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Abstract Green leaf volatiles (GLVs) function as host
attractants, pheromone synergists, or sexual kairomones for
a number of coleopteran folivores. Hence, we focused on
host GLVs to determine if they were attractive to adults of
the emerald ash borer, Agrilus planipennis (Coleoptera:
Buprestidae), which feeds on ash (Fraxinus) foliage. Eight
GLVs were identified by chromatography-electroantenno-
gram (GC) and GC-mass spectrometry in foliar headspace
volatiles collected in traps containing Super-Q from white
ash, Fraxinus americana, and green ash, Fraxinus penn-
sylvanica, trees. GLVs in the aeration extracts elicited
antennal responses from both male and female adults in gas
chromatography-electroantennogram detection bioassays.
Male antennae were more responsive than female antennae
and showed the strongest response to (Z)-3-hexenol. Six
field experiments were conducted in Canada and the USA
from 2004 to 2006 to evaluate the attractiveness of
candidate GLVs, in various lure combinations and dosages.
Field experiments demonstrated that lures containing (Z£)-3-
hexenol were the most effective in increasing trap catch
when placed on purple traps in open areas or along the
edges of woodlots containing ash. Lures with (Z)-3-hexenol
were more attractive to males than females, and dosage may
be a factor determining its effectiveness.
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Introduction

The emerald ash borer, Agrilus planipennis Fairmaire,
(Coleoptera, Buprestidae) native to China and eastern Asia
(Chinese Academy of Sciences 1986; Yu 1992; USDA
Animal and Plant Health Inspection Service 2007), was
discovered in North America in 2002 near the cities of
Windsor, Ontario, Canada, and Detroit, MI, USA (Haack et
al. 2002). Since then, it has killed more than 20 million ash
(Fraxinus spp.) trees in Ontario, Michigan, Indiana, Ohio,
Illinois, Pennsylvania, and, most recently, in West Virginia
(Canadian Food Inspection Agency 2007; USDA APHIS
2007; EAB Info 2007). Poland (2007) provides a summary
of the current situation in the United States and Canada up
to early 2007.

Larvae of the emerald ash borer feed underneath the bark of
host trees for one or 2 years (Lyons and Jones 2005; Siegert et
al. 2007), and easily can be transported undetected through
the movement of untreated wood such as logs, firewood, or
infested nursery stock. Its cryptic feeding habit, together
with its ability to survive movement over long distances, has
made this insect extremely difficult to detect, control, and
manage. Current operational methods of detection rely on
visual signs and symptoms of attack (de Groot et al. 2006),
extensive ground surveys (Lyons et al. 2007), and girdling
and peeling of ash trap trees (McCullough et al. 2006).
These methods are time consuming, costly, and, most
notably, they usually do not detect emerald ash borer until
populations have been established for at least 1 year—and
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often longer. An effective portable insect trap baited with a
semiochemical attractant that could provide earlier detection
of infestations has not yet been developed. Although large-
panel, sticky traps that make use of the color purple as a
visual cue and are baited with ash logs are attractive to
emerald ash borer (Francese et al. 2005); they are not
sufficiently sensitive or easy to use for this purpose.

Adult beetles feed on ash leaves for a week or more
before mating (Lyons et al. 2007). Studies by Otis et al.
(2005) and Lelito et al. (2007) revealed that males use
visual cues to locate females, and that they actively search
for females on ash leaflets in the tree canopy. To date, there
is no evidence that the emerald ash borer uses long-range
pheromones to locate mates (Rodriguez-Saona et al. 2006;
Lelito et al. 2007), but the borer is attracted by host
volatiles (Rodriguez-Saona et al. 2006; Crook et al. 2008).
Manuka oil, which contains high amounts of several
antennally active sesquiterpenes found in ash bark, is
attractive to emerald ash borer and shows promise in baited
traps (Crook et al. 2008). Rodriguez-Saona et al. (2006)
demonstrated that at least 16 compounds emitted by
Manchurian ash (F. mandshurica Rupr.) were antennally
active to both sexes of emerald ash borer, which feeds on
Manchurian ash in northeast Asia (Yu 1992). The com-
pounds that elicited the strongest and most consistent
antennal activity in coupled gas chromatography-electro-
antennogram detection (GC-EAD) bioassays were the green
leaf volatiles (GLVs). These C4 aldehydes, alcohols, and
acetates are produced in large amounts by angiosperm trees
(Zhang and Schlyter 2004). Their release rates are elevated
by various stress factors, including damage caused by
insect feeding (Ruther et al. 2000; Cossé et al. 2006;
Rodriguez-Saona et al. 2006). Our preliminary chemical
analysis of leaf volatiles from green ash and white ash
hosts by using the solid phase micro-extraction (SPME)
sampling technique, and analysis of homogenated foliage
extracts, revealed the presence of several GLVs that
consistently provided strong GC-EAD responses (unpub-
lished data, Poland et al. 2004, 2006). We hypothesized
that the emerald ash borer would show attraction to GLVs
emitted by ash trees native to North America. GLVs serve
as key components in host attractants, as pheromone
synergists or as sexual kairomones for a number of
coleopteran folivores (Dickens et al. 1990; Dickens 2000;
Ruther et al. 2000, 2002; Ruther 2004; Reinecke et al.
2002, 2006; Cossé et al. 2006; Fernandez et al. 2007). The
antennal chemoreceptors of some species are tuned specif-
ically to individual GLVs and respond to them with very
high, pheromone-like sensitivity (Hansson et al. 1999;
Larsson et al. 2001).

In this study, we examined the antennal and behavioral
responses of male and female emerald ash borer to GLVs in
leaf volatiles from green and white ash trees. We collected

volatiles on Super-Q® by aeration of trees, used GC-EAD
and GC-MS (gas chromatography-mass spectrometry) to
screen and identify candidate compounds, and conducted a
series of field experiments over 3 years to evaluate their
attractiveness.

Methods and Materials

Aeration of Leaf Volatiles and Chemical Analysis Leaf
volatiles were collected from four healthy green ash trees in
Sault Ste. Marie, ON on 2, 5, and 23 August 2005, and
from a single healthy white ash tree on 8 August and 1
September 2005. Sampling of volatiles took place between
12:30 and 16:30 h; sampling dates were chosen when the
weather was warm and sunny. Green ash was received as
nursery stock (35 mm diam) from Winkelmolen Nursery
Ltd. (Lynden, ON) on 29 April 2005 and out-planted on 5
May 2005. The white ash tree was about 18 years old and
located on a residential property.

Foliage was enclosed in bags (approximately 45 %25 cm)
made from Tedlar® (Richmond Aircraft Products, Norwalk,
CA, USA). Two holes were cut at opposite ends of the bag,
one fitted with an activated carbon filter for air intake and
one fitted with a Super-Q volatile collection trap (VCT)
(Analytical Research Systems, Inc., Gainesville, FL, USA),
containing 30 mg Alltech Super-Q® adsorbent material.
The traps were held tightly inside 1/4 inch Teflon® tubing
that was secured to the Tedlar bag with twist-ties and/or
hose-clamps. Foliar headspace was sampled at 0.5 1/min
with the aid of a Gilair-5 Personal Air Sampler (Sensidyne,
Inc., Clearwater, FL, USA). Sampling periods varied from
0.5 to 2 h. Empty Tedlar bags placed in close proximity to
the trees were sampled as controls.

The Super-Q VCTs were extracted with 3x50 ul of
hexane (>99% purity, Acros) and analyzed by GC-MS on
an HP5890 Series II GC fitted with a DB-1 column (25 mx
0.2 mm, with a 0.33-um film thickness; J&W Scientific),
and equipped with an HP5989A mass spectrometer. The
GC temperature program started at 40°C held for 1 min,
increased to 80°C at 8°C/min, and then to 260°C at 10°C/
min, and finally to 325°C at 15°C/min, held for 5 min. The
helium flow rate was 1 ml/min. GLVs were identified by
comparing EI mass spectra with those from commercially
available standards and against Wiley and National Institute
of Standards and Technology libraries (Wiley275.L and
Nist98.1), and by comparison of retention times with
authentic standards. Extracts and GLV standards were also
analyzed on a Varian 3500 GC fitted with a SPI injector and
a DB-17 column (30 mx0.25 mm with a 0.25-pm film
thickness, J&W Scientific) with helium as the carrier gas
(2.4 ml/min) for further confirmation of the identity of the
GLV compounds. The temperature program started at 40°C
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for 1 min, increased at 2°C/min to 70°C, and then increased
to 250°C at 15°C/min and held for 1 min. The following
GLV standards were used for chemical and GC-EAD
analysis: hexanal (98% purity), (E)-2-hexenal (98%),
hexanol (99%), (Z)-2-hexenol (95%), (Z)-3-hexenol
(98%), (E)-3-hexenol (98%), (E)-2-hexenyl acetate (98%),
(Z)-3-hexenyl acetate (98%), and hexyl acetate (99%),
obtained from Sigma-Aldrich Canada, and (Z)-3-hexenal
(92% with 1-2% E isomer); (E)-2-hexenol (95%); and (E)-
3-hexenyl acetate (98%) obtained from Bedoukian Re-
search Inc (Danbury, CT, USA).

GC-EAD Detection Green and white ash extracts were
analyzed by GC-EAD bioassay to identify GLVs that
elicited electrophysiological responses from antennae of
1040 days-old virgin male and female adults. Newly
emerged adults were segregated by sex to provide virgin
beetles, which do not mate until a week or more old.

GC-EAD bioassays were performed as previously
described (Rodriguez-Saona et al. 2006; Grant et al.
2007). Two microliter of an extract were injected into a
Varian 3400 GC fitted with a nonpolar HP-1 capillary
column (25 mx0.20 mm with a 0.33-um film thickness,
Hewlett-Packard) with helium as the carrier gas. The GC
temperature program started at 60°C for 1 min, increased
at 10°C/min to 190°C, and then increased to 265°C at
35°C/min and held for 4 min. The column effluent was
split 1:1, with one part going to the flame ionization
detector of the GC and the other through a heated (225°C)
transfer line (Syntech, Hilversum, Netherlands) into a
humidified airstream (800 ml/min) directed at an excised
emerald ash borer antenna. The cut ends of the antenna
were inserted into small droplets of electrode gel (Signa
Gel, Parker Labs, NJ, USA) held in small loops at the
ends of gold wire electrodes connected to a Syntech
portable INR-2 amplifier.

To compare the relative stimulatory effectiveness of the
GLVs identified in the extracts, a synthetic mixture, which
included hexanal, (£)-2-hexenal, (Z)-3-hexenol, (£)-2-hex-
enol, hexanol, (Z)-3-hexenyl acetate, and hexyl acetate, was
prepared in methylene chloride at a concentration of 7 ng/ul
for each component. Two microliter of the mixture were
injected into the GC operated with a temperature program
that started at 60°C for 1 min, increased at 7°C/min to
80°C, and then increased to 120°C at 25°C/min and held
for 1 min. Recordings were obtained from each of five male
and female antennae from virgin adults. EAD responses
were subjected to a two-way analysis of variance (ANOVA)
with GLVs and sex as factors after square root transforma-
tion of data to meet the assumptions of normality and
equality of variance. Significantly different (P<0.05) means
were identified with the Holm-Sidak test (SigmaStat for
Windows, version 3.5).
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Field Studies Based on continuing results from our chem-
ical and GC-EAD analyses, we conducted a series of six
factorial, randomized, complete block design experiments
to investigate the attractiveness of various GLVs. From
2004 to 2006, experiments 1-5 were conducted in Essex
County near Windsor, Ontario, and experiment 6 was
undertaken in Livingston County, Michigan. All experi-
ments were conducted in open areas within or along natural
woodlots containing green ash (Fraxinus pennsylvanica
Marsh), also known as red ash in Canada.

Prior to these experiments, we had conducted a
preliminary field trial in 2003 (Poland et al. 2004) that
indicated 12-unit funnel traps (Phero Tech Inc., Delta, BC,
CA, USA) or Japanese beetle traps (Great Lakes IPM Inc.,
Vestaburg, MI, USA) hung in the canopies of trees were
ineffective in capturing emerald ash borer. As previously
noted, research conducted in 2003 by Francese et al. (2005)
on trap color revealed that glue-coated purple corrugated
plastic panels were attractive to emerald ash borer. Thus, in
all of our field experiments we used 4.0-mm-thick purple
corrugated plastic (Champion Box Company, Inc, Cedar-
edge, CO, USA; same material and source as Francese et al.
(2005)) that was coated in the field with Pestick™ insect
trapping glue (Phytotronics Inc, Earth City, MO, USA)
just before the installation of the various semiochemical
treatments. Traps were hung from 2-m-tall free-standing
vertical metal poles (with a 90° bend 45 cm from the
top) constructed from 1-cm-diameter concrete-reinforcing
bar and inserted 50-60 cm into the ground. Traps were
placed 15-20 m apart and 2-4 m clear of the forested
edges of woodlots or plantations infested with emerald
ash borer.

In Experiment 1, we compared three traps of different
design (flat, triangular, or cross-vane) that were unbaited
(control) or baited with three GLVs ((Z£)-3-hexenol, hexa-
nal, and (E)-2-hexenal). These were the intial GC-EAD
active GLVs we identified. Flat traps were constructed from
corrugated plastic panels (30 cm widex 150 cm long) and
glued on both sides. Triangular traps were constructed from
three 30 % 150-cm-long panels fastened together with plastic
cable ties to form a triangle (prism) and glued on the
outside. Cross-vane traps were constructed from two 30 x
150-cm panels with corresponding slots to allow them to fit
together to form a cross-vane, and glued on all exposed
surfaces. The traps were baited with the semiochemical
lures on 3 June 2004, lures were replaced on 8 July, and the
experiment terminated on 28 July when it was evident that
most of the beetle flight was over. Treatments were
replicated 10 times. Details on the compounds, release
device, and release rates are listed in Table 1. As in all
experiments, traps were serviced every 10—14 days and the
captured emerald ash borers were removed from the traps,
washed in Histo-Clear II® (National Diagnostics, Atlanta,
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Table 1 Release devices and

release rates of compounds Experiment Compound (% purity)® Release device Release rate
used in field experiments as (mg/24 h)°
potential attractants for Agrilus
planipennis 1 Hexanal (98.1) 1 bubble cap 24

(E)-2-hexenal (99.1) 1 bubble cap 38

(Z)-3-hexenol (98.0) 1 bubble cap 17

2 Hexanol (99.5) 2 bubble caps 24
(E)-2-hexenol (99.7) 2 bubble caps 32
(Z)-3-hexenol (98.0) 2 bubble caps 34
3 Nonanal (95.6) 2 bubble caps 84

Hexanal (98.1) 2 bubble caps 48

(E)-2-hexenal (99.1) 2 bubble cap 76
 All compounds and release 4 (Z2)-3-hexenol (99.5) Polyethylene pouch 330
devices purchased from Phero (E)-2-hexenal (99.1) 15-ml polyethylene bottle 110
Tech Inc., Delta, British (Z)-3-hexenol (99.5) Polyethylene pouch 330
Columbia, Canada (E)-2-hexenal (99.1) Two 15-ml polyethylene bottles 220
Release rates determined at 6 (2)-3-hexenol (99.5) Polyethylene pouch 48
30°C in the laboratory by Phero (Z)-3-hexenol (99.5) Polyethylene pouch 330
Tech Inc. All compounds re- (E)-2-hexenal (99.1) 15-ml polyethylene bottle 110
leased from closed and separate (E)-2-hexenal (99.1) Three 15-ml polyethylene bottles 330

devices

GA, USA) to remove the glue, and preserved in 70%
ethanol. All beetles were sexed by examining the internal
genitalia.

Experiment 1 had combined (Z)-3-hexenol, hexanal, and
(E)-2-hexenal as one treatment and, in 2005, we conducted
two experiments to examine the separate effects of various
alcohols (Experiment 2) and aldehydes (Experiment 3).
Each of these experiments included a control consisting of
an unbaited (blank) sticky trap, as did all remaining
experiments. In Experiment 2, we compared binary and
tertiary combinations of hexanol, (£)-2-hexenol, and (Z2)-3-
hexenol. Thus, the treatments consisted of (1) hexanol+
(E)-2-hexenol, (2) hexanol+(Z)-3-hexenol, (3) hexanol+
(E)-2-hexenol+(Z)-3-hexenol, (4) (E)-2-hexenol+(Z)-3-
hexenol, and (5) unbaited or blank trap. In Experiment 3,
we compared binary and tertiary combinations of (E)-2-
hexenal, nonanal, and hexanal, that is: (1) (£)-2-hexenal+
nonanal, (2) (E)-2-hexenal+hexanal, (3) (£)-2-hexenal+
nonanal+hexanal, (4) nonanal+hexanal, and (5) blank trap.
Nonanal (an aldehyde by product of the GLV biosynthesis
pathway) was detected in our early SPME analysis of host
volatiles and was GC-EAD active (unpublished data,
Poland et al. 2007). In 2005, we used purple traps
consisting of two 45x60-cm corrugated purple plastic
panels with corresponding slots that allowed them to fit
together in a cross-vane shape, and glued on all surfaces.
Each trap was fitted with a flat top and bottom (45 %45 cm)
and was suspended from the cross bar of the metal trap
poles by an umbrella rig spreader (Zing Products, Westport
MA, USA). The spreader not only provided a means to
suspend the trap and keep the trap panels in place, it also
allowed the trap to move with the wind and, thus, be less
rigid and prone to wind damage. The two field experiments

were initiated on 4 June 2005 and were terminated on 20
July 2005. Experiment 2 had five replicates and experiment
3 had 10 replicates of each treatment.

In 2006, the last three experiments were conducted to
assess the efficacy of (Z)-3-hexenol and (F)-2-hexenal, but at
higher release rates than used previously. Experiment 4
evaluated traps baited with (Z)-3-hexenol (released at
330 mg/day) or (E)-2-hexenal (110 mg/day), or the two
combined. In Experiment 5, the same volatiles were used as
in experiment 4, but the release rate of (£)-2-hexenal was
increased to 220 mg/day. Experiment 6 examined four single
semiochemical treatments consisting of (Z)-3-hexenol
(released at 48 or 330 mg/day), (E)-2-hexenal (released at
110 or 330 mg/day), and the unbaited control. Traps used in
2006 were constructed from a single purple corrugated plastic
panel folded into a three-sided prism measuring 40.0-cm wide
and 60.0-cm tall on each side, and held together by cable ties.
Traps were glued on all exposed surfaces and suspended from
the metal trap stand as in 2005. Experiments were conducted
from 14 June to 27 June (experiment 4), 28 June to 18 July
(experiment 5), and 12 June to 19 July 2006 (experiment 6).
Experiments 4 and 5 had six replicates of each treatment and
experiment 6 had 12 replicates.

The trap catches of male and female emerald ash borers
from each experiment were analyzed independently by
using analysis of variance. In each experiment, we had a
priori hypotheses about the treatments and they were used
to structure orthogonal contrasts for the ANOVA. For
example, in the first experiment, our goal was to determine
whether or not emerald ash borer trap catch numbers may
be influenced by (a) an artificial lure, (b) sex, and (c) trap
type, in particular, a triangular-arrayed surface as compared
to conventional flat and cross-vane surfaces. As such, the
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11 degrees of freedom (df) associated with the treatments
tested in this experiment [2 lures (baited and unbaited)x 2
sexesx3 trap types—1], were broken down into contrasts
within the ANOVA to directly address each of these
questions:

o

— NN N — N = = s

Contrast

Bait

Sex

Trap

Baitxsex
Baitxtrap

Sex x trap

Bait xsex xtrap
Total

—_

In the above, the tests for interaction determine whether
the levels of one factor behave consistently across the levels
of another, such that generalized statements may be made
about the individual factors. For example, if the baitxsex
interaction term were insignificant (P>0.10), then conclu-
sions may be drawn about the effectiveness of the lure,
irrespective of sex. The two df for trap type was further
broken down into a contrast that compared cross-vane and
flat traps, and another that compared the average of these
two types to the triangular array. With this factorial
treatment arrangement, this type of analysis is more
powerful and appropriate than multiple comparison proce-
dures, and better suited to specifically address the a priori
hypotheses that we posed (Steel and Torrie 1980; Mize and
Schultz 1985; Warren 1986).

All of our subsequent experiments focused on lure
development and generally followed the treatment arrange-
ment of a 2? factorial design (Montgomery 2004). In the
simplest cases (experiments 4 and 5), two types of lures
were tested (e.g., a and b), producing four treatment
combinations: a, b, ab, and 0 (blank). In a manner parallel
to the first experiment, orthogonal contrasts were used to
test for interaction between the two lures and then
generalized effects associated with the presence of each.
Experiments 2 and 3 followed this same form, but involved
three compounds, producing the four treatment combina-
tions: ac, bc, abc, and 0. In these experiments, we
contrasted a fifth treatment, ab, with abc to test for the
effect of the third compound c¢. In Experiment 6, two lures
were tested, each at three levels (0, 1, and 2x), without
combination. In this case, a contrast was used to compare
the average effects of the two lures, and polynomial
contrasts were used to test for dose responses in each
[e.g., response proportional to dose (linear) and dispropor-
tional to dose (quadratic)] (Montgomery 2004).

In experiment 1, trap catches were standardized to the
same trap surface area as the cross-vane traps (1.8 m?): all
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remaining experiments used the same trap size. Residuals
from the analyses were examined to verify normality and
homogeneity of variance assumptions and, where necessary,
trap catch numbers were increased by one to avoid zero
counts, and natural log transformed to satisfy these assump-
tions. Case-by-case, this transformation was identified from
the family of power transformations as being the most
effective through the procedures developed by Box and Cox
(1964). Where data were transformed, we present the
untransformed least squares means and the standard errors
of the least square means, along with the statistics (P>F)
from ANOVA of the transformed data. Analyses were
conducted by using PROC GLM of the SAS® System (SAS
Institute Inc. 2004).

Results

Aeration of Leaf Volatiles and Chemical Analysis Eight
GLVs were detected in both white and green ash foliar
aeration extracts. (Z)-3-hexenal, (£)-2-hexenal, (Z£)-3-hex-
enol, (E£)-2-hexenol, hexanol, (Z)-3-hexenyl acetate, and
hexyl acetate were identified in the white ash extract by
GC-MS. The presence of hexanal was determined by its
retention times on the DB-17 and HP-1 columns. Green ash
extracts were considerably less concentrated than the white
ash extract, possibly due to differences in age and maturity
of the sampled trees. Only (E)-2-hexenal, (Z)-3-hexenol,
and (Z)-3-hexenyl acetate were identified by GC-MS. (2)-3-
hexenal, hexanal, (F)-2-hexenol, hexanol, and hexyl acetate
were identified by their retention times on the DB-17 and
HP-1 columns. In both the green and white ash extracts,
(Z2)-3-hexenol and (Z)-3-hexenyl acetate represented over
80% of the GLV volatiles emitted by both tree species. No
GLVs were detected in the control extracts.

Gas Chromatography-Electroantennogram Detection All
of the GLVs identified in both green and white ash extracts
elicited EAD responses from both male and female
antennae. However, during the initial bioassays of white
ash extracts, which were more concentrated than the green
ash extracts, the male antennal responses to the GC peaks
corresponding to the GLVs, particularly the (Z)-3-hexenol
GC peak, were unusually small until the extract was diluted
15-fold. This resulted in the expected higher response levels
(Fig. 1 inset). Male EAD responses to the aldehydes and
alcohols in extracts of both tree species were typically
larger than female responses to these compounds, with the
GC peak corresponding to (Z)-3-hexenol always eliciting
the largest male EAD response (Fig. 1 inset). Similar results
were obtained previously with the GLVs occurring in
Manchurian ash volatiles (Rodriguez-Saona et al. 2006).
In our initial GC-EAD bioassays of the ash extracts, the



J Chem Ecol (2008) 34:1170-1179

1175

161 W Male
O Female
A
EAD

1.2 1
& 4
+
C
g
— 081 B
S
3 BC
5

cD
041 p
a a
ab
b
ab £ ab a
° "Il
0 - T T
2 3 4 5 6 7 8

6:Ald  E2-6:Ald Z3-6:0H E2-6.0H 6:0H Z3-6:Ac 6:Ac

Fig. 1 Mean EAD responses from male and female antennae of
Agrilus planipennis (N=5 each) to equal quantities (7 ng each) of
seven host GLVs (6:Ald=hexanal; E2—6:Ald=(E)-2-hexenal; Z3-6:
OH=(Z)-3-hexenol; E2—-6:0H=(E)-2-hexenol; 6:OH=hexanol; Z3—6:
Ac=(Z)-3-hexenyl acetate; 6:Ac=hexyl acetate). Numbers above the
compound names correspond to the numerically labeled GC and EAD
peaks in the inset figure. Male bars with different capital letters are
different and female bars with different small case letters are different
(P<0.05, Holm-Sidak test). Differences between male and female
responses were significant for all GLVs (P<0.05, Holm-Sidak test)
except Z3-6:Ac. Fig. 1 inset: GC-EAD recording of male antennal
response to GLVs in the diluted white ash aeration extract (1+2, (2)-3-
hexenal plus hexanal; 3, (E)-2-hexenal; 4, (Z)-3-hexenol; 5, (E)-2-
hexenol; 6, hexanol; 7, (Z)-3-hexenyl acetate; 8, hexyl acetate)

male response to the GC peak thought to be only hexanal
was larger than expected based on the size of the GC peak
and the response to synthetic hexanal. Subsequent closer
examination of this peak by using a slower temperature
program (40°C to 75°C at 6°C/min) revealed a second peak
that was identified as (Z)-3-hexenal by GC-MS and its
retention time on the HP-1 and DB-17 columns.

Because there were substantial differences in the
amounts of GLVs in the ash extracts, we confirmed the
relative stimulating effectiveness of the host GLVs by
testing a synthetic mixture of GLVs held at a constant
concentration of 7 ng/ul. There was a difference between
male and female responses (F=101.3, df=1, 6; P<0.001)
with male antennae producing larger EAD responses to all
of the alcohols and aldehydes than females (P<0.05,
Holmes-Sidak test) (Fig. 1). Females were more responsive
to hexyl acetate than males, but there was no difference in
their respective responses to (£)-3-hexenyl acetate. As with
the ash extracts, (Z)-3-hexenol was by far the most
stimulating compound for males (Fig. 1), often eliciting

responses more than twofold larger than either (E)-2-
hexenal or (E)-2-hexenol at the same concentration. Only
slight differences were observed among female responses to
the GLVs (Fig. 1). The synthetic GLV mixture did not
include (Z)-3-hexenal because it was discovered late in this
study and after the synthetic mixture was bioassayed.
However, the EAD response from male antennae to
synthetic (Z)-3-hexenal was larger than the EAD response
to the same concentration of synthetic hexanal, but
comparable to that elicited by synthetic (E)-2-hexenal.

Field Studies In experiment 1, trap catches for males and
females were consistent across both baited and unbaited
traps and trap types (two- and three-way interactions, P>
0.38). In general, 3.7 times more males were attracted to the
traps baited with the three GLVs ((Z)-3-hexenol+hexanal+
(E)-2-hexenal) than females (P<0.01) (Fig. 2a). Also, these
traps resulted in an average 76% increase in total catches of
both sexes (P<0.01). While there was little difference in the
performance of cross-vane and flat traps (P=0.86), trian-
gular traps provided a 40% increase in catches over the
other trap types (P=0.07), suggesting the need for further
evaluation.

In experiment 2, the combination of hexanol+(Z)-3-
hexenol (lures 2 and 3) resulted in increased catches of
males (P<0.01), but not females (P=0.18) (Fig. 2b).
Hexanol+(E)-2-hexenol had no effect as an attractant for
either sex, either as a binary combination (lure 3) (P>0.14),
or as a tertiary combination with (Z)-3-hexenol (lure 4) (P>
0.27). Adding hexanol to the combination with (Z)-3-
hexenol+(E)-2-hexenol (lure 3) had no effect on male
catches (P=0.30), but appeared to increase female numbers
(P=0.06). In general, the presence of (Z)-3-hexenol in the
various lures resulted in a 3.8-fold increase in males
captured with no conclusive effect on females.

In experiment 3, variation in female trap catch was high.
The combination of hexanal+nonanal (lures 1 and 3)
increased catches of males (P=0.04), but not females (P=
0.08) (Fig. 2¢). The combination of (E£)-2-hexenal+nonanal
had no effect as an attractant, either by itself (lure 4) (P>
0.35), or in combination with hexanal (lure 3) (P>0.55) for
either sex. Also, adding nonanal to the combination of
hexanal+(F)-2-hexenal had no effect on catches of either
sex (P>0.58).

In experiment 4, variation in female trap catch was also
high. Nonetheless (Z)-3-hexenol increased trap catches of
both sexes (lures 1 and 3) (P<0.01) (Fig. 2d). In contrast,
(E)-2-hexenal had no effect as an attractant, either by itself
(P>0.38), or in combination with (Z)-3-hexenol (P>0.22).
The presence of (Z)-3-hexenol resulted in an average 2.3-
fold increase in total catch of beetles. In contrast to the
previous experiments, substantially more females were
trapped than males in response to (£)-3-hexenol.
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TREATMENTS
Experiment 1

1. Cross vane trap (C)

2. Cross vane trap with (Z)-3-hexenol, hexanal,
and (E)-2-hexenal

3. Flat trap (F)

4. Flat trap with (Z)-3-hexenol, hexanal, and
(E)-2-hexenal

5. Triangular trap (T)

6. Triangular trap with (Z)-3-hexenol, hexanal,

and (E)-2-hexenal
Experiment 2
1. Hexanol + (E)-2-hexenol
2. Hexanol + (Z)-3-hexenol
3. Hexanol + (E)-2-hexenol + (Z)-3-hexenol
4. (E)-2-hexenol + (Z)-3-hexenol
5. Blank trap

Experiment 3

1. (E)-2-hexenal + nonanal

2. Hexanal + nonanal

3. Hexanal + (E)-2-hexenal + nonanal
4. Hexanal + (E)-2-hexenal

5. Blank trap

Experiment 4
1. (Z)-3-hexenol (330 mg/d)
2. (E)-2-hexenal (110 mg/d)

3. (Z)-3-hexanol (330 mg/d)
+ (E)-2-hexenal (110 mg/d)

4. Blank trap

Experiment 5
1. (2)-3-hexenol (330 mg/d)
2. (E)-2-hexenal (220 mg/d)

3. (Z)-3-hexanol (330 mg/d)
+ (E)-2-hexenal (220 mg/d)

4. Blank trap

Experiment 6
1. (Z)-3-hexenol (48 mg/d)

(

(Z)-3-hexanol (330 mg/d)
(E)-2-hexenal (110 mg/d)
(

2.
3.
4. (E)-2-hexenal (330 mg/d)
5. Blank trap

Fig. 2 Response of male and female Agrilus planipennis to various
combinations of green leaf volatiles in six field experiments. Data
were analyzed independently using analysis of variance (ANOVA)
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followed by orthogonal contrasts. Statistics (P>F) are shown for each
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CONTRAST p-value
sex <0.01¢t
bait <0.01t
trap 0.181
CvsF 0.861
C,FvsT 0.07t
sex X bait 0.82t
sex X trap 0.38t1
bait x trap 0.83t1
sex X bait x trap 0.671
Male Female
(1,3) vs (2, 5) 0.14t 0.73%
(2,3)vs (1,5) <0.01t 0.181
interaction 0.33t1 0.27t
3vs4 0.30t 0.061
(1,3)vs (2, 5) 0.82 0.35
(2,3)vs(1,5) 0.04 0.08
interaction 0.93 0.55
3vsé4 0.98 0.58
(1,3)vs (2, 4) <0.01 <0.01
(2,3)vs (1,4) 0.38 0.61
interaction 0.22 0.79
(1,3)vs (2, 4) <0.01 0.05
(2,3)vs (1,4) 0.73 0.06
interaction 0.52 0.66
(5, 1, 2) linear 0.67 0.261
(5, 1, 2) quadratic 0.01 0.39t
(5, 3, 4) linear 0.83 0.941
(5, 3, 4) quadratic 0.59 0.6471
(1,2) vs (3, 4) 0.06 0.061

contrast and those marked with a dagger apply to the natural log-
transformed data following ANOVA. The standard error (SE) shown is
the standard error of the least squares means
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In experiment 5, doubling the release rate of (E)-2-
hexenal used in Experiment 4 had no effect as an attractant
for males (lures 2 and 3) (P=0.73), but may have had
some effect on females (P=0.06) (Fig. 2e). (£)-3-Hexenol
again resulted in an increased catch of both sexes (lures 1
and 3) (P<0.05): an average 2.7-fold increase in males and
a 1.6-fold increase in females. The presence of (E)-2-
hexenal did not influence the effects of (Z)-3-hexenol (P>
0.52).

In experiment 6, (Z)-3-hexenol resulted in an increased
catch of males only, and only at the low release rate (48 mg/
day) (P=0.01) (Fig. 2f). Female numbers also increased,
but not significantly (P=0.39). (£)-2-hexenal had no effect
as an attractant for males or females (P>0.59). Low
dosages of (Z)-3-hexenol resulted in total trap catches of
beetles that were 50% greater than unbaited traps.

Discussion

The most promising GLV attractant found in this study
was (Z)-3-hexenol. It was one of the most abundant GLVs
in the aeration extracts of both green ash and white ash. In
the GC-EAD bioassays, males showed the strongest
response to (Z)-3-hexenol, whereas for females it was no
more stimulating than the other GLVs. In field experiments,
males consistently responded positively (P<0.05) to the
presence of (Z)-3-hexenol (experiments 2, 4, 5, and 6), and
females responded positively in two (experiments 4 and 5),
but not in two other experiments (experiments 2 and 6). In
experiment 6 where the two release rates of (Z)-3-hexenol
were compared directly, males showed a positive (P<0.05)
response to the low rate (48 mg/day) but not to a rate nearly
seven times higher (330 mg/day). This suggests that there is
a dose effect, but in experiments 4 and 5 the high release
rate lures were attractive. In our GC-EAD bioassays,
however, we found that the initial white ash extracts were
too concentrated and had to be diluted 15-fold before
eliciting full antennal responses from the GLVs, particular-
ly (Z2)-3-hexenol. Male antennae were sensitive to low
dosages (<1 ng) of aldehyde and alcohol GLVs, as observed
in other beetle species (Hansson et al. 1999; Larsson et al.
2001), so that excessively high dosages probably saturated
the male olfactory receptors which resulted in the reduced
EAD responses with the undiluted white ash extracts. Thus
high doses of GLVs in traps may well be unattractive or
even repellent at close range. In laboratory bioassays
involving the Colorado potato beetle, Leptinotarsa decem-
lineata (Say), Dickens (2000) found high dosages of (2)-3-
hexenol and (E)-2-hexenol in lure blends were repellent but
low levels in the same blend were attractive. Further
investigation of the effect of lure dosage or release rates
of GLVs on emerald ash borer may be worthwhile.

Although hexanol and (F)-2-hexenol readily elicited
antennal responses from male and female antennae in the
GC-EAD bioassays, these compounds were not attractive in
the field, when tested at release rates of 24-32 mg/day,
within the lower range where (Z)-3-hexenol shows activity
(17-48 mg/day), nor did they enhance the attractiveness of
(Z2)-3-hexenol. Similarly, the aldehydes (hexanal, (£)-2-
hexenal, nonanal) were active in GC-EAD bioassays but,
with one exception (experiment 2, hexanal+nonanal), they
were not attractive to male or female emerald ash borer in the
field. We tested (E)-2-hexenal in several different experi-
ments. In all cases, it was not attractive to either sex, and did
not noticeably increase or decrease trap catch when traps
were co-baited with (Z)-3-hexenol. The combination of
hexanal+nonanal may warrant further attention for its effects
on males, either alone or in combination with (Z)-3-hexenol.

There are practical and statistical constraints in the number
of treatments (chemicals, blends and release rates), layout of
traps, and replications possible in field experiments, especial-
ly in forests. Consequently, not all host GLVs or their blends
were tested, which may account for our failure to detect any
behavioral effects for some GLVs, such as (£)-2-hexenal.
Also, the GLV acetates, which had the weakest EAD
activity, were not included in our field tests. Second, it
may also be that GLVs are not particularly attractive to
females. Aeration extracts from insect damaged Manchurian
ash were attractive to female emerald ash borers, but not to
males (Rodriguez-Saona et al. 2006). These extracts
contained relatively low levels of (Z)-3-hexenol and other
GLVs and could explain the lack of male behavioral
response to these extracts, thus suggesting that females were
responding to other induced host compounds. (Z)-3-Hexenal
was discovered too late in our GC-EAD study for inclusion
in the field tests. Further tests are planned to broaden our
evaluation of host ash GLVs and to include other EAD
active host compounds in combination with them.

Little is known about effective methods to trap bupres-
tids, and this can present difficulties in evaluating attrac-
tants. In general, an important component of the
development of a trap-based detection program for insects
is the design and placement of the trap itself. Attractive
chemicals placed in an ineffective trap may result in poor
trap catches, and conversely, a well-designed trap, baited
with unattractive chemicals or incorrect release rates may
also result in poor trap catches. With this in mind, we chose
to keep trap color (purple) constant throughout the 3 years
of our field tests, and in 2005 and 2006 to keep trap design
the same within the year of the experiment. Our results
from 2004 showed that flat, cross-vane, and triangular traps
were essentially the same in capturing emerald ash borers,
although the triangular trap appeared to offer an advantage.
In 2005, we chose to use the purple cross-vane trap because
of its availability from USDA APHIS. This trap had

@ Springer



1178

J Chem Ecol (2008) 34:1170-1179

tendencies to rotate easily in the wind because of the vanes;
therefore, in 2006 we reverted to the triangular (prism), but
smaller trap. Further development of the trap silhouette,
optimal, but practical positioning of the trap, and perhaps
revisiting trap color will no doubt help improve trapping
effectiveness for emerald ash borer and buprestids in general.

Green leaf volatiles are well known to be negative
olfactory signals used by several species of conifer
inhabiting bark beetles to indicate the presence of non-
hosts or unsuitable hosts at the tree-species and habitat level
(Zhang and Schlyter 2004). On the other hand, several
coleopteran folivores feeding on angiosperms use these
same GLVs, especially the Cg-alcohols, to help locate hosts,
or synergistically enhance their response to pheromones as
mentioned in the Introduction. To our knowledge, our
results provide the first evidence that buprestids use GLVs
as attractants. Because the release of GLVs from plant
tissue is elevated by insect feeding damage, we hypothesize
that foliage feeding by adult emerald ash borer may
increase the apparency and attractiveness of their host
trees, Fraxinus spp. Because (Z)-3-hexenol is most attrac-
tive to males and elicits an exceptionally strong male
antennal response, it may also serve as an important cue
along with other visual and olfactory stimuli for finding
females on host foliage. Similar male biased antennal and
behavioral responses to (Z)-3-hexenol have been reported in
other beetle species, particularly chafers (Ruther et al. 2000,
2002; Ruther 2004), where it serves as a sexual kairomone
in conjunction with a female pheromone.

In summary, our laboratory and field experiments
demonstrate that the GLV (Z)-3-hexenol increased trap
catch of the emerald ash borer when placed on purple traps
in open areas or along the edges of woodlots containing
ash. It had greater influence on males than females, and
dosage may be a factor determining its effectiveness. This
work represents a step towards understanding the role of
GLVs for host-plant finding by A4. planipennis, and for
development of an attractant-based trapping systems for
early detection of this serious invasive insect pest.
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