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Abstract: In recent years, the number of pollinators in the world has significantly decreased. A possible
reason for this is the toxic effects of agrochemicals reducing the immunity of insects that leads to their
increased susceptibility to pathogens. Ascosphaera apis is a dangerous entomopathogenic fungus,
afflicting both honeybees and bumblebees. We investigated fungicide activity of cyclic synthetic
peroxides against A. apis isolated from Bombus terrestris L. The peroxides exhibited high mycelium
growth inhibition of A. apis up to 94–100% at concentration 30 mg/L. EC50 values were determined
for the most active peroxides. Two peroxides showed higher antifungal activity against A. apis
than the commercial fungicide Triadimefon. The studied peroxides did not reduce the ability of
bumblebees to fly and did not lead to the death of bumblebees. A new field of application for
peroxides was disclosed.
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1. Introduction

Organic peroxides are an important and attractive class of compounds for the development of
bioactive agents. It has been shown that peroxides possess antimalarial [1–6], antiparasitic [7–11],
anticancer [12–17], antiviral [18–20], anti-tuberculosis [21–23] activities. In 2015, the Nobel Prize in
Medicine was awarded to Youyou Tu for the discovery and development of Artemisinin, a natural
peroxide antimalarial drug [24]. Recently, we have discovered a new class of antifungal agents for crop
protection, cyclic peroxides: bridged 1,2,4,5-tetraoxanes and bridged ozonides [25]. These peroxides
possess a high fungicidal activity against a broad spectrum of phytopathogenic fungi.

Pollination plays a crucial role in the maintenance of biodiversity. There is a lot of evidence of
recent declines in the population of both wild and tamed pollinators [26–29]. The decrease in the
number of bumblebees and honeybees has already become a matter of food security because insect
pollination is obligatory for obtaining a harvest of entomophilic crops consumed by humans [30]. One
possible reason for this is the toxic effects of agrochemicals [31,32]. The search for fungicides, which
can effectively kill various fungal pathogens without harming beneficial insects, such as honeybees
and bumblebees, is urgent. Organic peroxides can be successful candidates for this role.
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Studies of the effects of agrochemicals on insects are mainly concerned with assessing their effects
on mortality, fertility, and physiological parameters. Recently, significant attention has been focused
on the study of the negative impact of neonicotinoid pesticides on bumblebees and bees. For example,
it has been shown that Thiamethoxam has reduced motor activity of bees [33], as well as the duration
and distance of a flight [34]. It has also been revealed that neonicotinoids could reduce the viability
of bumblebee queens and their nesting activity [35]. Neonicotinoids have been demonstrated to act
synergistically with other stress factors, such as poor nutrition [36].

Pesticides that are not insecticides (fungicides, herbicides, etc.) can also negatively affect pollinators.
Much less attention is paid to the toxic effect of these compounds on the physiological parameters
of honeybees, bumblebees, and other beneficial insects. It has been noted that fungicides have a
synergistic effect when they act simultaneously with neonicotinoids [37–40]. A significant correlation
has been found between fungicide exposure and bee family collapse [31]. In honeybees that are
exposed to fungicides, ATP production is reduced [41]. Using high-performance sequencing, it has
been shown that a possible mechanism for the negative effect of fungicides on bees is their effect on
insect microbiomes [42]. Under the action of fungicides, a significant change occurs in the quantitative
and species composition of bacteria in the intestines of bees [43]. We previously showed that fungicides
were able to inhibit the respiration of the mitochondria of bumblebee flight muscles [44].

Recently, it has been suggested that the synergistic effects of pesticides and diseases that affect
pollinators contribute to a drastic reduction in the number of insect pollinators [45–48]. Pesticides
reduce the overall immunity in insects that leads to their increased susceptibility to pathogens. Fungal
pathogens are distinguished among the pathogens of the most important pollinators, and Ascosphaera
apis (Maassen ex Claussen)—the causative agent of ascospherosis—represents one of them. The disease
caused by this pathogen is contagious and destructive for honey bees [49]. A. apis causes losses in both
bee population and productivity [50]. The larvae of honeybees are mainly infected with this pathogen
when the sexual spores of A. apis are ingested. After that, the spores germinate in the intestinal
lumen [51]. In addition, this pathogen has been found in bumblebees [52]. It has been assumed that
bumblebees are only a carrier of this pathogen. However, recently, it has been reported that A. apis
could cause bumblebee disease [53,54].

The development of fungicides against A. apis, effective and non-toxic to pollinators, humans,
and the environment, is a complex task. Taking these requirements into account, the search for
fungicides against A. apis has been based mainly on natural products. It has been found that
4-hydroxyderricin—one of the phytochemical components of plant Angelica keiskei and Acetylshikonin
containing in the roots of Lithospermum erythrorhizon—is active against A. apis (MIC = 6.25 and 12.5 mg/L,
respectively) (Figure 1) [54]. Pinobanksin-3-hexanoate isolated from propolis has demonstrated IC50 =

23 ± 2 µM [55]. However, the application of natural compounds is characterized by such disadvantages,
such as low availability and high cost. Developing effective synthetic fungicides against A. apis can
decide these problems.
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Figure 1. Structures of natural compounds with fungicidal activity against A. apis. Figure 1. Structures of natural compounds with fungicidal activity against A. apis.
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In this paper, we investigated the effect of cyclic peroxides against the fungal pathogen of
bumblebees and honeybees—A. apis. The toxicity of peroxides on bumblebees was also evaluated.
Here, we disclosed a new field of application for peroxides.

2. Results

2.1. Identification and Isolation of Ascosphaera apis

We carried out a search of eukaryotic pathogenic microorganisms in larvae of bumblebees. To do
this, the contents of the intestines of bumblebees were seeded onto the Saburo medium. After
that, all grown colonies were isolated into separate Petri dishes and reared for 2 days. Further,
DNA was extracted from the grown colonies (or mycelium) of microorganisms and sequenced
with universal primers for fungi. Sequences were compared with those already available in NCBI
GenBank and BoldSystem databases. As a result, the following eukaryotic microorganisms were
detected in the intestines of bumblebee larvae: Lachancea thermotolerans (99.85% identity in NCBI
GenBank), Mucor racemosus (99.84% identity in NCBI GenBank), Naganishia adeliensis (99.36% identity
in NCBI GenBank), Penicillium commune (97.39% identity in NCBI GenBank), Rhodotorula mucilaginosa
(100.00% identity in NCBI GenBank), Ascosphaera apis (99.36% identity in NCBI GenBank) (see in the
Supplementary Materials).

The most dangerous identified microorganism for bumblebees and bees was Ascosphaera apis. This
microorganism was isolated into individual Petri dishes. Further testing of synthetic peroxide was
carried out with this microorganism.

2.2. The Effect of the Peroxides on the Inhibition of Growth of Ascosphaera apis

All peroxides 1–8, shown in Figure 2, were evaluated for the inhibition of the radial growth of
Ascosphaera apis mycelium in potato-saccharose agar. Triadimefon 9 and Kresoxim-methyl 10 were tested
as the control compounds. They are widely used in agrochemistry as the broad-spectrum fungicides.
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The results showed that ozonide 1 and tetraoxanes 2, 3, and 6 exhibited strong fungicidal activities,
which exceeded the activities of fungicides Triadimefon 9 and Kresoxim-methyl 10 at a concentration
of 30 mg/L (Table 1).
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Table 1. Mycelium growth inhibition (I, %) of A. apis by peroxides 1–8, Triadimefon 9, and
Kresoxim-methyl 10 at a concentration of 30 mg/L.

Compound Mycelium Growth Inhibition (I), %

1 94
2 100
3 100
4 66
5 49
6 94
7 53
8 25

Triadimefon 9 91
Kresoxim-methyl 10 88

The mycelium growth inhibition (I) rates were calculated with the following equation: I = [(DC −
DT)/DC] × 100%. Where DC is the control settlement diameter (mm), and DT is the treatment group
fungi settlement diameter (mm). Ozonide 1 and tetraoxane 6 demonstrated a high inhibition of the
mycelium growth (94%) of Ascosphaera apis. In the case of tetraoxanes 2 and 3, the result was very
impressive. The mycelium growth inhibition of Ascosphaera apis was 100%. Bridged 1,2,4,5-tetraoxanes
4 and 5 and monoperoxide 7 exhibited moderate activity (I = 49–66%). Unfortunately, monoperoxide 8
demonstrated low activity (I = 25%).

Further, for the most active peroxides (1–3, 6) and reference compounds, we determined EC50

against Ascosphaera apis.
The results in Table 2 show that ozonide 1 and tetraoxane 6 were more potent than Triadimefon

9 against A. apis., but inferior to Kresoxim-methyl 10. Tetraoxane 3 exhibited activity similar to
Triadimefon 9. Despite the fact that IC50 of Kresoxim-methyl was lower than that of peroxides,
Kresoxim-methyl did not completely inhibit the growth of mycelium of A. apis even at a concentration
of 30 mg/L.

Table 2. Fungicidal activity (EC50) of peroxides (1–3, 6) and the reference compounds.

Compound 1 2 3 6 Triadimefon,
9

Kresoxim-Methyl,
10

EC50 (mg/L) ± SD 4.0 ± 0.2 10.9 ± 0.7 7.5 ± 1.0 1.6 ± 0.1 7.1 ± 0.8 <1.0

In addition, SEM characterization of the control culture of A. apis and the mycelium of A. apis after
14 days incubation with peroxide 6 at 3 mg/L was carried out (Figure 3). The control culture contained
globose sporocysts on the mycelium. A. apis treated with 3 mg/L of peroxide 6 almost did not contain
sporocysts. The findings showed that peroxides did not give a chance to the fungus for its growth.
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2.3. Evaluation of Toxicity of Peroxides towards Bumblebees

In the next step, we evaluated the toxicity of active peroxides 1–4, 6 towards bumblebees. Two
approaches were used for this purpose. The first approach was a contact action of bumblebees with
30 mg/L solution of peroxide in water containing DMSO (5% vol.). The second approach was feeding
of bumblebees with inverted sugar syrup containing peroxides 1–4, 6 (the concentration of peroxide
was 30 mg/L) and DMSO (5% vol.). The mortality of bumblebees after their contact with solutions of
peroxides 1–4, 6 was absent. After consuming sugar syrup containing peroxide at a concentration of
30 mg/L, their mortality was not observed, and the ability to fly did not decrease. Moreover, in both
approaches, all bumblebees were alive, even with an increase of the concentration of peroxides 1–4,
6 by 10 times to 300 mg/L. In the case of commercial fungicides—difenoconazole and penconazole,
they did not affect the ability to fly in the contact action test. Bumblebee mortality had not increased
both in contact with difenoconazole and penconazole and consumption of syrup with these fungicides.
However, after the consumption of sugar syrup containing difenoconazole or penconazole, the ability
of bumblebees to fly was decreased by 1.4 times and 1.3 times, respectively (Figure 4). On average,
bumblebees from the control group were in flight for 9 min 28 s. After the consumption of syrup
with difenoconazole and penconazole (see Materials and methods), the time spent by insects in flight
decreased to 6 min 36 s and 7 min 17 s, respectively.
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3. Discussion

It was found that the synthetic cyclic peroxides possess fungicidal activity against pathogenic for
bumblebees and honeybees microorganism—Ascosphaera apis. Ozonide 1 and tetraoxane 6 exhibited the
strongest inhibitory effect on the growth of A. apis (EC50 = 4.0 mg/L, 1.6 mg/L, respectively). Peroxides
1–3 and 6 inhibited the growth of the mycelium of the fungus at range 94–100%. It is noteworthy that
the classic fungicides—Kresoxim-methyl 10 and Triadimefon 9—at a concentration of 30 mg/L did not
suppress the growth of mycelium of A. apis by 100%.

Cyclic peroxides 1–4, 6 did not reduce the ability of bumblebees to fly both after contact with
30 mg/L solution of peroxide in water containing DMSO (5% vol.) and feeding with peroxides in an
inverted sugar syrup with 5% vol. DMSO. Peroxides 1–4, 6 did not lead to the death of bumblebees
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both after their contact action with solutions of peroxides and after consumption of sugar syrup
containing peroxides even at a concentration of peroxide of 300 mg/L. So, using these compounds
for the treatment of ascopherosis in bumblebees will not reduce the pollination activity of insects.
Contrarily, commercial fungicides–difenoconazole and penconazole—led to a decrease in the ability of
bumblebees to fly after oral treatment.

It was disclosed that cyclic synthetic peroxides effectively inhibited the growth of pathogen of
honeybees and bumblebees—A. apis. Considering not long-living structures of the studied peroxides,
most likely, they will not lead to environmental pollution and can be used to safely treat insects.

The antifungal mechanism action of cyclic peroxides, unlike H2O2 and hydroperoxides, probably
does not depend on their oxidative potential. In the previous studies, we did not observe a direct
correlation between cyclic peroxide oxidative potential and cytotoxic effect in relation to the human
liver, lung, prostate cancer, and normal cells. It has been demonstrated that the activity depends on the
stereochemistry of chiral centers in cyclic peroxides [14–16]. The antimalarial effect of Artemisinin
and related peroxides is connected with a homolytic decomposition of O–O bond with the formation
of O-centered radicals and their further transformation into C-centered radicals, the action of which
determines antimalarial activity. A similar mechanism of the antifungal action of peroxides can be
supposed in our case.

4. Materials and Methods

4.1. Samples

The objects of the study were adult male bumblebees Bombus terrestris L. (more than 3 days after
hatching from pupae), as well as bumblebee larvae provided by the Technology of Bumblebee Rearing
Ltd. (Voronezh, Russia). Ozonide 1, bridged 1,2,4,5-tetraoxanes 2–6 [25], and tricyclic monoperoxides
7,8 [55] were synthesized in accordance with previously reported procedures. Physical data and
description of 1H and 13C-NMR spectra of peroxides 1–8 see in the Supplementary Materials.

4.2. Molecular Identification of Microorganisms in the Intestinal Contents of Bumblebee Larvae

The intestinal contents of bumblebee larvae were seeded on Saburo№2GRM medium (Russia):
pancreatic hydrolysate of fish meal—10 g/L; pancreatic hydrolysate of casein—10 g/L; yeast
extract—2 g/L; NaH2PO4—2 g/L; d-glucose—40 g/L; microbiological agar—10 g/L; pH 6.0. To suppress
the growth of non-target microflora in the medium, 10 mL of 1% chloramphenicol solution per 1 L
of the medium was added. DNA from the grown colonies on Saburo medium was isolated using
commercially available PROBA-GS kit (DNA Technology, Russia) in accordance with recommendations
of the manufacturer (https://www.dna-technology.ru/files/images/instruction/en-(110--2)PROBA-GS19.
10.10.pdf). The polymerase chain reaction was performed with an Eppendorf MasterCycler Personal
cycler. Each PCR reaction mixture in 0.25 mL test tube contained 5 µL of 5X reaction buffer (Evrogen,
Moscow, Russia), 1 µL of 5 µM forward primer, 1 µL of 5 µM reverse primer, 2 µL of template DNA, and
deionized water (up to 25 µL). PCR regime included initial denaturation at 94 ◦C for 3 min, 35 cycles of
denaturation at 94 ◦C for 30 s, annealing at 54 ◦C for 30 s, elongation at 72 ◦C for 45 s, final elongation
at 72 ◦C for 10 min. The following primers were used: forward ITS1 TCCGTAGGTGAACCTGCGG,
reverse ITS4 TCCTCCGCTTATTGATATGC (White et al. 1990). PCR products were stained with
ethidium bromide and visualized at 312 nm with TCO-20LM transilluminator after electrophoresis on
2% agarose gel. RCR products were extracted from the gel and purified with a commercially available
Cleanup Standard kit (Evrogen, Russia) and sequenced with Applied Biosystems 3500 automated
sequencer using BigDye Terminator v3.1 Cycle Sequencing Kit (Thermo Fisher Scientific, Waltham, MA,
USA) and ITS1/ITS4 primers (Evrogen, Moscow, Russia). The following eukaryotic microorganisms
were detected: Lachancea thermotolerans, Mucor racemosus, Naganishia adeliensis, Penicillium commune,
Rhodotorula mucilaginosa, Ascosphaera apis.

https://www.dna-technology.ru/files/images/instruction/en-(110--2)PROBA-GS19.10.10.pdf
https://www.dna-technology.ru/files/images/instruction/en-(110--2)PROBA-GS19.10.10.pdf
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4.3. Study of the Toxic Effect of the Peroxides on Bumblebees (Contact Action)

Peroxide 1–4, 6 (0.3 mg or 3.0 mg) was added to 500 µL of DMSO, and the resulting solution was
diluted with distilled water to 10 mL. After that, a 30 mg/L or 300 mg/L solution of peroxide in water
containing DMSO (5% vol.) was obtained. A solution of DMSO (500 µL) in distilled water (9.5 mL)
was used as the control solution. Bumblebees, gently with tweezers for 1 s, were placed in a test tube
with the tested solution of peroxide 1–4, 6 in water containing DMSO (5% vol.). After that, they were
kept for 2 h in a specialized cage with filter paper at the bottom to dry. Then, bumblebees were placed
in cylindrical cages (diameter-14 cm, height-7 cm) with a mesh bottom and a lid; 10 bumblebees in
each cage. Inverted sugar syrup (60%) was used as a feed. Bumblebees were kept at a temperature of
27–28.5 ◦C and at a humidity of 55–68%. The number of dead bumblebees was registered after 3 days.

4.4. Study of the Toxic Effect of the Peroxides on Bumblebees (Feeding of Bumblebees)

Peroxide 1–4, 6 (0.3 mg or 3.0 mg) was added to 500 µL of DMSO, and the resulting solution
was diluted with 60% inverted sugar syrup to 10 mL. After that, 30 mg/L or 300 mg/L solution of
peroxide in inverted sugar syrup containing DMSO (5% vol.) was obtained. A solution of DMSO
(500 µL) in 60% inverted sugar syrup was used as the control solution. Bumblebees were placed in
cylindrical cages (diameter-14 cm, height-7 cm) with a mesh bottom and a lid; 10 bumblebees in each
cage. Bumblebees were kept at a temperature of 27–28.5 ◦C and at a humidity of 55–68%. The number
of dead bumblebees was registered after 3 days.

4.5. Study of the Ability of Bumblebees to Fly

Bumblebees, which either were in contact with the solution of the studied compounds (see above
Section 4.3) or the consumed syrup with the studied compounds (see above Section 4.4), were used.
Bumblebees (3 insects) were placed in a transparent chamber: length 25 cm, width 15 cm, height 20 cm.
For lighting, fluorescent lamp 600 mm 18W D26 G13 neutral-white PHILIPS was used. Further, the
number of bumblebees in the state of the flight was registered every 5 s for 20 min (the optimal time
period required for measuring the ability of bumblebees to fly). During this time, the lamp was turned
on. After that, the average number of bumblebees that were in flight was calculated.

4.6. Evaluation of Fungicidal Activity of the Peroxides

The fungicidal activity was tested according to the common procedure with Ascosphaera apis [56].
Compounds were dissolved in acetone to prepare a 3 mg/mL stock solution. Then, aliquots of the stock
solution were diluted with acetone to obtain a series of solutions with a concentration of 0.03–3 mg/mL.
After that, the aliquots of the tested compound were mixed with potato-saccharose agar at 50 ◦C to
obtain the 0.3–30 µg/mL concentration of the compound. The final acetone concentration of both
fungicide-containing and control samples was 10 mL/L. Petri dishes containing 15 mL of the agar
medium were inoculated by placing 2-mm mycelial agar discs on the agar surface. Plates were incubated
at 25 ◦C for 72 h. A mixed medium without a sample was used as blank control. After incubation, the
mycelium elongation diameter (mm) of fungi settlements was measured. Three replicates of each test
were carried out. The growth inhibition rates were calculated with the following equation: I = [(DC −
DT)/DC] × 100%. Here, I is the growth inhibition rates (%), DC is the control settlement diameter (mm),
and DT is the treatment group fungi settlement diameter (mm). Commercially available agricultural
fungicides—Triadimefon and Kresoxim-methyl—were used as positive controls. EC50 values were
calculated by non-linear regression using an equation for a sigmoidal dose-response curve with variable
slope (Prism 7.0, GraphPad Software, San Diego, CA, USA).

4.7. SEM Characterization of Ascosphaera apis

The target-oriented approach was utilized for the optimization of the analytic measurements [57].
Before measurements, the samples were mounted on a 25 mm aluminum specimen stub and fixed by
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conductive carbon paint. Metal coating with a thin film (10 nm) of gold/palladium alloy (60/40) was
performed using a magnetron sputtering method, as described earlier [58]. The observations were
carried out using a Hitachi SU8000 field-emission scanning electron microscope (FE-SEM, Hitachi,
Tokyo, Japan). Images were acquired in deceleration mode at 500 V landing voltage. Signal summing
(secondary electrons (SE) + backscattered electrons (BSE)) was employed during the observations.

5. Conclusions

Cyclic peroxides exhibited high antifungal activity against entomopathogenic fungus Ascosphaera
apis. The globose sporocysts on the mycelium of A. apis were practically absent under the action
of peroxides. The peroxides were non-toxic to bumblebees and did not reduce their ability to fly.
Some peroxides were more effective against A. apis than commercial fungicide Triadimefon. Thus,
cyclic peroxides could be considered as effective agents against the pathogen of bumblebees and
honeybees—A. apis, which are at the same safe for pollinators.

Supplementary Materials: The following are available online. Physical data and description of 1H and 13C-NMR
spectra of peroxides 1–8.
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