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as hydrocarbons, alcohols, aldehydes, and nitrogen oxides 
(NOx), but also carbon monoxide and methane in the tro-
posphere (EPA 2012; WHO 2006). These precursor com-
pounds are mostly of anthropogenic origin (WHO 2008). In 
general, it can be assumed that the increase of the precursors 
is correlated to the growth of the human population, eco-
nomic and technical development and changes in agricul-
ture and climatic conditions (WHO 2008). In Germany, the 
tropospheric ozone concentrations varied between 180 and 
310 µg/m3 during the last two decades. It is estimated that 
ground-level ozone concentrations have doubled to tripled 
during the last century (Marenco et al. 1994; Volz and Kley 
1988).

As a reactive molecule, ozone triggers oxidative stress 
in plants (Guidi et al. 2009; Kangasjärvi et al. 2005) and 
insects (Shaghaghian et al. 2014; Sousa et al. 2012) affect-
ing different parts of the ecosystems. Direct harmful effects 
are reported for several living organisms (Dıaz-de-Quijano 
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Abstract
Climate change and rising tropospheric ozone concentration are impacting ecosystems in various ways and can influence 
the volatile-mediated interactions between insects and their host plants. In this study, individuals of the psyllid species 
Cacopsylla pyri and C. pyrisuga as well as their host plant Pyrus communis were exposed to elevated but naturally occur-
ring ozone concentrations. The effects on the olfactory perception of the insects and the volatile emission of the plants 
were examined. Ozone exposure affected the olfactory perception of C. pyri and C. pyrisuga. While the perception thresh-
old of hexanal increased in C. pyri, the perception of the tested compounds was not impaired in C. pyrisuga. Behavioural 
tests with ozone exposed C. pyri revealed an unchanged repellent effect of nonanal, while hexanal and a synthetic volatile 
blend became repellent to this species. These findings show only minimal direct effects of moderate ozone concentrations 
on olfactory perception of pear psyllids. In contrast, chemical analysis of the host plant odours showed a dramatic change 
in the volatile composition during ozone exposure, with a statistically significant decrease of terpenes and an increase of 
aldehydes and ketones, showing a greater impact of ozone on the emitter than on the receiver in the pear-psyllid system. 
This study highlights that moderate ozone levels can alter volatile emissions, potentially disrupting host plant location and 
impacting other insect–plant interactions that depend specifically on volatile-mediated communication.
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et al. 2012; Kampa and Castanas 2008; Krupa et al. 2001). 
Due to its property as an oxidising agent this gas can cause 
changes in plant or animal tissue or physiology (Bergwei-
ler and Manning 1999; Black et al. 2007). Further, ozone 
interacts differentially with several biogenic organic volatile 
compounds (BVOCs) in the atmosphere (Atkinson and Arey 
2003; Calogirou et al. 1999; Holzinger et al. 2005; Yu et al. 
1999). Plants produce a variety of VOCs via different meta-
bolic pathways: terpenoids, compounds with aromatic rings, 
fatty acid derivates, amino acid derivates (Baldwin 2010). 
In the environment, VOCs form a landscape of scents that 
mediate inter- and intraspecific interactions. This includes 
the attraction of pollinators (Raguso 2008), plant-plant 
communication (Baldwin et al. 2006), above- and below-
ground herbivore defence (Ali et al. 2012; Degenhardt et 
al. 2009; Hiltpold and Turlings 2012; Unsicker et al. 2009), 
and protection against pathogens (Gross et al. 1998; Huang 
et al. 2012). Accordingly, such a complex system might be 
severely disturbed by ozone, either through altered BVOC 
compositions due to plant stress responses or through the 
reaction of BVOCs in the gas phase (Agathokleous et al. 
2017; Duque et al. 2019; Farré-Armengol et al. 2016; Fuen-
tes et al. 2013; Khaling et al. 2016). Overall, ozonation is a 
multi-phase process that involves a series of stepwise reac-
tions, including the formation of reactive intermediates and 
secondary oxidation products. The degradation process is 
strongly influenced by the type and chemical structure of 
the compounds. In particular, carbon–carbon double bonds 
(C = C) are highly susceptible to oxidation, whereas satu-
rated compounds are generally less affected. The interaction 
between psyllids and their host plants is a complex system 
which is primarily chemically mediated by scents (Gross 
2016; Gross et al. 2022; Mayer et al. 2011) and offers numer-
ous points of attack for ozone. The olfactory perception of 
the insects can be restricted or the scent bouquets can be 
modified in such a way that insects are not able to recognise 
their plant anymore. Not much is yet known about effects 
of ozone on the olfactory system of insects but some stud-
ies indicate a negative impact on the olfactory perception of 
specific volatiles (Farré-Armengol et al. 2016; Vanderplanck 
et al. 2021;). While most studies have been conducted with 
beneficial insects such as pollinators (e.g., Agaonidae, Api-
dae) (Farré-Armengol et al. 2016; Vanderplanck et al. 2021), 
it is also important to investigate whether ozone disrupts the 
host-finding process of phytophagous species that are harm-
ful for agricultural plants, such as psyllids. In contrast to the 
negative impacts on the olfactory system, degradation prod-
ucts can include compounds that are detectable and behav-
iourally relevant to insects. For example, highly oxidized 
compounds such as small carbonyls have been shown to be 
perceived by drosophilid antennae and can elicit attractive 
behavioural responses (Venkateswaran et al. 2023).

The aim of this study was to understand how ozone influ-
ences the VOC-mediated interaction between pear psyllids 
Cacopsylla pyri or C. pyrisuga and their host plant Pyrus 
communis. Pear leaf suckers (Hemiptera: Psyllidae) are 
important pests on European pear (Civolani 2012). Psyl-
lids do not only extract nutrients from their host plant, they 
also excrete honeydew (Völkl et al. 1999), which promotes 
the growth of sooty moulds on leaves and fruits (Le Goff et 
al. 2019). Furthermore, both species vector the cell wall-
lacking phytoplasma ‘Candidatus Phytoplasma pyri’, which 
is transmitted through phloem sucking of the psyllids and 
causes the disease pear decline (PD) which can weaken 
or even kill trees (Civolani 2012; Jarausch et al. 2019; 
Lethmayer et al. 2011; Kuĉerová et al. 2007; Seemüller 
and Schneider 2004). Beside multiple similarities between 
the two psyllid species, there is one important difference. 
While C. pyri is a polyvoltine psyllid that stays on the pear 
tree all over the year, the univoltine C. pyrisuga has a more 
complex life cycle. It migrates between the pear tree (repro-
duction host plant) and evergreen conifers (overwintering 
host plant) (Jarausch et al. 2019; Lazarev 1975). Psyllid 
infestations in pear orchards cause significant yield losses 
especially in Eurasia, so control of pear psyllids is important 
for farmers. In order to develop biological plant protection 
strategies, it is important to understand, which chemical 
cues are responsible for the insects to find their host plant 
(Gross and Gündermann 2016).

In this study we aimed to investigate the impact of ozone 
on both parts of insect-plant recognition: the volatile emis-
sion of P. communis and the volatile perception through C. 
pyri and C. pyrisuga. Therefore, the headspace from pear 
tree was analysed and compared between trees under ambi-
ent air conditions and artificially increased ozone concentra-
tions supplied during the sampling. Electroantennography 
was used to determine possible impacts on the antennal per-
ception by C. pyri and C. pyrisuga. Furthermore, the olfac-
tory attraction of electroantennographic active compounds 
was tested with an olfactometer.

Methods and Materials

Insects

Wild psyllids were caught spring (March/April) 2021 from 
pear trees at the experimental field of the Julius Kühn-Insti-
tut (JKI) in Dossenheim, Germany: Cacopsylla pyrisuga 
remigrants and summer form of Cacopsylla pyri (Fig. 1a). 
Both psyllid species were reared in cages (BugDorm, 
MegaView Science Co, Taiwan, 47.5 × 47.5 × 93  cm) with 
one potted pear tree (Pyrus communis cv. `Williams Christ´ 
grafted on cv. `Kirchensaller Mostbirne´). Maintenance of 
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the insects was conducted in a climate chamber under the 
following conditions: 16/8 h day night cycle at 25 °C dur-
ing photophase and 15 °C during scotophase. C. pyrisuga 
remigrants were removed after they had laid eggs. Experi-
ments were conducted only with the hatched emigrants with 
a maximum age difference of six weeks caused by the pro-
cedure of the experiments (Fig. 1b). C. pyri was bred per-
manently after capture. For this, adults were transferred into 
new cages after oviposition to obtain insects belonging to 
the same known age for the experiments.

Ozone Exposure

Ozone was generated with a stable UVP ozone generator 
(Analytik Jena, Jena, Germany) and an activated carbon 
(Sigma Scientific, Micanopy, USA) filtered air stream. 
Ozone enriched air was directed into the reaction cham-
ber (volatile collection chamber for plants and desiccator 
for insects) through polytetrafluoroethylene (PTFE) tubing. 
Ozone concentration in the reaction chamber was moni-
tored and recorded with an ozone sensor (Series 500 Moni-
tor, Aeroqual, Auckland, New Zealand). Pear trees were 
exposed to ozone in a volatile collection chamber. Ozone 
was introduced at the upper inlet. The system was oper-
ated for 30 min prior the VOC sampling to establish a sta-
ble ozone concentration. A concentration of 164 ± 6 µg/m3 
ozone was hold for 30 min during volatile collection (details 
see below). For insect exposure, about 20 females per spe-
cies were put in gauze bags and placed into a 3 L glass 
desiccator in which the generated ozone was discharged. 
Psyllids were exposed for 3 hours to 462 ± 8 µg/m3 ozone 
(C. pyrisuga) respectively 473 ± 12 µg/m3 ozone (C. pyri). 
Subsequent experiments were conducted 90  min after the 
end of ozone exposure.

Chemicals

Following chemicals were used for electrophysiological and 
behavioural tests with insects. Three aldehydes hexanal, 

heptanal, and nonanal were tested as single compounds. Fur-
thermore, a volatile blend according to Czarnobai de Jorge 
et al. (2024) consisting of typical pear volatiles (17% cis-
3-hexenylacetate, 3.4% methyl salicylate, 3.4% α-pinene, 
66.7% ocimene, 3.1% cis-3-hexenol; and as solvent 6.4% 
methylene chloride (DCM) was examined. Dilutions were 
made with DCM. All chemicals were purchased from Merck 
((Sigma, Sigma Aldrich, Fluka), Darmstadt, Germany).

Electroantennography (EAG)

EAG was used to assess the impact of ozone exposure on the 
olfactory sensitivity of insects to plant-emitted VOCs. To 
determine whether ozone exposure of the insects alters the 
perception threshold for VOCs dose-response curves were 
measured for specific compounds. Single female adults of 
C.pyrisuga or C. pyri were placed head first in a 200  µl 
pipette tip (George et al. 2016). The front end of the pipette 
tip was cut off diagonally so that only the head with the right 
antenna and the mesonotum of the psyllid was exposed. A 
small piece of cotton wool behind the insect fixed it in the 
required position. The pipette tip with the prepared insects 
was fastened 1 cm in front of an air stream filtered through 
activated carbon and humidified, with a continuous flow of 
1.23  L/min (Stimulus Controller Typ CS-55, SYNTECH, 
Hilversum, Netherlands). Glass capillaries (0.58 mm I.D., 
Science Products, Hofheim, Germany) were pulled with 
a glass Micro Electrode Pipette Puller (PN-3, Narishige, 
Japan) to make them thinner and sharp. These capillaries 
were filled with Ringer solution (NaCl 7.5 g, KCl 0.35 g, 
CaCl2 0.21 g, 1 L H2O) and pulled over the electrodes. The 
indifferent glass electrode was inserted through the mesono-
tum into the insect. Into the other glass electrode, the last 
segment of the distal end of the insect antenna was placed. 
The signal from the electrode was recorded using EAGPro 
software (Ockenfels Syntech® GmbH, Buchenbach, Ger-
many) and was amplified 10-fold by an IDAC-4 ampli-
fier (Ockenfels Syntech® GmbH, Buchenbach, Germany). 
Substances were diluted in DCM. For the recordings 1 µg, 

Fig. 1  Female psyllid species Cacopsylla pyri (summer form) (a) and Cacopsylla pyrisuga (emigrant) (b)
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heptanal, nonanal) as well as 3 µl of the 1:10 diluted volatile 
blend. For this, single psyllids were caught with small plas-
tic vials the day before the experiments and stored at 7 °C 
in the dark to increase their motivation. One hour before 
the behavioural assay started the insects were kept at room 
temperature (21–24  °C). Psyllids must walk freely from 
the plastic vial into the entrance arm. They were observed 
for 5 min after entering the olfactometer or until deciding 
between the substance or the solvent control. A decision was 
recorded when the insects entered at least the half length of 
the test arm. The entire system was twisted after five repli-
cates to prevent side effects. Psyllids were recorded as “no 
choice” psyllids if they did not reach half-length of one of 
the test arms within 5 min. After every behavioural assay, 
all tubes, valves, and glass olfactometers were cleaned with 
ethanol (70%) and heated at 220 °C (except plastic valves: 
60 °C) for 5 h.

Headspace Sampling

Headspace samples from eleven pear trees Pyrus communis 
cv. `Williams Christ´ grafted on cv. `Kirchensaller Most-
birne´ were taken before and during ozone exposure using 
a glass sectional adjustable height volatile collection cham-
ber (Sigma Scientific, Micanopy, USA) under controlled 
conditions (20  °C, 50% humidity) in a climate chamber 
(Fig. 2). All trees used for headspace sampling had a similar 
growth, with no yellow or curled leaves. The whole pear 
tree except for the lower section of the stem and the roots 
in the pot were placed in the collection chamber. The stem 
in the guillotine stand was coated with a charcoal “wrap” 
for sealing. Between the glass parts were plastic connection 
rings with a port for Teflon tubes (Fig. 2). The upper port 
was connected to the ozone setup which supplied charcoal 
filtered air (ICAF2 × 6, Sigma Scientific, Micanopy, USA) 
and ozone into the collection chamber. The lower port was 
connected to a mobile 6-channel headspace sampling device 
as described by Rid et al. (2016) modified as described in 
Gross et al. (2019). This consisted of vacuum pumps (KNF 
Neuberger GmbH, Freiburg, Germany) connected to mass 
flow controllers (M + W Instruments GmbH, Leonhards-
buch, Germany). For each tree one sample with ambient, 
charcoal filtered air and one with elevated ozone was taken. 
Sampling was conducted between 9:00 and 13:00 with a 
duration of 30 min at an air flow of 1000 mL/min. Volatiles 
were trapped on stainless steel, prepacked sample tubes with 
Tenax 35/60 sorbent (Markes, Neu-Isenburg, Germany). 
After the sampling, the tubes were closed with PTFE-
coated brass compression caps (Swagelok, Perkin Elmer). 
All tubes used for headspace sampling setup consisted of 
PTFE and were cleaned with ethanol (70%) and heated at 
220 °C for 5 h. The volatile collection chamber was cleaned 

10 µg, 100 µg and 1000 µg of the substances were freshly 
pipetted on a filter paper (Type 413, VWR Collection). 
DCM was used as negative control. Hexanal (1000 µg) was 
used as a positive control (Gallinger et al. 2020). The filter 
paper was inserted into a glass Pasteur pipette (22.86 cm) 
and solvent was allowed to evaporate for about 3 min. The 
glass Pasteur pipette was then connected to a stimulus gen-
erator (IDAC-2, Ockenfels Syntech® GmbH, Buchenbach, 
Germany). This device generated an air puff which took 
the sample volatiles over the antenna with an air flow of 
1.46 L/min and a duration of 1 s. A refractory period of at 
least 3 min between the puffs with the single compounds or 
blends of compounds allowed the antenna to recover. Fur-
thermore, there was a control puff (clean air) in the middle 
of the refractory period. EAG recordings always began with 
an air control, followed by a negative control and a posi-
tive control puff. This was repeated at the end of the record-
ing to verify the reactivity of the antenna. The substances 
were tested with increasing concentrations from 1 µg up to 
1000 µg, but the order of the substances was chosen ran-
domly. One individual female psyllid was tested for all dif-
ferent substances and doses in a row. For each substance 
10 to 12 replicates were performed with ozone exposed and 
unexposed C. pyri and C. pyrisuga. Electroantennographic 
data for unexposed psyllids and the pear volatile blend were 
provided by Czarnobai de Jorge et al. (2024).

Olfactometer Assay

To investigate the impact of ozone-exposure on the attrac-
tiveness of the VOCs to psyllids, olfactometer assays were 
conducted with ozone-exposed and unexposed psyllids. 
The assays were performed as described in Gallinger et al. 
(2020) and Czarnobai de Jorge et al. (2022). A dynamic air 
flow Y-shaped olfactometer (entrance arm length: 12.5 cm, 
test arm length: 7.5 cm, inner diameter: 1 cm, angle: 75°) 
was placed on a board in an angle of 45° from the hori-
zontal plane. All experiments were conducted in a dark 
room between 09:00 and 16:00. A light source (LED-
Lupenleuchte, Purelite, UK; 280  lx) was mounted above 
the middle of the olfactometer. Glass olives with a frit were 
attached to both ends of the test arms. The olives contained 
the substance or solvent control pipetted on a filter paper. 
Filter papers were replaced after one hour. A continuous, 
activated carbon filtered (ICAF 2 × 6, Sigma Scientific, 
Micanopy, USA) and humidified airflow of 0.04 L/min was 
pumped through the olives into the test arms. The flow was 
adjusted with plastic valves and controlled by a digital flow-
meter (MASS-STREAM, M + W Instruments, Allershau-
sen, Germany) before the experiments to ensure an equal 
airstream in both test arms. The preference of adult C. pyri 
females was tested for 1000 µg of single VOCs (hexanal, 
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desorbed for 1  min and compounds were separated using 
a PerkinElmer® Clarus® 680 GC system equipped with a 
nonpolar Elite-5MS (30  m x 0.25  mm id x 0.25  μm film 
thickness, Perkin Elmer). As carrier gas helium (Helium 
6.0, Linde, Munich, Germany) at a pressure of 130 kPa was 
used for splitless injection to the coupled quadrupole inert 
mass selective detector (Perkin Elmer, Rodgau, Germany). 
GC temperature program started with an initial oven tem-
perature of 40 °C and was held for 1 min. Then the tempera-
ture increased linear at a rate of 5 K/min to 180 °C, followed 
by a rate of 20 K/min to 280 °C. This final temperature was 
held for 6 min. The ion source temperature was 180 °C. The 
GC inlet line temperature was 250 °C. The quadrupole mass 

with ethanol (70%) and heated at 80 °C for 1 h followed by 
60 °C for 5 h. PTFE parts from the setup were cleaned with 
ethanol (70%) and heated at 220 °C for 5 h.

Thermodesorption – GC-MS

Sample analysis was performed with an automated thermal 
desorber (TurboMatrix™ ATD 650, PerkinElmer, Rod-
gau, Germany) connected to a gas chromatograph coupled 
with mass spectrometer (GC–MS). Desorption of sample 
tubes lasted 10 min at 250 °C. Throughout the tube desorp-
tion process the cold trap (Tenax TA) was held at − 20 °C. 
Then the trap was heated at a rate of 99 K/s to 250 °C and 

Fig. 2  Headspace sampling set up. Pear tree (Pyrus communis) placed 
in a sectional adjustable hight volatile glass collection chamber con-
nected via PTFE tubing to a mobile headspace sampling device. An 

ozone sensor was placed inside the collection chamber. Filtered air or 
ozone enriched air was supplied through the upper port, volatiles were 
collected through the lower port
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the tested volatiles and the respective air controls a Wil-
coxon matched pairs signed-rank test was used. The signal 
strength toward the volatiles resulted from the response 
elicited by the compound and the subtraction of the respec-
tive air control and was used to compare antennal reactions 
of unexposed and ozone exposed psyllids using a Mann-
Whitney-Test. Preference of unexposed or ozone exposed 
psyllids for synthetic compounds in the olfactometer assays 
was evaluated with the binominal test. To compare the vola-
tile pattern of unexposed and ozone exposed pear trees a 
compositional dataset of the peak area of 61 substances 
was calculated for each plant sample. As a multivariate test 
for discrimination of groups a permutational multivariate 
analysis of variance (PERMANOVA, Anderson (2001) of 
the compositional datasets was used. Moreover, a permu-
tational analysis of multivariate dispersions (PERMDISP, 
Anderson (2006) test for homogeneity of multivariate dis-
persion was carried out. The result of PERMDISP indicates 
if the dispersion of the volatile pattern and so the significant 
PERMANOVA is based on location and not on dispersion 
effects. Both tests were conducted with Bray–Curtis dissim-
ilarities (Brückner and Heethof,  2017). Further, the emis-
sion (absolute peak areas) of single compounds from pear 
trees with and without ozone exposure was compared by 
Wilcoxon matched pairs signed-rank tests.

Results

Volatile Analysis

A total number of 61 compounds was detected in chromato-
grams of the unexposed and ozone exposed pear trees (Tab. 
S2, supplementary material).

A statistically significant difference between the vola-
tile profiles of the unexposed and ozone-exposed plants is 
demonstrated (PERMANOVA, df = 1, R2 = 57.76, N = 10.000, 
p < 0.001. The PERMDISP, which followed the PER-
MANOVA, could not give an indication if the separation is 
due the dispersion within the two groups or due to different 
location (PERMDISP, df = 1, F = 8.29, p = 0.008). The non-
metric multidimensional scaling plot shows a clear separa-
tion of the unexposed and under ozone collected samples 
(Fig. 3a).

The relative proportions of different volatile classes 
changed under ozone exposure (Fig. 4a, Tab. S2). The head-
space of the unexposed trees was dominated by terpenes 
(36%) and esters (30%). Cis-3-hexenylacetate was the most 
abundant substance in unexposed volatile samples with an 
average of 26.6%. During ozone exposure aldehydes had 
the largest proportion of the volatile bouquet (54% Fig. 4b). 
Nonanal and benzaldehyde had the largest proportion with 

detector was operated in the electron impact (EI) mode at 
70  eV. All data were obtained by collecting the full-scan 
mass spectra within the range of 35–350 m/z.

Identification and Quantification with AMDIS

The evaluation was carried out according to the protocol 
of Gross et al. (2019). For identification and quantification 
of the volatile compounds, chromatograms were analysed 
with the “Automated Mass Spectral Deconvolution and 
Identification System” (AMDIS, V2.73; National Institute 
of Standards and Technology (NIST), Boulder, USA). Frag-
mentation patterns (mass spectra) and retention indices (RI) 
were automatically compared with those of reference sub-
stances stored in our own library. Mass spectra with no match 
were compared with reference spectra of the NIST08 library 
(National Institute of Standards and Technology, vers. 08 
(NIST08); Mass Spectral Search Program (MS-Search). If 
the spectra matched > 90%, the reference spectrum from 
NIST was added to the library and the respective RI value 
was added from the NIST Chemistry WebBook (Nist Mass 
Spectrometry Data Center; 20.10.2021). When selecting the 
RI from the database, the technical data such as temperature 
programme, column type and diameter, gas, layer thickness 
and the material of the stationary phase of the GC had to 
match or be comparable. Some of the substances could also 
be identified by comparing the RT, RI and mass spectrum 
with standards already measured by the same system (Wein-
traub and Gross 2013) (Tab. S1, supplementary material). 
Following criteria were used for identification: match fac-
tor had to be ≥ 80%, the relative retention index deviation 
must be ≤ 5% from reference value. The default settings for 
deconvolution were: component width: 32; adjacent peak 
subtraction: one; resolution: low; shape requirements: low; 
level: very strong; maximum penalty: 50, “no RI in library”: 
20 and a signal to noise ration higher than 50. Uncertain 
identified compounds (match < 80%) were set as “known 
unknowns” and named after their RI values. Compounds 
were excluded from further calculations if they occurred 
in less than 10% of the total sample numbers. The peak 
areas were integrated and relative proportions were calcu-
lated. For this the sum of the selected compounds was set 
as 100%. The resulting compositional data set was used for 
statistical analysis.

Statistics

All statistical analyses were done in R version 4.0.4 (R Core 
Team 2021) and the packages RVAideMemoire (Hervé 
2021) and vegan (Oksanen et al. 2020). Graphs were cre-
ated using the ggplot2 package (Wickham 2016). To cal-
culate significant differences between EAG signals toward 
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Sesquiterpenes including α-caryophyllene, 
β-caryophyllene, β-cadinene, and the ester cis-3-hexenylac-
etate were primarily responsible for the separation of the 
groups in one direction. Separation in the other direction 
was caused by aldehydes: benzaldehyde, benzene acetal-
dehyde, dodecanal, undecanal, decanal, heptanal, octanal, 
nonanal, and hexanal. In addition, acetophenone and phe-
nol contributed to the splitting of the unexposed and ozone 

16% each. Terpenes and esters had decreased considerably 
when VOCs were exposed and accounted for 2% and 7% of 
the total bouquet. The percentage of ketones changed from 
1% for the control plants to 18% for the ozone-exposed pear 
trees. The relative proportion of benzenes was halved in 
the headspace of the exposed plants, while that of phenols 
approximately doubled. The proportion of alkanes remained 
almost unchanged.

Fig. 4  Mean proportion of different substance classes (terpenes, alde-
hydes, alkanes, ester, ketones, phenols, benzenes, alkenes, other (ben-
zothiazole) and not identified substances (unknown). a VOC spectra 

of unexposed pear trees. b VOC spectra of ozone exposed (164 ± 6 µg/
m3) pear trees (n = 11)

 

Fig. 3  a Non-metric multidimensional scaling (NMDS) plot visualiz-
ing dissimilarities (Bray-Curtis) of the single volatile profiles (61 sub-
stances) of unexposed (blue triangles) and ozone exposed (red stars) 

pear trees (n = 11). b Substances responsible for the separation are 
shown with arrows in different directions
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signed-rank test, unexposed: V = 6, p < 0.05, exposed: V = 9, 
p < 0.05) (Fig. 6c, f).

There were no statistically significant differences 
between the reaction strengths of ozone exposed and unex-
posed C. pyri to heptanal (Table 1). A statistically signifi-
cant reduction was observed for 1 µg hexanal after ozone 
exposure (Wilcoxon-Mann-Whitney rank sum test, W = 24, 
p < 0.05) (Table  1). Larger differences occurred with the 
volatile blend. The maximum reaction strength after ozone 
exposure was observed for the 1:100 diluted solution. For 
unexposed psyllids the maximum reaction was for the 1:10 
dilution of the volatile blend (Table 1).

Electroantennography C. pyrisuga: as a single compound 
hexanal was tested for antennal responses of C. pyrisuga. 
Data for the volatile blend were taken from Czarnobai de 
Jorge et al. 2024. After ozone exposure there was no shift 
of the perception threshold (hexanal: Wilcoxon matched 
pairs signed-rank test, V = 4, p < 0.05; volatile blend: Wil-
coxon matched pairs signed-rank test, V = 0, p < 0.01). The 
insects’ perception threshold of hexanal was at 1 µg of the 
aldehyde (Wilcoxon matched pairs signed-rank test, V = 2, 

exposed samples (Fig.  3b). Absolute peak area values of 
these substances were significantly different between ozone 
exposed and unexposed pear trees (Fig. 5).

Electroantennography. C. pyri: single compounds emit-
ted from P. communis that showed electrophysiological 
responses in C. pyri were selected for the electroantenno-
graphic recordings (Koßmann et al., unpublished) to inves-
tigate the effect of ozone on the perception of psyllids. The 
DCM solvent control puff did not elicit a significant anten-
nal reaction.

After the exposure of C. pyri to increased ozone con-
centrations the perception threshold of heptanal remained 
unchanged at 10 ug (Wilcoxon matched pairs signed-rank 
test, unexposed: V = 3, p < 0.01, exposed: V = 1, p < 0.01) 
(Fig.  6a, d). For hexanal an increase of the perception 
threshold from 1  µg measured from unexposed psyllids 
(Wilcoxon matched pairs signed-rank test, V = 1, p < 0.01) to 
10 µg from ozone exposed psyllids (Wilcoxon matched pairs 
signed-rank test, V = 0, p < 0.001) was detected (Fig. 6b, e). 
For the volatile blend there was a shift from the 1:1000 dilu-
tion to the 1:100 diluted mixture (Wilcoxon matched pairs 

Fig. 5  Absolute peak-areas of compounds that are responsible for 
the separation of the volatile profiles of unexposed (blue, n = 11) and 
ozone treated (red, n = 11) pear trees. Significant differences (p < 0.01) 

are marked with asterisks (Wilcoxon matched pairs signed-rank test). 
Asterisks indicate the level of significance of Wilcoxon matched pairs 
signed-rank test (*, P < 0.05; **, P < 0.01; ***, P < 0.001)

 

1 3

86  Page 8 of 17



Journal of Chemical Ecology (2025) 51:86

Olfactometer Assay

Without ozone exposure C. pyri females showed an avoid-
ance of 1000 µg nonanal (binominal test, p < 0.001) (Fig. 8a). 
Untreated psyllids did not show any preference or avoid-
ance to the volatile blend, heptanal, and hexanal (binominal 
test, p > 0.05). During the olfactometer tests with 1000 µg 
hexanal, the insects exhibited the lowest level of motiva-
tion, with only 46.9%. The psyllids demonstrated avoidance 
behavior by attempting to escape the olfactometer and avoid 
entering the test arms (personal observation).The highest 
motivation was for 1000 µg nonanal 69.8%.

After ozone exposure C. pyri showed an avoidance of 
1000 µg nonanal, hexanal, and the volatile blend (binomial 

p < 0.05) (Fig. 7a, c). For the volatile blend, the first signifi-
cant antennal reaction compared to the respective air con-
trol was observed for the 1:100 dilution (Wilcoxon matched 
pairs signed-rank test, V = 0, p < 0.01) (Fig. 7d). After expo-
sure the insects did not respond significantly different to the 
undiluted blend (Wilcoxon signed-rank test, V = 15, p = 0.23) 
(Fig. 7b, d).

The reaction strength remained unchanged after ozone 
exposure compared to the unexposed psyllids, with the 
exception for 10  µg hexanal (Fig. 7 and Table  1). A puff 
with 10  µg hexanal elicited a statistically significantly 
higher reaction strength from exposed females compared 
to non-exposed individuals (Wilcoxon Mann-Whitney rank 
sum test, W = 79, p < 0.05) (Table 1).

Fig. 6  Antennal responses of unexposed (n = 10) (a-c) and ozone 
exposed (473 ± 12  µg/m3, n = 12) (d-f) female C. pyri to puffs with 
1 µg, 10 µg, 100 µg, 1000 µg heptanal (a)(d), hexanal (b)(e), differ-
ent dilutions of the volatile blend 1:1000, 1:100, 1:10, undiluted (data 

from Czarnobai de Jorge et al. 2024) (c) (f), and air control (grey). 
Asterisks indicate the level of significance of Wilcoxon matched pairs 
signed-rank test (*, P < 0.05; **, P < 0.01; ***, P < 0.001)
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this context, VOC emission, such as isoprene, can protect the 
plant from ozone-damage. The gas reacts with the emitted 
VOCs, resulting in concentrations that are less or non-toxic 
to plants (Loreto et al. 2001). The identified O3-induced 
volatiles are produced from different biosynthetic pathways 
(Beauchamp et al. 2005; Heiden et al. 1999). While terpene 
emission can be altered by the activity of the MVA synthesis 
pathway, GLV emission can result from activation of the 
LOX pathway (Feussner and Wasternack 2002). Some of 
these biosynthetic pathways are also involved in herbivore 
defence, attraction of predators and parasitoids, or plant-
plant communication. One example is the denaturation of 
cellular lipids (Pell et al. 1997), lipid oxidation and the 
production of C6 volatiles (Beauchamp et al. 2005). This 
occurs mainly during insect feeding and causes the release 
of GLVs. Among these is hexanal, which was significantly 
elevated by ozone exposure. The ozonolysis (Criegee 1975) 
of the functional group of the alkenes (C = C double bond) 
of epicuticular waxes and volatiles in the dermal tissues of 
the leaves can lead to the production of new VOCs from 
the carbonyl family, such as ketones or aldehydes (Calogi-
rou et al. 1999; Fruekilde et al. 1998). These findings match 
the results of this work, where the proportion of aldehydes 
was increased by 44%, that of ketones by 17%. Increased 
aldehyde emission was already detected for several plants 
in context with ozone exposure (Acton et al. 2018; Farré-
Armengol et al. 2016; Mofikoya et al. 2018). In contrast, 
terpenes and certain green leaf volatiles react readily with 
ozone, leading to the formation of various compounds in the 
gas and particle phase (Atkinson and Arey 2003; Calogirou 
et al. 1996, 1999; Holzinger et al. 2005; Yu et al. 1999). 
Monoterpenes, especially sesquiterpenes, are susceptible to 
degradation by ozonolysis due to their chemical structure 
(C = C double bond) (Bonn and Moortgat 2003; Winterhal-
ter et al. 2009). Similarly to our results, the reduction of sev-
eral terpenes by ozone in the headspace of plants is shown 
for other plant species (Acton et al. 2018; Farré-Armengol 
et al. 2016; Li and Blande 2015; Mofikoya et al. 2018; Pinto 
et al. 2007a, b). Interestingly we observed the formation of 
aldehydes, but no alkanoic acids were detected, suggesting 
incomplete oxidation under the given ozone-to-VOC ratio.

The effects of ozone on the olfactory perception of psyl-
lids were species and compound specific. Interestingly, the 
sensitivity towards hexanal was opposed in the species, 
increased in C. pyrisuga, but impaired for low hexanal con-
centrations in C. pyri.

Current knowledge about the effects of ozone on the 
insect olfactory system is still limited. Studies on pollina-
tors show that ozone impacted the perception of various 
volatiles (Dötterl et al. 2016; Vanderplanck et al. 2021). 
Important factors thereby might be the duration of expo-
sure, the ozone concentration but also the type of receptor. 

test, p < 0.05). For heptanal the insects had no preference 
(Fig. 8b).

Discussion

The degradation of the terpenes and the increase of the alde-
hydes were the driving factors in the changes of the volatile 
profile of the pear trees due to ozone.

An exposure with a naturally occurring ozone concen-
tration of 164 ± 6 µg/m3 revealed quantitative and qualita-
tive changes in the volatile profile of pear trees. Absolute 
values and therefore the proportions of single components 
changed: while various terpenes and esters decreased, sev-
eral aldehydes and ketones increased significantly.

Ozone has known direct and indirect effects on plants. 
Direct effects are photooxidative stress and phytotoxicity 
caused by this high reactive molecule (Guidi et al. 2009; 
Kangasjärvi et al. 2005). It can lead to a decreased pho-
tosynthetic capacity (Long and Naidu 2002; Loreto et al. 
2004) and, in response, a lower carbon availability (Sitch 
et al. 2007). Intracellularly, ozone leads to the activation of 
defence genes and biochemical cascades (Baier et al. 2005; 
Fiscus et al. 2005; Heath 2008; Kangasjärvi et al. 2005). In 

Table 1  Mean reaction strength (mV) of unexposed female C. pyri and 
C. pyrisuga and after a 3-hour Ozone exposure (473 ± 12 µg/m3C. pyri; 
462 ± 8 µg/m3C. pyrisuga). Reaction strength is calculated as the dif-
ference between the electrophysiological reaction to the volatile sub-
stance and air

Unexposed 
C. pyri

Ozone 
exposed
C. pyri

Unexposed
C. pyrisuga

Ozone 
exposed
C. pyrisuga

Heptanal
1 µg −0.26 ± 0.40 −0.33 ± 0.50 −1.08 ± 0.49 -
10 µg −0.71 ± 0.63 −0.93 ± 0.88 −1.39 ± 0.69 -
100 µg −1.16 ± 0.78 −1.10 ± 0.69 −2.13 ± 0.63 -
1000 µg −0.60 ± 0.43 −0.91 ± 0.76 −2.74 ± 1.34 -
Hexanal
1 µg −0.88 ± 0.57 −0.23 ± 0.60 

*
−0.41 ± 0.40 −0.74 ± 0.73

10 µg −1.18 ± 0.64 −1.10 ± 0.74 −0.82 ± 0.29 −1.25 ± 0.54 
*

100 µg −1.81 ± 1.04 −1.46 ± 0.71 −1.32 ± 0.33 −1.74 ± 0.91
1000 µg −0.77 ± 0.39 −0.83 ± 0.40 −0.80 ± 0.57 −1.48 ± 1.30
Volatile 
blend1

1:1000 −0.35 ± 0.44 −0.25 ± 0.55 −0.55 ± 1.22 −0.14 ± 0.76
1:100 −0.15 ± 0.26 −0.59 ± 0.81 −0.96 ± 0.77 −0.89 ± 0.68
1:10 −0.39 ± 0.32 −0.47 ± 0.90 −0.49 ± 0.49 −0.71 ± 0.36
1 0.03 ± 0.34 −0.26 ± 0.86 −0.82 ± 1.32 −0.18 ± 0.39
1Data from Czarnobai de Jorge et al. 2024
asterisks indicate significant difference between ambient conditions 
(C. pyri n = 10; C. pyrisuga n = 10) and ozone exposure (C. pyri n = 12; 
C. pyrisuga n = 10) (Mann-Whitney-Test (*, P < 0.05))
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Fig. 7  Antennal responses of unexposed (a-b) and ozone exposed 
(462 ± 8 µg/m3) (c-d) (n = 10). C. pyrisuga to puffs with 1 µg, 10 µg, 
100 µg, 1000 µg hexanal (a)(c), different dilutions of the volatile blend 
1:1000, 1:100, 1:10, undiluted (data from Czarnobai de Jorge et al. 

2024 (b) (d), and air control (grey) (n = 10). Asterisks indicate the 
level of significance of Wilcoxon matched pairs signed-rank test (*, 
P < 0.05; **, 0.01)
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Fig. 8  Choice of C. pyri females in a Y-Tube olfactometer. Tested 
substances are presented in colours, solvent control in black. The pie 
charts on the right present the number of psyllids that made a choice 

(black) and that did not (light grey) (n.s.= not significant, * = significant 
p < 0.05, *** = high significant p < 0.001, binominal testa unexposed 
psyllids b psyllids after a 3-hour ozone exposure with 461 ± 11 µg/m3
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in different ways, which explains the detected compound-
specific rather than general effects on psyllid behaviour. It 
is necessary to identify which receptor types are found in 
the sensilla of psyllids and whether their protein structure 
is sensitive to oxidation. Additionally further studies are 
needed to investigate whether the damage is irreversible or 
if the damaged structures can regenerate again.

In contrast to the findings of Czarnobai de Jorge et al. 
(2024), the identical volatile blend did not elicit attraction in 
our behavioural experiments. This discrepancy may be due 
to differences in the psyllid origin: while Czarnobai de Jorge 
et al. (2024) used wild-caught psyllids, the psyllids in our 
study were reared under controlled climate chamber condi-
tions. The EAG recordings indicated that hexanal tended to 
be perceived less strongly after ozone exposure of the psyl-
lids. As a result, hexanal may have been perceived as less 
repellent, and this reduction in sensitivity was likely just suf-
ficient for the insects to enter the olfactometer, although they 
subsequently avoided the source. Similarly, no increased 
frequency of psyllids leaving the olfactometer was observed 
when the 1:10 diluted volatile blend was tested. Our analy-
ses clearly show that VOCs react to varying degrees with 
ozone. The plant odour bouquet changes qualitatively, as 
well as quantitatively, which may disrupt insect-host plant 
communication (Himanen et al. 2009; Li and Blande 2015). 
To be able to recognise the host plant, often not only the 
presence or content of a particular VOC is important, but 
the presence of a specific blend of different VOCs in a cer-
tain ratio or relation to each other (Bruce and Pickett 2011; 
Bruce et al. 2005). It has been shown that exposing flowers 
to 120 ppb (= 240 µg/m3) ozone significantly reduced their 
attractiveness for B. terrestris (Farré-Armengol et al. 2016). 
Pinto et al. (2007c) did not find negative effects of ozone 
on the orientation and behaviour of predatory mites and 
parasitic wasps in tritrophic systems beside a degradation of 
several herbivore induced plant volatiles. Highlighting that 
the impact of ozone on insect plant interactions is depend-
ing on the atmospheric stability of the VOCs used for the 
communication in the specific system more atmospherically 
stable volatile compounds may be used for communication 
in some insect plant interactions systems.

In pear psyllids it is not yet known which particular 
cues are essential for host plant recognition. For C. picta, 
a closely related psyllid species, β-caryophyllene plays a 
key role in the host plant detection (Mayer et al. 2008a, b). 
Therefore, the great impact of ozone on the terpene emis-
sion of plants could be of high relevance. If the insects use 
chemically stable compounds or additionally other signals 
like colour or mechanosensory cues, ozone may not have 
such a significant effect on host attraction. It was recently 
shown that C. pyri was attracted by green colour with 

In addition, different insect species may have different sen-
sitivities to ozone (Vanderplanck et al. 2021).

Olfactory perception of hexanal by C. pyri was nega-
tively affected by ozone exposure. The perception threshold 
shifted from 1 µg to 10 µg. Similar effects for a 3-hour long 
exposure with 400 µg/m3 were shown for fig wasps, where a 
significant reduced perception of 1 µg benzyl alcohol com-
pared to control conditions was measured (Vanderplanck et 
al. 2021). Significant lower antennal responses to different 
benzaldehyde and cis-3-hexenylacetate concentrations were 
also demonstrated for bumblebee (Bombus terrestris) (Van-
derplanck et al. 2021) and honey bee (Apis mellifera) (Döt-
terl et al. 2016), while the perception of nonanal or 2-phenyl 
alcohol remained unchanged for these two pollinators 
despite ozone exposure (Dötterl et al. 2016; Vanderplanck 
et al. 2021). Additionally, under comparable experimental 
conditions a 3-hour ozone exposure (420  µg/m3) caused 
a significant decrease in the antenna signals of Lobesia 
botrana in response to the sexual pheromone (Nieszporek, 
unpublished). Therefore, it is likely that a longer exposure 
period at moderately high ozone concentrations is necessary 
to induce negative effects on VOC perception.

A shorter (one-hour) exposure of fig wasps (Blastophaga 
psenes) to 400 µg/m3 ozone led to statistically significant 
stronger antennal responses to benzyl alcohol compared 
to control in EAG-recordings (Vanderplanck et al. 2021). 
We achieved similar results in our study with C. pyrisuga. 
Ozone-exposed C. pyrisuga females (3  h, 462  µg/m3) 
showed a general higher reaction strength to hexanal than 
under control conditions, and a statistically significant 
higher sensitivity to 10 µg of the VOC. However, it must 
be considered that in between the electroantennographic 
studies of C. pyrisuga with or without ozone exposure was 
unfortunately a gap of four to six weeks. This univoltine 
psyllid species has a complex life cycle which includes 
migration and emigration. As the tested insects were long-
living emigrants who need to have a high fitness to migrate 
to their higher placed overwintering site, a higher age of 
C. pyrisuga must not have to be accompanied with a lower 
vitality, but perhaps the reverse. The later tested insects 
might have a higher fitness and therefore lasted longer than 
the younger individuals at the first experiments. This could 
be a possible explanation for the stronger antennal responses 
after ozone exposure.

The results of the electrophysiological experiments in 
combination with the behavioural assays suggest that ozone 
has a possible damaging impact on certain odorant-bind-
ing proteins or receptors which are responsible for olfac-
tory perception. Investigations with this oxidative gas have 
already shown that ozone reacts with amino acids and can 
thus impair the functionality of proteins (Mudd et al. 1969). 
Different receptor types appear to be damaged by ozone 
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which these relatively small and specific changes in anten-
nal perception impair host-finding behaviour in pear psyl-
lids remains to be clarified and needs further investigation.
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