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Abstract—The effect of herbivory on the composition of the volatile blends
released by cotton seedlings was investigated by collecting volatiles from
undamaged, freshly damaged (0-2 hr after initiation of feeding), and old
damaged (16-19 hr after initiation of feeding) plants on which cormn earworm
caterpillars (Helicoverpa zea Boddie) were actively feeding. A blend of 22
compounds was consistently observed to be emitted by the old damaged plants
with ning occurring either only in, or in significantly greater amounts in old
damaged. as compared with freshly damaged plants. These were (Z)-3-hex-
enyl acetate, hexyl acetate, (£)-B-ocimene, (3E)-4,8-dimethyl-1.3.7-non-
atriene, (Z)-3-hexenyl butyrate, (E)-2-hexeny! butyrate, (Z)-3-hexeny!
2-methylbutyrate, (£)-2-hexenyl 2-methylbutyrate, and indole. The nature of
this response is compared with other studies where herbivore-induced volatile
responses are also known. The presence of large amounts of terpenes and
aldehydes seen at the onset of feeding and the appearance of other compounds
hours later suggest that cotton defense mechanisms may consist of a consti-
tutive repertoire that is augmented by an induced mechanism mobilized in
response o attack. A number of the induced compounds are common to many
plants where, in addition to an immediate defensive function, they are known
to be involved in the attraction of natural enemies.

Key Words—Cotton, H. zea, teeding deterrence, phytoalexin, semiochemi-
cals, terpenes, tritrophic interactions.

*To whom correspondence should be addressed.

'Present Address: Biomedical Sciences Division, Liverpool Schoo! of Tropical Medicine, Pembroke
Place, Liverpool L3 5QA. U.K.

*Present address: Department of Applied Entomology, Division of Phytomedicine, ETH Zentrum/
CLS, Clausiusstrasse 21, CH 8092 Zfich, Switzerland.

? Present address: Department of Entomology , University of Kentucky, $225 Agricultural Site Center
North, Lexington, Kentucky 40546-0091.

3039

0098-0331/94/1200- 3039507 00/0 < 1994 Plenum Publishing Corparation



3040 McCALL ET AL.

INTRODUCTION

In the past, studies on plant volatile production have generally dealt with the
relationship between the healthy plant and its attractancy or repellency to poten-
tial herbivores, or with the effect on herbivore feeding of plant-produced chem-
icals (Carroll and Hoffman, 1980; Dickens, 1984; Gunasena et al., 1988:
Mitchell et al., 1991). Intact healthy plants often produce specific odors that
are recognized by certain herbivores searching for potential oviposition or feed-
ing sites, but damage to these plants may result in the release of volatile anti-
feedants that serve to reduce the damage inflicted by the herbivore (Mihaliak et
al., 1987). Plant odors can also be attractive to parasitoids or predators, which
then attack the herbivores. Moreover, it has recently been shown that some
plants produce a specific blend of volatile chemicals, only in response to her-
bivore-induced damage, that attract either predators (Dicke and Sabelis, 1988)
or parasitoids (Turlings et al., 1990), which then attack the injurious herbivores
and relieve the plant. The predators and parasitoids appear to orient to these
chemicals, recognizing them as marker cues for their prey or hosts.

This plant response to herbivore damage is likely to be part of a general
chemical defense against the herbivores, which is exploited secondarily by nat-
ural enemies of the herbivores, thereby adding to the benefits that the plant gains
from the emission of volatiles (Turlings and Tumlinson, 1991). In those cases
so far described, the volatile blends released by plants in response to herbivore
damage are unique to the particular plant species described but contain a number
of commonly encountered plant volatiles (Turlings et al., 1993a). Furthermore,
prior results with comn seedlings (Turlings et al., 1993b) and preliminary results
with cotton (Turlings and McCall, unpublished) indicate that the composition
of the induced blend of volatiles does not vary significantly when the plants are
attacked by different species of herbivorous insects. This suggests that the plant
is responding nonspecifically to insect damage and that this response is char-
actenistic for that particular plant species or variety. Therefore, as part of a series
of studies on the interactions among plants, herbivores, and parasitic wasps, the
nature of this induced response in cotton plants was investigated. In the present
study, the effect of damage by one caterpillar species, corn earworm, Helico-
verpa zea Boddie (Lepidoptera: Noctuidae), was examined. This was chosen as
a complement to studies on the Braconid wasp Microplitis croceipes Cresson
(Hymenoptera: Braconidae), a parasitoid specialist on comn earworm and related
species, and its host location behavior when foraging in cotton and other plant
species (McCall et al., 1993). To date, studies on cotton volatiles have dealt
with the odors of intact plants (Thompson et al., 1971; Hedin et al., 1975b;
Hedin, 1976), or with specific biosynthetic classes of compounds (Minyard et
al., 1965, 1966; Pomonis et al., 1980; Chang et al., 1988). Here the complete
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odor blend emitted by cotton under attack by caterpillars is described, and the
delayed nature of the release is shown.

METHODS AND MATERIALS

Insects. All of the insects used (Helicoverpa zea Boddie, CEW) were reared
on a pinto bean-based artificial diet using the procedure described by King and
Leppla (1984). In all studies, late-second to third-instar larvae were used.

Plant Treatments. Cotton (Gossypium hirsutum L., var. McNair 235) was
grown in a greenhouse, in styrofoam cups (500 ml), with one seedling per cup.
The seedlings used were approximately 20 cm tall at 2-3 weeks old (4 to 6-leaf
stage). The plants were brought indoors between 1700 and 1900 hr. In cases
where the plant treatment was classed as being old damage, five caterpillars
were placed on each plant, and the whole plant and pot were covered with an
inverted styrofoam cup in which the base was replaced by fine nylon mesh, and
then fitted tightly to the plant pot to retain the caterpillars. On the following
morning, the plant was cut close to the base of its stem with a razor blade, the
cut end wrapped in wet cotton to prevent dehydration, and immediately placed
with the caterpillars in a volatile collection chamber. All volatile collections
were made between 0900 and 1200 hr, at 16-19 hr after feeding began. In cases
classed as fresh damage, plants were stored overnight as described, but no larvae
were introduced until the cut plants were placed in the volatile collection cham-
ber. In both old and fresh damage, extra caterpillars that had been starved
overnight were placed with the plants, so that active feeding was occurring
during the volatile collections from both treatments.

Collection of Plant Volatiles. The volatile collection system has been
described in detail by Turlings et al. (1991a). Briefly, humidified air, purified
by an in-line activated charcoal filter, entered four parallel chambers consisting
of Pyrex glass tubes (approx. 50 c¢m long and 115 mm in diameter), each with
a glass frit to ensure laminar airflow through the tube. The tubes were assembled
from three sections to facilitate cleaning and introduction of the seedlings. Air-
flow at 300 ml/min was balanced with house air and vacuum, and maintained
at slightly higher than atmospheric pressure inside each chamber. Air exited
each chamber through a reusable 3.7-mm-ID X 4-cm-long glass collection trap
packed with 25 mg Super Q adsorbent (80-100 mesh) (Alltech, Deerfield, Illi-
nois), which was prerinsed prior to each volatile collection with 5-10 ml di-
chloromethane to remove impurities. Volatiles were collected for 2 hr, after
which the collection traps were extracted immediately with 150 ul dichloro-
methane, and internal standards added (1 ug each of octane and nonyl acetate
in 30 pl dichloromethane). A total of four collections comprising a system blank
(containing only wet cotton wool), undamaged seedlings (seedlings simply cut
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at the base and wrapped in wet cotton wool), fresh damaged seedlings, and old
damaged seedlings were run in parallel on each occasion and the airflows through
each were equalized with Aalborg flowmeters at the downwind end of the col-
lection traps. Each treatment involving plant damage consisted of three seedlings
under attack by a total of 20-25 caterpillars. The experiment was replicated five
times.

Chemical Analyses. Collected volatiles were analyzed with a Hewlett-Pack-
ard model 5890 GC, or a Varian model 3700 GC, equipped with split-splitless
capillary injector systems and flame ionization detectors. All analyses were
performed on two fused silica capillary columns, with helium as carmier gas (19
cm/sec). The columns were 50 m x 0.25 mm ID with a 0.25-um film of bonded
methyl silicone (007) and 50 m X 0.25 mm ID with a 0.25-gm film of bonded
cyanopropyl methyl silicone CPS-1 (Quadrex Corporation, New Haven, Con-
necticut) and were operated at an initial temperature of 40°C for 3 min, then
programmed at 5°C/min to 180°C. All injections of 2 ul were made in the
splitless mode, and split after 30 sec. Data were collected, analyzed, and stored
with a Perkin-Elmer chromatographic data system.

Samples were also analyzed by GC-mass spectroscopy (GC-MS) with a
Nermag model R1010 mass spectrometer in both electron impact and chemical
ionization modes. Both of the columns and the conditions described above were
used in GC-MS. Methane and isobutane were used as reagent gases for chemical
ionization. The retention times on both columns and the spectra of the natural
compounds were compared with those of candidate synthetic compounds. (3E)-
4,8-Dimethyl-1,3,7-nonatriene and (3E.7E)-4.8,12-trimethyl-1,3,7,11-trideca-
tetraene were synthesized by the Wittig reaction of geraniol and famesal, respec-
tively, with methylenetriphenyl phosphorane (analogous to Maurer et al., 1986).
In the case of the (Z)-3-hexenyl and (£)-2-hexenyl esters of butanoic and 2-
methy! butanoic acids, identifications were further confirmed by cochromatog-
raphy of the natural compounds with authentic standards. All of the other syn-
thetic standards were obtained from commercial sources.

RESULTS

Identity of Released Volatiles. In volatiles emitted by plants with old dam-
age, 22 compounds were consistently present. Figure 1 shows typical chroma-
tograms for volatile collections made from three seedlings over 2 hr, and Table
I shows the calculated amounts released from one seedling per hour, based on
an integration of the data from five replicates per treatment. None of these
compounds were found in blank collections made from wetted cotton wool, and
only minute amounts were found in collections from undamaged cotton, some
of which may have arisen as a result of slight mechanical damage to the plants
during handling.
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Fic. 1. Gas chromatographic analyses on a methy! silicone capillary column of volatiles
collected from groups of three cotton seedlings for a period of 2 hr. Fresh damage:
volatiles collected during the 2 hr immediately following initiation of feeding by 20-25
H. zea larvae. Old damage: volatile collection commenced at least 15 hr after initiation
of feeding. Peak numbers correspond to the compounds named in Table | and those
peaks marked with an asterisk are present in significantly greater amounts in old darage
than in fresh damage. IS, and IS, represent n-octane and n-nonyl acetate, respectively.

It was possibly to identify most of these compounds by comparison of the
mass spectra and retention times on polar and nonpolar columns with the known
synthetic compounds. In the case of a-guaiene and 6-guaiene however, authentic
standards of sufficient purity to make positive identification were not available.
The seven most intense ions in the electron impact mass spectra of these two
tentatively identified compounds were 105 (100), 204 (M™*, 85.4), 93 (84.4),
70 (83.3), 81 (78.1), 91 (77.1), and 107 (66.7) for «-guaiene; and 93 (100),
108 (81.6), 79 (75.5), 107 (68.4), 81 (63.3), 91 (57.1), and 95 (55.1) for &-
guaiene. Additionally, a number of other compounds were occasionally found
in the volatile collections. Of these, certain compounds were matched with
library mass spectra and provisionally identified as phellandrene, copaene, ter-
pinene, bisabolol, benzaldehyde, and nonanol, but as they were not consistently
found in most of the volatile collections, their identities were not confirmed.

Variations in Volatile Blends. Nine of the compounds were found to be
released in significantly greater amounts from plants with old damage than from
freshly damaged plants (Figure 1, Table 1). Of these, (Z)-3-hexenyl acetate,
hexyl acetate, (E)-B-ocimene, (3£)-4,8-dimethyl-1.3,7-nonatriene, and (£)-3-
hexeny! butyrate were also found in volatiles of freshly damaged plants (peaks
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8,9, 11, 12, and 13), but in significantly lower quantities (P < 0.05, Mann-
Whitney test). (£)-2-Hexenyl butyrate, (£)-3-hexenyl 2-methylbutyrate, (E)-2-
hexenyl 2-methylbutyrate, and indole (peaks 14, 15, 16, and 17) were never
found in volatiles from fresh damage. Although peak 22, (3E,7E)-4,8,12-tri-
methyl-1,3,7,11-tridecatetraene, also occurred in increased amounts in the old
damage, this difference was not significant (P = 0.09).

DISCUSSION

This study represents the first attempt to describe the total blend of volatiles
released by cotton plants following herbivore damage. Earlier studies described
either the constituents of cotton essential oil (Minyard et al., 1965, 1966; Hedin
et al., 1975a; Kumamoto et al., 1979), or volatile compounds from intact cotton
plants (Thompson et al., 1971; Hedin et al., 1975b; Hedin, 1976; Pomonis et
al., 1980; Chang et al., 1986, 1988). What is immediately apparent from this
study is the enormous increase in volatile release following caterpillar feeding
and the subsequent change in relative proportions of the compounds within the
blend as feeding continues. The increase in the particular compounds in old
damaged seedlings is very striking in some cases, with (E)-2-hexenyl butyrate,
(Z)-3-hexenyl 2-methylbutyrate, (E)-2-hexenyl 2-methylbutyrate, and indole
appearing only in older damaged plants, and others occurring in significantly
greater amounts. The latter is best illustrated by the dramatic increase in (Z)-3-
hexenyl acetate from 2.1% of the total blend in fresh damage to 21% in old
damage (Table 1). Increases of this nature following herbivore damage have
previously been recorded from corn seedlings following caterpillar damage (Tur-
lings et al., 1990) and in lima beans following mite damage (Dicke et al., 1990a)
(see below).

A number of the compounds recorded here are not mentioned in the pre-
vious literature on cotton volatiles (compounds 1, 8, 9, 12, 13, 14, 15, 16, 17,
and 22 in Figure 1). The green leaf compounds hexyl acetate and (Z)-3-hexenyl
acetate have been found in volatiles of cowpea (Lwande er al., 1989) and com
(Buttery and Ling, 1984; Turlings er al. 1991a), respectively, and both are
found in strawberry (Hamilton-Kemp et al., 1989). Peak 15, (Z)-3-hexenyl
2-methylbutyrate, is also known from strawberry leaves (Hamilton-Kemp et al.,
1989). The related methylene monoterpene, (3E)-4,8-dimethyl-1,3,7-nonatriene
and methylene sesquiterpene, (3E,7E)-4,8,12-trimethyl-1,3,7,11-trideca-
tetraene have been reported from cardamom oil (Elettaria cardamomum) (Maurer
et al., 1986), from comn seedlings (Turlings et al., 1991a) under attack by
caterpillars, and from lima beans leaves (Dicke et al., 1990a) and cucumber
leaves (Dicke et al., 1990b) under attack by acarine herbivores. Many of the
compounds identified in volatiles from cotton leaves in the present study are
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also known to occur in the volatiles from flowers and bolls, although in different
relative proportions (Turlings et al., 1993a), and the differences between fresh
and old damage shown here are also seen in those plant parts (McCall and
Turlings, unpublished).

(Z)-3-Hexenal is highly volatile and is seldom reported as a green leaf
volatile elsewhere, although Turlings et al. (1991a) found high proportions in
corn volatiles, probably as a result of using this volatile collection technique.
This relatively simple, nondestructive, and highly efficient [as evidenced by the
retrieval of (Z)-3-hexenal] procedure allows a more accurate determination of
the identity and proportions of compounds emitted by the plant. This is pref-
erable to identification of compounds obtained by extraction or more destructive
methods, which lead to the identification of compounds present in the plant in
various forms, or in the worst case, artifacts produced by degradation of plant-
contained compounds. The composition of such extracts is unlikely to be rele-
vant to the blend actually emitted by the plant and ultimately detected by insects.

Many of the compounds detected in cotton at the onset of, or induced by,
herbivore infestation are known feeding deterrents (Zummo et al., 1984; Mi-
haliak et al., 1987; Gunasena et al., 1988; Hedin et al., 1991), or are known
to have a defensive function against other unrelated pathogens (Zeringue and
McCommick, 1989, 1990). The subsequent appearance of, or increase in, specific
compounds only after 16 hr, suggests a more specific role for these induced
compounds. Corn seedlings under attack by caterpillars show a dramatic increase
in certain terpenoids 16 hr after the onset of damage caused by herbivory (Tur-
lings et al., 1990), in response to the oral secretions of the herbivore (Turlings
et al., 1993b). A similar response was also shown to occur in lima bean (Dicke
and Sakelis, 1988). However, the presence within the cotton plant of high
quantities of terpenoids at the initiation of herbivore feeding suggests that, unlike
the faster growing annuals corn and lima bean, which may rely primarily on an
induced response that is activated when attacked and becomes effective only
after a number of hours (Turlings and Tumliinson, 1991), the relatively slow
growing perennial cotton already has effective constitutive defense resources in
place. Coley et al. (1985) suggested that slower growth rates favor larger invest-
ments in antiherbivore defenses, whereas plants with faster growth rates may
utilize more mobile or flexible defenses. Results from the present study suggest
cotton may utilize both means of defense. In fact, certain of the compounds
induced in cotton, (Z)-3-hexenyl acetate and (3£)4,8-dimethyl-1,3,7-non-
atriene, are also found following herbivore damage in lima bean (Dicke and
Sabelis, 1988), in corn (Turlings et al., 1991a), and in cowpea (Turlings et al.,
1993a), and (E)-f-ocimene and indole are induced in lima bean and corn,
respectively, suggesting a common role for these compounds. Moreover, there
is evidence that production of terpenes and other antifeedants varies seasonally,
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with peak production coinciding with fruiting and consequential Heliothis zea
attack (Hedin, 1976; Zummo et al., 1984).

Turlings and Tumlinson (1992) showed that the induced response to her-
bivores in corn was not limited to the sites of damage but occurred throughout
the plant, with undamaged leaves also releasing induced compounds. In this
study a systemic response by cotton was not investigated. However, Karban and
Carey (1984) showed that new growth on cotton seedlings that had been infested
previously with mites was more resistant to subsequent infestations by the same
and novel mite species than were seedlings that had never been infested. Thus,
cotton may be capable of a systemic chemical response to herbivore damage.
Further research will be required to determine whether release of volatiles by
herbivore damaged cotton is systemic.

We also have shown that damaged cotton plants were the most important
source of volatile cues that foraging parasitic wasps, M. croceipes, used to locate
potential host sites (McCall et al., 1993). Other studies on lima bean (Dicke
and Sabelis, 1988) and corn (Turlings et al., 1990, 1991b) found that it is the
herbivore-induced volatiles in particular that are exploited by natural enemies
to locate their hosts or prey. Although other workers have shown that parasitic
wasps respond to volatiles of cotton (Elzen et al., 1984, 1986, Baehrecke et
al., 1989; Li et al., 1992), they did not take into account the delay in the
appearance of the induced response in the plant. Thus, whereas M. croceipes
will respond in simple flight tests to individual green leaf odors (Whitman and
Eller, 1990), characteristic of fresh herbivore or simple mechanical damage,
they prefer old damage to fresh damage in choice tests, regardless of previous
experience (McCall et al., 1993). The results of both that and the present studies
suggest that this parasitic wasp has an innate predisposition to orient to herbi-
vore-induced volatiles, which overrides positive learning experiences. Consid-
ering, then, the role of delayed herbivore-induced volatile responses in host-
location by natural eneries on cotton and other plants, precise timing of plant
damage must be considered crucial in such behavioral studies. The compounds
making up the green leafy odor are common to many different plant species
(Visser et al., 1979). Although they may be of secondary importance in the
close range location of the freshest damage, where the hosts are currently likely
to be. it is the induced compounds that are the more reliable and consistent
indicators of the presence of herbivores. Natural enemies are faced with a prob-
lem in obtaining cues for hosts or prey, which need to be both reliable and
detectable for efficient foraging (Vet and Dicke, 1992). Within the complex of
odors originating from the plant, the herbivore, and the herbivore’s waste prod-
ucts, the plant-derived odors are by far the most abundant and are the most
attractive to foraging parasitic wasps (Turlings et al., 1991a). In nature the
herbivore-specific volatiles within the plant odor blend would allow the endan-
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gered plant to advertise itself more accurately and prominently to searching
beneficial insects.
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