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SD, 2017–2021) to 64 ha in 2025 (Landesbetrieb Land-
wirtschaft Hessen, pers. inform. 2026). 

So far, little is known about volatile organic compounds 
(VOCs), which may be attractive or repellent to P. lepori-
nus. Previous mortality experiments showed lethal eff ects 
of the wild potato Solanum bulbocastanum (Dunal, 1814) 
on P. leporinus, and, surprisingly, a choice test revealed 
preference of this insect for the wild potato (Therhaag et 
al., 2026). To test our hypothesis that VOCs are involved in 
eliciting this behaviour, we collected VOCs from S. bulbo-
castanum and recorded the electrophysiological response 
of the planthopper antennae in GC-EAD experiments. Two 
of three electrophysiologically active VOCs were identifi ed 
using coupled gas chromatography and mass spectrometry 
(GC-MS), and subjected to an EAG experiment. We also 
investigated the surface and ultrastructure of antennal sen-
silla of P. leporinus using scanning electron microscopy 
(SEM) and transmission electron microscopy (TEM). Both 
the electrophysiological response and ultrastructure of the 
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Abstract. The planthopper Pentastiridius leporinus transmits the phytoplasma ‘Candidatus Phytoplasma solani’ and the bacte-
rium ‘Candidatus Arsenophonus phytopathogenicus’ to various agricultural crops and vegetables, mainly in Germany and neigh-
bouring countries. We collected headspace volatiles from the wild potato species Solanum bulbocastanum and tested antennal 
responses of P. leporinus using gas-chromatography-electroantennographic detection (GC-EAD). Two identifi ed compounds, 
nonanal and decanal, were then tested on female antennae using electroantennography (EAG). Both compounds elicited signifi -
cant dose-dependent EAG responses. Scanning electron microscopy revealed three sensillum types on the pedicel (chaetica, 
campaniform-like, plate-organs) of both female and male specimens. Transmission electron microscopy showed two coeloconic 
sensilla inside the Bourgoin organ in ultrathin antennal sections of a female. This is the fi rst report of electrophysiologically active 
plant volatiles and antennal ultrastructure for this vector.

INTRODUCTION

Pentastiridius leporinus (Linnaeus, 1761) is an emerg-
ing insect pest that transmits obligate biotrophic plant 
pathogens, namely the Stolbur phytoplasma ‘Candidatus 
Phytoplasma solani’, including its P-strain (Duduk et al., 
2023), and the γ-proteobacterium ‘Candidatus Arsenopho-
nus phytopathogenicus’ (Sémétey et al., 2007), to a wide 
range of crops such as sugar beet, potato, onion, carrot and 
other vegetables (Behrmann et al., 2023; Therhaag et al., 
2024a, b; Lang et al., 2025; Witczak et al., 2026, 2025). 
Infested plants often show discolouration of leaves, lower 
yields or a complete loss due to poor harvest quality (Lang 
et al., 2025; Mahillon et al., 2025). Furthermore, the Stol-
bur phytoplasma is a regulated non-quarantine pathogen 
in potato with 0% tolerance for seed potatoes defi ned by 
the European and Mediterranean Plant Protection Organi-
zation (EPPO, 2023). As a consequence, the area of seed 
potato production decreased drastically in the hot spot re-
gion in southern Hesse, from 306 ha ± 16.8 ha (mean ± 
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mass detector (600 S, PerkinElmer, Rodgau, Germany). Helium 
was used as carrier gas (5.0, Linde, Munich, Germany) at 130 kPa 
with a fl ow rate of 1 mL/min. GC settings were: oven initial tem-
perature of 40°C for 1 min, then heated from 50 to 180°C at 10 K/
min (hold for 0 s) and fi nally increased to the fi nal temperature of 
280°C by a rate of 20 K/min (hold for 6 min); with a GC inlet line 
temperature of 250°C, and the ion source set to 180°C, and a total 
run time of 26 min. The quadrupole mass detector operated at 70 
eV ionisation energy and the full-scan mass spectra were within 
the range of 50 to 350 m/z.

Comp ounds eliciting antennal response during the GC-EAD 
were analysed using the AMDIS software (Automated Mass 
Spectral Deconvolution and Identifi cation System, V. 2.73, Na-
tional Institute of Standards and Technology NIST, USA) as 
previously described by Gross et al. (2019) with settings as in 
Therhaag et al. (2026). Ion fragmentation patterns, retention 
times (RT) and retention indices (RI) of these compounds were 
compared to matches of the NIST library (National Institute of 
Standards and Technology), and to standard compounds of our 
in-house library that were introduced in the same system. 

2.5 Gas chromatography coupled electroantennographic 
detection 

Collected volatiles of S. bulbocastanum were subjected to 
thermodesorption and gas chromatography coupled electroanten-
nographic and fl ame ionisation detection (TD-GC-FID/EAD). 
First, volatiles captured in stainless-steel tubes were desorbed 
in a thermodesorber (TD 300, PerkinElmer, Rodgau, Germany) 
as described for the TD-GC-MS, then transferred to a gas chro-
matograph (GC, Clarus 680, PerkinElmer, Rodgau, Germany) 
equipped with a fl ame ionisation detector (FID). Transfer line 
and settings for both the TD and GC, were equal to the TD-GC-
MS. Heli um (5.0, Linde, Munich, Germany) was chosen as car-
rier and auxiliary gas. The volatile fl ow was injected splitless into 
a four-port splitter (SilFlow® GC 4 port splitter, Trajan Scientifi c 
Europe Ltd, Milton Keynes, UK) as recommended by the manu-
facturer for this U-shaped arrangement of the ports (Product Data 
Sheet – SilFlow® GC 4 port splitter, 2022). Here, a stream of 
auxiliary gas (5 mL/min) carried the compounds eluting from the 
GC over to the port connected to the FID, and fi nally to the port 
for electroantennographic detection (EAD). The effl  uent for the 
EAD was passed through a heated transfer line (280°C, Syntech 
Temperature Controller, Kirchzarten, Germany) into a custom-
ised L-shaped glass tube (8 mm inner and 10 mm outer diameter, 
Seele Glasapparatebau & Laborservice, Rheinbach, Germany) 
with continuous, charcoal-fi ltered and humidifi ed air stream (0.12 
L/min) directed towards the insect antenna. 

For the antenna preparation, the head of the planthopper was 
mounted onto a custom-pulled glass capillary containing the in-
diff erent, reference electrode and Ringer’s solution as described 
in Syntech (2004), Rid et al. (2019), and Faal et al. (2023). The 
tip of the antenna was cut to improve electrical contact. It was 
inserted into another custom-pulled glass capillary with the re-
cording electrode, also fi lled with Ringer’s solution. In both glass 
capillaries, silver wires were used as electrodes. The analogue 
signal was detected with an EAG combi probe (INR-II, Ockenfels 
Syntech GmbH, Buchenbach, Germany), captured and processed 
with a data acquisition controller (IDAC-2, Syntech, Hilversum, 
The Netherlands). Recordings of FID and EAD signals were trig-
gered by the GC effl  uent, analysed and displayed with GcEad 
2014 v.1.2.5 software (Syntech, Kirchzarten, Germany). EAD 
signals corresponding to FID peaks were averaged and defi ned 
as alterations of the antennal baseline. Only non-disrupted anten-
nal signals were selected for analysis. Corresponding FID peaks 
were matched by RI and RT of the GC-MS chromatograms for 

antennae are reported here for this planthopper species for 
the fi rst time. 

MATERIAL AND METHODS
2.1 Plants

Single tubers of S. bulbocastanum (a clonal line ‘blb2G’, 
kindly provided by Julius Kühn Institute (JKI), Berlin, Germany) 
were planted and grown as described by Lenz et al. (2025), and 
later sent to JKI Dossenheim, and there transferred to 3 L pots 
fi lled with potting soil to sand in a ratio of 4 : 1 (v/v) in an insect-
free greenhouse. The environmental conditions were maintained 
at an average temperature of 23°C and a relative humidity of 40% 
during the day and 60% at night. During Central European Time 
(winter time), supplemental artifi cial lighting was provided to 
achieve a daily light intensity of 120 klux, otherwise daylight was 
used.

2.2 Insects
For the GC-EAD experiments, adult females of the planthop-

per P. leporinus, fi eld-caught on 17 July 2025 in Bingen, Ger-
many (49°57´01.8˝N, 7°56´05.8˝E), and, due to limited fi eld 
catches, adult males from rearing (JKI Dossenheim, generation 
F2) were used. No sex-specifi c diff erences in EAD responses 
were assumed. Female adults of P. leporinus from rearing (JKI 
Dossenheim, generation F14) were taken for the electroanten-
nography experiments. For scanning electron microscopy, adult 
male and female planthoppers from both the F2 and F14 rear-
ing generations were analysed. For the transmission electron 
microscopy, we used male and female adult planthoppers caught 
in-fi eld on 2 July 2025 in Wiesbaden, Germany (50°2´12.5484˝N, 
8°20´35.43´E).

2.3 Collection of volatiles
Volatiles from single shoots of S. bulbocastanum (n = 6, bio-

logical replicates) were collected before fl owering, on 2 and 23 
May 2025 in the greenhouse at the JKI, Dossenheim, Germany 
with an advanced headspace collection device (FLUSYS GmbH, 
Off enbach, Germany), described by Karimi & Gross (2024). 
Charcoal-fi ltered air was passed through Tefl on tubes inserted 
into plastic oven bags (Melitta Group Management GmbH & Co. 
KG, Minden, Germany) that were pre-conditioned at 60°C for 4 
h and cooled before use. Volatiles of one shoot per bag were then 
trapped in connected pre-conditioned, stainless-steel tubes fi lled 
with Tenax TA (35/60 mesh) (Markes, Neu-Isenburg, Germany) 
at a fl ow rate of 1 L/min, for 30 min. Sampled tubes were stored 
in a glass container at room temperature before GC-MS analy-
sis or GC-EAD. At each sampling date, headspace volatiles were 
collected three times consecutively per plant, with one empty-bag 
control per date.

2.4 Analysis of volatiles
Volatiles collected in stainless-steel tubes were analysed using 

a thermal desorber (ATD 650, PerkinElmer, Rodgau, Germany) 
connected to a gas chromatograph (Clarus 680, PerkinElmer, 
Rodgau, Germany) coupled with a mass spectrometer (Clarus 
600S, PerkinElmer, Rodgau, Germany) (TD-GC-MS). 

Three sample tubes (each from a diff erent plant) were desorbed 
for 10 min at 250°C, with the cold trap held at −20°C continu-
ously, then heated at 99 K/s to 250°C and held for 1 min. The 
fl ow of the volatile compounds was split to a ratio of 30 : 70, so 
that 30% of the fl ow was transferred via a transfer line into a 
non-polar Elite-5MS capillary column of 30 m × 0.25 mm inner 
diameter × 0.25 μm fi lm thickness (Crossbond 5% diphenyl – 
95% dimethyl polysiloxane, PerkinElmer, Rodgau, Germany) for 
separation, and further mass detection using a quadrupole inert 
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identifi cation of those compounds eliciting electrophysiological 
antennal response. Antennal physiological activity and integrity 
were verifi ed by applying puff s of a positive control substance 
(hexane, 5 μl at 0.25 L/min) before and at the end of a run. GC-
EAD experiments were conducted using headspace samples of 
shoots of S. bulbocastanum on antennal preparations from adult 
males (n = 11) and females (n = 13).

2.6 Electroantennography
Female planthoppers of P. leporinus were subject to electroan-

tennography (EAG) testing of ascending concentrations of two 
single plant compounds. For this, nonanal (purity ≥ 95%, Sigma 
Aldrich Chemie GmbH, Taufkirchen, Germany) and decanal 
(purity ≥ 99%, Sigma Aldrich Chemie GmbH, Taufkirchen, Ger-
many) were diluted in methanol to obtain tenfold dilution series 
from 1 to 0.0001 (v/v). Antenna preparation was equal to those 
of the GC-EAD experiments. A constant fl ow of charcoal-fi ltered 
and humidifi ed air (0.12 L/min) was passed over the prepared 
antenna through the open end of the L-shaped glass tube, as de-
scribed for the GC-EAD. 

The testing compound (1 μl) was applied on a piece of fi lter 
paper inserted in a glass pipette. Using a stimulus controller (CS-
55, Syntech, Hilversum, The Netherlands), the pulse duration of 
the puff  was set to 0.1 s at a pulse fl ow of 0.25 L/min. An interval 
time of 60 s between puff s was chosen, as well as two replicate 
stimuli per concentration. The same methanol that was used as a 
solvent was also used as solvent control (1 μl) and applied before 
and after each tested compound concentration. Stimuli of ambient 
air and methanol (1 μl) were applied before and at the end of each 
compound testing row as negative control and for correction pur-
poses. Hexane (1 μl) was used as a positive control because of its 
known non-specifi c antennal activity in preliminary tests. This al-
lowed for later normalisation of the response signal. In total, fi ve 
antennae from fi ve diff erent females were used per concentration, 
and each antenna was tested with all concentrations in ascending 
order. EAG responses were recorded with the EAGPro software 
(v 2.0, 2015, Syntech, Kirchzarten, Germany). 

2.7 Scannin g electron microscopy (SEM)
For scanning electron microscopy, we used three diff erent ap-

proaches to prepare and analyse the samples (Bozzola, 2014; 
Richert-Pöggeler et al., 2019). 

In the fi rst approach, intact and naturally deceased adult female 
and male specimens of P. leporinus (n = 2, one of each sex) from 
rearing were mounted on a specimen holder using conductive car-
bon adhesive pads (Plano GmbH, Wetzlar, Germany). After coat-
ing with a 22.5 nm layer of gold using the sputter coater K500X 
(Quorum Technologies, Laughton, UK) they were investigated 
with a SEM Quanta250 (FEI Deutschland GmbH, Dreieich, 
Germany) equipped with a tungsten fi lament. Images obtained 
under low vacuum conditions at 70 Pa and 20 kV, with a large-
fi eld detector (LFD) were scanned at 12 μs with a resolution of 
2048 × 1768 (Griffi  n, 2007). We applied this method for Fig. 3A.

For the second set of samples, intact, adult female and male 
specimens of P. leporinus (n = 5, of each sex) were briefl y anaes-
thetised with CO2 and directly placed inside the microscope, 
which led to their death. Afterwards, the samples were treated 
and investigated as specifi ed above without gold coating. This 
method was applied for Fig. 3B.

In the third approach, intact, adult female and male specimens 
of P. leporinus (n = 4, two of each sex) were killed by CO2 as-
phyxiation and immediately dehydrated before electron micros-
copy (Bozzola, 2014). After replacing water in the samples step-
wise with ethanol (30%, 50%, 70%, 80%, 90%, 96%), they were 
critical point dried (CPD) using the EM CPD300 (Leica Mik-

rosysteme GmbH, Vienna, Austria). After mounting the insects 
on the specimen holder and coating with gold as specifi ed above, 
specimens were investigated in high vacuum at 20 kV, using an 
Everhart-Thornley detector (ETD). Images were obtained with 10 
μs scan speed and a resolution of 1024 × 884. This method was 
applied for Fig. 3C–F and Fig. 4A.

The fi rst method (gold coating, low vacuum) gave Fig. 3A, the 
second method (no coating) Fig. 3B, and the third method (dehy-
dration, CPD) gave Fig. 3C–F and 4A.

2.8 Transmission electron microscopy (TEM)
For the transmission electron microscopy, heads with anten-

nae of intact, adult female and male specimens of P. leporinus 
(n = 10, of each sex) were detached from the insect body using 
a scalpel after a brief anaesthesia with CO2. Immediately after, 
they were immersed in a solution of Karnovsky’s fi xative (2.5% 
glutaraldehyde and 2% paraformaldehyde in 0.1 M cacodylate 
buff er, pH 7.4) and 5% sucrose and kept at 4°C for 20 h. The next 
steps contained the following modifi cations from the protocol of 
Romani et al. (2009): specimens were rinsed three times for 1 h in 
0.1 M sodium cacodylate buff er containing 5% sucrose and post-
fi xed in 2% OsO4 (osmium tetroxide) in the same buff er for 1.5 h. 
After washing again in 0.1 M cacodylate buff er three times, the 
specimens were kept at 4°C overnight in 70% ethanol. 

To enhance contrast, the samples were stained with 0.5% ura-
nyl acetate in 70% ethanol for 2 h. Following the dehydration 
process in a graded ethanol series, the samples were embedded in 
Spurr resin (Spurr low viscosity embedding kit, Sigma Aldrich/
Merck KGaA, Darmstadt, Germany) using propylene oxide as a 
bridging solvent.

Thin sections of 5 0–70 nm from three distinct antennae were 
produced using an ultramicrotome (PowerTome XL, RMC Prod-
ucts by Boeckeler Instruments, Inc., Tucson, USA) and mounted 
on formvar-coated 200-mesh grids. Mounted ultrathin sections 
were stained at room temperature with uranyl acetate for 10 min, 
followed by 3% lead citrate for 2 min. A Zeiss EM 900 tra ns-
mission electron microscope, operated at 80 kV, was used for 
sample investigation. A total of 13 grid  s containing sections from 
one antenna each of a male (2 grids) and a female specimen (11 
grids) were examined. Images were captured with a slow-scan, 
side-mounted 2K CCD camera (TRS Tröndle Restlichtverstärker-
systeme, Moorenwies, Germany) and processed using Image SP 
software (SYSPROG & TrS, Minsk, Belarus).

2.9 Statistical analysis
Statistical analysis was only done for the electroantennography 

(EAG) experiments.
In case of diluted compounds, EAG responses were corrected 

by subtracting the response elicited by the solvent (mean of two 
subsequent replicates) from the response elicited by the tested 
compound (mean of two subsequent replicates). The response to 
air (mean of replicates at the beginning and at the end of each 
concentration row) was maintained for diluted compounds, for 
consistency. To account for possible olfactory adaptation or 
physiological degradation of the antenna during the recording, 
the values were divided by the response elicited by the positive 
control (the mean of replicates at the beginning and at the end 
of each concentration row), which resulted in relative EAG re-
sponses and normalised units (calculation amended from Ren et 
al., 2017). In case of undiluted compounds, neither solvent nor 
air response was subtracted. Statistical analysis was performed on 
the relative EAG responses, using R version 4.6.0 (R Core Team, 
2026). To account for the repeated-measures design (multiple 
concentrations and stimuli tested on the same individuals), a Lin-
ear Mixed Model (LMM) using the ‘lmerTest’ package (Kuznet-
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sova et al., 2026) was employed. The relative antennal response 
was modelled as a fi xed eff ect of the interaction between stimulus 
and concentration (treated as a combined grouping factor), while 
individual insect identity was included as a random intercept to 
control for baseline sensitivity variations between preparations.

The signifi cance of the overall model was assessed using a 
Type III ANOVA with Satterthwaite’s method for approximating 
degrees of freedom. Following a signifi cant global eff ect, post-
hoc comparisons were conducted using Dunnett’s test in the ‘em-
means’ package (Lenth et al., 2026) with Kenward-Roger degrees 
of freedom to compare each stimulus-concentration group against 
the respective control (methanol and/or air). 

Model assumptions were verifi ed by visual inspection of re-
sidual Q-Q plots and confi rmed by a Shapiro-Wilk test (W = 0.98, 
p = 0.33), indicating no signifi cant deviation from normality. Ho-
moscedasticity was confi rmed by plotting residuals against fi tted 
values. All reported p-values are adjusted for multiple compari-
sons using the Dunnett method. Data and underlying R code are 
made available (https://doi.org/10.5073/20260421-161521-0).

RESULTS

3.1 GC-MS analysis
In this study, we focused on those plant volatiles from 

S. bulbocastanum which elicited an electrophysiological 
response from the antennal preparation of the planthopper 
P. leporinus. A more in-depth study of the headspace col-
lected volatile organic compounds from this plant species 
was undertaken recently by Therhaag et al. (2026). Three 
compounds elicited an electrophysiological response from 
antennal preparations; one of these could not be reliably 
identifi ed. Two of them, nonanal (RI 1104) and decanal 
(RI 1206), could be identifi ed and confi rmed with standard 
compounds of the in-house library at the JKI in Dossenhe-
im, Germany. A third, unidentifi ed compound also elicited 
a reproducible EAD response but did not match any library 
spectrum or standard. The third EAD-active compound 
(unidentifi ed) is not discussed further.

3.2 GC-EAD experiments
For the GC-EAD experiments, eight out of eleven anten-

nal preparations from adult male planthoppers remained 
attached during the GC run. Their signals recorded by 
electroantennodetection, as well as the signals from the 
fl ame ionisation detector, were subjected to averaging and 
resulted in three signals corresponding to peaks (Fig. 1), of 
which two could be identifi ed by GC-MS, namely nonanal 
(RI 1104) and decanal (RI 1206). 

Only fi ve of thirteen antennal preparations of female 
specimens remained stable in the glass capillaries through-
out the entire GC run, and thus were selected for analysis. 
No reproducible EAD responses above baseline were re-
corded from any female preparation (n = 13).

3.3 EAG experiments
As the GC-EAD setup did not show reliable alterations 

of the antennal baseline of female P. leporinus to the GC 
effl  uent, the two identifi ed compounds, nonanal and de-
canal, for the male antennae were tested in a more direct 
manner, via EAG, on antennae of female specimens. 

Statistical analysis revealed that EAG responses (nor-
malised to the hexane standard, estimated mean ± SE) were 
signifi cantly aff ected by the stimulus-concentration group 
(LMM, Type III ANOVA, F12,63  = 30.65, p < 0.001). The 
random eff ect of ‘insect identity’ accounted for a variance 
of 0.005, representing approximately 2.1% of the total 
model variance. Post-hoc comparisons (Dunnett’s test) 
revealed that signifi cant activation above the air control 
level occurred at the highest concentration (1.0) for both 
compounds, with nonanal eliciting the most pronounced 
response with 0.647 ± 0.07 (normalised units, p < 0.0001), 
compared to decanal with 0.329 ± 0.07 (normalised units, 
p = 0.0001). At lower concentrations, only nonanal elic-
ited signifi cant responses at 0.1 (p < 0.0001) and 0.01 (p = 
0.016) with 0.442 ± 0.07 and 0.2285 ± 0.07, respectively 
(normalised units), Fig. 2. No signifi cant diff erence was 
observed between the air control and the solvent methanol 

Fig. 1. Displayed are the fi rst 22 min of the GC run (in total 26 min). 
Black curves are averaged signals of eight recordings of the fl ame 
ionisation detector (FID) and the electroantennographic detection 
(EAD), the standard deviation of both is shown in red curves. Ar-
rows point from EAD signals to peaks of the FID chromatogram.

Fig. 2. Relative EAG response data (normalised units) from female 
P. leporinus (n = 5) to ascending concentrations of decanal and 
nonanal. Data points represent estimated marginal means (EMMs) 
± standard error derived from a linear mixed model with individual 
as a random eff ect; circles: decanal; triangles: nonanal; dotted 
line: air control; dashed line: solvent (methanol). Asterisks indicate 
signifi cant responses compared to air after multiple comparisons 
using Dunnett’s test with Kenward-Roger degrees-of-freedom ad-
justment of p-values; with ‘*’ for p < 0.05 and ‘***’ for p < 0.001 (95% 
confi dence intervals).
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Fig. 3. SEM images of P. leporinus (females displayed). A: Distal view of the head capsule with antennae, ×158. B: Flagellum (FL) with 
bulbus (BU) based on the pedicel (PE), inside the scape (Sca), ×386. C: Pedicel displaying star-shaped plate organs (PO), ×1050. D: 
Star-shaped plate organs of digitated type, interspersed by papillae (PA), ×5400. E: Campaniform-like sensilla (Ca) close to the base of 
the bulbus on the pedicel and sensilla chaetica located opposite (SCh), aperture of the Bourgoin’s organ (AB) visible on the top of the 
bulbus, ×3800. F: Close-up of Ca in (E), ×8000. A and B imaged at low vacuum (70 Pa), C to F at high vacuum. Scale bar: A: 500 μm, B: 
300 μm, C: 100 μm, D: 20 μm, E: 20 μm, F: 10 μm. 
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(estimated mean: 0.048 ± 0.06 SE, p = 0.951, normalised 
units). Results of the statistical analysis are included in the 
R code (https://doi.org/10.5073/20260421-161521-0).

3.4 Complex ultrastructure of antennal sensilla
Images of scanning electron microscopy (SEM) and of 

transmission electron microscopy (TEM) of female and 
male individuals (3 of each in more detail) of P. leporinus 
were investigated. Visual analysis revealed no sex-specifi c 
diff erences in the types of sensilla found on the antennal 
surface. However, sample size and resources were too lim-
ited to perform a quantitative or statistical analysis of sen-
sillum counts or verify distribution patterns. We classifi ed 
sensilla based on a classifi cation by Schneider (1964). Fig-
ure 3A shows an overview of the location of the antennae 
on the head capsule of P. leporinus.

Antennae of both sexes consist of three parts (Fig. 3B): 
a thin fl agellum which is thickened to a bulbus at its basal 
end with no sensilla visible on the external surface; the bul-
bus based on a prominent pedicel which protrudes from a 
scape hidden in the head capsule below the compound eye 
in dorsal view. Unlike the fl agellum, the pedicel is covered 

with diff erent types of sensilla indicating distinct functions. 
On the apical part of the bulbus, a small aperture is visible 
(Fig. 3E), bearing a chambered cavity with coeloconic sen-
silla, a typical feature of the Bourgoin organ (Bourgoin, 
1985). While in SEM, these sunken organs surrounded by 
a ring of cuticular projections are merely visible (Fig. 4A), 
TEM unfolds their complete structure in ultrathin sections 
of embedded antenna (Fig. 4B, C). On the distal part of the 
pedicel, round protruding, campaniform-like organs with 
fi ne processes surrounding a centric aperture are located 
close to the base of the bulbus in one or two concentric 
rows (Fig. 3E, F). Basal to them, fl attened, star-shaped 
plate organs interspersed with domed papillae can be found 
on the pedicel (Fig. 3D). These organs are lacking towards 
the base of the bulbus, which is covered by numerous sen-
silla chaetica (Fig. 3C, E).

In ultrathin sections of the bulbus of a female specimen, 
two sensory chambers are visible, each of them bearing a 
peg of corresponding sensilla coeloconica inside (Fig. 4B), 
as has been described for other planthoppers of the Ful-
goromorpha (Bourgoin, 1985; Romani et al., 2009). Both 
cross-sectioned sensilla pegs have cuticular fi ngers (Keil, 

Fig. 4. Electron microscopy images of P. leporinus (females displayed). A: (SEM) Close-up of the aperture to the Bourgoin’s organ on the 
bulbus with cuticular processes (CP) and a tip of a sensillum coeloconicum (Sco), ×11980. B: (TEM) Ultrathin section of embedded anten-
na illustrating the bulbus bearing the Bourgoin’s organ with two sensory chambers containing sensilla coeloconica (Sco), ×3000. C: (TEM) 
Close-up of B) highlighting the pegs of Sco with cuticular fi ngers (CF) inside, ×7000. Scale-bars: A: 5000 nm, B: 2500 nm, C: 1000 nm.
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1999; Romani et al., 2009) and can be classifi ed as special-
ised types of sensilla coeloconica. 

DISCUSSION

This study shows that three VOCs from the wild po-
tato S. bulbocastanum are detected by the antennae of 
P. leporinus. At least two of them, nonanal and decanal, 
are common plant volatiles (Wildt et al., 2003; Karlsson 
et al., 2009; Feng et al., 2022; Zhou & Jander, 2022) and 
therefore probably not specifi c for the observed short-term 
attractiveness of this planthopper towards the wild potato 
(Therhaag et al., 2026). For the identifi cation of the third 
compound, GC-MS/MS analysis would be required, which 
is unfortunately not available in our lab and represents a 
limitation of our study. However, the identifi ed two com-
pounds are the most abundant in the volatile composition 
of S. bulbocastanum (Fig. 1). 

In the GC-EAD experiments, it is noteworthy that only 
recordings of male antennae allowed antennal responses to 
be assigned to specifi c FID peaks, and the setup was chal-
lenging with this planthopper species. This is because the 
thin fl agellum of the antenna easily fl ipped out of the glass 
capillary and was highly sensitive to air fl ow and vibra-
tional disturbances. The antennal preparations of female 
planthoppers showed an even more variable baseline sig-
nal, which may have led to non-reproducible alterations in 
the antennal signals of females in that setup. To prevent er-
roneous conclusions being drawn regarding the diff erences 
in the receptiveness of male and female antennae, we then 
investigated the two identifi ed compounds on female an-
tennae further through an EAG experiment. Compared to 
air, antennae responded signifi cantly to undiluted nonanal 
and decanal, with nonanal eliciting the most pronounced 
response, even at lower concentrations of 0.1 and 0.01. 
Nonanal has a vapour pressure of ~ 49 Pa at 25°C, deca-
nal ~ 14 Pa. Using the ideal gas law, the estimated number 
of molecules per 1 ml puff  was ~ 12 × 1015 for nonanal and 
~ 3.3 × 1015 for decanal (fi gures and calculation provided in 
the Supplementary information). This diff erence does not 
scale linearly with the ~ 2-fold stronger response elicited 
by nonanal. Although the vapour pressure of the solvent, 
methanol, was in the same range as that of hexane and sub-
stantially higher compared to the aldehydes, its response 
was not diff erent to that of the air control. A reason for this 
may be the high polarity of methanol not being able to pass 
the antennal cuticle as quickly as nonpolar volatiles (Light 
et al., 1988). 

The EAG method was only applied to antennal prepara-
tions of females to test the hypothesis that they respond to 
the same identifi ed compounds as their male counterparts. 
Therefore, our study does not allow for a comparison of 
antennal dose-dependent responses between males and 
females. But as the GC-EAD setup does not produce this 
kind of distinct puff s of compounds compared to the EAG 
setup, a lower concentration of stimuli can be assumed in 
the fl ow. Thus, a higher sensitivity of antennae from males 
to both compounds could be hypothesised but would be 
subject to a comparison by EAG with insects from equal 

sources. A sex-specifi c sensitivity could be the case, as 
Rodrigues et al. (2025) showed that olfactory responses 
for Philaenus spumarius (Linnaeus 1758) to diff erent olive 
cultivars can vary throughout the life cycle but are also sex-
specifi c. Even olfactory responses to conspecifi c odours 
were reported for this species, with a stronger response 
from males compared to female responses (Sevarika et al., 
2022). In our study, we refrain from drawing conclusions 
about sex-specifi c antennal sensitivity between experi-
ments as we cannot exclude eff ects from rearing history, 
age and prior odour exposure caused by heterogeneous in-
sect sources across them. 

This study also investigated, for the fi rst time, the antenna 
and its ultrastructures of P. leporinus. The general antenna 
structure is similar to those of other planthopper species, 
with a typical fl agellum ending in a bulbus at the base, and 
the bulbus being connected to a pedicel that itself is based 
in a scape which barely protrudes from the head capsule. 
Compared to other hemipteran species of the Auchenor-
rhyncha, the scape of P. leporinus is rather inconspicuous 
and located behind the compound eye, similar to a related 
species, the cixiid planthopper Hyalesthes obsoletus (Si-
gnoret, 1865) (Romani et al., 2009), but unlike the Austral-
ian cixiid Tyligma gen. n., which has a prominent scape 
(Löcker & Holzinger, 2020). Another feature of P. lepori-
nus that is characteristic of fulgoromorph planthoppers is 
the absence of sensilla on the fl agellum, whereas the sen-
sory surface of the pedicel is covered by diff erent specifi ed 
putatively chemoreceptive and tactile sensilla. Although 
we can conclude from the GCEAD and EAG experiments 
that P. leporinus responds to volatile compounds, we can-
not assign the electrophysiological responses to specifi c 
sensilla observed but rather hypothesise their likely func-
tion. Compounds would need to be directed onto the dif-
ferent sensilla for a proof. This also applies to the sensilla 
coeloconica which are located inside the Bourgoin’s organ 
(Bourgoin, 1985), its aperture visible on the bulbus of P. 
leporinus. For H. obsoletus, Romani et al. (2009) assumed 
that one of the sensilla inside this organ is for the percep-
tion of CO2, the other for thermo- and olfactory reception. 
Bearing in mind that “microscopic identity does not prove 
functional identity” as emphasized by Schneider (1964), 
we resist speculating on their functional purpose at this 
stage of investigation. P. leporinus also exhibits fl attened 
star-shaped plate organs on the pedicel, which have been 
reported for Meenoplus spp. (Hemiptera: Auchenorrhyn-
cha) (Remane & Wachmann, 1993; Hoch et al., 2021), and 
other planthoppers of the fulgoromorph families Meenopli-
dae, Kinnaridae and Achilixiidae, and which are suggested 
to be complex olfactory organs (Bourgoin & Deiss, 1994). 

In our study, we did not discover sex-specifi c diff erenc-
es of the antennal structure of P. leporinus, or its sensilla 
types, likewise to its cixiid relative, H. obsoletus (Romani 
et al., 2009). Given the limited specimens examined, our 
observations are rather qualitative than quantitative and 
represent a preliminary description which could stimulate 
further, more detailed investigations. 
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From the perspective of applied entomology and biologi-
cal vector control, our results may be a fi rst step, but further 
investigations on antennal reactions to plant or conspecifi c 
compounds would be required.
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Supplementary information
Calculation. The vapour pressure p (in Pascal) of the sub-

stances nonanal and decanal is diff erent and consequently results 
in a diff erent number of molecules (stimuli) per puff  volumina 
Vpuff . Nonanal has a vapour pressure of ~ 49 Pa at 25°C, decanal 
~ 14 Pa. Using the ideal gas law, the estimated number of mol-
ecules per 1 ml puff  was ~ 12 × 1015 for nonanal and ~ 3.3 × 1015 
for decanal. 

The calculation was performed in two steps, for both nonanal 
and decanal, with Vpuff  set to 1 mL (1 × 10–6 m³). First, the amount 
of substance npuff , for each compound, in the vapour with R being 
the gas constant (8.314 J mol−1 K−1) and T, the absolute tempera-
ture in Kelvin, was calculated:

n puff =
p×V puff

R ×T
  (1)

In the second step, we multiplied the result (npuff ) with the 
Avogadro constant NA (6.02214076 × 1023mol–1) to derive the 
number of molecules N from the amount of substance n, making 
use of the formula:

N = n × NA  (2)
Npuff  = npuff  × NA  (3)

Results for all compounds, including the positive control (hex-
ane) and the solvent control (methanol) are displayed in Table S1.

Table S1. Selected synthetic compounds used as olfactory stimuli in the 
EAG experiments tested on female adult planthoppers of P. leporinus.

Compound Purity Source Vapour pressure a

(mmHG at 25°C) in Pa
Npuff  

b

(molecules per puff )
Decanal ≥ 99% Sigma Aldrich (0.103), ~ 13.73 ≈ 3.3 × 1015

Nonanal ≥ 95% Sigma Aldrich (0.37), ~ 49.33 ≈ 12 × 1015

Methanol ≥ 99.9% Sigma Aldrich (127), ~ 16931.94 ≈ 4113 × 1015

Hexane ≥ 99% Sigma Aldrich (135), ~ 17998.52 ≈ 4373 × 1015

Sigma Aldrich Chemie GmbH, Taufkirchen, Germany. a Values in the table 
derived from PubChem, Hazardous Substances Data Bank. b Puff  set to 1 
mL, for ease of calculation.




