

  applsci-11-06481




applsci-11-06481







Appl. Sci. 2021, 11(14), 6481; doi:10.3390/app11146481




Article



The Honey Bee: An Active Biosampler of Environmental Pollution and a Possible Warning Biomarker for Human Health



Marianna Martinello *[image: Orcid], Chiara Manzinello, Nicoletta Dainese, Ilenia Giuliato, Albino Gallina and Franco Mutinelli[image: Orcid]





Istituto Zooprofilattico Sperimentale delle Venezie, NRL for Honey Bee Health, 35020 Legnaro, PD, Italy









*



Correspondence: mmartinello@izsvenezie.it







Academic Editor: Simone Morais



Received: 23 June 2021 / Accepted: 11 July 2021 / Published: 14 July 2021



Abstract

:

Member states of the European Union are required to ensure the initiation of monitoring programs to verify honey bee exposure to pesticides, where and as appropriate. Based on 620 samples of dead honey bees—42 of pollen, 183 of honey and 32 of vegetables—we highlighted the presence, as analyzed by liquid and gas chromatography coupled with tandem mass spectrometric detection, of many active substances, mainly tau-fluvalinate, piperonyl butoxide, chlorpyrifos and chlorpyrifos-methyl, permethrin and imidacloprid. Among the active substances found in analyzed matrices linked to honey bee killing incidents, 38 belong to hazard classes I and II, as methiocarb, methomyl, chlorpyrifos, cypermethrin and permethrin, thus representing a potential risk for human health. We have shown that, at different times between 2015 and 2020, during implementation of the Italian national guidelines for managing reports of bee colony mortality or depopulation associated with pesticide use, pesticide pollution events occurred that could raise concern for human health. Competent authorities could, as part of a One Health approach, exploit the information provided by existing reporting programs on honey bees and their products, in view of the close correlation to human health, animal health and ecosystem health.
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1. Introduction


Globalization has allowed agricultural production to grow much faster than in the past. Despite the benefits—above all, economic—derived from intensive farming, many studies have demonstrated the harmful effects caused to the health of people directly and indirectly exposed to the pesticides used to protect crops [1,2,3,4,5]. Pesticides are used to control various pests and disease carriers in order to keep crops healthy. Before an active substance can be used in a plant protection product (PPP), it must be approved through a rigorous evaluation process, including risk assessments for human health and the environment. The use of pesticides is governed in the European Union by Regulation (EC) No. 1107/2009 of the European Parliament and of the Council concerning the placing of plant protection products on the market, repealing Council Directives 79/117/EEC and 91/414/EEC [6]. This regulation has since been further amended. Regulation (EC) No. 396/2005 provides indications on the maximum residue levels of pesticides in or on food and feed of plant and animal origin [7]. Human exposure to these contaminants can be acute or chronic, depending on the type of contact occurring for professional, dietary or environmental reasons. Pathologies related to pesticide exposure can take various forms, as tumors and neurodegenerative, respiratory, reproductive, developmental, and metabolic diseases [1,2,8].



A biomonitoring program could be a useful approach to assess the uptake and potential health risks caused by direct and indirect exposure to these environmental contaminants. Biomonitoring is the use of living organisms to collect information about the surrounding environment. Honey bees (Apis mellifera) are highly sensitive to most chemicals and are a well-known indicator of environmental pollution [9,10,11,12,13]. Honey bees commonly feed within 1.5 km and, exceptionally, up to 10–12 km of their hive, depending on their need for food and its availability [14]. Limiting factors are the need for optimal weather conditions for foraging (20–25 °C and dry weather) [10]. Furthermore, below 7–10 °C, honey bees show the tendency to remain in the hive, and above 38 °C, their activity decreases due to heat [10]. During flights and foraging activity, their hair-covered body causes electrical charge accumulation on its surface due to friction with the air, favoring the attraction of airborne substances, including pollen and pollutants [15,16]. During foraging flights, honey bees collect pollen, nectar, plant resins, honeydew and water, which are taken into the hive and stored, being at the same time also valid “samplers” of organic and inorganic chemicals in the environment, which they bring back to the colony [17,18]. Finally, they are easy insects to breed, having modest dietary needs and being almost ubiquitous [19]. Hence, honey bees (and their products) are reliable ecological detectors, and many studies have shown their feasibility as bioindicators of environmental pollution by pesticides [18,19,20], heavy metals [21,22,23,24], radionuclides [25,26], polycyclic aromatic hydrocarbons [17,27], and other pollutants, such as brominated flame retardants [28], vehicle-derived ultrafine particulate [29], and microplastics [30].



Honey bees can be considered a living monitoring system of various aspects of the ecosystem since their health is influenced by multiple environmental factors, both natural and mediated by human activity [31], such as climate trends, quick reduction in the areas where plants used by bees as a source of nectar or pollen are grown, bee diseases and infestation with Varroa destructor, in particular, phytosanitary treatments, and beekeeping practices [32]. In recent decades, a decline in honey bee colonies has been reported by beekeepers from around the world [20,33]. In Italy, since 2003, significant honey bee mortality has been recorded in springtime, mainly related to the side effects of maize seed dressed with neonicotinoid insecticides [34]. Due to the significant increase in these events in 2008, a nationwide surveillance network, named ApeNet (2009–2010), was implemented to monitor the health status of beehives and determine the consistency and possible causes of mortality. From about 100 apiaries distributed throughout most of Italy, they increased to 300 with approximately 3000 beehives in 2011 in the framework of the BeeNet project (2011–2014). The Italian Ministry of Agriculture, Food and Forestry Policies [35] funded both initiatives. In this context, a Bee Emergency Service Team (BEST) was established, managing beekeepers’ reports, contributing to the assessment of events’ severity, organizing and participating in field interventions, and coordinating the technicians recruited for their deployment, in agreement with and in support of the competent authorities [36]. During these monitoring studies, 126 honey bee samples related to honey bee-killing incidents, confirmed by BEST, were analyzed. Approximately 50% were positive for at least one active substance, the most frequently detected being imidacloprid, chlorpyrifos, thiachloprid, chlothianidin and thiametoxam. The number of detected pesticides was positively related to the size of the agricultural area surrounding the apiaries [37].



Commission Directive 2010/21/EU requires that member states ensure that monitoring programs are carried out where and as appropriate to verify the real exposure of honey bees to pesticides in areas used by bees for foraging [38]. Furthermore, since beekeepers still frequently report bee deaths at certain times of the year, and considering the strong public attention to this problem, various Italian regions deemed it appropriate to adopt a more systematic approach to the management of bee mortality where pesticide poisoning is suspected. Accordingly, the General Directorate of Animal Health and Veterinary Medicines of the Italian Ministry of Health issued the “Linee guida per la gestione delle segnalazioni di moria o spopolamento degli alveari connesse all’utilizzo di agrofarmaci” (Guidelines for the management of reports of death or depopulation of bee colonies related to the use of plant protection products) [39]. They provide operational indications for the management of death and depopulation events of the hives in order to make the intervention activity more homogeneous both for the procedures adopted in the field and in the laboratory. The aim of the guidelines is to collect information on the causes of death and depopulation of hives with particular regard to the use of PPPs [39]. In addition, the implementation of a biomonitoring program on the environmental exposure of honey bees to pesticides could have an interesting return for human epidemiological studies. Considering the well-known risks related to direct and indirect human exposure to pesticides [1,2,3,4,5], verification of their presence in honey bees and their products could serve as an early warning system for public health interventions.



Our study reports on the presence of pesticide residues in dead honey bees and associated matrices received at our laboratory from 2015 to 2020, following implementation of the above guidelines. Besides providing relevant, possibly obvious, considerations about honey bee health, our findings are presented within the framework of the valuable role that honey bees could play in a nationwide monitoring system, with implications for public health.




2. Materials and Methods


2.1. Sample Collection and Location


Following a beekeeper’s notification of a honey bee death incident, official, specially-trained veterinarians from the Local Health Authority, in the presence of the beekeeper, sampled and shipped the dead honey bee samples and related matrices to our laboratory (the matrices were not always sampled and sent, due to an unresolved conflict of competence between the Veterinary and Food Hygiene and Nutrition Services). The official veterinarians worked in accordance with the aforementioned guidelines in order to harmonize the procedure used by the different apiaries and beekeepers. Samples consisted of 250–1000 dead honey bees collected in properly sealed and identified containers. Optionally, samples of pollen, honeycomb and vegetable (such as leaves, flowers, corn seedlings, and maize, depending on the plants present near the hives affected by honey bee killing incidents) matrices were also collected. All samples were stored at −20 °C until delivery to the territorially competent veterinary institute (IZS), and then until toxicological analysis. The samples considered in this paper were delivered to our laboratory between 2015 and 2020. Figure 1 shows the cumulative location of all matrix sampling points and mortality events in Italy during 2015 to 2020. The presence on the territory of reference institutions, and the sensitivity of veterinary services and of beekeepers strongly affected the response to honey bee mortality events in terms of samples collected and sent to the laboratory as depicted in the map. In total, 620 samples of dead honey bees, 42 of pollen, 145 of honeycomb, 46 of honey (collected from the nest), 32 of vegetable, and 3 of other materials (liquid dripping from the bottom board, suspected material collected on propolis, and hive debris) were collected in the framework of bee killing episodes and sent to the veterinary institutes as specified above.




2.2. Chemicals


Methanol, acetonitrile, heptane (suitable for HPLC gradient grade), formic acid, ammonium formate (reagent grade), acetic acid (glacial ReagentPlus®, ≥99%), Supel™ QuE Citrate Extraction Tubes, and Supel™QuE PSA/C18 (EN) Cleanup Tubes, used to extract and purify samples, were purchased from Sigma-Aldrich. High purity water was prepared using a Milli-Q water purification system (Millipore, Burlington, MA, USA). Analytical-grade (98–99.9% purity) standards of pesticides were supplied by Sigma-Aldrich and are listed in the Supplemental Data, Table S1. Single standard solutions were prepared in methanol at a concentration of 1000 mg/L. The working standard solutions were prepared by mixing the appropriate amounts of single standard solutions and diluting with methanol to a final concentration of 10 and 1 mg/L. All solutions were stored in the dark in 10 mL amber bottles at −20 °C.




2.3. Sample Extraction


The samples were prepared as described in Martinello et al. 2019 [16]. The samples were pulverized with a crushing mill (A11 basic IKA-Werke GmbH & Co. KG, Staufen, Germany), cooled with liquid nitrogen and then processed in duplicate for subsequent analysis, using both liquid chromatography (LC) and gas chromatography (GC) techniques. The samples were weighted (2 g for honey bees and beeswax and 1 g for pollen and vegetables) into a centrifuge tube, and the surrogate standard clothianidin-D3 (50 µg/kg) was added and allowed to stand for 10 min. Then, 10 mL of water was added and vortexed for 5 min. Acetonitrile with 0.1% acetic acid (10 mL) was added, vortexed for 20 min and cooled at −20 °C. QuEChERS salts EN method (sodium citrate 1 g, sodium hydrogen citrate sesquihydrate 0.5 g, magnesium sulphate 4 g and sodium chloride 1 g) were added and vigorously shaken for 1 min. The mixture was centrifuged, and 7 mL of supernatant was transferred to a tube with dispersive SPE Fatty Samples EN salts (magnesium sulphate 900 mg, PSA 150 mg, and C18 150 mg), vortexed for 1 min and centrifuged; 4 mL of the supernatant was evaporated to dryness under vacuum at 45 °C. The residue was dissolved in 0.5 mL of reconstitution solution (5 mM ammonium formiate in water with 0.1% formic acid and 5 mM ammonium formiate in methanol with 0.1% formic acid, 1:1 v/v and the internal standard imidacloprid-D4, 50 µg/kg) and PTFE filtered (0.45 µm pore size) for analysis by UPLC-MS/MS (Ultra Pressure LC coupled with tandem mass spectrometry). The samples analyzed using GC-MS/MS were reconstituted with 0.5 mL of heptane and PTFE filtered. Both instruments were programmed in MRM (Multiple Reaction Monitor) mode with two selected transitions per molecule.




2.4. LC-MS/MS Analysis


The analysis was performed on a Shimadzu LCMS-8040 and, from 2017 onwards, on a Shimadzu LCMS-8045, both with a tandem quadrupole analyzer in MRM spectrum mode, using an electron spray ionization source in both positive and negative ionization mode. The chromatography was performed on a Raptor (Restek Corporation, Bellefonte, PA, USA) biphenyl column (10 cm × 2.1 mm, 2.7 µm-particles), thermostated at 35 °C. Mobile phase (A) was performed with 5 mM ammonium formiate in water with 0.1% formic acid and (B) with 5 mM ammonium formiate in methanol with 0.1% formic acid. The chromatographic eluting conditions were optimized as follows: from 3% to 10% B (0–1 min), from 10% to 55% B (1–3 min), from 55% to 100% B (3–10.5 min), 100% B maintained for 2.5 min, from 100% to 3% B in 0.01 min, followed by re-equilibration to 3% B for 3 minutes. The flow rate was 0.4 mL/min and the injection volume was 2 µL. Quantitative and qualitative analyses were performed with LabSolution Insight software based on the two most intensive fragment ion transitions. A matrix-matched calibration was used for quantification.




2.5. GC-MS/MS Analysis


The analysis was performed on a Shimadzu GCMS-TQ8040 equipped with Phenomenex ZB-Semivolatiles columns (30 m, 0.25 mm ID, 0.25 µm) and a tandem mass spectrometry detector. The sample volume of 1 µL was injected in splitless mode at an injector temperature of 270 °C. The GC temperature was programmed as follows: 60 °C (2 min) increased by 70 °C/min to 200 °C and increased by 6 °C/min to 300 °C (2 min), for a total analysis run time of 23 min. The ion source and interface temperature were held at 230 °C and 280 °C, respectively. Quantitative and qualitative analyses were performed with LabSolution Insight software based on the two most intensive fragment ion transitions. A matrix-matched calibration was used for quantification.




2.6. Data Interpretation


The concentrations of active substances found in honey bees are conventionally expressed as ng/bee, but we decided to tabulate the detected concentrations in mg/kg since our work focused on the potential danger posed by the detected active substances to humans rather than to pollinating insects. The oral LD50 value is a statistical estimate of the number of mg of active substance per kg of body weight needed to kill—if ingested—50% of a large population of experimental animals [38]. Our work used the LD50 in rat (mammal) values, as it gives a clear, immediate indication of the dangerousness of the substances detected in the different matrices during the reported honey bee mortality incidents. The classification of pesticides by hazard is based primarily on acute oral, dermal and inhalation toxicity to the rat since these determinations are standard procedures in toxicology [40]. When different oral, dermal or inhalation LD50 values are reported in the literature, the lowest is reported and used as the reference value, unless there are clear indications that a higher value is more reliable. The classification criteria based on mammalian toxicity are guide points intended to estimate the potential danger of the isolated substances to humans. In Table 1 and Table 2, LD50 values preceded by “c” refer to values in a wider-than-normal range, adopted for classification purposes, as provided in the 2019 edition of the “WHO Recommended Classification of Pesticides by Hazard and Guidelines to Classification” [40]. This document was approved by the 28th World Health Assembly in 1975 and has since become widely accepted. Individual active substances are classified in a series of tables, in different classes according to the oral or dermal toxicity of the active substance: class Ia, extremely hazardous; class Ib, highly hazardous; class II, moderately hazardous; class III, slightly hazardous; and class U, unlikely to present acute hazard. The acute toxicity hazard categories adopted by WHO are aligned with the Globally Harmonized System of classification and labeling of chemicals (GHS).





3. Results


Table 1 and Table 2 summarize the main results of the reporting and analytical activities carried out from 2015 to 2020, following the introduction of the Ministerial Guidelines of 31 July 2014 for the management of honey bee-killing incidents relating to honey bees and other matrices, respectively.



As shown in Table 1, the pyrethroid tau-fluvalinate is certainly the most commonly found substance, followed by chlorpyrifos (referred to as chlorpyrifos-ethyl), chlorpyrifos-methyl (both organophosphates), and piperonyl butoxide (a synergist component of pesticide formulations). The active substances were detected in a wide range of concentrations. Observing the results in Table 1, we see that a potentially dangerous concentration, not only for honey bees, was detected for one active substance only, namely, permethrin, a pyrethroid found in a sample of dead bees in 2016 at a concentration of 1346.65 mg/kg, i.e., about six times its oral LD50 value (c220 mg/kg). In 2020 a significant concentration, albeit lower than the LD50 value, was again detected, as were residues of methomyl (a carbamate) in 2017 (7.65 mg/kg) and cypermethrin (a pyrethroid) in 2015 (76.02 mg/kg).



Table 2 reports the results of the other matrices linked to honey bee-killing incidents received at our laboratory. Other matrices were usually honeycombs, pollen, honey, vegetable materials (leaves, flowers, corn seedlings, maize), and other samples, including liquid dripping from the bottom board, suspected material collected on propolis, and hive debris. Again, tau-fluvalinate was the most frequently detected active substance, followed by coumaphos (an organophosphate). In general, the detected concentrations were much lower than the LD50 values, with the exception, in 2018, of a vegetable matrix sample (leaves) found to be positive for methiocarb (a carbamate) at a concentration of 70.65 mg/kg (oral LD50 20 mg/kg) and, in 2020, of a sample of a suspect material deposited on propolis inside the beehive, testing positive for cypermethrin at a concentration of 569.91 mg/kg, i.e., more than twice its oral LD50 value (c250 mg/kg). Furthermore, honeycombs were not considered as indicators of contamination at the time point of the reported bee killing episodes since they remain within the beehive longer than other matrices and beeswax can accumulate residues of different pesticides of both beekeeping and agricultural origin.




4. Discussion


Honey bees can be contaminated with toxic substances in many different ways, both during foraging flights and within the hive [41,42,43]. They can come into contact directly or indirectly with crop spraying treatments or dust dispersed during coated seed sowing [44,45], and can ingest contaminated guttation droplets [46], irrigation water [47], nectar and pollen [48,49]. A further potential route of exposure to active substances for bees is inside the hive, through beekeeper treatments against Varroa mites [50] and contact with residue-contaminated comb wax [51,52]. The miticides tau-fluvalinate and coumaphos, a pyrethroid and an organophosphate, respectively, which were frequently detected in the analyzed matrices, are active substances of veterinary medicines currently authorized for use in beekeeping in the EU [50]. However, coumaphos has not been available for this purpose in Italy since 2008. Tau-fluvalinate belongs to class III and coumaphos to class Ib, but their detected concentrations were relatively low.



Many active substances not directly related to in-hive treatments were also found. Chlorpyrifos (class II) and chlorpyrifos-methyl (class III) (both organophosphates) are among the most commonly used insecticides in Europe for controlling insect pests on a range of crops, such as cereals (including barley and wheat), fruit (such as apples, pears, grapes and strawberries), and vegetables (including carrots and cabbages) [53]. These crops are all widely grown across Italy, which could explain why they were frequently identified in the samples of dead bees received at our laboratory. The European Commission requested a statement from the European Food Safety Authority (EFSA) on the available outcomes of the human health risk assessment on chlorpyrifos and chlorpyrifos-methyl [54,55]. EFSA identified concerns about possible genotoxic and neurological effects during development, supported by epidemiologic data indicating the effects in children. As to whether the recorded toxicological effects met the criteria for classification as toxic to reproduction, it was not possible to establish the safe exposure level or toxicological reference values for the two substances. The European Commission, thus, adopted Regulations (EU) 2020/17 and 2020/18 concerning the non-renewal of approval of the active substances chlorpyrifos-methyl and chlorpyrifos [56,57].



Piperonyl butoxide is a synergist used in a wide variety of insecticides to enhance active substance performance and is included in over 2500 pesticides used in agricultural, commercial, and household products [58]. It is a synergist in pyrethrin, pyrethroid, rotenone, and carbamate pesticide formulations [59] without intrinsic insecticidal activity, and is used, in particular, for the post-harvest treatment of cereals. It is not considered a pesticide active substance in the EU [60], being defined as “not yet assessed at EU level” in the EU Pesticide database [61]. In the WHO Recommended Classification of Pesticides by Hazard, it belongs to the category of active substances unlikely to present acute hazard in normal use [40].



Permethrin (class II) is a pyrethroid insecticide, which is moderately toxic to humans as an irritant and can be toxic to the central nervous system [53]. It is not authorized for use in PPP in the EU, where its use in agricultural was banned in 2003 under Directive 91/414/EEC (subsequently repealed by Regulation (EC) No. 1107/2009) based on assessment of the environmental fate and ecotoxicology of the substance in aquatic ecosystems. It is instead approved as a biocide [62], specifically under Commission Implementing Regulation (EU) No. 1090/2014, which approved permethrin as an existing active substance for use in biocidal products for product types 8 and 18 [63]. Furthermore, permethrin is approved for the topical treatment of lice infestation and scabies in humans [64]. Nonetheless, besides being among the active substances most frequently found in dead bees and other matrices, permethrin was also present in very high concentrations in dead bees in both 2016 and 2020, at levels up to six times greater than its LD50. Its detection and the concentrations revealed by laboratory investigations suggest that it might have been used to intentionally kill honey bee colonies.



The carbamate insecticide methomyl, another active substance no longer approved for use in the EU, was found in dead honey bees in 2017 at a concentration equivalent to about half its LD50. Given its danger to human health, this is undoubtedly a significant finding. It is a carbamate insecticide classified as highly hazardous to humans (class Ib), highly toxic to mammals, and a cholinesterase inhibitor, exhibiting moderate to high toxicity to most fauna and flora [53].



Cypermethrin (class II) is a pyrethroid insecticide approved for use in the EU. It is highly toxic to most aquatic species and honey bees; although it is an irritant, no serious human health issues have been identified. Significant concentrations of the compound (about one third of its LD50) were found in dead bees in 2015. Particularly high concentrations (more than twice its LD50) were detected in a sample suspected of bee poisoning in 2020.



Another of the most frequently identified active substances in both honey bees and other matrices is the carbamate, methiocarb. It meets the criteria for class Ib (highly hazardous active substances in pesticides), being highly toxic to mammals, a cholinesterase inhibitor, and a neurotoxin. It is also highly toxic to most fauna and flora, including honey bees [53]. Accordingly, methiocarb is no longer approved for use in the EU. Unsurprisingly, it has quite a low LD50 value (20 mg/kg). In 2018, a highly significant presence was detected in different samples of honey bees and other matrices, all originating from the same geographical area, particularly in a vegetable matrix sample containing a concentration equivalent to almost four times the LD50. Notably, this sample contained seven other active substances, indicating an excessive use of pesticides, probably constituting a serious hazard not only for the health of honey bees, but also for humans.



Another aspect to consider is that 55% of the total positive samples contained more than one active substance. This suggests that, despite the relatively low concentration of individual active substances, synergistic effects caused by the presence of different active substances in the area cannot be ruled out. In addition to environmental bioindicators, honey bees could also play a very important role as sentinels for human health risk. The human body acts as a final accumulator of chemical pollutants, which can lead to health problems [65]. The population can be simultaneously or sequentially exposed to several active substances, due to the presence of residues in food, in the environment and in professional settings, which can take different routes (oral, dermal, and inhalation). These combined exposures can pose a risk to human health. Chronic cumulative effects on human health depend on the combination of time-averaged exposures to pesticides that share a common toxicological mechanism of action, while acute cumulative effects are essentially driven by the likelihood of simultaneous exposure to different groups of pesticides over a period of time of a few hours to a few days [66]. The U.S. Environmental Protection Agency (EPA) used this approach with the concept of a “risk cup” to determine the acceptable amount of risk associated with the use of a specific class of pesticides. The calculated risk for a compound is determined and “placed” into the risk cup. Each accepted registration of a compound with a similar mechanism of action is then added to the cup. Once the cup is full, no new registrations are allowed [67,68]. The limitation of this approach is that it fails to address chemical synergism and the effects of mixtures of pesticides from multiple classes [68]. The classes of AIs most frequently encountered in our study are pyrethroids (such as tau-fluvalinate, permethrin, etofenprox, cypermethrin), carbamates (such as methomyl and methiocarb) of which piperonyl butoxide—one of the most frequently found active substances—is a synergist, and the class of organophosphates (such as coumaphos, chlorpyrifos and chlorpyrifos-methyl). They belong to cholinesterase-inhibiting insecticides (organophosphates and N-methylcarbamates) and pyrethroid insecticides that are overrepresented in the synergistic mixtures identified so far [69]. However, true synergistic interactions between chemicals are rare and often occur at high concentrations [70]. Addressing the cumulative rather than synergistic effect of co-occurring chemicals, using standard models, such as concentration addition, appears, therefore, to be the most important step in the risk assessment of chemical cocktails [70]. The evaluation and prediction of biological responses elicited by interaction of pesticides with each other (pesticide mixtures) requires an integrated, systematic toxicological approach and is a challenge to human and environmental risk assessment as demonstrated by the plethora of publications on the subject [59,66,69,70,71,72,73]. The identification of core features of pesticide mixtures at the molecular level, such as gene expression profiles, could be helpful to assess or predict the occurrence of interactive effects giving rise to unpredicted responses [69].



We also report that 38 of the 71 active substances identified during implementation of the Italian guidelines belonged to hazard classes I and II for active substances in pesticides, thus categorizing them as extremely (n = 2), highly (n = 8) and moderately dangerous (n = 28). Their simultaneous presence, in most cases, with other active substances confirms that honey bees could be very valuable sentinels of environmental health and consequently, of possible hazards to human health.



In addition, all officially reported bee-killing incidents can be easily georeferenced with maps, showing their distribution across a given territory. As shown in Figure 1, most bee-killing incidents reported to the competent authorities occurred in northern Italy, with a lower number of reported cases scattered across central and southern Italy. The agricultural areas in the north were widely represented by non-irrigated arable land, fruit trees (predominantly apple orchards), berry plantations, olive groves, and vineyards; and by non-irrigated arable land, fruit trees (citrus), olive groves, and vineyards in the central and southern regions [74]). Mapping indirect honey-bee monitoring activities is a helpful means to more precisely locate affected areas and trends in events, permitting the implementation of further public health investigations to trace, back to their origin, identified pesticides or other dangerous substances, including unauthorized ones—such as permethrin, methiocarb, and methomyl—with the legal implications that this entails. To alleviate the negative effects of pesticide use, more measures need to be adopted to improve pesticide application and the related regulations. Effective monitoring and management of pesticides could not only reduce their use, but also protect the ecosystem and public health [75]. The One Health concept is based on the close interconnection between human, animal and environmental health, and emphasizes how human health depends on a healthy, functioning ecosystem [76]. Consequently, further biomonitoring actions should be deployed by competent authorities following a One Health approach, leveraging information provided by honey bees and their products. Honey bees and honey bee products can act as a natural, passive, inexpensive monitoring system capable of revealing potentially alarming or dangerous situations for human well-being and public health.




5. Conclusions


The present work highlights the presence of hazardous pesticide residues in honey bees and other related samples belonging to toxicity classes Ia, Ib and II, alone or in combination, including unauthorized ones. We have summarized the results obtained through implementation, by the competent local health authorities, of Italian national guidelines for managing reports of bee colony death or depopulation related to the use of PPP. Although specifically addressed to the reporting of honey bee-killing incidents, we have shown that the various pesticide pollution events that have occurred could potentially represent a risk also for human health, particularly when methiocarb, methomyl, chlorpyrifos, cypermethrin and permethrin were detected. The cumulative effect of co-occurring chemicals, using standard models, such as concentration addition, seems to be the most important approach in the risk assessment of chemical cocktails. Furthermore, the evaluation and prediction of biological responses elicited by the interaction of pesticides with each other (pesticide mixtures) implies an integrated, systematic toxicological approach, and is a challenge to human and environmental risk assessment. Honey bees are closely linked to human well-being through the pollination of wild and agricultural plants and the production of honey and other bee products and should be considered in a One Health approach. Eventually, they can also provide valuable information about the ecosystem since their health is determined by many factors related to the environment and to humans.
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Figure 1. Cumulative location of the sampling points in Italy for all matrices related to reported mortality events from 2015 to 2020. 
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Table 1. Summary of honey bee samples collected from bee-killing incidents analyzed between 2015 and 2020.
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	Year
	Samples
	Positive (%)
	No. ASs

Identified
	Most Frequent ASs

(Prevalence %)
	Range (mg/kg)
	Oral LD50

(mg/kg) °
	Most Concentrated AS (mg/kg)





	2015
	68
	41
	20
	Fluvalinate (50)
	0.01–0.615
	>3000
	Permethrin 207.500



	
	
	
	
	Piperonyl butoxide (25)
	0.016–5.020
	>7500
	



	
	
	
	
	Cypermethrin (14)
	0.130–76.02
	c250
	



	
	
	
	
	Chlorpyrifos (14)
	0.011–5.612
	135
	



	2016
	112
	42
	22
	Chlorpyrifos (26)
	0.021–16.888
	135
	Permethrin 1346.65



	
	
	
	
	Permethrin (26)
	0.032–1346.650
	c220
	



	
	
	
	
	Tetramethrin (26)
	0.010–710.960
	>5000
	



	
	
	
	
	Piperonyl butoxide (23)
	0.567–668.270
	>7500
	



	
	
	
	
	Fluvalinate (21)
	0.040–0.950
	>3000
	



	2017
	95
	50
	22
	Fluvalinate (42)
	0.010–10.180
	>3000
	Permethrin 30.03



	
	
	
	
	Chlorpyrifos (27)
	0.010–0.370
	135
	



	
	
	
	
	Methomyl (17)
	0.010–7.650
	17
	



	2018
	85
	74
	36
	Fluvalinate (35)
	0.031–0.141
	>3000
	Dimethoate 16.474 (LD50 = c150)



	
	
	
	
	Imidacloprid (14)
	0.014–0.562
	450
	



	
	
	
	
	Etofenprox (13)
	0.013–0.035
	>10,000
	



	
	
	
	
	Methiocarb (13)
	0.010–0.465
	20
	



	2019
	147
	43
	34
	Fluvalinate (46)
	0.011–5.148
	>3000
	Tetramethrin 15.043



	
	
	
	
	Imidacloprid (14)
	0.012–40.260
	450
	



	
	
	
	
	Chlorpyrifos-methyl (13)
	0.022–1.078
	>3000
	



	2020
	113
	44
	35
	Fluvalinate (32)
	0.010–0.399
	>3000
	Permethrin 80.68



	
	
	
	
	Etofenprox (22)
	0.013–0.045
	>10,000
	



	
	
	
	
	Chlorpyrifos-methyl (18)
	0.023–0.490
	>3000
	



	
	
	
	
	Permethrin (12)
	0.020–80.680
	c220
	



	
	
	
	
	Piperonyl butoxide (12)
	0.010–39.980
	>7500
	







AS = active substances; ° tested in rat.
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Table 2. Summary of other matrices collected from bee-killing incidents analyzed between 2015 and 2020.
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	Year
	No. of Samples
	Matrix
	Positive (%)
	No. ASs

Identified
	Most Frequent ASs

(Prevalence %)
	Range

(mg/kg)
	Oral LD50

(mg/kg) °
	Most Concentrated AS

(mg/kg)





	2015
	18
	
	67
	12
	tau-fluvalinate (83)
	0.038–2.29
	>3000
	tau-fluvalinate 2.29



	
	
	
	
	
	tetraconazole (25)
	0.010–0.015
	1031
	



	
	15
	comb
	67
	10
	tau-fluvalinate (100)
	0.038–2.29
	>3000
	



	
	1
	honey
	100
	2
	-
	
	
	



	
	2
	vegetable
	50
	3
	-
	
	
	



	2016
	39
	
	56
	15
	tau-fluvalinate (46)
	0.10–0.96
	>3000
	propamocarb 3.58 (LD50 = 8600)



	
	
	
	
	
	metalaxyl/permethrin (14)
	0.015–0.19/0.010–2.06
	670/c220
	



	
	28
	comb
	54
	7
	tau-fluvalinate (67)
	0.10–0.96
	>3000
	



	
	3
	pollen
	67
	1
	metalaxyl (100)
	0.015–0.016
	670
	



	
	3
	honey
	0
	0
	-
	
	
	



	
	5
	vegetable
	60
	6
	-
	
	
	



	2017
	23
	
	57
	10
	tau-fluvalinate (31)
	0.010–4.59
	>3000
	tau-fluvalinate 4.59



	
	
	
	
	
	chlorpyrifos (23)
	0.011–0.10
	135
	



	
	11
	comb
	91
	9
	tau-fluvalinate (60)
	0.17–4.59
	>3000
	



	
	7
	pollen
	43
	3
	tau-fluvalinate (67)
	0.010–0.032
	>3000
	



	
	5
	honey
	0
	0
	-
	
	
	



	2018
	36
	
	83
	26
	tau-fluvalinate/methiocarb (50)
	0.031–1.91/0.010–70.65
	>3000/20
	folpet 511.10 (LD50 > 10,000)



	
	
	
	
	
	coumaphos (27)
	0.011–0.72
	7.1
	



	
	11
	comb
	91
	10
	tau-fluvalinate (100)
	0.031–1.91
	>3000
	



	
	10
	pollen
	90
	14
	tau-fluvalinate (67)
	0.034–0.68
	>3000
	



	
	7
	honey
	71
	1
	methiocarb (100)
	0.011–0.68
	20
	



	
	8
	vegetable
	75
	12
	deltamethrin (67)
	0.046–0.12
	c135
	



	2019
	73
	
	56
	27
	tau-fluvalinate (58)
	0.017–95.90
	>3000
	tau-fluvalinate 95.90



	
	
	
	
	
	pyrimethanil (20)
	0.021–0.77
	4150
	



	
	32
	comb
	78
	16
	tau-fluvalinate (68)
	0.017–0.40
	>3000
	



	
	14
	pollen
	78
	11
	tau-fluvalinate/pyrimethanil (27)
	34.20–95.90/0.021–0.77
	>3000/4150
	



	
	25
	honey
	12
	2
	tau-fluvalinate (67)
	0.029–0.048
	>3000
	



	
	2
	vegetable
	100
	6
	-
	
	
	



	2020
	79
	
	60
	37
	tau-fluvalinate (69)
	0.013–3.93
	>3000
	cypermethrin 569.91 (LD50 = c250)



	
	
	
	
	
	coumaphos (31)
	0.013–0.65
	7.1
	



	
	48
	comb
	71
	24
	tau-fluvalinate (82)
	0.013–3.93
	>3000
	



	
	8
	pollen
	25
	6
	-
	
	
	



	
	5
	honey
	0
	0
	-
	
	
	



	
	15
	vegetable
	60
	17
	-
	
	
	



	
	3
	other *
	67
	5
	-
	
	
	







AS = active substance; ° tested in rat; * see description in the text.
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