

  vetsci-09-00573




vetsci-09-00573







Vet. Sci. 2022, 9(10), 573; doi:10.3390/vetsci9100573




Article



Honey Bee Pathogen Prevalence and Interactions within the Marmara Region of Turkey



Christopher Mayack 1[image: Orcid] and Haşim Hakanoğlu 1,2,*[image: Orcid]





1



Molecular Biology, Genetics, and Bioengineering, Faculty of Engineering and Natural Sciences, Sabancı University, İstanbul 34956, Turkey






2



Department of Entomology, Louisiana State University Agricultural Center, Baton Rouge, LA 70803, USA









*



Correspondence: hhakanoglu@agcenter.lsu.edu







Academic Editors: Yanping (Judy) Chen, Giovanni Cilia and Antonio Nanetti



Received: 1 September 2022 / Accepted: 9 October 2022 / Published: 17 October 2022



Abstract

:

Simple Summary


The health of bees is suspected to be low in Turkey due to the lower amounts of bee products that they produce per colony. Regular monitoring of bee diseases in Turkey has been lacking. We sampled bees from 115 colonies across five different locations to determine which pathogens are present and how much of each pathogen was in a bee colony. We found that the Varroa mite is widespread and consistently found in 90% of the bee colonies. We also found that pathogens normally transmitted by this parasite was also present in nearly 100% of the colonies sampled. We therefore concluded that the presence of Varroa mites is central to the decline in bee health and that management practices targeted for this parasite will most likely improve bee health in Turkey. In addition, three bee viruses are interacting with one another that influence the susceptibility to a more deadly variant responsible for colony death. Therefore, these viral interactions should be considered in the future to devise effective ways to improve honey bee health.




Abstract


Beekeeping has yet to reach its full potential in terms of productivity in Turkey where it has a relatively large role in the economy. Poor colony health is suspected to be the reason for this, but comprehensive disease monitoring programs are lacking to support this notion. We sampled a total of 115 colonies across five different apiaries throughout the Marmara region of Turkey and screened for all of the major bee pathogens using PCR and RNA-seq methods. We found that Varroa mites are more prevalent in comparison to Nosema infections. The pathogens ABPV, DWV, KV, and VDV1 are near 100% prevalent and are the most abundant across all locations, which are known to be vectored by the Varroa mite. We therefore suspect that controlling Varroa mites will be key for improving bee health in Turkey moving forward. We also documented significant interactions between DWV, KV, and VDV1, which may explain how the more virulent strain of the virus becomes abundant. ABPV had a positive interaction with VDV1, thereby possibly facilitating this more virulent viral strain, but a negative interaction with Nosema ceranae. Therefore, these complex pathogen interactions should be taken into consideration in the future to improve bee health.
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1. Introduction


Honey bees provide an indispensable service to the ecosystem as pollinators. Pollination is critical for crop production, maintenance of the ecosystem, wild plant reproduction, and food safety. Honey bees are also a major source of honey, as well as beeswax, propolis, and royal jelly. The first domesticated bee species is the western honey bee, (Apis mellifera). It is the most commonly managed and economically valuable pollinator in the world [1,2]. Apis mellifera is native to Europe, Asia (including the Middle East), and Africa, and was later introduced to other continents. Turkey, a bridge between Europe and Asia, encompasses a diverse ecosystem with diverse organisms including, but not limited to, honey bees. Examples representing the diverse pool of honey bee species found in Turkey are A. m. anatoliaca, A. m. caucasica, A. m. meda, and A. m. syriaca [3,4]. The sales of honey and beeswax alone contributed approximately $584 million to the Turkish economy in 2021 [5]. Moreover, the contribution of pollination by bees is estimated to be 10–15-fold higher than what is generated from beekeeping [6]. Turkey reportedly has more than 8 million beehives [7], ranking third in the world in terms of the number of beehives after India and Mainland China [7]. In addition, Turkey ranks second globally in honey production, producing approximately 100,000 tons [7]. However, it is believed that beekeeping in Turkey has yet to reach its full potential as its honey production per colony is substantially lower than countries such as Canada, Mainland China, Brazil, and the US [7]. This might be, among other factors, due to a decline in bee health in Turkey [8].



There are many factors attributed to the worldwide decline in bee health, but the main stressors include parasites, pesticide exposure, loss of foraging habitat, and poor nutrition [9,10,11]. More recently, synergistic effects from sub-lethal exposure to a number of pesticides have been linked to higher disease prevalence in honey bee colonies [12] and not all pesticides necessarily have the same effect across bee species [13]. Moreover, not previously recognized environmental pollutants have been found to be highly associated with different diseases in bee colonies [14]. Therefore, the particular role diseases and pesticide exposure has played in the recent decline of bee health has been difficult to distinguish from one another [15], consequently regular monitoring is key to understanding the role of each stressor in the most recent decline in bee health.



In the US, the number of beehives has declined from 4.6 million in 1970 to 2.8 million in 2019, a 40% decline (FAO, 2019). In Europe, the number of beehives declined from 2.1 million in 1970 to 1.6 million in 2019, a 24% decline [7]. In contrast, Turkey has witnessed a constant increase in the number of beehives, going from 1.8 million in 1970 to 8.1 million in 2019, a 450% increase [7]. However, as mentioned previously, Turkey has yet to reach its full potential in terms of beekeeping productivity relative to other major beekeeping countries. How Turkish honey bees are being affected from a variety of stressors remains unclear as there are no extensive regular disease monitoring programs [16]. Moreover, a complete viral analysis from RNA-seq data has been lacking from most pathogen studies worldwide [17]. However, bee diseases are expected to play a large role in the decline of bee health in Turkey as they have contributed to significant honey bee losses worldwide.



Therefore, we have sampled 115 honey bee colonies across five different locations throughout the Marmara region of Turkey to comprehensively document in detail the prevalence of all major honey bee pathogens. Varroa destructor, all 14 known bee viruses, the microsporidian fungi Nosema spp. (causative agent of Nosema disease), Aspergillus spp. (causative agents of stonebrood disease), Ascosphaera apis (causative agent of chalkbrood disease), bacterial foulbrood diseases Paenibacillus larvae (causative agent of American foulbrood disease) and Melissococcus plutonius (causative agent of European foulbrood disease), were all screened for as these have been identified to play a major role in previous honey bee colony losses [18]. Here, we aim to comprehensively assess prevalence and pathogen loads, and their interactions, throughout the Marmara region of Turkey, to gain an understanding of their potential impact on honey bee health.




2. Materials and Methods


2.1. Sample Collection


Samples were collected in two batches from the brood box of standard Langstroth hives, the first batch was sampled in December 2020, from 19 colonies, located on Marmara Island (Island, N = 19). The second batch came from 96 colonies that were sampled across five different sites in July 2021: Marmara Island (Island), Karacabey, Mustafakemalpasa (MKP), Cinarcik, and Yalova, throughout the Marmara region of Turkey (Table 1). Prior to sample collection, varroa mite infestation level was determined using the sugar roll method [19]. The method involves placing around 300 collected nurse bees (1 cup) in a mason jar where they are coated with powdered sugar for 2 min. The jar is then shaken vigorously for 3 min, causing the mites to dislodge and fall through a mesh screen for collection on a white paper plate. The mites are then counted to determine the Varroa mite load with a 94% sensitivity, that is, the method will be able to identify 94% of Varroa mite infested colonies [19]. Each batch of collected bees were placed in wooden cages, where each cage consisted of 150–300 bees, and these were transported to the laboratory. Upon arrival, they were flash-frozen in liquid nitrogen and then stored at −80 °C.




2.2. Sample Processing


Flash-frozen honey bees were then transferred into one or more 50 mL falcon tubes (each tube can house up to approximately 150 honey bees) and were either homogenized immediately or stored at −80 °C prior to homogenization. Whole-bee homogenates were made by macerating 100–150 frozen honey bees per sampled colony in 15 mL of DEPC treated water using the COVIDien PrecisionTM Disposable Tissue Grinder System (Medtronic, Dublin, Ireland). The homogenization was done in three rounds for each 50 mL falcon tube; each round consisted of macerating the content of one third of a tube in 5 mL of DEPC-treated water. 50 mL Falcon tubes were used to collect 15 mL of liquid from macerated honey bees. A total of 6 aliquots, of 150 μL, were made from each 15 mL of honey bee homogenate. Each aliquot was used to screen for one of the 5 pathogens that infect honey bees, and the remaining aliquot was allocated for RNA extraction for viral screening using RNA-seq. Primers for each PCR pathogen screening method can be found in Table S1.




2.3. Pathogen Screening


2.3.1. Stonebrood (SB) Screening


Genomic DNA for SB screening was extracted from whole-bee homogenate aliquots using a custom-made lysis buffer (300 μL of buffer containing 200 mM Tris-HCl (pH 7.5), 25 mM EDTA, 0.5% w/v SDS, and 250 mM NaCl per 150 μL of homogenate) followed by a standard phenol:chloroform (1:1) extraction [20]. Assessment of DNA yield and purity was done using the NanoDrop 1000c spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA). Amplification of the β-tubulin gene of the SB-causing Aspergillus spp., and the ribosomal protein S5 (RpS5) gene of Apis mellifera was performed using PCR. RpS5 is a honey bee house-keeping gene that is expressed stably across different tissues and seasons [21,22], thus allowing for monitoring of extraction failures or PCR amplification inhibition. All PCR amplifications were performed using 2× Taq PCR MasterMix (abm, Richmond, BC, Canada) in 25 μL reactions containing 400 nM each primer targeting either Aspergillus β-tubulin or A. mellifera RpS5. PCR conditions were as follows: 95 °C for 5 min; 35 cycles of 94 °C for 45 s, 60 °C for 45 s, and 72 °C for 1 min; and 72 °C for 6 min [20]. PCR products, a positive control, and a 100 bp Opti-DNA Marker (abm, Richmond, BC, Canada) were separated by gel electrophoresis at 100 V for 30 min using 1.5% agarose gels stained with GelRed Nucleic Acid Stain (10,000× in water) (Biotium, Fremont, CA, USA). Gel visualization was performed using the Bio-Rad Gel Doc EZ Gel Documentation System (Bio-Rad, Hercules, CA, USA).




2.3.2. Chalkbrood (CB) Screening


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 [23]. Assessment of DNA yield and purity was performed using the NanoDrop 1000c spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA). Amplification of the internal transcribed spacer (ITS) region within the nuclear ribosomal repeat unit of the fungus Ascosphaera apis [24], 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 each primer, targeting either A. apis ITS or A. mellifera RpS5. 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]. PCR product evaluation was performed as above.




2.3.3. American Foulbrood (AFB) Screening


Genomic DNA for AFB screening was extracted by heating the honey bee homogenate [26]. Briefly, 800 µL of DEPC-treated water was added to a whole-bee homogenate aliquot and centrifuged at 800× g for 10 min. 200 µL of suspension from each aliquot were incubated at 95 °C for 15 min with the lids open, then centrifuged at 5000× g for 5 min. The screening was performed using a SYBR Green-based qPCR for the amplification and detection of a region in the 16S rRNA gene of P. larvae [27]. Reactions were carried out using BrightGreen 2× qPCR MasterMix (abm, Richmond, BC, Canada) in 20 µL reactions containing 5 µL of supernatant from heated honey bee homogenate and 250 nM of each primer. qPCR amplifications and detections were performed using a LightCycler® 480 System (Roche Diagnostics, Roche, Basel, Switzerland) with a program consisting of initial denaturation at 94 °C for 4 min, followed by 45 cycles of denaturation at 95 °C for 15 s and annealing and signal acquisition at 56 °C for 10 s [27]. All screenings involved no template negative controls and positive controls.




2.3.4. European Foulbrood (EFB) Screening


Genomic DNA for EFB screening was extracted using a custom-made grinding buffer (500 µL of grinding buffer containing 0.25 g guanidine thiocyanate, 26.5 µL 1 M Tris-Cl (pH 7.6), and 26.5 µL 0.2 M EDTA per 150 µL of homogenate) followed by the DNeasy Plant Mini Kit (Qiagen, Hilden, Germany) according to the manufacturer’s protocol [28]. Assessment of DNA yield and purity was performed using the NanoDrop 1000c spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA). DNA samples with A260/230 < 1.7 were subjected to PCR amplification of A. mellifera RpS5 in duplicates. Products were visualized after being separated by electrophoresis at 100 V for 30 min on 2% agarose gels stained with GelRed Nucleic Acid Stain (10,000× in water) (Biotium, Fremont, CA, USA). Gel visualization was performed using the Bio-Rad Gel Doc EZ Gel Documentation System (Bio-Rad, Hercules, CA, USA).



Samples that showed the RpS5 amplicon in both of their PCR duplicates or passed the QC using the NanoDrop 1000c spectrophotometer were subjected to EFB screening. Samples were subjected again to DNA extraction, quantity and quality assessment, and A. mellifera RpS5 amplification using PCR if one or none of their PCR duplicates produced RpS5 amplicons. EFB screening was performed using the BactoReal European Foulbrood Kit (Ingenetix GmbH, Vienna, Austria), a probe-based qPCR assay that detects the 16S rRNA gene of Melissococcus plutonius. According to the manufacturer’s protocol, reactions were carried out using TaqProbe 2× qPCR MasterMix (abm, Richmond, BC, Canada) in 20 µL, containing 5 µL of template. All screenings involved no template negative controls and positive controls supplied by the kits.




2.3.5. Nosema Screening and Semi-Quantification of Nosema Infection


Genomic DNA extraction for Nosema screening was completed using the HBRC method that relies on a custom-made buffer (300 µL of 3 mM hexadecyltrimethylammonium bromide (CTAB), 5 mM Tris-HCl, 1 mM EDTA, and 1.1 M NaCl per 150 µL of homogenate) and proteinase K, followed by a standard phenol:chloroform (1:1) extraction [29]. Assessment of DNA yield and purity was performed using the NanoDrop 1000c spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA). Co-amplification of 16S rRNA gene of Nosema apis and Nosema ceranae, and RpS5 of A. mellifera was performed using PCR [29]. All PCR amplifications were performed using 2× Taq PCR MasterMix (abm, Richmond, BC, Canada) in 25 µL reactions containing 400 nM of each primer. PCR products were separated by electrophoresis at 100 V for 30 min on 1% agarose gels stained with GelRed Nucleic Acid Stain (10,000× in water) (Biotium, Fremont, CA, USA). Gel visualization was performed using the Bio-Rad Gel Doc EZ Gel Documentation System (Bio-Rad, Hercules, CA, USA). The pixel intensity of amplified bands was measured using ImageJ v1.53k [30]. The ratio of N. apis 16S rRNA band intensity to the A. mellifera RpS5 band intensity was calculated to semi-quantify the relative abundance of N. apis for each sample. Similarly, the ratio of N. ceranae 16S rRNA band intensity to the A. mellifera RpS5 band intensity was calculated to semi-quantify the relative abundance of N. ceranae for each sample.




2.3.6. RNA Extraction, Quality Control (QC), and Sequencing for Viral Screening


RNA extraction was performed using the EcoPURE Total RNA Kit (ECOTECH Biotechnology, Erzurum, Turkey) according to the manufacturer’s protocol. The lysis buffer from the kit was mixed with β-mercaptoethanol in a volume ratio of 100:1. An on-column DNase I treatment step was applied during RNA extraction. Briefly, a 10 µL reaction containing 1 U of DNase I and 10× Reaction Buffer I (EURx, Gdańsk, Poland) was added to each column and columns were then incubated at 37 °C for 15 min for complete digestion of DNA. Preliminary assessment of total RNA yield and purity, and integrity was done using NanoDrop 1000c spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA). RNA integrity was assessed using the ‘bleach gel’ method [31]. Briefly, RNA was separated by electrophoresis for 35 min on 1% agarose gels mixed with 0.5% household bleach (6% sodium hypochlorite) prior to melting. Representative samples with different RNA concentrations, levels of degradation and intensities of 28S and 18S rRNA bands were assessed further for integrity and amount using the Agilent 2100 Bioanalyzer with the RNA 6000 Nano Kit (Agilent Technologies, Santa Clara, CA, USA), according to the manufacturer’s protocol and quantified using the QuantiFluor RNA System (Promega, Madison, WI, USA). Heat denaturation, a standard step in integrity assessment of RNA that is used to destroy secondary structures, was not performed prior to running the Agilent 2100 Bioanalyzer as it results in the fragmentation of 28S rRNA into two similarly sized fragments that migrate closely with 18S rRNA in honey bees [32].



RNA concentrations ranged between 60–389 ng/µL based on results from the NanoDrop 1000c spectrophotometer. Concentrations of representative samples (n = 26) determined using the QuantiFluor RNA System were higher than the ones determined using the NanoDrop 1000c spectrophotometer for the same samples. RNA A260/280 and A260/230 values ranged between 2.0–2.2, and 2.0–2.3, respectively. Migration profiles of RNA samples in bleach gels showed a variety of degradation levels. Samples with highly degraded RNA were re-extracted. Pure RNA with low to medium degradation, and intact 28S and 18S rRNA bands (regardless of intensity) were sent to Novogene Corporation Inc. (Cambridge, UK) for sequencing. Libraries that passed the quality control were sequenced on an Illumina NovaSeq 6000, generating ≥ 30 million paired-end 150 bp reads (PE150) per sample for 113 samples. Library construction failed for 2 out of the 115 samples so these were removed from further analysis.




2.3.7. Quality Control and Pre-Processing of RNA-seq Reads for Viral Identification and Quantification


Quality Control (QC) of raw reads was completed using FastQC v0.11.7, and QC reports were summarized using MultiQC v1.12 [33]. Adapter and N base trimming of raw reads was accomplished using Cutadapt v2.5 [34] with the following options: -a agatcggaagagcacacgtctgaactccagtca -A agatcggaagagcgtcgtgtagggaaagagtgt --trim-n --max-n 0.1 m 25. The trimmed reads were aligned to the Apis mellifera genome assembly (Amel_HAv3.1) containing the genomes of 14 different RNA viruses that are known to infect honey bees. These viruses are acute bee paralysis virus (ABPV), NC_002548.1; aphid lethal paralysis virus (ALPV), NC_004365.1; Bee Macula-like virus, NC_027631.1; Big Sioux River virus (BSRV), NC_035184.1; black queen cell virus (BQCV), NC_003784.1; chronic bee paralysis virus (CBPV), NC_010711.1, NC_010712.1; deformed wing virus (DWV), NC_004830.2; Israeli acute paralysis virus (IAPV), NC_009025.1; Kakugo virus (KV), AB070959.1; Kashmir bee virus (KBV), NC_004807.1; Lake Sinai virus (LSV), NC_032433.1; sacbrood virus (SBV), NC_002066.1; slow bee paralysis virus (SBPV), NC_014137.1; Varroa destructor virus-1 (VDV1), NC_006494.1. The alignment was done using HISAT2 v2.2.1 [35] with --rna-strandness set to RF.



The produced SAM files containing the alignments were sorted based on coordination, converted to BAM format, and indexed. BAM entries of reads aligned to viral genomes were extracted and reads mapped to each viral genome were counted. Sorting, conversion, indexing, extraction, and counting reads aligning only to viral genomes were completed using Samtools v1.14 [36]. The ratio of number of reads aligned to the viral genome to the total number of reads for each virus was calculated as means to quantify viral loads in samples.





2.4. Statistical Analysis and Visualization


Prevalence of pathogens was calculated as the number of pathogen-positive colonies divided by the number of total sampled colonies. A pathogen-positive colony is any colony with at least one Varroa mite detected, in the case of Varroa, a pathogen-specific PCR product detected regardless of the intensity, in the case of fungal pathogens, sharp increase in fluorescent signal, in the case of bacterial pathogens, and/or more than 50 RNA-seq reads aligned to viral genomes, in the case of viruses. Differences between proportions of pathogen-positive colonies from different sampling apiary locations were assessed using Fisher’s exact test. Differences in pathogen levels between colonies from different sampling apiary locations were assessed using the Kruskal–Wallis test followed by Dunn’s test with the Benjamini-Hochberg correction for multiple pairwise comparisons. Separate analyses were made for each site to obtain an overview of the prevalence of each pathogen within each sampling site.



Relationships between pathogens were examined using generalized mixed linear models (GLMMs). For Varroa mites counts, a negative binomial GLMM was built with all other pathogens as fixed predictors. For SB and AFB, binomial GLMMs were built with all other pathogens as fixed predictors. For Nosema, zero-inflated Gamma GLMMs were constructed with all other pathogens as fixed predictors. For viral infections, negative binomial GLMMs were built with viral read counts as the response variable and all other pathogens and an offset for total number of RNA-seq reads to account for different sequencing depths as fixed predictors. When possible, additional models were built per pathogen that also include the ABPV-BQCV interaction, DWV-KV-VDV1 interactions, or ABPV-BQCV and DWV-KV-VDV1 interaction. Variations associated with geographical locations and batches were accounted for by including them as random effects in each model. GLMMs with and without interactions were tested for differences in residual deviance using the likelihood ratio test (LRT). Insignificant differences in residual deviance between two models indicates that they fit the data similarly, and therefore the model with the least complexity (less/no interaction effects) will be chosen per pathogen. Model residuals, over-/under-dispersion, outliers, and zero-inflation were checked using a simulation-based approach via the package DAHRMa v0.4.5 [37]. Continuous predictors were standardized prior to model fitting. All GLMMs were fitted by maximum likelihood with Laplace approximation using the ‘glmer’ function for binomial GLMMs and ‘glmer.nb’ for negative binomial GLMMs of the R package lme4 v1-1.27.1 [38]. Zero-inflated Gamma models using the function ‘glmmTMB’ of the R package glmmTMB v1.1.3 [39]. Negative binomial GLMs were fitted by maximum likelihood using the ‘glm.nb’ function of the R package MASS v7.3-54 [40]. Coefficient estimates, significance and 95% confidence intervals were retrieved from models using the ‘get_model_data’ function of the package sjPlot v2.8.9 [41]. All analyses and visualizations were performed in R 4.1.0 [42]. Boxplots were created using the packages ggpubr v0.4 [43], while barplots and Model coefficient estimate plots were created using the package ggplot2 v3.3.5 [44]. The Nature Publishing Group (NPG) color palette used in plots was retrieved from ggsci v2.9 [45].





3. Results


3.1. Prevalence of Pathogens


Varroa mite prevalence did not significantly vary across the 5 sampling locations (Fisher’s exact test: p = 0.08, Figure 1). The difference in proportions of N. ceranae infected colonies across the different sampling locations was significant (Fisher’s exact test: p < 0.001, Figure 1), while N. apis was not detected in any of the colonies. CB was not detected in any of the colonies, while the variation of SB across the locations was significant (Fisher’s exact test: p < 0.01, Figure 1) The difference in proportions of AFB infected colonies across the different sampling locations was significant (Fisher’s exact test: p < 0.001). Because EFB prevalence was the lowest, it was dropped from further analyses.



Varroa mite counts vary significantly across the different sampling locations (Kruskal–Wallis test: H = 23.41, df = 4, p < 0.001; Figure 2A). Similarly, N. ceranae levels also vary significantly across the different sampling locations (Kruskal–Wallis test: H = 72.33, df = 4, p < 0.001; Figure 2B).



Chronic bee paralysis virus (CBPV), Israeli acute paralysis virus (IAPV), and slow bee paralysis virus (SBPV) were not detected in any of the sampled colonies; while Big Sioux River virus (BSRV) and Kashmir bee virus (KBV) the number of RNA-seq reads aligning to their genomes per sample is less than 50 reads. Therefore, these viruses were not analyzed further. VDV1, BQCV, DWV, and KV were found in nearly 100% of the colonies sampled and the prevalence did not significantly differ by sampling location (Figure 3). The difference in ABPV prevalence across the different sampling locations is significant (Fisher’s exact test: p < 0.001, Figure 3). The difference in LSV and BeeMLV prevalence across the different sampling locations was significant (Fisher’s exact test: p < 0.001, Figure 3). Aphid lethal paralysis virus (ALPV) was detected only in 11.76% and 5.88% of colonies located on the Marmara Island and in Yalova; while sacbrood virus (SBV) was only detected in 11.76% of colonies located in Yalova (Figure 3).



Both VDV1 and BQCV levels were not significantly different in colonies from different locations (VDV1: H = 8.73, df = 4, p = 0.68; BQCV: H = 5.83, df = 4, p = 0.21; Figure 4A,B); while DWV, KV, and ABPV levels were significantly different (DWV: H = 27.92, df = 4, p < 0.001; KV: H = 27.4, df = 4, p < 0.001; ABPV: H = 20.83, df = 4, p < 0.001; Figure 4C–E). Colonies located on the Marmara Island had significantly lower DWV levels compared to ones located in Karacabey (Dunn’s test: adj-p < 0.001, Figure 4C) and Yalova (Dunn’s test: p < 0.001, Figure 4C). They also had significantly lower KV levels compared to ones located in Karacabey (Dunn’s test: adj-p < 0.001, Figure 4D), MKP (Dunn’s test: adj-p < 0.01, Figure 4D), and Yalova (Dunn’s test: adj-p < 0.01, Figure 4D). In contrast, the same colonies have significantly higher levels of ABPV compared to ones located in MKP (Dunn’s test: adj-p < 0.05, Figure 4E) and Yalova (Dunn’s test: adj-p < 0.05, Figure 4E). Colonies located in Karacabey have significantly higher ABPV levels compared to Cinarcik (Dunn’s test: adj-p < 0.05, Figure 4E), MKP (Dunn’s test: adj-p < 0.01, Figure 4E), and Yalova (Dunn’s test: adj-p < 0.01, Figure 4E). The levels of the less prevalent viruses, ALPV, BeeMLV, LSV, and SBV at least two orders of magnitude less than that of VDV1, BQCV, DWV, KV, and ABPV (Figure 4F–I). Therefore, they were dropped from further analyses.




3.2. Relationships between Honey Bee Pathogens


3.2.1. Non-Viral Infections


For Varroa mites counts, SB and AFB prevalence, and Nosema levels, negative binomial generalized linear models (GLMMs), binomial GLMMs, and zero-inflated GLMMs were built with all other pathogens as fixed predictors, respectively. Per disease, four GLMMs were compared for their goodness of fit: the first model included the ABPV-BQCV interaction, the second model included DWV-KV-VDV1 pairwise interactions, the third model included the ABPV-BQCV interaction as well as the DWV-KV-VDV1 pairwise interactions, and fourth model did not include any interactions. Differences in residual deviance between models with and without interactions for all pathogens were not significant (Supplementary Table S2). Therefore, the models without interactions were further examined. The Varroa-specific GLMM (NB Varroa GLMM) revealed positive association between Varroa mite counts and SB prevalence (NB Varroa GLMM: SB estimate = 0.88, p < 0.001; Figure 5A). This relationship was also seen in the SB-specific GLMM (SB GLMM: Varroa estimate = 1.5, p < 0.01; Figure 5B). NB Varroa GLMM also showed a negative association between Varroa mite counts and N. ceranae levels (NB Varroa GLMM: Nosema estimate = −0.39, p < 0.05; Figure 5A). However, this relationship was not seen in the Nosema-specific GLMM (ziGamma Nosema GLMM: Varroa estimate = −0.13, p = 0.36; Figure 5D). In fact, N. ceranae were not associated with any pathogen (Figure 5D). Similarly, AFB prevalence was not associated with any pathogen (Figure 5C).




3.2.2. Viral Infections


For each of ABPV and BQCV, two NB GLMMs were built with all other pathogens as fixed predictors and compared for their goodness of fit: the first one included DWV-KV-VDV1 pairwise interactions, while the second one included no interactions. Differences in residual deviance between models with and without interactions for all pathogens were not significant (Supplementary Table S2). Therefore, for both ABPV and BQCV, the models without interactions were examined further. As for DWV, KV, and VDV1, four GLMMs were built per virus with all other pathogens as fixed predictors and compared for their goodness of fit: the first model included the ABPV-BQCV interaction (this model did not converge for DWV), the second model included any two of the DWV-KV-VDV1 depending on the response variable, the third model included the ABPV-BQCV interaction as well as the DWV-KV-VDV1 pairwise interactions, and fourth model did not include any interactions. Differences in residual deviance between models with and without interactions for all pathogens were not significant (Supplementary Table S2). Differences in residual deviance between the model without interactions and models with KV-VDV1, DWV-VDV1, and DWV-KV were significant for DWV (LRT: χ2 = 18.67, df = 3, p < 0.001; Supplementary Table S2), KV (LRT: χ2 = 13.6, df = 1, p < 0.001; Supplementary Table S2), and VDV1 (LRT: χ2 = 17.16, df = 1, p < 0.001; Supplementary Table S2). In addition, the difference in residual deviance between the VDV1 model with all interactions and the one without any interactions was also significant (LRT: χ2 = 17.16, df = 1, p < 0.001; Supplementary Table S2), and the model with interactions was compared to the one with the DWV-KV interaction. The difference in residual deviance between these two was not significant (LRT: χ2 = 3.4, df = 2, p = 0.18). Therefore, the models with KV-VDV1, DWV-VDV1, and DWV-KV interactions were examined further for DWV, KV, and VDV1, respectively.



The ABPV-specific GLMM (NB ABPV GLMM) revealed negative association between ABPV levels and N. ceranae levels (NB ABPV GLMM: Nosema estimate = −0.7, p < 0.01; Figure 6A) and positive association between ABPV levels and VDV1 levels. However, the first relationship was not seen in the ziGamma Nosema GLMM (Figure 5D) and the second one was also not seen in the VDV1-specific GLMM (NB VDV1 GLMM: ABPV estimate = −0.02, p = 0.85; Figure 6E). BQCV levels were not associated with any pathogens (Figure 6B). The DWV-specific GLMM revealed positive associations between DWV levels and Varroa mite counts (NB DWV GLMM: Varroa estimate = 0.22, p < 0.05; Figure 6C), as well as KV (NB DWV GLMM: KV estimate = 1.56, p < 0.001; Figure 6C) and VDV1 levels (NB DWV GLMM: VDV1 estimate = 0.44, p < 0.001; Figure 6C). The first relationship was not seen in the NB Varroa GLMM (NB Varroa GLMM: DWV estimate = 0.23, p = 0.2; Figure 5A), while the last two relationships were seen in the KV-specific GLMM (NB KV GLMM: DWV estimate = 1.19, p < 0.001; Figure 6D) and the VDV1-specific GLMM (NB VDV1 GLMM: DWV estimate = 0.77, p < 0.001; Figure 6E), respectively. The NB DWV GLMM also revealed a negative association between DWV levels and the interaction between KV and VDV1 levels (NB DWV GLMM: KV × VDV1 estimate = −0.98, p < 0.001; Figure 6C). In addition to DWV levels, the NB KV GLMM revealed a positive association between KV and VDV1 (NB KV GLMM: VDV1 estimate = 0.85, p < 0.001; Figure 6D). This relationship was also seen in the NB VDV1 GLMM (NB VDV1 GLMM: KV estimate = 0.93, p < 0.001; Figure 6E). The NB KV GLMM also revealed a negative association between KV levels and the interaction between DWV and VDV1 levels (NB KV GLMM: DWV × VDV1 estimate = −0.83, p < 0.001; Figure 6D). Similarly, the NB VDV1 GLMM also revealed a negative association between VDV1 levels and the interaction between DWV and KV levels (NB VDV1 GLMM: KV × DWV estimate = −0.66, p < 0.001; Figure 6E).






4. Discussion


Here, we show that at least one Varroa mite is present in 90.4% of colonies sampled located in the southern Marmara region. It is important to point out that the sugar-roll method used here can recover up to 94% of Varroa mites from sampled nurse bees per colony [19]. Consequently, colonies with low levels of mites cannot be classified as Varroa mite-positive and mite counts from Varroa mite-positive colonies are 94% accurate. Therefore, it is possible that all colonies sampled are positive for Varroa mites and that mite counts are larger than what we found. Nevertheless, the prevalence of Varroa mites reported here is alarmingly higher than ones reported by two large-scale studies that examined Varroa mite prevalence across all regions of Turkey in different years [46,47], and a study that examined honey bee diseases in the southern Marmara region [48]. Two more recent large-scale studies identified a Varroa mite prevalence rate as low as 14.7% in Kırklareli [49] and as high as 100% [50] in Tekirdağ from the northern Marmara region. The increase in Varroa mite prevalence over the years has been also observed in Hatay and Adana from the Mediterranean region, where it was as low as 32% in 2003 [51] and as high as 100% in 2006–2007 [52,53]. This is similar to the increase seen in the Eastern Anatolia region, where it was as low as 25.6% between 2002–2004 in Elaziğ [54] and as high as 93–100% in Erzurum [55], Hakkari [56], and Kars [57]. The current Varroa mite prevalence, as well as its increase over the years, is consistent with that reported for other countries such as Estonia [58], Norway [59], Uruguay [60,61], and the US [62,63,64].



Varroa mites are active and passive vectors of more than a dozen bee-infecting viruses [65]. Therefore, we screened for those viruses using RNA sequencing (RNA-seq). Contrary to studies that reported a prevalence rate between 0–35.5% for ABPV, 20.2–32% for BQCV, 23–44.7% for DWV, 0–25% for CBPV, 0–6.5% for IAPV, 2.7–22.3% for SBV and 0% for KBV in different regions of Turkey [66,67,68,69]; we found alarmingly higher prevalence rate for ABPV (74.8%), BQCV (100%), DWV (100%), and absence of CBPV and IAPV. We detected SBV and KBV in 7% and 2.4% of the sampled colonies, respectively. Additionally, we report a prevalence rate of 56.5% for LSV, a virus that was very recently detected in Varroa mites sampled from İzmir and Muğla [70], 99.1% for KV, and 100% for VDV1. We suspect the distribution of viruses is likely due to the rise of Varroa mite infestations in Turkey because the viruses documented here, with nearly 100% prevalence, are the ones known to be vectored by Varroa mites and these could be competing and eliminating other possible viral infections once inside the host [64]. Although some sites have lower Varroa mite counts, they are still present as indicated by the high prevalence of Varroa mites for all sites. The lower number of mites appear to be sufficient for vectoring the viruses in a colony and because the viruses can be vertically transmitted [71], so it is likely that the viral population will grow once first introduced into a bee colony. In addition, except for ABPV, BQCV, DWV, KV, and VDV1, viral levels were very low, suggesting that those infections are covert (i.e., lack of symptoms with minimal or no effect on performance and lifespan).



Stonebrood (SB) is a honey bee disease caused by Aspergillus spp., two of which, A. flavus and A. fumigatus, are the primary pathogens. SB is rare because natural A. flavus and A. fumigatus infections are unsuccessful, though they can occasionally multiply, in honey bee colonies [72]. Thus, SB is considered to be of minor importance to beekeepers. Here, we show that Aspergillus spp. That cause SB are present in 65.2% of colonies, from which nurse bees were examined, located in the southern Marmara region. Previous studies reported SB prevalence of 2%, 4.5%, 6.4%, and 14.3% in Erzurum from the Eastern Anatolia region [55], and Tekirdağ [73], Istanbul [74], and Kırklareli [49] from the northern Marmara region, respectively. This contrast between prevalence rates based on clinical symptoms of SB and the presence of Aspergillus spp. that cause SB is expected because Aspergillus spp. can be present in adult bees from non-SB-infected colonies. Alone, these Aspergillus spp. cannot establish a disease outbreak unless colonies are affected by multiple stressors (e.g., Varroa mite infestation, viral infections, etc.) that compromise individual and social immunity. However, it has been shown that A. flavus can overcome immune responses and establish an infection [75], so we assessed at least the potential for a SB outbreak within a colony.



Chalkbrood (CB) is a honey bee brood disease caused by the fungi Ascosphaera apis, often regarded as an opportunistic pathogen. Both its outbreak and severity depends on a multitude of interacting stress-related factors, as in SB [76]. Adult bees, though responsible for spore transmission, are not susceptible to A. apis. The pathogen, however, can reside in adult bees [77,78] as nurse bees transmit the spore-contaminated food, in addition to being in close proximity to the infected brood, and removing the infected or dead larvae. Therefore, we screened for CB in nurse bees using PCR and found none of the sampled colonies to be infected. This is the first study that reports the absence of CB in the Marmara region, as many studies that examined CB prevalence located in the Marmara region between 2003–2013 reported a prevalence rate up to 36.3% [48,73,74,77]. However, our results are in concordance with that from a recent nation-wide study which reported a prevalence rate of 2.2% for CB [79]. The absence of CB could be due to the fact that we are sampling adult bees and it is more likely to be found infecting the brood. However, in general it is considered to be an opportunistic pathogen and generally not found at high levels within honey bee colonies [80].



American foulbrood (AFB) and European foulbrood (EFB) are two honey bee brood diseases caused by the bacteria Paenibacillus larvae and Melissococcus plutonius, respectively. Worker bees, though not susceptible, can be used for the monitoring of AFB and EFB [81,82]. We therefore screened for AFB and EFB in nurse bees using qPCR and found a prevalence rate of 31.3% and 6.1%, respectively, in sampled colonies from the southern Marmara region. A southern Marmara-region wide study examining AFB and EFB prevalence microbiologically in 2001 did not detect P. larvae, but detected M. plutonius in 5% of the sampled colonies [48]. An Istanbul-wide study examining honey samples with combs detected P. larvae and M. plutonius in 3.2% and 5.8% of the samples, respectively [74]. Both of these studies point out to the low prevalence of AFB and EFB compared to that reported by a large-scale study that found 29% and 19% prevalence for AFB and EFB, respectively, in Hatay and Adana between 2006–2007 [53]. The higher amounts of AFB is surprising given that this foulbrood is the one that is heavily managed because the bacteria is so persistent in the environment. Typically, these infections must be reported, the treatments are swift and dramatic to prevent its spread [83]. We did notice clinical signs of AFB when sampling for bees, the colonies had an odd odor with diseased brood, these colonies also appeared to have lower amounts of honey stored as well.



Nosema is a globally prevalent adult honey bee disease caused by the two microsporidian parasite species Nosema ceranae and Nosema apis. In this study, we found none of the sampled colonies to be infected with N. apis, and N. ceranae in 64.3% of all sampled colonies located in the southern Marmara region. The N. ceranae prevalence rate reported here is higher than what was reported by previous studies in the Marmara region [46,50,73,84], but consistent with that reported by recent studies in the Aegean [85], Black Sea [86], and Eastern Anatolia region [87]. Our results are all also consistent with that reported from Belgium [88], Iran [89], Bulgaria [90], Canada [91,92], and the US [64].



Altogether, we show that the majority of colonies are infested with Varroa mites and infected with N. ceranae, Aspergillus spp., ABPV, BQCV, DWV, KV, and VDV1. Since Aspergillus spp. can only cause SB in colonies that are weakened by multiple stressors, it is possible for those colonies with Varroa mite infestation and multiple infections to develop symptoms of SB. Interestingly, we found that with the Marmara Island and Karacabey honey bee colonies there is an overall lower prevalence of pathogens, which suggests that with certain beekeeping practices and environmental conditions it is possible to reduce the honey bee disease burden in the Marmara region of Turkey. Marmara Island is isolated from other bee colonies, which may reduce horizontal transmission opportunities from other apiaries that result in increased disease loads (Fries and Camazine 2001). In addition, regular treatment for Nosema ceranae and Varroa mites have been conducted at this apiary location throughout the beekeeping season and subsequently these colonies have the lowest abundance of Nosema ceranae and Varroa mites in comparison to most of the other sampling locations. Because SB is positively correlated with Varroa mite levels this could explain why there are lower SB levels in the Marmara Island region as well. Given that the Varroa mite was so pervasive in comparison to the other bee pathogens and likely to be responsible for vectoring the pervasive of SB, ABPV, BQCV, DWV, KV, and VDV1, management practices geared towards keeping Varroa mite numbers in check for all beekeepers appears to be critical for maintaining honey bee colony health in Turkey.



Overall, the pathogen loads for the bee colonies in Turkey appear to be increasing. For the non-viral infections, we found an interesting positive relationship between Varroa mites and SB. There could be a number of explanations for this relationship, but this supports the notion that Varroa mites can serve as a vector for this bee disease as well by transmitting SB spores horizontally from one individual to the next as this particular parasitic bee fungi has been found on the outside cuticle of Varroa mites [93]. As for viruses, ABPV was found to be negatively associated with Nosema, but positively associated with VDV1. Our findings support the notion that there might be a complex double-repressor relationship between ABPV/DWV/Varroa and LSV/Nosema. The viruses may be competing to use the same machinery to replicate and they may be in competition with LSV, which may facilitate a Nosema ceranae infection [64]. ABPV has been associated with Varroa mite infested colonies as it is vectored by this mite as well as VDV1, which is a likely explanation for why we observe the positive relationship between the two [94]. Therefore, ABPV could be key in facilitating the more virulent pathogen, VDV1, which is linked more directly to colony losses worldwide [95]. In contrast, BQCV did not interact with any other pathogens, but was very prevalent in all colonies sampled at low levels. Therefore, this parasite may act in parallel with other diseases in colonies that have multiple infections, which eventually results in colony collapse.



Our results suggest that DWV, KV, and VDV1 seem to form an interesting disease complex where if there is one other present, then levels are positively associated with each other, but if two other viruses are present within the complex, then there is a negative relationship. Therefore, even though these viruses are closely related to one another and can potentially recombine [96], they may be competing with one another, causing them to take independent evolutionary trajectories to increase their fitness levels. The positive relationship between the presence of one other virus within the complex highlights the importance of reducing DWV and KV infections even though these may not be as virulent as the VDV1 virus because their presence can increase the chances and disease load of honey bees being infected with the more virulent VDV1 [97,98]. When both viruses are present, then the amount of VDV1 is lower, but this probably is due to the general competition of resources within the host from three different viruses and from multiple infections the health of the bee may be severely affected [99]. It is interesting to note that although KV was not positively associated with Varroa mites, it was prevalent and played a role in the main interactions among the DWV and VDV1 bee viruses found in the honey bee colonies.



In summary, as evidenced here, bee diseases are widespread and abundant throughout the Marmara region of Turkey. Varroa mites appear to be a central problem for beekeeping in Turkey because as shown here they are associated with prevalence and high loads of viral infections as well as the opportunistic parasitic fungi, SB. More research is needed to understand how the prevalent viruses are interacting with one another inside the bee host and how this translates to increased virulence and bee mortality such that a colony might collapse. Nonetheless, here we present documentation of one aspect that has played a major role in the worldwide bee health declines, which may lead to further investigation of how these prevalent diseases may lead to colony collapse in Turkey.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/vetsci9100573/s1, Table S1: Primers used for molecular pathogen screenings. SB: stonebrood, CB: chalkbrood, AFB: American foulbrood, CER: Nosema ceranae, APIS: Nosema apis, RpS5: ribosomal protein S5 of Apis mellifera.; Table S2: Comparisons in residual deviance between models containing no interactions, ABPV-BQCV interaction, DWV-KV-VDV1 interactions, and ABPV-BQCV and DWV-KV-VDV1 interactions using the likelihood ratio test for each pathogen. χ2: Chi-square statistic, Df: degrees of freedom.





Author Contributions


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




Funding


This research was funded by The Scientific and Technological Research Institution of Turkey (TUBITAK), grant number: 119Z251.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


The data and scripts used for the analysis for this study are publicly available at: https://github.com/hasimhko/tr-honeybee-disease-prev (accessed on 1 September 2022).




Acknowledgments


We would like to thank İbrahim Çakmak for help with the sample collection, Stuart Lucas for help with RNA-seq data generation and analysis, as well as Burak Onbaşı, Dalya Koprulu, Rahaf Elshanawany, and Rukiye-ayshe Egeli for help with sample processing and pathogen screening.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



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]

	



Potts, S.G.; Imperatriz-Fonseca, V.; Ngo, H.T.; Aizen, M.A.; Biesmeijer, J.C.; Breeze, T.D.; Dicks, L.V.; Garibaldi, L.A.; Hill, R.; Settele, J.; et al. Safeguarding Pollinators and Their Values to Human Well-Being. Nature 2016, 540, 220–229. [Google Scholar] [CrossRef] [PubMed]

	



Kandemir, I.; Kence, M.; Sheppard, W.S.; Kence, A. Mitochondrial DNA Variation in Honey Bee (Apis mellifera L.) Populations from Turkey. J. Apic. Res. 2006, 45, 33–38. [Google Scholar] [CrossRef]

	



Kandemir, I.; Kence, M.; Kence, A. Genetic and Morphometric Variation in Honeybee (Apis mellifera L.) Populations of Turkey. Apidologie 2000, 31, 343–356. [Google Scholar] [CrossRef]

	



Turkish Statistical Institute Data Portal of Statistics, Agriculture. Available online: https://data.tuik.gov.tr/Kategori/GetKategori?p=Agriculture-111 (accessed on 25 August 2022).

	



Özkırım, A. Beekeeping in Turkey: Bridging Asia and Europe. In Asian Beekeeping in the 21st Century; Chantawannakul, P., Williams, G., Neumann, P., Eds.; Springer: Singapore, 2018; pp. 41–69. [Google Scholar]

	



Food and Agriculture Organization of the United Nations. FAOSTAT, Crops and Livestock Products. Available online: https://www.fao.org/faostat/en/#data/QCL (accessed on 25 August 2022).

	



Çakmak, S.S.; Çakmak, İ. Beekeeping and Recent Colony Losses in Turkey. Uludağ Arıcılık Derg. 2016, 16, 31–48. [Google Scholar] [CrossRef]

	



Goulson, D.; Nicholls, E.; Botías, C.; Rotheray, E.L. Bee Declines Driven by Combined Stress from Parasites, Pesticides, and Lack of Flowers. Science 2015, 347, 1255957. [Google Scholar] [CrossRef] [PubMed]

	



Potts, S.G.; Biesmeijer, J.C.; Kremen, C.; Neumann, P.; Schweiger, O.; Kunin, W.E. Global Pollinator Declines: Trends, Impacts and Drivers. Trends Ecol. Evol. 2010, 25, 345–353. [Google Scholar] [CrossRef]

	



Naug, D. Nutritional Stress Due to Habitat Loss May Explain Recent Honeybee Colony Collapses. Biol. Conserv. 2009, 142, 2369–2372. [Google Scholar] [CrossRef]

	



Broadrup, R.L.; Mayack, C.; Schick, S.J.; Eppley, E.J.; White, H.K.; Macherone, A. Honey Bee (Apis mellifera) Exposomes and Dysregulated Metabolic Pathways Associated with Nosema Ceranae Infection. PLoS ONE 2019, 14, e0213249. [Google Scholar] [CrossRef]

	



Mayack, C.; Boff, S. LD50 Values May Be Misleading Predictors of Neonicotinoid Toxicity across Different Bee Species. Uludağ Arıcılık Derg. 2019, 19, 19–33. [Google Scholar] [CrossRef]

	



Mayack, C.; Macherone, A.; Zaki, A.G.; Filiztekin, E.; Özkazanç, B.; Koperly, Y.; Schick, S.J.; Eppley, E.J.; Deb, M.; Ambiel, N.; et al. Environmental Exposures Associated with Honey Bee Health. Chemosphere 2022, 286, 131948. [Google Scholar] [CrossRef] [PubMed]

	



Siviter, H.; Bailes, E.J.; Martin, C.D.; Oliver, T.R.; Koricheva, J.; Leadbeater, E.; Brown, M.J.F. Agrochemicals Interact Synergistically to Increase Bee Mortality. Nature 2021, 596, 389–392. [Google Scholar] [CrossRef] [PubMed]

	



Tozkar, C.Ö.; Kence, M.; Kence, A.; Huang, Q.; Evans, J.D. Metatranscriptomic Analyses of Honey Bee Colonies. Front. Genet. 2015, 6, 100. [Google Scholar] [CrossRef]

	



Brettell, L.E.; Schroeder, D.C.; Martin, S.J. RNAseq of Deformed Wing Virus and Other Honey Bee-Associated Viruses in Eight Insect Taxa with or without Varroa Infestation. Viruses 2020, 12, 1229. [Google Scholar] [CrossRef]

	



Evans, J.D.; Schwarz, R.S. Bees Brought to Their Knees: Microbes Affecting Honey Bee Health. Trends Microbiol. 2011, 19, 614–620. [Google Scholar] [CrossRef] [PubMed]

	



Çakmak, İ.; Çakmak, S.S.; Fuchs, S.; Yenïnar, H. Balarısı Kolonilerinde Varroa Bulaşıklık Seviyesinin Belirlenmesinde Pudra Şekeri ve Deterjan Yönteminin Karşılaştırılması. Uludağ Arıcılık Derg. 2011, 11, 63–68. [Google Scholar]

	



Nasri, T.; Hedayati, M.T.; Abastabar, M.; Pasqualotto, A.C.; Armaki, M.T.; Hoseinnejad, A.; Nabili, M. PCR-RFLP on β-Tubulin Gene for Rapid Identification of the Most Clinically Important Species of Aspergillus. J. Microbiol. Methods 2015, 117, 144–147. [Google Scholar] [CrossRef]

	



Jeon, J.H.; Moon, K.; Kim, Y.; Kim, Y.H. Reference Gene Selection for QRT-PCR Analysis of Season- and Tissue-Specific Gene Expression Profiles in the Honey Bee Apis mellifera. Sci. Rep. 2020, 10, 13935. [Google Scholar] [CrossRef]

	



Thompson, G.J.; Yockey, H.; Lim, J.; Oldroyd, B.P. Experimental Manipulation of Ovary Activation and Gene Expression in Honey Bee (Apis mellifera) Queens and Workers: Testing Hypotheses of Reproductive Regulation. J. Exp. Zool. Part Ecol. Genet. Physiol. 2007, 307, 600–610. [Google Scholar] [CrossRef]

	



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]

	



James, R.R.; Skinner, J.S. PCR Diagnostic Methods for Ascosphaera Infections in Bees. J. Invertebr. Pathol. 2005, 90, 98–103. [Google Scholar] [CrossRef] [PubMed]

	



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, 1–20. [Google Scholar] [CrossRef] [PubMed]

	



Govan, V.A.; Allsopp, M.H.; Davison, S. A PCR Detection Method for Rapid Identification of Paenibacillus Larvae. Appl. Environ. Microbiol. 1999, 65, 2243–2245. [Google Scholar] [CrossRef]

	



Rossi, F.; Amadoro, C.; Ruberto, A.; Ricchiuti, L. Evaluation of Quantitative PCR (QPCR) Paenibacillus Larvae Targeted Assays and Definition of Optimal Conditions for Its Detection/Quantification in Honey and Hive Debris. Insects 2018, 9, 165. [Google Scholar] [CrossRef] [PubMed]

	



Forsgren, E.; Budge, G.E.; Charrière, J.-D.; Hornitzky, M.A.Z. Standard Methods for European Foulbrood Research. J. Apic. Res. 2013, 52, 1–14. [Google Scholar] [CrossRef]

	



Hamiduzzaman, M.M.; Guzman-Novoa, E.; Goodwin, P.H. A Multiplex PCR Assay to Diagnose and Quantify Nosema Infections in Honey Bees (Apis mellifera). J. Invertebr. Pathol. 2010, 105, 151–155. [Google Scholar] [CrossRef]

	



Schneider, C.A.; Rasband, W.S.; Eliceiri, K.W. NIH Image to ImageJ: 25 Years of Image Analysis. Nat. Methods 2012, 9, 671–675. [Google Scholar] [CrossRef]

	



Aranda, P.S.; LaJoie, D.M.; Jorcyk, C.L. Bleach Gel: A Simple Agarose Gel for Analyzing RNA Quality. Electrophoresis 2012, 33, 366–369. [Google Scholar] [CrossRef]

	



Winnebeck, E.C.; Millar, C.D.; Warman, G.R. Why Does Insect RNA Look Degraded? J. Insect Sci. Online 2010, 10, 159. [Google Scholar] [CrossRef]

	



Ewels, P.; Magnusson, M.; Lundin, S.; Käller, M. MultiQC: Summarize Analysis Results for Multiple Tools and Samples in a Single Report. Bioinformatics 2016, 32, 3047–3048. [Google Scholar] [CrossRef]

	



Martin, M. Cutadapt Removes Adapter Sequences from High-Throughput Sequencing Reads. EMBnet. J. 2011, 17, 10–12. [Google Scholar] [CrossRef]

	



Kim, D.; Paggi, J.M.; Park, C.; Bennett, C.; Salzberg, S.L. Graph-Based Genome Alignment and Genotyping with HISAT2 and HISAT-Genotype. Nat. Biotechnol. 2019, 37, 907–915. [Google Scholar] [CrossRef] [PubMed]

	



Li, H.; Handsaker, B.; Wysoker, A.; Fennell, T.; Ruan, J.; Homer, N.; Marth, G.; Abecasis, G.; Durbin, R. 1000 Genome Project Data Processing Subgroup the Sequence Alignment/Map Format and SAMtools. Bioinformatics 2009, 25, 2078–2079. [Google Scholar] [CrossRef]

	



Hartig, F. DHARMa-Residual Diagnostics for HierARchical Models 2022. Available online: https://github.com/florianhartig/DHARMa (accessed on 4 July 2022).

	



Bates, D.; Mächler, M.; Bolker, B.; Walker, S. Fitting Linear Mixed-Effects Models Using Lme4. J. Stat. Softw. Artic. 2015, 67, 1–48. [Google Scholar] [CrossRef]

	



Brooks, M.E.; Kristensen, K.; van Benthem, K.J.; Magnusson, A.; Berg, C.W.; Nielsen, A.; Skaug, H.J.; Mächler, M.; Bolker, B.M. GlmmTMB Balances Speed and Flexibility Among Packages for Zero-Inflated Generalized Linear Mixed Modeling. R J. 2017, 9, 378–400. [Google Scholar] [CrossRef]

	



Venables, B.; Ripley, B. Modern Applied Statistics with S, 4th ed.; Springer: New York, NY, USA, 2002. [Google Scholar]

	



Lüdecke, D. SjPlot: Data Visualization for Statistics in Social Science 2021. Available online: https://CRAN.R-project.org/package=sjPlot (accessed on 27 July 2022).

	



R Core Team. R: A Language and Environment for Statistical Computing; R Foundation for Statistical Computing: Vienna, Austria, 2021. [Google Scholar]

	



Kassambara, A. ggpubr: ‘ggplot2’ Based Publication Ready Plots. 2020. Available online: https://CRAN.R-project.org/package=ggpubr (accessed on 22 September 2021).

	



Wickham, H. ggplot2: Elegant Graphics for Data Analysis; Springer: New York, NY, USA, 2016. [Google Scholar]

	



Xiao, N. ggsci: Scientific Journal and Sci-Fi Themed Color Palettes for ‘gplot2’. 2018. Available online: https://github.com/nanxstats/ggsci (accessed on 4 July 2022).

	



Çakmak, İ.; Aydın, L.; Gulegen, E.; Wells, H. Varroa (Varroa Destructor) and Tracheal Mite (Acarapis Woodi) Incidence in the Republic of Turkey. J. Apic. Res. 2003, 42, 57–60. [Google Scholar] [CrossRef]

	



Ütük, A.E.; Pïşkïn, F.Ç.; Denïz, A.; Balkaya, İ. Varroosis ve nosemosis üzerine retrospektif bir çalışma. Etlik Vet. Mikrobiyoloji Derg. 2011, 22, 11–15. [Google Scholar]

	



Çakmak, İ.; Aydın, L.; Güleğen, A.E. Güney marmara bölgesinde balarısı zararlı ve hastalıkları. Uludag Bee J. 2003, 3, 33–35. [Google Scholar]

	



Bayrakal, G.; Dümen, E.; Ekïcï, G.; Akkaya, H.; Sezgïn, F.H. Detection and Molecular Examination of Pathogens in Honey and Bees in the Northern Marmara Region, Turkey. Kafkas Üniversitesi Vet. Fakültesi Derg. 2020, 26, 313–319. [Google Scholar] [CrossRef]

	



Muz, D.; Muz, M.N. Investigation of Some Pathogens “Colony Loss Syndrome” Resembled Losses Apiaries in Tekirdağ. Kocatepe Vet. J. 2017, 10, 21–28. [Google Scholar]

	



Şahïnler, N.; Gül, A. Hatay Yöresinde Bulunan Arıcılık İşletmelerinde Arı Hastalıklarının Araştırılması. Uludağ Arıcılık Derg. 2005, 5, 27–31. [Google Scholar]

	



Muz, M.N.; Yaman, M.; Karakavuk, M.; Solmaz, H. Kış Salkımı erken bozulan Arı Kolonilerinde Paraziter ve Bakteriyel Patojenler. Üzüncü Il Üniversitesi Vet. Fakültesi Derg. 2012, 23, 147–150. [Google Scholar]

	



Yalçınkaya, A.; Keskin, N. The Investigation of Honey Bee Diseases after Colony Losses in Hatay and Adana Provinces of Turkey. Mellifera 2010, 10, 24–31. [Google Scholar]

	



Şïmşek, H. Elazığ yöresi bal arılarında bazı parazit ve mantar hastalıklarının araştırılması. Ank. Üniversitesi Vet. Fakültesi Derg. 2005, 52, 123–126. [Google Scholar]

	



Balkaya, İ. Erzurum Yöresi Arıcılarının Karşılaştıkları Bal Arısı Hastalıkları. Atatürk Üniversitesi Vet. Bilim. Derg. 2016, 11, 273–281. [Google Scholar] [CrossRef]

	



Aydın, A. Hakkari Yöresinde Varroasis’in Yaygınlığı. Üzüncü Il Üniversitesi Vet. Fakültesi Derg. 2012, 23, 129–130. [Google Scholar]

	



Önk, K.; Kılıç, Y. Kars yöresindeki bal arılarında varroosis’in yaygınlığı. Uludağ Arıcılık Derg. 2014, 14, 69–73. [Google Scholar] [CrossRef]

	



Mõtus, K.; Raie, A.; Orro, T.; Chauzat, M.-P.; Viltrop, A. Epidemiology, Risk Factors and Varroa Mite Control in the Estonian Honey Bee Population. J. Apic. Res. 2016, 55, 396–412. [Google Scholar] [CrossRef]

	



Dahle, B. The Role of Varroa Destructor for Honey Bee Colony Losses in Norway. J. Apic. Res. 2010, 49, 124–125. [Google Scholar] [CrossRef]

	



Anido, M.; Branchiccela, B.; Castelli, L.; Harriet, J.; Campá, J.; Zunino, P.; Antúnez, K. Prevalence and Distribution of Honey Bee Pests and Pathogens in Uruguay. J. Apic. Res. 2015, 54, 532–540. [Google Scholar] [CrossRef]

	



Antúnez, K.; Invernizzi, C.; Mendoza, Y.; vanEngelsdorp, D.; Zunino, P. Honeybee Colony Losses in Uruguay during 2013–2014. Apidologie 2017, 48, 364–370. [Google Scholar] [CrossRef]

	



Kulhanek, K.; Steinhauer, N.; Rennich, K.; Caron, D.M.; Sagili, R.R.; Pettis, J.S.; Ellis, J.D.; Wilson, M.E.; Wilkes, J.T.; Tarpy, D.R.; et al. A National Survey of Managed Honey Bee 2015–2016 Annual Colony Losses in the USA. J. Apic. Res. 2017, 56, 328–340. [Google Scholar] [CrossRef]

	



Seitz, N.; Traynor, K.S.; Steinhauer, N.; Rennich, K.; Wilson, M.E.; Ellis, J.D.; Rose, R.; Tarpy, D.R.; Sagili, R.R.; Caron, D.M.; et al. A National Survey of Managed Honey Bee 2014–2015 Annual Colony Losses in the USA. J. Apic. Res. 2015, 54, 292–304. [Google Scholar] [CrossRef]

	



Traynor, K.S.; Rennich, K.; Forsgren, E.; Rose, R.; Pettis, J.; Kunkel, G.; Madella, S.; Evans, J.; Lopez, D.; vanEngelsdorp, D. Multiyear Survey Targeting Disease Incidence in US Honey Bees. Apidologie 2016, 47, 325–347. [Google Scholar] [CrossRef]

	



Fujiyuki, T.; Ohka, S.; Takeuchi, H.; Ono, M.; Nomoto, A.; Kubo, T. Prevalence and Phylogeny of Kakugo Virus, a Novel Insect Picorna-Like Virus That Infects the Honeybee (Apis mellifera L.), under Various Colony Conditions. J. Virol. 2006, 80, 11528–11538. [Google Scholar] [CrossRef]

	



Çağirgan, A.A.; Yazıcı, Z. The Prevalence of Seven Crucial Honeybee Viruses Using Multiplex RT-PCR and Theirphylogenetic Analysis. Turk. J. Vet. Anim. Sci. 2021, 45, 44–55. [Google Scholar] [CrossRef]

	



Kalayci, G.; Çağirgan, A.A.; Kaplan, M.; Pekmez, K.; Beyazit, A.; Ozkan, B.; Yesıloz, H.; Arslan, F. The Role of Viral and Parasitic Pathogens Affected by Colony Losses in Turkish Apiaries. Kafkas Üniversitesi Vet. Fakültesi Derg. 2020, 26, 671–677. [Google Scholar] [CrossRef]

	



Gumusova, S.O.; Albayrak, H.; Kurt, M.; Yazici, Z. Prevalence of Three Honey Bee Viruses in Turkey. Vet. Arh. 2010, 80, 779–785. [Google Scholar]

	



Rüstemoğlu, M.; Sïpahïoğlu, H.M. Occurrence and Molecular Characterization of Acute Bee Paralysis Virus (ABPV) in Honeybee (Apis mellifera) Colonies in Hakkari Province. Üzüncü Il Üniversitesi Tarım Bilim. Derg. 2016, 26, 174–182. [Google Scholar]

	



Çağirgan, A.A.; Kaplan, M.; Pekmez, K.; Arslan, F. Türkiye’de Varroa Akarlarında Lake Sinai Virus (LSV)’ un İlk Tespiti. Atatürk Üniversitesi Vet. Bilim. Derg. 2022, 17, 16–19. [Google Scholar]

	



Chen, Y.P.; Pettis, J.S.; Collins, A.; Feldlaufer, M.F. Prevalence and Transmission of Honeybee Viruses. Appl. Environ. Microbiol. 2006, 72, 606–611. [Google Scholar] [CrossRef] [PubMed]

	



Bailey, L. Honey Bee Pathology. Annu. Rev. Entomol. 1968, 13, 191–212. [Google Scholar] [CrossRef]

	



Sıralı, R.; Doğaroğlu, M. Survey Results on Honeybee Pests and Diseases in Thracian Region of Turkey. Uludag Bee J. 2005, 33, 56–62. [Google Scholar]

	



Dümen, E.; Akkaya, H.; Öz, G.; Sezgin, F. Microbiological and Parasitological Quality of Honey Produced in İstanbul. Turk. J. Vet. Anim. Sci. 2013, 37, 602–607. [Google Scholar] [CrossRef]

	



Foley, K.; Fazio, G.; Jensen, A.B.; Hughes, W.O.H. The Distribution of Aspergillus Spp. Opportunistic Parasites in Hives and Their Pathogenicity to Honey Bees. Vet. Microbiol. 2014, 169, 203–210. [Google Scholar] [CrossRef]

	



Evison, S.E. Chalkbrood: Epidemiological Perspectives from the Host–Parasite Relationship. Curr. Opin. Insect Sci. 2015, 10, 65–70. [Google Scholar] [CrossRef]

	



Borum, A.E.; Ülgen, M. Güney Marmara Bölgesindeki Bal Arılarının Chalkbrood (Ascosphaera apis) İnfeksiyonunda Predispozisyon Faktörleri. Uludağ Arıcılık Derg. 2010, 10, 56–69. [Google Scholar]

	



Maxfield-Taylor, S.A.; Mujic, A.B.; Rao, S. First Detection of the Larval Chalkbrood Disease Pathogen Ascosphaera Apis (Ascomycota: Eurotiomycetes: Ascosphaerales) in Adult Bumble Bees. PLoS ONE 2015, 10, e0124868. [Google Scholar] [CrossRef]

	



Sevim, A.; Akpınar, R.; Karaoğlu, Ş.A.; Bozdeveci, A.; Sevim, E. Prevalence and Phylogenetic Analysis of Ascosphaera Apis (Maassen Ex Claussen) LS Olive & Spiltoir (1955) Isolates from Honeybee Colonies in Turkey. Biologia 2022, 1, 1–11. [Google Scholar] [CrossRef]

	



Aronstein, K.A.; Murray, K.D. Chalkbrood Disease in Honey Bees. J. Invertebr. Pathol. 2010, 103, S20–S29. [Google Scholar] [CrossRef]

	



Gillard, M.; Charriere, J.D.; Belloy, L. Distribution of Paenibacillus Larvae Spores inside Honey Bee Colonies and Its Relevance for Diagnosis. J. Invertebr. Pathol. 2008, 99, 92–95. [Google Scholar] [CrossRef] [PubMed]

	



Roetschi, A.; Berthoud, H.; Kuhn, R.; Imdorf, A. Infection Rate Based on Quantitative Real-Time PCR of Melissococcus Plutonius, the Causal Agent of European Foulbrood, in Honeybee Colonies before and after Apiary Sanitation. Apidologie 2008, 39, 362–371. [Google Scholar] [CrossRef]

	



Genersch, E. American Foulbrood in Honeybees and Its Causative Agent, Paenibacillus Larvae. J. Invertebr. Pathol. 2010, 103, S10–S19. [Google Scholar] [CrossRef]

	



Aydin, L.; Cakmak, I.; Gulegen, E.; Wells, H. Honey Bee Nosema Disease in the Republic of Turkey. J. Apic. Res. 2005, 44, 196–197. [Google Scholar] [CrossRef]

	



Kartal, S.; Tunca, R.İ.; Özgül, O.; Karabağ, K.; Koç, H. Microscopic and Molecular Detection of Nosema sp. In the southwest aegean region. Uludağ Arıcılık Derg. 2021, 21, 8–20. [Google Scholar] [CrossRef]

	



Yilmaz, F.; Öztürk, S.H.; Kuvanci, A.; Kayaboynu, Ü.; Karataş, Ü.; Kaya, S.; Derebaşi, E.; Buldağ, M. Doğu Karadeniz Bölgesinde Nosema apis ve Nosema ceranae’nın Epidemiyolojisi. Arıcılık Araşt. Derg. 2018, 10, 34–44. [Google Scholar]

	



Oğuz, B.; Karapinar, Z.; Dïnçer, E.; Değer, M.S. Molecular Detection of Nosema Spp. and Black Queen-Cell Virus in Honeybees in Van Province, Turkey. Turk. J. Vet. Anim. Sci. 2017, 41, 221–227. [Google Scholar] [CrossRef]

	



Matthijs, S.; De Waele, V.; Vandenberge, V.; Verhoeven, B.; Evers, J.; Brunain, M.; Saegerman, C.; De Winter, P.J.J.; Roels, S.; de Graaf, D.C.; et al. Nationwide Screening for Bee Viruses and Parasites in Belgian Honey Bees. Viruses 2020, 12, 890. [Google Scholar] [CrossRef]

	



Mohammadian, B.; Bokaie, S.; Moharrami, M.; Nabian, S.; Forsi, M. Distribution of Nosema Spp. in Climatic Regions of Iran. Vet. Res. Forum 2018, 9, 259–263. [Google Scholar] [CrossRef]

	



Shumkova, R.; Georgieva, A.; Radoslavov, G.; Sirakova, D.; Dzhebir, G.; Neov, B.; Bouga, M.; Hristov, P. The First Report of the Prevalence of Nosema Ceranae in Bulgaria. PeerJ 2018, 6, e4252. [Google Scholar] [CrossRef]

	



Emsen, B.; De la Mora, A.; Lacey, B.; Eccles, L.; Kelly, P.G.; Medina-Flores, C.A.; Petukhova, T.; Morfin, N.; Guzman-Novoa, E. Seasonality of Nosema Ceranae Infections and Their Relationship with Honey Bee Populations, Food Stores, and Survivorship in a North American Region. Vet. Sci. 2020, 7, 131. [Google Scholar] [CrossRef] [PubMed]

	



Emsen, B.; Guzman-Novoa, E.; Hamiduzzaman, M.M.; Eccles, L.; Lacey, B.; Ruiz-Pérez, R.A.; Nasr, M. Higher Prevalence and Levels of Nosema Ceranae than Nosema Apis Infections in Canadian Honey Bee Colonies. Parasitol. Res. 2016, 115, 175–181. [Google Scholar] [CrossRef] [PubMed]

	



Benoit, J.B.; Yoder, J.A.; Sammataro, D.; Zettler, L.W. Mycoflora and Fungal Vector Capacity of the Parasitic Mite Varroa Destructor (Mesostigmata: Varroidae) in Honey Bee (Hymenoptera: Apidae) Colonies. Int. J. Acarol. 2004, 30, 103–106. [Google Scholar] [CrossRef]

	



Ball, B.V.; Allen, M.F. The Prevalence of Pathogens in Honey Bee (Apis mellifera) Colonies Infested with the Parasitic Mite Varroa Jacobsoni. Ann. Appl. Biol. 1988, 113, 237–244. [Google Scholar] [CrossRef]

	



Highfield, A.C.; El Nagar, A.; Mackinder, L.C.M.; Noël, L.M.-L.J.; Hall, M.J.; Martin, S.J.; Schroeder, D.C. Deformed Wing Virus Implicated in Overwintering Honeybee Colony Losses. Appl. Environ. Microbiol. 2009, 75, 7212–7220. [Google Scholar] [CrossRef]

	



Moore, J.; Jironkin, A.; Chandler, D.; Burroughs, N.; Evans, D.J.; Ryabov, E.V.Y. 2011 Recombinants between Deformed Wing Virus and Varroa Destructor Virus-1 May Prevail in Varroa Destructor-Infested Honeybee Colonies. J. Gen. Virol. 2011, 92, 156–161. [Google Scholar] [CrossRef]

	



McMahon, D.P.; Natsopoulou, M.E.; Doublet, V.; Fürst, M.; Weging, S.; Brown, M.J.F.; Gogol-Döring, A.; Paxton, R.J. Elevated Virulence of an Emerging Viral Genotype as a Driver of Honeybee Loss. Proc. R. Soc. B Biol. Sci. 2016, 283, 20160811. [Google Scholar] [CrossRef]

	



Ryabov, E.V.; Wood, G.R.; Fannon, J.M.; Moore, J.D.; Bull, J.C.; Chandler, D.; Mead, A.; Burroughs, N.; Evans, D.J. A Virulent Strain of Deformed Wing Virus (DWV) of Honeybees (Apis mellifera) Prevails after Varroa Destructor-Mediated, or In Vitro, Transmission. PLOS Pathog. 2014, 10, e1004230. [Google Scholar] [CrossRef]

	



Remnant, E.J.; Mather, N.; Gillard, T.L.; Yagound, B.; Beekman, M. Direct Transmission by Injection Affects Competition among RNA Viruses in Honeybees. Proc. R. Soc. B Biol. Sci. 2019, 286, 20182452. [Google Scholar] [CrossRef]








[image: Vetsci 09 00573 g001 550] 





Figure 1. The prevalence of Varroa mites (Varroa), Nosema ceranae (Nosema), stonebrood (SB), American foulbrood (AFB), and European foulbrood (EFB) in terms of a percentage found at a colony level. Each color represents a different sampling apiary location within the Marmara region of Turkey. Statistical significance was determined using Fisher’s exact test. *** p ≤ 0.001, ** p ≤ 0.01, not significant (ns) p > 0.05. 
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Figure 2. Median and inter-quartile range differences in Varroa mite count (A) and N. ceranae relative abundance (B) of colonies sampled from the five different apiary locations. Each color corresponds with a different sampling location. The sample size (n) is indicated below each box plot. Pairwise comparisons were done using Dun’s test and only significant differences were shown. **** p ≤ 0.0001, *** p ≤ 0.001, ** p ≤ 0.01. 
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Figure 3. Prevalence of 9 out of the 14 honey bee viruses screened for that were detected in appreciable amounts. Each color represents one of the five apiary sampling locations. Statistical significance was determined using Fisher’s exact test. **** p ≤ 0.0001, *** p ≤ 0.001, ** p ≤ 0.01, * p ≤ 0.05, not significant (ns) p > 0.05. 
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Figure 4. Relative abundance (viral reads/total reads) of VDV1 (A), BQCV (B), DWV (C), KV (D), ABPV (E), LSV (F), BeeMLV (G), ALPV (H), and SBV (I). Each color represents one of the five apiary sampling locations. Statistical significance was determined using the Kruskal–Wallis test followed by Dunn’s test for VDV1, BQCV, DWV, KV, and ABPV. Only significant differences were shown. *** p ≤ 0.001, ** p ≤ 0.01, * p ≤ 0.05, not significant (ns) p > 0.05. 
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Figure 5. Standardized estimates from the GLMM analysis of Varroa mites (A), SB (SB) (B), American foulbrood (AFB) (C), and N. ceranae (D). Green lines indicate 95% confidence intervals that have an overall positive relationship while red lines indicate a negative relationship. * p < 0.05, ** p < 0.01 and *** p < 0.001. 
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Figure 6. Standardized estimates from the GLMM analysis of Acute Bee Paralysis Virus (ABPV) (A), Black Queen Cell Virus (BQCV) (B), deformed wing virus (DWV) (C), Kakugo Virus (KV) (D), and Varroa Destructor Virus-1 (VDV1) (E). Green lines indicate 95% confidence intervals that have an overall positive relationship, while red lines indicate a negative relationship. * p < 0.05, ** p < 0.01 and *** p < 0.001. 






Figure 6. Standardized estimates from the GLMM analysis of Acute Bee Paralysis Virus (ABPV) (A), Black Queen Cell Virus (BQCV) (B), deformed wing virus (DWV) (C), Kakugo Virus (KV) (D), and Varroa Destructor Virus-1 (VDV1) (E). Green lines indicate 95% confidence intervals that have an overall positive relationship, while red lines indicate a negative relationship. * p < 0.05, ** p < 0.01 and *** p < 0.001.



[image: Vetsci 09 00573 g006]







[image: Table] 





Table 1. The date, name, location, and number of colonies sampled of the five different apiaries within the Marmara region of Turkey during 2020 and 2021 for pathogen screening.
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	Date
	Name of Location
	GPS Coordinates
	Sample Size





	December 2020
	Marmara Island (Island)
	40.6227° N, 27.6175° E
	19



	July 2021
	Marmara Island (Island)
	40.6227° N, 27.6175° E
	32



	
	Karacabey
	40.2160° N, 28.3590° E
	21



	
	Mustafakemalpasa (MKP)
	40.0394° N, 28.4052° E
	12



	
	Cinarcik
	40.6452° N, 29.1192° E
	14



	
	Yalova
	40.6549° N, 29.2842° E
	17
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