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Defensive Function of
Herbivore-Induced Plant
Volatile Emissions in Nature

André Kessler and lan T. Baldwin*

Herbivore attack is known to increase the emission of volatiles, which attract
predators to herbivore-damaged plants in the laboratory and agricultural sys-
tems. We quantified volatile emissions from Nicotiana attenuata plants growing
in natural populations during attack by three species of leaf-feeding herbivores and
mimicked the release of five commonly emitted volatiles individually. Three com-
pounds (cis-3-hexen-1-ol, linalool, and cis-a-bergamotene) increased egg predation
rates by a generalist predator; linalool and the complete blend decreased lepidop-
teran oviposition rates. As a consequence, a plant could reduce the number of
herbivores by more than 90% by releasing volatiles. These results confirm that

indirect defenses can operate in nature.

Plants defend themselves against herbivores
with chemical and physical defenses that di-
rectly influence herbivore performance and
indirectly through traits that attract the natu-
ral enemies of herbivores (/—3). One such
indirect defense, the release of volatile organ-
ic compounds (VOCs) specifically after her-
bivory, is known to attract parasitoids and
predators to actively feeding larvae in the
laboratory (4, 5), and evidence from agricul-
tural systems suggests a role for herbivore-
induced VOCs in increasing predation pres-
sure (6—8&). However, conclusive evidence
has been lacking, and it is not even known
whether plants growing in natural popula-
tions increase VOC emissions after herbivore
attack. VOCs might be able to function as
indirect defenses only in simplified agroeco-
systems, in which a single natural enemy
species of a herbivore can act as an important
biocontrol agent on an agricultural plant (9).
In contrast, in natural systems, herbivore
mortality is more commonly mediated by a
suite of generalist enemies (/0). Moreover,
both the qualitative and quantitative charac-
teristics of herbivore-induced plumes of
VOCs are known to vary among plant geno-
types (I 1-13); the genetic variation common-
ly found in natural populations may under-
mine the reliability of VOCs as a signal for
natural enemies because prior exposure is
often needed to associate plant VOCs with
the occurrence of a feeding herbivore (5, 14,
15). Herbivore-induced plant VOCs may also
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influence herbivore host-location behavior,
potentially increasing herbivore attack on
plants releasing VOCs (/, 2).

To evaluate the role of herbivore-induced
VOCs in nature, we characterized the VOCs
released from Nicotiana attenuata Torr. ex
Wats (Solanaceae) plants growing in a native
population (/6—18) in the Great Basin desert
of southwest Utah, which were under contin-
uous attack by three numerically dominant
folivores: the caterpillars of Manduca quin-
quemaculata (Lepidoptera, Sphingidae), the
leaf bug Dicyphus minimus (Heteroptera,
Miridae), and the flea beetle Epitrix hirtipen-
nis (Coleoptera, Chrysomelidae) (/9). We
used an open-flow trapping design (/3) to
collect VOCs individually from 32 plants
growing in a natural population that each had
one leaf attacked by one of the three herbi-
vore species or remained undamaged (13, 20)
(Fig. 1, A and B). All plants were growing in
a 150-m? portion of the population (/8) and
were sampled simultaneously for 7 hours.
Gas chromatography—mass spectrometry
(GC-MS) analysis (21) of the trapped VOCs
revealed that all three herbivore species elic-
ited increases in the same suite of VOCs,
although the odor profiles were not identical
(Fig. 1B). The pattern and amount of herbi-
vore-induced VOCs trapped from N. attenu-
ata growing in the field were very similar to
those found in laboratory studies with plants
attacked by Manduca sexta larvae (13).

The emitted VOCs common to all three
herbivores are derived from three biosyn-
thetic pathways. Green leaf volatiles (cis-3-
hexene-1-ol, cis-3-hexenyl acetate, and cis-3-
hexenyl butyrate; 1, 3, and 6, respectively, in
Fig. 1) derived from the octadecanoid path-
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way are known to be emitted rapidly after
damage (11, 13) but are not specific to plants
attacked by herbivores (2). The terpenoids
(trans-B-ocimene, cis-a-bergamotene, and
trans-B-farnesene; 2, 8, and 9, respectively,
in Fig. 1) are emitted more slowly, typically
24 hours after attack (17, 13). Only 5 of the
24 attacked plants emitted linalool (4 in Fig.
1), which is consistent with previous findings
that only some N. attenuata genotypes are
linalool emitters (/3). All attacked plants
showed significantly elevated emissions of
cis-a-bergamotene, which is known to be
elicited in N. attenuata when a suite of seven
to eight fatty acid—amino acid conjugates that
occur in the oral secretions of both M. sexta
and M. quinquemaculata larvae are intro-
duced to leaf wounds (22) as well as when
plants are treated with methyl jasmonate
(MeJA) (13). Finally, the emission of the
shikimate-derived methyl salicylate (MeSA;
7 in Fig. 1) was significantly elevated in the
headspace of all attacked plants. Because all
of these compounds have been identified in
the headspace of other herbivore-infested
plants (2, 5, 23, 24), they may function as
universal signs of herbivore damage, and we
hypothesized that increasing the emission of
single compounds in the context of the
plants’ natural background emission should
attract natural enemies in nature.

To test this hypothesis, we mimicked the
herbivore-induced emission of individual
compounds from each biosynthetic class. To
mimic the volatile release, we applied 200 pg
of either MeJA, MeSA, cis-3-hexene-1-ol,
trans-B-ocimene, racemic linalool, or cis-o-
bergamotene in 20 pl of lanolin paste to the
stems of flowering plants in a natural popu-
lation (18). Controls were treated with 20 pl
of pure lanolin. To determine the fidelity of
the mimicry, we trapped the VOCs from
whole plants and found the emission to be
very similar to those of herbivore-infested or
MeJA-treated plants (Fig. 2A: data shown
for control, MeJA-, and cis-a-bergamotene—
treated plants). Application of individual
compounds (with the exception of MelJA,
which elicited a majority of herbivore-in-
duced VOCs) resulted in increased emissions
of only the applied compound, which was
released in quantities within the range of
emissions observed in herbivore-infested
plants (Fig. 2A) (25).

We used M. sexta eggs to measure preda-
tion rates to avoid the confounding influence
of direct defenses elicited by herbivore feed-
ing. A single hornworm larva can completely
defoliate 1 to 10 reproductively mature N.
attenuata plants in the course of its develop-
ment, and hornworm larvae have been re-
sponsible for most of the leaf area lost to
insect herbivores in six N. attenuata popula-
tions monitored in southwest Utah over the
past 2 years. Manduca eggs are typically laid
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Fig. 1. VOC release in re- A
sponse to herbivory in na-
ture. (A) Representative
total ion chromatograms
of the headspace of an
undamaged leaf from an
undamaged plant (CTRL) in
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comparison with a leaf
damaged by a M. guin-
quemaculata larva (horn-
worm). (B) Comparison of
the mean (+SEM) emis-
sions of VOCs from un-
damaged plants (CTRL)
and plants damaged by
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M. quinquemaculata larvae
(hornworm), D. minimus
(leaf bug), and E. hirtipen-
nis (flea beetle) (with eight
replicate plants per treat-
ment in the same native
population). Because herbi-
vore-induced VOCs from
N. attenuata are emitted
with different kinetics de-
pending on the compound
(73), data from the 7-hour
trapping, 24 hours after
herbivore infestation, are
presented. Each VOC trap
was spiked with 300 ng
of tetraline as an internal
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standard (ISTD), eluted with 750 .l of dichloromethane, and analyzed by GC-MS (27). The labels in both
(A) and (B) represent the following: 1, cis-3-hexen-1-ol; 2, trans-B-ocimene; 3, cis-3-hexenyl acetate; 4,
linalool; 5, terpineol; 6, cis-3-hexenyl butyrate; 7, methyl salicylate; 8, cis-a-bergamotene; and 9,
trans-B-famesene. Asterisks designate compounds whose emission was significantly [P < 0.05; Bon-
ferroni-corrected Fisher's protected least significant difference (LSD) test of an analysis of variance
(ANOVA)] elevated in comparison with undamaged control plants.

singly on plants, but clusters of four to seven
eggs on a single leaf are occasionally found.
To measure predation rates, we fixed five M.
sexta eggs to the underside of both the second
and third stem leaves (26) of 105 unattacked
N. attenuata plants, using a neutral o-cellu-
lose glue that was known not to effect chang-
es in VOC emissions (27). Lanolin paste with
and without the individual VOCs was placed
on the stem between the leaves.

Plants were of the same size (30 to 40 cm),
unattacked, and 3 to 5 m apart in a linear 500-m
transect across a population of more than
100,000 plants. Treatments were applied so that
no two plants of the same treatment were within
21 to 35 m from each other. This distance was
sufficient to prevent the plumes from similarly
treated plants from interacting and provided a
conservative measure of the ecological function
of VOC emission. In another experiment in the
same population of plants, in which distances
between similarly treated plants were only 3 to
5 m of each other, predation rates were 13-fold
higher (Fig. 2B; data for MeJA and control
treatments shown), probably because of the
lack of independence of replicates within a
treatment.

During the experiment, only one predator
(Geocoris pallens; Heteroptera, Geocoridae)
was observed feeding on the eggs and hatch-
ing larvae. Attacked eggs are emptied and

hence easy to distinguish. Moreover, this
predator was repeatedly observed preying on
leaf bugs and flea beetles. During the previ-
ous field season, G. pallens was responsible
for 95% of the M. quinquemaculata and M.
sexta larvae mortality (26); no Manduca eggs
on N. attenuata were parasitized. Survival of
eggs and neonatant larvae was monitored for
48 hours. After 24 hours, the mortality was
already significantly higher on plants treated
with MeJA (36 * 5.4%), cis-3-hexene-1-ol
(33.8 * 6.7%), linalool (37.5 * 5.3%), and
cis-o-bergamotene (33.3 *= 5.1%), whereas
mortality on plants treated with MeSA
(21.2 * 5.8%) and trans-3-ocimene (28.7 =
5.8%) did not differ significantly from mor-
tality on untreated control plants (16.7 *
4.4%, Fig. 2B).

To determine if the herbivore-induced
release of VOCs influenced the oviposition
behavior of native adult Manduca moths,
we established a new transect with unat-
tacked plants across the same populations
with the following treatments (28): one to
four foraging M. quinquemaculata first to
third instar larvae per plant, MeJA to elicit
a majority of the herbivore-induced VOCs,
one green leaf VOC (cis-3-hexenyl bu-
tyrate) and one terpenoid (linalool), and a
control lanolin treatment. At the time of the
experiment, M. quinquemaculata adults
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Fig. 2. VOCs and their influence on the survivorship of hornworm eggs
and oviposition rates of adult M. quinquemaculata in nature. (A) Mean
(SEM) whole-plant emissions of nine VOCs from plants (four per
treatment) treated with lanoline paste (CTRL), methyl jasmonate
(MeJA), and cis-a-bergamotene (bergamotene) 24 hours after appli-
cation. Plants were enclosed in an open 2-liter conical plastic chamber,
and the headspace air was pulted through a charcoal trap for 7 hours
at a flow rate of 450 to 500 ml min~" by a vacuum pump (73). The
“bergamotene” treatment (as well as the cis-3-hexene-1-ol, trans-@-
ocimene, linalool, and methyl salicylate treatments) (25) only in-
creased the emission of the applied compound. The dotted line
denotes the highest natural cis-a-bergamotene emission rate mea-
sured from a plant damaged by a hornworm in this study. (B) Mean
(=SEM) percentage survival of M. sexta eggs on plants releasing
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elevated amounts of single VOCs: 1, cis-3-hexene-1-ol; 2, trans-§3-
ocimene; 4, linalool; 7, methyl salicylate; and 8, cis-a-bergamotene. In the “clumped” experimental design, plants treated with the same VOC were
within 3 to 5 m of each other, whereas in the "transect” experimental design, similarly treated plants were within 21 to 35 m of each other. (C) Mean
(£SEM) M. quinquemaculata oviposition rates on MeJA-treated plants, plants under previous attack by hornworms, and plants treated with
cis-3-hexenyl butyrate (6) and linalool (4). Asterisks represent significant differences from control (CTRL) plants (*, P < 0.05; **, P < 0.01; *** p <
0.001) as determined by Fisher's protected LSD test of an ANOVA.

were ovipositing, and the number of eggs
deposited on each plant was counted and
removed every second day for 14 days.
Lanolin treatments were refreshed every 48
hours to maintain VOC emissions. Over a
1-week period, moths laid fewer eggs per
plant on plants under attack by caterpillars
(0.31 £ 0.08), on plants treated with MeJA
(0.53 £ 0.1), and on plants treated with and
releasing linalool (0.42 = 0.2). Plants treat-
ed with cis-3-hexenyl butyrate (0.64 = 0.2)
received the same number of eggs as con-
trol plants (1.0 = 0.2) (Fig. 2C).

By releasing VOCs after herbivore attack,
a plant can profoundly influence both ovipo-
sition and predation rates in nature and there-
by influence both “bottom-up” as well as
“top-down” control over its herbivore popu-
lations. The emission of linalool alone caused
a 2.4-fold reduction in oviposition rate. Daily
predation rates on plants releasing VOCs,
extrapolated to 1 week, were 4.9 to 7.5 times
higher than those observed on control plants;
hence, the top-down effects in this experi-
ment were more strongly influenced by VOC
emissions. The multiplicative effect, calculat-
ed from both the bottom-up and the top-down
components of this indirect defense (25)
could reduce the numbers of the plant’s most
significant insect folivore, M. quinquemacu-
lata, by 91.7 (MeJA treatment) and 94.5%
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(linalool treatment). Herbivores as well as
predators appear to use the same volatile
signals, suggesting that plants are under
strong selection to release them.
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A Sperm Cytoskeletal Protein
That Signals Oocyte Meiotic
Maturation and Ovulation
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Caenorhabditis elegans oocytes, like those of most animals, arrest during mei-
otic prophase. Sperm promote the resumption of meiosis (maturation) and
contraction of smooth muscle-like gonadal sheath cells, which are required for
ovulation. We show that the major sperm cytoskeletal protein (MSP) is a
bipartite signal for oocyte maturation and sheath contraction. MSP also func-
tions in sperm locomotion, playing a role analogous to actin. Thus, during
evolution, MSP has acquired extracellular signaling and intracellular cytoskel-
etal functions for reproduction. Proteins with MSP-like domains are found in
plants, fungi, and other animals, suggesting that related signaling functions may

exist in other phyla.

In sexually reproducing metazoans, oocyte
meiotic cell cycle progression is coordinated
with ovulation and fertilization to ensure fu-
sion of haploid gamete nuclei. In many ani-
mals, sperm trigger the resumption of meiosis
in arrested oocytes, but the underlying mech-
anisms are not clear. During C. elegans re-
production, sperm promote oocyte meiotic
maturation (M-phase entry) and gonadal
sheath cell contraction, which act in concert
to facilitate ovulation (/). Fertilization then
occurs as ovulating oocytes enter a sperm
storage compartment called the spermatheca
(Fig. 1A). Caenorhabditis elegans sperm are
separated from oocytes and sheath cells by a
valve-like constriction of the distal sper-
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matheca. Therefore, we reasoned that sperm
likely secrete factors that promote both oo-
cyte maturation and sheath contraction. To
identify the sperm signals, we developed an
in vivo bioassay by microinjecting sperm-
conditioned medium (SCM) (2) into the uter-
us of fog-2(q71) females (3) (Fig. 1A). The
oocyte maturation and sheath contraction
rates are very low in these mutants (1), which
lack sperm due to a defect in germline sex
determination (3). Microinjection of SCM
into fog-2 females causes robust increases in
the oocyte maturation and sheath cell con-
traction rates, as visualized by time-lapse vid-
eo microscopy [Web movies (4)]. Sheath
cells also respond with an increased contrac-
tion intensity, as measured by their lateral
displacement. No activity is observed after
the microinjection of bacterial extracts, fe-
male extracts, l-methyladenine, serotonin,
oxytocin, or M9 buffer.

The bioactive factors present in SCM are
heat-resistant (100°C, 20 min) and sensitive
to proteinase K digestion, suggesting that

plants 24 hours after treatment with the a-cellulose
glue used to fix eggs to leaves in the field experiment
did not significantly increase any VOC emissions as
compared with water-treated controt plants (all P for
compounds 1 to 7 >0.88). Laboratory experiments
also demonstrated that naturally oviposited M. sexta
eggs did not elicit a detectable plant VOC release in
comparison with controt plants without eggs (29).

28. We used 40- to 50-cm-tall flowering plants, growing
3 to 5 m apart in a 400-m linear transect across the
population.
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they are proteinaceous. Comparison of SCM
to sperm lysates by SDS—polyacrylamide gel
electrophoresis (SDS-PAGE) indicates that
SCM is highly enriched with a single protein
(Fig. 1B). The bioactive factors were purified
with reversed-phase high-performance liquid
chromatography (HPLC) using C, and C,,
columns (5). Collected fractions were dia-
lyzed in M9 buffer and assayed individually.
Single peaks of maturation- and contraction-
inducing activity elute from both columns
(Fig. 1C). The identical separation character-
istics of both activities on two columns with
gradient elution indicates that both activities
are likely contained in the same protein or
protein complex. MALDI-TOF mass spec-
trometry shows that a polypeptide of
14,121 = 1 dalton is present in the active
fractions (Fig. 1D). Tryptic peptide mapping
and sequencing representative fragments with
post source decay mass spectrometry identify
the bioactive polypeptide as the major sperm
protein (MSP) (6). Caenorhabditis elegans
MSP variants differing by one to four amino
acids are encoded by a multigene family of
approximately 40 genes (7). Closer analysis
of the mass spectra reveals that several iso-
forms with similar molecular weights are
present. Two of the major peaks match the
calculated molecular weights of MSP-3 and
MSP-142 (Fig. 1D). Nanomolar concentra-
tions of SCM-purified MSP cause dramatic
increases in the oocyte maturation and sheath
cell contraction rates when microinjected into
the uterus of fog-2 females (Fig. 2). MSP,
purified from sperm lysed with glass beads,
produces identical signaling results and is
indistinguishable from SCM-purified MSP
by MALDI-TOF (8).

To verify that MSP is the signal for oocyte
maturation and sheath contraction, we ex-
pressed and purified two MSP isoforms,
MSP-77 and MSP-38, from Escherichia coli
(9). Both isoforms, which differ by three
amino acids, promote oocyte maturation and
sheath contraction at rates equivalent to MSP
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