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Abstract
Host-plant volatiles play a key role in findingmate and suitable host plants of phytophagous scarab beetles. Hence it is immensely
important to collect and identify these volatiles. The gas chromatography coupled with electroantennographic detection (GC-
EAD) technique has been used as a rapid and convenient tool for the identification of physiologically active components from
plants. Here, we describe a practical method for electrophysiologically recording from lamellated antenna of scarab beetles. This
method enables direct electroantennogram (EAG) recordings from antennal club without damage to the antenna in a similar
manner to the conventional cut-tip EAG recording technique for clavate antenna. The headspace volatiles from walnut (Juglans
regia L.) trees were collected with a Poropak-Q trap at dusk and then analyzed with GC-EAD. Those volatile compounds that
elicited electrophysiological responses on the antennae of a scarab beetle, Metabolus flavescens Brenske (Coleoptera:
Scarabeidae: Melolonthinae) were determined by means of gas chromatography-mass spectrometry (GC-MS). The lamella
directly connected to the recording electrode was held apart from the other two lamellae on the antenna with a minuten pin
and a disposable syringe needle. In order to improve electrical contact, a surfactant, Tween® 80, was used to lower the surface
tension of Beadle-Ephrussi Ringer solution. This study demonstrated that addition of 0.05% Tween® 80 to the Beadle-Ephrussi
Ringer solution suppressed baseline noise and assured significantly greater EAG response in general. Due to its simplicity and
efficiency, this method may also be useful for studying the electrophysiology of other insect species having club-like antennae.
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Introduction

Volatile plant semiochemicals play an important role in medi-
ating many interactions among organisms in nature, such as
herbivorous insects and their parasitoids and predators (Vet

and Dicke 1992). Phytophagous insects can perceive these vol-
atile semiochemicals at a distance for location and selection of
host plants and suitable oviposition sites (Bruce et al. 2005;
Visser 1986). The electroantennogram (EAG) technique has
been widely used for the detection of volatiles perceived by
the olfactory receptors on insect antennae since the technique
was first developed six decades ago (Schneider 1957).

Plants emit a wide range of volatile chemicals that convey
both general and specific information about their identity and
physiological state. However, only a subset of these plant odors
is detectable to insects, such as green leaf volatiles and species-
specific odors. It is essential to identify them for development
of effective attractants for insect pest management. A combina-
tion of gas chromatography and electroantennography (GC-
EAG) has greatly facilitated the identification of active odorant
compounds present in mixtures of volatile chemicals that insect
antennae can detect, thus eliminating unnecessary identification
of inactive compounds (Arn et al. 1975; Bjostad 1998). The
candidate chemicals are then routinely identified by gas
chromatography-mass spectrometry (GC-MS) for further eval-
uation of behavioral functions.
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Many of the plant-feeding scarabs (chafers) in the family
Scarabaeidae are widespread and economically important
pests in agriculture, horticulture, and forestry. The chafers
can damage roots (larval stage), leaves, stems, flowers, and
fruits of crops and trees (adult stage). Most research aiming at
developing effective lures for mass trapping and monitoring
has focused on the subfamilies Cetoniinae, Melolonthinae,
Dynastinae, and Rutelinae because of their economic impor-
tance (Leal 1998). Identification of highly attractive semio-
chemicals emitted by preferred host plant is a key step in
formulating effective trap lures for scarab beetles. A few stud-
i e s h a v e emp l o y e d t h e g a s c h r oma t o g r a p hy -
electroantennographic detection (GC-EAD) technique to
screen active components from plant extracts (Bengtsson
et al. 2009; Johnson et al. 2007; Weissteiner et al. 2012).

Scarabs are readily recognizable by their antennae that are
usually 10-segmented with the last 3 segments forming a la-
mellate club. The 3 lamellae are wide-open during olfaction in
mate finding and host plant location or folded together to
protect their inner surfaces when resting. Most olfactory sen-
silla are present on the inner surface of the two outer lamellae
and on both sides of the middle lamella. Neurons housed in
porous sensilla placodea are capable of detecting green leaf
volatiles with high selectivity and sensitivity (Hansson et al.
1999; Nikonov et al. 2001). Therefore, it is critical to keep
lamellated club open while recording EAG response to odor-
ants. Several different techniques have been developed for the
antennal preparation for EAG recordings from scarab beetles.

Adler and Jacobson (1971) first reported EAG response
recorded from a scarab beetle. While the reference capillary
electrode filled with Ringer solution was connected to the
occipital foramen of an isolated head, the recording electrode,
with a tip drawn to ca. 20 μm, was inserted into the hinged
area between the large and the middle plates of the lamellated
antenna. Leal et al. (1992) developed an acrylic EAD station
to hold pedicel (or scape) and last lamella in contact with
Ringer solution and silver electrodes. A similar acrylic holder
was custom-made to hold an excised antenna with the lamel-
lae open (Robbins et al. 2003, 2008, 2009). A humidified,
filtered air streamwas cooled by amodified condenser flushed
with ice-water in order to reduce the evaporation of saline
(0.9% NaCl) filled in the two slits of the holder, which would
apparently lower the strength of the EAG response. Larsson
et al. (2003) used a piece of dental wax to support an excised
antenna and the three lamellae were held apart by cactus
needles inserted into the wax. The ground electrode filled with
Beadle-Ephrussi Ringer solution was connected to the base of
the antenna, while the recording electrode was pressed to one
of the antennal lamellae. This method would be very challeng-
ing when recording EAG responses from the tiny antenna of a
small-sized scarab. Ruther et al. (2000) directly fitted the ped-
icel and the tip of the last distal lamella into two glass capil-
laries containing physiological saline solution and kept other

lamellae fanned by moving one of the micromanipulators. In
addition, several studies used Spectra 360 conductive gel to
fix the antenna base and the tip of the distal lamella between
two stainless steel electrodes with emphasis on a separation of
antennal lamellae (Reinecke et al. 2002a, 2005; Ruther et al.
2002; Subaharan et al. 2013). In a recent report, the middle
lamella and basal segment of the antenna were directly placed
in contact with two capillary electrodes filled with Ringer
solution (Fombong et al. 2016). However, the manual maneu-
ver of the antennal club was not mentioned. Nevertheless,
these antennal preparation techniques may generate signifi-
cant background noise caused by insufficient electrical con-
ductivity between antenna and the recording electrode. This
noise can be neglected in the case of typical short-time EAG
recording or when olfactory response to test compounds, for
example, sex pheromones, is strong enough to be distinguish-
able from background noise in GC-EAD recordings.
However, true signals elicited by kairomones emitted by host
insects or plants are sometimes more difficult to recognize
from background noise in comparison with the comparatively
stronger responses to sex pheromones (Bengtsson et al. 2009;
Fombong et al. 2016; Johnson et al. 2007).

To maintain better electrical contact between the two elec-
trodes, a common technique was to connect the cut tip of a
lamella to the recording electrode. The three lamellae were
further maneuvered open either by tiny balls of dental wax
(Steenhuisen et al. 2013) or by an undescribed method (Ju
et al. 2017). Some modifications were made to the electrodes
to load a lamellated antenna (Fujiwara-Tsujii et al. 2012;
Wakamura et al. 2009). The flagellum of an excised antenna
was inserted into a small glass capillary tube fixed on the
curved negative electrode by fine silver wire, and the three
lamellae were brought to contact the positive electrode to keep
the lamellae open. The distal tip of the terminal lobe was cut
off to establish electrical connection between the two elec-
trodes. The cut-tip technique causes apparent damage to la-
mellae on which the olfactory sensilla are concentrated, inev-
itably weakening EAG response. Furthermore, it is very im-
practical to cut off the tip of a lamella on the tiny antennae.
Therefore, modifications to classical antennal preparation
technique are needed to improve signal-to-noise ratio in
EAD procedures.

A commonly used surfactant, Triton X-100 (0.02% v/v in
Beadle-Ephrussi Ringer solution), has been suggested for GC-
EAD recordings from most insect antennae with non-cut-tip
technique by Dr. Brian Sullivan at Insects, Diseases, and
Invasive Plants, Southern Research Station, U.S. Forest
Service (https://www.srs.fs.usda.gov/idip/tools/gc-ead/). The
signal-to-noise ratios obtained with this method were claimed
to be equal to those obtained using the cut-tip technique. In a
similar manner, we have been using another nonionic surfac-
tant, Tween® 80, to record EAG responses from some insect
species. In the present study, we describe a practical antennal
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preparation technique for the identification of electrophysio-
logically active volatile compounds emitted by walnut
(Juglans regia L.), a preferred host plant of a scarab beetle,
Metabolus flavescens Brenske (Coleoptera: Scarabeidae:
Melolonthinae).M. flavescens is a common, polyphagous leaf
feeding scarab beetle in north China, and emerges once a year
in June and July. Adult beetles are active at night, and hide in
soil during the day. Adult feeding usually causes severe defo-
liation to their preferred hosts, such as walnut, lilac,
apple, pear, and elm. Host plant volatiles are thought
to function as chemical cues for their feeding site loca-
tion. The antenna of M. flavescens shows the typical
lamellicorn shape of scarab beetles, with olfactory sen-
silla located on the three lamellar segments that com-
prise the antennal club. We consider this beetle as a model
species to test the antennal response to volatile compounds
released by walnut tree leaves.

Methods and Materials

Solvents and Chemicals

All solvents (methanol, dichloromethane, and hexane) used
were of HPLC grade (CNW Technologies GmbH,
Düsseldorf, Germany). (1R)-(+)-α-pinene, (+)-β-pinene, cis-
3-hexenyl acetate, cis-3-hexen-1-ol, and methyl benzo-
ate, which was used as an internal standard, were ob-
tained from reliable commercial sources with >98% pu-
rities as stated by the suppliers. Tween® 80 (Polysorbate
80) was purchased from Alfa Aesar (Tianjin, China),
and Tween® 80 (suitable for cell culture, suitable for
insect cell culture, viscous liquid) was purchased from
Sigma-Aldrich.

Insects

Adults ofM. flavescensBrenske were collected on the campus
of Institute of Zoology, Beijing, China while they were
feeding on walnut tree leaves. The beetles were sexed
by examining the presence of pheromone gland. Only
female beetles were used for electrophysiological
recordings.

Volatile Collection

Volatile collections from intact walnut tree leaves were made
in July of 2018 during the active season ofM. flavescens bee-
tles. The collections were performed for 2 h between 19:00
and 21:00 as beetles started coming out of soil to feed and
mate on tree leaves around 20:00. A dynamic headspace set-
up for volatile collection was composed of a 35 × 45 cm PE
storage bag (Glad; Clorox China Limited, Guangzhou,

China), a vacuum pump (QC-1S; Beijing Municipal Institute
of Labour Protection, Beijing, China), an activated charcoal
filter (containing about 30 g of charcoal granules), and a
Porapak-Q (200 mg, 80/100 mesh, Sigma-Aldrich,
Shanghai, China) trap (Fig. S1, Supplementary Material).
The plastic bag was placed over a walnut tree branch and
sealed tightly around the trunk with cotton string. A charcoal
filtered continuous airflow was pumped through the bag at
500 ml/min. Before the experiments, the Porapak-Q filter
was purified sequentially with methanol and dichloromethane
(3ml each) and conditioned under a N2 flow (ca. 10ml/min) at
150 °C for 30 min in an oven. Adsorbed volatiles were eluted
with 1 ml of dichloromethane containing 5 ng/μl methyl ben-
zoate. The extracts from 6 collections were combined and
concentrated to 300 μl under a mild N2 stream and then kept
at 4 °C until further uses for GC-EAD recordings and GC-MS
identification. A blank collection was also made using the
system described above without walnut plant in order to ex-
clude the possibility of contaminations.

Antennal Preparation

A glass capillary tube (O.D. 1.5 mm, I.D. 0.86 mm, Sutter
Instrument Company, Novato, CA, USA; or O.D. 1.5 mm,
I.D. 0.84 mm, VitalSense Scientific Instruments Co. Ltd.,
Chengdu, China) was manually pulled slightly longer over
the flame of an alcohol lamp (Fig. 1, step 1). The heated glass
tube was carefully cut with a column cutter to make reference
and recording electrodes (Fig. 1, step 2). The antenna of a
female beetle was excised on memo paper (two layers of
memo paper back to back were attached together) and inserted
between two glass capillaries filled with Beadle-Ephrussi
Ringer solution (750 mg NaCl, 35 mg KCl, 27.8 mg
CaCl2⋅2H2O, 100 ml H2O) (Ephrussi and Beadle 1936) mod-
ified by Tween® 80 (0.05%, W/V). The antenna base was
inserted into the reference electrode with capillary action.
One of the three lamellae was inserted into the recording elec-
trode with a minuten pin and the needle of a disposable 1-ml
syringe. Platinum wire (D. 0.4 mm) was used to maintain
electrical contact between the electrode and the preamplifier.
Under a microscope, the syringe needle was positioned under-
neath the antennal club to provide support and the minuten pin
was used to separate lamellae while the tip of the recording
electrode was positioned close to the distal end of the antennal
club. Care must be taken to avoid flowing Beadle-Ephrussi
Ringer solution onto the surface of antennal club. The position
of the cutting point of a pulled glass capillary was the key to
make the electrodes precisely fit the scape and pedicel seg-
ments of an antenna for mechanical stability. The tip part of
the reference capillary electrode was kept wide enough at
opening to fit the scape and pedicel segments and then made
narrower to stop flagellum of antenna from being sucked into
the capillary tube (Fig. 2).
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GC-EAD

GC-EAD analyses were made on a Shimadzu GC-2010 plus
coupled to an electroantennographic detection system
(Syntech, Kirchzarten, Germany) consisting of an EAG
COMBI probe, a CS-55 stimulus controller and an IDAC-2
data acquisition controller. The GCwas equippedwith a flame
ionization detector (FID) and a DB-WAX capillary column
(30 m × 0.25 mm× 0.25 μm, Agilent Technologies). The in-
jector was operated in a splitless mode with split opened after
0.75 min. The oven temperature was programmed from 40 °C
(isothermal for 2 min) to 120 °C at 5 °C/min, then to 240 °C at
15 °C/min, and held for 9 min. Nitrogen was used as carrier
gas at a flow rate of 2 ml/min. The injection port and detector
temperatures were set at 230 and 250 °C, respectively. The
column effluent was combined with N2 make-up gas (20 ml/
min), and then split at a ratio of about 1:2 with a universal
capillary BY^ splitter (Agilent Technologies) into two
deactivated fused silica capillary columns. One column (I.D.
0.25 mm) led to the FID and the other (I.D. 0.32 mm) passed
through a heated (220 °C) transfer line (Syntech) into a stream
of charcoal-filtered and humidified air (400 ml/min) directed
at the antennal preparation. The inner surface of the two outer
lamellae or one side of the middle lamella connected to the
recording electrode (Fig. 2b-d) was maneuvered facing air-
flow. The antennal preparation was connected to EAG probe
for recording. The tenfold amplified signal was converted to a
digital signal by IDAC-2 and recorded simultaneously with

the FID signal on a personal computer using GC-EAD soft-
ware (GC/EAD32, version 4.4, Syntech). The FID and EAD
signals were synchronized by adjusting the length of the two
deactivated capillary columns. Every antennal preparation
was tested once with 3 μl of sample. At least five successful
GC-EAD runs were obtained, and traces were overlaid on the
computer monitor to determine GC peaks that consistently
yielded EAD responses.

Chemical Identification The headspace volatile sample was
analyzed by GC-MS using a Shimadzu GCMS-QP Plus
equipped with a DB-WAX capillary column as described
above. Helium was used as carrier gas at a flow rate of 1 ml/
min. Injection (1 μl) was made in a splitless mode with split
closed for 0.75 min at an injector temperature of 230 °C. The
GC oven temperature was held at 40 °C for 2 min and then
programmed at 5 °C/min to 240 °C, and held for 4 min. Total
run time was 46 min. The transfer line temperature was set at
250 °C. Mass spectra were obtained using electron impact (EI,
70 eV). GC-EAD active peaks were identified by comparison
with NIST14 MS library, and verified through injection of
synthetic reference samples (Sigma-Aldrich). (E)-verbenol
was confirmed by comparing retention time and mass spec-
trum of commercial (Z)-verbenol. Germacrene D was tenta-
tively identified by comparing mass spectra and Kovats’ GC
retention index with those in the bibliography (Buttery et al.
1986; Casado et al. 2008; San Román et al. 2015). The five
major GC-EAD active compounds were also verified by GC-

Fig. 1 Flow chart depicts preparation of capillary reference and recording
electrodes. Step 1, Manually pull glass capillary by heating it in the flame
of an alcohol lamp; Step 2, Carefully cut capillary tube with a column

cutter and break off to an inner diameter wide enough to enable insertion
of an excised antennal base or tip
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EAD analyses on female antennae, injecting a mixture con-
taining 100 ng of each authentic standard (Sigma-Aldrich).

The Effect of Concentration of Tween® 80
in Beadle-Ephrussi Ringer Solution
on Electrophysiological Recordings

Different concentrations of Tween® 80 in Beadle-Ephrussi
Ringer solution, i.e., 0, 0.025, 0.050, 0.075, and 0.100%, were
prepared. Each concentration of Tween® 80 was used for an-
tennal preparation and subsequent EAD recording. The anten-
nal preparation procedure and EAD set-up were the same as
described above for GC-EAD recordings with the ex-
ception that FID channel was set Boff^ in GC-EAD
software. A 2-min recording was obtained to show the
baseline of EAD trace. The aim of this dose–response
experiment was to determine the concentration that generated
the most stable baseline.

Further EAG measurements were made using the
EAD technique as described above. The digital signal

processed by IDAC-2was analyzed using EAG2000 software
(Syntech).

Each of the most abundant GC-EAD active compounds
was diluted with hexane to 10μg/μl solutions. A 10-μl aliquot
of the volatile compound solution was applied to a piece of
filter paper (4 × 50 mm). After solvent evaporation for 15 s,
the impregnated filter paper was inserted into a glass Pasteur
pipette constituting an odor cartridge (held for 30 s). The filter
paper impregnated with a 10-μl aliquot of hexane was used as
control stimulus. The antennal preparation was flushed con-
tinuously with a stream of activated charcoal filtered and hu-
midified air at 400 ml/min generated by the stimulus control-
ler. The stimuli were provided as 0.2 s puffs (pulse flow
200ml/min). Antennal response to aliquots was recorded from
ten antennae. The odorant compounds were randomly ex-
posed to an antenna, and the hexane control was presented
to each antenna at the beginning and the end of a recording
series. At least 2-min time was allowed between successive
stimulations for antennal recovery.

The EAG responses to test compounds were corrected by
subtracting the average amplitude of the two corresponding
control signals, and then analyzed by an analysis of variance
(ANOVA). Statistical significance of the difference among
treatments was compared by the Tukey–Kramer HSD multi-
ple comparison test (P < 0.05) (SAS Institute 2004).

Results

Five successful GC-EAD recordings were obtained from fe-
male M. flavescens antennae with the headspace volatile ex-
tract from walnut tree leaves (Fig. 3). Methyl benzoate as an
internal standard (peak 12, retention time 19.62 min) elicited
reliable EAD response. In general, a total of 16 peaks from the
volatile extract generated apparent EAD responses in female
antennae in a consistent and repeatable way. These peaks were
identified as α-pinene, β-pinene, (Z)-3-hexenal, eucalyptol
(1,8-cineole), (E)-2-penten-1-ol, (Z)-3-hexenyl acetate, 6-
methyl-5-hepten-2-one, 1-hexanol, (Z)-3-hexenol, (Z)-2-
hexenol, 1-octen-3-ol, (−)-(E)-pinocarveol, (E)-verbenol,
germacrene D, 4-ethylbenzyl alcohol, and 4-ethylphenol.
Among these peaks, α-pinene, β-pinene, (Z)-3-hexenyl ace-
tate, and (Z)-3-hexenol were the most abundant. Co-injection
of the synthetic version of these four major EAD-active com-
pounds and methyl benzoate into the GC-EAD confirmed the
EAD activity (Fig. 4).

Typical EAD baseline traces were generated by employing
Beadle-Ephrussi Ringer solution with different concentrations
of Tween® 80 (Fig. 5). When using regular Beadle-Ephrussi
Ringer solution without surfactant, the baseline noise was
high. Addition of Tween® 80 significantly reduced the noise.
However, the noise suppression by Tween® 80 deceased when

Fig. 2 Antennal preparation. a, Tools used for handling antenna. (a1) A
minuten pin with its base inserted into the plunger of a disposable 1-ml
syringe. (a2) A disposable 1-ml syringe. (a3) Amicro knife used to excise
the antenna of a beetle. b-d, Examples of antennal connection to the first,
second, and third lamellae of antennal club. Scale bars in b-d: 1 mm
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its concentration reached 0.100%. A concentration of 0.050%
mostly reduced EAD noise for femaleM. flavescens antenna.

Significant EAG responses were recorded with female
M. flavescens antenna irrespective of the concentration of
Tween® 80 in Beadle-Ephrussi Ringer solution. EAG

responses increased with the increase of the concentration of
Tween® 80, followed by a significant decrease at the two
higher concentrations (Fig. 6). For all the five tested com-
pounds, a concentration of 0.050% of Tween® 80 always con-
tributed to the strongest EAG response.

Fig. 3 GC-EAD responses of female M. flavescens to headspace volatile
compounds collected from walnut tree leaves. 1, α-pinene; 2, β-pinene; 3,
(Z)-3-hexenal; 4, eucalyptol; 5, (E)-2-penten-1-ol; 6, (Z)-3-hexenyl acetate;
7, 6-methyl-5-hepten-2-one; 8, 1-hexanol; 9, (Z)-3-hexenol; 10, (Z)-2-

hexenol; 11, 1-octen-3-ol; 12, methyl benzoate (internal standard); 13,
(−)-(E)-pinocarveol; 14, (E)-verbenol; 15, germacrene D; 16, 4-
ethylbenzyl alcohol; 17, 4-ethylphenol

Fig. 4 GC-EAD responses of female M. flavescens to synthetic compounds. 1, α-pinene; 2, β-pinene; 6, (Z)-3-hexenyl acetate; 9, (Z)-3-hexenol; 12,
methyl benzoate
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Discussion

The cut-tip technique is advantageous while handling linear
antennae in EAG recordings, which significantly increases
signal-to-noise ratio. However, this technique may not be ap-
plicable to club-shaped scarab antennae or short antennae, such
as spathulate, setigerous, and laminate antennae, of which most
olfactory sensilla are densely located on the last segment. In
most insect species, relatively smaller populations of olfactory
receptors are tuned to plant-derived semiochemicals than

pheromones (Anderson et al. 1996; Larsson et al. 2001).
Pheromones generally evoke much larger EAG responses than
plant-derived semiochemicals (Subaharan et al. 2013). EAD
signals evoked by sex pheromone components are usually dis-
tinguishable from background noise that arises from antennal
preparation with those non-cut-tip techniques, i.e., direct con-
tact of the distal end of the antenna with Ringer solution (e.g.,
Nojima et al. 2003a, 2003b; Robbins et al. 2003). However,
noise could be particularly problematic when analyzing mix-
tures of plant-derived semiochemicals or insect kairomones that

Fig. 5 Typical examples of
baseline for EAD recording with
different concentrations of
Tween® 80 by using GC-EAD
software

Fig. 6 The influence of surfactant concentration on EAG responses (mV + SE) of M. flavescens females to synthetic compounds at a dose of 100 μg.
Different letters on bars within the same compound indicate significant difference at P < 0.05 by Tukey-HSD test
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usually possess lower EAD activity (Bengtsson et al. 2009;
Fombong et al. 2016; Johnson et al. 2007). It would thus be
difficult to detect true EAG signals when the physiologically
active volatile compounds are present at very low concentra-
tions in the headspace volatile extract. These non-cut-tip tech-
niques dowork for GC-EAD recordings when large amounts of
synthetic plant-derived volatile compounds are loaded onto GC
column (Reinecke et al. 2002b; Ruther et al. 2000).

To increase electrical conductivity, Tween® 80 was used to
modify surface tension of Beadle-Ephrussi Ringer solution.
This modification effectively suppressed baseline fluctuations
(Fig. 5), suggesting that the large noise might be originated
from water proofing of highly hydrophobic cuticular lipids on
the antenna surface. However, higher concentration of
Tween® 80 failed to do so, and had no positive impact on
EAG amplitudes either (Figs. 5 and 6). It is possible that too
much concentrated Tween® 80 may negatively impact ion
flow through antenna cuticle by disrupting the regular orien-
tation of cuticular lipids and further blocking the micropores
on the antenna epidermis. The noise level of EAD trace was
the lowest and significantly greater EAG amplitudes were
achieved at a concentration of 0.050% Tween® 80 (Figs. 5
and 6), indicating that real sensitivity level of antenna sensilla
might have been recorded.

Our antennal preparation technique ensures successful
long-term GC-EAD recordings with scarab beetle antenna as
a detector. The highly evident effect of surfactant on suppress-
ing baseline fluctuations may account for high success rate of
GC-EAD recordings. With this technique, we obtained 16
repeatable responses in GC-EAD analyses of headspace vol-
atile collections of walnut tree leaves (Fig. 3). In previous
reports, however, much fewer (only 4–7) EAD signals were
detected from plant headspace volatiles (Bengtsson et al.
2009; Fombong et al. 2016; Johnson et al. 2007). Operation
of our technique has proven to be very practical. After mount-
ing the base of an excised antenna to the reference electrode,
separating two of the three lamellae and inserting one of them
into the recording electrode takes about 1 min. This efficiency
extends antenna lifetime and permits relatively long recording
time without apparent decline in EAG/EAD responsiveness.
There is no challenge even when testing EAG responses from
very tiny antennae of small-sized scarab beetles. This tech-
nique has proven to be suitable to record EAG response from
antennae of fruit fly, bark beetle, and ant (Guan et al. 2014; Li
et al. 2018; Liu et al. 2018; Sun et al. 2017). It can be
employed as a routine method for EAG and GC-EAD analy-
ses of pheromones or plant volatiles. A limitation of our tech-
nique is that modified Beadle-Ephrussi Ringer solution may
flow over the entire surface of the antennal club because of the
lowered surface tension, which may prevent odorant mole-
cules from entering antennal sensilla to trigger EAG re-
sponses, and/or cause a short-circuit between the two elec-
trodes. However, this occurrence can be avoided by

minimizing the surface area of antennal club in contact with
the saline using a glass capillary with an appropriately small-
sized opening, or by using saline with relatively low concen-
tration of surfactant, which provides sufficient electrical con-
tact between antenna tip and the recording electrode but does
not lower the surface tension of the saline too much.

Walnut is a preferred host plant of M. flavescens. It has
large leaves that are often aromatic. Monoterpenes, sesquiter-
penes, and benzenoids have been found to dominate the vol-
atile blend of walnut leaves, such as α-pinene, β-pinene, lim-
onene, (E)-β-ocimene, eucalyptol, (E)-β-caryophyllene, α-
humulene, germacrene D, caryophyllene oxide, and methyl
salicylate (Bou Abdallah et al. 2016; Buttery et al. 1986;
Farag 2008; Fojtová et al. 2008; Rather et al. 2012; Verma
et al. 2013). Among the EAD-active components, (Z)-3-
hexenal, (E)-2-penten-1-ol, (Z)-2-hexenol, (E)-verbenol, 4-
ethylbenzyl alcohol, and 4-ethylphenol have not been detected
previously from walnut leaf extract. GC-EAD analysis with
synthetic compounds confirmed the activity of the 4 major
components, α-pinene, β-pinene, (Z)-3-hexenyl acetate, (Z)-
3-hexenol, and of the internal standard. Two of the EAD-
active compounds, (Z)-3-hexenol and germacrene D, have
already been known to be electrophysiologically active in
the codling moth, Cydia pomonella (L.) (Lepidoptera:
Tortricidae), a serious pest of walnut (Casado et al. 2008).
Methyl benzoate and β-pinene elicited significant electro-
physiological responses from the antennae of a Cetoniine bee-
tle, Atrichelaphinis tigrina (Steenhuisen et al. 2013). Green
leaf volatiles, (Z)-3-hexenyl acetate, 6-methyl-5-hepten-2-
one, 1-hexanol, (Z)-3-hexenol, and (Z)-2-hexenol were shown
to elicit electrophysiological responses in a Melolonthinae
cockchafer, Melolontha melolontha L. (Reinecke et al. 2005;
Reinecke et al. 2002b). (Z)-3-hexen-1-ol and 1-octen-3-ol
from sorghum headspace extracts were EAD-active to a
Cetoniinae sorghum chafer, Pachnoda interrupta Olivier
(Bengtsson et al. 2009). Single sensillum screening demon-
strated that olfactory receptor neurons housed in sensilla
placodea on the antennae of Pachnoda marginata Drury and
P. interrupta responded to β-pinene, (Z)-3-hexenyl acetate, 6-
methyl-5-hepten-2-one, 1-hexanol, (Z)-3-hexenol, 1-octen-3-
ol, methyl benzoate, and 4-ethylphenol (Bengtsson et al.
2009, 2011; Stensmyr et al. 2001). α-Pinene, (Z)-3-hexenyl
acetate, (Z)-3-hexenal, and methyl benzoate were found to
elicit significant EAG responses in both males and females
of a Melolonthinae chafer, Holotrichia parallela
Motschulsky (Ju et al. 2017). To the best of our knowledge,
EAG responses to eucalyptol, (E)-2-penten-1-ol, (−)-(E)-
pinocarveol, (E)-verbenol, germacrene D, and 4-ethylbenzyl
alcohol have not been previously reported for any scarab bee-
tle species.

In a recent report, walnut tree leaves during mid-summer
were found to emit higher amounts of 6-methyl-5-hepten-2-
one, (−)-(E)-pinocarveol, and germacrene D at dusk than in
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the morning (Casado et al. 2008). Adults of M. flavescens
emerge from the soil at dusk and fly to the nearby host plants
for feeding and mating, which coincides with the emission
pattern of these volatile compounds. Although high EAG re-
sponse does not necessarily imply an attractive effect, we ex-
pect that M. flavescens beetles may utilize these EAD-active
compounds with diurnal variations in emission patterns for
host plant orientation and recognition.

To conclude, the antennal preparation technique described
here greatly improves the signal-to-noise ratio in EAD proce-
dures and ensures high success rate in GC-EAD recordings for
identification of plant volatile compounds. Surfactant-
modified Beadle-Ephrussi Ringer solutionmaintains electrical
contact between antenna and recording electrode over a long
period of time. Operation to keep three lamellae apart further
ensures odorant molecules reaching olfactory receptor neu-
rons on the surface of a lamella, leading to voltage changes.
This technique shall favor the identification of effective lure
components for mass trapping of scarab beetles. One disad-
vantage of this technique is that the modified Beadle-Ephrussi
Ringer solution may sometimes cover the hairy surface of the
connected lamella due to lowered surface tension, which may
result from the use of a glass capillary with inappropriate
diameter of opening, or a saline with too concentrated surfac-
tant for counting the lipophicity of the antennal cuticle.
However, this issue can be overcome as mentioned above.
The method should be adaptable to electrophysiological anal-
yses in many other insect species with club-shaped antennae.
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