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SUMMARY
The human distal small intestine (ileum) has a distinct microbiota, but human studies investigating its compo-
sition and function have been limited by the inaccessibility of the ileum without purging and/or deep intuba-
tion. We investigated inherent instability, temporal dynamics, and the contribution of fed and fasted states
using stoma samples from cured colorectal cancer patients as a non-invasive access route to the otherwise
inaccessible small and large intestines. Sequential sampling of the ileum before and after stoma formation
indicated that ileostoma microbiotas represented that of the intact small intestine. Ileal and colonic stoma
microbiotas were confirmed as distinct, and two types of instability in ileal host-microbial relationships
were observed: inter-digestive purging followed by the rapid postprandial blooming of bacterial biomass
and sub-strain appearance and disappearance within individual taxa after feeding. In contrast to the relative
stability of colonic microbiota, the human small intestinal microbiota biomass and its sub-strain composition
can be highly dynamic.
INTRODUCTION

Stool microbiota analyses have been extensively correlated with

many different metrics of health and disease, although micro-

biota composition is considered relatively stable within healthy

individuals after successive waves of colonization in the early

life (B€ackhed et al., 2015; Faith et al., 2013; Garud et al., 2019;

Lou et al., 2021; Olm et al., 2021; Zhao et al., 2019). Beyond cor-

relations, we generally lack sufficient understanding of causal-

ities and mechanisms by which microbes might influence the

host status. Rodent studies are starting to fill this gap by using

germ-free and genetically targeted animals to define mecha-

nisms of host-microbial mutualism. Animal models are limited

by fundamental differences between species; for example, ro-

dents re-inoculate their proximal intestine through coprophagy

and have a far shorter large intestinal transit time (�6 h in mice

and >24 h in humans) (Miller et al., 1997; Padmanabhan et al.,

2013; Proano et al., 1990). Although humans generally avoid

microbial contamination of their diet or fluid intake, they never-

theless have a distinct microbiota in the distal small intestine (ter-

minal ileum) with an increased proportion of aerobes compared

with the colon (Finegold et al., 1970; Gorbach et al., 1967). The

biomass of the healthy ileal microbiota is substantially less
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than that of the colon (Hill and Marsh, 1989), but it can shape

the epithelial gene expression (Hooper et al., 2001), intestinal

physiology (Stappenbeck et al., 2002), nutrition, and molecular

exchanges between the microbes and their host (Holmes et al.,

2011). Disturbances of human small intestinal microbiota occur

in patients with motility disorders or surgically created blind

loops when an overgrowth of small intestinal microbes causes

abdominal pain and malabsorption, with vitamin B12 depletion

and bile salt deconjugation (Drasar and Shiner, 1969). Unfortu-

nately, human terminal ileum is inaccessible without surgery,

very extensive peroral/nasal intubation, or purging prior to colo-

noscopy (Hill, 2020): this has limited investigation of the charac-

teristics and dynamics of its specific microbiota as individuals

transition between digestive and inter-digestive phases.

One alternative to access human intestine without invasive

procedures or prior purging involves subjects who have had

disconnection of intestinal continuity at surgery, which creates

an opening (stoma) of the bowel through the anterior abdominal

wall. This is a standard life-saving procedure in visceral surgery,

which allows the bowel to recover from events such as surgical

removal of diseased intestinal segments, inflammation, infec-

tion, or stab wounds (Martin and Vogel, 2012). Depending on

the condition being treated, such as colorectal cancer (CRC) or
obe 30, 1773–1787, December 14, 2022 ª 2022 Elsevier Inc. 1773



Figure 1. Overview of study cohorts and metagenomic inStrain pipeline

(A) Diagram showing an ileostomy and two types of colostomies (right in the ascending colon and left in the sigmoid colon).

(B) Diagram showing a stoma bag attached to ileostoma or two types of colostomas.

(C) Study groups: group 1 comprisesCRCpatients who underwent surgery. Ileal and rectal biopsy and luminal samples were collected directly before, during, and

after surgery over 6–12 months. Group 2 comprises CRC, CD, UC patients with a stable stoma and healthy controls (HCs). The number of patients were reported

as stoma/bag; group 3 comprises CRC patients. Serial samples from stoma were collected before and after they had eaten a standardized diet provided by

hospital catering for the next 10–48 h (1). Samples were subjected to shotgun sequencing (2), and reads were mapped to reference databases (3) for sample-

specific relative abundance calculation (4) and processed in the inStrain pipeline - (5) for coverage, breadth, ANI, PopANI, SNVs, dN/dS, pN/pS, and nucleotide

diversity and in untargeted metabolomics (6). Figure created with BioRender.com.
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inflammatory bowel diseases (IBDs), the stoma may be at the

level of the distal small intestine (ileostomy) or sited proximally

or distally along the large intestine (colostomy) (Figures 1A and

1B). The disruption of intestinal continuity inevitably causes

some physiological adaptation, which can be minimized by
1774 Cell Host & Microbe 30, 1773–1787, December 14, 2022
limiting the amount of small intestine that is surgically removed

when the stoma is fashioned (Cooper et al., 1986). Many patients

have been cured of their original condition and remain stable

over many years with an otherwise normal diet and lifestyle: their

ileostomas allow non-invasive sequential sampling without
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oropharyngeal contamination of catheters, purging for endos-

copy, or limitations of concurrent surgery in diseased patients

(Finegold et al., 1983). Small intestinal flow rates are not

increased in patients with ileal stomas (Ladas et al., 1986).

Studies on stoma patients have been especially valuable in

investigating human digestive processes and the microbial con-

sortia in different intestinal segments. Ileal microbiota profiles

depend on the capacity for rapid import and utilization of rela-

tively simple carbohydrates with rapid adaptation to nutrient

availability, whereas the colonic microbiota is mostly specialized

in the efficient degradation of complex carbohydrates (Zoeten-

dal et al., 2012). Ileostomy fluids have been shown to contain di-

etary fiber and complex carbohydrates resistant to human diges-

tion, especially from plant cell walls (Englyst and Cummings,

1987; Florin et al., 1990; Macfarlane and Englyst, 1986; Silvester

et al., 1995; van Trijp et al., 2020) that are normally harvested

through colonic microbial fermentation (Pomare et al., 1985). A

minor but significant fraction of dietary fibers and oligogalac-

tose/oligofructan can be degraded by the small intestinal micro-

biota. Higher molecular weight fibers inulin, lemon pectin, and

iso-malto/maltopolysaccharides are fermented at a slower rate

in the small intestine with a subject-dependent response (Live-

sey et al., 1995; Sundberg et al., 1996; van Trijp et al., 2020).

Stoma studies have also distinguished the roles of different

human intestinal segments in nitrogen and sulfur balance and

sites of uptake of different molecular substrates (Duffy et al.,

2002; Florin et al., 1990). Ileostomas have also been used to

map the microbial composition of the distal small intestine and

to determine the recovery of intestinal function and the ileal mi-

crobiota following intestinal transplantation (Hartman et al.,

2009). In limited numbers of subjects, the ileal microbiota has

been shown to correlate with the microbiota in ileal stoma efflu-

ents (Ahmed et al., 2007; Stolaki et al., 2019; Zoetendal

et al., 2012)

Our hypothesis was that the human small intestinal microbiota

biomass and its strain composition would be very dynamic over

the feed-fast cycle compared with the relatively stable colonic

microbiota (Faith et al., 2013). Using ileal and colonic stoma pa-

tients for real-time access, we show here that there is an inherent

instability in the human small intestinal microbiota biomass

relating to dietary pulsations within individuals. Despite these

rapid small intestinal transit and large biomass fluctuations, we

find that the composition at the taxon level of the small intestinal

microbiota remains relatively stable. This apparent stability con-

ceals rapid dynamic fluctuations of bacterial sub-strains within

individual taxa, some of which bloom within hours from unde-

tectable levels, indicating that even after inter-digestive purging

of small intestinal microbes, sufficient diversity of microbial

strains and sub-strains persists to reconstitute the microbiota,

allowing adaptation potential within individual taxa as conditions

change within the intestinal lumen.

RESULTS

Validation of stoma samples as representing the natural
small intestinal microbiota
The validity of microbial ileostoma studies depends on how

closely they model the natural situation of the fully connected in-

testine. We therefore started by asking how far surgical manipu-
lations or intestinal discontinuity disrupt the microbial commu-

nities in the distal small intestine. To address this, we carried

out a longitudinal study where ileal and rectal samples were

collected directly at surgery, followed by sequential sampling

at 1–2 monthly intervals from the same patient’s ileal stoma

site over the next 6–12 months (Figures 1C and 2; Table S1).

Samples from each patient and at least 3 follow-up samples

were processed and analyzed using the 16S IonTorrent

sequencing technology for microbial composition (>5,000

reads/sample). Alpha diversities of ileal samples showed fluctu-

ations, but there were no significant differences over time in

either alpha (Figure 2A) or beta diversities (Figure 2B). A control

situation in these patients without needing to carry out further

clinical manipulations was to follow themicrobiota of the remain-

ing colon in ileostomy patients left in situ as a separated mucous

fistula. Here, we would expect a microbiota composition

change, as it had been disconnected from its regular carbon

source intake of undigested material from the small intestine.

In some cases, this can result in inflammation of the isolated

colonic segment because of deprivation of microbiota-derived

short-chain fatty acids. As expected, beta diversities of the rectal

samples from the disconnected colon changed after surgery,

and microbiota composition continued to be shaped over time

(Figure 2B).

Analysis of specific changes of individual taxa over time from

both sets of samples was carried out (Figures 2C and 2D;

Table S2). No taxon in the ileal samples retained significance af-

ter Benjamini-Hochberg adjustment for multiple testing (Fig-

ure 2C). Specifically, the Enterobacteriaceae family underwent

personalized fluctuations, with some patients showing a bloom

immediately after surgery, but there were no significant differ-

ences between the sequential samples (Figure S1A). In contrast,

in rectal samples from the excluded colon Lachnoclostrium and

Dialister significantly increased, and Faecalibacterium, Rumino-

coccaceae, Barnesiella, Butyricimonas, and Subdoligranulum

decreased over time (Figure 2D). Given our positive controls of

microbiota alterations in the disconnected colon, we concluded

that despite considerable interpersonal differences and fluctua-

tions in ileal samples after stoma formation, there were no overall

significant differences compared with the original ileal sample

taken before disrupting intestinal continuity by surgery.

The distinct diversity of ileostoma microbiota according
to age, disease status, or exposure parameters
We next asked whether we could identify relationships affecting

distal intestinal microbiota diversity based on factors of age,

gender, body habitus, smoking exposures, or use of antibiotics

within the last 3 months. Although dietary data were collected,

there were insufficient differences between subjects for mean-

ingful analysis. We investigated 141 stoma samples of 79 pa-

tients who had recovered from surgery for distal colonic cancers

(CRC: 38% ileostomy, 10% right-sided colonic stomas, and

52% left-sided colonic stomas: Figure 1C; Table S1). These pa-

tients were selected after recovery from their original condition to

be as close as possible to healthy subjects despite their stoma.

Luminal contents were taken from the stoma or bag during a

morning appointment 2–4 h after breakfast and analyzed for mi-

crobial composition. The results showed lower alpha diversity in

ileum compared with left colonic stomas of CRC patients or
Cell Host & Microbe 30, 1773–1787, December 14, 2022 1775
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Figure 2. Microbiota compositions in the ileum or rectum at different times after surgery

(A) Longitudinal microbial richness is shown in the ileum and rectum in 13 CRC patients who underwent surgery. Significant differences between groups were

tested by linear mixed models, and patient ID and smoking status were included as a random effect. E0: before surgery (1st visit session), E1: surgery (2nd visit

session), E2–E7: after surgery (3rd–8th visit session). See also Table S1.

(B) Microbial clustering for ileum (upper panel) and rectum (lower panel) over time is shown based on Bray-Curtis dissimilarity PCoA plots. The ellipse colors show

clustering of each time point with 95% confidence intervals (q values as in the heatmap, n.s. non-significant).

(C and D) Microbial taxa changes over time in the ileum (C) and rectum (D) are shown based on relative abundances. Gray shading shows taxa values below

detection limits and mean values are shown. Patient samples vary according to individual attendance at each time point.

(C) E1–E3 contains samples from 15 patients; E4 contains samples from 9 patients, and E5 contains samples from 13 patients.

(D) E0 contains samples from 13 patients; E1, E5, E6, and E7 contain samples from 12 patients; E3 contains samples from 5 patients; and E4 contains samples

from 11 patients. Each color represents a patient. q < 0.05 was considered significant. Taxa were selected based on the lowest non-adjusted p values: unless

shown, q values were non-significant.

See also Figure S1.
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healthy fecal samples (Figure 3A). There were distinct beta diver-

sities of the ileal samples compared with either the right colon or

left colon, or between right and left colon sites, in CRC patients

(p < 0.05) (Figure 3B). In contrast, we did not observe any signif-

icant differences in the microbiota or metabolomic profiles from

stoma effluents collected directly from the bag or by cannulating

the stoma (Figures S1B–S1D).

Most taxa of theEnterobacteriaceae and the Bacilli class of the

Firmicutes were generally enriched in the ileum, in line with facul-

tative anerobic metabolism. In contrast, anerobic Bacteroida-

ceae, Prevotellaceae, Lachnospiraceae, and Ruminococcaceae

families dominated in the colon (Figures 3C and 3D; Table S2).

We found that small intestinal contents contained a relatively
1776 Cell Host & Microbe 30, 1773–1787, December 14, 2022
higher abundance of Lactobacillus, Clostridium, Streptococcus,

Enterococcus, and Veillonella, and a lower abundance of [Rumi-

nococcus] and Bacteroides. Exceptions to these general pat-

terns were found in divisions with taxa enriched in the proximal

colon (Bilophila and Desulfovibrio of the Deltaproteobacteria),

and Bacteroidetes and Ruminococcaceaewere mostly enriched

in the left (distal) colon (Figures 3C and 3D; Table S2). These

phylogenetic distributions are aligned with previous studies of

the biogeography of the normal human intestine (Bentley et al.,

1972; Booijink et al., 2010; Donaldson et al., 2016), supporting

the validity of using ileostoma patients to investigate the dy-

namics of intestinal microbiota at different locations of the intes-

tinal tract.
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We did find differences in the small intestinal microbiota of

cured CRC patients according to the age of the patient (Clostri-

dia), BMI (body mass index; Proteobacteria and Verrucomicro-

bia), and smoking (Proteobacteria and Clostridia) with only

weak effects according to gender or the use of antibiotics in

the last 3 months (Figure 3E). Crohn’s disease (CD) patients

had an alteredmicrobiota profile in the small and large intestines.

(Surgical treatment of ulcerative colitis [UC] form of IBD requires

a total colectomy; hence, colonic stomas are not usually avail-

able for study.) Although alpha diversity overall did not differ be-

tween cured CRC and IBD patients sampled at different stoma

sites (Figure S1E), Proteobacteria that were enriched in the ileum

of cured CRC patients had an even distribution between CD

ileum and colon stomas assessed either by relative abundance

or absolute biomass quantification (Figures 3F–3I; Table S2).

There is therefore evidence that small intestinal microbiota is

influenced by BMI and age, as well as disruption of the spatial

distribution of the microbiota in intestinal inflammatory disease.

Expansion of themicrobial biomass between fasting and
feeding in the distal small intestine
Having verified that microbiota of ileostomas is representative of

the natural human small intestine, we next exploited the non-

invasive access route to make sequential measurements of

how the ileal microbiota varies within each individual from the

fasting to the fed state.

We took serial samples following consumption of a standard-

ized breakfast over 6–48 h from ileal stomas in the second group

of 6 cured CRC patients who had fasted overnight (Figures 1C

and 4). Shotgun metagenomic sequencing datasets were

analyzed using metagenomic intra-species diversity analysis

system (MIDAS) (Nayfach et al., 2016) and inStrain (Olm et al.,

2021) pipelines. Metagenomic sequences from stoma contents

overall showed equivalent metagenomic reads of bacteria and

host DNAwith smaller read numbers of archaea and viruses (Fig-

ure 4A). However, before the test, meal samples mostly con-
Figure 3. Distinct microbial features associated with CRC and IBD sto

(A) Microbial richness differences at different sites of the disconnected intestin

Shannon index. Significant differences between groups were determined by an o

and Hochberg false discovery rate (BH-FDR) and q < 0.05 was considered signi

(B) Microbial clustering based on Bray-Curtis dissimilarity. Ellipse coloring show

analysis of variance (Adonis) was used to test significant differences between an

(C and D) Overall representation of significant taxa according to stoma locations

abundance ratios on a bar plot (D). Red, blue, and green circles represent higher

(p < 0.05) was considered significant.

(E) Hierarchical analysis performed using end-to-end statistical method (HAllA)

correction: q < 0.2 (and p < 0.05) was considered significant (A–D). Association

(pairwise normalized mutual information [NMI]) and numbers in cells identify sign

ileostomy CRC patients.

(F) Overall taxonomy representation of CRC and CD patients and healthy contro

Inset, ileum of IBD patients.

(G and H) Microbial clustering based on Bray-Curtis dissimilarity of different intes

bacterial mass. Ellipse colors show clustering of disease groups with 95% confid

(I) Taxa significantly associated with ileum or colon of CRC or CD groups are show

relative abundance of a taxon in the ileum or colon is shown in red or blue, respec

approach; q < 0.2 (p < 0.05) was considered significant as in (D). Unclassified gen

*p < 0.05, **p < 0.01, and ***p < 0.001. (A)–(G) and (I) contain 50 ileum samples, 20

feces. (F) contains 65 ileum samples and 30 colon samples from IBD patients. (H)

from CRC patients, and 53 ileum samples, 18 right colon samples, and 8 left col

See also Figures S3 and S4.

1778 Cell Host & Microbe 30, 1773–1787, December 14, 2022
sisted of human host DNA in line with shedding small intestinal

epithelial cells into the intestine during the overnight fast (Fig-

ure 4B). Following the meal, patients had a significant increase

in recovered microbial sequences (Figure 4B) manifested by

increased overall (prokaryotic + eukaryotic) alpha diversity (Fig-

ure 4C main). If we excluded human host sequences from the

analysis, there was no significant change in bacterial or archaeal

alpha diversity after eating (Figure 4C inset; Figure S2A). How-

ever, early 2-h postprandial blooms of Proteobacteria were

compensated by corresponding proportional reductions in Fir-

micutes (Figures S2B–S2D). It is well established that gastroin-

testinal blood flow and oxygen delivery to the intestine increase

after meals (Madsen et al., 2006), consistent with a bloom of

Proteobacteria over anerobic Bacteroidetes and Clostridia (By-

ndloss et al., 2017). Since the extraction protocol used was opti-

mized for DNA, RNA viruses were not sequenced. However, low

numbers of recovered DNA viral sequences were also obtained,

but the inferred viral diversity (dominated by Polydnaviridae,

Myoviridae, and Siphoviridae) did not change after feeding

(Figure S2E).

The proportion of microbial sequences dropped again after 4

or 6 h, apart from one patient (P6), with a slow continuous rise

from 2 to 8 h (Figure 4B). Further rises in recovered proportions

of microbial DNA occurred at or after 6 h following a second

meal. Variable orocecal transit times are due to differences in

gastric emptying and the composition of the test substances

used for their measurement: median values between 53 and

204 min are found using different techniques (Miller et al., 1997).

We concluded that there was increased biomass of the distal

small intestinal microbiota after feeding, which contracted again

after the wave of dietary nutrients had passed. We confirmed

directly that this postprandial effect on the distal small intestinal

microbiota corresponds to an increased ileal microbial biomass

after an overnight fast in 4 independent ileostoma patients by

quantitative bacterial flow cytometry, which showed 10-fold

increases in absolute numbers of microbes after 2 and 4 h
ma patients

e in CRC patients’ stomas and healthy subjects’ feces are plotted using the

rdinary one-way ANOVA corrected for multiple comparisons using Benjamini

ficant.

s clusters of intestinal locations at 95% confidence intervals. Non-parametric

atomic locations: p < 0.05 was considered significant.

in cured CRC patients is shown using phylogenetic trees (C) and as relative

relative abundances in ileum, right colon, and left colon, respectively. q < 0.2

at the genus level. Correlating clinical metadata was plotted after BH-FDR

rank was sorted by high similarity score. The color intensity of the heatmap

ificant pairs of features (clinical determinants versus microbial composition) of

l feces (HF) stratified according to ascending Firmicutes/Proteobacteria ratio.

tinal sites from CRC and CD patients using (G) relative abundance or (H) total

ence intervals.

n based on relative abundance and total bacterial mass information. The higher

tively. Differential abundance was assessed usingMaAsLin2 with the BH-FDR

era are denoted _uc, classified but unnamed genus _un. Asterisks for p values:

right colon samples, 71 left colon samples from CRC patients, and 17 healthy

and (I) contain 30 ileum samples, 15 right colon samples, 52 left colon samples

on samples from IBD patients.
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following breakfast (Figure 4D). Although these results are from

ileostoma patients, measurements during nasoileal intubation

show that ileostoma fluid flux is no faster than in healthy controls

(HCs) with an intact intestine (Ladas et al., 1986), suggesting that

the inter-digestivemicrobial load purging from the small intestine

is likely also true of normal subjects.

Changes in available ileal carbon sources and other
metabolites following a meal
The kinetics of the large postprandial bloom in the distal small in-

testinal microbiota indicated that in most subjects, the available

carbon sources for bacterial growth and division start to reach

the ileum 2 h after a meal and are entirely purged after a 12 h

fast at the latest. Previous work has shown that these carbon

sources include fiber and starch polymers that are resistant to

human glycoside hydrolases in the proximal small intestine (Po-

mare et al., 1985; Silvester et al., 1995). We therefore asked

whether the overall chemical environment of the distal small in-

testine also undergoes large postprandial transitions, matching

those of the microbiota biomass and the delivery of undigestible

polymers from the diet or whether the luminal organic environ-

ment is buffered by proximal host digestion and consumption

by the ileal microbiota of residual simple carbon sources.

To achieve the required breadth and depth of molecular

discrimination of intestinal contents, we employed high-resolu-

tion untargeted mass-spectrometry on the ileostoma contents

with a high-throughput methodology (Fuhrer et al., 2011, 2017;

Sévin et al., 2017). This could potentially resolve over 1,000 com-

pounds ranging from 50 to 1,000 Da annotated to metabolite

ions based on accurate mass with 1-mD tolerance, which al-

lowed us to capture the spectrum of luminal organic compounds

independently of undigested fiber or other high polymers (Fuhrer

et al., 2011; Uchimura et al., 2018). The postprandial trajectory of

each metabolite ion was defined using k-means clustering to

classify metabolites according to the proportional patterns of in-

crease or decrease over time in every case after the test meal

(Figure S3A). In an unsupervised clustering analysis of metabo-

lites that showed consistent postprandial trends in at least 4 of

6 patients, we found groups of metabolites that were generally

present in early fasting time points and decreased subsequently

and other groups of metabolites that were increased at different
Figure 4. Microbial and metabolomic changes between fasting and fee

(A) Box plots for metagenomic read numbers mapping to bacteria, host, archaea

(B and C) Microbial/host DNA ratios (B) and Shannon alpha diversities (C) in ileal s

panel excluded host sequences from Shannon index calculations. Each color re

sampling time after feeding. Changes in diversity over different time points were t

(D) Changes of absolute microbial mass per gram of ileal stoma contents at 2 and

a separate individual. Differences between time points were tested by paired non

the two-stage linear step-up method of Benjamini, Krieger, and Yekutieli. (*adj-p

(E and F) Ordination plots show microbial (E) and metabolomic (D) distinctivenes

(G) Microbial changes in ileal stoma samples from recovered CRC patients in (A)

dance changes over time in each patient (P1–P7).

(H) Numbers of strains within each patient that were shared (ANI > 99.999%) or

(I) Genetic identity similarities of E. coli and K. pneumoniae within patients’ sam

difference between groups was compared with an unpaired non-parametric Man

(J) Violin plot shows the nucleotide diversity for the most abundant species from i

violin plot for a single species represents different times of sampling. The orange

31 samples from different time points (0–48 h) of 6 patients were used in these a

(0–4 h) of 4 independent patients after fasting overnight.

See also Figure S5.
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times (Figure S3B; metabolite annotation: Table S3). Using The

Human Metabolome Database (HMDB) (Wishart et al., 2022)

and (FooDB) (The Metabolomics Innovation Centre, 2017) data-

base, we classified the likely origin of each metabolite (Fig-

ure S3B; Table S3). Although it was ethically unacceptable to

alter the patients’ medication regimen for this study, most med-

ications had been dosed by the patient in the morning before the

test breakfast, and 15% of pharmaceuticals increased, whereas

8% decreased during subsequent sampling (Figure S3B).

Different plant xenobiotics showed both increasing (37%) or

decreasing (35%) postprandial trajectories and accounted for

the largest proportion of metabolites isolated from the small in-

testinal output. We concluded that the dominance of plant xeno-

biotics and the lack of an overall proportional change in this

metabolite class is consistent with the slow clearance of these

non-absorbable small molecules from the small intestine.

Notably, we did not detect increases of mono- or di-saccha-

rides following the meal: we interpreted these results as the

completeness of saccharide uptake in colonized human small in-

testine, with consumption of any non-absorbed molecules as

preferred carbon sources for bacterial growth and division.

Increased bile acids were also not detected postprandially, likely

reflecting binding to plant fiber (Naumann et al., 2020) and the

ileal reuptake of free bile acids before distal stoma sampling

(Trauner and Boyer, 2003). The small hydrodynamic volume of

the Mr < 1,000 analytes measured by high-resolution untargeted

mass-spectrometry allows diffusion and access to pores in

mucus and glycocalyx layers, resulting in very limited clearance

by inter-digestive intestinal peristalsis during an overnight fast.

The finding of limited generalized postprandial fluctuation of indi-

vidual metabolites in the distal small intestinal fluid is therefore

consistent with heterogeneity in the pretest diet taken by the 6

subjects in this longitudinal study.

Differences in the metabolome in steady-state samples
from stomas at different levels of the intestine
Having shown that analytes annotated as plant metabolites were

present in both fasting and postprandial samples of the small in-

testinal output, we asked how the patterns of metabolites differ

between the small intestine and the proximal or distal colon.

For this, we needed to analyze stoma outputs at different levels
ding in ileostomas of treated CRC patients

, or virus. See also Figure S2.

tomas over time. The main panel in (C) includes host DNA whereas the (C) inset

presents an individual patient and gray bars at 2, 6, and 48 h show the first

ested using a linear-mixed-effect model with the individual as a random effect.

4 h after breakfast assessed by bacterial flow cytometry. Each color represents

-parametric test corrected for multiple comparisons controlling the FDR using

< 0.05).

s in patients from (A) assessed by Bray-Curtis dissimilarity metrics.

were assessed by metagenomic sequencing. Heatmap shows relative abun-

non-shared (ANI < 99.999%) over different times after feeding.

ples or between patients’ samples are shown based on PopANI values. The

n-Whitney U test. *p < 0.05, **p < 0.01, ***p < 0.001, and n.s., non-significant.

leal stomas in recovered color-coded CRC patients. The same color within the

-shaded zone shows identical strains (ANI R 99.999%).

nalyses except (D), which shows 12 samples from three different time points
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of the intestinal tract: since each patient only has a single stoma,

we therefore compared the steady-state metabolome (taken in

the morning 2–4 h after breakfast) of ileal and colonic samples

according to the different positions of stomas in individual pa-

tients across our CRC cohort.

Relatively few compound classes showed significant propor-

tionate differences by untargeted metabolomics comparing 30

ileal and 49 cured CRC colonic stomas. Despite the underlying

patient heterogeneity, ileostoma compared with left-sided co-

lostoma contained relatively reduced proportions of benzenoids

(q < 0.05), cinnamic acids/derivatives, and organoheterocyclic

compounds (both q < 0.2) (Figures S3D and S4; Table S4). There

were no significant differences in metabolite classes between

the ileum and right colon in CRC patients. In contrast, ben-

zene/substituted derivatives, benzenoids, carboxylic acids/de-

rivatives, organic acids/derivatives, and organoheterocyclic

compounds were proportionately reduced comparing the ileum

and right colon of CD patients (q < 0.01 apart from benzene/de-

rivatives q < 0.05) (Figures S3E and S4; Table S4). These propor-

tionate compound class increases in the colon are consistent

with metabolism by increased microbial biomass.

Given that approximately 36% of the persistent metabolites

that we had found in the ileal metabolomic analysis were anno-

tated as of plant origin, we also analyzed our metagenomic data-

set for annotated DNA sequences from the plant kingdom (Fig-

ure S5). We reasoned that these plant DNA sequences would

have been fragmented through cooking and nucleosidases dur-

ing digestion. Overall, proportions of plant DNA reads, domi-

nated by taxa from Fabales, Poales, Gentianales, and Solanales

did not change significantly between fasted and fed ileostoma

patients (Figure S5A). However, there were minor increases in

plant DNA reads corresponding to individual plant taxa following

feeding, although the taxa detected differed according to the

sampled individual (Figure S5B). In one case, cannabis DNA

was detected at the end of the study trajectory likely because

of non-prescribed oral self-medication (Figure S5B). Therefore,

like plant metabolites, plant DNA fragments are also highly

persistent in the small intestine, and the proportions do not

change after food, unlike the prokaryotic DNA derived from

intact bacterial cells which are largely purged through fasting

and bloom following a meal.

Rapid shifts of microbiota sub-strains in the distal small
intestine
Microbiota analyses are commonly reported at the genus or am-

plicon sequence variant (ASV) level to allow scalable analyses

across populations or within individuals over time. Metagenomic

sequences allow annotation at the species level, although even

this is an incomplete picture, as each microbial species is

comprised of multiple variants (Garud et al., 2019; Schloissnig

et al., 2013; Zhao et al., 2019). The metagenomic analysis of ileal

microbiota showed that the biomass itself was responsive to

feeding and fasting, but the overall diversity of taxa present

was not. The Shannon entropy index did not show significant

changes over the course of the postprandial sampling (Figure 4C

inset). Although individual patients’ ileal microbiotas were

distinct, there were no significant differences of microbial and

metabolite profiles within each individual over time as assessed

by Bray-Curtis dissimilarity metrics: this indicated that all spe-
cies had proportionately increased in abundance as the overall

biomass increased (Figures 4E and 4F).

In an earlier study of microbiota evolution in mice, we had

directly shown the emergence of different sub-strains of a domi-

nant microbiota taxon (B. cecimuris I48) by sequencing single

bacterial cell clones (Yilmaz et al., 2021). We also showed the

emergence of different sub-strains over time and that alterations

in their proportions could be indirectly inferred informatically

through coordinate shifts in the allele frequencies of sets of var-

iants on a single bacterial chromosome: in some cases, the co-

ordinate changes were seen with overlapping but not congruent

single-nucleotide polymorphisms (SNPs)—here it is likely that a

parent strain, with some but not all variants, was undergoing

the same shift as its progeny which had acquired additional

SNPs (Yilmaz et al., 2021). The question was therefore whether

there is a proportionate change of the sub-strains within each

species or whether different sub-strain components bloom and

contract within the niche occupied by the strain itself as intralu-

minal small intestinal conditions change in humans. We hypoth-

esized that there would only be limited numbers of sub-strains

that would also be reasonably stable in composition within indi-

vidual taxa to ensure a sufficient burst size for each during post-

prandial restitution of the microbiota.

We analyzed deep metagenomic sequencing of the ileal mi-

crobiota samples with bacterial strain level assessments using

the MIDAS (Nayfach et al., 2016) and inStrain (Olm et al., 2021)

pipelines. Using the definition of average nucleotide identity

(ANI) of 99.999% as indicating strain identity within a bacterial

species, we could show by comparison of variants across indi-

viduals using ‘‘inStrain compare’’ that although there were

more strain differences between individuals than within an indi-

vidual, many taxa within each individual comprised multiple

different strains and were oscillated in relative abundance over

fasting and feeding cycle in one of three modes (Figures 4G–4J

and S5E).

Nevertheless, there were many variants within each strain

meeting the criterion of <99.999% ANI and therefore designated

as sub-strains. We confirmed that such coordinate allele fre-

quency variant shifts also occurred in fecal samples of two

healthy individuals taken at 2 weekly intervals for 6 weeks (Fig-

ure 5A). Sub-strain frequencies inferred based on coordinate

allele frequency shifts were highly unstable across sequential

hourly samples from the ileal stomas, even in successive sam-

ples after themicrobiota biomass had expanded 2 h after feeding

(Figures 4B and 5B). Despite the low fasting ileal microbial

biomass, in one case, we were able to carry out variant analysis

in a fasting patient and follow this after feeding (Figures 5B and

S6). This also showed coordinate shifts of multiple groups of

allele frequencies before and after different times following

feeding. Using hierarchical analysis of variant clusters, in this

case, we could infer that there were more than 16 sub-strains

of E. coli and 19 of K. pneumoniae, some of which reached an

allele frequency of almost 100% before disappearing in subse-

quent samples 2–4 h later (Figures 5B and S6C; Table S5). Since

the time course for these clustered allele frequency shifts is too

fast for most to be accounted for by new mutations (as they

would have to expand and fix coordinately in the overall popula-

tion; Good et al., 2017), we interpret these changes as the rapid

expansion from a sufficient burst size of the sub-strains present
Cell Host & Microbe 30, 1773–1787, December 14, 2022 1781
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Figure 5. Sub-strains fluctuations in healthy subjects and CRC patients

(A) Metagenomic sequencing of the fecal bacterial DNA in healthy subjects was performed over 6 weeks with fortnightly sampling. Variants were called by

comparison to the reference genome of each species. Variant changes over weeks are shown for B. adolescentis and Blautia sp. in two healthy individuals.
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in the distal small intestine or transported distally—at times

below detection levels at the stoma for metagenomic analysis.

Contractions of sub-strains are likely mostly through distal loss

into the stoma. This shows the rapid expansion (and contraction)

of sub-strains that can persist at very low frequencies, at times

also within a very reduced overall biomass.

Most of these sub-strain variants in both E. coli and

K. pneumoniae were non-synonymous, although clusters also

contained synonymous variants undergoing the same frequency

shifts, likely because of linkage on the same chromosome. To

infer whether there was evidence that some of these variants

had previously been subject to selection events, we examined

the relative rate of increase in non-synonymous versus synony-

mous variants through the pN/pS ratios at different loci (Olm

et al., 2021; Schloissnig et al., 2013). This showed variants at

some loci compatible with past positive (pN/pS > 1) selection

events (Figures 5C and S6D), although the caveats are (1) that

our values are calculated with respect to the reference genome

rather than over evolutionary time and (2) that the functionality

of the reference or variant protein products is not known.

Since bacterial structural variation (SV) regions possibly

contain functional genes involved in host-microbial interactions

and provide information on the sub-genome resolution of bacte-

rial functionality, we applied ‘‘iterative coverage-based read

assignment’’ (ICRA) and SGV-Finder (Zeevi et al., 2019) for tem-

poral characterization of the microbial genetic differences within

individuals over the fasting and feeding cycle. We specifically

focused on the function of SVs in E. coli by searching for en-

riched (via increased standardized coverage of the region) or

depleted genetic functions. We identified 87 deletion SVs

(dSVs, Figure 6A) compared with 55 variable SVs (vSVs, Fig-

ure 6B) for E. coli (Table S6). Most of the dSVs and vSVs were

in gene regions annotated as ABC type and other transport sys-

tems, host-targeting type IV secretion proteins, and toxin-

antitoxin modules, membrane proteins, and transcriptional

regulators.

Most of the genes that contain SNPs for E. coli have annota-

tions for membrane transport proteins, iron uptake, lactate utili-

zation, binding proteins, transcriptional regulation, and

numerous enzymatic (e.g., oxidoreductase, synthase, trans-

ferase, dehydrogenase, ligase, aminopeptidase, reductase,

permease, and endonuclease) activities (Figure 5B; Table S5).

These functions are also observed in SV analysis (Figure 6B),

with some SNPs identified located in the same gene regions of

identified dSVs or vSVs (Figure 6; Table S6: Del3, Del12,

Del25, Del66, Del83, EfeO, DgcM, ObgE/CgtA, and Var32). The

significance of changes in these functions is only by inference

but would be consistent with possible adaptation (or exaptation)

and fitness in the dynamic small intestinal environment. In addi-

tion, phage- and transposon-related genes and phage integrase

genes were enriched or depleted over time in SVs, suggesting

that these generated variants may contribute to phenotypic het-
(B) Variants with unsupervised clustering from ileal stomas for E. coli after feeding a

the heatmap.

(C) Genes with sufficient sequencing depth with pN/pS ratios inferring a history o

synonymous and synonymous mutations.

(A) contains 8 samples from 2 healthy individuals. (B) and (C) contain 10 samples

See also Figure S6.
erogeneity with the potential for increasing motility and viability

via interacting with their environment without a change in overall

gene content. In one patient (#6, Figure 6), where sequencing

depth allowed analysis even in the relatively limited fasting mi-

crobial biomass, 27/54 dSVs became undetectable and 10 ap-

peared in the postprandial period.

We concluded that there are therefore two types of microbiota

instability in the distal small intestine of ileostoma patients. (1)

The overall microbial ileal biomass contracts in the inter-diges-

tive period and blooms again after the patient eats, and (2)

variant sub-strains within individual taxa that (although the pro-

portions of the taxa show coordinate changes during biomass

expansion) are highly unstable over time, even during the diges-

tive period in the fed patient.

DISCUSSION

We have studied patients who had recovered from their original

disease with surgically fashioned stomas that allow real-time ac-

cess to the distal small intestine and different levels of the large in-

testinewithout purgatives or other clinicalmanipulations.Our data

show that there are potentially two types of instability in the host-

microbial interaction. First, the biomass in the distal small intestine

is substantially shed in ileostomas following a fasting period and

rapidlyblooms in the fedstate.Second, theproportionsofdifferent

taxa in the large intestine are stable, and there are only minor

changes in taxa proportions in the distal small intestine. Beneath

this stability, there are coordinate alterations of different clusters

of allele frequencies within a strain, occurring with a very rapid dy-

namic during the digestive period in the small intestine. This is

consistent with multiple sub-strains changing rapidly over time.

Thevery rapid timingof sub-strainappearanceanddisappearance

in thesmall intestine iscompatiblewithbloomsandcontractionsof

the sub-strains concerned, in some caseswith very large changes

in allele frequency and contraction to undetectable levels.

Although the different taxa of the colonic human microbiota are

normally found to be quite stable in adulthood, our data in the

disconnecteddistal small intestine shows that this apparent stabil-

ity can conceal components of extremely rapid dynamics, even

occurring within a period of several hours.

In contrast to the rapid dynamics of the microbiota, many

small metabolites only show minor proportional differences in

the small intestine after feeding and between the different sites

along the intestine. These more limited dynamics are consistent

with the slower passage of small metabolites (Mr < 1,000) along

the intestinal tract with its substantial unstirred compartment.

How representative are these data for the healthy human ileum

in the absence of surgical manipulation or the illness that pre-

ceded it? We found no significant differences over time in alpha

or beta diversities comparing samples of the ileal contents taken

directly during surgery before the ileostoma was fashioned and

those taken later from the ileostoma itself. Since we and others
s in Figure 5. Time points after breakfast and patient identities are shown above

f positive (>1) selection events in patients from (B). SnpEff annotation of non-

from different time points (0–48 h) of 4 patients.
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have shown that there are persistent alterations in themicrobiota

of CD patients following surgery (Fang et al., 2021; Yilmaz et al.,

2019), so we excluded patients with IBD for longitudinal ileos-

toma studies and prioritized cured CRC patients in our studies.

The curedCRC colonicmicrobiota does contain altered bacterial

populations (Dai et al., 2018) but unlike CD, the terminal ileum is

normally not involved in colon cancer. Nevertheless, a persistent

effect on the small intestinal microbiota during or after stoma for-

mation cannot be excluded.

Our data on biomass and inferred sub-strain fluctuations in the

fed-fasting cycle come entirely from luminal contents of the

disconnected ileostoma in patients treated for distal colon can-

cer. Disconnection of the fecal stream has been shown not to in-

crease the ileal fluid flux (Ladas et al., 1986), and the taxa we find

in themicrobiota are broadly consistent with earlier qPCR results

in mucosal biopsies obtained in 6 emergency surgical patients

(Ahmed et al., 2007) and by colonoscopic aspiration following

ileostoma closure in intestinal transplant patients (Hartman

et al., 2009). This suggests that the inter-digestive microbial

load from the small intestine is likely also true of normal subjects
1784 Cell Host & Microbe 30, 1773–1787, December 14, 2022
with an intact intestine. Studies of the ileocecal valve, which

anatomically separates the small and large intestines, are also

limited by accessibility, but both human and large animal studies

indicate that a functional high-pressure zone avoids free reflux of

large intestinal contents (Dinning and Hixson, 1995), with neuro-

muscular control allowing drainage of small intestinal contents

both in digestive and inter-digestive phases (Malbert, 2005).

Since the ileum is proximal to the main biomass of the colonic

microbiota, ileal microbiota alterations may also contribute to

shaping the composition of the large intestinal microbiota. We

were also able to show allele frequency variations compatible

with sub-strain fluctuations in fecal samples of control patients

(with an intact intestinal tract).

SVs within human intestinal microbiome species have been

described within individual subjects across time. They are

also more common between unrelated cohabitants than in

different individuals living apart. Some of these SVs are posi-

tively or negatively associated with the health metrics (Zeevi

et al., 2019). In elderly patients, it can be detrimental to lose mi-

crobiota species diversity, and in some cases, replacements by
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exotic taxa can provide health benefits (Wilmanski et al., 2021).

The human gut microbiota may evolve with short-term evolu-

tionary dynamics (albeit with human-relevant timescales) and

longer-term evolution across hosts. If one considers the human

gut as a unit, many microbial species are not a genetically

cohesive population: rather, there are genetically distinct col-

lections of lineages within the same individual (Garud et al.,

2019). Our data from human terminal ileal stomas support

this for a particular segment of the intestinal tract that is subject

to wide variations in microbial biomass over the digestive and

inter-digestive cycles and indicate that there can also be rapid

changes in the lineage composition of individual taxa. Given

that SVs within microbial species are more common in trans-

port systems than genes for core metabolic pathways and

can be associated with a growth advantage (Zeevi et al.,

2019), the timescale of hours over which allele frequencies of

the inferred sub-strains change indicates that these rapid

changes are driven by changing intraluminal ecological condi-

tions rather than de novo mutations.

We therefore propose that large numbers of dynamic sub-

strain ecotypes within individual microbial taxa of the distal small

intestine are a normal feature of healthy host-microbial mutu-

alism, allowing homeostasis to be maintained in a wide range

of intraluminal conditions, where individual taxa are stabilized

by alterations in their sub-species proportions carrying relevant

functional variants. This may avoid alpha diversity loss and dys-

biosis unless bottlenecks occur associated with disease, diet, or

environmental pressures. Our ecosystems biology approach us-

ingmolecular datasets (Raes andBork, 2008) from stoma patient

samples supports the flexibility of the sub-strain structure of the

small intestinal microbiota and its potential to adapt its biomass

according to phases of dietary intake.
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Lead Contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Andrew

Macpherson (andrew.macpherson@dbmr.unibe.ch).

Materials availability
This study did not generate new unique reagents.

Data and code availability
d The data presented in this manuscript are tabulated in the main paper and the supplementary materials. All sequencing data

generated in the preparation of this manuscript has been deposited in https://www.ncbi.nlm.nih.gov/bioproject/ with

BioProject Accession PRJNA825696 (Accession: SAMN27578394). Metabolomic raw dataset with processed files and the

entire details of used samples can be downloaded using the following link: https://figshare.com/s/5f84cf321e731a49ae06

(DOI: https://doi.org/10.6084/m9.figshare.19486883). 16S rRNA amplicon sequencing dataset with processed files and the

entire details of used samples can be downloaded using the following link: https://figshare.com/s/077130437ca8ac314386

(DOI: https://doi.org/10.6084/m9.figshare.19483346).

d No new code was developed in this study. All scripts and metadata, together with GraphPad Prism files containing statistical

analysis for alpha diversity, bacterial count, and taxonomy profile are on GitHub (https://yilmazbah.github.io/

StomaMicrobiota).

d Any additional information required to reanalyze the data reported in this paper is available from the corresponding author, Bah-

tiyar Yilmaz (bahtiyar.yilmaz@dbmr.unibe.ch), upon request.
EXPERIMENTAL MODEL AND SUBJECT DETAILS

Study design
We included patients with original diagnoses of colorectal cancer (CRC), ulcerative colitis (UC), Crohn’s disease (CD), and healthy

individuals for three different sections of the study. The first part of the study consists of 13 CRC patients who were longitudinally

sampled for luminal content and biopsies before and after stoma surgery. The second part of the study includes 79 CRC, 19CD,

16UC stoma patients, and 14 healthy subjects. Luminal (stoma) or fecal contents were used for microbiota profiling in these patients.

In the third part of the study, luminal stoma contents from cured 6CRCpatients who had fasted overnight (at least 10h) were collected

during the day every two hours to study the effect of feeding on ileal microbiota. The details of the samples are described in Sample

collection section of method details.
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Ethics statement
Licensed gastroenterologists collected biopsy and luminal samples and clinical data of patients. Stoma patients were anonymized

and collected in EDC (electronic data capture) system (REDCap) activated for the trial after successfully passing formal quality con-

trols. The Bern EDC system and the database are hosted by the Clinical Trial Unit of Bern University. The Bern Human Intestinal Com-

munity project for stable stoma samples and the Bandit project for longitudinal samples were approved by the Bern Cantonal Ethics

Commission (Ref: KEK-BE: 251/14 and BASEC number (2021-01108); and KEK-BE:2017/00573, respectively) with signed informed

consent was obtained from all participants.

METHOD DETAILS

Sample collection
In the first part of the study (Figures 1 and S1A–S1D), ileal and rectal samples from 13 subjects were collected directly before and at

surgery, followed by sequential sampling from the same patient over the next 6-12 months Table S1. Samples were collected at

7-time points during the primary rectal cancer surgical treatment. Timepoint 0 (E0) is prior to surgery. Rectal biopsies and luminal

contents were collected during the colonoscopies and at the time of surgeries. Timepoint 1 (E1) is the time of the surgical resection

of rectum and the formation of the protective loop. During the formation of the protective loop ileostomy, a sample of the small bowel

effluent and a 0.5x0.5 cm small bowel mucosa biopsy were collected. Time points 2-7 (E2-E7) are different time points starting from

day 5-7 (postoperatively after resection of rectal cancer, before discharge) until 300 days (ileostomy closure): small bowel effluent

from the afferent limb, swab specimen out of the efferent limb of the ileostomy and small bowel effluent from the afferent limb during

closure surgery, rectal biopsies and luminal contents were collected into 2ml tubes. Samples were then stored at -80�C until DNA

extraction.

In the second part of the study (Figures 2, S1E, S4D, S4E, and S5), the luminal contents were collected from either stoma or stoma

bag fromdifferent intestinal locations of 79 patients who had recovered from surgery for distal colonic cancers (CRC) (38% ileostoma,

10% right-sided colonic stoma, and 52% left-sided colonic stoma) and 19 CD patients (47% ileostoma, 32% right-sided colonic

stoma, and 31% left-sided colonic stoma) and 16 UC patients (100% ileostoma). Samples were divided into 3 tubes and later

used for 16S amplicon sequencing, metabolomics, and total bacterial count (see Figure S1A and Table S3 for anatomical and clinical

details). In addition, fecal samples were collected into OMNIgene,GUT tubes by 17 healthy donors and were stored at -80�C until

DNA extraction. The fecal samples from healthy donors were not used for any metabolomics, or total bacteria count since the sam-

ples were collected into OMNIgene,GUT tubes which stabilized the microbial DNA. Fecal samples from additional two healthy con-

trols were collected longitudinally every 2 weeks into OMNIgene,GUT tubes and were then stored at -80�C.
In the last part of the study (Figures 3 and 4; Figures S2 , S3, S4A–S4C, S6, and S7), we collected serial samples from ileal stomas in

cured 6 CRC patients who had fasted overnight (at least 10h) before and after they had eaten a standardized breakfast provided by

hospital catering. The breakfast contained bread, cheese, butter, olive, yogurt, jam, and coffee with milk, while lunch contained

chicken breast or beef strips together with pasta or french fries, salad, mineral water, and coffee with milk. Early in the morning,

at time point 0 (t=0h) first content samples were collected into 2ml Eppendorf tubes from the ileum before they had eaten breakfast

(breakfast time), and samples were then collected at 2 (t=2h), 4 (t=4h; lunchtime), 6, 8, 10 and 48h (t=6-48h). Luminal samples were

divided into two tubes and later were used for shotgunmetagenomic sequencing andmetabolomics. Contents were then centrifuged

at 4�C and were snap-frozen in liquid nitrogen. Samples were then stored at -80�C until DNA extraction.

We then recruited four additional patients who also fasted overnight, and ileal content samples were collected from these patients

at three different time points before (t=0h) and after they had eaten a standardized breakfast (t=2h and t=4h) (Figure 3D) and stored at

-80�C until the DNA extraction.

DNA extraction from human intestinal biopsies and luminal contents
DNAwas extracted from luminal contents, small bowel effluents, and endoscopic biopsies that were initially collected into 2mlmicro-

fuge tubes using AllPrep DNA/RNAMini Kit (QIAGEN) or QIAampDNA stool kit (Qiagen) according to themanufacturer’s instructions.

Briefly, 700 ml of Buffer RLT Plus 2-mercaptoethanol and ametal bead were added to each tube containing biopsies. Biopsy samples

were then homogenized with the Retsch Tissue Lyser (QIAGEN) at 30Hz for 3 min, followed by 3 min centrifugation at 13000g

(Eppendorf). Supernatants were transferred into the AllPrep DNAMini spin column and centrifuged at 10000g for 30 sec. DNA within

spin columns was washed using 500ml of Buffer AW1 and Buffer AW2 afterward (Yilmaz et al., 2019). Alternatively, luminal DNA

extraction was QIAamp DNA stool kit (Qiagen) according to the modified manufacturer’s instructions (Yilmaz et al., 2021). Briefly,

100 mg luminal contents were homogenized in 500ml Buffer ASL buffer by bead-beating step as described above and followed

with 95�C heat-based lysis steps. This step wasmodified from themanufacturer’s protocol. After repeating bead beating and heating

steps twice, samples were incubated with 200ml Lysis Buffer (20mg/ml lysozyme (added after autoclave - Sigma 62970-5G-F); 20mM

TrisHCl, pH 8.0; 2mM EDTA; 1.2% Triton) for 30 min. This step allowed us to increase the DNA yield for difficult to lyse gut microbiota

components. Next, 500ml Buffer ASL was added, and themanufacturer’s protocol was continued for downstream processes. In both

extractions, DNA samples were eluted with 30ml DNase/RNase free water, and the concentration/purity of the extracted DNA sam-

ples was assessed by NanoDrop� (Thermo Scientific). Samples were then stored at -20�C until amplicon PCR or shotgun metage-

nomic sequencing.
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16S amplicon sequencing using IonTorrent PGM platform
The V5/V6 region of 16S rRNA geneswas amplifiedwith InvitrogenTM PlatinumTM TaqDNA polymerase from 200-1000ng of DNA. The

expected product length was �350 bp. The bacteria-specific primers (forward 5’-CCATCTCATCCCTGCGTGTCTCCGACTCAGC-

barcode-ATTAGATACCCYGGTAGTCC3’ and reverse 5’-CCTCTCTATGGGCAGTCGGTGATACGAGCTGACGACARCCATG-3’)

were used (Sundquist et al., 2007).

PCR conditions consisted of an initial 5 min at 94�C denaturation step, followed by 35 cycles of 1 min denaturation at 94�C, 20sec
annealing cycle at 46�C, and 30sec extension cycle at 72�C,with a final extension for 7min at 72�C. PCR products run on 1%gel for 2

hours and amplicons were purified using Gel Extraction Kit (Qiagen). The amplicon concentration was determined with Qubit 3.0

Fluorometer (ThermoFisher). 26pM of each sample were pooled into a library tube and sequencing was then carried out using the

Ion PGMTM Sequencing 400 Kit and Ion 316TM Chip V2 within the IonPGMTM System (Thermo Fisher) (Yilmaz et al., 2019).

Raw sequences were first loaded into the QIIME 1.9.1 pipeline, as described (Caporaso et al., 2010) on the UBELIX Linux cluster of

the University of Bern. Only samples with more than 5000 high-quality reads were used for further analysis using R packages. Oper-

ational taxonomic units were picked using UCLUST with a 97% sequence identity threshold as a default option implemented in

QIIME, and followed by taxonomy assignment using the latest SILVA rRNA database (https://www.arb-silva.de) (Pruesse et al.,

2007). OTUs that were not present in at least 30%of our samples or with a low abundance (<0.0001%of the total counts) were filtered

out from the downstream analysis. In combination with the detailed clinical patient metadata (diagnosis, age, BMI, gender, location of

stoma, treatment, diet, smoking status, etc.) downstream analysis and data visualization were performed in the R statistical program-

ming environment package phyloseq (McMurdie and Holmes, 2013). Since the general consensus is not to rarefy the data, this was

not carried out on the dataset for the downstream analysis (McMurdie and Holmes, 2014). The statistical differences in a-diversity

(Shannon index) were calculated either with a non-parametric Kruskal-Wallis test or Mann-Whitney U test for group comparisons

or linear mixed models for longitudinal samples where we assessed the distribution of variation [lmer(Diversity � TimePoint +

Age + BMI + Antibiotic + Gender + (1|PatientID) + (1|SmokingStatus), data = diversitydata) ].

To evaluate differences in community composition (b-diversity), Bray-Curtis genus-level community dissimilarity distances were

calculated and plotted. For a Bray-Curtis Dissimilarity measure in beta diversity analysis, we used the relative abundance data of

each taxon in every sample. Differences in beta-diversity between the groups were assessed (PERMANOVA) with pairwise compar-

ison (Benjamini-Hochberg false discovery rate correction) using pairwiseAdonis R package. (Callahan et al., 2016; McMurdie and

Holmes, 2013). Multivariate homogeneity of group dispersion was to calculate the average distance of the groups and to test if

the dispersion of any group was significantly different from the others using betadisper command from vegan R package with the

implementation of M. Anderson’s PERMDISP2. MaAsLin2 with implemented multiple testing (Benjamini-Hochberg false discovery

rate correction; a false discovery rate [FDR], q-value) was used to find associations between clinical metadata and microbial com-

munity abundance (Mallick et al., 2021; Morgan et al., 2012). Taxa present in at least 10% of the samples and minimum 0.00001% of

total abundance were set as the cut-off values for further analysis. The differences between groups were tested at phylum, family,

and genus levels with analysis method = LM after converting the abundance table (feature table) into relative abundance and loga-

rithmic transformation. Random and fixed effects, as stated for alpha diversity analysis of longitudinal samples, were also included in

MaAsLin2. The following commands were the representative command line for MaAsLin2 analysis when the taxonomy data was

read count:

fit_data <- Maaslin2 (input_data_bacteria, input_metadata, ’AnalysisName, transform = "LOG", min_abundance=0.000001,

normalization="CSS", method="LM", max_significance=0.2, min_prevalence=0.1, fixed_effects = c(’Diagnosis’, ’Sample_Style’,

’BMI’, ’Age’, ’Gender’), random_effects = c(’Smoking_Status’, ’Antibiotics_3months’, PatientID), standardize = FALSE)

In contrast, when the taxonomy data is the relative abundance, the centered log ratios normalization with log transformation was

used in MaAsLin2.

After the correction for a false discovery rate, the adj-p value <0.05 was considered significant. Differences of p<0.05 were

considered significant in some of the statistical analyses. Statistically significant differences are shown with asterisks as follows: *;

adj-p < 0.05, **; adj-p < 0.01, ***; adj-p < 0.001 and ****; adj-p < 0.0001. Notable near-significant differences (0.05<p and 0.05< adj-p-

value <0.2) were also highlighted in some of the figures and following asterisks were also used: *; p < 0.05, **; p < 0.01, and ***;

adj-p < 0.001. Non-significant data is shown with ‘‘n.s.’’. All the relevant codes for running the MaAsLin2 are available on

Dr. Huttenhower’s group webpage (https://huttenhower.sph.harvard.edu). Plots were generated with ggplot2 using a phyloseq ob-

ject or GraphPad Prism v9.

Determination of the biomass
The weighed stoma luminal contents collected from 4 patients fasted overnight (t=0h), and after feeding t=2h and t=4h were sus-

pended in 1ml PBS, and fiber-filtered (100mm) suspensions were diluted to OD700=�0.8, stained with SYTO9 (5mM), and acquired

at a Beckman Coulter MoFlo� ASTRIOS� with known concentrations of spiked-in Fluoresbrite BB Carboxylate microsphere beads

of various sizes (0.5 mm, 1 mm, 2 mm). Bacteria were identified with SYTO9+. The bacterial concentration was calculated as described

elsewhere (Yilmaz et al., 2021). Differences between time points were tested with paired non-parametric tests corrected for multiple

comparisons by controlling the FDR using the two-stage linear step-up method of the Benjamini, Krieger, and Yekutieli.
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For extraction of metabolites, 4X volume of cold MeOH (final conc. 80%) was added to the supernatant part of luminal content sam-

ples and incubated for 1h at -25�C. Samples were then centrifuged for 3 min at 20 000g at room temperature. The supernatant was

collected and sealed in 96-well plates. A 6550 Agilent Q-TOF mass spectrometer was used to quantify relative metabolite ion abun-

dance in 1:10 diluted samples by non-targeted flow injection analysis as described previously (Uchimura et al., 2018). Profile spectra

with high mass accuracy were recorded from 50 to 1000 m/z in negative ionization mode. Ions were annotated based on accurate

mass comparison using 3mDa mass tolerance against unique molecular weights of compounds present in the Human Metabolome

Database (Wishart et al., 2013). The adj-p-value < 0.05 and absolute fold change (log2) > 2 were calculated from quantile-normalized

ion counts usingMatLab R2020b and used as a cut-off parameter for visualization. One-way ANOVAwith Tukey’s HSD test was used

to test the significance of metabolite differences between intestinal locations (Figures S4D and S4E).

Quantile-normalized ion counts were z-score transformed for k-means clustering, and the appropriate number of 10 clusters was

determined based on the mean sum of point to centroid distances (Figure S4A).

Library preparation and sequencing for metagenomics
Bacterial DNA libraries were prepared according to the Nextera DNA Library Prep (Illumina) and sequenced on NovaSeq 6000 (Illu-

mina) in paired-end mode to produce 2 x 150bp reads. The metaWRAP-Read_qc module was then used to 1) filter out the human

genome‒contaminated reads by aligning reads to the human reference genome, hg38 (UCSC) and 2) remove adaptor sequences

and low-quality reads, and produce quality reports for each of the sequenced samples, prior to the microbial abundance estimation

(Uritskiy et al., 2018). This module includes the FASTQC (Andrews, 2015) and the BMTagger pipelines (Rotmistrovsky and Agarwala,

2011). Afterward, bacterial strain level were assessed using the Metagenomic Intra-Species Diversity Analysis System (MIDAS) with

the sample and site depth > 5 (Nayfach et al., 2016).

The taxonomy assessments of viral strains together with plant and fungi one was using the Kraken2 pipeline with a custom RefSeq

database following the developer’s guideline and a Kraken report was generated in https://github.com/DerrickWood/kraken2/blob/

master/docs/MANUAL.markdown#custom-databases (Wood et al., 2019; Wood and Salzberg, 2014). We used kraken2-build –

download-taxonomy –db CustomDB to download in the CustomDB taxonomy folder i) taxonomy the accession number to taxon

maps, as well as the ii) taxonomic name and iii) tree information from NCBI which only contains the complete genomes of archaea,

bacteria, fungi, plants, protozoa, and virus. Afterwards, custom database containing all taxa except plants was built using kraken2-

build command and plant taxonomy analysis was separately run with only plant and human database together.

The following command line was representative for taxonomy classifications using Kraken2:

d kraken2 –use-names –db /home/ubelix/dbmr/terziev/CustomDB –fastq-input –report-zero-counts –confidence 0.2 –threads

24 –minimum-base-quality 0 –paired –gzip-compressed {input_1.fastq.gz} {input_2.fastq.gz} – output {output.reads} –report

{output.report} > input.kraken

Afterwards, Bracken (Bayesian Re-estimation of Abundance with KrakEN) (Lu et al., 2017) was used to refine the read counts at

lower levels of the taxonomy, and re-estimate at the levels of species, genus, and family using Kraken2 output. We used the default

command line as shown here: https://genomics.sschmeier.com/ngs-taxonomic-investigation/index.html#bracken.

The inStrain pipeline
This pipeline was used for the analysis of population genome comparisons, reporting of gene coverage and breadth, SNV calling with

gene localization and synonymous/nonsynonymous identification, nucleotide diversity, and dN/dS ratio for feeding experiments. Full

documentation available online at https://instrain.readthedocs.io was followed and personal communication with Dr. Matthew R.

Olm, one of the developers of this pipeline, to validate the output (Olm et al., 2021). For each genome, sample-specific base-pair

coverage and the number of bases of the genome covered by at least one read were calculated from sequencing data obtained after

metaWRAP-Read_qc module. We ran the following commands to get the SNVs and dN/dS profile for each sample:

d inStrain profile SF${SLURM_ARRAY_TASK_ID}.sam UHGGv1/UHGG_reps.fasta -p 24 -g UHGGv1/UHGG_reps.genes.fna -o

StomaMetagenomics/Instrain/SF${SLURM_ARRAY_TASK_ID}.IS -p 24 -g UHGGv1/UHGG_reps.genes.fna -s UHGGv1/UHGG_

reps.stb –database_mode.

d inStrain compare -i Instrain/SF${SLURM_ARRAY_TASK_ID}.IS -s UHGGv1/UHGG_reps.stb -p 24 -o StomaMetagenomics/

Instrain/IS.COMPARE –database_mode

More than 10X of a cumulative depth of coverage across all samples was set as a cut-off for a genome to be considered in down-

stream analysis. Additionally, at least 80% breadth of the genome coverage (the criterion for the species to be considered present)

from at least one sample was used to remove species that are not present in feeding cohort samples.We included the SNPs that have

the value higher than zero in over 80% of the samples. We also filtered out the SNPs that had a value of 1 in more than 80% samples.

Strain-level comparisons were performed between subspecies detected in multiple samples from the same patients over time-se-

ries sampling in Figures 3 and 4. For the strain comparisons within-patients or between-patients, all strains detected in multiple in-

dividual samples from a patient were compared using ‘inStrain compare’. A distance matrix was then created for each subspecies

based on population average nucleotide diversity (popANI) values, and this matrix was used to cluster strains into a number of
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individual strains using ‘average’ hierarchical clustering with a threshold of 99.999% ANI with the scipy cluster package. Strains with

PopANI > 99.999% were named identical ‘‘shared’’ strains, and strains detected with PopANI=81% - 96% are named non-identical

‘‘non-shared’’ strains. Lastly, the ‘‘pairwise approach’’ identified strains that shared >99.999%popANI across consecutive sampling.

We chose the cutoff of 99.999%popANI for persistence following the calculation performed before describing the expected rate of in

situ bacterial evolution in the human gut (�0.9 single-nucleotide polymorphisms (SNPs)/genome/year) (Zhao et al., 2019).

The nucleotide diversity (p) of each position is calculated using the following formula p = 1� [(number of ‘A’ bases/total bases)2 +

(number of ‘C’ bases/total bases)2 + (number of ‘T’ bases/total bases)2 + (number of ‘G’ bases/ total bases)2] as implemented in

inStrain pipeline and the obtained values obtained here were then used to calculate the average nucleotide diversity for each

genome.

All software was run parallelized on a high-performance computing (HPC-UBELIX) cluster at the University of Bern.

Variant annotation
Variant annotation for E. coli and K. pneumoniawas also done using modified inStrain on output files (Yilmaz et al., 2021). Pilon pipe-

line was run to identify larger structural variants and putatively problematic regions in the assemblies (Walker et al., 2014). Then, over-

lapping intervals were collapsed within samples and then merged to produce one summary table per species. LoFreq pipeline was

used for variant calling (Wilm et al., 2012). The variants detected in a first round were used as known sites for base quality score re-

calibration using theGenome Analysis Toolkit (GATK) (McKenna et al., 2010). The output was reformatted usinga custom script and

merged across samples withvcftoolsv. 0.1.15 to produce one variant call file per species (Danecek et al., 2011). Variants were an-

notated with SnpEff v. 4.3T (Cingolani et al., 2012) using databases built from gff files with annotations from RAST (Aziz et al.,

2008). VariantAnnotator from GATK v.3.7 was used to simplify the annotations, retaining only the one with the biggest effect. A

custom script was used to generate a final table with all positions where an alternative allele was detected in at least one of the sam-

ples. Positions with more than one alternative allele were removed. The full variant calling workflow was implemented as an auto-

mated pipeline in the snakemake 5.3.0 (Köster and Rahmann, 2012).

Structural variation identification and annotation
The highly variable genomic segments within bacterial genomes that can be potentially absent and present with variable abundance

were detected using SGVFinder, a tool devised and described byDavid Zeevi and Eran Segal to detect two types of SV – deletion SVs

(dSVs) and variable SVs (vSVs) – frommetagenomic data. (Zeevi et al., 2019). We also followed the https://github.com/GRONINGEN-

MICROBIOME-CENTRE/Groningen-Microbiome/tree/master/Scripts/SV_pipeline for installation of the tool in which stated for the

corrections in ofSGVFinder.py andSGVF_cmd.py. The pipeline considers 1) the variable SV if the deletion percentage of the genomic

segment across the population is < 25%, 2) the deletion SV if the deletion percentage of the genomic segment across the population

is > 25% and < 75% and 3) exclusion of region if the percentage of a deletion region is > 75. We then used the reference database

provided by SGVFinder that is based on the proGenomes to annotate the genes (http://progenomes1.embl.de) (Mende et al., 2017).

QUANTIFICATION AND STATISTICAL ANALYSIS

Unless otherwise stated in the individual method sections above, all statistical analyses were performed using R version 3.6.1 (2019-

07-05) or Prism 9 (GraphPad Software, San Diego, CA).Differences between the two groups were evaluated using Mann–Whitney

U test (non-parametric) and more than 3 groups were tested using one-way ANOVA (parametric), followed by Tukey’s honest signif-

icant difference test or two-stage step-up method of Benjamini, Krieger, and Yekutieli, as a post hoc test. Meanwhile, alpha diversity

of effluent and mucosa samples over time after surgery from different patients and alpha diversity changes after fast-feeding cycles

were tested with linear mixed models, as described above. Microbial changes were tested using multivariate analysis by linear

models (MaAsLin2) R package (Mallick et al., 2021; Morgan et al., 2012) as detailed in Analysis of taxa changes. Adonis (PERM-

ANOVA) for beta diversity with pairwise comparison (Benjamini-Hochberg false discovery rate correction) using pairwiseAdonis

R package to confirm the strength and statistical significance of groups in the same distance metrics with the phyloseq pipeline

in R (Callahan et al., 2016; McMurdie and Holmes, 2013). Differences of p < 0.05 or adj-p < 0.05 were considered significant in all

statistical analyses. Statistically significant differences are shown with asterisks as follows: *; adj-p < 0.05, **; adj-p < 0.01, ***;

adj-p < 0.001 and ****; adj-p < 0.0001. Notable near-significant differences (0.05<p and 0.05< adj-p-value <0.2) were also highlighted

in some of the figures and following asterisks were also used: *; p < 0.05, **; p < 0.01, and ***; adj-p < 0.001.
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