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Abstract

The spatiotemporal structure of the human microbiome and metabolome reflects and
determines regional intestinal physiology and may have implications for disease. Yet,
we know little about the distribution of microbes and their products in the gut because of
reliance on stool samples and limited access only to some regions of the gut using
endoscopy in fasting or sedated individuals. To address these deficiencies, we
developed and evaluated a safe, ingestible device that collects samples from multiple
regions of the human intestinal tract during normal digestion. The collection of 240
intestinal samples from 15 healthy individuals using the device revealed significant
differences between microbes and metabolites present in the intestines versus stool.
Certain microbial taxa were differentially enriched, and bile acid profiles varied along the
intestines and were highly distinct from those of stool. Correlations between gradients in
bile acid concentrations and microbial abundance predicted species that altered the bile
acid pool through deconjugation. Overall, we identified heterogeneous intestinal profiles
of bacterial taxa and metabolites indicating that non-invasive multi-regional sampling of
the intestinal tract under physiological conditions can help elucidate the roles of the gut

microbiome and metabolome in human physiology and disease.
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Introduction

The human intestinal tract harbors the vast majority of the microbes residing in or on our
bodies'; their genetic content and biochemical transformation capabilities are hundreds
of times larger than those encoded by the human genome?. Humans depend on our gut
microbes for food digestion, immune system regulation, and protection against
pathogens, among other critical functions®. An important yet often overlooked aspect of
the gut is its regional heterogeneity and differentiation. Due to the difficulties in
accessing and sampling the human intestinal tract, stool has been the main source of
information for human gut microbiome studies*. However, stool reflects the waste
products and downstream effluent of the gut, within which regional variation is lost. For
example, key metabolites such as bile acids are altered upstream by microbial
transformations and then partially absorbed by the host before excretion in stool®. The
regions of the gut distal to the stomach (duodenum, jejunum, ileum, and colon) differ
dramatically in nutrient availability, pH, oxygen partial pressure, mucosal structure, and
flow rates®. As a result, distinct microbial communities with specialized functions and
immune niches are thought to be present in each intestinal region’. Indeed, the
microbial communities at mucosal sites in the large intestine are known to be distinct
from those of stool®. Moreover, the host proteome in mice segregates more strongly by
intestinal location than by colonization state®, underscoring the potential for regional
differences in host gene expression. Thus, a true understanding of how gut microbes
impact human physiology and vice versa requires local sampling of the gut microbiome

and its chemical environment in an unperturbed state.

Historically, sampling from the human intestinal tract without disturbance or
contamination has been challenging and results have at times been contradictory'®. In a
recent study, we discovered substantial regional variability in microbiota composition
across spatial scales of only a few inches throughout the intestines of deceased organ
donors''. However, organ donors have been typically treated with antibiotics prior to
organ harvesting, and even in cases in which the intestinal tract has been sampled
immediately following cessation of life support, it is typically ischemic or necrotic''.
Duodenal sampling from live subjects using upper endoscopy has a high probability of
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88 inadvertent contamination from oral, esophageal, or gastric contents. Endoscopic
89  access to the mid-jejunum requires a 2-3 h procedure involving general anesthesia or
90  sedation and the procedure is performed in fasting subjects’?'3. Alternatively, a stoma
91  created by exteriorization of the ileum through the abdominal wall can provide a ready
92  source of intestinal samples, but this procedure is invasive and reflects altered gut
93  anatomy and physiology'4. While the intestinal tracts of model organisms such as mice
94  can be invasively sampled, the pH profiles, peristalsis, diet, physiology, gastrointestinal
95  disorders, and key metabolites such as bile acids'® differ markedly between humans
96  and animals'®, making human studies more informative and most relevant to human
97  physiology and disease.
98
99  Bile acids are major chemical components of the human intestinal tract and are critical
100  for food digestion, lipid absorption, host signaling and neurohormonal regulation of
101 diverse physiological processes. Bile acids have been implicated in a wide range of
102 disorders including inflammatory bowel disease'”, metabolic disorders'?, and
103 neurological diseases'®'°. Primary bile acids are synthesized from cholesterol in the
104 liver® where they are conjugated to glycine or taurine to form bile salts?°. Bile salts are
105 secreted into the duodenum and transformed extensively by bacteria in the intestinal
106  tract into secondary bile acids through deconjugation, dehydroxylation, and
107 epimerization reactions?'. Approximately 95% of bile acids are actively transported
108  through the distal ileal epithelium into the portal vein back to the liver® where they are
109 transformed back into bile salts and re-secreted into the duodenum multiple times
110 during the course of a single meal. Biles acids interact with both bacteria and the host;
111 bile acids are toxic to many bacteria at high concentrations due to membrane
112 disruption??, and act as host signaling molecules by activating a variety of receptors in
113 several human cell types?3?4. Different receptors generally bind distinct subsets of bile
114 acid chemical structures?'-23. Despite their important effects on the microbiome and their
115 signaling properties, we know little about the chemical diversity and concentrations of
116 bile acids within the intestines; instead, human studies to date have relied on the

117 measurement of non-representative subsets of bile acids found in stool or blood.
118
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119 To measure intestinal bile acid and microbial profiles during normal digestion, we

120  developed and evaluated a capsule device that samples the luminal contents of the

121 small intestine and ascending colon. We observed distinct microbial communities

122 present in the intestines, as compared to stool. Using mass spectrometry-based

123 metabolomics, we discovered gradients of microbially transformed bile acids along the
124 intestinal tract. We also identified correlations between the concentrations of microbially
125 modified bile acids and the abundance of specific gut bacterial species. These

126 discoveries reveal novel biology that is not accessible from the study of stool or

127 endoscopic sampling of the intestinal tract.
128
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129  Results

130

131 Development of a noninvasive capsule device for sampling the human intestines
132 The sampling capsule is a single-use, passive device that collects fluid from the human
133 intestines for ex vivo analysis. The device contains a collapsed collection bladder capped
134 by a one-way valve inside a dissolvable capsule with an enteric coating (Fig. 1A). The
135  enteric coating prevents contact between the collection bladder and the surrounding
136 environment prior to entry into the intestines. The pH of the intestines typically rises from
137 4-6 in the duodenum to 7-8 in the ileum?>. Once the device reaches a pre-set pH level
138 sufficient to dissolve the enteric coating, the collection bladder expands and draws in
139 luminal contents through the one-way valve. To sample from four distinct regions of the
140 intestinal tract, four devices were ingested as a set after a subject ate a meal of their
141 choosing, wherein each device type in a set was designed to open at different,
142 progressively higher pH levels. Device type 4 included a time-delay coating to bias
143 collection toward the ascending colon where the pH typically drops relative to the terminal
144 ileum?® (Methods, Fig. 1A). Each device collects up to 400 pL of luminal contents, rather
145  than the mucosal or epithelial-associated habitat, motivated by the observations that
146 bacterial density is higher in the lumen than within the mucosa?®, that most of the mucosal-
147 associated bacteria are represented in the luminal contents?’, and that many metabolites
148  of interest are in the lumen. After the bladder fills, the one-way valve prevents further
149 entrance of liquid. The ingested devices are recovered from the stool and the collected
150 samples are extracted for analysis. Thus, our device provides unique potential for multi-
151 region collection of microbes and metabolites within the intestines during normal
152 digestion.

153

154 We first sought to confirm whether the devices could be targeted to specific intestinal
155 locations in humans and would progress through the intestinal tract without
156 contamination. In a feasibility study, we connected devices targeting the jejunum and
157 ascending colon to a capsule endoscope and visualized successful in vivo sampling in a
158 human subject (Movie S1). To assess the potential effects of incubation of the samples
159 while the device transited the gut, we retrieved a set of 4 devices from a single bowel


https://doi.org/10.1101/2022.01.19.476920
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.01.19.476920; this version posted January 20, 2022. 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.

160  movement 32 h after ingestion and immediately incubated them in an anaerobic chamber
161 at 37 °C to simulate the effect of extended retention in the intestinal tract. Aliquots from
162 each sample at the start of incubation (32 h), and at hours 58 and 87 were subjected to
163 16S rRNA gene amplicon sequencing. The rank abundance of the 30 most abundant
164 amplicon sequence variants (ASVs, a proxy for species) at 32 h shifted after 58 h by a
165  median of 8-16 ranks and after 87 h by 12-30 ranks (Fig. S1). The 9-17 ASVs that
166 increased from below to above the detection limit during incubation accounted for a
167  relative abundance of 9.4%-13.8% after 58 h and 5.2%-18% after 87 h, presumably due
168  to growth during incubation. Thus, while outgrowth can potentially alter our assessments
169 of microbiota composition, major changes are not expected for transit times of ~58 h or
170 less. Within these experimental limitations, we demonstrate below that microbes and
171 metabolites display a gradient along the intestine and are highly distinct from stool
172 samples.

173

174 Spatially distinct microbial communities detected along the longitudinal axis of
175 the human intestinal tract

176 To assess compositional and functional differences within the intestinal microbiome, we
177 carried out a clinical study with 15 healthy human subjects. First, a single device was
178  swallowed and retrieved to ensure that no complications arose during passage of the
179 device through the gut (set 1, Fig. 1B); the contents of these devices were not analyzed.
180  Subsequently, sets of 4 devices (each device type within a set having a different enteric
181 coating) were ingested twice daily (3 h after lunch and 3 h after dinner) on two consecutive
182 days, for a total of 4 sets (sets 2-5, Fig. 1B). Each set of 4 devices was designed to
183 generate a profile along the intestinal tract. All subjects consumed their normal diets and
184 kept a food log. All devices safely exited all subjects and were successfully retrieved. No
185  adverse events were reported. Contemporaneous stool and saliva samples were also
186  collected regularly (Fig. 1B).

187

188  Of the 240 devices, 218 collected >50 pL of intestinal fluids and were subjected to 16S
189 rRNA gene and metagenomic sequencing; the remainder sampled <50 L or filled with
190 gas, most likely from the colon. Of the 218 devices that sampled >50 uL, we obtained
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191 sufficient sequencing reads from 210 samples (Fig. S2, Methods), which were thus the
192 focus of subsequent analyses, along with sequencing data from saliva and stool samples.
193 The pH profiles of the samples collected by the four devices types (Fig. 1C) reasonably
194 matched previously published measurements of pH values in the human intestines, with
195 ageneral increase in pH from the proximal to distal region of the intestines followed by a
196 pH drop in the ascending colon?®. The time between device ingestion and recovery
197 ranged from 8 to 67 h (Fig. S3A), consistent with previous reports of broadly distributed
198 transit times?8. Given typical gastric emptying times and the 3 h post-meal interval before
199 devices were swallowed, the devices likely entered the small intestines with the final
200  contents of the preceding meal®®3'. Nonetheless, the contents of the subsequent meal
201 were more strongly associated with gut transit time of the devices (Fig. S3B,C).

202

203 A principal coordinates analysis identified variation of microbiota composition along the
204  intestinal tract and across disparate anatomical regions (saliva, intestines, and stool).
205  Saliva samples were significantly segregated from intestinal and stool samples across
206  all subjects (PERMANOVA p=0.001, Fig. 1D), indicating that the contents of all devices
207  did not reflect the composition of the oral microbiota. Furthermore, we identified 2

208  subjects (#10 and #15, Fig. 1D) whose stool, and to some degree intestinal, samples
209  clustered separately. Upon follow-up questioning, these subjects reported taking

210 antibiotics within the past 1 (#10) and 5 months (#15). When considering each subject
211 individually, 23%+10% (137170 of 582+85) of the ASVs detected in the devices were
212 not detected in the subject’s saliva or stool; the median relative abundance of these 137
213 ASVs was low (<0.4%). Similarly, 12%+8% of the ASVs in stool were not detected in the
214 subject’s intestinal samples and the median relative abundance of these ASVs was low
215 (<0.6%) in all but one outlier subject (#3) whose intestinal samples were dominated by a
216 single species. In line with previous studies®?, we observed higher relative abundances
217 of the Proteobacteria phylum in the intestinal tract compared to stool (Fig. S4), including
218  a Bilophila wadsworthia ASV, consistent with previous reports of B. wadsworthia’s key
219 role in the small intestine3334. Four additional ASVs, from the EscherichialShigella,

220  Enterococcus, Bacteroides, and Romboutsia genera, were also significantly more

221 abundant (adjusted p<0.05 and logz>-fold change >0.75) in intestinal samples than stool
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222 (Fig. 1E). The Romboutsia genus was named in 2014 following isolation of a species
223 from rat ileal digesta®®, consistent with this genus having a niche in the small intestine.
224 In contrast, 30 ASVs were more abundant in stool than intestinal samples (Fig. 1E).
225

226 We observed more intra-subject microbial variability among intestinal samples than
227 among stool or saliva samples (Fig. 2A), suggesting that the devices collect from a
228  more heterogenous habitat. While each device type was designed to sample from a
229  gpecific region of the intestinal tract, comparisons of microbiota composition among
230  devices of the same type but swallowed at different times are potentially masked by
231 variability in meal contents, periprandial neurohormonal variations, intestinal motility,
232 pH, or the intestinal microbiota itself. We assessed technical and biological variability by
233 having one subject ingest 4 devices of the same type simultaneously; this procedure
234 was repeated twice for each of the device types 1-4 over the course of 2 months.

235  Devices of the same type ingested at the same time revealed more similar microbial
236 communities than devices of the same type ingested at different times (Fig. 2B). The
237 increased variance in microbiota composition due to this temporal variability is

238  comparable to the variance due to spatial variability along the intestine, as assessed
239 using sets of 4 devices of distinct types ingested at the same time (Fig. 2B). Moreover,
240  intestinal samples (unlike saliva or stool) were often dominated by a single ASV with
241 relative abundance >40% (Fig. 2D). Consequently, individual intestinal samples

242 contained communities with lower alpha diversity relative to the intra-subject diversity
243 represented by all samples from a device of a certain type, or from sets of all samples
244 from devices swallowed at the same time (Fig. 2C,D, Fig. S5). Thus, much of the higher
245 variability across intestinal samples relative to stool is likely due to the dynamic and
246 heterogeneous nature of the microbiota along the intestinal tract.

247

248  Distinct patterns of bile acids along the human intestinal tract

249  Glycine- and taurine-conjugated forms of the primary bile acids cholic acid (CA) and
250  chenodeoxycholic acid (CDCA) are secreted from the liver and gallbladder into the

251 duodenum and are then subjected to various microbial transformations (Fig. 3A) that
252 could be expected to lead to longitudinal bile acid gradients along the intestinal tract. To
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253  quantify bile acid profiles, we performed targeted LC/MS-MS metabolomics with multiple
254 reaction monitoring (MRM) on seventeen bile acids from the supernatants of all

255  intestinal samples and from stool. Both the total concentration of bile acids and their
256 relative levels in the intestinal samples were highly variable (Fig. 3B), yet distinct trends
257 were observed. The total concentration of bile acids generally decreased ~2 fold in

258  samples collected by type 4 devices and ~10 fold in stool relative to samples collected
259 by type 1 devices (Fig. 3B), likely reflecting active reabsorption of bile acids along the
260 intestines®.

261

262  The stool bile acid profiles of two subjects (#10 and #15) were similar to their intestinal
263  samples with a dominant fraction of CA (Fig. 3C, S8), in contrast to all other subjects.
264  These are the two subjects that reported recently taking antibiotics and exhibited

265  substantially different microbiota composition from the other subjects (Fig. 1D). All

266  intestinal and stool samples from subjects 10 and 15 also lacked DCA and LCA (Fig.
267 3C), suggesting that the microbes necessary for the dehydroxylation reaction required
268  to produce these bile acids may have been eliminated by the use of antibiotics.

269

270 In all other subjects, the relative levels and various bile acid classes differed

271 dramatically between the intestinal and stool samples. Intestinal samples were mostly
272 dominated by the primary bile acid CA while stool samples were dominated by the

273 secondary bile acid deoxycholic acid (DCA) (Fig. 3C,D), likely due to the prolonged

274 exposure of bile acids to microbial enzymes in the colon. These trends in bile-acid

275 profiles across device types provide further support that the sampling locations of the
276 devices were longitudinally distributed along the intestinal tract, and indicate that stool-
277 based measurements of bile acids do not reflect the true composition of bile acids along
278  the intestinal tract.

279

280  Detection of gradients of bile acid modifications along the intestinal tract

281  Bile acids are modified in the intestinal tract by microbial enzymes that deconjugate

282 glycine or taurine or remove hydroxyl group(s) from the sterol backbone (Fig. 3A).

283  Deconjugation is performed by bile salt hydrolases (BSHs), which cleave glycine and
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284  taurine from the bile acid backbone, and BSH homologs are present in ~25% of

285  bacterial strains found previously in metagenomic sequencing of human stool

286  stamples®. Although neither the abundance nor the genetic diversity of BSH genes was
287  distinct among device types or between intestinal and stool samples based on

288  metagenomic sequencing in this study (Fig. S6), we observed a significant monotonic
289  decrease in the percentage of glycine- and taurine-conjugated bile acids from device
290  type 1 to device type 4 samples (Fig. 3E). These results quantify a trend of increasing
291 deconjugation along the intestinal tract and into stool (Fig. 3E)*".

292

293  Dehydroxylation reactions require several enzymes to transform primary to secondary
294  bile acids and are thought to be predominantly active in the low redox state of the

295  colon®’. Consistent with the majority of dehydroxylation occurring in the large intestine,
296  we found that secondary bile acids did not change substantially across device types, but
297  significantly increased in stool samples, which were dominated by secondary

298  unconjugated bile acids (Fig. 3D, S7, S8). The presence of secondary bile acids found
299  in intestinal samples are likely due to dehydroxylation of primary bile acids in the small
300 intestines or re-introduction of secondary bile acids present in bile into the duodenum;
301  the presence of secondary bile acids in bile is expected given previous evidence of their
302  presence at ~25% of bile acids secreted from the gallbladder®’. In sum, the variation we
303  detected in bile acid profiles throughout the intestinal tract demonstrates the regionality
304  of the microbial activity and biochemical environment of the intestines, further

305  highlighting the limitations of relying on stool for microbiome and bile acid studies.

306

307 The significantly different bile acid profiles in intestinal compared to stool samples

308 indicate that it is unlikely that stool contaminated the intestinal sampling devices during
309  transit or sample recovery. However, due to the large increase in microbial density

310 along the intestinal tract®’, stool contamination could affect microbiota composition. We
311 therefore used a statistical approach to identify samples as potentially contaminated

312 based on microbial community composition (Methods). Re-analysis of all data after

313 removing a subset of samples that displayed any signal of potential contamination from
314 stool (n=38) resulted in the same statistical trends as the complete group of samples.
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Linking specific microbes to bile acid deconjugation and dehydroxylation

We next sought to exploit the variation in conjugated bile acid concentrations across
intestinal samples to identify candidate bacterial species responsible for deconjugation.
Given the decrease in the percent of liver-conjugated bile acids across capsule types
(Fig. 3E), we reasoned that the abundance of microbial taxa most responsible for
deconjugation might be inversely correlated with the concentration of conjugated bile
acids, even against the background of potential regulation of deconjugation by the host

or antimicrobial activity of bile acids.

We focused on primary bile acids, which dominate the pool of conjugated bile acids,
namely glycocholic acid (GCA) and taurocholic acid (TCA). The concentration of both
GCA and TCA decreased across device types and was significantly lower in stool (Fig.
4A,B). GCA concentration was negatively correlated with the relative abundance of
Anaerostipes hadrus and Faecalibacterium prausnitzii (Fig. 4C). Similarly, the relative
abundance of Bilophila wadsworthia and Alistipes putredinis exhibited a statistically
significant negative correlation with TCA concentration (Fig. 4D). Across all subjects, we
obtained 440 high-quality metagenome assembled genomes (MAGs, completeness
>90% and contamination <10%, dereplicated to 99% ANI) and searched for the
canonical BSH gene in each using a hidden Markov model. We found putative BSH
genes in Anaerostipes hadrus (7 of 8 MAGs) and Alistipes putredinis (4 of 4 MAGs), in
accordance with previous literature®. By contrast, none of the 12 Faecalibacterium
prausnitzii MAGs nor the 3 Bilophila wadsworthia MAGs contained any putative BSH
genes, suggesting these taxa may utilize glycine and taurine®® generated by other

microbial deconjugation reactions.

Concentrations of taurochenodeoxycholic acid (TCDCA) were also negatively correlated
with B. wadsworthia and A. putredinis log2(abundance), and TDCA was negatively
correlated with B. wadsworthia abundance, indicating that these species likely interact
with various taurine-conjugated bile acids (Fig. S9). We focused mainly on B.

wadsworthia since it was differentially abundant in intestinal samples compared with
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346 stool (Fig. 1E). The name of the Bilophila genus reflects its growth stimulation by high
347  concentrations of bile3°, and work in mice based on stool and gall bladder extracts has
348  linked high-fat diets with high levels of TCA and B. wadsworthia, potentially due to the
349  ability of B. wadsworthia to use taurine for growth33. Importantly, in stool, the relative
350  abundance of these ASVs was correlated only weakly or not at all with TCA

351 concentration (Fig. 4D), indicating that the devices enable identification of correlations
352 between bile acids and microbes that would not be evident from stool.

353

354  Microbially conjugated bile acid concentrations vary along the intestinal tract

355  Recently, bile acids conjugated to amino acids other than glycine and taurine (e.g.,

356  tyrosocholic acid (TyroCA), leucocholic acid (LeuCA), phenylalanocholic acid

357 (PhenylCA) were discovered in the gut of mice and humans?. Synthesis of these newly
358  discovered bile acid conjugates has been reported to be carried out by microbes in the
359 intestinal tract, and their levels have been hypothesized to differ significantly between
360  healthy and diseased states?’. Using untargeted LC-MS/MS analysis with data-

361  dependent MS/MS acquisition, we detected these novel bile acids, along with 18

362  additional amino acid-bile acid conjugates in various hydroxylation forms across 13

363  amino acids in the intestinal samples of all subjects (Table S3). Microbially conjugated
364  bile acids were at significantly higher concentration and accounted for a significantly
365  higher fraction of the bile acid pool in intestinal samples compared with stool, and the
366  fraction increased from type 1 devices to type 4 devices (Fig. 4E,F).

367

368  We also found that the concentrations of primary and secondary liver-conjugated bile
369  acids were correlated with each other, while the concentration of microbially conjugated
370  bile acids was strongly correlated with that of deconjugated bile acids across intestinal
371 samples (Fig. 4G, S7). These findings emphasize the effect of different anatomical

372 regions and routes of formation and degradation for liver-conjugated bile acids (glycine
373  and taurine conjugates) and microbially conjugated bile acids. In stool, the

374 concentration of microbially conjugated bile acids was correlated with the concentration

375  of primary deconjugated bile acids and inversely correlated with the concentration of
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376  secondary deconjugated bile acids (Fig. 4E), highlighting major differences in the

377  metabolite environment of the intestines versus stool.

378
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379  Discussion

380  To date, studies of the human gut microbiota and bile acids have relied mainly on stool.
381 In this study, enabled by the development and implementation of an ingestible sampling
382  device, we demonstrated that analysis of stool does not provide a complete or accurate
383  representation of the longitudinal and temporal variability of the microbiota composition
384  and bile acid contents within the intestines. Microbiota and bile acid profiles were

385  distinct along the intestines and from other disparate regions, including saliva and stool.
386  We also discovered correlations between bile acid profiles and microbial taxa in the

387 intestines of healthy humans, suggesting distinct functional capabilities of the intestinal
388  microbiota compared to stool, and quantified the distribution of recently discovered

389  microbially conjugated bile acids throughout the gut. Moreover, in subjects who had

390  recent antibiotic exposure, bile acid profiles of stool suggested dramatic alterations

391 compared to intestinal samples. Regional and repetitive sampling of gradients along the
392 intestine during digestion is thus required to capture the variable nature of the gut

393  microbiome and the production, transformation, and utilization of key metabolites.

394

395  One limitation of our study is that the exact location of sample collection within the

396 intestine could not be clearly defined or validated. Variability in intestinal peristalsis and
397 pH during normal digestion may cause capsule devices within a set to experience

398  different pH trajectories, hence they may open before or after their intended collection
399  sites. Despite this limitation, analysis of 210 intestinal samples from 15 individuals

400  discovered consistent trends of biochemical and microbial activity in the human

401 intestines. More consistent sampling along a longitudinal gradient might be attained in
402 future studies by collecting multiple sequential samples into a single capsule device in a
403  timed manner.

404

405 The wide variability among intestinal samples across our cohort of 15 subjects and

406 within each subject at different time points highlights the need for future studies utilizing
407 larger cohorts and longer-term sampling. We envision interrogating how diet and

408  disease differentially influence the intestinal microbiota and metabolome. Indeed,

409  measurements from the proximal intestinal microbial ecosystem will be critical for future
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clinical studies of spatially restricted human intestinal diseases and therapeutic
interventions directed at these disorders.

Nonetheless, our study demonstrates the feasibility and potential of a safe and non-
invasive method for collection, characterization, and quantification of the intestinal
microbiota and bile acids along the human intestinal tract during normal digestion. This
new capability, when deployed at scale, should improve our understanding of the
dynamic and intertwined nature of human metabolic pathways with our resident gut

microbes, and their potential involvement in normal physiology and disease.
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419  Methods

420

421 Ingestible capsule sampling device

422 The capsule sampling device (CapScan®, Envivo® Bio Inc, San Carlos CA) consists of a
423 one-way valve capping a hollow elastic collection bladder. The device is prepared for
424 packaging by evacuating the collection bladder, folding it in half, and packaging the

425  folded device inside a dissolvable capsule measuring 6.5 mm in diameter and 23 mm
426 long, onto which an enteric coating is applied. The capsule and the enteric coating

427 prevent contamination of the collection bladder from oral-pharyngeal and gastric

428  microbes during ingestion. When the device reaches the target pH, the enteric coating
429  and capsule disintegrate. The target pH is pH 5.5 for type 1, pH 6 for type 2, pH 7.5 for
430  type 3 and type 4, with type 4 also having a time delay coating to bias collection toward
431 the ascending colon. After the enteric coating disintegrates, the collection bladder

432 unfolds and expands into a tube 6 mm in diameter and 33 mm long, thereby drawing in
433 up to 400 pL of gut luminal contents through the one-way valve. The one-way valve

434 maintains the integrity of the sample collected inside the collection bladder as the

435  device moves through the colon and is exposed to stool.

436

437  In this study, subjects concurrently ingested sets of 4 capsules, each with distinct

438  coatings to target the proximal to medial regions of the small intestine (coating types 1
439 and 2) and more distal regions (coating types 3 and 4). After sampling, the devices were
440  passed in the stool into specimen-collection containers and immediately frozen. After
441 completion of sampling, the stool was thawed and the devices were retrieved by study
442 staff. The elastic collection bladders were rinsed in 70% isopropyl alcohol and

443 punctured with a sterile hypodermic needle attached to a 1-mL syringe for sample

444 removal. Samples were transferred into microcentrifuge tubes and the pH was

445  measured with an InLab Ultra Micro ISM pH probe (Mettler Toledo). A 40-uL aliquot was
446 spun down for 3 min at 10,000 rcf, and its supernatant was used for metabolomics

447 analysis. The rest of the sample was frozen until being thawed for DNA extraction.

448
449  Study design
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450  The study was approved by the WIRB-Copernicus Group IRB (study #1186513) and
451 informed consent was obtained from each subject. Healthy volunteers were selected to
452  exclude participants suffering from clinically detectable gastrointestinal conditions or
453  diseases that would potentially interfere with data acquisition and interpretation.

454

455  Subjects met all of the following criteria for study inclusion: (1) individuals between the
456  ages of 18 and 70; (2) American Society of Anesthesiologists (ASA) physical status
457  class risk of 1 or 2; (3) for women of childbearing potential, a negative urine pregnancy
458  test within 7 days of screening visit, and willingness to use contraception during the

459  entire study period; and (4) fluency in English, understands the study protocol, and is
460  able to supply informed written consent, along with complying with study requirements.
461

462  Subjects with any of the following conditions or characteristics were excluded from the
463  study: (1) history of any of the following: prior gastric or esophageal surgery, including
464  lap banding or bariatric surgery, bowel obstruction, gastric outlet obstruction,

465  diverticulitis, inflammatory bowel disease, ileostomy or colostomy, gastric or esophageal
466  cancer, achalasia, esophageal diverticulum, active dysphagia or odynophagia, or active
467  medication use for any gastrointestinal conditions; (2) pregnancy or planned pregnancy
468  within 30 days from screening visit, or breast-feeding; (3) any form of active substance
469  abuse or dependence (including drug or alcohol abuse), any unstable medical or

470 psychiatric disorder, or any chronic condition that might, in the opinion of the

471 investigator, interfere with conduct of the study; or (4) a clinical condition that, in the
472 judgment of the investigator, could potentially pose a health risk to the subject while
473  involved in the study.

474

475  Fifteen healthy subjects were enrolled in this study, and each swallowed at least 17

476  devices over the course of three days (for demographics, see Table S1). All ingested
477 devices were recovered, and no adverse events were reported during the study. Of the
478 255 ingested devices, 15 were set 1 safety devices (not included in analysis) and 22
479  contained gas or low sample volume. An additional 8 of the 218 samples remaining did

480  not provide sufficient sequencing reads (>2500 reads) to be included in further analysis
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481  (Fig. S2). Saliva samples were collected after evening meals and immediately frozen at
482  -20 °C. Every bowel movement during the study was immediately frozen by the subject
483  at-20 °C. Subject 1 provided additional samples for assessment of replicability and

484  blooming. A total of 297 saliva, intestinal, and stool samples were analyzed.

485

486  Blooming analysis

487  To assess the effect of in-body incubation on the contents of the devices between the
488  time of sample collection and sample retrieval, a set of 4 devices (one of each type) was
489  ingested by subject 1. Upon exit in a bowel movement at 32 h, the devices were

490  immediately transferred to an anaerobic chamber and incubated at 37 °C. An aliquot of
491 each sample was taken at 32 h (immediately after the bowel movement), 58 h, and 87 h
492 (the latter two time points simulating lengthier gut transit times).

493

494  DNA extraction and 16S rRNA gene sequence analysis

495 DNA was extracted using a Microbial DNA extraction kit (Qiagen)*® and 50 pL from a
496  capsule device, 200 uL of saliva, or 100 mg of stool.

497

498  16S rRNA amplicons were generated using Earth Microbiome Project-recommended
499  515F/806R primer pairs and SPRIME HotMasterMix (Quantabio 2200410) with the

500  following program in a thermocycler: 94 °C for 3 min, 35 cycles of [94 °C for 45 s, 50 °C
501 for 60 s, and 72 °C for 90 s], followed by 72 °C for 10 min. PCR products were cleaned,
502  quantified, and pooled using the UltraClean 96 PCR Cleanup kit (Qiagen 12596-4) and
503 Quant-iT dsDNA High Sensitivity Assay kit (Invitrogen Q33120). Samples were

504 sequenced with 250-bp reads on a MiSeq instrument (lllumina).

505

506  Sequence data were de-multiplexed using the lllumina bcl2fastq algorithm at the Chan
507 Zuckerberg BioHub Sequencing facility. Subsequent processing was performed using
508  the R statistical computing environment (v. 4.0.3)*' and DADA2 as previously described
509  using pseudo-pooling*?. truncLenF and truncLenR parameters were set to 250 and 180,
510  respectively. Taxonomy was assigned using the Silva rRNA database v1323. Samples

511 with >2500 reads were retained for analyses. A phylogenetic tree was constructed using
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512 phangorn as previously described*4. Shannon diversity was calculated using the

513 phyloseq::estimate_richness function, which is a wrapper for the vegan::diversity

514  function*>46. Since intestinal samples were often dominated by a single ASV (Fig. 2D),
515 the Canberra distance metric was used for pairwise beta diversity comparisons. Only
516 the 455 ASVs represented by =3 reads in 25% of samples were used to calculate

517 distances.

518

519  Contamination analysis

520 One concern in our study was potential downstream contamination of device samples
521 with stool, even a small amount of which could alter the microbial community in the

522 devices given the orders of magnitude higher concentration of bacteria in stool

523  compared with the proximal intestines®’. However, given the directional motility of the
524 intestinal tract, one would expect intrinsic overlap between intestinal and stool microbial
525  communities. Latent Dirichlet allocation with the topic models R package*’ was used to
526  identify co-occurring groups of microbes (‘topics’#8) from intestinal and stool samples for
527  each subject. For each intestinal sample, the cumulative probability of topics identified
528  as derived from the same subject’s stool was computed. Capsules with 210% of the
529  total community identified as potentially originating from stool topics were flagged as
530  possibly contaminated. Using this very conservative definition, 38 of the 210 intestinal
531 samples with adequate sequencing read counts were identified as possibly

532 contaminated. All analyses presented in this study used all available data to avoid bias,
533 but all results were robust to the removal of samples identified as possibly

534  contaminated.

535

536  Metagenomic sequencing

537 Extracted DNA from the samples was arrayed in a 384-well plate and concentrations
538  were normalized after quantification using the PicoGreen dsDNA Quantitation kit

539  (ThermoFisher). DNA was added to a tagmentation reaction, incubated for 10 min at 55
540  °C, and immediately neutralized. Mixtures were added to 10 cycles of a PCR that

541 appended lllumina primers and identification barcodes to allow for pooling of samples

542 during sequencing. One microliter of each well was pooled, and the pooled library was
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543 purified twice using Ampure XP beads to select the appropriately sized bands. Finally,
544 library concentration was quantified using a Qubit (Thermo Fisher). Sequencing was
545  performed on a NovaSeq S4 instrument with read lengths of 2x146 bp.

546

547 Pre-processing of raw sequencing reads and metagenomic assembly

548  Skewer v. 0.2.24% was used to remove lllumina adapters, after which human reads were
549  removed with Bowtie2 v. 2.4.15°, Metagenomic reads from a single saliva, intestinal, or
550  stool sample were assembled with MEGAHIT v. 1.2.9%". Assembled contigs were

551 binned with MetaBAT 2 v. 2.15% into 7,655 genome bins. checkM v. 1.1.3% and quast
552 v. 5.0.2% were used to assess quality; bins with >75% completeness and <25%

553  contamination were dereplicated at 99% ANI (strain level) with dRep v. 3.0.0°°, resulting
554 in 696 representative metagenome assembled genomes (MAGs) across all samples.
555  GTDB-Tk was used to assign taxonomy®®. Default parameters were used for alll

556 computational tools.

557

558  Sample preparation for LC-MS/MS analysis and bile acid quantification

559  Supernatants from intestinal samples were extracted using a modified 96-well plate

560  biphasic extraction®’. Samples in microcentrifuge tubes were thawed on ice and 10 L
561  were transferred to wells of a 2-mL polypropylene 96-well plate in a predetermined

562  randomized order. A quality control (QC) sample consisting of a pool of many intestinal
563  samples from pilot studies was used to assess analytical variation. QC sample matrix
564 (10 uL) and blanks (10 uL of LC-MS grade water) were included for every 10th sample.
565  One hundred seventy microliters of methanol containing UltimateSPLASH Avanti Polar
566  Lipids (Alabaster, Alabama) as an internal standard were added to each well. Then, 490
567  uL of methyl-tert-butyl-ether (MTBE) containing internal standard cholesterol ester 22:1
568  were added to each well. Plates were sealed, vortexed vigorously for 30 s, and shaken
569  on an orbital shaking plate for 5 min at 4 °C. The plate was unsealed and 150 uL of cold
570 water were added to each well. Plates were re-sealed, vortexed vigorously for 30 s, and

571 centrifuged for 12 min at 4000 rcf and 4 °C.
572
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573 From the top phase of the extraction wells, two aliquots of 180 uL each were transferred
574 to new 96-well plates, and two aliquots of 70 uL each from the bottom phase were

575  transferred to two other new 96-well plates. Plates were spun in a rotary vacuum until
576  dry, sealed, and stored at -80 °C until LC-MS/MS analysis. One of the 96-well plates
577 containing the aqueous phase of extract was dissolved in 35 pL of HILIC-run solvent
578  (8:2 acetonitrile/ water, v/v). Five microliters were analyzed using non-targeted HILIC
579  LC-MS/MS analysis. Immediately after HILIC analysis, the 96-well plates were spun in a
580  rotary vacuum until dry, sealed, and stored at -80 °C until targeted bile acid analysis.
581

582 Multiple dilutions were prepared for bile acid analysis as follows. The dried samples

583  described above were dissolved in 60 pL of bile acid-run solvent (1:1 acetonitrile/

584  methanol (v/v) containing 6 isotopically labeled bile acid standards at 100 ng/mL) via 30
585 s of vortexing and 5 min of shaking on an orbital shaker. From this plate, 5 uL were

586  transferred to a new 96-well plate and combined with 145 L of bile acid-run solvent.
587  Both dilutions were analyzed for all samples, and samples that still presented bile acids
588  above the highest concentration of the standard curve (1500 ng/mL) were diluted 5:145
589  once more and re-analyzed. A 9-point standard curve that ranged from 0.2 ng/mL to
590 1500 ng/mL was used with all samples. The standard curve solutions were created by
591 drying bile acid standard solutions to achieve the desired mass of bile acid standards
592 and then dissolved in bile acid-run solvent. Three standard-curve concentration

993  measurements were analyzed after every 20 samples during data acquisition along with
594 one method blank.

595

596  Approximately 4 mg (x1 mg) of wet stool were transferred to 2-mL microcentrifuge

597 tubes. Twenty microliters of QC mix were added to microcentrifuge tubes for QC

598  samples. Blank samples were generated using 20 uL of LC-MS grade water. To each
999 tube, 225 pL of ice-cold methanol containing internal standards (as above) were added,
600  followed by 750 uL of ice-cold MTBE with CE 22:1. Two 3-mm stainless-steel grinding
601  beads were added to each tube and tubes were processed in a Geno/Grinder

602  automated tissue homogenizer and cell lyser at 1500 rpm for 1 min. One hundred

603  eighty-eight microliters of cold water were then added to each tube. Tubes were


https://doi.org/10.1101/2022.01.19.476920
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.01.19.476920; this version posted January 20, 2022. 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.

604  vortexed vigorously and centrifuged at 14,000 rcf for 2 min. Two aliquots of 180 pL each
605  of the MTBE layer and two aliquots of 50 uL each of the lower layer were transferred to
606  four 96-well plates, spun in a rotary vacuum until dry, sealed, and stored at -80 °C until
607  analysis with the intestinal samples. Stool samples were analyzed using HILIC non-
608  targeted LC-MS/MS and diluted in an identical manner to intestinal samples as

609  described above. Stool samples were analyzed in a randomized order after intestinal
610  samples.

611

612 Metabolomics data acquisition

613  Samples were analyzed using a Thermofisher Vanquish UHPLC system coupled to a
614  Thermofisher TSQ Altis triple-quadrupole mass spectrometer. An Aquity BEH C18

615  column (1.7 ym, 2.1 mmx100 mm) with guard column Acquity BEH C18 (1.7 ym, 2.1
616  mmx5 mm) was used for chromatographic separation with mobile phases of A: LC-MS-
617  grade water with 0.1% formic acid, and B: LC-MS-grade acetonitrile with 0.1% formic
618  acid with a flow rate of 400 yL/min and column temperature of 50 °C. The gradient

619  began at 20% B for 1 min, then shifted to 45% B between 1 and 11 min, then to 95% B
620  between 11 and 14 min, then to 99% B between 14 and 14.5 min, 99% B was

621 maintained until 15.5 min, then transitioned from 99% B to 20% B between 15.5 and
622 16.5 min, and maintained at 20% B until 18 min. Injection volume was 5 yL and MRM
623  scans were collected for all bile acids and internal standards (Table S2).

624

625 Metabolomics data processing

626 MRM scans were imported to Skyline®® software. Skyline performed peak integration for
627  all analytes with given mass transitions and retention time windows (Table S2). The
628  chromatogram for each analyte was manually checked to confirm correct peak

629 integration. Peak area was exported for all analytes. Bile acid chemical structures were
630  removed if there was not a convincing chromatographic peak observed in =21 sample.
631  The ratio of analyte to its closest eluting internal standard was calculated and used for
632  quantification. A linear model was fitted to standard curve points for each bile acid

633  (R2>0.995 for all bile acids) and the model was applied to all samples and blanks to
634  calculate concentrations. The average concentration reported for method blanks was
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635  subtracted from sample concentrations. Since multiple dilutions were analyzed for each
636  sample, the measurement closest to the center of the standard curve (750 ng/mL) was
637  used. Zero values were imputed with a concentration value between 0.001 and 0.1

638 ng/mL. Concentrations were reported as ng/mL for intestinal sample liquid supernatant,
639  and ng/g for wet stool.

640

641 Non-targeted bile acid quantification

642  Bile acids conjugated to amino acids (e.g., TyroCA, LeuCA, and PhenylCA) were not
643  included in the list for targeted analysis. Nonetheless, 22 microbe-conjugated bile acids
644  were detected during non-targeted data acquisition for intestinal and stool samples

645  using HILIC chromatography as described previously®®. Peaks corresponding to these
646  microbially conjugated bile acids were annotated using m/z values for precursor mass,
647  diagnostic MS/MS fragment ions (337.2526 for tri-hydroxylated and 339.2682 for di-
648  hydroxylated bile acids), and the corresponding amide conjugate fragment ion, as

649  reported previously®® (Table S3). MS/MS spectra from synthetic standards for three

650  microbially conjugated bile acids (Fig. S10) served as positive controls based on

651  previously collected experimental MS/MS spectra®’. Non-targeted HILIC analysis did not
652  include bile acid standard curves to allow for direct quantification, so approximate

653  quantification was achieved by comparing the concentration of GCA from targeted

654  analysis to GCA peak height intensity from non-targeted analysis. A quadratic model
655  was fit to GCA values from both analyses (R?>=0.89) and applied to the peak height

656  intensity values of microbe-conjugated bile acids to calculate their approximate

657  concentrations. Approximate concentrations were used for analysis of bile acids

658  measured with non-targeted analysis.
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659  Supplementary Tables

660
Attribute Value
Total number of subjects 15
Subjects completing the study 15
Age Mean 42, range 22-64
Females 8

Males

7
Antibiotic use within past 6 months 2
0

Underlying medical conditions

661  Table S1: Subject demographics.

662
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RT
MRM MRM integration
Minimum RF start end Analyte window (*
Precursor | Product | Collision dwell time | lens Source time time retention time value)

Analyte (mlz) (mlz) energy (V) (ms) (%) fragmentation | (min) (min) (min) (min)
1-phenyl 3-
hexadecanoic acid urea
(PHAU) (internal
standard) 248.95 130.1 14.18 197.628 55 0 1.25 3.75 2.57 0.15
Tauro-w-muricholic
acid 514.475 80.042 55 72.825 152 0 25 7 3.35 0.08
Tauro-a-muricholic acid 514.475 80.042 55 72.825 152 0 25 7 3.53 0.08
Tauro-B-muricholic acid 514.475 80.042 55 72.825 152 0 25 7 3.72 0.15
Tauroursodeoxycholic
acid 498.475 80.042 55 57.72 138 0 3.75 9.5 5.3 0.15
Taurocholic acid 514.475 80.042 55 72.825 152 0 25 7 5.68 0.15
w-Muricholic acid 407.25 407.25 0 57.662 95 77.6 5.5 10.5 6.92 0.15
Glycoursodeoxycholic
acid 448.288 74.054 33.18 57.72 93 69.4 5.5 8.5 7.03 0.08
Glycohyodeoxycholic
acid 448.288 74.054 33.18 57.72 93 69.4 5.5 8.5 7.21 0.08
Glycocholic acid 464.425 74.054 35.92 57.72 143 0 6 8.5 7.22 0.15
Glycocholic acid-d4
(internal standard) 468.288 74.143 36.17 57.72 121 100 6 8.5 7.21 0.15
a-muricholic acid 407.25 407.25 0 57.662 95 77.6 5.5 10.5 7.24 0.1
B-muricholic acid 407.25 407.25 0 57.662 95 77.6 5.5 10.5 7.54 0.1
Taurochenodeoxycholic
acid 498.475 80.042 55 57.72 138 0 3.75 9.5 7.68 0.15
Taurodeoxycholic acid 498.475 80.042 55 57.72 138 0 3.75 9.5 8.1 0.2
Cholic acid 407.25 407.25 0 57.662 95 77.6 5.5 10.5 9.05 0.15
Cholic acid-d4 (internal
standard) 411.388 | 411.388 0 57.662 141 100 7.5 10.5 9.04 0.15
Ursodeoxycholic acid 391.338 | 391.338 0 57.662 140 100 8 12.4 9.21 0.15
Glycochenodeoxycholic
acid 448.25 74.089 344 57.662 90 65.3 8.2 11 9.4 0.15
Glycochenodeoxycholic
acid-d4 (internal
standard) 452.338 73.988 38.11 57.662 98 71.4 8 11 9.38 0.15
Glycodeoxycholic acid 448.25 74.089 344 57.662 90 65.3 8.2 11 9.8 0.15
Taurolithocholic acid 482.338 80.03 52.05 57.662 249 100 8.5 11.5 10.12 0.15
Chenodeoxycholic acid 391.338 | 391.338 0 57.662 140 100 8 12.4 11.04 0.15
Chenodeoxycholic
acid-d4 (internal
standard) 395.338 | 395.338 0 57.662 126 89.8 9.5 12.2 11.03 0.15
Deoxycholic acid 391.338 | 391.338 0 57.662 140 100 8 12.4 11.23 0.1
Deoxycholic acid-d4
(internal standard) 395.338 | 395.338 0 57.662 126 89.8 9.5 12.2 11.22 0.15
Glycolithocholic acid 4324 74.071 32.63 57.662 112 2 10 12.35 11.39 0.15
Lithocholic acid 375.162 | 375.162 0 83.426 119 100 11.5 13.5 12.55 0.1
Lithocholic acid-d5
(internal standard) 380.362 | 380.362 0 83.426 119 100 11.5 13.5 12.55 0.1

663  Table S2: Bile acid quantification parameters. Parameters for LC-MS/MS data
664  acquisition and data processing.

665


https://doi.org/10.1101/2022.01.19.476920
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.01.19.476920; this version posted January 20, 2022. 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

Leucholic acid
Phenylalanocholic acid
Tyrosocholic acid
Ala-trihydroxylated BA
Arg-dihydroxylated BA
Arg-trihydroxylated BA
?sn-dihydroxylated BA

Asn-dihydroxylated BA
2

Asn-trihydroxylated BA
Cys-trihydroxylated BA
GIn-dihydroxylated BA
Glin-trihydroxylated BA
Glu-dihydroxylated BA
Glu-trihydroxylated BA
His-trihydroxylated BA
Lys-dihydroxylated BA
Lys-trihydroxylated BA
Phe-dihydroxylated BA
Ser-dihydroxylated BA
Ser-trihydroxylated BA
Trp-trihydroxylated BA
Tyr-dihydroxylated BA

666
667
668
669
670

Precursor mass,
predicted (m/z)

522.3789
556.3633
572.3582

480.332

549.401

565.396
507.3429
507.3429
523.3378

512.304
521.3585
537.3534
522.3425
538.3374
546.3538
521.3949
537.3898
540.3683

480.332
496.3269
595.3742
556.3633

available under aCC-BY-NC-ND 4.0 International license.

Precursor
mass,
experimental
(mlz)

522.3783
556.3624
572.3571
480.3315
549.4
565.3954
507.3418
507.34277
523.3368
512.30353
521.3579
537.35291
522.3417
538.33752
546.35284
521.39447
537.3889
540.36719
480.3318
496.3262
595.37274
556.362

Precursor
mass error

-0.6
-0.9
-1.1
-0.5

-0.6

-1.1

-0.13

-0.47
-0.6
-0.49
-0.8
0.12
-0.96
-0.43
-0.9
-1.11
-0.2
-0.7
-1.46
-1.3

Diagnostic
ion, predicted

337.2523
337.2523
337.2523
337.2523
339.2702
337.2523
339.2702
339.2702
337.2523
337.2523
339.2702
337.2523
339.2702
337.2523
337.2523
339.2702
337.2523
339.2702
339.2702
337.2523
337.2523
339.2702

Diagnostic

ion,

experimental

(mlz)

337.2526
337.2524
337.2523
337.2526
339.2679
337.2529
339.2677

339.268
337.2518
337.2525
339.2673
337.2523
339.2682

337.253

337.252
339.2708
337.2543
339.2676
339.2675
337.2525
337.2526
339.2684

Diagnostic
ion 1 mass
error (mDa)

0.3

0.1

0

0.3

-2.3

0.6
25
22
05
0.2
29
0

-2
0.7
0.3
0.6
2
26
27
0.2
0.3
1.8

Diagnostic
amide ion,
predicted

(mlz)

132.1019
166.0863
182.0812
90.055
175.119
175.119
133.0608
133.0608
133.0608
122.027
147.0764
147.0764
148.0604
148.0604
156.0768
147.1128
147.1128
166.0863
106.0499
106.0499
205.0972
182.0812

Diagnostic
amide ion,
experimental
(mlz)

132.10176
166.08627
182.08105

90.05501
175.11887
175.11885

133.0605
133.06071
133.06078
122.02632

147.0762
147.07623

148.0602
148.06055
156.07661
147.11278
147.11269
166.08607
106.04997
106.04991
205.09709
182.08112

Table S3: Bile acid conjugate identification from non-targeted analysis. Theoretical

and experimental m/z for precursor mass, and diagnostic fragment ions (MS/MS). Mass

error calculated as the difference between the experimental and theoretical m/z.

Diagnostic
ion 2 mass
error (mDa)

0.14
-0.03
-0.15

0.01
0.13
-0.15
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684  Figure 1: Capsule devices enable longitudinal sampling of the human intestine.
685 A) Overview of the intended sampling locations (left) of the four types of sampling
686 devices (bottom right) in packaged form for ingestion and as full collection

687 bladders containing intestinal samples as collected from the stool. (Top right)
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Device contains a folded bladder capped with a one-way valve within an
enterically coated capsule; the enteric coating dissolves once the designated pH
has been reached, enabling the bladder to unfold and draw in up to 400 pL of
luminal fluid. A U.S. dime is included for scale.

B) Study design and timeline for the collection of samples from 15 healthy adult
subjects.

C) The pH of the contents in devices designed to open at locations spanning the
proximal to distal intestinal tract. There is a trend along the intestinal tract. Points
represent individual capsules. ns: not significant, *: p<0.05, **: p<0.01, ****:
p<0.0001, Bonferroni-adjusted Wilcoxon rank sum test.

D) Principal coordinates analysis based on Canberra distance between microbial
communities using 16S rRNA gene amplicon sequence variants (ASVs, n=455)
with =3 reads in 25% of samples. The analysis highlights separation of
communities by sample type. Read counts were logz-transformed. Each point
represents an individual sample and is colored by the sample type (stool, saliva,
and device types 1-4). Filled squares and triangles identify two outlier subjects
(#10 and #15) who had taken oral antibiotics in the 5 months prior to intestinal
sampling.

E) ASVs with a minimum logz-fold change between devices and stool of 0.75 were
detected. Only ASVs that were significantly differentially abundant (p<0.05 after
Benjamini-Hochberg correction) are shown.
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710 Figure 2: Microbiota variation across capsule types suggests patchy structure.

[ A) Microbiota composition varied significantly more between intestinal samples that
712 it did between stool or between saliva samples. This variation persisted both

713 within (top) and across (bottom) subjects. Each point in the top panel is the mean
714 pairwise Canberra distance between all samples for a subject. In the bottom

715 panel, each point is the mean of all pairwise comparisons between all samples
716 from any two subjects.

7 B) Temporal, spatial, and technical variability in microbiota composition of intestinal
718 samples (purple) were higher than in technical replicates (green), in which one
719 subject swallowed 4 of the same device type simultaneously (the subject did so
720 twice for each of the 4 device types). Each point represents the mean pairwise
721 Canberra distance between intestinal samples from the same subject. Canberra
722 distances for (A,B) were computed from logz-transformed read counts of 16S
723 rRNA gene amplicon sequence variants (ASVs, n=455) with read count 23 in

724 =25% of samples. Microbial communities from devices of the same type ingested
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725 at the same time were more similar than devices of the same type ingested at
726 different times, although this was not statistically robust to Bonferroni correction
27 (Wilcoxon rank sum adjusted p=0.058) given the small number of observations.
728 C) The Shannon diversity of saliva and stool samples was higher than that of

729 intestinal samples. Each point is a single sample.

730 D) Capsules were more likely to be dominated by a single ASV as compared with
731 stool or saliva. Each point is a single sample.

732 ns: not significant, *: p<0.05, ****: p<0.0001, Bonferroni-corrected Wilcoxon rank sum
733 test.

734
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736  Figure 3: Capsules capture different bile acid profiles along the intestinal tract as
737 compared to stool.
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738 A) Schematic of bile acid modifications by the liver and microbiota. The liver

739 releases bile acids conjugated with glycine or taurine. Dehydroxylation by gut
740 microbes converts primary (1°) to secondary (2°) bile acids. Microbial bile salt
741 hydrolases (BSHs) deconjugate amino acids from bile salts.

742 B) Total concentration of all bile acids decreased along the intestinal tract. Shown
743 are log1o-transformed concentrations in units of ng/mL or ng/g for intestinal or
744 stool samples, respectively. Boxplots show the median, 25th, and 75th quartiles.
745 ns: not significant, *: p<0.05, ****: p<0.0001, Bonferroni-corrected Wilcoxon rank
746 sum test.

747 C) All subjects showed distinct bile acid profiles in intestinal compared with stool
748 samples. Deoxycholic and lithocholic acid dominated the stool, but not the

749 intestines, in all but two subjects (#10 and #15). Profiles are means of bile acid
750 relative concentrations over all samples in the respective categories (intestinal or
751 stool) per subject.

752 D) Bile acid profiles in each sample, grouped by sample type, demonstrate

753 variability throughout the intestinal tract. Profiles are the relative abundance of
754 bile acid chemical structures. Histogram on the right displays the total

755 concentration (ng/mL or ng/g for intestinal samples and stool, respectively) of all
756 bile acids in each sample, and bars (far right) indicate whether the subject had
757 taken antibiotics in the past 5 months.

758 E) Percent of liver-conjugated bile acids decreased significantly along the intestinal
759 tract. Boxplots show the median, 25th, and 75th quartiles. *: p<0.05, ****:

760 p<0.0001, Bonferroni-corrected Wilcoxon rank sum test.

761


https://doi.org/10.1101/2022.01.19.476920
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.01.19.476920; this version posted January 20, 2022. 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.

762 —_— *kkk —~ Kkkk

A .5 8 B _5 ****
© s
2 6 g0
8 +
< 2 <
O O 0
e E
S 10 VL oice 2 oice 2 yice & groo! > e\ viceZ . _yice 2 yiced  cpoo
& eV 'pevic® Tpevic® “pev S DeVic® pevic® penic® “pew S

O

Anaerostipes hadrus Alistipes putredinis
Devices Stool Devices Stool
R=-0.35, p<0.001 R=0.09, p=0.535 R=-0.4, p<0.001 R=-0.37, p=0.02

Faecalibacterium prausnitzii
Devices Stool

O

A~ O

N
o N MO

Bilophila wadsworthia
Devices Stool

log,,(GCA concentration)
log,,(TCA concentration)

6 R=-0.38, p<0.001  R=-0.07, p=0.624 6 =041, p<0.001  R=-0.28, p=0.097
4 )\ 4 :\
- e 2 "
) \ - . \
25 5 7510125 25 5 75 10125 4 8 12 4 8 12
log,(ASV count) log,(ASV count)

m
L

ns

pobty

pevic® \pevice Kyevice 4evice s\oo\

*kkk

****

pHts

pevic® ‘gevice Zevice 3Dev\ce A sro0

[0}
o

(@]
o

N
o
= N W~ 00O

N

o
log,,(concentration of
microbially conjguated)

% of microbially
conjguated bile acids

G R A R A
FLo & Lo & P & Qo O
. \? \é 2 \\) .\b > \\} .\é S \\) .\b ?
Devices o°° £ ‘6‘@ S e Stool c,cf‘ g 6‘\0 c‘o‘\ * ,,g\\e’

1° conjugated 1° conjugated . |
bile acids bile acids 0

1° bile acids 1° bile acids

1)
Microbially conjugated . 1 Microbially conjugated 1
bile acids bile acids

2° conjugated 2° conjugated .
bile acids 1 bile acids 1

763 Figure 4: Microbial bile acid modifications detected in the intestinal tract.
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A,B) Glycocholic acid (GCA, (A)) and taurocholic acid (TCA, (B)) concentration
decreased along the intestinal tract. Shown are log1o-transformed concentrations
in units of ng/mL or ng/g for intestinal or stool samples, respectively.

C,D) The log2(ASV count) of an Anaerostipes hadrus and a Faecalibacterium
prausnitzii ASV was significantly negatively correlated (Pearson) with the
concentration of GCA (C), and the log2(ASV count) of an Alistipes putredinis and
a Bilophila wadsworthia ASV was significantly negatively correlated with TCA
concentration (D). Only ASVs with p<0.01 after a Benjamini-Hochberg correction
are shown. These correlations were much weaker or not significant in the stool
samples.

E) The percent of microbially conjugated bile acids increased along the intestinal
tract and was significantly higher in intestinal samples (particularly type 4
devices) compared with stool.

F) The concentration of microbially conjugated bile acids was significantly higher in
intestinal compared to stool samples. The concentration did not differ significantly
across device types. Approximate concentrations in ng/mL or ng/g for intestinal
or stool samples, respectively.

G) Correlations between bile acid classes differed between the intestinal and stool
samples. Shown are Pearson’s correlation coefficients using logio-transformed
concentrations in ng/mL or ng/g for intestinal or stool samples, respectively.

All boxplots show the median, 25", and 75" quartiles. Points are individual intestinal or
stool samples. ns: not significant, **: p<0.01, ****: p<0.0001, Bonferroni-corrected

Wilcoxon rank sum test. Read counts were logo-transformed.
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