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ABSTRACT  25 

The ambrosia beetle Platypus quercivorus (Murayama) is a vector of Japanese oak wilt, a fungal 26 

pathogen that causes mass mortality of Fagaceae trees. The male locates and lands on the host tree 27 

and releases an aggregation pheromone that attracts both males and females. Thus, aggregation 28 

pheromones and host tree volatiles are important chemicals for host location. However, the 29 

antennal responses to these volatiles have not yet been examined. To obtain physiological property 30 

of P. quercivorus antennae, we electrophysiologically recorded the antennal responses of this beetle 31 

to candidate volatiles, including isoprene and other leaf volatiles (1-hexanol, 2-ethyl-1-hexanol, 32 

trans-2-hexenal, decanal, and benzaldehyde) of the host trees, as well as quercivorol (aggregation 33 

pheromone) and ethanol (widely used for trapping this insect in the field). Electroantennograms 34 

(EAGs) exhibited clear dose-dependent responses to the tested volatiles, but antennae did not 35 

respond to decanal. Sexual differences in responses were not observed for almost all volatiles. 36 

However, the EAGs suggested that the quercivorol and trans-2-hexenal sensitivity of males was 37 

higher than that of females. Ethanol elicited a large EAG amplitude in both sexes, but the sensitivity 38 

of males or females to ethanol was lower than that to the other volatiles. EAGs showed a very weak 39 

response to isoprene only in males, although isoprene is considered a possible attractant for host 40 

location. Our study will facilitate to understand the mechanism of the host location ecologically 41 

and neurophysiologically. 42 
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INTRODUCTION 57 

Antennae are the major olfactory sensory organs for insect olfaction and play important roles in 58 

various behaviors, such as mating, food seeking, and finding suitable habitats (Martin et al. 2011; 59 

Hansson and Stensmyr 2011). On the surface of the antenna there are various types of sensilla which 60 

contain dendrites of olfactory sensory neurons (Watanabe et al. 2018; Biswas et al. 2023; Liu et al. 61 

2021; Wang et al. 2023). Once an odorant binds to an olfactory receptor on the membrane of an 62 

olfactory sensory neuron, an electric signal is generated, which is then transmitted to the primary 63 

olfactory center, the antennal lobe (Clyne et al. 1997; Stensmyr et al. 2003; Ammagarahalli and 64 

Gemeno 2015; Tateishi et al. 2020). After information processing in the primary olfactory center, 65 

the higher-order center in the brain integrates the processed information from the primary olfactory 66 

center, creating motor signals as an output from the brain to the motor centers governing the muscles 67 

(Okada et al. 2003). Thus, decision-making occurs in the brain.  68 

Insect olfaction is important for the detection of a suitable host, and it also applies to the 69 

ambrosia beetle Platypus quercivorus (Murayama), whose female is known as a vector of the fungal 70 

pathogen, Raffaelea quercivora Kubono et Shin-Ito that causes Japanese oak wilt disease and mass 71 

mortality of Fagaceae trees (Kubono and Ito 2002). Since the 1980s, this disease has been expanding 72 

throughout Japan and has become a serious problem (Kobayashi and Ueda 2005). The male first 73 

locates a host tree, bores into the bark, and then releases an aggregation pheromone that attracts both 74 

males and females. Consequently, the host tree is mass attacked by conspecifics (Ueda and 75 

Kobayashi 2001), and eventually dies. In addition to aggregation pheromones, volatiles from host 76 

trees can be key to finding a host.  77 

Two chemicals are known to be involved in the olfactory response of P. quercivorus: 78 

quercivorol and ethanol. The aggregation pheromone of P. quercivorus has been identified as a 79 

monoterpene alcohol ((1S, 4R)-p-menth-2-en-1-ol, quercivorol) (Kashiwagi et al. 2006), and its 80 

effectiveness has been confirmed in the field (Tokoro et al. 2007). Ethanol is emitted from trees 81 

suffering from abiotic and biotic stresses, and many bark and ambrosia beetle species, which attack 82 

stressed and weakened trees, are attracted to ethanol (Kelsey and Joseph 2003; Ranger et al. 2013). 83 

In the case of P. quercivorus, a synergistic effect of ethanol, which enhances the attractiveness of 84 

quercivorol, has been confirmed (Tokoro et al. 2014), although ethanol alone was not effective in 85 

attracting beetles in the field (Iidzuka et al. 2016).  86 

In addition to aggregation pheromones and ethanol, volatiles emitted from host trees have 87 

been suggested to be involved in the host detection process in P. quercivorus. Based on our previous 88 

work (Yamasaki et al. 2014, 2023, 2024), we are proposing that the beetles approach from the top 89 
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of the host tree by detecting host leaf volatiles. The detection of host leaf volatiles by the beetle was 90 

confirmed in the laboratory using an olfactometer; P. quercivorus was attracted to and avoided 91 

volatiles from seedling host and non-host trees, respectively (Pham et al. 2020). Additionally, P. 92 

quercivorus was attracted to volatiles from fresh leaves, although it was repelled by volatiles from 93 

the dried leaves of its hosts, suggesting a preference for healthy hosts over declining or withering 94 

hosts (Pham et al. 2019). A gas chromatography-mass spectrometry (GC-MS) analysis from four 95 

host tree species and two non-host tree species revealed that many kinds of chemicals emitted from 96 

host trees were overlapped with those from non-host tree although the amount was different among 97 

tree species (Pham et al. 2020). For example, whereas 2-ethyl-1-hexanol was abundant (dominant) 98 

in both seedling host and non-host trees, decanal was emitted from both seedling host and non-host 99 

tree but poor (minor). 100 

These results raise an important question relating to host selection: how P. quercivorus 101 

nervous system process volatile information for host selection. Although the antenna is the first 102 

organ to detect volatiles, it has been unclear how their antennae respond to possible candidate 103 

chemicals. Is the strength in the antennal responses to the aggregation pheromone similar with that 104 

to other chemicals? Is the sensitivity for the pheromone higher than for other chemicals? How about 105 

sexual differences? Are there any differences in response strength and/or sensitivity between for 106 

dominant and minor compounds? The host selection should be executed in a complex manner via a 107 

decision making in the brain. Thus, the antennal response property is important for understanding a 108 

host selection mechanism from the neurophysiological side. 109 

There are several candidate volatile compounds for P. quercivorus host selection. Because 110 

beetles attack broadleaved trees, green leaf volatiles (GLV) are the likely candidates. Our GC-MS 111 

analysis detected 14 and 45 compounds from seedlings (Pham et al. 2020) and leaves (Pham et al. 112 

2025) of host and non-host, respectively. Among the various compounds listed as GLV, we selected 113 

test chemicals as a first step based on the emission amount from trees: rich or poor, from seedlings 114 

or leaves, common compound among tree species or not. Consequently, we selected four chemicals 115 

in this study (Table 1). 2-Ethyl-1-hexanol is one of dominant components of volatiles in the host 116 

and non-host seedlings of P. quercivorus (Pham et al. 2020). Trans-2-hexenal is emitted from dried 117 

leaves of the host of P. quercivorus (Pham et al. 2025). In addition to GLV, decanal was detected in 118 

seedlings of host and non-host species tested (Pham et al., 2020), although its peak area identified 119 

in GC-MC was lower than 2-ethyl-1-hexanol. Benzaldehyde is emitted from the dried leaves of the 120 

host and non-host species (Pham et al. 2025) and is a major component of the essential oil extracted 121 

from the dried leaves of Quercus dentata (Kameoka et al. 1983).  122 
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Furthermore, isoprene should be considered a candidate volatile for P. quercivorus host 123 

selection. The main target species of P. quercivorus are Q. crispula and Q. serrata (Kobayashi and 124 

Ueda 2005), both emitting isoprene from their leaves (Tani and Kawawata 2008). These two 125 

Quercus are the only species which emit isoprene among several dominant tree species in Japan 126 

(Matsunaga et al. 2012), therefore, it could be advantageous for the beetle to utilize isoprene to 127 

discriminate between host and non-host trees. The possibility that isoprene plays a role in the host 128 

detection process of P. quercivorus is further supported by (1) the restricted occurrence of beetle 129 

mislanding on native non-hosts, non-emitter of isoprene, in a close vicinity of hosts (Yamasaki et al. 130 

2024), and (2) the frequent mislanding of beetles on introduced non-hosts that emit isoprene 131 

irrespective of the absence of surrounding hosts (Yamasaki et al., personal communication).  132 

As the electroantennogram (EAG) shows the responses of most, if not all, olfactory sensory 133 

neurons to a stimulant, EAG recording has been often used, as a first step, for investigating antennal 134 

recognition of chemicals (Whitehead 1986; Krishnan et al. 1999; Germinara et al. 2017; 135 

Balakrishnan et al. 2017; Gao et al. 2019) and ecological insights related to host volatiles (Kendra 136 

et al. 2011; Romero et al. 2022; Park et al. 2001; Blažytė-Čereškienė et al. 2016). In order to probe 137 

the characteristics of the olfactory reception of P. quercivorus antennae as an olfactory sensor, which 138 

leads to a neural mechanism on the host location, we made EAG recordings for six possible 139 

candidate volatiles related to host location as well as the aggregation pheromone.  140 

  141 

METHODS AND MATERIALS 142 

Animals. 143 

Both adult male and female P. quercivorus were collected from dead Q. serrata trees attacked by 144 

beetles in 2021 and 2022. Individuals that emerged in 2022 and 2023 were kept in a plastic tube 145 

with a cotton ball (about 1 cm in diameter) soaked by water in the dark until the experiments with 146 

both females and males. Sex was examined under a microscope to determine whether an individual 147 

had mycangia on the dorsal thorax (female) or not (male). In most experiments, 1-3 days old beetles 148 

were used.  149 

 150 

Stimulus Apparatus. 151 

The basic experimental setup was modified from that of Nishino et al. (2003) (Fig. 1A). Air current 152 

was generated from an air pump (N86KN.18, KNF Neuberger, Freiburg, Germany) and cleaned by 153 

passing it through a cotton filter, charcoal filter, and water. The air was bifurcated after filtration. 154 

One of the tubes (0.5 L/min background constant air flow) was connected directly to the output part, 155 
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made by a 1000 μL micropipette tip, of the stimulation apparatus. The outlet was 0.5-1 cm away 156 

from the insect. The other tube (0.5 L/min) was further bifurcated into two tubes. One was for an 157 

odor or a control stimulus, and the other was for the compensated airflow. These two tubes 158 

converged to the output of the stimulation apparatus via a solenoid valve (Takasago, Nagoya, Japan). 159 

For odor simulation, a 1 cm x 1 cm filter paper (No1, Advantech, Tokyo, Japan) soaked by 10 μL of 160 

stimulant was put into a cartridge (70 mm in length and 4 mm in inner-diameter) that was between 161 

the solenoid valve and output part of the stimulation apparatus. Each cartridge was used separately 162 

only for one concentration of one odorant. A tube (i.d. = 10.5 cm) was placed behind the insects to 163 

exhaust air.      164 

 165 

Electrophysiology. 166 

A beetle was immobilized on ice and put into a plastic tube made by a 200-μL micropipette tip. The 167 

distal end of the pipette tip was cut so that the diameter of the tube tip was slightly larger than the 168 

pronotum. The entire abdomen was inserted into the tube, and the head and part of the thorax (in 169 

most cases, the anterior half) protruded from the tube tip. The insects were fixed to the tube using 170 

dental wax (yellow impression wax, GC, Tokyo, Japan). The heads and forelegs were immobilized 171 

using dental wax (color wax, Shofu, Kyoto, Japan). The tube inserted into the animal was fixed on 172 

a plastic stage such that the right antenna was up. Then, a small hole (120-150 μm in diameter) was 173 

made with a fine tungsten needle near the dorsal rim of the right compound eye. A 100-μm Ag/AgCl 174 

wire was inserted into the head through the hole as an indifferent electrode. A glass electrode (ca 175 

100-μm in the inner diameter) filled with 0.17 M NaCl was used as a recording electrode (about 2 176 

MΩ). The recording electrode was placed on the distal end of the right antenna and gently pushed 177 

toward the head capsule to immobilize the antenna. The recording electrode was connected to a 178 

differential amplifier (MEG-5200, Nihon Kohden, Tokyo, Japan). Through the amplifier, the electric 179 

signal was amplified (x 1000) with a low (0.08 Hz) and high (30 or 100 Hz) cut filter and a hum 180 

filter (60 Hz). The amplified signal was stored on a PC via a noise eliminator (HUMBUG, Digitimer, 181 

Hertfordshire, UK) with a stimulus waveform at a sampling frequency of 2 kHz, using an A/D 182 

converter (POWER 1401, CED, UK) and Spike2 (CED, Cambridge, UK).  183 

 184 

Stimulation. 185 

The test volatiles were chosen based on the results of previous studies regarding P. quercivorus and 186 

their host tree species as described above, 2-ethyl-1-hexanol (≥99.6%, 838051-500ML, Sigma-187 

Aldrich, Tokyo, Japan), benzaldehyde (≥98.0%, 025-12206, Wako, Osaka, Japan), decanal (≥90.0%, 188 
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045-21532, Wako, Osaka, Japan), ethanol (Sigma-Aldrich, Tokyo, Japan), isoprene (≥99.0%, I0160, 189 

TCI, Tokyo, Japan), quercivorol (Sankei Chemical Co. LTD, Kagoshima, Japan), and trans-2-190 

hexenal (≥95.0%, 07144-62, Nacalai, Kyoto, Japan). Additionally, 1-hexanol (>98.0%, 18013-32, 191 

Nacalai, Kyoto, Japan) was used for standardizing because our preliminary work found that this 192 

chemical elicit large antennal responses. Indeed, the antennae of other coleopteran species that attack 193 

Quercus trees respond to this chemical (Fürstenau et al. 2012). Ethanol was diluted by distilled water 194 

and the other volatiles were diluted by mineral oil (Sigma-Aldrich, St. Louis, MO, USA) to 10-4, 10-195 
3, 10-2, 10-1, 100, 101, and 102 μg/μL. Odor was applied for 1 s (Fig. 1B). Diluted and undiluted 196 

volatiles (10 μL) were applied in an ascending manner with an interval of at least 30 s (25% quartile, 197 

median, and 75% quartiles of the interval distribution of all stimulations were 38.2, 41.1, and 45.3 198 

s, respectively). In addition to the odor stimuli, mineral oil, distilled water, and air (blank: filter 199 

paper alone) were used as control stimuli. As ethanol and isoprene are highly volatile, they were 200 

prepared immediately before stimulation.  For all stimulants, we capped the cartridge immediately 201 

after an application of stimulant onto the filter paper in the cartridge and never opened until use (at 202 

least 5 min usually, 10 min or longer). Usually, it was shorter than 10 seconds after opening the cap 203 

and before installing the cartridge into the stimulus apparatus. In addition, even after installing the 204 

cartridge, all valves were closed. Thus stimulant molecules cannot leave outside of the cartridge but 205 

they may be filled in the cartridge. 206 

In most cases, each odor was applied once. However, we applied odor stimulation twice or 207 

more when a recording was unreliable; for example, when the recording showed odor responses 208 

overlapped by an unpredictably large noise at a stimulation moment, this may be due to our 209 

preparation (the whole body of a living animal). Additional stimulation was also applied to confirm 210 

that the EAG was correctly recorded when it seemed to have been recorded incorrectly (extremely 211 

larger or smaller amplitude than usual). The volatiles used in the simulations were randomly applied. 212 

For the control stimuli, one or two (in most cases, two) blank stimuli, mineral oil, or water were 213 

applied after one odorant stimulation series was completed. As well as control stimuli, 103 μg 1-214 

hexanol was repeatedly applied as a “standard” because responses to 103 μg 1-hexanol were 215 

sufficiently large and stable for normalizing all responses (see below). In most cases, the standard 216 

stimuli were presented before a new volatile stimulus series began. To exclude the possibility that 217 

the concentration of 1-hexanol as a standard stimulus reduces due to repeated application, fresh 103 218 

μg 1-hexanol was used every 2 or 3 stimulations. As we used the whole body of a living animal to 219 

record EAG, recording ceased when the recording condition (S/N ratio) became too poor to continue. 220 

Therefore, not all insects received the complete set of stimuli.  221 
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 222 

Data Analysis. 223 

The obtained EAG signals were smoothed using a simple moving average method. Each data point 224 

was obtained by averaging original data between 50 ms and 50 ms (201 data points in total). Baseline 225 

EAG activity was defined as the average EAG amplitude for 500 ms before stimulus onset (Fig. 1C). 226 

The response amplitude was defined as the difference between the baseline and minimum EAG 227 

values during stimulation. As EAGs varied due to the contact condition between the electrode and 228 

the antenna during recording, each EAG response was normalized by the amplitude of the response 229 

to the temporarily closest 103 μg 1-hexanol. This concentration of 1-hexanol produced a large 230 

amplitude in preliminary experiments (Fig. 2). Relative amplitudes to 103 μg 1-hexanol were 231 

obtained for all stimuli for each individual. Responses to 103 μg 1-hexanol as a standard stimulus 232 

were never mixed with response to 103 μg 1-hexanol in the test series, i.e., a response to 103 μg 1-233 

hexanol in test series was normalized by response to the ‘standard stimulus (103 μg 1-hexanol)’ 234 

similar to other concentrations and stimuli. Each odor stimulus was applied once; however, in some 235 

individuals, odors were applied more than once. When multiple stimulations were performed, the 236 

responses to the odor were obtained by averaging all relative responses to that odor. Finally, the 237 

relative responses to each stimulus were averaged among individuals. All relative EAGs are shown 238 

as a mean (± SEM). The responses were compared with the 95% confidence intervals (CI) of the 239 

relative responses to water for ethanol and mineral oil for other volatiles.   240 

  241 

Statistics. 242 

Stimulant-dose (from 10-3 to 103 μg) effect was assessed by repeated measures ANOVA with post-243 

hoc test (Tukey-Kramer test) for each sex. Since not all individuals received a complete set of 244 

concentration series, statistical analyses of the concentration effect were performed using only 245 

individuals who received a complete set of stimulations (Table 2). The densities of the undiluted 246 

volatiles differed from each other. Therefore, we treated the undiluted volatiles separately from the 247 

dilution series. For undiluted stimulants, EAGs were assessed using the Wilcoxon signed rank test 248 

against responses to mineral oil for volatiles or distilled water for ethanol. Statistical analyses were 249 

performed using R v.4.3.2 (R Core Team, 2019) for the concentration effect and MATLAB (Math 250 

Works, Natwick, MA, USA) for undiluted stimulants. All statistical results are shown in 251 

Supplementary File. 252 

  253 

RESULTS 254 
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General Property of EAG Responses in P. quercivorus. 255 

EAGs showed dose-dependent responses to odor stimuli (Fig. 3). The responses to 103 μg 1-hexanol 256 

that was used as a standard were similar in an absolute amplitude between males and females 257 

(1.12±0.23 mV and 1.31±0.20 mV for males and females, respectively, mean±SEM). In our 258 

preparation, control stimuli showed small relative amplitudes of EAGs irrespectively of control 259 

types (male: 0.284±0.02, 0.252±0.02, and 0.2301±0.02 for mineral oil, water, and blank, 260 

respectively; female: 0.277±0.01, 0.222±0.02, and 0.266±0.02 for mineral oil, water, and blank, 261 

respectively). In all volatiles, relative amplitudes were not larger than 95% CI for control stimulants 262 

when the volatile concentration was 100 μg or lower. Two exceptions were observed in the female 263 

responses to 10-3 and 10-2 μg benzaldehyde. They were above 95% CI. These were likely the result 264 

of experimental errors due to a small response amplitude because it is hard to consider that the 265 

lowest concentration produces a significant response, although the higher concentration (for 266 

example, 100 and 101 μg) failed to evoke responses.  267 

In our experiment, 1-hexanol induced the largest relative response among tested volatiles in 268 

both males and females (for example, 103 μg: 1.04±0.04 in males and 0.99±0.05 in females; 269 

undiluted: 1.12±0.05 in males and 1.11±0.04 in females). Although quercivorol, 2-ethyl-1-hexanol, 270 

and trans-2-hexenal induced relatively large responses, relative amplitudes were between 0.65 and 271 

0.84 in males and 0.59 and 0.77 in females even when undiluted volatiles were applied. On the other 272 

hand, responses to decanal were very weak (103 μg: 0.29±0.03 in males and 0.28±0.03 in females; 273 

undiluted: 0.37±0.04 in males and 0.30±0.04 in females) and found no significant response in either 274 

sex (for males, p = 0.405; df = 6; F = 1.054, and for females, p = 0.804; df = 6; F = 0.502, repeated 275 

measures ANOVA for dose-dependency, and for males, p = 0.055; Z = -1.960, and for female, p = 276 

0.203; Z = -1.362, Wilcoxon signed-rank test for undiluted decanal). Although responses to 277 

benzaldehyde were weak, undiluted and 103 μg benzaldehyde were notable; however, the relative 278 

amplitude (relative amplitude = 0.41-0.54) was not as large as quercivorol, 2-ethyl-1-hexanol, or 279 

trans-2-hexenal. Similar benzaldehyde-response characteristics were observed for ethanol. However, 280 

responses to undiluted ethanol are significant (relative amplitude: 0.98±0.12 in males and 1.14±0.16 281 

in females), similar to the responses to high concentrations of 1-hexanol.  282 

 283 

Sexual Differences in the EAG-response Property. 284 

Sexual differences were observed in responses to quercivorol, trans-2-hexenal, and isoprene. Male 285 

EAG responses to 101 μg quercivorol (relative amplitude = 0.40±0.07) were larger than the upper 286 

95% CI although the deviation is large compared to those for other concentrations of quercivorol. 287 
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On the other hand, the female response to 101 μg quericivorol (relative amplitude = 0.31±0.03) fell 288 

within 95% CI of the control. These results suggest that male antennae are more sensitive to 289 

quercivorol than female antennae. The same trend is observed for trans-2-hexenal. The male 290 

response to 101 μg trans-2-hexenal (relative amplitude = 0.37±0.04) was out of 95% CI but that of 291 

females was not (relative amplitude = 0.28±0.04). Repeated measures ANOVA showed that the dose 292 

of isoprene was significantly effective in the male response amplitude (p = 0.043; df = 6; F = 2.298) 293 

but not in females (p = 0.141; df = 6; F = 1.653). The post-hoc test only found a significant response 294 

for a dose of 103 μg in males. However, EAGs showed no significant responses to undiluted isoprene 295 

from mineral oil in either sex (p = 0.151; Z = -1.490, and p = 0.241; Z = 1.224 for males and females, 296 

respectively, Wilcoxon signed-rank test).  297 

 298 

DISCUSSION 299 

We measured antennal responses to candidate compounds for host location using the EAG technique. 300 

Seven of the eight tested volatiles induced a dose-dependent EAG response. This dose dependency 301 

is consistent with that observed in other insects (e.g., Whitehead 1986; Gao et al. 2019; Zhang et al. 302 

2000; Levi-Zada et al 2020). In our study, the EAG showed a very weak response to isoprene in 303 

males, no response in females, and no response to decanal in males or females. The EAG technique 304 

is a useful approach for investigating antennal recognition of semiochemicals, such as kairomones 305 

and pheromones (Whitehead 1986; Balakrishnan et al. 2017; Nojima et al. 2003; Sevarika et al. 306 

2022). However, there is a methodological limitation in EAG. For example, the failure to induce a 307 

clear EAG response does not directly imply that the animal does not sense this substance. Sensilla 308 

are not uniformly distributed throughout the antenna (Ali et al. 2016; Nishino et al. 2009; Nakanishi 309 

et al. 2009). Hence, it is possible that our recording electrode, covering the sensilla responsible for 310 

these ligands, prevented the antenna from responding. We also do not exclude the possibility of the 311 

spatially asymmetrical (dorsal and ventral) localization of the sensilla on the antenna, as in some 312 

other species of ambrosia beetle, Typodendron lineatum (Biswas et al. 2023). Although we tried to 313 

create a space for the contralateral side of the antenna when we pushed our electrode toward the 314 

head side for recording, we cannot exclude the possibility that stimulation might be weaker on this 315 

side than on the recording side, or that the responsible sensilla are localized dominantly on the head 316 

side. However, it is unlikely that the conditions of our preparation completely precluded responses. 317 

EAG recording can bring us a clue for understanding the host selection mechanism 318 

neurophysiologically and ecologically, but behavioral experiments are necessary for full 319 

understanding because EAG responses are not always linked to behavior. As well as a perceptual 320 
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ability of the beetle, we need further behavioral experiments to reveal whether each chemical is an 321 

attractant or a repellent.  322 

Ethanol is often used as an attractant in insect traps (Byers 1992; Miller and Rabaglia 2009; 323 

Tokoro et al. 2007; Romero et al. 2022). In the present study, EAGs showed strong responses to 324 

undiluted ethanol (100% ethanol) and much weaker responses to 103 μg ethanol (Fig. 3). Although 325 

the response amplitude to 103 μg ethanol were significantly higher than that to distilled water, the 326 

sensitivity for ethanol appears very weak because other volatiles such as 2-ethyl-1-hexanol and 327 

trans-2-hexenal elicited clear response to even 102 μg stimulants. 103 μg ethanol is about 12.2% 328 

ethanol in water solution. EAG showed an obvious response to 50% or higher ethanol and 25% 329 

ethanol produced a response similar with 103 μg ethanol (data not shown). Because 70% ethanol has 330 

been used in trap experiments for P. quercivorus (Tokoro et al. 2007), it is intriguing to clarify the 331 

lowest ethanol concentration for this beetle to respond and attract in the field.    332 

Quercivorol (an aggregation pheromone) exhibited sexual differences in EAG response. 333 

Sexual differences in the responses to pheromones have been found in moth sex pheromones (De 334 

Cristofaro et al. 2004; Byers 2006) as well as some aggregation pheromones of bark beetles (Byers, 335 

1983a,b, 1989). When 101 μg quercivorol was applied, males showed a response higher than the 336 

95% CI for the control, although the data deviation was large, whereas females did not, suggesting 337 

that males may be more sensitive than females. This may explain the ecological process of the mass 338 

attack, in which males, as pioneers, seek and locate a host tree and release the aggregation 339 

pheromone. In contrast, results of the gas chromatography-electroantennographic detector (GC-340 

EAD) showed a possibility that female antennae have more sensitive sensillae to quercivorol than 341 

male antennae (Tokoro et al. 2007), suggesting that females are more sensitive to quercivorol than 342 

males. Because the odor exposure in the GC-EAD experiment is much longer than that in our 343 

experiment, their result might mean that male antennae might be habituated more rapidly than the 344 

female. If so, females would be able to select an optimal site without a decrease in a responsiveness 345 

to the pheromone during the prolonged exposure by males. 346 

Sex differences were also observed in the response to isoprene. Repeated measures ANOVA 347 

showed that the male EAGs had a significant effect on the change in the dose of isoprene, although 348 

the EAG responses were very small in amplitude. While EAG amplitude for 103 μg isoprene was 349 

out of 95% CI for mineral oil, no significant difference between responses to undiluted isoprene and 350 

those to mineral oil was found by Wilcoxon signed-rank test (Fig. 3). However, we cannot explain 351 

why undiluted isoprene failed to induce this response. This might be due to the large individual 352 

differences in responses to undiluted isoprene. Approximately 66.7% of the tested males showed 353 
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higher EAG amplitudes for undiluted isoprene than for mineral oils. On the other hand, except for 354 

decanal, to which the antenna did not respond, all individuals showed higher EAG for other 355 

undiluted stimulants (only one exceptional individual failed to respond to undiluted ethanol). As (1) 356 

statistical analysis indicated isoprene is effective and 103 μg isoprene is out of 95% CI, (2) EAG 357 

responses to lower concentrations of isoprene fell within 95% CI of mineral oil, and (3) the response 358 

curve seems dose-depending, we strongly believe that P. quercivorus antennae can detect isoprene 359 

electropysiologically although the sensitivity might be low.  Further field experiments such as 360 

trapping P. quercivorus would help reaching a conclusion on ecological effect of isoprene. 361 

Similar to isoprene, decanal did not elicit any electrophysiological response (Fig. 3). It is 362 

possible that P. quericivorus can respond to decanal behaviorally but EAG failed to catch the 363 

responses due to the complex odor environments in nature (numerous volatiles from hosts and non-364 

hosts) compared to the single chemical stimulation at a time of EAG recordings. Some studies have 365 

shown that the EAG amplitude for a mixture of odors is not always a simple summation of the 366 

amplitudes of each component odor (Riffell et al. 2009; Hieu et al. 2014). If so, isoprene/decanal 367 

might elicit clearer responses of higher-order neurons, for example, antennal lobe projection neurons 368 

when blended with biologically significant components such as quercivorol. Such odor 369 

environment-dependent responses may explain the unexpected responses of EAG and behavior in 370 

the field.  371 

Although responses to isoprene were very weak, the present EAG study does not contradict 372 

our scenario regarding the host finding (location), selection, and mass-attack of P. quercivorus 373 

described in our introduction. We speculate that P. quercivorus may use leaf volatiles to select the 374 

host tree when approaching or landing on a tree. However, under natural conditions, it is unknown 375 

how leaf volatiles are spatially distributed along concentration gradients from a host tree during 376 

flight of ambrosia beetles seeking a host tree in the forest. Although we tested eight volatiles as a 377 

first step,  GC-MS detected 18 volatiles from host or non-host seedlings (Pham et al., 2020) and 45 378 

volatiles from fresh or dried leaves of host or non-host (Pham et al., 2025). In addition, volatility 379 

differs among the natural volatiles. Therefore, different amounts of molecules hit the antenna, even 380 

if the concentration of the tested volatiles was accurately controlled. This means that the strength of 381 

stimulation differs even when the same concentration of stimulants is applied (Park et al. 2001). 382 

This may have led to a difference in the response strength depending on the volatiles. Taken together, 383 

measuring the volatility of chemicals and estimating the concentrations of candidate volatiles around 384 

host trees in forests will facilitate an understanding of the host selection mechanism of P. quercivorus. 385 

By combining the antennal physiological property such as our study with comprehensive volatiles 386 
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and detailed behavioral data obtained from well-designed experiments executed in the field as well 387 

as in the laboratory, kairomones will be specified and their roles on the host location will be revealed.  388 
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 618 

FIGURE CAPTIONS 619 

Fig. 1 Experimental set-up and analyses. A: The experimental set-up. Air was provided from the air 620 

pump via three bottles containing one of cotton, water, and active charcoal, in order (not shown for 621 

space). The air containing a volatile was applied by switching the solenoid valve (SV). Each insect 622 

was placed in front of the air tube exhaust. The recording electrode (rec. ele.) was put on the right 623 

antenna and the electric signal (EAG) was stored in a computer. B: The stimulation procedure. 624 

Volatiles were released in an ascending manner of concentration. Each stimulus was applied with 625 

the interval of at least 30 s. To confirm the response, volatiles were sometimes applied twice or more. 626 

In most cases, 1-hexanol was applied as a ‘standard’, and controls (mineral oil, blank, and water) 627 

were applied between ascending series of volatiles (Ctrl in the figure). C: Response amplitude and 628 

analysis. Actual EAG as shown by gray color and corresponding smoothed EAG is shown by black 629 

color superimposed on the actual EAG. After smoothing, the baseline was calculated by averaging 630 

EAGs for 500 ms before the onset of stimulus. Amplitude was obtained by subtracting the baseline 631 

from the minimum EAG, and then multiplying by -1. Abbreviations, CRO: cathode ray oscilloscope, 632 

HC: high cut filter, HDD: PC hard disk, LC: low cut filter, NE: noise eliminator, Stim: stimulator, 633 

U: undiluted 634 

 635 

Fig. 2 An example of an EAG recording. Actual response to mineral oil (control) and 1-hexanol are 636 

shown. Black lines indicate stimulus timings. The numbers above the stimulus indicator represent 637 

dose (μg) of 1-hexanol. An arrow indicates an artifact depolarization. U: undiluted 638 

  639 

Fig. 3 Relative EAGs. Black (male) and white (female) dots and bars indicate mean relative EAG 640 

responses. Error bars indicate SEMs. White horizontal lines indicate the mean relative amplitude of 641 

the response to control stimulus (mineral oil for volatiles or water for ethanol). Gray areas show 642 

95% CIs for the control stimulus. Sample numbers for each stimulus have some degree of range 643 

because not all individual received the complete set of ascending series. Asterisks beside the sample 644 

number indicate significant effect for the dose of volatiles by repeated measures ANOVA. Different 645 

letters above the dots denote significant difference after the post-hoc test (Tukey-Kramer’s test). 646 

Asterisks above bars indicate significant difference from the control by Wilcoxon signed-rank test. 647 

U: undiluted. Black dot: male; open circle: female. ***: p < 0.001, **: p < 0.01, *: p < 0.05 648 

   649 

650 
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Table 1. Summary of four chemicals tested. Data are obtained from Pham et al., 2020 and 2025. 651 

 seedling fresh leaf dried leaf 

 host non-host host non-host host non-host 

behavior attracted avoid attracted attracted avoid avoid 

2-ethyl-1-hexanol +++ +++ - - - - 

trans-2-hexenal - - - - ++ ++ 

decanal + + + + + + 

benzaldehyde - - - - + + 

+++: rich, ++: moderate, +: poor, -: not detected or very low 652 

 653 

 654 

Table 2. Number of individuals stimulated by a complete set of all concentration series and by 655 

undiluted stimulants 656 

 ascending series undiluted stimulant 

 male female male female 

1-hexanol 14 14 12 13 

2-ethyl-1-hexanol 8 11 8 11 

benzaldehyde 8 10 8 10 

decanal 8 9 8 9 

ethanol 8 9 8 9 

isoprene 14 17 12 14 

quercivorol 13 15 11 14 

trans-2-hexenal 8 10 8 10 

 657 

 658 

  659 
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Fig.1 660 

 661 
  662 
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Fig. 2 663 

 664 
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Fig. 3 666 
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