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Background

The immune system of honeybees includes multiple pathways that may be affected by pesticide exposure decreasing the immune competencies of bees and increasing their susceptibility to diseases like the fungal Nosema spp. infection, which is detected in collapsed colonies.





Methods

To better understand the effect of the co-presence of multiple pesticides that interact with bees like imidacloprid and amitraz, we evaluated the expression of immune-related genes in honeybee hemocytes.





Results

Imidacloprid, amitraz, and the immune activator, zymosan A, mainly affect the gene expression in the Toll pathway.





Discussion

Imidacloprid, amitraz, and zymosan A have a synergistic or an antagonistic relationship on gene expression depending on the level of immune signaling. The presence of multiple risk factors like pesticides and pathogens requires the assessment of their complex interaction, which has differential effects on the innate immunity of honeybees as seen in this study.
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1 Introduction

Pesticide application is involved in the decline of insects and generally arthropods worldwide. Simultaneously, honeybees (Apis mellifera) are facing a global phenomenon termed colony collapse disorder (CCD) characterized by the disappearance of worker bees leaving the queen and brood unattended leading to colony death (1, 2). Studies were not able to pinpoint the exact cause of this phenomenon but the concurrence of multiple risk factors including pathogens and pesticides may be implicated (3). However, the microsporidian Nosema spp. are unicellular parasites that infect honeybees (4). Nosema spp. were found to be a potential contributing factor to colony collapse with prevalence in CCD colonies (5, 6).

Pathogenesis may increase when bees are exposed to pesticides shedding light on the effect of the interplay of different risk factors leading to CCD. Any alteration of the immune pathways may affect the organism’s ability to fend off pathogens and diseases. In fact, imidacloprid was found to decrease the expression of immune-related genes in honeybees (7) and increased Nosema spore production was also observable in bees exposed to imidacloprid (8). The exposure to N. ceranae and the neonicotinoid, thiamethoxam, resulted in dysbiosis of honeybee gut microbiota (9). Other studies that considered pesticide co-exposure with Nosema found alteration in gut microbiota as well (10, 11). This strongly suggests a relationship between pesticide and pathogen exposure and the synergism of their interaction. In addition, Nosema infection alters honeybee mitochondrial metabolism exerting stress, and the infection leads to a decrease of antimicrobial peptide production (12).

In the context of bee immunity, imidacloprid is a pesticide that gives rise to great concern not just because of its effect on increased susceptibility to diseases, but also because it is the world’s most-used neonicotinoid pesticide (13). Imidacloprid also has the highest percentage of neonicotinoid residues in honey in most continents (14). However, imidacloprid is not the only pesticide of concern in beekeeping. Amitraz is an acaricide used to treat Varroa infections in bee colonies (15) with direct interaction with honeybee colonies and the most common pesticide found in honey (16). Although amitraz was deemed safe for honeybees since bees have low hydrolysis of amitraz to its active metabolites (17), amitraz appears to amplify the effect of other pesticides like tau-fluvalinate and coumaphos, while the effect of amitraz itself remains unchanged regarding lethality to honeybees (18). In addition to its synergistic effect with co- presence with other pesticides, amitraz exposure resulted in an increased titer of the Israeli acute paralysis virus (IAPV) in bees exposed to amitraz (19), indicating the role of amitraz in increasing disease susceptibility.

Increased pathogen susceptibility when exposed to pesticides refers to the alteration of the insect immune system as the primary point of investigation. The insect immune system relies on the innate immune system to fend off pathogens and diseases if physical barriers are breached (20, 21). Phagocytosis is one the most important mechanisms to fend off infectious agents in an organism that relies on innate immunity and lacks the same complexity as the vertebrate immune system. Eater and NimC1 are phagocytic receptors termed NIMs (Nimrods) and are main components in phagocytosis (22). Eater, in particular, is involved in the uptake of Gram-positive bacteria by direct binding (23). Eater is also involved in the mobility and adhesion of hemocytes (24); thus, it may affect the response to pathogenic infections. Eater appears to compensate for the function of NimC1 in NimC1 null Drosophila mutants, implying the crucial need for Eater activity in phagocytosis. After the discovery of the Toll immune signaling pathway and the Toll receptors in Drosophila, the Toll pathway became a focus in innate immunity. The activation of the Toll pathway is implicated in elucidating innate immunity in vertebrates and invertebrates (25–28). In honeybees, the activation of the Toll pathway results in the production of antimicrobial peptides as a protective response to pathogenesis (29). Bacterial and fungal recognition is mediated by the interactions of pathogen-associated molecular patterns (PAMPs) with recognition proteins that result in the activation of a cytosolic receptor, Spaetzle (Spätzle). PAMPs include cell wall components of Gram-positive bacteria (peptidoglycans), Gram-negative bacteria (lipopolysaccharides), and fungi (β-glucans) like zymosan (29–33). Spaetzle is important in the first steps of pathogen recognition leading to the activation of the designative Toll receptor of the Toll pathway (34) (Figure 1).




Figure 1 | Response to zymosan A exposure in the Toll pathway of the invertebrate immune system.



This activation, in turn, leads to signal transduction via various proteins including the myeloid differentiation factor 88 (MyD88), which is a key modulator in the Toll pathway (35) and was reported to be crucial in the immune response in mice (36). The role of MyD88 extends to phagocyte maturation and its implications in phagocytosis (37). Zymosan A poses a validated activator of the Toll pathway (38–41). Regarding other immune pathways, Relish is also a key intracellular modulator in the IMD signaling pathways and mediated a cross-talk between IMD and JNK pathways inferring a strong role in bee immunity (29). However, honeybee immunity is not limited to direct elements of immune pathways but also to elements that are implicated in a form of social immunity like the hemolymph protein vitellogenin (42). Vitellogenin mediates trans-generational immune priming (TGIP) (43, 44), i.e., the transfer of immune experience from adult bees to larvae. Vitellogenin is also connected to aging in honeybees by its antioxidant activity (45). All the mentioned components may contribute greatly to understanding the impact of pesticides and their combinations on honeybee immunity in a comprehensive manner.

In this study, we aim to evaluate the effect of pesticides and their different combinations on the modulation of genes implicated in immune responses in honeybees to better understand the toll of pesticide exposure on the fitness of honeybees and the potential cause of disease susceptibility. This is done by applying imidacloprid and amitraz to hemocytes challenged with different concentrations of the fungus-derived immune stimulator, zymosan A, to mimic interaction with Nosema spp.




2 Materials and methods


2.1 Hemolymph extraction

Hemolymph was extracted from European honeybee (A. mellifera) larvae at the fifth stage of development. Extraction was done under a laminar flow hood by sterilizing the abdominal dorsal section with 70% ethanol. The segment is then punctured with a sterile needle allowing the outflow of hemolymph that was rapidly collected by a micropipette and pooled in WH2 medium, which was prepared as described by Hunter (46) and filtered through a 0. 2-µm syringe filter (Acrodisk™ 4312, Pall corp. ™). Fifty larvae were pooled for each 2 ml of WH2 medium used in batches.




2.2 Pesticides and zymosan exposures

Imidacloprid (37894-100 mg, Sigma-Aldrich™) and amitraz (45323, Sigma-Aldrich™) stock solutions were dissolved in WH2 medium, each to two concentrations, 40 and 200 µg/ml, while zymosan A (Z4250, Sigma-Aldrich™) stock solution had a concentration of 4 µg/ml. All stock solutions were sonicated for 30 min in a water-bath sonicator before usage to ensure dissolution of the pesticides and zymosan A. Treatments and/or WH2 medium were added to 24-well tissue culture plates (92024, TPP™) containing 100 µl of diluted hemolymph to reach a total volume of 400 µl. In addition to the treatment control, the final concentrations of treatments were 10 or 50 µg/ml for either imidacloprid or amitraz single exposures. Pesticide mixtures were set to the final concentrations of 10 + 10 µg/ml, 10 + 50 µg/ml, or 50 + 10 µg/ml of imidacloprid and amitraz. All pesticide treatments were done in either no zymosan or with 1 µg/ml zymosan. Plates were sealed with sterilized sealing tape and incubated at 20°C in the dark for 18 h. All conditions were made in triplicates (n = 3).




2.3 RNA extraction

The incubation was terminated and the supernatant was transferred from each well to corresponding Eppendorf tubes that were centrifuged at 5,000 rcf for 5 min. TRIzol reagent (400 µl; 15596018, Thermofisher™) was added to each well following the user protocol (MAN0001271) for RNA extraction. The supernatant was removed from the centrifuged tubes and the lysates were pipetted several times in the wells before transferring them to their corresponding tubes. The tubes were frozen at −80° C before the continuation of the extraction. After thawing, an 80-µl volume of chloroform was added to each tube, inverted several times, and incubated for 3 min followed by centrifugation at 12,000 rcf for 15 min at 4°C. Most of the upper phase was transferred to a new tube and 400 µl of isopropanol was added. The samples were incubated for 10 min at 4° C then centrifuged at 12,000 rcf for 10 min at 4° C. The supernatant was discarded. Ethanol (75%) was added to each sample in 400 µl volume and vortexed briefly. Tubes were then centrifuged at 7,500 rcf for 5 min at 4° C. Supernatant was discarded and each sample was suspended in 40 µl in RNase-free water. Sample concentration and purity were quantified by BioSpecNano spectrophotometer (Shimadzu corps™).




2.4 cDNA synthesis

RNA of each sample was reverse transcribed to cDNA using a RevertAid H Minus First Strand cDNA Synthesis Kit (K1632, Thermofisher™). Tubes were placed on ice blocks and 500 ng of RNA of each sample was added to a PCR tube followed by the addition of 1 µl of oligo (dT)18 primer, 4 µl of 5× reaction buffer, 1 µl of RiboLock RNase inhibitor (20 U/µl), 2 µl of 10 mM dNTP mix, and 1 µl of RevertAid H minus M-Mul V reverse transcriptase (200 U/µl). RNase-free ultra-pure water was added to reach 20 µl total volume per tube. Sample tubes were incubated in an ICycler thermocycler (Bio-Rad™) at 60°C for 42 min and then heated to 70° C for 5 min. The samples were held at 4°C before removal from the thermocycler. Sample concentration and purity were quantified by BioSpec Nano spectrophotometer (Shimadzu corps™). Samples were diluted by a factor of 10 and stored at −80°C until usage.




2.5 Melting temperature (Tm) gradient

A temperature gradient analysis was set for honeybee primers between 50 and 63°C. Analysis was performed with Hard-Shell High-Profile Semi-Skirted 96-Well PCR Plates (Bio-Rad™). Each well contained 10 µl of SsoAdvanced™ Universal SYBR® Green Supermix (#172-5271, Bio-Rad™), 2 µl of honeybee larvae cDNA, 0.5 µM of forward and reverse primers (final concentration), and ultra-pure H2O added until 20 µl total volume. Forward and reverse primer sequences were chosen for spaetzle, relish, toll, myD88, eater, vg (vitellogenin), and rp49 genes as indicated in Table 1.


Table 1 | Primer sequences for honeybee gene real-time PCR.






2.6 Real-time polymerase chain reaction

Gene expression analysis of for spätzle, relish, toll, myD88, eater, and vg was performed by iCycler MyiQ™2 Two-color Real-Time Detection System (Bio-Rad™) in Hard-Shell High-Profile Semi-skirted 96-Well PCR Plates with rp49 as a housekeeping gene. Reaction mixtures contained 10 µl of SsoAdvanced™ Universal SYBR® Green Supermix, 0.5 µM of forward and reverse primers (final concentration), and 300 ng of cDNA, and ultra-pure H2O was added to a total volume of 20 µl.

Reaction cycles set: 1× (30 s at 95°C); 45× (10 s at 95°C, 30 s at 58°C, 30 s at 72°C) followed by melt curve analysis increasing temperature from 55 to 95°C. Each sample was analyzed with two technical replicates to check for repeatability.




2.7 Statistical analysis

Statistical analysis was performed using Addinsoft® XlSTAT™ 20198.3.2. Data were checked for normality by a Shapiro–Wilk test, and homogeneity of variance was tested by Bartlett’s test. Non-normal data were transformed and normalized before performing a two-way ANOVA coupled with a Duncan post-hoc to determine significant differences between groups. A principal component analysis (PCA) and factor map analysis were carried out to determine the correlation between the expression of different genes. The correlation was checked for each individual treatment within zymosan groups or for the whole groups by Pearson (n) test at a 95% confidence interval (n = 3).





3 Results

The gene expression of spaetzle is represented in Figure 2A. All pesticide exposures of imidacloprid and amitraz decreased the expression of spaeztle whether in single exposures or in co-exposures. This is also true for both groups of zymosan exposition (Zym 0 and Zym 1). In Zym 0, the 10I treatment was not significantly different from the control but 50I, 10A, 10I-10A, and 10-50A showed a significant decrease compared to the control of the group with 10I-50A having the most decrease. The 50I-10A mixture is only significantly different from the control with mean difference considered only within the same zymosan group and not all the treatments. The same effect is observed with a significant decrease in gene expression in all treatments with 1 µg/ml zymosan A compared to the control with the exception of the 10 µg/ml imidacloprid treatment. Comparing each treatment with correspondence to its Zym 0 and Zym 1 though does not show statistical difference; it is still observable that, with zymosan A, the expression of spaetzle increases in all treatments except the single exposures with imidacloprid.




Figure 2 | Immunity- and development-related gene expression analysis in Apis mellifera. Hemocytes exposed to 10 or 50 µg/ml imidacloprid (10I or 50I) or amitraz (10A or 50A) either as separate exposures or as combinations (10I-10A, 10I-50A, and 50I-10A). All pesticide treatments were done without immune challenge by zymosan (Zym 0) or with 1 µg/ml zymosan (Zym 1). Different letters indicate significant differences (n = 3, confidence interval = 95%). Error bars represent standard errors (SE). Graphs (A-F) represent the expression of spaetzle, Toll, myD88, relish, eater, and vg, respectively.



Imidacloprid and amitraz significantly lowered the expression of Toll in all treatments when not immunologically challenged by zymosan A (Figure 2B). In fact, Toll expression decreased by at least 60% compared to the control when exposed to 10 µg/ml imidacloprid. A significant decrease is observed in single exposures, but the impact is even more significant in double-pesticide exposures especially in mixtures that have 50 µg/ml of either imidacloprid or amitraz. In the presence of zymosan A, there was no effect of 10 µg/ml imidacloprid or amitraz single exposures on Toll expression compared to the zymosan control. The decrease was significantly present with the pesticide mixtures and 50 µg/ml imidacloprid.

When we compare treatments between the absence and presence of zymosan A (Zym 0 and Zym 1 respectively), we can observe that the effect of 10 µg/ml imidacloprid and both single concentrations of amitraz is not significantly different from the Zym 1 control. In addition, zymosan did not induce the over-expression of Toll when we compare the control of Zym 0 and Zym 1 groups.

Comparing the two controls with and without zymosan, the MyD88 expression significantly increases when hemocytes are treated with zymosan (Figure 2C). When not exposed to zymosan, myD88 expression remains the same with the imidacloprid and amitraz mixtures in addition to the 50 µg/ml imidacloprid treatment. However, both amitraz exposures significantly increased the expression compared to the control and the 10 µg/ml imidacloprid exposure even increased the expression further and more significantly than the amitraz exposure.

Hemocytes challenged with zymosan A have no significant change in myD88 expression except for the 50I-10A mixture, which was significantly lower than all treatments in the Zym 1 group including the zymosan control except for the treatment of 50 µg/ml imidacloprid. The 10I treatment is significantly higher than its corresponding treatment with zymosan. The case is inverted in most other treatments where pesticide treatments that included zymosan were higher in terms of myD88 expression than without zymosan. However, the effect of zymosan in a significant increase is only observed in the control and the 10I-50A treatment.

Similar to the effect on relish and myD88 when hemocytes were not exposed to zymosan, 10 µg/ml imidacloprid resulted in an increase in the expression of the eater gene implicated in phagocytosis (Figure 2E). A significant decrease was observed with the mixtures 10I-50A and 50I-10A compared to the Zym 0 control. As for the pesticide treatments that included zymosan exposure, no significant change was observed regarding expression of eater except with the 10I-50A mixture compared to the Zym 1 control. In addition, when comparing treatments with and without zymosan, we only observe a significant decrease with 10I when treated with zymosan and the inverse in the 10I-50A treatment. Amitraz may antagonize the effect of imidacloprid when it is either at the same concentration as seen with relish expression or when amitraz concentration exceeds that of imidacloprid as seen with eater expression in the context of immune activation.

In Figure 2D, pesticide treatments that included 10 µg/ml imidacloprid either alone or in a mixture with amitraz induced a significant increase in the expression of relish when hemocytes are not exposed to zymosan. A significant decrease in gene expression was observed with 10A, 10I-50A, and 50I-10A treatments without zymosan.

We can observe that there is no significant difference in eater expression between treatments when comparing in the absence and presence of zymosan except for 10I and 10I-50A, which are significantly lower and higher after immune activation, respectively (Figure 2E). With zymosan A, the expression of eater was not significantly different in single exposures and the 50I-10A mixture compared to the control. Intriguingly, the 10I-10A and 10I-50A treatments showed a significant increase when compared to the control with zymosan exposure. Furthermore, the 10I-50A treatment illustrated a contrasting result on gene expression with or without zymosan A. When not immunologically challenged, the eater gene expression with 10-50A treatment decreases significantly but increases significantly when zymosan is included.

Imidacloprid and amitraz appear to have no effect on the production of vitellogenin (vg) gene regardless of exposure to zymosan with the exception of 10I-10A (Figure 2F). This peculiar case infers that at given concentrations, imidacloprid and amitraz may act as reproductive disruptors when present simultaneously but not with single exposure or with mixtures of higher concentrations. A regulatory response may be activated to prevent alteration in vg levels. This could be connected to the observed trade-off between phagocytosis and the cytoprotective response. However, oral administration of sub-lethal doses of imidacloprid decreased vitellogenin expression levels in honeybees (49), suggesting that if there is an effect on vitellogenin from combinations and imidacloprid or amitraz, it may be more visible at the level of the whole organism or other types of cells. Variable degrees of vitellogenin expression were also reported between caged bees and bees in the field when exposed to 5 and 200 ppb imidacloprid from 1 to 2 days (50).

As for vitellogenin (vg), there was no change in gene expression in any pesticide treatment despite the presence or absence of zymosan (Figure 2F). The exception is the pesticide mixture of 10I-10A where the expression of vg was significantly higher than all other treatments.

In Figure 3, the first two axes of PCA express 67.7% of the total inertia of variability of the obtained data. The graph of individuals (Figure 3A) on the factorial design shows that axis 1 pits the treatment without zymosan A application against the control and the honeybees treated with zymosan A. This axis 1 explains 37.8% of the variation. The separation of two groups on this axis revealed that control and honeybee hemocytes treated with zymosan A were positively correlated to myD88, spaetzle, and Toll gene expression. Regarding the representation of the variables on the factorial plane (Figure 3B), axis 1 shows groups of strongly contributing variables. The variables eater, relish, and myD88 are characterized by a strongly positive coordinate on the axis. These three variables all belong to the group of immune responses to pesticides in bees. Axis 2 contrasts two groups of strongly contributing variables. On one hand, the variables Toll and spaetzle are characterized by a strongly negative coordinate on the axis, and on the other hand, the variable VG is characterized by a strongly positive coordinate on the axis. With the exception of VG, which has the function of protecting bees against oxidative stress, the other two variables belong to immune response groups.




Figure 3 | Principal component analysis (PCA) generated from expression of genes after zymosan A application in honeybee hemocytes exposed to different concentrations of imidacloprid and amitraz. (A) Individuals’ factor map according to the treatment (n = 3). Individuals are colored according to their membership in the modalities of the variables. (B) Factor map of gene expression involved in the discrimination of different treatments.






4 Discussion

From the obtained observations, we can state that imidacloprid downregulates the expression of spaetzle and zymosan mitigates this effect. In contrast, when amitraz is present with imidacloprid, the induction of gene expression by zymosan is not hindered by the presence of imidacloprid. We can infer that there is a competition between zymosan and imidacloprid on the signaling pathway that leads to the induction of spaetzle expression. Hence, imidacloprid may neutralize the effect of zymosan but amitraz seems to be antagonistic to imidacloprid and allows the induction of spaetzle by zymosan A even in the presence of imidacloprid in different imidacloprid-to-amitraz ratios. Our results for the decrease of spaetzle expression are in consensus with the laboratory application of imidacloprid on brown-eyed pupae (7), confirming the negative impact of imidacloprid on pathogen recognition by spaetzle.

In the context of immune activation, the effect of imidacloprid on Toll expression is dependent on the concentration, and though amitraz does not have an effect when hemocytes are immunologically challenged with zymosan, the combination of imidacloprid and amitraz show synergism regarding the decrease of the Toll expression. To add, imidacloprid and amitraz have similar downregulatory effects on spaetzle and Toll gene expression. We can also observe that the expressions of spaetzle and Toll are positively correlated. Comparing each treatment with zymosan absence (Zym 0) or presence (Zym 1), we can deduce that zymosan itself does not increase the expression of Toll, especially in the control treatments without pesticides, but instead, zymosan A attenuates the decrease of gene expression resulting from pesticide exposure. The results indicate that zymosan A has a regulatory role in maintaining the expression of the Toll receptor and limiting the negative effects on its production. Zymosan may have an antagonistic effect on imidacloprid and amitraz at this level. In addition, zymosan was not able to fully counter the effect of synergism between imidacloprid and amitraz mixtures.

Imidacloprid and amitraz affect the first levels of the Toll signaling pathway in a more intense manner than subsequent (intracellular) levels regarding the gene expression of Toll pathway components. In other words, imidacloprid and amitraz act on extracellular components of the signaling pathway, and the effect on intracellular components like myD88 is less intense. This is also true for the observed synergism between the studied pesticides. The expression of myd88 is more affected by amitraz than imidacloprid single exposures. This could show that the presence of an effect by imidacloprid on immune cells is dependent on the concentration of the pesticide. Intriguingly, the increase of myD88 gene expression as a result of amitraz exposure was completely diminished when imidacloprid is co-present with amitraz. Thus, at the intracellular level, the interaction of imidacloprid and amitraz with hemocytes is antagonistic, unlike the extracellular level where strong synergism is detected. In contrast, zymosan appears to increase the gene expression of the intracellular myD88 but has no effect by itself on the expression of Toll or spaetzle. This suggests a level-dependent inverted action by pesticides and zymosan on the Toll pathway.

In the IMD immune pathway, relish is a key component leading to the production of AMPs (29). Imidacloprid at 10 µg/ml significantly increases the expression of relish in contrast to amitraz single exposure. Again, the combination of amitraz and imidacloprid appears to have an antagonistic effect at this level where amitraz limits the increase of relish expression induced by 10 µg/ml imidacloprid. This is evident when amitraz counters the effect of 10 µg/ml imidacloprid in a concentration-dependent manner as observed in the pesticide mixture treatments. Note that concentration ratios between imidacloprid and amitraz may be very disruptive when concentrations are high as already observed. In laboratory conditions, the effect of amitraz on relish was strictly dependent on the developmental stage where the more developed the bee, the more the negative impact on relish (7). However, in the Zym 1 group, no treatment was significantly different from the zymosan control, implying that zymosan acts on sustaining the normal expression of relish in the IMD pathway. Fungal infections were already observed to activate the IMD pathway (51), but our results confirm that zymosan is also involved not just in the Toll pathway but also in the IMD pathway. Thus, the immune response to fungal infections comprises the activities of at least the Toll and IMD pathways referring to the complexity of the honeybee immune system specifically. The importance of MyD88 in the immune response was previously demonstrated in MyD88-deficient mice, which were unresponsive to stimulation by LPS (52) and loss of bacterial resistance (53). Thus, a decrease in Myd88 production caused by pesticide exposure may lead to immunosuppression, resulting in increased infection rate and ultimately risking the survivability of hives. However, a more comprehensive approach is needed for readouts for the immune pathways that can be further elucidated by quantifying other components of the immune response as melanization and the production of antimicrobial peptides.

As for eater, its production was reported to increase in honeybees when challenged with Varroa/DWS infection (49). Yet, in our study, immune activation did not increase the expression of eater compared to hemocytes that were exposed to zymosan with the exception of the 10I-50A treatment where zymosan exposure resulted in increased eater expression. Taking pesticide exposures into consideration, there was no change in gene expression compared to the respective controls except for pesticide mixtures 10I-50A and 50I-10A where a significant decrease in gene expression was observed compared to the control when not exposed to zymosan. However, when hemocytes were challenged with zymosan A, the expression of eater significantly increased with 10I-10A and 10I-50A when exposed to zymosan.

The two factors from the treatments that may have resulted in these observations could well be the high concentration of amitraz and zymosan. Hence, zymosan appears to alter the immuno-suppressive effect of 10I-50A into a stimulatory response regarding eater, though in all mixtures, phagocytosis itself was reduced in a preceding study (Sukkar et al., 2023 in review), suggesting that imidacloprid and amitraz affect phagocytosis by components other than eater.

Imidacloprid and amitraz appear to have no effect on the production of vitellogenin (vg) gene regardless of exposure to zymosan with the exception of 10I-10A (Figure 2F). This peculiar case infers that at given concentrations, imidacloprid and amitraz may act as reproductive disruptors when present simultaneously but not with single exposure or with mixtures of higher concentrations. A regulatory response may be activated to prevent alteration in vg levels. This could be connected to the observed trade-off between phagocytosis and the cytoprotective response. However, oral administration of sub-lethal doses of imidacloprid decreased vitellogenin expression levels in honeybees (49), suggesting that if there is an effect on vitellogenin from combinations and imidacloprid or amitraz, it may be more visible at the level of the whole organism or other types of cells. Variable degrees of vitellogenin expression were also reported between caged bees and bees in the field when exposed to 5 and 200 ppb imidacloprid from 1 to 2 days (50). In addition, PCA revealed a correlation between all the studied components of the Toll pathway. The expression of spaetzle and Toll was highly positively correlated and myD88 was also positively correlated with both genes but to a lesser extent. This could refer back to the opposing effect of zymosan and pesticides depending on the level of the signaling pathway. The expression of relish and eater was also positively correlated with relish being closer to the genes of the Toll pathway.

These results demonstrate a competition of imidacloprid, amitraz, and zymosan A on the action of the immune pathways and immune elements. In addition, the effect of pesticides and zymosan is clearly evident on Toll and spaetzle followed by myD88 and the Toll pathway, indicating that the risk of pesticide exposure affects the immune competence of honeybees starting from the early stages of infection where Toll and spaetzle are implicated in pathogen recognition and continues to downstream signaling.

This study provides insights into pesticide interactions specifically with hemocytes without interference by other components of the honeybee that may render the specific effect on hemocytes unobservable regarding gene expression analysis. The possible metabolism difference of imidacloprid and/or amitraz in vivo is not problematic when working with hemocytes since amitraz was already shown to have low metabolism in honeybees (17) and the used imidacloprid concentrations are higher than field levels. The latter is considered because hemocytes are not the main targets of imidacloprid and higher concentrations are needed to elucidate an effect. However, evaluating the effect of pesticides and pathogen interactions on partial components of honeybees and the whole organism is of equal importance since the end result is the main concern, but understanding the underlying effects on specific parts of the honeybee will provide a comprehensive view of the complexity that leads to the final observation on the organism level and the colony level.
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