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BACKGROUND & AIMS: Pouchitis that develops in patients
with ulcerative colitis after total proctocolectomy and ileal
pouch anal anastomosis is usually treated with antibiotics.
Some patients have recurrence of flares, or become antibiotic-
dependent, and require repeated courses or prolonged pe-
riods of antibiotic therapy. We investigated microbial factors
associated with response to antibiotic treatment and develop-
ment of antibiotic dependence in patients with pouchitis.
METHODS: We performed a prospective study of 49 patients
who had undergone pouch surgery at a tertiary center. Disease
activity was determined based on clinical, endoscopic, and
histologic criteria. Pouch phenotype was defined as recurrent-
acute pouchitis (n ¼ 6), chronic pouchitis and Crohn’s-like
disease of the pouch (n ¼ 27), normal pouch from patient with
ulcerative colitis (n ¼ 10), and normal pouch from patient with
familial adenomatous polyposis (n ¼ 6). Fecal samples (n ¼
234) were collected over time during or in the absence of
antibiotic treatment (ciprofloxacin and/or metronidazole).
Thirty-three patients were treated with antibiotics, for a
median of 425 days of cumulative antibiotic therapy, during
follow-up. Calprotectin was measured and fecal DNA was
sequenced using shotgun metagenomics and analyzed with
specifically designed bioinformatic pipelines. Bacterial strains
were isolated from fecal samples. We assessed their ciproflox-
acin resistance and ability to induce secretion of inflammatory
cytokines by HT-29 intestinal epithelial cells. RESULTS: Most
antibiotic-treated patients (79%) had a clinical response to
each course of antibiotics; however, 89% of those who
completed a 4-week course relapsed within 3 months. Median
calprotectin levels decreased by 40% in response to antibiotics.
Antibiotic treatment reduced disease-associated bacteria such as
Clostridium perfringens, Ruminococcus gnavus, and Klebsiella
pneumoniae, but also beneficial species, such as Faecalibacterium
prausnitzii. The microbiomes of antibiotic-responsive patients
were dominated by facultative anaerobic genera (Escherichia,
Enterococcus, and Streptococcus), with multiple ciprofloxacin-
resistance mutations in drug target genes and confirmed drug
resistance. However, these strains had lower potential for viru-
lence and did not induce secretion of inflammatory cytokines by
epithelial cells. After antibiotic cessation, patients had an abrupt
shift in microbiome composition, with blooms of oral and
disease-associated bacteria. In addition, antibiotic treatment
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WHAT YOU NEED TO KNOW

BACKGROUND AND CONTEXT

Pouchitis that develops in patients with ulcerative colitis
after total proctocolectomy and ileal pouch anal
anastomosis is usually treated with antibiotics. However,
little is known about the effects of antibiotic-resistant
microbes on patients.

NEW FINDINGS

Patients with antibiotic-responsive pouchitis had reduced
levels of calprotectin, but their intestinal microbiota
contained non-pathogenic bacteria that are resistant to
ciprofloxacin.

LIMITATIONS

Only few samples were obtained from patients who
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enriched for strains that acquired multidrug resistance loci,
encoding enzymes that confer resistance to nonrelated antibi-
otics, including extended-spectrum beta-lactamases. CONCLU-
SIONS: The efficacy of antibiotic treatment of pouchitis might
be attributed to the establishment of an antibiotic-resistant
microbiome with low inflammatory potential. This micro-
biome might provide resistance against colonization by bacteria
that promote inflammation. To avoid progression to antibiotic-
dependent disease and its consequences, strategies such as
short-term alternating antibiotics and nutrition- and
microbiome-based interventions should be considered.

Keywords: IBD; Pathogenicity; Resistome; Metagenome.

lcerative colitis (UC) is a chronic inflammatory

stopped responding to antibiotics. The authors tested
the ability of bacteria to induce inflammation only in
cultured intestinal epithelial cells.

IMPACT

Antibiotic treatment of pouchitis might be effective due to
establishment of an antibiotic-resistant microbiome with
low potential for virulence that prevents inflammatory
bacteria from colonizing the intestine. Alternating short-
term antibiotic therapy with nutrition- and microbe-
based interventions should be considered to avoid
antibiotic-dependent disease.

Abbreviations used in this paper: AbxD, samples obtained either during or
within 1 month after antibiotic therapy; AbxL, samples without antibiotic
treatment for at least 1 month; AIEC, adherent-invasive E coli; CLDP,
Crohn’s-like disease of the pouch; CDM, ciprofloxacinDmetronidazole;
FAP, familial adenomatous polyposis; FQ, fluoroquinolones; IBD, inflam-
matory bowel disease; IEC, intestinal epithelial cell; NCBI, National Center
for Biotechnology Information; PDAI, pouchitis disease activity index;
qPCR, quantitative polymerase chain reaction; UC, ulcerative colitis.
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Ubowel disease (IBD) limited to the large bowel.
Approximately 25% of patients with intractable or compli-
cated UC may undergo total large bowel resection (total
proctocolectomy). Reconstruction of intestinal continuity is
achieved by creation of a reservoir ("pouch") from the
normal small bowel connected to the anus (ileal pouch anal
anastomosis [IPAA], "pouch surgery").1 Approximately 60%
of these former patients with UC may develop inflammation
of the previously normal small bowel comprising the pouch
(pouchitis).2 The etiology of pouchitis3,4 and of IBD is
assumed to involve an aberrant immune response to
imbalanced gut microbiome5 in genetically susceptible in-
dividuals,6 following unknown triggering events.7

Pouchitis is the most antibiotic-responsive IBD; howev-
er, a significant proportion of patients may have recurrent
flares, or become antibiotic-dependent, thus requiring
repeated courses or prolonged periods of antibiotic ther-
apy.4 Compared with individuals with an intact colon,8–10

the microbiota of patients with a pouch was shown to be
less diverse and with striking differences in the abundance
of specific taxa11 (eg, reduced levels of Faecalibacterium and
higher levels of Escherichia). Reduced diversity character-
izes IBD dysbiosis,10 thus antibiotic treatment may actually
augment dysbiosis in pouchitis,11 yet the effects of repeated
or prolonged antibiotic treatment on the gut microbiome
have been scarcely assessed.

In this study, we aimed to investigate the microbial
factors that underlie the response to antibiotic treatment of
pouchitis, explore why some patients tend to relapse when
antibiotics are discontinued, and reveal mechanisms of
antibiotic resistance present in their gut microbiomes.

Materials and Methods
Study Design and Treatment Protocol

Patients after pouch surgery were recruited at a dedicated
pouch clinic in a tertiary IBD referral center in Israel.
Demographics and clinical data were collected during clinic
visits. These included the type of antibiotics used, duration of
treatment, pouch disease phenotype, and disease activity
(Supplementary Table 1A and B). Pouchitis was diagnosed by
accepted clinical, endoscopic, and histologic criteria of the
pouchitis disease activity index (PDAI).12 Disease activity was
defined based on global physician assessment and on the PDAI
clinical subscore. All patients with pouchitis were treated with
antibiotics by the same physicians, experienced in treating
patients after pouch surgery. Briefly, a 2-week course of anti-
biotics, mostly ciprofloxacin 500 mg twice a day and metroni-
dazole 500 mg twice a day was recommended for the first
episode. In case recurrent symptoms occurred less than 3
months following an antibiotics course, the next course con-
sisted of repeated full dose of ciprofloxacin and metronidazole
for 2 weeks and half the dose for the following 2 weeks. In case
of partial response or rapid symptom recurrence after the
second course, the next one included longer term dose de-
creases. Patients who were antibiotic-dependent remained on
the lowest antibiotic dose possible clinically for longer periods.
Pouch disease behavior (phenotype) was defined as normal,
acute/recurrent-acute pouchitis, chronic pouchitis or Crohn’s-
like disease of the pouch (CLDP), as previously defined2

(Supplementary Materials and Methods).
Fecal samples were obtained during clinic visits scheduled

every 3 months or when patients had an episode of pouchitis,
collected in sterile cups, and immediately frozen at �80�C until
processing. Fecal calprotectin levels were measured. The study
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was approved by the local institutional review board (0298–
17) and the National Institutes of Health (NCT01266538). All
patients signed informed consent before inclusion.
Genomic DNA Extraction and Shotgun
Metagenomic Sequencing

DNA was extracted from fecal samples as described in
Reshef et al.11 Genomic libraries were prepared with the Nex-
tera XT library preparation kit using approximately 1 ng of total
DNA per sample (DNA concentrations verified by Qubit fluor-
ometry). Metagenomic sequencing was done using Illumina
(San Diego, CA) NextSeq500 paired-end (2 � 150 base pair
reads) at DNA Services Facility, University of Illinois, Chicago,
IL. The sequencing depth (mean ± standard deviation) was 1.02
± 0.24 Gbp per sample for the 234 obtained samples
(Supplementary Table 2A) after quality control step, which was
done with Trimmomatic v0.3613 using default parameters, thus
filtering low-quality reads and removing low-quality bases and
short reads.
Bioinformatics Design and Analysis of Shotgun
Metagenomes

Extensive details of the bioinformatics design and meth-
odologies are provided in the Supplementary Materials and
Methods. Briefly, taxonomic profiling of bacterial species in
the metagenomes was done using MetaPhlAn2 v2.6.0.14 De
novo metagenomes assembly was done with SPAdes assembler
v3.11.0.15 Virulence factor identification was performed using
the BLASTX search of DIAMOND16 against VFDB,17 with the
metagenome reads as queries. Metagenomics-based bacterial
density analysis was designed and performed as follows: hu-
man and viral reads were quantified by mapping the reads
against GRCh38 human genome and against viral genomes
database (National Center for Biotechnology Information
[NCBI]), respectively. Bacterial reads were quantified as fol-
lows: the metagenomic reads were used as a query for trans-
lated nucleotide BLASTX search against NCBI NR database and
only reads that classify as ‘Bacteria’ in the NCBI Taxonomy
database were counted. Bacterial density was calculated by
dividing the number of bacterial reads by the sum of human
and virus reads [B/(HþV)].
Single Nucleotide Polymorphism Analysis for
Fluoroquinolone Target Genes to Infer
Resistance

To infer resistance to fluoroquinolones in the microbiome,
we extracted the DNA gyrase subunits A, B (gyrA, gyrB), and
topoisomerase IV subunit A, B (parC, parE) that are the drug
target genes, from the metagenome assemblies. BLASTP search
against NCBI RefSeq was used to assign taxonomic annotation
to genes. For each bacterial genus Gyr/Par ortholog identified, a
separate multiple amino-acid sequence alignment was built
from a reference taxa downloaded from NCBI-protein and
compared with Gyr/Par from our assemblies. The quinolone-
resistance–determining regions18 were examined to identify
amino-acid substitutions that can differ between taxa and
determine resistance or sensitivity. Further details are available
in the Supplementary Materials and Methods.
Intestinal Epithelial Cell Culture
The human intestinal epithelial cells (IEC) line HT-29 was

cultured in Dulbecco’s Modified Eagle’s Medium and supple-
mented with 10% fetal bovine serum and antibiotics (50 mg/
mL penicillin/streptomycin) at 37�C and 5% CO2.
IEC Stimulation With Bacterial Isolates
A day before the stimulation assays, IECs were plated at a

concentration of 4 to 5 � 105 cells/well in 24-well plates,
reaching 90% confluence at the assay day. Bacterial isolates
were grown in Lysogeny Broth overnight before the assay,
OD600 nm was measured, and the isolates were diluted and
washed with 0.9% saline. Cells were kept in serum and
antibiotics-free media for 1 hour before co-culture assays. IECs
were then stimulated with 4 to 5 � 107 cells of each bacterial
strain (multiplicity of infection of w100) in serum-free media
for 4 hours at 37�C, 5% CO2. Stimulation assays were con-
ducted in triplicate. Escherichia coli K12 strain MG1655 and
adherent-invasive E coli (AIEC) strain LF8219 were used as
controls, and nonstimulated IECs as basal secretion control.
Supernatants were collected and kept at �20�C and analyzed
for interleukin-8 and GRO (CXCL1) levels (enzyme-linked
immunosorbent assay kit: DuoSet; R&D systems, Minneapolis,
MN) according to the manufacturer’s instructions.
Sequence Data Availability
All metagenomic sequence data and assembled contigs

generated in this study have been deposited to NCBI SRA and
NCBI WGS/Genbank, respectively, under BioProject ID
PRJNA524170.
Results
Clinical Characteristics and Antibiotic Treatment
Outcomes of Patients With a Pouch

We recruited 49 patients after pouch surgery and fol-
lowed them longitudinally (Table 1, Supplementary
Table 1A). Patients included those with a normal pouch
(10 with UC and 6 with familial adenomatous polyposis
[FAP]), 6 with recurrent-acute pouchitis, and 27 with
chronic pouchitis/CLDP. Samples were obtained at multiple
time points, with a median of 4 samples/patient (range: 2–
12). Overall, 234 fecal samples were obtained over a median
of 3.9 years (range 7 months–5.9 years) (Figure 1A,
Supplementary Table 1B). Most (n ¼ 33, 67%) patients
were treated with antibiotics, with a median of 425 days of
cumulative antibiotic therapy during the follow-up period
(Table 1, Supplementary Table 1C). Of these patients, 12
were treated with a combination of cipro-
floxacinþmetronidazole (abbreviated hereafter as CþM), 14
alternated between CþM and only ciprofloxacin, 6 were
treated with ciprofloxacin, and 1 was treated with metro-
nidazole. Sixteen patients were not treated with antibiotics
during the follow-up. Samples obtained either during or
within 1 month after antibiotic therapy (n ¼ 75), were
defined as Abxþ, and samples without antibiotic treatment
for at least 1 month (n ¼ 159), were defined as Abx�
(Figure 1A, Supplementary Table 1B). Antibiotic treatment



Table 1.Clinical and Demographic Data of Pouch Patients

Parameter j Most present phenotype

Antibiotic-treated patients Nontreated patients

Chronic pouchitis/CLDP Recurrent acute Normal pouch FAP P value

Patient, n 27 6 10 6 NR
Sample size,a n 132 42 41 19 NR
Abxþ/Abx� samplesb 66/66 9/33 0/41 0/19 NR
Gender, male/female 17/10 2/4 3/7 2/4 .128
Age, yrs 37.1 (24.8–50) 35.5 (25.4–54.6) 57.8 (31.7–61.8) 38.2 (34–44.1) .098
Follow-up period, d 1612 (1219–1794) 881 (583–1489) 810 (394–1789) 644 (538–1041) NR
Antibiotic treatment, CþM, C, M 22/5/0 4/1/1 NR NR NR
Treatment duration, d 582 (248–1584) 112 (63–369) NR NR NR
Fecal calprotectin, mg/g 452 (149–954) 322 (108–929) 189 (121–369) 90 (39–292) .0001
Disease activity, active/inactive 15/12 2/4 0/10 NR .003

NOTE. Continuous parameters are reported as medians (interquartile range). Differences between antibiotic treated and
nontreated patient groups were determined with 2-tailed Mann-Whitney (age and calprotectin) and Fisher exact tests (gender
and disease activity).
Antibiotics: ciprofloxacin (C), metronidazole (M), and their combination (CþM); NR, not relevant.
aSample size refers to the number of samples taken from all the patients with a specific pouch phenotype.
bAbxþ/Abx� samples refer to the number of samples obtained during antibiotic treatment or within 1 month (Abxþ) or without
antibiotic treatment for over a month (Abx�) in the corresponding patient group.
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length varied between 14 and more than 1000 days of
continuous treatment (Supplementary Table 1D). Most of
the antibiotic-treated patients (n ¼ 26/33, 79%) clinically
responded to each course of antibiotics, and all patients
responded to at least 1 course of antibiotics (Supplementary
Table 1D). Of the patients with chronic pouchitis/CLDP that
completed antibiotic treatment of more than 4 weeks, 24
(89%) of 27 patients relapsed and required additional
antibiotic treatment within 3 months. Analysis of consecu-
tive sample pairs where one was with and the other without
antibiotic treatment, in patients with chronic pouchitis/
CLDP (Figure 1B) showed a median calprotectin decrease
from 537 to 321 mg/g (40%) in response to antibiotics
(single-tailed paired-sample t test, P ¼ .065).
Both Antibiotics and Pouch Inflammation Reduce
Bacterial Diversity

Fecal samples obtained during follow-up were used for
shotgun metagenomic sequencing (Supplementary
Table 1C). MetaPhlAn2-based14 taxonomic profiles were
used for calculation of bacterial richness and diversity. As
both antibiotics and pouch inflammation may affect di-
versity and richness, we aimed to differentiate between
these effects by comparing patients with a normal pouch
with those with chronic pouchitis/CLDP. A generalized
linear mixed model with several predictors for species
richness, including pouch clinical phenotype and antibiotic
use was constructed (Figure 1C). Each individual patient
was set as a random effect to control for longitudinal sam-
pling. The model indicated that pouch phenotype (P ¼ 3.9 �
10–5), time since last antibiotic use (P ¼ 3.3 � 10–8), and
cumulative antibiotic treatment duration (P ¼ 1.9 � 10–4)
were all significant contributors to decreased species rich-
ness in pouch microbiomes. In contrast, probiotics (P ¼ .12)
and biologic therapy (P ¼ .3) tended to associate with
increased species richness. Overall, the model explained
37% of the variance in species richness with the previously
mentioned predictors, and when individual patients as a
random effect were included as well, explained 88% of the
variance in richness.

Next, we compared the microbiome of patients with
pouchitis (recurrent-acute and chronic pouchitis/CLDP)
with the microbiome of patients with a normal pouch with
UC or FAP background (Figure 1D). To control for antibiotic
effect, samples obtained from patients treated with antibi-
otics during the past 6 months were excluded (n ¼ 115
samples, Supplementary Table 1B). Patients with chronic
pouchitis/CLDP had a lower median diversity compared
with patients with a normal pouch with UC or FAP back-
ground (Shannon index 2.2 vs 2.7, Kruskal-Wallis, P < .05).
We then grouped samples according to the elapsed time
since the last antibiotic dose. As expected, samples taken <1
month after antibiotic treatment had lower diversity
compared with samples taken >1 month posttreatment
(Shannon index of 1.66, and 2.37, respectively, Mann-
Whitney, P ¼ 2.1 � 10–9, Figure 1E), regardless of the
pouch phenotype. Importantly, this effect diminished with
time after antibiotic cessation (Figure 1F, Kruskal-Wallis, P
< .05), and after �180 days had elapsed since last antibiotic
treatment, diversity has recovered to pretreatment levels.
Thus, both antibiotics and a history of pouch inflammation
have detrimental influences on pouch microbiome diversity.
Notably, different antibiotic regimens (ciprofloxacin,
metronidazole or the combination of the two) had compa-
rable effects on bacterial diversity (Supplementary
Figure 1), despite having a different antibacterial spec-
trum. Last, for chronically antibiotic-treated patients, there
was a negligible effect of cumulative antibiotics (longer
periods of treatment) on bacterial diversity or richness
(Spearman r ¼ �0.01 and r ¼ �0.05, P ¼ .93 and P ¼ .65,
respectively; Supplementary Figure 2A and B).
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Pouch Microbiome Alterations Following Long-
Term Antibiotic Treatment

Our next step was to demonstrate the effect of antibiotic
treatment on microbial composition. Microbial communities
from antibiotic-treated samples were strongly separated
from those of nontreated samples (analysis of similarities
R¼ 0.32, P¼ 5 � 10–4, Supplementary Figure 3), in contrast
to the weak separation of samples according to clinical
phenotype (analysis of similarities R ¼ 0.06, P ¼ .002). To
determine which bacterial species are enriched and which
are reduced during antibiotic therapy, we analyzed the
species taxonomy profiles (Supplementary Figure 4,
Supplementary Table 3). Genera that were significantly
enriched during antibiotic treatment were Escherichia,
Pantoea, and Enterococcus (Supplementary Figure 4).
Escherichia coli mean abundance increased from 12.8%
(Abx� samples) to 33.8% during antibiotic treatment (Mann-
Whitney, P ¼ 2.9 � 10–7), whereas Enterococcus faecalis
and Enterococcus faecium significantly increased from
0.8% joint mean abundance to 4% in Abxþ samples (Mann-
Whitney, P ¼ .008). Several species from the order Clos-
tridiales (including Clostridium perfringens and Ruminococcus
gnavus) significantly decreased during antibiotic usage
(Mann-Whitney, P < .05). Notably, Faecalibacterium praus-
nitziiwas reduced from 3.2% mean abundance to 0.6% in the
antibiotic-treated samples (Mann-Whitney, P ¼ 1.6 � 10–7).
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Most Pouch Microbiome Develops
Fluoroquinolone Resistance by Point Mutations

CþM treatment was the most common antibiotic therapy
for patients with pouchitis (26/33, 79%), therefore we
focused on metagenomes of these patients and inferred the
resistance profiles of their microbiomes from sequence data
(Figure 2A and B, Supplementary Figure 5). We analyzed all
point mutations in chromosomal target genes, gyrA and parC
(Materials and Methods), which are the most common
resistance mechanism to fluoroquinolones (FQ) and confer
the highest level of resistance.18 We detected FQ-resistance
mutations in probiotic species (eg, Lactobacillus acidophi-
lus, Lactobacillus delbrueckii, Bifidobacterium longum and
Bifidobacterium animalis) as well as some potential patho-
gens (Klebsiella pneumoniae, Streptococcus gallolyticus, Bac-
teroides fragilis) (Supplementary Table 4). Remarkably, most
of the dominant genera (Escherichia, Enterococcus, and
Streptococcus) in the microbiomes of Abxþ patients had at
=
Figure 1. Longitudinal follow-up of pouch patients. (A) A total of
course of up to 6 years. A total of 75 samples were collected
samples were taken >1 month post-antibiotics (Abx�). Colors
Abx� and Abxþ samples, respectively. Larger circles correspon
(log-transformed) of consecutive paired samples from chronic p
versa (paired-sample t test, P ¼ .065, single tailed). (C) Generali
based on clinical predictors; *P < .05. Error bars indicate standa
the microbiome based on MetaPhlAn2; samples are separated
<0.5 year from last antibiotic treatment, (E) Abxþ and Abx� trea
of time elapsed since antibiotic treatment (during treatment, <3
and (F), *P < .05, Kruskal-Wallis, applying Dunn’s multiple correc
interquartile range of the upper and lower quartiles.
least 1 resistant allele in either gyrA or parC (Figure 2A,
Supplementary Figure 5A). The mean abundances of all FQ-
resistant Enterobacterales and Lactobacillales orders to
which those genera belong were 24.4% and 35.7%, respec-
tively, in Abxþ samples, as opposed to only 1.13% and 0.6%
in Abx� samples (Mann-Whitney, P ¼ 1.5 � 10–5 for Enter-
obacterales, P ¼ 8.4 � 10–6 for Lactobacillales, Figure 2C,
Supplementary Table 5). The median fraction of the micro-
biome inferred to be at least partially FQ-resistant (with at
least 1 mutation) was 72% in Abxþ samples, compared with
9.4% in Abx� samples (Mann-Whitney, P ¼ 1.4 � 10–13,
Figure 2D), and when treatment was stopped, FQ-resistance
in the microbiome declined (Supplementary Figure 6).
Moreover, a median fraction of 51% of pouch microbiome
members in Abxþ had 2 or 3 mutations, corresponding to
clinical FQ insensitivity,20 as opposed to 0% in the Abx�
samples (Mann-Whitney, P ¼ 5.7 � 10–25, Figure 2E). Those
species in which we detected double (in gyrA) or even triple
mutations (gyrA þ parC) appeared almost exclusively in
Abxþ microbiomes and included E coli, E faecalis, E faecium,
and Streptococcus pasteurianus (Table 2). Furthermore, a
random forest classifier based on the FQ-resistance/sensitive
profiles of the microbiome (Figure 2F), could classify sam-
ples and infer whether they originated from Abxþ or Abx�
sampleswith high performance (area under the curve¼ 0.91,
sensitivity ¼ 0.7, specificity ¼ 0.93), outperforming a clas-
sifier based on species taxonomy alone.

We isolated 17 strains of E coli, E faecium, and E faecalis
from 12 patients either with or without ciprofloxacin
treatment, and validated our sequence-based resistance
predictions using standard disc diffusion assays (see
Supplementary Methods). These assays confirmed that 10 of
11 tested strains predicted to be resistant were indeed
clinically resistant to ciprofloxacin, whereas 5 of 6 strains
predicted to be susceptible were either susceptible or with
intermediate resistance (Supplementary Table 6).

These data demonstrate that continuous antibiotic
treatment with CþM generates a microbiome dominated by
several facultative anaerobic genera with high FQ-resistance.
Prolonged Treatment With Concomitant CþM
Enriches the Microbiome for Mobile Resistance
Genes

Resistance that is based on point mutations is less likely
to be transferred to pathogens, yet resistance can also be
234 samples from 49 pouch patients were collected over the
during or <1 month from antibiotic treatment (Abxþ); 159

denote clinical phenotype, open and closed circles represent
d to higher cumulative antibiotic usage. (B) Fecal calprotectin
ouchitis/CLDP patients switching from Abx� to Abxþ or vice
zed linear mixed model (GLMM) estimate for species richness
rd error of the mean estimates. (D, E, F) Shannon diversity in
according to (D) clinical phenotype, excluding samples taken
tment groups, *P ¼ 2.1 � 10–9, Mann-Whitney test. (F) Amount
0 days, <180 days, and >180 days since treatment). For (D)
tion. Violin/box plot whiskersmark observations within the 1.5
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conferred by genes encoded on mobile elements, which can
be transferred horizontally. To characterize the overall
bacterial resistome of patients with a pouch, we profiled the
metagenome assemblies for all antibiotic resistance genes
(Materials and Methods, Supplementary Figure 7). Specific
aminoglycoside acetyl-transferases (aac) families, primarily
aac(6’)-Ib-cr, can inactivate multiple antibiotics, including
FQ, and provide low-level resistance to ciprofloxacin.21 We
detected aac(6’)-Ib-cr in 35 samples from 13 patients
(Supplementary Table 7A), of which only a single patient (1
sample) was not treated with ciprofloxacin in the year
before sampling (Fisher exact test, P ¼ 2.5 � 10–10). aac(6’)-
Ib-cr, along with genes conferring beta-lactam and chlor-
amphenicol resistance (oxa-31 and catB3, respectively), are
often located on integrons encoded by plasmids of Enter-
obacterales, such as E coli and K pneumoniae.22 Accordingly,
in the assembled DNA sequence fragments (contigs) from
pouch metagenomes, aac(6’)-Ib-cr was always colocalized
with oxa-31 and catB3, and with additional genes conferring
resistance to trimethoprim and rifampicin. qnr (quinolone-
resistance) genes are plasmid-encoded target-protection
proteins that confer moderate resistance to FQ.21 We
detected qnrS1 in 25 samples from 18 patients and qnrB4 in
18 samples from 12 patients (Supplementary Table 7A and
B). Surprisingly, these qnr genes were not significantly
enriched in Abxþ samples. Similar to aac(6’)-Ib-cr, the
contigs on which these qnr genes occurred matched se-
quences from known plasmids of E coli and K pneumoniae
and also encoded beta-lactamases belonging to the TEM
family.23

Prolonged antibiotic treatment enriched the microbiome
in trimethoprim-resistance genes (drfA, drfE, and dfrG)
(Mann-Whitney, P < .05, Supplementary Table 7C and D),
originating from E coli and E faecium, and were probably
increased due to their colocalization with aac-encoding
plasmids (see previously). Importantly, we detected E coli
extended-spectrum b-lactamases genes encoding CTX-M-
14/1523 in 31 samples from 17 patients (Supplementary
Table 7E). Only 6 of these samples were from patients
who were not treated with CþM in the year before sampling
(Fisher exact test, P ¼ 5 � 10–4). Moreover, using correla-
tion analysis, we found a general enrichment of resistance
genes following CþM treatment (Fisher exact test, P ¼ 6 �
10–8, Supplementary Figure 8). To infer how long resistance
gene enrichment lasted following antibiotic exposure, we
=
Figure 2. Inferred FQ-resistance of the microbiome in patients
alleles for each bacterial genus, summarized to the order level; “
(a resistant allele), whereas “S” signifies that all members ca
detection. Relative abundance of gyrA variants during (A) CþM
samples taken during a pause in antibiotic treatment of more t
samples). (C) Inferred FQ-resistance of the dominant bacterial or
Abx� groups (Mann-Whitney, P < .05, false discovery rate cor
(n ¼ 48) to avoid within-patient dependencies. Error bars indica
fraction (at least 1 mutation) of the microbiome across all sam
groups; *P ¼ 1.4 � 10–13, Mann-Whitney test. (E) As in (D) but wi
under receiver operating characteristic curve (AUC) for a classi
taxonomy profiles (red) that can classify samples as antibiotic-t
within 1.5 interquartile range of the upper and lower quartiles.
divided the samples based on the time elapsed from the last
antibiotic treatment. The fraction of resistance genes in the
microbiome increased by 30% during antibiotic treatment
compared with a month following treatment cessation
(Mann-Whitney, P ¼ 1.03 � 10–7, Supplementary
Figure 9A). No further difference was observed in samples
that were antibiotic-free for 1 to 6 months compared with
those free of antibiotics for more than 6 months
(Supplementary Figure 9B). Thus, most antibiotic-resistant
genes enrichment diminishes rapidly in the first month(s)
following treatment discontinuation.
Bacterial Density Is Modestly Decreased
Following Prolonged Antibiotic Treatment in
Patients With Pouchitis

One possible explanation for the clinical efficacy of
broad-spectrum antibiotics in pouchitis could be that they
reduce the overall number of bacterial cells in the pouch,
and consequently the exposure to bacteria-derived antigens.
We quantified the fecal bacterial concentration in patients
with a pouch to assess the effect of long-term antibiotic
therapy on bacterial numbers. We used our shotgun meta-
genomic data to assess bacterial concentration. To this end,
we developed an index based on the ratio of bacterial to
nonbacterial (derived from human host or viruses) reads
from the metagenomes (B/[HþV] ratio, see Methods,
Supplementary Table 2A). Because the levels of human and
viral DNA in feces are relatively independent of bacterial
DNA levels, and shotgun metagenomics sequences all DNA
irrespective of its origin, a higher fraction of bacterial reads
should be strongly correlated with bacterial concentration.
To test the agreement between quantitative polymerase
chain reaction (qPCR) measurements and our metagenome-
inferred bacterial density, we plotted B/(HþV) vs qPCR-
based bacterial density for 11 samples taken from patients
with a pouch for which qPCR-based data were previously
reported.24 A strong linear correlation (Spearman r ¼ 0.855,
P ¼ 8 � 10–4) between qPCR and B/(HþV) ratios was
observed (Figure 3A), indicating that our metagenome-
derived ratio well represents the bacterial density in fecal
samples of patients with a pouch. We then compared bac-
terial density computed by B/(HþV) across samples,
grouped according to antibiotics treatment and clinical
phenotype of the pouch. Samples obtained during antibiotic
over time. The analysis is based on point mutations in gyrA
R” signifies that all members carry at least one gyrA mutation
rry the sensitive allele; orders marked in white were below
treatment; (B) no antibiotic treatment. Green boxes indicate
han 30 days. The plot includes 23 patients (113 longitudinal
ders, that significantly differ in abundance between Abxþ and
rected); A single sample per patient was used in this analysis
te the standard error of the mean. (D) The total FQ-resistant
ples (assembled metagenomes, n ¼ 215) in Abxþ and Abx�
th 2 to 3 mutations; P ¼ 5.75 � 10–25, Mann-Whitney. (F) Area
fier based on FQ-resistance profiles (gyrA alleles, purple) and
reated or nontreated. Violin plots whiskers mark observations



Table 2.FQ-resistant Species With 2 or 3 Mutations in Target Genes During or in the Absence of Antibiotic Treatment

FQ-resistant species

gyrA parC Mean relative abundance

pos.83 pos.87 pos. 80 pos. 84 Abxþ (%) Abx� (%) P value (FDR)

Escherichia coli S83L D87N S80I — 30.9 2.22 6.8�10–24

Streptococcus pasteurianus S83L — S80F/Y — 6.65 0.92 5.4�10–5

Enterococcus faecalis S83I — S80I — 5.00 0.62 6.6�10–9

Enterococcus faecium S83Y — S80R/I — 3.17 0.04 1.6�10–6

Enterococcus cecorum S83V/I — S80I — 1.10 0.00 4.6�10–4

Enterococcus avium — S87K S80R — 1.05 0.53 .041
Lactobacillus salivarius S83F — S80I — 0.58 0.00 .014
Streptococcus parasanguinis S83Y/F — S80F/I — 0.56 0.08 .035
Streptococcus gallolyticus S83F — S80I — 0.44 0.00 5.4�10–5

Lactococcus garvieae S83R — S80I — 0.18 0.00 .003
Streptococcus mitis S83F — — D84Y 0.12 0.02 .008
Streptococcus sp. I-P16 S83L — S80I — 0.11 0.01 .077
Dialister invisus S/T83M D87N — — 0.10 0.00 .003
Klebsiella pneumoniae S83F — S80I — 0.08 0.00 5.4�10–5

Gallibacterium anatis S83F D87N — — 0.07 0.00 .003
Dialister pneumosintes S/T83M D87K — — 0.03 0.00 .009
Holdemanella biformis S83I — S80I — 0.00 0.18 .045
Total 50.1 4.6

NOTE. The position (pos.) of the mutation in the FQ drug target genes is given according to the amino acid sequence of
Escherichia coli GyrA or ParC. All the reported amino acid substitutions were confirmed as resistant alleles by multiple
sequence alignment or supported by experimental studies.
FDR, false discovery rate.
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therapy had a median B/(HþV) ratio 1.9 times lower
compared with Abx� samples (Figure 3B). Furthermore,
microbiomes with higher species diversity were associated
with higher bacterial density (Figure 3C, Spearman r ¼ 0.28,
P ¼ 2.6 � 10–5). Patients with pouchitis (chronic, some
recurrent-acute as well as CLDP) had lower bacterial den-
sity compared with patients with a normal pouch with UC or
FAP background (Figure 3D). This may reflect their anti-
biotic usage but also pouch inflammation, both of which can
decrease the bacterial density in the pouch. Moreover, pa-
tients with active disease (based on PDAI clinical and
endoscopic subscores) had slightly lower bacterial density
(weak negative correlation between B/[HþV] ratio and
PDAI, Spearman r ¼ �0.34, P ¼ .03, Supplementary
Figure 10). These data suggest that prolonged antibiotic
treatment only modestly reduces bacterial density in the
pouch, and is unlikely to reduce antigen exposure.
A Low Potential for Intestinal Pathogenicity in
Antibiotic-Treated Pouch Microbiomes

An alternative explanation for the efficacy of antibiotics in
pouchitis may be that they select against inflammatory bac-
teria. However, the bacterial genera that were increased
during antibiotic treatment are generally considered to be
opportunistic pathogens. We thus hypothesized that the
resistant strains present during successful treatment will be
relatively benign (ie, will not encode virulence factors that
promote intestinal inflammation). To test this hypothesis, we
manually curated an established database of bacterial viru-
lence factors and toxins and identified all genes that encode
toxins known todamage themammalian intestinal epithelium
or to increase intestinal permeability (ie, mucinases or
gelatinases, see Materials and Methods, Supplementary
Table 8A and B). We then screened the metagenomes and
quantified the occurrence of such genes in the samples
(Figure 4). Virulence factor analysis showed that no Shiga
toxin genes were present in any of the samples and Clos-
tridium difficile toxins appeared in 3 samples (in extremely
low abundance). C perfringens mucinase genes abundance
was very low in Abxþ samples, in accordance with the
absence of that species during treatment. Interestingly, the C
perfringens enterotoxin gene (CPE25) was detected in only 2
samples frompatients during absence of antibiotic treatment.

With the exception of several type III secretion sys-
tems, none of the known virulence factors of Escherichia
and Enterococcus were significantly enriched during anti-
biotic treatment, and their overall presence was extremely
low, in line with our expectations (Figure 4,
Supplementary Table 8). Curiously, virtually all E coli–
positive samples had genes encoding the type III secretion
system, as well as some effectors typical to enteropatho-
genic and enterohemorrhagic E coli26; several of these
were more abundant in treated than in nontreated sam-
ples (Mann-Whitney, P < .05). However, intimin (eae) and
its translocated receptor (tir), required to cause the
attachment and effacement-dependent intestinal disease
characteristic of those strains, were found together in only
a single sample, indicating that most E coli strains enriched
by antibiotics are unlikely to cause intestinal disease. In
addition, 2 known intestine-specific virulence genes of E
coli, pic (serine protease mucinase27) and hlyA (a-hemo-
lysin28), decreased in abundance during antibiotic treat-
ment (Mann-Whitney, P < .05).



Figure 3.Metagenome-inferred bacterial density approximated by the ratio of bacterial to humanþviral reads (B/[HþV]). (A) B/
(HþV) is strongly correlated with microbiota density (qPCR) for 11 samples for which both measures were available; Spearman
r¼ 0.855, P ¼ 8 � 10–4. (B) Bacterial density is moderately reduced following antibiotic treatment, based on B/(HþV) ratio; *P ¼
7.5 � 10–4, Mann-Whitney test. (C) B/(HþV) is associated with species diversity across all samples in patients with a pouch
(n ¼ 234); Spearman r ¼ 0.28, P ¼ 2.6 � 10–5. Samples are colored according to (C) antibiotic treatment; (D) clinical phenotype.
Line represents least squared error regression fit with a 95% confidence interval (20,000 bootstrap trials). Violin plots whiskers
mark observations within 1.5 interquartile range of the upper and lower quartiles.
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We next tested the ability of selected fecal isolates (see
previously) to stimulate secretion of the inflammatory cy-
tokines interleukin-8 and GROa (CXCL1) by human IEC
(Figure 5A and B). Remarkably, all isolates tested, including
the highly ciprofloxacin-resistant ones, induced very low
cytokine secretion by IEC. For all those isolates except one,
secretion was even lower than the levels induced by the
commensal laboratory E coli strain. In contrast, the AIEC
strain LF8219 induced very high levels of inflammatory
cytokine secretion by IECs.

In contrast to the lack of intestinal virulence factors
during treatment, the E faecalis metalloprotease gelatinase
(gelE29) and cytolysin enterotoxin (cylAB30) genes were
detected together in 5 samples from 3 patients after anti-
biotics cessation. This was accompanied by high levels of
calprotectin (1405–4965 mg/g). However, we were unable
to cultivate any E faecalis isolate from the corresponding
fecal samples to test this in vitro.
Cessation of Antibiotics Results in Rapid
Colonization by Oral Bacteria and Opportunistic
Pathogens

One of the limitations of antibiotic treatment of pouchitis
is that patients may become antibiotic-dependent, rapidly
relapsing after treatment cessation, as was the case for most



Figure 4. Virulence factors
and toxins in pouch meta-
genomes. Each column in
the heatmap represents a
sample; color bars at the
top of the plot indicate
per-sample log-trans-
formed fecal calprotectin
and antibiotic treatment
status (Abxþ/Abx�). All
virulence factors/toxins
that met inclusion criteria
(Materials and Methods)
are shown; genes (in rows)
were clustered based on
their abundance across
samples and color coded
according to functional
category. Gene abun-
dances were normalized
and log-transformed
(Supplementary Methods).
Genes that differed in
abundance between
groups (Abxþ/Abx�) are
marked with * (P < .05,
Mann-Whitney test, false
discovery rate corrected).
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patients with chronic pouchitis/CLDP in our study. We hy-
pothesized that during antibiotic treatment, the combination
of a resistant microbiome (Figure 2A, Table 2,
Supplementary Figure 5A), along with the presence of an-
tibiotics, prevents colonization by exogenous bacteria. Once
treatment is stopped, colonization resistance is reduced, and
the pouch may be invaded by multiple bacteria with in-
flammatory features. We thus investigated which bacteria
are present in samples from patients after antibiotics
cessation and quantified bacteria that are either non-
intestinal (especially oral cavity bacteria, such as Strepto-
coccus salivarius, Veillonella parvula, Bifidobacterium
dentium), or considered to be opportunistic pathogens (K
pneumoniae, S gallolyticus, R gnavus, C perfringens)
(Supplementary Figure 11, Supplementary Table 9). Indeed,
the median cumulative contribution of these taxa to bacte-
rial relative abundance was 14.7% after treatment cessation
compared with 1.9% during antibiotic treatment for pa-
tients with chronic pouchitis/CLDP (Mann-Whitney, P ¼
9.2 � 10–8, Supplementary Figure 12). Furthermore, when
examining E coli lineages in these patients via multi-locus
sequence typing (Supplementary Table 10), we observed
that none of the sequence types (lineages) that were
continuously dominant during treatment across multiple
samples had been previously associated with intestinal
disease. In contrast, several of these lineages had been
associated with extraintestinal infections and multidrug
resistance. Once treatment was stopped, either all E coli
went below detection level or the specific E coli lineage was
replaced by another that is FQ-sensitive, and presumably
more ecologically fit.
Discussion
Most patients undergoing pouch surgery due to compli-

cated or intractable UC will develop pouchitis.2 Pouchitis is
the most antibiotic-responsive form of IBD. Its first-line
therapy is usually ciprofloxacin, metronidazole, or both.4

Despite short-term relief, patients tend to become antibiotic-
dependent, thus requiring recurrent or prolonged periods of
antibiotic therapy.4 In addition to potential side effects,31 this
may lead to antibiotic resistance in pathogens, an emerging
global health problem.32 Mechanistic understanding for anti-
biotics treatment success or failure is lacking.

In this study, we took advantage of a unique prospectively
followed cohort of patients with an ileal pouch, with meticu-
lous outcome detection and biomarker collection.2 Using
shotgun metagenomics, bacterial isolation and in vitro assays,
we exploredmicrobiome changes at gene and allele levels that
underlie treatment success as well as antibiotic dependence.
Using an index based exclusively on shotgun metagenomics
that we developed and validated, we show that CþM treat-
ment only modestly reduced bacterial density. This reduction
was comparable with that observed in mice treated with
CþM,24 and with culture-based observations in patients with
pouchitis treated with rifaximin and ciprofloxacin for 15



Figure 5. Bacterial stimu-
lation of intestinal epithelial
cells. Human HT-29 IECs
were stimulated by
incubation with antibiotic-
resistant or sensitive
bacterial isolates from
pouch patients and in-
flammatory cytokines were
measured: (A) interleukin-8
(IL-8) and (B) GROa (CXCL1).
Cytokine concentrations
(pg/mL) were normalized
to secretion induced by
the commensal E coli K12-
MG1655 strain. HT29 NT
represents unstimulated
cells and LF82 is an
adherent-invasive E coli
strain that were used as
negative and positive
controls, respectively. The
solid horizontal line repre-
sents cytokine level
induced by E coli K12-
MG1655, and the dotted
lines are its standard error
thresholds. Data are pre-
sented as mean ± stan-
dard error of at least 2
independent experiments.
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days.33 This implies that prolonged antibiotic treatment is
unlikely to reduce the overall exposure to bacteria-derived
antigens in pouchitis, and that qualitative changes in pouch
microbiome composition are more important for disease
pathogenesis than quantitative bacterial density.

The microbiomes of antibiotic-responsive patients were
dominated (approximately 60%) by a few ciprofloxacin-
resistant species. Although these can be opportunistic path-
ogens,34 antibiotics appeared to select for resistant but not
pathogenic ones: indeed, none of the known intestinal viru-
lence factors or toxins of E coli and Enterococcus species were
enriched during antibiotic treatment, and none of the FQ-
resistant bacteria we isolated could induce inflammatory
cytokine release by human IECs. Furthermore, antibiotic-
treated samples had significantly lower levels of E coli
strains harboring hlyA, which encodes a-haemolysin. Such
hlyA-producing E coli isolated from patients with UC caused
loss of tight junction integrity in human IECs28 and triggered
intestinal inflammation in mice.35 C perfringens carrying
mucinase genes, linked by several studies to pouchitis,11,36,37

was detected primarily in the absence of antibiotic treatment.
Our findings emphasize the importance of combining
metagenome-based predictions with in vitro validations to
obtain mechanistic insights into intestinal pathogenesis.
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Several explanations for antibiotics effects in pouchitis
were suggested.38 Previous work argued that antibiotic
failure was due to ciprofloxacin-resistant Enterobacteri-
aceae.39 Here we show that although FQ-resistant Entero-
bacteriaceae were indeed present in varying abundances in
nearly all samples of CþM-treated patients, most (79%)
patients maintained clinical remission during treatment and
all patients completed successfully at least 1 treatment
course. Thus, the presence of resistant bacteria does not
predict treatment failure, and in fact may underlie treatment
success, as long as the resistant strains have low pathoge-
nicity. CþM treatment reduced the levels of R gnavus, Bac-
teroides vulgatus, and C perfringens that were previously
associated with a higher risk for developing pouchitis.36

However, F prausnitzii, a putative anti-inflammatory spe-
cies, also decreased during antibiotic treatment, as previ-
ously reported for patients with primary IBD10,40 and
pouchitis.11 Thus, antibiotics in pouchitis eliminate both
harmful and protective anaerobes.

Within 3 months after antibiotics treatment discontinu-
ation, most patients relapsed and resumed antibiotics. Why
do patients become antibiotic-dependent? We observed a
drastic shift in microbiome composition on antibiotics
cessation, characterized by blooms of nonintestinal bacteria,
especially those originating from the oral cavity, as well as
of opportunistic pathogens. Intestinal colonization by oral
bacteria has been associated with UC and Crohn’s disease,
and shown to trigger severe intestinal inflammation in
germ-free mice.41 This implies that the FQ-resistant micro-
biome was, paradoxically, antibiotic-dependent and main-
tained mostly due to antibiotic selection pressure. Such
drug-resistant microbiome may be fragile and unable to
prevent colonization by exogenous bacteria that are
ecologically fitter once antibiotics are discontinued. Indeed
FQ-resistance mutations often incur a fitness cost in the
absence of antibiotics.20 Although FQ-resistance in our pa-
tients’ metagenomes was primarily due to point mutations,
it also may be conferred by resistance genes21 present on
mobile genetic elements, along with additional genes
conferring resistance to other drugs. We found mobile genes
conferring resistance to ciprofloxacin (aac and qnr) colo-
calized with genes conferring collateral resistance to anti-
biotics not used by the patients, such as beta-lactams. These
genes were mostly associated with E coli and K pneumoniae
plasmids, and included some encoding broad-spectrum
beta-lactamases that represent a global health problem.32

Prolonged treatment with CþM is therefore associated
with a higher risk of carriage of multidrug resistance plas-
mids that can later be transmitted to pathogenic strains.
Thus, our study not only confirms the reduction of diversity
observed in shorter-term antibiotic treatment studies in
healthy adults,42–45 but also quantitatively shows that long-
term antibiotic use generates high levels of resistance in
patients’ intestinal microbiome.

We acknowledge a few limitations: although highly-
phenotyped, samples from our patient cohort were ob-
tained at different time intervals for different patients.
Furthermore, only a few samples (n ¼ 6) were obtained
from patients who had stopped responding to antibiotics
completely, and switched to immunomodulatory therapy,
and thus information regarding the effects of these agents is
limited. In addition, we used an in vitro assay with HT-29
IEC as a proxy to assess the inflammatory potential of
bacterial isolates. While demonstrating that the isolated
strains induced less inflammatory cytokines compared with
known inflammatory strains, we acknowledge that such
assays may not necessarily represent the full potential of
those bacteria to elicit inflammation in vivo.

Our data have important clinical implications. Specif-
ically, that long-term antibiotic treatment used to alleviate
pouchitis may be a double-edged sword. Although it elimi-
nates some inflammatory bacteria, it also harms beneficial
species and increases collateral resistance encoded by mo-
bile elements. This may increase the risk of extraintestinal
antibiotic-resistant infections, especially those mediated by
E coli and Klebsiella, in patients and their household mem-
bers. More importantly, we suggest that the establishment
of an antibiotic-resistant microbiome with low inflamma-
tory potential might provide colonization resistance against
foreign, potentially inflammatory bacteria as long as anti-
biotics are used. This can explain the short-term efficacy of
antibiotic treatment in pouchitis as well as subsequent
antibiotic dependence.

We propose a different paradigm of antibiotic use in
pouchitis that aims to harness the positive impact of anti-
biotics, while minimizing resistance and later dependence.
The purpose of antibiotic treatment in pouchitis should be
to eradicate pathogenic/inflammatory strains. If a standard
2-week course of treatment is deemed insufficient, an
alternative combination of antibiotics should be used. To
maintain prolonged remission, further measures, such as
dietary interventions to support beneficial species, pro-
biotics, or the use of immunomodulatory or biologic thera-
pies, should be considered. Such practices could reduce the
number of patients who require prolonged antibiotic
treatment and inevitably progress to chronic inflammation
and antibiotic dependence. In case prolonged antibiotic
treatment is stopped, patients should undergo interventions
aiming to prevent rapid colonization by more pathogenic
and invasive bacteria.46 These could be alternating short
courses of different antibiotics, a suitable probiotic, or fecal
microbial transplantation. In conclusion, antibiotic therapy
of pouchitis in its current form should undergo extensive
systematic reevaluation to provide a rational, long-term
efficacious and safe therapy for patients.
Supplementary Material
Note: To access the supplementary material accompanying
this article, visit the online version of Gastroenterology at
www.gastrojournal.org, and at https://doi.org/10.1053/
j.gastro.2019.10.001.
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Supplementary Materials and Methods

Pouch Disease Behavior
Pouch disease behavior (phenotype) was defined as

normal, acute/recurrent-acute pouchitis, chronic pouchitis,
or CLDP, as previously defined.1 Briefly, a normal pouch was
defined as no symptoms of pouchitis during the past 2 years
and no antibiotic therapy. Acute/recurrent-acute pouchitis
was defined as a flare of pouchitis responding to a short
course (usually 2 weeks) of antibiotic therapy, or up to 4
flares/year, respectively. Chronic pouchitis was defined as
>4 pouchitis flares/year or administration of antibiotics or
IBD-specific anti-inflammatory therapy for more than 1
month. CLDP was defined as having pouch-perianal disease,
pouch strictures, or long segments of proximal small intes-
tinal inflammation. Patients undergoing pouch surgery due
to FAP were recruited as well and had a normal pouch
throughout follow-up.

Patients’ Treatment and Samples Grouping for
Statistical Analysis

The patients were treated with several antibiotics regi-
mens as follows: 12 patients treated with a combination of
CþM antibiotics, 14 alternated between CþM or only cip-
rofloxacin, 6 were treated with ciprofloxacin, 1 was treated
with metronidazole, and 16 were not treated with antibi-
otics during follow-up time (Supplementary Table 1C and
D). For downstream statistical analysis, samples were
grouped in 2 ways. First, Abxþ, samples obtained during
antibiotic treatment or up to 1 month post treatment; Abx�,
samples taken from patients not treated with antibiotics for
at least 1 month. Second, according to the time that elapsed
since the last antibiotic use as follows: 1, obtained during
ongoing treatment; 2, obtained after treatment was stopped
but less than a month post treatment; 3, obtained more than
a month post treatment but less than half a year after
treatment was stopped; 4, obtained more than half a year or
longer post treatment.

Taxonomic Profiling and Statistical Analysis of
the Metagenomes

Taxonomic profiling was performed using MetaPhlAn2
classifier v2.6.0,2 which classified metagenomic reads by
mapping to a database of clade-specific marker genes.
MetaPhlAn2 was run on all the samples that passed quality
control and had a sufficient number of bacterial reads (n ¼
225) with the following parameters changed from default:
–tax_lev set to “s” (classify taxonomy to species level),
–ignore_virus, and –ignore_eukaryotes to ignore viral and
eukaryote reads, respectively. The output species relative
abundance tables from each sample were merged together.
Species present in <5% of the samples were removed. The
following downstream analysis used this merged species
table: Shannon diversity, microbiota stability analysis,
principal coordinate analysis, and Pearson correlation be-
tween taxa and antibiotic resistance genes (ARGs). Shannon
diversity and Chao richness were calculated using diversity
and specnumber functions in R package vegan. Microbiota

stability was calculated with Jaccard distance metric using
cdist function in Python package SciPy, the input table was
first transformed to binary (presence/absence) before
applying the function. Principal coordinate analysis was
performed with either Bray-Curtis or Jaccard distance
matrices using cmdscale function in R. Pearson correlation
coefficients between 25 abundant bacterial taxa and 162
ARGs (see later) across all the metagenome assembled
samples (n ¼ 215, see later) were calculated using corrcoef
function in Python package NumPy.

Metagenome Assembly, Gene Prediction, and
Annotation

De novo metagenome assemblies were done with
SPAdes assembler v3.11.03; all follow-up metagenomes
belonging to individual patients were pooled together for
assembly to increase reads coverage. SPAdes was run in
paired-end mode with the following parameters: –careful
(to minimize the number of mismatches in the contigs); -k
21, 33, 55, 77, 99, 127 (k-mer lengths, SPAdes’ use of iter-
ative k-mer lengths allows benefiting from the full potential
of long paired-end reads). A summary of all metagenome
assemblies’ statistics is found in Supplementary Table 2B.
Assembled contigs smaller than 1 kb were discarded. The
rest of the contigs were used for open reading frame pre-
diction using the gene finding algorithm Prodigal v2.6.3.4

Annotation of the predicted genes was done using 2 ap-
proaches: ARGs were identified with Resistance Gene
Identifier (RGI) v3.1.15,6 and all prokaryotic genes in the
assemblies were annotated using Prokka v1.12.7 RGI uses
the predicted protein-coding genes and annotates them
based on BLASTP searches (cutoff of e�30) against the
curated protein sequences in the Comprehensive Antibiotic
Resistance Database (CARD,5 download April 2017). For this
analysis of resistance genes, we excluded protein variant
model (single-nucleotide polymorphisms) results and kept
only protein homolog models. Prokka was used for BLASTP
searches against UniProtKB followed by more sensitive
hmmscan (HMMER3) scan against hidden Markov model
databases to assign function to protein-coding genes and
was run with –metagenome parameter. To obtain sequence
taxonomy, the identified ARGs were used as a query for
BLASTP search against NCBI reference proteins (RefSeq)
database (download 15 May 2017).

ARGs Quantification
To quantify the ARGs (and all prokaryotic genes), the

metagenomic reads of each sample were separately mapped
to the assembled contigs using Bowtie2 short reads mapper
v2.2.98 in –very-sensitive-local mapping mode and SAMtools
v1.3.3.9 ARG (and all prokaryotic genes) coverage (counts of
mapped reads) was calculated using BEDtools v2.26.010

function multicov provided with a mapping file (.bam) and
gene coordinates file (.gff) for each sample. For downstream
statistical analysis, ARGs from all the samples were merged
together, rare resistance genes (present in <10% of the
metagenomes) were filtered out, and the rest were
normalized with cumNorm function (cumulative sum scaling
normalization11 from R package metagenomeSeq). In total,
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272 unique ARGs were identified, and after rare genes
filtration, 162 ARGs were left. Differential gene abundance
analysis was done using Mann-Whitney U test (false dis-
covery rate corrected).

Single-Nucleotide Polymorphism Analysis for FQ
Target Genes to Infer Resistance

Potential gene gyr/par variants were scored as follows:
A, supported by an experimental study with isolated strains,
a resistant allele; B, no support studies but appears in<20%
of the reference sequences in the alignment, potential
resistant allele; C, no support studies and is common in the
reference alignment (�20%), does not seem to be a resistant
allele. For the FQ-resistance analysis done in this study, only
variants scored as A and B were considered as FQ-resistant.
All the 4 FQ target genes extracted from the metagenomic
assemblies were examined (gyrA, parC, gyrB, parE), but we
found a high number of potential resistance variants only in
gyrA and parC, which are considered as the primary target
genes for fluoroquinolones for most bacterial species. All the
identified gyrA and parC variants in our metagenome as-
semblies appear in Supplementary Table 4A, and their cor-
responding amino-acid sequences in different patients’
samples can be found in the following supplementary file:
pouchitis_gyrA-parC_multiple_sequence_alignments.zip. Mul-
tiple sequence alignments of GyrA/ParC amino-acid for each
genus from the assembled metagenomes and reference
sequences from NCBI protein are given in the following
supplementary files: Abx_gut_pouchitis_gyrA_multiple_
sequence_alignments.zip and Abx_gut_pouchitis_parC_
multiple_sequence_alignments.zip. Abundance information
for gyrA/parCwas obtained using Bowtie2 reads mapping as
mentioned in the previous section. In addition, we wished to
validate that in cases in which 2mutations were detected in a
specific gyrA sequence, it originated from a single strain. For
this end, FQ-sensitive E. coli gyrA nucleotide sequence was
used as a reference, and the metagenomic reads of each
sample were separately mapped against it with Bowtie2.
Detection of variants between the reads and the reference
sequence (variant calling) was done using SAMtools mpileup
in conjunction with BCFtools call v1.7-112 functions. The
double mutations in E coli gyrA were found to cover single
reads (in samples in which E coliwas abundant enough to do
variant calling), confirming that the double mutant gyrA
variants originated from a single strain.

Bacteria Isolation, Culturing, and Antibiotic
Susceptibility Test

Bacteria were isolated from frozen fecal samples of pa-
tients with a pouch directly on Lysogeny Broth (LB), Mac-
Conkey, and MRS agar plates. All subsequent isolation
passages and maintenance of isolates were done using LB
agar plates. Seventeen E coli and E faecalis/faecium isolates
(confirmed by 16S ribosomal RNA sequencing) were obtained
from 15 samples (n ¼ 12 patients) (Supplementary Table 6).

Antibiotic susceptibility testing was performed by the
disc diffusion method according to European Committee on
Antimicrobial Susceptibility Testing (EUCAST) guidelines.13

Briefly, several colonies were picked from LB plate and
inoculated in LB broth overnight at 37�C in a shaking
incubator. Cultures were diluted with 0.9% saline to OD600
nm of 0.2 (approximately 1–2 � 108 cells/mL for E coli) and
100 mL of the inoculum was evenly spread on Mueller
Hinton agar plates. A disk with 5 mg ciprofloxacin (Oxoid;
Thermo Scientific, Waltham, MA) was placed on the agar
surface and plates were incubated at 37�C overnight. Inhi-
bition zone diameters were measured and interpreted ac-
cording to EUCAST minimum inhibitory concentration
breakpoints to determine if an isolate is resistant, suscep-
tible, or intermediately resistant to ciprofloxacin
(Supplementary Table 6). To verify our results, E coli K12
strain MG1655 (commensal lab E coli) was used as a sus-
ceptible reference for the disk diffusion assays in terms of
inhibition zone diameter.

Bacterial Density Analysis Through
Metagenomics

We have developed a method to measure relative bac-
terial density directly from metagenomic samples by
measuring the ratio of bacterial to nonbacterial (human host
and virus) reads, termed hereafter the B/(HþV) ratio. To
quantify human reads in the metagenomes, we used
GRCh38 human genome (download from NCBI Human
Genome Resources) as a reference and mapped the meta-
genomic reads against it using Bowtie2 and the number of
mapped reads was counted. To quantify virus reads, all
available viral genomes from NCBI viral genomes database
(9556 genomes, downloaded November 2017) were used as
reference and quantified as mentioned previously. Both
human and virus reads were filtered by mapping quality
parameter (MAPQ field in .bam alignment file) and only
reads with MAPQ �10 (high probability of accurate map-
ping) were retained before quantification. A mean of 15.4%
of human and 35.6% of virus reads were discarded after
filtration. Human reads fraction ranged widely from 0.18%
to 90.5%, with a mean of 8.3%, and viral reads ranged from
0.07% to 27.7%, with a mean of 1.3% of the total reads in
the metagenomes (Supplementary Table 2A). Bacterial
reads were quantified as follows: the metagenomic reads
were used as a query for translated nucleotide BLASTX
search against NCBI NR database (download June 2018)
using DIAMOND14 with the following parameters changed
from default: –evalue set to 0.1, –max-target-seqs set to 1 (1
hit per read), and –taxonmap added. The latter parameter
was used to map NCBI protein accession numbers to tax-
onomy ID (tax_id) from the NCBI Taxonomy database to
obtain taxonomy information for each read. The taxonomy
mapping file can be downloaded from: ftp.ncbi.nlm.nih.gov/
pub/taxonomy/accession2taxid/prot.accession2taxid.gz. Thus,
for each metagenomic read, superkingdom level was
extracted and only “Bacteria” classified reads were coun-
ted. Finally, to obtain B/(HþV) ratios for each sample, we
divided the number of bacterial reads by the sum of human
and virus reads. For the B(HþV) quantification of the
metagenomes, see Supplementary Table 2A. qPCR data of
bacterial density for 11 pouch samples were obtained from
a study by Contijoch et al. 2019.15
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Virulence Factors and Toxins Systematic
Screening

Bacterial virulence factors (VFs) and toxin screening of
the metagenomes was performed as follows. The VF data-
base (VFDB,16 http://www.mgc.ac.cn/VFs/), which consists
of VFs and toxins of various bacterial pathogens was
downloaded (December 2018) and only the core dataset of
experimentally verified VFs and toxins was used in the
analysis. Translated nucleotide BLASTX search (DIA-
MOND14) was done using the metagenomics reads of each
sample as a query against the core VFDB, –evalue parameter
was set to stringent value 1 � 10�5 and –max-target-seqs
was set to 1 (1 hit per read). The BLASTX results were
filtered and only reads with percentage identical matches of
�95% (pident parameter) were retained. Next, the filtered
results were manually curated and only matches to VFs/
toxins that are relevant in intestinal inflammation were
retained. Finally, VFs with less than 10 metagenomic reads
matches per single sample were removed. For the summary
of the VF screening, including the manually curated cate-
gories see Supplementary Table 8. The filtered VF dataset
was normalized with cumulative sum scaling method11

(samples with less than 2 different genes had to be dis-
carded). To detect which VFs were more or less common
during antibiotic treatment, the read counts of each VF were
converted to 1 (present, if �10 reads) or 0 (absent) and
Fisher exact test was performed. Differential gene abun-
dance analysis was done on the normalized read counts
using Mann-Whitney U test (false discovery rate corrected)
between treated (Abxþ) and nontreated (Abx�) sample
groups.

Multilocus Sequence Typing to Determine E coli
Lineages

To determine the lineages that the E coli strains origi-
nated from, multilocus sequence typing was used, which is
based on a small number (7–10) of species-specific genomic
loci that are known to be present in all strains of given
target species. MetaMLST17 was used for sequence typing,
which uses a mapping-based approach by mapping the
reads against the reference sequences from the database of
strain types and reconstructing sequence-type loci. Only
metagenomic samples with sufficient genomic coverage of E
coli were used in this analysis; see Supplementary Table 10
for the results of E coli sequence typing.

Statistical Analysis
Mann-Whitney rank tests, Kruskal-Wallis H-tests, Fisher

exact tests, Spearman rank-order correlations, and Pearson
correlations were performed using mannwhitneyu, kruskal,
fisher_exact, spearmanr, and pearsonr functions, respec-
tively, in Python package SciPy. All reported P values were
adjusted for multiple hypotheses testing using false dis-
covery rate (Benjamini/Hochberg method), with fdrcorrec-
tion0 function in Python package Statsmodels. Multiple
comparisons corrections were done after Kruskal-Wallis
tests using Dunn’s test (multiple pairwise comparisons

among samples groups) with dunn.test function in R pack-
age dunn.test. A t test on related samples of calprotectin
values (consecutive samples of a patient taken either with
or without treatment) was performed using ttest_rel in Py-
thon package SciPy before the test calprotectin was log
transformed to achieve normal distribution. Analysis of
similarities test was done with anosim function in R package
vegan.

To model the effects of antibiotics and of clinical pa-
rameters on species richness in the microbiome, a general-
ized linear mixed model was used with Poisson distribution
fit by maximum likelihood estimation and log link function.
The following predictors were used: antibiotic treatment
category (time elapsed since treatment, 1–4), cumulative
antibiotic treatment days, clinical pouch phenotype (1,
chronic/CLDP; 2, recurrent-acute; 3, normal/FAP), calpro-
tectin, patient age, any history of probiotics-use (yes/no),
and any history of biologic therapy use (yes/no). All pre-
dictors were centered and scaled to account for the different
variable scales using the function scale in base R; the indi-
vidual patient from which a set of samples was derived was
specified as random effect. The model was implemented
using glmer function in R package lme4. Random Forest
classifier was used to classify the microbiome samples into
antibiotic-treated and nontreated based on taxonomic pro-
files (MetaPhlAn2) and fluoroquinolones resistance profiles
(gyrA variants analysis). The classifier was implemented
with RandomForestClassifier function in Python package
Sklearn, using 200 trees (n_estimators), balanced class
weights (class_weight), and the rest of the parameters were
left as in default. The classifier was trained, tested, and
evaluated using 10-fold cross validation (50 repeats) using
StratifiedKFold function with shuffling of the data. The
model was evaluated with area under receiver operating
characteristic curve; sensitivity and specificity were calcu-
lated as well.

Code Availability
All the plots, statistical methods, and custom scripts in

this work were created using open-source software Python,
R, and Linux Bash. Python software is available at (www.
python.org/downloads) and packages are maintained on
PyPi repository (https://pypi.org). R software and packages
are available on CRAN repository (https://cran.r-project.org).
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Supplementary Figure 1. Effect of different antibiotics regi-
mens on diversity of the microbiota in patients with a pouch.
Shannon diversity compared according to the different anti-
biotics regimens used, ciprofloxacin (C), metronidazole (M),
or a combination of the two (CþM). No significant difference
was found; *P > .05, Kruskal-Wallis test. Diversity analysis is
based on MetaPhlAn2 taxonomic profiling on the meta-
genomic reads. Violin plots whiskers mark observations
within 1.5 interquartile range of the upper and lower quartiles.
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Supplementary Figure 2.Minor effect of cumulative antibiotics usage on microbiome species diversity and richness. Shannon
diversity (A) and Chao richness (B) of the microbiome is plotted against the cumulative antibiotic days for all the samples (n ¼
72) obtained from patients (n ¼ 29) treated with ciprofloxacin and metronidazole or with ciprofloxacin. Cumulative antibiotic
days were counted only for patient samples that elapsed less than 1 month since the last treatment. Samples are colored
according to cumulative antibiotic days; small labels (eg, p1) are individual patients. Line connects all samples from each
patient. No significant correlation was detected (for diversity: Spearman r ¼ �0.01, P ¼ .928; for richness: Spearman
r ¼ �0.05, P ¼ .652). Note that the x-axis is in logarithmic scale.
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Supplementary Figure 3. Principal coordinate analysis (PCoA) of the bacterial taxonomic profile of the metagenomes at the
species level. Jaccard distance was used. Colors are according to pouch clinical phenotypes of the pouch, Abxþ and Abx�
samples (see Methods) are triangles and circles, accordingly. Numbers next to the shapes signify a patient number. Analysis of
similarities separation test was performed for pouch clinical phenotype (P ¼ .002, R ¼ 0.06) and for antibiotic treatment (P ¼
5 � 10-4, R ¼ 0.32).

624.e6 Dubinsky et al Gastroenterology Vol. 158, No. 3



Supplementary Figure 4. Differentially abundant bacterial species following antibiotic treatment in pouch microbiomes.
Metagenomic taxonomic profiling (MetaPhlAn2 classifier, see Methods) compared in Abxþ and Abx� groups. All plotted taxa
are significantly different between groups, Mann-Whitney test, P < .05 (false discovery rate corrected). Species with a mean
relative abundance of <0.5% across all samples are not shown. The full list of species composition in the metagenomes can
be found in Supplementary Table 3.
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Supplementary Figure 6. FQ-resistant fraction of the microbiome following antibiotic treatment cessation. The total FQ-
resistant fraction (at least 1 mutation) of the microbiome for patients who have stopped the antibiotic treatment plotted
against the number of days since antibiotic cessation. Only patients (n ¼ 9) who were treated with antibiotics and had samples
after treatment cessation are shown.

Supplementary Figure 5. Inferred FQ-resistance of the microbiome in patients over time. The analysis is based on mutation
inference of gyrA variants for each bacterial genus (see Methods). The taxa are summarized to order level; “R” suffix signifies
all members of that order that carry at least 1 gyrA mutation conferring FQ-resistance (resistant allele), whereas “S” suffix
signifies that all members carry the sensitive allele (no mutations) and are FQ-sensitive. (A) Ciprofloxacin treatment, (B) CþM
antibiotics treatment or only ciprofloxacin, for short periods; low antibiotic usage patients. Red boxes indicate samples taken
during antibiotic treatment, or up to 30 days after treatment cessation. The plot includes 23 patients and their corresponding
follow-up samples (n ¼ 91).
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Supplementary Figure 7. Antibiotic resistance genes (ARGs) profile in pouch microbiomes. ARG analysis was applied to the
assembled metagenomic samples, collapsed into drug classes according to Comprehensive Antibiotic Resistance Database
(CARD) ontology. Each row is an ARG class, samples are in columns, and the plot is clustered by rows and by columns. Abxþ
samples (red bars) and Abx� (blue bars) are shown on top of the plot. Red/blue circles next to the rows denote ARG classes in
which at least 1 significantly different gene was found by Mann-Whitney test, P < .05 (false discovery rate corrected) between
Abxþ/Abx� groups, respectively. Rare genes present in <10% of the samples were filtered out. The gene abundances were
normalized with the R metagenomeSeq package (CSS, Supplementary Methods) and log10 transformed þ1 for effective
visualization. For the full list of the ARGs involved, see Supplementary Table 7.
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Supplementary Figure 8. Correlation
between 25 most abundant bacterial
species and antibiotic resistance genes
(ARGs). Bacterial species profiles were
obtained by MetaPhlan2 classifier and
ARGs from the assembled meta-
genomes (n ¼ 162). Pearson correlation
in (A) Abx� and (B) Abxþ samples. Only
correlations greater than 0.3 are
considered; there is significantly more
correlation (positive) in Abxþ samples
(Fisher exact test, P ¼ 5.9 � 10�8): 285
compared with 185 correlations (>0.3)
in Abx- samples.
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Supplementary Figure 10. Association of PDAI clinical and
endoscopic subscores with bacterial density (inferred using
metagenomics, B/[HþV] ratio). Weak negative correlation was
detected (Spearman r ¼ �0.34, P ¼ .03). Line represents
least squared error (linear) regression fit with a 95% confi-
dence interval. In this analysis for n ¼ 39 samples (n ¼ 17
patients), both clinical and endoscopic subscores are given.

Supplementary Figure 9. Enrichment of ARG in the microbiome during antibiotic treatment. Enrichment of ARG was calcu-
lated as the fraction of reads mapped to genes related to antibiotic resistance from Comprehensive Antibiotic Resistance
Database (CARD) (excluding resistance due to mutations) out of the reads mapped to all assembled genes. Samples are
separated according to (A) Abxþ and Abx� groups; *P ¼ 1.03 � 10�7, Mann-Whitney test, and (B) the elapsed time from the
last antibiotic treatment (during antibiotic treatment, <30 days, <180 days, and >180 days since last treatment). Statistical
comparisons performed with Dunn’s test to correct for multiple comparisons. *P < .05, Kruskal-Wallis test. Violin plots
whiskers mark observations within 1.5 interquartile range of the upper and lower quartiles.
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Supplementary Figure 12. The contribution of oral bacteria
and pathobionts to the microbiome in chronic pouchitis/
CLDP patient samples, during antibiotic treatment (Abxþ) or
during a cessation from antibiotics (Abx�). *P ¼ 9.2 � 10�8,
Mann-Whitney test. Violin plots whiskers mark observations
within 1.5 interquartile range of the upper and lower quartiles.
For the list of oral species and pathobionts see
Supplementary Table 9 or Supplementary Figure 11.

=
Supplementary Figure 11. Follow-up of 17 patients with chronic pouchitis/CLDP during antibiotic treatment (Abxþ) and
during a cessation from antibiotics (Abx�). The barplots represent contribution of oral bacteria and pathobionts to the total
microbiome. Sample dates are written under the bars. Only patients who had a pause in antibiotic treatment and were treated
with antibiotics continuously for at least a month (and have a sample from these periods) are presented. Note that the y-axis is
different between the patients. List of the oral bacteria and pathobionts is displayed in the legend at the bottom.
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