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Abstract: Honey bees are one of the most significant pollinators and contribute to the
pollination of various crops. The honey bee, Apis mellifera (Linnaeus, 1758), has unique
characteristics that could be successfully used to improve biomonitoring approaches in
assessing environmental interactions. Three apiaries with different rates of honey bee
colony losses were included in the study—Dimovtsi, Plovdiv, and Krasnovo, Bulgaria.
Male individuals (immature and mature) were collected from five colonies for each of
the three apiaries and studied for histopathological changes in the gonads. The results
concerning the rate of honey bee colony losses in the studied apiaries from 2022 and
2023 showed honey bee losses in the tested colonies due to queen problems, which were
reported for Plovdiv, as well as the death of honey bees or a reduction in their number to a
few hundred bees in the colony. The chemical analysis showed the presence of different
organic substances, such as Coumaphos, DEET (N, N-diethyl-M-toluamide), Fluvalinate,
and Piperonyl-butoxide, in the alive and dead honey bee samples and those of food stocks
(wax, pollen, and honey) within the hives. Among the sample types, those of the dead
honey bees contained the greatest variety of pesticide residues, particularly in Plovdiv
and Dimovtsi, reinforcing the link between pesticide exposure and honey bee mortality.
The histopathological alterations were mainly associated with the thinning of the covering
epithelium of the seminiferous tubules and the detachment of the basement membrane of
the seminiferous tubules. The more severe histopathological lesion, necrosis, was observed
in a higher degree of expression in the drones from Plovdiv, indicating a higher pollution
level in this region.
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1. Introduction
Modern agricultural practices are considered one of the primary causes of insect

biodiversity loss [1,2]. The control of pesticide usage is regulated in the European Union
by Regulation (EC) No. 1107/2009 and Directive 2009/128/EC. The most crucial steps
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that should be taken to protect honey bees are the following three: pesticide companies
provide studies on the effects of active substances on honey bees and, if needed, on residues
in nectar and pollen, one reporter Member State assesses the delivered data, and the
European Food Safety Authority together with Member States peer reviews the active
substance assessment [3]. Moreover, Regulation (EC) No. 396/2005 indicates the maximum
pesticide residue levels in or on food and feed of plant and animal origin. According
to Martinello et al. [4], biomonitoring programs could be used as a suitable method to
assess the uptake and potential health risks caused by direct and indirect exposure to
these environmental pollutants. As it is well known, honey bees are among the most
significant pollinators and contribute to the pollination of various crops [5], making them
excellent bioindicators for environmental pollution. In addition, as explained by Papa
et al. [6], the honey bee has unique characteristics that could be successfully used to
improve biomonitoring approaches in assessing environmental interactions. According
to Jiang et al. [7], unintentional pesticide exposure includes contact with contaminated
nectar, pollen, and water sources because honey bees can cover a wide area during a flight
for foraging [8]. Eissa and Taha [9] pointed out that beekeepers utilise different pesticides
to control the infestation with the Varroa destructor, Acarapis woodi, and Paenibacillus spp.
larvae [10–12] in honey bee colonies. Therefore, honey bees’ products could be considered
indicators for environmental biomonitoring purposes [13–15]. There has been a worrying
trend in recent decades because of the increasing mortality of honey bees worldwide. This
harms the genetic richness of honey bee populations in Europe. It turns out that they are
threatened by genetic contamination of local populations adapted to specific environmental
conditions and stress caused by global climate change and agrochemical pollution. In
addition, intensive agriculture with long-term use of pesticides, the shortage of suitable
food, habitat loss, and the emergence of new pathogens and pests are significant factors
negatively affecting the vitality of honey bees. The harmful effects of pesticides are based on
their accumulation potential as residues in the ecological food chain and their diverse toxic
effects on living organisms. In recent years, agricultural practice has seen a trend toward
widespread usage of neonicotinoids as a new class of pesticides applied in modern agrarian
production to protect crops from pests. Although this class of insecticides is currently used
in many countries worldwide, scientific data on their toxic effects on honey bees and other
pollinators in nature are building up. This is also the reason for limiting or altogether
banning their use in some European countries. In addition to their direct toxicity, which can
lead to lethal effects, pesticides also affect the normal functioning of bee colonies. Several
studies [16–18] aimed to clarify the relationship between bee colony mortality, declining
bee populations, and the increased use of pesticides, including neonicotinoids. Moreover,
several other studies presented data showing that neonicotinoid pollution negatively affects
queen bee production, individual growth, and development, increases worker mortality,
and leads to a decrease in colony size [19–21]. In beekeeping practice, various agrochemicals
are widely used to combat Varroa. Although they are adequate to varying degrees against
Varroa, they also pose a potential toxicological risk to honey bees, which has not been
sufficiently studied. The synergistic interactions between plant protection chemicals and
acaricides against Varroa have not been studied in detail.

Appropriate methodological tools and biomarkers are currently being sought to in-
vestigate the relationship between pesticide pollution and increasing honey bee colony
losses in the populations of Apis mellifera. In this regard, histopathological biomarkers in
bees could be successfully applied to monitor environmental effects and those of treatment
with different classes of pesticides. According to Gusso-Choueri et al. [22] and Tanabe
et al. [23], applying histopathological biomarkers to determine the effects of environmental
pollution is a critical approach, as they precisely reflect the health status of the organism.
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Histopathological methods allow the differentiation of morphological changes caused by
environmental factors or pollution at the tissue level. Furthermore, the histopathological
changes represent an actual response of the organism to the influence of various environ-
mental stressors, including pesticides. The growing number of studies based on the usage
of histopathological biomarkers is related to the fact that they more accurately reflect the
health status of the affected organisms compared to other biological methods. However,
there is not much information on histopathological lesions in bees caused by environmental
pollution with pesticides.

Therefore, the present study aims to determine how pesticide stress affects the repro-
ductive system of honey bee drones from three populations with different rates of colony
losses in Bulgaria. To our knowledge, this is the first study on histopathological alterations
in drone gonads in the context of their relationship with pesticide contamination in situ.

2. Material and Methods
2.1. Sample Collection

Three apiaries with different rates of honey bee colony losses were included in the
study—Dimovtsi (42.672887, 25.734201), Plovdiv (42.136097, 24.742168), and Krasnovo
(42.4667, 24.4833)—Figure 1. The Dimovtsi apiary is situated in the Pre-Balkan region,
where orchards and oil-bearing roses have been identified as potentially risky vegetation
for honey bees due to the pesticide treatment. The Plovdiv apiary is a scientific beekeeping
base of the Agricultural University in Bulgaria. It is located in the Thracian Valley, close
to intensively pesticide-treated agricultural zones. The Krasnovo apiary is in the Sredna
Gora Mountain—a region free of pesticide-treated crop fields. Drones (immature and
mature) were collected from five colonies for each of the three apiaries for the period from
May to June 2022 and transported alive in plastic bee cages with escape-proof lids, which
allow airflow to ensure their health, safety, and legal compliance with the histopathology
laboratory. The data on honey bee colony losses, the presence of risky honey vegetation,
which is actively and permanently treated with pesticides in the region of the apiary,
and the agrochemicals used by beekeepers against Varroa were obtained by applying the
international COLOSS questionnaire during the period from April 2022 to March 2023 [24].
Given the reported low levels of honey bee colony losses (≤1%), the apiary in Krasnovo
was used as a reference site.

Figure 1. Locations of the apiaries included in the study and sample collection sites.
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2.2. Chemical Analysis

Pooled samples of bees, both for the alive and dead honey bees, and pooled samples
of food stocks containing wax, honey, and pollen, collected from the studied colonies and
pooled for each of the apiaries included in the study, were submitted for chemical analysis.
The sample collection period for chemical analysis (May–June 2022) coincided with the
collection of samples for histopathological analysis.

Pesticide residue concentrations (mg/kg) in the bee samples and food stocks in the
hive collected from the same five colonies of the three studied apiaries were analysed by
GMS-GC-MSMS and LMS-LC-MSMS chromatographic analysis, performed in the licensed
international chemical laboratory Primoris in Gent, Belgium (the accredited methods were
reported under the accreditation of Primoris Holding BELAC 057-TEST/ISO17025) [25].
Additionally, samples of oil-bearing rose foliage of Rosa damascena, commonly treated with
plant protection products, were tested for the Dimovtsi apiary area. A calibration curve
with a linear range from 0.01 mg/kg to 0.100 mg/kg for the bees and from 0.01 mg/kg to
0.150 mg/kg for the food stocks (wax, pollen, and honey) within the hives, respectively,
was created with values lower than 0.01 mg/kg.

2.3. Histopathological Analysis

The dissection was performed in laboratory conditions. Immature and mature drone
gonads (5 drones per colony, 5 colonies per apiary, 3 apiaries, and total number of
gonads = 150 total) from each apiary were fixed in 10% neutral buffered formaldehyde solu-
tion (pH = 7.0) and used for the histopathological analyses. After fixation in formaldehyde,
the gonads were rinsed in tap water, dehydrated in a graded series of ethanol concen-
trations, cleared in xylene, embedded in paraffin wax with a melting point of 54–56 ◦C,
sectioned to a thickness of 5–7 µm using a semi-automated rotary microtome (Leica RM 2125
RTS, Leica Microsystems, Wetzlar, Germany), and mounted on sterilised glass slides. The
sections were deparaffinised, stained with haematoxylin and eosin (H&E), and prepared
for light microscopy analysis [26], which was performed by using a microscope with an
attached high-quality camera (Leica DM 2000 LED, Leica Microsystems, Wetzlar, Germany).
Ten paraffin sections were produced from each specimen. Each section was taken from a
different location on the paraffin block. The histopathological alterations were analysed by
observing the whole organ surface according to Power et al. [27]. The degree of expression
was studied, including the corresponding changes in the organ surface about the standard
histological structure of the organ. The histopathological lesions were determined semi-
quantitatively using the grading systems of Gibson-Corley et al. [28] and Saraiva et al. [29],
which we combined and modified. Each grade represented specific histopathological char-
acteristics and was categorised as follows: (0)—no lesions, which represented standard
histological structure (<10%), (1)—mild lesions (10–30%), (2)—moderate lesions (30–50%),
(3)—severe lesions (50–80%), and (4)—very severe lesions (>80%). The histopathological
slides from each individual were examined, and each alteration’s percentage value was
determined from ten visual fields. The indicated value of histopathological changes is an
average of all histopathological slides we observed.

2.4. Statistical Analysis

All statistical analyses were conducted using Python 3.11 with SciPy (v1.11.3) and
Statsmodels (v0.14.0) [30,31]. The results are presented as mean ± standard deviation (SD),
and statistical significance was set at p < 0.05. For the chemical residue analysis, one-way
analysis of variance (ANOVA) was used to assess differences in pesticide concentrations
among sampling sites and sample types. When significant differences were detected,
Tukey’s HSD post hoc test was applied to determine which groups differed significantly. In
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cases where data were non-normally distributed, the Kruskal–Wallis test was performed
instead of ANOVA, followed by the Mann–Whitney U test for pairwise comparisons. The
Shapiro–Wilk test was used to assess the normality of data distributions, while Levene’s
test was applied to check for homogeneity of variances. For the histopathological lesion
scores, which were measured on a semi-quantitative scale, one-way ANOVA was per-
formed to compare lesion severity among groups. Tukey’s HSD test was used for post
hoc comparisons where significant differences were detected. For categorical data where
numerical variability was insufficient for parametric analysis, a Chi-square test was used to
compare the frequency of lesions across groups.

All statistical procedures were carried out using custom Python scripts, which are
available from the corresponding author upon reasonable request.

3. Results and Discussion
3.1. International COLOSS Questionnaire

The results concerning the rate of honey bee colony losses in the studied apiaries from
2022 and 2023 are presented in Table 1. As could be seen, there were no reported honey
bee colony losses for Krasnovo, but the total losses for Dimovtsi and Plovdiv were 19.74%
and 40.96%, respectively. Colony losses in connection with queen problems were reported
for Plovdiv, and those due to the death of honey bees or a reduction in their number to
a few hundred bees in the colony were reported for Dimovtsi and Plovdiv. Treatment
against Varroa has been previously performed in Krasnovo (by oxalic acid) and Dimovtsi
(by oxalic acid and amitraz), in contrast to Plovdiv, where acaricide treatment has not been
carried out in the last ten years (Table 1). Furthermore, the Krasnovo apiary is located in a
semi-mountainous area without agrarian fields, and the risk of applying plant protection
chemicals is lower. However, during the study period, the interviewed beekeepers reported
spraying with mosquito repellents. The Dimovtsi apiary is near orchards and oil-bearing
roses, which are regularly treated with pesticides, and the one in Plovdiv is located on the
territory of an agricultural educational complex, where the experimental gardens (orchards,
rapeseed, sunflower, and maize) are periodically treated with various pesticides.

Table 1. Rate of honey bee colony losses (%), risky honey vegetation, and agrochemicals used by
beekeepers against Varroa during 2022–2023.

Parameter Krasnovo Dimovtsi Plovdiv

Queen problem losses % 0 0 8.43
Losses due to bee mortality % 0 19.74 32.53

Total loss % 0 19.74 40.96

Reported treatment Oxalic acid Oxalic acid
Amitraz No treatment

Risky vegetation No Orchards Orchards, rapeseed,
sunflower, maize

3.2. Chemical Levels

The chemical analysis showed the presence mainly of Coumaphos in the alive
honey bee samples and in those of food stocks (wax, pollen, and honey) within the
hives. DEET (N,N-diethyl-M-toluamide), Fluvalinate, and Piperonyl-butoxide were
also detected in the samples collected from some of the apiaries included in this study
(Table 2). Additionally, data from the chemical analysis of the samples from the Di-
movtsi region showed the presence of eight pesticide residues (Cypermethrin—0.68 mg/kg;
Lambda-Cyhalothrin—0.32 mg/kg; Clothianidin—0.014 mg/kg; Difenoconazole—0.013 mg/kg;
Flutriafol—0.023 mg/kg; Fluxapyroxad—6.4 mg/kg; Pyraclostrobin—6.6 mg/kg;
Thiamethoxam—0.23 mg/kg) in the studied leaf mass of oil-bearing rose, five of which
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were also found in the dead bee samples. In addition, residues of fourteen pesticides were
also detected in the dead bee samples from the apiary area in Plovdiv (Table 2). Significant
differences in the pesticide residues were found among sampling sites and sample types.
Clothianidin concentrations in dead honey bee samples differed significantly among sites
(ANOVA F = 379.8, p < 0.001), with Dimovtsi showing higher levels than Plovdiv. Similarly,
the Coumaphos levels varied significantly among alive honey bee samples and food stocks
(ANOVA F = 455.1, p < 0.001), with Dimovtsi food stocks containing significantly higher
concentrations than other sample types. The Fluvalinate concentrations in food stocks also
differed among locations (ANOVA F = 208.3, p < 0.001), with higher levels detected in
Plovdiv compared to Krasnovo (Table 2). For several pesticides, statistical comparisons
were impossible, as they were detected in only one sample type or location, with concen-
trations below the detection limit (BDL) in all other cases. These include Cypermethrin,
DEET, Dimethoate, Fenamidone, Fenbutatin oxide, Fenoxycarb, Flonicamid, Fluxapyroxad,
Hexythiazox, Linuron, Piperonyl-butoxide, Prosulfocarb, Pyraclostrobin, Tebuconazole,
Thiamethoxam, and Thiophanate-methyl (Table 2). Regarding the contamination levels
across sites, Plovdiv (dead honey bee samples) exhibited the highest number of detected
pesticides, suggesting higher environmental exposure. Conversely, Krasnovo (food stocks)
had the lowest contamination levels, with only three detected pesticides in the samples,
indicating lower pesticide transfer into stored honey and nectar sources. Moreover, among
the sample types, the dead honey bee samples contained the highest variety of pesticide
residues, particularly in Plovdiv and Dimovtsi, reinforcing the link between pesticide
exposure and honey bee mortality (Table 2).

According to the European Food Safety Authority (EFSA), the application of pesticides
should be restricted to reduce their negative effect on non-target organisms, such as honey
bees [32]. Kaila et al. [3] explained that continual monitoring of pesticide exposure and
its negative effects on bees and other wild pollinators should be established regarding
pesticide legislation and its implementation across the EU to protect pollinators and their
products in agricultural environments. Moreover, many honey bee colonies are exposed to
multiple pesticides, which beekeepers apply to control pests and pathogens on bees. As
a result of the widespread use of these miticides, contamination of the wax in different
colonies could be established [33]. We agree with Traynor et al. [34], who stated that some of
these pesticides can be widespread, especially in colonies owned by commercial beekeepers,
and can reach high concentrations in wax, honey, pollen, and bees. In this regard, Traynor
et al. [34] and Mullins et al. [35] found the product Amitraz and its derivatives in bee wax.
Moreover, for the first time, Rinderer et al. [36] evaluated the effects of Fluvalinate used
against Varroa mites on drone reproductive health. Similarly to Benito-Murcia et al. [37], we
consider that acaricide residues, such as Fluvalinate and Coumaphos, are widespread in
honey bee colonies. The authors found that chronic exposure to these acaricides resulted in
significant changes in key biomarkers, such as neurotoxicity, xenobiotic biotransformation,
and oxidative stress. In addition to the statement of Benito-Murcia et al. [37], the chronic
toxicity of the mentioned acaricides presents the first LD50 values for Fluvalinate and
Coumaphos in honey bees, providing insights into the risks for the contaminated bee
colonies. Furthermore, short-term application and moderate concentrations are necessary to
prevent Varroa resistance. We support the opinion of Ilyasov et al. [38], who recommended
reducing the use of miticides and producing organic honey for less harmful effects on
honey bees.



Environments 2025, 12, 173 7 of 14

Table 2. Pesticide residue levels (mean ± SD) in honey bee samples from different locations and
sample types (mg/kg).

Chemical

Dimovtsi Krasnovo Plovdiv
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Amitraz BDL BDL BDL BDL BDL BDL 0.0039 ± 0.0003 BDL BDL
Carbendazim BDL BDL BDL BDL BDL BDL 0.0011 ± 0.0001 BDL BDL

Clothianidin 0.0203 ± 0.0015
A BDL BDL BDL BDL BDL 0.0030 ± 0.0002

B BDL BDL

Coumaphos BDL 0.0433 ± 0.0012
A

0.3133 ± 0.0208
B BDL BDL BDL BDL 0.0617 ± 0.0021

A
0.0603 ± 0.0015

A

Cypermethrin 0.0103 ± 0.0006 BDL BDL BDL BDL BDL BDL BDL BDL
DEET

(N,N-diethyl-
M-toluamide)

BDL BDL BDL BDL BDL BDL BDL 0.0387 ± 0.0015 BDL

Dimethoate BDL BDL BDL BDL BDL BDL 0.0011 ± 0.0002 BDL BDL
Fenamidone BDL BDL BDL BDL BDL BDL 0.0013 ± 0.0002 BDL BDL
Fenbutatin

oxide BDL BDL BDL BDL BDL BDL 0.0032 ± 0.0002 BDL BDL

Fenoxycarb BDL BDL BDL BDL BDL BDL 0.0018 ± 0.0001 BDL BDL
Flonicamid BDL BDL BDL BDL BDL BDL 0.0052 ± 0.0002 BDL BDL

Fluvalinate BDL BDL BDL BDL BDL 0.0057 ± 0.0015
A BDL BDL 0.0237 ± 0.0015

B

Fluxapyroxad 0.0620 ± 0.0020 BDL BDL BDL BDL BDL BDL BDL BDL
Hexythiazox BDL BDL BDL BDL BDL BDL 0.0015 ± 0.0002 BDL BDL

Linuron BDL BDL BDL BDL BDL BDL 0.0023 ± 0.0002 BDL BDL
Piperonyl-
butoxide BDL BDL BDL BDL BDL 0.0073 ± 0.0021 BDL BDL BDL

Prosulfocarb BDL BDL BDL BDL BDL BDL 0.0035 ± 0.0002 BDL BDL
Pyraclostrobin 0.1433 ± 0.0208 BDL BDL BDL BDL BDL BDL BDL BDL
Tebuconazole BDL BDL BDL BDL BDL BDL 0.0026 ± 0.0004 BDL BDL

Thiamethoxam 0.0071 ± 0.0052 BDL BDL BDL BDL BDL BDL BDL BDL
Thiophanate-

methyl BDL BDL BDL BDL BDL BDL 0.1367 ± 0.0153 BDL BDL

A,B Values with different letters in the same row are significantly different (Tukey’s test, p < 0.05). BDL—below
detection limit.

3.3. Histopathological Lesions

In the reference samples (Figures 2A and 3A), we found a typical morphology of
the examined organs, which follows the previously described one by Bishop [39] and
Klein et al. [5]. On the other hand, we found histopathological changes regarding the
sperm cells in the gonads of immature and mature drones. They were expressed mainly
in thinning the epithelium covering the tubules, separating the seminiferous tubules’
basal membrane (Figure 3C,D and Figure 4A,B), and establishing separate areas with
necrotic changes (Figure 2B,C and Figure 3B). The listed lesions affected drones more
than immature males from the two sampling sites—Dimovtsi and Plovdiv. Compared
with the Krasnovo apiary used as a reference (Figure 2A), we observed a higher degree
of histopathological alterations in the drones from the Plovdiv apiary (Figure 1). In the
drones from Dimovtsi, a higher degree of separation of the basal membrane from the
seminiferous tubules was also found (Figure 4C,D). In the seminiferous tubules of all mature
drones, mature spermatozoa have passed the spermiogenesis process. However, spermatids
were less frequently detected. In the immature individuals, we observed seminiferous
tubules without a lumen due to the earlier stage of development. Spermatogenic cells
and spermatocytes were also found in the spermatogonia stage. Similar to the mature
drones, separation of the basement membrane from the seminiferous tubules was present,
as well as thinning of the covering epithelium, again to a higher degree in the individuals
from the city of Plovdiv (Figure 3C,D). Significant differences were observed among the
sampling sites and maturity groups in several histopathological parameters. Thinning of
the covering epithelium of the seminiferous tubules showed significant variation among
the groups (ANOVA F = 17.7662, p < 0.001; Figure 4D). The Tukey’s HSD test indicated that
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the Dimovtsi mature drones (Table 3, B)—exhibited significantly higher thinning than the
Dimovtsi immature male individuals and the Plovdiv immature and mature drones (Table 3,
C), which showed intermediate values. In contrast, the Krasnovo immature and mature
drones (Table 3, A) exhibited no signs of this alteration, reinforcing the assumption that this
change is related to pollution exposure in Dimovtsi and Plovdiv (Table 3). A similar trend
was found in the detachment of the basement membrane of the seminiferous tubules, where
a significant difference was detected (ANOVA F = 23.9962, p < 0.001). The Tukey’s test
revealed that the Dimovtsi mature drones (Table 3, B) had the highest detachment scores.
In contrast, the Dimovtsi immature male individuals and Plovdiv immature and mature
male individuals (Table 3, C) had lower but notable levels of detachment. The Krasnovo
immature and mature drones (Table 3, A) exhibited no detachment, indicating that this
lesion is likely linked to external stressors. In the case of necrotic areas, a significant
difference was observed (ANOVA F = 24.4948, p < 0.001). The Plovdiv immature and
mature drones (Table 3, B) exhibited significantly more necrotic tissue than the Dimovtsi
immature and mature drones (Table 3, A), showing only minor necrosis signs. No necrotic
areas were detected in Krasnovo (Table 3, A), highlighting a marked difference between the
control site and the impacted locations. No significant differences were observed among
the groups for the lack of spermatozoa in mature drones (Chi-square = 4.2857, p = 0.1171).
While a few cases of spermatozoa absence were recorded in the Dimovtsi mature drones
(0.20 ± 0.42 A), no instances were found in Krasnovo or Plovdiv (Table 3, A). The rarity of
this alteration suggests that it may not be directly linked to site-specific pollution effects. A
significant difference was found in the absence of lumen in mature drones (Chi-square = 6.4286,
p = 0.0403). The Dimovtsi mature drones (Table 3, B) had significantly more lumen absence
cases than the Krasnovo and Plovdiv mature drones, which showed no instances (Table 3,
A). The absence of this alteration in Plovdiv suggests that the factors contributing to lumen
loss may be site-specific and more prominent in Dimovtsi. The Plovdiv immature and
mature drones exhibited the most severe histopathological alterations, particularly in
necrotic areas, indicating increased tissue damage at this site. The Dimovtsi mature drones
showed notable alterations in detachment of the basement membrane and the absence of a
lumen, suggesting a high degree of tissue damage in this location. In contrast, Krasnovo (the
reference site) had the lowest alteration scores across all examined parameters, reinforcing
the assumption that environmental stressors contribute to the observed histopathological
changes in Dimovtsi and Plovdiv (Table 3).

Table 3. Histopathological lesion assessment in the male reproductive system of honey bees
(N = 10 per group).

Histopathological Lesion
Krasnovo (Control) Dimovtsi Plovdiv

Mature
Drones

Immature
Drones

Mature
Drones

Immature
Drones

Mature
Drones

Immature
Drones

Thinning of the covering
epithelium of the

seminiferous tubules
0 A 0 A 1.90 ± 0.74 B 1.00 ± 0.67 C 0.80 ± 0.63 C 0.90 ± 0.57 C

Detachment of the
basement membrane of the

seminiferous tubule
0 A 0 A 2.20 ± 0.79 B 1.30 ± 0.48 C 1.00 ± 0.67 C 1.00 ± 0.67 C

Necrotic areas 0 A 0 A 0.70 ± 0.67 A 0.60 ± 0.52 A 2.10 ± 0.74 B 2.00 ± 0.94 B

Lack of spermatozoa
(only in mature drones) 0 A 0 A 0.20 ± 0.42 A - 0 A -

Absence of lumen (only in
mature drones) 0 A 0 A 1.00 ± 0.67 B - 0 A -

A,B,C Values with different letters in the same row are significantly different (Tukey’s test, p < 0.05).
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Figure 2. Histopathological lesions in drone gonads from Plovdiv (H&E staining, 5–7 µm sections):
(A) reference group, (B,C) necrotic areas in seminiferous tubules (arrow), and (D) detachment of the
basement membrane of the seminiferous tubule (arrow).

Figure 3. Degenerative lesions in gonads of honey bee immature drones (H&E staining, 5–7 µm
sections): (A) control group with seminiferous tubules without the presence of a lumen, (B) a
necrotic area in a seminal duct, affecting some of the follicles in drones from Dimovtsi (arrow), and
(C,D) separation of the basement membrane of the seminiferous tubules in drones from Plovdiv (arrow).
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Figure 4. Histopathological lesions in drone gonads from Dimovtsi (H&E staining, 5–7 µm sections):
(A,B) detachment of the basement membrane of the seminiferous tubule (arrow), (C) seminiferous
tubule with the presence of spermatozoa without the presence of a lumen (arrow), and (D) thinning
of the covering epithelium of the seminiferous tubules (arrow).

Data are presented as mean ± SD for histopathological semi-quantitative scores, which
are categorised as follows:

(0)—no lesions, representing standard histological structure (<10% affected),
(1)—mild lesions (10–30% affected),
(2)—moderate lesions (30–50% affected),
(3)—severe lesions (50–80% affected),
(4)—very severe lesions (>80% affected).
According to Elhamalawy et al. [40], pesticides cause adverse effects on non-target

invertebrates, their vital roles in agriculture, and their economic value. Moreover, as the au-
thors explained, pesticides also affect individual survival, physiological state, growth,
behaviour, development, and reproduction. In addition to this opinion, Mitkovska
et al. [41,42] provided evidence that there are statistically significant relationships be-
tween pesticide contamination in apiary areas, the rate of honey bee colony losses in
populations, the presence of various morphological abnormalities, and DNA integrity
disorders in spermatozoa of drones from similar locations to the described ones. Our
results for histopathological alterations in gonads in male individuals in different stages
of development align with those of Power et al. [27], who observed degenerative changes
in the seminiferous tubules of the Italian bee (Apis mellifera ligustica Spinola, 1806), ex-
pressed in changes of the covering epithelium, as well as the more severe degree of
degeneration—necrosis. According to Ebrahimi et al. [43] and Babazadeh et al. [44], such
degenerative changes in the seminiferous tubules may be due to the presence of high levels
of pesticides, such as organophosphorus chemicals and neonicotinoids. In addition, the
effects of different toxicants could lead to the induction of oxidative stress in various tissues
and the presence of degenerative changes. As Finkel and Holbrook [45] explained, oxida-
tive stress causes the accumulation of reactive oxygen species (ROS), leading to alterations
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at the cellular and tissue levels. According to Sandroc et al. [46] and Baines et al. [47],
persistent organic pollutants, such as neonicotinoids, induce hormonal and morphological
changes in the male reproductive system of honey bees. What is more, the negative changes
in the development of the reproductive system of male individuals are observed even
at lower concentrations but after prolonged exposure to pesticides. However, we agree
with Power et al. [27] that the degenerative changes found may also be due to parasites.
Therefore, we suggest further detailed research in this field. Basak et al. [48] stated that
Piperonyl-butoxide could cause environmental hazards and is toxic to non-targeted or-
ganisms, resulting in haematological, biochemical, and histopathological alterations. In
addition, the external treatment of honey bee colonies by miticides Amitraz and Fluvalinate,
along with a positive effect of pest control, harms reproductivity and honey productivity
and probably can reduce learning and memory, gustation, and olfaction of honey bees [38].
Our results also align with those of Abderkader et al. [49], who established a significant
decrease in semen volume and sperm concentration and an increase in sperm mortality
rate in honey bee drones, which indicates the negative effect of insecticides, such as Cloth-
ianidin. Moreover, Benito-Murcia et al. [37] found that chronic exposure to Fluvalinate
and Coumaphos resulted in significant changes in key biomarkers, indicating potential
neurotoxicity, xenobiotic biotransformation, and oxidative stress. Ko et al. [50] studied the
impact of different concentrations of Fluvalinate as a widely used insecticide against Varroa
mites on the larvae of honey bee experimental colonies in Taiwan. The authors found that
the applied concentrations harmed the adult honey bee workers, affecting their subsequent
associative ability. In addition, Arslan et al. [51] stated that increasing doses of Coumaphos
resulted in increased locomotor activity with differences in sensitivity across honey bee
populations in Turkey. Swiatly-Blaszkiewicz et al. [52] quantified pesticide residues in
different honey bee products collected from Poland and, similarly to us, found a presence
of different pesticide residues, such as Fluvalinate, Cypermethrin, and Dimethoate. The
negative impact of the studied pesticides was confirmed by Gregorc et al. [53], who con-
ducted a comparative immunohistological TUNEL analysis concerning the negative effects
of two insecticides (Coumaphos and Imidacloprid) on the honey bee Apis mellifera worker’s
lifespan, food consumption, mortality, and expression of antioxidant genes. We agree with
the authors who recommend applying the integrated biomarker response approach with
histopathological analysis to assess the health status of bee colonies under the influence of
different environmental pollutants.

It should be noted that the impaired reproductive potential of drones negatively affects
the fertility of queen bees, which leads to a weakening of the honey bee colony and the
population as a whole. This circumstance, together with factors such as pests and parasites,
pathogens, nutrition, habitat loss and fragmentation, and poor beekeeping practices, is
the basis for knowledge and opportunities to improve the health status and ecological
well-being of honey bees.

4. Conclusions
According to the obtained results concerning the histopathological changes in the

reproductive system of immature and mature drones of bee colonies from the studied areas,
a tendency was established towards a more severe degree of expression of the established
degenerative changes in the experimental individuals from the apiary of Plovdiv compared
to the other studied apiaries—reference and experimental. The identified histopatholog-
ical changes can be successfully applied as biomarkers of contamination, assessing the
reproductive potential of apiaries. In this way, the potential negative effects of chronic
pesticide exposure on bee colonies can be predicted. Moreover, regulatory authorities
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should revise pesticide regulations, implementing the scientific data and potential risks to
reduce pollution and protect honey bee colonies.
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