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25  Abstract

26 It is presently unclear how much individual community members contribute to
27  the overall metabolic output of a gut microbiota. To address this question, we
28  used the honey bee, which harbors a relatively simple and remarkably conserved
29  gut microbiota with striking parallels to the mammalian system and importance
30 for bee health. Using untargeted metabolomics, we profiled metabolic changes in
31 gnotobiotic bees that were colonized with the complete microbiota reconstituted
32 from cultured strains. We then determined the contribution of individual
33 community members in mono-colonized bees, and recapitulated our findings
34  using in vitro cultures. Our results show that the honey bee gut microbiota
35 utilizes a wide range of pollen-derived substrates including flavonoids and outer
36 pollen wall components, suggesting a key role for degradation of recalcitrant
37 secondary plant metabolites and pollen digestion. In turn, multiple species were
38 responsible for the accumulation of organic acids and polyphenol degradation
39 products, and a specific gut symbiont, Bifidobacterium asteroides, stimulated the
40  production of host hormones known to impact bee development. While we found
41 evidence for cross-feeding interactions, ~80% of the identified metabolic
42  changes were also observed in mono-colonized bees with Lactobacilli being
43  responsible for the largest share of the metabolic output. These results suggest
44  that bacteria in the honey bee gut colonize largely independent metabolic niches,
45  which may be a general characteristic of gut microbiomes. Our study reveals
46  diverse metabolic functions of gut bacteria that are likely to contribute to bee
47  health, and provide fundamental insights into how metabolic functions are
48  partitioned within gut communities.

49
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50 Author summary

51 Honey bees are important pollinators that harbor a simple gut microbiota with
52  striking parallels to the mammalian system. This makes them relevant models to
53 study gut microbiota functions and its impact on host health. We applied
54  untargeted metabolomics to characterize metabolic changes induced by the gut
55 microbiota, and to characterize contributions of the major community members.
56 We find that the gut microbiota digests recalcitrant substrates derived from the
57 bees’ pollen-diet. Most metabolic changes could be explained by the activity of
58 individual community members suggesting substrate specificity and
59 independent metabolic niches. Our study provides novel insights into the
60 functional understanding of the bee gut microbiota and provides a framework
61 for applying untargeted metabolomics to disentangle metabolic functions of gut

62  Dbacteria.
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63 Introduction

64  Metabolic activities of the microbiota are key for establishing mutualistic
65 interactions in the gut and thereby affect the host in conditions of health and
66  disease. Gut bacteria facilitate the breakdown of refractory or toxic dietary
67 compounds [1-3], produce metabolites that promote host growth and physiology
68 [4-7], and modulate immune functions in the gut [8] and other tissues [9,10].
69 Moreover, metabolic activity is the basis for energy and biomass production
70  resulting in bacterial growth and the occupation of ecological niches conferring
71  colonization resistance against pathogenic microbes [11]. Substrates of gut
72  bacteria predominantly originate from the diet of the host [2,12], making diet the
73  major modulator of the composition and metabolic activity of the gut microbiota
74  [13,14].

75 The substantial metabolic potential of the animal gut microbiota has been
76  profiled by the direct sequencing of functional gene content (i.e. shotgun
77  metagenomics) [15-18]. However, it is challenging to predict functional
78 metabolic output from such sequencing data. With recent advances in the
79  coverage and throughput of untargeted screening metabolomics [19-21], it has
80 become feasible to quantify metabolic changes in microbiota or host tissues at
81 large coverage and throughput. Besides identifying metabolites connected to
82 human health and disease [22-30], untargeted screening metabolomics holds
83 considerable promise to unravel metabolic functions of individual microbiota
84 members in animals with divergent dietary preferences. Such mono-colonization
85 studies are however complicated by the highly variable and species-rich

86 composition of most animal microbiota. Thus, gut communities of reduced
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87 complexity are valuable models to disentangle metabolic functions of the
88  constituent species.

89 Like mammals, honey bees harbor a highly specialized gut microbiota.
90 However, the honey bee gut microbiota is surprisingly simple and conserved
91 with seven species (categorized by clustering at 97% 16S rRNA sequence
92  identity) accounting for >90% of the entire gut community in bees sampled
93 across continents [31]. This microbiota is composed of four Proteobacteria
94  (Gilliamella apicola, Snodgrassella alvi, Frischella perrara, Bartonella apis), which
95  mostly reside in the ileum, and two Firmicutes (Lactobacillus spp. Firm-4 and
96 Firm-5) and one Actinobacterium (Bifidobacterium asteroides), which are
97 predominantly found in the rectum. These specific locations suggest that
98  Dbacteria occupy different metabolic niches in the bee gut and potentially engage
99  in syntrophic interactions [32,33].

100 The honey bee gut microbiota has marked effects on the host. [t promotes
101  host weight gain and hormone signaling under laboratory setting [34] and
102  stimulates the immune system of the host [35,36]. In addition, honey bees are
103  ecologically and economically essential pollinators that have experienced
104  increased mortality in recent years [37,38], which could in part be due to
105 disturbances of their microbiota composition [39-42].

106 Genomic analyses in combination with in vitro cultures have shown that
107 fermentation of sugars and complex carbohydrates (e.g. pectin) [15,32,43,44]
108 into fermentation products is the dominant metabolic activity of the gut
109 microbiota [34]. Lacking however is a detailed understanding of the
110  consumption of diet-derived substrates and how individual community

111 members contribute to the metabolic activities in vivo. It is for instance elusive
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112  whether analogously to mammals recalcitrant dietary compounds (especially
113  from pollen) are broken down by the microbiota in the hindgut (i.e. large
114  intestine composed of ileum and rectum), while more accessible compounds are
115 reportedly absorbed by the host in the midgut (i.e. small intestine) [45-47].

116 To profile the metabolic output of the honey bee gut microbiota and its
117  individual members, we employed gnotobiotic bee colonizations and in vitro
118 experiments in conjunction with untargeted metabolomics (Figure 1). We first
119  characterized robust metabolic differences between microbiota-free bees and
120  bees colonized with a reconstituted community composed of the seven major
121  bacterial species of the gut microbiota. Subsequently, we analyzed bees
122 colonized with each community member separately to assay their potential
123  contribution to the overall metabolic output of the gut microbiota. Finally, we
124  recapitulated our results in vitro using pollen-conditioned medium. Our
125 systematic approach provides unprecedented insights into the metabolic
126  activities of the honey bee gut microbiota and demonstrates the usefulness of
127 metabolomics in combination with gnotobiotic animal models to disentangle

128  functions of individual gut microbiota members.

129
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130 Results and Discussion

131 Experimental reconstitution of the honey bee gut microbiota.

132  To characterize the metabolic output of the honey bee gut microbiota, we
133  colonized microbiota-free (MF) bees with selected bacterial strains previously
134  isolated from the bee gut. The reconstituted bacterial community consisted of
135 eleven strains (Table S1) covering the seven species described above. We used
136 two strains for G. apicola and four strains for Firm-5 in order to cover the
137  extensive genetic diversity within these species [44,48]. Exposure of MF bees to
138  this community resulted in the successful establishment of all seven species with
139  atotal of 109 - 1010 bacterial cells per gut after 10 days of colonization (Figure 2,
140  Figure S1A). In contrast, non-colonized MF bees had bacterial levels <10° per gut,
141  an observation consistent with previous studies [32,49]. Compared to hive bees
142  of the same age, bacterial abundances of most species were slightly elevated in
143  colonized (CL) bees. However, in both groups the Firm-5 species was
144  consistently the most abundant community member, while B. apis colonized at
145 much lower levels. This is in line with recent 16S rRNA gene-based community
146  analysis [31,50,51], and we thus conclude that the selected strains assembled
147  into a structured community resembling the native honey bee gut microbiota.
148  This validates our gnotobiotic bee system as a tool for microbiota reconstitution
149  experiments and enables the study of microbiota functions under controlled
150 laboratory conditions.

151
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152 Metabolic changes in the honey bee gut upon colonization with the
153 reconstituted bacterial community.

154  To reveal microbiota-induced metabolome changes in the gut, we dissected the
155 combined mid- and hindgut of MF, CL and hive bees and analyzed water-
156  extracted homogenates of these gut samples by untargeted metabolomics [21].
157  In total, we detected 24,899 mass-to-charge features (ions), 1,079 of which could
158 be annotated by matching their accurate mass to sum formulas of compounds in
159 the full KEGG database (Dataset S1). These 1,079 ions putatively correspond to
160 3,270 metabolites, since this method cannot separate isobaric compounds
161 (Supplemental methods). For ion changes with multiple annotations, we
162  provided the most likely annotation as based on information from literature and
163  genomic data.

164 Principal component analysis on the ion intensities revealed that CL and
165 MF bees separate into two distinct clusters suggesting colonization-specific
166  metabolic profiles (Figure S1B). In two independent experiments, a total of 372
167  ions exhibited significant changes between CL and MF bees (Welch’s t-test, BH
168 adj. P <0.01). A subset of 240 ions (65%) were more abundant in MF bees
169  suggesting that the cognate metabolites are utilized by the gut microbiota. These
170 ions are hereafter referred to as bacterial substrates. Conversely, 132 ions were
171 more abundant in CL bees and are hereafter referred to as bacterial products
172  indicating that they are produced either by the microbiota or by the host in
173  response to the microbiota. To facilitate the biological interpretation of these
174  multitude metabolic changes, we carried out two analyses. First, we looked
175  whether certain compound classes were overrepresented among the subsets of

176  bacterial substrates and products (Dataset S2). Second, we sorted ion changes
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177 based on their ability to explain the difference between the MF and CL
178 metabolome profiles in an Orthogonal Projection of Least Squares-
179  Differentiation Analysis (OPLS-DA) [52] (Figure 3).

180

181 Major bee gut microbiota substrate classes.

182  We first focused on the 240 substrate ions that were more abundant in MF vs CL
183  bees to reveal metabolites potentially utilized by the microbiota. We found three
184  compound classes to be strongly enriched: flavonoids (20 of 36 annotated ions,
185 one-sided Fisher’s exact test, P <0.001), and both purine- and pyrimidine
186  nucleosides (in total 8 of 9 annotated ions, both P <0.01). Seven flavonoids, three
187  nucleosides, and a nucleoside precursor (orotate, m/z 155.009) were also among
188  the 28 substrate ions with most discriminatory power for distinguishing CL vs
189 MF bees as based on OPLS-DA (Figure 3). Other ions among these most
190 discriminatory substrates included two w-hydroxy acids (m/z 315.254 and m/z
191 331.249) and three phenolamides (m/z 582.260, m/z 630.245, m/z 233.130)
192  from the outer pollen wall, as well as quinate (m/z 191.056), and citrate (m/z
193  191.019), both of which had previously been predicted to be utilized by certain
194  community members of the honey bee gut microbiota [53,54]. Because they are
195 the most remarkable groups among the identified substrates, nucleosides,
196 flavonoids, and pollen-specific compounds will be discussed in more detail.

197  Nucleosides. Nucleosides are essential biomass components that can also serve
198 as bacterial energy sources. The majority of the honey bee gut microbiota
199 members lack genetic capacity for either purine or pyrimidine biosynthesis [33].

200 Instead, they seem to rely on salvage pathways and the uptake of nucleosides
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201  from the environment, providing a likely explanation for the observed depletion
202  of these compounds in the gut of CL bees (Figure S2A).

203  Flavonoids. Flavonoids are secondary metabolites that can make up 2-4% of the
204 dry weight of pollen [55,56] and this is in concordance with their identification
205 asimportant diet-derived substrates of the honey bee gut microbiota. Flavonoids
206  typically consist of two phenyl rings and one heterocyclic ring, the so-called
207  aglycone. Glycosylation of this aglycone in diverse positions generates the
208 remarkable flavonoid structural and functional diversity [57]. Among the
209  Dbacterial substrates we identified several glycosylated flavonoids (Figure S2B)
210  that are known to be present in pollen, such as rutin or quercitrin [55]. We
211  unambiguously confirmed the identity of five of these ions as the glycosylated
212 flavonoids afzelin, quercitrin, and rutin using MS/MS fragmentation and spectral
213  similarity calculations (Supplemental results 1, Figure S3, Dataset S3).

214 Several mammalian gut bacteria can convert flavonoids by either
215  deglycosylation, thus releasing flavonoid aglycones, or C-ring cleavage, resulting
216  in the accumulation of breakdown products of the aromatic backbone [58]. We
217 mined the 132 bacterial products to look for these signatures of flavonoid
218 conversions in the bee gut, and identified several ions annotated as non-
219  glycosylated flavonoids (Figure S2B). However, none of them significantly
220 accumulated in CL vs MF bees, which would have been expected when
221  deglycosylation was the only mechanism of flavonoid conversion. Conversely, we
222  identified four ions among the bacterial products that could result from
223  biodegradation of flavonoid aglycones: two ions annotated as hydroxy- and
224  dihydroxyphenylpropionate (m/z 165.055, m/z 181.050), both of which are

225 known C-ring cleavage products of flavonoids, and two ions annotated as
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226  maleylacetate (m/z 157.014) and hydroxy-3-oxoadipate (m/z 175.025), which
227  are intermediates of aromatic compound degradation pathways [59-62] (Figure
228  S2B). Strikingly, three of these four ions were among the most discriminatory
229  products for CL vs MF bees (Figure 3). Moreover, in a recent metabolomics
230  study by Zheng et al (2017) similar aglycone breakdown products were shown
231 to accumulate in the hindgut of colonized bees (Supplemental results 2,
232  Dataset $4).

233 Pollen wall compounds. The two ions annotated as w-hydroxy acids (9,10,18-
234  trihydroxystearate, m/z 315.254, and 9,10-dihydroxystearate, m/z 331.249) that
235  were identified among the most discriminatory substrate ions (Figure 3, Figure
236  S2C) have been reported to be major constituents of sporopollenin [63], the
237  biochemically inert and heterogeneous biopolymer forming the rigid structure of
238  the pollen exine [64]. Phenolamides such as those utilized by the gut microbiota
239  (N1,N5N10-tricoumaroyl spermidine, m/z 582.260, N1,N5N10-tricaffeoyl
240  spermidine, m/z 630.245, p-coumaroylputrescine, m/z 233.130, Figure 3,
241  Figure S2C) are also part of the pollen exine as they are deposited on top and
242  into its cavities as part of the pollen coat [65]. Remarkably, the pollen coat is also
243  where most flavonoids are thought to be located in pollen grains [66].

244 Our findings on the utilization of flavonoids, w-hydroxy acids and
245  phenolamides thus suggest that the honey bee gut microbiota contributes to the
246  digestion of the rigid outer pollen wall. Easily accessible pollen nutrients (such as
247  amino acids, sugars and vitamins) are likely taken up by the host in the midgut,
248 leaving these more recalcitrant compounds for the microbiota in the hindgut.
249  This is in line with what is know about the biogeography and microbial ecology

250  in the mammalian intestine [67]. Besides being utilized as an energy and carbon
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251  source, the conversion of secondary plant metabolites from pollen may have
252  additional benefits for the microbiota and the host. For example, phenolamides
253 and flavonoids both have been reported to exert antimicrobial activities,
254  conceivably because their breakdown products affect the antioxidant potential in
255  the gut which could reduce inflammation and pathogen susceptibility [65,68]. In
256  addition, mammalian flavonoid-metabolizing bacteria have a major impact on
257  the bioavailability of flavonoids, and flavonoids are implicated in modulating
258  weight gain by affecting host signaling [69,70]. This makes it tempting to
259  speculate that flavonoid metabolism in the bee gut contributes to the microbiota-
260  dependent weight gain of honey bees that was observed in a previous study [34].
261

262  Products of the gut microbiota include fermentation products and host-
263  derived metabolites.

264  We next looked into the 132 ions that were more abundant in CL vs MF bees and
265  thus present possible metabolites produced by the microbiota. Again, we used
266  enrichment analyses and OPLS-DA (Figure 3) to prioritize the most important
267  product ions. Three compound classes were to some extent enriched among the
268  Dbacterial products: carboxylic acids and derivatives (7 of 26 detected ions, one-
269 sided Fisher’s exact test, P <0.03), fatty acids and derivatives (7 of 29 detected
270  ions P <0.05), and eicosanoids (5 of 8 detected ions, P <0.01).

271  Fermentation products. Both the carboxylic acids and derivatives and fatty acids
272  and derivatives categories contain known bacterial fermentation products,
273  several of which accumulated in CL bees (succinate, m/z 117.019, pimelate m/z
274  159.066, sebacic acid, m/z 201.113, butyrate, m/z 87.044, valerate m/z 101.060).

275 This is in agreement with previous studies showing that fermentation is the
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276  dominant metabolism of bee gut bacteria [33,34]. Three of these fermentation
277  products (succinate, pimelate, sebacic acid) were among the 23 most
278  discriminatory products, which highlights the substantial and consistent
279  accumulation of these compounds in the presence of the microbiota (Figure 3,
280  Figure S2D). Using targeted metabolomics [71] we confirmed the strong
281 accumulation of succinate in the gut of CL bees and determined absolute
282  concentrations of other organic acids in CL and MF bees (Supplemental results
283 3, Figure S4, Dataset S5). In addition, accumulation of fermentation products is
284 one of the main microbiota-dependent trends found in our study and that of
285  Zheng et al (for details on the comparison see Supplemental results 2).

286  Host-derived metabolites. The third enriched product category (eicosanoids)
287  includes five ions whose masses match to prostaglandins (Figure S2E), which
288  are broadly conserved hormone-like lipids in animals. In insects, prostaglandins
289  have been implicated in reproduction, fluid secretion, and activation of the
290 immune system [72], inducing prophenoloxidase, phagocytosis and hemocyte
291 spreading. None of the five prostaglandins annotated in our study has been
292  functionally characterized in honey bees. Besides eicosanoids, we identified a
293  second group of host-derived metabolites induced by the microbiota. These are
294  three derivatives of juvenile hormone III (Figure S2E), two of which were among
295  the most discriminatory product ions (Figure 3, m/z 283.191 and m/z 269.176).
296  Juvenile hormone III plays an important role in regulating growth, development,
297  and reproduction of insects. In adult honey bees, it controls the pace of the
298  developmental maturation from young nurse bees to older forager bees [73].
299  This process is linked to nutrition [74] and could therefore be affected by

300 metabolic activities of gut bacteria. Notably, juvenile hormone derivatives in the
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301 gut may have local functions distinct from those in the brain or hemolymph, as
302  was shown for heteropteran linden bugs [75].

303

304 Gut metabolic profiles of colonized bees and hive bees show substantial
305 overlap.

306 To assess how much of the total metabolic output can be identified in hive bees
307 under natural conditions, we analyzed the gut metabolome of 10-day old hive
308 Dbees that experienced social interactions, natural dietary sources, and the native
309 gut microbiota. Although principal component analysis revealed that hive bees
310 clustered separately (Figure S1B), we found that 27 of the 28 most
311 discriminatory substrate ions and 15 of the 22 most discriminatory product ions
312 showed qualitatively the same changes in hive bees as in CL bees (Dataset S1,
313 Welch’s t-test, BH adj. P <0.01). On the substrate side, this included most
314 flavonoid ions, all nucleosides, quinate, citrate, as well as the ions annotated as
315 w-hydroxy acids and phenolamides from the outer pollen wall. On the product
316 side, we found four of the five prostaglandins and one of the juvenile hormone
317  derivatives to be significantly increased in hive bees relative to MF bees
318  suggesting that these host-derived metabolites are also induced under natural
319  conditions. Moreover, ions corresponding to fermentation products were either
320 significantly increased (sebacic acid, valerate) or showed a trend towards
321 increased levels (succinate, pimelate) in hive bees. The same was the case for the
322  four ions corresponding to possible degradation products of flavonoids
323  (hydroxy- and dihydroxyphenylpropionate, maleylacetate, hydroxy-3-
324  oxoadipate, Dataset S1). Overall, the remarkable overlap of metabolic changes

325  between hive and CL bees highlights the relevance of our findings.
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326

327 Mono-colonizations explain 80% of the overall metabolic output of the
328 honey bee gut microbiota.

329 We thus far presented evidence for substrates and products of the complete
330 microbiota in the honey bee gut. To elucidate which community members might
331 Dbe responsible for these transformations, we conducted mono-colonizations of
332 MF bees with all seven bacterial species (again using four and two strains
333 together for Firm-5 and G. apicola, respectively). All species successfully
334  established in the gut of MF bees without other community members being
335 present (Figure S5). We again extracted metabolites from the mid-and hindgut
336  of individual bees to address how many of the 372 robust ion changes can be
337 explained by one or multiple mono-colonizations (Dataset S1), i.e. show
338 qualitatively the same change as in CL bees, using analysis of variance (ANOVA
339 followed by Tukey HSD post hoc test at 99% confidence, P <0.05) (Dataset S6-
340 S7).

341 Remarkably, using these significance cutoffs 299 of the 372 (80%) robust
342  changes between MF and CL bees could be explained by one or multiple mono-
343  colonizations. This included 201 (84%) substrate and 98 (74.%) product ions.
344 The two Lactobacilli groups (Firm-5 and Firm-4) explained most changes,
345 followed by B. asteroides and the two Gammaproteobacteria (Figure 4A).
346 Interestingly, the relative contribution to substrate conversion and product
347  accumulation varied between mono-colonizations. For example, B. asteroides
348  contributed relatively little to the conversion of substrates, but seemed to be

349  responsible for the production of a relatively large fraction of bacterial products.
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350 The Firm-4 species showed the opposite pattern explaining relatively many
351  bacterial substrates but a small fraction of bacterial products.

352  Substrates explained by mono-colonizations. We again used enrichment
353 analysis (one-sided Fisher’s exact test, P<0.05), to get a high-level view of the
354  functions of distinct community members in the conversion or production of
355 certain compound classes (Figure 4A). This revealed that all community
356 members, except for S. alvi and B. apis, contributed to the disappearance of
357 nucleosides in the bee gut (see also Figure S2A). Remarkably, S. alvi and B. apis
358 encode complete nucleoside biosynthesis pathways and therefore do not have to
359 rely on external nucleoside resources. In turn, they seem to preferentially
360 convert carboxylic acids and keto-acids in the gut (malate, m/z 133.0139,
361 fumarate, m/z 115.003, citrate, m/z 191.019, a-ketoglutarate, m/z 145.014),
362  which is consistent with the presence of complete TCA cycles and several
363 carboxylate transporters in their genomes [32,54]. Flavonoids were enriched
364  substrates for Firm-5 (11/126 substrate ions, P<0.01) and B. asteroides (6/55,
365 P<0.01), and many flavonoids were also utilized by Firm-4 (7/107, P=0.051)
366  (Figure 4A, Figure S2B). Interestingly, rutin (m/z 609.145) and scolymoside
367 (m/z593.150) were exclusively depleted in the Firm-5 mono-colonization, while
368 afzelin (m/z 431.098) was also utilized by Firm-4 and B. asteroides, and
369 quercitrin (m/z 447.093) even by G. apicola (Figure 4B). Similar patterns were
370 also found for other flavonoids (Figure S2B) suggesting substrate specificity for
371  the utilization of these pollen-derived compounds among community members.
372 In total, 27 of the 28 most discriminatory substrate (Figure 3) could be
373  explained by at least one mono-colonization. The two w-hydroxy acids ions from

374  the outer pollen wall were exclusively utilized by B. asteroides and Firm-4 while
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375  the three phenolamides from the pollen coat were only depleted in the presence
376  of Firm-5 (Figure 4C, Figure S2C). In contrast, quinate and citrate were utilized
377 by several community members suggesting that their almost complete depletion
378 in CL and hive bees could be the result of a communal effort (Dataset S1).

379  Products explained by monocolonizations. For bacterial products, 21 of the 23
380 most discriminatory ions for CL vs MF bees could be explained by at least one
381 mono-colonization. Strikingly, B. asteroides explained the accumulation of all
382  host-derived prostaglandins and was also responsible for the induction of two of
383  the three juvenile hormone derivatives, suggesting that this community member
384 has a distinct influence on the host (Figure 4D, Figure S2E). Moreover, three
385 major fermentation products that accumulated in CL bees could be explained by
386 mono-colonizations. Succinate (Figure 3E) and pimelate ions were produced
387  exclusively in bees colonized with Firm-5 and valerate only in the B. asteroides
388 colonized bees (Figure S2D, Dataset S1). Finally, we found that ions
389  corresponding to putative flavonoid degradation products accumulated in bees
390 colonized with Firm-4 and Firm-5 (Figure S2B), which also explained most
391 flavonoid utilization of the bee gut microbiota. This suggests that Firm-4 and
392 Firm-5 do not only deglycosylate flavonoids, via expression of glycoside
393  hydrolases [44], but may additionally degrade the aromatic backbone.

394

395  Invitro recapitulation of metabolic functions of community members.

396  Our in vivo results strongly suggest that specific gut bacteria utilize distinct
397  substrates from the pollen diet of bees. This prompted us to test (i) whether the
398  bacterial species could grow in vitro on a pollen-based culture medium and (ii)

399  whether this would result in the metabolic conversions of the same compounds
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400 as was observed in vivo. To this end, we water-extracted metabolites from the
401 same pollen batch that was used as a dietary source, and analyzed the metabolic
402  composition of this extract using untargeted and targeted metabolomics.
403  Detailed results are presented in the Supplemental results 4 and show that
404  pollen extracts contain physiologically meaningful levels of nutrients and are
405  expectedly enriched in amino acids and derivatives, flavonoids, monosaccharides,
406 and carboxylic acids and derivatives (Figure $6). Strikingly, in the presence of
407  this pollen extract, all community members, except for S. alvi displayed
408 substantial growth compared to carbon-depleted or reduced control media in
409  which little or no growth was observed after 16 h of incubation (Figure 5A).

410 We then profiled the metabolome in growth media before and after
411  bacterial incubation in a separate metabolomics experiment. We annotated a
412  total of 1031 ions (Dataset S8) of which 427 (41%) were also present among the
413 1079 ions from the in vivo dataset. In line with their growth profiles, the largest
414 number of depleted metabolites (log2(FC) 2|1| and Welch’s t-test BH adj. P
415  <0.01) were found for the growth cultures of Firm-5, followed by G. apicola,
416  Firm-4, F. perrara, B. asteroides, B. apis, and S. alvi (Figure 5A).

417 Using strict criteria we identified 17 ions - 13 pollen-derived substrates
418 and 4 bacterial products - which were explained in vivo and in vitro by the same
419  species (Figure S7, Table S2). Seven of these 13 substrates belonged to the most
420  discriminatory substrate ions for MF vs CL bees (Figure 3): three flavonoids
421  (quercitrin, afzelin, and rutin), one nucleoside (inosine) and ions corresponding
422  to quinate, citrate, and 2-fuorate. The fact that multiple community members
423  were responsible for the conversion of some of these substrates (B. asteroides,

424  Firm-4, Firm-5, F. perrara, B. apis and G. apicola) demonstrates that our in vitro
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425  cultures allowed us to recapitulate metabolic activities covering the whole
426  community.

427 We found remarkably overlapping substrate specificity for four
428  flavonoids in vitro and in vivo with the Firm-5 species being the only member
429  capable of converting rutin and scolymoside, while quercitrin and afzelin were
430 also utilized by Firm-4, and quercitrin additionally also by B. asteroides and B.
431  apis (Figure 5A). Among the four in vitro recapitulated products were three of
432  the four ions corresponding to putative breakdown products of flavonoids
433  (Figure S7, Table S2). These ions accumulated in vivo and in vitro in the
434  presence of Firm-4 and/or Firm-5 providing further evidence for breakdown of
435 the polyphenolic ring structure of flavonoids. However, we also found that
436  deglycosylated flavonoids (i.e. aglycones) accumulated in cultures of Firm-4,
437  Firm-5 and B. asteroides (Figure 5A). Based on this data we suggest that
438 flavonoid degradation involves two steps (Figure 5B): (i) deglycosylation of
439  sugar residues and their subsequent fermentation and (ii) the breakdown of the
440 polyphenol backbone. The second step could be relatively slow explaining why
441  aglycones accumulated in vitro (16 h), but not in vivo (10 days).

442 An obvious difference in our in vitro experiments compared to the in vivo
443  situation is the presence of the host, which may pre-digest pollen grains before
444  gut bacteria utilize pollen-derived metabolites. For example, certain sugars and
445 amino acids are expected to be present in low amounts in vivo because of host
446  absorption. Conversely, the host may also provide metabolites that support
447  growth of some community members. This could explain the poor growth of S.
448  alvi in vitro, especially since in vivo S. alvi is tightly associated with the gut

449  epithelium and other gut bacteria such as G. apicola [76].
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450

451 Evidence for cross-feeding in the bee gut microbiota.

452  Microbial species in gut communities can organize into food chains, where one
453  species provides metabolites that can be utilized by others. Such metabolites
454  may be released from insoluble dietary particles via bacterial degradation or can
455  be generated as waste products of metabolism [2]. To identify possible metabolic
456 interactions between community members of the bee gut microbiota, we focused
457  on ions that in vivo significantly accumulated in some mono-colonizations and
458  were depleted in others (Dataset S1). A total of 27 ions showed such opposing
459  changes between two or several mono-colonizations (Table S3).

460 A striking example of a potential metabolic food chain was the liberation
461 and consumption of one of the major bacterial substrates in CL bees, 9-10-18-
462  trihydroxystearate (m/z 331.248), originating from the outer pollen wall. In our
463 mono-colonization experiments, the corresponding ion was depleted in Firm-4
464  and B. asteroides, but accumulated in the case of Firm-5 and G. apicola (Figure
465  4C). This suggests that the latter two species facilitate the release of this w-
466 hydroxy acid from the outer pollen wall making it more accessible for
467  degradation by Firm-4 and B. asteroides.

468 A second example is the ion annotated as pyruvate (m/z 87.008), which
469  substantially accumulated in the gut of bees mono-colonized with G. apicola, but
470  was utilized as a substrate by other bacteria such as S. alvi and Firm-5 (Figure
471  6A). A syntrophic interaction between G. apicola and S. alvi had previously been
472  suggested, because they are co-localized on the epithelial surface of the ileum
473  [76], and harbor complementary metabolic capabilities [32]. To test for potential

474  cross-feeding of pyruvate from G. apicola to S. alvi, we supplemented the pollen
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475  extract-based medium of S. alvi with spent supernatant of G. apicola cultures.
476  While growth of S. alvi was only weakly improved compared to the control
477 medium (Figure S8), metabolome analysis (Dataset S9) confirmed that
478  pyruvate and five other ions (Figure 6B), which accumulated during the growth
479  of G. apicola, were utilized from the conditioned medium by S. alvi. The other
480 ions included three fermentation products, a nucleoside derivative, and
481  hydroxyphenylpropionate, which could be a breakdown product of flavonoid
482  degradation by G. apicola. These results confirm our predictions from the in vivo
483  dataset and show that bee gut bacteria engage in cross-feeding interactions
484  among each other. While not essential for gut colonization in itself as based on
485  our mono-colonization experiments, such interactions are likely important for
486 community resilience and reflect the longstanding coexistence among
487  community members.

488
489 Conclusions

490 The simple composition and experimental amenability of the honey bee gut
491 microbiota facilitated our systems-level approach resulting in the
492  characterization and disentangling of the metabolic potential of a complete gut
493  microbial ecosystem. We reconstituted the honey bee gut microbiota from
494  cultured strains, characterized the metabolic output of the complete microbiota,
495  identified the contributions of individual community members in vivo, and
496 recapitulate their activities in vitro. Our results provide unprecedented insights
497  into the metabolic functions of bee gut bacteria.

498 As in the mammalian and termite gut ecosystem [1,67], we conclude that

499  most substrates utilized by the bee gut microbiota are indigestible compounds
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500 originating from the hosts’ diet (Figure 7). These include plant metabolites from
501 the outer pollen wall, such as w-hydroxy acids, phenolamides and flavonoid
502 glycosides. While one of the bee gut bacteria had previously been identified to
503 utilize a major pollen polysaccharide (pectin), our data provides the first
504 evidence for a role of the gut microbiota in breaking down outer pollen wall
505 components. Bacterial fermentation of these pollen-derived compounds resulted
506 in the accumulation of organic acids (e.g. succinate) and polyphenol degradation
507 products, which are likely to impact the physicochemical conditions in the
508 colonized gut. In addition, we found that host-derived signaling molecules are
509 induced by B. asteroides, suggesting a specific interaction of this gut symbiont
510  with the host.

511 Based on the mono-colonization experiments, we further conclude that
512 most metabolic output of the bee gut microbiota can be explained by activities of
513 individual community members. These bacteria seem to occupy largely
514 independent yet overlapping metabolic niches in the gut. While we have found
515 evidence for cross-feeding interactions (e.g. between G. apicola and S. alvi), our
516 findings generally indicate that coevolution of gut bacteria does not necessarily
517 result in interdependencies. This may be generally the case for gut bacteria as
518 they cannot rely on the presence of specific interaction partners in the highly
519 dynamic gut environment, but rather adapt to diet-derived nutrients.

520 The metabolic activities identified in this study are likely key for the
521 symbiotic functions of the bee gut microbiota and thus may be directly linked to
522  its impact on bee health and physiology [34,41]. The fact that we identified many
523  of these metabolic changes in hive bees under natural conditions demonstrates

524  the relevance of our findings and validates the gnotobiotic bee model. Moreover,
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525  our study highlights the versatility of high-throughput untargeted metabolomics
526 to disentangle metabolic functions in microbial ecosystems. We believe that this
527  systematic approach can be extended to other gnotobiotic animals to enable a
528  better understanding of the diversity of metabolic activities and functions that

529  are present in microbial communities.

530
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531 Materials and Methods

532 Honey bee experiments.

533 MF bees were obtained from a healthy looking colony of Apis mellifera carnica
534 located at the University of Lausanne. To this end, dark-eyed pupae were
535  carefully removed from capped brood cells with sterile tweezers and transferred
536  to sterilized plastic boxes as described previously [36]. Boxes with pupae were
537  kept with a source of sterile sugar water (50 % sucrose solution, w/v) at 35°C
538  with 80 - 90 % humidity for the first two days. The temperature was reduced to
539  32°C on the third day. One or two bees per box were dissected one day prior to
540 colonization and their homogenized hindguts (in 1 ml 1x PBS) were cultured on
541 media as described below to check for sterility of the bee gut. Only healthy
542  looking emerged bees without any deformations and sterile guts were selected
543  for experiments. For colonization of MF bees, bacterial strains were inoculated
544  from glycerol stocks and restreaked twice. Details on bacterial strains and
545  culture conditions can be found in Table S1. Bacterial cells were harvested and
546  resuspended in 1x PBS/sugar water (1:1, v/v) at an ODeoo of 1. For colonization,
547  bacterial suspensions were added to a source of sterilized pollen and provided to
548 the MF bees (for details see Supplemental methods). The mid-and hindgut of
549  gnotobiotic bees were dissected at day 10 post colonization and stored at -80°C
550 until further use. To obtain age controlled hive bees, several brood frames
551  without adult bees were transferred from the hive to a ventilated Styrofoam box
552  keptin an incubator at 32 - 34°C in the laboratory overnight. The next day, newly
553 emerged bees were collected, marked on the thorax with a pen and reintroduced
554  into the hive. These bees were recollected 10 days later, and their mid-and

555  hindguts were dissected and stored at -80°C until further use. This experiment
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556  was repeated at two different time-points of the year (spring and fall, referred to
557 as experiment 1 and experiment 2 in this study). Whenever possible, we
558 included bees from both experiments in our analysis, such as for CL and MF bees.
559 However, this was not possible for all mono-colonizations due to bacterial
560 contaminations (as detected by qPCR) or in a few cases due to the presence of
561 above-threshold viral loads. The precise numbers of bees included per condition
562  arelisted in Table S4.

563

564 Determining bacterial colonization levels in honey bees.

565 Colonization levels of gut bacteria were determined by qPCR using species-
566  specific primers on DNA samples obtained from the gut tissues also used for
567 metabolomics analysis. Details on DNA/RNA extraction methods are given in
568 Supplemental methods. Each DNA sample was screened with eleven different
569 primer pairs targeting the actin gene of Apis mellifera, the 16S rRNA gene of all
570 bacteria, and the 16S rRNA gene of nine specific bacterial species (the seven
571 species used this study and two non-core species frequently found in the gut of
572  Apis mellifera, Alpha-2.1 and Lactobacillus kunkeei). Primers used for this qPCR
573 analysis are summarized in Table S5. We also screened all gut samples for the
574  presence of viruses. Samples that were contaminated with other bacteria than
575  the desired ones or which had high virus titers were excluded from the analysis.
576 The MIQE guidelines (minimum information for publication of qPCR
577  experiments) were followed throughout the data analysis of the qPCR
578 experiments [77]. Details on the qPCR analysis can be found in Supplemental

579 methods.
580
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581 Invitro growth on pollen extracts.

582  Bacteria were pre-cultured on solid media from -80°C glycerol stocks before
583 liquid cultures were inoculated for in vitro growth experiments. For G. apicola
584 ELSO0169, S. alvi wkB2, F. perrara PEB0191, and B. apis PEB0149, we used a
585 modified M9 minimal medium supplemented with casamino acids and vitamins.
586 For B. asteroides ELS0168, the Firm-5 strains, and Firm-4 Hon2NT, we used
587 carbohydrate-free MRS (cfMRS) medium [78]. Bacteria were harvested from
588 plates or spun down from overnight liquid cultures (the latter only for
589  Lactobacilli and B. asteroides) and resuspended in the corresponding minimal
590 medium. Freshly prepared liquid cultures were supplemented with either 10%
591 (v/v) ddH20 or pollen extract and inoculated at a final ODgoo of 0.05 (see
592  Supplemental methods for details on pollen extract preparation). Half of the
593  culture was immediately processed to determine colony-forming units (CFUs)
594 and to harvest supernatants for metabolomics at time point O h, i.e. before
595 growth. The other half of the culture was incubated for 16 h according to the
596 conditions listed in Table S1 and then processed in the same way. For CFU
597  counting, serial dilutions were plated on solid media and incubated under the
598  species-specific culturing conditions. For metabolomics analysis, the remaining
599  bacterial culture was spun down at 20,000x g at room temperature for 10 min
600 and 300 pl of spent culture supernatant transferred to a fresh tube stored at -
601  80°C until further processing. Five replicates were included for each species and
602  treatment group.

603 For the cross-feeding experiment between G. apicola and S.alvi, G.apicola
604 strain ESL0169 was grown for 8 h in pollen-supplemented M9 medium as

605 described before. Cultures were sterile-filtered and mixed with fresh pollen-
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606 supplemented M9 medium 1:1 (v/v). For the control condition, non-inoculated
607 cultures were incubated for 8 h, sterile filtered and mixed with fresh pollen-
608 supplemented M9 medium 1:1 (v/v). Then, S. alvi was added to each tube at a
609 final ODsoo of 0.05. Growth of S. alvi was assessed by ODeoo measurements. For
610 metabolomics analysis, supernatants were sampled at time points 0 h and 8 h for
611 the G. apicola conditioning cultures and at time points 0, 16, 36, 72 h for the S.
612  alvi cultures in conditioned medium.

613

614 Metabolite extraction and profiling.

615  Metabolites from gut and pollen samples were water-extracted after mechanical
616  disruption, and supernatants from the in vitro experiments were harvested by
617  centrifugation. Detailed methods can be found in the Supplemental methods.
618  Gut samples were pre-selected based on their wet-weight (arithmetic mean 55.1
619 mg, standard deviation 9.9). Ten times more water than the gut wet-weight
620 (v/w) was added, and the samples were homogenized with 0.1 mm zirconia
621 beads in a Fast-Prep24™5G homogenizer at 6 m/s for 45 s. This homogenate
622  was snap-frozen in liquid nitrogen for subsequent DNA/RNA extraction, and 20
623 times diluted for metabolite extractions which was achieved by incubating the
624 samples in a pre-heated thermo-mixer at 80°C and 1400 rpm for 3 min. After
625 each minute, the samples were vortexed for 10s. Subsequently, the samples
626  were centrifuged at 20000x g and 4°C for 5 min, and 150 pl of the resulting
627  supernatant was transferred to a new tube and centrifuged again. Finally, the
628  supernatant was diluted 10x and stored at -80°C or on dry ice for subsequent

629 metabolomics analysis.
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630 Samples were injected into an Agilent 6550 time-of-flight mass
631  spectrometer (ESI-iFunnel Q-TOF, Agilent Technologies) operated in negative
632  mode, at 4 Ghz, high resolution, and with a mass / charge (m/z) range of 50-1000
633  [21]. The mobile phase was 60:40 isopropanol:water (v/v) and 1 mM NH4F at pH
634 9.0 supplemented with hexakis (1H, 1H, 3H- tetrafluoropropoxy)phosphazine
635 and 3-amino-1-propanesulfonic acid for online mass correction. After processing
636  of raw data as described in [21], m/z features (ions) were annotated by matching
637  their accurate mass to sum formulas of compounds in the Kyoto Encyclopedia of
638 Genes and Genomes (KEGG) database with 0.001 Da mass accuracy and
639  accounting for deprotonation [M-H*]. This method cannot distinguish between
640 isobaric compounds, e.g. metabolites having identical m/z values. The raw data
641 of samples from the three sets of experiments (bee gut samples, in vitro
642  supernatants, and cross-feeding supernatants) were processed and annotated
643  separately to accommodate their different sample matrices or times of
644 measurement. This data can be explored in Dataset S1, S8, and S9. Raw data
645  processing and annotation took place in Matlab (The Mathworks, Natick) as
646  described previously [21] and downstream processing and statistical tests were
647 performed in R (R Foundation for Statistical Computing, Vienna, Austria).

648 Selected metabolite samples were measured in targeted fashion using
649  ultra-high-pressure chromatography-coupled tandem mass spectrometry as
650 described before [71]. Metabolite quantifications were performed by
651 interpolating observed intensities to a standard curve of the metabolite.

652 Flavonoid ions were targeted for MS/MS fragmentation as [M-H*|
653 electrospray derivatives with a window size of + 4 m/z in Q1. Fragmentation of

654  the precursor ion was performed by collision-induced dissociation at 0, 10, 20,
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655 and 40 eV collision energy and fragment-ion spectra were recorded in scanning
656 mode by high-resolution time-of-flight MS. Spectra were interpreted using
657  MetFrag (Ruttkies et al, 2016), and spectral cosine similarity scores were
658 calculated between reference spectra that were obtained in-house or library
659  spectra from MassBank of North America (MoNA,
660  http://mona.fiehnlab.ucdavis.edu/). For further details see Supplemental
661 methods.

662

663 Untargeted metabolomics data analysis.

664  All steps of the downstream data analysis were performed in R (R Foundation for
665  Statistical Computing, Vienna, Austria). Samples from double injections
666  (technical replicates) were confirmed to be highly similar and averaged.
667  Subsequent analyses were performed on these averaged ion intensities, which
668 are available in Dataset S1, Dataset S8, and Dataset 9.

669 lons that were deemed robustly different between the MF and CL bees
670 were those that were significantly different (Welch t-test, BH adj. P <0.01)
671 between CL and MF in both independent experiments. Differences between MF
672 and CL samples were expressed as log2(fold-change) values for both
673  experiments separately and for pooled data of both experiments (see Dataset
674 S1).

675 Enrichment analyses were computed on compound class categories from
676  KEGG (in house database), which are added in the column “compound class” in
677 Dataset S1. Some ions with ambiguous annotations had a compound class
678 associated to multiple of these annotations. However, supported by the

679  observation that compound classes between alternative annotations were often
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680  the same (or highly related) only the compound class of the first annotation was
681 used as input for one-sided Fischer’s exact tests (Dataset S3).

682 One-way analysis of variance (ANOVA) was performed between all bee
683 gut samples after selecting the relevant samples from the data matrix and
684 normalizing the intensities to ion standard (Z-) scores (i.e. by row). The results
685  of the full ANOVA analysis can be explored in Dataset S6. For this study the
686 focus was on differences between any group and MF bees which were
687  considered significant when having an Tukey HSD post hoc adjusted P-value <
688  0.05. When for a specific monocolonization group this significance cut-off was
689 met and the direction of the change was the same as that for CL vs MF, the ion
690  was considered to be “explained” by this group.

691 In order to enrich for pollen ions we only considered ions with an
692  arithmetic mean intensity of 210,000 in the pollen samples, in addition to being
693  highly significantly different from water-matrix control samples (Welch t-test,
694 BHadj.<0.001) and displaying a large (= 2) log2(fold change) difference.

695 For the in vitro data (Dataset S8), the goal was to identify pollen
696  substrates and bacterial products for which changes in levels were observed in
697  vivo and in vitro. Pollen ions were mapped by matching the top annotation
698 formula of both datasets. For all media-strain combinations we performed a
699  statistical comparison between time point 16 h and 0 h and considered only
700 those ions with a log2(fold change) of 2|1| and BH adj. P-value of <0.01 as
701  significant in vitro products or substrates. In order to be certain that only pollen-
702  derived substrates were included, for every strain only ions that displayed a
703  significant negative log2(fold change) exclusively in the base medium

704  supplemented with pollen extract were considered as in vitro pollen substrates.
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705 To identify ions that might be cross-fed between G. apicola and S. alvi,
706 ions were selected that increased during the growth of G. apicola and were
707  depleted when S. alvi was grown in this conditioned medium mixed 1:1 with
708  fresh base medium. To do this all ion intensities for both strains (Dataset S9)
709  were split and transformed to log2(fold-change) with respect to the first time
710 point of sampling. lons that had a total log2(fold change) of 2|1| during G. apicola
711  growth and a total log2(fold change) of <|-1| during S. alvi growth were selected.
712 For a more extensive version of these methods including settings of

713  functions, and detailed protocols see Supplemental methods.

714

715
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988 Figure 1. Overview of the experimental setup to characterize metabolic
989 activities of the honey bee gut microbiota. Newly emerged adult bees were
990 either kept microbiota-free, colonized with a reconstituted community of the
991 seven predominant species of the bee gut microbiota (CL), or monocolonized
992  with one of the seven species separately. Bees obtained gamma-sterilized bee
993  pollen as diet. Ten days after colonization honey bee guts were extracted and
994  subjected to untargeted metabolomics to (i) reveal overall metabolomics
995  changes in CL vs MF bees and (ii) to identify which community member could
996  explain these metabolic changes in the gut. As a control, we additionally analyzed
997  10-day old hive bees that were colonized by the native microbiota under natural
998  conditions in the colony (not shown in this figure). To recapitulate findings in
999  vitro, individual community members were cultured in pollen-conditioned
1000 medium and metabolic changes in this medium were again profiled using

1001  untargeted metabolomics.
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1004 Figure 2. Colonization levels of the seven community members in guts of
1005 microbiota-free bees (MF), colonized bees (CL), and hive bees. (A) Bacterial
1006 loads in the mid/hindguts of 10-day old MF bees (n= 21), CL bees (n= 18), and
1007  hive bees (n = 16) were assessed by quantitative PCR of the 16S rRNA gene using
1008  species-specific primer pairs. Black lines show median values. Samples shown
1009 below the red line had <10° bacterial cells per gut. Primer characteristics are
1010 summarized in Table S5.
1011
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1013  Figure 3. Metabolite changes between microbiota-free (MF) bees and bees
1014 colonized with the reconstituted microbiota (CL). Orthogonal Projection of
1015 Least Squares-Differentiation Analysis (OPLS-DA) based S-plot of metabolite
1016  changes shows ions responsible for MF and CL separation. Inset shows OPLS-DA
1017  separation between MF and CL along the component that was used for
1018 correlating ion intensities. Experiment 2 data (see Dataset 1) was used for this
1019 plot, and annotated ions that were not robustly significantly different between
1020 MF and CL in both experiments are plotted in grey. lons with a first annotation
1021 belonging to an enriched category are plotted in color (see Dataset 2), except for
1022  the category amino acids and derivatives which did not meet the significance
1023  threshold for enrichment but was deemed relevant. The purine- and pyrimidine
1024  nucleosides and analogues categories were combined into nucleosides and
1025 analogs for coloring only. The boxed areas show the m/z [M-H*] of the ion and
1026  the first annotation name of the most discriminatory ions, sorted by covariance.

1027  Asterisks indicate ions with ambiguous annotations.
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1029 Figure 4. Overview of metabolite changes explained by different
1030 community members of the bee gut microbiota. (A) Distribution of metabolic
1031 changes explained by mono-colonizations. Bar graphs show distribution of the
1032  substrates (240 ions) and products (132 ions) separately. Enrichment P-values
1033  (one-sided Fisher’s exact test) are provided for compound categories enriched in
1034 one or several mono-colonizations. The results of the full enrichment analysis
1035 are provided in Dataset S2. (B-E) Z-score transformed ion intensity of selected
1036  substrate and product ions are shown for all treatment groups. (B) glycosylated
1037  flavonoid substrates, (C) two substrates from the outer pollen wall, (D) two
1038 products corresponding to host-derived metabolites, (E) succinate, one of the
1039 major fermentation products. Groups depicted in color highlight treatment
1040 groups displaying a significant difference compared to MF bees in the same
1041 direction as the MF vs CL difference (one-way ANOVA, Tukey HSD post hoc test at
1042  99% confidence, P <0.05). Plots for all 372 ions are provided in Dataset S7. MF,
1043 microbiota-free, Ba, Bartonella apis mono-colonized, Bi, Bifidobacterium
1044  asteroides mono-colonized, F4, Firm-4 mono-colonized, F5, Firm-5 mono-

1045 colonized, Fp, Frischella perrara mono-colonized, Ga, Gilliamella apicola mono-
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1046  colonized, Sa, Snodgrassella alvi mono-colonized, CL, colonized with the

1047  reconstituted microbiota, hive, hive bees.

1048
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1050 Figure 5. Recapitulation of metabolic changes induced by gut bacteria
1051  during in vitro growth in pollen-conditioned medium. (A) Line graphs show
1052  growth of each community member in control medium and pollen-conditioned
1053 medium based on colony-forming unit (CFU) counts at time-point 0 h and 16 h.
1054 Values are the mean of five replicates with error bars indicating standard
1055 deviation. n.s = not significant, * = p < 0.01, ** = p < 0.001, p < 0.0001 = ***
1056  (Welch t-test). Volcano plots of significance (Welch t-test BH adj. P-value) vs.
1057 log2(fold change) show metabolic changes in pollen-conditioned medium at
1058 time-point 16 h relative to 0 h. lons identified as pollen-derived are highlighted
1059 in black. lons annotated as glycosylated flavonoids, flavonoid aglycones (non-
1060 glycosylated flavonoids), or putative flavonoid breakdown products are shown
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1061 in color when they displayed log2(fold changes) 2|1|. Other annotated ions are
1062 plotted in grey. (B) Model for the metabolism of flavonoids in the bee gut.
1063  Flavonoids are deglycosylated by specific bee gut bacteria resulting in the
1064 release of flavonoid aglycones. The sugar residues are likely fermented into
1065  organic acids. Accumulation of several (poly)phenol breakdown products in vivo
1066 and in vitro suggests that the aglycone may be broken down further.

1067
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1070 Figure 6. Cross-feeding between G. apicola and S. alvi. (A) Evidence for cross-
1071 feeding of pyruvate in the honey bee gut. Z-score transformed ion intensities
1072  reveal that the ion annotated as pyruvate accumulates in bees mono-colonized
1073  with G. apicola, but is depleted in hive bees, CL bees, and bees mono-colonized
1074  with S. alvi and Firm-5. (B) Six potentially cross-fed ions which accumulated
1075  during in vitro growth of G. apicola (left sub-panel) and were consumed by S. alvi
1076  when it was grown on the G. apicola-conditioned medium mixed 1:1 with fresh
1077  medium (right sub-panel). Smoothed lines are added for interpretation purposes
1078  only and are dashed in the left panel because they are drawn through two points

1079  only. Error bars represent the standard deviation based on three replicate
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1080  cultures. Chemical structures of the first annotation of each ion are shown.
1081  Asterisks indicate ions with ambiguous annotations.

1082
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1085 Figure 7. A summary of the metabolic activities of the bee gut microbiota
1086 identified in this study. Pollen is likely predigested in the midgut where
1087  bacterial levels are relatively low [45]. Here, the host absorbs accessible pollen-
1088  derived compounds such as simple sugars (glucose or fructose) and amino acids
1089 [46,47]. Non-digested pollen grains and pollen compounds enter the hindgut
1090 where bacterial density is much higher. We found nucleosides, various
1091 carboxylic acids (e.g. citrate, malate, fumarate) and aromatic compounds (such
1092  as quinate) from pollen to be utilized by bee gut bacteria. In the posterior part of
1093 the hindgut, three community members (Firm-5, Firm-4, and B. asteroides)
1094 metabolize major components of the outer pollen wall, including flavonoids,
1095 phenolamides and w-hydroxy acids. The metabolic activities of the microbiota
1096 lead to the accumulation of fermentation products and intermediates of aromatic
1097 compound degradation. Some of the bacterial products may be utilized by other
1098 community members, as exemplified by the cross-feeding between G. apicola and

1099  S. alvi, or absorbed by the host. In addition, the gut symbiont B. asteroides seems

Page 50 of 51 Main text


https://doi.org/10.1101/157461
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/157461; this version posted July 14, 2017. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

1100 to increase the production of several host metabolites (juvenile hormone
1101  derivatives and prostaglandins) that have key functions in immunity and

1102  physiology.
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