
INTRODUCTION

Biological invasion occurs when a non-native species 
is unintentionally introduced to a new region, often due 
to human activities. The damages caused by these inva-
sions are evident across various sectors. For instance, 
Aedes and Rattus pose public health threats (Morand et 
al., 2015; Ngoagouni et al., 2015), Gypsy moth leads to 
agricultural losses (Wu et al., 2020), and Coptotermes 
formosanus causes forest damage (Evans et al., 2019). 

Notably, social insects̓ invasion can significantly dis-
rupt ecosystems. Ants and hornets, for instance, easily 
establish large colonies and expand their offensive 
habitats (Mack et al., 2000; Beggs, 2001; Ascunce et 
al., 2011). Vespa velutina Lepeletier, 1836 (Vespidae), 
originally from tropical and subtropical regions like In-
dia, southern China, and Southeast Asia, emerged as an 
invasive pest in Europe with the discovery of V. velutina 
nigrithorax insouthern France, and later Spain and Bel-
gium in the early 2000s (Villemant et al., 2006; Rome et 
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al., 2013; Rodríguez-Flores et al., 2019). Also, from the 
initial report on Mt. Bongrae in Busan in 2003, it has 
progressively expanded its distribution into most part of 
South Korea (Kim et al., 2006; Choi et al., 2012; Jung, 
2012; Kim et al., 2023). Similarly, its invasion was re-
ported from Tsushima Island and then reached the main 
islands of Japan (Ueno, 2014).

V. velutina cause severe damage on honeybee popula-
tions, with records indicating that around 50 out of 300 
honeybee colonies have been devastated by V. velutina 
attacks in South Korea (Jung et al., 2008). Direct colony 
losses exceeding 80% due to these attacks have been re-
ported, with 93% of severe damages occurring in south-
ern regions of South Korea (Jeong et al., 2016). The 
incursion of V. velutina exacerbates existing challenges 
such as Colony Collapse Disorder (CCD), winter losses 
due to climate change, and phenological mismatches 
between flowers and honeybees, posing significant 
threats to honeybee health (VanEgelsdorp et al., 2009; 
Dainat et al., 2012; Kudo and Ida, 2013; Brodschneider 
et al., 2018). Honeybees are vital not only for honey 
production but also as pollinators in floral ecosystems. 
The economic value of their pollination services for 
agricultural crop production was estimated to be around 
6 trillion won (Jung, 2008). Additionally, V. velutina 
predates various insects such as Syrphidae, Calliphori-
dae, Lepidoptera larvae, and Apidae, most of which are 
pollinators (Monceau et al., 2014; Rome et al., 2021). 
Thus the predation by V. velutina could indirectly affect 
biodiversity by lowering plant reproduction, dispersal, 
and pollination activities.

Social Hymenopteran insects rely on pheromones for 
communication. Queen mandibular pheromone regu-
lates ovarian development inhibition in worker hornets, 
suppresses new queen emergence, and enhances forag-
ing efficiency (Pankiw et al., 1998). Brood pheromone 
also inhibits ovarian development in workers and im-
proves foraging efficiency (Le Conte et al., 2001). Addi-
tionally, alarm pheromones convey alerting information 

(Veith et al., 1984), while recognition pheromones facil-
itate nest mate identification (Ruther et al., 1998, 2002). 
Researches on pheromones in the Vespidae family has 
revealed recognition, alarm, and sex pheromones (Wyatt, 
2003). Studies primarily focus on species commonly 
found in apiaries, such as V. mandarinia, V. crabro, and V. 
velutina (Ono et al., 2003; Spiewok et al., 2006; Wen et 

al., 2017; Thiery et al., 2018; Cheng et al., 2022; Dong 
et al., 2022). It is challenging to understand the role of 
sex pheromone of diurnally active insects such as ves-
pa hornets (Ayasse et al., 2001; Keeling et al., 2004). 
While most lepidopteran moths are nocturnal, and heav-
ily rely on antennal pheromone receptors for finding 
mates (Zhang and Löfstedt, 2015), diurnal insects may 
prioritize visual cues over olfactory cues (Winfrey and 
Fincke, 2017).

Wen et al. (2017) discovered and synthesized queen 
pheromones of V. velutina in China, identifying them 
as ketones (4-oxo-octanoic acid, 4-oxo-decanoic acid). 
This finding suggested the potential use of these sex 
pheromones for trap-based control of V. velutina (Wen et 
al., 2017). However, these chemicals have not been test-
ed on the Korean population of V. velutina. This study 
aimed to assess the electroantennogram and behavioral 
responses of V. velutina nigrithorax to the synthetic sex 
pheromone components.

MATERIALS AND METHODS

1. Chemicals and reagents

All the chemicals and reagents needed for these ex-
periments were purchased from Sigma-Aldrich, Korea.

2. GC-MS instrument

Gas chromatography-mass spectrometry (GC-MS) 
analysis of the synthesized pheromones was performed 
on an Agilent 7890B Gas Chromatography system (Ag-
ilent Technologies, USA) coupled to an Agilent 5977A 
Mass Spectrometer Detector system (Agilent Technolo-
gies). 

3. Insects

Two V. velutina nests were collected from the middle  
part of South Korea, Andong (36°61ʹ41ʺN, 128°82ʹ 
03ʺE), and (36°36ʹ48ʺN, 128°49ʹ12ʺE). The nests were 
transported to the laboratory undamaged. After remov-
ing the envelope of the nest, only the internal combs 
were kept in an acrylic breeding chamber at 25°C in the 
laboratory. Emerged adults from these nests were used 
for the experiments. Worker hornets, queens, and drone 
hornets were collected from the nests.
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4. Synthesis of sex pheromones

Two sex pheromones, 4-oxo-octanoic acid (4-OOA) 
and 4-oxo-decanoic acid (4-ODA), were synthesized 
using the following procedures. 

γ-decanolactone (20 g, 117.5 mmol) was dissolved 
in 100 mL of tetrahydrofuran (THF). Then, 6N NaOH 

(60 mL, 352.4 mmol) was slowly added to the solution. 
The reaction mixture was stirred for 2 hours. Subse-
quently, the pH was adjusted to 1 using 6M HCl, and 
the resulting mixture was extracted with dichlorometh-
ane (DCM) (100 mL). The organic layer obtained from 
the extraction was combined with PCC (38 g, 176.2 
mmol) and stirred for an additional 2 hours. The mix-
ture was then filtered through silica gel. The organic 
layer obtained after filtration was concentrated, and 
the resulting residue was subjected to column chroma-
tography, yielding 4-oxo-decanoic acid (4.3 g, 20%).

In 4-oxo-octanoic acid synthesize, γ-octanolactone 
was used as a starting material. γ-octanolactone (10 
g, 70.32 mmol) was dissolved in 50 mL of THF. 6N 
NaOH (35 mL, 352.4 mmol) was slowly added, and the 
reaction mixture was stirred for 2 hours. After adjusting 
the pH to 1 with 6 M HCl, the resulting mixture was ex-
tracted with DCM (50 mL). The organic layer obtained 
was combined with PCC (30 g, 62.42 mmol) and stirred 
for an additional 2 hours. The mixture was then filtered 
through silica gel, and the resulting organic layer was 
concentrated. The resulting residue was subjected to 
column chromatography, yielding 4-oxo-octanoic acid 

(4 g, 40%).

5. �GC-MS analysis of the synthesized sex 
pheromones

Chemical analyses were conducted using a GC-MS 
system (HP 7890A-5975C, Agilent, US) following the 
procedure outlined by Wen et al. (2017). The analysis 
employed an HP-5ms column (30 m ×250 μm ×0.25 

μm, Agilent, US) and the synthesized pheromones was 
individually analyzed in split mode with a split ratio 
of 1 : 10. A 1 μL injection amount was used, with the 
injector temperature set at 250°C. Helium was used 
as the carrier gas at a flow rate of 1 mL/min. The oven 
temperature ramp was programmed as follows: initial 
temperature of 50°C held for 2 minutes, followed by 
an increase of 10°C/min to 300°C, which was then 
held for 2 minutes. Mass spectra were obtained with a 

70 eV electron impact and an ion source temperature 
of 230°C. Scanning was performed in the range of 40-
500 amu.

6. Electroantennogram (EAG) analysis

Electroantennogram (EAG) (MP-15, Syntech, Neth-
erlands) was used to examine the antennal conduc-
tivity responses of V. velutina at National institute of 
crop science, Suwon, South Korea. This study aimed 
to investigate the responses of V. velutina’s antenna 
to synthetic pheromone compounds (4-oxo-octanoic 
acid, 4-oxo-decanoic acid) in terms of caste-based and 
age-based differences. For the caste-based experiment, 
thirteen individuals from each caste, including worker 
hornets and drone hornets aged 72 hours, were used. In 
the age-based experiment, drone hornets aged 0, 1, 2, 
3, 4, 5, 7, 10, 13, and 15 days after eclosion were used, 
with eight individuals in each age group. The insects 
were housed in 400 mL plastic cages and provided 
with a daily supply of 50% sucrose solution (50 mL).

In the EAG experiment, the scape and pedicel seg-
ments of the antennae were cut, and conductive gel 

(Signagel, Parker Laboratories, USA) was applied be-
tween the basal segments. The pheromone material was 
released for 2 seconds, with a 30-second stabilization 
period between repetitions to ensure amplitude stability. 
4-OOA and 4-ODA were diluted to a concentration of 
100 mg/mL and mixed with DCM as the solvent, at a 
ratio of 0.78. 10 μL of the pheromones was applied on 
a paper strip (4 mm by 15 mm) and allowed the solvent 
to evaporate. The responses were visualized using Syn-
tech̓s EAG Pro 2.0 program.

7. Y-tube olfactometer behavioral analysis

A Y-tube olfactometer was used to assess the attrac-
tion of sex pheromones for V. velutina at Andong na-
tional university, Andong, South Korea. Before assess-
ing responses to pheromones, we examined drone hor-
nets̓ attraction to the queen to check selection is nor-
mal. Worker hornets, queens, and drone hornets were 
used for these experiments. Individuals acclimated to 
environmental conditions (25°C) for 30 minutes before 
the experiment. Ventilation was provided every 30 
minutes between experiments, and red light was used 
to prevent visual interference. In Y-tube olfactometer 
experiment, air, dispensed by the SH-A3 air dispenser 
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(Amazonl, China) at a rate of 125 mL per minute, split 
into two branches leading to containers (height 4.3 cm, 
diameter 3 cm, capacity 20 mL) for each sample. In 
these containers, samples were prepared using control 

(DCM) and sex pheromone (100 mg/mL, 0.78 ratio). 
A 10 μL mixture was injected onto filter paper (15 by 
4 mm). Y-tubes (each 10 cm in length, with an internal 
diameter of 3 cm) were connected to the containers, 
and queens, worker hornets, and drone hornets were 
individually placed in containers. Each trial involved 
introducing 10 individuals, repeated 10 times, result-
ing in a total of 100 observations.

For the experiment, 3-day-old worker hornets and 
drone hornets aged 0, 1, 2, 5, 7, and 13 days were 
chosen. Twenty individuals were introduced for each 
experiment, repeated five times, totaling 100 observa-
tions. A choice was considered when the drone walked 
more than 2/3 of the length of the treated source or 
control arm and remained there for approximately 1 
minute, or when it frequently visited the arm. A “no 
choice” decision was recorded if the drone had not 
moved after 5 minutes.

8. Date analysis

The level of antennal response measured via EAG 
was assessed by comparing the pre-stimulation value 

(2 seconds) with the peak value in the data. Due to the 
non-parametric distribution, the Kruskal-Wallis test 
analyzed differences in pheromone responses between 
worker hornets and drone hornets. Post hoc analysis 
used Dunn̓s test with Bonferroni correction to explore 
specific group differences further. Age-based response 
was examined using the Shapiro-Wilk normality test and 
linear regression to assess the correlation between age 
and response. Behavioral response choice for sex pher-
omones was calculated. To determine if the frequency 
of choice significantly varied with age, Chi-square tests 
were employed. All analyses were conducted using R 
software (Version 1.4.1106).

RESULTS

1. �Chemical analysis of the synthesized sex 
pheromones

The identity of the two synthesized sex pheromones, 
4-oxo-octanoic acid (4-OOA) and 4-oxo-decanoic acid 

(4-ODA), was confirmed by GC-MS, following the 
procedure outlined by Wen et al. (2017). As shown in 
Fig. 1, both compounds were clearly identified based 
of their respective molecular ion at m/z ratio of 158.0 
and 186.0 mu for 4-OOA and 4-ODA, respectively.

2. EAG response by caste

The EAG technique is highly valuable because it pro-
vides direct insights into the sensory capabilities of in-
sects, helping researchers understand behaviors related 
to mating, feeding, and habitat selection. In this study, 
the EAG responses of V. velutina based on caste were 
analyzed and are presented in Fig. 2. After filtering out 
data with unstable amplitudes, we analyzed thirty-seven 
replications for each treatment. Drone hornets exhibited 
an average response of 1.42±0.15 (SE) mV to the sex 
pheromones, with a maximum recorded response of 3.72 

mV. In contrast, their average response to the control 
was 0.65±0.08 mV. Worker hornets showed an average 
response of 1.01±0.13 mV to the sex pheromone, while 
0.97±0.12 mV was recorded in the control group. Sta-
tistical analysis revealed that drone hornets exhibited a 
significantly stronger response compared to the other 
treatment groups (p<0.005).

3. EAG response by age

EAG analysis based on age was performed, and the 
results are shown in Fig. 3. In all age groups, the an-
tennal response (mV) of drone hornets to pheromones 
was significantly higher than to the control (p<0.05). 
A positive correlation was observed between age and 
the antennal response to pheromones in drone hornets 

(y=0.08x+1.0) (p<0.001).

4. Olfactory behavioral response

In the olfactory test, drones and workers were exposed 
to sex pheromone odors from queens, and their orien-
tation responses are shown in Fig. 4. Male hornets dis-
played a strong attraction to the queen, with over 70% 
preference, while worker hornets showed no behavioral 
preference for the queen̓s sex pheromone. Thus, drone 
hornets were more attracted to the sex pheromone than 
to the control (X2 =20.197, df=9, p=0.002). 

Upon close observation, drones of V. velutina ex-
hibited the following behavioral characteristics when 
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exposed to the sex pheromones: they were active, in-
creased wing vibration, shook the lower part of their 
abdomen, and demonstrated acrobatic body bending. 
In contrast, the workers remained calm and showed no 
signs of these behavioral changes.

As drones aged, their attraction to the queen̓s sex 
pheromone increased, peaking at 13 days (p<0.05) (Fig. 

5). This was also evident in their behavioral changes, 
such as increased wing vibration and shaking their low-
er abdomen, which increased over age. As this study 
only observed individuals up to 15 days, it̓s possible 
that beyond this period, their response could diminish. 
This decrease may be attributed to hormonal changes 

Fig. 1. Gas chromatogram profiles of synthetic sex pheromone components of Vespa velutina queen showing the retention time of 11.772 
min indicating 4-oxo-octanoic acid (4-OOA, A) and 14.094 min indicating 4-oxo-decanoic acid (4-ODA, B).

(A)	 (B)

Fig. 2. Reaction of worker hornets and drone hornets to sex 
pheromone and control (CH2Cl2). There was a statistical differ-
ence in the drone hornet’s reaction to the pheromone and control 

(p<0.001), but no difference was observed in worker hornets. The 
error bars represented standard error. Fig. 3. EAG Responses of the V. velutina drone hornet to the syn-

thesized sex pheromone relative to the drone hornet age. Linear 
regression (y = 0.08x + 1.0) (p<0.001, R2 = 0.361).
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occurring towards the end of the insects̓ lifespan, which 
can influence sexual responsiveness, highlighting the 
intricate nature of mating behavior.

DISCUSSION

Vespa velutina remains a widespread global predator 
of honey bees, posing a constant threat to the beekeep-
ing industry in Korea and Europe (Jung, 2012; Arca et 
al., 2015). However, their spread in Korea has been less 
extensive than in Europe, possibly due to competition 
from other Vespa species in Korea (Jung, 2012). Drones 
of V. velutina are strongly attracted to the sex phero-
mones produced by queens, specifically 4-OOA and 

4-ODA (Wen et al., 2017). Therefore, trapping based on 
sex pheromones could be an effective strategy to moni-
tor and control the spread of V. velutina. 

In this study, we evaluated the antennal response and 
attraction of drone hornets to synthetic sex pheromones 
under laboratory conditions. EAG experiments revealed 
that drone hornets showed a significantly stronger reac-
tion to the pheromone, whereas worker hornets showed 
no significant difference in response between the phero-
mone and solvent. The sexual maturity of drone hornets 
at different ages was assessed, and the findings showed 
a positive correlation between age (from 0 to 15 days) 
and their response in EAG experiments.

The EAG analysis findings were corroborated by 
Y-tube olfactometer experiments, revealing drones̓ 
significant attraction to the sex pheromones, whereas 
no notable differences were observed among workers 
exposed to the same stimuli. Throughout the experi-
ments, drones exhibited various behavioral changes, 
such as restlessness, shaking of their lower abdomen, 
and increased wing vibration. In contrast, none of 
these behaviors were observed in workers exposed to 
the sex pheromones. Age-specific behavior studies also 
demonstrated a positive correlation between age and  
pheromone sensitivity in drone hornets, emphasizing 
the importance of timing in reproductive activities.

Drone hornets, like honey bee drones, are eusocial 
insects primarily dedicated to mating (Metz and Tarpy, 
2019). Therefore, reaching full sexual maturity is 
crucial for successful mating. Previous studies on V. 
similima and V. affinis have shown that they initiate re-
productive activities after spending approximately 8-11 
days within the nest (Martin, 1991, 1993). Given the 
similarities in life characteristics and genetics between 
V. similima and V. velutina (Choi et al., 2012; Namin 
and Jung, 2020), it is likely that their reproductive re-
lease characteristics are similar. Additionally, research 
by Poidatz et al. (2018) indicated that the testes of V. 
velutina gradually reduce in size and compartmen-
talization over time, with seminal vesicles eventually 
filling with sperm. As a result, mating is deemed im-
possible before 10 days post-eclosion. Similar findings 
have been reported in other Hymenopteran species 

(Boomsma et al., 2005; Fiorillo et al., 2008; Araújo et 
al., 2017).

Previous studies have shown that sexual maturity in 

Fig. 4. Behavioral choice of V. velutina drone hornets between 
the queen and other castes of drone hornet or worker hornet in 
the Y-tube test. They showed higher preference to the queen over 
drone (X2 = 19.36, df = 1, p<0.001) or worker (X2 = 27.04, df = 1, 
p<0.001).

Fig. 5. Behavioral choice to sex pheromone according to the age; 
workers (age in days; choice in percentage): (3; 44%) and drones 

(age in days; choice in percentage): (0; 55%), (1; 55%), (2; 54%), (5; 
63%), (7; 66%), (13; 70%). There was a difference in the selection 
rate according to the treatment (X2 = 20.197, df = 6, p = 0.002).



Drone Hornet Response to Sex Pheromones of Vespa velutina

105

insects typically increases with age, a trend also ob-
served in this study. However, as insects near the end of 
their lifespan, hormonal changes can lead to a decrease 
in sexual responsiveness. For example, in Agrotis ip-
silon, behavioral response and neural sensitivity to sex 
pheromones initially increase with age but decline after 
reaching sexual maturity. This decline is attributed to 
hormonal changes involving dopamine and ecdysteroid 
receptors, which regulate sexual sensitivity (Gadenne 
et al., 1993). Similarly, in Megoura viciae, pheromone 
release increases by the second day of adulthood but 
decreases after the sixth day (Hardie et al., 1990). In 
indoor rearing conditions, the average lifespan of drone 
hornets is approximately 17.9±7.1 days (SD), with a 
maximum of 30 days (Unpublished data), implying an 
optimal age and timing for mating. Although our study 
only observed individuals up to 15 days post-emer-
gence, it is expected that beyond this optimal period, 
sexual responsiveness may decline.

After laboratory verification, the next step involves 
conducting a field test. Currently, pest control methods 
based on pheromones aim to reduce mating opportuni-
ties through mass trapping and mating disruption (Rizvi 
et al., 2021). However, commercially used pheromones 
are mostly volatile (Witzgall et al., 2010), making them 
susceptible to degradation under outdoor conditions 
such as rain, wind, and ultraviolet rays (Hamilton and 
Carlson, 2003; Byers, 2008; Jaoui et al., 2016). There-
fore, careful selection of dispensers is crucial, and ob-
jectives must be chosen with caution.
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