simulated herbivory treatment. No differences in SIPK
and WIPK transcript levels between wild type and
IRcdpk4/5 were found (Fig. 8B). Next, a SIPK-specific
antibody (Zhang et al., 1998), Ab-p48C, was used to
examine abundance of the SIPK protein in wild-type
and IRcdpk4/5 plants. Similar levels of SIPK protein
were found in IRcdpk4/5 and wild type, before and 30
min after W + OS treatment (Fig. 8C). This was also
found in samples collected in another independently
performed experiment (Supplemental Fig. S12C). Fur-
thermore, the levels of SIPK protein in a line that had
been stably silenced in SIPK by RNAi (IRsipk; Meldau
et al., 2009) were almost undetectable, demonstrating
the specificity of this antibody (Supplemental Fig.
S12C). Given the similar transcript abundance ofWIPK
in wild-type and IRcdpk4/5 plants, it is likely that
WIPK had also comparable protein levels in these

Figure 8. IRcdpk4/5 plants have in-
creased levels of SIPK activity caused
by high JA accumulation. A, MAPK
activity assay in wild-type (WT) and
IRcdpk4/5-1 plants that were treated
with W + W and W + OS. B, Transcript
levels (mean 6 SE) of WIPK and SIPK in
WT and IRcdpk4/5-1 plants 30 min
after W + OS treatment (Note: Levels
of SIPK and WIPK in WT are desig-
nated to 1). C, Protein-blotting analysis
of SIPK protein abundance in WT and
IRcdpk4/5-1 plants before and 30 min
after W + OS treatment. D, MAPK
activity levels in WT, IRcdpk4/5-1,
ovJMT, and IRcdpk4/5-1 3 ovJMT
plants 30 min after being treated with
W + OS (three biological replicates
each). Right section: quantification of
relative band intensities (mean 6 SE;
the average intensity of WT samples
was designated as 1); asterisks repre-
sent significant difference between WT
and other plants (n = 3, Student’s t test;
**, P , 0.01). E, Exogenous supple-
mentation of JA to N. attenuata acti-
vates MAPKs. JA (200 mg/mL in 5%
DMSO) or 5% DMSO was pressure
infiltrated into N. attenuata WT or
IRcoi1 leaves and the induced MAPK
activity was determined in samples
(pooled from three biological repli-
cates) harvested at indicated times.
CBB, Coomassie Brilliant Blue (photo-
graphs of the Rubisco large subunit
that were visualized by staining the
gels with CBB).
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plants. Therefore, silencing NaCDPK4 and NaCDPK5
leads to elevated activity of SIPK in plants challenged
by herbivory through a pathway that regulates the
phosphorylation levels of SIPK but not protein abun-
dance.
Applying JA to Arabidopsis seedlings leads to a

rapid activation of MPK6, which is the homolog of
SIPK in this species (Takahashi et al., 2007). Thus, we
speculated that the remarkably high levels of JA ob-
served in IRcdpk4/5 plants might be the reason for the
increased SIPK activity after wounding and simulated
herbivore attack.
To examine this hypothesis, an in-gel kinase assay

was conducted to measure MAPK activity in wild-
type, IRcdpk4/5-1, ovJMT, and IRcdpk4/5-1 3 ovJMT
plants, which were treated with W + OS 30 min before
harvesting. After crossing with ovJMT plants, SIPK
activity levels in IRcdpk4/5-1 decreased to those in
wild type and ovJMT (Fig. 8D). Similar results were
obtained from W + OS-treated wild-type, IRcdpk4/5-1,
IRcoi1, and IRcdpk4/5-13 IRcoi1 plants (Supplemental
Fig. S13A). To further examine the hypothesis that
overaccumulated JA activates SIPK, we measured
MAPK activity in the wounded dongle-D (dgl-D) mu-
tant. In dgl-D, a chloroplast-localized galactolipase is
overexpressed and thus this mutant has highly elevated
JA contents after wounding (Hyun et al., 2008). Indeed,
after wounding levels of MPK6 activity (the homolog of
SIPK in Arabidopsis) in dgl-D plants were greater than
in Columbia-0 (Col-0; Supplemental Fig. S13B), a
result consistent with the substantially higher levels
of JA in dgl-D (Supplemental Fig. S13C). In addition,
we infiltrated a solution of JA (200 mg/mL in 5% di-
methyl sulfoxide [DMSO]) into N. attenuata leaves and
measured MAPK activity. Compared with those in
solvent (5% DMSO)-inoculated plants, SIPK activity
was significantly increased in JA-treated wild-type
plants, whereas in IRcoi1 plants lower SIPK activity
was found both 10 and 30 min after JA infiltration
(Fig. 8E). All these results are consistent with the
notion that highly elevated JA contents elicit the ac-
tivation of SIPK and that COI1 is required for this
activation pathway.

SIPK and WIPK Are Required for Induced JA
Accumulation in IRcdpk4/5 Plants

Overproduction of JA in IRcdpk4/5 plants results in
increased SIPK and WIPK activity. However, previous
studies also indicated that these MAPKs are needed for
wounding- and herbivory-elicited JA accumulation
(Kandoth et al., 2007; Wu et al., 2007). To examine
whether SIPK and WIPK are still necessary for JA ac-
cumulation in IRcdpk4/5, IRcdpk4/5-1 was crossed
with IRsipk and IRwipk (Meldau et al., 2009) to create
IRcdpk4/5-1 3 IRsipk and IRcdpk4/5-1 3 IRwipk,
respectively. After W + W and W + OS induction, the
JA contents were quantified. By 30 min, both W + W
and W + OS elicited more than 4-fold higher levels of

JA in IRcdpk4/5-1 than in wild type, but silencing
SIPK and WIPK in IRcdpk4/5-1 plants greatly reduced
their JA contents (Fig. 9). From these results we con-
clude that the high levels of JA in IRcdpk4/5 plants
elicited by wounding and herbivory stress require
SIPK and WIPK activity.

DISCUSSION

JA is the most important hormone in regulating
plant defense against herbivores (Wu and Baldwin,
2009). As in many other physiological processes, the
transient accumulations of JA that elicit defense sig-
naling are a result of a combination of biosynthesis and
degradation, and the enzymes involved in JA anabo-
lism or catabolism are likely controlled by both posi-
tive and negative signaling pathways: After herbivory,
enhanced JA accumulation is important for increasing
defense; however, negative regulatory pathways that
suppress accumulation of JA are also needed to avoid
overly high JA levels, which compromise plant de-
velopment and growth. Although almost all the en-
zymes for JA biosynthesis have been cloned (Delker
et al., 2006), the signaling pathways that control the
production of JA remain largely unknown. Here we
show that silencing two CDPKs, NaCDPK4 and
NaCDPK5, resulted in remarkably high levels of JA in
wounded or herbivore attacked N. attenuata. The high
accumulations of JA not only conferred increased re-
sistance to attack from M. sexta larvae but also resulted
in enhanced SIPK and WIPK activity.

CDPKs and JA Accumulations

Tomato AOC, which encodes one of the important
JA biosynthetic enzymes, is expressed in vascular

Figure 9. Knocking down SIPK or WIPK in IRcdpk4/5 plants decreases
wounding- and simulated herbivory-induced JA levels. IRcdpk4/5-1 was
crossed with IRwipk and IRsipk to create IRcdpk4/5-1 3 IRwipk and
IRcdpk4/5-1 3 IRsipk, respectively. Plants were wounded with a pat-
tern wheel and 20 mL of water or M. sexta OS were applied to wounds
immediately (W + W and W + OS, respectively). Samples were har-
vested after 30 min and the JA contents (mean 6 SE) were determined
on an HPLC-tandem mass spectrometer (n = 5).
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tissues and reproductive organs (Stenzel et al., 2003,
2008) and plants deficient in JA biosynthesis or sig-
naling have defects in fertility (Feys et al., 1994); thus
JA biosynthesis is thought to be mainly in these tissue
and organ types. NaCDPK4 and NaCDPK5 are mainly
expressed in stems and reproductive organs and con-
sistently, IRcdpk4/5 plants had stunted stems and
aborted flower buds (Fig. 3). These phenotypes were
consistent with their functions in (negatively) regulat-
ing JA biosynthesis: The overaccumulated JA in
IRcdpk4/5 resulted in developmental abnormalities
and remarkably high JA contents after wounding or
herbivory. Furthermore, the developmental phenotype
of IRcdpk4/5 is largely similar to the dgl-D mutant,
which accumulates JA to exceptionally high levels and
is stunted in stem elongation, and decreased in apical
dominance and fertility (Hyun et al., 2008). These data
are consistent with the finding that these NaCDPK4
and NaCDPK5 are involved in controlling JA accu-
mulation.

However, how NaCDPK4 and NaCDPK5 function
as strong suppressors of stress-induced JA accumula-
tion is unclear. Transcriptional analysis revealed wild-
type transcript levels of all important enzymes involved
in JA biosynthesis in IRcdpk4/5. Although after
wounding or simulated herbivore feeding, the JA con-
tents in IRcdpk4/5 were remarkably higher than in
wild type, the dynamics of JA were similar among these
plants: Both reached their highest levels 0.5 h after ei-
ther treatment and declined to almost basal levels after
3 h (Fig. 4). This implies that the overaccumulation of JA
in IRcdpk4/5 probably did not result from impaired JA
metabolism but from the enhanced JA biosynthesis ac-
tivity. Due to the complexity of JA metabolism (many
enzymes and rapid turnover of intermediate precursors
of JA, and the less-known mechanisms of JA degrada-
tion), we were not able to determine the reason for the
high JA accumulation in IRcdpk4/5 plants at an en-
zyme activity level. Tobacco NtCDPK5 was found to
localize in cell membranes, and NtCDPK4 localizes in
cytoplasm and nuclei (Wang et al., 2005). Although not
totally ruled out, it is unlikely that these kinases enter
chloroplasts or peroxisomes and directly phosphorylate
JA biosynthesis enzymes to inhibit their activity.

In N. attenuata, a number of proteins have been
identified that affect herbivory-induced JA accumula-
tion. Knocking down BRI1-ASSOCIATED RECEPTOR
KINASE1, SUPPRESSOR OF G-TWO ALLELE OF
SKP1, S-NITROSOGLUTATHIONE REDUCTASE, SIPK,
or WIPK compromises wounding- and herbivory-
induced JA levels and the exact mechanisms by which
these proteins influence JA biosynthesis remain un-
clear (Wu et al., 2007; Meldau et al., 2011; Wünsche
et al., 2011; Yang et al., 2011). In Arabidopsis, in ad-
dition to dgl-D (Hyun et al., 2008), a mutation in
cellulose synthase CeSA3 also results in increased
production of JA and ethylene (Ellis et al., 2002). After
wounding, Arabidopsis carrying a missense mutation
in a Ca2+-permeable nonselective cation channel (the
fou2 mutant) exhibits severalfold increased JA contents

(Bonaventure et al., 2007). It was speculated that the
high JA levels of fou2 mutant may result from altered
cytosolic [Ca2+]. Wounding and herbivore feeding both
induce changes in intracellular [Ca2+] (Maffei et al.,
2004; Schäfer et al., 2011), suggesting that Ca2+ sig-
naling is involved in plant responses to wounding
and insect feeding. Studying whether NaCDPK4 and
NaCDPK5 sense changes of [Ca2+] and how they
translate Ca2+ signaling into altered activity of certain
enzymes or transcription factors will provide impor-
tant insight into how Ca2+ signaling modulates JA
biosynthesis.

When COI1 was silenced in IRcdpk4/5-1 plants
(IRcdpk4/5-1 3 IRcoi1 plants), the highly elevated
defense of IRcdpk4/5 was completely abolished and
the performance of M. sexta larvae was equivalent to
that on IRcoi1 plants (Fig. 7). We also obtained similar
results when JA accumulation was suppressed by ec-
topically overexpressing JMT (Supplemental Fig.
S11D). From these genetic analyses, we infer that
although NaCDPK4 and NaCDPK5 might also func-
tion in other physiological processes, their involve-
ment in plant-herbivore interactions is largely through
JA signaling.

MAPKs and JA Accumulation

Our data indicated reciprocal interactions between
MAPK and JA signaling. Silencing SIPK and WIPK in
N. attenuata and their homologs in tomato, compro-
mises wounding- and OS-elicited JA bursts (Kandoth

Figure 10. A working model summarizing early wounding- and
herbivory-induced responses in N. attenuata. Wounding and FACs in
M. sextaOS are perceived by wounding sensors and FAC receptors and
in turn activate downstream MAPK signaling, including SIPK and
WIPK. Using an unknown mechanism, NaCDPK4 and NaCDPK5
negatively control JA biosynthesis. Furthermore, when JA attains high
concentrations, JA has a feedback function on SIPK activity through a
COI1-mediated pathway by either activating the upstream MAPKKs
(such as MEK2) or by reducing the activity of SIPK-specific phospha-
tases. Question marks indicate hypothetical signaling molecules or
pathways.
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et al., 2007; Wu et al., 2007), indicating that these
MAPKs are required for JA biosynthesis. This is also
supported by the fact that silencing SIPK and WIPK
in IRcdpk4/5 plants greatly diminish W + W- and
W + OS-induced JA levels. However, several lines of
evidence also indicated that JA in high concentrations
activates SIPK/MPK6. Treating Arabidopsis seedlings
with exogenous JA activates MPK6 (Takahashi et al.,
2007). After wounding, elevated levels of MPK6 ac-
tivity were also found in the JA-overproducing dgl-D
mutant compared with the levels found in wounded
Col-0 plants (Supplemental Fig. S13B). Compared with
wild-type plants, in IRcdpk4/5, after either W + W or
W + OS, substantially larger quantities of JA were
produced, which in turn resulted in elevated levels of
SIPK activity. Consistently, directly infusing JA into N.
attenuata enhanced the activity of SIPK. In IRcdpk4/
5-1 3 ovJMT plants, in which JA accumulation was
compromised (because JA is rapidly converted to the
inactive MeJA), SIPK activity levels were similar to those
of wild type, confirming that the highly increased JA
contents in IRcdpk4/5 plants were responsible for the
overactivation of SIPK. Moreover, JA signaling is partly
required for the activation of MPK6 by exogenously
applied JA in Arabidopsis seedlings, given that the
levels of JA-induced MPK6 activity were less in coi1
mutant than in wild type (Takahashi et al., 2007). Con-
sistent with this observation, IRcdpk4/5-1 3 IRcoi1
plants showed decreased SIPK activity levels compared
with IRcdpk4/5-1 plants, and infiltrating JA directly into
IRcoi1 resulted in lower SIPK activity levels than those
in similarly treated wild type. All these data underscore
that it is not JA itself but rather a signaling compound
regulated by JA signaling that activates SIPK (Fig. 10).
Both qRT-PCR and protein-blotting analysis indi-

cated that the increased SIPK (and likely WIPK) ac-
tivity is not due to enhanced levels of transcripts or
protein. We speculate that this JA-signaling-regulated
compound can either activate upstream kinases of
SIPK and WIPK, such as MEK2 (Yang et al., 2001;
Heinrich et al., 2011), or decrease the activity of the
phosphatases of SIPK and WIPK (Fig. 10). Compared
with wild type, after W + OS treatment, ovJMT and
IRcoi1 plants showed very little changes in SIPK ac-
tivity (Fig. 8E; Supplemental Fig. S13A). Thus, when
JA concentrations in plants are within physiological
range (less than 3,000 ng/g fresh mass, levels com-
monly induced by W + OS in wild-type N. attenuata),
this COI1-mediated pathway seems to have little im-
pact on SIPK activity.

Redundant Roles of NaCDPK4 and NaCDPK5

NaCDPK4 and NaCDPK5 have a relatively high
sequence similarity, suggesting that they may have
evolved from a common ancestral gene. Their similar
tissue- and induction-specific expression profiles also
suggest that they may have similar functions. Compared
with those in plants inoculated with Agrobacterium

carrying pTV00 (EV), specifically silencing NaCDPK4
and NaCDPK5 using VIGS did not elevate W + OS-
induced JA levels. With a construct that targets both
NaCDPK4 and NaCDPK5, we created VIGS-NaCDPK4/5
plants. They exhibited largely similar phenotypes as
those in IRcdpk4/5, such as stunted growth, abortion
of flower primordia, and importantly, highly elevated
W + OS-elicited JA levels. These results indicate that
NaCDPK4 and NaCDPK5 function redundantly in
suppressing the accumulation of JA. However,
NaCDPK4 and NaCDPK5 have distinct N-terminal
sequences, which are usually required for subcellu-
lar targeting. Wang et al. (2005) found that in onion
(Allium cepa) epidermal cells, tobacco NtCDPK4 is
localized in cytoplasm and nuclei, while NtCDPK5
localizes in cell membranes. Promoter activity anal-
yses indicated that NaCDPK4 is expressed in roots
and trichomes whereas NaCDPK5 is not. Thus,
NaCDPK4 and NaCDPK5 may have distinct func-
tions in other plant physiological processes apart
from the regulation of JA biosynthesis.

Taken together, we show that two CDPKs in N.
attenuata, NaCDPK4 and NaCDPK5, play an important
role in suppressing wounding and OS-induced JA bi-
osynthesis. Moreover, MAPK and JA signaling appear
to have a complex interaction: SIPK is required for JA
biosynthesis, while COI1-mediated JA signaling also
activates SIPK, when cells experience very high JA
levels (Fig. 10).

MATERIALS AND METHODS

Plant Growth, Sample Treatments, and Manduca sexta
Growth Assays

Nicotiana attenuata (Solanaceae) seeds were from a line maintained in our
laboratory that was originally collected in Utah and inbred for 30 generations
in the greenhouse. Seed germination and plant cultivation followed Krügel
et al. (2002). Seeds were germinated on petri dishes to synchronize their germi-
nation, and the seedlings were transferred to soil after 10 d. Four- to 5-week-old
plants were used for all experiments except for growth observations.

For simulated herbivory treatments, leaves were wounded with a pattern
wheel and M. sexta OS (20 mL of one-fifth diluted OS) were immediately
rubbed onto wounded leaves (W + OS); for wounding treatment, leaves were
wounded with a pattern wheel, and 20 mL of water were applied (W + W).
Arabidopsis (Arabidopsis thaliana) Col-0 and dgl-D were grown under the long-
day conditions, and rosette leaves of slightly elongated plants were wounded
with a pattern wheel. For the JA infiltration experiment, a stock JA solution
was prepared (2 mg/mL in 50% DMSO) and was 10-fold diluted before in-
oculating in to wild-type and IRcoi1 N. attenuata leaves using a 1-mL syringe;
5% DMSO was inoculated for comparisons. For M. sexta growth assays,
freshly hatched neonates of M. sexta were placed on 30 replicated plants (one
larva/plant), and the masses of these caterpillars were measured after dif-
ferent days of continuous feeding.

Generation of Transformed Plants, Plant Crossing,
and VIGS

Partial sequences of NaCDPK4 and NaCDPK5 were cloned into pRESC5
vector in an inverted-repeat fashion (primer sequences are listed in
Supplemental Table S1) to form pRESC5-CDPK4 and pRESC5-CDPK5. This
vector was subsequently transformed into Agrobacterium tumefaciens (strain
LBA4404) to transform N. attenuata (Krügel et al., 2002). The number of
transferred DNA insertions was determined by Southern hybridization of
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genomic DNA using a PCR fragment of the HYGROMYCIN PHOSPHO-
TRANSFERASE (hptII) gene as a probe. Two T2 homozygous lines with single
transferred DNA insertions were identified and used in subsequent experi-
ments. Crossing IRcoi1 and ovJMT with IRcdpk5 plants was done by re-
moving anthers from flowers of IRcoi1 and ovJMT plants before pollen
maturation and pollinating the stigmas with pollen from IRcdpk4/5 plants.

For VIGS, partial sequences of NaCDPK4 and NaCDPK5 were cloned into
pTV00 to form pTV-NaCDPK4, pTV-NaCDPK5, and pTV-NaCDPK4/5 using
primers listed in Supplemental Table S1, and these plasmids were thereafter
transformed into A. tumefaciens (strain GV3101). Twenty-five days after ger-
mination, following a procedure optimized for N. attenuata (Saedler and
Baldwin, 2004), plants were inoculated with A. tumefaciens carrying these
plasmids to create VIGS-NaCDPK4, VIGS-NaCDPK5, and VIGS-NaCDPK4/5,
respectively. Plants silenced in PHYTOENE DESATURASE (NaPDS) were
used to visually monitor the degree of VIGS, since these plants showed a
photobleaching phenotype. About 14 d after inoculation, when the leaves of
NaPDS-silenced plants were completely white, experiments were performed.

Histochemical GUS Assays

Sequences about 1.3-kb upstream of NaCDPK4 and NaCDPK5 coding se-
quences were isolated using a GenomeWalker kit (Clontech). Using primers
listed in Supplemental Table S1, these sequences were cloned into pCAM-
BIA1301 vector (www.cambia.org) to create pCAM-NaCDPK4Pro:GUS and
pCAM-NaCDPK5Pro:GUS. These binary vectors were thereafter transformed
into A. tumefaciens (strain LBA4404) and to create stably transformed N.
attenuata. Histochemical assays were done following Jefferson et al. (1987).
After samples were fixed in ice-cold 90% acetone for 2 h, they were washed in
phosphate-buffered saline buffer. Thereafter, the samples were immersed in
the enzymatic reaction mixture (1 mg/mL of 5-bromo-4-chloro-3-indolyl-b-D-
glucuronide, 2 mM ferricyanide, and 0.5 mM of ferrocyanide in 100 mM

phosphate buffer, pH 7.4). The reaction was performed at 37°C in dark for 4 h
to overnight, and then the samples were cleared with pure ethanol. Photos
were taken under a stereomicroscope (SV 11, Carl Zeiss), which was equipped
with a CCD camera and a workstation.

RNA Extraction and qRT-PCR

Total RNA was extracted from ground leaf samples using TRIzol reagent
(Invitrogen) following the manufacturer’s instructions. For qRT-PCR analysis,
five replicated biological samples were used. A total of 0.5 mg of total RNA
sample were reverse transcribed using oligo(dT)18 and Superscript II reverse
transcriptase (Invitrogen). qRT-PCR was performed on an ABI PRISM 7700
sequence detection system (Applied Biosystems) using qRT-PCR core kits
(Eurogentec). For each analysis, a linear standard curve, threshold cycle
number versus log (designated transcript level), was constructed using a series
dilution of a specific complementary DNA standard; the levels of the tran-
script in all unknown samples were determined according to the standard
curve. An N. attenuata actin2 gene, which is a housekeeping gene that had been
shown to have constant levels of transcripts by microarray analysis, RNA gel
blotting, and qRT-PCR after W + W and W + OS treatments (B. Bubner, J. Wu,
and I.T. Baldwin, unpublished data), was used as an internal standard for
normalizing complementary DNA concentration variations. Relative tran-
script levels of genes were obtained by dividing the extrapolated transcript
levels of the target genes by the levels of actin2 from the same sample. Se-
quences of primers used for qRT-PCR are listed in Supplemental Table S2.

Sequence Alignment and Phylogeny Analysis

The protein sequences were retrieved from GenBank. Sequences were
aligned in MegAlign (DNASTAR, Lasergene 8) using the Clustal W algorithm
and verified manually. For phylogeny analysis, the unrooted neighbor-joining
tree and bootstrap values were obtained using MEGA 4 software using default
parameters and 1,000 replications (Tamura et al., 2007; www.megasoftware.
net). Accession numbers of genes encoding these proteins were retrieved from
GenBank, which are listed in Supplemental Table S3.

In-Gel Kinase Assays and Protein-Blotting Analyses

Tissues were ground in liquid nitrogen. About 100 mg of tissue were
resuspended in 300 mL of extraction buffer (100 mM HEPES pH 7.5, 5 mM

EDTA, 5 mM EGTA, 10 mM Na3VO4, 10 mM NaF, 50 mM b-glycerolphosphate,
1 mM phenylmethylsulfonyl floride, 10% glycerol, one proteinase inhibitor
cocktail tablet per 10 mL extraction buffer [Roche]). Samples were then
centrifuged at 4°C, 13,000g for 20 min and the supernatants were transferred
to fresh tubes. Protein concentrations were measured using the Bio-Rad pro-
tein assay dye reagent (Bio-Rad) with bovine serum albumin (Sigma-Aldrich)
as a standard. Ten micrograms of total protein from each sample were used for
in-gel kinase activity assay according to a procedure described by Zhang and
Klessig (1997). The image of in-gel kinase activity assays were obtained on a
phosphorimager (FLA-3000 phosphor imager system, Fuji Photo Film), and
the band intensities were quantified using the AIDA software (Raytest Iso-
topenmessgeräte GmbH). For protein-blotting analysis, five biologically rep-
licated samples were pooled for protein extraction. Protein samples (10 mg)
were separated in a 10% SDS-PAGE gel and electrotransferred to a poly-
vinylidene difluoride membrane (GE Healthcare). A westernBreeze chemilu-
minescent immunodetection kit (Invitrogen) was used to detect SIPK protein.
The primary antibody, Ab-p48C (Zhang et al., 1998), was 1:2,000 diluted for
immunoblotting analysis.

To examine equal loading, duplicated gels were run at the same time and
were subsequently stained using the GelCode blue safe stain reagent (Thermo
Scientific) to visualize proteins.

Analysis of JA, JA-Ile, and SA Concentrations

One milliliter of ethyl acetate spiked with 200 ng of D2-JA, D4-SA, and 40 ng
of 13C6-JA-Ile, the internal standards for JA and JA-Ile, respectively, was added
to each briefly crushed leaf sample (approximately 150 mg). Samples were
then ground on a FastPrep homogenizer (Thermo Electron). After being
centrifuged at 13,000g for 10 min at 4°C, supernatants were transferred to fresh
Eppendorf tubes and evaporated to dryness on a vacuum concentrator
(Eppendorf). Each residue was resuspended in 0.5 mL of 70% methanol (v/v)
and centrifuged to remove particles. The supernatants were analyzed on an
HPLC-tandem mass spectrometer (1200L LC-MS system, Varian).

Analyses of Herbivore Defense-Related
Secondary Metabolites

TPI activity was analyzed with a radial diffusion assay described by van
Dam et al. (2001). The accumulation of the direct defenses, CP and diterpene
glycosides, were analyzed in samples harvested 3 d after treatments using an
HPLC method described in Keinänen et al. (2001).

Statistical Analysis

Data were analyzed by Student’s t test using StatView, version 5.0 (SAS
Institute).

Sequence data from this article can be found in the GenBank/EMBL data li-
braries under accession numbers EF121307 (NaCDPK4) and EF121305 (NaCDPK5).

Supplemental Data

The following materials are available in the online version of this article.

Supplemental Figure S1. Phylogenetic analysis of CDPKs.

Supplemental Figure S2. Alignment of NaCDPK4 and NaCDPK5 amino
acid and nucleotide sequences and regions used for RNAi constructs.

Supplemental Figure S3. NaCDPK4, but not NaCDPK5, is expressed in
trichomes of N. attenuata.

Supplemental Figure S4. Transcript levels of other CDPKs in IRcdpk4/5
plants.

Supplemental Figure S5.Morphology of IRcdpk4 plants at early flowering
stage.

Supplemental Figure S6. JA and JA-Ile contents in IRcdpk4 plants.

Supplemental Figure S7. SA contents in wild-type and IRcdpk4/5 plants.

Supplemental Figure S8. Sequences used for preparing VIGS constructs.
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Supplemental Figure S9. VIGS-NaCDPK4/5, but not VIGS-NaCDPK4 or
VIGS-NaCDPK5, shows developmental defects.

Supplemental Figure S10. Silencing NaCDPK4 alone does not result in
enhanced levels of wounding- and herbivory-induced defensive
secondary metabolites and insect resistance.

Supplemental Figure S11. Compromising the accumulation of JA in
IRcdpk4/5 plants abolishes herbivore defenses.

Supplemental Figure S12. IRcdpk4/5 plants have increased levels of SIPK
activity but not abundance.

Supplemental Figure S13. SIPK/MPK6 and WIPK/MPK3 over-activation
is dependent on the high JA levels and JA signaling.

Supplemental Table S1. Primers used for preparation of stable transformation
vectors and VIGS constructs.

Supplemental Table S2. Sequences of primers used for qRT-PCR (SYBR
Green analysis).

Supplemental Table S3. Accession numbers or locus numbers of genes
whose deduced protein sequences were used for phylogenetic analysis.
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