
Abstract. Maize (Zea mays L.) releases speci®c volatiles
in response to herbivory by caterpillars. These volatiles
are known to serve as cues for parasitic wasps to locate
the herbivores. In the present study the exact time of
volatile emission after simulated herbivory (mechanical
damage and treatment with caterpillar regurgitant) was
measured for seedlings of the cultivars ``Ioana Sweet
Corn'' and ``LG11''. Odours were collected every 0.5 h
for a total of 12 h. Typical ``green leaf odours'', (Z)-3-
hexenal, (E )-2-hexenal, (Z)-hexen-1-o1, and (Z)-3-hex-
en-1-yl acetate, were emitted immediately upon damage
and their amounts dropped rapidly after the ®rst
collections. Several of the induced compounds were
released within 2 h after treatment, while others (mainly
sesquiterpenoids) started to be released after 4 h. The
LG11 seedlings emitted several compounds (e.g. b-
myrcene, (Z)-b-ocimene, benzyl acetate, b-car-
yophyllene, (E,E )-a-farnesene) that were not detected
for Ioana. (E,E )-a-farnesene was continuously emitted
by LG11 seedlings, even by undamaged plants. Timing
of the release of volatile compounds that the two
varieties had in common did not di�er signi®cantly,
with the exception of indole for which the peak
production was considerably earlier for LG11. These
®ndings are discussed in the context of biosynthetic
pathways and mechanisms involved in induced emis-
sions of plant volatiles and the exploitation of the
resulting odour by parasitoids and predators of herbi-
vores.
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Introduction

Plants commonly respond to damage with the produc-
tion and/or release of speci®c chemicals (Tallamy and
Raupp 1991; Baldwin 1994). Timing of response can
vary considerably. In some plants, the chemical changes
start within minutes after damage, while in other plants
the e�ects are observed only after years (Baldwin 1994).
The function of the induced production of plant
secondary compounds remains a topic of discussion
and disagreement (e.g. Rhoades 1979; Edwards and
Wratten 1985; Schultz 1988; Faeth 1992, 1994; Karban
1992a,b). It is, however, generally assumed that at least
some of the chemicals serve in the defence against the
plant's attackers.

Several substances produced by the plants in response
to herbivory are volatile and some are emitted system-
ically throughout the plant (Turlings and Tumlinson
1992; RoÈ se et al. 1996). Immediately upon damage to
their leaves, plants typically release a blend of ``green
leafy'' compounds. These lipoxygenase products (six-
carbon aldehydes, alcohols, and acetates) ``bleed'' from
ruptured plant cells. If the damage ceases, the emission
of these compounds drops rapidly and will stop within
hours (Loughrin et al. 1994; Turlings et al. 1995).
Similar emission patterns are found for volatile com-
pounds that are constitutively present in plants. Cotton
plants, for instance, possess glands in which constitutive
defence volatiles are stored. When these glands are
ruptured the volatiles (mainly terpenoids) are emitted
instantaneously and their emission drops soon after the
attack on the plant stops (Loughrin et al. 1994; McCall
et al. 1994; RoÈ se et al. 1996).
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In contrast to green-leaf volatiles and constitutive
volatiles, plants also display an induced release of
volatiles, speci®cally in response to herbivory (Dicke
et al. 1990; Turlings et al. 1990; RoÈ se et al. 1996).
Induced releases of plant volatiles have received atten-
tion because they are used by predators (Dicke and
Sabelis 1988; Dicke et al. 1990) and parasitic wasps
(Turlings et al. 1990, 1995; McCall et al. 1993; Steinberg
et al. 1993; Agelopoulos and Keller 1994) to locate
herbivores, which they attack. The release of these
compounds is the result of the induction of chemical
processes (PareÂ and Tumlinson 1996, 1997b) and it takes
some time after initial damage before the emissions are
observed. The release is systemic; even undamaged
leaves of injured plants will release these volatiles in,
for instance, maize (Turlings and Tumlinson 1992) and
cotton (RoÈ se et al. 1996). In maize the production of
volatiles is triggered by an elicitor that is present in the
regurgitant of caterpillars (Turlings et al. 1993a). An
elicitor from the beet armyworm was recently identi®ed
by Alborn et al. (1997) as volicitin, a conjugate of 17-
hydroxy linolenic acid and glutamine. Induction of the
volatile emission in maize speci®cally occurs in plants
that are fed upon by caterpillars or treated with this
elicitor, and does not occur, or barely occurs, in plants
that are merely mechanically damaged (Turlings et al.
1990, 1993a; Alborn et al. 1997). Similar reactions in
plants may be elicited by b-glucosidase in caterpillar
regurgitant (Mattiacci et al. 1995), jasmonic acid, and
the pathogen-derived amino acid conjugate coronatin
(Boland et al. 1995).

Although we know that maize responds within
hours (Turlings and Tumlinson 1992), the exact
moment of the plant's emissions is not known. For
the interactions with natural enemies of herbivores, a
rapid response of the plant seems advantageous. In the
current study an automated volatile-collection appara-
tus was used to precisely monitor the volatile emissions
of maize seedlings over a 12-h period after simulated
caterpillar damage. Two maize cultivars that are
known to emit qualitatively di�erent substances were
tested and they showed a rapid response with distinct
di�erences in timing of emission for di�erent groups of
compounds.

Materials and methods

Maize seedlings. Seeds of the maize (Zea mays L.) cultivars ``Ioana
Sweet Corn'' (USDA-ARS, Tifton Ga., USA) and ``LG11''
(Fenaco, Winterthur, Switzerland) were individually planted in
regular potting soil (Triohum, Substrat 1; Samen-Mauser, Winter-
thur, Switzerland) in 7 cm (diam.) ´ 6 cm (deep) plastic pots. The
plants were kept in a climate chamber at 25 °C, 70% relative
humidity, and 16:8 light:dark regime (lights on at 6 a.m.). The light
intensity for the plants was 25,000 lux (Sylvania F96T12/CW/
VHO) during the photophase. The seedlings were used for
experiments 9±10 d after planting when they carried three leaves
and the fourth leaf had just started to show.

Caterpillar regurgitant. Caterpillars (Spodoptera littoralis) were
provided by Ciba (Novartis) Pest Control (Basle, Switzerland). The
insects were kept on a wheatgerm-based arti®cial diet at room

temperature. Regurgitant of third- and fourth-instar larvae was
collected as described by Turlings et al. (1993a). The collected
material was centrifuged and the supernatant was ®ltered through a
0.22 lm ®lter to remove large particles and micro-organisms, and
subsequently stored at 3 °C until it was used for the treatment of
plants.

Treatment of the plants. In all experiments, plants were either left
undamaged, or the undersides of the three oldest leaves were
scratched with a scalpel and treated with caterpillar regurgitant.
Each scratched area was approximately 2 cm2 and 5 ll regurgitant
was applied to it. In all cases the plants were treated at 9 a.m. Per
test we used three plants of the same cultivar, one was left
undamaged and the other two were treated. Immediately after
treatment each plant was carefully placed inside the volatile-
collection system (see below). For both cultivars the experiment
was repeated four times. Thus, the odours were collected from eight
damaged and four undamaged plants of each cultivar.

Volatile-collection system. Volatiles emitted by individual maize
seedlings were collected in a system modi®ed after Heath and
Manukian (1994). Air was ®rst pushed through a bubbler to
humidify, a ¯owmeter (Aalborg Instruments & Controls Inc.,
Monsey N.Y., USA) to measure and regulate the air ¯ow, and a
charcoal ®lter to purify the air. The moist and pure air then entered
a glass cylinder (10 cm diam, 50 cm high) at 800 ml á min-1. To
create a laminar ¯ow, the air was forced through a glass frit at the
top of the cylinder (Fig. 1). The air then passed over a plant that
was placed in the cylinder through the open bottom. A Te¯on disk
was placed against the bottom of the cylinder. The disk consisted
of two halves; a ``guillotine-like'' metal plate was attached to one
half and this could be pushed into a groove in the other half
(Fig. 1). A hole of 1 cm diameter was left in the centre of the disk
for the stem of the plant. The two halves were pushed together
around the lower part of the plant's stem, which left most of the
plant and all of its leaves inside the cylinder, while the pot
remained outside. This ensured that only odours from the plant
were present in the cylinder. The Te¯on disk had a 1-cm-wide and
5-mm-deep grove, which precisely ®tted the widened base of the
glass cylinder. Approximately 2.5 cm above the base of the
cylinder, eight glass ports with screw caps and Te¯on-sealed O-
rings allowed for the attachment of collection traps. The collection
traps were glass tubes (8 cm long, 6 mm diam.) that contained 30
mg of 80/100 mesh Super Q adsorbent (Altech Assoc., Deer®eld,
Ill., USA [see Heath and Manukian (1992) for details on the
collection traps]).

The traps were connected through the O-rings with their tips
only a few millimetres away from the stem of the plant. Outside the
cylinder the traps were attached to Tygon tubing connected to an
automated ¯ow controller (Analytical Research Systems, Gaines-
ville, Fla., USA). The ¯ow controller switched a vacuum ¯ow from
one collection trap to the next every 30 min. This ensured that each
of the eight traps attached to a collection cylinder collected odours
at its own designated time. Filters that had collected odours were
replaced every 2±3 h. Air was pulled through a trap at a rate of
600 ml á min)1. By pulling out less (75%) than went into the
cylinder, we ensured that the system was continuously purged
through the hole in the centre of the Te¯on disk and that no outside
(dirty) air would enter the system. Collections of the volatiles
started immediately after the plants were damaged at 9:00 a.m. (3 h
after lights on). Every 0.5 h the vacuum ¯ow was switched to a new
®lter for a total period of 12 h (from 9 a.m. until 9 p.m., 24
collections per plant).

On the day of an experiment, we collected from two treated and
one healthy plant of a particular cultivar. In total we collected from
eight treated plants and four healthy plants of each cultivar (576
collections).

Analysis of the volatiles. After removing the traps from the volatile-
collection system, they were extracted with 150 ll methylene
chloride and two internal standards were added (200 ng of
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n-octane and nonyl-acetate in 20 ll methylene chloride). Of each
extract, 2 ll was analysed on an HP1 (cross-linked methyl silicone;
Hewlett Packard) column (30 m ´ 0.25 mm i.d., 0.25-lm ®lm)
preceded by a deactivated retention gap (5 m ´ 0.25 mm i.d.). The
Hewlett Packard model 5890 gas chromatograph (GC) was
equipped with an on-column injector system and a ¯ame ionisation
detector. Helium at 21 cm á s)1 was used as a carrier gas. Following
injection, column temperature was maintained at 40 °C for 4 min
and then programmed at 5 °C á min)1 to 200 °C. Data were
collected with Hewlett-Packard ChemStation software and the
detected volatiles were quanti®ed based on comparison of their
peak areas with those of the internal standards.

For identi®cation of the di�erent compounds, selected sam-
ples were also analysed by GC-MS, using a Fisons GC 8065 gas
chromatograph (Carlo Erba, Milan, Italy) coupled to a model
SSQ 710 mass spectrometer (Finnigan MAT, San Jose, Calif.,
USA). For the gas-chromatographic separation the same HP-1
column was used with helium (25 cm á s)1) as a carrier gas. The
injector was held at 220 °C, employing a splitless injection of
15 s. The temperature program was: 40 °C for 5 min, increasing
by 7 °C á min)1 up to 200 °C. The MS was used in the electron-
impact mode (70 eV). For data analysis, ICIS 7.0 software
(Finnigan MAT) was used, including the mass-spectra library
NIST (National Technical Information Services, Spring®eld Virg.,
USA). Library matches and spectra interpretations revealed
candidate compounds. Con®rmations of identities were based
on retention times and mass spectra of purchased synthetics
which were analysed in an identical manner to the natural
volatiles.

Results

During the ®rst hour after damage, both Ioana and
LG11 released large amounts of the green-leaf com-
pounds, (Z)-3-hexenal, (E )-2-hexenal, (Z )-3-hexen-1-ol,
(E )-2-hexen-1-ol, and (Z )-3-hexen-1-yl acetate (Figs.
2,3). All other compounds were absent at this early stage
after treatment with the exception of E,E-a-farnesene,
which was only released by LG11, even by undamaged
plants. This is the ®rst time that we have observed that
healthy, undamaged maize plants emit detectable and
consistent amounts of a particular substance. Occasion-
ally, however, we detected linalool from undamaged

plants of both cultivars. During the following 12 h the
undamaged plants did not release any additional
compounds, but the damaged plants initiated the release
of a series of compounds at di�erent time intervals.

Less than 2 h after treatment of the plants, linalool,
(3E )-4,8-dimethyl-1,3,7-nonatriene, indole, and (3E,
7E )-4,8,12-trimethyl-1,3,7,11-tridecatetraene were emit-
ted by both cultivars. It took 4±5 h before the other
compounds that the two cultivars had in common were
detected. At this point the odour blend emitted by
both Ioana and LG11 included a-bergamotene, (E )-b-
farnesene, and nerolidol (Fig. 2A). LG11 also released
b-caryophyllene, which was detected much earlier than
the others sesquiterpenes (Fig. 2B). Further compounds
emitted by LG11 were (Z)-b-ocimene, benzyl acetate,
and phenethyl acetate. Occasionally, we found trace
amounts of some compounds that we identi®ed from
LG11 in a previous study (Turlings et al. 1998). These
were b-myrcene, 1-hexyl acetate, methyl salicylate,
methyl anthranilate, and geranyl acetate.

Based on the timing of their emissions the com-
pounds that were detected for both cultivars can be
roughly divided into four groups: (1) the green-leaf
volatiles, (2) the early terpenoids, (3) indole and (4) the
later terpenoids. Fig. 3 shows the emission over time of
four compounds that are representative of these groups.
The patterns of release are similar for the two maize
cultivars. Only the peak production of indole is much
earlier for LG11 than for Ioana. Overall, the amounts
released by LG11 were somewhat higher than for
Ioana.

Discussion

From our results we can conclude that induced emis-
sions of volatiles in maize occur rapidly after initial
damage. In the context of interactions with insects this
rapid reaction could serve the plants well. It is known
that the odours are highly attractive to parasitic wasps

Fig. 1A±C. Apparatus for collection of
volatiles. The system is based on one
designed by Heath and Manukian (1994). A
Air is ®rst passed through a bubbler (bl ) for
humidi®cation, a charcoal ®lter (cf ) for
puri®cation, and a ¯owmeter ( fm). The air
enters the glass collection sleeve (gc) from
the top and passes over the plant inside the
sleeve. Volatile molecules emanating from
the plant are carried by the air, of which
75% is pulled through one of the Super Q
traps (tr) connected to the lower part of the
sleeve. The remainder of the air is vented
out through the central hole of the Te¯on
disk (td ) that closes o� the bottom of the
glass sleeve an automated ¯ow controller
(afc) switches the vaccum ¯ow from one
trap to another at set times. B Arrangement
of Super Q traps (tr). C Details of Te¯on
disk (td ). See text for further details
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(Turlings et al. 1990, 1995) and probably also other
natural enemies of the caterpillars. The fact that the
maize plant responds so fast suggests that it may be able
to attract these and other natural enemies long before
the herbivore can do substantial damage. This would
support the notion that one of the functions of the
induced volatiles is to defend the plant indirectly by
attracting arthropods that eliminate herbivores (Dicke
and Sabelis 1988; Dicke et al. 1990; Turlings et al. 1995).

PareÂ and Tumlinson (1996, 1997b) categorised vola-
tiles emitted upon herbivore-in¯icted damage into three
basic groups. First there are the green-leaf volatiles, (Z)-
3-hexenal, (E )-2-hexenal, (Z)-3-hexen-1-ol, (E)-2-hexen-

1-ol, and (Z)-3-hexen-1-yl acetate, which are products of
the fatty acid/lipoxygenase pathway. They are the result
of the oxidation of linolenic acid and subsequent
transformations into (Z)-3-hexenal, which is further
rearranged, reduced, or esteri®ed into the other prod-
ucts. These compounds are the ®rst that can be detected
upon damage of a plant. There is evidence that ``green
leaf'' volatiles are also inducible (Boland et al. 1995),
particularly (Z)-3-hexen-1-yl acetate, which is systemi-
cally released by herbivore-damaged cotton (RoÈ se et al.
1996) and could still be detected from maize plants hours
after treatment (Fig. 2).

A second group of volatiles comprises monoterpenes
and sesquiterpenes of the isoprenoid pathway (Ge-
rshenzon and Croteau 1989, 1991; Goodwin and Mercer
1990; Alonso and Croteau 1993). Mevalonic acid was
considered to be formed from three acetyl-CoA mole-
cules and subsequently transformed into isopentenyl
pyrophosphate from which the building blocks for
terpenes are derived. However, Eisenreich et al. (1996,
1997) have demonstrated for several plant terpenoids
that they are not of mevalonoid origin. The biosynthesis
involved in the induction of some terpenoids has been
investigated by Boland and co-workers who found that
the homoterpenes (3E )-4,8-dimethyl-1,3,7-nonatriene
and (3E, 7E)-4,8,12-trimethyl-1,3,7,11-tridecatetraene
are produced from the terpene alcohols nerolidol and
geranyllinalool, respectively, through oxidative bond

Fig. 2A±B. Chromatographic pro®les of odours collected from
seedlings of the maize cultivars Ioana (A) and LG11 (B) at di�erent
times (indicated) after damage and treatment with caterpillar
regurgitant. The peaks with numbers represent compounds that were
emitted by both genotypes. They are: 1, (Z )-3-hexenal; 2, (E )-2-
hexenal; 3, (Z)-3-hexen-1-o1; 4, (E)-2-hexen-1-ol; 5, (Z)-3-hexen-1-yl
acetate; 6, linalool; 7, (3E )-4,8-dimethyl-1,3,7-nonatriene; 8, indole; 9,
(E )-a-bergamotene; 10, E-b-farnesene; 11, (E)-nerolidol; 12, (3E, 7E)-
4,8,12-trimethyl-1,3,7,11-tridecatetraene. The letters mark the com-
pounds that were only detected for LG11: a, (Z)-b-ocimene; b, benzyl
acetate; c, phenethyl acetate; d, b-caryophyllene; e, (E,E)-a-farnesene.
Two remaining volatiles did not originate from the plants; pentade-
cane (pd) was released from the regurgitant that was used to treat the
plants and imp. represents an impurity in the air. IS1 and IS2 are the
internal standards n-octane and n-nonyl-acetate
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cleavage (Boland and GaÈ bler 1989; GaÈ bler and Boland
1991; Boland et al. 1992). In our study, not all
terpenoids were released at the same time and the two
cultivars showed considerable di�erences in the terpe-
noids emitted. This indicates that the terpenoids are
products of more than one biosynthetic route or of
di�erent steps within one pathway. The terpenoids
linalool, (3E )-4,8-dimethyl-1,3,7-nonatriene, (E )-a-
bergamotene, (E )-b-farnesene, and (3E,7E )-4,8,12-tri-
methyl-1,3,7,11-tridecatetraene are released by a range
(at least 12) of maize genotypes that we have looked at
over the years (data not shown). Nerolidol is also
released by all genotypes, but in some cases only in trace
amounts. In contrast, the terpenoids b-myrcene, (Z)-b-
ocimene, b-caryophyllene, and (E,E )-a-farnesene are
released by several, but not all genotypes. Ioana and
LG11 represent in this respect two extremes of the
spectrum, Ioana releasing very few and LG11 releasing
many di�erent compounds.

The two cultivars also di�er considerably in the
release of volatiles that result from the shikimic acid
pathway. This third pathway results in the production of
indole, methyl salicylate, and probably the two remain-
ing compounds that we collected, benzyl acetate and
phenethyl acetate (PareÂ and Tumlinson 1996, 1997b). Of
these, Ioana only released indole, while LG11 released
all four compounds. Ioana and LG11 also di�ered in the
timing of indole release; peak production was consider-
ably earlier for LG11.

Cotton is another plant which has been investigated
for its releases of volatiles in response to caterpillar
damage (McCall et al. 1993; Loughrin et al. 1994; RoÈ se
et al. 1996). In cotton it takes at least a day before
induced volatiles can be detected (Loughrin et al. 1994;
RoÈ se et al. 1996). These induced terpenoids and indole in
response to herbivory are the result of a de-novo
synthesis (PareÂ and Tumlinson 1997a,b). Like many
other perennials, however, cotton also possesses consti-
tutive defence chemicals that are stored in specialised
glands (Elzen et al. 1985). Among the stored substances
are a- and b-pinene, a-caryophyllene, and a-humulene
(Loughrin et al. 1994). Unlike the induced terpenoids,
these compounds are not synthesised de-novo in

Fig. 3. Emissions of representative compounds from the maize
cultivars Ioana (A) and LG11 (B) over the entire collection period.
The number or letter after each compound name corresponds to its
peak label in Fig. 2
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response to herbivory (PareÂ and Tumlinson 1997a,b),
and their emission is instantaneous upon plant damage
and ceases rapidly when an attack stops (Loughrin et al.
1994).

Our results indicate that the plant reaction occurs in
steps. The ®rst volatiles released immediately after
damage are the ``green leafy'' odours. Parasitoids and
predators of herbivores could use these volatiles as cues
to pinpoint the location where the herbivores were last
feeding. Some hours later the induced compounds are
released and they continue to be emitted long after initial
damage. These induced compounds are released in large
amounts systemically throughout the plant (Turlings
and Tumlinson 1992), and may be used by natural
enemies of herbivores to locate plants that carry poten-
tial prey. The di�erence in blends emitted by the
genotypes Ioana and LG11 reveals a di�erent dimension
to the complexity and variety of plant ®nd volatiles and
other signals that natural enemies have to select from to
®nd suitable prey and hosts. Some of the compounds [i.e.
linalool and (3E)-4,8-dimethyl-1,3,7-nonatriene] that are
commonly released by most herbivore-damaged plants
might be more attractive to generalists than the less
common compounds. However, parasitic wasps appear
able to learn to use any odour that reliably guides them
to hosts in a particular environment (Lewis and Tumlin-
son 1988; Turlings et al. 1993b; Vet et al. 1995). It is
therefore likely that the entire blend of odours released
by a speci®c plant can be used as a signal.

The recent elucidation of the elicitor volicitin from
caterpillar regurgitant (Alborn et al. 1997) provides new
insight into the mechanisms that are involved in herbi-
vore-induced plant odours and allows us to test ecological
hypotheses. Whether or not the reaction in the plant has
evolved for the purpose of attracting natural enemies of
herbivores remains uncertain (Faeth 1994; Turlings and
Benrey 1998). It is clear, however, that the plant odours
are essential for prey and host location by predators and
parasitoids. The rapid response that we observed inmaize
will enable the natural enemies of caterpillars to locate
their victims at a very early stage of herbivory.
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Gainesville, Fla., USA) for advice on the design and use of the
volatile-collection apparatus. Jim Tumlinson and Paul PareÂ
(USDA-ARS, Gainesville, Fla., USA), Sandrine GouingueneÂ ,
Nicole Kalberer and Thomas Degen (University of NeuchaÃ tel,
Switzerland) and two anonymous reviewers provided useful com-
ments on an earlier version of this paper. We thank Claude
Fornallaz for technical support, and Prof. Silvia Dorn and the
ETH-Zurich for providing us with an excellent infrastructure.
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