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ABSTRACT The signaling pathways that allow plants to
mount defenses against chewing insects are known to be
complex. To investigate the role of jasmonate in wound
signaling in Arabidopsis and to test whether parallel or re-
dundant pathways exist for insect defense, we have studied a
mutant (fad3–2 fad7–2 fad8) that is deficient in the jasmonate
precursor linolenic acid. Mutant plants contained negligible
levels of jasmonate and showed extremely high mortality
('80%) from attack by larvae of a common saprophagous
fungal gnat, Bradysia impatiens (Diptera: Sciaridae), even
though neighboring wild-type plants were largely unaffected.
Application of exogenous methyl jasmonate substantially pro-
tected the mutant plants and reduced mortality to '12%.
These experiments precisely define the role of jasmonate as
being essential for the induction of biologically effective
defense in this plant–insect interaction. The transcripts of
three wound-responsive genes were shown not to be induced by
wounding of mutant plants but the same transcripts could be
induced by application of methyl jasmonate. By contrast,
measurements of transcript levels for a gene encoding gluta-
thione S-transferase demonstrated that wound induction of
this gene is independent of jasmonate synthesis. These results
indicate that the mutant will be a good genetic model for
testing the practical effectiveness of candidate defense genes.

When chewing insects begin feeding on leaves or other tissues,
plant signaling pathways are activated that lead, ultimately, to
the synthesis of many different secondary metabolites and
specialized chemicals (1–3). It is assumed that these com-
pounds act in plant defense, and increased protection against
insect attack has been demonstrated for several classes of
chemicals under specialized experimental conditions (4, 5).
The best characterized system involves the production of
proteinase inhibitors in tomato and other solanaceous plants
(6). In tomato, wounding of a single leaf can result in the
induction of proteinase inhibitors throughout the aerial por-
tion of the plant. Biochemical and molecular genetic ap-
proaches indicate that a peptide hormone, systemin, is a
mediator of the systemic signaling required for this induction
(7). However, abscisic acid (8) and electrochemical potentials
(9) have also been proposed as long-distance signals.
Experiments in which an antisense prosystemin gene was

used to block wound signaling (10) and prevent accumulation
of proteinase inhibitors resulted in reduced resistance of the
plants toward tobacco hornworm larvae (Manduca sexta).
Such results indicate that the proteinase inhibitors—which
disrupt digestion in the insect’s gut (11)—and the pathways for
their induction are major components of plant defense. In
tomato, ample evidence indicates that systemin induces pro-

teinase inhibitors and other genes through the synthesis and
action of jasmonic acid. The tissue concentrations of jasmonic
acid and its lipid precursor linolenic acid increase in tomato
leaves after wounding (12) and jasmonate concentrations are
also increased by other elicitors of the defense response (13,
14). Application of exogenous jasmonate induces synthesis of
proteinase inhibitors (15) and chemical inhibitors of jasmonate
synthesis block defense signaling. Finally, a newly described
mutant deficient in jasmonate synthesis, def1, fails to accumu-
late proteinase inhibitors in response to wounding and is
considerably more susceptible than wild type to attack by
tobacco hornworm larvae (16).
In other plant species, wound-signaling pathways are much

less completely defined. Some plants contain systemically
inducible proteinase inhibitors (17, 18) but broader ecophysi-
ological studies indicate that many other compounds are
produced in plants to deter insect attacks (2, 3). It is not clear
how many different signaling systems may have evolved in
higher plants or how complex each pathway might be in its
organization. For example, studies in Arabidopsis have not
identified a systemin homolog and, although the projects for
producing expressed sequence tags have identified cDNAs
encoding putative proteinase inhibitors, specific assays have
failed to demonstrate significant constitutive or wound-
induced proteinase inhibitor activity (C. A. Ryan, personal
communication). Jasmonate signaling pathways have been
shown to control several plant responses in Arabidopsis includ-
ing pollen development and the accumulation of a vegetative
storage protein (19, 20). Jasmonate accumulation in Arabi-
dopsis is induced in wounded tissue as it is in other plants (19).
Three classes of Arabidopsis mutants defective in jasmonate
synthesis or signaling have been described (19, 21, 22), but
these mutants have not been reported to be more susceptible
to insect attack. Because so little is known about insect defense
in Arabidopsis, these results leave open the possibility that
redundant pathways bypass jasmonate signaling or that other
mechanisms exist in Arabidopsis that lead to significant pro-
tection against insects even in the absence of jasmonate-
mediated processes. For example, in common with other
members of the Brassicaceae, Arabidopsis contains the con-
stitutive glucosinolate–myrosinase system that is postulated to
act as a defense against chewing insects (23, 24).
Herein we report that a mutant of Arabidopsis deficient in

linolenic acid is unable to synthesize jasmonates and is strik-
ingly susceptible to devastation by a common saprophagous
insect, the fungal gnat larva. Controlled experiments with the
mutant and wild-type plants establish that jasmonate is both
necessary and sufficient to protect Arabidopsis against insect
attack.

METHODS

Plant Material. The lines of Arabidopsis thaliana used were
descended from the Columbia wild type in which mutations
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were produced by treatment with ethylmethanesulfonate. The
fad3–2 fad7–2 fad8 triple mutant line and its allelic relatives are
described elsewhere (20). Plants were grown in a commercial
potting mixture in controlled environment chambers or in a
greenhouse.
Measurements of Jasmonic Acid. Plants were grown for 3

weeks at 228C under continuous illumination of 140 mmol of
quanta per m2 per sec. At the start of the experiment, half the
plants were wounded by crushing each leaf three times with a
hemostat. Immediately after wounding and 1, 2, and 4 hours
later, samples of wounded and unwounded plants were har-
vested by cutting the tap root, weighed, and immediately
frozen in liquid N2. Plants were stored at2808C and jasmonate
levels were measured by gas chromatographyymass spectrom-
etry as described (25). Roots of wild-type and mutant Arabi-
dopsis were grown in liquid culture as described (26). Roots
were harvested and then wounded by cutting them repeatedly
with a razor blade. Subsamples of the wounded material and
unwounded controls were weighed, wrapped in plastic wrap,
and held at room temperature. Immediately after wounding
and 3 hours later, samples were frozen in liquid N2. The tissue
was stored at 2808C and jasmonate levels were measured as
described (25).
Challenging Plants with Bradysia Larva. Seeds of wild-type

and fad3–2 fad7–2 fad8 Arabidopsis were mixed in a 1:1 ratio,
then planted at random into 15 pots (average of 9 plants per
pot), and grown to the rosette stage under 10 h daylength.
After the genotype of each plant had been determined by gas
chromatography of a small leaf sample (20), a net enclosure
was placed over the 15 pots and populated with 20–25 adult
Bradysia f lies. On each subsequent day, 8 pots were sprayed
with 0.8 ml of H2O and 7 pots were sprayed with 0.8 ml of a
dilute aqueous solution of methyl jasmonate. In different
experiments, the methyl jasmonate concentration used was
either 0.001% or 0.01%. In other experiments, additional
chemical treatments were included as described in the text. To
estimate the number of larvae present in treated pots, the soil
from a pot was stirred into 500 ml of a 60% sucrose solution
and allowed to settle. Under these conditions, the gnat larvae
floated to the surface and could be counted easily.
Measurement of Transcript Levels in Wild-Type and Mu-

tant Plants. Total RNA was extracted from the wounded and
unwounded plants used for the measurement of jasmonic acid
levels and from unwounded plants sprayed with H2O or
0.001% methyl jasmonate. Four micrograms of total RNA
from each sample was separated by gel electrophoresis, trans-
ferred to nylon membrane, and hybridized to cDNA probes as
described (27). Radioactivity from each probe bound to the
membrane was visualized by autoradiography and quantified
by densitometry of the x-ray film. The probes used were AtVSP
encoding a vacuole-localized acid phosphatase (28), DHS1
encoding 3-deoxy-D-arabinoheptulosonate-7-phosphate syn-
thase (29), PAL1 encoding phenylalanine ammonia lyase (30),
and GST encoding glutathione S-transferase (31).

RESULTS

Mutant Plants Contain Extremely Low Levels of Jas-
monate. The fad3–2 fad7–2 fad8 mutant of Arabidopsis con-
tains negligible levels of linolenic acid, the lipid precursor of
jasmonate (20). Our initial characterization of the fad3–2
fad7–2 fad8 triple mutant was hampered by high mortality of
older well-established triple mutant plants. Frequently, 30–
50% of the mutant plants died before they could be used in
experiments. Death of the plants appeared to be directly
attributable to mechanical damage by larvae of Bradysia
impatiens (Johannsen), the common fungal gnat. Fungal gnats
inhabit many greenhouses and growth chambers and lay their
eggs in the potting soil. The larvae feed mainly on decaying
organic matter in the top 2 cm of soil before pupating and

completing their life cycle to the adult. In normal culture of
Arabidopsis, the fungal gnats are, at worst, a minor pest. Heavy
infestations can reduce seedling establishment but the larvae
do not cause any significant damage to mature plants. We
reasoned that killing of the mutants would be consistent with
the plants being divested of their regular defenses by a lack of
jasmonate signaling. For this reason, we first measured the
levels of jasmonic acid in wild-type and mutant plants before
and after wounding. Unwounded leaves of wild-type Arabi-
dopsis contained less than 35 ng of jasmonate per g (fresh
weight) and the level increased more than 20-fold to 725 ngyg
(fresh weight) at 1 hour after wounding, before declining to
intermediate values (Fig. 1). By contrast, both unwounded and
wounded leaves from fad3–2 fad7–2 fad8 contained levels of
jasmonate that were close to the detection limit of the mass
spectroscopic assay used, averaging less than 7 ngyg (fresh
weight). Very comparable data were obtained when wounding
experiments were carried out on root tissue. Wild-type roots
contained 34 ng of jasmonate per g (fresh weight) in the
absence of wounding and 326 ngyg (fresh weight) at 3 hours
after wounding. Wounded and unwounded mutant roots av-
eraged only 8 ngyg (fresh weight). These data are thus entirely
similar to those found for leaf tissue.
Jasmonate Is Both Necessary and Sufficient for Plant

Defense. Pathways for the breakdown of linolenic acid yield
several compounds that have been implicated in plant defense
(32, 33). While other evidence suggested that jasmonate was a
likely key regulator of the defense pathway (13–15, 34), it
remained possible that one of these other compounds was
responsible or that susceptibility of mutant plants to attack by
gnat larvae resulted from the combined loss of several lino-
lenate derivatives. To explore this issue and to quantify the
consequences of defective wound signaling in the fad3–2
fad7–2 fad8mutant, we carried out experiments in whichmixed
stands of wild-type and mutant plants were challenged with
modest populations of fungal gnats. In these experiments,
mutant plants in control pots (those sprayed with water) were
subject to increasing damage to rosette leaves, and by the end
of the experiment, approximately 80% of the plants had been
killed as a result of gnat larvae severing the stems, petioles,
andyor tap roots of the plants (Fig. 2 A and B). By contrast,
wild-type plants in these same pots remained largely undam-
aged and only one wild-type plant died out of a total of 117
included in the experiments. Because wild-type and mutant
plants were randomly interplanted within the pots, these

FIG. 1. Kinetics of jasmonate accumulation in unwounded (open
symbols) and wounded (solid symbols) leaf tissue of wild-type (E, F)
and fad3–2 fad7–2 fad8 mutant (M, m) Arabidopsis. Data are the
mean 6 SEM of three determinations.
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results demonstrate a very high level of protection in the
wild-type plants and a correspondingly strong preference of
the fungal gnat larvae for mutant plants. Other pots of plants

were sprayed with dilute solutions of methyl jasmonate. The
fad3–2 fad7–2 fad8 plants in these pots exhibited only 12%
mortality (Fig. 2A) and most plants showed little or no damage
from gnat larvae grazing (Fig. 2C).
To test the efficacy of other putative defense compounds

derived from linolenic acid, we repeated the spraying exper-
iment described above (using H2O and 0.001% jasmonate as
negative and positive controls, respectively) but including an
additional spraying treatment using an aqueous solution con-
taining 0.01% trans-3-hexenol, 0.01% trans-2-hexenal, 0.01%
cis-3-hexenol, and 0.01% traumatic acid. These four com-
pounds are major products derived from linolenic acid by the
hydroperoxide lyase pathway (32). The 0.001% jasmonate
treatment was effective in protecting the plants, whereas a
mixture of the other four compounds, each at a 10-fold higher
concentration, did not protect fad3–2 fad7–2 fad8 mutant
plants any better than H2O alone (data not shown). Thus, the
protective effect appears to be specific for the allene oxide
branch of the lipoxygenase pathway of linolenic acid metab-
olism.
Thus, these data demonstrate that the largely saprophagous

fungal gnat larvae were not a significant pest on the wild-type
Arabidopsis but that jasmonate-mediated signaling was both
necessary and sufficient to provide protection of the fad3–2
fad7–2 fad8 mutant plants against larvae attack.
Jasmonate Has No Direct Effect on Fungal Gnat Larvae.

We investigated the possibility that methyl jasmonate might
directly affect the survival of the Bradysia larvae by two
different approaches. First, a repeat of the spraying experi-
ment described above was conducted. Fourteen days after the
introduction of flies and the start of spraying, two pots sprayed
with water and three pots sprayed with 0.001% methyl jas-
monate were removed from the experiment and the number of
gnat larvae in the soil of each pot was counted. The average
number of larvae per pot in the two pots sprayed with water
was 342 6 131 and the three pots sprayed with 0.001% methyl
jasmonate was 486 6 84.
In a second type of experiment, Bradysia larvae were

collected from pots of soil, placed on moist filter paper in Petri
dishes, and sprayed on two consecutive days with either water
or 0.01% methyl jasmonate. After 48 hours, 74% of the larvae
treated with water and 80% of the larvae treated with methyl
jasmonate remained alive and active. Thus, neither of these
experiments indicated any increased mortality or reduced
activity in the samples of larvae exposed to methyl jasmonate.
Expression of Wound-Induced Genes in Wild-Type and

Mutant Plants. Because our results indicate that jasmonate is
essential for effective defense of Arabidopsis against the fungal
gnat larvae, the fad3–2 fad7–2 fad8 mutant provides a new
means to investigate genes involved in the biologically effective
wound response and to determine what levels of expression of
these genes are required to confer meaningful protection, at
least within the context of the Arabidopsis–Bradysia interaction
and probably more broadly. As a first step in using this system,
we measured the transcript levels of a series of genes that have
been shown, in Arabidopsis or in other plants, to be induced by
wounding.
The gene AtVSP encodes a wound-inducible protein homol-

ogous to a soybean vacuolar acid phosphatase. This gene is
regulated similarly to the gene encoding proteinase inhibitor
II, which is involved in insect defense in tomato (28). The gene
DHS1 encodes 3-deoxy-D-arabinoheptulosonate-7-phosphate
synthase, a key enzyme in the production of lignin (29). The
PAL1 gene encodes phenylalanine ammonia lyase, the enzyme
that regulates flux into the pathway for phytoalexin synthesis
(30). The product of the GST gene glutathione S-transferase
is thought to help protect plants from oxidative tissue damage
during wounding or pathogen attack (31). Interestingly, these
genes showed distinctly different patterns of expression and
induction in wild-type and mutant Arabidopsis (Fig. 3). The

FIG. 2. Death and protection of mutant plants fromBradysia larvae
attack. (A) A mixed population of wild-type and fad3–2 fad7–2 fad8
plants were grown in a net enclosure populated with 20–25 adult
Bradysia f lies. Each day, eight pots were sprayed with 0.8 ml of H2O
and seven pots were sprayed with with 0.8 ml of a dilute aqueous
solution of methyl jasmonate. Data from two experiments are shown
in which the methyl jasmonate concentration used was either 0.001%
(open symbols) or 0.01% (solid symbols). the graph shows the
percentage survival of 117 wild-type plants (E and F both treatments),
73 mutant plants treated with H2O (M, m) and 73 mutant plants treat-
ed with methyl jasmonate (D, å). (B and C) For clarity, wild-type and
mutant seeds were sown in pots in two rows but were otherwise treated
as described above. The photographed plants correspond to day 50 in
A. (B) Compared with wild-type controls (on the left), mutant plants
(on the right) sprayed with water show extensive damage 20 days after
the introduction of adult Bradysia f lies. Some leaves on mutant plants
have been almost completely eaten. Wilting of other leaves was
attributed to damage to the petiole or to the roots of the plants. (C)
Mutant plants sprayed with 0.01% methyl jasmonate (on the right)
remained healthy and vigorous within the same environment.
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basal expression of DHS1 and PAL1 in mutant plants was less
than in wild type, suggesting that resting levels of linolenic acid
derivatives may modulate levels of these enzymes in un-
wounded plants. After wounding, transcripts of both these
genes were induced approximately 4-fold in wild-type tissue
and AtVSP was induced 15-fold. No induction of DHS1 and
AtVSP occurred in the mutant, suggesting a strong dependence
of jasmonate accumulation for expression in wounded tissue.
PAL1 expression in the mutant was induced 2-fold, although
transcript levels remained considerably lower than in the
wounded wild type. To investigate the role of jasmonate in the
induction of these genes, we carried out a complementary
experiment in which unwounded wild-type and fad3–2 fad7–2
fad8 plants were sprayed with water or with a 0.001% solution
of methyl jasmonate and then harvested 1.5 hours later. The
results of this experiment (Fig. 4) indicate that transcripts of
DHS1, AtVSP, and PAL1 were strongly induced in the mutant
by application of exogenous methyl jasmonate. By contrast, the
GST gene, which was strongly induced by wounding in both
mutant and wild-type plants (Fig. 3), does not respond to
jasmonate treatment.

DISCUSSION

Our current understanding of wound-signaling is incomplete.
There is known to be at least some overlap with signaling
processes involved in plant responses to fungal and bacterial
pathogens (1, 2, 35). For this reason, and because a number of
chemical and other signals (7, 8) have been postulated to be
involved in wound signaling, it is tempting to draw analogies to
other signal–response systems in plants, microbes and animals
and suggest that wound signaling might involve branched and
interconnecting pathways that allow for crosstalk and some

redundancy in providing protection against insect attack (36,
37). The different expression patterns for putative defense
genes (Fig. 3) appear to support such a model. In particular,
the fact that GST expression is induced by wounding com-
pletely independent of jasmonate synthesis points to the
existence of a separate wound-signaling system. Despite these
possible complexities, the experiments reported herein have
provided a simple and clear-cut result. The fad3–2 fad7–2 fad8
mutants, but not neighboring wild-type plants, were devastated
by larval attack but could be protected by applications of
jasmonate (Fig. 2). Although parallel mechanismsmay operate
at other stages in the pathway, we have shown that, for the
Arabidopsis–Bradysia interaction, the synthesis and action of
jasmonate is a nonredundant step if the plant is to mount a
biologically effective response. Analogous results have recently
been obtained for a tomato mutant with reduced jasmonate
synthesis that is susceptible to damage from Manduca sexta
larvae (16).
The fad3–2 fad7–2 fad8 mutant provides additional infor-

mation about the synthesis and action of oxylipin signals. For
example, both linolenic acid and linoleic acid are substrates for
lipoxygenase, and it has been suggested that the parallel
metabolism of linoleic acid to 9,10-dihydrojasmonic acid might
provide an alternative wound signal (38). Since the fad3–2
fad7–2 fad8 mutants contain increased levels of linoleic acid
(65% compared with 16% in wild-type Arabidopsis) (9), our
results indicate that it is unlikely that 9,10-dihydrojasmonic
acid is involved in insect defense. It is known that other input
signals, some fungal elicitors for example, can activate the
octadecanoid pathway for jasmonate synthesis (1, 2, 35) and
that jasmonate is involved in activating genes involved in
processes, such as pollen development, that are distinct from
protection of the plant against insect attack (20, 28, 38). Our
results and these considerations point to a key role for
jasmonate in plant responses to a range of stresses.
Our results suggest that the fad3–2 fad7–2 fad8 mutant

should be an excellent system to identify wound-induced genes
that specifically respond to jasmonic acid and other derivatives
of linolenic acid. The various expression patterns shown by
four representative genes in Fig. 3 demonstrate the importance
of having a clear-cut genetic model in which to compare levels
of expression (relative to wild type) in a mutant that is
demonstrably susceptible to insect attack. Furthermore, con-
stitutive expression of transgenes in the mutant can be used to
test candidate defense genes for their ability to meaningfully
reduce damage and mortality from insect attack. Information
from such studies will be important for designing novel gene
combinations that can improve the insect resistance of plants.
Finally, a search for mutations that suppress the insect sus-
ceptibility of fad3–2 fad7–2 fad8 Arabidopsis can be used to
identify genes whose products act in the signaling cascade
downstream of jasmonate.
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