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Neonicotinoid insecticides hinder 
the pupation and metamorphosis 
into adults in a crabronid wasp
Petr Heneberg1 ✉, Petr Bogusch2, Alena Astapenková2 & Milan Řezáč3

Neonicotinoid insecticides are associated with a decline in the diversity and distribution of bees and 
wasps (Hymenoptera: Aculeata). The effects of neonicotinoids on the metamorphosis of aculeates have 
never been addressed in detail; however, recent evidence suggests that neonicotinoids induce wing 
abnormalities. We hypothesized that the metamorphosis success of bees and wasps differs in response 
to contact exposure to field-realistic concentrations of neonicotinoid insecticides or in response to 
combined exposure to neonicotinoid insecticides and benzimidazole fungicides. We treated prepupae of 
the model crabronid wasp Pemphredon fabricii with field-realistic concentrations of four neonicotinoids, 
acetamiprid, imidacloprid, thiacloprid and thiamethoxam, and/or with the benzimidazole fungicide 
thiabendazole. Treatment with acetamiprid or imidacloprid decreased the pupation rates to only 
39% and 32%, respectively. Treatment with thiacloprid or thiamethoxam did not affect the pupation 
rate when applied alone, but the subsequent treatment of thiacloprid- or thiamethoxam-treated 
prepupae with thiabendazole led to significant decreases in pupation rates. A high concentration of 
acetamiprid, which severely affected the pupation rates, had moderate effects on metamorphosis into 
adults, resulting in 53% metamorphosis success (as opposed to 95% metamorphosis success in the 
water-treated group). However, imidacloprid or thiamethoxam treatment resulted in only 5%-10% 
metamorphosis success into adults. Overall survival decreased in response to treatment with any of the 
neonicotinoids or benzimidazoles or their combinations, with extremely low survival (<2%) following 
combined treatment with imidacloprid and thiabendazole or thiamethoxam and thiabendazole. In 
conclusion, neonicotinoids alter insect metamorphosis success, which can be further potentiated by 
their combination with other agrochemicals, such as benzimidazoles.

Neonicotinoid insecticides are well known for their association with a decline in bee and wasp diversity and dis-
tribution1–5. Although the molecular basics of the mechanism of action of neonicotinoids are known6–9, the effects 
of neonicotinoids on the metamorphosis of aculeate hymenopterans (bees and wasps) have never been addressed 
in detail. The important exception is the recent study by Friedli et al.10, who found that neonicotinoids cause an 
increased frequency of wing abnormalities and fluctuating wing asymmetry in haploid neonicotinoid-exposed 
Apis mellifera drones when compared to diploid workers. As wing veins develop during insect metamorphosis, 
this observation should be considered to be indirect evidence of the effects of neonicotinoids on the metamor-
phosis of aculeate hymenopterans. Increased neonicotinoid-induced mortality also coincided with metamorpho-
sis timing in A. mellifera11. These observations are further supported by similar effects reported in other insect 
taxa12,13. Complete insect metamorphosis includes the formation of the intermediate nonfeeding pupal (chrysalis) 
stage, which allows the formation of adult structures from pupal tissues or from the imaginal discs that have been 
present since embryogenesis14. Insect metamorphosis is tightly regulated by the endocrine system, a metabolic 
switch to the Warburg cycle15, the preferential utilization of carbohydrates and lipids instead of amino acids16,17, 
extensive tissue remodeling and transdetermination18. Concerning the effects of anthropogenic stressors, little 
information is available. Detoxifying mechanisms are likely restrained during pupation, as defecation, rejection of 
cells from the alimentary canal surface and exuviae shedding cannot be performed. Delayed post-exposure effects 
related to metamorphosis have been reported; these effects consisted of the survival of toxin-exposed larvae until 
but not beyond metamorphosis19–23.
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Instead of the exposure to neonicotinoids alone, the insects face the mixtures of agrochemicals. The exposure 
to neonicotinoids often occurs together with the exposure to azole fungicides (benzimidazoles, triazoles and 
imidazoles), which are broadly sprayed in foliar applications as antifungal agents24,25. In the past, azoles were also 
used directly in apiculture as acaricides to treat Varroa infections (cymiazole)26 and proposed to be used as fun-
gicides to treat Ascosphaera aphis infections causing chalkbrood (propiconazole)27. In 2010s, synergism between 
azole fungicides and neonicotinoid insecticides was reported from several hymenopteran species28–34; only a 
decade-older paper by Bayer-based Schmuck et al.35 has reported the absence of effects. These putative synergistic 
effects could explain in part the repeated observations of beekeepers, who report aberrancies in brood rearing 
following the use of both neonicotinoids and benzimidazoles27,36. In the present study, we tested thiabendazole, a 
benzimidazole fungicide carrying a 1,3-thiazol-4-yl substituent at position 2. Thiabendazole is an azole fungicide 
that was previously found to have multiplicative effects on insect metamorphosis when applied to prepupae that 
were previously exposed to agrochemicals during their development, although it did not induce premature death 
like another closely related benzimidazole, flusilazole28. Thiabendazole is used in both agriculture and human/
veterinary medicine.

To test the effects of neonicotinoids on the metamorphosis of bees and wasps (Hymenoptera: Aculeata), we 
employed the model crabronid wasp Pemphredon fabricii. This species survives well under laboratory conditions, 
and its collection is not associated with any conservation issues, as it is available in large quantities. It is the most 
abundant aculeate hymenopteran in common reed beds, where it uses old galls induced by frit flies Lipara spp. 
for nesting37. As with other crabronids, P. fabricii is predatory and feeds its larvae with aphids38. The development 
of P. fabricii includes five larval instars; the development itself takes only one to three weeks, after which the larva 
stops feeding, defecates and sheds to develop into a prepupa. The prepupae of the second generation emerge in 
late summer and are present in the reed galls until the next spring and metamorphose in April or later, depending 
on the ambient temperature38. The metamorphosis of P. fabricii was reported to be delayed in prepupae that were 
previously collected from areas with high concentrations of heavy metals and in those that were collected from 
field margins and later experimentally treated with azole fungicides28.

We hypothesized that the metamorphosis success of the model crabronid wasp, P. fabricii, differs in response 
to contact treatment with field-realistic concentrations of neonicotinoid insecticides. We further hypothesized 
that these effects are strengthened by combined exposure to both neonicotinoids and benzimidazole fungicides 
and/or in individuals that developed in anthropogenic environments that are strongly contaminated with heavy 
metals.

Materials and methods
We collected cigar galls that were induced at least a year ago by Lipara lucens at terrestrial stands of common reed 
Phragmites australis. We longitudinally cut these galls and collected prepupae of P. fabricii, which were abun-
dantly present in these galls. We sampled the galls in two distinct habitat types; the sampled habitats were never 
subjected to any application of benzimidazole or neonicotinoid insecticides and differed in origin. We compared 
natural, large, well-preserved terrestrial reed beds near centuries-old fish ponds (Dlouhopolský fish pond near 
Dlouhopolsko, 50.17 N, 15.31E, 1504 prepupae; Proudnický fish pond near Hradištko II, 50.12 N, 15.40E, 577 
prepupae) with an anthropogenic habitat with high heavy metal concentrations39 represented by a tailing pond 
used for the waste from uranium processing (Bytíz, 49.69 N, 14.06E, 433 prepupae). We collected the galls on 
March 24, 2019 and kept them at 4 °C until excision. The prepupae were already subjected to diapause, which 
resulted in the synchronization of their developmental stage regardless of their exact age. The collection of P. fab-
ricii prepupae only after diapause also substantially increases the rearing success28. Prepupae do not take any food 
after their diapause period; therefore, only contact application of the tested compounds was possible.

We excised the prepupae and placed them in 96-well plates (Brand, Wertheim, Germany), individually placing 
one prepupa in each well. We continued to keep the prepupae at 4 °C and ≥90% humidity. Just before the start of 
the experiment on April 4, 2019 (day 0), we checked the examined materials for pupation and excluded any indi-
viduals that proceeded spontaneously to pupation from the experiment. On day 0, we applied the field-realistic 
concentrations of neonicotinoid insecticides as described below. We applied four neonicotinoid insecticide 
formulations, each in a dilution recommended by their manufacturers for use in spraying crops to eliminate 
pest insects. The tested insecticides consisted of the neonicotinoids acetamiprid (formulated as Mospilan 20 SP; 
126.0 ng cm−2 or 512.4 ng cm−2), imidacloprid (Confidor 200 OD; treatment 591.75 ng cm−2 or 1183.5 ng cm−2), 
thiacloprid (Biscaya 240 OD; treatment 472.7 ng cm−2 or 704.3 ng cm−2) and thiamethoxam (Actara 25 WG; treat-
ment 178.5 ng cm−2 or 210.0 ng cm−2)40. We excluded some other neonicotinoid insecticides, such as clothiani-
din, as these are used only for the treatment of seeds before they are sown. We applied the tested compounds to 
the whole surface of the tested 96-well plates, which contained the immobile prepupae, by spraying them with 
a controlled amount of the neonicotinoids in distilled water or distilled water alone using the Potter Precision 
Laboratory Spray Tower (Burkard Scientific, Uxbridge, UK).

On day 1, 24 h following the application of neonicotinoids, we checked the experimental individuals for any 
pupation events. Following the check, we applied the benzimidazole fungicide thiabendazole (Sigma-Aldrich, 
St. Louis, MO, cat. No. T5535; 100% purity). The recommended field use rate of thiabendazole is 16,000 mg L−1, 
220–780 kg ha−1 for foliar application to protect T. aestivum and 75–10,000 mg L−1, 420–1000 g ha−1 for foliar 
application to protect apples Malus pumila and pears Pyrus communis41. We applied thiabendazole at 2.5 μg cm−2 
(the norm allows the application of up to, e.g., 7.8 μg cm−2 in Spain) to the whole surface of the tested 96-well 
plates, which contained the immobile prepupae, by spraying them with a controlled amount of the thiabendazole 
in distilled water or distilled water alone using the Potter Precision Laboratory Spray Tower (Burkard Scientific, 
Uxbridge, UK). Therefore, the tested concentration of thiabendazole was below the maximum recommended 
concentration for its foliar use.
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After the administration, we allowed the droplets to dry for 24 h at 23 °C, and then we placed the plates with 
prepupae into an atmosphere with >95% humidity and continued to keep them at 23 °C until the end of the 
experiments28. We monitored the experimental individuals daily for 14 days and then performed a final check on 
day 19. We recorded the time to molting, time to full development of wings and mortality.

Data are shown as the frequencies within the treated groups. We used the χ2 test with the Yates correction for 
continuity to analyze the differences in binary values. We further applied the Bonferroni correction for repeated 
tests to avoid false-positive test outcomes. We applied one-way ANOVA to analyze the differences in the timing of 
the observed effects. The groups of prepupae that were treated with neonicotinoids and the control (water-treated) 
group included from 177 to 192 individuals. The groups of prepupae that were subjected to combined treatments 
with neonicotinoids and thiabendazole, and the control group (treated with thiabendazole only), included 88 to 
96 individuals. The analyses were conducted in SigmaPlot 12.0. Raw data are provided in Table S1.

Results
Effects of sampling sites.  The water-treated prepupae (n = 192) had 82.8% pupation success, and 95.0% 
of those that pupated managed to complete metamorphosis into adults. Pupation success did not differ between 
the water-treated prepupae that were collected at the natural and anthropogenic sites (χ2 test with Yates and 
Bonferroni corrections at n = 18, p > 0.05 each). However, pupation success differed between the prepupae that 
were collected at the natural and anthropogenic sites when treated with low thiacloprid, high or low acetami-
prid, thiabendazole and the combinations of high or low acetamiprid with thiabendazole (χ2 test with Yates and 
Bonferroni corrections at n = 18, p < 0.05 each). In treatments with acetamiprid (both with and without thia-
bendazole), the prepupae that originated from natural habitats displayed more than twice lower pupation rates 
(26.9% vs. 59.4% for high acetamiprid, and 17.5% vs. 68.8% for high acetamiprid in combination with thiabenda-
zole when comparing the prepupae from natural and contaminated habitats, respectively). However, we observed 
the opposite direction of differences following the treatments with low acetamiprid or thiamethoxam (Fig. 1a).

At the end of the experiment (day 19), all the individuals that were included in the experiment, regardless 
of their treatment, either proceeded to metamorphose into adults or died. The successful metamorphosis into 
the adult stage did not differ between the prepupae that were collected at the natural and anthropogenic sites 
for water-treated as well as for neonicotinoid- and benzimidazole-treated prepupae (χ2 test with Yates and 
Bonferroni corrections at n = 18, p > 0.05 each). The only exceptions consisted of high or low acetamiprid com-
bined with thiabendazole (χ2 test with Yates and Bonferroni corrections at n = 18, p < 0.01 each); in these cases, 
less individuals metamorphosed into adults among those that were collected from natural habitats (Fig. 1a).

Concerning the number of deaths, there was no difference between the prepupae that were collected at 
the natural and anthropogenic sites for water-treated as well as for most of the groups of neonicotinoid- and 
benzimidazole-treated prepupae (χ2 test with Yates and Bonferroni corrections at n = 18 p > 0.05 each). However, 
in groups that were treated with high thiamethoxam, high thiacloprid, low thiacloprid in combination with thi-
abendazole, high acetamiprid or high/low acetamiprid in combination with thiabendazole, more deaths were 
experienced among prepupae that were collected in natural habitats (χ2 test with Yates and Bonferroni correc-
tions at n = 18 p < 0.05 each). The observation of sampling site-specific differences requires more attention in fur-
ther studies as the effect of contaminants or other factors cannot be excluded. The obtained data were evaluated 
together in all of the further tests.

Pupation rates.  The observed effects can be split into two categories – the binary responses and the time 
elapsed to the respective response. Concerning the binary data, we focused on the relative numbers of individuals 
that completed pupation, the relative numbers of individuals that metamorphosed into adults and overall survival 
during the course of the experiment. The relative number of individuals that pupated differed from that observed 
in the water-treated cohort when treated with any of the tested concentrations of imidacloprid or acetamiprid 
and when treated with the higher concentration of thiamethoxam (χ2 test with Yates and Bonferroni corrections 
at n = 17, p < 0.01 each). Changes in the absolute values of pupation rates were most prominent when high con-
centrations of imidacloprid or acetamiprid were applied; these conditions decreased the pupation rates to only 
39.6% and 32.3%, respectively. In contrast, the treatment with thiacloprid at any of the two tested concentrations 
and the treatment with the lower concentration of thiamethoxam did not lead to significant changes in pupation 
rates compared to those observed in the water-treated prepupae (χ2 test with Yates and Bonferroni corrections 
at n = 17, p > 0.05 each). The treatment of prepupae with thiabendazole alone did not alter the pupation rates. 
However, the combined treatment with neonicotinoids and thiabendazole led to significant decreases in pupa-
tion rates in all experimental settings. The combined treatment caused significant decrease in pupation rates 
when combined with any of the formulations of neonicotinoids except of high thiamethoxam, independently on 
whether the particular formulation of the neonicotinoid alone was insufficient to observe an effect. Therefore, 
the treatment with high or low thiacloprid concentrations or the low thiamethoxam concentrations negatively 
affected the pupation rate when combined with the thiabendazole treatment (χ2 test with Yates and Bonferroni 
corrections at n = 17, p < 0.01 each), although none of these treatments alone had any effect (Fig. 1A; Table 1).

Success of metamorphosis to adults.  The relative number of individuals that metamorphosed from 
pupae into adults differed between the water-treated cohort and those treated with any of the tested concentra-
tions of thiamethoxam or imidacloprid (χ2 test with Yates and Bonferroni corrections at n = 17, p < 0.01 each). 
Interestingly, the high concentrations of acetamiprid, which severely affected the pupation rates, had only a 
moderate effect on the relative share of individuals that metamorphosed into adults, although the differences 
from that observed in the water-treated controls were still significant (χ2 test with Yates and Bonferroni correc-
tions at n = 17 p < 0.01 each). Treatment with imidacloprid resulted in metamorphosis into adult success rates 
of only 5.3% and 10.6% when considering the treatment with the higher and lower imidacloprid concentrations, 
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respectively. Treatment with thiamethoxam resulted in metamorphosis into adult success rates of only 10.9% and 
10.1% when considering the treatment with the higher and lower thiamethoxam concentrations, respectively. In 
contrast, treatment with the high acetamiprid concentrations resulted in a metamorphosis success rate of 53.2%. 
Thiabendazole alone did not have a statistically significant effect on the success of metamorphosis into adults. 
However, in combination with low concentrations of thiacloprid, it led to a significant decrease in the rate of 
successful metamorphosis into adults of 86.7% to 56.9% (χ2 test with Yates and Bonferroni corrections at n = 17, 
p < 0.01), despite any of these treatments alone having no effect (Fig. 1B; Table 1).

Figure 1.  The effects of topical application of neonicotinoid insecticides combined or not with exposure to a 
benzimidazole fungicide on the success of Pemphredon fabricii metamorphosis. (A) Relative share of individuals 
that pupated [% of total]. (B) Relative share of individuals that metamorphosed from pupae to adults [% of 
pupae]. (C) Overall survival [% of total]. The data were analyzed separately for individuals collected from two 
sampling sites in natural habitats and one sampling site in an anthropogenic habitat. The raw data are provided 
in Table S1.

https://doi.org/10.1038/s41598-020-63958-w


5Scientific Reports |         (2020) 10:7077  | https://doi.org/10.1038/s41598-020-63958-w

www.nature.com/scientificreportswww.nature.com/scientificreports/

Overall survival.  There were no individuals that survived over the whole period of the experiment and did 
not metamorphose into the adults; therefore, the numbers of surviving individuals were equal to the numbers of 
individuals that managed to metamorphose from prepupae into pupae and subsequently into adults. Concerning 
survival, all tested groups differed significantly from the water-treated control (χ2 test with Yates and Bonferroni 
corrections at n = 17, p < 0.01 each). We observed the lowest survival rates in individuals that were subjected 
to the combined treatment with either high imidacloprid and thiabendazole (no surviving individuals) or low 
thiamethoxam and thiabendazole (a single surviving individual). Generally, all modes of imidacloprid and thia-
methoxam treatments led to a survival rate below 10%. The combination of imidacloprid or thiamethoxam with 
thiabendazole further decreased the survival values to less than half of the values that were obtained with imida-
cloprid or thiamethoxam alone. Interestingly, we did not observe this multiplicative effect in acetamiprid-treated 
individuals. When the water-treated and thiacloprid-treated individuals were subjected to thiabendazole treat-
ment, they displayed only a small decrease in their survival rates, which reached approximately 10% under all of 
these conditions (Fig. 1C).

Timing of observed effects.  Because the tested individuals were collected in early spring, the time to pupa-
tion was very short and the mean time to pupation lasted between one and two days in all tested groups (Fig. 2A). 
The mean time from experiment onset to metamorphosis into adults lasted between 10 and 11 days for most of 
the tested groups. There were some exceptions associated with treatments that were generally associated with 
very low survival. In these cases (high imidacloprid and high thiamethoxam combined with thiabendazole), 
the time to metamorphosis into adults was prolonged to 13 or 14 days (Fig. 2B). The third observed variable, 
the time to death, was inversely related to the death rates and was the shortest in the water-treated group. In 
comparison to that observed in the water-treated group, the time to death was longer in all neonicotinoid-treated 
and thiabendazole-treated groups (one-way ANOVA, p < 0.01). We observed the longest times to death in 
thiamethoxam-treated individuals (Fig. 2C), which had difficulties with metamorphosis into adults but not pupa-
tion (Fig. 1).

Discussion
In the present study, we provide the first conclusive data regarding the effects of a broad spectrum of neonicoti-
noid insecticides on the success of pupation and metamorphosis into adults of aculeate hymenopterans. We fur-
ther provide evidence that the effects of another class of agrochemicals, benzimidazoles, synergize with the effects 
of neonicotinoids. Although the effects of benzimidazoles on insect metamorphosis were rather mild, which is 
consistent with previous observations28, we found that the effects of the administration of neonicotinoids and 
benzimidazoles had more prominent effects than treatment with any of these compounds alone.

Although we provide the first direct evidence of the effects of neonicotinoids on insect metamorphosis suc-
cess, information on several of the same indices was already available. Shortly before this paper was submitted, 
Friedli et al.10 addressed the effects of neonicotinoids on the development of wings, and found that neonicotinoids 
altered wing venation. Another study published several years ago showed that neonicotinoids increase the fluctu-
ating asymmetry of insect wing size42. The presence of wing abnormalities is often used to measure developmental 

1st + 2nd treatment

Relative share of 
individuals that 
pupated [% of total]

Relative share of individuals 
that metamorphosed from 
pupae to adults [% of pupae]

Relative share of individuals 
that metamorphosed from 
pupae to adults [% of total] N

Thiamethoxam high + Thiabendazole 80.9 4.2* 3.4* 89

Thiamethoxam high + H2O 68.3* 10.9* 7.4* 189

Thiamethoxam low + Thiabendazole 63.6* 1.8* 1.1* 88

Thiamethoxam low + H2O 76.1 10.0* 7.6* 184

Thiacloprid high + Thiabendazole 68.9* 82.3 56.7* 90

Thiacloprid high + H2O 79.2 84.4 66.9* 178

Thiacloprid low + Thiabendazole 73.0* 56.9* 41.6* 89

Thiacloprid low + H2O 76.3 86.7 66.1* 177

Imidacloprid half + Thiabendazole 59.4* 5.3* 3.1* 96

Imidacloprid half + H2O 58.9* 10.6* 6.3* 192

Imidacloprid high + Thiabendazole 40.6* 0.0* 0.0* 96

Imidacloprid high + H2O 39.6* 5.3* 2.1* 192

Acetamiprid high + Thiabendazole 26.0* 56.0* 14.6* 96

Acetamiprid high + H2O 32.3* 53.2* 17.2* 192

Acetamiprid low + Thiabendazole 65.2* 81.0 52.8* 89

Acetamiprid low + H2O 56.7* 72.3* 41.0* 178

H2O + Thiabendazole 80.2 87.0 69.8* 96

H2O + H2O 82.8 95.0 78.6 192

Table 1.  Overall effects of topical application of neonicotinoid insecticides combined or not with exposure to 
a benzimidazole fungicide thiabendazole on the success of Pemphredon fabricii metamorphosis. *χ2 test with 
Yates and Bonferroni corrections vs. the H2O + H2O treatment at n = 18 p < 0.01. Number of individuals treated 
in each group is indicated. to supplementary tables.
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precision in insects43, and wing asymmetry is often associated with the presence of external stressors, including 
exposure to toxic compounds or pathogens44,45. Aberrant wing development is a typical result of altered insect 
metamorphosis because this process is characteristic of the final molt from pupa to the adult individual in holo-
metabolan species46.

Another piece of evidence showing the putative effects of neonicotinoids on insect metamorphosis stems from 
reports that found imidacloprid to affect juvenile hormone levels in various nontarget insects47–51. The mecha-
nism of the effects of neonicotinoids on juvenile hormone levels is poorly understood. One link could consist 

Figure 2.  The effects of topical application of neonicotinoid insecticides combined or not with exposure to a 
benzimidazole fungicide on the timing of Pemphredon fabricii metamorphosis and delayed death. (A) Time 
to pupation, expressed as the number of days that elapsed from treatment to pupation ± SE. (B) Time to 
metamorphosis into adults, expressed as the number of days that elapsed from treatment to metamorphosis 
into adults ± SE. (C) Time to death, expressed as the number of days that elapsed from treatment to death ± SE. 
The data were analyzed separately for individuals collected from two sampling sites in natural habitats and one 
sampling site in an anthropogenic habitat. The raw data are provided in Table S1.
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of vitellogenin, the mRNA of which is increased upon neonicotinoid exposure in A. mellifera52. An increase in 
vitellogenin is likely to be associated with a decrease in juvenile hormone levels53,54. At this point, the effects of 
neonicotinoids could be potentiated by benzimidazoles, which are known to alter the levels of other key regula-
tors of insect metamorphosis, Krüppel homolog 155 and ecdysone56 or steroid hormone biosynthesis in general57. 
Benzimidazoles also alter the action of microtubules, which are necessary for, e.g., tracheole migration and evag-
ination58 and wing disc evagination59.

The present study suggests that the effects of particular neonicotinoid insecticides differ from one another. 
Moreover, some of the treatments had more prominent effects on only metamorphosis into adults, whereas other 
treatments affected both pupation and metamorphosis into adults. In general, the tested treatments were associ-
ated with delayed post-exposure effects. All tested treatments were associated with increased mortality. However, 
this mortality did not manifest at the same time as the naturally present mortality observed in the water-treated 
group. Instead, all these groups displayed a seemingly prolonged time to death (Fig. 2C). The individuals that 
died first prolonged the period during which they were in the prepupal or pupal stage or underwent incom-
plete metamorphosis. They remained in these stages much longer than the water-treated individuals and longer 
than the individuals that were treated identically but managed to complete metamorphosis. In most cases, death 
occurred only after this period of excessively long presence in the prepupal or pupal stage and was likely a result of 
unsuccessful metamorphosis events. The observed effects should not be considered sublethal; these instead rep-
resent delayed lethal effects. Therefore, the outcomes of the present study support recent calls for the prolonged 
monitoring of experimental organisms, e.g., A. mellifera larvae, as delayed toxicity may start to manifest at day 
1160, at day 1961, etc. In contrast, regulatory guidelines suggest that studies of acute toxicity should last for up to 
four days only and that studies of chronic toxicity should take only up to ten days when examining caged adult 
A. mellifera62.

The differential effects of neonicotinoids could stem from differences in their binding sites. In the American 
cockroach, Periplaneta americana, imidacloprid acts on antagonist of nicotinic receptor 1 (nAChR1), whereas 
it does not act on nAChR263–66. In contrast, acetamiprid binds to nAChR267,68. However, acetamiprid is rapidly 
biotransformed to a number of compounds, including 6-chloronicotinic acid, which remains stable in insect 
bodies except gut-free abdomen for at least 72 hours, which likely explains the toxicity of acetamiprid69. Actually, 
the 6-chloronicotinic acid is a metabolite that is common to all chloropyridinyl neonicotinoids, and is therefore 
formed from imidacloprid and thiacloprid as well70,71. The mechanism of action of thiacloprid is less understood. 
Similarly to other neonicotinoid, its main metabolization pathway includes N-demethylation; five different sites 
of attack are known but reports on the activity of its metabolites are lacking72. Thiamethoxam, which belongs to 
a second generation of neonicotinoids, acts only poorly on nAChRs65,73,74, and binds mixed nicotinic/muscarinic 
receptors75, causing strong depolarization of cercal afferent/giant interneuron synapses76. However, the thiameth-
oxam metabolite clothianidin acts as nAChr1 and nAChR2 agonist73,76,77; also metabolic N-desmethylation of 
thiamethoxam increases its affinity to nAChRs73,78,79. Many assays revealed differences in the toxicity of indi-
vidual neonicotinoids. For example, Iwasa et al.80 examined acute toxicity of neonicotinoids to A. mellifera and 
reported LD50 for imidacloprid of only 18 ng per bee, whereas LD50 for thiacloprid was higher by three orders of 
magnitude, at 14.6 μg per bee, which is a striking difference given that the recommended application rates of these 
insecticides are roughly the same.

In conclusion, we identified previously unreported decreases in pupation success and metamorphosis into 
adult success in response to treatment with neonicotinoids, which need to be taken in account when performing 
risk assessment of neonicotinoids on bees and wasps81. The individuals that did not manage to pupate or meta-
morphose were alive for several additional days and then died. The effects of neonicotinoids were strengthened 
by the combined exposure to both neonicotinoids and benzimidazole fungicide. In contrast, there were no addi-
tive effects of prior exposure of the tested prepupae to other anthropogenic stressors, which were mimicked by 
collecting some of the tested individuals from a tailing pond used for the waste from uranium processing that 
was strongly contaminated with heavy metals. Further research should address whether similar effects can be 
observed in commercially exploited species of aculeate hymenopterans and in other insect taxa.
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