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Abstract

:

The declining honeybee populations are a significant risk to the productivity and security of agriculture worldwide. Although there are many causes of these declines, parasites are a significant one. Disease glitches in honeybees have been identified in recent years and increasing attention has been paid to addressing the issue. Between 30% and 40% of all managed honeybee colonies in the USA have perished annually over the past few years. American foulbrood (AFB) and European foulbrood (EFB) have been reported as bacterial diseases, Nosema as a protozoan disease, and Chalkbrood and Stonebrood as fungal diseases. The study aims to compare the bacterial community related to the Nosema ceranae and Ascosphaera apis infection on the gut of the honeybee and compare it with the weakly active honeybees. The Nosema-infected honeybees contain the phyla Proteobacteria as the significantly dominant bacterial phyla, similar to the weakly active honeybees. In contrast, the Ascosphaera (Chalkbrood) infected honeybee contains large amounts of Firmicutes rather than Proteobacteria.
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1. Introduction


The majority of the 57 most essential crops for human consumption are produced by bee colonies, making them the most managed pollinators in the world [1,2,3]. The decline of the honeybee poses a serious threat to the productivity and stability of global agriculture. Parasites are indeed a significant one of the many causative factors of these declines. The honeybee gut bacteriome composition can vary, depending on various factors such as geography, diet, season, and management practices [4]. However, some common bacterial species found in the honeybee gut include Lactobacillus, Bifidobacterium, and Gilliamella. These bacteria play important roles in nutrient digestion and absorption, immune system regulation, and protection against pathogens [5]. Disease crises in honeybees have intensified in recent years and increasing attention is being paid to addressing the issue. Over the past several years, there have been annual losses of between 30% and 40% of all managed US honeybee colonies [6,7,8]. In addition to viruses, bacteria, microsporidia, and arthropods, a wide variety of parasites pose serious risks to honeybees [1,9,10].



The viral diseases that cause problems in bees include Kashmir bee virus, acute bee paralysis virus (ABPV), deformed wing virus (DWV), black queen cell virus (BQCV), acute bee paralysis virus (ABPV), and deformed wing virus (DWV) [11]. Varroa destructor is a parasitic mite that poses a significant threat to honeybee populations worldwide [12]. These mites feed on the hemolymph (the circulatory fluid) of both adult honeybees and developing broods, causing physical damage and weakening the bees [13]. The mite infestation not only leads to a decline in individual bee health, but can also facilitate the transmission of various honeybee viruses, exacerbating colony collapse [14]. American foulbrood (AFB) and European foulbrood (EFB) have been reported as bacterial diseases, Nosema as a protozoan disease, and Chalkbrood and Stonebrood as fungal diseases [15,16,17]. Among these diseases, Nosemosis and Chalkbrood disease are the most serious diseases in the Republic of Korea [18].



Honeybees rely on a diverse community of microbes to help with digestion, nutrition, and protection against pathogens. The developed intestine of a worker honeybee gut consists of four core bacterial symbionts that are mainly found in the hindgut: Snodgrassella alvi, Gilliamella apicola, Lactobacillus, and Bifidobacterium asteroides [5,19]. These constituents are acquired within the home colony and mainly established after 9 days of the bee emerging from the cell [20,21]. Other gut bacteria are frequent, but in relatively lower prevalence and with less consistency across bees and colonies. Many metabolic processes happen in the hindgut, especially in a symbiotic context. Of the core bacterial symbionts, G. apicola, Bifidobacterium, and Lactobacillus are carbohydrate fermenters whose metabolic products support S. alvi growth [22,23]. These symbiont-derived metabolites likely also support bee health via intestinal absorption. These findings were supported by microbial feeding studies focused on the physiological processes of bees, and metagenome annotations of the symbionts [4,24]. The midgut lies upstream of the hindgut. The honeybee midgut is the focal point of the digestion and absorption of nutrients. It possesses digestive enzymes from the cell lining, in addition to enzymes that are secreted and translocated from the hypopharyngeal glands [25,26]. The midgut is also lined with the peritrophic matrix, which is a protective barrier. Relative to the hindgut, the midgut is essentially void of bacteria, possibly due to the constant rearrangement of the peritrophic matrix [20]. The bee midgut is speculated to harbor yeasts that offer additional digestive roles, as is common in other insects [27]. This indicates that yeasts likely have an alternative method for the attachment/colonization in this environment that bacteria lack [22].



Since its discovery in 1909, Nosemosis has been viewed as a seasonal disease that has a negative impact on beekeeping profits. A microsporidian parasite called Nosema ceranae infects honeybees and can seriously harm honeybee colonies [28,29]. Research has shown that Nosema ceranae infection can alter the composition of the honeybee gut bacteriome, causing the abundance and the decline of beneficial bacteria such as Lactobacillus and an increase in potentially harmful bacteria such as Enterococcus [30,31]. In spring, many are exhausted and due to the effects of Nosemosis, dead bees are discovered all around the hives [32].



The most prevalent eukaryotic gut pathogen in honeybees is Nosema ceranae. Although infection is typically chronic, it can also be fatal. Recent research has linked the development of gut infectious diseases to the gut microbiota [21,33]. Interestingly, studies found positive, not negative, correlations between Nosema ceranae infection and the main bacteria in honeybee microbiota [34]. The gut microbiota of honeybees is basic and primarily made up of a few key bacterial species. There are not many gut bacteria in the midgut, possibly because of the peritrophic membrane’s ongoing regeneration [35,36,37].



A fungal pathogen Ascosphaera apis infects honeybee larvae, causing a disease known as Chalkbrood [38]. While research has shown that Chalkbrood can have significant impacts on a honeybee’s health, there is less information on the specific effects of Ascosphaera apis on the alteration of gut bacteriome composition in the honeybee [39,40]. Conversely, some studies have investigated the impact of Chalkbrood disease (caused by both Ascosphaera apis and Ascosphaera larvis) on the gut microbiome of honeybee larvae; for instance, Chalkbrood-infected larvae had reduced levels of certain beneficial bacterial species, such as Lactobacillus and Bifidobacterium, in their gut compared to healthy larvae [40,41,42]. The study also found an increase in the abundance of potentially harmful bacteria such as Enterobacter and Pseudomonas in Chalkbrood-infected larvae [43].



Firmicutes are gram-positive bacteria that include a diverse group of bacteria, some of which are commonly found in the honeybee gut [44]. They are known to play important roles in nutrient digestion, immune system regulation, and protection against pathogens. Some common families of Firmicutes found in the honeybee gut include Lactobacillaceae, Bacillaceae, and Streptococcaceae [44,45,46]. Studies have suggested that a higher relative abundance of Firmicutes is associated with better honeybee health and a greater resistance to diseases such as American foulbrood disease, while a higher relative abundance of Proteobacteria is associated with an increased susceptibility to certain diseases [5,47]. Several studies have suggested that Lactobacillus may play a protective role against Nosema and Chalkbrood infection in honeybees [48,49]. For example, a study by Rubanov et al. [34] suggested that honeybees with a greater relative abundance of Lactobacillus had a lower prevalence of Nosema infection. Similarly, [50] research work found that honeybees with a greater relative abundance of Lactobacillus had a lower prevalence of Chalkbrood infection.



Furthermore, Nosema ceranae infection has also been linked to changes in the gut microbiome diversity, which may have adverse effects on the health of honeybees generally and increase susceptibility to other illnesses. Understanding the interactions between Nosema ceranae infection and the honeybee gut bacteriome can help in developing effective strategies for the management and control of this parasite.




2. Materials and Methods


2.1. Experimental Design and Honeybee Collection


All the honeybees used in the experiment were purchased from the experiential colonies of an apiary located near Chungbuk Province, South Korea. Three different source colonies were used to collect the bees, which were then carefully transferred into mesh cages measuring 16.5 by 16.5 by 48 inches and kept at 24 ± 1 °C until transferred to the laboratory for dissection. The honeybees were maintained in artificial conditions for a period of up to 12 h prior to dissection. During this time, they were fed a diet of 50% sucrose solution, which was prepared using sterile distilled water, and provided with water ad libitum. The honeybee gut contents were collected from four different groups: control, Nosema-infected, Chalkbrood-infected, and weak bees. The bees were approximately 10 to 15 days old. Approximately 10 to 15 honeybees were selected randomly from each group and the gut contents were dissected and pooled for each sample. We conducted our analyses using five replicates per group, except for the Chalkbrood group, which contained four replicates. The weak group included bees collected from hives inhabited by flightless, floor-crawling bees. In general, a characteristic of beehives inhabited by weak bees is that there is little or no honey inside the hive.



The bees suffering from Nosema or Chalkbrood disease were confirmed through experimental methods and used as an experiment group for diseases. Nosema infections were diagnosed by a microscopic observation method of the Nosema spore. Nosema-infected bees contain spindled-shaped spores in the midguts. Bees with at least 1 × 106 spores were classified as an experimental group infected with Nosema. Chalkbrood disease can be easily diagnosed using visual detection methods. Hives infected by Chalkbrood disease symptom appeared to have hard, shrunken chalk-like mummies in the brood and surrounding the entrance to the hive [38,51].



A molecular biology technique (Polymerase Chain Reaction, PCR) was used to differentiate the healthy condition of the honeybee [52,53]. Nosemosis was identified using previously described PCR methods with specific primers for N. ceranae (sense strand: 5′-CGG ATA AAA GAG TCC GTT ACC-3′, antisense strand: 5′-TGA GCA GGG TTC TAG GGAT-3′) and N. apis (sense strand: 5′ CCA TTG CCG GAT AAG AGA GT 3′, anti-sense strand: 5′ CAC GCA TTG CTG CAT CAT TGAC 3′) (Bioneer Co., Daejeon, Republic of Korea). Each PCR was preheated to 94 °C for 2 min, followed by 94 °C for 15 s, 60 °C for 30 s, and 72 °C for 45 s, with a final extension phase at 72 °C for 7 min. Chalkbrood disease (Ascosphaera apis) can also be easily diagnosed using the PCR method with specific primers [39,54,55] (sense strand: 5′-ACT CC CAC CCT TGT CTA CCT TA-3′, antisense strand: 5′-TCT TCG ACT GGA GTT CGT TTA TCT-3′) (Bioneer Co., Daejeon, Republic of Korea). Each PCR was preheated to 94 °C for 2 min, followed by 95 °C for 15 s, 60 °C for 30 s, and 72 °C for 45 s, with a final extension phase at 72 °C for 7 min. A variable number of cycles was used to ensure that the amplification occurred in the linear phase. The PCR products were separated on a 1.5% agarose gel and visualized by ethidium bromide staining and UV irradiation.




2.2. Chalkbrood (CB) Screening


The genomic DNA for CB screening was extracted from whole-bee homogenate aliquots using the DNeasy Plant Mini Kit (Qiagen, Hilden, Germany) according to the manufacturer’s protocol [27]. An assessment of the DNA yield and purity was performed using the NanoDrop 1000c spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA). The amplification of the internal transcribed spacer (ITS) region within the nuclear ribosomal repeat unit of the fungus Ascosphaera apis [56], and RpS5 gene of A. mellifera was completed using PCR. All PCR amplifications were performed using 2× Taq PCR MasterMix (abm, Richmond, BC, Canada), in 25 µL reactions, containing 400 nM of each primer, targeting either A. apis ITS or A. mellifera RpS5. The PCR conditions were as follows: 94 °C for 10 min; 30 cycles of 94 °C for 45 s, 62 °C for 45 s, and 72 °C for 1 min; and 72 °C for 5 min [25]. The PCR product evaluation was performed as above.




2.3. DNA Isolation and Sequencing


The metagenomic DNA was isolated from 10 g of homogenized gut content with the previously reported method [57,58,59]. The modifications were carried out by adding an enzymatic digestion (lysozyme and achromopeptidase) step before the SDS lysis and lowering the lysis temperature (55 °C instead of 65 °C). Subsequently, the DNA was purified in two agarose gel electrophoresis steps, first using 0.7%, and then in 1% agarose. The pure DNA was recovered from the gel with an agarose gel extraction kit (Roche). The quality of the preparations was assessed spectrophotometrically on NanoDrop ND-1000 (NanoDrop, Wilmington, DE, USA). Samples were preserved at −80 °C for future analyses.




2.4. 16S rRNA Amplification and Sequencing


The PCR amplification of bacterial 16S rRNA hypervariable region V3-V4 was carried out using primers 341F (CCT ACG GGN GGC WGC AG) and 805R (GAC TAC HVG GGT ATC TAA TCC). The V3-V4 region has been accepted as a low error-prone region for taxonomic assignment and community clustering [60,61]. The PCR was carried out by 30-s initial denaturation at 98 °C, 30 cycles of 10-s denaturation at 98 °C, 30-s annealing at 55 °C, 30-s elongation at 72 °C, and a 5 min final extension at 72 °C. The sequencing procedure was carried out using Illumina (Illumina, San Diego, CA, USA). The library was prepared by a standard library construction protocol (https://support.illumina.com/downloads/16s_metagenomic_sequencing_library_preparation.html (accessed on 12 December 2022)) by the Nextera XT kit (Illumina, San Diego, CA, USA), following the manufacturer’s instructions. The specific amplicons for the V3-V4 region were quantified in each reaction mixture and Illumina sequence adapter. The index primers (Nextera XT Index kit) were used in emulsion PCR to generate amplicon libraries, followed by a PCR clean up. The MiSeq libraries were quantified and then subjected to 300-nucleotide paired-end multiplex sequencing on an Illumina MiSeq sequencer.




2.5. Sequencing Data Analyses


The Illumina MiSeq sequencer produced demultiplexed (PE) raw reads, the quality of the reads was accessed by FastQC [62] and timed using Trimmomatic [63]. The filled demultiplexed reads were imported to the quantitative insights into Microbial Ecology 2 (QIIME2) for further analysis. The quality filtering, trimming, and denoising were performed using q2-dada2 [64]. The read dereplications, learning of the error rates, and the sample sequence variant inference with samples were performed using DADA2. The amplicon sequence variant (ASV) table and the removal of chimeras were performed using DADA2, followed by the taxonomy assignment and species assignment using the DADA2 and the SILVA v138.1 database ([65] accessed on 15 August 2022). The bacterial richness and diversity were analyzed using alpha and beta diversity matrices and indices such as Observed feature, Shannon index, Chao index, ACE index, Rarefaction curves, Weighted and Unweighted Unifrac distance matrices, and PcoA plots. GraphPad Prism 8 was used to perform a statistical analysis of the results obtained.





3. Results and Discussion


3.1. Microbial Symbiosis in the Honeybee Gut


Microbial symbiosis plays a vital function in the gut of honeybees. The gut contents of the honeybee used in the experiment are shown in Figure 1. The results of the microbial symbiosis in the gut of honeybees revealed that the gut microbiota plays a crucial role in the digestion, immunity, and overall health at both the phylum and genus levels. The gut content of the control bees supports the beneficial bacterial growth, because of the mild acidity (pH 6.0–6.5) and the presence of enzymatic activities [4], which signify efficient nutrient breakdown and absorption [24]. The gut microbiota of honeybees consists of a core set of bacterial species, primarily belonging to the phyla Proteobacteria and Firmicutes [4,5]. This, in turn, supports overall bee health and colony well-being.




3.2. Taxonomic Analysis for Sequencing Data


Sequences generated for the polluted and control samples were analyzed using QIIME2 tools generating 1,353,431 total frequencies with an average of 42,294 OUT per sample. The taxonomic positions of sequenced reads were analyzed and studied using SILVA classifier, with classification based on 16S rRNA gene sequences. The analysis proposes that 98% of the reads belonged to the bacterial kingdom; other reads were omitted from further analysis. Since 16S rRNA is widely used for taxonomic and phylogenetic studies due to its highly conserved sequences, its hypervariable region can also be used for accurate taxonomic evaluation.



Honeybees infected with Nosema ceranae preferred sunflower honey over honeydew honey in dual-choice tests; sunflower honey had higher antimicrobial activity and decreased the amount of N. ceranae spores in the bee gut [56]. The gut of honeybees is home to bacteria that are antagonistic to parasites such as Ascosphaera apis [66,67]. Such antagonistic interactions might offer a means of treating diseases. For instance, the inoculation of bee colonies with the bacterium Parasaccharibacter apium resulted in the decreased levels of Nosema ceranae infection [68].




3.3. The Microbiome of Infected Honeybees


The major bacterial community are from the phyla Proteobacteria and Firmicutes (Figure 2 and Supplementary Table S1), which are significantly different from the Chalkbrood honeybee’s guts. The bacterial species belonging to the genus Gilliamella, Lactobacillus, Snodgrassella, Frischella, and Bombella are predominantly present in the gut of Nosema-infected honeybees (Figure 3).



Proteobacteria and Firmicutes are two of the major phyla of bacteria found in the honeybee gut bacteriome. Together, they often make up the majority of bacterial species present in the honeybee gut. The heat-map of the response of bacterial community structure at the phylum level (Figure 4) shows the diversity of bacteria harbored in four different gut samples of the honeybee. Proteobacteria are gram-negative bacteria that include a diverse group of bacteria with various metabolic capabilities. They play important roles in nutrient digestion, immune system regulation, and protection against pathogens. Some common families of Proteobacteria found in the honeybee gut include Acetobacteraceae, Enterobacteriaceae, and Pseudomonadaceae.



Based on the alpha divert index (Figure 5 and Supplementary Table S3), the Chalkbrood-infected honeybee gut harbors significantly higher OTUs compared with the other three groups, and also shows high diversity of bacteria compared with other groups.



The bacterial diversity is significantly higher in the Chalkbrood-infected honeybee gut compared with other honeybees. The composition of a healthy Nosema and weak honeybee microbiome are significantly lower than the Chalkbrood-infected honeybee, which is also observed in the Shannon and Simpson diversity index. The Venn diagram shows the shared microbial community between the samples (Figure 6). The Nosema-infected honeybee harbors the lowest number of unique and total OTUs compared to other groups.



The Chalkbrood-infected honeybee displayed the most unique bacterial OTUs compared with the Nosema, weak, and control honeybee. The gut of the control honeybee shows the dominant presence of Gilliamella, Lactobacillus, Frischella, Snodgrassella, and Asaia, whereas the Nosema-infected honeybee showed the presence of Gilliamella, Lactobacillus, Frischella, Snodgrassella, Commensalibacter, Franconibacter, and members of the family Enterobacteriaceae (Figure 1 and Supplementary Table S2). The weak honeybee showed the presence of the genera Gilliamella, Lactobacillus, Frischella, Snodgrassella, Pantoea, and the members of the family Enterobacteriaceae; meanwhile, the Chalkbrood-infected honeybee shows the presence of Lactobacillus, Pseudoflavonifractor, Alistipes, Oscillibacter, Paenibacillus, and three unknown bacterial genera as the dominant genera.





4. Conclusions


The primary focus of the study was to analyze and contrast the bacterial communities present in the gut of honeybees infected with Ascosphaera apis, and to compare these findings with those from Nosema ceranae-infected and weakly active honeybees. In the case of Nosema-infected honeybees, the Proteobacteria phylum was found to be significantly dominant within the bacterial community, a characteristic that was also observed in weakly active honeybees. However, when examining the honeybees infected with Ascosphaera (Chalkbrood), the bacterial composition diverged considerably, as these bees were found to harbor substantial quantities of Firmicutes, rather than Proteobacteria.



The genus Lactobacillus is present predominantly in all four groups of honeybee guts, regardless of infection or weakness. The genera Gilliamella, Frischella, and Snodgrassella are present in Nosema, weak, and control honeybee guts, but not significantly present in the Chalkbrood-infected honeybees. This shows that these three genera are significantly affected by the Ascosphaera apis infection in honeybees. Studies have shown that honeybees infected with Nosema ceranae have a reduced gut bacteriome diversity and altered microbial community structure. Specifically, the prevalence of specific bacterial taxa, such as Lactobacillus and Bifidobacterium, has been found to decrease in infected bees. These bacteria are important for maintaining a healthy gut environment and aiding in digestion. The decrease in gut bacteriome diversity and altered microbial community structure may have negative consequences for the health and survival of honeybees. For example, a disrupted gut bacteriome can make honeybees more susceptible to other pathogens and environmental stressors.



The genus Lactobacillus is consistently found in the honeybee gut across all four groups, regardless of infection status or weakness [49]. Moreover, the genera Gilliamella, Frischella, and Snodgrassella are observed in the guts of Nosema-infected, weak, and control honeybees, but they are not significantly present in Chalkbrood-infected honeybees. This finding suggests that these three genera are considerably impacted by Ascosphaera apis infections in honeybees [49]. The research has demonstrated that honeybees infected with Nosema ceranae exhibit a reduced gut bacteriome diversity and altered microbial community structure [2]. Specifically, the prevalence of certain bacterial taxa, such as Lactobacillus and Bifidobacterium, decreases in infected bees. These bacteria are vital for maintaining a healthy gut environment and supporting digestion. The decline in gut bacteriome diversity and the altered microbial community structure may negatively affect the health and survival of honeybees. For instance, a disrupted gut bacteriome can increase honeybees’ susceptibility to other pathogens and environmental stressors.



More research is required to understand the specific roles of these bacteria in the gut. The Ascosphaera apis infection in the honeybee satirically alters the bacterial community structure in the gut, which can also be confirmed by the beta-diversity analysis (Supplementary Figures S1 and S2) with a UPGMA phylogenic tree and PCoA analysis. Overall, the impact of Nosema ceranae and Ascosphaera apis infection on the gut bacteriome of honeybees highlights the complex and interconnected nature of microbial communities in honeybee health and emphasizes the importance of studying these interactions to better understand and protect honeybee populations.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/pathogens12050734/s1. Supplementary Table S1: The bacterial community composition at the phylum level. Percent relative abundances of bacterial taxa at the phylum level are shown for samples. Relative abundances < 1% across all samples are shown as “Others”; Supplementary Table S2: The bacterial community composition at the genus level. Percent relative abundances of bacterial taxa at the genus level are shown for samples. Relative abundances < 1% across all samples are shown as “Others”; Supplementary Table S3: Alpha-diversity indices; Supplementary Figure S1: UPGMA phylogenetic tree based on weighted unifrac distance across the samples. Sequences were evenly pooled across individual samples (35,000 sequences per sample) prior to analysis; Supplementary Figure S2: The PCoA plot of beta diversity of the gut bacteriome based on weighted Unifrac distances of the honeybees. Each data point represents an individual sample. Sequences were evenly pooled across individual samples (35,000 sequences per sample) prior to analysis.





Author Contributions


Conceptualization, D.Y.K., S.M., J.K.L., S.S. and S.-J.C.; methodology, D.Y.K., S.M., H.J.P. and S.S.; software, K.K. and S.S.; formal analysis, D.Y.K., S.M. and H.J.P.; investigation, H.J.P. and K.K.; resources, K.K., J.K.L. and S.-J.C.; data curation, S.S. and S.-J.C.; writing—original draft preparation, D.Y.K., S.M., K.K., J.K.L., S.S. and S.-J.C.; writing—review and editing, D.Y.K., S.M., K.K., J.K.L., S.S. and S.-J.C.; visualization, D.Y.K. and S.M.; supervision, J.K.L., S.S. and S.-J.C.; project administration, J.K.L., S.S. and S.-J.C.; funding acquisition, J.K.L. and S.-J.C. All authors have read and agreed to the published version of the manuscript.




Funding


This research was supported by “Regional Innovation Strategy (RIS)” through the National Research Foundation of Korea (NRF) funded by the Ministry of Education (MOE)(2022E0701031-1) and by a research grant from Seoul Women’s University (2023).




Institutional Review Board Statement


Ethical review and approval were waived for this study due to experiments using invertebrate species.




Informed Consent Statement


Not applicable.




Data Availability Statement


The amplicon sequencing raw data for this study is available in the NCBI’s Sequence Read Archive (SRA), under BioProject accession number PRJNA972619.




Acknowledgments


We thank members of the Cho laboratory for valuable comments.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Gallai, N.; Salles, J.-M.; Settele, J.; Vaissière, B.E. Economic valuation of the vulnerability of world agriculture confronted with pollinator decline. Ecol. Econ. 2009, 68, 810–821. [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 Biol. Sci. 2007, 274, 303–313. [Google Scholar] [CrossRef] [PubMed]

	



Morse, R.A.; Calderone, N.W. The value of honey bees as pollinators of US crops in 2000. Bee Cult. 2000, 128, 1–15. [Google Scholar]

	



Engel, P.; Martinson, V.G.; Moran, N.A. Functional diversity within the simple gut microbiota of the honey bee. Proc. Natl. Acad. Sci. 2012, 109, 11002–11007. [Google Scholar] [CrossRef]

	



Kwong, W.K.; Moran, N.A. Gut microbial communities of social bees. Nat. Rev. Microbiol. 2016, 14, 374–384. [Google Scholar] [CrossRef]

	



Pettis, J.S.; Delaplane, K.S. Coordinated responses to honey bee decline in the USA. Apidologie 2010, 41, 256–263. [Google Scholar] [CrossRef]

	



VanEngelsdorp, D.; Meixner, M.D. A historical review of managed honey bee populations in Europe and the United States and the factors that may affect them. J. Invertebr. Pathol. 2010, 103, S80–S95. [Google Scholar] [CrossRef]

	



Budge, G.E.; Pietravalle, S.; Brown, M.; Laurenson, L.; Jones, B.; Tomkies, V.; Delaplane, K.S. Pathogens as Predictors of Honey Bee Colony Strength in England and Wales. PLoS ONE 2015, 10, e0133228. [Google Scholar] [CrossRef]

	



Core, A.; Runckel, C.; Ivers, J.; Quock, C.; Siapno, T.; DeNault, S.; Brown, B.; DeRisi, J.; Smith, C.D.; Hafernik, J. A New Threat to Honey Bees, the Parasitic Phorid Fly Apocephalus borealis. PLoS ONE 2012, 7, e29639. [Google Scholar] [CrossRef]

	



Carrillo-Tripp, J.; Dolezal, A.G.; Goblirsch, M.J.; Miller, W.A.; Toth, A.L.; Bonning, B.C. In vivo and in vitro infection dynamics of honey bee viruses. Sci. Rep. 2016, 6, 22265. [Google Scholar] [CrossRef]

	



Chen, Y.; Zhao, Y.; Hammond, J.; Hsu, H.-t.; Evans, J.; Feldlaufer, M. Multiple virus infections in the honey bee and genome divergence of honey bee viruses. J. Invertebr. Pathol. 2004, 87, 84–93. [Google Scholar] [CrossRef] [PubMed]

	



Rosenkranz, P.; Aumeier, P.; Ziegelmann, B. Biology and control of Varroa destructor. J. Invertebr. Pathol. 2010, 103, S96–S119. [Google Scholar] [CrossRef]

	



Le Conte, Y.; Ellis, M.; Ritter, W. Varroa mites and honey bee health: Can Varroa explain part of the colony losses? Apidologie 2010, 41, 353–363. [Google Scholar] [CrossRef]

	



Martin, S.J.; Highfield, A.C.; Brettell, L.; Villalobos, E.M.; Budge, G.E.; Powell, M.; Nikaido, S.; Schroeder, D.C. Global Honey Bee Viral Landscape Altered by a Parasitic Mite. Science 2012, 336, 1304–1306. [Google Scholar] [CrossRef]

	



Panjad, P.; Yongsawas, R.; Sinpoo, C.; Pakwan, C.; Subta, P.; Krongdang, S.; In-On, A.; Chomdej, S.; Chantawannakul, P.; Disayathanoowat, T. Impact of Nosema Disease and American Foulbrood on Gut Bacterial Communities of Honeybees Apis mellifera. Insects 2021, 12, 525. [Google Scholar] [CrossRef]

	



Lannutti, L.; Gonzales, F.N.; Dus Santos, M.J.; Florin-Christensen, M.; Schnittger, L. Molecular Detection and Differentiation of Arthropod, Fungal, Protozoan, Bacterial and Viral Pathogens of Honeybees. Vet. Sci. 2022, 9, 221. [Google Scholar] [CrossRef]

	



Bava, R.; Castagna, F.; Piras, C.; Musolino, V.; Lupia, C.; Palma, E.; Britti, D.; Musella, V. Entomopathogenic Fungi for Pests and Predators Control in Beekeeping. Vet. Sci. 2022, 9, 95. [Google Scholar] [CrossRef]

	



Truong, A.T.; Yoo, M.S.; Seo, S.K.; Hwang, T.J.; Yoon, S.S.; Cho, Y.S. Prevalence of honey bee pathogens and parasites in South Korea: A five-year surveillance study from 2017 to 2021. Heliyon 2023, 9, e13494. [Google Scholar] [CrossRef] [PubMed]

	



Zheng, H.; Perreau, J.; Powell, J.E.; Han, B.; Zhang, Z.; Kwong, W.K.; Tringe, S.G.; Moran, N.A. Division of labor in honey bee gut microbiota for plant polysaccharide digestion. Proc. Natl. Acad. Sci. USA 2019, 116, 25909–25916. [Google Scholar] [CrossRef] [PubMed]

	



Martinson, V.G.; Moy, J.; Moran, N.A. Establishment of characteristic gut bacteria during development of the honeybee worker. Appl. Env. Microbiol. 2012, 78, 2830–2840. [Google Scholar] [CrossRef]

	



Paris, L.; Peghaire, E.; Moné, A.; Diogon, M.; Debroas, D.; Delbac, F.; El Alaoui, H. Honeybee gut microbiota dysbiosis in pesticide/parasite co-exposures is mainly induced by Nosema ceranae. J. Invertebr. Pathol. 2020, 172, 28. [Google Scholar] [CrossRef] [PubMed]

	



Tauber, J.P.; Nguyen, V.; Lopez, D.; Evans, J.D. Effects of a Resident Yeast from the Honeybee Gut on Immunity, Microbiota, and Nosema Disease. Insects 2019, 10, 296. [Google Scholar] [CrossRef] [PubMed]

	



Smutin, D.; Lebedev, E.; Selitskiy, M.; Panyushev, N.; Adonin, L. Micro “bee” otaota: Honey Bee Normal Microbiota as a Part of Superorganism. Microorganisms 2022, 10, 2359. [Google Scholar] [CrossRef] [PubMed]

	



Zheng, H.; Powell, J.E.; Steele, M.I.; Dietrich, C.; Moran, N.A. Honeybee gut microbiota promotes host weight gain via bacterial metabolism and hormonal signaling. Proc. Natl. Acad. Sci. USA 2017, 114, 4775–4780. [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]

	



Sagili, R.R.; Pankiw, T.; Zhu-Salzman, K. Effects of soybean trypsin inhibitor on hypopharyngeal gland protein content, total midgut protease activity and survival of the honey bee (Apis mellifera L.). J. Insect Physiol. 2005, 51, 953–957. [Google Scholar] [CrossRef]

	



Madden, A.A.; Epps, M.J.; Fukami, T.; Irwin, R.E.; Sheppard, J.; Sorger, D.M.; Dunn, R.R. The ecology of insect-yeast relationships and its relevance to human industry. Proc. Biol. Sci. 2018, 285, 20172733. [Google Scholar] [CrossRef]

	



Ostroverkhova, N.V.; Konusova, O.L.; Kucher, A.N.; Kireeva, T.N.; Rosseykina, S.A. Prevalence of the Microsporidian Nosema spp. in Honey Bee Populations (Apis mellifera) in Some Ecological Regions of North Asia. Vet. Sci. 2020, 7, 111. [Google Scholar] [CrossRef]

	



Gisder, S.; Schüler, V.; Horchler, L.L.; Groth, D.; Genersch, E. Long-Term Temporal Trends of Nosema spp. Infection Prevalence in Northeast Germany: Continuous Spread of Nosema ceranae, an Emerging Pathogen of Honey Bees (Apis mellifera), but No General Replacement of Nosema apis. Front. Cell. Infect. Microbiol. 2017, 7, 301. [Google Scholar] [CrossRef]

	



Jabal-Uriel, C.; Alba, C.; Higes, M.; Rodríguez, J.M.; Martín-Hernández, R. Effect of Nosema ceranae infection and season on the gut bacteriome composition of the European honeybee (Apis mellifera). Sci. Rep. 2022, 12, 022–13337. [Google Scholar] [CrossRef]

	



Lanh, P.T.; Duong, B.T.T.; Thu, H.T.; Hoa, N.T.; Yoo, M.S.; Cho, Y.S.; Quyen, D.V. The Gut Microbiota at Different Developmental Stages of Apis cerana Reveals Potential Probiotic Bacteria for Improving Honeybee Health. Microorganisms 2022, 10, 1938. [Google Scholar] [CrossRef] [PubMed]

	



Martín-Hernández, R.; Bartolomé, C.; Chejanovsky, N.; Le Conte, Y.; Dalmon, A.; Dussaubat, C.; García-Palencia, P.; Meana, A.; Pinto, M.A.; Soroker, V.; et al. Nosema ceranae in Apis mellifera: A 12 years postdetection perspective. Environ. Microbiol. 2018, 20, 1302–1329. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, Y.; Su, M.; Wang, L.; Huang, S.; Su, S.; Huang, W.F. Vairimorpha (Nosema) ceranae Infection Alters Honey Bee Microbiota Composition and Sustains the Survival of Adult Honey Bees. Biology 2021, 10, 905. [Google Scholar] [CrossRef]

	



Rubanov, A.; Russell, K.A.; Rothman, J.A.; Nieh, J.C.; McFrederick, Q.S. Intensity of Nosema ceranae infection is associated with specific honey bee gut bacteria and weakly associated with gut microbiome structure. Sci. Rep. 2019, 9, 019–40347. [Google Scholar] [CrossRef]

	



Wang, H.; Liu, C.; Liu, Z.; Wang, Y.; Ma, L.; Xu, B. The different dietary sugars modulate the composition of the gut microbiota in honeybee during overwintering. BMC Microbiol. 2020, 20, 61. [Google Scholar] [CrossRef] [PubMed]

	



Copeland, D.C.; Maes, P.W.; Mott, B.M.; Anderson, K.E. Changes in gut microbiota and metabolism associated with phenotypic plasticity in the honey bee Apis mellifera. Front. Microbiol. 2022, 13, 1059001. [Google Scholar] [CrossRef] [PubMed]

	



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]

	



Aronstein, K.A.; Murray, K.D. Chalkbrood disease in honey bees. J. Invertebr. Pathol. 2010, 103, S20–S29. [Google Scholar] [CrossRef]

	



Cheng, X.; Zhang, L.; Luo, J.; Yang, S.; Deng, Y.; Li, J.; Hou, C. Two Pathogenic Fungi Isolated from Chalkbrood Samples and Honey Bee Viruses They Carried. Front. Microbiol. 2022, 13, 806. [Google Scholar] [CrossRef]

	



Boncristiani, D.L.; Tauber, J.P.; Palmer-Young, E.C.; Cao, L.; Collins, W.; Grubbs, K.; Lopez, J.A.; Meinhardt, L.W.; Nguyen, V.; Oh, S.; et al. Impacts of Diverse Natural Products on Honey Bee Viral Loads and Health. Appl. Sci. 2021, 11, 10732. [Google Scholar] [CrossRef]

	



Vojvodic, S.; Rehan, S.M.; Anderson, K.E. Microbial Gut Diversity of Africanized and European Honey Bee Larval Instars. PLoS ONE 2013, 8, e72106. [Google Scholar] [CrossRef]

	



Corby-Harris, V.; Snyder, L.A.; Schwan, M.R.; Maes, P.; McFrederick, Q.S.; Anderson, K.E. Origin and Effect of Alpha 2.2 Acetobacteraceae in Honey Bee Larvae and Description of Parasaccharibacter apium gen. nov., sp. nov. Appl. Environ. Microbiol. 2014, 80, 7460–7472. [Google Scholar] [CrossRef]

	



Huang, W.-F.; Solter, L.F.; Yau, P.M.; Imai, B.S. Nosema ceranae Escapes Fumagillin Control in Honey Bees. PLOS Pathog. 2013, 9, e1003185. [Google Scholar] [CrossRef] [PubMed]

	



Lang, H.; Duan, H.; Wang, J.; Zhang, W.; Guo, J.; Zhang, X.; Hu, X.; Zheng, H. Specific Strains of Honeybee Gut Lactobacillus Stimulate Host Immune System to Protect against Pathogenic Hafnia alvei. Microbiol. Spectr. 2022, 10, e01896-21. [Google Scholar] [CrossRef] [PubMed]

	



Nowak, A.; Szczuka, D.; Górczyńska, A.; Motyl, I.; Kręgiel, D. Characterization of Apis mellifera Gastrointestinal Microbiota and Lactic Acid Bacteria for Honeybee Protection—A Review. Cells 2021, 10, 701. [Google Scholar] [CrossRef]

	



Engel, P.; Moran, N.A. The gut microbiota of insects—Diversity in structure and function. FEMS Microbiol. Rev. 2013, 37, 699–735. [Google Scholar] [CrossRef] [PubMed]

	



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]

	



Corby-Harris, V.; Maes, P.; Anderson, K.E. The Bacterial Communities Associated with Honey Bee (Apis mellifera) Foragers. PLoS ONE 2014, 9, e95056. [Google Scholar] [CrossRef]

	



Raymann, K.; Shaffer, Z.; Moran, N.A. Antibiotic exposure perturbs the gut microbiota and elevates mortality in honeybees. PLOS Biol. 2017, 15, e2001861. [Google Scholar] [CrossRef]

	



Ye, M.-H.; Fan, S.-H.; Li, X.-Y.; Tarequl, I.M.; Yan, C.-X.; Wei, W.-H.; Yang, S.-M.; Zhou, B. Microbiota dysbiosis in honeybee (Apis mellifera L.) larvae infected with brood diseases and foraging bees exposed to agrochemicals. R. Soc. Open Sci. 2021, 8, 201805. [Google Scholar] [CrossRef]

	



Flores, J.M.; Gutiérrez, I.; Espejo, R. The role of pollen in chalkbrood disease in Apis mellifera: Transmission and predisposing conditions. Mycologia 2005, 97, 1171–1176. [Google Scholar] [CrossRef] [PubMed]

	



Khezri, M.; Moharrami, M.; Modirrousta, H.; Torkaman, M.; Salehi, S.; Rokhzad, B.; Khanbabai, H. Molecular detection of Nosema ceranae in the apiaries of Kurdistan province, Iran. Vet. Res. Forum. 2018, 9, 273–278. [Google Scholar]

	



Mazur, E.D.; Gajda, A.M. Nosemosis in Honeybees: A Review Guide on Biology and Diagnostic Methods. Appl. Sci. 2022, 12, 5890. [Google Scholar] [CrossRef]

	



Jensen, A.B.; Aronstein, K.; Flores, J.M.; Vojvodic, S.; Palacio, M.A.; Spivak, M. Standard methods for fungal brood disease research. J. Apic. Res. 2013, 52, 13. [Google Scholar] [CrossRef] [PubMed]

	



Jensen, A.B.; Welker, D.L.; Kryger, P.; James, R.R. Polymorphic DNA sequences of the fungal honey bee pathogen Ascosphaera apis. FEMS Microbiol. Lett. 2012, 330, 17–22. [Google Scholar] [CrossRef] [PubMed]

	



Gherman, B.I.; Denner, A.; Bobiş, O.; Dezmirean, D.S.; Mărghitaş, L.A.; Schlüns, H.; Moritz, R.F.A.; Erler, S. Pathogen-associated self-medication behavior in the honeybee Apis mellifera. Behav. Ecol. Sociobiol. 2014, 68, 1777–1784. [Google Scholar] [CrossRef]

	



Zhou, J.; Bruns, M.A.; Tiedje, J.M. DNA recovery from soils of diverse composition. Appl. Env. Microbiol. 1996, 62, 316–322. [Google Scholar] [CrossRef]

	



Bovo, S.; Utzeri, V.J.; Ribani, A.; Cabbri, R.; Fontanesi, L. Shotgun sequencing of honey DNA can describe honey bee derived environmental signatures and the honey bee hologenome complexity. Sci. Rep. 2020, 10, 9279. [Google Scholar] [CrossRef]

	



Issa, M.R.; Figueiredo, V.L.; De Jong, D.; Sakamoto, C.H.; Simões, Z.L. Rapid method for DNA extraction from the honey bee Apis mellifera and the parasitic bee mite Varroa destructor using lysis buffer and proteinase K. Genet. Mol. Res. 2013, 12, 4846–4854. [Google Scholar] [CrossRef]

	



Kameoka, S.; Motooka, D.; Watanabe, S.; Kubo, R.; Jung, N.; Midorikawa, Y.; Shinozaki, N.O.; Sawai, Y.; Takeda, A.K.; Nakamura, S. Benchmark of 16S rRNA gene amplicon sequencing using Japanese gut microbiome data from the V1-V2 and V3-V4 primer sets. BMC Genom. 2021, 22, 021–07746. [Google Scholar] [CrossRef]

	



Fadeev, E.; Cardozo-Mino, M.G.; Rapp, J.Z.; Bienhold, C.; Salter, I.; Salman-Carvalho, V.; Molari, M.; Tegetmeyer, H.E.; Buttigieg, P.L.; Boetius, A. Comparison of Two 16S rRNA Primers (V3–V4 and V4–V5) for Studies of Arctic Microbial Communities. Front. Microbiol. 2021, 12, 637526. [Google Scholar] [CrossRef]

	



Andrews, S. FASTQC. A Quality Control Tool for High Throughput Sequence Data. FastQC. 2010. Available online: https://www.bioinformatics.babraham.ac.uk/projects/fastqc/ (accessed on 10 October 2022).

	



Bolger, A.M.; Lohse, M.; Usadel, B. Trimmomatic: A flexible trimmer for Illumina sequence data. Bioinformatics 2014, 30, 2114–2120. [Google Scholar] [CrossRef] [PubMed]

	



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] [PubMed]

	



Quast, C.; Pruesse, E.; Yilmaz, P.; Gerken, J.; Schweer, T.; Yarza, P.; Peplies, J.; Glöckner, F.O. The SILVA ribosomal RNA gene database project: Improved data processing and web-based tools. Nucleic Acids Res. 2013, 41, 28. [Google Scholar] [CrossRef] [PubMed]

	



Omar, M.O.M.; Moustafa, A.M.; Ansari, M.J.; Anwar, A.M.; Fahmy, B.F.; Al-Ghamdi, A.; Nuru, A. Antagonistic Effect of Gut Bacteria in the Hybrid Carniolan Honey Bee, Apis mellifera Carnica, Against Ascosphaera apis, the Causal Organism of Chalkbrood Disease. J. Apic. Sci. 2014, 58, 17–27. [Google Scholar] [CrossRef]

	



Buffie, C.G.; Pamer, E.G. Microbiota-mediated colonization resistance against intestinal pathogens. Nat. Rev. Immunol. 2013, 13, 790–801. [Google Scholar] [CrossRef]

	



Corby-Harris, V.; Snyder, L.; Meador, C.A.; Naldo, R.; Mott, B.; Anderson, K.E. Parasaccharibacter apium, gen. nov., sp. nov., Improves Honey Bee (Hymenoptera: Apidae) Resistance to Nosema. J. Econ. Entomol. 2016, 109, 537–543. [Google Scholar] [CrossRef]








[image: Pathogens 12 00734 g001 550] 





Figure 1. The dissection of the digestive tract of (A) control, (B) Nosema, (C) Chalkbrood, and (D) weak honeybees. The honeybees are dissected, and the gut contents were used for the analysis. 
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Figure 2. The phylum-level comparison between the Nosema, Chalkbrood, and weak honeybee gut bacterial communities. 
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Figure 3. The genus level comparison between the Nosema, Chalkbrood, and weak honeybee gut bacterial communities. 
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Figure 4. A heatmap of bacterial diversity associated with the Nosema, Chalkbrood, and weak honeybee intestine compared with the healthy control. 
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Figure 5. The comparison of alpha diversity indices (A) observed OTUs, (B) ACE index, (C) Shannon diversity index, and (D) Simpson index among four different groups. The Chalkbrood-infected honeybee gut shows significant differences among the groups. 
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Figure 6. A four-way Venn diagram illustrating the number of shared unique OTUs at the 0.03 cut-off level between the honeybee gut samples. The Chalkbrood samples have the highest OTU diversity and the highest number of unique OTUs. 
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