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Abstract Volatiles emitted by plants in response to feeding
by Lygus species were tested in neurophysiological,
behavioral, and parasitism trials with Anaphes iole, an egg
parasitoid of Lygus. Electroantennogram analyses indicated
that A. iole antennae responded to most herbivore-induced
plant volatiles (HIPVs) tested and that females were usually
more responsive than males. Antennal responses to (Z)-3-
hexenyl acetate and methyl salicylate were among the
strongest. Behavioral assays in a four-arm olfactometer
demonstrated that response of female wasps to (Z)-3-
hexenyl acetate varied greatly depending on precondition-
ing regime. Preconditioning wasps to complex host-plant
odors led to stronger preference than did a single
preconditioning stimulus, i.e., (Z)-3-hexenyl acetate. In a
horizontal wind tunnel, female wasps were attracted by
methyl salicylate and α-farnesene. Parasitism of Lygus
lineolaris eggs by A. iole in a cotton field was greater when

the eggs were associated with (Z)-3-hexenyl acetate or α-
farnesene than with controls. Overall, the results of this
study show that A. iole can perceive a variety of plant
volatiles released after its host damages plants, that the
degree of associative learning in A. iole can be manipulated
based on preconditioning regime, and that single synthetic
HIPVs are attractive to A. iole and can be used to increase
attack rates on host eggs. Therefore, it appears that HIPVs
have potential for use in suppression of Lygus population
densities.
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Introduction

Herbivory induces a variety of biochemical changes in
plants (Karban and Baldwin 1997). These changes include
indirect defense responses such as emission of volatiles
attractive to the natural enemies of herbivores inflicting the
damage. The role of feeding-induced plant volatiles in host-
habitat location by natural enemies is well documented
(Turlings et al. 1991; Dicke et al. 1993; Tumlinson et al.
1993; Birkett et al. 2003; Wei et al. 2007). Recent studies
also have demonstrated the importance of oviposition-
induced volatiles in the host-searching behavior of egg
parasitoids (Meiners and Hilker 2000; Colazza et al. 2004;
Manrique et al. 2005; Mumm et al. 2005; Hilker and
Meiners 2006). Exploitation of chemical signaling by plants
that attract natural enemies has potential for enhancing
biological control in agroecosystems (Hunter 2002). For
example, synthetic herbivore-induced plant volatiles
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(HIPVs) have been used to attract and retain beneficial
insects into vineyards and hopyards (James 2003a,b, 2005),
which has led to a reduction in pest densities (James and
Price 2004; James and Grasswitz 2005). To date, however,
little is known about practical application of HIPVs in
cotton agroecosystems.

Lygus lineolaris and Lygus hesperus (Heteroptera:
Miridae) are important pests of cotton and other crops in
North America (Jackson and Graham 1983; Leigh et al.
1988; Wheeler 2001). The feeding mechanics of L.
hesperus can be categorized as ‘mechanical cell rupture-
enhanced maceration’ that involves stylet maceration of
plant cells, injection of saliva, and ingestion of the saliva-
cell content slurry (Backus et al. 2007). Selection of
oviposition sites by mirids typically is preceded by probing
with the mouthparts (Cobben 1978; Wheeler 2001), and we
have observed this behavior by L. hesperus (Williams,
unpublished data). Rodriguez-Saona et al. (2002) showed
that feeding and oviposition by L. hesperus females
induced emission of significant amounts of volatiles from
cotton, and the level of emission was positively associated
with the number of eggs laid on a plant. Williams et al.
(2005) reported that feeding by virgin females of L.
hesperus induced 2.6-fold higher emission of cotton
volatiles than feeding by mated females, and treatment of
maize plants with L. hesperus salivary gland extracts and
artificial mechanical injury resulted in 2.7-fold higher
emission of volatiles than artificial mechanical injury alone.

Anaphes iole (Hymenoptera: Mymaridae) is an egg
parasitoid that attacks Lygus and other mirids in North
America (Huber and Rajakulendran 1988). Parasitism rates
can exceed 90%, and thus, this wasp is an important natural
enemy of Lygus species that has potential for pest
suppression (Ruberson and Williams 2000). Conti et al.
(1996, 1997) demonstrated that chemical and physical cues
were important for host acceptance (i.e., recognition and
oviposition) by A. iole of L. hesperus eggs. Wasps on plants
harboring host eggs utilized chemical cues from the host
and injured host plant, as well as physical cues associated
with eggs and oviposition sites for host acceptance.
Oviposition behavior of A. iole was also influenced by the
experience of female wasps (Conti et al. 1997). Naïve
females spent more time examining host eggs than did
females preconditioned by exposure to host eggs embedded
in plant tissue. Subsequent behavioral studies demonstrated
that A. iole females were attracted to odors derived from
plants infested with L. hesperus in a four-arm olfactometer
(Manrique et al. 2005). However, wasp perception of
individual synthetic plant volatiles and their role in
attraction to and parasitism of host eggs by A. iole have
not been previously investigated.

The goal of the present study was to evaluate the
responses of A. iole wasps to individual HIPVs by using a

combination of electroantennogram (EAG), behavioral, and
field studies. Because associative learning often increases
the response of parasitoids to host-related volatiles (Vet and
Groenewold 1990; Turlings et al. 1991; Steinberg et al.
1992; Conti et al. 1997; Drukker et al. 2000; Santolamazza-
Carbone et al. 2004), we investigated the effects of
experience on A. iole response to HIPVs. Specifically, we
asked: (1) Do female and male A. iole antennae respond
differentially to HIPVs? (2) Does experience influence
A. iole response to (Z)-3-hexenyl acetate, a common green
leaf volatile? (3) Does A. iole respond to individual HIPVs
in a wind tunnel? and (4) Do HIPVs increase field
parasitism by A. iole?

Methods and Materials

Insects A. iole used in this study were originally obtained
from a laboratory colony maintained on L. hesperus Knight
eggs at the US Department of Agriculture-Agricultural
Research Service (USDA-ARS) Biological Control and
Mass Rearing Research Unit, Mississippi State, MS, USA.
After emergence, wasps were provided with distilled water
and 1 M sucrose ad libitum. A. iole were reared in
Plexiglass cages (26×26×20 cm) at 25±1°C, 60–85%
relative humidity (RH), and 14:10 L/D photoperiod until
experimentation (3-day-old adults).

Electroantennography Concentration Responses The com-
pounds included in this study (Table 1) were tested
individually as olfactory stimuli. For the EAG study, serial
dilutions (0.1, 1.0, 10, and 100 μM) of each compound
were made with paraffin oil (E. Merck, Darmstadt,
Germany). Stimulus applicators were prepared by pipetting
25 μl of a test solution onto a 6×0.5 cm strip of Whatman
no. 1 filter paper (Whatman International Ltd., Maidstone,
Kent, UK), after which the filter paper was placed inside a
14.5-cm long glass Pasteur pipette. Fresh stimulus applica-
tors were prepared after 2 h of use. Three controls were
used: (1) an empty pipette, (2) a pipette containing 25 μl
paraffin oil only on filter paper, and (3) a pipette containing
25 μl 100 μM octanal in paraffin oil on filter paper (octanal
standard). Differences in volatilities (see Kovats indices,
Table 1) of the test compounds permitted only relative
comparisons between test chemicals, except for closely
related compounds.

The EAG apparatus (Syntech Ltd., Hilversum, The
Netherlands) was linked to a desktop computer (with
IDAC-02 data acquisition interface board) on which
recording, storing, and quantifying EAG responses were
performed. The recording and indifferent electrodes were
silver wires enclosed in drawn glass capillary tubes filled
with phosphate-buffered saline (NaCl, 4 g; Na2HPO4,
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0.57 g; KH2PO4, 0.1 g; KCl, 0.1 g in 500 ml distilled water;
pH 7.4). Antennal preparations were made by cutting
transversely through the mesonotum just anterior to the
tegulae with a scalpel and mounting the thorax on the
indifferent electrode. Both antennae remained intact, and
the recording electrode was placed on the tip of one
randomly chosen antenna. The antennal preparation was
bathed continuously by a stream of charcoal-filtered and
humidified air at a flow rate of 1 l/min. Air temperature and
relative humidity was measured approximately 15 cm from
the antennal preparation (overall ranges for all trials: 19.2–
26.3°C, 28–52% RH).

EAG recording began 6 min after the antennal
preparation was mounted. At this time, the following
test protocol was used for each recording trial. The
controls were tested in the following order: 1, 2, 3, 2,
after which six randomly chosen chemical treatments
were tested. For each chemical, order of delivery of the
four concentrations was random. Delivery of controls (2,
3, 2) was made after each four-concentration series of a
chemical treatment. After the final chemical treatment
for each recording, controls were presented in the
following order: 2, 3, 2, 1. Presentation of controls
throughout the recording session permitted standardiza-
tion of antennal responses. Test compounds and controls
were applied (0.5-s pulse) at 30-s intervals separated by
a purge of filtered–humidified air via an aluminum tube
approximately 5 mm from the antenna. EAGs were

measured as maximum amplitude of depolarization
(mV). Each chemical was tested on 10 to 35 individuals
of each gender.

Short-Range Olfactory Response to HIPVs Short-range
walking response of parasitoids to HIPVs was measured
with a four-arm olfactometer (Vet et al. 1983). The base of
the arena was precision-machined aluminum with a groove
for a rubber O-ring, and the top consisted of a circular piece
of Plexiglass (30 cm diameter). The Plexiglass top had a
hole (5 mm diameter) in the center to facilitate placement of
a wasp into the arena. The hole was plugged with a Teflon-
wrapped cork. The top of the arena was held securely to the
base by spring clamps, and the O-ring seal ensured that the
arena did not leak. Each arm of the olfactometer was
divided into three regions: release, visit, and selection
regions (Manrique et al. 2005). The airflow (25 ml/min per
arm) inside the arena was equalized by using one flowmeter
(Aalborg, Orangeburg, NY, USA) at each arm and a
terminal flowmeter between the olfactometer and the pump
(Model 400-3910, Barrant Co., Carrington, IL, USA).
Charcoal-filtered and humidified air was passed through
four 250 ml Erlenmeyer flasks that contained odor sources.
A white 19-l plastic bucket was inverted over the
olfactometer. The bottom of the bucket had been removed
and covered with a light diffuser upon which a circular light
(22 cm diameter) was placed. The outside of the bucket was
covered with aluminum foil to ensure that it was opaque.

Table 1 Chemicals used in EAG and olfactometer trials with A. iole, their purity, commercial sources, and Kovats’ retention indices

Chemical Purity (%) Commercial sourcea Kovats’ indexb

Green leaf volatiles
1-Hexanol 98 Aldrich 851
(Z)-3-Hexen-1-olc 98 Aldrich 858
(E)-3-Hexen-1-olc 98 Aldrich 1,038
(E)-2-Hexenyl acetate 98 Aldrich NA
(Z)-3-Hexenyl acetatec ≥98 Bedoukian 1,009

Monoterpenes
β-Myrcenec ≥99 Aldrich 992
(±)-Linaloolc 95–97 Sigma 1,100
β-Caryophyllenec 90 Sigma 1,467
(E,E)-α-Farnesenec,d NA Bedoukian 1,500
(+)-Limonenec 97 Aldrich 1,030
(E)-β-Ocimenec 97 Fluka 1,038
(−)-α-Pinenec 98 Aldrich 937

Carboxylate ester
Methyl salicylatec ≥99 Sigma 1,234

Aliphatic aldehyde
Octanal (positive control) 99 Aldrich 1,006

a Aldrich Chemical Co., Milwaukee, WI, USA; Bedoukian Research, Inc., Danbury, CT, USA; Fluka, Buchs, Switzerland; Sigma Corp., St. Louis,
MO, USA
bKovats (1958). DB-5 column
c Included in preconditioning regime with four-arm olfactometer
d A mixture of α-farnesene and isomers
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An observation hole (6×6 cm) was cut in the side of the
bucket to facilitate visual recording of data. This hole
remained covered except when observations were being
made. The use of a white bucket over the olfactometer
provided uniform light inside the arena and reduced bias
from external visual cues. Smoke tests ensured that the
system was working properly (Vet et al. 1983).

In all trials, a single HIPV treatment was compared
against an untreated control. (Z)-3-hexenyl acetate was
chosen because of the high antennal response recorded in
the EAG study (Fig. 1). The HIPV stimulus was prepared
in the same way that EAG stimuli were prepared (see
above). After pipetting 25 μl of the test solution or
paraffin oil only (untreated control) onto the strip of filter
paper, it was placed inside an Erlenmeyer flask. Two
treatment arms were assigned opposite one another, and
the other two arms were untreated controls. Individual A.
iole females were transferred into the center of the arena
with a dissecting needle, and the hole in the top of the
arena was plugged. Thereafter, the vacuum pump was
turned on, and the bucket-light assembly was replaced
onto the arena. Wasps not leaving the release site within
2 min of initiating a trial were replaced. Otherwise, each
wasp was observed continuously for 5 min, and the time
spent in each region of the arena was recorded with a
multichannel timer. Individual A. iole females were used

only once. After each trial, the inside of the arena was
wiped with 70% ethanol, the arena was rotated 90°
clockwise, and the treatments were randomly reassigned.
The HIPV stimulus was replaced after 30 min use. Air
temperature was measured inside the chamber (overall
range for all trials, 20.8–25.0°C) during the bioassays
(April–June; 1000 to 1700 hours CDT).

Trials were conducted to determine the effect of
different preconditioning regimes on response of A. iole
female wasps to a single HIPV. The goal was to partition
the preconditioning effects of a single synthetic HIPV, a
blend of 11 synthetic HIPVs, a host plant on which L.
lineolaris had fed and oviposited, and an artificial egg
pack of L. lineolaris eggs on the response by A. iole.
Compounds were chosen because their levels increased
after Lygus feeding (Rodriguez-Saona et al. 2002) and
because of the strong concentration response we observed
in the EAG trials (see below). Erigeron annuus was used
because it is an important host of Lygus species. E. annuus
was collected from the vicinity of Stoneville, MS, USA,
and stems (6 cm-long) with flowers were caged with
mated L. lineolaris females for approximately 12 h, thus
permitting feeding and oviposition. Artificial egg packs
into which L. lineolaris had oviposited (<24-h old) were
also used as a treatment. For these last two treatments,
insects were removed from plants or egg packs prior to

Fig. 1 EAG concentration–response curves of A. iole to 13 herbivore-
induced plant volatiles. EAG amplitudes are control-adjusted and
presented as proportional responses (mean±SE) to the standard,
100 μM octanal. Each compound was tested on 10 to 35 individuals

of each gender. Significant differences between genders are noted by
asterisks (single asterisk P=0.05–0.01, double asterisk P=0.01–0.001,
triple asterisk P<0.001). P values correspond to ANOVA
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experiments. Five preconditioning regimes were chosen to
represent a range of signals, from simple to complex: (1)
10 μM (Z)-3-hexenyl acetate, (2) 1 μM each of 11 HIPVs
(refer to Table 1), (3) E. annuus with L. lineolaris eggs, (4)
E. annuus with L. lineolaris eggs + 10 μM (Z)-3-hexenyl
acetate, and (5) E. annuus with L. lineolaris eggs + 1 μM
each of 11 HIPVs. The exposure time for all precondition-
ing regimes was 45 min. For all these trials, wasps were
tested with 100 μM (Z)-3-hexenyl acetate in the four-arm
olfactometer. Different combinations of these four treat-
ments allowed partitioning the effects of different odors on
the behavior of A. iole wasps.

Long-Range Olfactory Response to HIPVs A horizontal
wind tunnel was used to assess the behavioral response
of A. iole at a larger scale than possible in a four-arm
olfactometer. The wind tunnel was constructed of Plex-
iglass and measured 65 cm long×35 cm high×40 cm
wide. It was subdivided into two compartments by a
34-cm-long partition at the upwind end. Each compart-
ment received odors from either a treatment stimulus or
untreated control. Charcoal filtered and humidified air was
first pushed via pump (Model 400-3910, Barrant Co.,
Carrington, IL, USA) through 250 ml Erlenmeyer flasks
containing either an odor source or blank control, and then
into the two upwind wind tunnel compartments. HIPV
odor sources were prepared as described for the four-arm
olfactometer. Each compartment had four holes (each
5 mm diameter) to allow air flowing from the treatment
chambers to enter the cage, and a flowmeter (Aalborg,
Orangeburg, NY, USA) was used to regulate the overall
airflow at 100 ml/min per hole. At the downwind end of
the tunnel, there was a door with a rectangular window
(19×15.25 cm) covered with nylon organdy that allowed
introduction of wasps. At the downwind end of the tunnel,
a piece of Plexiglass (20.3×35 cm) was glued from each
side of the window to the side wall of the box, thus
helping to funnel air toward the window. A computer
muffin fan at the downwind end vented airflow from the
tunnel. Smoke tests confirmed that air flowed through the
chamber without mixing between treatment compartments.
All outside walls of the box were covered with opaque
white cardstock to provide uniform lighting and avoid
external visual cues. The paper on the top of the wind
tunnel had two holes (22 cm diameter) to facilitate
illumination provided by two circular lights. The lights
were placed parallel to the long axis of the chamber, with
the outside edge of each light 10 cm from the edge of the
chamber. The wind tunnel was rinsed with 70% ethanol
after each bioassay. Temperature and humidity inside the room
were measured (overall ranges for all trials, 20.8–24.0°C,
18–49% RH) during the bioassays (1100 to 1700 hours
CDT).

In all trials with the horizontal wind tunnel, a single
HIPV treatment was compared against an untreated control.
(Z)-3-hexenyl acetate, methyl salicylate, and α-farnesene
were chosen because of the high antennal responses
observed in the EAG study (Fig. 1) and the responses in
the four-arm olfactometer study. The HIPV stimulus was
prepared in the same manner as EAG stimuli (see above);
after adding 25 μl test solution or paraffin oil only
(untreated control) onto a 6×0.5 cm strip of filter paper, it
was placed inside an Erlenmeyer flask. The air pump,
muffin fan, and lights were turned on 5 min before each
release. Thereafter, 50 naïve A. iole females were released
from each of four 20-ml glass scintillation vials (Kimble
Glass, Inc., Vineland, NJ, USA) on the tunnel floor at the
downwind end of the tunnel. The assay was terminated
after 2 h, and the number of wasps on all walls of both
compartments at the upwind end of the wind tunnel was
counted. This procedure was repeated six times for each
HIPV treatment, and the stimulus and blank controls were
randomly reassigned to the two upwind chamber compart-
ments after each repetition.

Field Parasitism A field investigation was conducted to
determine the effect of synthetic HIPVs on parasitism of L.
lineolaris eggs by A. iole. Based on our olfactometry
studies and the work of Manrique et al. (2005), we
hypothesized that host eggs in proximity to HIPVs would
suffer greater parasitism than hosts associated with an
untreated control. A cotton field (25 ha,Gossypium hirsutum
L. var. DPL 215 BG/RR) was selected in Elizabeth,
Washington Co., Mississippi (2.8 km E Stoneville;
33°25.4″ N, 90°52.8″ W). Agronomic practices (e.g.,
pesticide and fertilizer use) were consistent with those used
in commercial cotton production, except no foliar insecticides
were applied. This field was bordered on two sides by
soybean,Glycine max (L.) Merr., one side by corn, Zea mays
L., and on one side by a 12-m wide grass, Cynodon dactylon
(L.) Pers., alley adjacent to natural vegetation (e.g., Vitis
spp., Ampelopsis arborea (L.) Koehne, Ambrosia trifida L.,
Quercus nigra L., Lonicera japonica Thunberg, Sambucus
canadensis L., and Carya illinoensis (Wangenheim) K.
Koch.

A 6-ha portion of the cotton field was chosen for the study,
and the experiment was arranged in a randomized complete
block design with ten replicates of each of the following four
treatments: (Z)-3-hexenyl acetate, α-farnesene, methyl salic-
ylate, and an untreated control. These compounds were
chosen because of our previous olfactometry results and
previous studies on HIPVs with another mymarid (James
2005; James and Grasswitz 2005). Each plot was approxi-
mately 0.04 ha (20×20 m). HIPV bait-host egg stations were
used to test the effect of synthetic HIPVs on parasitism of L.
lineolaris eggs by A. iole. Each station consisted of a 45-ml

1194 J Chem Ecol (2008) 34:1190–1201



transparent plastic vial (12 dram crystal, Thornton Plastics,
Salt Lake City, UT, USA) with four 1-cm diameter
equidistant holes 5 mm from the top of the vial. Nested
inside the plastic vial was a 20-ml glass scintillation vial
(Kimble Glass, Inc., Vineland, NJ, USA) containing 2 ml of
undiluted synthetic HIPV (see above) and a 1×5 cm piece of
filter paper (Whatman no. 1, Whatman International, Ltd.,
Maidstone, England) that acted as a wick and enhanced
volatilization of the HIPV. The plastic vial was closed with a
white plastic cap to exclude rain and debris, and aluminum
foil was wrapped around the vial, taking care not to cover
the holes, to reduce ultraviolet light effects on the HIPV. In
untreated controls, the scintillation vial contained only the
strip of filter paper. The vial assembly was attached to a
bamboo garden stake (65 cm long) so that the top of the
dispenser was 45 cm above the soil surface. A L. lineolaris
egg pack (9×9 cm) <2 days old was clipped to the bamboo
stake 3 cm above the top of the dispenser.

One HIPV bait-host egg station was established in the
center of each plot from 1530 to 1600 hours CST on 9 July
2004. Stations were placed in the furrow such that the top
of the HIPV dispenser was 45 cm above the soil surface,
and the egg pack was parallel to the row. Plants were
removed such that there was no vegetation within 30 cm of
the station; the destroyed plants were moved at least 10 m
from the station to avoid bias of HIPV production from
these plants. Approximately 1,000 naïve mixed gender
wasps held in a glass scintillation vial were released 2 h
later at each bait-egg station by placing the open vial on the
soil beneath the host egg pack. Egg packs were recovered
after 2 days and were held in an environmental chamber
for 10 days at 25±1°C, 60–85% RH, and 14:10 L/D
photoperiod. Egg packs were then observed under a
dissecting scope at ×50, and parasitized and unparasitized
eggs were counted. Parasitism data were expressed as the
proportion of parasitized eggs in each egg pack. There was
no difference in total host egg density per pack between
HIPV treatments (mean=2,120, SE=101; F=1.73; df=3,
36; P=0.178). Voucher specimens of the wasps that were
released are deposited in the National Entomological
Collection, NationalMuseum of Natural History, Smithsonian
Institution, Washington, D.C., USA.

Data Analysis Maximum EAG responses were control-
adjusted with the paraffin oil only control and expressed as
proportional responses relative to the octanal standard. These
data were then square root-transformed 0:5

ffiffiffi

x
p þ ffiffiffi

x
p þ 1ð Þð Þ

(Zar 1996), and analysis of variance, PROC MIXED (SAS
Institute 2003), was used to compare maximum EAG
deflection between gender and HIPV treatment–concentration
combinations. Regression analysis was also used to assess
the influence of gender and HIPV treatment on EAG
amplitude (PROC REG and PROC MIXED; SAS

Institute 2003). Due to heteroscedasticity over concen-
trations, a weighted regression (reciprocal of the variance)
was calculated. Data from olfactometry studies were
arcsine square root-transformed arcsine

ffiffiffi

x
p þ ffiffiffi

x
p þ 1ð Þð Þ

prior to two-tailed paired t test (selection region in the
four-arm olfactometer) or G test for goodness of fit (flight
tunnel; SAS Institute 2003). Data on parasitism were arcsine
square root-transformed arcsine

ffiffiffi

x
p þ ffiffiffi

x
p þ 1ð Þð Þ prior to

single-factor analysis of variance (ANOVA) followed by
mean comparison by using a one-tailed Dunnett’s test of
each HIPV treatment to the control (SAS Institute 2003).
Untransformed values are presented for EAG, behavioral,
and parasitism results.

Results

EAG Concentration–Response Curves Overall responses of
female A. iole were significantly greater than male
responses (F=76.52; df=1, 69.7; P<0.001). Female A. iole
responses to (E)-2-hexenyl acetate at 1, 10, and 100 μM
(F=2.47, 4.29 and 5.08, respectively; df=1, 1,205; P=
0.014, <0.001, and <0.001, respectively) and to (Z)-3-
hexenyl acetate at 0.1, 1, 10, and 100 μM (F=2.19, 3.41,
3.98, and 4.64, respectively; df=1, 1,200; P=0.029,
<0.001, <0.001, and <0.001, respectively) were significant-
ly greater than male responses (Fig. 1). For (E)-3-hexen-1-
ol, (Z)-3-hexen-1-ol, and 1-hexanol, female responses were
greater than those of males at 10 μM (F=2.56, 2.32, and
2.46, respectively; df=1, 1,203, 1,203, and 1,202, respec-
tively; P=0.011, 0.021, and 0.014, respectively) and for
1-hexanol at 100 μM (F=2.00; df=1, 1,202; P=0.046).
Female responses were greater than those of males at 1, 10,
and 100 μM for methyl salicylate (F=3.34, 3.72, and 3.75,
respectively; df=1, 1,204; P=<0.001, <0.001, and <0.001,
respectively) for (±)-linalool (F=5.11, 5.19, and 6.29,
respectively; df=1, 1,204; P<0.001), and for β-ocimene
at 10 and 100 μM (F=3.53 and 2.93, respectively; df=1,
1,185 and 1,223, respectively; P=<0.001 and 0.004,
respectively; Fig. 1). For β-myrcene, female responses
were greater than those of males at 1, 10, and 100 μM (F=
2.37, 1.97, and 3.25, respectively; df=1, 1,202; P=0.018,
0.049, and 0.001, respectively). For β-caryophyllene and
α-pinene, female responses were greater than those of
males at 10 μM (F=2.65 and 2.79, respectively; df=1,
1,205 and 1,199, respectively; P=0.008 and 0.005, respec-
tively) and 100 μM (F=3.01 and 3.92, respectively; df=1,
1,205 and 1,199, respectively; P=0.003 and <0.001,
respectively). For (+)-limonene, female response was
greater than that of males at 100 μM (F=2.26; df=1,
1,202; P=0.024). For α-farnesene, there was no difference
between female and male response at any concentration
(Fig. 1).
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Regression analysis of the impact of gender and HIPVs on
antennal response indicated a linear response between
antennal receptiveness (y) and HIPV concentration (log10
x; Table 2). Contrasts of slopes between the genders
revealed greater (P<0.05) slopes for females for seven of
the 13 HIPVs (Table 2). Ranked in order of P values
(greatest to least significant), the seven significant com-
pounds were: (E)-2-hexenyl acetate < β-myrcene = (±)-
linalool < α-pinene = methyl salicylate < β-caryophyllene
< β-ocimene (Table 2).

Comparison of slopes across herbivore-induced plant
volatiles by gender showed that 42 comparisons were
significant (P<0.05) for females, and 35 were significant
for males (Table 3). For example, in females, responses to
(E)-2-hexenyl acetate and (Z)-3-hexenyl acetate were not
significantly different from one another, but each was
different from β-caryophyllene, (Z)-3-hexen-1-ol, α-farne-
sene, (±)-linalool, (+)-limonene, and α-pinene. Female
response to (Z)-3-hexenyl acetate was different from the
response to (E)-3-hexen-1-ol and β-ocimene. The response
of females to β-caryophyllene was significantly different
from responses to all HIPVs except (±)-linalool. The matrix
layout of Table 3 facilitates additional comparison of slopes
for each gender.

EAG analyses clearly revealed that A. iole responded to
the compounds tested. Although female antennae generally
were more responsive than male antennae, both genders
responded to most HIPVs. For females, methyl salicylate
and (Z)-3-hexenyl acetate elicited significantly higher EAG
responses than the other compounds tested. Wasps were

least responsive to the monoterpenes β-caryophyllene and α-
pinene. The two C6 acetates, (E)-2-hexenyl acetate and (Z)-3-
hexenyl acetate, had similar shapes of concentration–response
curves, although wasps were more responsive to (Z)-3-
hexenyl acetate. Two alcohols, (E)-3-hexen-1-ol and (Z)-3-
hexen-1-ol, had similar-shaped concentration–response
curves, but wasps were more responsive to the E isomer. At
the two lowest concentrations tested, female wasps seemed to
be most responsive to linalool and methyl salicylate.

Short-Range Olfactory Response to HIPVs A. iole females
spent significantly more time in odor fields (selection
regions) containing (Z)-3-hexenyl acetate compared to
untreated control odor fields for trials using preconditioning
regimes 3 (3.08 vs. 1.92 min; t=2.31; df=28; P=0.028), 4
(3.09 vs. 1.91 min; t=2.24; df=25; P=0.034), and 5 (3.29
vs. 1.71 min; t=3.42; df=29; P=0.002; Fig. 2). In contrast,
significant responses to (Z)-3-hexenyl acetate were not
detected for preconditioning regimes 1 (2.40 vs. 2.60 min;
t=−0.47; df=46; P=0.644) and 2 (2.87 vs. 2.13 min;
t=1.73; df=51; P=0.090).

Generally, responsiveness toward (Z)-3-hexenyl acetate
increased as complexity of the preconditioning regime
increased. For example, preconditioning regimes that
included host plant (E. annuus) that had been subjected to
feeding and oviposition by L. lineolaris led to the greatest
attraction to (Z)-3-hexenyl acetate. The regime with the
most complex odor mixture (E. annuus with L. lineolaris
eggs + 1 μM each of 11 HIPVs) led to significantly greater
attraction than did Erigeron and host eggs alone or 1 μM of

Table 2 Regression equations, F values, and significance levels for contrasts of slopes (female versus male) describing the effects of herbivore-
induced plant volatiles on A. iole antennal response

Female Male Den. df b F P

Herbivore-induced plant volatile Equationa R2 Equationa R2

Green leaf volatiles
1-Hexanol 1.53+0.31(x) 0.722 1.39+0.26(x) 0.516 168 1.07 0.301
(Z)-3-Hexen-1-ol 1.35+0.22(x) 0.446 1.21+0.19(x) 0.231 148 0.02 0.883
(E)-3-Hexen-1-ol 1.50+0.27(x) 0.543 1.33+0.24(x) 0.543 156 0.39 0.535
(E)-2-Hexenyl acetate 1.61+0.34(x) 0.713 1.40+0.17(x) 0.260 128 17.75 <0.001
(Z)-3-Hexenyl acetate 1.78+0.33(x) 0.672 1.49+0.27(x) 0.444 180 2.74 0.100
Monoterpenes
β-Myrcene 1.51+0.28(x) 0.753 1.39+0.19(x) 0.535 164 9.17 0.003
(±)-Linalool 1.84+0.14(x) 0.353 1.42+0.05(x) 0.031 144 9.20 0.003
β-Caryophyllene 1.37+0.11(x) 0.181 1.20+0.03(x) 0.022 120 4.11 0.045
α-Farnesene 1.56+0.19(x) 0.511 1.45+0.18(x) 0.418 156 0.17 0.678
(+)-Limonene 1.36+0.26(x) 0.565 1.42+0.14(x) 0.060 160 2.16 0.143
β-Ocimene 1.58+0.30(x) 0.510 1.43+0.19(x) 0.355 164 3.95 0.049
α-Pinene 1.38+0.18(x) 0.572 1.22+0.09(x) 0.135 192 8.28 0.005
Carboxylate ester
Methyl salicylate 1.78+0.33(x) 0.842 1.39+0.25(x) 0.714 76 8.54 0.005

a Antennal response=a+b (log10 concentration)
b Numerator df=1
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11 HIPVs, suggesting an additive or synergistic effect for
the combination of Erigeron and host eggs alone or 1 μM
of 11 HIPVs. In the simplest regime (10 μM (Z)-3-hexenyl
acetate), the lack of behavioral response contrasted with
EAG results that showed that A. iole females perceived (Z)-
3-hexenyl acetate.

Long-Range Olfactory Response to HIPVs More naïve A.
iole females were recovered frommethyl salicylate (G=15.57;
df=1; P<0.001) and α-farnesene (G=4.31; df=1; P<0.05)
treatment compartments than controls; there was no differ-
ence in wasp numbers recovered from the (Z)-3-hexenyl
acetate treatment and controls (G=3.61; df=1; P>0.05;
Fig. 3). For this experiment, approximately 32% of the wasps
were recaptured in the treatment and control compartments.

Field Parasitism Single-factor ANOVA revealed a signifi-
cant HIPV treatment effect on parasitism (F=3.84; df=3,
36; P=0.018). Parasitism was greater in the α-farnesene
(q=3.27; df=36; P=0.007) and (Z)-3-hexenyl acetate (q=
2.42; df=36; P=0.053) treatments than in the untreated
control. Mean parasitism ranged from 0.68% in the control
to 2.57% in α-farnesene (Fig. 4). Parasitism was numeri-
cally but not significantly (P>0.05) greater for host eggs in
the methyl salicylate treatment than the control (Fig. 4).

Discussion

An understanding of the chemical ecology of A. iole is
essential before developing HIPV strategies for enhancingT
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Fig. 2 Mean total time (+SE) that female A. iole wasps spent in
treatment vs. control fields of four-arm olfactometer after exposure to
different preconditioning regimes. Treatment odor was 100 μM (Z)-3-
hexenyl acetate. Solid vertical line at 2.5 min indicates hypothetical
value for equal response. P values correspond to paired t test
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biological control of Lygus species. This study used a
variety of approaches to study the response of A. iole to
HIPVs. Our EAG analyses on A. iole are the first that we
are aware of on a mymarid, and we found that the strongest
antennal responses were elicited by (Z)-3-hexenyl acetate
and methyl salicylate. The greater female antennal
responses may be adaptive given that these compounds
are associated with the presence of host eggs. Male
perception of HIPVs might reflect their use as cues for
locating female conspecifics. Behavioral studies revealed
that the response to (Z)-3-hexenyl acetate was dependent on
wasp experience. In further behavioral studies, naïve A. iole
females were responsive to methyl salicylate and α-
farnesene but not to (Z)-3-hexenyl acetate. In a field

experiment, (Z)-3-hexenyl acetate and α-farnesene in-
creased egg parasitism by A. iole.

Vet and Dicke (1992) proposed a conceptual framework
for infochemical use in parasitoid–host and predator–prey
interactions. An important issue in this framework is the
reliability-detectability problem faced by foraging natural
enemies, i.e., that cues from the host or prey are reliable but
not easily detectable and, conversely, that signals from
plants damaged by the host or prey are more easily
detectable but not necessarily reliable. Detection of host-
specific cues has important implications for the use of
HIPVs in pest management, i.e., HIPVs must be attractive
to natural enemies of the herbivore species that cause the
injury. Recent studies recognize a growing list of para-
sitoids that can distinguish between host and non-host
HIPVs (Du et al. 1996; Dicke 1999; Meiners et al. 2000;
Moraes et al. 2005), including A. iole, which is attracted to
cotton volatiles emitted after injury by its host, L. hesperus,
but not by a non-host, Spodoptera exigua (Manrique et al.
2005). However, the present study also indicated that a
single, relatively ubiquitous HIPV can be attractive to A.
iole and can lead to increased parasitism. The green-leaf
volatile, (Z)-3-hexenyl acetate; the sesquiterpene, α-farne-
sene; and the carboxylate ester, methyl salicylate, are all
produced and released by plants in response to injury by
Lygus species (Rodriguez-Saona et al. 2002; Blackmer et
al. 2004; Williams et al. 2005) and by other herbivores
(Turlings et al. 1991; Loughrin et al. 1995; Röse et al.
1996; Paré and Tumlinson 1998). Thus, it appears that A.
iole can use either host-specific or general volatile cues in
the process of host habitat location.

Under field conditions, the variation in production and
emission of HIPVs by plants likely complicates the signal
perceived and utilized by parasitoids for host location.
However, associative learning, i.e., association of host-
specific volatiles with the presence of hosts, is a possible
solution to this problem (Vet and Groenewold 1990; Vet
and Dicke 1992; Kaiser et al. 2003; Randlkofer et al. 2007;
Schröder et al. 2008). Compared to larval parasitoids, little
is known on the learning capabilities of host-plant-derived
cues in egg parasitoids. Egg parasitoids are less expected to
use plant-derived cues or to learn; instead, they are likely to
use host-derived cues (i.e., host adult pheromones) that are
highly predictable within and between generations during
foraging (Vet et al. 1995). Recent studies have shown that
egg parasitoids use not only short-distance (host-associated)
cues but also may use long-distance volatiles, such as those
associated with the host plant (Meiners and Hilker 1997;
Hilker et al. 2002; Hilker and Meiners 2006). Because host-
plant volatiles are highly detectable but less reliable than
host-associated odors, learning might be critical for egg
parasitoids that employ host-plant volatiles in host finding
(e.g. Mumm et al. 2005). Schröder et al. (2008) hypothe-

Fig. 4 Percent mean parasitism (+ SE) by A. iole of L. lineolaris eggs
baited with single herbivore-induced plant volatiles in a cotton field.
Significant differences for Dunnett’s test of each treatment vs. the
control are noted by asterisks [(Z)-3-hexenyl acetate, P=0.053; α-
farnesene, P=0.007). N=10 replicates per tested compound and
control

Fig. 3 Mean number (+SE) of female A. iole wasps recovered in
treatment vs. control compartments of a horizontal wind tunnel. Empty
bars indicate controls; solid bars indicate treatments [MS methyl
salicylate, F α-farnesene, and Z3 (Z)-3-hexenyl acetate]. Significant
differences are noted by asterisks (single asterisk P<0.05, double
asterisk P<0.001) using G test for goodness of fit. N=6 replicates per
tested compound
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sized a contextual learning sequence by a eulophid that is
mediated by both a sugar food source and by the presence
of host eggs of a suitable age. The present study and those
by Conti et al. (1997) and Manrique et al. (2005) show that
A. iole, a parasitoid that specializes in Lygus spp. eggs, uses
host-plant volatiles and that both innate and learned
responses are important in host finding. Naïve wasps
responded to methyl salicylate and α-farnesene but needed
to learn host-plant odors before responding to (Z)-3-hexenyl
acetate. These three volatile compounds are common in
many plant species, and one or more of them are induced in
cotton, maize, and alfalfa following herbivory by L.
hesperus (Rodriguez-Saona et al. 2002; Blackmer et al.
2004; Williams et al. 2005). It is, therefore, not surprising
that A. iole uses more than one volatile cue to find hosts;
still, a single compound was sufficient to attract wasps in
both laboratory and field experiments. This was confirmed
by the fact that several plant volatile compounds elicited an
antennal response from A. iole, albeit at different ampli-
tudes. Associative learning, however, was not a requisite
for host-habitat location by A. iole given that naïve wasps
responded to HIPVs under both laboratory and field
conditions.

Field studies that address the applicability of using
HIPVs for the protection of agricultural crops are limited
but promising. Drukker et al. (1995) and Shimoda et al.
(1997) reported higher densities of predators in the
proximity of host-infested plants than near uninfested
plants. Several investigators have applied signal molecules,
such as jasmonic acid or methyl jasmonate, to plants and
demonstrated increases in oxidative enzymes (Thaler 1999),
proteinase inhibitors (Rodriguez-Saona et al. 2005), and
HIPVs (Ockroy et al. 2001; Rodriguez-Saona et al. 2001).
Thaler (1999) also reported increases in parasitism of S.
exigua on induced plants versus controls. A series of field
studies demonstrated that sachets of individual synthetic
HIPVs could be used to attract and retain natural enemies in
perennial crop systems (James 2003a,b; James and Price
2004; James and Grasswitz 2005). In particular, these
studies showed that (Z)-3-hexenyl acetate, farnesene, and
methyl salicylate could be used to manipulate behavior of
beneficial insects under field conditions. These three
compounds were attractive to numerous predators and
parasitoids; methyl salicylate attracted the broadest diversi-
ty of insects and farnesene the least (James 2005; James
and Grasswitz 2005). However, all compounds attracted the
mymarid Anagrus daanei and other Anagrus species,
although this effect was inconsistent. In our field study
with the mymarid A. iole, we found that host eggs baited
with (Z)-3-hexenyl acetate or α-farnesene suffered greater
parasitism than untreated controls. The low overall rate of
parasitism (approximately 2.6%) may be due to the
unnaturally large number of host eggs present in a single

patch and the propensity of A. iole to disperse its eggs
among host patches. Wasps may also have been more
strongly attracted to volatiles emitted by nearby cotton
plants.

This study provides evidence that plant volatiles repre-
sent key semiochemical signals in the recognition of and
attraction to host-associated patches by A. iole. Bloem and
Yeargan (1982) reported that Anaphes diana (=Patasson
lameerei Debauche) used its antennae to differentiate
between volatiles from host-damaged vs. undamaged plants
and from host vs. non-host frass. The authors proposed that
volatiles from host-damaged plants and from host frass play
important roles in the host-finding sequence of A. diana. It
would be adaptive for host-specific natural enemies of
Lygus to recognize and walk or fly to host-associated
habitats. Prior work by Manrique et al. (2005) found that A.
iole females can discriminate between plant odors emanat-
ing from Lygus-damaged vs. non-host damaged plants.
Here, we identified several plant-produced compounds that,
upon further development, might be useful tools to
manipulate A. iole behavior to enhance Lygus suppression.
Future recordings from antennal sensilla might help
determine if the structurally similar compounds [(E)-3-
hexen-1-ol vs. (Z)-3-hexen-1-ol] are detected by the same
or different types of receptor cells and if specific receptor
cells exist for certain compounds. Likewise, further lab and
field studies of other plant- and host-associated compounds
not included in this study, mixtures of compounds, and
identification and behavioral testing of GC-EAG active
compounds, would be worthwhile.

Based on our current understanding of A. iole host
foraging, we propose the following host-finding sequence
for this egg parasitoid. The proposed sequence does not
exclude the possible roles of other sensory modalities (e.g.,
vision). This sequence is similar to that proposed for A.
diana (Bloem and Yeargan 1982) and fits into the
conceptual framework of Vet and Dicke (1992): (1)
detection of the host habitat via host-specific HIPVs; (2)
nonrandom and random searching for host eggs on the plant
guided by physical and chemical (volatile and/or tactile)
cues from host and plant; (3) recognition and acceptance of
host eggs directed by physical and chemical (volatile and/or
tactile) cues from host eggs and associated plant tissue.
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