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Abstract

:

Simple Summary


A vast array of microorganisms colonize invertebrates and vertebrates. Most of these microbes reside in the digestive tract, where they constitute the intestinal (gut) microbiome. Some microbes are commensal, coexisting with their host without causing harm, while others can be mutualistic or pathogenic. Mutualistic microorganisms perform many health-related functions such as promoting digestion and acquisition of nutrients; hormone regulation; maintenance and control of the immune system; regulation of homeostasis and stress physiology of the body; insecticide resistance; production of certain vitamins; and providing protection against pathogenic microorganisms, parasites, and diseases. Bee-specific bacterial genera such as Lactobacillus, Snodgrassella, and Gilliamella dominate the gut communities of many bumblebees. This study confirmed Lactobacillus, Snodgrassella, and Gilliamella as dominant gut bacteria of the buff-tailed bumblebee Bombus terrestris in the agricultural landscape. However, we show that the guts of B. terrestris from natural forest habitats can be dominated by fructose-associated Fructobacillus spp. Our findings may have important implications for understanding the ecological role of bumblebees and the reasons for the decline of key pollinators.




Abstract


Bumblebees are key pollinators in agricultural landscapes. However, little is known about how gut microbial communities respond to anthropogenic changes. We used commercially produced colonies of buff-tailed bumblebees (Bombus terrestris) placed in three habitats. Whole guts (midgut, hindgut, and rectum) of B. terrestris specimens were dissected from the body and analyzed using 16S phylogenetic community analysis. We observed significantly different bacterial community composition between the agricultural landscapes (apple orchards and oilseed rape (Brassica napus) fields) and forest meadows, whereas differences in gut communities between the orchards and oilseed rape fields were nonsignificant. Bee-specific bacterial genera such as Lactobacillus, Snodgrassella, and Gilliamella dominated gut communities of B. terrestris specimens. In contrast, the guts of B. terrestris from forest meadows were dominated by fructose-associated Fructobacillus spp. Bacterial communities of workers were the most diverse. At the same time, those of males and young queens were less diverse, possibly reflecting greater exposure to the colony’s inner environment compared to the environment outside the colony, as well as bumblebee age. Our results suggest that habitat quality, exposure to environmental microbes, nectar quality and accessibility, and land use significantly affect gut bacterial composition in B. terrestris.
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1. Introduction


Microorganisms have a significant influence on their hosts’ behavioral responses, reproductive output, and development [1,2], and compositional changes in the microbiome have important consequences on host activity and fitness [3,4]. The diversity, stability, and composition of microbial communities in the gut are affected by a number of factors such as habitat, season, host density, intensity of intraspecific and interspecific competition, diet, exposure to agrochemicals and antimicrobials, and interactions between populations of the gut microbial community [2,3,4,5]. Studies on these factors and their interactions need more attention in order for us to further understand the role of the microbiome.



The ecological, physiological, and evolutionary functions of the microbiome are especially important to understand in keystone species [6]. These organisms have a disproportionately large effect on the ecosystems they inhabit. Many pollinators are keystone species because flowering plant communities could substantially change without their pollination services. A recent study indicates significant declines in insect populations, including a steep drop in pollinator numbers worldwide [7]. Pollination is critical for sustainable food production in human-managed ecosystems, as most flowering plant species only produce seeds if animal pollinators visit their flowers and provide pollination services [8]. Indeed, pollinators such as insects, birds, and bats affect almost 40% of global crop production [9].



In agroecosystems, pollinators such as bumblebees are essential for orchard, horticultural, and forage production, as well as production of seeds for many root, oil, and fiber crops [10,11,12]. Bumblebees are among the most effective pollinators for many wild plants in naturally occurring habitats such as forests and meadows [10]. It has been shown that resource acquisition in different types of habitats leads to changes in the composition and abundances within microbial gut communities in bumblebees, which is crucial for the bumblebees’ general condition and their resistance to pathogens [3]. Koch and Schmid-Hempel [13] found that bumblebee gut microbiomes usually consist of Snodgrassella spp. (Beta, Gammaproteobacteria, Neisseriaceae), Gilliamella spp. (Gamma-1 phylotype, Gammaproteobacteria, Orbaceae), Lactobacillus spp. (Firm-4/Lacto-2 and Firm-5/Lacto-1, Firmicutes, Lactobacillaceae), and Bifidobacterium spp. (Actinobacteria) [1,3,14,15,16,17]. A recent study showed the constant presence of yeasts across developmental phases [18]. Besides microbiome variations due to habitat, bumblebee microbiome composition depends on the social caste of an individual bumblebee. It was shown that core gut microbial communities can be different among castes of bumblebees [19]. Wang et al. [20] found that the genera Gilliamella, Snodgrassella, and Lactobacillus were relatively dominant in both unmated and ovipositing bumblebee queens, while Bifidobacterium spp. were dominant only in ovipositing queens. Adult worker bumblebees have a more specialized gut microbiota, dominated by Gilliamella spp., Snodgrassella spp., and Lactobacillus spp. [1,2,4,21,22]. These differences among queen, worker, and male microbiota stem from their diets during development or during the adult phase. For example, queen larvae are fed more royal jelly, and their diets are higher in protein, compared to the diets of future workers [23]. Pollen consumption and proteolytic activity in the gut are significantly lower in male honey bees than in both worker and nurse honey bees [24,25,26,27].



Associations between microbiota, habitat type, and social caste in insects suggest the role of diet and subsequent interactions with environmental bacteria [3]. Although microbiota may affect host-symbiont and host-pathogen dynamics, bumblebee colony health, and the quality of bumblebee pollination services in different habitats, interactions between habitat, caste, and microbiome are poorly understood. Therefore, we explored links between the microbiome and social caste in three habitats, using the model polylectic bumblebee species Bombus terrestris (L.) (Hymenoptera: Apidae), a widespread and abundant bumblebee species in Europe. In spring, we placed commercial B. terrestris hives in apple orchards, oilseed rape (Brassica napus) fields, and naturally occurring forest meadows. One month later, we collected workers, males, young queens, and ovipositing queens. Employing 16S rRNA amplicon sequencing, we investigated how the adult life stage and physiological state influence the gut microbiome among castes of B. terrestris. It has been recently shown that the microbiome of urban bumblebees is dominated by bee-specific core bacteria such as Snodgrassella spp. and Gilliamella spp., while the microbiome of B. terrestris in forests consisted of a number of small fractions of environmental bacteria [3]. Therefore, we predicted a higher diversity of bacterial species in bumblebees collected in the forest, compared to those collected in oilseed rape fields and apple orchards. We also predicted higher bacterial diversity, especially regarding environmental bacteria, in workers and ovipositing queens, since workers have many chances to obtain environmental bacteria during their everyday ecological interactions outside the hive, while ovipositing queens are the oldest individuals who probably had ample opportunity to contact the environment outside their hives.




2. Materials and Methods


2.1. Study Species, Collection of Specimens, and Bumblebee Habitats


Experiments were performed using commercial B. terrestris hives (Biobest Group NV, Westerlo, Belgium). At the beginning of May 2019, we placed hives in three different habitats in southeast Latvia: apple orchards, oilseed rape fields, and natural forest meadows. We had a total of 24 hives across eight apple orchards, 24 hives across eight oilseed rape fields, and 6 hives across forest meadows. Hives in apple orchards and oilseed rape fields were separated by at least 1.8 km. B. terrestris hives in forest meadows were placed at least 1.9 km apart. The meadows were located in Augšdaugava Nature Reserve, at least 2 km away from the nearest agricultural land or permanently inhabited rural property (55°52′46.95″ N, 27°14′4.65″ E). The forests had not been logged for 80–100 years, and the meadows had not been cut for 3–5 years. Specimens were collected at the beginning of July 2019, by collecting all hives from each site and placing the hives in a freezer (Angelantoni, Life Science, Milano, Italy) at −30 °C.




2.2. Gut Dissection and Microbial DNA Extraction


Prior to dissection, specimens were rinsed with 70% ethanol, pinned to a polyacrylamide gel plate, and immersed in sterile Ringer’s solution. The intestines were pulled out through the anus; the midgut and hindgut, including rectum, were collected into a vial with 1 mL of glycerol (40%) and homogenized using zirconia beads. Dissections were performed under a binocular microscope (Carl Zeiss AG, Jena, Germany). After each dissection, the Ringer’s solution was replaced and the gel plate was cleaned and disinfected with 70% ethanol. We pooled guts from three individual bumblebees, from all three hives from each study site, except for ovipositing queens whose samples contained only one individual per sample and male bumblebees from forest meadows whose samples were prepared from six individuals. In total, we had 93 samples from apple orchards, 93 samples from oilseed rape fields, and 24 samples from forest meadows (Table 1). Samples were prepared from a total of 540 B. terrestris individuals (Table 1). Microbial DNA from the dissected B. terrestris guts was extracted using FastDNA Spin Kit for Soil (MP Biomedicals, Santa Ana, CA, USA), according to the manufacturer’s guidelines. The concentration of extracted DNA was measured using a Qubit 2.0 Fluorometer and Qubit dsDNA HS Assay Kit (Life Technologies, Carlsbad, CA, USA).




2.3. 16S V3−V4 rRNA Gene Amplification and Illumina MiSeq Sequencing


Primers were designed for PCR amplification of the 16S rRNA V3−V4 region specific to the domain bacteria according to the 16S Metagenomic Sequencing Library Preparation protocol for Illumina MiSeq (Illumina Inc., San Diego, CA, USA). In brief, 4 ng of microbial DNA was amplified separately by V3 (341F) and V4 (805R) primers using Phusion U Multiplex PCR Master Mix (Thermo Fisher Scientific, Waltham, MA, USA) with the following reaction conditions: denaturation at 98 °C for 30 s; 35 cycles of 98 °C for 10 s, 67 °C for 15 s, and 72 °C for 15 s; and fragment elongation at 72 °C for 7 min. Yield of PCR products was assessed using 1.2% agarose gel electrophoresis and purified using NucleoMag NGS Clean-Up and Size Select kit (Macherey-Nagel GmbH & Co. KG, Düren, Germany). Concentration of the PCR product was measured using Qubit dsDNA HS Assay Kit on Qubit 2.0 Fluorometer (Thermo Fisher Scientific, Waltham, MA, USA). During the second stage of PCR, 4 ng of V3 and V4 PCR product was used to add Illumina MiSeq i7 and i5 indexes using custom-ordered Nextera XT Index Kit (Illumina Inc., San Diego, CA, USA) primers (Metabion International AG, Germany). For this reaction, Phusion U Multiplex PCR Master Mix was used with thermal cycler reaction conditions as specified above. The 16S rRNA PCR products were then pooled and purified for the sequencing reaction using NucleoMag magnetic beads. The quality and yield of 16S rRNA V3−V4 amplicons were assessed using Agilent High Sensitivity DNA kit on Agilent 2100 BioAnalyzer (Agilent Technologies, Santa Clara, CA, USA) and using Qubit dsDNA HS Assay Kit on Qubit 2.0 Fluorometer (Thermo Fisher Scientific, Waltham, MA, USA).



Before sequencing, all samples were diluted to 10 pM and pooled. Samples were paired-end sequenced using 500 cycles, using MiSeq Reagent Kit v2 on Illumina MiSeq. Each run was expected to produce at least 100,000 reads per sample. After the sequencing runs were completed, individual sequence reads were filtered using MiSeq software to remove low-quality sequences.




2.4. 16S Sequence Analyses


Sequence reads were de-multiplexed using Illumina’s MiSeq Reporter Software (Illumina Inc., San Diego, CA, USA) and quality filtered using Trimmomatic v.0.39 with the leading quality of Q20 and trailing quality of Q20, and sequences shorter than 36 bp were discarded. All quality-approved sequences were imported into the QIIME2 v.2019.1 environment for further analysis [28]. The DADA2 plugin was used to pair forward and reverse reads, as well as for extra sequence quality control and chimeric sequence removal using a pooled consensus method [29]. The resulting feature table and sequences were used for de novo clustering, employing the vsearch plug-in using a 97% identity threshold. Later, de novo multiple sequence alignment was performed using the MAFFT method [30], while phylogenetic trees were constructed using FastTree2 [31]. De novo clustered sequences were used for taxonomic assignment with a pre-fitted sklearn-based taxonomy classifier based on the Silva v.132 97% identity reference database trained with naïve Bayes classifier [32].




2.5. Statistical Analyses


Prior to statistical analysis, rarefaction was employed with the depth of 90% of the minimum sample depth in the dataset. Resulting depth per sample was 31 575 sequences. Alpha diversity (observed, Chao1, Shannon and Simpson indices) and beta diversity (weighted and unweighted UniFrac metrics) measures were calculated using the phyloseq v.1.30.0. package [33] in R v.3.6.3. [34]. Coverage for species richness was calculated by dividing the number of observed OTUs with Chao1 index measurement. Pairwise Wilcoxon rank-sum test with Holm’s p-value adjustment method was used to assess the significance of alpha diversity measurements between habitats and between castes. Permutational multivariate analysis of variance (PERMANOVA) was performed in QIIME2 to compare UniFrac distances between habitats. Next, the phyloseq package was used for network representation of bumblebees’ gut microbiomes. The network was built using the Bray–Curtis distance method with 0.7 as the maximum allowed distance between the two samples. In order to determine significant taxonomic entities across habitats and castes, differential expression analysis based on negative binomial distribution was performed using the DESeq2 v.1.26.0. package in R [35]. Taxonomic counts were normalized using log-relative transformation. All above-mentioned analyses were visualized using ggplot2 v.3.3.2. package [36].





3. Results


3.1. General Profile of the Sequencing Data


Illumina MiSeq sequencing of the bacterial 16S rRNA amplicons from different habitats and bumblebee castes yielded a total of 15,983,683 raw reads. After quality-filtering and read-merging, a total of 10,656,909 high-quality sequences remained. Based on 97% sequence similarity, after rarefaction 30,751 bacterial OTUs were obtained across all samples (Table 1). The total numbers of bacterial OTUs in the samples collected in apple orchards, oilseed rape fields, and forest meadows were 13,836, 12,210, and 4705, respectively. The total numbers of bacterial OTUs in the samples of males, young queens, ovipositing queens, and workers were 4185, 4811, 6006, and 15,749, respectively. The sample-based rarefaction curves of bacterial OTUs almost reached the saturation plateau (Figure S1). Average coverage regarding species richness for all samples was 74.45% ± 4.94% (Table 1), indicating that our sequencing depth was sufficient to cover the majority of bacterial taxa across habitat types and social castes.




3.2. Bacterial Community Composition


Bacterial OTUs in all samples were annotated into 12 phyla, 22 classes, 55 orders, 104 families, and 211 genera. The composition of bacterial genera among each habitat is shown in Figure 1a, with further subdivision among castes and sexes in Figure 1b at the phylum level. The gut microbiome of bumblebees mainly consisted of Firmicutes (52.7%), Proteobacteria (39.9%), Actinobacteria (5.2%), and Bacteroidetes (0.8%) (Figure 1a). At the genus level, the average relative abundance of bacteria belonging to Lactobacillus, Snodgrassella, and Gilliamella was over 1% across all habitats and castes. Among them, Lactobacillus was the most dominant (median 52.6% ± 132%, range 3.2–89.8%), followed by Snodgrassella (median 29.3% ± 183.8%, range 3.5–49.01%) and Gilliamella (median 12.3% ± 23.4%, range 0.02–39.95%).



Observed OTU richness varied between 99 and 1237 bacterial OTUs (mean of 446.3 OTUs) per sample in apple orchards, 26 and 1016 bacterial OTUs (mean of 393.87 OTUs) per sample in oilseed rape fields, and 31 and 598 OTUs (mean 336.07) per sample in forest meadows (Table 1). Gut microbial communities were more evenly distributed for bumblebee workers: in apple orchards, average Simpson’s index was 0.9 ± 0.09; in oilseed rape fields, average Simpson’s index was 0.88 ± 0.0; and in forest meadows, average Simpson’s index was 0.62 ± 0.15 (Figure 2).




3.3. Comparisons of Microbial Communities from Different Habitats and Castes


Richness and diversity of microbial communities across habitats and castes were estimated using alpha diversity indices, including observed richness (units in OTUs), Chao1 (units in OTUs), Shannon (index value), and Simpson (index value) estimators (Figure 2). Observed richness (p = 1) and Chao1 (p = 1) did not show significant differences between alpha diversity across habitats. In contrast, the Shannon diversity index showed significantly higher alpha diversity in apple orchard and oilseed rape field samples compared to forest meadow samples (p = 0.0016 and p = 0.0025, respectively). The Simpson index showed significantly higher diversity evenness in apple orchard and oilseed rape field samples compared to forest meadow samples (p = 0.0007 and p = 0.0015, respectively). Among castes, the number of observed OTUs was found to be highest in workers, and their observed alpha diversity significantly differed from that in males (Wilcoxon rank-sum test: p < 0.0001), young queens (p = 0.0007), and ovipositing queens (p = 0.0006; Figure 2). Other comparisons were not significant (p > 0.05; Figure 2). Chao1 showed similar results: alpha diversity richness was the highest in workers, and their observed alpha diversity significantly differed from that found in males (Wilcoxon rank-sum test: p < 0.0001), young queens (p = 0.00034), and ovipositing queens (p = 0.00021; Figure 2). Shannon diversity index showed significant differences in alpha diversity between workers and males (Wilcoxon rank-sum test: p = 0.003), between ovipositing queens and males (p = 0.028), and between workers and young queens (p = 0.028). All other comparisons did not show significant differences (p > 0.05). The Simpson index differed significantly between males and ovipositing queens (p = 0.0098) and between males and workers (p = 0.024).



Microbial community structure comparisons between different habitats were performed using multidimensional scaling (MDS) based on UniFrac distances and showed clear separation of gut bacterial community composition associated with forest meadows (Figure 3a). Network analysis based on the Bray–Curtis dissimilarity matrix supported this observation (Figure 3c). PERMANOVA analysis showed significant differences in bacterial community MDS distances of bumblebees sampled from the three habitat types. Beta diversity distances were significant between apple orchards and forest meadows (n = 45, pseudo-F = 7.47, p = 0.001 for unweighted UniFrac; n = 45, pseudo-F = 23.89, p = 0.001 for weighted UniFrac) and between forest meadows and oilseed rape fields (n = 45, pseudo-F = 6.32, p = 0.001 for unweighted UniFrac; n = 45, pseudo-F = 15,035, p = 0.001 for weighted UniFrac). Network analysis of the gut bacterial community, based on Bray–Curtis dissimilarity matrix, showed even clearer differences between bacterial communities of bumblebees collected from apple orchards, oilseed rape fields, and forest meadows (Figure 3c).



The core bacterial genus Lactobacillus showed the highest relative abundance in the guts of B. terrestris specimens. These bacteria were more abundant in specimens collected from apple orchards (36.9%) and oilseed rape fields (33.3%) compared to forest meadows (1%) (Figure 1a and Figure 4). These bacteria were found in all castes’ microbiome, and castes did not differ with regard to abundance of Lactobacillus spp. (p > 0.05). The second most abundant core bacterial genus, Snodgrassella, was also more abundant in specimens collected from oilseed rape fields (23.8%) and apple orchards (28.5%) compared to forest meadows (1.5%). The presence of Snodgrassella spp. occurred across all castes. Gilliamella spp. were found in specimens collected from all three habitats, and these bacteria were less typical for young queens. In forest meadows, the most abundant bacteria were Fructobacillus spp. (74.01%). These bacteria were also found in all other habitats and castes, but their abundance in oilseed rape fields (3.39%) and apple orchards (0.93%) was significantly lower (p < 0.0001). Fructobacillus spp. were less typical in the microbiome of young queens collected from apple orchards and oilseed rape fields. Bifidobacterium spp. were mostly found in apple orchards and oilseed rape fields; this genus was typical for workers, ovipositing queens, and young queens and less typical for males, which differed in their microbiome from all other castes (Figure 3b and Figure 5).



Less common bacterial taxa detected in the guts of B. terrestris specimens collected from apple orchards included Apibacter (1%), Orbaceae (1%), Saccharibacter (1.3%), Rhodococcus (1.4%), Weisella (1.4%), Enterobacteriaceae (2.5%), and Vagococcus (2.6%). Less common bacterial taxa detected in the guts of B. terrestris specimens collected from oilseed rape fields included Lactococcus (3.7%), Hafnia-Obesumbacterium (3%), Escherichia-Shigella (1.8%), Enterococcus (3.3%), Weisella (3.1%), Enterobacteriaceae (1.3%), and Orbaceae (0.6%). Lactococcus (3.6%), Staphylococcus (0.03%), Pantoea (1.9%), Lactobacillus (1%), Orbaceae (0.9%), and Enterobacteriaceae (1.9%) comprised a minor part of the microbiome of bumblebees collected from forest meadows.





4. Discussion


We found that bacterial community composition significantly differed between B. terrestris specimens collected from forest meadows and specimens collected from agricultural landscapes. This is in contrast to results from other studies [13,15,22], which observed that the composition and richness of OTUs in the bumblebee gut microbiome differs between species while remaining consistent over different locations and habitats. Regarding B. terrestris, previous studies have attributed this consistency to endosymbiont-specificity, including host-specific specialization of bacteria from the genera Gilliamella and Snodgrassella [22,37]. In forest meadows, habitat with the least amount of anthropogenic impact, the microbiome of B. terrestris was dominated by the genus Fructobacillus, whereas the genera Lactobacillus, Snodgrassella, and Gilliamella were the core bacterial community members in specimens collected from oilseed rape fields and apple orchards.



Members of the genus Fructobacillus are classified as fructophilic lactic acid bacteria [38]. These bacteria require fructose for carbohydrate catabolism and are therefore found in fructose-rich environments, such as fruits and nectar-rich flowers [39]. Fructobacillus spp. have been shown to be represented in the larval gut community in honeybees [40], as well as in adult honeybees [13,41,42] and adult bumblebees [22]. The necessity for fructose is due to defective alcohol fermentation in these bacteria, caused by the absence of the alcohol/acetaldehyde dehydrogenase gene adhE [43]. This inhibits reoxidation of NADH, via fermentation back to the electron acceptor NAD+, which is an essential cofactor for glycolysis function. To rebalance the NAD+/NADH ratio, these bacteria use other compounds as electron acceptors, including pyruvate, O2, fructose, and phenolic compounds such as coumaric acid [44]. Therefore, supplementing the growth environment with pyruvate, fructose, and aerobic conditions can enhance capacity for glycolysis and greatly improve bacterial catabolism of glucose [45]. Thus, in addition to being a carbon source, fructose facilitates the consumption of different carbohydrates via glycolysis.



There are several explanations of why Fructobacillus spp. are underrepresented in agricultural habitats. Apple orchards provide pollinators with both pollen and nectar, yet the blooming season of apple trees is short, and bumblebees occurring in these habitats rely on apple flowers only during one to two weeks and then must locate other sources of nectar and pollen. This may explain the high observed diversity in the gut microbiome of B. terrestris specimens collected from apple orchards. In addition, while the blooming season of oilseed rape is longer than that of apple trees, oilseed rape nectar and pollen are available within a relatively short period compared to nectar and pollen availability in forest meadow flowering plant communities. B. terrestris is a relatively large insect pollinator that uses floral characteristics such as flower size [46] as visual signals of resource availability, while flowers of oilseed rape are smaller and potentially less attractive to bumblebees, compared to honeybees, and flower size may represent an indicator of nectar production [47,48]. Moreover, oilseed rape typically produces nectar with high glucose content, resulting in rapidly crystallizing honey [49]. This kind of nectar cannot sustain Fructobacillus bacteria in the gut, because the use of glucose as a carbon source in Fructobacillus spp. is limited. Cold stress also causes physiological and biochemical changes in plants, which modifies sugar levels in nectar [50]. It has been shown that spring frosts increase fructose levels in nectar [51]. It has also been shown that raising ambient temperatures decreases the amount of sucrose, glucose, and fructose in nectar, as the secretion of these compounds declines in response to stressors such as climate change [52,53]. Finally, flowering plants must compete for pollinators in areas with high densities of native flowering plants, often leading to higher sugar content in nectar [54]. These factors may increase fructose concentration in nectar and provide optimal conditions for permanent occurrence of Fructobacillus spp. as dominant microbes in the guts of B. terrestris, especially close to the northernmost range of the distribution of B. terrestris [55,56,57]. The dominance of Fructobacillus spp. may be one reason for lower representation of Gilliamella, Snodgrassella, Bifidobacterium, and other genera in the guts of B. terrestris specimens collected from forest meadows in the present study.



Fructophilic lactic acid bacteria produce antimicrobial hydrolases, form biofilm that suppresses growth and formation of harmful microorganisms (e.g., Pseudomonas aeruginosa), consume toxic saccharides formed by catabolism of pollen, and catabolize phenolic acids into more potent antioxidants [58]. Their beneficial effects on resistance to pathogens have been confirmed in honeybees and the greater wax moth (Galleria mellonella) [59,60,61]. Our observed striking differences in presence of Fructobacillus spp. in B. terrestris microbiomes, between natural habitats and agricultural habitats, suggest that bumblebees feeding in agricultural areas may be more susceptible to pathogens and parasites [62] and less resistant to changes in the environment. Fructobacillus bacteria are highly susceptible to antibiotics [63], and if beekeepers use antibiotics to treat bacterial diseases of honeybees, this can lead to the depletion of Fructobacillus bacteria in the honeybee gut [63]. If honeybees in the agricultural environment leave antibiotic residues on flowers, bumblebees may collect these residues together with nectar and pollen of contaminated flowers, reducing the amount of Fructobacillus spp. in the gut of bumblebees. This suggests potentially harmful effects of increasing agricultural area on bumblebee population fitness, potentially resulting in decreasing numbers of this important pollinator species, even if abundant floral resources are present. Overall, our results support a recent study showing that the higher species biodiversity and abundance of bumblebees are positively associated with the proportion of forests in the landscape [64]. Our results also suggest that bumblebees might be more resistant to pathogens in wooded areas. This needs to be tested in the future by sequencing 16S rRNA region from bacteria and ITS2 region from fungi [65].



When bumblebees transport food to their nest, the food is often passed from one individual to another via trophallaxis, a food exchange mechanism. Lactobacillus is a bacterial genus commonly associated with pollen, and it may be spread among colony members or obtained when consuming stored food [56,66]. In the present study, workers had overall the most diverse bacterial composition within the gut, which may be explained by their exposure to other bumblebees, the nest environment, and the environment outside the nest. Exposure to the nest environment, feces, and food and interactions with other nest members are essential for colonization by Gram-negative core bacterial genera such as Gilliamella [57]. As the youngest individuals, young queens had the shortest time of exposure to the nest environment, possibly explaining the smaller relative abundance of Gilliamella spp. in B. terrestris specimens collected from apple orchards and oilseed rape fields. Finally, the lower OTU diversity in the gut microbiome of male B. terrestris specimens collected from forest meadows may be explained by their shorter exposure period to the environment outside the nest.



To our knowledge, our submission represents the first study to demonstrate the dominant representation of the bacterial genus Fructobacillus within the microbiome of any pollinator species. Although some previous studies found Fructobacillus to be a common bacterium in the gut of bumblebees [13,67,68], Fructobacillus has never been shown to be the most dominant microorganism in the gut of pollinators. As the prevalence of this genus was here demonstrated in a model bumblebee species, and in specimens associated with natural forest meadow habitat, our study has clear implications for conservation of natural habitats, wild pollinator nutrition, and fitness at both the individual and population scale. This is important because forest vegetation in northern Europe has evolved in the presence of large wild or domestic grazers [69]. This type of meadow has high plant and insect species richness, where plant species densities reach the highest values in the world. For example, the number of vascular plants in some Estonian wooded meadows can be as high as 76 plant species per m2 [70]. Since the existing pollinator communities could have evolved when wooded meadows dominated the agricultural ecosystems, it would be essential to study bumblebee communities and the microbiome of bumblebees in the remaining wooded meadows and in the areas where wooded meadows are actively restored. This would be important to study links between habitat, diversity of environmental bacteria, bumblebee social organization, bumblebee microbiome, and the role of bumblebees in local ecosystems.




5. Conclusions


We collected B. terrestris specimens from natural forest meadow habitat and two agricultural landscape types and characterized the bacterial community composition present in the guts of collected specimens. Our results showed dominance of Lactobacillus spp. and Snodgrassella spp. in the guts of bees collected from both apple orchards and oilseed rape fields. In contrast, Fructobacillus spp. were dominant in the guts of bees collected from unmanaged forest meadows. The low prevalence of Fructobacillus spp. in guts of B. terrestris specimens collected from both apple orchards and oilseed rape fields, compared to their more natural reference habitat, could suggest a potential stressor to B. terrestris populations in agricultural landscapes [71]. This low prevalence may be alleviated via the preservation and/or restoration of nectar-rich forest meadow habitat within agricultural landscapes. These conserved habitats should contain flowering plant communities that provide suitable floral resources over longer durations than those observed in crop-dominated habitats.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/insects13010098/s1, Figure S1: Rarefaction curves of bacterial OTUs and relative abundance of bacteria. Rarefaction curves show the number of gut bacterial OTUs associated with each habitat type. Rarefaction curves reached saturation, suggesting that the sequencing depth covered the most abundant bacterial community members.





Author Contributions


Conceptualization and methodology, R.K., T.K., J.W., J.C.G. and I.A.K.; validation, R.K., D.G. and D.F.; formal analysis, R.K., T.K., S.P., D.G., K.M., P.J. and D.F.; investigation, R.K., S.P., M.M. and I.A.K.; resources, R.K., I.A.K. and T.K.; data curation, D.G., D.F. and I.A.K.; writing—original draft preparation, R.K., D.G., J.W. and I.A.K.; writing—review and editing, all authors; visualization, D.G. and M.M.; supervision, T.K. and I.A.K.; project administration, R.K. and I.A.K.; funding acquisition, R.K., T.K., D.F. and I.A.K. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the Latvian Council of Science, grant numbers lzp-2018/1-0393, lzp-2018/2-0057, and lzp-2020/2-0271; the Estonian Research Council, grant number PUT1223; and the European Union, European Regional Development Fund (Estonian University of Life Sciences ASTRA project “Value-chain based bioeconomy”).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Raw sequence data have been deposited at the European Nucleotide Archive under study accession No. PRJEB48765. Taxonomical summaries have been deposited at the Zenodo repository (doi: 10.5281/zenodo.4677288).




Acknowledgments


We thank Kristers-Raivo Krams for technical assistance.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Meeus, I.; Mommaerts, V.; Billiet, A.; Mosallanejad, H.; Van de Wiele, T.; Wäckers, F.; Smagghe, G. Assessment of Mutualism between Bombus terrestris and Its Microbiota by Use of Microcolonies. Apidologie 2013, 44, 708–719. [Google Scholar] [CrossRef]

	



Billiet, A.; Meeus, I.; Cnockaert, M.; Vandamme, P.; Van Oystaeyen, A.; Wäckers, F.; Smagghe, G. Effect of Oral Administration of Lactic Acid Bacteria on Colony Performance and Gut Microbiota in Indoor-Reared Bumblebees (Bombus terrestris). Apidologie 2017, 48, 41–50. [Google Scholar] [CrossRef]

	



Bosmans, L.; Pozo, M.I.; Verreth, C.; Crauwels, S.; Wilberts, L.; Sobhy, I.S.; Wäckers, F.; Jacquemyn, H.; Lievens, B. Habitat-Specific Variation in Gut Microbial Communities and Pathogen Prevalence in Bumblebee Queens (Bombus terrestris). PLoS ONE 2018, 13, e0204612. [Google Scholar] [CrossRef]

	



Raymann, K.; Moran, N.A. The Role of the Gut Microbiome in Health and Disease of Adult Honey Bee Workers. Curr. Opin. Insect Sci. 2018, 26, 97–104. [Google Scholar] [CrossRef] [PubMed]

	



Nicholson, J.K.; Holmes, E.; Kinross, J.; Burcelin, R.; Gibson, G.; Jia, W.; Pettersson, S. Host-Gut Microbiota Metabolic Interactions. Science 2012, 336, 1262–1267. [Google Scholar] [CrossRef] [PubMed]

	



Paine, R.T. A Note on Trophic Complexity and Community Stability. Am. Nat. 1969, 103, 91–93. [Google Scholar] [CrossRef]

	



Hallmann, C.A.; Sorg, M.; Jongejans, E.; Siepel, H.; Hofland, N.; Schwan, H.; Stenmans, W.; Müller, A.; Sumser, H.; Hörren, T.; et al. More than 75 Percent Decline over 27 Years in Total Flying Insect Biomass in Protected Areas. PLoS ONE 2017, 12, e0185809. [Google Scholar] [CrossRef] [PubMed]

	



Ollerton, J.; Winfree, R.; Tarrant, S. How Many Flowering Plants Are Pollinated by Animals? Oikos 2011, 120, 321–326. [Google Scholar] [CrossRef]

	



Van der Sluijs, J.P.; Vaage, N.S. Pollinators and Global Food Security: The Need for Holistic Global Stewardship. Food Ethics 2016, 1, 75–91. [Google Scholar] [CrossRef]

	



Mänd, M.; Mänd, R.; Williams, I.H. Bumblebees in the Agricultural Landscape of Estonia. Agric. Ecosyst. Environ. 2002, 89, 69–76. [Google Scholar] [CrossRef]

	



Klein, A.-M.; Vaissière, B.E.; Cane, J.H.; Steffan-Dewenter, I.; Cunningham, S.A.; Kremen, C.; Tscharntke, T. Importance of Pollinators in Changing Landscapes for World Crops. Proc. R. Soc. B. 2007, 274, 303–313. [Google Scholar] [CrossRef]

	



Happe, A.-K.; Riesch, F.; Rösch, V.; Gallé, R.; Tscharntke, T.; Batáry, P. Small-Scale Agricultural Landscapes and Organic Management Support Wild Bee Communities of Cereal Field Boundaries. Agric. Ecosyst. Environ. 2018, 254, 92–98. [Google Scholar] [CrossRef]

	



Koch, H.; Schmid-Hempel, P. Bacterial Communities in Central European Bumblebees: Low Diversity and High Specificity. Microb. Ecol. 2011, 62, 121–133. [Google Scholar] [CrossRef]

	



Moran, N.A.; Hansen, A.K.; Powell, J.E.; Sabree, Z.L. Distinctive Gut Microbiota of Honey Bees Assessed Using Deep Sampling from Individual Worker Bees. PLoS ONE 2012, 7, e36393. [Google Scholar] [CrossRef]

	



Cariveau, D.P.; Elijah Powell, J.; Koch, H.; Winfree, R.; Moran, N.A. Variation in Gut Microbial Communities and Its Association with Pathogen Infection in Wild Bumble Bees (Bombus). ISME J. 2014, 8, 2369–2379. [Google Scholar] [CrossRef]

	



Meeus, I.; Parmentier, L.; Billiet, A.; Maebe, K.; Van Nieuwerburgh, F.; Deforce, D.; Wäckers, F.; Vandamme, P.; Smagghe, G. 16S RRNA Amplicon Sequencing Demonstrates That Indoor-Reared Bumblebees (Bombus terrestris) Harbor a Core Subset of Bacteria Normally Associated with the Wild Host. PLoS ONE 2015, 10, e0125152. [Google Scholar] [CrossRef]

	



Li, J.; Powell, J.E.; Guo, J.; Evans, J.D.; Wu, J.; Williams, P.; Lin, Q.; Moran, N.A.; Zhang, Z. Two Gut Community Enterotypes Recur in Diverse Bumblebee Species. Curr. Biol. 2015, 25, R652–R653. [Google Scholar] [CrossRef]

	



Tauber, J.P.; McMahon, D.; Ryabov, E.V.; Kunat, M.; Ptaszyńska, A.A.; Evans, J.D. Honeybee Intestines Retain Low Yeast Titers, but No Bacterial Mutualists, at Emergence. Yeast 2021, yea.3665. [Google Scholar] [CrossRef] [PubMed]

	



Parmentier, A.; Meeus, I.; Van Nieuwerburgh, F.; Deforce, D.; Vandamme, P.; Smagghe, G. A Different Gut Microbial Community between Larvae and Adults of a Wild Bumblebee Nest (Bombus pascuorum): Gut Bacteria in Larval and Adult Bombus. Insect Sci. 2018, 25, 66–74. [Google Scholar] [CrossRef] [PubMed]

	



Wang, L.; Wu, J.; Li, K.; Sadd, B.M.; Guo, Y.; Zhuang, D.; Zhang, Z.; Chen, Y.; Evans, J.D.; Guo, J.; et al. Dynamic Changes of Gut Microbial Communities of Bumble Bee Queens through Important Life Stages. mSystems 2019, 4, e00631-19. [Google Scholar] [CrossRef] [PubMed]

	



Graystock, P.; Goulson, D.; Hughes, W.O.H. Parasites in Bloom: Flowers Aid Dispersal and Transmission of Pollinator Parasites within and between Bee Species. Proc. R. Soc. B. 2015, 282, 20151371. [Google Scholar] [CrossRef] [PubMed]

	



Praet, J.; Parmentier, A.; Schmid-Hempel, R.; Meeus, I.; Smagghe, G.; Vandamme, P. Large-Scale Cultivation of the Bumblebee Gut Microbiota Reveals an Underestimated Bacterial Species Diversity Capable of Pathogen Inhibition: Large-Scale Cultivation of the Bumblebee Gut Microbiota. Env. Microbiol. 2018, 20, 214–227. [Google Scholar] [CrossRef] [PubMed]

	



Crailsheim, K. The Protein Balance of the Honey Bee Worker. Apidologie 1990, 21, 417–429. [Google Scholar] [CrossRef]

	



Moritz, B.; Crailsheim, K. Physiology of Protein Digestion in the Midgut of the Honeybee (Apis mellifera L.). J. Insect Physiol. 1987, 33, 923–931. [Google Scholar] [CrossRef]

	



Crailsheim, K.; Schneider, L.H.W.; Hrassnigg, N.; Bühlmann, G.; Brosch, U.; Gmeinbauer, R.; Schöffmann, B. Pollen Consumption and Utilization in Worker Honeybees (Apis mellifera carnica): Dependence on Individual Age and Function. J. Insect Physiol. 1992, 38, 409–419. [Google Scholar] [CrossRef]

	



Szolderits, M.J.; Crailsheim, K. A Comparison of Pollen Consumption and Digestion in Honeybee (Apis mellifera carnica) Drones and Workers. J. Insect Physiol. 1993, 39, 877–881. [Google Scholar] [CrossRef]

	



Kapheim, K.M.; Rao, V.D.; Yeoman, C.J.; Wilson, B.A.; White, B.A.; Goldenfeld, N.; Robinson, G.E. Caste-Specific Differences in Hindgut Microbial Communities of Honey Bees (Apis mellifera). PLoS ONE 2015, 10, e0123911. [Google Scholar] [CrossRef]

	



Bolyen, E.; Rideout, J.R.; Dillon, M.R.; Bokulich, N.A.; Abnet, C.C.; Al-Ghalith, G.A.; Alexander, H.; Alm, E.J.; Arumugam, M.; Asnicar, F.; et al. Reproducible, Interactive, Scalable and Extensible Microbiome Data Science Using QIIME 2. Nat. Biotechnol. 2019, 37, 852–857. [Google Scholar] [CrossRef]

	



Callahan, B.J.; McMurdie, P.J.; Rosen, M.J.; Han, A.W.; Johnson, A.J.A.; Holmes, S.P. DADA2: High-Resolution Sample Inference from Illumina Amplicon Data. Nat. Methods 2016, 13, 581–583. [Google Scholar] [CrossRef]

	



Katoh, K.; Standley, D.M. MAFFT Multiple Sequence Alignment Software Version 7: Improvements in Performance and Usability. Mol. Biol. Evol. 2013, 30, 772–780. [Google Scholar] [CrossRef]

	



Price, M.N.; Dehal, P.S.; Arkin, A.P. FastTree 2—Approximately Maximum-Likelihood Trees for Large Alignments. PLoS ONE 2010, 5, e9490. [Google Scholar] [CrossRef]

	



Pedregosa, F.; Varoquaux, G.; Michel, V.; Thirion, B.; Grisel, O.; Blondel, M.; Prettenhofer, P.; Weiss, R.; Dubourg, V.; Vanderplas, J.; et al. Scikit-Learn: Machine Learning in Python. J. Mach. Learn. Res. 2011, 12, 2825–2830. [Google Scholar]

	



McMurdie, P.J.; Holmes, S. Phyloseq: An R Package for Reproducible Interactive Analysis and Graphics of Microbiome Census Data. PLoS ONE 2013, 8, e61217. [Google Scholar] [CrossRef]

	



R Core Team. A Language and Environment for Statistical Computing; R Core Team: Vienna, Austria, 2020. [Google Scholar]

	



Love, M.I.; Huber, W.; Anders, S. Moderated Estimation of Fold Change and Dispersion for RNA-Seq Data with DESeq2. Genome Biol. 2014, 15, 550. [Google Scholar] [CrossRef]

	



Wickham, H. Ggplot2: Elegant Graphics for Data Analysis; Springer: New York, NY, USA, 2016. [Google Scholar]

	



Kwong, W.K.; Engel, P.; Koch, H.; Moran, N.A. Genomics and Host Specialization of Honey Bee and Bumble Bee Gut Symbionts. Proc. Natl. Acad. Sci. USA 2014, 111, 11509–11514. [Google Scholar] [CrossRef]

	



Endo, A.; Maeno, S.; Tanizawa, Y.; Kneifel, W.; Arita, M.; Dicks, L.; Salminen, S. Fructophilic Lactic Acid Bacteria, a Unique Group of Fructose-Fermenting Microbes. Appl. Env. Microbiol. 2018, 84, e01290-18. [Google Scholar] [CrossRef]

	



Lee, F.J.; Rusch, D.B.; Stewart, F.J.; Mattila, H.R.; Newton, I.L.G. Saccharide Breakdown and Fermentation by the Honey Bee Gut Microbiome: Fermentation by Honey Bee Gut Microbes. Env. Microbiol. 2015, 17, 796–815. [Google Scholar] [CrossRef]

	



McFrederick, Q.S.; Cannone, J.J.; Gutell, R.R.; Kellner, K.; Plowes, R.M.; Mueller, U.G. Specificity between Lactobacilli and Hymenopteran Hosts Is the Exception Rather than the Rule. Appl. Environ. Microbiol. 2013, 79, 1803–1812. [Google Scholar] [CrossRef] [PubMed]

	



Anderson, K.E.; Sheehan, T.H.; Mott, B.M.; Maes, P.; Snyder, L.; Schwan, M.R.; Walton, A.; Jones, B.M.; Corby-Harris, V. Microbial Ecology of the Hive and Pollination Landscape: Bacterial Associates from Floral Nectar, the Alimentary Tract and Stored Food of Honey Bees (Apis mellifera). PLoS ONE 2013, 8, e83125. [Google Scholar] [CrossRef]

	



Rokop, Z.P.; Horton, M.A.; Newton, I.L.G. Interactions between Cooccurring Lactic Acid Bacteria in Honey Bee Hives. Appl. Environ. Microbiol. 2015, 81, 7261–7270. [Google Scholar] [CrossRef] [PubMed]

	



Maeno, S.; Tanizawa, Y.; Kanesaki, Y.; Kubota, E.; Kumar, H.; Dicks, L.; Salminen, S.; Nakagawa, J.; Arita, M.; Endo, A. Genomic Characterization of a Fructophilic Bee Symbiont Lactobacillus Kunkeei Reveals Its Niche-Specific Adaptation. Syst. Appl. Microbiol. 2016, 39, 516–526. [Google Scholar] [CrossRef]

	



Filannino, P.; Di Cagno, R.; Addante, R.; Pontonio, E.; Gobbetti, M. Metabolism of Fructophilic Lactic Acid Bacteria Isolated from the Apis mellifera L. Bee Gut: Phenolic Acids as External Electron Acceptors. Appl. Environ. Microbiol. 2016, 82, 6899–6911. [Google Scholar] [CrossRef]

	



Endo, A.; Futagawa-Endo, Y.; Dicks, L.M.T. Isolation and Characterization of Fructophilic Lactic Acid Bacteria from Fructose-Rich Niches. Syst. Appl. Microbiol. 2009, 32, 593–600. [Google Scholar] [CrossRef] [PubMed]

	



Makino, T.T.; Ohashi, K.; Sakai, S. How Do Floral Display Size and the Density of Surrounding Flowers Influence the Likelihood of Bumble Bee Revisitation to a Plant? Funct. Ecol. 2007, 21, 87–95. [Google Scholar] [CrossRef]

	



Knauer, A.C.; Schiestl, F.P. Bees Use Honest Floral Signals as Indicators of Reward When Visiting Flowers. Ecol Lett 2015, 18, 135–143. [Google Scholar] [CrossRef] [PubMed]

	



Carruthers, J.M.; Cook, S.M.; Wright, G.A.; Osborne, J.L.; Clark, S.J.; Swain, J.L.; Haughton, A.J. Oilseed Rape (Brassica napus) as a Resource for Farmland Insect Pollinators: Quantifying Floral Traits in Conventional Varieties and Breeding Systems. GCB Bioenergy 2017, 9, 1370–1379. [Google Scholar] [CrossRef] [PubMed]

	



Calder, A. Oilseed Rape and Bees; Northern Bee Books: Hebden Bridge, UK, 1986. [Google Scholar]

	



Sasaki, H. Changes in Sugar Content during Cold Acclimation and Deacclimation of Cabbage Seedlings. Ann. Bot. 1996, 78, 365–369. [Google Scholar] [CrossRef]

	



Akšić, M.F.; Tosti, T.; Nedić, N.; Marković, M.; Ličina, V.; Milojković-Opsenica, D.; Tešić, Ž. Influence of Frost Damage on the Sugars and Sugar Alcohol Composition in Quince (Cydonia oblonga Mill.) Floral Nectar. Acta Physiol. Plant 2015, 37, 1701. [Google Scholar] [CrossRef]

	



Lin, I.W.; Sosso, D.; Chen, L.-Q.; Gase, K.; Kim, S.-G.; Kessler, D.; Klinkenberg, P.M.; Gorder, M.K.; Hou, B.-H.; Qu, X.-Q.; et al. Nectar Secretion Requires Sucrose Phosphate Synthases and the Sugar Transporter SWEET9. Nature 2014, 508, 546–549. [Google Scholar] [CrossRef]

	



Borghi, M.; Perez de Souza, L.; Yoshida, T.; Fernie, A.R. Flowers and Climate Change: A Metabolic Perspective. New Phytol. 2019, 224, 1425–1441. [Google Scholar] [CrossRef]

	



Kehrberger, S.; Holzschuh, A. How Does Timing of Flowering Affect Competition for Pollinators, Flower Visitation and Seed Set in an Early Spring Grassland Plant? Sci. Rep. 2019, 9, 15593. [Google Scholar] [CrossRef]

	



Acosta, A.L.; Giannini, T.C.; Imperatriz-Fonseca, V.L.; Saraiva, A.M. Worldwide Alien Invasion: A Methodological Approach to Forecast the Potential Spread of a Highly Invasive Pollinator. PLoS ONE 2016, 11, e0148295. [Google Scholar] [CrossRef]

	



Vásquez, A.; Forsgren, E.; Fries, I.; Paxton, R.J.; Flaberg, E.; Szekely, L.; Olofsson, T.C. Symbionts as Major Modulators of Insect Health: Lactic Acid Bacteria and Honeybees. PLoS ONE 2012, 7, e33188. [Google Scholar] [CrossRef]

	



Powell, J.E.; Martinson, V.G.; Urban-Mead, K.; Moran, N.A. Routes of Acquisition of the Gut Microbiota of the Honey Bee Apis mellifera. Appl. Environ. Microbiol. 2014, 80, 7378–7387. [Google Scholar] [CrossRef]

	



Filannino, P.; Di Cagno, R.; Tlais, A.Z.A.; Cantatore, V.; Gobbetti, M. Fructose-Rich Niches Traced the Evolution of Lactic Acid Bacteria toward Fructophilic Species. Crit. Rev. Microbiol. 2019, 45, 65–81. [Google Scholar] [CrossRef]

	



Endo, A.; Salminen, S. Honeybees and Beehives Are Rich Sources for Fructophilic Lactic Acid Bacteria. Syst. Appl. Microbiol. 2013, 36, 444–448. [Google Scholar] [CrossRef] [PubMed]

	



Arredondo, D.; Castelli, L.; Porrini, M.P.; Garrido, P.M.; Eguaras, M.J.; Zunino, P.; Antúnez, K. Lactobacillus Kunkeei Strains Decreased the Infection by Honey Bee Pathogens Paenibacillus Larvae and Nosema ceranae. Benef. Microbes 2018, 9, 279–290. [Google Scholar] [CrossRef] [PubMed]

	



Berríos, P.; Fuentes, J.A.; Salas, D.; Carreño, A.; Aldea, P.; Fernández, F.; Trombert, A.N. Inhibitory Effect of Biofilm-Forming Lactobacillus Kunkeei Strains against Virulent Pseudomonas aeruginosa in Vitro and in Honeycomb Moth (Galleria mellonella) Infection Model. Benef. Microbes 2018, 9, 257–268. [Google Scholar] [CrossRef] [PubMed]

	



Ptaszyńska, A.A.; Latoch, P.; Hurd, P.J.; Polaszek, A.; Michalska-Madej, J.; Grochowalski, Ł.; Strapagiel, D.; Gnat, S.; Załuski, D.; Gancarz, M.; et al. Amplicon Sequencing of Variable 16S RRNA from Bacteria and ITS2 Regions from Fungi and Plants, Reveals Honeybee Susceptibility to Diseases Results from Their Forage Availability under Anthropogenic Landscapes. Pathogens 2021, 10, 381. [Google Scholar] [CrossRef]

	



Pachla, A.; Ptaszyńska, A.A.; Wicha, M.; Kunat, M.; Wydrych, J.; Oleńska, E.; Małek, W. Insight into Probiotic Properties of Lactic Acid Bacterial Endosymbionts of Apis mellifera L. Derived from the Polish Apiary. Saudi Journal of Biological Sciences 2021, 28, 1890–1899. [Google Scholar] [CrossRef]

	



Sõber, V.; Leps, M.; Kaasik, A.; Mänd, M.; Teder, T. Forest Proximity Supports Bumblebee Species Richness and Abundance in Hemi-Boreal Agricultural Landscape. Agric. Ecosyst. Environ. 2020, 298, 106961. [Google Scholar] [CrossRef]

	



Gancarz, M.; Hurd, P.J.; Latoch, P.; Polaszek, A.; Michalska-Madej, J.; Grochowalski, Ł.; Strapagiel, D.; Gnat, S.; Załuski, D.; Rusinek, R.; et al. Dataset of the Next-Generation Sequencing of Variable 16S RRNA from Bacteria and ITS2 Regions from Fungi and Plants Derived from Honeybees Kept under Anthropogenic Landscapes. Data in Brief 2021, 36, 107019. [Google Scholar] [CrossRef] [PubMed]

	



Vásquez, A.; Olofsson, T.C. The Lactic Acid Bacteria Involved in the Production of Bee Pollen and Bee Bread. J. Apic. Res. 2009, 48, 189–195. [Google Scholar] [CrossRef]

	



Koch, H.; Schmid-Hempel, P. Socially Transmitted Gut Microbiota Protect Bumble Bees against an Intestinal Parasite. Proc. Natl. Acad. Sci. USA 2011, 108, 19288–19292. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, Z.; Huang, M.-F.; Qiu, L.-F.; Song, R.-H.; Zhang, Z.-H.; Ding, Y.-W.; Zhou, X.; Zhang, H.; Zheng, H. Diversity and Functional Analysis of Chinese Bumblebee Gut Microbiota Reveal the Metabolic Niche and Antibiotic Resistance Variation of Gilliamella. Insect Sci. 2021, 28, 302–314. [Google Scholar] [CrossRef]

	



Bakker, E.S.; Olff, H.; Vandenberghe, C.; De Maeyer, K.; Smit, R.; Gleichman, J.M.; Vera, F.W.M. Ecological Anachronisms in the Recruitment of Temperate Light-Demanding Tree Species in Wooded Pastures. J Appl Ecology 2004, 41, 571–582. [Google Scholar] [CrossRef]

	



Kull, K.; Zobel, M. High Species Richness in an Estonian Wooded Meadow. Journal of Vegetation Science 1991, 2, 715–718. [Google Scholar] [CrossRef]

	



Motta, E.V.S.; Raymann, K.; Moran, N.A. Glyphosate Perturbs the Gut Microbiota of Honey Bees. Proc Natl Acad Sci USA 2018, 115, 10305–10310. [Google Scholar] [CrossRef]








[image: Insects 13 00098 g001 550] 





Figure 1. Relative abundance (%) of the bacterial genera found in the guts of bumblebee. (a) Distribution of bacterial genera within habitat; (b): distribution of bacterial genera for each caste within a habitat. AO: apple orchards, FM: forest meadows, ORF: oilseed rape fields, W: workers, M: males, OQ: ovipositing queens, YQ: young queens. 
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Figure 2. Alpha diversity indices (observed OTUs, Chao1, Shannon and Simpson diversity indices) of bumblebee castes in apple orchards (AO), forest meadows (FM), and oilseed rape fields (ORF). 
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Figure 3. Metric multidimensional scaling (MDS/PCoA) on weighted UniFrac distances of the gut bacterial community from Bombus terrestris specimens collected from three habitat types (a) and from four castes (b). (c) Network analysis of B. terrestris gut bacterial community clustering by habitat, based on the Bray–Curtis dissimilarity matrix. Distance between different points on the plot reflects similarity level: the more similar the communities, the smaller the distance between the points. 
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Figure 4. Log-relative abundance of the differentially expressed bacterial genera in the guts of Bombus terrestris collected from apple orchards (AO), forest meadows (FM), and oilseed rape fields (ORF). 
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Figure 5. Log-relative abundance of the differentially expressed bacterial genus in the guts of Bombus terrestris collected from apple orchards (AO), forest meadows (FM), and oilseed rape fields (ORF), as well as across males (M), ovipositing queens (OQ), workers (W), and young queens (YQ). 
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Table 1. Mean diversity measures (±standard deviation) of gut bacterial communities in Bombus terrestris.
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Habitat Type

	
Caste

	
Number of Insects Used (Number of Samples)

	
Observed OTU Richness

	
Chao1

	
Coverage (%)

	
Shannon

	
Simpson






	
Apple orchards

	
ovipositing queen

	
24 (24)

	
356.5 ± 239.48

	
468.83 ± 352.81

	
74.2 ± 4.91

	
2.92 ± 0.48

	
0.86 ± 0.06




	
young queen

	
63 (21)

	
311 ± 227.07

	
428.3 ± 323.22

	
73.37 ± 7.81

	
2.07 ± 0.96

	
0.66 ± 0.24




	
worker

	
72 (24)

	
841.75 ± 253.51

	
1156.98 ± 352.39

	
72.9 ± 3.31

	
3.82 ± 0.59

	
0.89 ± 0.09




	
male

	
72 (24)

	
259.13 ± 90.78

	
345.63 ± 137.85

	
75.89 ± 6.07

	
2.05 ± 0.83

	
0.65 ± 0.26




	
Oilseed rape fields

	
ovipositing queen

	
24 (24)

	
336.13 ± 191.18

	
450.09 ± 269.67

	
76.22 ± 4.28

	
2.71 ± 0.46

	
0.83 ± 0.05




	
young queen

	
63 (21)

	
338.57 ± 177.04

	
455.59 ± 231.6

	
74.25 ± 5.69

	
2.21 ± 1.01

	
0.64 ± 0.23




	
worker

	
72 (24)

	
659 ± 264.68

	
895.48 ± 376.07

	
74.58 ± 5.03

	
3.46 ± 0.49

	
0.88 ± 0.06




	
male

	
72 (24)

	
234.88 ± 114.47

	
308.42 ± 146.96

	
76.17 ± 3.01

	
1.98 ± 0.92

	
0.62 ± 0.28




	
Forest meadows

	
ovipositing queen

	
6 (6)

	
232.5 ± 196.66

	
288.1 ± 196.66

	
81.06 ±1.1

	
1.22 ± 0.82

	
0.36 ± 0.24




	
young queen

	
18 (6)

	
264

	
372.78

	
70.82

	
1.36

	
0.429




	
worker

	
18 (6)

	
415.89 ± 93.36

	
583.84 ± 131.11

	
71.32 ± 2.2

	
2.12 ± 0.59

	
0.62 ± 0.15




	
male

	
36 (6)

	
116.5 ± 120.92

	
173.5 ± 188.79

	
71.65 ± 8.28

	
0.61 ± 0.52

	
0.18 ± 0.15
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