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Pesticide Exposure During Development Does Not Affect the Larval Pheromones, Feeding Rates, or Morphology of Adult Honey Bee (Apis mellifera) Queens
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Recent work demonstrated that honey bee (Apis mellifera L.) queens reared in pesticide-laden beeswax exhibit significant changes in the composition of the chemicals produced by their mandibular glands including those that comprise queen mandibular pheromone, which is a critical signal used in mating as well as queen tending behavior. For the present study, we hypothesized that pesticide exposure during development would alter other queen-produced chemicals, including brood pheromone in immature queens, thus resulting in differential feeding of queen larvae by nurse workers, ultimately impacting adult queen morphology. We tested these hypotheses by rearing queens in beeswax containing field-relevant concentrations of (1) a combination of tau-fluvalinate and coumaphos, (2) amitraz, or (3) a combination of chlorothalonil and chlorpyrifos. These pesticides are ubiquitous in most commercial beekeeping operations in North America. We observed nurse feeding rates of queen larvae grafted into pesticide-laden beeswax, analyzed the chemical composition of larval queen pheromones and measured morphological markers in adult queens. Neither the nurse feeding rates, nor the chemical profiles of immature queen pheromones, differed significantly between queens reared in pesticide-laden wax compared to queens reared in pesticide-free wax. Moreover, pesticide exposure during development did not cause virgin or mated adult queens to exhibit differences in morphological markers (i.e., body weight, head width, or thorax width). These results were unexpected given our previous research and indicate that future work is needed to fully understand how pesticide exposure during development affects honey bee queen physiology, as well as how various adult queen quality metrics relate to each other.
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INTRODUCTION

Pesticide contamination is ubiquitous in honey bee colonies across the United States A comprehensive survey conducted a decade ago found that 98.4% of wax samples collected from commercial beekeeping operations in North America were contaminated with multiple pesticides (Mullin et al., 2010). Of the 259 samples analyzed in that survey, 83% contained both of the beekeeper-applied miticides tau-fluvalinate and coumaphos, which have been heavily used over the last three decades to control infestations by the ectoparasitic mite, Varroa destructor. Despite Varroa mites developing resistance to both products by the year 2000 (Elzen et al., 2000; Elzen and Westervelt, 2002; Rinkevich, 2020), these miticides have persisted and have accumulated in the beeswax matrix of commercial beekeeping operations over time (Wallner, 1999; Mullin et al., 2010; Traynor et al., 2016; Haber et al., 2019; Ostiguy et al., 2019). A more recently introduced miticide, amitraz, and its metabolites N-(2,4-dimethylphenyl)-N-methylformamidine (DMPF) and 2,4-dimethylaniline (DMA), were present in 60.5% of the wax samples analyzed by Mullin et al. (2010). In addition to these miticides, two agrochemicals, the fungicide chlorothalonil and the insecticide chlorpyrifos, were among the top five pesticides detected in beeswax samples (Mullin et al., 2010). They were found in 49.2 and 63.2% of all samples analyzed, respectively, and were likely introduced into the colonies by forager bees that visited crops that had been treated with those chemicals. More recent studies have confirmed that wax and other hive products are consistently being exposed to tau-fluvalinate, coumaphos and amitraz (and its metabolites), in addition to other agro-chemicals (Traynor et al., 2016, 2021a,b; Ostiguy et al., 2019; Milone et al., 2021).

Miticide exposure during development has been shown to cause sub-lethal effects on queen and drone reproductive quality. For example, tau-fluvalinate exposure causes increased queen mortality in the first 6 months after their introduction to new colonies (Pettis et al., 1991; Sokol, 1996). It also causes lower body weight (Haarmann et al., 2002) and increased supersedure rates (Sokol, 1996). Coumaphos exposure during development also causes lower body and ovary weight in queens (Haarmann et al., 2002), lower survival (Pettis et al., 2004) and has been reported to cause a 90% decrease in queen acceptance (Fell and Tignor, 2001). Most strikingly, coumaphos exposure at the label application rate of one strip per five frames of bees can cause high mortality in developing queen larvae 24 h after exposure (Haarmann et al., 2002), in addition to as much as a 75% decrease in adult survival during the first 6 months after exposure (Collins et al., 2004; Pettis et al., 2004).

Recently, Walsh et al. (2020b) showed that exposure to pesticide-containing wax during development affects several aspects of queen physiology and worker behavior. In particular, adult queens that were reared in beeswax contaminated with field-relevant concentrations of miticides showed significant differences in the chemical composition of their mandibular gland contents compared to queens reared in pesticide-free wax. These differences were discernable by queen tending workers (around 1 week of age), who were significantly more attracted to the glandular contents of queens reared in pesticide-free wax compared to those reared in pesticide-laden wax. Furthermore, pesticide exposure during development caused mated queens to have lower egg-laying rates and smaller queen retinues (Walsh et al., 2020b).

Most honey bee queens are reared by nurse workers throughout the reproductive season, which typically occurs in the spring when colonies are populous and healthy (Seeley, 1996). During this time, a colony can rear a dozen or more queens that develop asynchronously inside large, protected cells made of thick layers of wax (Winston, 1987). After finishing their 16-day developmental period, virgin queens announce their impending emergence by vocalizing the queen “piping” signal (Simpson, 1963), whereby the first emerging queen typically walks around the nest and kills other queens, especially those that are more mature (Gilley, 2001; Harano and Obara, 2004; Harano et al., 2008). Sororicide of immature queens is accomplished when an adult queen chews a small hole at the top of a developing queen’s cell (where the queen’s abdomen is located) and stings the rival to death through the hole. If a rival queen emerges before the first emerged queen can kill her, the queens duel each other to death until there is usually only one queen left standing (Gilley, 2001). In a study of 27 queens in artificial fighting arenas, the heaviest queen won duels against other queens approximately 75% of the time (Tarpy and Mayer, 2009), indicating that body size may be associated with a queen’s competitive ability. External morphological features, including body weight, head width and thorax width are therefore often considered markers of queen reproductive potential (Eckert, 1937; Haarmann et al., 2002; Delaney et al., 2011; Rangel et al., 2013; De Souza et al., 2019).

Ovary weight and number of ovarioles per ovary are also considered measures of queen reproductive quality. The number of ovarioles per ovary typically ranges between 100 and 180 (Delaney et al., 2011; Jackson et al., 2011). Each ovariole is made of a germarium, a mass of undifferentiated cells that eventually forms oocytes, nurse cells and follicular cells. Nurse cells nourish the oocytes during early growth, while follicular cells function in enlarging oocytes with an epithelium and chorion as the oocytes ripen into eggs. Once the queen has mated, follicular cells become vitellogenic and grow in size (Tanaka and Hartfelder, 2004; Hartfelder et al., 2018). Eckert (1937) found a correlation between ovary weight and the number of capped brood cells produced by a queen. However, ovary weight and ovariole number are not always predictive indicators of a queen’s egg-laying capacity. For example, environmental variables can cause workers to remove eggs from the brood area when the colony is stressed (Ratnieks, 1993), which would underestimate the number of eggs laid by the queen over time. In contrast, workers can also activate their ovaries and lay unfertilized eggs while mimicking queen-laid egg signals (Katzav-Gozansky et al., 2003), which would overestimate the queen’s egg-laying rate. For example, a study by Fine (2020) found that exposure to insect growth regulator pesticides in queen monitoring cages decreased egg survival without impacting queen egg-laying rates. Additionally, exposure of pollen to combinations of pesticides at field-relevant concentrations caused significant brood loss in exposed colonies 1 month post-exposure (Traynor et al., 2021b). Moreover, ovary weight and ovariole number do not always correlate with other measures of queen body size including thorax width, head width and body weight (Eckert, 1934; Jackson et al., 2011). More recently, when queens were stressed by being exposed to neonicotinoid insecticides during development, they had more ovarioles than control queens but lower rates of oviposition and survival 4 weeks after emergence (Williams et al., 2015).

The rate at which nurse bees feed queen larvae, as well as the amount and quality of food that the larvae are fed, drastically impacts adult queen morphology. A recent study showed that rearing queen larvae on supplemental diets with added nutrients and higher levels of juvenile hormone increased adult queen weight, head size and thorax width, but not ovary weight (De Souza et al., 2019). Brouwers et al. (1986) reported that nurse bees typically spend less than 50 s each time they visit a developing worker larva during its first two instars and the visits are gradually lengthened (> 50 s) during subsequent instars. More recent work has utilized video analyses to quantify nursing “events,” or visits to larval cells more precisely. They discovered that on the third day of larval development, nurses visited individual cells 2,461 ± 154 times per day, with the general trend of more nursing visits during the first larval developmental day and fewer visits on the last day of larval development (Siefert et al., 2021). Furthermore, under nutritional stress, nurses preferentially feed starved larvae over well-fed larvae (Sagili et al., 2018), suggesting that nurses could be sensitive to changes caused by environmental and changing nutritional cues emitted by developing queens (e.g., larval pheromones). Honey bee brood pheromone comprises a suite of compounds including methyl palmitate, methyl oleate, methyl stearate, methyl linoleate, methyl linolenate, ethyl palmitate, ethyl oleate, ethyl stearate, ethyl linoleate, ethyl linolenate and E-β-ocimene. The composition of this pheromone changes drastically throughout larval development and signals larval presence, age and nutritional status to nurse bees (Le Conte et al., 1990; Trouiller, 1993; Maisonnasse et al., 2010). While all of these brood-produced compounds consistently elicit nursing responses, there is still much to learn about brood pheromones, as demonstrated by the recent identification of a new compound, allo-ocimene, which may be an additional brood pheromone component (Wu et al., 2019). It is clear that brood pheromones play key roles in determining the resources foraged for by a colony (Traynor et al., 2015; Ma et al., 2016) and in modulating nurse bee physiology and behavior (Traynor et al., 2014, 2017; Ma et al., 2018, 2019). Although the signals that elicit feeding of queen larvae done by nurse workers has not been thoroughly examined, the duration of nurse visits to feed worker larvae and the signals that mediate the amount and type of feeding are probably similar to those used by nurses to feed queen larvae.

In this study, we examined whether exposure to wax contaminated with field-relevant concentrations of tau-fluvalinate, coumaphos, amitraz, chlorpyrifos and chlorothalonil during development affected the rate at which queen larvae are fed by nurse bees, their brood pheromone chemical composition and the morphology of emerged virgin and mature queens exposed to these chemicals during development. We hypothesized that pesticide exposure would negatively affect the variables measured (e.g., change feeding rates by nurses, change queen larval pheromones, and decrease queen morphometrics), thus affecting overall queen fitness.



MATERIALS AND METHODS


Bee Source and Queen Rearing

The colonies used in this study were kept at the Janice and John G. Thomas Honey Bee Facility of Texas A&M University in Bryan, TX (N 30°38′31.037″ W 96°27′39.495″) and the Windy Hill Apiary in Watertown, WI (N 43°7′9.79″ W 88°44′30.562). All colonies were headed by queens of Italian stock procured from Olivarez Honey Queens Inc. (Orland, CA, United States). Mated queens for the morphology experiments were reared in 2016 and 2019, while queens for the feeding, larval pheromones, and virgin morphology experiments were reared in 2019. Experimental queens were reared by grafting, a standard queen-rearing procedure (Laidlaw and Eckert, 1964) whereby first-instar worker larvae were transferred into plastic cups (JZBZ Honey Co., Santa Cruz, CA, United States). Each cup had been coated with ≈200 mg of molten beeswax (certified, pesticide-free wax pellets, Koster Keunen Inc., Watertown, CT, United States) that was either kept untreated, or mixed separately with (a) a combination of 204 ppm of tau-fluvalinate and 91.9 ppm of coumaphos (> 98% purity, Thermo Fisher), (b) 43 ppm of amitraz (> 98% purity, Sigma-Aldrich), or (c) a combination of 9.8 ppm of chlorpyrifos and 53.7 ppm of chlorothalonil (> 98% purity, Thermo Fisher) while the wax was molten. While we are confident that our initial wax was pesticide-free, we did not confirm our final wax pesticide concentrations with laboratory analyses. We chose these pesticides and their concentrations based on the reported values found in wax samples collected from commercial beekeeping operations in North America (Mullin et al., 2010). We also used adult queens from a concurrent study (Walsh et al., 2020b) for the mated queen morphological measurements.

All grafted larvae used for morphological assessments were placed into queenless nucleus colonies, or “cell builders” (Laidlaw and Eckert, 1964), so that nurse bees could care for queens during larval and pupal development. Approximately 2 days before the expected queen emergence, each capped cell was put into a queen-holding cage. We collected two subsets of queens for morphological comparisons: mated queens and virgin queens. To obtain mated queens (i.e., those grafted in 2016), once adult queens emerged in the holding cages we placed them individually into queenless five-frame mating nucleus colonies or mating “nucs” composed of approximately one thousand workers, two frames containing brood, one frame containing nectar and pollen, one empty frame and one frame feeder with sugar syrup for bees to feed ad libitum. The queens were then released from their cages, marked and allowed to mate naturally (Winston, 1987). Successful queen mating was verified by examining the mating nucs for the presence of both the queen and diploid offspring ten to 15 days after a queen was released into the nuc. Once the queens mated, they were caged again and used for two separate studies (Walsh et al., 2020a, b) before they were collected and frozen at −20°C for subsequent for morphological measurements. To obtain virgin queens (i.e., those grafted in 2019) for comparison against the mated queens, once adult queens emerged in the holding cages, they were anesthetized by freezing at −20°C for 3–5 min to conduct morphological analyses (see below).



Feeding Rates of Developing Queens

In the spring of 2019, we grafted first-instar larvae into wax-coated plastic cups to examine the feeding behavior of nurses toward developing queens in the different treatment groups. Three trials were conducted, each using larvae grafted on the same day. A total of 20 larvae, or five larvae per experimental group, were grafted per trial. Of the 60 grafts that were done overall, only 30 were initiated and survived until the end of the data collection period. For each trial, the grafts were put into a glass-walled observation hive that was kept closed for 3 days. Each observation hive was provisioned with one frame of emerging brood, one frame of honey and approximately 4,000 nurse bees. It also had two wooden grafting bars holding 10 cups each, for a total of 20 cups (N = 5 per treatment group) containing the grafted larvae, which were positioned on the bars at random to eliminate any location effects.

To measure the rate at which nurse bees fed royal jelly to queen larvae, we counted the number of bees that stuck their heads and thoraces in the queen cups for 3 s or more, following methods previously published (Metz et al., 2010). These counts were repeated for five consecutive minutes until each surviving larva in the observation colony had been observed for ten separate 5-min periods on the morning of the third day post-graft. The observation colony was fed 1:1 weight by volume sugar syrup ad libitum and kept in a dark room during this assay. All nurse bee feeding assessments were conducted under a red light to avoid disturbance.



Chemical Analysis of Queen Larval Pheromones

We reared additional larvae in the summer of 2019 to analyze the chemical composition of pheromones produced by developing queens. To do this, we used forceps to gently remove larvae or pupae from their queen cups, starting on the third larval instar (2 days after grafting) and collected them in individual microcentrifuge tubes daily (N = 114 individuals: control = 32; fluvalinate and coumaphos = 25; amitraz = 28; and chlorothalonil and chlorpyrifos = 29). The samples were kept at −80°C in glass vials until use. To conduct the chemical analysis of brood-produced compounds, we added 0.5–0.75 mL of hexane to each glass vial for 9 min. We then transferred each sample extract to a 2 mL glass autosampler vial containing a 300 μL glass conical insert. Hexane extracts were dried completely under a nitrogen stream and resuspended with 15 μL of hexane mixed with 1 μL of octadecanoic acid as an internal standard. To ensure resuspension, samples were heated to 50°C, vortexed for 20 s and allowed to sit for 3 min.

We used a 7890B gas chromatograph (GC) system (AgilentTM) equipped with a 30 m × 250 μm × 0.25 μm film thickness column (AgilentTM) coupled to a 5977B mass selective detector (MSD, AgilentTM) for separation, identification and quantification of the compounds of interest. Helium was the carrier gas and 2 μL of sample was injected using a 7693 autosampler (AgilentTM), while the inlet was kept at 300°C and operated in splitless mode. The column temperature was kept at 40°C for 1 min, heated to 200°C at 15°C/min, then to 315°C at 6°C/min, until it reached 315°C and maintained at the final temperature for 2 min. The mass selective detector (MSD) was operated using electron impact ionization and a scan range from 40 to 350 m/z.

When performing the gas chromatography-mass spectrometry analysis, we utilized analytical grade standards to confirm the identity of selected peaks. These included methyl palmitate, methyl oleate, methyl stearate, methyl linoleate, methyl linolenate, ethyl palmitate, ethyl oleate, ethyl stearate, ethyl linoleate, ethyl linolenate and E-β-ocimene (all sourced from Sigma-Aldrich, Inc.), as done previously (Le Conte et al., 1990; Maisonnasse et al., 2010). E-β-ocimene was a blend of both isomers, which we differentiated after analysis. We compared the retention indices and mass spectra from our samples to the standards and published values (NIST 17) and integrated the identified peaks for quantification, which were manually integrated when needed. All identified peak values were normalized to the peak area value of the internal standard, octadecane. We determined the relative proportions of the compounds in each sample by calculating the percent normalized peak area in reference to the total normalized peak area.



Mated and Virgin Queen Morphology

Cohorts of grafted queens from each experimental group were used for external morphological measurements once they reached adulthood. We used a total of 49 mated queens that had been previously reared and frozen in 2016 (control = 18; fluvalinate and coumaphos = 10; amitraz = 11; and chlorothalonil and chlorpyrifos = 10) and 30 virgin queens reared in the spring of 2019 (control = 10; fluvalinate and coumaphos = 8; amitraz = 6; and chlorothalonil and chlorpyrifos = 8). We measured each queen’s thorax and head width twice using digital calipers (FisherbrandTM, Waltham, MA, United States) and used the average of the two values. We also recorded her body weight.



Adult Queen Ovary Size

A total of 41 additional queens (control = 16; fluvalinate and coumaphos = 9; amitraz = 7; chlorothalonil and chlorpyrifos = 9) were reared in the spring of 2019 for the ovary size assessment. After adult queens matured and mated successfully (as confirmed by the presence of worker brood inside the mating nucs) we collected each queen, anesthetized her by freezing at −20°C for 3–5 min and dissected her ovaries. The ovaries were fixed in 10% neutral buffered formalin solution, dehydrated in ethanol solution and then taken to the Texas A&M University Histology Laboratory (College Station, TX) where they were individually embedded in paraffin. Each ovary was cross-sectioned into 5-μm thick slices using a microtome. Each slice was mounted onto a slide and then stained with hematoxylin and eosin (H&E) stain. The slides were assigned numbers at random as a mechanism to avoid observer biases while performing the ovariole counts and each slide was counted twice by two different people. The person counting the number of ovarioles in each slide did so blindly and did not know the treatment group to which each queen belonged. We used a microscope with a mounted MotoX camera (Motic, Xiamen, China) to take high quality images of the ovary cross-sections, which were uploaded to the counting software ImageJ® (NIH, Madison, WI). This provided two technical replicate counts per ovary and the average value was used for analysis.



Statistical Analyses

We conducted the analyses after verifying that all statistical assumptions were met, including testing for normality using Shapiro-Wilk tests and equal variances with Brown-Forsythe tests. We performed a repeated measures ANOVA test to determine whether exposure to pesticides in wax during queen development affected nurse feeding rates toward queen larvae. We also conducted ANOVA tests to determine if pesticide exposure during development affected the external morphological measurements (i.e., body weight, head width and thorax width) of virgin queens. Furthermore, we compared queen ovariole count and mated queen external morphological measurements by performing full factorial ANOVA tests across treatment groups, using the location and year in which queens were reared as non-random variables. We present all descriptive statistics as the mean ± S.E.M. and set the level of significance for all tests at α = 0.05. All ANOVA tests were conducted with the statistical software JMP v.13 (SAS Institute Inc., NC). Brood pheromone data were analyzed with a permutational multivariate analysis of variance using Bray-Curtis distance matrices in R Studio and graphically displayed using Non-metric Multidimensional Scaling (NMDS) (Oksanen et al., 2019), which can be publicly found using the “vegan” citation code in R Studio.




RESULTS


Immature Queen Feeding Rate and Brood Pheromones

We counted an average of 5.34 ± 0.05 nurse bee visits to queen larvae per 5-min interval for queens reared in pesticide-free wax (Figure 1). Queen larvae reared in wax containing tau-fluvalinate and coumaphos had an average of 5.05 ± 0.01 nurse visits per 5-min interval, larvae reared in amitraz-laden wax had 4.14 ± 0.71 nurse visits per 5-min interval and those reared in wax containing chlorothalonil and chlorpyrifos had 4.71 ± 0.80 nurse visits per 5-min interval. There was no statistical difference in the rate at which nurse bees visited queen larvae between the control and pesticide treatment groups [F(3,29) = 1.64, p = 0.20].
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FIGURE 1. Mean (±S.E.M.) number of nurse feeding events per queen larva during 5-min intervals based on the queen’s rearing environment. Queen larvae were reared in cups coated with molten wax that was either pesticide-free (control group) or contaminated with field-relevant concentrations of either (a) a combination of tau-fluvalinate and coumaphos, (b) amitraz alone, or (c) a combination of chlorothalonil and chlorpyrifos. The number of queens used per treatment group is given inside each bar. There were no differences in the nurse feeding rate toward queen larvae based on the treatment group [ANOVA: F(3, 29) = 1.41, p = 0.26].


Regardless of the queens’ developmental stage, we found no difference in brood pheromone composition for larvae alone [PERMANOVA F(3,54) = 0.99, R2 = 0.05, p = 0.44; Supplementary Figure 2] or pupae alone [PERMANOVA F(3,55) = 0.81, R2 = 0.04, p = 0.64; Supplementary Figure 3]. Furthermore, brood pheromone compositions of queens reared in pesticide-free wax did not differ from those of queens reared in pesticide-laden wax when larval and pupal samples were combined for analysis [PERMANOVA F(3, 110) = 0.86, R2 = 0.02, p = 0.58; Supplementary Figure 1].



Adult Queen Morphometric Measurements

Mated queens reared in cups coated with pesticide-free wax had statistically similar body weight regardless of rearing location (TX vs. WI, p = 0.82) or year (2016 vs. 2019, p = 0.84). Average body weight for mated queens reared in pesticide-free wax was 237.14 ± 3.61 mg, which was not significantly different from that of any of the pesticide treatment groups [F(3,48) = 1.28, p = 0.27]. The average mated queen body weight for queens reared in cups contaminated with either tau-fluvalinate and coumaphos, amitraz, or chlorothalonil and chlorpyrifos was 237.52 ± 2.68 mg, 227.93 ± 3.60 mg and 226.84 ± 2.95 mg, respectively (Figure 2A). Mated queens reared in pesticide-free wax also had statistically similar head width, regardless of the rearing location (TX vs. WI, p = 0.72) or year (2016 vs. 2019, p = 0.78). There was no difference in head width for queens based on treatment [F(3,48) = 0.99, p = 0.50; Figure 2B]. Similarly, we found no difference in the thorax width of mated queens based on the rearing location (TX vs. WI, p = 0.64) or the year (2016 vs. 2019, p = 0.84) or treatment [F(3,48) = 1.23, p = 0.30; Figure 2C].
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FIGURE 2. External morphology measurements (mean ± S.E.M.) for mated queens that were reared under different pesticide exposure conditions. Queens were grafted into plastic cups that were coated with pesticide-free molten wax (control group; n = 18), or wax containing either a combination of tau-fluvalinate and coumaphos (n = 10), amitraz alone (n = 11), or a combination of chlorothalonil and chlorpyrifos (n = 10). We found no differences across treatment groups for either (A) body weight [F(3, 48) = 0.99, p = 0.49], (B) head width [F(3, 48) = 1.28, p = 0.27] or (C) thorax width [F(3, 48) = 1.23, p = 0.30].


Similarly, we found no difference in virgin queen weight based on exposure to pesticides in wax during queen development [F(3, 29) = 0.88, p = 0.46]. On average, virgin queens reared in pesticide-free beeswax weighed 155.43 ± 5.40 mg. For the pesticide treatment groups, queens reared in wax containing tau-fluvalinate and coumaphos weighed an average of 153.87 ± 3.89 mg, those reared in amitraz-laden wax weighed 149.67 ± 4.07 mg and those reared in wax containing chlorothalonil and chlorpyrifos weighted 144.83 ± 7.94 mg (Figure 3A). We observed a similar trend for the other size measurements, as there were no differences in head or thorax width across treatment groups (Figures 3B,C).
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FIGURE 3. External morphology measurements (mean ± S.E.M.) for virgin queens that were reared under different pesticide exposure conditions. Queens were grafted into plastic cups that were coated with pesticide-free molten wax (control group; n = 10), or wax containing either a combination of tau-fluvalinate and coumaphos (n = 8), amitraz alone (n = 6), or a combination of chlorothalonil and chlorpyrifos (n = 6). We found no differences across treatment groups for either (A) body weight [F(3, 29) = 0.88, p = 0.46], (B) head width [F(3, 29) = 0.73, p = 0.54], or (C) thorax width [F(3, 29) = 2.17, p = 0.12].




Ovariole Count in Mated Queens

After confirming a lack of difference in the number of ovarioles between a queen’s right and left ovary using a subsample of seven queens (p = 0.36), we opted to use only a cross-section of the right ovary from each queen for analysis. Queens reared in pesticide-free wax had an average of 166.06 ± 18.75 ovarioles per ovary (Figure 4). Queens reared in wax containing either tau-fluvalinate and coumaphos, amitraz alone, or chlorpyrifos and chlorothalonil had an average of 211.50 ± 25.00, 161.86 ± 28.34 and 168.61 ± 25.00 ovarioles per ovary, respectively. There was no difference in the number of ovarioles per ovary based on treatment [F(3,40) = 0.88, p = 0.46].
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FIGURE 4. Mean (± S.E.M.) number of ovarioles per queen ovary based on the queen’s rearing environment. Queen larvae were reared in cups coated with wax that was pesticide-free (control group) or contaminated with either (a) a combination of tau-fluvalinate and coumaphos, (b) amitraz alone or (c) a combination of chlorothalonil and chlorpyrifos. The number of queens used per treatment group is given inside each bar. There was no difference in the number of ovarioles per queen ovary based on the treatment group [ANOVA: F(3, 40) = 0.88, p = 0.46].





DISCUSSION

We examined the effects of honey bee queen developmental exposure to beeswax containing field-relevant concentrations of tau-fluvalinate, coumaphos, amitraz, chlorpyrifos and chlorothalonil on queen development and adult morphology. We chose those pesticides and combinations due to their widespread prevalence in commercial beekeeping operations across the United States (Mullin et al., 2010; Traynor et al., 2016; Ostiguy et al., 2019). We found that contrary to our predictions, contamination of the queen-rearing wax did not result in a significant difference in brood pheromone chemical composition, which likely explains why there was no difference in nurse feeding rates of queen larvae, and ultimately, the external morphology of virgin and mated queens. These results may be in part due to the relatively low sample sizes in our experimental groups. Grafting success was low throughout the experiments, with approximately 10% grafting success (whereby “success” is measured as adult queen emergence) throughout the experiments, although queens grafted into uncoated cups at the same locations, times, and by the same grafter had between 80% to 95% grafting success. It is possible that larger sample sizes would yield different results, but further studies should be done using either a different rearing method or different queen cups.

Despite these surprising results, previous research has found that honey bees exposed to these pesticides during development suffer developmental handicaps attributed to pesticide exposure. For example, queens that develop in wax containing tau-fluvalinate or coumaphos experience increased mortality, as well as reduced body and ovary weight (Haarmann et al., 2002; Pettis et al., 2004; Traynor et al., 2016). Furthermore, developing drones exposed to wax containing tau-fluvalinate and coumaphos at the same concentrations we used showed a significant decrease in adult drone sperm viability (Fisher and Rangel, 2018) and lower overall reproductive competitiveness (Rinderer et al., 1999; Burley, 2007; Shoukry et al., 2013). Moreover, sublethal exposure of developing worker bees to pesticides during development, including tau-fluvalinate, coumaphos, amitraz, chlorothalonil and chlorpyrifos causes developmental delays and shorter lifespan by an average of 4 days (Wu et al., 2011). Additionally, tau-fluvalinate, coumaphos, chlorothalonil, and chlorpyrifos all have high oral toxicities to honey bee larvae (Zhu et al., 2014). For instance, Dai et al. (2017) examined in vitro oral toxicity to honey bee larvae caused by exposure to the same pesticides we used and found that, from the most toxic to the least toxic pesticide, the order of toxicity was chlorpyrifos > tau-fluvalinate > coumaphos > amitraz. While these pesticides are all toxic to individual honey bees in different castes and life stages, another study showed that initial contamination of wax foundation with these pesticides neither slowed colony growth, nor individually increased overwintering mortality in newly established colonies (Payne et al., 2019).

The external morphological features of queens do not seem to be a reliable predictor of queen reproductive quality, despite the fact that body weight is a predictor of queen-queen duel winners in artificial fighting arenas (Tarpy and Mayer, 2009). This is likely in part because, in regular colonies, worker assistants tend to restrain losing queens in order for the winning queen to kill them, although the mechanism that workers use to determine what queen they will support is yet unknown (Gilley, 2001; Tarpy et al., 2004). Interestingly, the age at which queen larvae are grafted is highly associated with queen size and weight, whereby larvae grafted earlier have significantly larger size and weight upon adult queen emergence compared to larvae grafted days later (Rangel et al., 2013; De Souza et al., 2019). Therefore, it is possible that workers choose which queen to help during queen duels based on their assessment of a specific queen’s overall vigor and fitness. These decisions may (at least in part) depend on the genetic background or pheromonal signature of the queen larvae, both of which have been demonstrated to impact nursing behavior (Tilley and Oldroyd, 1997; Sagili et al., 2018; Withrow and Tarpy, 2018). Walsh et al. (2020b) recently found significant differences in the chemical composition of queen mandibular gland contents, mated queen retinue size and egg-laying rate between queens that were reared in pesticide-free wax and those reared in wax contaminated with pesticides, as done in the present study. Based on our study’s findings, it seems possible that the differences observed by Walsh et al. (2020b) among control and treatment queens in terms of the chemical composition of mandibular gland contents was indeed caused by pesticide exposure during queen development, rather than by differences in the nutritional care provided toward queen larvae by nurse bees.

While pesticide exposure does affect the mandibular gland composition of adult queens, it is remains unclear when these changes take place in a queen’s life and what other pheromone-producing glands, if any, are affected. Brood pheromones change throughout the maturation process of honey bees, allowing nurses to feed larvae the appropriate diet for each developmental stage (Trouiller et al., 1991; Siefert et al., 2021). Previous work has also shown that brood pheromones communicate the cast of immature bees to nurse workers, allowing the nurses to recognize both queen larvae and pupae by detecting the fatty acid esters in the cuticle of developing queen larvae and pupae (Le Conte et al., 1994). The chemical composition of brood pheromones also changes based on nutritional status, allowing nurses to differentiate between well-fed and starved larvae at various developmental instars (Free and Winder, 1983; Free et al., 1989; He et al., 2016; Siefert et al., 2021). This suggests that the rearing conditions of larvae can dramatically impact brood pheromone composition. However, we found that pesticide exposure during development did not affect developing queen brood pheromones at any developmental stage regardless of pesticide exposure. It is possible that, when a colony is nutritionally stressed, pesticide exposure during development may play a greater role for larval health and brood pheromone composition. However, this interaction remains to be tested.

A survey of 75 queens produced by commercial apiaries in North America showed that the median number of ovarioles per queen ovary is 160 (range = 116–219; Jackson et al., 2011). These values are similar to the number of ovarioles per ovary that we counted in this study. In Drosophila melanogaster, ovariole number in female flies is positively correlated with egg production (Boulétreau-Merle et al., 1982). Historically, this has also been assumed to be the case in honey bees, as there is a correlation between queen ovariole count and number of square inches of sealed brood produced by a colony (Eckert, 1937). However, there have been no recent reports of correlation between queen ovariole count and other morphological measurements such as thoracic width (Jackson et al., 2011) or egg-laying rate (Walsh et al., 2020b). There may be a correlation between ovariole number or ovary weight and body weight, but this trend has been inconsistent at best in the few studies that have tested this idea (Delaney et al., 2011; De Souza et al., 2019). In this study, we did not observe a significant difference in ovariole count based on pesticide contamination of wax during queen development, even though we previously found that this type of exposure causes a significant drop in queen egg-laying rate (Walsh et al., 2020b). This leads us to propose that queen egg-laying rate is not necessarily dependent on ovariole number, and instead might be associated with other variables, such as adult queen nutrition and/or care.

The larvae we examined had similar chemical composition of brood pheromones throughout their development and nurse feeding visits were also similar, regardless of whether or not the developing queens were reared in pesticide-free or pesticide-laden wax. We also found no differences in the morphological characteristics of virgin or mated queens based on whether or not they were reared in contaminated wax. While it is encouraging that we did not detect negative effects of exposure to field-relevant concentrations and combinations of these pesticides, it would be irresponsible to conclude that the pesticides are harmless to queens. This is particularly important to note in light of other studies, including some of our own, which have documented the negative impact that these pesticides cause to other aspects of queen reproductive quality (Burley, 2007; Haarmann et al., 2002; Collins et al., 2004; Traynor et al., 2016; Dai et al., 2017). Moreover, these pesticides are widespread in North American apiaries (Mullin et al., 2010; Ostiguy et al., 2019; Traynor et al., 2016, 2021a) and there are known synergistic capabilities among these pesticides, when combined (Johnson et al., 2010, 2013). Our results make it clear that we are still discovering new information about the impacts of beekeeper-applied pesticide contamination on queen morphology (including ovariole count) and what these measurements imply at both the individual queen and colony-wide levels. Non-significant but numerical trends in our data, such as higher ovarioles in fluvalinate and coumaphos queens compared to control queens, and fewer nursing visits for amitraz queens compared to control queens, may merit future exploration with larger sample sizes. Therefore, there is ample opportunity for further discovery, particularly regarding how pesticide exposure impacts the molecular and physiological aspects of queen health and how this further relates to colony-wide productivity and survival.
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