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Abstract

Aromia bungii is a serious pest of stone fruit trees including cherries, plums, peaches and apricots. It is native to eastern
Asia but has recently been introduced into and has established in Japan, Germany and Italy and has been intercepted in cargo
entering the USA and Great Britain. We synthesized the naturally produced enantiomer of the major pheromone component,
(E)-2-cis-6,7-epoxynonenal, and in field tests, comparing its attractiveness to that of the racemate. We also tested different
ratios of a minor pheromone component, (2E,6Z)-nona-2,6-dienal, on attraction to the major component. Lastly, we conducted
a dose—response assay to determine the optimal loading rates. Addition of the minor component at a ratio of 0.31 mg minor
to 25 mg major component is more than double the trap captures of males but not females. Using this ratio, we found no
difference in trap captures with 10 mg, 32 mg or 100 mg of the major component, but the 10 mg load attracted significantly
more females than the 3.2 mg load, and only the 32 mg load attracted significantly more males than the 3.2 mg load. The
natural enantiomer was significantly more attractive to females than the racemate. However, the multi-step, low-yielding
synthesis likely will prohibit the insect-produced enantiomer from being used for operational trapping. The addition of the
minor component to the racemate significantly increased trap catches, and the dose-response assay did not indicate significant
differences in loads above 10 mg of the racemic major component when formulated with ~ 1.2% of the minor component.
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Key messages e The optimum ratio of minor to major pheromone com-
ponents is 0.31:25, and doses of 10 mg or more should
be effective as trap lures.

e Aromia bungii is a serious pest of stone fruit trees andis ~ ® The natural enantiomer attracted more females but the

becoming globally invasive. multi-step, low-yielding synthesis would likely prohibit

e A blend of the pheromone components (E)-2-cis- its operational use.

6,7-epoxynonenal and (2E,6Z)-nona-2,6-dienal consti-
tutes an effective lure for detection and management of
this pest. Introduction

Aromia bungii (Falderman) (Coleoptera: Cerambycidae) is
a destructive wood-boring pest of trees in the genus Pru-
nus, including important stone fruit trees such as cherries,
54 Stephen A. Teale plums, peaches and apricots (EPPO 2014; Wang 2017). The

sateale @esf.edu basic biology of the beetle was described by Wang et al.
(2007). Eggs are laid in bark cracks and crevices of host
trees, and the developing larvae bore in the phloem, before
turning inward to form overwintering/pupation chambers in
the wood. The beetles overwinter as larvae and then emerge
from June to August, depending on climate. Adults feed on
ripe or rotting fruit and live about 2 months, during which
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time females can mate and oviposit multiple times, laying on
average > 300 eggs. The life cycle takes 2—4 years, depend-
ing on climatic conditions. Infested trees are characterized
by the copious frass which is expelled by the developing
larvae.

Aromia bungii is native to eastern Asia from Vietnam to
Mongolia and the Russian Far East but has recently become
established in Japan, Germany and Italy, and it has been
intercepted in cargo entering the USA, Great Britain and
Australia (Ma et al. 2007; Anonymous 2013, 2015; Bur-
meister et al. 2012; Garonna et al. 2013). While there are no
known established populations in the latter three countries,
it is seen as a serious potential threat and detection and quar-
antine measures have been initiated in all three countries
to prevent establishment. In the short time since its intro-
duction into Japan in 2013, it has already caused serious
damage to peach orchards and the renowned cherry blossom
trees (Anonymous 2013; Yasui et al. 2018). In Germany and
Italy, eradication protocols are in effect, including removal
of infested trees, public education campaigns and intensive
surveillance around any known sites of infestation. A very
recent Center for Agriculture and Bioscience International
(CABI) datasheet states that A. bungii “presents a signifi-
cant risk to all stone fruit-growing countries in Europe and
neighboring countries” (CABI 2018).

The life cycle and feeding habits of A. bungii are typical
of wood-boring cerambycids. Larvae tunnel in the vascular
tissues of the stem and branches and later the heartwood,
where they form pupal chambers and overwinter, some-
times for multiple years. Feeding damage weakens the tree’s
structure, damages vascular function and creates infection
courts, all of which lead to stem decay, breakage, reduced
fruit yields and tree death when infestations are extensive
(Anonymous 2015; Yu and Gao 2005). As is the case with
most subcortical insects, insecticidal control is difficult.

Detection surveys based on visual inspection of trees and
wooden materials are inefficient because larvae and pupae
may be located deep in the xylem (EPPO 2014). In the later
stages of larval development, frass expelled from the galler-
ies conspicuously accumulates around the base of infested
trees (Xu et al. 2017). Adult emergence holes are also easily
discernable, as are the conspicuous diurnal adults. However,
all of these visual signs of infestation are reliable only after
beetle population densities have reached damaging levels.

The severity of the threat posed by A. bungii has spurred
interest in the development of semiochemically based tools
for its detection and management. Fukaya et al. (2017)
reported that females were attracted to the odor of males
in laboratory bioassays, and Xu et al. (2017) identified
the structure of the major male-produced aggregation-sex
pheromone as (E)-2-cis-6,7-epoxynonenal. This compo-
nent elicited electrophysiological responses from antennae
of female beetles and, in preliminary field trials, traps baited
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with racemic (E)-2-cis-6,7-epoxynonenal were significantly
attractive to beetles of both sexes (Xu et al. 2017). Here, we
report the results of further experiments aimed at optimiz-
ing the attractant lure for practical applications. Our specific
objectives were:

1. To determine which enantiomer of (E)-2-cis-6,7-epox-
ynonenal the beetles produce, and to directly compare
attraction to the insect-produced enantiomer versus the
much cheaper racemic material,

2. To determine whether a minor male-produced compo-
nent, (2E,6Z)-nona-2,6-dienal, identified by Wei et al.
(2013) and Xu et al. (2017), might increase attraction to
the major component and

3. To run a dose-response trial, to determine the optimal
lure loading rates.

Materials and methods
Sources of chemicals

(2E,6Z)-Nona-2,6-dienal was purchased from Bedoukian
Research (Danbury CT, USA). Racemic (E)-2-cis-6,7-epox-
ynonenal was synthesized as described in Xu et al. (2017).
The enantiomers of (E)-2-cis-6,7-epoxynonenal were syn-
thesized as shown in Fig. 1, and as described below.

(4R,55)-4,5-Epoxyhept-2-enoic acid methyl ester (5)

(2R,35)-Epoxy alcohol 4a was prepared by Sharpless
asymmetric epoxidation of cis-2-penten-1-ol 3 with p-(-)-
diisopropyl tartrate, titanium isopropoxide and z-butylhy-
droperoxide, followed by preparation and fractional crystal-
lization of the corresponding 2,4-dinitrobenzoate ester, and
subsequent hydrolysis of the ester to give 4a in high enan-
tiomeric purity, as previously described (Gao et al. 1987,
Chong 1989). The enantiomeric purity was checked by
analysis on a chiral stationary phase Cyclodex-B GC column
(30 mx0.25 mm i.d., 0.25-pm film thickness, J&W Scien-
tific, Folsom, CA, USA), with an injector temp of 150 °C.
Injections were made in split mode at 25 psi head pressure,
with an isothermal oven temperature (85 °C). Under these
conditions, (2R,35)-4a matched the earlier eluting peak
at 13.43 min, and (25,3R)-epoxyalcohol 4b (see below)
matched the later peak at 13.79 min. To the limits of detec-
tion, 4a and 4b were enantiomerically pure.

A suspension of (2R,3S5)-epoxyalcohol 4a (2.55 g,
25 mmol), MnO, (21.74 g, 250 mmol) and methyl (triph-
enylphosphoranylidene)acetate (10.03 g, 30 mmol) in CHCl,
(75 mL) was refluxed for 18 h. After cooling to room tem-
perature, the suspension was filtered through celite and
the filter pad was washed with CH,Cl,. The filtrate was
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Fig. 1 Stereoselective syntheses of the enantiomers of (E)-2-cis-6,7-epoxynon-2-enal, the major pheromone component of Aromia bungii

concentrated in vacuo, and hexane was added to the resulting
yellow solid. The suspension was stirred for 30 min, and the
precipitated triphenylphosphine oxide was removed by filtra-
tion. After concentration, the crude product was purified by
flash chromatography (hexane/EtOAc=95/5) to give ester
5 (E:Z=17:3) as a colorless liquid (2.32 g, 59%). E-isomer:
"H NMR (CDCl,, 400 MHz) § 6.82 (dd, J=15.6, 6.4 Hz,
1H), 6.13 (dd, J=15.6, 0.8 Hz, 1H), 3.75 (s, 3H), 3.51-3.54
(m, 1H), 3.13-3.17 (m, 1H), 1.58-1.69 (m, 1H), 1.43-1.54
(m, 1H), 1.01 (t, J=7.6 Hz, 3H); '3C NMR (CDCl,,
100.5 MHz) 6 166.15, 142.36, 124.92, 60.97, 55.41, 51.88,
21.13, 10.46; MS (m/z, rel abundance) 41 (17), 55 (21), 59
(11), 73 (39), 83 (96), 97 (35), 98 (100), 99 (14). Z-isomer:
'H NMR (CDCl;, 400 MHz) § 6.04 (d, J=2.0 Hz, 1H),
6.03 (s, 1H), 4.41-4.44 (m, 1H), 3.75 (s, 3H), 3.17-3.21
(m, 1H), 1.56-1.66 (m, 1H), 1.44-1.54 (m, 1H), 1.02 (t,
J=17.6 Hz, 3H); *C NMR (CDCl,, 100.5 MHz) § 166.34,
145.21, 123.83, 60.74, 53.93, 51.66, 22.40, 10.46; MS (m/z,
rel abundance) 41 (13), 55 (24), 73 (29), 83 (100), 97 (15),
98 (94), 99 (14). HRMS calcd. for C¢gH,,05 156.0786, found
156.0784.

(4R,55)-4,5-Epoxyheptanoic acid methyl ester (6)

Phenylsilane (3.7 mL, 30 mmol) was added to a solution of
enoate 5 (3.12 g, 20 mmol) in THF (130 mL). The mixture
was cooled in an ice-water bath, and triphenylphosphine-
copper(I)-hydride-hexamer (0.78 g, 0.4 mmol) was added in
one portion and the inner wall of the flask was rinsed with

THF (10 mL). The reaction mixture was warmed to room
temperature and stirred 2.5 h, then water (50 mL) was added
and the mixture was stirred for 30 min. The mixture was
filtered through celite, rinsing with Et,O. The organic layer
was separated, washed with saturated aqueous NH,CI and
brine and dried with anhydrous Na,SO,. After concentra-
tion, the crude product was purified by Kugelrohr distillation
(0.6 Torr, 75-80 °C) to give 6 as a colorless liquid (2.48 g,
78%). 'TH NMR (CDCl;, 400 MHz) 6 3.68 (s, 3H), 2.94-2.98
(m, 1H), 2.87-2.92 (m, 1H), 2.43-2.56 (m, 2H), 1.86-1.95
(m, 1H), 1.71-1.81 (m, 1H), 1.45-1.63 (m, 2H), 1.03 (t,
J=17.2 Hz, 3H); '*C NMR (CDCl,, 100.5 MHz) 6 173.45,
58.70, 56.25, 51.84, 31.15, 23.41, 21.16, 10.67; MS (m/z,
rel abundance) 41 (31), 42 (11), 43 (17), 55 (19), 57 (32),
58 (22), 59 (50), 69 (10), 71 (15), 72 (23), 83 (16), 84 (19),
85 (100), 87 (16), 97 (15), 99 (12), 100 (36), 101 (36), 115
(21); HRMS calcd. for CgH,,05 158.0943, found 158.0934.

(4R,55)-4,5-Epoxyheptanal (7)

A solution of DIBAL-H in toluene (0.2 M, 30 mL, 6 mmol)
was added over 45 min using a syringe pump to a solution of
ester 6 (0.79 g, 5 mmol) in toluene (45 mL) at — 78 °C. After
the addition was complete, the reaction mixture was imme-
diately quenched by addition of MeOH (6 mL) at —78 °C
followed by 45 mL saturated aqueous sodium potassium
tartrate (Rochelle’s salt). The reaction mixture was warmed
to room temperature while stirring vigorously over 30 min,
then diluted with Et,0O and filtered through celite. The
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organic layer was separated, washed with saturated aqueous
NH,CI and brine and dried over anhydrous Na,SO,. After
concentration, the crude product was purified by flash chro-
matography (hexane/EtOAc =5/1) to give 7 as a colorless
oil (0.41 g, 64%). The neat 7 was unstable; therefore, only
GC-MS data were obtained and the compound was used
immediately for the next step. MS (m/z, rel abundance) 41
(35), 42 (46), 43 (12), 57 (19), 59 (10), 69 (14), 70 (100),
71 (10), 128 (M*, 1).

(2E,6R,75)-6,7-Epoxynon-2-enal (1a)

A mixture of aldehyde 7 (0.77 g, 6.0 mmol) and (formyl-
methylene)triphenylphosphorane (2.19 g, 7.2 mmol) in tolu-
ene (30 mL) was refluxed for 18 h. After cooling to room
temperature, the solvent was removed in vacuo. Hexane was
added to the residue, the suspension was stirred for 30 min,
and the precipitated triphenylphosphine oxide was removed
by filtration. The crude product was purified by flash chro-
matography (hexane/EtOAc=5/1), followed by Kugelrohr
distillation (0.1 Torr, 80 °C) to give 1a as a colorless lig-
uid (0.37 g, 40%). 'H NMR (CD,Cl,, 400 MHz) § 9.50 (d,
J=28.0 Hz, 1H), 6.90 (dt, /=15.6, 6.8 Hz, 1H), 6.13 (dd,
J=15.6, 8.0 Hz, 1H), 2.84-2.94 (m, 2H), 2.40-2.60 (m, 2H),
1.61-1.81 (m, 2H), 1.44-1.58 (m, 2H), 1.03 (t, /J=7.2 Hz,
3H); '*C NMR (CD,Cl,, 100.5 MHz) § 194.24, 157.71,
133.78, 58.69, 56.66, 30.42, 26.83, 21.68, 10.89. MS (m/z,
rel abundance) 41 (100), 42 (13), 43 (26), 53 (16), 55 (41),
57 (40), 59 (58), 65 (12), 66 (16), 67 (96), 68 (96), 69 (19),
70 (26), 71 (13), 79 (12), 81 (35), 82 (24), 83 (36), 84 (10),
85(71), 95 (31), 96 (10), 97 (40); HRMS calcd. for CoH, 4,0,
154.0994, found 154.0985.

(2E,6S,7R)-6,7-epoxynon-2-enal (1b) was formed in anal-
ogous fashion, starting from the (25,3R)-epoxyalcohol 4b,
which in turn was generated from cis-2-penten-1-ol, using
(L)-(+)-diisopropyl tartrate in the Sharpless asymmetric
epoxidation step.

Determination of the absolute
configuration of the insect-produced
(E)-2-cis-6,7-epoxynonenal

The racemate and enantiomers of (E)-2-cis-6,7-epoxynone-
nal and headspace extracts from male beetles (see Xu et al.
2017) were analyzed on the chiral stationary phase Cyclo-
dex-B GC column, with an injector temp of 150 °C. Injec-
tions were made in split mode at 25 psi head pressure, and
the oven was programmed from 70 °C, 3 °C/min to 220 °C,
hold 20 min. The two enantiomers were not completely
resolved to baseline under these conditions, but exhibited
two easily distinguishable peaks, with the (6R,7S) enan-
tiomer 1a eluting first. The absolute configuration of the
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insect-produced compound was confirmed by coinjecting
an aliquot of the extract with the synthetic racemate and
determining which of the two peaks was enhanced.

Field bioassays

Field bioassays were carried out in Xiao Tao Yuan Park
(32°05'05.61"N 118°44'49.85E) in Nanjing, Jiangsu Prov-
ince, China. The major tree species present were peach,
Prunus persica, David’s peach, P. davidiana, various cher-
ries (Prunus spp.) and non-hosts including willow (Salix
babylonica) and mixed conifers. Black flight-intercept panel
traps (IPM Technologies, Portland, OR, USA) coated with
Teflon® PTFE DISP 30 (DuPont Chemical Co., Wilmington,
DE, USA) were hung at least 1 m above the ground, with
traps spaced > 10 m apart. Traps were baited with treatments
or solvent controls in computer-generated random order.
Lure solutions were deployed in permeable plastic sachets
made from heat-sealable polyethylene tubing (7 cmx4.9 cm,
wall thickness 0.05 mm; cat. no. S-1112 Uline, Pleasant
Prairie, WI, USA). Lures were not replaced or switched in
position during each experiment, and daily trap catches from
the same trap were added together. The trap collection cups
contained a 1:1 solution of automobile antifreeze and water
to kill and preserve trapped insects.

Experiment 1—Effect of minor component and opti-
mum ratio. The purpose of our first bioassay was to test the
effect of the minor component (2E,6Z)-nona-2,6-dienal on
lure attraction when combined with the major component
racemic (E)-2-cis-6,7-epoxynonenal, and to determine the
optimum ratio of the two components. Because the ratio of
minor versus major component in the aeration extracts of
male A.bungii was 9.8 £7.3% (approximately 1:10; range
from 0.25:10 to 1.7:10), and only half of racemic (E)-2-cis-
6,7-epoxynonenal (25 mg/lure) tested in the field in 2016
was the natural enantiomer, traps were baited with lures
containing 0, 0.31, 1.25 or 2.1 mg (2E,6Z)-nona-2,6-dienal
combined with 25 mg racemic (E)-2-cis-6,7-epoxynonenal,
diluted in 1 mL isopropanol (N=10). Control traps were
baited with sachets containing 1 mL isopropanol. The
experiment was deployed from June 11 to 18, 2017, and
trap catches were tabulated daily.

Experiment 2—Optimum loading of the major compo-
nent. The second field assay was conducted to determine the
optimum loading of the major component when combined
with the minor component at the optimum ratio obtained
from the first experiment. The amount of (2E,6Z)-nona-
2,6-dienal used was adjusted to account for only half of the
racemic (E)-2-cis-6,7-epoxynonenal being the natural enan-
tiomer. Traps were baited with pheromones at four different
loads (3.2, 10, 32 or 100 mg racemic (E)-2-cis-6,7-epox-
ynonenal combined with 40, 125, 400 or 1250 pg (2F,
6Z)-nona-2,6-dienal, respectively, in 1 mL isopropanol), or
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solvent controls (1 mL isopropanol) (N=10). Traps were
deployed on June 18-July 1, 2017, and A. bungii were col-
lected from traps daily, for a total of 13 temporal replicates.

Experiment 3—Comparison of racemic (E)-2-cis-
6,7-epoxynonenal versus the insect-produced (6R,7S5)-
enantiomer. The effect of the unnatural enantiomer of (E)-
2-cis-6,7-epoxynonenal on lure attraction was tested in the
third field assay by using the optimum composition ratio
and dosages from the first and second experiments. Traps
were baited with lures consisting of 16 mg of (2E,6R,7S)-
6,7-epoxynon-2-enal and 400 pg (2E,62)-nona-2,6-dienal,
32 mg racemic (E)-2-cis-6,7-epoxynonenal and 400 pg
(2E,6Z)-nona-2,6-dienal or solvent controls (1 mL isopro-
panol) (N=10). Traps were deployed on July 3-15, 2017,
and trap catches were counted on July 4, 5, 6, 7, 8, 9, 11,
13 and 15.

Statistical analysis

The numbers of male, female and combined male plus
female A. bungii collected were modeled using Poisson
regression followed by pairwise contrast tests for assessing
differences between treatment pairs. The Bonferroni correc-
tion was applied to control the experiment-wise error rate
among multiple comparisons. Differences in the sex ratio
between a nominal 1:1 ratio were assessed using the chi-
square test. All statistical analyses were carried out using
SPSS 21.0 (SPSS Inc., Chicago, IL, USA).

Results
Preparation of test compounds

Racemic (E)-2-cis-6,7-epoxynonenal 1 was readily synthe-
sized by regioselective epoxidation of commercially avail-
able (2E,6Z)-nona-2,6-dienal 2 as previously described (Xu
et al. 2017). The two enantiomers were synthesized using
Sharpless asymmetric epoxidation to generate the required
chiral epoxide starting materials 4a and 4b (Fig. 1). Thus,
(2R,3S)-epoxyalcohol 4a was prepared by Sharpless asym-
metric epoxidation of cis-2-penten-1-ol 3 following Chong’s
procedure (Gao et al. 1987; Chong 1989). This included
forming and recrystallizing the 2,4-dinitrobenzoate ester of
the crude product to increase the enantiomeric purity. After
hydrolysis of the ester, the resulting enantiomerically pure
alcohol was subjected to a one-pot tandem MnO, oxidation-
stabilized phosphorane olefination sequence (Taylor et al.
2008) to prepare a,f-unsaturated ester S in one pot. This
tandem sequence circumvented possible difficulties in try-
ing to isolate the highly volatile aldehyde intermediate in
reasonable yield. Ester 5§ was obtained as a mixture of E-
and Z-isomers (E:Z=7:3), which was of no consequence

because the double bond was reduced in the next step. Thus,
reduction of ester 5 was achieved with phenylsilane in the
presence of [(Ph;P)CuH]; as catalyst to afford epoxyester 6,
following the Jamison group’s procedure (Tanuwidjaja et al.
2009; Underwood et al. 2013). Selective reduction of the
ester to aldehyde 7, followed by a second Wittig homologa-
tion with (formylmethylene)triphenylphosphorane gave the
desired product (2E,6R,75)-6,7-epoxynon-2-enal 1a.

The corresponding enantiomer 1b was prepared from cis-
2-penten-1-ol in identical fashion, with the exception that
L-(+)-DIPT was used in the initial epoxidation step to gener-
ate the (25,3R)-enantiomer 4b as the key starting material.

Determination of the absolute configuration
of the insect-produced epoxide

The synthesized enantiomers of the Aromia bungii phero-
mone 1 were analyzed on a chiral stationary phase Cyclo-
dex-B GC column, with the (6R,7S) enantiomer 1a eluting
first. Coinjection of an aliquot of the headspace volatiles
collected from males with the racemate resulted in enhance-
ment of the early eluting peak, confirming that the insect-
produced compound had the (6R,7S) configuration.

Field bioassays

Experiment 1—Effect of minor component and optimum
ratio. A total of 180 A. bungii were trapped in the first exper-
iment. Of these, 93 (51.7%) were male and 87 (48.3%) were
female. The sex ratios of the overall trap catch and those of
the individual treatments did not differ significantly from
1:1 (chi-square tests, P>0.1). Females did not discriminate
among any of the treatment blends containing the major
component (Fig. 2), and the solvent controls captured signif-
icantly fewer females than any of the test treatments (Poisson
regression, P <0.05 [Bonferroni corrected]). The treatment
containing 0.31 mg of the minor component and 25 mg of
the racemic major component captured significantly more
males than all other treatments (Fig. 2; Poisson regression,
P <0.05 [Bonferroni corrected]). The treatment containing
1.25 mg of the minor component and 25 mg of the racemic
major component captured significantly more males than
the solvent control, but not significantly more than the treat-
ments containing either 0 mg or 2.1 mg of the minor compo-
nent. The numbers of males attracted to the treatments con-
taining 0 mg and 2.1 mg of the minor component were not
significantly different from the solvent control. When trap
captures of males and females were combined, all treatments
attracted more A. bungii than the control, and the treatment
containing 0.31 mg of the minor component attracted signifi-
cantly more A. bungii adults than the treatments containing
either 0 mg or 2.1 mg of the minor component.
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Fig.2 Numbers of A. bungii
trapped with differing phero-
mone component ratios in
Nanjing, Jiangsu Province,
China, June 11 to 18, 2017. The
minor pheromone component is
(2E,6Z)-nona-2,6-dienal and the
major pheromone component

is (E)-2-cis-6,7-epoxynonenal.
Bars within each sex with the
same letters are not statistically
different (Poisson regression

0:0

2.1:25

1.25:25

0.31:25

Component load
Minor:major (mg)

Males

Females

C =[5 b
BC —f—

—+— a

with Bonferroni correction) 6 5

Experiment 2—Optimum loading rate of the major com-
ponent. The total number of A. bungii captured in the second
experiment was 214, including 88 males and 126 females.
This sex ratio was marginally different from 1:1 (chi-square
test, P=0.067) due to a significant excess of females (49F,
18 M) caught in the treatment with 1.25 mg of the minor
component and 100 mg of the major component (chi-square
test, P <0.001). The sex ratios of beetles caught in the other
treatments did not differ significantly from 1:1 (chi-square
test, P>0.1). The 32 mg treatment captured significantly
more males than the 3.2 mg treatment and the solvent control
(Fig. 3; Poisson regression, P <0.05 [Bonferroni corrected]),
but not significantly more than the 10 and 100 mg loads
(Poisson regression, P> 0.05 [Bonferroni corrected]). The
10 mg, 32 mg and 100 mg loads all attracted significantly
more females than the 3.2 mg load and the solvent control
(Fig. 3; Poisson regression, P <0.05 [Bonferroni corrected]).

Experiment 3—Comparison of the racemic and natu-
ral enantiomer of the major component of the pheromone.
The 16 mg load of the naturally produced enantiomer of
the major component combined with 0.4 mg of the minor
component attracted significantly more females than either

Number of A. bungii trapped per replicate (mean+se)

32 mg of the racemic major component combined with the
minor component, or the solvent control (Fig. 4, Poisson
regression, P=0.016, P <0.001, respectively [Bonferroni
corrected]). Although the presence of the other enanti-
omer in the racemate significantly reduced trap catches,
when combined with the minor component, this lure still
attracted significantly more A. bungii than the solvent con-
trol (Poisson regression, P=0.02 [Bonferroni corrected]).
There was no significant difference in attraction of males
between the natural enantiomer of the major component
combined with the minor component and the racemic
major component combined with the minor component
(Poisson regression, P=0.3 [Bonferroni corrected]), and
both treatments attracted significantly more males than the
solvent control (Poisson regression, P=0.001 and 0.043,
respectively [Bonferroni corrected]). This experiment was
conducted near the end of the A. bungii flight season in
Jiangsu, and the overall number of beetles caught was only
57. Of those, 40 were captured in traps baited with the
natural enantiomer of the major component combined with
the minor component and the sex ratio (27F,13M) deviated
significantly from 1:1 (chi-square test, P =0.027).

Fig.3 Numbers of A. bungii Males Females
trapped with differing major
pheromone component loads 0:0 C b
in Nanjing, Jiangsu Province, a
China, June 18 to July 1, 2017. 2% 1.25:100 AB ————— ——
The minor pheromone compo- s E A
nent is (2E,6Z)-nona-2,6-dienal = 4§‘ 04:32 +—F— —f— a
and the major pheromone com- @2
ponent is (E)-2-cis-6,7-epox- g. 5 0.125:10 AB ——F—— ——— a
ynonenal. Bars within each sex 3 §
with the same letters are not
statistically different (Poisson 0.04:3.2 BC—= I == b
regression with Bonferroni i T T T
5 4 2 1 0 1 2 3 4 5 6

correction)
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Fig.4 Numbers of A. bungii trapped with racemic and enantiomeri-
cally pure major pheromone component in Nanjing, Jiangsu Prov-
ince, China, July 3 to 15, 2017. The minor pheromone component is
(2E,6Z)-nona-2,6-dienal, the racemate of the major pheromone com-

Discussion

In preliminary experiments, we had reported that both sexes
of A. bungii were significantly attracted to the racemate of
the major male-produced compound, (E)-2-cis-6,7-epox-
ynonenal (Xu et al. 2017). The follow-up experiments
reported here suggested that the insect-produced enanti-
omer of this compound was significantly more attractive
than the racemate, although traps baited with the racemate
still attracted significantly more beetles than controls. Thus,
the unnatural enantiomer appears to be slightly inhibitory.
However, it is unlikely that the synthesized natural enanti-
omer can be deployed in monitoring traps because of the
multi-step and relatively low-yielding synthesis required to
produce the enantiomer, particularly as each lure must be
loaded with ~ 10 mg or more to be effective. In contrast, the
less active but still significantly attractive racemate can be
readily prepared in multigram quantities in one straightfor-
ward step from a commercially available precursor. Thus, for
practical purposes such as large-scale detection and monitor-
ing programs using pheromone-baited traps, use of the race-
mic pheromone should provide a reasonable compromise
between cost and efficacy.

Our experiments also showed that the attractiveness of
the major component apparently could be enhanced by addi-
tion of small quantities (~2.5%) of the minor male-produced
component, (2E,6Z)-nona-2,6-dienal, resulting in ~ twofold
increase in trap captures in comparison with the major
component alone. Furthermore, the cost of preparing lures
containing the two-component blend should be virtually the
same as that for the lures containing the major component
as a single component, because (2E,6Z)-nona-2,6-dienal is

ponent is (E)-2-cis-6,7-epoxynonenal and the natural enantiomer of
the major component is (2E,6R,75)-6,7-epoxy-2-nonenal. Bars within
each sex with the same letters are not statistically different (Poisson
regression with Bonferroni correction)

readily available commercially and, in fact, is the starting
material for synthesis of the racemate of the major compo-
nent. This has an added benefit because if the epoxidation of
(2E,6Z)-nona-2,6-dienal, during the preparation of the major
compound, does not go to completion, it is not necessary to
remove the residual unreacted (2E,6Z)-nona-2,6-dienal. This
is a substantial advantage because it would likely be difficult
to separate the product from unreacted starting material on
a large scale.

In the dose—-response experiment, there were no signifi-
cant differences in trap catches for either males or females
when lures were loaded with 10, 32 or 100 mg of the racemic
major component, though the 100 mg load caught 2.7 times
as many females as males. Thus, for detection purposes, the
32 mg load may represent a good balance between efficiency
and cost effectiveness, particularly as this dose appeared to
be equally attractive to males and females.

While our field bioassays were in progress, we learned
that the enantiomers of the major component of the pher-
omone had been independently synthesized (Mori 2018).
Although our and Professor Mori’s syntheses both pro-
ceeded via epoxyalcohols 4a and 4b as chiral synthons, the
later steps in the syntheses differed, with ours proceeding
via two sequential Wittig olefinations to produce the a,f-
unsaturated aldehydes 1a and 1b, whereas Mori’s synthe-
ses used an olefin metathesis reaction to introduce the o, -
unsaturated aldehyde. In addition, the results of laboratory
and field trials with Mori’s compounds have very recently
been reported (Yasui et al. 2018). In electroantennogram
assays, these authors found that both enantiomers of (E)-
2-cis-6,7-epoxynonenal elicited responses from the anten-
nae of beetles of both sexes. In a field bioassay, Yasui et al.
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(2018) found that beetles were only significantly attracted to
the (6R,7S)-enantiomer, analogous to our results. Unlike our
field results, these authors found no difference in attraction
to the racemate in comparison with the (6R,7S5)-enantiomer.
However, the relatively small number of beetles trapped in
their field trial (44 total, spread across 4 treatments) may
have obscured minor differences between the racemate and
the (6R,7S5)-enantiomer.

To date, pheromones or likely pheromones have been
identified for several hundred cerambycid species (reviewed
in Hanks and Millar 2016, Millar and Hanks 2017), and
these pheromones include a number of chiral components. In
many cases, the racemates of these compounds appear to be
satisfactory attractants, and the responses of most species to
the naturally produced enantiomer versus the racemate have
not yet been tested. However, for at least a subset of spe-
cies, the stereoisomeric purity of the pheromone components
is clearly important. For example, Iwabuchi et al. (1986)
found that (R)-2-hydroxyoctan-3-one significantly inhib-
ited attraction of Xylotrechus pyrrhoderus to its pheromone
blend, consisting of (S)-2-hydroxyoctan-3-one with (25,35)-
2,3-octanediol. Along similar lines, the pheromones of Neo-
clytus acuminatus and N. tenuiscriptus consist of (25,35)-
2,3-hexanediol, and attraction is inhibited by one or both
of the (2R,3S) or (25,3R) diastereomers (Lacey et al. 2004,
Ray et al. 2015). Conversely, synergism between enantiom-
ers has also been reported, with Astylidius parvus requiring
both enantiomers of (E)-6,10-dimethyl-5,9-undecadien-
2-ol (fuscmol) in its pheromone blend, whereas Lepturges
angulatus uses both enantiomers of fuscumol acetate in its
pheromone (Meier et al. 2016). Overall, these few examples
suggest that, as with pheromone blends of other insect taxa,
the use of different stereoisomers is likely to be an important
mechanism in the formation of species-specific signals.

In summary, the results reported here should support the
development of efficacious and cost-effective lures for detec-
tion and monitoring of the dangerous invasive species Aro-
mia bungii as it continues to invade new areas of the world.
In particular, both our experiments and the results reported
by Yasui et al. (2018) have shown that the racemate of the
major component of the pheromone should be adequate for
large-scale monitoring, particularly when combined with
small amounts of the minor component. Furthermore, we
have shown that doses of about 32 mg of the racemate, when
dispensed from plastic heat-sealed sachets, offer a reason-
able compromise between effectiveness and cost.
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