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Abstract

The box tree moth, Cydalima perspectalis, is an invasive pest in Europe causing damage on Buxus species. In this study, we aimed
to develop a “bisexual” lure to attract both female and male moths. Based on a previous screening bioassay we tested methyl
salicylate, phenylacetaldehyde and eugenol as potential attractants in different combinations. The trapping results showed that both
binary and ternary blends attracted male and female moths. Catches with these blends were comparable to catches with the synthetic
pheromone. Subsequently we carried out single sensillum recordings, which proved the peripheral detection of the above-
mentioned compounds on male and female antennae. To identify synergistic flower volatiles, which can be also attractive and
can increase the trap capture, we collected flower headspace volatiles from 12 different flowering plant species. Several components
of the floral scents evoked good responses from antennae of both females and males in gas chromatography-electroantennographic
detection. The most active components were tentatively identified by gas chromatography coupled mass spectrometry as benzal-
dehyde, cis-B-ocimene, (£)-linalool and phenethyl alcohol. These selected compounds in combination did not increase significantly
the trap capture compared to the methyl salicylate- phenyacetaldehyde blend. Based on these results we discovered the first
attractive blend, which was able to attract both adult male and female C. perspectalis in field conditions. These results will yield
a good basis for the optimization and development of a practically usable bisexual lure against this invasive pest.
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Introduction

The box tree moth, Cydalima perspectalis Walker,
Lepidoptera: Crambidae (BTM) is a devastating invasive pest
of the Buxus genus, originating in East Asia (Inoue 1982).
Beside cultural, social and economic impact, the most serious
threat from BTM is likely to be on the natural Buxus popula-
tions (Kenis et al. 2013; Mitchell et al. 2018). Boxwood is a
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small tree or shrub, typically growing in the understory of
deciduous and evergreen broadleaved forests in south-
western Europe, the Russian Caucasus and other regions (di
Domenico et al. 2012; Mitchell et al. 2018). In Europe, the
moth was first detected in Germany and the Netherlands
(Billen 2007; Kenis et al. 2013; Kriiger 2008; Straten and
Muus 2010) where it was most likely introduced by plant
importations. Since then it has invaded most European coun-
tries including England, France, Switzerland, Belgium,
Austria, Hungary, Italy, Turkey (CABI 2017) spreading in
all directions and even reaching the Ukraine and the coastal
areas of the Black Sea (Nagy et al. 2017; Nesterenkova 2015).

The female-produced sex pheromone of BTM was shown
to contain (Z)-11-hexadecenal, (E)-11-hexadecenal and (Z)-
11-hexadecenol (Kawazu et al. 2007) and traps baited with a
4:1 mixture of synthetic (Z)- and (£)-11-hexadecenal proved
to be useful in detecting the occurrence of the pest in Asia and
in Europe (Kim and Park 2013; Nagy et al. 2017; Santi et al.
2015). The objective of the present research was to develop
lures capable of attracting both males and females, rather than
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just males which are attracted by the sex pheromone. Tracking
the seasonal activity of females could give important informa-
tion about the female flight behavior and would make possible
the study of physiological aspects like mating status, etc.
These data would undoubtedly help to optimize management
programs (Knight and Light 2005).

The first line of the study was based on observations of
BTM adults readily feeding on blossoms of many herbaceous
plants such as Tagetes spp., Trifolium pratense, Bellis
perennis, Solidago x canadensis, Fallopia japonica as well
as on arboreal plants like Buddleja davidii, Hedera helix,
Rosa spp., Syringa vulgaris etc. (Molnar and Karpati, unpub-
lished). The volatiles from several blossoms were collected
and analyzed in an attempt to obtain floral compounds which
can increase the attractiveness of BTM in the field.

The second line of this study was prompted by chance
findings. In an experiment conducted on green lacewings
(Chrysopidae), we were surprised to observe catches of
BTM specimens at field sites far from any Buxus plants in
traps baited with a blend of phenylacetaldehyde, methyl salic-
ylate and acetic acid (Koczor et al., unpublished). This com-
bination is a ternary floral attractant lure for Chrysoperla lace-
wings (Toth et al. 2009).

Furthermore, in another field test aimed at trapping noc-
tuids with floral attractants, a ternary blend of
phenylacetaldehyde, eugenol and benzyl acetate caught sig-
nificant numbers of BTM (To6th et al., unpublished). Based on
these preliminary observations, we aimed to study which of
these synthetic compounds could be responsible for attraction
of BTM in field conditions. Additionally, we carried out single
sensillum recordings to study the ability of peripheral receptor
neurons to detect these compounds.

Methods and Materials

Collection of Flower Volatiles Volatile collections were con-
ducted from freshly collected flowers of eleven arboreal
plants, Robinia pseudoacacia, Pyracantha vulgaris, Rosa
spp., Philadelphus coronarius, Cornus sanguinea,
Sambucus nigra, Syringa vulgaris, Ligustrum vulgare, Tilia
cordata, Buddleja davidii, Hedera helix and one perennial
herb, Asclepias syriaca. Freshly picked flowers were placed
into a glass cylinder with quick-fit connection on both ends.
Charcoal filtered air was pumped at 1 1 min~' through the
system using a vacuum pump (Thomas G 2/02 EB, Garder
Denver Thomas GmbH, Fiirstenfeldbruck, Germany) con-
nected with PTFE tubes (I.D. 5 mm) to the glass cylinder.
Headspace volatiles were collected on a filter containing
1.5 mg activated charcoal (Brechbiihler AG, Schlieren,
Switzerland) for 4 h. Before each collection the adsorbent
filters were cleaned as described by Molnar et al. (2015),
and after collection adsorbed compounds were immediately
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extracted with 40 pl of n-hexane into a 1.5 ml vial and kept at
—40 °C. Subsequently extracts were used for electrophysio-
logical recordings (GC-EAD) and chemical identification
(GC-MS).

Insects For electrophysiology, box tree moths were collected
at an early larval stage from public gardens in different parts of
Budapest, Hungary, and kept in a climate-controlled chamber
(25+1 °C, 65+5% RH, 16:8 h L:D photoperiod). Larvae
were kept in cylindrical glass jars (internal diameter 20 cm,
height 25 cm) and fed on shoots of boxwood placed in a small
water container. Pupae were then collected from the shoots
and placed in mesh cages until moths emerged.

Coupled Gas Chromatography — Electroantennographic
Detection (GC-EAD) Analyses using GC-EAD were performed
on an Agilent 6890 N gas chromatograph (Agilent
Technologies Inc., Santa Clara, CA, USA) equipped with
two HP-5 capillary columns (30 m % 0.32 mm x 0.25 pum,
J&W Scientific, Folsom, CA, USA). Aliquots of floral collec-
tions (2 pl) were injected in splitless mode (230 °C, split
opened after 30 s), and the oven temperature was held at
35 °C for 1 min, and then increased at a rate of 10 °C min "
up to 230 °C. Carrier gas was helium at a constant flow rate of
45 cm sec '. The GC effluent from both columns was split
equally in a low dead volume glass four-way splitter. Two
pieces of deactivated fused silica capillary columns (100 cm x
0.32 mm) were connected to the four-way splitter. One lead to
the FID (280 °C) and the other lead to the heated (230 °C)
EAD transfer line (Syntech, Kirchzarten, Germany) and into a
glass tube (ID 10 mm) through which charcoal-filtered and
humidified air (1 1/min) was passed over the antennal
preparation.

The antenna of a 1-2 d old female BTM was excised and
inserted into glass capillary filled with Ringer solution and
attached to the reference silver/silver chloride electrode. The
tip of the antenna was cut and inserted into the recording glass
electrode filled with Ringer solution. The antennal signal was
amplified 10 times, converted to a digital signal (IDAC-2,
Syntech), and recorded simultaneously with the FID signal
using GC-EAD software (GC-EAD 2014, vers. 1.2.5,
Syntech).

Coupled Gas Chromatography - Mass Spectrometry (GC-MS)
Flower volatile samples were analyzed by GC-MS using a HP
Agilent 5890 GC and 5975 MS (Agilent Technologies)
equipped with a HP-5 UI capillary column (30 m x 0.25 mm x
0.25 um, J&W). Injection was in splitless mode (250 °C, split
opened after 30 s) and the oven temperature was maintained at
35 °C for the first 3 min, then increased at 10 °C min ! to
240 °C and held for 10 min. Carrier gas was helium at constant
flow rate of 36 cm sec_l, the ionization voltage was 70 eV, and
scanning was m/z 29-300 with 2 scan/s. Compounds were
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tentatively identified by matching their mass spectra with
those in the MS Libraries (NIST 11 and Wiley) using the
Software ChemStation (D.01.02.16), and identifications were
verified by injection of synthetic reference compounds.
Retention indices were calculated using C8-C40 alkane cali-
bration standard and compared to those in the libraries.

Single Sensillum Recordings (SSR) Single sensillum recordings
were performed according to the procedure described by
Karpati et al. (2013). For the recordings, a 1-4 d old unmated
female or male was inserted into a plastic pipette tip to immo-
bilize the body. The head protruded from the tip and the an-
tennae were placed on a glass slide covered with inert glue
(Tanglefoot, Planet Natural Ltd., Bozeman, MT, USA). A
sharpened tungsten wire reference electrode was inserted into
the abdomen. The sensilla on the immobilized antenna were
localized under a light microscope (Olympus BX51WI) at
750x magnification. The electrolytically-sharpened tungsten
recording electrode was inserted into the base of the sensillum
using a micromanipulator (DC-3 K, Mérzhduser-Wetzlar
GmbH & Co Kg, Wetzlar, Germany). The extracellular analog
signal was 10x amplified using a pre-amplification probe
(Universal Single Ended AC/DC Probe PRS-1, Syntech).
The amplified signal was filtered with 50-60 Hz suppression
and sampled with the rate of 96,000 sample/s using integrated
digital-analog converter (IDAC-4, Syntech) connected to a
computer. The antenna was maintained under a charcoal fil-
tered and humidified air stream (1 I min ).

The synthetic odors were diluted in n-hexane and 10 pl of
the corresponding dilutions (10, 100, 1000 and 10,000 ng/pl)
of the compounds were deposited on a filter paper disk
(12.7 mm @; Schleicher & Schnell GmbH, Dassel,
Germany), which was then placed into a Pasteur-pipette and
used as a stimulus cartridge. As a blank stimulus 10 pl of n-
hexane was used. The 0.5 s long stimuli (0.5 1 min ) were
delivered into the continuous air stream (1 1 min') using a
stimulus controller (CS-55, Syntech). The action potentials
were recorded for 10 s, starting 2 s before the stimulus onset.
The spikes were counted manually 1 s before and 1 s
after the stimulus onset. The spike number of pre-
stimulus represents the spontaneous activity of the neu-
ron. The spike frequency was calculated as the number
of spikes during the stimulus time (1 s) minus the number of
spikes before the stimulus onset (1 s) and expressed as the
number of spikes per seconds.

Field Trapping Tests

Field trapping tests were conducted at several sites in
Hungary, using standard methods (Roelofs and Cardé 1977).
Traps were arranged in blocks so that each block contained
one trap of each treatment. Traps within blocks were separated
by 8-10 m, and blocks were at least 30 m apart. Traps were

inspected at intervals, typically twice weekly, when captured
insects were recorded and removed.

Traps used were funnel traps (CSALOMON® VARL+,;
Plant Protection Institute (PPI), CAR HAS, Budapest,
Hungary; www.csalomontraps.com) as used previously for
trapping several large moth species (Subchev et al. 2004;
Toth et al. 2000, 2010). Vaportape® strips (Hercon
Environmental Inc., Emigsville, PA, USA) were placed in
each trap bucket to kill captured moths.

Candidate floral lures were formulated in polyethylene bag
dispensers (PE bag) consisting of the undiluted compound
(100 pl) loaded onto a piece of dental roll (1 cm; Celluron,
Paul Hartmann Ag., Heidenheim, Germany) in a polyethylene
bag (1.0 x 1.5 cm % 0.02 mm thick) made by heat sealing
polyethylene lay-flat tubing. The dispensers were attached to
plastic strips (8 x 1 cm) for ease of handling and wrapped
singly in aluminum foil and stored at —18 °C until used. In
the field, lures were changed at four-week intervals, as previ-
ous experience with similar baits showed that they may start to
lose activity after this period (T6th et al. 2012, 2017).
Chemicals were obtained from Sigma-Aldrich Kft,
Budapest, Hungary, and were >95% pure as stated by the
supplier.

Pheromone lures were prepared by loading 100 png of a 4:1
blend of (Z)- and (E)-11-hexadecenal (purity >98% by GC)
onto red rubber 11 mm sleeve stopper dispensers (Wheaton
Co., Millville, NJ, USA). Pheromone lures were replaced at
4 week intervals. BTM caught were identified and separated
by gender based on morphological features described by
Mally and Nuss (2010).

Statistical analyses of catches were conducted with the
software packages StatView® v4.01 and Super ANOVA®
v1.11 (Abacus Concepts Inc., Berkeley, CA). As even trans-
formed data did not meet the assumptions of a parametric test,
the non-parametric Kruskal-Wallis test was used. When the
Kruskal-Wallis test indicated significant differences, pairwise
comparisons by Mann-Whitney U test were conducted.

Field Experiment 1 The aim of this field test was to confirm
previous chance captures of BTM described in the
Introduction, and to test the relative importance of the addition
of eugenol and methyl salicylate to phenylacetaldehyde. The
test was run in Northeastern Hungary (near Nyiregyhaza,
Szabolcs-Szatmar-Bereg county) during 23 May — 18
October 2016 with five replicate blocks. Treatments were:
phenylacetaldehyde + eugenol; phenylacetaldehyde;
phenylacetaldehyde + eugenol + methyl salicylate; synthetic
BTM pheromone; unbaited.

Field Experiment 2 This test aimed to determine the attractive-
ness of a blend of floral volatiles shown to have electrophys-
iological activity, alone and in combination with a blend of
methyl salicylate and phenylacetaldehyde found to be
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attractive to BTM in previous, non-targeted trapping bioas-
says. The test was run in Nagykovacsi, (Pest Ccounty,
Hungary) from 4 to 28 September 2015 with five replicates
blocks. Treatments were: benzaldehyde + cis-B-ocimene +
(¥)-linalool + phenylethylalcohol (FLO); phenylacetaldehyde
+ methyl salicylate (PAA + SAL); phenylacetaldehyde +
methyl salicylate + benzaldehyde + cis-B-ocimene + (+)-lin-
alool + phenethyl alcohol (PAA + SAL+ FLO); synthetic
BTM pheromone (Pher); unbaited.

Results

Identification of Electrophysiologically-Active Compounds
Emitted by Flowers Based on our previous observation of
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Fig. 1 Representative GC-EAD traces of female box tree moths, Cydalima
perspectalis, to flower volatile collections, top, GC trace (FID); bottom,
antennal signal (EAD). a Buddleja davidii (b) Cornus sanguinea (c)
Syringa vulgaris (d) Sambucus nigra. Electrophysiologically-active com-
pounds are numbered: 1) benzaldehyde, 2) B-myrcene, 3) cis-B-ocimene 4)
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BTM adults feeding on different flowers, we collected head-
space volatiles from these flowers and analyzed them by GC-
EAD and GC-MS to detect and identify antennally-active com-
pounds. Headspace volatiles from fresh flowers of 12 plant
species were collected, and representative GC-EAD traces are
shown in Fig. 1. In total, 34 compounds elicited EAD responses
and were identified as candidate attractants (Fig. 2).
Compounds which elicited the highest responses and were
present in volatiles from at least five of the tested flower species
were selected for field testing. These were benzaldehyde, cis-83-
ocimene, linalool and phenylethylalcohol.

Peripheral Detection of Compounds by SSR Single sensillum

recordings were obtained to characterize the response of the
olfactory sensory neurons (OSNs) tuned to eugenol, methyl
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linalool oxide 10) D-limonene 11) #rans-B-ocimene 12) acetophenone 13)
4-oxoisophorone 14) cis-citral 15) B-citronellol 16) B-caryophyllene
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salicylate and phenylacetaldehyde. Sensilla basiconica and
sensilla trichodea, located on the 4th—10th segments of the
antennae, were involved in the recordings, and only s.
basiconica responded to the odors tested. In all, 88 contacts
were established on 5 male and 5 female antennae. Out of the
88 recordings, in 17 on males and 20 on females, s. basiconica
gave positive responses to eugenol, phenylacetaldehyde and
methyl salicylate. We did not find any significant differences
between the responses of males and females to the odors test-
ed (Fig. 3). In both sexes, methyl salicylate gave the strongest
response at the two high doses (10 and 100 pg). The sponta-
neous activity of the tested neurons varied between 15 to
18 Hz. Reduced spike frequencies compared to the spontane-
ous activity, which indicates inhibitory responses, were not
found either during or after the stimulation onset.

Field Trapping Experiments In Experiment 1,
phenylacetaldehyde alone caught some moths, but the catch
was not significantly different from that in unbaited
traps. Traps baited with the binary combination of
phenylacetaldehyde + eugenol or the ternary combina-
tion of phenylacetaldehyde + eugenol + methyl salicy-
late caught more than unbaited traps and the catches were not
significantly different between each other, although the latter
treatment caught numerically most moths.

Traps baited with synthetic pheromone or unbaited traps
caught no female BTM, and the catch of females in the traps
baited with phenylacetaldehyde (PAA) alone did not differ sig-
nificantly from the unbaited treatment (Fig. 4). Both treatments
containing phenylacetaldehyde together with eugenol caught
significantly more females than unbaited or pheromone alone.
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Fig. 2 Heatmap of GC-EAD recordings from female Cydalima
perspectalis antennae to flower volatile compounds of volatile collections
from 12 different plant species. Colours indicate increasing response

Catches of both sexes showed a similar trend, except that the
pheromone attracted only males and more than any of the other
treatments (Fig. 4).

In Experiment 2, all traps baited with floral compounds
(FLO) captured both males and females (Fig. 5). Traps baited
with the binary mixture of phenylacetaldehyde + methyl sa-
licylate or the binary mixture plus floral odors caught more
than unbaited traps. Catches in these two treatments were
similar, and also did not differ from catch in traps baited with
the floral odors only. The latter did not catch more than
unbaited traps. Highest catches were recorded in traps baited
with the pheromone, although these were all males.

Significant numbers of non-target moth species were
caught during the trapping bioassays and these are shown in
Table 1.

Discussion

In the present study, we demonstrated attraction of male and
female BTM moths to a ternary blend of phenylacetaldehyde,
eugenol and methyl salicylate. Phenylacetaldehyde is recog-
nized as broadly attractive to Lepidoptera (Cantelo and
Jacobson 1979; Creighton et al. 1973; Meagher 2001), al-
though in the case of BTM this compound alone was only
weakly attractive. Future fine-tuning will be necessary to de-
termine the relative importance of eugenol and methyl salicy-
late in the ternary blend for optimizing BTM catches.

We performed SSR experiments to understand the selectiv-
ity and sensitivity of the OSNs tuned to eugenol, methyl sa-
licylate and phenylacetaldehyde. In both sexes only sensilla
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basiconica located on the antennae responded to all three
compounds indicating that BTM is able to detect these odors
at the sensory level. Also, in other moth species ORNs located
in sensilla basiconica detect plant volatiles (Kafka 1987;
Pophof et al. 2005). We found only broadly tuned OSNs
responding to the tested odors even in low concentrations
(100 ng, 1 pg). This result is consistent with earlier studies
where generalist OSNs were found responding to plant vola-
tiles (Andersson et al. 2009; de Bruyne and Baker 2008; Ignell
and Hansson 2004). Female chemosensilla detecting frass vol-
atiles of conspecific larvae of BTM have also been described
(Molnér et al. 2017). OSNs tuned to these compounds have
been verified in other insect species (Bengtsson et al. 2009;
Binyameen et al. 2014; Hallem and Carlson 2006; Miinch and
Galizia 2016).

Based on the previous observations of BTM males and
females feeding on flowering plants we hypothesized that
the volatile components of flowers may be more attractive
than the previously used ternary blend. Therefore, we collect-
ed volatiles from these flowers and identified electrophysio-
logically active volatile compounds which potentially could

a
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increase the attractiveness. Out of 34 compounds we selected
the compounds which elicited the highest responses and were
present in volatiles from at least five of the tested flower spe-
cies. We also found methyl-salicylate, eugenol and
phenylacetaldehyde in the headspace volatiles of some tested
flowers, although they did not elicit strong electrophysiologi-
cal responses except for phenylacetaldehyde. However, the
four components (benzaldehyde, cis-B-ocimene, linalool,
phenethylalcohol) which were used in the second field test
are attractive floral compounds for other Lepidopteran spe-
cies. For instance, the ternary mixture of linalool, benzalde-
hyde and benzylalcohol attracts the sphinx moth (Manduca
sexta) (Riffell et al. 2009). Also, linalool in combination with
other floral components attracts many moth species (Meagher
and Landolt 2008). cis-B-Ocimene, in combination with other
floral odors can attract cotton bollworm (Helicoverpa
armigera) females in the wind tunnel (Bruce and Cork
2001). The alfalfa looper moth (Autographa californica) can
be attracted in the field by phenethylalcohol also in a mixture
with other components (Landolt et al. 2001). Although these
floral components can attract other moth species they did not
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Fig. 3 Dose-response curves of single sensillum recordings on sensilla basiconica (N=17) of male and female Cydalima perspectalis antennae to
phenylacetaldehyde, eugenol and methyl salicylate (average number of spikes of the olfactory sensory neuron response)
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increase the trap catches of BTM alone or in combination with
phenylacetaldehyde and methyl salicylate in our second trap-
ping bioassay. This could be due to either the incorrect ratio of
the components in the blend or some missing key components
which did not elicit strong electrophysiological response but
are essential for attraction. Further experiments were carried
out, but numbers of BTM caught were low and erratic because
of declining populations. In Central Europe, the boxwood is
not a native species and is only present as a popular ornamen-
tal shrub. Since introduction of BTM their larvae have
destroyed Buxus stands in private and public gardens, ceme-
teries etc. in the region and BTM populations have decreased
dramatically in the absence of host plants.
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Fig. 4 Mean catches of Cydalima perspectalis in traps baited with
phenylacetaldehyde (PAA), binary mixture with eugenol (EUG), its
ternary mixture with eugenol plus methyl salicylate (SAL) or synthetic
pheromone (Pher.) in field experiment 1. Columns with same letter (upper
case: female catches, lower case: both sexes together) are not significantly
different at P = 0.05 by Kruskal-Wallis followed by pairwise comparisons
with Mann-Whitney test

Non-target noctuids caught during the trapping bioassays
all belong to the Plusiinac and Melicleptriinae subfamilies,
which are known to respond to phenylacetaldehyde (Pawar
et al. 1983; Plepys et al. 2002; Téth et al. 2010). Catches of
Autographa gamma and MacDunnoughia confiisa can be in-
creased by the addition of eugenol and benzyl acetate (Toth
etal. 2019). Tendencies in field experiment 2 may confirm this
suggesting that the addition of eugenol may be beneficial.
Among the Pyralids Haritala ruralis is known to respond to
floral blends containing phenylacetaldehyde (To6th et al.
2018). The few specimens of Palpita vitrealis caught may also
be due to the presence of phenylacetaldehyde.
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Fig. 5 Mean catches of Cydalima perspectalis in traps baited with
phenylacetaldehyde (PAA), its binary mixture with methyl salicylate
(SAL), its multicomponent mixture with methyl salicylate plus
synthetic floral mixture (FLO; benzaldehyde, cis-f3-ocimene, (£)-
linalool, phenethyl alcohol), the floral mixture (FLO) alone or synthetic
pheromone (Pher.) in field experiment 2. Columns with same letter (upper
case: female catches, lower case: both sexes together) are not significantly
different at P = 0.05 by Kruskal-Wallis followed by pairwise comparisons
with Mann-Whitney test
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Table1 Total numbers of non-target moth species caught with different
lures during field experiments 1 and 2

Compound Lure composition

BTM pheromone + -
Phenylacetaldehyde + + + + -
Eugenol + + -
Methyl salicylate + + -
Floral odor +  + -
Family/Species Number of moths captured
Noctuidae

Abrostola triplasia L. 0 13 41 41 0 O 0
Autographa gamma L. 0 12 43 72 0 3 0
Diachrysia chrysitis Aukt. 0o 2 9 11 0 0 0
Helicoverpa armigera Hbn. 1 19 22 28 2 O 0
MacDunnoughia confusa Steph. 0 26 58 47 0 0 0
Pyralidae

Haritala ruralis Scop 8 42 77 76 4 18 0
Palpita vitrealis Rossi 0 2 1 6 0 0 0

It is of great advantage that the present bisexual BTM lure
is catching also females. Protandry is a well-known phenom-
enon in case of insects (see e.g. Muralimohan and Srinivasa
2008), and it could be observed well with traps baited with a
lure capable to attract both male and female specimens. The
difference of the flight of females vs. males may have great
significance in pest management. Timing of the insecti-
cide sprays to the flight of females could be more precise as it
probably correlates better to egg laying than catch pat-
terns of males recorded in pheromone traps (Knight and
Light 2004, 2005).

Also, the trapping or baiting of females versus males may
have a more direct negative impact on pest populations.
Preliminary demonstrations have been made of lure-and-kill
approaches using lures containing phenylacetaldehyde plus
other floral compounds against pest noctuids (Camelo et al.
2007; Landolt et al. 1991). The development of lure-and-kill
technology against BTM using the bisexual lure developed on
the basis of results in this study could provide an alternative to
insecticide cover sprays on box trees that are damaged, reduc-
ing both pesticide amounts used and pesticide contact with the
ornamentals.

It is not known whether the sex ratio of BTM captured in
traps baited with floral compounds mirror the natural sex ratio
of'the local population. The sex ratios of catches with the three
different floral lures were similar, but future studies on wheth-
er the female percentages in the catch represent the actual sex
ratio or are biased for some reason should be a priority for
better management of BTM.

Finally, we anticipate that the ternary bisexual attractant
described in this study will serve as a good basis for further

@ Springer

lure optimization which would result in a practically usable
lure for both sexes of BTM.

Acknowledgements This study was supported by Economic
Development and Innovation Operational Program GINOP-2.3.2-15-
2016-00061. Support is also acknowledged from the Marie Curie Career
Integration Grant (PCIG12-GA-2012-333980) to ZK, the National
Research, Development and Innovation Office NKFIH - PD115938 grant
to SK, Janos Bolyai Research Scholarship of the Hungarian Academy of
Sciences to ZK, BPM and SK and the UNKP-18-4 New National
Excellence Program of the Ministry of Human Capacities to BPM.

Funding Information Open access funding provided by MTA Centre for
Agricultural Research (MTA ATK).

Open Access This article is distributed under the terms of the Creative
Commons Attribution 4.0 International License (http://
creativecommons.org/licenses/by/4.0/), which permits unrestricted use,
distribution, and reproduction in any medium, provided you give appro-
priate credit to the original author(s) and the source, provide a link to the
Creative Commons license, and indicate if changes were made.

References

Andersson MN, Larsson MC, Schlyter F (2009) Specificity and redun-
dancy in the olfactory system of the bark beetle Ips typographus:
single-cell responses to ecologically relevant odors. J Insect Physiol
55:556-567. https://doi.org/10.1016/j.jinsphys.2009.01.018

Bengtsson JM, Wolde-Hawariat Y, Khbaish H, Negash M, Jembere B,
Seyoum E, Hansson BS (2009) Field attractants for Pachnoda
interrupta selected by means of GC-EAD and single sensillum
screening. J Chem Ecol 35:1063-1076. https://doi.org/10.1007/
$10886-009-9684-7

Billen W (2007) Diaphania perspectalis (Lepidoptera: Pyralidae) - a new
moth in Europe. Mitteilungen der Entomologischen Gesellschaft
Basel 57:135-137

Binyameen M, Anderson P, Ignell R, Birgersson G, Sarfraz MR, Shad A,
Hansson BS, Schlyter F (2014) Identification of plant semiochemi-
cals and characterization of new olfactory sensory neuron types in a
polyphagous pest moth, Spodoptera littoralis. Chem Senses 39:
719-733. https://doi.org/10.1093/chemse/bju046

Bruce TJ, Cork A (2001) Electrophysiological and behavioral responses
of female Helicoverpa armigera to compounds identified in flowers
of African marigold, Tagetes erecta. ] Chem Ecol 27:1119-1131

CABI (2017) Invasive Species Compendium: Cydalima perspectalis
(box tree moth). http://www.cabi.org/isc/datasheet/118433
[accessed on 10 Feb 2017]

Camelo LA, Landolt PJ, Zack RS (2007) A kairomone based attract-and-
kill system effective against alfalfa looper (Lepidoptera: Noctuidae).
J Econ Entomol 100:366-374. https://doi.org/10.1093/jee/100.2.
366

Cantelo WW, Jacobson M (1979) Phenylacetaldehyde attracts moths to
bladder flower and to blacklight traps. Environ Entomol 8:444—447.
https://doi.org/10.1093/ee/8.3.444

Creighton CS, McFadden TL, Cuthbert ER (1973) Supplementary data
on phenylacetaldehyde: an attractant for Lepidoptera. J Econ
Entomol 66:114—116. https://doi.org/10.1093/jee/66.1.114

de Bruyne M, Baker TC (2008) Odor detection in insects: volatile codes. J
Chem Ecol 34:882-897. https://doi.org/10.1007/s10886-008-9485-4

di Domenico F, Lucchesea F, Magri D (2012) Buxus in Europe: Late
Quaternary dynamics and modern vulnerability. Perspectives in


https://doi.org/10.1016/j.jinsphys.2009.01.018
https://doi.org/10.1007/s10886-009-9684-7
https://doi.org/10.1007/s10886-009-9684-7
https://doi.org/10.1093/chemse/bju046
http://www.cabi.org/isc/datasheet/118433
https://doi.org/10.1093/jee/100.2.366
https://doi.org/10.1093/jee/100.2.366
https://doi.org/10.1093/ee/8.3.444
https://doi.org/10.1093/jee/66.1.114
https://doi.org/10.1007/s10886-008-9485-4

J Chem Ecol

plant ecology. Evol Syst 14(2012):354-362. https://doi.org/10.
1016/j.ppees.2012.07.001

Hallem EA, Carlson JR (2006) Coding of odors by a receptor repertoire.
Cell 125:143-160. https://doi.org/10.1016/j.cell.2006.01.050

Ignell R, Hansson B (2004) Insect olfactory neuroethology — an electro-
physiological perspective. In: Christensen TA (ed) Methods in insect
sensory neuroscience. CRC Press, New York, pp 319-347

Inoue H. (1982) Pyralidae in: Inoue H, Sugi S, Kuroko H, Moriuti S,
Kawabe a. (eds) moths of Japan 1+2. Kodansha, Tokyo, 1: 307-404;
2:223-254

Katka WA (1987) Similarity of reaction spectra and odor discrimination:
single receptor cell recordings in Antheraea polyphemus
(Saturniidae). J Comp Physiol 161:867-880. https://doi.org/10.
1007/BF00610228

Karpati Z, Tasin M, Cardé RT, Dekker T (2013) Early quality assessment
lessens pheromone specificity in a moth. Proc Natl Acad Sci U S A
110:7377-7738. https://doi.org/10.1073/pnas.1216145110

Kawazu K, Honda H, Nakamura S, Adati T (2007) Identification of sex
pheromone components of the box tree pyralid, Glyphodes
perspectalis. ] Chem Ecol 33:1978-1985. https://doi.org/10.1007/
$10886-007-9356-4

Kenis M, Nacambo S, Leuthardt FLG, Di Domenico F, Haye T (2013)
The box tree moth, Cydalima perspectalis, in Europe: horticultural
pest or environmental disaster? Aliens 33:38—41

Kim JH, Park IK (2013) Female sex pheromone components of the box
tree pyralid, Glyphodes perspectalis, in Korea: field test and devel-
opment of film-type lure. J Asia Pac Entomol 16:473—477. https://
doi.org/10.1016/j.aspen.2013.08.002

Knight AL, Light DM (2004) Use of ethyl and propyl (£,2)-2.,4-
decadienoate in codling moth management: Improving monitoring
in Bartlett pear with high dose lures. J Ent Soc British Columbia
101:45-52

Knight AL, Light DM (2005) Timing of egg hatch by early-season cod-
ling moth (Lepidoptera: Tortricidae) predicted by moth catch in pear
ester- and codlemone-baited traps. Can Entomol 137:728-738.
https://doi.org/10.4039/n05-039

Kriiger EO (2008) Glyphodes perspectalis (Walker, 1859) - neu fiir die
Fauna Europas (Lepidoptera: Crambidae). Entomologische
Zeitschrift mit Insekten-Borse 118:81-83

Landolt PJ, Lenczewski B, Heath RR (1991) Lure and toxicant system for
the cabbage looper (Lepidoptera: Noctuidae). J Econ Entomol 84:
1344-1347. https://doi.org/10.1093/jec/84.4.1344

Landolt PJ, Adams T, Reed HC, Zack RS (2001) Trapping alfalfa looper
moths (Lepidoptera: Noctuidae) with single and double component
floral chemical lures. Environ Entomol 30:667—672. https://doi.org/
10.1603/0046-225X-30.4.667

Mally R, Nuss M (2010) Phylogeny and nomenclature of the box tree
moth, Cydalima perpectalis (Walker, 1859) comb. n., which was
recently introduced into Europe (Lepidoptera: Pyraloidea:
Crambidae: Spilomelinae). Eur J Entomol 107: 393-400. https://
doi.org/10.14411/eje.2010.048

Meagher RL (2001) Collection of soybean looper and other noctuids in
phenylacetaldehyde-baited traps. Fla Entomol 84:154-155

Meagher RL and Landolt PJ (2008) Attractiveness of binary blends of
floral odorant compounds to moths in Florida, USA. Entomol Exp
Appl 128: 323-329. https://doi.org/10.1111/j.1570-7458.2008.
00711.x

Mitchell R, Chitanava S, Dbar R, Kramarets V, Lehtijarvi A, Matchutadze
I, Mamadashvili G, Matsiakh I, Nacambo S, Papazova-Anakieva I,
Sathyapala S, Tuniyev B, Vétek G, Zukhbaia M, Kenis M (2018)
Identifying the ecological and societal consequences of a decline in
Buxus forests in Europe and the Caucasus. Biol Invasions 20:3605—
3620. https://doi.org/10.1007/s10530-018-1799-8

Molnar BP, Téth Z, Fejes-Toth A, Dekker T, Zs K (2015)
Electrophysiologically active maize volatiles attract European corn

borer (Ostrinia nubilalis) gravid females. J Chem Ecol 11:997—
1005. https://doi.org/10.1007/s10886-015-0640-4

Molnar BP, Téth Z, Zs K (2017) Synthetic blend of larval frass volatiles
repel oviposition in the invasive box tree moth, Cydalima
perspectalis. J Pest Sci 90(3):873—885. https://doi.org/10.1007/
$10340-017-0837-0

Miinch D and Galizia G (2016) DoOR 2.0 - comprehensive mapping of
Drosophila melanogaster odorant responses. Sci rep UK 6: 21841

Muralimohan K, Srinivasa YB (2008) Occurrence of protandry in an
aseasonal multivoltine moth: implications for body-size evolution.
Curr Sci India 94:513-518

Nagy A, Szarukan I, Csabai A, Molnar A, Molnar BP, Zs K, Sz S, T6th M
(2017) Distribution of box tree moth (Cydalima perspectalis Walker
1859) in the northeast part of the Carpathian basin with a new
Ukrainian record and Hungarian data. EPPO Bulletin 17(2):279-
282. https://doi.org/10.1111/epp.12384

Nesterenkova AE (2015) Studies of the biological characteristics of box-
wood moth in the developing of its laboratory culture. Plant Health
Research and Practice 4(14), 11-12.

Pawar CS, Srivastava CP, Reed W (1983) Phenylacetaldehyde: an attrac-
tant for Heliothis armigera. Int Chick News 8:27-28

Plepys D, Ibarra F, Lofstedt C (2002): Volatiles from flowers of
Platanthera bifolia (Orchidaceaea) attractive to the silver Y moth,
Autographa gamma (Lepidoptera: Noctuidae). Oikos 99, 69-74.
https://doi.org/10.1034/j.1600-0706.2002.990107.x

Pophof B, Stange G, Abrell L (2005) Volatile organic compounds as
signals in a plant-herbivore system: electrophysiological responses
in olfactory sensilla of the moth Cactoblastis cactorum. Chem
Senses 30(1):51-68. https://doi.org/10.1093/chemse/bji001

Riffell JA, Lei H, Christensen TA, Hildebrand JG (2009) Neural corre-
lates of behavior in the moth Manduca sexta in response to complex
odors. Proc Natl Acad Sci U S A 106:19219-19226. https://doi.org/
10.1073/pnas.0910592106

Roelofs WL, Cardé RT (1977) Responses of Lepidoptera to synthetic sex
pheromone chemicals and their analogues. Annu Rev Entomol 22:
377-405. https://doi.org/10.1146/annurev.en.22.010177.002113

Santi F, Radeghieri P, Sigurta GI, Maini S (2015) Sex pheromone traps for
detection of the invasive box tree moth in Italy. Bull Insectology 68:
158-160

Straten MJ, Muus TST (2010) The box tree pyralid, Glyphodes
perspectalis (Lepidoptera: Crambidae), an invasive alien moth
ruining box trees. Proc Netherlands Entomol Soc 21:107-111

Subchev M, Toshova T, Téth M, Voigt E, Mikulas J, Francke W (2004)
Catches of vine bud moth Theresimima ampellophaga (Lep.,
Zygaenidae: Procridinae) males in pheromone traps: effect of the
purity and age of baits, design, colour and height of the traps, and
daily sexual activity of males. Z Angew Ent 128: 44-50. https://doi.
0rg/10.1046/j.1439-0418.2003.00805.x

Toth M, Imrei Z, Sz6cs G (2000) Non-sticky, non-saturable, high capac-
ity new pheromone traps for Diabrotica virgifera virgifera
(Coleoptera: Chrysomelidae) and Helicoverpa (Heliothis) armigera
(Lepidoptera: Noctuidae). Integr Term Kert Szantof Kult 21:44-49
(in Hungarian)

Toth M, Szentkiralyi F, Vuts J, Letardi A, Tabilio MR, Jaastad G,
Knudsen GK (2009) Optimization of a phenylacetaldehyde-based
attractant for common green lacewings (Chrysoperla carnea s.l.). J
Chem Ecol 35:449-458. https://doi.org/10.1007/s10886-009-9614-
8

Toth M, Szarukan I, Dorogi B, Gulyas A, Nagy P, Rozgonyi Z (2010)
Male and female noctuid moths attracted to synthetic lures in
Europe. J Chem Ecol 36:592-598. https://doi.org/10.1007/s10886-
010-9789-z

Toth M, Landolt P, Szarukan I, Szoéllath 1, Vitanyi I, Pénzes B, Hari K,
Josvai JK, Koczor S (2012) Female-targeted attractant containing
pear ester for Synanthedon myopaeformis. Entomol Exp Appl 142:
27-35

@ Springer


https://doi.org/10.1016/j.ppees.2012.07.001
https://doi.org/10.1016/j.ppees.2012.07.001
https://doi.org/10.1016/j.cell.2006.01.050
https://doi.org/10.1007/BF00610228
https://doi.org/10.1007/BF00610228
https://doi.org/10.1073/pnas.1216145110
https://doi.org/10.1007/s10886-007-9356-4
https://doi.org/10.1007/s10886-007-9356-4
https://doi.org/10.1016/j.aspen.2013.08.002
https://doi.org/10.1016/j.aspen.2013.08.002
https://doi.org/10.4039/n05-039
https://doi.org/10.1093/jee/84.4.1344
https://doi.org/10.1603/0046-225X-30.4.667
https://doi.org/10.1603/0046-225X-30.4.667
https://doi.org/10.14411/eje.2010.048
https://doi.org/10.14411/eje.2010.048
https://doi.org/10.1111/j.1570-7458.2008.00711.x
https://doi.org/10.1111/j.1570-7458.2008.00711.x
https://doi.org/10.1007/s10530-018-1799-8
https://doi.org/10.1007/s10886-015-0640-4
https://doi.org/10.1007/s10340-017-0837-0
https://doi.org/10.1007/s10340-017-0837-0
https://doi.org/10.1111/epp.12384
https://doi.org/10.1034/j.1600-0706.2002.990107.x
https://doi.org/10.1093/chemse/bji001
https://doi.org/10.1073/pnas.0910592106
https://doi.org/10.1073/pnas.0910592106
https://doi.org/10.1146/annurev.en.22.010177.002113
https://doi.org/10.1046/j.1439-0418.2003.00805.x
https://doi.org/10.1046/j.1439-0418.2003.00805.x
https://doi.org/10.1007/s10886-009-9614-8
https://doi.org/10.1007/s10886-009-9614-8
https://doi.org/10.1007/s10886-010-9789-z
https://doi.org/10.1007/s10886-010-9789-z

J Chem Ecol

Toth M, Szarukan I, Nagy A, Csukas L, Cs H, Abri T, Sz K, Nagy T
(2017) A bisexual trap for the European corn borer (Ostrinia
nubilalis): optimal dose, longevity and its application for flight pat-
tern monitoring. Novényvédelem 478:141-147 (in Hungarian)

Toth M, Nagy A, Szarukan I (2018) Kukoricamoly biszex csapda:
figyeljiink a fogdst szennyezd mas lepkefajokra! (bisexual trap for

@ Springer

Ostrinia nubilalis: watch out for non-target other moths!)
Agroforum 29:44-46

Toth M, Landolt P, Szarukan I, Nagy A, Josvai JK (2019) Improving
bisexual lures for the silver Y moth Autographa gamma L. and
related Plusiinae (Lepidoptera: Noctuidae). Acta Phytopath
Entomol Acad Sci hung in press



	Development...
	Abstract
	Introduction
	Methods and Materials
	Field Trapping Tests

	Results
	Discussion
	References


