Article

Profiling the humanintestinal environment
under physiological conditions

https://doi.org/10.1038/s41586-023-05989-7

Received: 20 January 2022

Accepted: 21 March 2023

Published online: 10 May 2023

Open access

Dari Shalon'’, Rebecca Neal Culver***, Jessica A. Grembi®'®, Jacob Folz*", Peter V. Treit®,
Handuo Shi®’, Florian A. Rosenberger®, Les Dethlefsen®, Xiandong Meng?®, Eitan Yaffe®,
Andrés Aranda-Diaz’, Philipp E. Geyer®, Johannes B. Mueller-Reif®, Sean Spencer®®,
Andrew D. Patterson'®, George Triadafilopoulos
Oliver Fiehn*"*™, David A. Relman®®%'415® & Kerwyn Casey Huang

9" Susan P. Holmes'?, Matthias Mann®,

6,7,81504

M Check for updates

The spatiotemporal structure of the human microbiome'?, proteome® and

metabolome*” reflects and determines regional intestinal physiology and may have
implications for disease®. Yet, little isknown about the distribution of microorganisms,
their environment and their biochemical activity in the gut because of reliance on
stool samples and limited access to only some regions of the gut using endoscopy in
fasting or sedated individuals’. To address these deficiencies, we developed an
ingestible device that collects samples from multiple regions of the human intestinal
tract during normal digestion. Collection of 240 intestinal samples from 15 healthy
individuals using the device and subsequent multi-omics analyses identified significant
differences between bacteria, phages, host proteins and metabolites in the intestines
versus stool. Certain microbial taxa were differentially enriched and prophage
induction was more prevalentin the intestines thanin stool. The host proteome 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.
Furthermore, microbially conjugated bile acid concentrations exhibited amino acid-
dependent trends that were not apparent in stool. Overall, non-invasive, longitudinal
profiling of microorganisms, proteins and bile acids along the intestinal tract under
physiological conditions can help elucidate the roles of the gut microbiome and
metabolome in human physiology and disease.

The human intestinal tract harbours the vast majority of microor-
ganisms residing in or on our bodies’; their genetic content and bio-
chemical transformation capabilities are hundreds of times larger than
those encoded by the human genome®. Humans depend on their gut
microorganisms for food digestion, immune system regulation and
protection against pathogens, among other critical functions'. An
important yet often overlooked aspect of the gut is regional hetero-
geneity and how it impacts local physiology®. Because of difficulties
inaccessingand sampling the intestinal tract, stool has been the main
source of information for human gut microbiome studies'®. However,
stool reflects waste products and downstream effluent, within which
regional variation is lost. For example, key metabolites such as bile
acids are altered upstream by microbial transformations and then
substantially absorbed by the host before excretion®. The regions of
the gut distal to the stomach (duodenum, jejunum, ileum and colon)

differ markedly in nutrient availability, pH, oxygen partial pressure,
mucosal structure and flow rate’. As a result, distinct microbial com-
munities with specialized functions, metabolomes, immune niches
and proteomes are present in each intestinal region®**™. Thus, deeper
understanding of how gut microorganisms impact human physiology
and vice versa requires local sampling of the gut microbiome and its
chemical environment in natural, unperturbed states.

Historically, sampling the human intestinal tract without distur-
bance or contamination hasbeen challenging'®. We recently discovered
substantial regional variability in microbiota composition across spa-
tial scales of only a few inches throughout the intestines of deceased
organ donors?. However, organ donors have typically been treated with
antibiotics, and, even in cases in which the intestinal tract has been
sampled immediately after cessation of life support, the gut is often
ischaemic or necrotic. Duodenal sampling from live individuals using
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upper endoscopy has a high probability of inadvertent contamination
from oral, oesophageal or gastric contents. Endoscopic access to the
mid-jejunumrequires a~-2-h procedure involving general anaesthesia
or sedation, performed under fasting'>*. Alternatively, a stoma from
exteriorization of the ileum through the abdominal wall can provide
intestinal samples, but this procedure is invasive and reflects altered
gutanatomy and physiology, atasingle location'. Despite the impor-
tant effects onthe microbiome and signalling properties of bile acids,
studies on their chemical diversity and concentrations have relied on
non-representative measurements of the few percent of bile acids in
stool or thefraction of a percentinblood. Previously developed ingest-
ible devices for sampling the human intestinal tract have important
limitations such as complex electronics®, large size that risks device
retention® or insufficient sampling volume for multi-omics analyses™®.
pH profiles, peristalsis, diet, physiology, gastrointestinal disorders and
key metabolites such as bile acids” differ markedly between humans
and animals'®, making human studies most relevant to human physiol-
ogy and disease.

To measure microbial, viral, proteomic and bile acid profiles within
the humanintestines during normal digestion, we developed and evalu-
ated a capsule device that collects luminal contents from the small
intestine or ascending colon. The expanding bladder and lack of inter-
nal structure in our device allowed ~400 pl of liquid to be retrieved,
enabling multi-omic analyses. We report differences in microbiome
composition, gene class abundance, prophage induction and the host
proteome between the intestines and stool. We discovered gradients
of microbially transformed bile acids along the intestinal tract and
identified correlations between the abundance of microbially modified
bileacids and specific gut bacterial species. In aseparate manuscript,
we combined five metabolomics assays to identify spatial and tempo-
ral differences between stool and intestinal metabolomes, including
diet-derived compounds and microbially linked metabolites such as
sulfonolipids and fatty acid esters of hydroxy fatty acid lipids™. These
discoveriesilluminate biological properties of the intestinal tract that
areinaccessible from stool or endoscopic sampling.

Device for sampling the human intestines

The sampling capsuleis asingle-use, passive device that collects fluid
from the human intestines for ex vivo analysis. The device contains a
collapsed collection bladder capped by a one-way valve inside a dis-
solvable capsule with an enteric coating (Fig. 1a). The enteric coating
prevents contact between the collection bladder and the surrounding
environmentbefore entryinto theintestines. The pH of the intestines
typically rises from4-6inthe duodenumto 7-8 in the ileum®, Once the
device reaches a pre-set pH sufficient to dissolve the enteric coating,
the collection bladder expands and draws in luminal contents through
the one-way valve. To sample from four distinct regions of the intestinal
tract, four devices wereingested as aset after anindividual ate ameal of
their choosing, wherein different device typesin aset were designed to
openatdifferent, progressively higher pHlevels. Device type 4 included
atime-delay coating to bias collection towards the ascending colon
where the pH typically drops relative to the terminal ileum® (Methods
andFig.1a). Each device collects up to 400 pl of luminal contents; bacte-
rial density is higher in the lumen than at or within the mucosa®, most
mucosa-associated bacteria are represented in the luminal contents*
and many metabolites of interest are in the lumen. After the bladder
fills, the one-way valve prevents further entrance of liquid. Theingested
devices arerecovered fromstool, and collected samples are extracted
for analysis. These devices provide unique potential for multi-region
collection of microorganisms and metabolites within the intestines
during normal digestion.

We first sought to confirm whether the devices could be targeted to
specific intestinal locations and would progress through the intesti-
nal tract without contamination. In a feasibility study, we connected
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devices targeting the jejunum and ascending colon to a capsule
endoscope and visualized successful in vivo sampling in a human
(Supplementary Video 1). To assess potential effects of incubation of
the collected microorganismsin the device whileit transited through
the gut, we retrieved and incubated a set of four devices from a sin-
gle bowel movement in an anaerobic chamber at 37 °C for up to 87 h
(Methods). We found that major changes in microbiota composition
did not occur in devices with a transit (incubation) time of ~58 h or
less (Extended Data Fig. 1). Within these experimental limitations, we
demonstrate below that microorganisms and metabolites display lon-
gitudinal gradients along the intestine and are highly distinct from the
contents of stool samples.

Spatially distinct microbial communities

To assess compositional and functional differences within the intestinal
microbiome, we carried out a clinical study with 15 healthy human par-
ticipants (Supplementary Table 1). First, asingle device was swallowed
and retrieved to ensure that no complications arose during device
passage through the gut (set 1; Fig. 1b); the contents of these devices
were not analysed. Subsequently, sets of four devices (with each device
type withinaset having a different enteric coating) were ingested twice
daily (3 hafterlunchand 3 h after dinner) on two consecutive days (sets
2-5; Fig. 1b). All participants consumed their normal diets and kept a
foodlog. All devices safely exited all participants and were successfully
retrieved. No adverse events were reported. Participants collected con-
temporaneous salivasamples (n =2, one on each day beforeingesting
devices 3 hafter dinner) and 2-8 stool samples on or around the days
when devices were recovered (Fig. 1b).

We obtained sufficient sampling volume and 16S rRNA gene sequenc-
ing depth from 210 devices, 29 saliva samples and 58 stool samples
(Extended Data Fig. 2a and Methods). The pH profiles of the samples
collected by the four device types (Fig. 1d) reasonably matched previ-
ously published measurements of pH along the humanintestines, with
ageneral increase in pH from the proximal to distal small intestine
followed by a decrease in the ascending colon®. The time between
device ingestion and recovery ranged from 8 to 67 h (Extended Data
Fig.2b), inline with previous reports of broadly distributed transit
times®. Given typical gastric emptying times and the 3-h post-meal
interval before devices were swallowed, the devices probably entered
the small intestine with the final contents of the preceding meal?**,
Nonetheless, the contents of the subsequent meal were more strongly
associated with device transit time (Extended Data Fig. 2¢,d).

Aprincipal coordinate analysis (PCoA) based on Canberradistance
identified location along theintestinal tract and across disparate sam-
pletypes (saliva, intestines and stool) as animportant latent variable.
Salivasamples were significantly segregated fromintestinal and stool
samplesacrossall participants (PERMANOVA, P=0.001; Fig. 1e), indi-
cating that the composition of the contents of all devices was distinct
fromthe composition of the oral microbiota. Furthermore, we identi-
fied two participants (10 and 15; Fig. 1e) whose stool, and to some degree
intestinal samples, clustered separately. On follow-up questioning,
these participants reported taking antibiotics within the past 1month
(participant10) and 5 months (participant 15). When considering each
of the 15 participants individually, 23% + 10% (137 + 70 of 582 + 85) of
the amplicon sequence variants (ASVs, a proxy for species) detected
inthe devices were not detected in the participant’s saliva or stool; the
medianrelative abundance of these 137 ASVs was low (<0.4%). Similarly,
12% + 8% of the ASVs in stool were not detected in the participant’s
intestinal samples, and the median relative abundance of these ASVs
was low (<0.6%) inall but one outlier participant (participant 3) whose
intestinal samples were dominated by a single species (and hence many
abundant ASVs in stool were not detected in the intestinal samples).
Inline with previous studies®, we observed higher relative abundance
ofthe Proteobacteria phylumintheintestines thaninstool (Extended
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Fig.1|Devices enablelongitudinal sampling of the human intestine.

a, Overview of the intended samplinglocations (top) of the four device typesin
packaged form foringestion (middle) and as full collectionbladders containing
intestinal samples after retrieval fromstool (bottom). AUS dimeisincluded for
scale. Topright, the device contains afolded bladder capped with aone-way
valve withina capsule with an enteric coating, which dissolves once the
designated pH hasbeenreached, enabling the bladder to unfold and drawinup
to 400 plofluminal fluid. b, Timeline for the collection of saliva, intestinal and
stool samples from 15 healthy adults. Set 1devices were not used for analyses.
¢, Family-level relative abundance for each sample by participantand location
(n=268).The colour ofthe ASVindicates the phylum, and the gradient of a
given colour represents different families within the phylum. Only 16S rRNA
gene ASVswith >3 readsin >5% of device and stool samples were used (n =399
ASVs).d, The pHof the contentsin devices designed to openatlocations
spanning the proximal to distalintestinal tract exhibited the expected

Data Fig. 3a), including a Bilophila wadsworthia ASV, consistent with
previous reports of B. wadsworthia’s key role in the small intestine?.
Four additional ASVs, from the Escherichia/Shigella, Enterococcus,
Bacteroides and Romboutsia genera, were significantly more abundant
(adjusted P< 0.05 and log,(fold change) > 0.75) in intestinal samples
thanin stool (Fig. 1f). The Romboutsia genus was recently named fol-
lowing isolation of a species from rat ileal digesta®, in line with this
genus having aniche in the smallintestine.

-3 -2 -1 0 1 2
log,(fold change)

increasing trend. Points representindividual devices (n=218). Pvalues from
toptobottom: 0.018,1.1x107,5.5x107%,8.6 x107%,1and 0.19. Boxplots show
themedian value and thefirstand third quartiles. NS, not significant; **P< 0.01,
***+P < (0.0001, Bonferroni-adjusted two-sided Wilcoxon rank-sum test. e, PCOA
based on Canberradistance between microbial communities (n=297). Read
counts were log, transformed. Each point represents anindividual sample and
iscoloured by the sample type (stool, salivaand device types 1-4). Filled squares
and triangles identify two outlier participants (10 and 15) who had taken oral
antibioticsin the 5months before intestinal sampling. Only 16S rRNA gene
ASVswith>3readsin>5% of samples (including saliva) were used (n =455 ASVs).
f, ASVs with log,(fold change) > 0.75between devices and stool that were
significantly differentially abundant (n =28 ASVsacross n =268 analysed
samples; limma-voom was used to calculate differential expression after size
factors were estimated and normalized using DESeq2; P < 0.05, Benjamini-
Hochberg correction).

We observed more intra-individual microbiota variability among
intestinal samples than among stool or saliva samples (Fig. 2a), sug-
gesting that the devices collect from a more heterogenous habitat.
Although device types 1-4 were designed to sample the intestines
longitudinally, comparisons of microbiotacompositionamong devices
ofthesame type but swallowed at different times are potentially con-
founded by variability in meal contents, periprandial neurohormonal
variations, intestinal motility, pH and/or the intestinal microbiotaitself.
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Fig.2|Microbiotavariation across device types suggests patchy structure.
a, Microbiota composition varied significantly more betweenintestinal samples
thanbetween stool samples (P=1.5x 107 within participantsand P=2.3 x 10
across participants) or between salivasamples (P=1.5x 107 within participants
and P=3.5x10"* across participants). Top, each pointis the mean pairwise
Canberradistancebetween all samples fora participant (n=14,15and 14 for
stool, devices and saliva, respectively). Bottom, each point is the mean of all
pairwise comparisons between all samples from any two participants (n =105,
105and 105 for stool, devices and saliva, respectively). b, Combinations of
spatial, temporal and technical (n =15 each) variability in the microbiota
composition of intestinal samples (gray) were higher thanin technical replicates
(n=8;lightbrown) inwhich one participant swallowed four of the same device
type simultaneously (the participant did so twice for each of the four device
types). Each pointrepresents the mean pairwise Canberradistance between
intestinal samples from the same participant. Microbial communities from
devices of the same typeingested at the same time were more similar than
those from devices of the same type ingested at different times, although this
difference was not statistically robust (P=0.058) given the small number of
observations. ¢, Devices were more likely to be dominated by asingle ASV as
compared withstool or saliva. Each pointis asingle sample (n =29 for saliva,
n=>56,54,55and 45 for device types1-4, respectively, and n = 58 for stool).

d, The Shannondiversity of salivaand stool samples was higher than that of
intestinal samples (salivato device typel,P=5.3 x107; device type 4 to stool,
P=2.9x107°). Each pointis asingle sample (n =29 for saliva, n =56, 54, 55and 45
for device types1-4, respectively, and n =58 for stool). Boxplots show the median
value and the firstand third quartiles.*P< 0.05, ****P < 0.0001, Bonferroni-
adjusted two-sided Wilcoxon rank-sumtest. Canberradistances fora,bwere
computed fromlog,-transformed read counts of 16S rRNA gene ASVs with read
count>3in>5% of samples (including all repeatability samples) (n = 446).

We therefore assessed technical and biological variability by having
one participantingest four devices of the same type simultaneously;
this procedure was repeated twice for each device of types 1-4 over
the course of 2months. Devices of the same type ingested at the same
time contained more similar microbial communities than devices
of the same type ingested at different times (Fig. 2b). The increased
variance inmicrobiota composition due to this temporal variability is
comparable to the variance due to spatial variability along the intes-
tine, as assessed using sets of four devices of distinct types ingested
atthe same time (Fig. 2b). Moreover, intestinal samples (unlike saliva
or stool samples) were often dominated by a single ASV with relative
abundance of >40% (Fig. 2c). Consequently, individual intestinal sam-
ples contained communities with lower alpha diversity relative to the
intra-individual diversity represented by all samples from a device of
acertain type or by all samples from devices swallowed at the same
time (Fig. 2d and Extended Data Fig. 3b,c). Thus, much of the higher
variability across intestinal samples relative to stool is probably due
to the dynamic and heterogeneous nature of the microbiota along
theintestinal tract.
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Bacteria remain viable within devices

To determine whether the intestinal microorganisms collected by the
capsule devices were viable, participant 1ingested a device designed
to collect from the proximal region of the intestines. An aliquot of the
sample was retrieved under anaerobic conditions ex vivo and placed
on an agarose pad with nutrients. The pad was sealed to prevent oxy-
gen from diffusing to the cells and subjected to time-lapse imaging
(Methods). Over 4 h,20-50% of cells resumed growth (Supplementary
Video2);asimilar regrowth fraction was observed in anaerobic resus-
pensions of fresh stool (Supplementary Video 3), indicating that the
devices preserve live bacteria to the same degree as seen with fresh
stool. The growing cells recovered from the device collectively dis-
played awide range of morphologies (Extended Data Fig. 4a), suggest-
ingthatregrowthis not heavily biased towards a few taxa. Supporting
this conclusion, we used plating and flow cytometry to obtainalibrary
of 456 isolates from several intestinal samples from participant1and
3lisolates from stool samples from participant 1, comprising at least
51 unique species across four phyla (Methods and Supplementary
Table 2). In our time-lapse imaging, we also noted occasional human
cells (-0.1% of cell count; Extended Data Fig. 4b) that were probably
epithelial cells on the basis of their morphology, in line with the small
fraction of metagenomicreads from these samples that mapped to the
human genome. Taking these findings together, the devices enable
culturomics experiments and may provide the opportunity to study
host cells present in the lumen.

Genetic variation along the intestines

To evaluate functional differences between the intestinal and
stool microbiota, we performed metagenomic sequencing on all
device and stool samples (Methods). We obtained 696 dereplicated
metagenome-assembled genomes (MAGs; >75% complete and <25%
contamination) from these data (Methods and Supplementary Table 3),
which enabled taxonomic identification for read-mapping applica-
tions. On the basis of the established role of the gut microbiota in car-
bohydrate degradation and its links to health and disease?, we first
focused on carbohydrate active enzyme (CAZyme) gene abundance
in each region. The percentage of reads that mapped to CAZymes in
devicesexhibited greater variance thanin stool (Extended DataFig. 5a,b).
Within devices, CAZyme gene abundance was positively correlated
with the relative abundance of five ASVs: two unnamed Bacteroides
species, two Bacteroides vulgatus strains and Parabacteroides merdae
(P<0.001, Benjamini-Hochberg corrected; Extended DataFig.5c). The
B. vulgatus strains exhibited the highest slope and strongest correlation
(Spearman’sp = 0.77 and 0.75). By contrast, in stool, despite a correlation
betweenthe abundance of CAZyme genes and the Bacteroidaceae family
(Extended DataFig. 5d), there were no ASVs whose abundance correlated
with CAZyme gene abundance, probably because of the greater evenness
of the taxa observedinstool compared with intestinal samples (Fig.2c).

To evaluate whether certain species explain CAZyme gene abun-
dance inintestinal samples, we investigated the genomic content of
ourintestinal strainlibrary of 456 isolates derived from device samples.
Whole-genome sequencing of 74 phylogenetically diverse strains (com-
pleteness of >95%; Supplementary Table 2) from this library showed that
the 35 members of the Bacteroidetes phylum typically contained more
CAZyme genes than members of other phyla (Extended Data Fig. Se).
Thedatasetincluded ten Parabacteroides strains (eight Parabacteroides
distasonis and two P. merdae). Each CAZyme gene was annotated with
a CAZyme enzyme class and family to give a putative functional cat-
egory. The CAZymes detected inthe P. merdae strains were assigned to
amean of 107.5 unique CAZyme functional categories out of amean of
237.5CAZymes, and P. distasonis enzymes were assigned to 95 unique
CAZyme functional categories out of a mean of 237.5 CAZymes; thus,
P. distasonis strains appear to contain greater redundancy than
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P. merdae strains (Supplementary Table 4). Furthermore, P. merdae
strains contained seven additional unique CAZyme functional cat-
egories in the glycoside hydrolase family and five additional unique
polysaccharide lyase functional categories compared with P. distasonis
strains (Supplementary Table 4). We also investigated five strains of
B. vulgatus: each possessed 301 0r 302 CAZyme genes representing 131
unique functional categories, more thanin any other non-Bacteroides
isolate (Extended Data Fig. 5e and Supplementary Table 4). However,
B. vulgatuswas the Bacteroides species with the fewest CAZyme genes
(Extended Data Fig. 5e and Supplementary Table 4), indicating that
factors other than CAZyme abundance influence the dominance of
B. vulgatus over other Bacteroides species in the intestines. These dif-
ferences in CAZyme gene abundance and functional categories are
animportant consideration for how diet drives the growth of certain
bacteriainthe gastrointestinal tract and for which by-products of car-
bohydrate degradation may be available to the host.

Given the substantial differencesin microbiota compositionsinthe
two participants who reported recently taking antibiotics compared
with the other participants (Fig. 1e), we sought to determine whether
metagenomic sequencing data could identify differences inantimicro-
bial resistance (AMR) potential. We focused on 6,453 AMR gene ontolo-
giesidentified by the RGl algorithm on the basis of the Comprehensive
Antibiotic Resistance Database (CARD, which uses arigorously curated
collection of peer-reviewed resistance determinants®; Methods) and
calculated the percentage of readsin each sample that aligned to CARD.
There were 9,596 AMR genes detected across all samples; 3,590 of these
were unique and >90% the length of areference AMR gene. By mapping
reads fromall samples to this database of 3,590 AMR genes, we found
thatintestinal samples hadsignificantly higher percentages of reads that
mapped tothe CARD database than stool samples (P=0.03, Wilcoxon
rank-sumtest; Extended Data Fig. 5f). In general, the frequency of AMR
genes in stool was similar across participants, although some partici-
pants exhibited ~2- to 3-fold-higher mean frequencies of putative AMR
genesintheirintestinal samples than other participants (Extended Data

(P=0.026) orsaliva (P=2.5x10™")samples.n=29,172 and 58 for saliva, intestinal
andstool samples, respectively. Pvalues are from a two-sided Wilcoxon rank-
sum test. Density boxplots show the median value and the first and third
quartiles.d, Most prophagesinducedinstool samples are alsoinducedinthe
intestines, but many otherinduced prophages are unique to intestinal samples.

Fig.5g).Furtheranalyses (Methods) demonstrated that the abundance
of Escherichia/Shigella species may resultin larger reservoirs of AMR
genes, particularly efflux-related genes, in theintestinal tract than was
previously appreciated when assessing AMR in stool samples.

Increased prophage inductioninintestines

Our metagenomics dataset also provided an opportunity to investigate
the viralcomponent of the intestinal microbiota. From the assembled
contigs, we identified 1,607 viral operational taxonomic units (vOTUs)
with >50% completeness, of which 629 were integrated prophages
(Methods). Of these vOTUs, 83% (1,343/1,607) were presentinboth stool
andintestinal samples (Fig. 3a), indicating that the intestines and stool
have similar viromes. The abundance of these vOTUs as determined by
read mapping was generally correlated between intestinal and stool
samples (Extended DataFig. 6a), although the intestinal samples had
higher viral read mapping fractions (Extended Data Fig. 6b), perhaps
owingtolower bacterial densities’. Viromes were more similar between
stool and intestinal samples from the same participant (Jaccard dis-
tance of 0.40 + 0.14, mean + s.d.) than between stool (0.58 + 0.09) or
intestinal (0.62 + 0.10) samples from different participants (P<10™°
in both cases, two-tailed Student’s ¢-test), and PCoA of the viromes
(Fig. 3b) showed similar clustering as with the microbiota (Fig. 1e).

Quantification of prophage induction events based on the ratio of
coverage of the viral and bacterial regions of the contig (Methods)
showed ssignificantly higher numbers ofinduced prophages inintestinal
compared with stool samples (Fig. 3c). Most prophages (61/71) that
were induced in the stool samples were also induced in the intestine;
by contrast, 161 of the 222 induced prophages in intestinal samples
were not observed in stool (Fig. 3d). Similar differences in prophage
inductionbetweenintestinal and stool samples were observed in most
participants (Extended Data Fig. 6¢).

Ofthe contigs annotated as prophage, 279 of 629 were associated with
aMAG and hence could be readily assigned taxonomy (Supplementary
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Fig.4 |Human protein abundance differsbetween stool and intestinal
samples. a, Median log,,(abundance) of human proteinsin stool samples
(n=56) compared withintestinal samples (n =212).b, log,(fold change) of
each proteinabundanceinstoolrelative tointestinal samples. A two-sample
modified t-test with Benjamini-Hochberg correction was used. Proteins with
absolutelog,(fold change) >1and P< 0.05are coloured on the basis of sample
type and enrichment. ¢, PCA of normalized human protein abundance shows
separation betweenintestinal and stool samples (n=212and 56, respectively).
d, Human proteome composition varies significantly more between intestinal
samples (n=212) than between stool samples (n = 56), both within (top) and

Table 5). Of the 328 induced prophages, the taxonomy of 138 could be
assignedreliably and was collectively phylogenetically diverse, includ-
ing Actinobacteria, Proteobacteria, Firmicutes and Bacteroidetes. The
induced prophages were not strongly biased towards any MAG or taxon,
with each MAG possessing a median of one induced prophage. Tax-
onomy was annotated for 141 (of 301) dormant phages, witheach MAG
possessing amedian of one dormant phage, and these annotations were
similarly diverse as the induced prophages. The number of prophage
induction events was correlated withsample pH (Extended DataFig. 6d),
inlinewitha previous study demonstrating pH dependence of prophage
inductionin Escherichia colistrains from the bladder?®. Taken together,
our analysesindicate that the virome is individual specific but similar
between the stool and intestines of the same individual, and that the
intestinal environment favours prophage induction, highlighting the
importance of in situ sampling for capturing phage dynamics.

Spatial variation of the host proteome

A previous study in mice showed that host protein abundance
depends strongly on location within the intestinal tract?, and our
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Microbiota Canberra distance between samples

across (bottom) participants. Top, each circleis the median Pearson correlation
coefficient of all sample pairs foragiven participant. Bottom, each circleis the
median ofall correlation coefficients between all pairs of samples fromany
two participants (n =105 for eachintestinal and stool sample). ****P < 0.0001,
Bonferroni-corrected two-tailed Wilcoxon rank-sumtest. e, PCA fromc
highlighting the clustering of intestinal and stool samples from participant
15(n=15and 4, respectively).f, Canberra distance between microbiota
compositions was higherin samples with less similar human proteomes for
allsample pairs ofagiven type (n=20,706 pairwise comparisons for devices,
n=1,485pairwise comparisons for stool).

devices provide an unprecedented opportunity to quantify human
host expression patternsin situ. We used liquid chromatography fol-
lowed by tandem mass spectrometry (LC-MS/MS) to quantify human
proteinsinallintestinal and stool samples (Methods) and detected a
comparable number to previous studies®**! (Extended Data Fig. 7a),
with a similar number of detected proteins (Extended Data Fig. 7b)
and coefficient of variation in the abundance of detected proteins
(Extended Data Fig. 7c) across device types. The most abundant pro-
teins in stool samples (Extended Data Fig. 7d) were consistent with
previous studies™. Filtering for proteins detected in 70% of samples,
we detected and analysed 2,276 + 269 human proteins per sample and
observed significant differences in the abundance of some proteins
between device samples and stool (Fig. 4a). A differential enrichment
analysis identified sets of proteins that were indicators of regional
specificity between the intestines and stool (Fig. 4b). We normalized
abundance to the average across samples to account for the range of
protein abundance and performed a principal component analysis
(PCA). The human proteome clustered with similar qualitative fea-
tures as the microbiota (Fig. 1e), with stool samples tightly clustering
at high values of PC1 and intestinal samples displaying much greater



variation along PC1 (Fig. 4c). Similar clustering was observed when
considering only the 500 most abundant proteins (Extended Data
Fig. 7e) or without normalization (Extended Data Fig. 7f). Moreover,
the number of proteins with significantly different abundance between
stool and each of the device types was highest between stool and type
1devices and lowest between stool and type 4 devices (Extended
Data Fig. 7g), probably reflecting longitudinal variation of the host
proteome.

Onthe basis of Pearson correlation coefficients, the host proteome
in stool samples was more variable across individuals than within
individuals (Fig. 4d). In intestinal samples, the host proteome was
similarly variable across individuals as within individuals and was
more variable than in stool samples (Fig. 4d), reflecting broad sepa-
ration from stool sample proteomes (Fig. 4c). Nonetheless, in some
cases (for example, in participant 15), the host proteome of intestinal
samples clustered tightly with that of stool samples (Fig. 4e), similar
to the microbiota-based clustering of samples from participant 15
(Fig.1e).

To determine whether variation in the host proteome was globally
related to the variation in microbiota composition across samples
(Fig.1e), we compared the Pearson correlation coefficient of the host
proteome with the Canberra distance between the microbiota composi-
tion of pairs of samples. Sample pairs with more correlated proteomes
had more closely related microbiota (Fig. 4f).

Thus, the host proteome determined from stoolis not representative
of the host proteome in theintestines, whichis globally correlated with
microbiota composition in the intestines.

Bile acid profiles along the intestinal tract

Bile acids are major chemical components of the humanintestinal tract
and are critical for food digestion, lipid absorption, host signalling
and neurohormonal regulation of diverse physiological processes®.
Bile acids have beenimplicatedinawide range of disorders, including
inflammatory bowel disease (IBD)*, metabolic disorders*and neuro-
logical diseases®***. Glycine- and taurine-conjugated forms of the pri-
mary bileacids cholicacid (CA) and chenodeoxycholicacid (CDCA) are
secreted fromtheliver and gallbladder into the duodenum and are then
subjected to various microbial transformations (Fig. 5a)**. Approxi-
mately 95% of bile acids that reach the distal ileum are transported
through the epithelium into the portal vein and return to the liver*,
wherethey are transformed back into bile salts and re-secreted, creating
the potential for longitudinal bile acid gradients along the intestinal
tract. To quantify bile acid profiles along the intestinal tract, we per-
formed targeted LC-MS/MS metabolomics with multiple-reaction
monitoring (MRM) on17 commonly investigated bile acids in the super-
natants of allintestinal and stool samples. The total concentrations of
bileacids and theirrelative levels inintestinal samples were highly vari-
able (Fig. 5b), yetdistinct trends were observed. The total concentration
of bile acids was generally decreased by ~2-fold in samples collected
bytype 4 devices and -10-fold in stool relative to samples collected by
typeldevices (Fig.5b), probably reflecting active reabsorption of bile
acids along the intestines®.

Incontrast to all other participants, the stool bile acid profiles of two
participants (10 and 15) were similar to their intestinal samples in that
they contained a dominant fraction of CA (Fig. 5¢). These are the two
participants whoreported recent antibiotic use and had substantially
different microbiota composition to the other participants (Fig. 1e).
Theintestinal and stool samples from participants 10 and 15 also lacked
deoxycholicacid (DCA) and lithocholicacid (LCA) (Fig. 5c), suggesting
that the microorganisms necessary for the 7a-dehydroxylation reac-
tion required to produce these bile acids may have been eliminated
by the antibiotics.

In all other participants, the relative levels and dominant bile acid
classes differed markedly between intestinal and stool samples.
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Fig.5|Devices capture differentbile acid profiles along the intestinal
tract compared withstool. a, Schematic of bileacid (BA) modifications by
theliver and microbiota. Theliver releases bile acids conjugated with glycine
ortaurine. Dehydroxylation by gut microorganisms converts primary (1°) to
secondary (2°) bile acids. Microbial BSHs deconjugate amino acids frombile
salts. b, The total concentration of all bile acids decreases along the intestinal
tract (device typeltostool, P=2.0 x107%; device type 4 tostool, P=5.6 x10™%;
devicetypelto4, P=0.18).Shownare log,,-transformed concentrations for
intestinal (n=58,56,57 and 47 for device types1-4, respectively) or stool
(n=57)samples.c, Themeanrelative concentration of all bile acids for each
participantindevicesandstool. Inall but two participants (10 and 15), DCA
and LCA dominated the stool, but not the intestines. d, The percentage of
liver-conjugated bile acids decreases significantly along the intestinal tract
(devicetypeltostool, P=2.2x107; device type 4 tostool, P=0.20; device
typelto4,P=3.2x10"*n=58,56,57 and 47 for device types 1-4, respectively,
andn=>57forstool samples). e, Relative abundance of bile acids for each sample
arranged by devicetype. Participants are ordered1-9,11-14,10, 15 within each
devicetype. Antibiotic usage and log,y(total concentration of bile acids) in the
sampleare also shown. Boxplots show the median and first and third quartiles.
***P<0.001,****P<0.0001, Bonferroni-corrected two-sided Wilcoxon rank-
sumtest. Concentrations areinunits of ng ml™ or ng g™ for devices and stool,
respectively.

Intestinal samples were mostly dominated by the primary bile acid
CA,whereas stool samples were dominated by the secondary bile acid
DCA (Fig. 5¢), probably owing to prolonged exposure of bile acids to
microbial enzymesin the colon. These results highlight that stool-based
measurements do not reflect the true composition of bile acids along
theintestinal tract.
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Gradients of bile acid modifications

Bileacids are modified inthe intestinal tract by microbial enzymes that
deconjugate glycine or taurine or remove hydroxyl group(s) fromthe
steroid backbone (Fig. 5a). Deconjugation is performed by bile salt
hydrolases (BSHs), which cleave glycine and taurine from the bile acid
backbone. BSH homologues are present in ~25% of bacterial strains
sequenced from human stool samples*. Although there was only a
small (albeit significant; P= 0.03, Wilcoxon rank-sum test) difference
in the abundance of BSH genes between intestinal and stool samples
(Extended Data Fig. 8a) and little variation in rank coverage between
intestinal and stool samples (Extended Data Fig. 8b) or among device
types based on metagenomic sequencing (Extended Data Fig. 8c),
we observed a significant monotonic decrease in the percentage of
liver-conjugated bile acids in samples from device type 1 to device
type4 (Fig. 5d), reflecting atrend of deconjugation along the intestinal
tractand into stool®.

Dehydroxylation reactions require several enzymes to transform pri-
mary tosecondary bile acids and are thought to occur predominantly
in the low-redox state of the colon®. In line with the majority of dehy-
droxylation occurringin the large intestine, we found that secondary
bile acids did not change substantially across device types but were
significantly increased in stool samples, which were dominated by
secondary unconjugatedbile acids (Fig. 5c and Extended Data Fig. 8d).
The presence of secondary bile acids in intestinal samples is probably
due to dehydroxylation of primary bile acids in the small intestine or
re-introduction of secondary bile acids present in bile into the duo-
denum; secondary bile acids are expected to be in bile given previous
evidence that they represent ~25% of the bile acids secreted from the
gallbladder®. Insum, the variationin bile acid profiles that we detected
throughout the intestinal tract (Fig. 5e) demonstrates regionality of
the microbial activity and biochemical environment of the intestines,
further highlighting the limitations of relying on stool for microbiome
and bile acid studies.

Microbial links to bile acid deconjugation

We sought to exploit the variation in conjugated bile acid concentra-
tions across intestinal samples to identify candidate bacterial spe-
cies responsible for deconjugation. Given the monotonic decrease
in the fraction of liver-conjugated bile acids from device type 1to 4
(Fig. 5d), we reasoned that the abundance of the 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 con-
jugated bileacids, namely glycocholic acid (GCA) and taurocholicacid
(TCA).Previous studies have shown that diet caninfluence bile acid pro-
filesin mice®, motivating examination of whether certain types of food
consumed during our study affected CA, GCA or TCA concentrationin
the humanintestinal tract. The concentration of these bile acids was not
significantly affected by diet, but participants who consumed vegeta-
bles during the study had asignificantly higher ratio of TCA to GCA con-
centration (P=0.002, Bonferroni-corrected Wilcoxon rank-sum test),
and participants who had consumed dairy had a significantly higher
ratio of GCA to TCA concentration (P = 0.026, Bonferroni-corrected
Wilcoxon rank-sum test). A previous study linked milk-derived fat to
TCAproductioninthe gallbladder and B. wadsworthia expansionin the
stool of mice®, motivating investigation of the links between decon-
jugation and microbial taxa along the intestinal tract. The concentra-
tion of both GCA and TCA decreased from device type 1to 4 and was
significantly lower in stool (Fig. 6a and Extended Data Fig. 8e). GCA
concentration was negatively correlated with the log,(abundance) of
Anaerostipes hadrus and Faecalibacterium prausnitzii (Extended Data
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Fig. 8f), and TCA concentration was negatively correlated with the
log,(abundance) of Alistipes putredinis and B. wadsworthia (Fig. 6b).
Across all participants, we analysed our 440 high-quality MAGs (com-
pleteness of >90% and contamination of <10%, dereplicated to 99% aver-
agenucleotideidentity (ANI)) and searched for the canonical BSH gene
ineach using ahidden Markov model. We found putative BSH genes in
A. hadrus (7 of 8 MAGs) and A. putredinis (4 of 4 MAGs), inaccordance
with previous literature®, By contrast, none of the 12 F. prausnitzii MAGs
nor the 3 B. wadsworthia MAGs contained any putative BSH genes,
suggesting that these taxamay use glycine and taurine” generated by
other microbial deconjugation reactions.

A number of negative correlations (implying potential microbial
deconjugation) involving other taurine- and glycine-conjugated bile
acids were observed (Extended Data Fig. 8g-j). Taurochenode-
oxycholic acid (TCDCA) concentration (Extended Data Fig. 8g) was
also negatively correlated with B. wadsworthia and A. putredinis
log,(abundance) (Extended Data Fig. 8i), and taurodeoxycholic acid
(TDCA) was negatively correlated with A. putredinis log,(abundance)
(Extended Data Fig. 8j), suggesting that these species interact with
various taurine-conjugated bile acids. We focused mainly on B. wads-
worthia because it was differentially abundant in intestinal samples
compared with stool (Fig. 1f). The name of the Bilophila genus reflects
its growth stimulation by high concentrations of bile*, and the higher
ratio of GCA to TCA concentrationin participants who consumed dairy
is potentially due to the ability of B. wadsworthia to deconjugate TCA
to use taurine for growth®. Notably, in stool, the relative abundance of
B. wadsworthia and A. putredinis was correlated only weakly or not at
allwith TCA concentration (Fig. 6b), indicating that the devicesidentify
correlations between bile acids and microorganisms that would not
be evident from stool.

Amino acid-specific bile acid conjugation

Bile acids conjugated to amino acids other than glycine and taurine
(for example, tyrosocholic acid (TyroCA), leucocholic acid (LeuCA)
and phenylalanocholic acid (PhenylCA)) were recently discovered in
the gut of mice and stool of humans®. Synthesis of TyroCA, LeuCA and
PhenylCA*® by microorganisms that reside in the intestinal tract has
beenreportedinvitro*’, and the levels of these conjugates differ signifi-
cantly between healthy and disease states such as Crohn’s and IBD**.,
Furthermore, these microbially conjugated bile acids are agonists of
the human farnesoid X receptor®. Despite widespread interestinthese
conjugates, very few studies have measured their levels, particularly in
host-relevant contexts such as the intestines, where longitudinal trends
are completely unknown. Using untargeted LC-MS/MS analysis with
data-dependent MS/MS acquisition, we detected 22 microbially con-
jugated bile acidsin various hydroxylation forms across13 amino acids
in the intestinal samples of all participants (Supplementary Table 6).
Microbially conjugated bile acids were at significantly higher concen-
trations (Fig. 6¢) and accounted for a significantly higher fraction of
thebile acid pool (Fig. 6d) inintestinal samples compared with stool.

The concentrations of primary and secondary liver-conjugated bile
acidswere highly correlated, while the total concentration of microbi-
ally conjugated bile acids was correlated with that of deconjugated bile
acidsacrossintestinal samples (Fig. 6€). Instool, the total concentration
of microbially conjugated bile acids was correlated with the concen-
tration of primary deconjugated bile acids and inversely correlated
with the concentration of secondary deconjugated bile acids (Fig. 6f).
These findings emphasize the effect of different anatomical regions
androutes of formation and degradation on liver-conjugated bile acids
(glycine and taurine conjugates) and microbially conjugated bile acids,
further highlighting major differencesin the metabolite environment
of the intestines versus stool.

Across all intestinal samples in this study, the 22 microbially con-
jugated bile acids clustered into two groups: the concentration of
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cysteine-, serine- and alanine-conjugated bile acids exhibited strong
correlation with the concentration of liver-conjugated bile acids
such as GCA and TCA, while the concentration of glutamic acid-,
glutamine-, tryptophan-, leucine-, arginine-, phenylalanine-, lysine-
and tyrosine-conjugated bile acids correlated strongly with the con-
centration of unconjugated bile acids such as CA and CDCA (Fig. 6e).
The clustering of correlation profiles of many di- and trihydroxylated
bile acids of the same amino acid underscores the amino acid depend-
ence of trends inmicrobially conjugated bile acids. This clustering was
not present in stool samples (Fig. 6f); instead, both liver-conjugated
and unconjugated bile acids correlated with various bile acid types
conjugated with a given amino acid, which were sometimes largely
uncorrelated with each other (for example, glutamate dihydroxlated
and glutamate trihydroxylated; Fig. 6f).

Of the 22 microbially conjugated bile acids detected in intestinal
samples, 20 were reliably detected in stool despite lower overall
levels of bile acids in the stool (Fig. 6e,f). Even with variation in con-
centration, several microbially conjugated bile acids exhibited a
gradient across device types and showed amino acid-specific trends.
Glutamine-conjugated bile acids increased from type 1 to 4 devices
(Fig. 6g) similarly to unconjugated secondary bile acids such as urso-
deoxycholic acid (Fig. 6h), in line with the hypothesis that microbial
conjugation along the smallintestine causes some bile acids toincrease
in concentration. However, serine-conjugated bile acids decreased
fromtype1to 4 devices (Fig. 6i), similar to trends in liver-conjugated
bile acids such as TCDCA (Extended Data Fig. 8g); this decrease in
concentration is probably due to flow of microbially conjugated bile
acids through enterohepatic circulation and deconjugation along the
intestines when they are excreted in bile. Microbial deconjugation
is the most parsimonious explanation for the decreases in concen-
tration of certain microbially conjugated bile acids between device
types 1and 4 (Fig. 6c,d). Although PhenyICA, LeuCA and TyroCA are
microbially conjugated, a previous study reported that PhenyICA,
LeuCA and TyroCA are not deconjugated by intestinal microbiota®; we
found that PhenylCA, LeuCA and TyroCA were not among the bile acids
that decreased from device type 1to 4. Together, these observations
indicate that some microbially conjugated bile acids may be deconju-
gated by microorganisms while others are not. Previous studies did not
detect these opposing longitudinal trends in microbially conjugated
bileacids*. These datarepresent a spatial investigation of microbially
conjugated bile acidsin the humanintestines and identify trends that
are amino acid specific.

Discussion

Thus far, studies of the human gut microbiome and metabolites have
relied mainly on stool. In this study, enabled by the development and
implementation of an ingestible sampling device, we demonstrated
that analysis of stool provides neither a complete nor an accurate
representation of the longitudinal and temporal variability of the
microbiota composition, virus activity, host proteome and bile acid
contents within the intestines. The trends in microbially conjugated
bile acids were strong and novel, and, although it remains unclear why
bile acids exhibit distinct abundance profiles along the intestinal tract,
our data provide the opportunity to identify the bacterial species and
genes responsible for these transformations and profiles. The wide
variability amongintestinal samples, both within and acrossindividu-
als, highlights the dynamic environment of the small intestine and the
need forincreased sampling (both longer term and in larger cohorts)
to determine baseline variation expected in healthy individuals before
studies of disease states can be robustly evaluated for differences in
spatiotemporal variability or overall community composition. With
that understanding, we envision interrogating how diet and disease
differentially influence the intestinal microbiota, metabolome, virome
and proteome. Indeed, measurements from the proximal intestinal
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microbial ecosystem will be critical for future clinical studies of spatially
restricted human intestinal diseases and therapeutic interventions
directed at these disorders.

In a companion study®”, we interrogate spatial and temporal differ-
ences inintestinal metabolomes in further detail, including changes
to dietary and lipid compounds. We report the detection in humans
of sulfonolipids, which were associated with several microbial taxa,
as well as an association of FAHFA lipids with Blautia species. Taken
together, these studies demonstrate the feasibility and utility of asafe
and non-invasive method for collection, characterization and quantifi-
cation of the intestinal microbiota, metabolome, host proteins and bile
acids along the human intestinal tract during normal digestion. This
new capability, when deployed at scale, should improve understanding
ofthe dynamic and intertwined nature of human metabolic pathways
with our resident gut microorganisms and their potential involvement
in normal physiology and disease.
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Methods

Ingestible capsule sampling device

The capsule sampling device (CapScan, Envivo Bio) consists of a hol-
low elastic collection bladder capped by a one-way valve. The deviceis
prepared for packaging by evacuating the collection bladder, folding
itin half and packaging the folded device inside a dissolvable capsule
measuring 6.5 mm in diameter and 23 mm in length, onto which an
enteric coatingis applied. The capsule and the enteric coating prevent
contamination of the collection bladder from oral-pharyngeal and
gastric microorganisms duringingestion. When the device reaches the
target pH, the enteric coating and capsule disintegrate. The target pH
is5.5fortypel, 6 fortype2and7.5fortype 3 andtype4, withtype 4 also
having a time delay coating to bias collection towards the ascending
colon. After the enteric coating disintegrates, the collection bladder
unfolds and expandsintoatube 6 mmindiameter and 33 mminlength,
thereby drawing in up to 400 pl of gut luminal contents through the
one-way valve. The one-way valve maintains the integrity of the sample
collected inside the collection bladder as the device moves through
the colon and is exposed to stool.

Inthis study, participants concurrently ingested sets of four devices,
eachwith distinct coatings to target the proximal to medial regions of
the smallintestine (coating types1and 2) and more distal regions (coat-
ing types 3 and4). After sampling, the devices were passed in the stool
into specimen-collection containers and immediately frozen. After
completion of sampling, the stool was thawed and the devices were
retrieved by study staff. The elastic collection bladders wererinsed in
70%isopropylalcoholand punctured with asterile hypodermic needle
attachedtoal-mlsyringe for sample removal. Samples were transferred
into microcentrifuge tubes, and the pH was measured with an InLab
Ultra Micro ISM pH probe (Mettler Toledo). A 40-pl aliquot was spun
downfor3 minat10,000 RCF, andits supernatant was used for metabo-
lomics analysis while the pellet was used for proteomics analysis. The
rest of the sample was frozen until being thawed for DNA extraction.

Study design

The study was approved by the WIRB-Copernicus Group institutional
review board (study 1186513), and informed consent was obtained
from each participant. Healthy volunteers were selected to exclude
participants with clinically detectable gastrointestinal conditions or
diseases that would potentially interfere with data acquisition and
interpretation. There was no blinding, randomization, or statistical
methods to determine sample size.

Participants met all of the following criteria for study inclusion:
(1) age between18 and 70 years; (2) American Society of Anesthesiolo-
gists (ASA) physical status class risk of 1 or 2; (3) for women of child-
bearing potential, anegative urine pregnancy test within 7 days of the
screening visitand willingness to use contraception during the entire
study period; and (4) fluency in English, with an understanding of the
study protocol and ability to supply informed written consent, as well
as compliance with study requirements.

Individuals with any of the following conditions or characteristics
were excluded from the study: (1) a history of any of the following:
prior gastric or oesophageal surgery, including lap banding or bariatric
surgery, bowel obstruction, gastric outlet obstruction, diverticulitis,
IBD, ileostomy or colostomy, gastric or oesophageal cancer, acha-
lasia, oesophageal diverticulum, active dysphagia or odynophagia,
oractive medication use for any gastrointestinal conditions; (2) preg-
nancy or planned pregnancy within 30 days of the screening visit or
breast-feeding; (3) any form of active substance abuse or dependence
(including drug or alcohol abuse), any unstable medical or psychiatric
disorder, or any chronic condition that might, in the opinion of the
investigator, interfere with conduct of the study; or (4) aclinical condi-
tion that, in the judgment of the investigator, could potentially pose
ahealthrisk to the individual while they were involved in the study.

Fifteen healthyindividuals were enrolled in this study, and each swal-
lowed at least 17 devices over the course of 3 days (for demographics,
see Supplementary Table1). Daily instructionsincluded the following
guidelines: record allfoods and the time they were consumed through-
out the day; if you work out, do so in the morning; eat breakfast and
lunch as usual; swallow a set of four devices 3 h after lunch with up to
two-thirds cup water; do not eat or drink anything for at least 2 h after
swallowing the devices; if hungry after 2 h, snack lightly (up to 200
calories); do not drink any caffeinated beverages after lunch until the
next morning; collect all stool starting 6 h after swallowing this set of
devices until 48 h after swallowing the next set of devices; eat dinner as
usual atleast 6 h after lunch; swallow aset of four devices 3 h after dinner
with two-thirds cup water; after swallowing this set, do not eat or drink
anything until the morning. Alcohol consumption and diet contents
werenotrestricted. Allingested devices were recovered, and no adverse
events werereported during the study. Of the 255 ingested devices, 15
were set 1safety devices (not included in analysis) and 22 contained
gas or low sample volume. Saliva samples were collected after even-
ing meals and immediately frozen at -20 °C. A sample of every bowel
movement during the study was immediately frozen by the participant
at—20 °C. Atotal of 306 samples (n =29 saliva, n =218 devices, n=59
stool) provided sufficient material for multi-omic analyses (Extended
DataFig.2a). Furthermore, participant1provided additional samples
for assessment of replicability and microbial blooming.

Blooming analysis

Toassess the effect ofin-body incubation onthe contents of the devices
betweenthe time of sample collectionand sampleretrieval, aset of four
devices (one of each type) was ingested by participant 1. Following exit
inabowel movementat 32 h, the devices wereimmediately transferred
to an anaerobic chamber and incubated at 37 °C. An aliquot of each
sample was taken at 32 h (immediately after the bowel movement),
58 hand 87 h (with the latter two time points simulating lengthier gut
transit times). These aliquots were subjected to 16S rRNA gene ampli-
con sequencing. The rank abundance of the 30 most abundant ASVs
at 32 hshifted at 58 h by a median of 8-16 ranks and at 87 h by 12-30
ranks (Extended DataFig.1). The 9-17 ASVs that increased from below
toabovethe detection limit duringincubation collectively accounted
for arelative abundance of 9.4-13.8% after 58 hand 5.2-18% after 87 h,
presumably because of growth during incubation. Thus, although
outgrowth can potentially alter assessments of microbiota composi-
tion, major changes are not expected for transit times of ~58 h or less.

Time-lapse imaging

Agarose (1%) pads with BHI medium were sealed using VALAP (1:1:1
Vaseline:lanolin:paraffin) and maintained at 37 °C using a heated envi-
ronmental chamber (HaisonTech). Phase-contrast images were col-
lected on a Nikon Ti-E epifluorescence microscope using pManager
(v.1.4)*

DNA extraction and 16S rRNA gene sequence analysis

Ofthe 240 devices, 218 collected >50 pl of intestinal fluids and were
subjected to DNA extraction and 16S rRNA gene and metagenomic
sequencing; the remainder sampled <50 plor were filled with gas, most
likely from the colon.

For the 218 devices that sampled >50 pl, DNA was extracted using a
Microbial DNA extraction kit (Qiagen)* and 50 pl from adevice, 200 pl
of saliva or 100 mg of stool.

16S rRNA amplicons were generated using Earth Microbiome
Project-recommended 515F/806R primer pairs and SPRIME HotMas-
terMix (Quantabio, cat. no. 2200410) with the following programme
in a thermocycler: 94 °C for 3 min; 35 cycles of 94 °C for 45 s, 50 °C
for 60 sand 72 °C for 90 s; and 72 °C for 10 min. PCR products were
cleaned, quantified and pooled using the UltraClean 96 PCR Cleanup
kit (Qiagen, cat. no. 12596-4) and Quant-iT dsDNA High-Sensitivity



Assay kit (Invitrogen, cat. no. Q33120). Samples were sequenced with
250-bp reads on a MiSeq instrument (Illumina).

Sequence data were demultiplexed using the Illumina bcl2fastq
algorithm at the Chan Zuckerberg Biohub Sequencing facility. Sub-
sequent processing was performed with the R statistical computing
environment (v.4.0.3)** and DADA?2 as previously described*® using
pseudo-pooling®. truncLenF and truncLenR parameters were set to
250 and 180, respectively. Taxonomy was assigned using the Silva
rRNA database (v.132)*¢. Samples with >2,500 reads were retained for
analyses. We obtained sufficient sequencing reads from 210 samples,
which were the focus of subsequent analyses, along with sequencing
datafrom29 salivaand 58 stool samples (one participant provided only
one saliva sample, and one stool sample had insufficient sequencing
reads; Extended Data Fig. 2a).

A phylogenetic tree was constructed using phangorn as previ-
ously described*. Shannon diversity was calculated using the
phyloseq::estimate_richness function, which is a wrapper for the
vegan::diversity function*®*’, Because intestinal samples were often
dominated by asingle ASV (Fig. 2¢), the Canberra distance metric was
used for pairwise beta-diversity comparisons. Only the 455 ASVs repre-
sented by >3 readsin >5% of samples were used to calculate distances.

Limitations and contamination analysis

One limitation of our study is that the exact location of sample collec-
tion within the intestines could not be clearly defined or validated.
Variability inintestinal peristalsis and pH during normal digestion may
cause devices withinaset to experience different pH gradients; hence,
they may open before or after their intended collection sites. Despite
this limitation, analysis of 210 intestinal samples from 15 individuals
showed consistent trends of biochemical and microbial activity in
the human intestines. More consistent sampling along a longitudinal
gradient might be attained in future studies by collecting multiple
sequential samplesinto a single device in atimed manner.

The significantly different bile acid profiles in intestinal compared
with stool samples indicate that it is unlikely that stool contaminated
the intestinal sampling devices during transit or sample recovery.
However, because of the large increase in microbial density along the
intestinal tract™, even a minute amount of stool contamination could
affect microbiotacomposition. We therefore used a statistical approach
toidentify samples as potentially contaminated on the basis of micro-
bial community composition. Given the directional motility of the
intestinal tract, one would expectintrinsic overlap between intestinal
and stool microbial communities. Latent Dirichlet allocation with the
topicmodels R package®® was used to identify co-occurring groups of
microorganisms (‘topics™) fromintestinal and stool samples for each
participant. For each intestinal sample, the cumulative probability
of topics identified as derived from the same participant’s stool was
computed. Device samples with >10% of the total community identified
as potentially originating from stool topics were flagged as possibly
contaminated. Using this very conservative definition, 38 of the 210
intestinal samples with adequate sequencing read counts (originat-
ing from 12 of the study participants) were identified as possibly con-
taminated. All analyses presented in this study used all available data
to avoid bias, but re-analysis of all data after removing the 38 samples
that showed any signal of potential contamination from stool resulted
inthe same statistical trends as with the complete group of samples.

Metagenomic sequencing

Extracted DNA from all samples was arrayed in a 384-well plate,
and concentrations were normalized after quantification using the
PicoGreen dsDNA Quantitation kit (ThermoFisher). DNA was added to
atagmentationreaction, incubated for 10 minat 55 °C and immediately
neutralized. Mixtures wereadded toten cycles of aPCR that appended
Illumina primers and identification barcodes to allow for pooling of
samples during sequencing. One microlitre of each well was pooled,

and the pooled library was purified twice using AMPure XP beads to
select appropriately sized bands. Finally, library concentration was
quantified using a Qubitinstrument (ThermoFisher). Sequencing was
performed onaNovaSeq S4 instrument withread lengths of 2 x 146 bp.

Preprocessing of raw sequencing reads and metagenomic
assembly

Skewer (v.0.2.2)** was used to remove Illumina adaptors, after which
human reads were removed with Bowtie2 (v.2.4.1)**. Metagenomic reads
from a single saliva, intestinal or stool sample were assembled with
MEGAHIT (v.1.2.9)%. Assembled contigs were binned with MetaBAT 2
(v.2.15)%into 7,655 genome bins. checkM (v.1.1.3)** and quast (v.5.0.2)%
were used to assess quality; bins with >75% completeness and <25%
contamination were dereplicated at 99% ANI (strain level) with dRep
(v.3.0.0)%, resulting in 696 representative MAGs across all samples.
GTDB-Tkwas used to assign taxonomy*. Default parameters were used
for all computational tools.

Strainisolation fromintestinal and stool samples

Isolates were obtained directly from samples or from commu-
nities derived from passaging of samples®® by either plating or
fluorescence-activated cell sorting (FACS)®. For plating, samples
were serially diluted tenfold onto BHI + 10% defibrinated horse blood
(BHI-blood) platesand incubated for 72 hat 37 °Cin an anaerobic cham-
ber.Single colonies were re-streaked onto BHI-blood plates. This pro-
cess was repeated an additional two times to ensure that the colony
was axenic. Single colonies were then picked into a2-ml deep-well plate
containing 500 pl of BHI supplemented with menadione (vitamin K),
cysteine and hemin (BHIS). In certain cases, Reinforced Clostridial
Medium supplemented with menadione (vitamin K), cysteine and
hemin (RCMS) was used instead. For FACS, single cells were sorted
into BHIS using a previously described protocol that allows for isola-
tion of strict anaerobes®.

After 72 h of growth in an anaerobic chamber at 37 °C, frozen
stocks of all isolates were made using a final concentration of 12%
glycerol. To identify isolates, cultures were spun down and pellets
were resuspended with PCR-grade water in a 1:1ratio. The primers
5’-AGAGTTTGATCCTGGCTCAG-3’ and 5-GACGGGCGGTGWGTRCA-3’
were used to amplify the16S rRNA gene. The PCR product was sent for
Sanger sequencing, and sequences were filtered using sangeranalyseR
with default parameters®. These sequences were searched against the
rRNA/ITS BLAST database, and the top species hit was used to identify
the strain.

Analysis of CAZyme and AMR content
Putative genes were called on assembled contigs for each sample or
on assembled MAGs using Prodigal®®. CAZyme genes were identified
using run_dbcan.py (v.3.0.5)% with default parameters (searching with
HMMER, eCAMI and DIAMOND). Genes identified in at least two of
three programmes were dereplicated to create a curated database.
Metagenomic reads for each sample were mapped against this database
tocalculate the percentage of reads mapped. AMR genes were identified
using rgi (v.5.2.0)* with default parameters. All identified genes were
filtered for >90% coverage and dereplicated to create a curated data-
base of AMR genes. Metagenomic reads for each sample were mapped
against this database to calculate the percentage of reads mapped.
CARD is known to be biased towards pathogens such as
Escherichia/Shigella species®, and indeed the relative abundance
of Escherichia/Shigella species was highly positively correlated with
the abundance of AMR genes in intestinal samples (Extended Data
Fig.5h).Instoolsamples, although no ASVs were positively correlated
with the percentage of reads aligned to CARD, the abundance of the
Enterobacteriaceae family was positively correlated, as was that of the
Bacteroidaceae family (Extended Data Fig. 5i). To determine whether
this correlation was driven by efflux activity, we recomputed AMR gene
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abundance whileignoring the 1,273 genes annotated as efflux pumps.
Inthis analysis, intestinal samples did not exhibit significantly higher
numbers of reads mapping to non-efflux AMR genes (Extended Data
Fig. 5j). We identified AMR genes in each of our MAGs and found that
Enterobacteriaceae possessed ~10- to 100-fold more AMR genes (nor-
malized to the total number of genes) than other taxonomic families
(Extended DataFig. 5k).

Viral contig identification

After assembly, contigs >1 kb inlength were analysed using VirSorter2
(ref. 65), DeepVirFinder®® and VIBRANT?. Contigs identified as viral by
at least one algorithm (VirSorter2 score >0.9, or DeepVirFinder score
>0.9 and P< 0.05, or VIBRANT score of medium quality or higher) were
clustered using an ANI cut-off of 0.95 and coverage cut-off of 85%. The
quality of the clustered contigs was analysed using CheckV®®, which
also classified viral contigs as prophages if they contained both viral
and bacterial regions.

Detection of prophage induction events

The algorithm PropagAtE® was used to identify active prophages with
default parameters. In each sample, the total reads were first rarefied
sothat the number of reads mapped as viral was 5 x 10° (six device sam-
ples and ten saliva samples had fewer than 5 x 10° reads, and hence all
reads from these samples were used for analyses). The reads were then
mapped to the prophage contigs witha minimum per-centidentity of
97%.The algorithmidentifies a prophage as active (induced) when the
ratio of prophage to host depth for that contig is >2 and the prophage
region has >50% coverage.

Proteomics sample preparation

After thawing samples, 20 pl of MS-grade water (Pierce) wasadded to
each sample and the mixture was vortexed. Twenty microlitres of this
mixture was transferred to a 96-well plate (AFA-TUBE TPX plate, cat.
no. 520291, Covaris). Twenty microlitres of cell lysis buffer (containing
Tris, CAA, TCEP and 8% SDS)® was added to each sample aliquot, and
samples were boiled for 10 mininaPCR thermocycler (Eppendorf) to
achievereduction of disulfide bridges and alkylation of cysteines and to
boost protein denaturation. Following boiling, samples were placedin
a-80 °Cfreezertoensure microbial capsule dissociation. Freeze-thaw
cycles were repeated twice. Subsequently, samples were processed
using the APAC protocol (https://d24ci5y4j5eztl.cloudfront.net/wp/
wp-content/uploads/2020/06/M020141.pdf). Inbrief, we applied Adap-
tive Focused Acoustics (AFA, Covaris) sonication in the 96-well plate
for a total duration of 300 s per column with an LE220-plus Focused
ultrasonicator (Covaris) using the following parameters: peak power,
450 W; duty factor, 50%; cycles, 200; average power, 225 W.

In preparation for protein aggregation capture (PAC), magnetic
carboxylate-modified particles (Sera-Mag, cat. no. 24152105050350,
GE Healthcare/Merck) were washed three times with1 ml of MS-grade
water. Because the protein concentration of the samples varied over a
large range, 500 ng of beads were added to each sample well to ensure
sufficient beads regardless of the protein concentration. Protein pre-
cipitation was induced by the addition of acetonitrile at a final con-
centration of 70%.

Proteins were subsequently extracted from the solution through
precipitation of the magnetic particles and purification by three steps
of washingin 2-isopropanol. Following each wash, the plate was placed
at 50 °C and shaken at 1,300 rpm for 10 min. To ensure complete pre-
cipitation, we incubated the suspension for a further 10 min at room
temperature while shaking at 1,300 rpm and then allowed the beads
to settle for 10 min without agitation.

To determine the concentration of enzymes needed during sample
digestion, we measured the protein yield using a Nanodrop. Samples
were thenresuspended in digestion buffer, which contained 100 pl of
100 mM Tris (pH 8.5), supplemented with 0.5 pgtrypsinand 0.5 ug LysC

toachieve anenzyme:proteinratio of1:20, and incubated overnight at
37 °Cwith shaking at1,300 rpm.

Following digestion, the supernatant was removed by placing the
96-well plate on amagnetic rack (DynaMag-96 Side Skirted Magnet, cat.
no.12027, Invitrogen, ThermoFisher Scientific), allowing the superna-
tant to be easily transferred to a 96-well PCR plate (twin.tec PCR Plate
LoBind, semi-skirted, 250 pl; cat. no. 0030129504, Eppendorf). The
enzymatic reactioninthe collected supernatant was quenched using
trifluoracetic acid (TFA) at a final concentration of 1% (v/v). Peptides
were purified using two-layer SDB-RPS (Empore SPE Disks; CDS Ana-
lytical, cat. no. 98-0604-0226-4) StageTips by three washing steps,
twice in1% TFA in 2-isopropanol and once in 0.2% TFA in water. Fol-
lowing the washing steps, peptides were eluted from the StageTips
using elution buffer (80% acetonitrile and 1% NH,")". Purified samples
were vacuum-dried in a SpeedVac (Eppendorf) at 60 °C for 1.5 h and
resuspended in A*injection buffer (2% (v/v) acetonitrile and 0.1% (v/v)
TFAinwater). Protein concentration was measured ininjection buffer
foreachsample usingaNanodrop, and samples were stored at —20 °C
until MS measurement.

Proteomics UHPLC and mass spectrometry

Samples were analysed using LC-MS instrumentation, comprising an
EASY-nLC 1200 ultra-high-pressure system coupled to an Exploris 480
withanano-electrosprayionsource (ThermoFisher Scientific). Foreach
sample, the equivalent of 360 ng of purified peptides was separated
on a custom 50-cm C18 LC column?. Peptides were eluted from the
column using a linear gradient from 10% to 30% buffer B over 90 min
ataconstant flow rate of 300 nl min™, followed by a stepwise increase
of buffer B to 60% for 5 min and an increase to 95% buffer B over the
following 5 min. Afterwards, we applied a 5-min wash with 95% buffer B,
followed by a decrease to 1% buffer B over 5 min and a 20-min wash.

The columntemperature was kept constant at 50 °C using a custom
oven,and HPLC parameters were monitored in real time using SprayQC
software’. MS data were acquired with a Topl5 data-dependent MS/
MS method. The target values for the full-scan MS spectra were 3 x 10°
charges in the m/zrange 300-1,650, with a maximum injection time
of 20 ms and a resolution of 60,000 at m/z200. Fragmentation of
precursor ions was performed by higher-energy C-trap dissocia-
tion (HCD) with a normalized collision energy of 27 eV. MS/MS scans
were performed at a resolution of 15,000 at m/z 200 with a target
value of 1 x 10° and a maximum injection time of 28 ms. Dynamic
exclusion was set to 40 s to avoid repeated sequencing of identical
peptides.

A HelLasample was run approximately every 70 samples to ensure
that the performance of the LC system and MS was maintained through-
outthe entire study. Technical replicates were collected for each plate
inarandom fashionto assess technical reproducibility. Inall, 212 device
samples and 56 stool samples passed quality control and were used for
analyses (Extended Data Fig. 2a).

Proteomics data processing

MS raw files were analysed with MaxQuant software (v.2.1.0.0)”%, and
peptide lists were searched against the UniProt human SwissProt and
TREMBL FASTA database (version June 2022). A common contami-
nants database was also included™. Our search parameters included
cysteine carbamidomethylation as a fixed modification and N-terminal
acetylation and methionine oxidation as variable modifications. The
false discovery rate (FDR) for proteins and peptides was set to O at a
minimum peptide length of 7 amino acids. An in silico tryptic digest
was used with a maximum of two missed cleavage sites. Peptide iden-
tification was performed at a precursor mass accuracy of 7 ppm and
afragment mass accuracy of 20 ppm. A reversed decoy database was
used to estimate the fraction of false positive hits. Label-free quanti-
fication (LFQ) was performed at a minimum ratio count of 2 (ref. 75).
LFQ values, or non-normalized intensity values when indicated, were
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further processed in R (v.4.1.2). Proteins were filtered for 70% valid
values in all samples. For PCA, missing values were imputed with the
regularized method of the package missMDA (v.1.19), and PCA plots
were generated with PCAtools (v.2.4.0). Statistical analysis was per-
formed with limma (v.3.48.3) and amoderated ¢-test with FDR adjust-
ment for multiple-hypothesis testing.

Sample preparation for LC-MS/MS metabolomics analysis
Supernatants from intestinal samples were extracted using a modi-
fied 96-well-plate biphasic extraction’. Samples in microcentrifuge
tubes were thawed on ice, and 10 pl was transferred to the wells of a
2-ml polypropylene 96-well plate in a predetermined randomized
order. A quality-control sample consisting of a pool of many intestinal
samples from pilot studies was used to assess analytical variation. A
quality-control sample matrix (10 pl) and blanks (10 pl of LC-MS-grade
water) were included for every tenth sample. Further, 170 pl of metha-
nol containing UltimateSPLASH Avanti Polar Lipids was added to each
well as an internal standard. Then, 490 pl of methyl-tert-butyl-ether
(MTBE) containing the internal standard cholesterol ester 22:1 was
added to each well. Plates were sealed, vortexed vigorously for 30 s
and shaken on an orbital shaking plate for 5 min at 4 °C. The plate was
unsealed, and 150 pl of cold water was added to each well. Plates were
resealed, vortexed vigorously for 30 s and centrifuged at 4,000 RCF
for12minat4 °C.

From the top phase of the extraction wells, two aliquots of 180 pl
each were transferred to new 96-well plates, and two aliquots of 70 pl
eachfromthebottom phase were transferred to two other new 96-well
plates. Plates were spuninarotary vacuumuntil dry, sealed and stored
at—80 °C until LC-MS/MS analysis. One of the 96-well plates contain-
ing the aqueous phase of extract was dissolved in 35 pl of HILIC-run
solvent (8:2 acetonitrile/water). Five microlitres was analysed using
non-targeted HILIC LC-MS/MS analysis. The autosampler temperature
was kept at 4 °C. Immediately after HILIC analysis, the 96-well plates
were spunin arotary vacuum until dry, sealed and stored at —80 °C
until targeted bile acid analysis.

Multiple dilutions were prepared for bile acid analysis as follows.
The dried samples described above were dissolved in 60 pl of bile
acid-run solvent (1:1 acetonitrile/methanol containing six isotopi-
cally labelled bile acid standards at 100 ng ml™) by 30 s of vortexing
and 5 min of shaking on an orbital shaker. From this plate, 5 pl was
transferred to a new 96-well plate and combined with 145 pl of bile
acid-run solvent. Both dilutions were analysed for all samples, and
samples that still presented bile acids above the highest concentration
of the standard curve (1,500 ng ml™) were diluted 5:145 once more and
re-analysed. A nine-point standard curve that ranged from 0.2 ng ml™
t01,500 ng ml™ was used with all samples. The standard curve solu-
tions were created by drying bile acid standard solutions to achieve the
desired mass of bile acid standards and then dissolved in bileacid-run
solvent. Three standard curve concentration measurements were ana-
lysed after every 20 samples during data acquisition along with one
method blank.

For stool analyses, approximately 4 mg (£1 mg) of wet stool was
transferred to 2-ml microcentrifuge tubes. Twenty microlitres of
quality-control mix was added to the microcentrifuge tubes for
quality-control samples. Blank samples were generated using 20 pl
of LC-MS-grade water. To each tube, 225 pl of ice-cold methanol con-
taining internal standards (as above) was added, followed by 750 pl of
ice-cold MTBE with cholesterol ester 22:1. Two 3-mm stainless steel
grinding beads were added to each tube, and tubes were processed
in a Geno/Grinder automated tissue homogenizer and cell lyser at
1,500 rpm for 1 min. Then, 188 pl of cold water was added to each tube.
Tubes were vortexed vigorously and centrifuged at 14,000 RCF for
2 min. Two aliquots of 180 pl each of the MTBE layer and two aliquots
of 50 pleach of the lower layer were transferred to four 96-well plates,
andtheplateswere spuninarotary vacuumuntil dry, sealed and stored

at-80 °Cuntil analysis with the intestinal samples. Stool samples were
analysed using HILIC non-targeted LC-MS/MS and diluted in an identi-
calmanner tointestinal samples as described above. Stool samples were
analysed in arandomized order after intestinal samples.

Metabolomics data acquisition

Samples were analysed using a Vanquish UHPLC system coupled to a
TSQ Altis triple-quadrupole mass spectrometer (ThermoFisher Sci-
entific). An Acquity BEH C18 column (1.7 pm, 2.1 mm x 100 mm) with
an Acquity BEH C18 guard column (1.7 pm, 2.1 mm x 5 mm) was used
for chromatographic separation with mobile phases A (LC-MS-grade
water with 0.1% formic acid) and B (LC-MS-grade acetonitrile with
0.1%formicacid) and with a flow rate of 400 pl min™and column tem-
perature of 50 °C. The gradient began at 20% B for 1 min and shifted
to 45% B between 1 and 11 min, to 95% B between 11 and 14 min and to
99% B between 14 and 14.5 min; 99% B was maintained until 15.5 min
and transitioned to 20% B between 15.5 and 16.5 min; and 20% B was
maintained until 18 min. The autosampler temperature was kept at
4 °C.Theinjectionvolume was 5 pl,and MRM scans were collected for
all bile acids and internal standards (Supplementary Table 6).

Metabolomics data processing

MRM scans were imported to Skyline” software. Skyline performed
peakintegration for allanalytes with given mass transitions and reten-
tion time windows optimized using authentic chemical standards
(Supplementary Table 6). The chromatogram for each analyte was
manually checked to confirm correct peak integration. Peak area was
exported forall analytes. Analytes were omitted from further analysis
if a convincing chromatographic peak was not observed in =1 sample
(Supplementary Table 6). The ratio of analyte to its closest eluting
internal standard was calculated and used for quantification. A linear
model was fit to standard curve points for each bile acid (R*>> 0.995
for allbile acids), and the model was applied to all samples and blanks
to calculate concentrations. The average concentration reported for
method blanks was subtracted from sample concentrations. Because
multiple dilutions were analysed for each sample, the measurement
closest to the centre of the standard curve (750 ng ml™) was used. Zero
values were imputed with a concentration value between 0.001 and
0.1ng ml™. Concentrations were reported as ng ml* for intestinal sam-
pleliquid supernatantand ng g for wet stool. Inall, 218 device samples
and 57 stool samples passed quality control and were used for analyses
(Extended DataFig. 2a).

Non-targeted bile acid quantification

Bileacids conjugated to amino acids (for example, TyroCA, LeuCA and
PhenylCA) were not included in the list for targeted analysis. None-
theless, 22 microbially conjugated bile acids were detected during
non-targeted data acquisition for intestinal and stool samples using
HILIC chromatography as described previously. Peaks corresponding
to these microbially conjugated bile acids were annotated using m/z
values for precursor mass, diagnostic MS/MS fragmentions (337.2526
for trihydroxylated and 339.2682 for dihydroxylated bile acids) and the
corresponding amide conjugate fragmention (Supplementary Table 7),
asreported previously*°. MS/MS spectra from synthetic standards for
three microbially conjugated bile acids (Extended Data Fig. 9) served as
positive controls based on previously collected experimental MS/MS
spectra®. Non-targeted HILIC analysis did notinclude bile acid standard
curvestoallow for direct quantification, so approximate quantification
was achieved by comparing the concentration of GCA from targeted
analysis to GCA peak height intensity from non-targeted analysis. A
quadratic model was fit to GCA values from both analyses (R*>= 0.89)
and applied to the peak height intensity values of microbe-conjugated
bileacids to calculate their approximate concentration. Approximate
concentrations were used for analysis of bile acids measured with
non-targeted analysis.
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Reporting summary
Furtherinformation onresearch designisavailablein the Nature Port-
folio Reporting Summary linked to this article.

Data availability

The 16S rRNA and metagenomics sequencing reads are available on
NCBIlunder BioProject PRINA822660. The mass spectrometry proteom-
ics datasets are available through the ProteomeXchange Consortiumin
the PRIDE” partner repository with dataset identifier PXD038906. The
targeted and non-targeted bile acid metabolomics datasets are availa-
ble on Metabolomics Workbench under project numbers ST002073 and
ST002075. The minimum datasets necessary for reproduction of fig-
ures or extended researchrelated to this article are available on GitHub
at https://github.com/jgrembi/capscan-profiling-human-intestine.

Code availability

Custom code for the generation of figures and statistical calculations
in this manuscript is available on Zenodo at https://doi.org/10.5281/
zenodo.7683655 (ref. 80) and GitHub at https://github.com/jgrembi/
capscan-profiling-human-intestine.
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Extended DataFig.2 | Total gut transit time of devices varied across
subjects and diets. a) Subjects (n=15) enrolled in the study ingested a total of
17 intestinal sampling devices each (set1consisted of asingle device used asa
safety test to ensure safe passage through the intestines). Subjects were also
asked to provide two salivasamples and collect stool until all intestinal
sampling devices wereretrieved. Between two and eight stool samples from
each subject were used for analysis. b) Device (n=240) gut transit time was
variable across subjects. Some subjects displayed differencesin transit time
dependent on the time of day the device was ingested. c) Device gut transit time
varied accordingto certain types of food consumed in the meal priorto device
ingestion (i.e., the food with which the devices presumably transited into the
smallintestines). P-values fromleft to right, top tobottom: 0.18,0.00091, 0.24,

0.17,0.29,0.0049,0.57,and 0.27.d) Device gut transit time varied according to
thetype of food consumed in the meal after devices were swallowed (i.e., the
food thatlikely influenced gut motility while devices were passing through the
large intestines). P-values fromleft toright, top tobottom: 0.68,1.4 107,
1.1x107,7.6x10™,7x107,0.49,0.25,and 0.3. Boxplots show the median and
1*and 3" quartiles. Fach dot is adevice sample (b-d; n = 60 each for device
types1-4).ns:notsignificant, *: P<0.05,**:P< 0.0, ***: P< 0.001, ****: P< 0.0001,
Bonferroni-corrected two-sided Wilcoxon rank-sum test. Alcohol consumption
and diet contents were not restricted. Subjects swallowed devices 3 h after
lunch and dinner and were instructed not to consume any additional foods for
atleast2h after swallowing devices.
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Extended DataFig. 3 | Diversity in phylumabundances and alphaand
gammadiversity implicate atemporally and spatially heterogeneous
intestinal tract. a) Summed log,(read count) at the phylum level are shown
foreachsample by location. P-values fromleft toright: 0.57,0.0035,2.4 x1075,
5.7x107,and 0.83. ASVs that did not have read count >3 in 5% of samples were
ignored. Boxplots show the median and 1*and 3" quartiles. Each dot represents
asample (n=210and 58 for devices and stool, respectively). ns: not significant,
*:P<0.05,**:P<0.01,***: P<0.001, ****: P< 0.0001, Bonferroni-corrected
two-sided Wilcoxon rank-sum test. b, ¢) The Shannon diversity of individual

devices (n =210 devices; alphadiversity, lighter points) was generally lower
thanthat collectively of alldevices from a single set (gammadiversity, bold
points), indicating high spatial variation. Each subject (#1-#15) is shown
separately. Toensure equal read depths for accurate comparisons, allintestinal
samples wererarefied to the minimum sequencing depth of any device from
that subject. Mean values and 95% confidence intervals for alphaand gamma
diversity estimates were obtained by repeating the rarefaction procedure
1000 times.
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Extended DataFig.4 | Growing cellsrecovered from devices collectively widerods; 4.branching; and 5.long/filamentous rods. Along with the sample
displayed awide range of morphologies. a) A2-puL sample was acquired from shown, 3 other samples fromdevices ingested at the same time were imaged,
asingle device and spotted onto anagarose pad with BHImedium. After 4 h of and similar results were observed. b) Occasional human cells (white arrow)
time-lapseimaging, growing cells displayed a wide range of morphological were observed duringimaging.

features, as highlighted by white arrows: 1. regular rods; 2. small rods; 3.
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Extended DataFig.5|See next page for caption.
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Extended DataFig. 5| Percent of reads mapping to CAZymes and
antimicrobial resistance genes vary across the intestinal tract and are
drivenbydistinct taxa.a) The percent ofreadsthat mapped to adatabase of
CAZymes (Methods) was determined using metagenomic sequencing of each
sample.b) Data from (a) separated by subject. ¢) Inintestinal samples, the
log,(read count) of eight ASVs was positively correlated (Spearman) with the
percentof reads that mapped to the CAZyme database. Only ASVs with P< 0.001
areshown. P-values fromleft toright, top tobottom:1.8 x107¢,7.2x107*,
1.1x1072,3.7x10™,3.7x107*,2.6 x10%,3.7x107*,and 3.7x10™*.d) Thelog,
(ASVread count summed over family members) of the Bacteroidaceae family
wassignificantly correlated (Spearman; P= 6.4 x10”7) with the percent of reads
from stool samples that mapped to the CAZyme database. No other families
had P<0.01.e) The number of CAZymesidentified in strainsisolated fromthe
intestinal tract of subject1, organized by species. Eachcircle represents a
single strain, and horizontal lines (mostly hidden by the circles) represent the
median. f) The percent of reads that mapped to adatabase of AMR genes
(CARD, Methods) was determined using metagenomics sequencing of each

sample and was higher in devices compared with stool (P=0.03).g) Datafrom
(f) separated by subject. h) Inintestinal samples, the log,(read count) of two
ASVswas positively correlated (Spearman) with the percent of reads that
mapped to CARD. Only ASVs with P<0.001are shown. P-values from left to
right, top tobottom:5.7x107%,1.5x107™,4.1x107,2.5x107%,6.4 x107,2.0 x 108,
and2.1x107*.i) Instool samples, the log,(ASV read count summed over family
members) of families was significantly correlated (Spearman; P=5.7x1075,
1.5x1073,and 7.1x10~*) with the percent of reads that mapped to a database of
AMRgenes. No other familieshad P<0.001.j) The percent of reads that mapped
to CARD ignoring all efflux pumps was similar between devices and stool
(P=0.8).k) log,y(ratio of the number of AMR genes to bacterial genes) detected
ineach MAG, aggregated by family-level taxonomic assignment. Only MAGs
with completion >75% and contamination <10% were included. In (a-d and f-j),
eachdotisasample (n=175for devices and n =58 for stool). All P-values
reported are after Benjamini-Hochberg correction. Boxplots show the median
and1**and 3" quartiles.
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and stool samples, respectively. P-values are from two-tailed Student’s t-tests.
P-values from top to bottom, left to right: 4.7 x10™,2.2x107,2.3x107.

c) Thenumber ofinduced prophages was generally higher inintestinal samples
across subjects and was lowest in salivasamples. d) pH was correlated with the
number ofinduced prophagesinintestinal samples (Spearman; P= 0.0015).
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Extended DataFig.7| Comparison of the human proteomeinintestinal
versus stool samples. a) The number of host-associated proteins detectedin
eachsample, colored by location (intestinal versus stool). Dotted line and
number represent the mean. b) The number of host-associated proteins
detected across samples fromeach device type and stool. Boxplot shows the
medianand1*and 3™ quartiles. c¢) The distribution of coefficient of variation
(CV)forall detected host proteins across device types and stool samples.

d) Proteins were ranked based on mean log,,(intensity) for intestinal and stool
samples. The six most and five least abundant proteins are labelled for each
location. e) A principal component analysis of the normalized abundance of

the 500 most abundant host-associated proteins. Results are similar to Fig. 4c.
Pointsare colored based onlocation of sample (intestinal versus stool).

f) Aprincipal component analysis of the non-normalized abundance of all host-
associated proteins found in each sample. Results are qualitatively similar to
Fig.4cand e. Points are colored based onlocation of sample (intestinal versus
stool).g) The number of host-associated proteins with significantly different
abundance betweenstool and each device type based ona 5% false discovery
rate (FDR). All panelsused n =56 stool and n =212 device samples for analysis.
In(b,c,g),n=56typel,n=54type2,n=56type3,andn=46type4device
samples were used.
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Extended DataFig. 8 |See next page for caption.
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Extended DataFig. 8 | Microbial bile salt hydrolase genes exhibited similar
abundance and diversity inintestinal and stool samples despite differences
inconjugatedbile acids along theintestinal tract. a) Openreading frames
identified as bile salt (cholylglycine) hydrolase (BSH) enzymes viaahidden
Markov model (HMM) search, normalized by the total number of open reading
frames detected in the sample.b) The distribution of rank coverage of bsh genes
was similar betweenintestinal and stool samples. c¢) Rank coverages of bsh
genesindevices of each type andinstool are similar. (all P> 0.90). d) Percentage
of primary (hydroxylated) bile acids was similar across device types and was
lower instool compared withintestinal samples (top tobottom: P=3.7x107%,
1.3x107°,and 0.91). e) Glycocholicacid (GCA) concentration decreased along
theintestinal tract (top to bottom: P=1.6 x1072,0.035,and 0.003).f) The
log,(ASV count) of Alistipes putredinis, Anaerostipes hadrus, and Bilophila
wadsworthiawas negatively correlated (Spearman; P=0.0068,0.0004, and
0.0068indevicesand P=0.63,0.84,and 0.70 instool, respectively) with
log,,(GCA concentration). Only ASVs with P< 0.01 after a Benjamini-Hochberg

correctionindevice samples are shown. g) Taurochenodeoxycholic acid
(TCDCA) concentration decreased along the intestinal tract (top to bottom:
P=0.0070,1.9x107*,4.2x107°,1.5x107°,and 0.0020). h) log,(ASV read count)
of Alistipes putredinis and Bilophila wadsworthiain devices was negatively
correlated (Spearman; P=2.5x10°and 3.3 x107, respectively) withlog,
(TCDCA concentration). Only ASVs with P < 0.01after aBenjamini-Hochberg
correctionindevice samples are shown. i) log,(ASVread count) of Bilophila
wadsworthiain devices was negatively correlated (Spearman; P=2.4 x107°)
withlog,,(concentration of taurodeoxycholic acid (TDCA)). Only ASVs with
P<0.01afteraBenjamini-Hochberg correctionin device samples are shown.
In (a-c),n=175device and n = 58 stool samples were used for analysis. In (d-h),
n=210device samplesand n =56 stool samples were used for analysis.
Allboxplots show the medianand 1*and 3" quartiles. ns: not significant,

****: P<0.0001, Bonferroni-corrected two-sided Wilcoxon rank-sum test. Bile
acidsshownarelog,,-transformed concentrationsin units of ng/mL or ng/g for
intestinal or stool samples, respectively.
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Extended DataFig. 9 |Microbially conjugated bile acid identification. Head-to-tail matches of experimental (top) to library (bottom) spectra from bile acids
conjugated to tyrosine, phenylalanine, and leucine.
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Recruitment Subjects were recruited based on those who knew the researchers or were affiliated with the researchers in this study in
some manner, thus recruitment was biased toward individuals living in and around Palo Alto, CA. Many participants in the

study are scientists employed at Stanford University. No public notice was posted about the study.

Ethics oversight The study was approved by the WIRB-Copernicus Group IRB (study #1186513).

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Field-specific reporting

Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

Life sciences |:| Behavioural & social sciences |:| Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size 15 individuals were selected. As this study was the first human study for this device, we aimed to have a large enough sample size to draw
general statistical conclusions, with the precaution that the device had not been widely utilized or tested. Extended Data Fig. 2 details the
collection of 344 human microbiome samples, and a total of 297 samples were analyzed after filtering for successful collection and
sequencing depth.

Data exclusions | Individuals with any major medical conditions, especially those that are relevant to transit along the human gastrointestinal tract, were
excluded from this study.

Replication Subject 1 swallowed 4 of each device type twice (n=16) as part of an effort to test reproducibility. Fig. 2 shows how technical variability was
lower than temporal, spatial, and temporal+spatial variability.

Randomization  There was no experimental group in this study.

Blinding Data collection and analysis was blind to the researchers (i.e. the researchers were unaware of any identifying information of the research
participants, including age and sex).

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.




Materials & experimental systems

Methods

Involved in the study

|:| Antibodies
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|:| Animals and other organisms
|:| Clinical data

|:| Dual use research of concern
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|Z |:| ChIP-seq
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