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Summary

That antibiotics alter microbiota composition and increase infection susceptibility is well
known, but their generalizable effects on the gut commensal community and dependence
on environmental variables remain open questions. Here, we systematically compared
antibiotic responses in gnotobiotic and conventional mice across antibiotics, microbiotas,
diets, and housing status. We identify remarkable resilience, whereby a humanized
microbiota recovers before drug administration ends, with transient dominance of
resistant Bacteroides and taxa-asymmetric reduction in diversity. In other cases, in vitro
sensitivities were not predictive of in vivo responses, underscoring the significance of host
and community contexts. A fiber-deficient diet exacerbated collapse of the microbiota and
delayed recovery, despite the presence of a similar core community across diets at the
point of maximal disturbance. Resilience to a second ciprofloxacin treatment was observed
via response reprogramming, in which species replacement after ciprofloxacin treatment
established resilience to a second treatment, and also through cross housing transmission.
Single-housing drastically disrupted recovery, highlighting the importance of
environmental microbial reservoirs and suggesting sanitation may exacerbate the duration
of antibiotic-mediated disruption. Our findings highlight the ability of the commensal
microbiota to deterministically adapt to large perturbations, and the translational potential

for modulating diet, sanitation, and microbiota composition during antibiotics.
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Introduction

The gut microbiota performs functions crucial to the host, guiding development of the
immune system, tuning inflammation, and establishing resistance against enteric
pathogens (Ivanov et al., 2008; Mazmanian et al., 2008; Stecher et al., 2007). Antibiotic
treatment perturbs community structure and function, often resulting in prolonged
pathogen susceptibility (Doorduyn et al., 2006; Pavia et al., 1990; Stecher et al.,, 2007).
Moreover, antibiotic treatment has long-lasting effects on physiological processes such as
adiposity, insulin resistance, and cognitive function (Cho et al., 2012; Cox et al., 2014;
Frohlich et al,, 2016; Hwang et al., 2015). The ability to accurately predict how a given
antibiotic will affect a community may reveal control mechanisms for these wide-ranging

effects.

The manner and extent to which complex communities respond to and recover from
antibiotics is not consistent. For example, while treatment with the aminoglycoside
streptomycin shifted the balance between the two dominant phyla in the mouse gut
strongly toward a Bacteroidetes-dominated microbiota in one study (Thompson et al.,
2015), Firmicutes dominated in others (Ng et al., 2013; Stecher et al., 2007). The
fluoroquinolone ciprofloxacin elicited highly individualized responses in humans
(Dethlefsen et al.,, 2008; Dethlefsen and Relman, 2011). Many factors across studies and
between individual hosts could account for variable outcomes, motivating a more
systematic analysis of treatment outcomes. Moreover, few studies have focused on the
dynamics of recovery after antibiotic treatment despite the relevance to pathogen

susceptibility (Doorduyn et al., 2006).
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Antibiotic response may depend on a wide range of environmental perturbations that
multifactorially impact the microbiota and the intestinal environment. Removal of
microbiota-accessible carbohydrates (MACs) from the mouse diet thins the mucosal layer
surrounding the gut epithelium (Desai et al., 2016; Earle et al., 2015), increasing sensitivity
to certain pathogens (Desai et al., 2016), and reduces microbiota transmission between
generations (Sonnenburg et al,, 2016). This dietary shift also predisposes mice to infection
with Clostridium difficile (Hryckowian et al., 2018). Fecal microbiota transplants can
replenish reservoirs of commensals in dysbiotic communities to resolve recurrent
infections of C. difficile in humans (van Nood et al., 2013), and are also effective at restoring
microbiota species after diet- (Sonnenburg et al., 2016) or osmotic diarrhea-mediated loss
(Tropini et al., 2018), suggesting the importance of general environmental microbial
reservoirs for commensal recovery. In some humans, a second treatment of ciprofloxacin
resulted in larger disruption of the gut community than a treatment 6 months earlier
(Dethlefsen and Relman, 2011). The factors that lead to community disruption after a
second treatment, and the microbiota response to combinations of antibiotic treatment
with other gut perturbations, are underexplored and likely critical for understanding how

antibiotics reshape the human gut.

Can the wealth of in vitro data on the antibiotic susceptibility of model organisms be used
to predict the response of communities, particularly within a host? A recent screen of 40
commensals abundant in humans across a range of antibiotics and human drugs

demonstrated that sensitivity profiles can be highly species-specific (Maier et al., 2018),
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88  indicating that phylogeny is not generally useful for inferring the response of related

89  species. Moreover, growth rate can greatly affect minimum inhibitory concentrations

90  (MICs) in vitro (Evans et al., 1991), suggesting that the spatially heterogeneous and

91  dynamic nutrient environment of the gut further confounds predictions even in simple

92  defined communities. In a few cases, mechanisms have been identified by which one

93  species can alter the sensitivity of another species, for instance through drug metabolism

94  (Onderdonk et al., 1979). Last, community interactions may perturb sensitivity in a

95  widespread manner. For example, the cell wall-targeting antibiotic vancomycin, which

96  primarily affects only Gram-positive species in vitro due to the permeability barrier of the

97  Gram-negative outer membrane, nevertheless reduces the levels of Gram-negative species

98  in the mouse gut (Ivanov et al., 2008). These factors motivate detailed analyses of the

99  dynamics of species-level abundances throughout antibiotic treatment and comparisons
100  with in vitro sensitivities.
101
102  The prevalence of seemingly contradictory reports underscore the need for a systematic
103 study of relevant factors in a controlled experimental setting, as well as the importance of
104  understanding how antibiotics synergize with other gut perturbations. To close current
105  gaps in understanding, we tracked microbiota dynamics with high temporal and taxonomic
106  resolution during antibiotic treatment in a controlled model system, while isolating
107  variables that influence antibiotic treatment and recovery such as diet, treatment history,
108  and housing co-inhabitants. Our results emphasize that the response of individual bacterial
109  species can be highly affected by the host, the rest of the gut community, and available

110  environmental reservoirs. Our systematic investigation of factors required for resilience
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111 and recovery of particular bacterial taxa to antibiotic perturbation lays the foundation for
112 strategies that could mitigate long-term effects of antibiotic treatment on the gut
113  microbiota.

114
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115  Microbial load recovers rapidly after massive, transient disturbance from

116  streptomycin

117  We first sought to determine the extent to which the gut microbiota is disrupted during
118  antibiotic treatment and the timescale over which the community recovers in total

119  abundance and composition. Fifteen germ-free mice distributed across 3 cages were

120  equilibrated with human feces (‘humanized’) from an anonymous donor (Methods) and
121 treated with 20 mg streptomycin per day for five days by gavage (days 0-4). Feces were
122 collected for 16S ribosomal rRNA sequencing immediately before the first gavage, 12 h

123 later (day 0.5), and then every day for 14 days. Three mice were sacrificed ondays 0, 1, 5, 8,
124  and 14 for other analyses (Fig. 1A).

125

126  We measured the culturable colony forming units (CFUs) per mL in feces in each sample
127  and observed a drop from ~1010 to 10>-10¢ CFUs/mL by day 0.5 (Fig. 1B). Nonetheless, the
128  anaerobic load recovered to >101% CFUs/mL by day 1 and remained thereafter at 1010-1011
129  CFUs/mL despite continued drug administration on days 2-4. These rapid dynamics

130  illustrate that even daily sampling frequencies could miss the rapid antibiotic-induced

131  density decrease that occurs after treatment initiates. The density of aerobes was much
132 lower than that of the anaerobes and hence made minimal contribution to the total load,
133 but did not recover until day 6 (Fig. 1B), indicating that treatment continually reconfigured
134  microbiota composition despite the rapid recovery in bacterial load.

135

136  Streptomycin elicits a common trajectory of compositional recovery despite

137  hysteresis and Kinetic variation
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138 Using 16S sequencing, we identified amplicon sequence variants (ASVs) and mapped them
139  to taxa using DADAZ, which uses error correction to avoid clustering artifacts in

140  operational taxonomic unit (OTU)-based algorithms (Callahan et al., 2016); these ASVs

141  represent predicted ‘species’ in the community. The collapse and recovery of microbiota
142  composition were similar across all mice in multiple cages. Before treatment, mice had

143  similar abundances of Bacteroidetes (comprised of class Bacteroidia) and Firmicutes

144  (classes Bacilli, Clostridia and Erysipelotrichi), with these two phyla accounting for >95%
145  abundance (Fig. 1C). By day 1, Bacteroidetes dropped to <10% (Fig. 1D), with the

146  Firmicutes concomitantly increasing in relative abundance (Fig. 1C). By day 2, the

147  Bacteroidetes returned to pre-antibiotic relative abundances, as did total culturable

148  bacteria (Fig. 1B,D). Betaproteobacteria (represented by the family Alcaligenaceae)

149  increased from ~2% to ~5% during treatment and then persisted at that level (Fig. 1C),
150  suggesting that they opportunistically filled a niche opened by the treatment.

151

152  These dynamics were evident in a principal coordinates analysis (PCoA), which measures
153  similarity in composition: all mice reached a common point of maximal disturbance along
154  coordinate 1 by day 1 (Fig. 1E). Thus, despite the initial, massive decrease in bacterial load
155  (Fig. 1B), the path to maximum disturbance was deterministic. After day 1, the microbiotas
156  re-equilibrated to the pre-treatment composition along a different path than the one

157  traversed to the point of maximal disturbance (Fig. 1E). In addition to this hysteresis,

158  recovery kinetics varied. Some mice had already returned to the day 0 state by day 5, while
159  others returned more slowly (Fig. 1E), perhaps due to their reliance on re-seeding from

160  other mice in the cage. Nonetheless, all mice followed a similar trajectory in the space of
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161  coordinates 1 and 2 (Fig. 1E), suggesting that intermediate states of recovery were similar
162  despite kinetic variation across mice.

163

164  Ciprofloxacin treatment results in similar microbiota dynamics to streptomycin

165  To determine whether the rapid recovery of bacterial load and phylum-level composition
166  was antibiotic-specific, we treated 14 humanized mice (co-housed in 3 cages) twice daily
167  for 5 days with 3 mg ciprofloxacin, a broad-spectrum DNA gyrase inhibitor. This dosing
168  regimen was chosen based on preliminary experiments in which dosing twice daily had a
169  greater effect than a larger dose once daily (Fig. S1A). The anaerobic compartment of

170  culturable bacteria initially dropped by 100- to 1000-fold by day 1, but recovered to pre-
171  treatment levels by day 3, before administration ended (Fig. 1F), as in streptomycin-treated
172 mice (Fig. 1B). The phylum-level effects of ciprofloxacin treatment on community

173  composition were remarkably similar to those of streptomycin (Fig. 1G). Ciprofloxacin-

174  treated mice traversed a similar trajectory in the space of coordinates 1 and 2 to the point
175  of maximal disturbance as streptomycin-treated mice, despite differences in kinetics (Fig.
176  1E,I). The similarity wash driven at least in part by the large initial replacement of

177  Bacteroidetes with Firmicutes (Fig. 1C,G,S1B). Bacteroidetes relative abundance dropped
178  to 10-25% by day 1 due to replacement by Firmicutes, but recovered by day 3 and

179  remained stable thereafter (Fig. 1G). This recovery was largely associated with a single ASV
180  matching Bacteroides vulgatus (Bv) that was at 4% prior to antibiotics but bloomed to

181  >50% in all mice (Fig. 1H), before being replaced by S24-7 family members once treatment
182  ended (Fig. 1H), suggesting a competition between these two families for a common niche

183  (Tropini et al., 2018). We isolated 12 colonies from a mouse sample during Bv dominance
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184  (day 4) on Bacteroides-selective plates; 16S Sanger sequencing revealed that all of the

185 isolates were Bv. Whereas the Betaproteobacteria increased in abundance during

186  streptomycin treatment, the Verrucomicrobiae bloomed after ciprofloxacin was removed
187  (Fig. 1G), again indicating opening of favorable niches. Thus, ciprofloxacin and

188  streptomycin influence composition in surprisingly similar manners despite highly distinct
189  molecular effects, although distinctions emerge during recovery.

190

191  Cage-specific effects during recovery from ciprofloxacin indicate importance of

192  environmental microbial reservoirs

193  After maximal disturbance, one subset of ciprofloxacin-treated mice continued to follow
194  the recovery trajectory of streptomycin-treated mice, while the rest remained similar to the
195  disrupted state (Fig. 11). Interestingly, these subsets were entirely cage-determined (Fig.
196  1J,K), suggesting reseeding plays a major role in recovery. This difference was not apparent
197  in class-level taxonomic composition (Fig. S1C). However, an obvious distinguishing feature
198  within the ciprofloxacin-treated mice was the dynamics of the family S24-7, a member of
199  the Bacteroidetes phylum abundant prior to treatment (~35%) and highly prevalent in

200  homeothermic animals (Ormerod et al.,, 2016). In one cage that exhibited complete

201 recovery in PCoA space (Fig. 1]), S24-7 disappeared in the latter stages of antibiotic

202  treatment, but re-emerged directly after ciprofloxacin was removed, and re-established at
203  pre-treatment levels (Fig. 1K,S1D). By contrast, in another cage S24-7 was undetectable

204  until day 10, and only recovered to ~5% by day 14 (Fig. 1K,S1D). In streptomycin-treated
205  mice, S24-7 recovered in all cages, even before cessation of antibiotics (Fig. S1E). A likely

206  explanation for the heterogeneity is that each mouse has a low probability of retaining S24-
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207 7 or being recolonized from the cage reservoir, but afterward the rest of the cage shares in
208  S24-7 recovery. These data suggest that gamma diversity of host microbiotas within a cage
209  isan important driver of recovery after antibiotics.

210

211 Antibiotics cause sustained loss in alpha diversity, driven by loss of Bacteroidetes
212  members

213 Although the culturable densities and phylum-level relative abundances of Bacteroidetes
214  and Firmicutes returned to pre-antibiotic states regardless of microbiota or antibiotic (Fig.
215 1B,CF,G), we were interested in long-term effects of perturbation, especially as the loss of
216  S24-7 in some mice (Fig. 1K, S1D) and oligodominance of Bacteroides spp. (Fig. 1H)

217  suggested that antibiotic treatment could have long-term effects. To identify one such long-
218  term effect—extinction events—we quantified the alpha diversity, a measure of community
219  resilience (Lozupone et al,, 2012). For streptomycin and ciprofloxacin, the alpha diversity
220  ofthe humanized microbiota dropped during treatment (Fig. 2A,B), with a larger decrease
221  in ciprofloxacin-treated mice despite the smaller decrease in bacterial load (Fig. 1B,F). In
222 both cases, alpha diversity slowly increased after the antibiotic was removed, and re-

223 equilibrated at a level significantly lower than the level pre-treatment (Fig. 2A,B). The

224  diversity increase during recovery could be due to very low-abundance members

225  recovering to detectable levels, or to reseeding from environmental reservoirs.

226

227  The sustained decrease was driven largely by taxa within the Bacteroidetes phylum, which
228  permanently decreased in diversity by 36% and 70% in streptomycin and ciprofloxacin-

229  treated humanized mice, respectively (Fig. 2C,D). By contrast, the diversity of Firmicutes
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230  was only slightly affected or unaffected (Fig. 2C,D). In streptomycin-treated humanized
231  mice, the decrease in Bacteroidetes diversity was largely accounted for by the

232 Bacteroidaceae family, which includes the Bacteroides genus (Fig. 2E); S24-7 family

233 diversity recovered to almost pre-treatment levels (Fig. 2E). By contrast, in ciprofloxacin-
234  treated humanized mice, both Bacteroidaceae and S24-7 diversity experienced a larger
235  decrease than in streptomycin-treated mice (Fig. 2E,F) and remained low after

236  ciprofloxacin was removed. S24-7 diversity decreased to as low as 1 observed ASV, from
237  ~17 at the start of the experiment, (Fig. 1F), suggesting complete extinction of some

238  species. Faith’s phylogenetic diversity, a complementary measure that incorporates the
239  relatedness of taxa within a community, gave similar conclusions to observed ASVs (Fig.
240  S2A-F). Together, our results reveal that the two dominant phyla exhibit asymmetric

241 vulnerability to two different antibiotics, regardless of in vitro sensitivity, with

242 Bacteroidetes loss and recovery influenced by variables such as the initial microbiota

243 (conventional versus humanized) and by cage mates.

244

245  Antibiotic resistance and intra-genus competition during and after ciprofloxacin
246  treatment determines the relative abundances of Bacteroides species

247  The transient decrease in relative abundance and extinction of taxa within the

248  Bacteroidaceae (Fig. 1C,1G,2E,2F) suggests that the Bacteroidaceae experience selection
249  during antibiotic perturbation. To determine whether this behavior was largely driven by
250 the selection for antibiotic resistance, we performed a second antibiotic treatment (Fig.
251 3A). We employed ciprofloxacin instead of streptomycin because it caused the greater drop

252 in alpha diversity (Fig. 2).
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253

254  The anaerobic compartment was negligibly affected by the second treatment (Fig. 3B),

255  consistent with the lack of change in community composition at the family level (Fig. 3C).
256 By day 1 of the second treatment, the class-level composition was almost indistinguishable
257  from the stabilized end of recovery after the first treatment, although this community was
258  different than the baseline community before treatment (Fig. S3A), demonstrating that the
259 initial treatment selected for a more resilient community.

260

261  Despite the lack of obvious changes in community composition during the second

262 treatment, throughout both treatments, the Bacteroidaceae dropped to a single, dominant
263 ASV (B. vulgatus) and then recovered to 2-5 ASVs after ciprofloxacin was removed (Fig.
264  3D). This domination during antibiotic treatment was reflected in the alpha diversity,

265  which was negatively impacted (Fig. S3B), indicating a depletion of certain members and
266  filling of niches by other, related species. To examine the extent to which the emergence of
267  ciprofloxacin resistance explains the response of humanized mice to a second treatment,
268  we isolated strains from samples of two mice. We identified strains as Bacteroides spp. via
269  16S sequencing and measured their MICs to ciprofloxacin. The MICs of pre-antibiotic

270  Bacteroides isolates (Table S4A) were within the reported range of literature values (2-16
271 pg/mL) (Goldstein and Citron, 1992). B. vulgatus isolates from samples during or after

272 antibiotic treatment displayed increases of >100-fold abundance relative to the isolates
273 from day 0 (Fig. 3D). Whole-genome sequencing of B. vulgatus isolates from one mouse
274  revealed that isolates from day 4, 12, or 16, but not the day 0 isolate, possessed a mutation

275  in gyrA that confers ciprofloxacin resistance. The genotypes of the day 4, 12 and 16 isolates
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276  were highly distinct from those of the day 0 isolate (Fig. 3H), suggesting that the initial

277  population included multiple B. vulgatus strains with varying ciprofloxacin sensitivity and
278  that treatment reconfigured their relative abundances. The domination occurred only

279  during antibiotic treatment (Fig. 3D). After antibiotic treatment ceased, although total

280  Bacteroidaceae relative abundance appeared to stabilize, the Bacteroidaceae transitioned
281  rapidly from dominance of a single B. vulgatus species on day 6 to multiple Bacteroides

282  ASVs (Fig. 3D). This suggests that other Bacteroides species are able to reseed and/or

283  recover and then compete effectively with B. vulgatus in the absence of antibiotics.

284

285  Conventional and humanized mice have similar recovery trajectories but different
286  Kinetics during ciprofloxacin treatment

287  To determine whether the compositional response of the humanized microbiota was

288  influenced by antibiotic history and/or by the nature of humanization, we carried out a
289  similar double-treatment experiment in conventional mice with a natural laboratory

290  mouse-adapted microbiota that has likely not experienced as much antibiotics as the

291 human donor for the humanized mice. The conventional samples mapped onto

292 approximately the same PCoA trajectories as humanized mice (Fig. S3C), but with slower
293  dynamics; conventional mice on day 8 resembled humanized mice on day 3 (Fig. S3C).

294  Mirroring this delay, the bacterial load (Fig. 3E) and Bacteroidetes abundance (Fig. 3F) did
295  notrecover during antibiotic treatment in any mice. Instead, the Bacteroidetes recovered 1
296  day after treatment cessation, matching the time scale of ciprofloxacin clearance from feces
297  (Fig. S3E), with recovery almost entirely due to increased Bacteroidaceae abundance.

298
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299  In contrast to a humanized community that exhibited the enrichment and domination of a
300 resistant strain during antibiotic treatment (Fig. 3D), all Bacteroides isolates from

301  conventional mice before or after treatment, including the B. vulgatus that was the most
302  abundant, had MIC values of 4-8 ug/mL (Fig. 3G); the lack of resistance was consistent with
303  the decreases in bacterial load being similar during the first and second treatments (Fig.
304  3E). Whole-genome sequencing demonstrated that the day 11 isolate was virtually

305 identical to the day 0 isolate (Fig. 3H), and there were no obvious mutations that would
306 confer antibiotic resistance. Thus, despite identical dosing conditions, the selection for in
307  vitro resistance in B. vulgatus in a complex community is not pre-destined; the recurrence
308  of alarge decrease in bacterial load and similar compositional kinetics at the start of the
309  second treatment suggest that this conclusion extends to the rest of the microbiota as well.
310  Consistent with the lack of selection of a resistant Bacteroides species during antibiotics,
311  there was no domination by a single species, and multiple Bacteroides spp. were

312  maintained in the period after antibiotic treatment.

313

314  Concomitant with the sensitive response of the Bacteroides, we observed that S24-7 was
315  highly responsive (similar to its decrease during antibiotic treatment of humanized mice);
316  however, in conventional mice, S24-7 never recovered to the high densities seen in some
317 humanized mice (Fig. 3C,F). In sum, our data suggest that the conventional mouse

318  microbiota is more sensitive to treatment than the humanized mouse microbiota. The

319 effects of the second treatment were remarkably similar to those of the first treatment:
320 ~10-100-fold drop in CFUs/mL (Fig. 3E), and the Bacteroidetes were replaced by a

321  combination of Firmicutes and Verrucomicrobiae (Fig. 3F). The alpha diversity failed to
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322 recover to the same level as before the second treatment (Fig. S3D), suggesting further
323  elimination of community members. Bacteroidetes species were undetectable during

324  treatment and remained so until 3 days after treatment stopped (Fig. 3F), and 524-7 was
325  driven to undetectable levels in all mice immediately upon the second treatment (Fig. 3F).
326  Thus, an inability to recover completely from the first treatment predisposes the

327  conventional microbiota to a more profound disturbance upon the second treatment.

328

329 Invitro resistance of the Bacteroides genus contrasts with its in vivo response to

330 streptomycin

331  Antibiotic resistance appears to explain the response of B. vulgatus to ciprofloxacin, hence
332  we wondered whether the recovery of the Bacteroides after day 1 of streptomycin

333  treatment (Fig. 1D) was also due to the emergence of resistance. However, previous studies
334  suggested that anaerobic bacteria are resistant to aminoglycosides such as streptomycin in
335  vitro (Bryan et al., 1979), making it surprising that the Bacteroidetes decreased

336  dramatically in abundance during the first 12 h of streptomycin treatment (Fig. 1C). We
337  measured streptomycin MICs in vitro of Bacteroides laboratory strains and strains isolated
338  from the pre-treatment donor sample (SI). The majority exhibited no adverse growth

339  effects at 512 pg/mL streptomycin, the highest dose tested (Fig. S4A), supporting the

340  resistance of the Bacteroides genus. Despite being present at 17% before treatment,

341  surprisingly they experienced a similarly massive (~10>-fold) initial decrease in total

342  abundance as the rest of the community upon treatment, given that they are

343  straightforwardly cultured on BHI plates. To test whether the drop in Bacteroides at the

344  start of treatment arose indirectly from the killing of other species, affecting cross-feeding
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345  and nutrient availability, or from host-related effects, we monocolonized germ-free mice
346  with B. thetaiotaomicron and treated with streptomycin. CFUs dropped during the first 24
347  hours to a similar extent as in humanized mice (Fig. S4B), indicating that the host somehow
348  reversed the natural resistance of B. thetaiotaomicron to streptomycin. These data

349  demonstrate that in vitro susceptibility measurements are not necessarily predictive of in
350  vivoresponse.

351

352  Additionally, we did not observe dominance of B. vulgatus (or any other Bacteroides spp.)
353  in streptomycin-treated humanized mice, in contrast to ciprofloxacin-treated humanized
354  mice (Fig. 31), supporting the hypothesis that dominance arises out of selection of resistant
355  strains during antibiotic treatment. In conventional mice, dominance was not observed
356  (Fig. 3G) because there did not appear to be antibiotic resistant strains present before

357 antibiotic treatment that could take advantage of the sensitivity of related strains and

358  outcompete them during antibiotics. In the case of streptomycin, the lack of selection is
359 likely due to the near-universal resistance across the Bacteroides genus.

360

361  Antibiotic treatment increases luminal mucus

362  Given that domination of ciprofloxacin-resistant Bacteroides spp. occurred only during

363  antibiotic treatment but was disrupted by the expansion of non-resistant strains after

364  cessation of antibiotics, we wondered whether factors involving the host environment,

365 namely nutrient availability, affected taxonomic dynamics. Since the Bacteroidetes recover
366  during antibiotic treatment, and many Bacteroides spp. are known mucus utilizers (Salyers

367 etal, 1977; Sonnenburg et al,, 2005), we hypothesized that mucus availability might
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increase during antibiotic treatment. We fixed the tissues of humanized mice sacrificed on
days 0, 1, 5, 8, and 14 and mounted them for DNA and mucus staining and imaging as

previously described (Earle et al., 2015; Johansson and Hansson, 2012) (Fig. 4A,B).

We utilized the software BacSpace (Earle et al., 2015) to identify the epithelial boundary, to
segment bacteria from plant material and other debris in the lumen, and to quantify the
thickness of the mucus layer. For both antibiotics, the thickness of the tight mucus layer
was relatively constant over time (Fig. 4C). However, there was an obvious expansion of
Muc? signal into the lumen upon treatment (Fig. 4C), similar to the increase in mucus in

germ-free mice (Johansson et al., 2008).

In ciprofloxacin-treated humanized mice, this increase in the loose mucus layer persisted
throughout treatment and recovery, suggesting that the increase was not due to direct
effects of the ciprofloxacin on the mucus since ciprofloxacin is cleared by day 7 (Fig. S3E),
while in streptomycin-treated mice, the loose mucus returned to baseline by day 5 (Fig.
4C). The Verrucomicrobiae phylum, which includes the mucin-degrading Akkermansia
muciniphila, did not noticeably change in abundance during or after streptomycin
treatment (Fig. 1C), but bloomed after ciprofloxacin treatment was removed (Fig. 1G).
Additionally, whole genome sequencing revealed that Bacteroides strains isolated from
post-ciprofloxacin fecal samples possessed more mucin and host carbohydrate-degrading
genetic modules than strains isolated before antibiotic treatment (Fig. S4C), suggesting that

the capability to eat loosened mucus may drive the expansion of Bacteroides spp. and other
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390  mucus-responsive phyla (Fig. 1C,G) and counteract the domination of B. vulgatus (Fig.

391 1H,3D).

392

393 A polysaccharide-deficient diet disrupts recovery after ciprofloxacin treatment

394  Previous research has demonstrated that feeding mice a diet lacking MACs thins the tight
395  mucus layer (Desai et al.,, 2016; Earle et al., 2015); bacteria deprived of dietary

396 carbohydrates must utilize mucin-derived polysaccharides instead. A MAC-deficient diet
397  also selects for mucin utilizers like A. muciniphila (Earle et al., 2015; Marcobal et al., 2013),
398  which may compete with Bacteroides spp. for mucus carbohydrates. We hypothesized

399  therefore that the reduction in mucus during a MAC-deficient diet would antagonize the
400  proliferation of loose mucus during antibiotic treatment (Fig. 4C) and thereby hamper the
401  recovery of mucin utilizers such as the Bacteroidaceae.

402

403  We transitioned humanized mice (with the same microbiota as in Fig. 1-3) onto a MAC-
404  deficient diet for two weeks, and then began ciprofloxacin treatment (Fig. 5A-D). As

405  predicted, the Bacteroidaceae did not completely recover until after cessation of antibiotics
406  in MAC-deficient diet-fed (MD) mice, unlike standard diet-fed (STD) mice (Fig. 5D,1G). This
407  delayed recovery was accompanied by incomplete recovery of other families within the
408  Bacteroidetes; the S24-7 family was completely eliminated from MD mice (Fig. 5D).

409  Moreover, the alpha diversity of MD mice started somewhat lower than mice that

410  continued on the standard diet (Fig. 5C, p = 0.02), and dropped even more with antibiotic
411  treatment (~6-fold in MD mice vs. ~4-fold in STD mice; Fig. 5C), indicating that the

412 antibiotic insult acted in an additive fashion with diet shifts. In MD mice, the anaerobic (and
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total) bacterial load (Fig. 5B) exhibited similar dynamics to mice on a standard diet (Fig.
1F), although the aerobic compartment decreased more and recovery was slower than in
STD mice (Fig. 5B, 1F), mirroring recovery delays in alpha diversity (Fig. 5C) and

community composition (Fig. 5D).

To determine whether the effects of the diet shift were microbiota-dependent, we carried
out a similar experiment with conventional mice (Fig. 5A). In these mice, the bacterial load
was dramatically affected by ciprofloxacin treatment, with a >10,000-fold decrease in
anaerobic density (Fig. 5E), in contrast to the ~10- to 100-fold drop in conventional STD
mice (Fig. 3E). Similar to humanized mice (Fig. 5B-D), recovery was also delayed in MD
versus STD conventional mice (Fig. 5E-G). The decrease in alpha diversity was even more
prolonged in MD conventional mice than in MD humanized mice, despite a higher starting
diversity (Fig. 5F). Taken together, these data indicate that the shift to a MAC-deficient diet
exacerbates the effects of ciprofloxacin, particularly for the more sensitive conventional

mouse microbiota.

Ciprofloxacin selects for a common core of species in humanized mice regardless of
diet

Given the decrease in diversity after ciprofloxacin treatment due to a diet switch, we
wondered if species extinction exhibited increased stochasticity in MD compared with STD
mice. Thus, we focused on the species present at the time of minimum alpha diversity in
humanized mice (Fig. 5H). Some species showed diet-specific sensitivity: 6 ASVs found in at

least 50% of STD mice and 3 ASVs found in >50% of MD mice were not present in the other
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436  diet (Fig. 5H). Nonetheless, a core of 14 ASVs was present at the time of lowest diversity in
437  atleast one MD and one STD mouse, with 6-11 of the core ASVs present in each STD mice
438  and 8-12 present in each MD mice (Fig. 5H). Four of the 16 core ASVs were detected in all
439  STD mice, and five were present in all MD mice (Fig. 5H). Overall, this core set of ASVs
440 represented ~92% of the total abundance in STD mice and ~90% in MD mice (Fig. 5H).
441  Thus, ciprofloxacin selects for a specific cohort of microbes at the point of maximal
442  disturbance regardless of diet, even with a larger decrease in load and diversity in MD
443  compared with STD mice.

444

445  An initial antibiotic treatment can condition the Bacteroides response of a human

446  microbiota to a second treatment

447  To determine whether the response of the Bacteroides and other taxa to ciprofloxacin

448  depends on the overall composition of the microbiota, we humanized mice for 6 weeks

449  with a sample from a different donor. The microbiota of mice from this second donor (H2)
450  had a higher fraction of Bacteroidetes and a lower fraction of Firmicutes than the first

451  donor (H1) (Fig. 6A,B). We treated these H2 mice with ciprofloxacin as previously. As in all
452  previous experiments, the relative abundance of the Bacteroidetes dropped during the first
453  day with a concurrent bloom of Verrucomicrobiae (Fig. 6B). However, the response

454  thereafter was dramatically different than in H1 mice. Instead of recovery of the

455  Bacteroidetes during days 2-5, the Lachnospiraceae bloomed to >70% on day 3 (Fig. 6B).
456  On day 4, the Barnesiellaceae, a sister family of the Bacteroidaceae and S24-7, began to

457  recover (Fig. 6B). S24-7 did not begin recovery until day 6, and the Bacteroidaeceae were
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458  undetectable until day 9 (Fig. 6B), similar to H1 mice after a MAC-deficient diet shift (Fig.
459  5D), suggesting that the H2 microbiota is sensitized to ciprofloxacin treatment.

460

461  The B. vulgatus ASV that was dominant in H1 mice throughout the two antibiotic

462  treatments (Fig. 6C) was initially present at similar levels in HZ mice (~3.5% in H2 vs. 1.8%
463  in H1), but did not recover until day 10, and then only to ~6.5% by day 14 (Fig. 6D), unlike
464  itsrapid recovery during treatment in H1 mice (Fig. 6C). A second ciprofloxacin treatment
465 resulted in a Bacteroidaceae response similar to that of H1 mice during a first treatment:
466  Bacteroidaeceae relative abundance dropped rapidly but then recovered to levels

467  comparable to H1 mice by the second day (day 16) (Fig. 6B). The B. vulgatus ASV

468  dominated throughout this second recovery (Fig. 6D). Notably, we also isolated a B.

469  salyersiae from day 11 samples of H2 mice with MIC >512 pg/mL that decreased to almost
470  undetectable levels during the second treatment (Fig. 6D), indicating that in vitro

471  sensitivity is only partly predictive of the response in vivo, much like the initial drop in the
472 Bacteroides during streptomycin treatment despite its antibiotic resistance. These

473  observations suggest that there is an ecological landscape with distinct Bacteroidaeceae
474  recovery behaviors, and that it is possible for a microbiota to move between them through
475  antibiotic treatment.

476

477  Invasion during cross-housing accelerates recovery from ciprofloxacin

478  The large dynamics in bacterial load and taxonomic composition during ciprofloxacin

479  treatment suggested the potential for invasion from environmental reservoirs, including

480  pathogen colonization. Anticipating the microbiota-specific responses of individual taxa to
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481  ciprofloxacin treatment that we identified between H1 and H2 mice (Fig. 6A,B), we also co-
482  housed subsets of H1 and H2 mice (henceforth referred to as cross-housed) on days 0, 1,
483  and 5 (Fig. 6E). These three time points were selected to evaluate whether a particular

484  window of time exists during which invasion is facilitated. Mice underwent two

485  ciprofloxacin treatments, as before. With the exception of the transfer and blooming of the
486  family Barnesiellaceae, which was not present in H1 mice, the compositional dynamics of
487  H1 mice were relatively unaffected by cross-housing with H2 mice (Fig. 6F). By contrast,
488  recovery of the Bacteroidaceae in H2 mice was accelerated by cross-housing (Fig. 6G,],

489  S5A,B). Cross-housing on day 5 led to multiple waves of transient blooming involving

490  families that were not major components of the stabilized community (Fig. 6G). Moreover,
491  an S24-7 ASV that was initially absent from all H2 mice invaded to ~15% abundance from
492 H1 mice after cross-housing (Fig. 6H), suggesting that survival of S24-7 species is

493  dependent on reseeding.

494

495  Interestingly, by day 10, the family-level composition of all H1 and H2 mice was similar
496  regardless of cross-housing (Fig. 6A,B,F,G). However, the decrease in Bacteroidaceae

497  relative abundance in HZ mice upon the second antibiotic treatment that occurred in non-
498  cross-housed mice (Fig. 6B,1) was essentially eliminated by cross-housing (Fig. 6G,I, S5A,B).
499  Inall cross-housed H2 mice, the B. vulgatus ASV that was dominant during treatment in H1
500 mice bloomed to 20-30% directly after the first treatment (Fig. 6]), similar to the levels in
501  H1 mice and consistent with the transfer of the resistant strain from H1 mice. After the first
502  treatment, the dynamics of this ASV in cross-housed H2 mice were essentially the same as

503 in H1 mice, with a quantitatively similar increase in abundance upon start of the second
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504 treatment (Fig. 6]); in non-cross-housed H2 mice, the relative abundance of this ASV

505 initially decreased despite being similar to cross-housed H2 mice at the start of the second
506  treatment (Fig. 6]), suggesting that both community context and antibiotic resistance play a
507  role in Bv dynamics and dominance. Thus, cross-housing effectively shifts the H2

508 microbiota toward the response of the H1 microbiota to ciprofloxacin, indicating that

509 environmental reservoirs can reprogram the microbiota toward more robust antibiotic
510 recovery of certain species.

511

512  Reduction of environmental reservoirs impairs microbiota recovery and increases
513  stochasticity

514  The observation of invasion of taxa from cagemates (Fig. 6F,H) indicates that microbes

515 from other hosts are an important resource for community recovery after antibiotics. Thus,
516  we hypothesized that singly housing mice to mimic the increased sanitation prevalent in
517  Western society would negatively impact recovery. We compared the effects of

518  streptomycin treatment on co-housed and singly housed mice; streptomycin was selected
519  over ciprofloxacin based on the larger drop in bacterial load (Fig. 1B,F), and hence we

520  hypothesized that stochastic extinction would be more likely to play a role. We selected 6
521  mice at random from a cohort of 11 co-housed ex-germ-free, conventionalized mice and
522  separately housed them in their own cages (Fig. 7A). In all mice, the anaerobic load

523  decreased by 102-105 over the first 24 h and the aerobic load decreased by ~103 (Fig. 7B).
524  However, the rapid recovery thereafter in co-housed mice was absent in singly housed

525 mice (Fig. 7B), indicating the absence of species that could flourish in the presence of

526  streptomycin.
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The co-housed conventionalized mice showed similar compositional dynamics (Fig. 7C,E)
to our previous co-housed, streptomycin-treated humanized mouse experiment (Fig. 1C),
indicating that humanized and conventional microbiotas have similar responses to
streptomycin. By contrast, the singly housed mice exhibited dramatically different
compositions from co-housed mice (Fig. 7C-E) and from each other (Fig. 7F); no two mice
were even qualitatively similar during treatment and recovery. While the Bacteroidaceae
recovered during treatment in co-housed mice (Fig. 7E, S6A), they did not recover in many
singly housed mice until after antibiotics were removed (Fig. 7F,S6A). S24-7 recovered in
all co-housed mice (Fig. 7E,S6B) but in only half of the singly housed mice (Fig. 7F,S6B); in
some cases singly housed mice experienced transient blooms of families that were at low

abundance or absent in co-housed mice.

After the cessation of streptomycin treatment, the individual diversity of 5 of the 6 singly
housed mice was significantly lower than the gamma diversity of the co-housed mice (Fig.
7G). We hypothesized that the slower and more variable recovery dynamics of singly
housed mice was a result of stochastic extinctions with no reseeding reservoir due to the
absence of cagemates. We therefore predicted that we would observe different cohorts of
species across the individual mice after treatment. To test this hypothesis, we computed
the total number of unique ASVs represented by the singly housed mice, akin to gamma
diversity had the mice been co-housed. As hypothesized, this “meta”-gamma diversity was
higher than the gamma diversity of the co-housed mice (Fig. 7G). Taken together, our

findings reinforce the importance of environmental reservoirs for robust recovery of the
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550  microbiota, and also highlight that antibiotic-treated microbiotas are susceptible to

551  colonization by important commensals as well as invasion by pathogens.
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552 Discussion

553  Our study provides important insight into the response to antibiotics of individual strains,
554  taxa, and the entire community. The death of virtually all Bacteroides cells in streptomycin-
555  treated mice (Fig. 1B,C) despite their resistance in vitro (Fig. S4) illustrates that the in vitro
556  sensitivity of commensals is not necessarily predictive of their response to antibiotics

557  when living within the context of a complex ecosystem housed in a mammalian host. The
558 death of Bacteroides spp. due to streptomycin treatment in all colonization conditions

559  tested (humanization (Fig. 1B,C), conventionalization(Fig. 7B-D), monocolonization with B.
560  thetaiotaomicron (Fig. S4B)) suggests that the drug may be disrupting the host (e.g.

561  through charge-mediated mucosal damage), and the Bacteroides dynamics may be the

562  consequences of that disruption and the subsequent repair. Tissue imaging revealed

563  increases in mucus thickness due to both streptomycin and ciprofloxacin treatment (Fig. 4)
564  that could dictate community dynamics, motivating future studies of gut biogeography

565  during perturbations. We uncovered several common features of the response to antibiotic
566  treatment across microbiotas and between streptomycin and ciprofloxacin. One of the most
567  striking commonalities was the recovery of bacterial load during antibiotic treatment, an
568  effect that was common to all five antibiotic treatments tested in humanized mice (Fig.

569  S7A,B). Thus, despite the lack of predictability based on the behavior of isolated species,
570  community features such as density may have predictable responses to antibiotics

571  independent of mechanism of action.

572

573  While the dynamics of many taxa are potential fodder for future investigation, the

574  Bacteroidetes phylum, and the S24-7 family and Bacteroides genus in particular, were of
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575  particular interest throughout our study due to notable dynamics. In all five antibiotics in
576  our pilot, Bacteroidetes relative abundance was either maintained throughout, or in the
577  case of the transcriptional inhibitor rifaximin showed dynamics during treatment that was
578  similar to streptomycin and ciprofloxacin (Fig. 1C,F, S7B). Dominance of a single

579  Bacteroides species was observed in both ciprofloxacin (B. vulgatus, Fig. 1H), as well as in
580  clindamycin (B. ovatus, Fig. S7C) in which the Bacteroides had already increased in

581 abundance by day 1. Based on our ciprofloxacin analysis, we surmise that the domination
582  of the B. ovatus strain likely results from intrinsic resistance to clindamycin, as has been
583  found at high frequency in surveys of clinical isolates (Karlowsky et al., 2012). Nonetheless,
584  the elimination of a resistant B. salyersiae strain from our mice during ciprofloxacin

585  treatment (Fig. 6D), and perhaps other resistant taxa, motivates future studies of the

586  interactions among antibiotic resistant strains. Interestingly, the lack of domination of a
587  single Bacteroides strain when there is pan-resistance (streptomycin) or likely pan-

588  susceptibility (rifaximin) (Finegold et al., 2009) suggests that coexistence is maintained
589  during a perturbation as long as there is a level playing field. Just as we identified a core set
590  of species that survived ciprofloxacin treatment regardless of host diet (Fig. 5H), there was
591  adistinct core of 24 ASVs that appears in at least 5 of the 10 mice in our pilot study that
592  accounts for 70.4+13.1% of the microbiota on day 3 of treatment, with 88.6+6.0% of that
593  accounted for by Bacteroides or S24-7 species (Fig. S7D). These data suggest that a

594  particular set of interspecies interactions establish resilience to perturbations in general,
595 and that focus on S24-7 and Bacteroides spp. is likely warranted for other antibiotics as
596  well, although it may also be the case that a non-Bacteroides resistant species or taxon can

597  also achieve domination in other microbiotas.
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598

599  Our results indicate that caution must be taken when designing antibiotic experiments. In
600  cases such as streptomycin, it was critical to sample at high frequency to capture the large
601  changes in bacterial load and composition (Fig. 1B,C). Strikingly, sampling once daily would
602  have led to the erroneous conclusion that streptomycin has no effect on bacterial load,
603  rather than the 10°-fold decrease that we observed after 12 h (Fig. 1B); such effects may
604  explain differences between published reports (Ng et al., 2013; Stecher et al., 2007;

605  Thompson et al., 2015). In a pilot experiment, we detected little to no reduction in

606  CFUs/mL in humanized mice during daily sampling throughout metronidazole treatment
607  (Fig. S7A), and very little effects on microbiota composition aside from blooming of the
608  Verrucomicrobiae (Fig. S7B). More rapid sampling may thus be necessary to quantify the
609  rapid effects of metronidazole on the microbiota, which is remarkably resilient to this

610  perturbation (Fig. S7A,B). Our composition data during streptomycin treatment are

611  qualitatively consistent with some previous studies (Stecher et al,, 2007), but differ from
612  others (Thompson et al,, 2015), perhaps reflecting administration- or microbiota-specific
613  effects of antibiotics or housing conditions. These potential sources of variability

614  underscore the value of controlled studies of antibiotic treatment in which only intended
615  variables such as diet and housing vary. Our experimental design has allowed us to

616  robustly identify the key role of diet (Fig. 5) and co-housing (Fig. 7) in the microbiota

617  response to antibiotics.

618

619  Our findings have a wide range of translational implications. The error-correction

620  methodology implemented in DADA2 for 16S analysis provides a stark view of the
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621  precarious loss in diversity experienced by certain taxa during antibiotic treatment,

622  sometimes down to 2 or fewer ASVs such as in the case of Bacteroides or S24-7 (Fig. 2G-1),
623  in contrast to OTU-picking based methods (Caporaso et al., 2010) that suggested that

624  hundreds of species remained (Fig. S2G) and did not reveal the dominance of B. vulgatus
625  during antibiotics that we observed both with DADA2 as well as the sequencing of isolates
626  during antibiotic treatment (Fig. 5H). There is a seemingly permanent loss of diversity after
627  antibiotics (Fig. 2, S3, 5), reflecting the extinction of sensitive Bacteroidetes species.

628  Transplants of these species may hasten microbiota recovery after antibiotic treatment; for
629  example, Bacteroides are amenable to transfer to Bacteroides-lacking hosts (Fig. 6).

630  Moreover, the loss of taxa may open niches for opportunistic pathogens, highlighting the
631  importance of autologous fecal transplants and/or targeted microbial therapies to restore
632  colonization resistance. Strikingly, a switch to a diet lacking MACs clearly sensitizes the

633  microbiota to antibiotic treatment (Fig. 5), and may increase the potential for pathogen
634  invasion. In future studies, it will be intriguing to probe the extent to which specific dietary
635 interventions (e.g. high fiber) can improve resilience and recovery, similar to the reversal
636  of a persistent Clostridium difficile infection (Hryckowian et al., 2018). Interestingly, our
637  experiments suggest that while antibiotics free up niches for colonization, they can also
638  recalibrate microbiotas for future treatments, such as in H2 mice in which Bacteroides spp.
639  increased after the first treatment, promoting rapid recovery during the second treatment
640  (Fig. 6D,I).

641

642  To fully address the extent to which the microbiota can affect antibiotic response, many

643  further studies will be required. Yet, our study highlights some striking similarities in the
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644  responses of conventional mice and humanized mice, such as the dominance during

645  recovery of B. vulgatus strains in the two colonization states with identical V3V4 16S rRNA
646  sequences. These data support the notion that human and mouse harbor enough overlap in
647  microbiota composition and function that similarities in responses can be identified, as

648  with osmotic perturbations (Tropini et al., 2018). Nonetheless, several lines of evidence
649  suggest that conventional mice are more sensitive than humanized mice to ciprofloxacin
650  treatment. First, there is essentially no recovery of CFUs/mL in conventional mice during
651  treatment (Fig. 3E), potentially due to the lack of Bacteroidetes throughout treatment (Fig.
652  3F). Second, the decrease in alpha diversity was generally larger and more prolonged in
653  conventional mice (Fig. S3D) than in humanized mice (Fig. 2B,S3B). Finally, the response to
654  asecond treatment mirrored the first treatment in conventional mice (Fig. 3E,F), whereas
655  humanized mice displayed a more resilient response to a second treatment (Fig. 5B,C).

656  While this resilience may be due to the emergence of antibiotic-resistant strains in the

657  humanized microbiota after the first treatment, it is remarkable that family-level

658  abundances remained virtually unchanged throughout the second treatment (Fig. 3F). The
659  lack of complete immune function in humanized mice may partially account for the

660  differences between humanized and conventional mice; it will be intriguing to investigate
661  the extent to which Nonetheless, these findings suggest that human microbiotas may be
662  more resilient to antibiotics than mouse microbiotas, consistent with the dramatic increase
663  in disruption caused by ciprofloxacin in MD compared with STD conventional mice.

664

665  Antibiotic treatment has interesting commonalities with other common gut microbiota

666  perturbations. Both antibiotics and osmotic diarrhea (Tropini et al., 2018) revealed
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667  sensitivity of the S24-7 family (Fig. 1G, 5D,G), its competition with Bacteroidaceae for

668  niches, the key role of cage sanitation in recovery (Fig. 7), and transitioning to substantially
669  different steady states (Fig. 3) (Tropini et al,, 2018). There are also surprising similarities
670  among the responses to streptomycin, ciprofloxacin, and rifaximin, despite the differences
671  in their mechanisms of action and the resistance profiles of common gut commensals to

672  these drugs (Fig. S4, S7A,B). Along with the common core at the point of minimal diversity
673  across diets that support highly differing starting states (Fig. 5H), these findings suggest
674  that the gut microbiota may have a stereotyped collapse mechanism, even when an insult
675  decreases the bacterial load by many orders of magnitude (Fig. 1B). However, the increased
676  heterogeneity among singly housed mice (Fig. 7) suggests that collapse and recovery may
677  rely on a network of metabolic interactions that cannot be maintained when sufficient

678  extinction has occurred. Our findings paint the picture of a microbial community that bends
679  with global shifts in diet, antibiotics, and composition, yet are able to exhibit resilience if
680  the community architecture can be reinforced through environment-mediated

681  recolonization. Future studies investigating how microbiota respond to perturbations on
682  multiple time scales should enable mapping of the landscape of community states and

683  trajectories, empowering the design of resilient communities and reprogramming of

684  dysbiosis.

685
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696  Methods

697

698  All mouse experiments were conducted in accordance with the Administrative Panel on
699  Laboratory Animal Care, Stanford University’s IACUC. More information about antibiotic
700  administration, dietary shifts, and sacrificing is provided in the SI. The SI also includes
701  details regarding bacterial density and 16S quantifications, as well as strain isolation,
702  antibiotic sensitivity measurements, and whole genome sequencing.

703


https://doi.org/10.1101/717686
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/717686; this version posted August 8, 2019. 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.

704  Figure Legends

A feces collected mice sacrificed

Gemm-free Antibiatic
mice gavaged with human ireat for plating/165 for imaging

feces, equilibrated
for 6 weeks
77

® DayQ
§§ Day 05-D4
® Day 5
§ Cay6D13
®Day 4

Relative abundance

PC 1 (48.4%)

ot

6051 2345678 91011121314
Day

Families: Himicutes Bacteroidetes Other
Lachnospiraceae (B8] Order RF39, unspecified family [ Bacteroidaceae [ Alcaligenaceae [
Order Clostridiales, unassigned family [_] Enterococcaceae [ Porphyromonadaceas [0 Comamonadaceae
Order Clostidiales, inspecified tamily [_] Lactobacillacese ] Rikenellaceze [ Desulfovibrionaceae 0]
Ruminococcaceae [ Tusicibacteracese [ s247 I Enterobactertacene [
Erysipelotichacese [ Clostridinceae ] Bamesielaceae [ Vamucomicroblacsae [
Onder YS2, unspecified family ]

® Day0
& DayosD4

]
,‘ _E ® Doys
2 E g DarsD13
_E.TU r ® Dayld
=
=1
U é

o T 4 L1 B ¢ 12 14

J 11 mial 1
06 =il us || I
f
, , -n-rl l'l"' = il |I| i
# 3 gv ' |'.|l|l||
gn E ' y 5%
o i o j Hos
Y +7 ¥ >/ # DayeDI13 %m
® Dy 14 n3
& e zu
a 13 L5 1] BES
PC 1 (48456} PC 1 (ABA%) |I|I '“
a

............

705

706  Figure 1: Rapid recovery of bacterial load during antibiotic administration in a
707  human microbiota across antibiotics, with common trajectories of microbiota

708  collapse and recovery but cage-specific end points.
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709 (A) Schematic of humanization of germ-free mice, antibiotic treatment, and sampling.
710 Each experiment started with 15 mice, but 3 mice were sacrificed for imaging at
711 each of the designated time points.

712 (B,F) Culturable anaerobic (blue) and aerobic (red) fecal densities in (B) humanized
713 mice treated with 20 mg streptomycin daily for 5 days (n = 15), and in (F)

714 humanized mice treated with 3 mg ciprofloxacin twice daily for 5 days (n = 14).
715 Bacterial loads recovered during antibiotic treatment (colored area). Error bars:
716 standard error of the mean.

717 (C,G) Family-level community composition in feces in (C) streptomycin-treated

718 humanized mice, and (G) ciprofloxacin-treated humanized mice, (colored bars
719 denote antibiotic treatment period). Humanized mice exhibit similar dynamics
720 under both antibiotics.

721 (D,H) Relative abundance of Bacteroides, S24-7 and Bacteroidetes in (D) streptomycin-
722 treated and (H) ciprofloxacin-treated humanized mice.

723 (E,I) Principal coordinates analyses (PCoA) of community composition in humanized
724 mice during (E) streptomycin or (I) ciprofloxacin treatment reveal a conserved
725 trajectory. Analyses used weighted UniFrac distances (Methods).

726 (J) PCoA of humanized mice during ciprofloxacin treatment in two cages uncovers cage-
727 specific differences.

728 (K) Family-level composition in feces from the two cages in (H) shows that S24-7

729 recovery is stochastic and cage-specific.

730


https://doi.org/10.1101/717686
http://creativecommons.org/licenses/by-nc-nd/4.0/

731

732

733

734

735

736

737

bioRxiv preprint doi: https://doi.org/10.1101/717686; this version posted August 8, 2019. 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.

Streptomydn (humanized] Clprofloxacin fhumanized)
Amo.i .............. Bwpr— .
= ' Bacteria = H Bacteria
&l Buof | :
i Bl
gazoh | . 1 B
H oo} « 7 pi- Bwf r a3 i
9.- 5 Y = L ~9- !'-L;‘

BO L ~mH- = b 80 . x £
Sl LK g :
gof 10} Seof N
] T 1 -] Vo 22
_E“ —'|: Eu | PR
%m J.J:; %m " .
ST I 45678 GI0ITIZIZIA 03051234567 881011121314
C“ Dﬁc
e | Firmiciees | — qool- Firmicutes
gl Bacteroidetes | & 14 | Bacteroidetes ; . : ;
g‘“ T ) ? | B
. = - T - i
£ ol L i ] gnf L LEDS
2 w}: SRR L N:
- H T L
gsuf 1S ' %50; : L
St - L _gm_i 1
'gau' Dl i; ___-:_.'gau W] o
£ BRSO EEER R - B D
Cwp o0l {=wp sQTE
I :;_g_:.i:;:
S e5123456 7801017121314 0 005123 4567891012131
E i F it
d-hm * i -nmi -
il 52471 o . 2471

I' u 1
glill . . I-;u : ]
a4 - l' - .14,*.°

- : H 101 i
'8121* ' B 5L %11'+i
- [1_! . I J.. U.Iul-'.

10 - - - ; r

go o - -gs *'I 1
g LT :

i ll L g i
@ TmEw -~ T~ - - = - r

= 4 ! 1 - = 4 a L
[+% ' L [+ . - = = = . =
<2 B 1<2 S | B

305123456 7881011121314
Dety

80512345678 3101112131

Figure 2: Antibiotic administration alters the state of the microbiota via reductions

in the diversity of the Bacteroidetes.

(A,B) After treatment, the microbiota stabilizes at lower alpha diversity (observed

ASVs; antibiotic treatment period marked in colored area).

(C,D) The alpha diversity of the Bacteroidetes (pink) phylum is impacted much more

than that of the Firmicutes (green) for all treatments and microbiota.
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738 (E,F) The alpha diversity of the S24-7 (purple) and Bacteroidaceae (yellow) families are

739 generally impacted, with S24-7 particularly so by ciprofloxacin.
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740

741  Figure 3: The microbiotas of conventional and humanized mice display distinct

742  signatures under repeated ciprofloxacin treatment.
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743 (A) Schematic for treatment of humanized/conventional mice with two courses of

744 ciprofloxacin.

745 (B,E) Culturable anaerobic (blue) and aerobic (red) fecal densities in (B) humanized
746 and (E) conventional mice treated with ciprofloxacin (antibiotic treatment period
747 marked in colored areas) revealed that the effects of the second treatment in

748 conventional mice mirrored those of the first treatment, but humanized mice had a
749 much more robust second response. Error bars: standard error of the mean.

750 (C,F) Family-level community composition in feces of (C) humanized and (F)

751 conventional mice further demonstrated the robustness of humanized mice to the
752 second treatment.

753 (D,G,I) In the presence of differential resistance to antibiotics, resistant strains were
754 dominant during antibiotic treatment but other Bacteroides spp. were able to

755 expand after antibiotics. Relative abundance of the 10 most abundant Bacteroides
756 ASVs in (D) ciprofloxacin-treated humanized mice, (G) ciprofloxacin-treated

757 conventional mice and (I) streptomycin-treated humanized mice. B. sp: unknown
758 Bacteroides spp.; Bc: B. caccae; Bs: B. salyersiae; Bf: B. fragilis; Bu: B. uniformis; Bi: B.
759 intestinalis; Bv: B. vulgatus; Ba: B. acidifaciens. MICs for strains that were isolated are
760 labeled above the day that isolates were derived, colored by the appropriate ASV
761 based on 16S Sanger sequencing. Antibiotic treatment period is denoted by shaded
762 areas.

763 (H) Comparison of gene clusters and average nucleotide identity of Bacteroides vulgatus
764 (ASV 1) isolates reveals D0 isolate is different from major isolates from other days,

765 and that the conventional B. vulgatus isolates also cluster together.
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766

767  Figure 4: Antibiotic treatment increases loose intestinal mucus.

768 (A,B) Imaging of the distal colon of humanized mice before, during, and after treatment
769 with (A) streptomycin and (B) ciprofloxacin reveals a sustained increase in loose
770 luminal mucus. Sections were stained with DAPI (epithelial DAPI, blue; luminal

771 DAPI], red) and MUC2 (green). Computationally subtracted debris appears in yellow.

772 Zoomed-in panels: (1) Dense community before antibiotics with little luminal mucus
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773 and a tight mucus layer. (2,3) Massive decrease in luminal DAPI signal 1 day after
774 streptomycin and ciprofloxacin treatment. (4) Recovery of luminal DAPI but

775 persistence of loose luminal mucus.

776 (C) Thickness of the tight mucus (“inner layer”) remains approximately constant during
777 treatment, while the looser luminal mucus (“outer layer”) proliferates during

778 treatment with both antibiotics and persists after ciprofloxacin treatment.
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780  Figure 5: A MAC-deficient diet sensitizes the microbiota to ciprofloxacin.


https://doi.org/10.1101/717686
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/717686; this version posted August 8, 2019. 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.

781 (A) Schematic for antibiotic treatment and sample collection of

782 humanized/conventional mice fed with STD or MD chow.

783 (B,E) Culturable anaerobic (blue) and aerobic (red) fecal densities in (B) humanized or
784 (E) conventional mice fed MD chow revealed that the aerobic compartment is

785 sensitized to ciprofloxacin in humanized mice, and both compartments are

786 sensitized in conventional mice. Error bars: standard error of the mean; antibiotic
787 treatment period marked in colored area.

788 (C,F) Alpha diversity decreases more in MD mice (dark blue) than in STD mice (light
789 blue) after ciprofloxacin treatment.

790 (D,G) The family-level composition in feces of MD mice substantially differs from STD
791 mice (Fig. 1F,K,L).

792 (H) Heatmap of the core microbiome at the nadir of alpha diversity in STD and MD

793 humanized mice. Shared ASVs are clustered on the left and STD- and MD-specific
794 ASVs appear on the right. The percentage of the total relative abundance that is
795 accounted for by the shared core microbiome is ~90% across almost all mice (blue
796 bars, left).

797
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799  Figure 6: Cross-housing-mediated invasion of Bacteroides improves microbiota

800 resilience.
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801 (A,B) Family-level community composition in feces of mice colonized with donor

802 samples 1 or 2 (H1 (A, n=5) or H2 (B, n=4), respectively) during two ciprofloxacin
803 treatments revealed delayed recovery of the Bacteroidetes in H2 mice during the
804 first treatment but not the second.

805 (C,D) Patterns of Bacteroides recovery differed between (C) H1 and (D) H2 mice, as
806 revealed by the relative abundances of the 10 most abundant Bacteroides ASVs

807 (abbreviations same as in Fig. 5H,I). MICs were calculated for two isolates from H2
808 mouse samples (labeled above the day in which the isolates were derived).

809 Antibiotic treatment periods are denoted by colored areas.

810 (E) Schematic for cross-housing of mice with different microbiotas at various

811 timepoints before, during, and ciprofloxacin treatment.

812 (F,G) Family-level community composition in feces in (F) H1 mice mixed with H2 mice
813 on day 5 (n=3) and (H) H2 mice mixed with H1 mice on day 5 (n=2). Cross-housing
814 stimulates Barnesiellaceae blooming after the first treatment in H1 mice, and

815 resilience of the Bacteroides during the second treatment in H2 mice (as in unmixed
816 H1 mice).

817 (H) Relative abundance of a S24-7 ASV that was only present in H1 mice on day 0 but
818 then bloomed in H2 mice, highlighting a potential seeding event.

819 (I]) Relative abundances of (I) Bacteroidaceae and (J) the dominant B. vulgatus ASV in
820 all H1 and H2 mice, including cross-housed and unmixed mice, during a double

821 course of ciprofloxacin treatment. The B. vulgatus ASV becomes dominant in all H1

822 mice during both treatments, but only during the second treatment in H2 mice. The
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823 B. vulgatus abundance increases more rapidly and reaches a higher level in cross-
824 housed H2 mice compared with unmixed H2 mice.

825
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826

827  Figure 7: Co-housing enables robust recovery after streptomycin treatment.

828 (A) Schematic for antibiotic treatment and sample collection during housing

829 experiment.

830 (B) Culturing of the anaerobic (blue) and aerobic (red) fecal densities in co-housed
831 (dark lines) and singly housed (light lines) streptomycin-treated conventionalized
832 mice (colored area denotes antibiotic treatment period) revealed delayed recovery

833 of the aerobic compartment.
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834 (C,D) Class-level community composition in feces in (C) co-housed and (D) singly

835 housed mice revealed delayed recovery of the Bacteroidetes phylum in singly

836 housed mice.

837 (E) Family-level community composition in feces in co-housed mice (n=5) shows robust
838 recovery of the Bacteroidaeceae during streptomycin treatment.

839 (F) Family-level community composition in feces reflects the heterogeneous recovery
840 pattern across six singly housed mice.

841 (G) The noisiness of reseeding in singly housed mice without a common environmental
842 reservoir was evident from the gamma diversity (unique ASVs) of co-housed mice,
843 alpha diversity of singly housed mice, and meta-gamma diversity of singly housed

844 mice treated as if they were a group.
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