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Effects of combined fungicide in stingless bees Scaptotrigona bipunctata
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Abstract

Locker is a fungicide used in different crops for biological control, affecting both insect pests and pollinators, such as
bees. This study aimed to evaluate toxicity and establish the lethal concentration (LCso) of the fungicide Locker in
stingless bees Scaptotrigona bipunctata, investigating changes in brain cells chromatin structure and in midgut
morphology. This agrochemical is a combined fungicide that contains three active ingredients: benzimidazole, triazole
and strobilurin. Adult forage bees were orally exposed to the following concentrations: 1.7 mg a.i./L; 2.55 mg a.i./L;
3.4 mg a.i./L and 4.25 mg a.i./L of fungicide, and submitted to histochemical and morphological analysis 24, 48 and
72 hours after ingestion. The analysis of S. bipunctata brain cells showed changes in chromatin condensation in all
treatments. There were also several morphological changes in the midgut at all concentrations and exposure times.
Thus, the fungicide Locker significantly affected bee survival, inducing changes in their internal morphology, which
can lead to alterations in their activities, directly interfering in their foraging behavior and survival.

Keywords: Histology; Scanning electron microscopy; Critical electrolyte concentration; Benzimidazole; Triazole;
Strobilurin.

Resumo

Locker é um fungicida utilizado em diferentes culturas para controle biologico, afetando tanto insetos pragas quanto
polinizadores, como as abelhas. Este estudo teve como objetivo avaliar a toxicidade e estabelecer a concentracéo letal
(CLso) do fungicida Locker em abelhas sem ferrdo Scaptotrigona bipunctata, investigando alteracBes na estrutura da
cromatina das células cerebrais e na morfologia do intestino médio das abelhas. O produto utilizado é um fungicida
combinado que contém trés ingredientes ativos: benzimidazol, triazol e estrobilurina. Abelhas forrageiras adultas
foram expostas via oral as concentra¢des de 1,7 mg i.a./L; 2,55 mg a.i./L; 3,4 mg i.a./L e 4,25 mg i.a./L de fungicida,
e submetidas a andlises histoquimicas e morfoldgicas apos 24, 48 e 72 horas da ingestdo do produto. A andlise das
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células cerebrais de S. bipunctata mostrou alteragcdes na condensacdo da cromatina em todos os tratamentos. Houve
também véarias mudancas morfolégicas no intestino médio em todas as concentrages e tempos de exposi¢do. Dessa
forma, o fungicida Locker afetou significativamente a sobrevivéncia das abelhas, induzindo alteragBes em sua
morfologia interna, que podem levar a alteragdes em suas atividades, interferindo diretamente em seu comportamento
de forrageamento e sobrevivéncia.

Palavras-chave: Histologia; Microscopia eletronica de varredura; Concentragdo critica de eletrélitos; Benzimidazol;
Triazol; Estrobirulina.

Resumen

Locker es un fungicida utilizado en diferentes cultivos para el control biolégico, que afecta tanto a insectos plagas
como a polinizadores, como las abejas. Este estudio tuvo como objetivo evaluar la toxicidad y establecer la
concentracion letal (CLso) del fungicida Locker en abejas sin aguijon Scaptotrigona bipunctata, investigando cambios
en la estructura de la cromatina de las células cerebrales y en la morfologia del intestino de la abeja. El producto
utilizado es un fungicida combinado que contiene tres principios activos: benzimidazol, triazol y estrobilurina. Las
abejas forrajeras adultas fueron expuestas por via oral a concentraciones de 1,7 mg a.i./L; 2,55 mg a.i./L; 3,4 mg a.i./L
y 4,25 mg a.i./L de fungicida, y sometidos a andlisis histoquimico y morfoldgico 24, 48 y 72 horas despues de la
ingestion del producto. El andlisis de células cerebrales de S. bipunctata mostré cambios en la condensacion de
cromatina en todos los tratamientos. También hubo varios cambios morfolégicos en el intestino medio en todas las
concentraciones y tiempos de exposicion. Asi, el fungicida Locker afectd significativamente la supervivencia de las
abejas, induciendo cambios en su morfologia interna, lo que puede conducir a cambios en sus actividades,
interfiriendo directamente en su comportamiento de forrajeo y supervivencia.

Palabras clave: Histologia; Microscopia electrénica de barrido; Concentracién critica de electrolitos; Bencimidazol;
Triazol; Estrobirulina.

1. Introduction

Scaptotrigona bipunctata (Lepeletier) (Hymenoptera: Apidae) is a stingless bee found in several Brazilian states, such
as Acre, Ceara, Maranhdo, Minas Gerais, Parana, Pard, Rio Grande do Sul, Rio de Janeiro and Santa Catarina (Camargo &
Pedro, 1836). Despite having very populous colonies and great potential as pollinating insects, studies on their susceptibility to
agrochemicals are rare (Diniz et al., 2020).

Anthropic activities such as agriculture, deforestation and urban development have threatened biodiversity (Barbosa et
al., 2017) and directly affected pollinating species. In this context, the unsustainable use of agricultural ecosystems and the
excessive application of agrichemicals have been considered the major causes of bee diversity losses (Sanchez-Bayo & Goka,
2014). Thus, the use of agrochemicals in crops that produce flowers attractive to bees should be considered in risk studies for
pollinating species (Imperatriz-Fonseca, 2004).

The fungicide Locker acts as a systemic and contact agrochemical and contains three chemical groups: benzimidazole,
triazole and strobilurin. Carbendazim is the most widely used active ingredient among the benzimidazole fungicides and it is
persistence in the environment (Coutinho et al., 2006). On the other hand, triazole impairs the synthesis of ergosterol (Sueth-
Santiago et al., 2015) which is a steroid found in the fungal cell membrane (Sidrim & Rocha, 2012). Strobilurin performs
different biological activities, inhibiting mitochondrial respiration by blocking electron transfer between cytochromes B and C,
which interferes with ATP generation (Zauza et al., 2008).

It is essential to measure the effectiveness of agrochemicals used in crops on target and non-target insects, such as
bees. Changes in chromatin integrity can be used to identify the presence of external agents (Santos et al., 2014).
Morphophysiological analyses help to analyze exposure to agrochemicals (Tavares et al., 2015) because it is in the midgut of
bees that most of the metabolism occurs (Diniz et al., 2020).

Stingless bees are more sensitive to agrochemicals than other bee species, so the use of these compounds in
agriculture has threatened the survival of colonies, which in many cases are near crops, making it critical to evaluate the
toxicity of these agrochemicals to ensure bee protection (Arena & Sgolastra, 2014). Thus, this study aimed to assess the

toxicity and establish the lethal concentration (LCso) of the fungicide Locker in S. bipunctata, investigating changes in the
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chromatin structure of brain cells and midgut morphology.

2. Material and Methods

This quantitative research is characterized by the use of quantification, both in the collection as in the treatment of

information, using statistical techniques (Richardson, 1999).

Biological material

Adult S. bipunctata forager workers were collected at the entrance of the colony, when they returned from foraging, in
the meliponary of the Fazenda Experimental de Iguatemi (FEI) (23°25'S and 51°57'0), from Universidade Estadual de
Maringa and taken to the Animal Genetics Laboratory of the Department of Biotechnology, Genetics and Cell Biology of the

Universidade Estadual de Maringa.

Bioassays

The agrochemical used is called Locker and is a ready-made mixture of systemic and contact fungicides from three
groups Benzimidazole (200 g/L), Triazole (100 g/L) and Strobilurin (125 g/L) (Adapar, 2019). Preliminary tests were
performed to determine the concentrations to be used (1.7 mg a.i./L; 2.55 mg a.i./L; 3.4 mg a.i./L and 4.25 mg a.i./L). The
concentrations tested were evaluated by the ingestion test and added to the syrup which consisted of a mixture of water and
sugar.

The bioassays were performed in quadruplicate, with 15 adult S. bipunctata workers per concentration, totaling 60
individuals for each concentration and the control group. In each bioassay, 300 individuals were evaluated, and each
experiment was established to evaluate the methods analyzed. To replicate and control the groups, glass bottles containing
filter paper, cotton soaked in water and a container containing syrup with one of the fungicide concentrations were used.

The control conditions were the same as those used for the treatments, but only syrup was provided as food. The vials
were kept at 28 + 2°C, RH 70% + 10% for 72 h, and the different evaluations were performed. After 24, 48 and 72 h, the lethal

concentration for 50% of the exposed insects (LCsq) was determined based on mortality.

Changes in chromatin

To investigate possible changes in the brain chromatin structure, the protocol described by Vidal and Mello (1989)
was used. The brains of surviving bees were dissected after 24, 48 and 72 h of insecticide intake, placed in saline solution for
insects (NaCl 0.1 M, Na;HPO, 0.1 M and KH,PO,4 0.1 M), extended in microscopy slides, with acetic acid (45%) and crushed
under a glass slide. Microscopy slides were frozen in liquid nitrogen and the glass slide removed when it reached room
temperature. The material was fixed in ethanol:acetic (3:1 v/v) acid for 1 min and the slide was washed in ethanol for 5 min.

For each treatment, nine slides were used, totaling 135 slides analyzed. These were stained for 20 min with TB
0.025% in a Mcllvaine buffer (pH 4.0), contained different MgCl, concentrations (0.0; 0.02; 0.05; 0.08; 0.10; 0.12; 0.15; 0.20;
and 0.30 mol/L). Then, slides were washed in distilled water and air-dried, bleached in Xylol for 15 min, assembled in
Entellan, analyzed and photographed under a Zeiss standard optical microscopy. The cell nuclei stained violet were the

controls and the green color corresponding to the CEC point.

Midgut alterations
Scanning electron microscopy (SEM) and light microscopy were used to verify possible changes in the midgut of bees

contaminated with the fungicide.
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For SEM, surviving bees were anesthetized under cold temperatures and the midgut was dissected in a physiological
solution for insects, then fixed in agueous Bouin’s solution (picric acid, formaldehyde and acetic acid) for 12 h, being
dehydrated in an alcohol series of increasing concentrations (70%, 80%, 90% and 100%). Samples were submitted to a critical-
point dry (Leica CPD 030) and covered by gold dust on the metallizer Shimadzu 1C-50. Analyses were performed using the
MEV QUANTA 250 of the Microscopy Center of the Complex of Research Support Centre (COMCAP) of the Universidade
Estadual de Maringa/Parana/Brazil.

After exposure to the fungicide Locker at the previously mentioned concentrations, for a period of 24, 48 and 72 h, the
surviving individuals were anesthetized under cold temperatures and the midgut were dissected in saline solution for insects.
Samples were fixed in aqueous Bouin’s solution for 12 h, dehydrated in an alcohol series of increasing concentrations,
diaphanized in xylene (100%), paraffin-embedded and sectioned into 6 um slices using a microtome Leica RM 2250. Then,
sections were spread on glass slides, rehydrated, and stained with Hematoxylin and eosin (H/E). The analyses were performed

under an Olympus light microscope and sections were photographed using a digital camera.

Data analysis

The Shapiro-Wilk test was used to investigate the assumption of normality of the mortality variable. The Kruskal-
Wallis test was used to verify whether there were median differences in working-class mortality according to the concentration
level. To verify the ideal concentration of the fungicide the binary regression model with probit binding function was used. For
the diagnostic analysis of the model, the normal probability graph with simulated envelope was used and for the adjustment,
quality deviance was used. The significance level was 5% and the statistical analyses were performed at the R software version
4.0.2 (R Core Team, 2020).

3. Results and Discussion
Toxicity
The Shapiro-Wilk test indicated that the hypothesis of normality of bee mortality was violated in all experimental
periods (p-value < 0.05). Once the hypothesis of normality was not satisfied, the Kruskal-Wallis nonparametric test was
applied, which showed that there were significant differences in mortality considering the concentration levels (p-value <
0.05), for all experimental periods. All assumptions for the suitability of the adjusted models in the three periods were met.
After 24 h of oral contamination with Locker, the mortality per concentration gradually increased. After 48 h, the
mortality was higher in the highest concentration (4.25 mg a.i./L). After 72 h, the mortality variability was higher at the
concentrations 2.55 mg a.i./L and 4.25 mg a.i./L (Figure 1).
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Figure 1. Boxplot of S. bipunctata mortality orally contaminated with the fungicide Locker after (a) 24, (b) 48 and (c) 72

hours.
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Source: Authors.

When the response variable is defined as the total dichotomous values in n sample observations, the binary regression
technique, such as the binomial model, is recommended. Therefore, to estimate the lethal concentration (LCso) these models
were adjusted. Thus, after applying the exponential to the results obtained on a logarithmic scale, the results obtained for LCso
were: 3.06 mg a.i./L, for 24 h, 2.63 mg a.i./L, for 48 h and 7.31 mg a.i./L for 72 h (Figure 2).

Although fungicides are widely used in agriculture, studies analysing the effects of this group of agrochemicals on
stingless bees are still scarce, and many gaps limit the understanding of bee responses to their exposure. The fungicide used in
this study is a combination of products of different chemical classes and there is still no estimated LCso for bees or insects in

general, nor studies on the effects of this product and its compounds on these organisms.

Figure 2. Lethal concentration curve of S. bipunctata mortality after oral contamination with Locker fungicide.
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According to the IPCS (2006), carbendazim, the main Locker compound, is nontoxic to bees, however, the results
obtained in this study may indicate the opposite, due to the observed mortality. Furthermore, additional studies on the effects
of this product on non-target organisms are needed, since after its application in crops several species are exposed to this
agrochemical.

Domingues et al. (2020) investigated the effects of residual concentrations of the fungicide pyraclostrobin (strobilurin)
on Apis mellifera and found that the survival rate of honeybees contaminated with fungicide was affected, especially in older
workers.

The fungicide activity of strobilurin occurs due to its ability to inhibit mitochondrial respiration by binding at site Q0
(quinone oxidase) of cytochrome b, located in the inner membrane of the fungi mitochondria and other eukaryotes (Bartlett et
al., 2002). In non-target organisms, such as insects, the fungicide can affect the mitochondrial bioenergetic system (Nicodemo

et al., 2018), and inhibit in vitro mitochondria oxidation isolated from A. mellifera (Campbell et al., 2016).

Cytochemical analysis of brain cells

After oral contamination of S. bipunctata with the fungicide Locker, chromatin condensation was observed only at the
highest concentration (4.25 mg a.i./L) (Figure 3 a). After 48 h of contamination, the bees from the treatment of 2.55 mg a.i./L
showed CEC point at 0.30 M, while the bees from the treatment of 4.25 mg a.i./L had CEC point at 0.20 M, similar to the
control group (Figure 3 b). Finally, after 72 h the treatments of 1.7 mg a.i./L, 2.55 mg a.i./L and 3.4 mg a.i./L had CEC point at
0.30 M, while only the treatment of 4.25 mg a.i./L had a CEC point similar to the control group (Figure 3 c).

The analysis of the critical concentration of electrolytes showed that changes occurred in the chromatin structure of S.
bipunctata brain cells after contamination with the fungicide Locker. There are no studies yet of nuclear basophilia reporting
the effects of this chemical class of fungicide on bees or other insects.

Changes in chromatin integrity are a useful tool to identify the presence of external agents in the body (Santos et al.,
2014). Thus, nuclear basophilia can be established and used to estimate the levels of DNA-protein complexation in the
chromatin, using the cationic dye Toluidine Blue (TB) (Vidal, 1987). Therefore, if TB staining occurs in the presence of Mg,*
ions, the dispute over phosphate groups available from DNA and RNA in the sample also begins.

Depending on the concentration of Mg,* that binds to DNA, the metachromasia stop and the sample is greenish
stained. This concentration varies according to the chromatin condensation when higher values are obtained in more condensed
chromatin (Vidal & Mello, 1989). Changes in chromatin structure influence gene expression, when the chromatin is condensed
(heterochromatin) genes are inactive, but when there is euchromatin there is gene expression (Rodenhiser & Mann, 2006).

In addition to the lethal effects, agrochemicals can cause sublethal effects and induce behavioral changes in insects
(Rossi et al., 2013), such as compromise foraging, navigation performance and social communication (Tison et al., 2016);
reduce proboscis retraction, impairing feeding (Thany et al., 2015) and also decrease the ability of bees to return to the colony
(Freitas & Pinheiro, 2010).
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Figure 3. Nuclear basophilia of S. bipunctata brain after (a) 24, (b) 48 and (c) 72 h of oral exposure to the fungicide Locker
[stained with 0.025% toluidine blue (TB) added of MgCl; in various concentrations (mol/L)].
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Bl, blue; Gr, green; Vi: violet.
Source: Authors.

Midgut morphological analysis

After 24 h of S. bipunctata contamination with the fungicide Locker, the longitudinal musculature was loose and the
longitudinal muscle fibers were thin in all treatments (Figure 4 B — E). Slight epithelium disorganization (Figure 5 D) and loss
of digestive cells (Figure 5 B — E) were also observed.

After 48 h of oral contamination, the longitudinal musculature was loosened and thin in all treatments (Figure 6 B —
E), there was a loss of digestive cells for the lumen (Figure 7 B, D — E), musculature loosening and epithelium degradation
(Figure 7 B — D), and remnants of the peritrophic membrane (Figure 7 D — E).

After 72 h of contamination with the fungicide Locker, the longitudinal fibers of the midgut were looser and slender
(Figure 8 B — E), there was also musculature loosening (Figure 9 B — D), epithelium degradation and remnants of the

peritrophic membrane in all treatments (Figure 9 B — E).
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Figure 4. Scanning electron microscopy showing the midgut of S. bipunctata after 24 h of ingestion of the fungicide Locker.

A Dt \ N e ‘ v

A, control; B, 1.7 mg a.i./L; C, 255 mg a.i./L; D, 3.4 mg a.i./L; E, 4.25 mg a.i./L. CM, Circular musculature; LM, Longitudinal musculature;
LM*, Longitudinal musculature showing alterations; T, Tracheoles. Scale bar: 50 pm.
Source: Authors.
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Figure 5. Photomicrography showing the midgut of S. bipunctata after 24 h of oral contamination with the fungicide Locker.

A, control; B, 1.7 mg i.a./L; C, 2.55 mg i.a./L; D, 3.4 mg i.a./L; E, 4.25 mg i.a./L. DC, Digestive cells; Ep, Epithelium; Ep*, Epithelium
showing alterations; L, Lumen; BL, Basal lamina; M, Musculature; PM, Peritrophic membrane; PM*, Peritrophic membrane showing
alterations;4 , Musculature showing alterations; ), , Loss of digestive cells to the lumen. Hematoxylin-Eosin staining. Scale bar: 20 pm.
Source: Authors.
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Figure 6. Scanning electron microscopy showing the midgut of S. bipunctata after 48 h of ingestion of the fungicide Locker.
~y \

A, control; B, 1.7 mg a.i./L; C, 255 mg a.i./L; D, 3.4 mg a.i./L; E, 4.25 mg a.i./L. CM, Circular musculature; LM, Longitudinal musculature;
LM*, Longitudinal musculature showing alterations; T, Tracheoles. Scale bar: 50 pm.
Source: Authors.
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Figure 7. Photomicrography showing the midgut of S. bipunctata after 48 h of oral contamination with the fungicide Locker.

A, control; B, 1.7 mg i.a./L; C, 2.55 mg i.a/L; D, 3.4 mg i.a/L; E, 4.25 mg i.a/L. DC, Digestive cells; Ep, Epithelium; Ep*, Epithelium
showing aljgrations; L, Lumen; BL, Basal Iaw; M, Musculature; PM, Peritrophic membrane; MP*, Peritrophic membrane showing

alterations; | , Musculature showing alterations; Loss of digestive cells to the lumen. Hematoxylin-Eosin staining. Scale bar: 20 um.
Source: Authors.
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Figure 8. Scanning electron microscopy showing the midgut of S. bipunctata after 72 h of ingestion of the fungicide Locker.

N

A, control; B, 1.7 mg a.i./L; C, 2.55 mg a.i./L; D, 3.4 mg a.i./L; E, 4.25 mg a.i./L. CM, Circular musculature; LM, Longitudinal musculature;
LM*, Longitudinal musculature showing alterations; T, Tracheoles. Scale bar: 50 um.
Source: Authors.
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Figure 9. Photomicrography showing the midgut of S. bipunctata after 72 h of oral contamination with the fungicide Locker.

A, control; B, 1.7 mg i.a/L; C, 2.55 mg i.a/L; D, 3.4 mg i.a/L; E, 4.25 mg i.a./L. DC, Digestive cells; Ep, Epithelium; Ep*, Epithelium
showing altgrations; L, Lumen; BL, Basal Iawa; M, Musculature; PM, Peritrophic membrane; MP*, Peritrophic membrane showing
alterations; /, Musculature showing alterations;®, Loss of digestive cells to the lumen. Hematoxylin-Eosin staining. Scale bar: 20 pum.
Source: Authors.

The sublethal effects of agrochemicals can be detected at the cellular level. Morphological analysis of internal organs

is an important tool to evaluate cytotoxicity and/or adaptive responses to chemical stress-induced by chemical compounds in
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bees (Malaspina & Silva-Zacarin, 2006).

Fungicides are the main agrochemicals found in pollen grains, which are the principal source of protein for bees
(Carneiro et al., 2020). Although the effects of insecticides on bees are widely studied, there is growing evidence that
fungicides are also not harmless to bees (Batista et al., 2020).

The midgut is the region where nutrient absorption and metabolization occur, constituting the primary means of
contact of insects with the environment, being an essential organ for toxicity studies (Landim, 2009). In S. bipunctata bees
orally contaminated with the fungicide Locker, the midgut showed morphological changes after exposure to the agrochemical
in the three experimental periods.

The peritrophic membrane is a thin membrane-like structure that exists in the midgut lumen, wrapping food materials,
separating it from the epithelial cells that constitute its wall, protecting the ventricle cells from friction and possible damage
caused by the food not was digested, being present in insects that feed on solids (Landim, 2009).

Besides the excretory function, the digestive cells produce digestive enzymes and absorb the products of digestion
(Landim, 2009). The degradation of digestive cells, their elimination in the lumen and the loosening of the longitudinal
musculature, offered evidence of the degenerative effects of the fungicide used in this study.

Due to the large number of products containing strobilurin as an active ingredient, the risk for bees to be exposed
becomes more frequent. For eusocial bees, it is important to understand the possible sublethal effects caused by fungicides
throughout its life, since workers may present a detoxifying response, through enzymes such as glutathione S-transferase
(GST), varying according to age (Diao, et al., 2005; Vannette et al., 2015).

The degenerative effects of compounds containing strobilurin have been investigated. Batista et al. (2020) analyzed
the effects of strobilurin on A. mellifera midgut and observed morphological changes and cell death after being exposed to the
fungicide for 24 to 96 h. Although in this study, the data showed evidence of intestinal epithelial renewal in response to
cytotoxic effects, this organ may have its nutrient absorption compromised in the long term, which can lead to malnutrition and
affect individual performance, affecting the entire colony.

Domingues et al. (2020) compared the effects of pyraclostrobin residual concentrations in young and adult A.
mellifera, evaluating histopathological and histochemical changes in the midgut of bees orally exposed to different sublethal
concentrations of strobilurin. The results indicated that after five days of exposure, the fungicide induced sublethal effects in
the midgut of adult workers. Carneiro et al. (2020) also evaluated the cytotoxic effects of oral contamination of A. mellifera
with the fungicide iprodione and observed the impairment of the cells of the midgut that showed signs of apoptosis.

Thus, the action of agrochemicals on bees is adverse and may reflect on various aspects. Some responses occur
through physiological and morphological changes, such as changes in muscles, epithelium and peritrophic membrane, which
results in harmful behavior, impairing foraging and compromising colony survival (Roat et al., 2013). Besides, continuous
exposure to sublethal doses of agrochemicals may prejudice the organs used during the metabolism of the pesticide (Catae et
al., 2014, Oliveira et al., 2014, Diniz et al., 2020).

4. Conclusion

The ingestion of Locker by the bees used in this study can cause moderate mortality and alter morphophysiological
processes necessary for their survival. Therefore, this agrochemical is considered dangerous for S. bipunctata workers health.
Also, there is a lack in the literature regarding the effects of fungicides on stingless bees, making further studies on the lethal
and sublethal effects of these chemicals necessary, to guarantee their preservation.

Thus, the following analyzes are suggested, gene expression to verify which genes are involved in the detoxification

response and terminal dUTP nick-end labeling (TUNEL) analysis, characterized by apoptosis in the bees' midgut, to check for
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possible DNA fragmentation.
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