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Abstract

Question: The large earth bumble bee (Bombus terrestris) maintains a social core gut-microbiota,
similar as known from the honey bee, which plays an important role for host health and resistance.
Experiments under laboratory conditions with commercial hives are limited to these vertically
transmitted microbes and neglect variability by environmental influences and external acquisition of
microbes. Various environmental and landscape-level factors may have an impact on the gut-
microbiota of pollinating insects, with consequences for pollinator health and fitness in
agroecosystems. Still, it is not fully clear whether access to a higher vs lower flower diversity will have
a significant influence on the bumble bee microbiota. Here, we tested in a semi-field experiment how
strongly the bumble bee microbiota changes over time when exposed to different flower diversities
within outdoor flight cages. We used commercial hives to distinguish between vertically and
horizontally transmitted bacteria, respectively from the nest environment or the exposed outside

environment.

Result: The sequential sampling of foraging workers over a period of 35 days indicated a
temporal progression of the bumble bee microbiota when exposed to outside conditions. The
microbiota became not only more diverse, but changed in composition and variability over time. We
observed a major increase in relative abundance of the families Lactobacillaceae, Bifidobacteriaceae
and Weeksellaceae. In contrast, major core taxa like Snodgrassella and Gilliamella declined in their

relative abundance over time. The genus Lactobacillus showed a high diversity and strain specific
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turnover, so that only specific ASVs showed an increase over time, while others had a more erratic
occurrence pattern. Exposure to different flower diversities had no significant influence on the bumble
bee microbiota.

Conclusion: The bumble bee microbiota showed a dynamic temporal progression with distinct
compositional changes and diversification over time. The exposure of bumble bees to environmental
conditions, or environmental microbes, increases dissimilarity and changes the gut-community
composition compared to laboratory rearing conditions. This shows the importance of environmental

influences on the temporal dynamic and progression of the bumble bee microbiota.
Scope statement:

Bumble bees (Bombus terrestris) are, next to the honey bee, commercially important pollinators
and widely used to enhance crop pollination service within greenhouse environments. They host a
similar, but characteristic, set of core-microbiota which are of known importance for bumble bee
health. Despite this, bumble bees harbor their own specific set of symbionts, which do not occur within
the honey bee and seem to be more easily influenced by colonization of environmental microbes. While
experiments under controlled lab-based rearing conditions often lack the influence of environmental
or landscape-level drivers, field-based observation can often not resolve the influence of a single factor.
One major unresolved question is which environmental factor influences the microbiota of social
pollinators by environmental microbes. Especially whether monocultures (low flower diversity) are
per se rather detrimental to microbiota composition compared to more balanced and diverse pollen
provisions (high flower diversity). Within this article, we investigated the influence of different flower
diversities as potential drivers of the bumble bee gut-microbiota under semi-field conditions. We used
outdoor cages which contained a flower diversity gradient to specifically test how a low and high

diversity of flower resources could influence the bumble bee microbiota over time.

1 Introduction

Bumble bees play an important role for ecosystem service worldwide, due to their role as
pollinators for a large variety of plants (Klein et al., 2007; Garibaldi et al., 2013). They are of high
commercial value, as they can be used for the pollination of various agricultural-grown plants within
field environments (Goulson, 2003; Nayak et al., 2020) and are bred for commercial use in glasshouse
environments (Velthuis and Van Doorn, 2006). On some crops, e.g. tomatoes, they are even more

effective in pollination than honey bees, due to characteristics like buzz pollination (Vallejo-Marin,
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2022), and given the current threats of diseases and parasites as VVarroa mites to honey bees, alternative
native species are in need to maintain crop and wild plant seed sets (Kevan et al., 1990; Garibaldi et
al., 2013; Parrefio et al., 2022). To preserve the vital services that bumble bees provide to ecosystems
and agriculture, it is essential to prioritize their health and conservation. Especially in agricultural
landscapes, increased land use intensity and monocultures cumulate several stressors like pesticides
and lowered nutritional quality with negative effects on bumble bee health and colony fitness (Straub
et al., 2023). Likewise to other insect groups, bumble bee diversity and abundance has been declining
for decades with lower reproduction success in agricultural landscapes compared to urban
environments (Williams and Osborne, 2009; Samuelson et al., 2018). Major issues are the reduction in
floral resources and diversity of food plants as well as the lack of appropriate nesting sites (Goulson et
al., 2008). Additional stressors are the excessive use of pesticides and the introduction of novel
pathogens due to international trading (Colla et al., 2006; Stanley and Raine, 2016).

Microbes play an essential role for bee health and resistance, as they help not only with digestion
and nutrient uptake (Zheng et al., 2017; Bonilla-Rosso and Engel, 2018), but provide protection against
stressors like pathogens, parasites and toxins (Engel et al., 2012; Cariveau et al., 2014; Daisley et al.,
2020; Motta et al., 2022). For the large earth bumble bee (B. terrestris) as well as the common eastern
bumble bee (B. impatiens), the microbiota is an important driver for the resistance against infections
with the parasite Crithidia bombi (Koch and Schmid-Hempel, 2011b, 2012; Mockler et al., 2018).
Similar to the honey bee, bumble bees are well known for their simple, but distinct, gut microbiota
comprised of a low diversity of characteristic groups belonging to the genera Snodgrassella
(Neisseriaceae), Gilliamella (Orbaceae), Lactobacillus (Lactobacillaceae) and Bifidobacterium
(Bifidobacteriaceae) (Koch and Schmid-Hempel, 2011a; Martinson et al., 2011; Powell et al., 2016;
Kwong et al., 2017; Hammer et al., 2021a). These groups are considered as corbiculate bee core-
bacteria as they are conserved among Bombus and Apis species (Kwong and Moran, 2016; Raymann
and Moran, 2018). Besides these, bumble bees contain Bombus-specific groups, which are lacking in
honey bees i.e. Schmidhempelia (Orbaceae) and Bombiscardovia (Bifidobacteriaceae) (Killer et al.,
2010; Martinson et al., 2014).

Gilliamella and Snodgrassella are known for their complementary metabolic abilities in
carbohydrate metabolism (Kwong et al., 2014; Zheng et al., 2019), but showed also a role in parasite
protection. A loss of Snodgrassella and Gilliamella could result in colonies with higher parasite

infection rates as well as higher abundance of Lactobacillus (Barribeau et al., 2022). While for Bombus
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91 impatiens a higher abundance of Apibacter, Lactobacillus and Gilliamella spp. was associated with
92  lower pathogen load (Mockler et al., 2018). All those are examples of the crucial roles that a socially
93 transmitted microbiota plays for bee health. Even when reared indoors, bumble bees are able to
94  maintain large parts of their core-microbiota (Meeus et al., 2015). These are maintained through
95 different modes of social transfer and are usually conserved over different life-stages (Billiet et al.,
96 2017b; Suetal., 2021; Zhang and Zheng, 2022). Snodgrassella and Gilliamella for example are mainly
97  vertically transmitted to the offspring via the queen and are the first microbes to colonize the adult gut
98  (Sauers and Sadd, 2019). Hence, they are not only well preserved within the hive environments, but
99  show high host-specificity as Snodgrassella strains from honey bees (Apis) cannot colonize bumble
100  bees (Bombus) and vice versa (Kwong et al., 2014; Sauers and Sadd, 2019). Each of these symbionts
101  can be split into an Apis-specific group (S. alvi, G. apis or G. apicola) as well as a Bombus-specific
102  group (S. communis, G. bombicola or G. bombi) (Ludvigsen et al., 2018; Cornet et al., 2022). Another
103 major component of the bee microbiota are ‘lactic acid bacteria’, which are a polyphyletic grouping of
104  Lactobacillales (Firmicutes), and Bifidobacteriales (Actinobacteria) (Olofsson and Vasquez, 2008).
105  These groups are mainly horizontally acquired and require contact to siblings within the nest, while
106  others can also be transmitted by contact to the nesting material (Billiet et al., 2017b).

107 Besides these hive-maintained core-set of microbes, bumble bees can acquire several strains from
108 the environment, which are considered non-core members, as they are usually lacking in laboratory
109 rearing (Hammer et al., 2021a). Environmental acquisition can have a dominant influence on the
110  microbiota of B. terrestris (Bosmans et al., 2018; Krams et al., 2022). A shift in the bumble bee
111  microbiota composition when moved outdoors suggests that particularly enterobacteria are acquired
112 from outdoor environments. Though not considered core-members, enterobacteria can dominate the
113  gut microbiota of bumble bees with up to 90 % relative abundance (Parmentier et al., 2016). During
114  environmental acquisition, flowers could serve as dispersal hubs for beneficial as well as detrimental
115  microbes (Figueroa et al., 2019; Adler et al., 2021; Keller et al., 2021). Thus foraging behavior and
116 available floral sources can have a relevant influence on the microbiota of pollinators (Koch et al.,
117  2012; Newbold et al., 2015; Miller et al., 2019; Martin et al., 2022). Flower species richness and density
118  have been shown to influence bee abundance and are considered as an important aspect for bee health
119  (Doublet et al., 2022). Change of nectar source or pollen availability in agroecosystems could have an
120 influence on the bumble bee microbiota with potentially negative consequences for bumble bee health
121  and resistance. Hence, it is important to better understand how environmental factors and landscape
122 level drivers influence the bumble bee microbiota and which microbial taxa are acquired from the
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123 environment. It remained a larger question how much the microbiota is determined by the hosts genetic
124  background, or whether this depends on random exposure to environmental microbes (McFrederick et
125  al.,, 2012; Napflin and Schmid-Hempel, 2018).

126 In this study we examined, how the microbiota of the bumble bee B. terrestris changes over time
127  when exposed to outdoor environments. We placed ten bumble bee colonies within a semi-field
128  experiment into separate outdoor flight cages to answer the following questions: (1) How much does
129  the gut-microbiota composition and diversity of adult bumble bees change over time when exposed to
130  outdoor environments? (2) Does the exposure to different flower diversities influence the gut-

131  microbiota of adult bumble bees?

132 2 Material and Methods

133 2.1 Preparation of the field plots
134 Experiments were conducted in 2022 at the Biocenter of the Faculty of Biology of the Ludwig-

135  Maximilians-University of Munich. We built a total of ten free flight cages using durable and non-
136  impregnated nets as well as pine wood poles that covered a plot area of 2 x 2 meter and 1.75 meter
137  height. Plants that are known to be frequently visited by bumble bees were sown out in eight of the
138 plots in advance to bumble bee hive deposition: Trifolium repens, Trifolium pratense and Brassica
139 napus. To create plots with higher plant diversity, four of the plots included seeds of Phacelia
140 tanacetifolia, Medicago sativa, Borago officinalis and Papaver rhoeas. In each plot 75 g of seeds were
141  used. Two additional plots (9 & 10) were built around already existing native plants which were
142  accessible to native pollinators. If necessary, plots were watered and plant growth observed on a weekly
143  basis. As the first eight plots were built in early April, all plants growing inside were sheltered from
144  visitation of other pollinators. About ten weeks after sowing, the plots were sorted according to the
145  observed flower diversity including also naturally growing plants. Pictures were taken of each plot to
146  index the blooming plants inside, which were ranked from 0 (lowest diversity) to 9 (highest diversity).
147  Despite this planned setup of flower diversity gradient, individual bumble bees managed to escape and

148  foraged on an unknown diversity of flowers outside of the outdoor flight cages.

149 2.2 Bumble bee sampling and sample processing

150 We obtained large earth bumble bees (Bombus terrestris) from a commercial seller (Biobest
151  Group NV, Westerlo, Belgium). Bumble bees were either provided as ‘Mini Hives’ containing about
152 30 worker bumble bees (plot 1-8) or as ‘Super Mini Hives’ with around 40 workers (plot 9-10). All
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153  mini hives were equipped with a care-free nutrition system containing 1.5 liter of sugar solution and
154  pollen supplement to guarantee bumble bee survival during transportation. One hive was placed into
155  each of the plots and covered with cardboard and plastic foil as protection against rain and strong
156  sunshine exposure. Bumble bees were able to leave the mini hive and forage within the flight cages ad
157  libitum. The experiments with the bumble bees were conducted under permit: ROB-55.1-
158  8646.NAT_02-8-81-11 according to the nature conservation act of Bavaria (Verordnung zur
159  Ausfuhrung des Bayerischen Naturschutzgesetzes, AVBayNatSchG). Before placement into the plots,
160  one bumble bee from each mini hive was sampled as time point zero (‘t0’). After the placement it took
161  afew days for the bumble bees to adapt to outdoor conditions and actively fly within free flight cages
162  of each plot. As soon as individual bumble bees were seen flying, up to two individuals were sampled
163  per time point and plot. As not all adult bumble bees from every colony were foraging at the same day,
164  we collected some samples over multiple days and binned these for the analysis into seven sampling
165  time points since release in the outdoor flight cages on June 22" 2023: “t0’ (day 0), ‘t1’ (day 13/14),
166  ‘t2’ (day 16/17), ‘t3’ (day 20), ‘t4’ (day 23), ‘t5’ (day 27) ‘t6” (day 35). On the final sampling day (July
167 27" 2023), the hive entrances were closed in the early morning, and all animals within the colony
168  immobilized and killed at -20°C. The hives were opened and two adults as well as one larva sampled
169  from inside of each colony. No larvae could be obtained from the hive of plot 2, as there were none
170  inside. Due to vandalism, two of the ten colonies (9 & 10) had to be sampled earlier, so that the final

171 sampling (‘t6) contains four adults from inside the colony sampled at day 27.
172

173 2.3 Sample processing, library preparation and sequencing

174 Frozen bumble bees were dissected using flame sterilized tweezers to obtain the entire gut
175  including crop, foregut and hindgut. For larval samples the entire body was used for DNA isolation. In
176  total, 118 adult guts and 9 larval samples were processed. DNA isolation was performed using the
177  ZymoBIOMICS 96 DNA Kits (Zymo Research) including bead beating at 3200 rpm for 15 min on a
178  grant MPS-1 multiplate shaker (Grant Instruments). Negative extraction controls (NECs) as well as

179  mock-community positive controls (Zymo Research) were included.

180 We used a dual-indexing approach to amplify the V4 region of the 16S rRNA gene as done by
181  Kozich et al (2013). This protocol includes barcoded primers containing Illumina adapter, index
182  sequence, pad sequence and linker, followed by the gene specific primer 515f 5'-
183 GTGCCAGCMGCCGCGGTAA-3" and 806r 5-GGACTACHVGGGTWTCTAAT-3" (Caporaso et
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184 al.,, 2011). PCR amplification was performed using a Phusion Plus PCR Master Mix (Thermo
185  Scientific) with the following program: 98°C for 30 sec, followed by 30 cycles of 98°C for 10 sec,
186  55°C for 10 sec, 72°C for 30 sec and a final chain elongation step at 72°C for 5 min. PCR amplification
187  was done in triplicates (3 x 10ul) following the pipetting scheme from (Sickel et al., 2015). PCR
188  products were checked on a E-Gel Power Snap Plus Electrophoresis Device (Thermo Fisher Scientific)
189 wusing a 96 well E-gel with 1% Agarose and SYBR Safe. PCR products were normalized using
190  SequalPrep Normalisation Plates (Invitrogen) and pooled into four plate pools. Library quality and
191  fragment size of the plate pools was checked using the High Sensitivity DNA Chip on a 2100
192  Bioanalyzer (Agilent Technologies). DNA concentration was measured with 1xdsDNA HS Assay Kit
193  ona Qubit 4 Fluorometer (Thermo Fisher Scientific). The four plate pools were pooled equimolarly to
194  afinal dilution of 2 nM and paired-end sequenced (2 x 250) on an Illumina MiSeq platform (LMU
195  Biocenter Martinsried) with 5 % PhiX control spiked into the library.

196 2.4 Illumina sequence processing and Microbiota data analysis

197 To prepare the sequencing data for further analysis, it was processed using VSEARCH v2.14.2
198 (Rognes et al., 2016) following the metabarcoding processing pipeline available at
199  https://github.com/chiras/metabarcoding_pipeline (Leonhardt et al., 2022). Paired ends of forward and
200 reverse reads were joined, and all reads shorter than 150 bp were removed. Furthermore, quality
201  filtering (EE < 1) as described by Edgar and Flyvbjerg (2015) and de-novo chimera filtering following
202 UCHIMES3 (Edgar, 2016b) was performed. VSEARCH was also used to define amplicon sequence
203  variants (ASVs) (Edgar, 2016b). By using VSEARCH against the RDP reference database, reads were
204  directly mapped with global alignments with an identity cut-off threshold of 97 %. To classify still
205  remaining reads without taxonomic allocation at this point, SINTAX was used with the same reference
206  database (Edgar, 2016a).

207 The raw dataset contained 3,887,305 reads and was clustered into 756 ASVs. Non-microbial
208 reads of host organelles like chloroplasts were removed from the dataset. Based on prevalence
209  abundance plots low abundant and low prevalent ASVs were filtered using a quality threshold of 100
210  reads minimum total abundance and a minimum prevalence of 2 samples within the entire dataset. This
211  step removed in sum only 0.16 % of reads from the Bombus samples, but eliminated all extreme low
212  abundant and spurious phyla from the dataset (i.e. Acidobacteria, Armatimonadetes, candidate division
213  WPS-1, Gemmatimonadetes, Planctomycetes, Tenericutes and Verrucomicrobia). The final dataset

214  contained quality ASVs from the phyla Proteobacteria, Firmicutes, Actinobacteria and Bacteroidetes.
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215 Further all ASVs of the mock community used as positive control were filtered from the dataset
216  toaccount for possible spillover into the samples. Low throughput sample cutoff was set to a minimum
217  of 800 reads per sample (similar as observed for NEC samples). This step removed three larvae and
218  one adult sample with low sequencing throughput from the dataset, retaining bumble bee samples had
219  amedian sample sum of 26987 reads (117 adults and 6 larvae). ASVs were binned on genus level and
220  low abundant genera with less than 500 reads total abundance (RA <0.015 %) were removed, filtering
221  0.06 % of total reads from the dataset. The final dataset contained 116 ASVs of 26 genera. Most of the

222  analysis was performed with the dataset containing only the adult samples.

223 For the most abundant ASVs obtained the taxonomic assignments were further manually checked
224 against the NCBI Nucleotide Collection and RefSeq Genome Database using nucleotide BLAST
225  (blastn). The closest matching taxa were used together with ASV sequences to construct a phylogenetic
226  tree using the Neighbor-Joining method in MEGAL1 to cross-check for a correct phylogenetic
227  placement (Supplemental figure S 1). In this regard, ASV43 was renamed from ‘Orbus’ to
228  ‘Schmidhempelia’ and ASV11 was renamed from ‘Bifidobacterium’ to ‘Bombiscardovia’. For ASV6
229  the taxonomic placement was unclear due to the lack of culturable type strains and closest match to
230  ‘unculturable Firmicutes’ from European bumble bees (Koch and Schmid-Hempel, 2011a). It was
231  renamed from ‘Firmicutes’ to ‘Xylocopilactobacillus cf.” as it seems closely related to recently isolated
232 novel Lactobacillaceae strains from carpenter bees (Kawasaki et al., 2023). While some of the
233 ‘Snodgrassella’ and ‘Gilliamella’ ASVs were renamed to ‘Snodgrassella-like’ and ‘Gilliamella-like’
234 as they indicate a more distant placement with more than 5 % sequence variants to these strains.
235  Percentage identities to Snodgrassella communis of 92.94 % (ASV1626), 94.49 % (ASV912) and
236  94.88 % (ASV863). Percentage identities to Gilliamella bombi of 92.13 % (ASV1546), 92.52 %
237  (ASV1536) and 94.9 % (ASV175).

238 2.5 Statistical analysis

239 R (version 4.3.1) was used for statistical analysis including the ‘phyloseq’ package (McMurdie
240  and Holmes, 2013). The core microbiome was defined with a minimum prevalence of 5% and
241  minimum relative abundance of 0.1 %. We used linear mixed effect models (Imm) with ‘cage’ as
242  random factor as implemented in the ‘nlme’ package 3.1 (Pinheiro et al., 2023) to investigate the
243  influence of flower diversity or sampling time point on the Shannon diversity. Permutational
244 multivariate analysis of variance using the Bray-Curtis distance matrices (PERMANOVA) was

245  performed as implemented in the adonis2 function with 9999 permutations and sample dissimilarity
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246  over time by using the ‘betadisper’ function from the ‘vegan’ package. The influence of sampling time
247  point on the increase and decrease of specific bacterial families and genera was tested by a generalized
248  linear model (glm) using a quasipoisson regression. The obtained p-values from the glm analyses were

249  corrected for multiple testing using the BH method.

250 3 Results

251 3.1 Adult bumble bees show a simple microbiota composition dominated by major core-taxa

252 We performed a semi-field experiment using outdoor flight cages to investigate how the
253  provision of different flower diversities might change the gut-microbiota of the large earth bumble bee
254  (B. terrestris) over time. Adult bees were consecutively sampled within seven sampling time points

255  over a period of 35 days and their gut microbiota analyzed by 16S metabarcoding.

256 The overall community composition of adult bumble bees showed a relative low diversity and
257  was dominated largely by the families Neisseriaceae, Orbaceae and Lactobacillaceae (Figure 1A).
258  These families form the major core-microbiota and were found with high prevalence in nearly all
259 individuals. Together with Bifidobacteriaceae and Weeksellaceae they are responsible for a relative
260  abundance (RA) of 99.3 % of the entire community. Across all samples, the dominating genera were
261  Snodgrassella (RA 41.4 %), Gilliamella (RA 33.1 %) and Lactobacillus (RA 14.7 %). The majority of
262  reads for Snodgrassella and Gilliamella could be accounted each to a single ASV (Figure 1B), which
263  matched to strains like S. communis (ASV1 RA 40.8 %) as well as G. bombi (ASV2 RA 32.5 %), both
264  previously isolated from bumble bees (Praet et al., 2017; Cornet et al., 2022) (Supplemental figure S
265 1). Other Gilliamella-like and Snodgrasella-like ASVs showed a more distant placement to these type
266  strains, but occurred in rather low abundance. The third most abundant family was Lactobacillaceae,
267  which showed overall a high strain diversity with multiple ASVs within the genus Lactobacillus
268  (Figure 1B). When applying the phylotype nomenclature used in the past for the honey bee (Ellegaard
269 et al., 2015), these Lactobacillus spp. would be accounted to the ‘Firm-5 clade closely related to
270  Lactobacillus bombicola, L. panisapium and L. apis (Supplemental figure S 1). With 2 % relative
271  abundance Xylocopilactobacillus cf. (ASV6) was the second most abundant genus after Lactobacillus
272  and represents probably a novel phylotype of bumble bee-related Lactobacillaceae (Supplemental
273  figure S 1). Other characteristic Bombus-related symbionts were Bombiscardovia (RA 1.7 %) (Killer
274 etal., 2010) and Schmidhempelia (RA 0.2 %) (Martinson et al., 2014) (Figure 1B). Apilactobacillus
275 and Bombilactobacillus (‘Firm-4’) showed each with less than 0.07 % only a very low relative
276  abundance.
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277 3.2 Bumble bee microbiota increase in diversity and dissimilarity over time

278 Despite the simplicity of the bumble bee microbiota the genera Apibacter, Bifidobacterium,
279  Bombiscardovia, Lactobacillus and Xylocopilactobacillus cf. indicate an increasing relative abundance
280  over the course of the seven sampling time points (Figure 1B). We tested with Linear Mixed-Effects
281  Models with cage as random factor, if there is a temporal change in alpha diversity of the microbial
282  communities and found a significant influence of sampling time point on the Shannon index. Since the
283  release into outdoor flight cages there was a linear increase in alpha diversity on ASV level (Imm: t=
284  5.17,p<0.0001) as well as on genus level (Imm: t=3.73, p = 0.0003). This increase in sample diversity
285  was even more pronounced on ASV level (R? = 0.19) than on genus level (R? = 0.11) (Figure 2). In
286  addition, we tested whether the provision of different flower diversities within the different flight cages
287  would influence the bumble bee microbiota. There was no linear correlation between flower diversity
288  and diversity of the bumble bee microbiota on ASV level (Imm: t = -1.149, p = 0.284) nor on genus
289  level (Imm: t = -0.167, p = 0.871) (Supplemental figure S 2A,B). Reasons for the lack of an effect

290  within this setup is discussed later.

291 Besides this temporal progression of alpha diversity increase, we investigated whether
292  dissimilarity among individual samples would also change over time, i.e. whether individuals from
293  different colonies become more different to each other. Beta diversity was shown by Bray-Curtis
294  distance using non-metric multidimensional scaling (NMDS) colored by sampling time point (Figure
295  3A). To better illustrate the temporal changes, each time point is shown and highlighted in an individual
296  plot from the same NMDS (Figure 3B-H). Sampling time point had a significant influence on the Bray-
297  Curtis distance (PERMANOVA F1116 = 13.99, p < 0.001). Beta diversity expanded p