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The jasmonate family of growth regulators includes the isoleucine (Ile) conjugate of jasmonic acid (JA-Ile) and its biosynthetic
precursor 12-oxophytodienoic acid (OPDA) as signaling molecules. To assess the relative contribution of JA/JA-Ile and OPDA to
insect resistance in tomato (Solanum lycopersicum), we silenced the expression of OPDA reductase3 (OPR3) by RNA interference
(RNAi). Consistent with a block in the biosynthetic pathway downstream of OPDA, OPR3-RNAi plants contained wild-type levels of
OPDA but failed to accumulate JA or JA-Ile after wounding. JA/JA-Ile deficiency in OPR3-RNAi plants resulted in reduced trichome
formation and impaired monoterpene and sesquiterpene production. The loss of these JA/JA-Ile -dependent defense traits rendered
themmore attractive to the specialist herbivoreManduca sextawith respect to feeding and oviposition. Oviposition preference resulted
from reduced levels of repellant monoterpenes and sesquiterpenes. Feeding preference, on the other hand, was caused by increased
production of cis-3-hexenal acting as a feeding stimulant for M. sexta larvae in OPR3-RNAi plants. Despite impaired constitutive
defenses and increased palatability of OPR3-RNAi leaves, larval development was indistinguishable on OPR3-RNAi and wild-type
plants, and was much delayed compared with development on the jasmonic acid-insensitive1 (jai1) mutant. Apparently, signaling
through JAI1, the tomato ortholog of the ubiquitin ligase CORONATINE INSENSITIVE1 in Arabidopsis (Arabidopsis thaliana), is
required for defense, whereas the conversion of OPDA to JA/JA-Ile is not. Comparing the signaling activities of OPDA and JA/JA-Ile,
we found that OPDA can substitute for JA/JA-Ile in the local induction of defense gene expression, but the production of JA/JA-Ile is
required for a systemic response.

Oxylipins comprise a vast array of bioactive metabo-
lites that are generated from membrane lipids as a result
of lipid peroxidation (Mosblech et al., 2009; Farmer and
Mueller, 2013). Among them are jasmonates, a family of
signaling molecules that act as phytohormones in the
regulation of developmental processes and stress re-
sponses in plants, including tuber and trichome for-
mation, leaf senescence, reproductive development,
secondary metabolism, mechanotransduction, sym-
biotic interactions, plant responses to wounding, and
defenses against insects and pathogens (Koo and Howe,
2009; De Geyter et al., 2012; Wasternack and Hause,
2013). Jasmonates are synthesized via the octadecanoid
pathway (reviewed by Schaller and Stintzi, 2008, 2009;
Wasternack and Kombrink, 2010) from polyunsaturated
fatty acids that are liberated by lipases from galactolipids
in plastid membranes. Catalyzed by 13-lipoxygenases,

molecular oxygen is introduced to yield their 13-
hydroperoxy derivatives. These fatty acid hydroperox-
ides are converted to 12-oxophytodienoic acids (OPDAs;
including linolenic acid [18:3]-derived OPDA and dinor
[dn]-OPDA derived from 16:3) by allene oxide synthase
(AOS) and allene oxide cyclase, which concludes the
plastid-localized part of the pathway. The cyclopentenone
ring of OPDA and dn-OPDA is subsequently reduced to
the corresponding cyclopentanone in peroxisomes. The
reaction is catalyzed by OPDA reductase3 (OPR3), which
is the only peroxisomal member of a small family of re-
lated enone reductases and is the only one accepting the
biologically relevant stereoisomer of dn-OPDA or OPDA
as a substrate (Schaller et al., 2000; Stintzi and Browse,
2000; Strassner et al., 2002; Breithaupt et al., 2006, 2009).
After reduction by OPR3, the alkanoic acid side chain of
the resulting cyclopentanones is shortened by b-oxidation
to yield (+)-7-iso-jasmonic acid (JA), which epimerizes to
the more stable trans isomer (2)-JA (Wasternack and
Hause, 2013).

Until recently, JA has been viewed as the end pro-
duct of the pathway and as the bioactive hormone. It
becomes increasingly clear, however, that biological
activity extends to and may even differ between the
various JA metabolites and conjugates, and the ques-
tion as to which of the jasmonate family members are
responsible for any one of the different physiological
responses remains an urgent question in the field. With
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respect to biological activity, the isoleucine (Ile) con-
jugate of JA (JA-Ile) is the best characterized family
member, and it is also the only jasmonate for which the
molecular basis of its gene-regulatory activity has been
elucidated. The conjugation of JA to Ile is catalyzed by
the amino acid conjugate synthetase JASMONATE
RESISTANT1 (JAR1) via an activated acyl-adenylate
intermediate in an ATP-dependent reaction (Staswick
et al., 2002; Staswick and Tiryaki, 2004; Westfall et al.,
2012). JA-Ile, more precisely, the (+)-7-iso-JA-L-Ile
isomer retaining cis configuration at C3 and C7 of
the cyclopentanone ring as established by allene oxide
cyclase and OPR3, is perceived by CORONATINE IN-
SENSITIVE1 (COI1) and JASMONATE ZIM DOMAIN
(JAZ) in a coreceptor complex (Chini et al., 2007; Thines
et al., 2007; Fonseca et al., 2009; Yan et al., 2009; Sheard
et al., 2010). After binding of JA-Ile, COI1 mediates the
ubiquitin-dependent degradation of JAZ repressors result-
ing in the activation of JA-dependent gene expression
(Browse, 2009; Pauwels and Goossens, 2011; Kazan and
Manners, 2012).
The phenotype of the jar1 mutant indicates that JAR1

activity and conjugation of JA to Ile is required for some
but not all jasmonate-regulated processes. Processes that
depend on JAR1 include JA-induced root growth inhi-
bition (Staswick et al., 1992), resistance against certain
pathogens (Staswick et al., 1998; van Loon et al., 1998;
Ryu et al., 2004), and protection against ozone damage
(Overmyer et al., 2000; Rao et al., 2000), whereas JA-
induced cell cycle arrest (Zhang and Turner, 2008; Noir
et al., 2013), anthocyanin accumulation (Loreti et al.,
2008; Chen et al., 2007), and some wound responses in
Arabidopsis (Arabidopsis thaliana; Suza and Staswick,
2008; Zhang and Turner, 2008) are JAR1 independent.
Bioactive jasmonates other than JA-Ile must therefore
exist. Similarly in coyote tobacco (Nicotiana attenuata),
silencing of JAR4 and JAR6, the two functionally re-
dundant homologs of JAR1 in Arabidopsis, identified
JA-Ile as one but not the only jasmonate signal for in-
duced resistance against herbivores (Kang et al., 2006;
Wang et al., 2008).
Signaling activity has in fact been demonstrated for other

members of the jasmonate family. 12-hydroxyjasmonate
(12-OH-JA, tuberonic acid) and its O-glucoside have long
been implicated in potato (Solanum tuberosum) tuber for-
mation (Yoshihara et al., 1989), and the latter is also re-
sponsible for nyctinastic leaf movements in Albizzia
(Nakamura et al., 2011). cis-Jasmone acts as a signal for
the induction of indirect defense and COI1-independent
gene expression (Matthes et al., 2010). In addition, OPDA
has also been identified as a signaling molecule that dif-
fers in activity from JA/JA-Ile (Stintzi et al., 2001; Dave
and Graham, 2012; Park et al., 2013). OPDA is muchmore
active than JA/JA-Ile in mechanotransduction (Stelmach
et al., 1998; Blechert et al., 1999; Escalante-Pérez et al.,
2011) and it sustains resistance of Arabidopsis plants
against herbivores and pathogens in absence of JA/JA-Ile
(Stintzi et al., 2001; Zhang and Turner, 2008; Stotz et al.,
2011). OPDA also elicits the synthesis of diterpenoid-
derived volatiles in lima bean (Phaseolus lunatus) and the

accumulation of phytoalexins in soybean (Glycine max)
more efficiently than JA (Koch et al., 1999; Fliegmann
et al., 2003). Seed dormancy is regulated by OPDA in
Arabidopsis (Dave et al., 2011), and in tomato (Solanum
lycopersicum) OPDA rather than JA/JA-Ile is also re-
quired for embryo development (Goetz et al., 2012). A
distinct set of genes is controlled by OPDA in Arabi-
dopsis, which shows only partial overlap with those
regulated by JA/JA-Ile and includes COI1-dependent
as well as COI1-independent genes (Stintzi et al., 2001;
Taki et al., 2005; Mueller et al., 2008; Ribot et al., 2008;
Stotz et al., 2013).

OPDA is not perceived by the COI1-JAZ coreceptor
complex (Thines et al., 2007; Sheard et al., 2010), and
the mechanisms underlying OPDA signaling through
COI1 are not understood. COI1-independent gene ac-
tivation, on the other hand, can be attributed in part
to the strong electrophilicity and high reactivity of its
a,b-unsaturated carbonyl group, a characteristic fea-
ture of reactive electrophiles that are known for their
cytotoxic and gene-regulatory activities (Alméras et al.,
2003; Taki et al., 2005; Mueller et al., 2008; Farmer and
Mueller, 2013). Furthermore, the specific interaction of
OPDA with the plastidic Cyclophilin20-3 (CYP20-3)
was recently shown to mediate the readjustment of
cellular redox homeostasis after wounding (Park et al.,
2013). The contribution of CYP20-3 to OPDA signaling
is further supported by the JA/OPDA/coronatine-
insensitive phenotypes of the cyp20-3 loss-of-function
mutant with respect to increased resistance to Pseudomonas
syringae, OPDA-induced root growth inhibition, and
attenuated expression of OPDA-responsive genes after
OPDA application (Park et al., 2013).

Although the collective data clearly support a role for
OPDA as a signaling molecule in its own right, the va-
lidity of this conclusion was recently questioned (Chehab
et al., 2011). In many of the studies cited above, the
Arabidopsis opr3 mutant was used as a tool to distin-
guish between JA/JA-Ile- and OPDA-specific signaling.
opr3 harbors a Transfer-DNA insertion within the second
intron of the OPR3 gene (Sanders et al., 2000; Stintzi and
Browse, 2000). Upon Botrytis cinerea infection, the intron
appears to be spliced, giving rise to functional OPR3
transcripts (Chehab et al., 2011). Therefore, opr3 does not
seem to behave as a true null mutant under certain
conditions, particularly pathogen infection. The authors
thus argue for JA/JA-Ile as the primary defense signal,
and for a reassessment of defense signaling activities
ascribed to OPDA (Chehab et al., 2011).

We addressed this question by performing a loss-of-
function analysis in tomato. The tomato OPR3 gene
was silenced by RNA interference (RNAi) and the
resulting transgenic plants were analyzed with respect
to oxylipin content, herbivore resistance, and defense
signaling. We found OPR3-RNAi plants to be impaired
in trichome formation and secondary metabolite pro-
duction. The loss of these JA/JA-Ile-dependent defense
traits rendered them more attractive to the specialist
herbivore Manduca sexta with respect to feeding and
oviposition. Despite impaired constitutive defenses,
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larval development was indistinguishable onOPR3-RNAi
and wild-type plants, and was much delayed compared
with development on the jasmonic acid-insensitive1 (jai1)
mutant. Signaling through JAI1 is thus required for insect
resistance, whereas JA/JA-Ile production is not. Consis-
tent with this notion, we found OPDA to be active as a
signal for defense gene induction after wounding. Sys-
temic signaling, however, relied on JA/JA-Ile formation.

RESULTS

Silencing of SlOPR3 Expression

To assess the relative importance of JA/JA-Ile and the
jasmonate precursor OPDA for herbivore defenses in
tomato, we silenced the expression ofOPR3 by RNAi. As
previously shown for Arabidopsis and tomato plants
that are deficient in JA/JA-Ile biosynthesis or signaling,
transgenic plants expressing the OPR3 hairpin construct
turned out to be sterile. However, similar to JA- and JA-
Ile-deficient Arabidopsis mutants, in which fertility can
be restored by application of jasmonates (McConn and
Browse, 1996; Stintzi and Browse, 2000; Ishiguro et al.,
2001; Park et al., 2002), we were able to obtain seeds from
these plants by methyl jasmonate treatment of flower
buds and squeezing of the anther cone to facilitate pollen
release. T1 plants were grown from these seeds and
OPR3 protein levels were analyzed on western blots. Ten
independent RNAi lines in which OPR3 was undetectable
were chosen for further analysis (Supplemental Fig. S1).
Confirming the specificity of silencing, expression of the
closest OPR3 homolog was found to be unaffected in
three randomly chosen OPR3-RNAi lines (P3, J30, and
J55; Supplemental Fig. S2).

To assess the efficiency of OPR3 silencing and the effect
of OPR3 deficiency on jasmonate content, we compared
the levels of jasmonates downstream of the OPR3 reac-
tion in RNAi lines and wild-type plants. The results are
shown in Figure 1A for JA, its bioactive derivative JA-Ile,
and its inactivation product 12-OH-JA. In unwounded
plants, 12-OH-JA levels were similar in OPR3-RNAi and
wild-type plants, whereas JA and JA-Ile levels were sig-
nificantly reduced (230 versus 370 pmol/g fresh weight
and 95 versus 140 pmol/g fresh weight, respectively;
Student’s t test at P, 0.05 for JA and P, 0.01 for JA-Ile).
Forty min after wounding, a strong increase was
observed for JA (19-fold), JA-Ile (35-fold), and 12-OH-JA
(6-fold) in wild-type plants, but not in OPR3-RNAi plants
(Fig. 1A). Two h after wounding, there was a further
increase of 12-OH-JA in wild-type plants with a con-
comitant decrease in JA (Fig. 1B) as a result of hormone
inactivation by v-hydroxylation (Miersch et al., 2008;
Heitz et al., 2012; Koo and Howe, 2012). No such increase
was observed inOPR3-RNAi plants (Fig. 1B). By contrast,
the OPR3 substrate OPDA accumulated to similar levels
2 h after wounding in both wild-type and OPR3-RNAi
plants (Fig. 1B). We conclude that OPR3 activity was ef-
ficiently reduced in silenced plants, resulting in a deple-
tion of downstream products. Any residual OPR3 activity
that may still be present in RNAi lines is insufficient to

sustain the burst of JA/JA-Ile and the accumulation of
hydroxylated JA catabolites in wounded leaves. Fur-
thermore, the sterile phenotype of OPR3-RNAi plants
suggests that there may also be a strong reduction of
OPR3 activity and basal JA/JA-Ile levels in developing
flowers.

Herbivore Defense in OPR3-Silenced Tomato Plants

To investigate the relative contribution of OPDA and
JA/JA-Ile to insect resistance, we performed bioassays
comparing the wild-type tomato with either OPR3-
silenced plants that are impaired in the production of
JA/JA-Ile or with the jai1-1 mutant that is unable to
respond to JA-Ile (Li et al., 2004). In dual-choice tests,M.
sexta larvae strongly preferred leaf discs of OPR3-RNAi
and jai1-1 mutants over the corresponding wild-type
background (cvs UC82B and Castlemart, respectively;
Fig. 2A). The data suggest that the mutants lack herbivore

Figure 1. Jasmonate levels in wild-type and OPR3-RNAi plants. A, Jasm-
onates in wild-type (WT, dark blue) and OPR3-RNAi leaf tissue (RNAi,
green) 40 min after wounding (W, filled bars) compared with unwounded
controls (C, hatched bars). JA, JA-Ile, and 12-OH-JA were quantified by
liquid chromatography-tandem mass spectrometry after solid-phase ex-
traction of methanolic extracts. Jasmonate levels are given in nanomoles
per gram of fresh weight (FW) as the mean6 SD of six biological replicates
for wild-type plants. For OPR3-RNAi plants, three biological replicates
were performed on each of three independent transgenic lines. B, OPDA,
JA, and 12-OH-JAwere quantified by GC-MS in wild-type andOPR3-RNAi
plants 2 h after wounding (color scheme as in A). The experiment involved
eight and four biological replicates on independent RNAi lines for
wounded plants and unwounded controls, respectively. Asterisks indicate
significant differences between OPR3-RNAi and wild-type plants (*P ,
0.05, **P , 0.01, and ***P , 0.001).
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defense traits that are only present in wild-type plants
and thus depend on JA/JA-Ile biosynthesis and signal-
ing. Alternatively, the mutants may produce compounds
that stimulate feeding of M. sexta larvae.
Consistent with either possibility, the palatability of

OPR3-RNAi and jai1-1 plants was found to be higher
compared with the respective wild types. In no-choice
experiments, the larvae consumed about twice as much
leaf disc material of the mutants deficient in JA/JA-Ile
production and signaling (Fig. 2B). Interestingly, pal-
atability of the wild type was further reduced when
plants were wounded 24 h before the feeding trial
(Fig. 2B). This wound-induced effect was not seen inOPR3-
RNAi and jai1-1 plants, suggesting that OPDA cannot
substitute for JA/JA-Ile as a signal in either the wound-

induced reduction of leaf palatability (Fig. 2B) or in
jasmonate-dependent formation of constitutive defense
traits affecting feeding preference of the specialist
M. sexta (Fig. 2A). In addition to feeding preference, JA/
JA-Ile deficiency was also found to affect host plant
choice for oviposition. In dual-choice tests presenting
wild-type tomato and OPR3-RNAi plants to ovipositing
M. sexta females in a two-channel olfactometer, a clear
preference was observed for OPR3-silenced plants over
the wild-type control (Fig. 3).

Comparison of Constitutive Herbivore Defense Traits in
OPR3-RNAi and Wild-Type Plants

To identify the factors that might be responsible for
the observed differences in attractiveness for feeding
and oviposition, we compared nutritional quality, tri-
chome density, and trichome metabolites of OPR3-
silenced and wild-type plants. Total nitrogen content
was unaffected by JA/JA-Ile deficiency in RNAi plants
(Fig. 4A). Likewise, the levels of starch, total sugars,
and reducing sugars were all indistinguishable be-
tween RNAi plants and controls (Fig. 4A). Only the
amount of bound carbon was slightly reduced in
OPR3-silenced plants compared with control plants
(Fig. 4A). The pronounced differences in palatability
and attractiveness as a host for feeding and ovipo-
siting M. sexta can thus not be explained by differ-
ences in nutritional quality.

Figure 2. Bioassays assessing the relative contribution of OPDA and
JA/JA-Ile to insect resistance. A, Dual-choice tests revealing a prefer-
ence of M. sexta larvae for OPR3-RNAi and jai1-1 mutants over wild-
type plants. Leaf discs from either OPR3-RNAi (three independent
transgenic lines) or jai1-1 mutant plants and the corresponding wild-
type controls (WT1, cv UC82B; and WT2, cv Castlemart) were offered
to third-instar M. sexta larvae. The leaf area consumed within 4 h of
feeding is indicated in percentages 6 SD (n = 33, P , 0.001). B, No-
choice tests assessing palatability of OPR3-RNAi and jai1-1 mutants
compared with the wild type. A single forth-instar M. sexta larva was
offered 500 mg of leaf discs from either OPR3-RNAi plants, jai1-1
mutants, or the respective controls. The leaf mass that was consumed
within 30 min is indicated in percentages 6 SD (n = 100 for OPR3-
RNAi [four independent transgenic lines] and cv UC82B; n = 55 for
jai1-1 and cv Castlemart). In A and B, the wild type is shown in dark
blue, OPR3-RNAi in green, and jai1-1 in yellow. Both experiments
were performed with leaf material from healthy plants (hatched bars)
and from plants that were wounded 24 h before the experiment (filled
bars). Asterisks indicate significant differences (Wilcoxon rank sum
test; **P , 0.01 and ***P , 0.001). n.s., Not significant.

Figure 3. M. sexta oviposition preference for OPR3-RNAi plants as a
result of impaired terpene production. To assess oviposition prefer-
ence, tomato wild-type and OPR3-RNAi plants were offered to a pair
of mating M. sexta in a two-channel olfactometer. A choice for the
wild type (WT) is indicated by blue bars, a choice for OPR3-RNAi in
green, and no choice in gray. When no further odorants were added,
the preference for RNAi plants was statistically significant (n = 35, x2 =
48.8, ***P = 0.0001). In a wild-type/wild-type comparison, the addi-
tion of cis-3-hexenal on one side of the olfactometer had no influence
on oviposition preference (n = 16, x2 = 0.87, P = 0.64). By contrast, the
addition of a mixture of terpenes reflecting the terpene content of wild-
type trichomes in the OPR3-RNAi/OPR3-RNAi comparison had a
significant deterrent effect (n = 21, x2 = 22.6, ***P, 0.0001). n.s., Not
significant.
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Next we looked at trichome development, which is
known to be regulated by jasmonates (Li et al., 2004;
Boughton et al., 2005; Yoshida et al., 2009) and is a well-
established resistance factor (Kennedy, 2003; Dalin et al.,
2008; Kang et al., 2010). There are glandular and non-
glandular trichomes in tomato, with glandular trichomes
types IV and VI being most relevant for insect resistance
(Kennedy, 2003). The latter were found to be affected in
OPR3-RNAi plants. In three independent RNAi lines, the
density of type VI trichomes was reduced by about two-
thirds (Fig. 4B), and their metabolite content differed
from that of wild-type trichomes. Gas chromatography-
mass spectrometry (GC-MS) analyses of trichome ex-
tracts detected significant differences for 10 compounds
that were identified as cis-3-hexenal, five monoterpenes
(a-pinene, 2-carene, limonene, and a- and b-phellandrene),

three sesquiterpenes (a-humulene, d-elemene, and
b-caryophyllene), and one unknown compound (Fig. 4C;
Supplemental Figs. S3 and S4; Supplemental Tables S1–
S3). The differences were particularly strong for monoter-
penes that were reduced by an average factor of 24 in
OPR3-RNAi compared with wild-type trichomes, whereas
sesquiterpenes showed on average a 9-fold reduction. On
the other hand, cis-3-hexenal was increased 2.5-fold in
OPR3-silenced plants over control levels (Fig. 4C).

cis-3-Hexenal and Terpenes Affect Feeding Preference and
Oviposition Behavior

To address the question of whether differences in tri-
chome density or content are responsible for the feeding
preference of M. sexta larvae for JA/JA-Ile-deficient

Figure 4. Effect of OPR3 silencing on nutritional quality, trichome density, and volatile production. A, Nutritional quality. Total
leaf nitrogen, bound carbon, and carbohydrate content (complete [total] sugars, reducing sugars, and starch) were analyzed in
the wild type (black bars; n = 4 for total carbon and nitrogen, n = 15 for carbohydrates), and in OPR3-RNAi plants (gray bars;
n = 12 for total carbon and nitrogen, n = 15 for carbohydrates) in milligrams per gram of fresh weight (FW). B, Trichome density.
Trichome density is given as the number of type VI trichomes per square centimeter of leaf area for the wild type (black bar;
n = 26) and three independentOPR3-RNAi lines (gray bars; n = 15, 15, and 5 for lines J55 [left], P3 [center], and J18 [right bar],
respectively). C, Trichome volatiles. GC-MS analyses identified significant differences for 10 compounds identified as cis-3-
hexenal, five monoterpenes (a-pinene, 2-carene, limonene, and a- and b-phellandrene), three sesquiterpenes (a-humulene,
d-elemene, and b-caryophyllene), and one unknown (mass spectrum in Supplemental Fig. S4) that were quantified in nano-
grams per microliter of trichome extract (1 mL corresponding to 2 mg of leaf material) in two technical replicates performed on
each of two independent RNAi lines. Data in A to C show the mean 6 SD for wild type in black and OPR3-RNAi in gray. The
identification of d-elemene may be an artifact because it may have formed from germacrene C in the injector during gas
chromatography (Quintana et al., 2003). Asterisks in A and B indicate significant differences (*P, 0.05 and ***P, 0.001). FW,
fresh weight.
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plants, dual-choice tests were performed using an artifi-
cial diet to which trichome extracts from either wild-type
or OPR3-silenced plants were added. Similar to the pref-
erence for leaves of OPR3-RNAi plants over wild-type
leaves (Fig. 2A), the larvae also consumed much more
of the artificial diet supplemented with extracts from
OPR3-RNAi trichomes compared with the diet with wild-
type extract (Fig. 5A). This observation suggests that
changes in trichome density and/or composition may be
responsible for the observed feeding behavior. To account
for the reduced density of trichomes inOPR3-RNAi plants
(Fig. 4B) and a correspondingly lower concentration of
trichome constituents in trichome extracts, the experiment
was repeated with the amount of wild-type extract re-
duced to one-third, but feeding preference for OPR3-
RNAi diet remained the same (Fig. 5A). Therefore, the
observed feeding behavior may be caused either by a
deterrent effect of terpenes that are more abundant in the
wild type or alternatively, by an attractive effect of cis-3-
hexenal that is increased in OPR3-RNAi trichomes. The
latter seems to be the case, because any feeding preference
was lost when the extracts fromwild-type trichomes were
complemented with cis-3-hexenal to match the concen-
tration inOPR3-RNAi trichomes (Fig. 5A). To confirm this
conclusion, we performed dual-choice tests comparing an
artificial diet to which commercially available terpenes
were added in a blend reflecting the terpene content of
either wild-type orOPR3-RNAi trichomes, as well as cis-3-
hexenal, again comparing wild-type and OPR3-RNAi
concentrations. Although differences in terpene concen-
tration had no effect on feeding behavior, a strong stim-
ulatory effect was observed for cis-3-hexenal (Fig. 5B),
explaining the observed feeding preference of M. sexta
larvae for OPR3-RNAi plants (Fig. 2A).
To address the question of whether differences in cis-

3-hexenal content can also account for the differences in
host plant selection for oviposition, we offered M. sexta
females a choice between two wild-type tomato plants,
with cis-3-hexenal added on one side of the olfactom-
eter and the solvent control on the other. In this exper-
iment, the insects did not distinguish between the two
plants and many made no choice at all (Fig. 3). By
contrast, when two OPR3-RNAi plants were offered
the wild-type blend of terpenes added on one side, a
repellant activity of terpenes was observed (Fig. 3).
We conclude that oviposition and feeding behavior
are differentially affected by secondary metabolites,
with terpenes having a repellant effect on ovipositing
M. sexta females and cis-3-hexenal stimulating the
feeding of the larvae.

Performance of M. sexta Larvae Is Impaired on jai1-1 But
Unaffected on OPR3-RNAi Host Plants

Considering that M. sexta larvae showed a strong
preference for leaves of OPR3-RNAi and jai1-1mutants
over wild-type controls, and also consumed much
more leaf material of the plants that were deficient in
JA/JA-Ile biosynthesis or signaling, we suspected that

both genotypes might be similarly impaired in resis-
tance against M. sexta and sustain faster development
of the larvae than the wild type. This was clearly not the
case. There was no difference in growth betweenM. sexta
larvae reared on OPR3-RNAi or wild-type plants. In an
experiment with eighty 3-d-old, 10-mg larvae placed on
each of the two genotypes, their development was in-
distinguishable until they entered the wandering stage
at day 17, with an average mass of 4.36 and 4.14 g on
wild-type and OPR3-RNAi plants, respectively (Fig. 6A).
Therefore, resistance against M. sexta larvae appears to
be at wild-type levels in OPR3-RNAi plants, despite the
fact that these plants fail to produce JA/JA-Ile as a de-
fense signal in response to wounding (Fig. 1) orM. sexta
feeding (Supplemental Fig. S5). Apparently, silencing of
OPR3 expression and loss of JA/JA-Ile production do
not compromise resistance against M. sexta, whereas im-
paired JA/JA-Ile signaling does. On the jai1-1 mutant,
larvae developed much faster than on wild-type orOPR3-
RNAi plants. They entered the wandering stage 3 d earlier
at an average weight of 4.67 g on jai1-1 when larvae
reared on the wild type had attained only 1.25 g (Fig. 6B).

In contrast with the short-term feeding assays testing
for host plant attractiveness and palatability in which
freshly prepared leaf discs were used that did not have
sufficient time to mount an induced wound response,
intact plants were used for the assessment of larval
performance over numerous days, allowing the plants to

Figure 5. cis-3-Hexenal acts as a feeding stimulant forM. sexta larvae.
A, Dual-choice tests were performed with an artificial diet to which
extracts from wild-type (WT; black bars) or OPR3-RNAi trichomes
(gray bars) were added (WT versus RNAi, left). To account for the re-
duced trichome density of OPR3-RNAi plants, the experiment was
repeated with the amount of wild-type extract reduced to one-third
(1/3 WT versus RNAi, center). In the last comparison, wild-type extract
was complemented by the addition of cis-3-hexenal to match the
concentration observed in OPR3-RNAi trichomes (WT+hex versus
RNAi, right). B, Dual-choice tests were performed with an artificial diet
to which synthetic compounds (a terpene blend or cis-3-hexenal) were
added in concentrations reflecting the composition of the wild type
(black bars) or OPR3-RNAi trichomes (gray bars). The consumed diet
in A and B is given in percentages as the mean of 33 experiments for
each genotype and treatment 6 SE. Asterisks indicate statistically sig-
nificant differences (Wilcoxon rank sum test; ***P , 0.001). n.s., Not
significant.
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respond to insect feeding. Induced defenses are thus
likely to become more relevant in these experiments. The
observation that OPR3-RNAi plants behaved like the
wild type, whereas jai1-1 mutants sustained faster de-
velopment of the herbivore, suggests that induced com-
pared with constitutive defense traits are more relevant
with respect to the control of larval performance. It also
implies that JAI1/COI1 signaling is required for induced
defense, whereas OPR3 and hence JA/JA-Ile production
are not. The OPR3 substrate OPDA may thus substitute
for JA/JA-Ile as a signal molecule for the activation of
induced defenses.

OPDA Is Sufficient for Local Induction of Herbivore
Defense Genes But Not for Systemic Signaling

To test whether herbivore defense can be activated in
the absence of JA/JA-Ile, we analyzed transcript levels
for proteinase inhibitor II (PI-II), a systemic wound-
response protein (Schaller and Ryan, 1996) and a well-
established marker for induced defense against insects
in tomato (Farmer and Ryan, 1992; Li et al., 2003).
Wounding caused the accumulation of PI-II transcripts
in leaves of OPR3-RNAi plants (Fig. 7, local leaves),
indicating that JA/JA-Ile production is not required for
defense gene activation at the site of wounding. The in-
complete octadecanoid pathway terminating with OPDA
production may thus be sufficient for the induction of
herbivore defense gene expression. Indeed, treatment

with the JA/JA-Ile precursors linolenic acid or OPDA
induced the accumulation of PI-II transcripts in both
OPR3-RNAi plants and wild-type controls (Fig. 8). The
data indicate that conversion of the precursors to JA/
JA-Ile is not necessary and confirm OPDA as a signal
for herbivore defense gene induction.

Grafting experiments between OPR3-RNAi and wild-
type plants were then performed to address the ques-
tion of whether the formation of OPDA is also sufficient
for systemic wound signaling (Fig. 7). In each of these
experiments, the root stock was wounded and the ex-
pression of the PI-II wound-response marker was ana-
lyzed 8 h later in both the wounded leaves and the
unwounded scion. In a homologous control graft using
only wild-type plants, PI-II transcripts accumulated in
response to wounding in both the root stock and the
scion, indicating that the systemic wound signal is able
to pass the graft junction (Fig. 7). Similarly, whenOPR3-
RNAi was grafted onto the wild type (RNAi/WT), PI-II
transcripts accumulated both locally and systemically,
indicating that the OPR3-RNAi scion responded to the
systemic wound signal that is generated in the wild-
type root stock (Fig. 7). However, in the reciprocal
graft between OPR3-RNAi root stock and the wild-type
scion (WT/RNAi), there was no systemic induction of
the wound-response marker. The wounded OPR3-
RNAi root stock responded to wounding as indicated
by the local accumulation of PI-II transcripts, but it
failed to produce a signal for the induction of this de-
fense gene in systemic tissues (Fig. 7).

Figure 6. Although the development of M. sexta larvae is indistinguishable on OPR3-RNAi and wild-type (WT) plants, it is much
faster on jai1mutants. A, Eighty 3-d-old larvae were placed on each of the two genotypes to be compared (wild-type cv UC82B, dark
blue; andOPR3-RNAi, green). Larvae were weighed collectively at age 3 d and individually at age 11, 13, 15, 16, and 17 d. On the
last day, the larvae were photographed (bottom) and the experiment was terminated because they were about to enter the wandering
stage for pupation. B, In the same way, the development of 75 larvae was compared on the wild type (cv Castlemart, blue) and the
jai1-1mutant (yellow). The weight of the larvae was determined at age 7, 11, 12, 13, and 14 d. This experiment had to be terminated
3 d earlier, because larvae feeding on jai1-1 had already entered the wandering stage at age 14 d. Data in A and B show the mean
weight of the larvae 6 SD. Asterisks indicate significant differences (Student’s t test; ***P , 0.001).
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DISCUSSION

Since the seminal study of Green and Ryan (1972),
who reported the systemic accumulation of antinutritive
proteinase inhibitors in tomato and potato plants after
local injury by insect herbivores, the wound response in
Solanaceae has developed into a model system for in-
duced insect resistance and long-distance signaling in
plants (Howe and Schaller, 2008). The central role of
jasmonates as signal molecules in plant defense was also
discovered in this system (Farmer and Ryan, 1990, 1992)
and has since been confirmed in many loss-of-function
studies for jasmonate biosynthesis or signaling, mainly in
tomato (Howe et al., 1996; Li et al., 2003, 2004, 2005) and
coyote tobacco (Halitschke et al., 2004; Kessler et al.,
2004; Kang et al., 2006; Paschold et al., 2007). However,
to our knowledge, the question as to whether individual
traits that contribute to insect resistance may be differ-
entially controlled by different members of the jasmonate
family has hardly been addressed (Wang et al., 2008;
Vandoorn et al., 2011).
We show here that only a subset of herbivore defense

traits is affected by JA/JA-Ile deficiency in OPR3-RNAi
plants, implying that the ones that are still intact are con-
trolled by other signals. A similar conclusion was reached
by Wang et al. (2008), who compared herbivore resistance
and defense responses in transgenic coyote tobacco
plants that were either silenced for LOX3 (thus lacking all
jasmonates) or for JAR4/JAR6 (thus lacking JA-Ile and
other JA amino acid conjugates). In LOX3- compared
with JAR4/JAR6-silenced plants, the levels of direct de-
fenses were lower and herbivore resistance was not fully
restored by JA-Ile. It was concluded that JA-Ile cannot be
the only defense signal, and that JA, its precursors, or its

metabolites are also active in plant herbivore interactions
(Wang et al., 2008). Comparing insect resistance and in-
duced herbivore defense responses in OPR3-RNAi plants,
the jai1 mutant, and the wild type, we could locate the
additional jasmonate signal upstream of OPR3 in the
octadecanoid pathway andwe could discern defense traits
that are controlled by upstream or downstream signals.

Defense traits that require OPR3 and, by inference,
JA/JA-Ile synthesis include type VI glandular trichomes
and their terpene constituents. In OPR3-RNAi plants,
monoterpenes and sesquiterpenes were found to be
reduced, which is consistent with previous reports on
reduced terpene production in the jasmonate-deficient
tomato mutants defenseless1 (Thaler et al., 2002; Ament
et al., 2004; Degenhardt et al., 2010) and suppressor of
prosystemin-mediated response2 (spr2) (Sánchez-Hernández
et al., 2006; Wei et al., 2013), as well as in the JA/JA-Ile-
insensitive jai1 mutant (Li et al., 2004). Likewise, a re-
duction in type VI glandular trichome density, similar
to the approximately 65% reduction in OPR3-RNAi
plants, was also reported for jai1 (Li et al., 2004). These
findings indicate that JA/JA-Ile is the relevant signal
that acts through JAI1/COI1 to control trichome devel-
opment and terpene synthesis. Consistent with this con-
clusion, trichome formation and terpene biosynthesis are
both known to be induced in response to methyl jasmo-
nate treatment in wild-type plants (Boughton et al., 2005;
van Schie et al., 2007; Peiffer et al., 2009; Tian et al., 2012),
but not in jai1 mutants (Li et al., 2004) or COI1-silenced
transgenic coyote tobacco (Heiling et al., 2010) mutants.

Despite the established function of type VI trichomes
and trichome-born terpenes in insect resistance (Kennedy,
2003; Kang et al., 2010; Wei et al., 2013), increased levels
of cis-3-hexenal rather than a reduction in terpene
content were found to be responsible for the feeding
preference of M. sexta larvae for OPR3-RNAi over wild-
type leaves (Figs. 2 and 5). The accumulation of cis-3-
hexenal in OPR3-RNAi leaves is likely to be an indirect
effect of OPR3 silencing, which blocks JA/JA-Ile

Figure 7. OPDA is sufficient for local defense gene induction but not
for systemic wound signaling. The expression of the PI-II wound-response
marker gene was analyzed by RT-PCR 8 h after wounding (+) in both the
wounded leaf (loc) as well as systemic unwounded leaves (sys) of wild-
type (WT) and OPR3-RNAi (RNAi) plants. The corresponding leaves of
unwounded plants (2) were analyzed as controls. The same experiment
was also performed with grafted plants. The different graft combinations
are indicated as fractions, with the genotype of the scion above, and that
of the root stock below the fraction line. One experiment (2,+) is shown
for the control grafts (WT/WTand RNAi/RNAi), whereas one control and
three wounded plants with independent RNAi lines as root stock or scion
were analyzed in the case of the informative grafts (RNAi/WT and WT/
RNAi; 2,+++). RT-PCR amplification of EF-1a is shown as a control for
RNA integrity and cDNA synthesis. PCR products were analyzed on 1.5%
agarose gels stained with ethidium bromide.

Figure 8. Conversion to JA is not required for wound-response gene
induction by OPDA. The expression of the PI-II wound-response
marker gene was analyzed in wild-type (WT) and OPR3-RNAi plants
treated with linolenic acid (LA; 300 nmol/leaf), OPDA (6 nmol/leaf),
JA (6 nmol/leaf), or the buffer control (C; 1% Tween 20 in 15 mM

potassium phosphate buffer, pH 7.5). The compounds were applied as
5-mL droplets onto the surface of two leaves of 4-week-old plants. After
6 h, total RNAwas isolated and used for RT-PCR expression analysis of
PI-II and EF-1a, as a control for RNA integrity and cDNA synthesis.
PCR products were analyzed on a 1.5% agarose gel stained with
ethidium bromide.
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biosynthesis in the AOS branch of oxylipin biosynthesis
and may redirect metabolite flux into the hydroperoxide
lyase (HPL) branch, resulting in an increase of green-leaf
volatiles (GLVs), including cis-3-hexenal. Similarly, GLV
production was found to be enhanced in coyote tobacco
silenced for AOS expression (Halitschke et al., 2004), and
substrate competition between the AOS- and HPL-branch
pathways has also been reported for Arabidopsis and rice
(Oryza sativa; Chehab et al., 2008; Tong et al., 2012).

Although GLVs are primarily known for their roles in
indirect defense (Shiojiri et al., 2006; Wei et al., 2007;
Chehab et al., 2008; Allmann and Baldwin, 2010; Schuman
et al., 2012) and the priming of defense responses
(Engelberth et al., 2004; Frost et al., 2008), direct effects of
GLVs on herbivore performance have also been reported.
Aphid fecundity is enhanced on HPL-deficient potato
plants (Vancanneyt et al., 2001), and GLVs were found
to stimulate the feeding of lepidopteran larvae in
coyote tobacco (Halitschke et al., 2004). We show
here that cis-3-hexenal is a feeding stimulant for
M. sexta in tomato (Fig. 5), adding to the suite of
M. sexta feeding stimulants that also includes indio-
side D and related steroidal glucosides in potato and
Solanum surattense, respectively (del Campo et al., 2001;
Haribal et al., 2006).

In contrast with feeding stimulation by cis-3-hexenal
[(Z)-3-hexenal], the trans-2-isomer [(E)-2-hexenal] was
reported to inhibit feeding of M. sexta larvae on to-
bacco leaves (Avdiushko et al., 1997). Interestingly, the
(Z)-3/(E)-2 ratio of GLVs is known to convey informa-
tion to bothM. sexta conspecifics and to predatory insects
(Allmann and Baldwin, 2010; Allmann et al., 2013).
Despite partial cis-trans isomerization, the predomi-
nant GLV products of the HPL pathway are (Z)-3-
hexenal, the corresponding alcohol, and its acetate
ester (Matsui, 2006). The GLV bouquet of mechanically
damaged plants is thus characterized by a high (Z) to
(E) ratio. However, upon M. sexta feeding, an enzy-
matic constituent of the insect’s oral secretions causes a
distinct change in the (Z) to (E) ratio, increasing the
emission of (E) isomers with a corresponding decrease
in (Z) isomers (Allmann and Baldwin, 2010). The lower
GLV (Z) to (E) ratio attracts the generalist hemipteran
predator Geocoris spp. and increases foraging efficiency
on M. sexta eggs and early-instar larvae (Allmann and
Baldwin, 2010). Gravid M. sexta females also perceive
the change in isomer composition and use this signal to
identify oviposition sites that pose a lower risk of pre-
dation (Allmann et al., 2013). The feeding stimulation
we observed for cis-3-hexenal and the deterrent activity
reported by Avdiushko et al. (1997) for the trans isomer
indicate that the larvae of M. sexta are also able to dis-
tinguish between these isomers. Because a low (Z) to
(E) ratio is associated with M. sexta feeding, preference
for the (Z) isomer may allow conspecifics to choose sites
with lower feeding competition.

Unlike the feeding preference of the larvae, ovipo-
sition preference of M. sexta moths for OPR3-RNAi
plants could be attributed to their terpene deficiency
(Fig. 3) and this is consistent with the importance of

terpenes for insect resistance (Carter et al., 1989;
Eigenbrode et al., 1994; Kang et al., 2010; Bleeker et al.,
2012). Because the host for larval development is
chosen by the femaleM. sextamoth during oviposition,
the observed preference for terpene-deficient OPR3-
RNAi plants implies a major impact of this JA/JA-Ile-
controlled defense trait on insect resistance in a natural
environment. Likewise, the terpene linalool was shown
to deter Manduca quinquemaculata from oviposition on
coyote tobacco in its natural habitat (Kessler and Baldwin,
2001). Consistent with the relevance of terpenes for host
plant selection, the tomato od2 mutant in which trichome
density and trichome-born terpenes and flavonoids are
reduced turned out to be hypersusceptible to insects in
the field, attracting the Colorado potato beetle (Lep-
tinotarsa decemlineata) that is no threat to wild-type
tomato (Kang et al., 2010).

In addition to type VI trichome formation and terpene
production, JA/JA-Ile was also found to be indispensable
for the induction of a systemic defense response. In re-
ciprocal grafting experiments between tomato wild-type
andOPR3-RNAi plants, we found that functional OPR3 is
required in the wounded root stock for systemic signal-
ing, whereas the activation of the defense gene expression
in the unwounded scion is independent of OPR3 (Fig. 7).
Hence, the generation of a systemic wound signal re-
quires JA/JA-Ile biosynthesis only in the wounded but
not in systemic tissues. This result is fully consistent
with similar grafting experiments by Li et al. (2002),
who demonstrated that the systemic defense response
requires jasmonate biosynthesis locally, whereas distant
tissues rely on jasmonate signaling for defense gene
activation. Using the trienoic acid-deficient spr2mutant,
Li et al. (2002) could not distinguish between a local re-
quirement for OPDA or JA/JA-Ile. Our grafting experi-
ments with OPR3-RNAi plants and others utilizing a
b-oxidation mutant (Li et al., 2005) indicate that the entire
octadecanoid pathway, and by inference the formation of
JA/JA-Ile, are necessary to initiate systemic signaling. In
coyote tobacco, the activity of JAR4 and JAR6 was also
found to be required for the induction of systemic defense
(Wang et al., 2008). Recent radiotracer studies support JA-
Ile itself as the systemically mobile signal (Sato et al., 2011;
Matsuura et al., 2012). Alternatively, a yet-to-be-identified
signal molecule is formed in response to JA/JA-Ile ac-
cumulation after wounding (Wang et al., 2008).

As opposed to the induction of the PI-II wound-
response marker that did not require OPR3 activity
in the unwounded scion (Fig. 7), Koo et al. (2009) ob-
served the very rapid (,5 min after wounding) con-
version of OPDA to JA/JA-Ile in systemic leaves in
Arabidopsis obviously requiring OPR3 activity in these
tissues. Electrical signaling by membrane depolarization
and wound-induced surface potential changes are likely
to be responsible for the very rapid formation of JA/JA-
Ile and subsequent defense gene activation (Wildon
et al., 1992; Schaller and Frasson, 2001; Mousavi et al.,
2013). The different long-distance signaling systems
utilizing JA/JA-Ile-dependent signaling molecules
and physical signals may interact to modulate systemic
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responses to wounding and harmonize them in a spa-
tial and temporal manner (Koo et al., 2009).
Whereas systemic signaling for the induction of the

wound-response marker was impaired in OPR3-silenced
plants, the local induction of defense gene expression
was not. PI-II transcripts accumulated in wounded
leaves but not in unwounded, systemic tissues (Fig. 7).
Hence, the local induction of wound-response genes is
independent of OPR3 activity, suggesting that either
OPDA may substitute for JA/JA-Ile as a signal for gene
expression or that cis-3-hexenal, which accumulates to
higher levels in OPR3-silenced plants, is responsible for
defense gene induction. Excluding the latter possibility
and consistent with OPDA being the active signal, we
found that cis-3-hexenal treatment failed to induce PI-II
expression in OPR3-RNAi plants (Supplemental Fig. S6).
On the other hand, OPDA as well as its precursor lino-
lenic acid induced the expression of the wound-response
marker inOPR3-RNAi plants (Fig. 8). OPR3-independent
induction of defense is also apparent from the rate of
larval development on the different tomato genotypes
(Fig. 6). On the jai1 mutant lacking COI1-dependent in-
duction of defense, larvae developed much faster and
reached the wandering stage much earlier than on the
wild type. By contrast, on OPR3-RNAi plants, larval
weight gain and the rate of development were indistin-
guishable from the wild type (Fig. 6). Therefore, under
these experimental conditions, the OPDA-mediated local
induction of herbivore defense appears to be sufficient to
provide wild-type levels of resistance against M. sexta.
Support for OPDA as a genuine defense signal is also

derived from a comparison of insect resistance in OPR3-
RNAi plants and the tomato acx1 mutant, which is defec-
tive in acyl-CoA oxidase (ACX1A), the enzyme catalyzing
the first step in peroxisomal b-oxidation. In contrast
with OPR3-RNAi plants that maintain wild-type levels
of resistance against M. sexta (Fig. 6), acx1 is much more
susceptible (Li et al., 2005) and in fact resembles the JA/
JA-Ile-insensitive jai1 mutant (Fig. 6). It was concluded
that b-oxidation is required for induced resistance
against this insect and that resistance is mediated by JA
rather than OPDA (Li et al., 2005). However, the loss of
resistance in acx1, which is still able to convert OPDA
to 3-oxo-2-[29(Z)-pentenyl]-cyclopentane-1-octanoic acid
(OPC-8:0), compared with intact resistance of OPR3-
RNAi plants in which conversion of OPDA is blocked, is
consistent with our conclusion that OPDA may serve as
a signal for induced resistance in absence of JA/JA-Ile.
On the other hand, the observation that OPDA

levels in the acx1 mutant are similar to the wild type
(Li et al., 2005) is difficult to reconcile with the apparent
loss of resistance in acx1 compared with intact resistance
in OPR3-RNAi plants. As a tentative explanation, we
might suggest that subcellular compartmentalization of
the OPDA pool may differ between acx1 andOPR3-RNAi
mutants and that subcellular localization may be relevant
for OPDA signaling. Uptake of OPDA (and other long
chain fatty acids) from the cytoplasm into peroxisomes
is mediated by COMATOSE, an ATP-binding cassette
transporter protein (Theodoulou et al., 2005). Activated

acyl-CoA esters rather than free fatty acids are substrates
of COMATOSE (Fulda et al., 2004), which are cleaved by
its intrinsic thioesterase activity that is required for the
delivery of free fatty acids into peroxisomes (De Marcos
Lousa et al., 2013). Vectorial transport was further shown
to require reactivation of the fatty acid by peroxisomal
acyl-CoA synthetases (Fulda et al., 2004; De Marcos
Lousa et al., 2013). It thus seems that the imported fatty
acid needs to be metabolized to make uptake efficient. In
the case of OPDA, OPR3 activity would be required to
produce OPC-8:0, the suggested physiological substrate
of the acyl-CoA synthetase OPC-8:0 CoA Ligase1 (Koo
et al., 2006). It is thus conceivable that the uptake of
OPDA into peroxisomes depends on OPR3 to form OPC-
8:0 as the substrate for OPC-8:0 CoA Ligase1. In this
scenario, transport of OPDA into peroxisomes would be
impaired in OPR3-RNAi plants but not in the acx1 mu-
tant. As a further implication of this model, one might
expect that OPDA exerts its signaling function in the
cytosol. The questions of where OPDA is localized and
the relevance of OPR3 activity for transport into peroxi-
somes remain to be investigated.

Similar to the high level of resistance that OPR3-
deficient tomato plants show against M. sexta larvae,
resistance against Bradysia impatiens and Alternaria
brassicicola is not compromised in the opr3 mutant in
Arabidopsis (Stintzi et al., 2001; Zhang and Turner,
2008). It was suggested that OPDA can substitute for
JA/JA-Ile as a signal for defense gene induction in
this system, and indeed, an overlapping but distinct
set of defense genes was found to be activated in opr3
in response to OPDA compared with JA treatment
(Stintzi et al., 2001; Taki et al., 2005). However, these
findings were recently questioned, because under cer-
tain conditions, Arabidopsis opr3 does not seem to be a
true null mutant (Chehab et al., 2011). The findings
reported here, including OPR3-independent activation
of local defense, M. sexta resistance in absence of JA/
JA-Ile, and induction of defense gene expression by
OPDA in tomato, lend indirect support to the conclu-
sions that were drawn for Arabidopsis, and confirm
OPDA as a bona fide defense signaling molecule. In
addition to its role in defense signaling, there is an in-
creasing body of evidence implying OPDA as the signal
for tendril coiling (Stelmach et al., 1998), phytochrome
A signaling and hypocotyl growth (Brüx et al., 2008),
fertility (Stumpe et al., 2010; Goetz et al., 2012), seed
germination (Dave et al., 2011), redox homeostasis (Park
et al., 2013), and gene regulation (Taki et al., 2005;
Mueller et al., 2008; Ribot et al., 2008).

MATERIALS AND METHODS

Silencing of Solanum lycopersicum OPR3 by RNAi

For gene silencing, a hairpin construct was generated (sequences of all PCR
primers are given in Supplemental Methods S1) comprising 408 bp of the
tomato (Solanum lycopersicum) OPR3 complementary DNA (cDNA; nucleo-
tides 411–819; accession no. AJ278332) in sense and antisense orientations
separated by the first intron of FATTY ACID DESATURASE2 (At3g12120) in
the plant transformation vector pRTL2 (Restrepo et al., 1990; Stoutjesdijk et al.,
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2002; Supplemental Fig. S1A). As a regulatory element, pRTL2 contains the
Cauliflower mosaic virus 35S promoter with a duplicated enhancer and the
Cauliflower mosaic virus 35S polyadenylation signal (Restrepo et al., 1990). The
construct was transformed into Agrobacterium tumefaciens strain LBA4404.
Transgenic tomato (cv UC82B; Royal Sluis) plants were generated according to
Fillatti et al. (1987) with the following modifications. Cotyledons from etiolated
tomato seedlings were used as explants for A. tumefaciens-mediated transfor-
mation, and feeder cells were omitted. Tissue culture was done on Murashige
and Skoog basal salts medium with minimal organics (M-6899; Sigma-Aldrich)
containing thiamine (9.6 mg/L), pyridoxine (1 mg/L), and niacin (1 mg/L),
supplemented with trans-zeatin (1 mg/L) and timenten (250 mg/L) during
selection, or indole acetic acid (0.1 mg/L) and vancomycin (500 mg/L) for
rooting, respectively. Kanamycin was used for selection at increasing concen-
trations ranging from 35 to 100 mg/mL.

More than 30 putative transgenics were regenerated from independent
transformation events. Those that tested positive for the presence of the sense
and antisense parts of the silencing construct turned out to be sterile, but selfing
was facilitated by repeated spraying of flower buds with 0.003% (v/v) methyl
jasmonate, 0.01% (v/v) Tween 20 in water, and squeezing of the anther cone.
All experimental plants were grown from T1 seeds and genotyped by PCR.
Silencing of OPR3 expression was confirmed by western-blot analysis using
leaf extracts from plants that had been wounded 2 h before (Supplemental
Fig. S1B). To confirm specificity of the silencing construct, we retrieved all OPR
and OPR-like sequences form the tomato genome database (http://solgenomics.
net). The His and Tyr residues that are essential for catalysis in positions 185, 188,
and 190 (tomato OPR3 numbering) and a prerequisite for functional enone re-
ductases (Breithaupt et al., 2009; Schaller and Stintzi, 2009) were present in only
5 of 10 retrieved sequences. A phylogenetic tree was generated for these five
putative OPR genes after multiple sequence alignment (ClustalX) showing that
OPR3 (Solyc07g007870) is the most distantly related member of the tomato OPR
family (Supplemental Fig. S2A). Pairwise sequence comparisons indicated that
OPR3 is most closely related to OPR1 (Solyc10g08220; Strassner et al., 2002) with
57% identity (Supplemental Fig. S2B). OPR1 expression was analyzed at the
transcript and protein levels, revealing no obvious differences between OPR3-
RNAi and wild-type plants (Supplemental Fig. S2C) and thus confirming speci-
ficity of silencing for OPR3.

Selection of jai1-1 Mutants

Segregating F2 seeds of the jai1 mutant in the cv Castlemart background (Li
et al., 2004) were kindly provided by Gregg Howe (Michigan State University).
Homozygous mutants were identified by PCR. Specific primer pairs were used
to distinguish between the mutant (JAI-1-F/Jai-1-R) and the wild-type allele
(JAI-1-F/JAI -1-R), yielding amplicons of 777 bp and 525 bp, respectively.

Growth of Tomato Plants, Grafting, and Wounding

To minimize the risk of Tobamovirus infection, dry tomato seeds were in-
cubated overnight at 70°C, sterilized in 70% ethanol for 5 min, rinsed in water,
incubated in 10% (w/v) trisodium phosphate for 3 h, and rinsed again in five
changes of water for 5 min each. Plants were grown in the greenhouse with
supplemental light with a 16-h photoperiod and a 26°C/18°C day/night
temperature regime. Plants were fertilized at weekly intervals. Experimental
plants, as opposed to those that were grown for seed propagation, were not
subjected to phytosanitary procedures.

Graftingwas performed on 4-week-old plants as described by Li et al. (2002)
with minor modifications. A V-shaped incision was made in the middle of the
root stock stem, to accommodate the scion that was trimmed to the shape of a
wedge. The graft junction was fixed with water-soaked paper towels and
parafilm, and plants were kept in a foil tunnel and sprayed with water every
day to maintain 100% relative humidity for 1 week. Three weeks after grafting,
plants were wounded using a hemostat to crush the individual leaflets of two
opposing leaves of the root stock across the midvein. Two h later, a second
wound was placed basipetally to the first, and 8 h later, the wounded leaves
from the root stock and unwounded leaves from the scion were harvested for
analysis.

Extraction and Quantification of Jasmonates

The analysis of JA, JA-Ile, and 12-OH-JA at 40 min after wounding was
done by liquid chromatography-mass spectrometry after solid-phase extrac-
tion of methanolic extracts of 50 mg of leaf tissue as described by Balcke et al.

(2012). Three biological replicates were performed on three independent
OPR3-RNAi lines. For the analysis of OPDA, JA, and 12-OH-JA by GC-MS at
2 h after wounding, about 0.5 g of leaf tissue was used and extracted with 5 mL
80% (v/v) methanol. [2H6]-JA, [2H5]-OPDA, 11-[2H3]OAc-JA, and 12-[2H3]OAc-
JA were added as internal standards. Samples were further purified and frac-
tionated (Stenzel et al., 2003), and GC-MS analysis was performed as described
(Hause et al., 2000; Miersch et al., 2008). Eight biological replicates (eight in-
dependent RNAi lines) were analyzed after wounding, and four independent
RNAi lines and wild-type plants were used for controls. SigmaPlot 10.0 (Systat
Software) was used for statistical analysis of the data, utilizing either the Stu-
dent’s t test or the Wilcoxon signed-rank test depending on whether data were
normally distributed.

Insect Feeding Bioassays

Leaf palatability was analyzed in no-choice bioassays with 500 mg of leaf
material from the different tomato genotypes (including four independent
OPR3-RNAi lines) offered to forth-instar Manduca sexta larvae that were
starved for 35 min before the experiments. After 30 min of feeding, the
remaining leaf material was weighed, the result was corrected for the weight
loss by evaporation, and the consumed leaf mass was determined. For the
analysis of feeding preference, dual-choice tests were performed using 2-cm
leaf discs, three from each of the two genotypes, placed alternately at the
circumference of a 9-cm petri dish. Three third-instar M. sexta larvae starved
for 1 h were placed in the center, and the consumed leaf area was determined
after 4 h of feeding. To assess the effect of induced defenses, plants were
wounded mechanically 24 h before the experiment. A hemostat was used to
crush a leaflet at its tip across the midvein as well as the base at the left and
right edge. Leaf discs were excised the following day with a cork borer from
the unwounded area in the center.

To assess the effect of terpenes and cis-3-hexenal on feeding preference,
dual-choice tests were performed with an artificial diet (Gipsy Moth Wheat
Germ Diet; MP Biomedicals) to which the test compounds were added. A cork
borer was used to punch out 2.4-cm discs from a 0.5-cm sheet of the artificial
diet, the test compounds or solvent control were added, and the discs were
placed in two rows of three on opposing sides of a covered 24 3 18 cm plastic
dish. Three forth-instar M. sexta larvae were put in the center and allowed to
feed for 16 h. The consumed mass was determined as the weight difference
before and after feeding, corrected for the weight loss by evaporation. Of the
terpenes that were identified in trichome extracts (Fig. 4C), those that are
commercially available (a-pinene, 2-carene, a-phellandrene, b-caryophyllene,
a-humulene, and limonene; Sigma-Aldrich) were diluted in hexane in a ratio
reflecting the terpene composition of wild-type and OPR3-RNAi trichomes,
respectively (Supplemental Table S1). Forty mL of the terpene mix (corre-
sponding to the terpene content of 0.8 g of leaf tissue) was added to each leaf
disc. In the same way, cis-3-hexenal was applied in 40 mL of water in the
concentration reflecting the hexenal content of wild-type and OPR3-RNAi
plants, respectively.

For the analysis of oviposition preference, a two-channel olfactometer was
used consisting of a central box (100 3 74 3 95 cm) connected by plexiglass
tubes to two opposing BugDorm-2 insect tents (75 3 75 3 115 cm; MegaView
Science) housing the tomato plants. A pair of adult moths was placed in the
center for mating, and the female was allowed to make its choice for ovipo-
sition. Naïve plants were used for each new pair of moths, and were placed
randomly on the left or right side of the olfactometer to exclude positional
effects.

For a comparison of larval development, 3-d-old M. sexta larvae that were
all about the same size were distributed on the different tomato genotypes
(a pool of four independent OPR3-RNAi lines with cv UC82B, and the
jai1-1mutant with cv Castlemart as the respective controls; 75–80 larvae per
genotype). The host plants were about 10 weeks old with a height of 60 cm
and were exchanged as needed before all of the leaf material had been
consumed. Larvae on OPR3-RNAi/‘UC82B’ were weighed collectively when
they were 3 d old, and individually at age 11, 13, 15, 16, and 17 d; those on
jai1-1/‘Castlemart’ developed faster and were weighed at age 7, 11, 12, 13,
and 14 d. The experiments were terminated when the larvae entered the
wandering stage.

Carbon, Nitrogen, Sugar, and Starch Content

A Variomax V5.2 analyzer (Elementar Analysensysteme) was used to an-
alyze total nitrogen content and bound carbon in 200 mg of lyophilized and
pulverized tomato leaves. After Dumas combustion, oxidation, and reduction
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of the samples, N2 and CO2 were separated by gas chromatography with
helium as the carrier gas and were quantified on the basis of peak height using
a temperature conductivity detector (Walch-Liu et al., 2000). For determina-
tion of starch and soluble sugars, leaf material was shock-frozen in liquid N2,
ground to a fine powder, and lyophilized. Twenty mg of dry leaf powder was
extracted twice in 2.5 mL of 70% ethanol. Soluble sugars and starch content
were assayed according to Blakeney and Mutton (1980) in the combined
extracts and the solid residue, respectively. Briefly, reducing sugars were
derivatized with p-hydroxybenzoic acid hydrazide and quantified as Glc
equivalents at 415 nm. For the determination of total sugars, extracts were first
digested with invertase. The starch in the remaining solid residue was hy-
drolyzed with glucoamylase and quantified with respect to a Glc standard
curve as described (Blakeney and Matheson, 1984).

Analysis of Type VI Trichomes and Trichome Volatiles

Trichome density was determined on 2 cm-long terminal leaflets, 5 to 26 for
each of the different genotypes. Type VI trichomes were counted on six leaf
discs punched out from each leaflet using a 0.4-cm cork borer. For trichome
isolation according to Yerger et al. (1992), 20 g of leaf material was shock-
frozen in liquid nitrogen in a 50-mL tube, and 2 to 3 cm3 of crushed dry ice
was added and vortexed for 1 min. Trichomes were sieved into 10 mL of
hexane and the suspension was filtered through a 500-mmmesh. Extracts were
sonicated (5 3 1 min) and cleared by centrifugation (5 min, 3,200g, 4°C). For
identification and quantification of trichome volatiles, the hexane extracts
(1 mL) were dried on anhydrous MgSO4. Toluene was added as the internal
standard at a final concentration of 8.665 ng mL21. The samples were then
analyzed on a Hewlett-Packard 6890 series gas chromatograph connected to a
Hewlett-Packard 5973 quadrupole mass selective detector. An ionization po-
tential of 70 eV, a scan range of 50 to 350 atomic mass units, a transfer line
temperature of 230°C, ion source temperature of 230°C, and quadrupole
temperature of 150°C were used as parameters for electron impact ionization
and mass analyses. Separation was performed on a DB-5ms column of 30 m 3
0.25 mm 3 0.25 mm film thickness (Agilent Technologies), using helium as the
carrier gas at a flow rate of 1 mL min21. Samples (1 mL) were injected splitless
onto a column held at 40°C. After 3 min, the column temperature was in-
creased to 80°C at a rate of 2°C per minute, followed by an increase of 5°C per
minute to 160°C, and then 60°C per minute to 300°C. Compounds were
identified by comparing the mass spectra and retention times with those of
external standards (Supplemental Table S2). Where external standards were
not available, compounds were identified by comparing mass spectra and
retention times with those in the commercially available mass spectra libraries
NIST98, Wiley275, and Adams2205. Individual compounds were quantified
by calculating the peak area relative to the internal standard peak area.
Quantification was based on the integration of specified fragment ion peak
areas and the amount of compound was calculated based on external cali-
bration curves of authentic standards (Supplemental Table S3). The fragment
ions corresponding to a mass-to-charge ratio (m/z) of 93 were used for quan-
tification of most compounds, with fragment ions of m/z 80, m/z 91, and m/z
119 being used for quantification of cis-3-hexenal, toluene, and the unknown
compound, respectively.

Reverse Transcription-PCR Analysis of PI-II
Gene Expression

Tomato leaf tissue samples (0.5 g) were flash-frozen in liquid nitrogen,
ground to a fine powder, and extracted in 2 volumes of 25 mM Tris/HCl, pH 8,
75 mM NaCl, 25 mM EDTA, 1% SDS, and 1 M b-mercapto ethanol for reverse
transcription (RT)-PCR analysis. The cleared supernatant was extracted twice
with phenol:chloroform (2:1), followed by chloroform extraction. RNA was
precipitated by the addition of one-fourth volume of 10 M LiCl overnight at
4°C. After centrifugation, the precipitate was resuspended in water and sub-
jected to ethanol precipitation. Finally, RNA was resuspended in water and its
concentration determined spectrophotometrically at 260 nm. To remove re-
sidual genomic DNA, 4 mg of total RNA was treated with DNase I according
to the manufacturer’s instructions (Thermo Fisher Scientific). The reaction was
terminated by the addition of EDTA (12.5 mM) and heating (65°C, 15 min). For
oligo(dT)-primed first-strand cDNA synthesis, the RevertAid H Minus First
Strand cDNA Synthesis Kit (Thermo Fisher Scientific) was utilized according
to the supplied protocol. The cDNA was then used as template in a 25-mL PCR
using 5 units of Taq polymerase to detect expression of PI-II (Solyc03g020050)
and elongation factor1a (ef1a; accession no. BT013246) by use of specific primer

pairs (0.2 mM forward and reverse primers; Supplemental Methods S1). PCR
products were analyzed by agarose gel electrophoresis and ethidium bromide
staining after 25, 30, and 35 cycles (30 s at 95°C, 45 s at 59°C, and 50 s at 72°C)
to identify the exponential phase of amplification.
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Supplemental Table S1. Volatile blends used in dual-choice feeding
assays.

Supplemental Table S2. Identification of trichome volatiles.

Supplemental Table S3. Quantification of trichome volatiles.

Supplemental Methods S1. Oligonucleotide primer sequences.

ACKNOWLEDGMENTS

We thank Jutta Babo, Renate Frei, and Brigitte Rösingh (University of
Hohenheim) and Birgit Ortel and Hagen Stellmach (Leibniz Institute of Plant
Biochemistry) for excellent technical assistance; Stefan Rühle for green house
management; Elke Dachtler for assistance with analysis of total nitrogen and
carbohydrate content; Gregg Howe (Michigan State University) for jai1-1
seeds; and Ian Baldwin and Danny Kessler (Max Planck Institute for Chemical
Ecology), Joachim Schachtner (Philipps-University Marburg), and Hans Mer-
zendorfer (University of Osnabrück) for eggs and helpful hints on cultivation
of M. sexta.

Received February 7, 2014; accepted July 25, 2014; published July 29, 2014.

LITERATURE CITED

Allmann S, Baldwin IT (2010) Insects betray themselves in nature to
predators by rapid isomerization of green leaf volatiles. Science 329:
1075–1078

Allmann S, Späthe A, Bisch-Knaden S, Kallenbach M, Reinecke A,
Sachse S, Baldwin IT, Hansson BS (2013) Feeding-induced rearrange-
ment of green leaf volatiles reduces moth oviposition. Elife (Cambridge)
2: e00421

Alméras E, Stolz S, Vollenweider S, Reymond P, Mène-Saffrané L,
Farmer EE (2003) Reactive electrophile species activate defense gene
expression in Arabidopsis. Plant J 34: 205–216

Ament K, Kant MR, Sabelis MW, Haring MA, Schuurink RC (2004) Jas-
monic acid is a key regulator of spider mite-induced volatile terpenoid
and methyl salicylate emission in tomato. Plant Physiol 135: 2025–2037

Avdiushko SA, Brown GC, Dahlman DL, Hildebrand DF (1997) Methyl
jasmonate exposure induces insect resistance in cabbage and tobacco.
Environ Entomol 26: 642–654

Balcke GU, Handrick V, Bergau N, Fichtner M, Henning A, Stellmach H,
Tissier A, Hause B, Frolov A (2012) An UPLC-MS/MS method for
highly sensitive high-throughput analysis of phytohormones in plant
tissues. Plant Methods 8: 47

Blakeney AB, Matheson NK (1984) Some properties of the stem and pollen
starches of rice. Starch/Stärke 36: 265–269

Blakeney AB, Mutton LL (1980) A simple colorimetric method for the
determination of sugars in fruit and vegetables. J Sci Food Agric 31: 889–897

Blechert S, Bockelmann C, Füßlein M, Von Schrader T, Stelmach B, Niesel U,
Weiler EW (1999) Structure-activity analyses reveal the existence of two

Plant Physiol. Vol. 166, 2014 407

Herbivore Resistance in JA-Deficient Tomato Plants

 www.plant.org on September 12, 2014 - Published by www.plantphysiol.orgDownloaded from 
Copyright © 2014 American Society of Plant Biologists. All rights reserved.

http://www.plantphysiol.org/cgi/content/full/pp.114.237388/DC1
http://www.plantphysiol.org/cgi/content/full/pp.114.237388/DC1
http://www.plantphysiol.org/cgi/content/full/pp.114.237388/DC1
http://www.plantphysiol.org/cgi/content/full/pp.114.237388/DC1
http://www.plantphysiol.org/cgi/content/full/pp.114.237388/DC1
http://www.plantphysiol.org/cgi/content/full/pp.114.237388/DC1
http://www.plantphysiol.org/cgi/content/full/pp.114.237388/DC1
http://www.plantphysiol.org/cgi/content/full/pp.114.237388/DC1
http://www.plantphysiol.org/cgi/content/full/pp.114.237388/DC1
http://www.plantphysiol.org/cgi/content/full/pp.114.237388/DC1
http://www.plantphysiol.org/cgi/content/full/pp.114.237388/DC1
http://www.plantphysiol.org/cgi/content/full/pp.114.237388/DC1
http://www.plantphysiol.org/cgi/content/full/pp.114.237388/DC1
http://www.plantphysiol.org/
http://www.plant.org


separate groups of active octadecanoids in elicitation of the tendril-coiling
response of Bryonia dioica Jacq. Planta 207: 470–479

Bleeker PM, Mirabella R, Diergaarde PJ, VanDoorn A, Tissier A, Kant
MR, Prins M, de Vos M, Haring MA, Schuurink RC (2012) Improved
herbivore resistance in cultivated tomato with the sesquiterpene biosynthetic
pathway from a wild relative. Proc Natl Acad Sci USA 109: 20124–20129

Boughton AJ, Hoover K, Felton GW (2005) Methyl jasmonate application
induces increased densities of glandular trichomes on tomato, Lyco-
persicon esculentum. J Chem Ecol 31: 2211–2216

Breithaupt C, Kurzbauer R, Lilie H, Schaller A, Strassner J, Huber R,
Macheroux P, Clausen T (2006) Crystal structure of 12-oxophytodienoate
reductase 3 from tomato: self-inhibition by dimerization. Proc Natl Acad Sci
USA 103: 14337–14342

Breithaupt C, Kurzbauer R, Schaller F, Stintzi A, Schaller A, Huber R,
Macheroux P, Clausen T (2009) Structural basis of substrate specificity
of plant 12-oxophytodienoate reductases. J Mol Biol 392: 1266–1277

Browse J (2009) Jasmonate passes muster: a receptor and targets for the
defense hormone. Annu Rev Plant Biol 60: 183–205

Brüx A, Liu TY, Krebs M, Stierhof YD, Lohmann JU, Miersch O,
Wasternack C, Schumacher K (2008) Reduced V-ATPase activity in the
trans-Golgi network causes oxylipin-dependent hypocotyl growth inhibition
in Arabidopsis. Plant Cell 20: 1088–1100

Carter CD, Gianfagna TJ, Sacalis JN (1989) Sesquiterpenes in glandular
trichomes of a wild tomato species and toxicity to the Colorado potato
beetle. J Agric Food Chem 37: 1425–1428

Chehab EW, Kaspi R, Savchenko T, Rowe H, Negre-Zakharov F,
Kliebenstein D, Dehesh K (2008) Distinct roles of jasmonates and al-
dehydes in plant-defense responses. PLoS ONE 3: e1904

Chehab EW, Kim S, Savchenko T, Kliebenstein D, Dehesh K, Braam J
(2011) Intronic T-DNA insertion renders Arabidopsis opr3 a conditional
jasmonic acid-producing mutant. Plant Physiol 156: 770–778

Chen QF, Dai LY, Xiao S, Wang YS, Liu XL, Wang GL (2007) The COI1 and
DFR genes are essential for regulation of jasmonate-induced anthocya-
nin accumulation in Arabidopsis. J Integr Plant Biol 9: 1370–1377

Chini A, Fonseca S, Fernández G, Adie B, Chico JM, Lorenzo O, García-
Casado G, López-Vidriero I, Lozano FM, Ponce MR, et al (2007) The
JAZ family of repressors is the missing link in jasmonate signalling.
Nature 448: 666–671

Dalin P, Agren J, Björkman C, Huttunen P, Kärkkäinen K (2008) Leaf
trichome formation and plant resistance to herbivory. In Schaller A, ed,
Induced Plant Resistance to Herbivory. Springer, Heidelberg, pp 89–105

Dave A, Graham IA (2012) Oxylipin signalling: a distinct role for the jas-
monic acid precursor 12-Oxo-Phytodienoic Acid (cisOPDA). Front Plant
Sci 3: 42

Dave A, Hernández ML, He Z, Andriotis VME, Vaistij FE, Larson TR,
Graham IA (2011) 12-oxo-phytodienoic acid accumulation during seed
development represses seed germination in Arabidopsis. Plant Cell 23:
583–599

De Geyter N, Gholami A, Goormachtig S, Goossens A (2012) Transcrip-
tional machineries in jasmonate-elicited plant secondary metabolism.
Trends Plant Sci 17: 349–359

De Marcos Lousa C, van Roermund CWT, Postis VLG, Dietrich D, Kerr
ID, Wanders RJA, Baldwin SA, Baker A, Theodoulou FL (2013) In-
trinsic acyl-CoA thioesterase activity of a peroxisomal ATP binding
cassette transporter is required for transport and metabolism of fatty
acids. Proc Natl Acad Sci USA 110: 1279–1284

Degenhardt DC, Refi-Hind S, Stratmann JW, Lincoln DE (2010) Systemin
and jasmonic acid regulate constitutive and herbivore-induced systemic
volatile emissions in tomato, Solanum lycopersicum. Phytochemistry 71:
2024–2037

del Campo ML, Miles CI, Schroeder FC, Mueller C, Booker R, Renwick
JA (2001) Host recognition by the tobacco hornworm is mediated by a
host plant compound. Nature 411: 186–189

Eigenbrode SD, Trumble JT, Millar JG, White KK (1994) Topical toxicity
of tomato sesquiterpenes to the beet armyworm and the role of these
compounds in resistance derived from an accession of Lycopersicon hir-
sutum f. typicum. J Agric Food Chem 42: 807–810

Engelberth J, Alborn HT, Schmelz EA, Tumlinson JH (2004) Airborne
signals prime plants against insect herbivore attack. Proc Natl Acad Sci
USA 101: 1781–1785

Escalante-Pérez M, Krol E, Stange A, Geiger D, Al-Rasheid KAS, Hause
B, Neher E, Hedrich R (2011) A special pair of phytohormones controls

excitability, slow closure, and external stomach formation in the Venus
flytrap. Proc Natl Acad Sci USA 108: 15492–15497

Farmer EE, Mueller MJ (2013) ROS-mediated lipid peroxidation and RES-
activated signaling. Annu Rev Plant Biol 64: 429–450

Farmer EE, Ryan CA (1990) Interplant communication: airborne methyl
jasmonate induces synthesis of proteinase inhibitors in plant leaves.
Proc Natl Acad Sci USA 87: 7713–7716

Farmer EE, Ryan CA (1992) Octadecanoid precursors of jasmonic acid ac-
tivate the synthesis of wound-inducible proteinase inhibitors. Plant Cell
4: 129–134

Fillatti JJ, Kiser J, Rose R, Comai L (1987) Efficient transfer of a glyphosate
tolerance gene into tomato using a binary Agrobacterium tumefaciens
vector. Nat Biotechnol 5: 726–730

Fliegmann J, Schüler G, Boland W, Ebel J, Mithöfer A (2003) The role of
octadecanoids and functional mimics in soybean defense responses. Biol
Chem 384: 437–446

Fonseca S, Chini A, Hamberg M, Adie B, Porzel A, Kramell R, Miersch O,
Wasternack C, Solano R (2009) (+)-7-iso-Jasmonoyl-L-isoleucine is the
endogenous bioactive jasmonate. Nat Chem Biol 5: 344–350

Frost CJ, Mescher MC, Dervinis C, Davis JM, Carlson JE, De Moraes CM
(2008) Priming defense genes and metabolites in hybrid poplar by the
green leaf volatile cis-3-hexenyl acetate. New Phytol 180: 722–734

Fulda M, Schnurr J, Abbadi A, Heinz E, Browse J (2004) Peroxisomal Acyl-
CoA synthetase activity is essential for seedling development in Arabi-
dopsis thaliana. Plant Cell 16: 394–405

Goetz S, Hellwege A, Stenzel I, Kutter C, Hauptmann V, Forner S,
McCaig B, Hause G, Miersch O, Wasternack C, et al (2012) Role of cis-
12-oxo-phytodienoic acid in tomato embryo development. Plant Physiol
158: 1715–1727

Green TR, Ryan CA (1972) Wound-induced proteinase inhibitor in plant
leaves: a possible defense mechanism against insects. Science 175: 776–777

Halitschke R, Ziegler J, Keinänen M, Baldwin IT (2004) Silencing of hy-
droperoxide lyase and allene oxide synthase reveals substrate and de-
fense signaling crosstalk in Nicotiana attenuata. Plant J 40: 35–46

Haribal M, Renwick JAA, Attygalle AB, Kiemle D (2006) A feeding
stimulant for Manduca sexta from Solanum surattenses. J Chem Ecol 32:
2687–2694

Hause B, Stenzel I, Miersch O, Maucher H, Kramell R, Ziegler J,
Wasternack C (2000) Tissue-specific oxylipin signature of tomato flowers:
allene oxide cyclase is highly expressed in distinct flower organs and vascular
bundles. Plant J 24: 113–126

Heiling S, Schuman MC, Schoettner M, Mukerjee P, Berger B, Schneider
B, Jassbi AR, Baldwin IT (2010) Jasmonate and ppHsystemin regulate
key malonylation steps in the biosynthesis of 17-hydroxygeranyllinalool
diterpene glycosides, an abundant and effective direct defense against
herbivores in Nicotiana attenuata. Plant Cell 22: 273–292

Heitz T, Widemann E, Lugan R, Miesch L, Ullmann P, Désaubry L,
Holder E, Grausem B, Kandel S, Miesch M, et al (2012) Cytochromes
P450 CYP94C1 and CYP94B3 catalyze two successive oxidation steps of
plant hormone Jasmonoyl-isoleucine for catabolic turnover. J Biol Chem
287: 6296–6306

Howe GA, Lightner J, Browse J, Ryan CA (1996) An octadecanoid path-
way mutant (JL5) of tomato is compromised in signaling for defense
against insect attack. Plant Cell 8: 2067–2077

Howe GA, Schaller A (2008) Direct defenses in plants and their induction
by wounding and insect herbivores. In Schaller A, ed, Induced Plant
Resistance to Herbivory. Springer, Heidelberg, pp 7–29

Ishiguro S, Kawai-Oda A, Ueda J, Nishida I, Okada K (2001) The DE-
FECTIVE IN ANTHER DEHISCENCE1 gene encodes a novel phospho-
lipase A1 catalyzing the initial step of jasmonic acid biosynthesis, which
synchronizes pollen maturation, anther dehiscence, and flower opening
in Arabidopsis. Plant Cell 13: 2191–2209

Kang JH, Liu G, Shi F, Jones AD, Beaudry RM, Howe GA (2010) The
tomato odorless-2 mutant is defective in trichome-based production of
diverse specialized metabolites and broad-spectrum resistance to insect
herbivores. Plant Physiol 154: 262–272

Kang JH, Wang L, Giri A, Baldwin IT (2006) Silencing threonine deami-
nase and JAR4 in Nicotiana attenuata impairs jasmonic acid-isoleucine-
mediated defenses against Manduca sexta. Plant Cell 18: 3303–3320

Kazan K, Manners JM (2012) JAZ repressors and the orchestration of
phytohormone crosstalk. Trends Plant Sci 17: 22–31

Kennedy GG (2003) Tomato, pests, parasitoids, and predators: tritrophic
interactions involving the genus Lycopersicon. Annu Rev Entomol 48: 51–72

408 Plant Physiol. Vol. 166, 2014

Bosch et al.

 www.plant.org on September 12, 2014 - Published by www.plantphysiol.orgDownloaded from 
Copyright © 2014 American Society of Plant Biologists. All rights reserved.

http://www.plantphysiol.org/
http://www.plant.org


Kessler A, Baldwin IT (2001) Defensive function of herbivore-induced
plant volatile emissions in nature. Science 291: 2141–2144

Kessler A, Halitschke R, Baldwin IT (2004) Silencing the jasmonate cascade:
induced plant defenses and insect populations. Science 305: 665–668

Koch T, Krumm T, Jung V, Engelberth J, Boland W (1999) Differential
induction of plant volatile biosynthesis in the lima bean by early and late
intermediates of the octadecanoid-signaling pathway. Plant Physiol 121:
153–162

Koo AJK, Chung HS, Kobayashi Y, Howe GA (2006) Identification of a
peroxisomal acyl-activating enzyme involved in the biosynthesis of
jasmonic acid in Arabidopsis. J Biol Chem 281: 33511–33520

Koo AJK, Gao X, Jones AD, Howe GA (2009) A rapid wound signal acti-
vates the systemic synthesis of bioactive jasmonates in Arabidopsis. Plant
J 59: 974–986

Koo AJK, Howe GA (2009) The wound hormone jasmonate. Phytochem-
istry 70: 1571–1580

Koo AJK, Howe GA (2012) Catabolism and deactivation of the lipid-
derived hormone jasmonoyl-isoleucine. Front Plant Sci 3: 19

Li C, Liu G, Xu C, Lee GI, Bauer P, Ling HQ, Ganal MW, Howe GA (2003)
The tomato suppressor of prosystemin-mediated responses2 gene encodes a
fatty acid desaturase required for the biosynthesis of jasmonic acid and
the production of a systemic wound signal for defense gene expression.
Plant Cell 15: 1646–1661

Li C, Schilmiller AL, Liu G, Lee GI, Jayanty S, Sageman C, Vrebalov J,
Giovannoni JJ, Yagi K, Kobayashi Y, et al (2005) Role of beta-oxidation
in jasmonate biosynthesis and systemic wound signaling in tomato.
Plant Cell 17: 971–986

Li L, Li C, Lee GI, Howe GA (2002) Distinct roles for jasmonate synthesis
and action in the systemic wound response of tomato. Proc Natl Acad
Sci USA 99: 6416–6421

Li L, Zhao Y, McCaig BC, Wingerd BA, Wang J, Whalon ME, Pichersky E,
Howe GA (2004) The tomato homolog of CORONATINE-INSENSITIVE1
is required for the maternal control of seed maturation, jasmonate-signaled
defense responses, and glandular trichome development. Plant Cell 16:
126–143

Loreti E, Povero G, Novi G, Solfanelli C, Alpi A, Perata P (2008) Gib-
berellins, jasmonate and abscisic acid modulate the sucrose-induced
expression of anthocyanin biosynthetic genes in Arabidopsis. New Phy-
tol 179: 1004–1016

Matsui K (2006) Green leaf volatiles: hydroperoxide lyase pathway of
oxylipin metabolism. Curr Opin Plant Biol 9: 274–280

Matsuura H, Takeishi S, Kiatoka N, Sato C, Sueda K, Masuta C, Nabeta K
(2012) Transportation of de novo synthesized jasmonoyl isoleucine in
tomato. Phytochemistry 83: 25–33

Matthes MC, Bruce TJ, Ton J, Verrier PJ, Pickett JA, Napier JA (2010) The
transcriptome of cis-jasmone-induced resistance in Arabidopsis thaliana
and its role in indirect defence. Planta 232: 1163–1180

McConn M, Browse J (1996) The critical requirement for linolenic acid is
pollen development, not photosynthesis, in an Arabidopsis mutant. Plant
Cell 8: 403–416

Miersch O, Neumerkel J, Dippe M, Stenzel I, Wasternack C (2008) Hy-
droxylated jasmonates are commonly occurring metabolites of jasmonic
acid and contribute to a partial switch-off in jasmonate signaling. New
Phytol 177: 114–127

Mosblech A, Feussner I, Heilmann I (2009) Oxylipins: structurally diverse
metabolites from fatty acid oxidation. Plant Physiol Biochem 47: 511–517

Mousavi SAR, Chauvin A, Pascaud F, Kellenberger S, Farmer EE (2013)
GLUTAMATE RECEPTOR-LIKE genes mediate leaf-to-leaf wound sig-
nalling. Nature 500: 422–426

Mueller S, Hilbert B, Dueckershoff K, Roitsch T, Krischke M, Mueller
MJ, Berger S (2008) General detoxification and stress responses are
mediated by oxidized lipids through TGA transcription factors in Arabidopsis.
Plant Cell 20: 768–785

Nakamura Y, Mithöfer A, Kombrink E, Boland W, Hamamoto S, Uozumi
N, Tohma K, Ueda M (2011) 12-hydroxyjasmonic acid glucoside is a
COI1-JAZ-independent activator of leaf-closing movement in Samanea
saman. Plant Physiol 155: 1226–1236

Noir S, Bömer M, Takahashi N, Ishida T, Tsui T-L, Balbi V, Shanahan H,
Sugimoto K, Devoto A (2013) Jasmonate controls leaf growth by re-
pressing cell proliferation and the onset of endoreduplication while
maintaining a potential stand-by mode. Plant Physiol 161: 1930–1951

Overmyer K, Tuominen H, Kettunen R, Betz C, Langebartels C,
Sandermann H Jr, Kangasjärvi J (2000) Ozone-sensitive Arabidopsis rcd1

mutant reveals opposite roles for ethylene and jasmonate signaling path-
ways in regulating superoxide-dependent cell death. Plant Cell 12: 1849–
1862

Park JH, Halitschke R, Kim HB, Baldwin IT, Feldmann KA, Feyereisen R
(2002) A knock-out mutation in allene oxide synthase results in male
sterility and defective wound signal transduction in Arabidopsis due to a
block in jasmonic acid biosynthesis. Plant J 31: 1–12

Park SW, Li W, Viehhauser A, He B, Kim S, Nilsson AK, Andersson MX,
Kittle JD, Ambavaram MMR, Luan S, et al (2013) Cyclophilin 20-3 re-
lays a 12-oxo-phytodienoic acid signal during stress responsive regulation of
cellular redox homeostasis. Proc Natl Acad Sci USA 110: 9559–9564

Paschold A, Halitschke R, Baldwin IT (2007) Co(i)-ordinating defenses:
NaCOI1 mediates herbivore- induced resistance in Nicotiana attenuata
and reveals the role of herbivore movement in avoiding defenses. Plant J
51: 79–91

Pauwels L, Goossens A (2011) The JAZ proteins: a crucial interface in the
jasmonate signaling cascade. Plant Cell 23: 3089–3100

Peiffer M, Tooker JF, Luthe DS, Felton GW (2009) Plants on early alert:
glandular trichomes as sensors for insect herbivores. New Phytol 184:
644–656

Quintana A, Reinhard J, Faure R, Uva P, Bagnères AG, Massiot G,
Clément JL (2003) Interspecific variation in terpenoid composition of
defensive secretions of European Reticulitermes termites. J Chem Ecol 29:
639–652

Rao MV, Lee H, Creelman RA, Mullet JE, Davis KR (2000) Jasmonic acid
signaling modulates ozone-induced hypersensitive cell death. Plant Cell
12: 1633–1646

Restrepo MA, Freed DD, Carrington JC (1990) Nuclear transport of plant
potyviral proteins. Plant Cell 2: 987–998

Ribot C, Zimmerli C, Farmer EE, Reymond P, Poirier Y (2008) Induction of
the Arabidopsis PHO1;H10 gene by 12-oxo-phytodienoic acid but not
jasmonic acid via a CORONATINE INSENSITIVE1-dependent pathway.
Plant Physiol 147: 696–706

Ryu CM, Murphy JF, Mysore KS, Kloepper JW (2004) Plant growth-
promoting rhizobacteria systemically protect Arabidopsis thaliana against Cu-
cumber mosaic virus by a salicylic acid and NPR1-independent and jasmonic
acid-dependent signaling pathway. Plant J 39: 381–392

Sánchez-Hernández C, López MG, Délano-Frier JP (2006) Reduced levels
of volatile emissions in jasmonate-deficient spr2 tomato mutants favour
oviposition by insect herbivores. Plant Cell Environ 29: 546–557

Sanders PM, Lee PY, Biesgen C, Boone JD, Beals TP, Weiler EW,
Goldberg RB (2000) The Arabidopsis DELAYED DEHISCENCE1 gene
encodes an enzyme in the jasmonic acid synthesis pathway. Plant Cell
12: 1041–1061

Sato C, Aikawa K, Sugiyama S, Nabeta K, Masuta C, Matsuura H (2011)
Distal transport of exogenously applied jasmonoyl-isoleucine with
wounding stress. Plant Cell Physiol 52: 509–517

Schaller A, Frasson D (2001) Induction of wound response gene expression
in tomato leaves by ionophores. Planta 212: 431–435

Schaller A, Ryan CA (1996) Systemin—a polypeptide defense signal in
plants. BioEssays 18: 27–33

Schaller A, Stintzi A (2008) Jasmonate biosynthesis and signaling for in-
duced plant defense against herbivory. In Schaller A, ed, Induced Plant
Resistance to Herbivory. Springer, Heidelberg, pp 349–365

Schaller A, Stintzi A (2009) Enzymes in jasmonate biosynthesis - structure,
function, regulation. Phytochemistry 70: 1532–1538

Schaller F, Biesgen C, Müssig C, Altmann T, Weiler EW (2000) 12-
Oxophytodienoate reductase 3 (OPR3) is the isoenzyme involved in
jasmonate biosynthesis. Planta 210: 979–984

Schuman MC, Barthel K, Baldwin IT (2012) Herbivory-induced volatiles
function as defenses increasing fitness of the native plant Nicotiana at-
tenuata in nature. Elife (Cambridge) 1: e00007

Sheard LB, Tan X, Mao H, Withers J, Ben-Nissan G, Hinds TR,
Kobayashi Y, Hsu FF, Sharon M, Browse J, et al (2010) Jasmonate
perception by inositol-phosphate-potentiated COI1-JAZ co-receptor. Na-
ture 468: 400–405

Shiojiri K, Kishimoto K, Ozawa R, Kugimiya S, Urashimo S, Arimura G,
Horiuchi J, Nishioka T, Matsui K, Takabayashi J (2006) Changing
green leaf volatile biosynthesis in plants: an approach for improving
plant resistance against both herbivores and pathogens. Proc Natl Acad
Sci USA 103: 16672–16676

Plant Physiol. Vol. 166, 2014 409

Herbivore Resistance in JA-Deficient Tomato Plants

 www.plant.org on September 12, 2014 - Published by www.plantphysiol.orgDownloaded from 
Copyright © 2014 American Society of Plant Biologists. All rights reserved.

http://www.plantphysiol.org/
http://www.plant.org


Staswick PE, Su W, Howell SH (1992) Methyl jasmonate inhibition of root
growth and induction of a leaf protein are decreased in an Arabidopsis
thaliana mutant. Proc Natl Acad Sci USA 89: 6837–6840

Staswick PE, Tiryaki I (2004) The oxylipin signal jasmonic acid is activated
by an enzyme that conjugates it to isoleucine in Arabidopsis. Plant Cell
16: 2117–2127

Staswick PE, Tiryaki I, Rowe ML (2002) Jasmonate response locus JAR1
and several related Arabidopsis genes encode enzymes of the firefly luciferase
superfamily that show activity on jasmonic, salicylic, and indole-3-acetic
acids in an assay for adenylation. Plant Cell 14: 1405–1415

Staswick PE, Yuen GY, Lehman CC (1998) Jasmonate signaling mutants of
Arabidopsis are susceptible to the soil fungus Pythium irregulare. Plant J
15: 747–754

Stelmach BA, Müller A, Hennig P, Laudert D, Andert L, Weiler EW (1998)
Quantitation of the octadecanoid 12-oxo-phytodienoic acid, a signalling
compound in plant mechanotransduction. Phytochemistry 47: 539–546

Stenzel I, Hause B, Maucher H, Pitzschke A, Miersch O, Ziegler J, Ryan
CA, Wasternack C (2003) Allene oxide cyclase dependence of the
wound response and vascular bundle-specific generation of jasmonates
in tomato - amplification in wound signalling. Plant J 33: 577–589

Stintzi A, Browse J (2000) The Arabidopsis male-sterile mutant, opr3, lacks
the 12-oxophytodienoic acid reductase required for jasmonate synthesis.
Proc Natl Acad Sci USA 97: 10625–10630

Stintzi A, Weber H, Reymond P, Browse J, Farmer EE (2001) Plant defense
in the absence of jasmonic acid: the role of cyclopentenones. Proc Natl
Acad Sci USA 98: 12837–12842

Stotz HU, Jikumaru Y, Shimada Y, Sasaki E, Stingl N, Mueller MJ,
Kamiya Y (2011) Jasmonate-dependent and COI1-independent defense
responses against Sclerotinia sclerotiorum in Arabidopsis thaliana: auxin is part
of COI1-independent defense signaling. Plant Cell Physiol 52: 1941–1956

Stotz HU, Mueller S, Zoeller M, Mueller MJ, Berger S (2013) TGA tran-
scription factors and jasmonate-independent COI1 signalling regulate
specific plant responses to reactive oxylipins. J Exp Bot 64: 963–975

Stoutjesdijk PA, Singh SP, Liu Q, Hurlstone CJ, Waterhouse PA, Green
AG (2002) hpRNA-mediated targeting of the Arabidopsis FAD2 gene
gives highly efficient and stable silencing. Plant Physiol 129: 1723–1731

Strassner J, Schaller F, Frick UB, Howe GA, Weiler EW, Amrhein N,
Macheroux P, Schaller A (2002) Characterization and cDNA-microarray
expression analysis of 12-oxophytodienoate reductases reveals differ-
ential roles for octadecanoid biosynthesis in the local versus the systemic
wound response. Plant J 32: 585–601

Stumpe M, Göbel C, Faltin B, Beike AK, Hause B, Himmelsbach K, Bode
J, Kramell R, Wasternack C, Frank W, et al (2010) The moss Phys-
comitrella patens contains cyclopentenones but no jasmonates: mutations
in allene oxide cyclase lead to reduced fertility and altered sporophyte
morphology. New Phytol 188: 740–749

Suza WP, Staswick PE (2008) The role of JAR1 in Jasmonoyl-L: -isoleucine
production during Arabidopsis wound response. Planta 227: 1221–1232

Taki N, Sasaki-Sekimoto Y, Obayashi T, Kikuta A, Kobayashi K, Ainai T,
Yagi K, Sakurai N, Suzuki H, Masuda T, et al (2005) 12-oxo-
phytodienoic acid triggers expression of a distinct set of genes and
plays a role in wound-induced gene expression in Arabidopsis. Plant
Physiol 139: 1268–1283

Thaler JS, Farag MA, Paré PW, Dicke M (2002) Jasmonate-deficient plants
have reduced direct and indirect defences against herbivores. Ecol Lett
5: 764–774

Theodoulou FL, Job K, Slocombe SP, Footitt S, Holdsworth M, Baker A,
Larson TR, Graham IA (2005) Jasmonic acid levels are reduced in CO-
MATOSE ATP-binding cassette transporter mutants: implications for
transport of jasmonate precursors into peroxisomes. Plant Physiol 137:
835–840

Thines B, Katsir L, Melotto M, Niu Y, Mandaokar A, Liu G, Nomura K,
He SY, Howe GA, Browse J (2007) JAZ repressor proteins are targets of
the SCF(COI1) complex during jasmonate signalling. Nature 448: 661–665

Tian D, Tooker J, Peiffer M, Chung SH, Felton GW (2012) Role of tri-
chomes in defense against herbivores: comparison of herbivore response
to woolly and hairless trichome mutants in tomato (Solanum lycopersi-
cum). Planta 236: 1053–1066

Tong X, Qi J, Zhu X, Mao B, Zeng L, Wang B, Li Q, Zhou G, Xu X, Lou Y,
et al (2012) The rice hydroperoxide lyase OsHPL3 functions in defense
responses by modulating the oxylipin pathway. Plant J 71: 763–775

van Loon LC, Bakker PA, Pieterse CM (1998) Systemic resistance induced
by rhizosphere bacteria. Annu Rev Phytopathol 36: 453–483

van Schie CC, Haring MA, Schuurink RC (2007) Tomato linalool synthase
is induced in trichomes by jasmonic acid. Plant Mol Biol 64: 251–263

Vancanneyt G, Sanz C, Farmaki T, Paneque M, Ortego F, Castañera P,
Sánchez-Serrano JJ (2001) Hydroperoxide lyase depletion in transgenic
potato plants leads to an increase in aphid performance. Proc Natl Acad
Sci USA 98: 8139–8144

Vandoorn A, Bonaventure G, Rogachev I, Aharoni A, Baldwin IT (2011)
JA-Ile signalling in Solanum nigrum is not required for defence responses
in nature. Plant Cell Environ 34: 2159–2171

Walch-Liu P, Neumann G, Bangerth F, Engels C (2000) Rapid effects of
nitrogen form on leaf morphogenesis in tobacco. J Exp Bot 51: 227–237

Wang L, Allmann S, Wu J, Baldwin IT (2008) Comparisons of LIPOXY-
GENASE3- and JASMONATE-RESISTANT4/6-silenced plants reveal
that jasmonic acid and jasmonic acid-amino acid conjugates play dif-
ferent roles in herbivore resistance of Nicotiana attenuata. Plant Physiol
146: 904–915

Wasternack C, Hause B (2013) Jasmonates: biosynthesis, perception, signal
transduction and action in plant stress response, growth and development. An
update to the 2007 review in Annals of Botany. Ann Bot (Lond) 111: 1021–1058

Wasternack C, Kombrink E (2010) Jasmonates: structural requirements for
lipid-derived signals active in plant stress responses and development.
ACS Chem Biol 5: 63–77

Wei J, Wang L, Zhu J, Zhang S, Nandi OI, Kang L (2007) Plants attract
parasitic wasps to defend themselves against insect pests by releasing
hexenol. PLoS ONE 2: e852

Wei J, Yan L, Ren Q, Li C, Ge F, Kang LE (2013) Antagonism between
herbivore-induced plant volatiles and trichomes affects tritrophic in-
teractions. Plant Cell Environ 36: 315–327

Westfall CS, Zubieta C, Herrmann J, Kapp U, Nanao MH, Jez JM (2012)
Structural basis for prereceptor modulation of plant hormones by GH3
proteins. Science 336: 1708–1711

Wildon DC, Thain JF, Minchin PEH, Gubb IR, Reilly AJ, Skipper YD,
Doherty HM, O’Donnell PJ, Bowles DJ (1992) Electrical signalling and
systemic proteinase inhibitor induction in the wounded plant. Nature
360: 62–65

Yan J, Zhang C, Gu M, Bai Z, Zhang W, Qi T, Cheng Z, Peng W, Luo H,
Nan F, et al (2009) The Arabidopsis CORONATINE INSENSITIVE1
protein is a jasmonate receptor. Plant Cell 21: 2220–2236

Yerger EH, Grazzini RA, Hesk D, Cox-Foster DL, Craig R, Mumma RO
(1992) A rapid method for isolating glandular trichomes. Plant Physiol
99: 1–7

Yoshida Y, Sano R, Wada T, Takabayashi J, Okada K (2009) Jasmonic acid
control of GLABRA3 links inducible defense and trichome patterning in
Arabidopsis. Development 136: 1039–1048

Yoshihara T, Omer ESA, Koshino H, Sakamura S, Kikuta Y, Koda Y
(1989) Structure of a tuber-inducing stimulus from potato leaves (Sola-
num tuberosum L.). Agric Biol Chem 53: 2835–2837

Zhang Y, Turner JG (2008) Wound-induced endogenous jasmonates stunt
plant growth by inhibiting mitosis. PLoS ONE 3: e3699

410 Plant Physiol. Vol. 166, 2014

Bosch et al.

 www.plant.org on September 12, 2014 - Published by www.plantphysiol.orgDownloaded from 
Copyright © 2014 American Society of Plant Biologists. All rights reserved.

http://www.plantphysiol.org/
http://www.plant.org

