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      This study identified key genes and pathways associated with host specificity in Gilliamella, with a predominant focus on carbohydrate and
amino acid metabolism. The pathway profiles revealed interesting functional traits, such as Functional Group 1's ability to produce vitamin K
while lacking the vitamin B1 biosynthesis pathway. Additionally, functional groups associated with A. cerana were found to lack the pathway for
pentachlorophenol degradation, possibly reflecting the population's exposure history to this pesticide. These findings provide new insights into
the metabolic capabilities and ecological roles of Gilliamella, paving the way for further studies on its role in the bee host. Interesting future
research could explore Gilliamella's involvement in environmental detoxification, such as pentachlorophenol degradation, and its contribution to
pathogen defense through RiPP-dependent bacteriocin production.

Table 3      Gilliamella  functional groups classified by key functional traits. Each functional group is defined by its
primary role in pathogen defense or specialized metabolism
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           Gilliamella, a core genus in the honey bee (Apis spp.) gut microbiome, plays an essential role in bee health by aiding in food
digestion, promoting growth, and defending against pathogens. It has been shown to degrade pectin (a key component of pollen cell
walls), detoxify harmful sugars, and protect bees from pathogens. Different strains of Gilliamella exhibit various metabolic functions,
including the production of thiopeptides, which inhibit the growth of the bee pathogen Melissococcus plutonius [1]. This metabolic
diversity suggests that Gilliamella strains confer distinct benefits to their bee hosts depending on their specific capabilities.
          Although Gilliamella strains show high similarity in their 16S rRNA gene sequences (>99%), they display significant genetic
variation across other genomic regions, with up to 40% variation in gene content. Studies using average nucleotide identity (ANI) of
whole genome sequences have classified Gilliamella into 15 distinct species, highlighting its greater diversity beyond what is indicated
by 16S rRNA alone [2, 3].
           While Gilliamella shows some degree of host specificity, research on the functional roles of these strains is still limited.
Understanding these functions could provide valuable insights into both the role of Gilliamella and the broader ecology of the honey bee
hosts. This study seeks to explore whether Gilliamella groups are host-specific and to identify the genes and pathways associated with
these host-specific strains. In addition, it aims to classify Gilliamella into functional groups, offering a deeper understanding of  its role in
the bee gut microbiome.

 To determine if groups of Gilliamella are specific to their honey bee hosts and to identify the genes and  pathways   
        with that are associated with host specificity.

 To classify Gilliamella strains into functional groups based on their genomic and metabolic capabilities.
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Figure 1      (Left)  Manhattan plot showing genome-wide association of 5425 Gilliamella genes with honey bee hosts (A. cerana and A. mellifera).
Red points indicate 1224 genes significantly associated with hosts (Bonferroni p < 0.05). (Right) Volcano plot showing log2 odds ratios vs. -log10
Bonferroni p-values. Positive log2 odds ratios indicate association with A. cerana (346 genes). Negative log2 odds ratios indicate association with
A. mellifera (878 genes). A total of 4659 genes outside the scale range were excluded.

Figure 2      Venn diagram showing reconstructed pathways of
Gilliamella from A. cerana and A. mellifera host by MinPath, 
mapped to the MetaCyc Metabolic Pathway database. 

Table 2     Top 5 Pathways associated with A. cerana and
A. mellifera host

Table 1     Top 10 genes associated with A. cerana and
A. mellifera  host

PATHWAYS PROFILES AND BGCs

Figure 3   Heatmap displaying hierarchical clustering of Gilliamella strains into 8 functional groups, based on all (379)
pathways using Ward's hierarchical clustering (Ward.D2) and a binary dissimilarity matrix. The heatmap shows the top 48
pathways contributing most to dissimilarity. Genomospecies classifications at the 95% ANI threshold are color-coded, and host
species (A. mellifera and A. cerana) are indicated for each strain.

Figure 4     (Left)  Non-metric Multidimensional Scaling (NMDS) plot illustrating the dissimilarity in pathways between strains of Gilliamella, 
colored by functional groups and shaped by host species (A. mellifera and A. cerana). The analysis was performed using Jaccard dissimilarity. 
Stress = 0.204 indicates a moderate fit. The clustering of pathways based on functional group was tested using ANOSIM (Jaccard dissimilarity),
yielding an R statistic of 0.964 and a significance level of 0.001 (999 permutations). (Right)  UpSet plot showing the presence and overlap of
pathways across eight functional groups of Gilliamella, based on hierarchical clustering of pathways. Each bar represents the intersection of
pathways shared among the functional groups, while the set sizes indicate the total number of pathways present in each functional group.

Figure 5       (Left) Stacked bar plot showing the distribution of Biosynthetic Gene Clusters (BGCs) across Gilliamella functional groups, highlighting the
metabolic diversity within each group. (Right) Overview of Biosynthetic Gene Cluster (BGC) families classified by BiG-SCAPE. The lack of matches to
known MIBiG references highlights the potential novelty and unexplored biosynthetic potential within Gilliamella, making these BGCs interesting
candidates for further functional characterization and experimental validation. CDPS refers to tRNA-dependent cyclodipeptide synthases, 
NRP-metallophore denotes non-ribosomal peptide metallophores, NRPS stands for non-ribosomal peptide synthetase, RiPP-like represents
unspecified ribosomally synthesised and post-translationally modified peptide products, and T1PKS refers to Type I Polyketide synthase.
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