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Summary

Undamaged plants emit low levels of green
leaf volatiles (GLVs), while caterpillar-damaged and artifi-
cially damaged plants emit relatively higher levels of cer-
tain GLVs. Female braconid parasitoids, Microplitis cro-
ceipes, oriented to both damaged plants and to individual
GLVs in no-choice tests in a wind tunnel, but seldom
oriented to undamaged plants. Female ichneumonid parasi-
toids, Netelia heroica, also oriented to individual GLVs in
a wind tunnel. Males of both wasp species failed to orient
to the GLVs. These data show that leaf-feeding caterpillars
can cause the release of GLVs, and that parasitic wasps can
respond to these odors by flying upwind (chemoanemotac-
tic response), which brings the wasps to their caterpillar

hosts. This supports the hypothesis that plants communi-
cate with members of the third trophic level, i.e., plants
under herbivore attack emit chemical signals that guide
natural enemies of herbivores to sites of plant damage. In
this interaction, the GLVs serve as tritrophic plant-to-para-
sitoid synomones. That parasitoids from two different
wasp families oriented to GLVs suggests that the response
may be widespread among the Hymenoptera.
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Introduction

Plant chemicals are important in host finding
by wasp parasitoids of herbivorous insects (Eller ef al. 1988a;
Sugimoto et ¢l. 1988; Whitman 1988a; Ding et a/. 1989; Na-
vasero & Elzen 1989; Sheehan & Shelton 1989; Martin er al.
1990). However, few of these attractive plant odors have been
identified (Whitman 1988a). In this paper we show that green
leaf volatiles (GLVs) are released from plants as caterpillars
feed, and that some GLVs are attractive to parasitic wasps in
a wind tunnel. We sepculate that in nature parasitic wasps use
GLVs to orient to sites where caterpillars are damaging leaves.
These GLVs would thus serve as plant-to-parasitoid syno-
mones.

The GLVs, also known as green leaf odors,
are six carbon alcohols, aldehydes and derivative esters com-
monly found in green plants (Visser ef al. 1979; Hamilton-
Kemp ef al. 1988, 1989; Hernandez ef al. 1989), including He-
liothis zea food plants (Thompson et al. 1971; Hedin et al.
1973, 1975; Liu ef al. 1988; Lwande ef al. 1989; Dicke et al.
1990). The GL Vs are released or produced when plant tissue is
cut (Saijo & Takeo 1975; Wallbank & Wheatley 1976; Buttery
et al. 1985; Tollsten & Bergstrom 1988) and are responsible in
part for the odor of damaged leaves (e.g., the odor of fresh-
mowed grass). The adaptive significance of GLVs is un-
known.

The two wasp species used in this study seek
out and oviposit into plant-feeding caterpillars. Microplitis
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croceipes {Cresson) is a braconid parasitoid of the corn ear-
worm caterpillar Heliothis zea (Boddie) (Lepidoptera: Noctui-
dae). Its host seeking behavior and biological control poten-
tial for H. zea have been well studied (Drost er al. 1986, 1988;
Eller et al. 1988a, b; Powell er al. 1989). Netelia hercica
Townes is a nocturnal ichneumonid parasitoid of various spe-
cies, including Heliothis spp. (Townes 1939). The three plant
species used in our experiments (cotton, cowpea, and hyacinth
bean) serve as H. zea food plants (Johnson et al. 1986).

Materials and methods

Insects

Larval M. croceipes were reared on Heliothis
zea at the IBPMR Laboratory at Tifton, Georgia. The Helio-
this were cultured on artificial diet (Burton 1969). Adult para-
sitoids were kept communally and allowed to mate in Plexi-
glas cages (30x30x17 cm) at 28°C, at 50-70% relative hu-
midity, with a 16:8 light-dark photoperiod, and they were
provided daily with fresh water and honey (Lewis & Burton
1970).

N. heroica were collected in the field from
Tifton, Georgia and thereafter cultured at the IBPMR Labo-
ratory on Heliothis virescens (Fabricius). Adult N. heroica
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were kept communally and allowed to mate in 45 x38 x 38 cm
screen cages under similar environmental conditions as de-
scribed for M. croceipes.

Plants

Cotton (Gossypium hirsutum L.) and purple-
hull cowpea (Vigna unguiculata 1..) seedlings were grown in a
greenhouse. Hyacinth bean (Dolichos lablab 1..) leaves were
obtained from mature field-grown plants.

Collection and analysis of volatiles

Plant volatiles were collected using the vola-
tile collection system described by Eller et al. (1988a) with Su-
per-Q (80/100 mesh; Alltech, Deerfield, IL) as the adsorbent
and extracted in methylene chloride. Volatiles were collected
from undamaged, artificially damaged and caterpillar-dam-
aged cowpea seedlings. Volatiles from undamaged cowpea

~ were collected from three cowpea seedlings with their roots

removed and the cut end wrapped with wet cotton. Artificially
damaged cowpeas were treated as described for undamaged
cowpeas except each seedling had two 9-mm diameter holes
punched in its leaves. Caterpillar-damaged cowpea odor was
collected from cowpeas on which third and fourth instar He-
liothis larvae were feeding. Three collections were made for
each of the three treatments.

Collected volatiles and synthetic compounds
were analyzed by gas-liquid chromatography (GLC) to deter-
mine the relative amounts of GLVs present in the various
treatments. GLC analyses were conducted on Varian model 3700
and Hewlett-Packard model 5890 gas chromatographs, equip-
ped with flame ionization detectors. A Perkin Elmer Chroma-
tographics 3 data system was used for data collection, storage,
and analysis. Injections were made in the splitless mode and
after 30 seconds the injector was changed to the split mode.
Fused silica capillary columns, OV-101 (0.25 um, 50 m X
0.25 mm ID) and CPS-1 (0.25 pm, 50 m X 0.25 mm ID), were
used in the Varian and Hewlett-Packard gas chromatographs,
respectively. Helium was used as the carrier gas (linear flow
velocity of 18.0 cm/s). The temperature program was: initial
temperature of 40°C for 1 min, then increased 5°C/min to
200°C. The injector and detector temperatures were 220°C
and 260°C, respectively. The internal standards used were n-
octane and nonyl acetate.

GLC-mass spectral analyses were conducted
with a Nermag model R 10-10 mass spectrometer in the elec-
tron impact (EI) mode using an ionization energy of 70 eV.
The mass spectrometer was interfaced to a Hewlett Packard
model 5890 gas chromatograph equipped with a Hewlett
Packard on-column injection system. A fused silica SPB-1 ca-
pillary column (0.25 pm, 30 m X 0.25 mm ID) was used. He-
lium was used as the carrier gas (linear flow velocity of 18.0
cm/s). The temperature program was: 60°C for 1 min, then
increased 20°C/min to 230°C.

Flight tunnel

We tested the ability of wasps to fly to plant
volatiles in a 75x75x200 cm laminar-flow Plexiglas wind
tunnel (wind speed: 31 cm/s; temperature: 26-27 °C; relative

humidity: 40-80% RH; chamber light provided by four over-
head 80 W fluorescent bulbs). An electric fan, placed outside
the building, pulled air through the tunnel and vented it out-
side to avoid contamination from recycled air.

Chemicals

The green leaf volatiles used in this study (E-
2-hexenal, hexanal, Z-3-hexen-1-ol, E-2-hexen-1-0l, Z-3-hexe-
nyl acetate, E-2-hexenyl acetate, Z-3-hexenyl propionate, Z-
3-hexenyl butyrate) were obtained from Sigma Chemical Co.
and Aldrich Chemical Co. Following the tests, chemicals were
analyzed by GLCMS; purity ranged from 93-99%,

Preparation of water extract of H. zea frass

Ten grams of fresh moist H. zea frass (col-
lected from caterpillars feeding on cowpea seedlings) was
thoroughly blended with 100 ml of distilled water. The resul-
tant slurry was filtered through Whatman No. 1 filter paper,
producing a green-colored filtrate. This filtrate was kept froz-
en and served as the stock extract throughout the tests. To
produce the dried extract, approximately 1 ml of stock extract
was unfrozen and shaken. Then, 30 pl of extract was collected
into a capillary tube and spotted onto the center of a 110 cm
disk of Whatman No. 1 filter paper. After the 1 cm diameter
moist area dried (~ 7 min), the filter paper was used to stimu-
late wasps.

Bioassays

General methods - Insects were tested individ-
ually; all trials were single choice tests. Treatments were bal-
anced for sex, day, and time of day. The odor source was
placed in the flight chamber 13 ¢m above the chamber floor,
along the longitudinal midline of the chamber, and 20 cm
downwind from the upwind end of the chamber.

In tests using M. croceipes, wasps were 3-7
days old and were taken from stock cultures never exposed to
plant or host materials as adults. Hence, they were naive.
Prior to testing, each wasp was assigned to one of two groups:
(1) “Naive” wasps were transferred directly from their com-
munal stock cage in a clean 4 ml shell vial, which was immedi-
ately placed in a vertical position, directly downwind from the
odor source. (2) “Stimulated” wasps were treated in a similar
manner except that prior to placement in the wind tunnel,
they were allowed to contact the dried water extract of H. zea
frass for 30 s. When female wasps contacted the dried extract
they usually performed an intense and stereotypic antennation
behavior (Lewis & Jones 1971; Lewis & Tumlinson 1988). The
small percentage (9%) of females that did not perform anten-
nation behavior was discarded. Male M. croceipes showed lit-
tle interest in the extract; for males, pre-flight stimulation
consisted of allowing the insect to walk on or near the dried
extract for a total of 30 s. When placed in the wind tunnel,
wasps usually walked upwards to the opening of the shell vial,
encounter the lower portion of the odor plume, faced into the
wind, and after 5 s to 5 min took flight. Wasps that did not
take flight in 5 min or wasps incapable of normal flight were
discarded. If a wasp flew toward and landed on the odor
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source or a 1 cm? paper target placed near the odor source, a
positive response was recorded and the trial was ended. If the
wasp took flight, but failed to land on the odor source or ad-
jacent target, a negative response was recorded. Each wasp
was given two successive chances to fly to the odor source,
and then was discarded.

In contrast to the M. croceipes, none of the
Netelia heroica were naive; all had experienced host or host-
plant odors, and most of the females had previously ovipo-
sited into a Heliothis caterpillar. Immediately prior to testing,
each N. heroica was either “stimulated” or “not-stimulated”
(see below).

Attraction of wasps to damaged versus unda-
maged plants - To investigate the ability of M. croceipes to
orient to plants, individual female wasps were exposed to one
of seven possible odor sources (no odor and damaged or un-
damaged cotton, cowpea, or hyacinth bean). Whole cotton or
cowpea seedlings (~2 weeks old with ~9 cm? leaf surface)
were used. Roots were placed in an 8 ml vial containing water,
with cotton, wrapped around the stems, as a plug for the vial.
For hyacinth bean, a leaf of ~9 cm? area from a mature flow-
er-bearing plant was placed with a cotton plug in a water-
filled shell vial. Plants were either placed directly into the
wind tunnel (undamaged) or were damaged first by making
three 1 cm long cuts in leaves with scissors. Old plants were
replaced with new ones every half-hour. A water-filled vial
with a cotton plug and a 9 cm? filter paper target served as a
control. Wasps were released 30 cm downwind from the odor
source. Thirty naive females were tested to each treatment.

Release and calibration of green leaf volatiles
- Sustained evaporative release of GLVs was obtained from
0.5 ul capacity microcapillary tubes (Drummond Co). filled
with 10 mm of a selected green leaf volatile substance. Each
capillary tube was attached to a vertically positioned disposa-
ble glass pipette so that it was suspended crosswise in the wind
tunnel, but at a 45° angle from vertical. This arrangement as-
sured that the lower meniscus of test liquid always remained
just at the lower orifice of the tube, producing a uniform
evaporative surface. If the tube was placed vertically or hori-
zontally, uniform evaporation was not achieved; with a verti-
cal tube, a droplet of test liquid sometimes emerged from the
tube, increasing volatilization. With a horizontal tube, capilla-
ry action sometimes pulled the liquid into the center of the
tube, decreasing volatilization. A 1 cm? disk of white filter
paper held vertical and crosswise to the wind direction served
as a target. It was attached to the capillary tube so that the
lower end of the disk was 3 mm from the lower end of the
tube. Wasps orienting to volatiles emerging from the capillary
tube usually landed on the paper target. Release rates were
calculated from volumetric changes in the internal liquid when
the tubes were kept in the wind tunnel for 24 h. Mean release
rates (N=5) for the eight GLVs tested ranged from 7.4 to 52
ng/h,

Attraction of Microplitis croceipes wasps to
individual green leaf volatiles — Naive and stimulated male
and female M. croceipes wasps were tested for their ability to
orient to eight different GLVs (E-2-hexenal, hexanal, Z-3-
hexen-1-ol, E-2-hexen-1-0l, Z-3-hexenyl acetate, E-2-hexenyl
acetate, Z-3-hexenyl propionate, Z-3-hexenyl butyrate) and
two controls. A blank control consisted of a 1 cm? paper disk.

A hexane control consisted of a 1 cm? paper disk with hexane
(released from a 0.5 ul capillary tube) as an odor source.
Wasps were released 100 ¢cm downwind from the odor
source.

Attraction of Netelia heroica wasps fo indi-
vidual green leaf volatiles - Non-stimulated and stimulated
male and female N. heroica wasps were tested for their ability
to orient to six different GLVs (E£-2-hexenal, hexanal, Z-3-
hexen-1-ol, E-2-hexen-1-0l, E-2-hexenyl acetate, Z-3-hexenyl
butyrate) in the wind tunnel. Wasps were also tested with the
same blank and hexane controls as described for M. cro-
ceipes. All tests were conducted using the same colony of 45
individual N. heroica. Each day, 10 females and 10 males
were removed from the communal colony, individually tested,
and returned to the colony. “Non-stimulated” wasps were re-
moved from the communal cage in a 40 ml vial and placed
directly into the wind tunnel, 100 cm downwind from the odor
source. “Stimulated” wasps were treated in a similar manner,
except that they were allowed to contact fresh Heliothis frass
for 10s prior to testing. Female N. heroica always reacted
strongly to the caterpillar frass by antennating it. Male N. he-
roica showed little interest in the frass. Each wasp was given
two successive chances to orient and land on the odor source
or paper target. Wasps that did not fly after 5 min were dis-
carded.

Results

Attraction of Microplitis croceipes wasps
to damaged versus undamaged plants

When naive female M. croceipes wasps were
exposed in the wind tunnel to undamaged and artificially
damaged leaves, a greater percentage of wasps successfully
oriented to the damaged leaves (Table 1). This suggests that
female M. croceipes can orient to plant volatiles, and that
damaged leaves are more attractive than undamaged leaves.

Collection and analysis of volatiles

Gas chromatograms for the three volatile col-
lections and the synthetic GLVs are shown in Figure 1. Unda-
maged leaves produced only trace amounts of volatiles, while
the artificially damaged and caterpillar-damaged leaves pro-
duced a greater variety and quantity of volatiles including two
compounds identified as Z-3-hexen-1-ol and Z-3-hexenyl ace-
tate. The mean (= SEM) collected amounts of these two com-
pounds are shown in Table 2.

Table 1 Response of naive female Micropiitis croceipes wasps to un-
damaged and artificially damaged leaves in a wind tunnel® (N =30/
treatment)

Plant % Successful orientation P
Undamaged | Damaged
plant plant
Control {No plant) 0
Cotton 0 13 0.057°
Cowpea 0 23 0.0063°
Hyacinth bean 10 43 <0.025°
See Methods section for experimental conditions

Fisher exact test
Chi-square test

a
b
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Fig. 1 Gas chromatogram (OV-101 column] of volatiles from {A) undamaged cowpea plant, (B} artificially damaged cowpea plant, (C) cowpea
plant with a feeding Heliothis zea caterpillar, and (D) various synthetic green leaf volatiles. Internal standards n-octane and nonyl acetate are
shown
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Table 2 Green leaf volatiles produced by undamaged, artificially
damaged, and caterpillar-deamaged cowpea seedlings

Treatment Mean £ SEM amount
produced {ng/plant h}
Z-3-hexen- Z-3-hexenyl
1-ol acetate
Undamaged cowpeas trace trace
Artificially damaged cowpeas 169+£21 236+52
Caterpillar-damaged cowpeas 131£30 93+£29

Attraction of Microplitis croceipes to green
leaf volatiles

When tested in the wind tunnel, neither naive
nor stimulated male M. croceipes wasps oriented to individual
GLVs (Table 3); instead, males usually flew about randomly.
In contrast, many of the GLVs were moderately or highly at-
tractive to both naive and stimulated female M. croceipes
wasps (Table 3). Stimulated females generally demonstrated a
greater ability to orient than naive wasps. No wasps oriented
to controls.

Wasps that made successful flights to odor
sources almost always performed a stereotypic sequence of be-
haviors that has been previously interpreted (Drost et al. 1986,
1988; Eller et al. 1988b) as functioning in chemoanemotactic
orientation. Such wasps stood on the lip of the vial, faced into
the wind with their antennae spread at a 45° angle, took
flight, cast back and forth into and out of the odor plume
until they locked onto the center of the plume, and then flew
directly upwind to the odor source. Wasps that exited the
odor plume or flew beyond (upwind of) the odor source, re-
initiated casting, either immediately or after returning down-
wind. As wasps neared the odor source, they often decelerated
and hovered 5-10 cm directly downwind from the source be-
fore landing. In contrast, wasps that did not orient to the
odor source seldom performed these behaviors, and instead,
flew randomly about the wind tunnel and landed on the walls
or ceiling. These results demonstrate that certain GLVs are
highly attractive to female M. croceipes, that the wasps per-

form stereotypic chemoanemotactic behaviors in response to
their presence, and that orientation to these volatiles is im-
proved following preflight stimulation.

Attraction of Netelia heroica to green leaf
volatiles

When tested in the wind tunnel, neither stim-
ulated nor non-stimulated male N. Aeroica oriented to any of
the GLVs (Table 4). In contrast, some GLVs were highly at-
tractive to female N. heroica wasps. GLVs attractive to fe-
male N. heroica were not necessarily the same as those attrac-
tive to M. croceipes. For example, 50% of stimulated N. he-
roica females oriented to E-2-hexenal, while only 13% of M.
croceipes females oriented to this compound. Conversely, no
N. heroica oriented to Z-3-hexenyl butyrate, yet this com-
pound elicited a response of 72% from stimulated M. cro-
ceipes females (Tables 3 and 4). As with M. croceipes, N. he-
roica females given preflight stimulation oriented more suc-
cessfully in the wind tunnel. When orienting to the odor
source, N. heroica generally did not cast back and forth, but
instead flew slowly (almost hovering), directly toward the tar-
get, with their 25-30 mm long antennae spread at a 75 degree
angle. Wasps never oriented to controls. These results suggest
that female N. hercica respond to certain GLVs with chemo-
anemotactic behaviors, and that this response improves fol-
lowing preflight stimulation.

Discussion

Our results showed that undamaged plants re-
leased small amounts of GLVs, whereas larger amounts of
GLVs were released when caterpillars fed on leaves. Female
parasitic wasps oriented to both damaged plants and individu-
al green leaf volatile substances in a wind tunnel. Based on
these results, we suggest that in nature caterpiliars feeding on
leaves cause the release of GLVs, and that female wasps re-
spond to the odors of these GLVs by flying upwind (chemoa-
nemotaxis), which brings them to sites where their caterpillar
hosts are feeding. Thus, GLVs can guide parasitoids to their
hosts. In this interaction, the GLVs function as synomones;
they benefit the plant through the reduction or elimination of
herbivores, and benefit the wasps by facilitating host location.

Table 3 Response of naive and stimulated Microplitis croceipes wasps to individual green leaf volatiles tested in a wind tunnel®

Odor Source % Successful orientation

Males Females

Naive Stimulated Naive Stimulated

N=20 N=20 N=30 Nz 30
Blank control 0 0 0 0
Hexane control 0 0 0 0
£-2-hexenal 0 0 0 13

. Hexanal 0 0 0 20°¢

Z-3-hexen-1-0l 0 0 0 B0
F-2-hexen-1-ol 0 0 10 430
Z-3-hexenyl acetate 0 0 17° 46°°
E-2-hexenyl acetate 0 0 26° 38ke
Z-3-hexenyl propion-
ate 0 0 33° 67°°
Z-3-hexenyl butyrate 0 56° 72°

@ See Methods section for experimental conditions
® Significantly different from 0 et P<0.05; Fisher exact test

¢ Significantly different from naive at P<0.05; Fisher exact test or Chi-square test
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Table 4 Response of non-stimulated and stimulated Netelia heroica wasps to individual green leaf volatiles® (N=10)

Odor Source % Successful orientation

Males Females

Non-stimulated Stimulated Non-Stimulated Stimulated
Blank control 0 0 0 0
Hexane control 0 0 0 0
£-2-hexenal 0 0 20 50
Hexanal 0 0 30 50
Z-3-hexen-1-ol 0 0 10 30
E-2-hexen-1-ol 0 0 0 30
£-2-hexenyl acetate 0 0 40 70
Z-3-hexenyl butyrate 0 0 0 0

® See Methods section for experimental conditions

These findings are important because they suggest that herbi-
vore-damaged plants can communicate with members of the
third trophic level.

We believe our interpretation of the results is
valid for a number of reasons. In our experiments, wasps had
free access to food and water immediately prior to testing,
suggesting that orientation to the damaged plants or GLVs
was not for reasons of obtaining food or moisture (nectar,
honeydew, etc.). Indeed, attraction to the GLV was female-
specific implying a female-specific need (i.e., host location).
The fact that both a braconid and an ichneumonid wasp
oriented to GLVs suggests that the phenomenon may be wide-
spread among the parasitic Hymenoptera. Many ichneumon-
ids, such as Nefelia, are nocturnal and probably rely heavily
on semiochemicals to locate hosts.

Parasitic wasps use a variety of host-produced
kairomones (frass, saliva, silk, exuviae, etc.) and plant-pro-
duced synomones such as secondary plant compounds when
host-searching (Vinson 1984; Nordlund ef al. 1988; Whitman
1988a, b). Because caterpillars presumably ingest GLVs or
their precursors as they feed, it is possible that GLVs emanate
from caterpillar feces as well as from caterpillar-damaged
leaves.

Our results show that wasps were extremely
sensitive to the GLVs; M. croceipes females responded to re-
lease rates as low as 7.4 pg/h. We also demonstrated that
naive (i.e., without exposure to plant or host cues as adults)
M. croceipes oriented to certain GLVs the first time they en-
countered the odors. These results imply that wasps have a
highly refined, innate, and genetically based proclivity to re-
spond to these substances and suggests a long evolutionary as-
sociation between wasps and GLVs. One can speculate how
such a plant-parasitoid synomonal relationship could have ar-
isen. The parasitic Hymenoptera evolved from phytophagous
Hymenoptera (Gauld 1988) that presumably had the ability to
respond to host plant chemicals. Indeed, various phytopha-
gous and carnivorous Hymenoptera respond to various GLVs
or related compounds (Crewe ef al. 1972; Blum 1976; Kamm
& Buttery 1983; Veith 1984; Aldrich et al. 1985, 1986; Bach-
recke et al. 1989; Thiery et al. 1990). During their evolution to
a carnivorous life style, parasitic wasps probably retained and
refined their sensitivity to plant substances. Over time, wasps
that retained an ability to orient to GLVs found more hosts
and left more offspring, and perhaps plants that released
these volatiles at sites of herbivory suffered less herbivory.

Our results also demonstrate that the ability
of wasps to orient to GL Vs significantly improves following a
preflight exposure. Whether this increased response is due to
sensitization or learning is unknown at this point. Pre-test ex-
posure to host-associated stimuli often improves the host-
finding response of wasp parasitoids (Vet & van Opzeeland
1985; Drost et al. 1986, 1988; Eller ef al. 1988a; Hérard
1988a, b; Lewis & Tumlinson 1988; Cardé & Lee 1989; Shee-
han & Shelton 1989).

The two wasp species that we tested differed
in their response to individual GLVs. Substances attractive to
M. croceipes were not necessarily attractive to N. heroica and
vice versa. Plant species vary quantitatively and qualitatively
in GLV composition, which may allow wasps to specialize on
specific plant taxa. A better understanding of the interplay be-
tween plant GLV variability and the learned and innate re-
sponses of parasitoids to GL.Vs could enhance biological con-
trol of crop pests.

The function of green leaf volatiles in plants

Our results engender a broader and perhaps
more interesting question: Have green leaf and other plant vo-
latiles evolved to serve tritrophic communicative roles for
plants? In other words, do plants scream “Help!” when at-
tacked by herbivores? Some authors have suggested this
(Whitman 1988b; Dicke & Sabelis 1989; Dicke ef al. 1990) and
some indirect evidence supports such a hypothesis. First,
many studies show that insect predators and parasitoids are
much more attracted to damaged than undamaged plants
(Sato 1979; Elzen et al. 1983; Loke et al. 1983; Odell & God-
win 1984; Nadel & van Alphen 1987; Dicke & Sabelis 1988;
Whitman 1988b). Plant volatiles such as the GLVs are often
released from plants only following tissue damage (Wallbank
& Wheatley 1976; Tollsten & Bergstrom 1988; Dicke et al.
1990), such as when a caterpillar feeds upon a leaf. Thus,
these volatiles are released at specific, relevant sites. Plants
may in effect reserve the use of these chemical communication
substances until they are needed. For example, some plants
appear to lack high concentrations of GLVs, but quickly pro-
duce them through enzymatic reactions following leaf tissue
damage (Saijo & Takeo 1975; Buttery et al. 1985). Phytopha-
gous insects also orient to green leaf odors (Visser & Avé
1978; Visser 1983, 1986; Liu et al. 1988; Mitchell 1988;
Dickens 1989; Dickens et al. 1990); however, once a plant is
under herbivore attack, the advantage of attracting natural
enemies may outweigh the disadvantage of attracting addi-
tional herbivores.
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If plants use volatile synomones to communi-
cate with natural enemies such as parasitoids, then insect her-
bivores should have evolved measures to counter this commu-
nication. This may be the case. Some caterpillars feed in short
bouts, then move to other plant areas. Others actively fling
away their fecal pellets (which may contain green leaf and oth-
er plant volatiles), or sever partially eaten leaves from the
plant (Heinrich 1979; Heinrich & Collins 1983; Edwards &
Wanjura 1989; Lederhouse 1990). These behaviors serve to
separate herbivores from the chemical beacons that might at-
tract parasitoids.

Alternative hypotheses for the evolutionary
function of GLVs exist: 1) GLVs may defend plants against
herbivores or microorganisms; 2) they may be allelopathic
substances; 3) they may be plant excretory products; 4) they
may serve unknown metabolic functions; 5) they may be plant
pheromones; 6) they may have no purpose, but occur from
incidental chemical reactions following tissue damage. These
hypotheses all suffer from certain logical flaws and a paucity
of supportive data. We hope to address these various hypo-
thesis in future publications.
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