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The sublethal effects of pesticide poisoning will have significant negative impacts on the foraging and learning of bees and bumblebees, so it has received widespread attention. However, little is known about the physiological effects of sublethal spinetoram and glyphosate exposure on bumblebees. We continuously exposed Bombus terrestris to sublethal (2.5 mg/L) spinetoram or glyphosate under controlled conditions for 10 days. The superoxide dismutase, glutathione-S-transferase, carboxylesterase, prophenoloxidase, α-amylase and protease activities, and changes in gut microbes were measured to understand the effects of sublethal pesticide exposure on the physiology and gut microbes of bumblebees. Sublethal pesticide exposure to significantly increased superoxide dismutase activity and significantly decreased gut α-amylase activity in bumblebees but had no significant effect on glutathione-S-transferase, carboxylesterase or gut protease activities. In addition, glyphosate increased the activity of prophenoloxidase. Interestingly, we observed that neither of the two pesticides had a significant effect on dominant gut bacteria, but glyphosate significantly altered the structure of the dominant gut fungal community, and reduced the relative abundance of Zygosaccharomyces associated with fat accumulation. These results suggest that sublethal spinetoram and glyphosate do not significantly affect the detoxification system of bumblebees, but may affect bumblebee health by inhibiting energy acquisition. Our results provide information on the sublethal effects of exposure to low concentrations of glyphosate and spinetoram on bumblebees in terms of physiology and gut microbes.
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1 INTRODUCTION
Bumblebees are important pollinators of crops and wild plants. Their pollination of European crops is valued at more than 22 billion euros each year and is vital to food security (Nieto et al., 2014; Tasman et al., 2020). In addition, because bumblebees are better at pollinating crops that do not produce nectar than honeybees, they are often used commercially in Asia for pollination of greenhouse crops such as tomatoes (Kokuvo et al., 2008; Takeuchi et al., 2018). However, the populations of many bumblebee species are declining dramatically (Tsvetkov et al., 2021). These declines are thought to be caused by a combination of factors, such as habitat loss, pathogen infestation, invasive species, and climate change, with pesticide use being considered a serious contributing factor to wild bee declines (Baron et al., 2017; Soroye et al., 2020).
Pesticides have the disadvantages of toxicity, non-selective action and bioaccumulation potential (Gierer et al., 2019, Murawska et al., 2021). Therefore, they can have negative effects on non-target organisms such as social bees (Di Noi et al., 2021). After pesticides are used in agriculture, they remain in the nectar and pollen of plants and may be collected by bees and brought back to the hive. Recently, there have been many studies reporting the presence of pesticides in hives (Jabot et al., 2015; Wen et al., 2021; Demares et al., 2022; Perez-Cobo et al., 2022; Xiao et al., 2022). However, pesticide exposure levels in the hives are usually below the levels that directly cause bee mortality. For example, Farooqi et al. (2017) tested honey samples from Pakistan for pesticide residues from 2013 to 2014 and found that the highest residue concentration of deltamethrin was .023 mg/kg, while the 48 h LC50 for deltamethrin was 60.8 mg/L (Dai et al., 2010). Therefore, the bees will be continuously exposed to the sublethal pesticides, and exposure to sublethal pesticides can have a range of negative effects on foraging, learning and endocrine system functioning (Gill and Raine, 2014; Christen et al., 2018; Smith et al., 2020).
Spinetoram is a semisynthetic insecticide obtained by synthetic modification of spinosyn biological insecticides (Betz and Andrew, 2020). It acts on synaptic transmission (Piovesan et al., 2020), and studies have shown that exposure to high levels of spinetoram threatens the survival of bumblebees (Besard et al., 2011). Glyphosate is an organophosphorus herbicide (Green, 2016; Weidenmuller et al., 2022). Since the target enzyme of glyphosate, 5-enolpyruvoylshikimate 3-phosphate synthase (EPSPS, which is an essential enzyme for plants, fungi and some bacteria), is not found in insects (Schonbrunn et al., 2001; Weidenmuller et al., 2022). Glyphosate was thought to be harmless to insects such as bumblebees and honeybees for many years (Thompson et al., 2014; Odemer et al., 2020). However, recent studies have found that honeybee exposure to glyphosate has non-target sublethal effects on reproductive capacity, immunity, and cognitive ability in honeybees (Chmiel et al., 2020; Odemer et al., 2020). Moreover, Weidenmuller et al. (2022) found that consistent glyphosate exposure impairs the thermoregulatory capacity of bumblebees. Worryingly, 4,000 kg of honey harvested in the German state of Brandenburg in 2020 was found to be heavily polluted with glyphosate at levels of up to 76 mg/kg (Odemer et al., 2020). This suggests that bees may be continuously exposed to glyphosate in the hive environment. However, there are few other reports of sublethal consistent exposure to spinetoram or glyphosate damaging the health of bumblebees.
The antioxidant and detoxification mechanisms of honeybees are triggered when the bees are exposed to sublethal concentrations of pesticides (Li et al., 2017); superoxide dismutase (SOD) is an important antioxidant protein in insect antioxidant mechanisms (Wang W. L. et al., 2019). Glutathione-S-transferase (GST) and carboxylesterase (CarE) are the main enzymes involved in the detoxification process in insects (Berenbaum and Johnson, 2015; Li et al., 2017). In addition, a number of other enzymes are important in the physiological processes of insects. For example, innate immune proteins engaged in cellular and humoral defenses, such as prophenoloxidase (PPO) (Wang Y. F. et al., 2019), and α-amylase and protease, are involved in gut digestive processes (Kilani-Morakchi et al., 2017; Trestrail et al., 2021), but the toxic effects of continuous sublethal spinetoram and glyphosate exposure on organisms are unclear. Using enzyme activity as an index for toxicological studies can improve our knowledge of the toxic effects of sublethal spinetoram and glyphosate exposure. These enzyme activities in honeybees after exposure to pesticides have been widely studied (Murawska et al., 2021), but to our knowledge there have been no studies on the effects of exposure to spinetoram and glyphosate on these enzymes in bumblebees.
Gut microbes are critical to host health (Zhu L. Z. et al., 2020), and perturbation of the gut microbial community can induce host phenotypic changes related to metabolism, development and immunity and even affect the memory behavior of bumblebees (Liu et al., 2020; Li et al., 2021). Thus, disruption of gut microbial homeostasis can indirectly affect the health of the bees. Exposure to pesticides constitutes a significant threat to the structure and composition of the gut microbial community in bees (Yang et al., 2019). However, the effects of spinetoram and glyphosate on bumblebee gut microbes are not clear.
To fill these knowledge gaps, in this study, we exposed Bombus terrestris workers to low concentrations of spinetoram and glyphosate under laboratory conditions for 10 days, respectively. Multiple indicators were measured for the workers to evaluate the effects of spinetoram and glyphosate on (1) survival; (2) SOD, GST, CarE and PPO activity in the body; (3) gut α-amylase and protease activity; (4) gut bacterial homeostasis; and (5) gut fungal homeostasis. These results provide insight on the effects of sublethal spinetoram and glyphosate exposure on B. Terrestris from physiological and gut microbial perspectives, as well as provide a basis for studying the effects of pesticides on the physiological indicators and gut microbes of bumblebees.
2 METHODS AND MATERIALS
2.1 Acquisition of worker bees
To obtain Bombus terrestris workers of similar size and age, B. Terrestris queens were reared in small plastic cages in the dark at a temperature of 28°C and relative humidity of 50%–60% at the Institute of Apicultural Research, Chinese Academy of Agricultural Sciences, Beijing, China. Sugar water (50%, wt/vol) and pollen were provided ad libitum to the 20 colonies that were subsequently produced until males and gynes emerged. Then, healthy adult B. Terrestris workers of a similar size and age were selected for subsequent experiments.
2.2 Toxicity bioassay
This experiment was conducted from late July to early August 2021. Glyphosate ammonium salt granules (equivalent to 30% of the acid glyphosate) were purchased from Zhejiang New Anhua Group Co., Ltd., Hangzhou, China. The Dow AgroSciences formulation of spinetoram suspension concentrate (effective content of 60 g/L) was purchased from a vendor. Both pesticides were diluted with sucrose syrup (50%, wt/vol) to 20 mg/L, 10 mg/L, 5 mg/L, and 2.5 mg/L (active ingredient content). Then, the prepared pesticide syrups were sterilized using filtration.
A total of 90 adult worker bees were selected and divided into 9 groups, and each group was randomly assigned 10 worker bees to the same plastic cup. The workers were acclimatized for 1 h in a dark environment at 28°C–30°C and 50%–55% relative humidity (Besard et al., 2011; Farder-Gomes et al., 2021). Then, four groups of workers were fed different concentrations (20 mg/L, 10 mg/L, 5 mg/L, and 2.5 mg/L) of spinetoram syrup, four groups were fed different concentrations (20 mg/L, 10 mg/L, 5 mg/L, and 2.5 mg/L) of glyphosate syrup, and one group was fed filter-sterilized normal syrup (50%, wt/vol). The number of worker deaths was observed and recorded each day until the end of the experiment on day 10. All bees were fed ad libitum during the experiment. This experiment was repeated three times independently.
2.3 Sample treatment and collection
As shown in Figure 1, we selected 2.5 mg/L glyphosate and 2.5 mg/L spinetoram as the subsequent experimental groups. Ten days after the oral toxicity experiment, five worker bees were randomly selected in each parallel experiment from the normal syrup group (Control), the low-concentration (2.5 mg/L) spinetoram group (Spm2.5), and the low-concentration (2.5 mg/L) glyphosate group (Gly2.5). These worker bees were made unconscious by placing them in a freezer at −20°C for 20 min. The brain and thorax tissues of the workers were dissected according to the method reported by Li et al. (2017).Chitin from the brain and thorax of the worker bees was removed and mixed together for each group of five workers. Then, 1.0 mL of phosphate-buffered saline (PBS) was added to the sample for each group and well homogenized. The homogenate was centrifuged at 4°C and 14,000 × g for 10 min, and the supernatant was collected. The mixed body homogenate of worker bees was used for subsequent analysis or stored at −80°C. In addition, the intestines extracted from each of the five groups were mixed together (Zhang et al., 2019), homogenized with 500 μL of PBS, divided into two parts (100 μL for digestive enzyme activity determination and the remaining for microbial diversity analysis), and stored immediately at −80°C for subsequent analysis.
[image: Figure 1]FIGURE 1 | Effects of spinetoram (A) and glyphosate (B) on the survival of bumblebees. Spm indicates the spinetoram-exposed group, Gly indicates the glyphosate-exposed group, and the numbers indicate the concentration (mg/L). Statistical analysis of the treatment and control groups was performed using the log-rank test (*indicates .05 > p > .01; ** indicates .001 < p < .01; *** indicates p < .001, n = 10).
2.4 Measurement of physiological biomarkers
The total protein concentrations in the mixed body homogenate and the gut homogenate were determined using the Pierce@ BCA Protein Assay Kit (Thermo Scientific, Waltham, MA, United States) according to the manufacturer’s instructions.
2.4.1 Antioxidant, detoxification and immune enzymes
The ELISA technique was used to quantify SOD, GST, CarE and PPO in the body homogenate. SOD, GST, CarE and PPO concentrations in the mixed body tissues of workers were measured using ELISA kits (Shanghai Enzyme-linked Biotechnology Co., Ltd., Shanghai, China) according to the manufacturer’s instructions.
2.4.2 Digestive enzymes
α-Amylase activity was assayed by the dinitrosalicylic acid (DNS) procedure, using 1% soluble starch as substrate (Kilani-Morakchi et al., 2017). Five microliters of the gut homogenate was incubated for 60 min at 35°C with 100 μL of PBS (pH 7.2) and 95 μL of substrate. Then, 100 µL of DNS was added, and the sample was heated in boiling water for 10 min to stop the reaction. After cooling at room temperature, 100 μL of distilled water was added to the reaction solution and shaken well, and the absorbance at 540 nm was measured immediately. The blank solution was prepared by the same method, but the gut homogenate was heated at 90°C for 10 min to inactivate the enzyme. One milligram/mL maltose was used as a standard solution. A standard curve (y = 1.6337x+.0058) was established using different concentrations of maltose (0–1 mg/mL). One unit (U) of α-amylase activity was defined as the amount of enzyme required to produce 1 mg of maltose in 60 min at 35°C.
Protease activity was determined according to the method reported by Trestrail et al. (2021). First, 10 µL of gut homogenate was mixed with 40 µL of casein containing 1% (w/v). After 60 min of reaction at 37°C, 50 µL of .4 M trichloroacetic acid solution was added to terminate the reaction. The reaction was then centrifuged at ×10,000 g for 10 min at 4°C, and the supernatant was collected. Fifty microliters of the supernatant was mixed with 250 μL of .4 M sodium bicarbonate solution and 50 μL of forintanol reagent, and the absorbance at 660 nm was measured after color development at 37°C for 20 min. The blank solution was prepared by the same method, but the gut homogenate was treated with 90°C for 10 min to inactivate the enzyme. L-tyrosine (100 μg/mL) was used as a standard solution. A standard curve (y = 3.0375x–.0053) was established using different concentrations of L-tyrosine (0–100 μg/mL). One unit (U) of protease activity was defined as the amount of enzyme required to produce 1 mg of L-tyrosine in 20 min at 37°C.
2.5 Gut microbial analysis
Total gut microbial genomic DNA was extracted using an E.Z.N.A. Soil DNA Kit (Omega Bio-Tek, United States). The quantity and quality of the DNA were measured using a NanoDrop 2000 UV–vis spectrophotometer (Thermo Scientific, Wilmington, United States) and 1.0% agarose gel electrophoresis. The variable V3 and V4 regions of the bacterial 16S rRNA gene were amplified with the primers 338F (5’-ACT​CCT​ACG​GGA​GGC​AGC​AG-3’) and 806R (5’-GGACTACHVGGGTWTCTAAT-3’) (Tang et al., 2021). The ITS1-ITS2 region of fungal ITS genes was amplified with the primers ITS1 (5’-CTT​GGT​CAT​TTA​GAG​GAA​GTA​A-3’) and ITS2 (5’-GCT​GCG​TTC​TTC​ATC​GAT​GC-3’) (Disayathanoowat et al., 2020). Quality checking of PCR products was performed by 2% agarose gel electrophoresis. Sequencing libraries were created with the instructions provided with the TruSeqTM DNA Sample Prep Kit (Illumina, SD, United States). The libraries were mixed and paired-end sequenced on an Illumina MiSeq platform (Illumina, United States) according to the standard operating instructions. The raw data for the 16 S rRNA and ITS genes were filtered by QIIME 1.7 and merged using FLASH 1.2 operational taxonomic unit (OTU) clustering with 97% similarity using UPARSE 7.0. The taxonomy of the OTUs was analyzed by the RDP classifier algorithm, and a confidence threshold of 70% was used with the SILVA database for 16S rRNA and the fungal ITS database for comparison (Dong et al., 2021; Song et al., 2021). The complete data were deposited in the NCBI Sequence Read Archive (SRA) database (accession numbers: SRR 18693273-18693281 and SRR 18693405-18693410).
2.6 Statistical analysis
The differences between the survival curves of each treatment group and the control group were compared using the log-rank test, which is a built-in method in GraphPad Prism 8.3. The activity of each enzyme in specific tissues of workers is expressed as specific activity, where specific activity = enzyme activity/total protein content. The Dunnett test (SPSS 19.0 for Windows) was used to compare the significant differences between the control group and the other groups. For gut fungal analysis, the independent samples t-test (SPSS 19.0 for Windows) was used to calculate the significant differences between the two groups. The group comparison for beta diversity was performed using permutational multivariate analysis of variance (PERMANOVA) and analysis of similarities (ANOSIM) in the vegan package of R 3.3 software.
3 RESULTS
3.1 Oral toxicity test
There was no significant difference in survival between workers in the control group and those that ingested 2.5 mg/L spinetoram during the 10 days of the experiment (p > .05, Figure 1A). However, the survival of worker bees in the control group was significantly higher than that of workers in the groups that ingested 5–20 mg/L spinetoram syrup (p < .001, Figure 1A). The results showed that higher concentrations of spinetoram syrup were toxic to adult workers. Interestingly, there was no survival effect of any glyphosate concentration tested (p > .05, Figure 1B). Therefore, 2.5 mg/L glyphosate or spinetoram was within the range of sublethal concentrations for B. terrestris workers.
3.2 Antioxidant, detoxification and immune enzyme activity changes
We examined the changes in SOD, CarE, GST and PPO activities in the mixed body tissues of workers after 10 days of exposure to sublethal concentrations (2.5 mg/L) of spinetoram and glyphosate (Figures 2A–D). Exposure to spinetoram significantly increased SOD activity (p = .035) in the mixed body tissues of workers 1.9-fold, but the differences in CarE (p = .507), GST (p = .860) and PPO (p = .249) activities were non-significant. Similarly, exposure to glyphosate significantly increased SOD (p = .007) and PPO (p = .004) activities in the mixed body tissues of workers 2.8-fold and 5.0-fold, respectively, compared to those in control workers, but the differences in CarE (p = .972) and GST (p = .579) activities were non-significant.
[image: Figure 2]FIGURE 2 | Effects of chronic sublethal spinetoram (Spm2.5) and glyphosate (Gly2.5) exposure on superoxide dismutase (A), carboxylesterase (B), glutathione-S-transferase (C), prophenoloxidase (D), α-amylase (E) and protease (F) activities in bumblebees. Statistical analyses were performed using the Dunnett test (* indicates .05 > p > .01; ** indicates .001 < p < .01; *** indicates p < .001, n = 3).
3.3 Gut digestive enzyme changes
For gut α-amylase activity, both exposure to sublethal spinetoram and glyphosate significantly decreased their activities by 66.11% (p = .003) and 38.03% (p = .036), respectively, compared to the control group (Figure 2E). For gut protease activity, no significant difference was found between the control and spinetoram-treated groups (p = .854) or between the control and glyphosate-treated groups (p = .321) by Dunnett’s test (Figure 2F).
3.4 Response of bumblebee gut bacteria to sublethal exposure to pesticides
High-throughput sequencing of the gut bacterial community of bumblebees was performed. After initial quality control, a total of 649,409 high-quality sequences with an average read length of 427 bp were obtained from 9 gut samples. In all samples, the sampling depth was normalized based on the lowest number of read sequences (value = 35,316), and 32 OTUs were obtained. The OTU% of the samples was estimated using Good’s coverage index, and the bacterial coverage exceeded 99.98% in all samples (Supplementary Table S1), indicating that the natural bacterial diversity was well covered and that the database was sufficient to analyze the dominant bacterial community information.
The results of gut alpha diversity bacterial analysis showed (Figures 3A, B; Supplementary Table S1) that neither spinetoram exposure nor glyphosate exposure caused significant changes in the community richness and bacterial community evenness of worker gut bacteria compared to those of the control group(p > .05). Based on Bray-Curtis distances, both principal coordinate analysis (PCoA) and non-metric multidimensional scaling (NMDS) showed (Figures 3C, D) that the three groups of samples were clustered into three taxa, which could be clearly distinguished among the different treatment groups. Significant differences in the gut bacterial communities of these three groups were found by analysis of similarities (p = .001, 999 permutations in each test).
[image: Figure 3]FIGURE 3 | Effects of chronic sublethal spinetoram (Spm2.5) and glyphosate (Gly2.5) exposure on gut bacteria in bumblebees. (A) Sobs index. (B) Shannon index. (C) Principal coordinates analysis (PCoA, based on Bray-Curtis distance). (D) Non-metric multidimensional scaling (NMDS, based on Bray-Curtis distance). (E) Relative abundances of dominant bacterial phyla. (F) Bacterial genera with relative abundances greater than .1%. (G) Genera with significant differences in relative abundance. Statistical analyses were performed using the Dunnett test (* indicates .05 > p > .01; ** indicates .001 < p < .01, n = 3).
Phyla with relative abundances greater than 1% in the three groups of samples were described (Figure 3E), and these included Proteobacteria, Firmicutes, Actinobacteria and Bacteroidota. Compared to the control group, neither spinetoram exposure nor glyphosate exposure caused significant changes in the relative abundances of these dominant bacterial phyla in bumblebees (p > .05, Supplementary Figure S1A). We similarly mapped the major bacterial genera with relative abundances greater than .1%, which were Lactobacillus, Gilliamella, Snodgrassella, Bifidobacterium, Apibacter, Bombiscardovia, Bombella and Bartonella (Figure 3F). Among them, the relative abundances of Lactobacillus, Gilliamella, Snodgrassella, Bifidobacterium, and Apibacter all exceeded 1%, and the relative abundances of these five bacterial genera exceeded 98.5% in each sample, so they were considered the core bacterial genera of the three groups. Notably, there was no significant difference in the relative abundances of these core bacterial genera in either the spinetoram exposure group or the glyphosate exposure group compared to the control group (p > .05, Supplementary Figure S1B). However, the relative abundances of some non-core bacterial genera (such as Bombella and Bombella) were found to be significantly altered in the spinetoram- or glyphosate-exposed groups compared to the control group (p < .05, Figure 3G).
3.5 Response of bumblebee gut fungi to sublethal glyphosate exposure
A quality check of the fungal PCR products was performed by 2% agarose gel electrophoresis, in which the results of the quality check of the spinetoram group were unacceptable. Therefore, only the ITS1-ITS2 region of the ITS gene of the gut fungi in the control and glyphosate exposure groups was subjected to high-throughput sequencing. After quality control and removal of unclassified fungi, 49,968 high-quality sequences per sample with an average length of 277 bp were acquired from six samples. These sequences were grouped into 179 OTUs based on a sequence similarity higher than 97%. In addition, the OTU% of the samples was estimated using Good’s coverage index, and the bacterial coverage exceeded 99.98% in all samples (Supplementary Table S2), indicating that the natural fungal diversity was well covered and that the database was sufficient to analyze the dominant fungal community information.
The results of gut alpha diversity fungi indicated (Figures 4A, B; Supplementary Table S2) that glyphosate exposure significantly increased fungal community evenness compared to that of the control (p < .001) but had no significant effect on fungal community richness (p = .449). PCoA and NMDS showed (Figures 4C, D) that the two groups of samples clustered into two taxa, which could be clearly distinguished between the control and glyphosate-treated groups. This result suggests that glyphosate significantly altered the structure of the gut fungal community.
[image: Figure 4]FIGURE 4 | Effects of chronic sublethal glyphosate (Gly2.5) exposure on gut fungi in bumblebees. (A) Sobs index. (B) Shannon index. (C) PCoA based on Bray-Curtis distance. (D) NMDS analysis based on Bray-Curtis distance. (E) Relative abundances of dominant fungal phyla. (F) Relative abundances of dominant fungal genera. Statistical analyses were performed using Student’s t-test (*** indicates p < .001, n = 3).
At the phylum level, the relative abundances of Ascomycota and Basidiomycota in the two groups of samples were greater than 1% (Figure 4E). After glyphosate exposure, the relative abundance of Ascomycota (p < .001) decreased significantly from 98.84% to 72.34% and that of Basidiomycota (p = .039) increased significantly from .45% to 3.56% (Supplementary Table S3). At the genus level, we mapped the dominant fungal genera with relative abundances higher than 1% in one of the samples, which were Zygosaccharomyces, Cladosporium, Botrytis, Naganishia and Kodamaea (Figure 4F). Notably, the composition of dominant gut fungi in the control group was highly conserved, with Zygosaccharomyces, whose relative abundance reached 96.83%, as the only genus with a relative abundance greater than 1%, while the relative abundance of Cladosporium, the second most abundant genus, was only .95%. Glyphosate exposure increased the diversity of dominant fungi in the gut, with the relative abundance of both Zygosaccharomyces (60.14%) and Cladosporium (5.05%) being greater than 1%, and the relative abundance of the two fungal genera was significantly different compared to the control group from that of the control (p < .001, Supplementary Table S3). These results suggest that glyphosate significantly altered the composition of the gut fungal community.
4 DISCUSSION
In this study, we explored the sublethal effects of separate exposure to spinetoram and glyphosate on the physiological biomarker enzymes of bumblebees (Bombus terrestris), confirming that sublethal (2.5 mg/L) exposure to spinetoram and glyphosate impairs the health status of bumblebees by causing oxidative stress and inhibiting gut α-amylase activity. Moreover, through high-throughput sequencing techniques, we found that although spinetoram and glyphosate had no significant effects on the abundance of core gut bacteria, glyphosate significantly altered the abundance of core gut fungi.
Zhu Y. C. et al. (2020) showed that the soluble protein content of honeybees gradually decreases with the increase of honeybee age, and the sensitivity to pesticides gradually increases. Therefore, in this study we conducted oral toxicity experiments using worker bees of a similar age. Our results showed that spinetoram exposure significantly reduced the survival of B. terrestris in a dose-dependent manner under controlled conditions, and this result was supported by Besard et al. (2011). Notably, in this study, consistent exposure (10 days) to 2.5 mg/L spinetoram did not cause mortality. Therefore, we believe that 2.5 mg/L spinetoram was a sublethal concentration for B. terrestris workers. Similar to our results, Herbert et al. (2014) found that exposure (14 days) of honeybees to 2.5 mg/L and 5 mg/L glyphosate did not cause significant worker mortality. However, some studies have pointed out that exposing (24 h) honeybees and bumblebees to commercial products containing glyphosate preparations, such as Roundup®, can cause a significant increase in their mortality (Motta et al., 2020; Straw et al., 2021). By exposing B. terrestris to Roundup® containing 7.2 g/L glyphosate, non-glyphosate Roundup® and Weedol® containing 7.2 g/L glyphosate (.02 g/L pyraflufen-ethyl), Straw et al. (2021) found no significant increase in mortality of bumblebees exposed (24 h) to Weedol®, while mortality increased by 96% under non-glyphosate Roundup® (24 h). This confirms that bee mortality caused by Roundup® is due to the toxic active agent it contains and not glyphosate, which provides support for our results that consistent exposure (10 days) to 2.5–20 mg/L glyphosate didn't cause significant mortality in B. terrestris workers.
After exposure to pesticides, insects usually experience oxidative stress in their bodies, generating free radicals (Abdelsalam et al., 2020) and causing oxidative stress damage, while SOD has the ability to play a role in eliminating free radicals (Zhang et al., 2020). In the present study, exposure to glyphosate or spinetoram significantly increased SOD activity in tissues compared to the control group. This suggests that consistent sublethal exposure to spinetoram or glyphosate induces an oxidative stress response in the bumblebee and requires activation of SOD enzymes to mitigate oxidative stress damage. Detoxification enzymes are part of the physiological defense of insects, which metabolize many exogenous toxins (AlJabr et al., 2017; Jiang et al., 2021). The CarE enzyme is mainly responsible for inactivating toxins by changing their structure and rendering them inactive, while GST is mainly involved in the coupling of detoxification products for solubilization and transport (Berenbaum and Johnson, 2015; Li et al., 2017). However, neither CarE nor GST activity was altered in the bumblebee after exposure to spinetoram or glyphosate. This suggests that bumblebees cannot detoxify these two pesticides on their own or that other physiological detoxification mechanisms, such as P450 (Daborn et al., 2002), exist in bumblebees. Interestingly, exposure to glyphosate seems to induce an innate immune response in bumblebees. This is because consistent sublethal exposure to glyphosate enhances the activity of PPO, an enzyme that is an essential natural immune protein for insect cellular and humoral defense (Wang Y. F. et al., 2019). The relationships between antioxidant, detoxification and immune enzymes and pesticide toxicity in bumblebees are quite complex, and further studies are needed to fully understand them.
Amylase is an important enzyme for energy synthesis and digestion in insects and directly impacts the uptake and utilization of nutrients (Cai et al., 2021). Our results indicate that consistent sublethal exposure to spinetoram or glyphosate significantly reduced gut amylase activity. This effect may impair bumblebee health by reducing bumblebee digestion and body weight. Although specific data on the effects of pesticides on bumblebee body weight are lacking, Liu et al. (2020) used the pesticide thiacloprid in honeybees and found it to cause a decrease in bee body weight. Worryingly, the reduction in insect gut amylase activity by pesticide exposure seems to be universal. For example, Abo El-Ghar et al., 1995 showed that sublethal concentrations of a pesticide (abamectin) reduced amylase activity in Spodoptera littoralis larvae. Vyjayanthi and Subramanyam (2002) also found that pesticide (fenvalerate) exposure reduced amylase activity in the midgut of Bombyx mori larvae. Therefore, we need to pay more attention to the negative effects of these changes in gut digestive enzymes on bumblebees in future studies.
Similar to previous findings, we found that Proteobacteria, Firmicutes, Actinobacteria and Bacteroidetes were the main phyla of bumblebee gut bacteria (Koch and Schmid-Hempel, 2011); Lactobacillus, Gilliamella, Snodgrassella, Bifidobacterium and Apibacter were the main genera of bumblebee gut bacteria (Hammer et al., 2021). Interestingly, we found that the relative abundance of core gut bacteria in bumblebees did not change significantly after prolonged exposure to glyphosate or spinetoram at either the phylum level or the genus level. Recently, Almasri et al. (2022) also observed this phenomenon. They used low concentrations of three pesticides, namely, imidacloprid, glyphosate and difenoconazole, and a ternary mixture for exposure (9 days) of honeybees and found that exposure to these pesticides did not affect the core bacteria of the honeybee gut. However, Motta et al. (2018) found that short-term glyphosate exposure altered the composition of gut bacteria in bees. Notably, Liu et al. (2020) found that while bees exposed to thiacloprid for a short period had a disturbed gut bacterial community, consistent (13 days) exposure had a restorative effect on the bacterial community. Therefore, alterations in the bacterial community were not found in our results, which may also have been caused by the limitations of sequencing sampling time points.
In addition to containing a large number of gut bacteria, the bee gut is rich in fungi, which have antibacterial and antioxidant activities, and probiotic potential (Hsu et al., 2021; Cui et al., 2022; Rutkowski et al., 2022). However, the effects of pesticide exposure on the gut fungi of bees are often overlooked. In this study, the effects of exposure to low concentrations of glyphosate on bumblebee gut fungal populations were investigated using ITS amplicon sequencing. We found that the gut fungal community of all the bumblebees was dominated by Ascomycota at the phylum level and by Zygosaccharomyces at the genus level, which is consistent with previous findings on gut fungi in A. mellifera queens (Yun et al., 2018). Sublethal glyphosate exposure significantly altered the relative abundances of a few key core fungal genera in the bumblebee gut. For example, the Zygosaccharomyces abundance in the gut was reduced by the presence of glyphosate compared to that in the control bumblebees. According to a recent study (Canche-Colli et al., 2021), Zygosaccharomyces is associated with the accumulation of fat bodies in bees. The researchers supplemented food with Zygosaccharomyces mellis, allowing bees to consume more food and metabolize excess nutrients, thereby increasing the accumulation of fat bodies in A. mellifera. Therefore, the decrease in the abundance of Zygosaccharomyces caused by glyphosate exposure may affect the accumulation of fat bodies in bumblebees, thus affecting their weight gain. The effect of glyphosate on weight loss in bees has been studied in A. mellifera larvae (Vazquez et al., 2018). Therefore, we believe that sublethal glyphosate exposure alters the structure and composition of the bumblebee gut fungal community and thus may negatively affect bumblebee growth and development. However, as mentioned earlier, the duration of pesticide exposure (sampling time) varies and affects the composition of the gut microbes. Therefore, more studies are needed to confirm this conclusion.
Previous studies have shown that while sublethal pesticide exposure does not directly kill honeybees, it can cause disorientation and memory loss in bees, and reduce the efficiency of bumblebee pollen collection and other foraging properties (Gill et al., 2012; Gill and Raine, 2014; Chmiel et al., 2020), thus having significant impacts on bees and bumblebees. Our study showed that under controlled conditions, 10-day exposure to high concentrations (5–25 mg/L) of spinetoram significantly reduced the survival of B. terrestris, whereas exposure to 2.5–20 mg/L glyphosate or 2.5 mg/L spinetoram didn't have such an effect. However, exposure to sublethal spinetoram and glyphosate caused activation of SOD activity by oxidative stress and significantly reduced α-amylase activity in the gut, respectively. Furthermore, glyphosate significantly and selectively reduced the relative abundance of core fungi (Zygosaccharomyces) associated with fat accumulation. Therefore, we conclude that exposure to sublethal spinetoram and glyphosate, although unlikely to kill bumblebees, could change physiological processes and gut microbes related to oxidative stress, food digestion, and energy accumulation, thereby affecting bumblebee health. Since bees often bring nectar and pollen containing pesticides back to the nest, every bee in the nest is exposed, even the larvae. In addition, gut microbes can also affect the memory of bumblebees (Li et al., 2021). Therefore, subsequent studies should consider the actual effects of these two pesticides on different individual bumblebees in the hive environment, and whether the pesticides can alter bumblebee memory, foraging, and other behaviors by affecting bumblebee gut microbes.
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