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Abstract

Male-produced pheromone components have been reported in the Asian longhorn beetle, Anoplophora glabripennis (Mots-
chulsky) (Coleoptera: Cerambycidae), but field attraction to these components has been less than overwhelming. Female
ALBs were observed rhythmically extending the genitalia in a manner reminiscent of female calling behaviors in other
cerambycid species. We thus hypothesized that female ALBs release volatile pheromone while performing this sex-specific
behavior. A group of sesquiterpenes, including a major compound a-longipinene and several minor ones a-cubebene,
a-ylangene, (—)-a-copaene, a-bergamotene, 3-caryophyllene, and a-farnesene, found in genitalia extracts from virgin females
elicited male antennal responses. Y-tube olfactometer assays indicated significant attraction of a-longipinene to both sexes
in either the presence or absence of host volatiles. This compound was also detected in genitalia extracts from virgin males,
though in much lower quantities than in females. Dose—response experiments conducted in the y-tube olfactometer and field
both revealed that a-longipinene was attractive at the higher doses, but not at the lower ones. In the field, traps baited with
a blend containing a-longipinene, a-cubebene, and p-caryophyllene captured significantly more ALB than solvent controls.
The trap catches of a-longipinene combined with either the minor components or host compounds were both greater than
those of a-longipinene alone, but the difference was not significant. These results indicate that a-longipinene is a new type
of female-produced volatile pheromone in ALB, and the attraction may be synergistically enhanced by several minor com-
ponents. Sesquiterpenes may play an important role in intraspecies chemical communication of this insect.
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Key message

e The Asian longhorn beetle is a highly risked invasive
species to many parts of the world. Effective control tools
D< Tian Xu are urgently needed.
Xutian@ioz.ac.cn e A female-specific behavior resembling female calling
behaviors in other cerambycids indicates female may
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release pheromone from genitalia.

a-Longipinene in female genitalia is attractive to both
sexes.

a-Longipinene plays a role of aggregation pheromone.
Several synergistic minor sesquiterpenes are also found
in female genitalia.

a-Longipinene and its optimized blend with synergistic
components would be effective lures for controlling this
pest.
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Introduction

The Asian longhorn beetle (ALB), Anoplophora glabrip-
ennis (Motschulsky) (Coleoptera: Cerambycidae: Lamii-
nae), is a broadly polyphagous hardwood borer originally
distributed in East Asia (Lingafelter and Hoebeke 2002).
Tree species in over 20 genera have been reported as
hosts of ALB (Yan et al. 2008). Approximately 40% of
the poplars in China were damaged by ALB, since the
first reported outbreak of ALB in the 1960s through the
1990s, resulting in catastrophic economic and ecological
impacts (Luo et al. 2000; Gao and Li 2001). Due to the
large number of suitable host trees, the climatic similarity
to its native regions, and increasing international trade,
ALB is now a serious threat to vast areas elsewhere in the
world (Straw et al. 2015; Kappel et al. 2017). Beginning a
little over 20 years ago, new ALB invasions have been suc-
cessively reported in the USA, Canada, and Europe (More-
wood et al. 2003; Straw et al. 2016). The genetic structure
of ALB in both invaded and native ranges suggests that the
invasion history of this species consists of multiple intro-
duction events and continuous secondary spread within
the invaded area (Javal et al. 2019). In the invaded areas,
the damage caused by ALB can be even greater than in its
native range potentially due to the lack of natural enemies
(Haack et al. 2010). Eradication of established ALB popu-
lations and prevention of its further dispersal outside of
its native range are the objectives of government agencies
tasked with managing the ALB problem.

Traps baited with chemical attractants are a highly valu-
able and cost-effective tool for detecting low-level insect
populations, which is often a distinguishing feature of
newly established invasive species (Crook et al. 2014).
Chemically mediated communication is critical in the life
history of the cerambycids, especially during the adult
stage which is the only vagile stage in their life cycle (Alli-
son et al. 2004). Semiochemicals typically mediate host
location and oviposition, mate location and recognition of
cerambycids (Hanks 1999). Among these semiochemicals,
volatile pheromones have great importance in longhorn
beetle detection, monitoring, and control, due to their high
sensitivity and selectivity (Hanks and Millar 2016).

Several different volatile pheromone components have
been reported in ALB. Zhang et al. (2002) identified two
male-produced dialkyl ethers 4-(n-heptyloxy)butanal and
4-(n-heptyloxy)butanol as potential aggregation phero-
mones. Wickham et al. (2012) reported that auto- or pho-
tooxidation of female contact sex pheromones results in
the formation of an attractive compound (hexadecanal).
Later, another male-produced pheromone compound was
identified as (3E,6F)-a-farnesene (Crook et al. 2014). The
male-produced pheromone components were attractive
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to both sexes in laboratory assays, but they were weakly
attractive in the field (Millar et al. 2009; Nehme et al.
2010; Crook et al. 2014). The attraction of male phero-
mones can be synergistically enhanced when combined
with host volatiles (Nehme et al. 2009, 2010; Meng et al.
2014). Hexadecanal emitted by female ALB is so far the
only female-pheromone candidate reported in the subfam-
ily Lamiinae, but the field attraction of this compound was
only significant when combined with host volatiles such
as cis-3-hexen-1-o0l, camphene, linalool, and linalool oxide
(Wickham et al. 2012).

The weak attraction of the documented pheromones of
ALB is likely attributable to incomplete component blends
resulting from a poor understanding of adult behavior (Wick-
ham et al. 2012; Crook et al. 2014). He and Huang (1993)
found that males were attracted when live females were used
as baits in both wind tunnel and field bioassays. The female
body part releasing attractive chemicals was determined to
be the ovipositor, because males were observed to approach
females whose ovipositor was extruded (Lu et al. 1998) and
because the detached female ovipositor was attractive to males
(Lu et al. 2000). In our previous experiments, virgin females
at various ages were often observed repeatedly extruding their
genitalia, beyond the tip of the abdomen for approximately
1.5 min on average with their abdomens raised, whereas males
were never observed to perform such behavior. Volatiles emit-
ted from either live female adults or the extracts of female
genitalia were attractive to male adults, suggesting that sex-
ual attractants are produced in the female genitalia (Xu et al.
2019). The emission of volatile pheromones is associated with
specific calling behaviors performed in various cerambycid
species (Hanks and Millar 2016). The female calling behavior
in many species in the subfamily Prioninae is very similar
to that observed in female ALB. These species release sex
pheromones from an eversible gland on the female ovipositor
(Barbour et al. 2006, 2011; Rodstein et al. 2009, 2011).

To explore potential volatile pheromones emitted from
female ALB genitalia, we investigated volatile chemicals
from female ALB genitalia that are detectable by male ALB
antenna, and evaluated the attractiveness of these chemicals to
both sexes in a series of laboratory and field assays. We also
examined whether there is a synergism between the attract-
ants produced in the female genitalia and other ALB phero-
mone components or host volatiles to assess the potential for
developing effective lures and to improve our understanding
of intraspecies chemical communication in ALB.



Journal of Pest Science (2020) 93:1321-1332

1323

Materials and methods
Insects

ALB adults were supplied by the Sarkaria Arthropod
Research Laboratory (SARL) at Cornell University, Ithaca,
NY, USA. Males were stored at SARL or transported under
permit (USDA-PPQ 526) to the quarantine laboratory at the
State University of New York, College of Environmental
Science and Forestry (SUNY-ESF) in Syracuse, NY, USA.
Females were only permitted to be kept inside the SARL
quarantine facility at all times. All of the beetles were indi-
vidually kept in 500-ml plastic cups in an environmental
chamber at 23 °C and on a 16:8 photo-period at SARL after
emergence, or at ambient room temperature on a 14:10 (L:D)
photoperiod at SUNY-ESF. Three to four fresh striped maple
(Acer pensylvanicum) twigs (2—-10 mm diam X ~ 8 cm long)
were provided as food for each adult and replaced weekly.

Identification of male antennally active
compounds in female genital extracts

ALB genital extraction

Female ALBs were frozen at — 20 °C until motionless. The
genitalia were then grasped and pulled out from abdomen
with clean forceps and immediately excised with clean
microdissection scissors. The detached genitalia from 10 to
11 females were immersed as a sampling group in 500 pl
dichloromethane (DCM) in a 2.0-ml amber glass vial for
24 h to extract the volatile chemicals. The extracts were then
concentrated to 100 pl under a gentle stream of nitrogen.
Although male ALBs were not observed extruding the geni-
talia, male genitalia were also dissected and extracted (ten
males as a sampling group) following the same method used
in female genital extraction. In total, ten groups of females
and six groups of males were sampled. A vial with 500 pl
DCM was also concentrated to 100 pl as a solvent control.
All extracted beetles were virgin (> 14 days old) and fed
striped maple twigs after emergence as described above.
Beetles were starved for 24 h before being sampled to reduce
the level of host residues. Extracts were stored in a freezer
at — 50 °C until further use.

Chemical analysis

The extracts were analyzed by coupled gas chromatogra-
phy—mass spectrometry (GC-MS; Agilent 7890A GC inter-
faced with a 5975 mass selective detector in EI mode, 70 eV;
Agilent Technologies, Santa Clara, CA, USA), fitted with an
HP5-MS capillary column (30 mx0.25 mm ID X 0.25 pm

film thickness; Agilent Technologies, Santa Clara, CA, USA).
Injections were made in splitless mode (1 min sampling) with
an injector temperature of 280 °C. The oven was programmed
from 40 °C for 1 min, ramped at 10 °C/min to 250 °C, and
held at 250 °C for 10 min. The carrier gas was helium at a con-
stant flow rate of 1 ml/min. Compounds in the samples were
identified by comparison of mass spectra with correspond-
ing compounds in an MS library (NIST 08) and confirmed
by Kovats indices (KI; Kovats 1965) or co-injection when
authentic standards were available. Co-injection with authentic
standards was also conducted in the same GC-MS fitted with
a DB-Wax capillary column (30 mx0.25 mm ID x0.25 pm
film thickness; Agilent Technologies, Santa Clara, CA, USA),
and Kovats indices of the compounds that lacked authentic
standards were calculated. The concentration of the major
antennally active component in samples was calculated by
using a calibration curve (0.2, 1, 5, 10, and 50 ng/pl) based
on authentic sample of a-longipinene. The other antennally
active compounds were not quantified due to extremely low
concentration in samples or a lack of authentic standard.

Electrophysiological analysis

The antennal responses of male adults to compounds in
female genital extracts were analyzed by using coupled
gas chromatography—electroantennographic detection
(GC-EAD) on an HP 5890 Series GC (Hewlett-Packard,
Sunnyvale, CA, USA) with the injector at 280 °C and an
HP5-MS column (30 m X 0.25 mm ID X 0.25 pm film thick-
ness; Agilent Technologies, Santa Clara, CA, USA) in split-
less mode. Nitrogen was the carrier gas at a flow rate of
2 ml/min. The oven temperature program was as above. The
column effluent was split by a glass Y-connector (Supelco,
Bellefonte, PA, USA) into two deactivated capillary col-
umns in equal length with nitrogen added as a makeup gas
(8 ml/min) by another Y-connector. The two split streams
were, respectively, connected to the flame ionization detec-
tor (FID) and to the antennal preparation. The FID signals
were recorded on an HP 3396A integrator.

The four most distal flagellomeres were separated from
living male adults (virgin, > 14 days old, fed with striped
maple twigs after emergence), and the tip (< 0.5 mm length)
of the last flagellomere was removed with a razor blade.
The prepared antenna was then positioned between two gold
wire electrodes which were, respectively, inserted into two
micropipettes filled with Beadle—Ephrussi Ringer’s solution
(Wickham et al. 2012) on a custom acrylic holder. The GC
column and effluent passed through the oven wall in a heated
transfer line, and the effluent was delivered to the antenna
in charcoal-purified and humidified air (1 1/min) inside a
cooling condenser. The distance between the antenna and
the tip of GC column at the EAD port was approximately
0.75 cm. The output signal from the antenna was amplified
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by a custom high input impedance DC amplifier. The EAD
signals were recorded on an HP 3390A integrator simultane-
ously with the FID signals.

Because all of the females used in our study had to be
kept in SARL, there is no GC-EAD available there. There-
fore, we were not able to assess GC-EAD responses by
female antennae. In China, although live female adults could
be collected in the field, the GC-EAD in the laboratory of
our collaborator had low sensitivity and high noise distur-
bance, which led to an unsuccessful test.

Chemicals

The purities and sources of the compounds used for chemi-
cal identification and laboratory and field assays are listed
in Table 1.

Laboratory assays

Behavioral activity of the major antennally active compound
a-longipinene at different doses was assessed in Y-tube
olfactometer assays. The Y-shaped glass olfactometer [main
arm: 28 cm length X 6 cm internal dia (ID); two choice arms:
22 cm length X 6 cm ID, the angle between arms was 70°]
was placed on a laboratory bench at a~ 15° upward slant
centered under a 500 W halogen lamp. Two 250-ml glass
flasks containing a piece of filter paper (1 x 1 cm?) loaded

with odor stimuli or solvent control were connected to the
ends of the choice arms with Teflon® tubing. Charcoal-fil-
tered and humidified air was pushed into each choice arm
(1000 ml/min/arm) through the connected flasks. Directional
visual cues were minimized by surrounding the olfactometer
with brown paperboard. For each trial, a 10 pl aliquot of
odor stimuli in solvent solution was placed on the filter paper
in the flasks. A single virgin beetle (> 14 days old, fed with
striped maple twigs after eclosion) was placed into the open-
ing at the base end of the main arm and recorded as choice
after it walked to the end of a choice arm within 20 min.
Beetles that failed to reach the end of either choice arm
within 20 min were recorded as no response. The response
time was measured with a stopwatch and recorded. The
olfactometer arms and the odor stimuli were physically alter-
nated after every assay. The Y-tube olfactometer was cleaned
with acetone and dried at room temperature after every other
trial. All tests using males were performed between 09:00
and 17:00 at 25-30 °C and 60-70% relative humidity inside
the olfactometer in a quarantine laboratory at SUNY-ESF,
and females were tested at SARL under the same environ-
mental conditions. Beetles were only used once in each test.

The following two-choice tests were conducted (the
amount of a-longipinene listed for each test is for single
trial):

Table 1 Purities and sources

Compound Purity (%) CAS no. Source
of the compounds used for
chemical identification, and a-Longipinene (mixture of isomers) >99.0 5989-08-2 Sigma-Aldrich®
laboratory and field assays B-Caryophyllene >80.0 87-44-5 Sigma-Aldrich®
p-Caryophyllene >98.5 87-44-5 Sigma-Aldrich?
Linalool 97 78-70-6 Sigma-Aldrich?
Linalool oxide (mixture of isomers) >97.0 60047-17-8 Sigma-Aldrich?
cis-3-hexen-1-ol 95 928-96-1 Sigma-Aldrich®
Camphene 95 79-92-5 Sigma-Aldrich®
3-Carene 90 13466-78-9 Sigma-Aldrich®
a-Cubebene 69.6 17699-14-8 Orsynex”
(—)-a-copaene 3856-25-5 University of Califor-
nia, Riverside CA,
USA®
Farnesene (mixture of isomers) 502-61-4 Bedoukian!
4-(n-heptyloxy)butanal 65885-35-0 ChemTica®
4-(n-heptyloxy)butanol 4161-24-4 ChemTica®
Hexadecanal 629-80-1 Cayman Chemical®

4Sigma-Aldrich Co., St Louis, MO, USA

bOrsynex Inc., Clifton, NJ, USA

“Used for co-injection only due to limited quantity available
dBedoukian Research Inc., Danbury, CT, USA
®ChemTica Internacional S.A., Santo Domingo, Costa Rica
fCayman Chemical Co., Ann Arbor, MI, USA
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1. a-longipinene (0.012 pg: approximately one female
equivalent) versus DCM.

2. a-longipinene (0.12 pg) versus DCM.

o-longipinene (1.2 pg) versus DCM.

4. o-longipinene (0.12 pg)+ stripe maple versus
DCM + stripe maple. Two striped maple twigs (~0.5 cm
diam X5 cm length) were placed in each glass flask
together with the filter paper. Twigs were replaced daily.

et

Field assays

Experiment 1: Effect of major and minor pheromone
components

The attraction of a-longipinene and a blend of a-longipinene
with minor antennally active compounds detected in female
genital extracts were tested at a weeping willow (Salix baby-
lonica) plantation with known ALB population along the
Guo River in Huaiyuan County, Anhui Province, China
(32° 58" 2.73" N 117° 11’ 33.13" E). Authentic stand-
ards of three male EAD-active compounds [a-ylangene,
(—)-a-copaene, and a-bergamotene] were not commercially
available and thus not tested. Additionally, determination
of the a-farnesene enantiomer produced in the female geni-
talia was not completed before the ALB flight season, so it
was not included in the experiment. Lures were prepared
by heat-sealing polyethylene tubing (~7 cmx4.9 cm, wall
thickness 0.05 mm; Uline, Pleasant Prairie, WI, USA) con-
taining authentic compounds diluted in 1 ml isopropanol.
Lures were hung in the center of black flight-intercept
panel traps (IPM Technologies, Portland, OR, USA) which
were coated with Teflon® PTFE DISP 30 (DuPont, Wilm-
ington, DE, USA) before use (Graham and Poland 2012).
Traps were randomly hung in willow trees 1-2 m above the
ground and > 10 m apart. Collection cups contained approxi-
mately 1:2 (v:v) solution of automobile antifreeze and water
to kill and preserve trapped insects. The experiment was
conducted between June 15 and August 10 in 2016. Trap
catches were collected and lures were rotated weekly. Lures
were replaced every 2-3 weeks. The traps were baited with:
(1) 5 mg a-longipinene in 1 ml isopropanol (N=10), (2)
Blend 1: 5 mg a-longipinene, 5 mg a-cubebene, and 5 mg
B-caryophyllene in 1 ml isopropanol (N=10), and (3) 1 ml
isopropanol (N=10).

Experiment 2: Optimum dose of major pheromone
component

The attraction of a-longipinene at different doses was exam-
ined in the field. The field site was located in a plantation
(Populus nigra X P. simonii, P. beijingensis, S. babylonica,
A. mono, Betula platyphylla, and Ulmus pumila) in Shengli
Village, Hunchun City, Jilin Province, China (32° 05’ 15.8"

N 118°44'29.2" E). Lures were prepared by the same meth-
ods described in Experiment 1. Traps baited with four doses
of a-longipinene were randomly hung in the trees 2-3 m
above the ground and > 10 m apart. The experiments were
carried out during July 15 to September 2, 2017. Trapped
ALBs were collected and lures were rotated weekly. Lures
were replaced once on August 12. The treatments included
(1) 0.2 mg a-longipinene in 1 ml isopropanol (N=10),
(2) 1 mg a-longipinene in 1 ml isopropanol (N=10), (3)
5 mg a-longipinene in 1 ml isopropanol (N=10), (4) 25 mg
a-longipinene in 1 ml isopropanol (N=10), and (5) 1 ml
isopropanol (N=10).

Experiment 3: Effect of previously reported pheromones
and host volatiles on attraction to the major component

This experiment was conducted to test whether the attrac-
tiveness of a-longipinene at the optimum dose found in
Experiment 2 could be enhanced when combined with other
previously reported ALB pheromone components or host
volatiles. Field site and lure preparation were the same as
in Experiment 2. The experiments were carried out during
July 29 to September 2, 2017. Trapped insects were col-
lected and lures were rotated weekly. Lures were replaced on
August 12. The treatments were (1) 5 mg a-longipinene in
1 ml isopropanol (N=10), (2) Blend 2: 5 mg a-longipinene
combined with host compounds including linalool, lin-
alool oxide, cis-3-hexen-1-ol, camphene, 3-carene, and
B-caryophyllene (5 mg each; Wickham et al. 2012) in 1 ml
isopropanol (N=10), (3) Blend 3: 5 mg a-longipinene and
5 mg hexadecanal in 1 ml isopropanol (N=10), (4) Blend
4: 5 mg a-longipinene combined with 5 mg 4-(n-heptyloxy)
butanal and 5 mg 4-(n-heptyloxy)butanol in 1 ml isopro-
panol (N=10), and (5) 1 ml isopropanol (N = 10).

Statistical analyses

For laboratory assays, binomial tests (expected value=0.5)
were used to compare the numbers of ALBs, which made
choices between two odor stimuli. Nonresponding beetles
were removed from the analyses. For field experiments, as
the trap catch numbers were not normally distributed, SAS
Proc Genmod (2011) with Poisson regression with log link
was applied to model the numbers of male, female, and male
plus female ALB trapped, followed by pairwise contrast tests
for assessing differences between treatment pairs. Multiple
comparisons were adjusted using Bonferroni correction
to control the experiment-wise error rate. Sex ratios were
examined using the Chi-square test. The significance level
in this study was @ =0.05.
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Fig. 1 Analysis of gas chroma-
tograms (GC) of genital extracts
of female and male ALBs and
electroantennographic detection
(EAD) of a male antenna to a
female genital extract showing
seven compounds that elicit
responses [1. a-cubebene;

2. a-longipinene; 3.
a-ylangene; 4. (—)-a-copaene;
5. a-bergamotene; 6.
B-caryophyllene; and 7.
o-farnesene]

EAD

J\\ ) Female
GC ~zif‘:f:—~{\i-/&f~-~‘~“f\:: Mot ) \~—--”'UfXKM"“’“’M e M-M:f“A:
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Results

Identification of male antennally active compounds
in female genitalic extracts

Seven compounds that elicited consistent EAD responses
from male ALB were identified from female genital extracts
(Fig. 1). The compound with the largest peak area was iden-
tified as a-longipinene [retention time (RT) 12.61 min] by
GC-MS library match and confirmed by co-injection with
authentic standard. a-Longipinene was detected in eight of
ten female genital extracts, at approximately 100-300 ng per
sample (10-11 female genitalia). In three of six male genital
extracts, there was also a-longipinene, however, in much
lower quantities (approximately 10-20 ng per sample of ten
male genitalia).

There were another six compounds with much lower
concentration compared to a-longipinene in female
genital extracts that elicited male antennal responses,
including a-cubebene (RT=12.538 min), a-ylangene
(RT=12.84 min), (—)-a-copaene (RT=12.921 min),
a-bergamotene (RT =13.389 min), PB-caryophyllene
(RT=13.526 min), and a-farnesene (RT =14.31). The iden-
tification of a-cubebene, (—)-a-copaene, f-caryophyllene,
and a-farnesene were confirmed with authentic stand-
ards, while the identifications of a-ylangene (KI=1380
in HP5-MS column; KI=1471 in DB-Wax column) and
a-bergamotene (KI= 1435 in HP5-MS column; KI=1587
in DB-Wax column) were supported by Kovats indices as
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Retention time (min)

synthetic standards were not available (Lucero et al. 2003;
Juliani et al. 2004; Fanciullino et al. 2005; Sawamura et al.
2006).

The ratio of a-longipinene, a-ylangene, (—)-a-copaene,
p-caryophyllene, and «-farnesene was approximately
7:1:1:2:2 in the female genital extracts and 3:1:1:2:4 in the
male genital extracts, based on peak area. The relative ratios
of a-cubebene and a-bergamotene were not measurable due
to extremely low quantities in the extracts.

Laboratory assays

In Y-tube olfactometer bioassays, a-longipinene at all
doses except the lowest (0.012 pg) showed significantly
stronger attraction to both male and female ALBs than
control. The proportion of either males or females choos-
ing a-longipinene increased when the doses were increased
tenfold from 0.012 pg. Significantly more males and females
were attracted to a-longipinene combined with striped maple
twigs compared to the solvent with striped maple twigs.
More importantly, the addition of host twigs increased the
percentage of both males (79%) and females (67%) respond-
ing positively compared to the same dose of a-longipinene
alone [males (57%) and females (62%)] (Fig. 2).
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Number of Treatment Control Number of % of repl.icates
replicates  stimulus stimulus no response responding to
treatment
Males
50 0.012ug aL [ ] DCM 18 50%
65 0.12ug aL * [ | DCM 16 57%
50 1.2ug aL * ] DCM 1 70%
52 0.12ug aL+SM  * [ | ] DCM+SM 8 79%
Females
42 0.012ug aL [ | DCM 17 52%
63 0.12ug oL * [ I 0cv 19 62%
52 1.2ug oL * | ] DCM 15 63%
63  0.12ug aL+SM * [ ] DCM+SM 16 67%
T T T T T T T T T T T T !
45 40 35 30 25 20 15 10 0 5 10 15 20
Number of replicates responded

Fig.2 Responses of male and female ALBs to different doses of
a-longipinene (aL) versus solvent control (DCM) and a-longipinene
combined with striped maple twigs (SM) versus solvent plus striped

1.6

replicate (mean+se)

Number of ALB trapped per

Fig.3 Number of ALBs captured in traps baited with 5 mg
a-longipinene (aL), Blend 1 (5 mg a-longipinene, a-cubebene, and
B-caryophyllene), and isopropanol control. White bars represent
females and black bars represent males. Each pair of treatments was
compared using Poisson regression analysis followed by pairwise
contrasts. Bars with the same letter are not significantly different
(P>0.05/3=0.0167, Bonferroni adjusted significant level)

Field assays

Experiment 1: Effect of major and minor pheromone
components

maple twigs. Bars with an asterisk (*) are significantly different from
the bars of opposite treatments (P <0.05)

A total of nine male and seven female ALBs were captured
in Experiment 1. Traps baited with either a-longipinene or
a blend of a-longipinene, a-cubebene and B-caryophyllene
(Blend 1) captured significantly more ALBs than those
with isopropanol control (Fig. 3; P=0.016 and <0.0001,
respectively, < 0.05/3=0.0167, Bonferroni corrected signifi-
cance level). Traps with Blend 1 caught numerically more
males and females than the ones with only a-longipinene,
but the differences were not statistically significant (Fig. 3;
male, P=0.0766; female, P=0.1469; total of two sexes,
P=0.0657). Both sexes were significantly more attracted
to the lures containing Blend 1 compared to solvent con-
trol (male, P <0.0001; female, P=0.0146), while only
the number of males in traps with a-longipinene was sig-
nificantly larger than that in traps with isopropanol (male,
P =0.0004; female, P=0.305). There was no significant dif-
ference between the sexes of beetles captured in traps baited
with a-longipinene (y*=0.2, P=0.6547), Blend 1 (y’=0.4,
P=0.5271), or the control (;(2= 1, P=0.3173).

Experiment 2: Optimum dose of major pheromone
component

There were 24 ALBs caught (14 males and 10 females) in
Experiment 2. Traps with 5 mg and 25 mg a-longipinene
both captured significantly more ALBs than the isopropanol
control (P =0.0005 in both comparisons, < 0.05/10=0.005,
Bonferroni adjusted significance level), and those with
a-longipinene at the doses of 0.2 mg and 1 mg (P=0.0005
in all pairwise contrasts) (Fig. 4). No difference was detected
between the numbers of ALBs caught in traps with 5 mg
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Number of ALB trapped per
replicate (mean+se)

Fig.4 Number of ALBs captured in traps baited with 0.2 mg, 1 mg,
5 mg, and 25 mg o-longipinene (alL) and isopropanol. White bars
represent females and black bars represent males. Each pair of treat-
ments was compared using Poisson regression analysis followed by
pairwise contrasts. Bars with the same letter are not significantly dif-
ferent (P> 0.05/10=0.005, Bonferroni adjusted significant level)

and 25 mg a-longipinene (Fig. 4; P=1). Lures loaded with
0.2 mg and 1 mg a-longipinene did not catch significantly
more ALBs than isopropanol controls. When males and
females were analyzed separately, only traps baited with
25 mg o-longipinene caught significantly more males than
those with the control (P=0.0009). No females were cap-
tured in traps with 0.2 mg and 1 mg a-longipinene. However,
the attraction of a-longipinene to females was significantly
increased at the 5 mg and 25 mg doses compared to the
lower doses (0.2 mg and 1 mg) (P <0.0001 in all contrasts),
and traps baited with a-longipinene at those doses both
caught significantly more females than those with solvent
control (P =0.0007 and < 0.0001, respectively). The female
catch was reduced when the dose of a-longipinene increased
from 5 mg to 25 mg, but the difference was not significant
(P=0.4149). There was no sexual bias in the catch numbers
in all treatments or the control (;(2= 2,P=0.1573,in 0.2 mg
and 1 mg a-longipinene; y’=0.111, P=0.7389, in 5 mg and
25 mg a-longipinene; y*=0, P=1, in isopropanol control).

Experiment 3: Effects of previously reported ALB
pheromones and host volatiles on attraction
to a-longipinene

A total of 14 male and 10 female ALBs were captured in
Experiment 3. When combined with host compounds, traps
baited with a-longipinene caught significantly more males,
females, and the total of both sexes than those captured in
traps with the solvent control (Fig. 5; P=0.0006, < 0.0001,
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Fig.5 Number of ALBs captured in traps baited with 5 mg
a-longipinene (aL), Blend 2 [5 mg a-longipinene, linalool, linalool
oxide, cis-3-hexen-1-ol, camphene, fB-caryophyllene, and 3-carene],
Blend 3 (5 mg a-longipinene and hexadecanal), Blend 4 [5 mg
o-longipinene, 4-(n-heptyloxy)butanal, and 4-(n-heptyloxy)butanol],
and isopropanol. White bars represent females and black bars rep-
resent males. Each pair of treatments was compared using Poisson
regression analysis followed by pairwise contrasts. Bars with the
same letter are not significantly different (P>0.05/10=0.005, Bon-
ferroni adjusted significant level)

and < 0.0001, respectively, < 0.05/10 =0.005, Bonferroni
adjusted significant level). More males and females were
caught in traps with a-longipinene when combined with host
compounds (Blend 2) compared to a-longipinene alone, but
the differences were not significant (P =0.0121 and 0.0896,
respectively). Traps with a blend of a-longipinene and
hexadecanal (Blend 3) caught significantly more females
and the total of both sexes than those with the isopro-
panol control (P <0.0001 and P=0.0027, respectively).
However, traps baited with a-longipinene and male phero-
mone components (Blend 4) failed to attract more males or
females than the controls (Fig. 5; male, P=0.312; female,
P=0.0153). Among three blends, Blend 2 was most attrac-
tive to both sexes, with significant differences in the num-
ber of females caught and the total of both sexes compared
to Blend 4 (P=0.0043 and 0.0027, respectively). No sig-
nificant difference between the sexes of beetles captured
in traps was found in all treatments or the isopropanol
control (y*=0, P=1, in a-longipinene alone and Blend 3;
7’=0.4, P=0.5271, in Blend 2; »*=0.333, P=0.5637, in
Blend 4, ;(2= 1, P=0.3173, in the control). Moreover, other
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xylophagous species were captured, including Massicus rad-
dei (Cerambycidae) and Paranthrene tabaniformis (Sesii-
dae). A single M. raddei was caught in a trap baited with
isopropanol, and two P. tabaniformis were caught in traps
baited with a-longipinene combined with host compounds
(Blend 2).

Discussion

Our results show that a-longipinene produced by the geni-
talia of female ALB is attractive to both sexes. While this
compound is also present in male genitalia, the quantity is
approximately one-tenth of that in female genitalia. More-
over, a-longipinene in the male genitalia may not func-
tion as an attractant, because the quantities are so low and
dose—response tests in both the laboratory and field suggest
that a-longipinene is not attractive to ALB at low concentra-
tions. The thresholds for males and females may be different
as only males were captured in traps baited with lower doses
(0.2 mg and 1 mg) of a-longipinene in the field. The influ-
ence of mating status on the production of this compound in
ALB needs further investigation.

The other antennally active sesquiterpenes found in
female genitalia, a-cubebene, a-ylangene, (—)-a-copaene,
a-bergamotene, B-caryophyllene, and a-farnesene, were pre-
sent in much lower quantities compared to a-longipinene.
It is noteworthy that the most abundant male antennally
active compound in male genital extract is a-farnesene, one
of whose isomers, (3E,6F)-a-farnesene, has been reported
as a male-produced pheromone component (Crook et al.
2014). Unfortunately, we failed to confirm its isomer due to
a lack of synthetic standards in the present study. Although
only a-cubebene and B-caryophyllene were available for the
field assay, the trap catches of both sexes increased when
they were added to a-longipinene. This indicates a poten-
tial synergistic function between the major and minor com-
ponents. These results support the hypothesis that female
ALBs release attractive semiochemicals during genital
extrusion. However, our results show that a-longipinene is
attractive to both sexes, [i.e., an aggregation-sex pheromone
sensu Cardé (2014)], rather than a sex pheromone as previ-
ously hypothesized (Lu et al. 1998; Xu et al. 2019). This
discrepancy is probably because attraction of the female
ovipositor to females was not tested in those studies. No
significant differences were detected between the numbers
of males and females caught in traps, though it is not pos-
sible to determine whether the attraction of a-longipinene is
equal to males and females without knowing the sex ratios
of ALB populations at the field sites (Ray et al. 2009; Silva
et al. 2016).

The responses of both sexes to a-longipinene were
increased by host volatiles, similar to the synergistic effect of

host plant volatiles on pheromone attraction in several cer-
ambycid species including ALB (Nehme et al. 2009, 2010;
Meng et al. 2014; Hanks and Millar 2016). Hexadecanal
is generated by the oxidation of female-produced cuticu-
lar hydrocarbon precursors and is attractive to ALB when
combined with host kairomones (Wickham et al. 2012). Our
trapping results show that the attraction of a-longipinene
was slightly enhanced when combined with hexadecanal.
The two ethers reported by Zhang et al. (2002), 4-(n-hepty-
loxy)butanal and 4-(n-heptyloxy)butanol, are male-produced
compounds that are attractive to both sexes in laboratory
behavioral assays. Statistically significant attraction of these
components was mainly obtained when combined with host
kairomones in field assays (Nehme et al. 2010; Meng et al.
2014). We formulated a blend of a-longipinene and male-
produced ethers to investigate whether the effectiveness of
lures can be enhanced for practical use. The trap catches of
both sexes in traps baited with this blend were not higher
than those in traps with a-longipinene alone. This result
indicates no synergism between these components from dif-
ferent producers. Thus, a-longipinene and male pheromones
may function separately in different stages of ALB mate
location (Wickham et al. 2012).

The overall trap catches in our field trials were not high,
and this may have been due to several factors. First, an insec-
ticide was applied at the field site in Huaiyuan County (Field
experiment 1), to suppress an outbreak of the fall webworm
(Hyphantria cunea); this also reduced the ALB population
as dead beetles were frequently observed on the ground.
Second, at the field site in Hunchun City (field experi-
ments 2 and 3), the ALB signs including larval frass, exit
holes, and oviposition pits indicated that the population of
wood borers was high. However, these signs are typical of
several other xylophagous species including Lamiomimus
gottschei (Cerambycidae), M. raddei, Mesosa myops (Cer-
ambycidae), Cryptorhynchus lapathi (Curculionidae), and P.
tabaniformis which were also collected in traps or observed
on trees at the site. Third, due to a lack of authentic stand-
ards, only three of the male antennally active compounds
found in female genitalia were tested in the field trials. The
incomplete composition of lures may have reduced field
attraction. Fourth, the authentic standards of a-longipinene
used in our experiments were a mixture of isomers, so the
“wrong” isomer or enantiomer may have weakened the lure
attraction (Hanks and Millar 2013; Meier et al. 2016). Fifth,
the ratio of the sesquiterpenes released to the air by females
appears to be different from that in the genital extracts and
seems vary at different physiological status (i.e., age, mat-
ing, and feeding) (data not shown), so the formulated lure
blends were possibly not released in an optimal ratio. Thus,
the optimum ratio must be determined in future studies to
develop more effective lures. Furthermore, ALB mate loca-
tion may also be regulated by multiple other factors besides
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volatile pheromones, such as visual cues, host volatiles,
female produced trail pheromone, and contact pheromone
(Zhang et al. 2003; Lund et al. 2005; Wickham et al. 2012;
Hoover et al. 2014).

Many sesquiterpenes play important roles in the interac-
tions among plants, insect herbivores, and natural enemies,
e.g., direct attractants or deterrents to herbivores or indirect
olfactory cues to attract predators or parasitoids that attack
herbivores (Joo et al. 2017). Also, sesquiterpenes can be
utilized by insects for intraspecies chemical communication.
For instance, (E)-f-farnesene is a principal alarm pheromone
component in many aphid species (Hemiptera: Aphididae)
(Joachim et al. 2015).

In the Cerambycidae, monoterpenes (e.g., a-pinene) emit-
ted by plants are widely used as kairomones by many species
(Allison et al. 2004); some monoterpenes and terpenoids
such as (S5)-(—)-limonene, (—)-a-terpineol, and nerol are
synergistic in combination with the male-produced phero-
mone blend of Megacyllene caryae (subfamily Cerambyci-
nae) (Lacey et al. 2008). In the subfamily Lamiinae, some
male-produced aggregation-sex pheromones are composed
of sesquiterpene catabolic products, such as geranylacetone,
its corresponding alcohol (fuscumol), and the acetate ester
of the alcohol (fuscumol acetate), as well as a newly iden-
tified compound (S5)-6-methylhept-5-en-2-ol [(S)-sulcatol]
(Sweeney et al. 2010; Meier et al. 2019). In the genus Ano-
plophora, p-elemene, p-caryophyllene, a-humulene, and
a-farnesene are released from the elytra of A. chinensis and
act as intraspecific attractants. Similar chemical composi-
tions are also found in the bark and leaf extracts of hosts,
indicating that A. chinensis may derive these compounds
from their hosts (Yasui et al. 2007, 2008). The volatiles from
wounded willow twigs even showed a higher attraction to
A. chinensis adults than the male-produced pheromone
4-(n-heptyloxy)butanol (also a male produced pheromone
component in ALB) (Yasui et al. 2019). The role of these
sesquiterpenes in A. chinensis is ambiguous as they are kai-
romones in the sense that they may be originally produced
by the host plants, but they are also pheromones because
beetles acquire and release them for intraspecies communi-
cation (Wyatt 2003; Yasui et al. 2008). In ALB, Crook et al.
(2014) identified (3E,6E)-a-farnesene as a potential third
component of the male-produced pheromone blend. These
findings indicate that sesquiterpenes and related chemicals
may play an unexpectedly important role in intraspecies
communication of lamiines in which adults commonly need
to feed on host tissues (e.g., bark) before sexual maturation
and sequester host compounds, rather than being utilized as
host kairomones only.

The semiochemicals produced by both herbivorous
insects and herbivore-damaged plants are cues indicating
the presence of host or prey for natural enemies (Hatano
et al. 2008; Hare 2011). However, information that natural
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enemies can gain from these chemicals may vary. Large
amount of plant volatiles may provide more detectable cues
but with much lower accuracy; prey-produced pheromones
are often considered as more reliable semiochemicals due
to their specialization, but more difficult to detect due to
their trace amounts (Vet and Dicke 1992; Wiskerke et al.
1993). Sesquiterpenes are common phytochemicals released
by many plants. The employment of these compounds in
intraspecies chemical communication by herbivorous insects
thus may reduce the exploitation by their natural enemies,
lowering the probability that they would attract natural
enemies.

Our study suggests that a-longipinene is a candidate
for future lure development for monitoring ALB in both
its native range in Asia and invaded regions in Europe and
North America and detecting new invasions in other parts
of the world. More effective lures could be expected by opti-
mizing the lure compositions with synergistic components.
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