Supplementary
Bee specimen sampling.
All beekeepers unbiasedly sampled the bees at their own hives. An open 50 ml falcon tube was used to capture adult worker bees within an open hive by using a scooping motion, and once 3-5 bees were in the tube, the lid was capped on and sealed. The tube was placed within a -20 °C freezer for 24 hours, to humanely euthanise the specimens. The sampling was reviewed for ethical considerations by the internal Animal Research Ethics Committee at UKCEH (REC code: AREC0007). The beekeepers using tweezers and sterile gloves, carefully deposited the specimens within a 5 ml tube containing 2 ml of DNA/RNA shield (Zymo). The tubes were then posted back to the UKCEH using a first-class postal system. Upon receipt the beekeepers’ information was recorded, and the samples were stored in -20 °C prior to extraction.
Digestive tract excision:
All individual tissue excisions took place on their own sterile petri dish. Each individual bee was decapitated with scissors to detach the digestive system. A pair of tweezers were then clamped on the tip of the abdomen with the right hand and another pair of tweezers in the left hand were placed on the middle of the bees’ thorax. Using the right hand the tweezers pulled away the abdomen, exposing the digestive tract of the bees on the petri dish (the crop, the midgut and the hindgut). This tissue was placed in the lysis buffer, as described in the main body of text, ready for DNA extraction. All equipment was placed in a 1 % solution of sodium hypochlorite, then dried and reused for further excisions.
qPCR methodology.
[bookmark: _Hlk216180807]The abundance of N. ceranae and N. apis, was quantified through the following conditions;
[bookmark: _Hlk188635281]To 5 µl solution of Thermo-Scientific Fast Advanced Taq Master Mix, 1 µl of primer mix, comprised of 1 µM forward and reverse primers with 0.25 µm of probe solution (Table 1), 1.5 µl of molecular grade water, and 1 ng of DNA template was added to a 10 µl reaction volume. Thermocycling conditions first imposed an initial denaturation stage at 95 °C for 5 mins, proceeded by 45 cycles of amplification with 95 °C for 10 secs and 65 °C for 30 secs.
Synthetic oligonucleotide DNA standards (gBlocks) were designed from published sequences and were used to produce a standard curve from which pathogenic gene copies could be calculated. Only runs where standard curves had efficiency values ranging between >90-110 %, and r2 values of at least 0.99 were included in analysis [1]. To maximise this calculation, at least four of the eight dilutions were used to improve standard curve efficiency [2].
Absolute quantification was used to generate Cycle Threshold (Cq) values calculated from the amplification plots produced on the LightCycler software. Samples were considered positive for disease when both replicates had a Cq value <35. Samples and standards had two replicates per plate, and if one sample replicate was reported as having a difference greater than 1 Cq from the other, these reactions were repeated. Further, to account for potential contamination negative controls and extraction blanks were included in the analysis, none of which amplified. 
The gene copy for each pathogen was calculated using the formula:
                              Xo = Eamp(b-Cq), 
where Xo = gene copy number, Eamp = efficiency of standard curve, b = y intercept and the Cq = the average Cq for each sample [3]. 
Sequences of G blocks
-Nosema apis – accession code - U97150.1:
CCATTGCCGGATAAGAGAGTCCGTTATCCTTCGGGAAATCTCTAAACTTTGACCTGAGGGAGGTCAGGCATGATAGTGAGGCTCTATCACTCCGCTGAACTGAGTTGTGTTCTTAAATGGTGTATTGAACCAGGCGATTTTGTTCCTATACTCTTAACTGAGTTGTATCCTAAGGGAACACCTTTTCTCCTACAAGCAAGGCCTTAAAGGTATGCTGGCGTGCAAGCGCGATATTGATGTTTTGTTTTTCTCTTGGGAGTTTTTGGTGG
-Nosema ceranae – accession code - DQ486027.1:
ATCCTTGGGGTGAGTAGACCCATTGCCGGATAAAAGAGTCCGTTACCCTTCGGGGAATCTTAAGTCTTTCTTCTAAGAAAGTAGGGCAAGCTATGCTCTTGGGATGTGAGATCCAGTGCCGGTTGGGAGAAGCCGTTACCCTTCGGGGAATCTTCAAAAAACACACAACCTGGGGGAGGGTTTGGCAAGCTGCTGACGCCGTAGCATTTGCGTTGGATCAGGTCAGATCCTTAAACTGACGATTGAGTCAGCGTGTTATCCCTAGAACCCTGCTCAGCGCAGTCACGGTCTTC 
16s rRNA amplification and sequencing.
The 16s rRNA amplification of the samples was conducted via the following conditions;
To 10 µl of Q5 high-fidelity buffer, 10 µl of GC buffer, 0.5 µl of DNA polymerase, 0.1 µl of 100 µm of forward and reverse primers, 1 µl of 20 mM of DNTPs, and 2.4ng of template DNA was added to a 47.6 µl reaction volume. Thermocycling commenced with an initial stage of 95 °C for 2 mins, followed by 30 cycles of amplification with a denaturation stage of 95 °C for 15 secs, proceeded by an annealing stage of 50 °C for 30 secs and a final extension of 72 °C for 30 secs. Amplicons were purified using the Qiagen QIAquick PCR purification kit and protocol.
Purified DNA was subsequently individually indexed through the following conditions;
To 5 µl of Q5 high-fidelity buffer, 5 µl of GC buffer, 0.25 µl of DNA polymerase, 0.5 µl of 20 mM of DNTPs, 7.25 µl of molecular grade water, 2 µl of purified DNA and 5 µl of index primer mix. Reactions were initiated with temperature of 95 °C for 2 mins, followed by 8 cycles of 95 °C for 15 secs, 55 °C for 30 secs and 72 °C for 30 secs. Indexed samples were normalised with a Norgen Biotek normalisation kit and procedure. Samples were pooled and the library was concentrated using a vacuum concentrator, that was loaded onto a gel and extracted by using a Qiagen QIAquick gel extraction kit and guidelines. A 445 bp library was sequenced at a concentration of 7 pm via a V3 kit onto an Illumina Miseq platform.
Statistical analysis.
The Shannon diversity index was employed to analyse alpha diversity due to its sensitivity to low-abundance taxa, which are more likely to respond to environmental variation than dominant species, in contrast to other diversity measures [4]. The selection of models and transformations of data was applied based on information provided by residual plots. The PERMANOVA approach was selected because it accommodates non-normally distributed ecological data and complex multivariate structures. To evaluate the effects of biotic and abiotic factors on the overall bee gut microbiome community, sequence data from each sample was aggregated to calculate the mean relative abundance of each taxon (species/genus) across defined factor levels. 
The envfit approach was chosen as it is a robust method for assessing relationships between variables and patterns in community compositions. In addition, the permutation tests associated with this protocol do not require parametric restrictions [5]. The ANCOM-BC multivariate analysis was selected because it was specifically developed for compositional microbiome count data and can accommodate both categorical and continuous predictor variables, while accounting for biases arising from differences in sampling fractions between samples [6].
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