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            Abstract
          
        

        
          Honey bees (Apis mellifera), particularly foragers, are continuously exposed to an array of potentially toxic insecticides. While foraging, they directly encounter insecticides and other toxic materials, and they often carry residual pesticides in their pollen loads into their hive. Although they are distinctively sensitive to toxic compounds, honey bees possess detoxifying mechanisms to thrive in the presence of toxic compounds. G-3KM detoxicant is a commercially detoxicant bee product marketed in South Korea. Analyzed by gas chromatography-mass spectrometry, 1,8-cineole was identified as the only volatile organic constituent of G-3KM, after it was subjected to a liquid-liquid partition between hexane and water. In this study, G-3KM detoxicant and its only volatile constituent, 1,8-cineole, were evaluated for their potential in reducing the mortality of worker bees intoxicated with seven different insecticides (5 neonicotinoids, 1 organophosphate, 1 acaricide). On response to worker bees intoxicated with insecticides, G-3KM treatments were found to be effective in reduction of worker bees mortality in all treatments, particularly acetamiprid (cyano-neonicotinoid) and amitraz (acaricide) on all tested concentrations. There were no significant reductions in worker bee mortality when treated with 1,8-cineole. Therefore, the active ingredient of G-3KM detoxicant could be polar substance(s) presented in polar aqueous fraction.
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      INTRODUCTION
      Honeybees pollinate around one third of the world’s crop species, but their population decline has put the global food production at risk (Klein et al., 2007; Cox-Foster and van Engelsdorp, 2009). Honey bees forage as far as 10 km from their hives (Couvillon et al., 2014) to search of nectar, pollen, water, and propolis needed to sustain a colony. While foraging, they are exposed to enormous variety of agrochemicals used in crop production, and on their return, they may bring significant amount of toxic contaminants into hive. Sánchez-Bayo and Goka (2014) showed that residues of 173 different compounds were found in apiaries. Toxic Residue of carbaryl and lime sulfur were also detected on the European honey bee, Apis mellifera and buff-tailed bumble bee, Bombus terrestris (Kim et al., 2014).

      Pesticides are toxic chemicals designed to specifically control a target group of organisms. However, the toxicity of pesticides is not exclusively limited to the target organisms. Often, they may affect non-target species that have similar metabolism (Lushchak et al., 2018). Pesticides are classified into several groups based on their mode of action, including; acetylcholinesterase (AChE) inhibitors (organophosphate and carbamates), GABA-gated chloride channel blockers (cyclodiene organochlorines), sodium channel modulators (pyrethroids, DDT), nicotinic acetylcholine receptor (nAChR) competitive modulators (neonicotinoids), octopamine receptor agonists (amitraz) and many others (IRAC MoA, 2020).

      Neonicotinoid insecticides are used to protect a wide variety of crops, and they have become a foundation of pest management since their discovery in 1990s (Nauen and Denholm, 2005). However, the European Union banned the field use of three neonicotinoids (imidacloprid, clothianidin and thiamethoxam) in 2018 (EFSA, 2018; Jactela et al., 2019) as there was compiling evidence implicating neonicotinoids in CCDS in bees and in other threats to the environment (Wood and Goulson, 2017), although they may still be used in greenhouses. Neonicotinoids do not affect cholinesterase, but rather bind to acetylcholine receptors resulting in prolonged stimulation leading to insect death (Lushchak et al., 2018). Several studies have also demonstrated that neonicotinoids were found to be toxic to honey bees (Lee et al., 2016; Ghosh and Jung, 2017; Kang and Jung, 2017; Ulziibayar and Jung, 2019). Carbamates and organophosphate are the most toxic substances because they inhibit acetylcholinesterase (AChE), an important nervous system enzyme that inactivates synaptic the neurotransmitter acetylcholine (Galloway and Handy, 2003). The organophosphate insecticides bind and inactivate AChE irreversibly, leading to overstimulation of insect nervous system. Such inhibition of acetylcholinesterase finally kills animals. However, carbamates are reversibly inhibitor of AChE.

      Honey bees, like all other animals, are endowed with detoxification mechanisms that transform and eliminate most toxic chemicals. Several studies have demonstrated the involvement of the P450-, GST- or COE-enzyme families in pesticide and secondary metabolite detoxification in honey bees (Feyereisen 2012; Johnson et al., 2012). Honey bees activate detoxification mechanisms when they are exposed to toxic pesticides (Johnson et al., 2010). Enhancing the production level of acetylcholinesterase (AChE) is one of the main mechanisms when individuals exposed to pesticides such as carbamates and organophosphates (Walker et al., 2001), to pyrethroids (Badiou et al., 2008) and neonicotinoids (Boily et al., 2013). There are also a few phytoconstitutents known to detoxify honey bee from toxic pesticides (Balieira et al., 2018).

      Honey bees are continuously exposed to various pesticides and other toxic materials. Hence, pesticides are one of the major factors that contribute to honey bee population decline. G-3KM is a bee detoxicant product marketed in South Korea. However, to the best of our knowledge, there were no prior studies on G-3KM detoxicant or 1,8-cineole as detoxicant. Therefore, the present study was designed to determine the effects of a detoxicant (G-3KM) and its volatile constituent (1,8-cineole) on reduction of mortality of worker bees intoxicated with five neonicotinoids (acetamiprid, imidacloprid, thiamethoxam, clothianidin, dinotefuran), one organophosphate (fenitrothion) and one acaricide (amitraz), separately.

    

    

  
    
      MATERIALS AND METHODS
      
        1. Materials
        
          1) Chemicals
          All insecticides information is listed below in Table 1. G-3KM detoxicant was purchased from Dogo Medical Company (Seoul, South Korea). 1,8-cineole (99% purity, CAS Number: 470-82-6, Sigma-Aldrich Korea) was purchased from Sigma Aldrich. Solvents (hexane, acetone) were also purchased from Sigma Aldrich. All pesticides were diluted in sugar syrup to prepare the test concentrations

          
            Table 1. 
				
            

            
              Characteristics of pesticides commercial formulation used in the tests.
            
            

          

          
            
              
                	Pesticide name
                	IRAC Group
                	MoA
                	Company name
                	a.i %
                	Formulation type
                	RC (ppm)
              

            
            
              	Imidacloprid
              	Group4 4A
              	Nicotinic
              	Farm Hannong
              	10
              	WP
              	500
            

            
              	Dinotefuran
              	Acetylcholine
              	Mitsui chemicals Agro, Inc.
              	20
              	WG
              	500
            

            
              	Clothianidin
              	receptors (nAChR)
              	HanKook SamGong Co., Ltd
              	8
              	SC
              	500
            

            
              	Thiamethoxam
              	competitive
              	Syngenta
              	10
              	WG
              	500
            

            
              	Acetamiprid
              	modulators
              	Sungbo Chemicals Co., Ltd
              	8
              	WP
              	500
            

            
              	Fenitrothion
              	Group1 1B
              	Acetylcholinesterase (AChE) inhibitors
              	Dongbang Agro Corp
              	50
              	EC
              	1000
            

            
              	Amitraz
              	Group19
              	Octopamine receptor agonists
              	Arysta LifeScience Inc
              	20
              	EC
              	1000
            

          

          
            
              *Note: IRAC: The Insecticide Resistance Action Committee; MoA: Mode of Action; a.i: active ingredient; RC: Producer’s recommended concentration (1 ppm=1 mg/L); EC: emulsifiable concentrate; SC: suspension concentrate; WG: water dispersible granule; WP: wettable powder.
            

          

          

        

        
          2) Worker bees
          We have collected young adult workers from healthy honey bee (Apis mellifera) colonies in the experimental apiary of Andong National University. The collected bees were released into the ventilated transparent plastic cups, and kept in the experimental room at 25±2℃ and 50~70% relative humidity.

        

      

      
        2. Methods
        
          1) Extraction of volatile organic compounds by liquid-liquid extraction technique
          G-3KM detoxicant (10 mL) was suspended in distilled water (100 mL) and was poured into a separatory funnel (capacity 500 mL; Schott/Duran, Germany). Hexane (100 mL) was added into it. The mixture was then manually shaken vigorously for 5 min and then allowed to stand for 30 min. Following this process, the organic and aqueous layers were separated. The aqueous layer was then further extracted again by shaking with hexane (100 mL). Both first and second hexane extracts were combined, and the residual water was removed from the extract by treating with an anhydrous sodium sulphate (5 g). The extract was filtered and transferred into a round-bottom flask, followed by evaporation. The extract was stored in a refrigerator until further use.

        

        
          2) Analysis of volatile organic compounds (VOC) by Gas Chromatography-Mass Spectrometry (GC-MS)
          Hewlett-Packard HP 5977A Mass Spectrometer coupled with an HP-7890B GC was used to identify and quantify the VOC of G-3KM detoxicant. Separation was performed on a non-polar column (HP-5MS-fused silica column; 5% phenyl methylpolysiloxane; 30 m×0.25 mm id; 0.25 μm film thickness, Agilent Technologies). VOC of G-3KM detoxicant was diluted in acetone (1 : 10) prior to GC-MS analysis. VOC (2 μL) was injected in split mode with a 1 : 10 split ratio. Helium was used as a carrier gas at a flow rate of 1.0 mL/min. The oven was initially set at 40℃ for 3 min, then the temperature was programmed to increase by 6℃/min until it reached to 150℃, and then the temperature was further programmed to increase by 10℃/min until it reached a final temperature of 320℃, which was kept for 3 min. The MS readings were scanned in the range of 40~500 amu in full-scan mode with electron impact ionization energy of 70 eV. The temperatures of the ion source (EI) and injector port were set at 230 and 270℃, respectively. Compounds were identified by comparing the mass spectrum and Kovats retention index value of individual VOC with those listed in the MS Library Database and literature (Babushok et al., 2011), respectively.

        

        
          3) Effect of G-3KM detoxicant or 1,8-cineole on survival rate of honey bees intoxicated with pesticides
          Test concentrations of all insecticides (0.01~500 ppm) were prepared by diluting the stock solution in 50% sucrose solution. A plastic Kovax-Syringe (5 mL) with the open end narrowed to about 2 mm diameter was used as feeder unit (Fig. 1). An amount of 5 mL of prepared doses was taken into the feeder unit without any air bubbles. Collected worker bees (20 bees, each) were transferred into clear conical plastic cages with dimensions of 9 cm of bottom diameter×12 cm of top diameter×8 cm in height, with side ventilation slots, where they were kept starved for 2 hrs. Followed this, the worker bees were fed with different pesticides-contaminated diets (syrup adulterated with different pesticides at different concentrations) for 1 hr. Subsequently, the worker bees were fed with syrup supplemented with G-3KM (2.5%; v/v field recommendation) or 1,8-cineole (2.5%; v/v) for 48 hrs, separately, and this procedure was repeated three times for each treatment. The feeder unit containing syrup alone was considered as control. The number of dead bees were recorded 48 hrs after feeding with syrup supplemented with G-3KM detoxicant or 1,8-cineole. Worker bees were considered dead if they did not move after being touched with the fine-tipped brush.

          
            
            

            Fig. 1. 
				
            

            
              Oral toxicity bioassay set-up.
            
            

            

          

        

      

      
        3. Statistical analysis
        All toxicity response assays were carried out in triplicate, and the results were presented as the mean mortality (%). A two-way analysis of variance (ANOVA) was conducted, followed by Tukey multiple-range tests at p<0.05 for mean separation, using Statistical Package for the Social Sciences (SPSS) version 16 (Chicago, SPSS Inc., 2007).

      

    

    

  
    
      RESULTS
      
        1. Characterization of volatile organic compounds extracted from G-3KM detoxicant
        GC-MS analysis of the volatile constituents of G-3KM showed the presence of only one compound, accounting 100% of the total volatile constituents of G-3KM (Fig. 2). The compound was identified as 1,8-cineole. The identity was further confirmed by comparing the Kovats retention index values (RI of 1,8-cineole=1030 (experimental); 1032 (Babushok et al., 2011)). 1,8-cineole, also named eucalyptol, presents as a major constituents in many plant essential oils, such as eucalyptus oil (Dagne et al., 2000) and rosemary oil (Kovar et al., 1987).

        
          
          

          Fig. 2. 
				
          

          
            GC chromatogram of the volatile constituent of G-3KM.
          
          

          

        

      

      
        2. Survival rate of worker bees intoxicated with seven pesticides after treatment with G-3KM
        Honey bees activate detoxification mechanisms when they are exposed to toxic pesticides (Johnson et al., 2010). In this study, the mortality of worker bees supplemented with G-3KM detoxicant (2.5%; v/v) was reduced compared to control worker bees in all seven pesticides-intoxication (Figs. 3~5), although the effects of G-3KM detoxicant level on mortality did vary with concentrations and type of pesticides used.

        
          
          

          Fig. 3. 
				
          

          
            Effect of G-3KM detoxicant and 1,8-cineole on mortality of worker bees intoxicated with nitro-neonicotinoids, (A): Imidacloprid; (B): Dinotefuran; (C): Clothianidin; (D): Thiamethoxam and cyano-neonicotinoid, (E): Acetamiprid. Note: Same letters (a or b) refer to no significance difference (Two-way ANOVA; p>0.05) among the three tested samples (syrup only (control), syrup supplemented with 1,8-cineole and syrup supplemented with G-3KM detoxicant) for a single test concentration; Different letters (a or b) mean there is a significance difference among test samples (Two-way ANOVA; p<0.05) for a single test concentration.
          
          

          

        

        
          
          

          Fig. 4. 
				
          

          
            Effect of G-3KM detoxicant and 1,8-cineole on mortality of worker bees intoxicated with fenitrothion (organophosphate); Note: Same letters (a or b) refer to no significance difference (Two-way ANOVA; p>0.05) among the three tested samples (syrup only (control), syrup supplemented with 1,8-cineole and syrup supplemented with G-3KM detoxicant) for a single test concentration; Different letters (a or b) mean there is a significance difference among test samples (Two-way ANOVA; p<0.05) for a single test concentration.
          
          

          

        

        
          
          

          Fig. 5. 
				
          

          
            Effect of G-3KM detoxicant and 1,8-cineole on mortality of worker bees intoxicated with amitraz (acaricide). Note: Same letters (a or b) refer to no significance difference (Two-way ANOVA; p>0.05) among the three tested samples (syrup only (control), syrup supplemented with 1,8-cineole and syrup supplemented with G-3KM detoxicant) for a single test concentration; Different letters (a or b) mean there is a significance difference among test samples (Two-way ANOVA; p<0.05) for a single test concentration.
          
          

          

        

        Pest insect control changed greatly with the discovery and development of the neonicotinoids. G-3KM detoxicant responses to worker bees intoxicated with acetamiprid (cyano-neonicotinoid) was found to be very effective. Compared to the control, there were significant reduction of mortality of worker bees intoxicated with acetamiprid across all tested concentrations when subjected to G-3KM detoxicant treatment (Fig. 3). Indeed, G-3KM reduced the percent mortality of worker bees by 69% when they were intoxicated with acetamiprid at the highest tested concentration (500 ppm). Likewise, on worker bees intoxicated with lower concentration of nitro-neonicotinoids (imidacloprid, dinotefuran, clothianidin, thiamethoxam), G-3KM detoxicant had a similar profile (Fig. 3). For instance, all worker bees were survived on G-3KM treatment on worker bees intoxicated with imidacloprid (0.01 ppm), although 58.8% worker bees were dead when subjected to feeding with only syrup (control). There was a statistically significant interaction on a two-way ANOVA analysis between the effects of treatment and imidacloprid concentration on percent mortality of worker bees intoxicated with imidacloprid (F(10,36)=3.658, p=0.002). While at higher concentration (500 ppm), there were no significant differences in worker bee mortality between the control and G-3KM treatment groups of dinotefuran, clothianidin and thiamethoxam (Fig. 3).

        As shown in Fig. 4, worker bees fed with syrup intoxicated with fenitrothion (organophosphate) showed a similar profile as nitro-neonicotinoids. G-3KM treatments were found to be significantly effective (F(10,36)=4.764, p=0.001). When worker bees were exposed to lower concentration of fenitrothion. At higher concentrations of fenitrothion exposure (>100 ppm), there were no significant difference between G-3KM treatment and the control (p>0.05).

        G-3KM treatments were most effective in reduction of mortality to worker bees intoxicated with amitraz across all concentrations (Fig. 5). Compared to the control, G-3KM treatments had significant mortality reduction in worker bees by 78% when worker bees were subjected to the highest test concentration of amitraz (1000 ppm).

      

      
        3. Survival rate of worker bees intoxicated with seven pesticides on treatment with 1,8-cineole
        There are a few phytoconstitutents known to detoxify honey bee from toxic pesticides (Balieira et al., 2018). In this study, 1,8-cineole was found as volatile constituent of G-3KM detoxicant. On treatment with 1,8-cineole, the survival effect of worker bees intoxicated with pesticides were evaluated at a single high oral dose (2.5%; v/v). In contrast to G-3KM, 1,8-cineole had no significant effect (p>0.05; for instance p=0.393; imidacloprid intoxicated worker bees) on reducing the mortality of worker bees intoxicated with diverse class of pesticides (Figs. 3~5).

      

    

    

  
    
      DISCUSSION
      Colony Collapse Disorder (CCD) is caused by multiple factors, but no particular factor has been singled out among the scientific community. Pesticides are one among the many causes. In this study, diverse groups of seven pesticides, including neonicotinoids, organophosphate, acaricide, were used to determine the effectiveness of G-3KM detoxicant. Neonicotinoids are economically important in crop protection as they are effective in the control of pests that have previously developed resistance to other classes of insecticides (Jeschke et al., 2011). In general, neonicotinoids comprise two sub groups, a nitro functional group (-NO2) and a cyano functional group (-C=N) as part of their structures. In the present findings, G-3KM treatments were found to be more effective on worker bees intoxicated with cyano-neonicotinoid (across all concentration) than nitro-neonicotinoids (only at lower concentrations). Although the nitro- and cyano-groups of neonicotinoids display similar binding affinity for honey bee nAChR (Nauen et al., 2001), their relative tolerance of bees toward the cyano-group is likely due to rapid cytochrome P450 detoxification (Iwasa et al., 2004). In addition, the nitro-neonicotinoids, including imidacloprid, clothianidin, thiamethoxam, and dinotefuran, are highly toxic to bees, with acute LD50s from 0.004 to 0.075 μg/bee (Iwasa et al., 2004; Cresswell, 2011). The cyano-neonicotinoids, thiacloprid and acetamiprid, are much less toxic, with contact LD50s in the range 7.1~14.6 μg/bee (Iwasa et al., 2004). Interestingly, G-3KM was less active in mortality reduction of honey bees intoxicated with higher concentration of nitro-neonicotinoids. This partly because of nitro-groups are more slowly metabolized than cyano-groups, for instance Imidacloprid (a nitro-group) has a half-life of 4 h (Suchail et al., 2004), possibly through P450 activity (Iwasa et al., 2004). However, the metabolites of cyano-groups, for instance acetamiprid, demonstrate greatly reduced toxicity to honey bees (Iwasa et al., 2004). G-3KM had no significance values in reduction of worker bees intoxicated with at higher concentration of thiamethoxam and clothianidin. This is relatively due to poor affinity of thiamethoxam for the insect nAChR (Tomizawa and Casida, 2005), but it is rapidly converted to clothianidin, which has great affinity (Tomizawa and Casida, 2005).

      It is well noted that G-3KM treatments were effective when worker bees intoxicated at lower concentrations of fenitrothion (organophosphate insecticide). There were no G-3KM responses when worker bees were subjected to higher concentrations of fenitrothion. Organophosphates, including fenitrothion, are highly toxic as they irreversibly bind and inactivate AChE, causes permanent damage to the enzyme (Galloway and Handy, 2003). Indeed, honey bees are extremely sensitive to pesticides due to a deficiency in the number of genes encoding detoxification enzymes (Atkins, 1992; Claudianos et al., 2006). It is believed that bees have a relatively weak immune system as a result, and that this may be an evolutionary consequence of feeding on nectar and pollen, which are plant materials lower in toxin levels than foliage (CCD Steering Committee, 2010).

      G-3KM has become less effective when worker bees intoxicated with at higher concentration of highly toxic pesticides, including organophosphates and nitro-neonicotinoids. Results of pairwise comparison across different concentrations showed there were dose-dependent responses as the effects of G-3KM weakened as the concentration of intoxication increases for each of the test experiments.

    

    

  
    
      CONCLUSIONS
      G-3KM detoxicant mixed in a syrup diet was found to significantly reduced mortality of worker bees intoxicated with diverse pesticides. However, the degree of G-3KM treatment did vary with concentrations and type of pesticides used. Overall, G-3KM treatments were generally more beneficial when it was administrated to worker bees intoxicated with at lower concentrations of all tested pesticides or across all level of concentrations of less toxic pesticides, like acetamiprid (cyano-neonicotinoids) and amitraz (acarides). Unfortunately, there were no significant reductions in worker bee mortality when intoxicated bees were treated with 1,8-cineole. Therefore, the active ingredient of G-3KM detoxicant could be polar substance(s) presented in polar aqueous fraction. Further work should be carried out on aqueous fraction to identify the active ingredient(s) of G-3KM detoxicant.
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