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nicotinic acetylcholine receptors (nAChR) (Nauen et al. 
2015; O’Brien 1963; Simon-Delso et al. 2015; Watson et al. 
2011). Amongst these substances, the neonicotinoids gained 
prominence as they showed high efficacy in controlling var-
ious groups of insect pests (Jeschke and Nauen 2008) and 
became the most popular class of insecticide on the market, 
at some point representing more than a quarter of global 
insecticide sales (Bass et al. 2015). However, after more and 
more adverse effects of neonicotinoids on non-target organ-
isms, especially on bee pollinators (Decourtye and Devillers 
2010; Godfray et al. 2014), became evident, the European 
Union (EU) first restricted and later banned the use of some 
neonicotinoids (European Commission 2013).

As a consequence, alternative insecticides from other 
classes, like butenolides and sulfoximines partly replaced 
neonicotinoids (Dáder et al. 2019; Gill and Chong 2021), 
but as they are also nAChR agonists, they are still poten-
tially a threat for non-target organisms (Siviter and Muth 

Introduction

Controlling insect pests by the use of insecticides is an 
important method of securing food resources but has 
become more controversial in recent years due to negative 
sublethal effects of insecticides on non-target organisms 
(Demirci and Gungordu 2020; Desneux et al. 2007; Mül-
ler 2018; Pisa et al. 2015). Insecticides are popular because 
of their ease-of-use and are deployed with various methods 
like spraying or seed coating. Many commercial insecti-
cides contain active ingredients that inhibit proper cen-
tral nervous system function, with many classes affecting 
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Abstract
In modern agriculture, control of insect pests is achieved by using insecticides that can also have lethal and sublethal 
effects on beneficial non-target organisms. Here, we investigate acute toxicity and sublethal effects of four insecticides 
on the males’ sex pheromone response and the female host finding ability of the Drosophila parasitoid Leptopilina het-
erotoma. The nicotinic acetylcholine receptor antagonists acetamiprid, flupyradifurone and sulfoxaflor, as well as the 
acetylcholinesterase inhibitor dimethoate were applied topically as acetone solutions. Males treated with all four insec-
ticides no longer preferred the female sex pheromone in a T-olfactometer. Duration of wing fanning, an element of the 
pheromone-mediated male courtship behavior, was also reduced by all four insecticides. The ability of females to orien-
tate towards host-infested feeding substrate was not affected by acetamiprid in the tested dose range. However, treatment 
with dimethoate, flupyradifurone and sulfoxaflor resulted in the loss of the females’ preference for host odor. At the 
lowest doses interfering with olfactory abilities of L. heterotoma in this study (acetamiprid: 0.21 ng, dimethoate: 0.105 
ng, flupyradifurone: 2.1 ng and sulfoxaflor: 0.21 ng), ≥ 90% of the wasps survive insecticide treatment. Male pheromone 
responses and female host finding were also disturbed in those L. heterotoma that had developed in D. melanogaster larvae 
reared on dimethoate-treated feeding medium at sublethal levels. Hence, doses of this insecticide sufficient to interfere 
with chemical orientation of L. heterotoma can be taken up by the parasitoid via the food chain.
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2020). Furthermore, bans on specific compounds are never 
global with the neonicotinoids imidacloprid, thiameth-
oxam and clothianidin banned in the EU but still being sold 
widely to other countries like China, the United States, Can-
ada, and Brazil (Chen et al. 2019; Exactitude Consultancy 
2024; Gaboardi et al. 2023). Thus, there is still a demand 
for studying the effects banned and alternative pesticides 
have on the wider environment. One alternative neonicoti-
noid that is still being used within the EU, as it is thought 
to pose a relatively low risk to bees (European Food Safety 
Authority 2016), is acetamiprid. Like the other neonicoti-
noids, acetamiprid can be applied systemically to crops, and 
its acute toxicity is lower when compared to other neonic-
otinoids (Jacob et al. 2019) though in some contexts, like 
foliar application, it is equally or more toxic (Horowitz et 
al. 1998). Another recent group of nAChR agonists is the 
butenolides, specifically the first commercially available 
active ingredient flupyradifurone (Nauen et al. 2015), which 
is less acutely toxic than most neonicotinoids (Bartlett et 
al. 2018) but is still an effective pest control agent. Simi-
larly, sulfoxaflor, a member of the sulfoximines that is used 
to control populations of sap-feeding pest species (Sparks 
et al. 2013), is also an nAChR agonist. Another mode of 
action of neurotoxic pesticides is the inhibition of enzymes. 
Organophosphates such as dimethoate inhibit acetylcholin-
esterase (AChE) (Engenheiro et al. 2005), which is a vital 
part of proper neurofunction in insects. Dimethoate is an 
older insecticide (Barrett and Darnell 1967), but is still 
being utilized widely in the world (Ahmad et al. 2022), and 
hence, it is still important to study its effects.

The insects studied so far regarding sublethal effects of 
insecticides comprise not only pollinators and other benefi-
cial non-target species (Agathokleous et al. 2023b; Desneux 
et al. 2007) but also pests (Guedes et al. 2016) and diseases 
vectors (Agathokleous et al. 2023a). One important group 
of beneficial insects are the parasitic wasps (parasitoids) 
that play an important role as natural enemies in natural 
and agricultural ecosystems (Godfray 1994; Quicke 1997). 
Due to their function in controlling insect pests, parasitic 
wasps are exposed to the same insecticides that are used 
against their hosts. Many species are known to feed floral 
and extrafloral nectar, honeydew, or guttation water (Jervis 
et al. 1993; Lee et al. 2004; Urbaneja-Bernat et al. 2020; 
Wäckers et al. 2008) which may contain various pesticide 
residues (Calvo-Agudo et al. 2019, 2022; Mörtl et al. 2019, 
2020; Zhou et al. 2022; Zioga et al. 2020). A potential addi-
tional avenue of exposure of parasitic wasps to insecticides 
is via their hosts. Development of parasitoids in hosts that 
had been exposed to sublethal doses of insecticides is often 
possible but may result in decreased parasitization success 
and offspring number as well as indirect fitness parameters 
such as offspring size (Lisi et al. 2023).

As with other insects, parasitic wasps are reliant on their 
olfactory sense for orientation in their environment. They 
use semiochemicals from conspecifics, hosts, and host-
damaged plants for finding mating partners and oviposi-
tion sites which is key to their reproductive success (Ruther 
2013; Steidle and van Loon 2002; Turlings and Erb 2018; 
Wäschke et al. 2013). The processing of chemical informa-
tion in the insect brain depends, among other factors, on 
proper nAChR function (Bohbot and Pitts 2015; Wilson 
and Mainen 2006). Thus, neurotoxic insecticides targeting 
nAChR have been shown to influence behavioral responses 
of parasitic wasps to olfactory cues and signals either by 
disrupting orientation (Delpuech et al. 1998a, b; Liu et al. 
2012; Schöfer et al. 2023, 2024; Stapel et al. 2000; Tappert 
et al. 2017) or even stimulating it (Delpuech et al. 2005; 
Rafalimanana et al. 2002).

Previous research with parasitic wasps has shown that 
acetamiprid, dimethoate, flupyradifurone and sulfoxaflor 
caused interference with the olfactory orientation in the 
pteromalid wasps Nasonia vitripennis and Lariophagus dis-
tinguendus of the hymenopteran superfamily Chalcidoidea 
(Schöfer et al. 2024). These experiments revealed that all 
four insecticides may disrupt the response to sex phero-
mones and host finding in at least one of the investigated 
species. However, as the sensitivity of the species differed 
and the effects were not the same for all active substances, 
further species from other families need to be investigated in 
order to obtain a more comprehensive overview of the sub-
lethal effects of the insecticides on the olfactory orientation 
of parasitoid wasps. A good candidate for this is Leptopilina 
heterotoma, a parasitic wasp of the family Figitidae and a 
frequently studied model system in ecology and evolution 
(Quicray et al. 2023). The family Figitidae belongs to the 
Cynipoidea which separated from the branch leading to the 
Chalcidoidea about 230 Mio years ago (Peters et al. 2017).

L. heterotoma is a solitary endoparasitoid wasp that typi-
cally parasitizes various species of the genus Drosophila 
(Papaj and Vet 1990). Hosts are found on decaying plant 
substrates like fermenting vegetables or fruits, where female 
L. heterotoma lay their eggs into 2nd or 3rd instar Dro-
sophila larvae (Quicray et al. 2023). Parasitized larvae are 
able to pupate with L. heterotoma developing within 21–23 
days (at 25 °C) inside the pupal mummies. Males emerge 
1–2 days before the females. The tritrophic system feed-
ing substrate/D. melanogaster/L. heterotoma can be well 
manipulated under lab conditions to study various aspects 
of host-parasitoid interactions (Mortimer 2013; Wertheim et 
al. 2003). L. heterotoma uses chemical information for both 
sexual communication and olfactory host finding. Males are 
attracted by a female sex pheromone consisting of (-)-iri-
domyrmecin, (+)-isoiridomyrmcin, two stereoisomers of 
iridodial, and another stereoisomer of iridomyrmecin of 
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unknown absolute configuration (Weiss et al. 2013). The 
iridoids are produced in the mandibular gland (Stökl and 
Herzner 2016) and have also a defensive function (Stökl et 
al. 2012). At close range, the pheromone additionally elic-
its courtship behavior in males, a characteristic element 
of which is wing fanning (Weiss et al. 2013). High wing-
fanning frequency correlates with an increased mating suc-
cess of males (Lang et al. 2024). Females use fermentation 
products of yeasts (Dicke et al. 1984) and the aggregation 
pheromone of their Drosophila hosts (Hedlund et al. 1996) 
to locate host patches for oviposition. In the lab, the odor 
of Drosophila-infested rearing medium attracted L. hetero-
toma females in olfactometer bioassays (Weiss et al. 2013).

In the present study, we investigate the effects of acet-
amiprid, dimethoate, flupyradifurone and sulfoxaflor on (a) 
the attraction of L. heterotoma males to the female sex pher-
omone from a distance, (b) the male wing fanning response 
after contact and (c) the ability of L. heterotoma females to 
orientate towards host odor. Finally, we investigate whether 
dimethoate is taken up by the parasitoids in amounts impair-
ing sexual communication and olfactory host finding when 
developing in insecticide-exposed hosts at sublethal levels.

Methods and Materials

Insects

Drosophila melanogaster (strain Canton S) were reared in 
polypropylene Drosophila breeding tubes in a climate-con-
trolled cabinet at 25 °C, 50% r.h, and a 16–8 h light/dark 
cycle on standardized Drosophila feeding medium (DFM, 
agar, 0.7%; cornmeal, 6.4%; yeast,1.4%; soymeal, 0.8%; 
malt extract, 6.4%; molasses, 1.8%, nipagin, 0.2%, and 
water, 82.3%). Tubes were equipped with approximately 
30 mixed-sex D. melanogaster which were allowed to mate 
and oviposit for two days. After this period, 20–30 mixed-
sex L. heterotoma were added and females were allowed 
to parasitize the Drosophila larvae. At rearing conditions 
the next generation of L. heterotoma males and females 
emerged after approximately 21 d and 23 d, respectively. 
To obtain virgin and naïve wasps of defined age, parasitized 
host pupae were isolated after 19–20 d and transferred to 

individual Eppendorf tubes. Tubes were controlled daily for 
emerging wasps which were then used for the experiment 
at an age of 1–2 days (male pheromone response) and 7–10 
days (female host finding), respectively.

Insecticides

All insecticides were dissolved in HPLC-grade acetone 
(ROTISOLV®, ≥ 99.8% purity, Carl Roth GmbH, Karl-
sruhe, Germany) for application in bioassays. Standards 
of the four insecticides were purchased at analytical grade. 
Acetamiprid (≥ 98.0%), dimethoate (≥ 98.0%) and flupyra-
difurone (≥ 98.0%) standards originated from Sigma-
Aldrich (Taufkirchen, Germany), Sulfoxaflor (99.23% 
purity) was purchased from Dr. Ehrenstorfer GmbH (Augs-
burg, Germany).

Toxicity Tests

A dilution series (Table S1) was prepared of each of the 
insecticides in acetone, starting from a concentration of 
1 mg/ml. Groups of 8 wasps (n = 3 replicates per dose/sex) 
were cooled in ice, and 210 nl of the insecticide solutions 
were applied topically to the abdominal tips using glass cap-
illaries mounted to a microinjector (Nanoliter 2010, World 
Precision Instruments, USA). For control, wasps were 
treated with pure acetone. As shown previously, topical 
application is effective at controlling accurate dosages, and 
pure acetone did not show any adverse effects on survival 
and fitness parameters in related wasp species (Jatsch and 
Ruther 2021; Schöfer et al. 2023, 2024). Mortality was eval-
uated 72 h after application and dose-mortality curves were 
plotted for the four insecticides using the Quest Graph™ 
Lethal Dose 50 Calculator (AAT Bioquest 2023). The same 
tool was used to calculate the median lethal dose (LD50) and 
the mortalities of doses used in the bioassays. Except for 
the two highest doses of flupyradifurone, these doses caused 
mortalities ≤ 30% (Table  1). For the behavioral bioassays, 
insecticide-treated and control wasps were provided over-
night with a 0.5-cm diameter filter paper disk soaked with 
a 50% solution of honey in water and tested the next day.

Table 1  Median lethal doses (LD50, evaluated after 72 h) and doses of the four insecticides tested in the bioassays with Leptopilina heterotoma. 
Values in brackets represent the survival percentages calculated from the functional equations of the respective sigmoidal dose-mortality curves 
using the online tool Quest Graph™ LD50 calculator (AAT Bioquest 2023)

LD50 (ng/wasp) Tested doses (ng/Wasp)
Acetamiprid 2.5 0 (100%) 0.105* (97%) 0.21 (93%) 0.42 (87%) 0.525* (84%) 0.63 (81%)
Dimethoate 1.4 0 (100%) 0.053* (98%) 0.105 (96%) 0.21 (90%) 0.315* (85%) 0.42 (81%)
Flupyradifurone 31 0 (100%) 2.1* (95%) 6.3 (84%) 10.5 (76%) 15.8* (67%) 21 (60%)
Sulfoxaflor 1.2 0 (100%) 0.105* (99%) 0.21 (98%) 0.42 (90%) 0.525* (85%) 0.63 (80%)
*only tested for the investigation of the effects on courtship behavior after contact
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Observer XT 15 Software. Between experiments, glass dish 
and lid were cleaned with ethanol.

Effects on Attraction of Females to Host Odor

To examine whether the insecticides influence the host find-
ing ability of females, 7–10 d old L. heterotoma females 
were isolated from the breeding tubes, treated with an insec-
ticide dose or the pure solvent (control), and transferred to 
an Eppendorf vial filled with 1 ml DFM and at least 5 D. 
melanogaster larvae, as experienced females are more suc-
cessful in host finding (Papaj and Vet 1990). The females 
were conditioned overnight with the host/host substrate and 
tested the next day in the same T-olfactometer described 
above. An Eppendorf tube filled with 1  ml DFM and at 
least 5 D. melanogaster larvae was attached as stimulus to 
one side of the olfactometer (host zone) while the oppos-
ing Eppendorf tube remained empty (control zone). Condi-
tioned females were transferred to empty Eppendorf tubes 
which were attached to the third arm of the T-olfactometer. 
Subsequently, the time females spent in the host and control 
zones were recorded for 5 min using The Observer XT 15 
Software. After each replicate, the olfactometer was cleaned 
with ethanol and rotated by 180°, and the polyamide gauze 
was replaced.

Transfer of Insecticides via the Host

To evaluate the acute toxicity of dimethoate on D. melano-
gaster, 20 larvae or 20 1-d old adults (6 replicates per con-
centration) were kept for 8 d on DFM treated with different 
concentrations of the insecticide. The treated medium was 
prepared by mixing 1.6 g of instant DFM per Drosophila 
rearing tube with 10 ml of distilled water and with 1 ml of 
various dimethoate dilutions (10000–0.1 µg/ml, Tab S2 in 
the Supplementary Information) dissolved in 10% acetone/
water. The control DFM was prepared by adding 1 ml of 
10% acetone/water instead. After the exposure time, the 
percentage of surviving D. melanogaster adults and larvae 
was recorded for each group. At a dimethoate concentra-
tion of 1.0 µg/ml, more than 74.2% of the D. melanogaster 
larvae survived the treatment and developed successfully to 
the adult stage. Therefore, this concentration and two lower 
ones (0.5 and 0.1 µg/ml) were chosen for the experiment. 
L. heterotoma were reared on D. melanogaster larvae that 
developed on the dimethoate-treated and solvent-treated 
DFM, respectively. Adult wasps having emerged from these 
hosts were isolated before emergence and tested in the bio-
assays as described above.

Production of Pheromone Extracts

Pheromone extracts for the bioassays were produced by 
extracting batches of females in 1.5-ml glass vials with 10 µl 
dichloromethane per wasp for ten minutes as described pre-
viously (Stökl et al. 2012). After removal of the females, 
these extracts were stored at -20  °C until needed for 
experimentation.

Effects on Attraction of Males to the Female Sex 
Pheromone

The attraction of males to the female sex pheromone was 
tested in a T-olfactometer as described previously (Schöfer 
et al. 2023). It consisted of a T-shaped glass tube to which 
three Eppendorf tubes were attached, one serving as a con-
tainer for the responding male and the other two for stor-
ing test and control stimuli. The T-olfactometer was set up 
vertically to encourage males to exit the starting tube and 
enter the olfactometer. One µl of the pheromone extract 
(representing 0.1 female equivalent) was applied to a disk 
of filter paper (5 mm diameter). Control disks were treated 
with pure dichloromethane. After evaporation of the sol-
vent, paper disks were put into Eppendorf tubes that were 
attached to the two arms of the olfactometer. Tubes and 
olfactometer were separated by pieces of fine polyamide 
gauze (mesh size 125 μm). The last 5 cm of the olfactometer 
arms were defined as pheromone and control zone, respec-
tively, which were separated by a 4 cm neutral zone. The 
Eppendorf tube containing the male was defined as the start-
ing zone. Subsequently, males were observed for 5 min, and 
the time they spent in test and control zone was recorded 
using The Observer XT 15 scientific software (Noldus 
Information Technology, Wageningen, The Netherlands). 
The T-olfactometer was cleaned with ethanol and dried by 
pressurized air between uses and the arena setup was rotated 
by 180° after each bioassay to avoid positional bias. Poly-
amide gauze was replaced after each replicate.

Effects on Wing Fanning

To assess whether the four insecticides affect the males’ 
courtship response (wing fanning) to the female phero-
mone, insecticide-treated and control males were exposed 
in a round glass dish (5.5 cm diameter, 1 cm height) to a 
0.5 mm diameter disk of filter paper treated with 5 µl of the 
female extract (0.5 female equivalents). After application, 
the solvent was allowed to evaporate for 1 min and disks 
were placed in the center of the glass dish. After introduc-
tion of the males, the dish was covered with the transpar-
ent lid of a Petri dish and males were observed for 5 min. 
The time they spent wing fanning was recorded using The 
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with the intermediate dose of flupyradifurone even pre-
ferred the control zone over the pheromone zone.

Effects on Wing Fanning

In all experiments, acetone-treated males exhibited pro-
longed bouts of typical wing-fanning behavior when 
exposed to pheromone-treated paper disks (Fig.  3A-D, 
video S2 in the Supplementary Information). Above a 
certain dose, treatment of males with all four insecticides 
reduced the wing fanning duration (acetamiprid: ≥ 0.21 ng, 
Kruskal-Wallis H = 31.71, p < 0.001; dimethoate: ≥ 0.21 ng, 
H = 13.83, p = 0.0151; flupyradifurone: ≥ 2.1 ng, H = 50.79, 
p < 0.001; sulfoxaflor: ≥ 0.525 ng, H = 27.02, p < 0.001). A 
significant proportion of insecticide-treated males failed to 
show wing fanning towards the pheromone-treated paper 
disks at all (Fig. 4A_D).

Effects on Attraction of Females to Host Odor. In all con-
trol experiments, acetone-treated females showed a signifi-
cant preference for the host odor (Fig. 5A-D). Acetamiprid 
had no effect on the females’ preference at the tested dose 
range. In contrast, all doses of dimethoate (≥ 0.105 ng) and 
flupyradifurone (≥ 6.3ng) as well as the highest dose of 
sulfoxaflor (0.63 ng) disrupted the orientation of females 
towards host odor.

Transfer of Insecticides via The Host

Male and female L. heterotoma developing on hosts reared 
on the control DFM showed significant preferences for the 
pheromone and host zone, respectively (Fig. 6A, C). Males 
no longer preferred the pheromone in the T-olfactometer 

Statistical Analyses

All statistical analyses were performed using PAST 4.03 
software (Hammer et al. 2001). The contact pheromone 
data (wing fanning duration) was analyzed using a Kruskal-
Wallis test following Dunn’s tests for comparing insecticide 
doses with the control. The number of insecticide-treated 
males showing wing fanning was compared to the control 
males by Fisher’s exact test. Both the distance pheromone 
data and the host finding data were analyzed by Wilcoxon 
matched pairs tests.

Results

Toxicity Tests

The dose-mortality curves revealed large differences in the 
acute toxicities of the four insecticides in L. heterotoma 
(Fig.  1; Table  1). Flupyradifurone had the lowest toxicity 
(LD50 of 31 ng) followed by acetamiprid (2.5 ng), dimetho-
ate (1.4 ng) and sulfoxaflor (1.2 ng).

Effects on Attraction of Males to the Female Sex 
Pheromone

In all control experiments, acetone-treated males showed 
significant preferences for the pheromone zone over the 
control zone (Fig.  2A-D, video S1 in the Supplementary 
Information). This preference was no longer present in 
insecticide-treated males at any tested dose. Males treated 

Fig. 1  Dose-mortality curves after 72  h of Leptopilina heterotoma 
treated topically with various doses of acetamiprid, dimethoate, 
flupyradifurone and sulfoxaflor dissolved in acetone. Dots represent 

the means of the 6 groups (3 per sex) of 8 wasps treated with the same 
dose. Color-coded functional equations for each curve are given under 
the curves
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and nanogram levels (flupyradifurone), respectively (Tab. 
S3 in the Supplementary Information). At the lowest bioac-
tive doses, > 90% of the treated wasps survive the insecticide 
treatment (Table  1). Furthermore, pheromone recognition 
and host finding were also disturbed in those L. heterotoma 
that had developed in D. melanogaster larvae reared on 
dimethoate-treated DFM at sublethal levels. Hence, doses 
of this insecticide sufficient to interfere with chemical ori-
entation of L. heterotoma can reach the parasitic wasp via 
the food chain.

Male L. heterotoma differ from some congeneric species 
in that they disperse from their natal patch faster after emer-
gence and therefore depend on the volatile iridoids to locate 
females over longer distances (Böttinger and Stökl 2020). 
By doing so, males that are able to mate with females from 
different natal patches avoid the risk of inbreeding. Given 
that the males’ response to the female sex pheromone is 

when developing on hosts reared on dimethoate-treated 
DFM at any tested concentration (Fig.  5a) and also the 
duration of wing fanning towards pheromone-treated paper 
disks was significantly reduced (Fig. 5B). The preference of 
females for host odor was no longer present when develop-
ing on hosts reared on DFM treated with 1 µg/ml dimethoate.

Discussion

Proper olfactory system function is a key factor in the abil-
ity of parasitic wasps to mate (Ruther 2013) as well as locate 
their hosts (Turlings and Erb 2018; Wäschke et al. 2013). 
Doses of all four insecticides affected at least one of the 
three parameters tested in this study acting as proxies for 
partner and host finding abilities with first effects being seen 
at sub-nanogram (acetamiprid, dimethoate, and sulfoxaflor) 

Fig. 2  Effect of various doses of A. acetamiprid, B. dimethoate, C. 
flupyradifurone, or D. sulfoxaflor on the response of Leptopilina heter-
otoma males to female-derived pheromone extract in a T-olfactometer. 
Control males were treated with pure acetone (dose 0 ng). Shown are 
the residence times of males in the pheromone zone and the solvent-
treated control zone of the olfactometer. Box-and-whisker plots show 

25 and 75% quartiles (upper and lower end of the boxes), median (hor-
izontal line in between), 1.5× the interquartile range (whiskers), and 
outliers (° means > 1.5 × and * means > 3 × interquartile range). The 
p-values are based on comparison between treatments and the respec-
tive control (Wilcoxon matched pairs test, number of replicates given 
in brackets)
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bees, for example, flupyradifurone has been shown to have 
effects on the sense of taste, appetitive learning (Hesselbach 
and Scheiner 2018) and motor function (Hesselbach and 
Scheiner 2019). Mating experiments with L. distinguen-
dus (Schöfer et al. 2024) and N. vitripennis (Schöfer et al. 
2023) revealed that all four insecticides tested in this study 
reduced the mating frequency at least at one dose. Com-
parable experiments with L. heterotoma were not possible 
without considerable additional effort, as the mating rate is 
already very low (< 20%) in untreated wasps (Lang et al. 
2024) likely due to female mate choice.

Females of L. heterotoma use the major component of 
their sex pheromone, (-)-iridomyrmecin, also as competi-
tion avoidance cue during host finding (Weiss et al. 2013). 
It will be interesting to study whether this ability is similarly 
hampered by sublethal insecticide exposure like the male 
pheromone response. Three of the four tested insecticides 
interfered within the tested dose range with the females’ 
host finding ability suggesting that the ecosystem service 

impacted even by the lowest insecticide doses, their chance 
of finding unrelated receptive females will decrease. Males’ 
pheromone anosmia increases the likelihood of females 
remaining unmated thus resulting in suboptimal male-
biased sex ratios because of the haplodiploid sex determina-
tion in parasitic wasps (Gardner 2014).

Also, the lessened or even absent wing fanning response 
of insecticide-treated L. heterotoma males likely translates 
into decreased mating opportunities. A recent study (Lang 
et al. 2024) demonstrated that sexual communication in L. 
heterotoma is multimodal with wing fanning behavior cor-
relating with the males’ mating success. Decisive, however, 
was wing fanning frequency and not its duration. Hence 
vibrometric studies are necessary to investigate whether 
not only the duration but also the frequency of wing fan-
ning is negatively impacted by insecticide treatment. As 
wing-fanning is a result of muscle contraction, inhibition 
of proper motor function might also have contributed to the 
reduced wing fanning response in L. heterotoma males. In 

Fig. 3  Effect of various doses (ng) of A. acetamiprid, B. dimethoate, 
C. flupyradifurone, and D. sulfoxaflor on the wing-fanning response 
of Leptopilina heterotoma males to female-derived pheromone extract. 
Shown is the total wing fanning duration within a 5 min observation 
period. Control males were treated with pure acetone (dose 0 ng). Box-
and-whisker plots show 25 and 75% quartiles (upper and lower end of 

the boxes), median (horizontal line in between), 1.5× the interquartile 
range (whiskers), and outliers (° means > 1.5 × and * means > 3 × inter-
quartile range). The p-values are based on comparison between treat-
ments and the respective control (Kruskal-Wallis test and subsequent 
Dunn’s tests; n = 30)
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of new active substances should investigate several species 
in different contexts.

While it is reasonable and tempting to assume that the 
effects observed in this study are caused by direct inter-
actions of nAChR agonists and AChE, respectively, with 
cholinergic neurons of the olfactory system, latest research 
suggests that at least the neonicotinoid imidacloprid inter-
feres with host and mate finding of parasitic wasps indi-
rectly by downregulating olfactory receptors (Or) (Shi et al. 
2024). Males and females of Leptopilina drosophilae fed 
imidacloprid in sugar solution (LC10) showed a decreased 
host finding ability, and treated males were less successful 
during courtship and mating. These effects came along with 
downregulation of some Or genes, and RNAi-mediated 
knock-down of these genes led to similar effects as imi-
dacloprid treatment (Shi et al. 2024). Another recent study 
demonstrated that the pyrethroid bifenthrin interferes at 
sublethal levels with sexual communication and mating suc-
cess in the moth Conogethes punctiferalis by reducing sex 
pheromone production (An et al. 2024). Hence, other mech-
anisms than direct interaction of insecticides with neurons’ 
neurotransmitter receptors should be considered in future 
research on the sublethal effects of pesticides on beneficial 
non-target insects.

Comparison of the acute toxicity of the three nAChR 
agonist insecticides against L. heterotoma with data 
obtained with L. distinguendus (Schöfer et al. 2024) and  

provided by L. heterotoma suffers through exposure of the 
wasps to the active substances. Interestingly, acetamiprid, 
while interfering with the pheromone communication of L. 
heterotoma males, had no significant effects on olfactory 
host finding of the females. Conversely, sulfoxaflor inter-
fered with the females’ host finding ability in N. vitripennis 
but had no significant effects on their response to the male 
sex pheromone (Schöfer et al. 2023). This suggests that 
chemical signals used in the context of sexual communica-
tion and host finding, respectively, are processed through 
different neuronal circuits in the brain of parasitic wasps 
as is well-known, for instance, from Lepidoptera (Renou 
2014). Results furthermore suggest that nAChR involved 
in these circuits differ in their susceptibility to the different 
receptor agonists. This is in agreement with previous work 
with the parasitoid Telenomus busseolae where even active 
substances of the same class of insecticides (pyrethroids) 
impacted olfactory host finding differently. Pyrethroids func-
tion by preventing the closure of the voltage-gated sodium 
channels in the axonal membranes of neurons (Davies et al. 
2007). While cyfluthrin disrupted kairomone-mediated host 
finding at LC25, deltamethrin did not (Bayram et al. 2010). 
In L. heterotoma, deltamethrin as well as the organophos-
phate chlorpyrifos tested at LC20 even improved the kairo-
mone response (Delpuech et al. 2005). These results show 
that sublethal effects of insecticides on insects can be quite 
variable. We therefore propose that registration procedures 

Fig. 4  Effect of various doses (ng) of A. acetamiprid, B. dimethoate, 
C. flupyradifurone, and D. sulfoxaflor on the wing-fanning response 
of Leptopilina heterotoma males to female-derived pheromone extract. 
Shown is the percentage of males showing wing fanning. Control 

males were treated with pure acetone (dose 0 ng). Asterisks indicate 
significant differences between treatments and the respective control 
(Fisher’s exact test: *0.01 < p < 0.05, **0.001 < p < 0.01, ***p < 0.001; 
n = 30)
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In the present study, insecticides were applied topically as 
acetone solutions to the abdomen. Topical application is the 
most common method for insecticide application in toxicologi-
cal studies with insects (Matsumura 2012). If, like in our study, 
the insecticide solution is fully absorbed by the insect, it allows 
exact control of the dose taken up. A more realistic scenario 
of insecticide exposure, however, is contact with treated plants 
(Prabhaker et al. 2011) or the consumption of contaminated 
nectar (Jervis et al. 1993), honeydew (Wäckers et al. 2008), and 
guttation water (Urbaneja-Bernat et al. 2020) that all can con-
tain considerable amounts of pesticide residues (Calvo-Agudo 
et al. 2022; Schmolke et al. 2018; Zioga et al. 2020). Acet-
amiprid, dimethoate and sulfoxaflor, for instance, increased 
mortality in the parasitoid Anagyrus vladimiri feeding on nec-
tar of insecticide-treated buckwheat (Molina et al. 2024). More 
research is required under both laboratory and field conditions 
to investigate whether orally acquired insecticides also have 

N. vitripennis (Schöfer et al. 2023) revealed stark differences 
with L. distinguendus being most susceptible followed by 
L. distinguendus and N. vitripennis (Figs. S1 and S2 in the 
Supplementary Information). In contrast, the AChE inhibi-
tor dimethoate was similarly toxic for the three species. In 
honey bees dimethoate and other organophosphates are bio-
activated by metabolizing enzymes, with their metabolites 
binding to AChE (Christen et al. 2019). While the targets 
of these metabolites are generally the same two forms of 
AChE (Kim and Lee 2013), insecticides targeting nAChR 
have been shown to interact with discrete receptors and sub-
units (Moffat et al. 2016), the form and function of which 
are different between even closely related species. These 
differences may explain the strongly fluctuating sensitivity 
of the three species to the three nAChR antagonists, while 
the sensitivity to dimethoate was similar.

Fig. 5  Effect of various doses of A. acetamiprid, B. dimethoate, C. 
flupyradifurone, or D. sulfoxaflor on the response of experienced Lep-
topilina heterotoma females to host odor in a T-olfactometer. Shown 
are the residence times of females in the host zone (Drosophila-
medium with 5 host larvae) and the untreated control zone of the olfac-
tometer. Control females were treated with pure acetone (dose 0 ng). 

Box-and-whisker plots show 25 and 75% quartiles (upper and lower 
end of the boxes), median (horizontal line in between), 1.5× the inter-
quartile range (whiskers), and outliers (° means > 1.5 × and * means > 3 
× interquartile range). The p-values are based on comparison between 
treatments and the respective control (Wilcoxon matched pairs test; 
number of replicates given in brackets)
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Fig. 6  Effects of dimethoate on pheromone commu-
nication and host-finding of Leptopilina heterotoma 
after uptake of the active substance via the host. Hosts 
(Drosophila melanogaster larvae) were reared on 
rearing medium (1.6 g instant medium + 10 ml water) 
supplemented with 1 ml of a dimethoate solution (in 
10% acetone in water, concentration given on the 
x-axis) A. Response of males towards female-derived 
pheromone extract in a T-olfactometer. Shown are the 
residence times of males in the pheromone zone and 
the solvent-treated control zone of the olfactometer. 
B. Wing-fanning duration of males towards female-
derived pheromone extract within a 5 min observation 
period. C. Response of experienced females to host 
odor in a T-olfactometer. Shown are the residence 
times of females in the host zone (Drosophila-medium 
with 5 host larvae) and the untreated control zone of 
the olfactometer. Box-and-whisker plots show 25 and 
75% quartiles (upper and lower end of the boxes), 
median (horizontal line in between), 1.5× the inter-
quartile range (whiskers), and outliers (° means > 1.5 
× and * means > 3 × interquartile range). The p-values 
are based on comparison between treatments and the 
respective control; (A, C) Wilcoxon matched pairs 
test, (B) Kruskal-Wallis test followed by Dunn’s test 
(n = 30)
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