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ABSTRACT
Inflammatory bowel diseases (IBD) are chronic intestinal inflammatory disorders characterized
by a complex disruption of the physiologic interaction between the host immune system and
intestinal microbes precipitated by environmental factors. Numerous observations indicate the
altered composition and function of the intestinal microbiome of patients with ulcerative
colitis (UC), a subtype of IBD. The accuracy of these results may be limited by confounding
factors, such as concurrent medication use. To address these limitations, we examined the
colonic mucosal microbiome of pediatric patients with UC prior to initiating treatment. Based
on bacterial 16S rRNA gene sequencing, we identified a significant decrease in the phylum
Verrucomicrobia in patients with UC. At the genus level, we observed a significant decrease in
the short chain fatty acid producer Roseburia. Despite these compositional changes, we did
not identify inferred gene content differences between the UC and control groups. To
determine if microbial taxa may be associated with clinical outcomes, we retrospectively
assessed the clinical course of the UC patients. Despite similar metrics of OTU richness and
diversity, multiple OTU differences were observed between patients who responded to
therapy and those who did not. Our observations regarding the mucosal microbiome and the
associations with differential clinical outcomes support the contributions of gut microbes to
disease onset and modulation.
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Introduction

Inflammatory bowel diseases (IBD) are gastrointes-
tinal disorders with a key characteristic of chronic
and incurable intestinal inflammation. IBD is clas-
sically subdivided into ulcerative colitis (UC) and
Crohn’s disease (CD). IBD pathogenesis involves a
dysregulated interaction between the host immune
system and intestinal microbes, in a genetically sus-
ceptible host.1 From patients with IBD, genome
wide association studies identified numerous sus-
ceptibility polymorphisms, which are related to
microbial sensing and tolerance.2 These polymor-
phisms are linked to alterations in the composition
of the intestinal microbiome3 (i.e. dysbiosis) and
multiple studies, in IBD patients, have demon-
strated dysbiosis.4-9

The dysbiosis found in patients with UC can be
described in terms of richness and diversity. Richness
delineates the unique number of bacteria present in a
microbial community and diversity extends this to
account for their relative abundance. In patients with
UC, richness and diversity have been reported as simi-
lar4,8,10 or reduced5,11,12 compared to controls. These
changes may have prognostic value, since declines in
both metrics were associated with an increased risk of
disease relapse.13

Similarly, specific bacterial taxa have been associ-
ated with therapeutic outcomes in IBD. Mouse models
revealed that Faecalibacterium prausnitzii has anti-
inflammatory properties and, in patients with CD,
reductions in ileal F. prausnitzii abundance were asso-
ciated with disease recurrence.14 In patients with UC,
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studies have reported either no change4,10,15 or
lower4,9,16-18 abundance of F. prausnitzii. However,
select patients with UC may carry increased amounts
of this bacterium in the colonic mucosa.19 From stool
samples, reductions in F. prausnitzii abundance were
associated with an increased number of disease flares,
a shorter time in remission, and a greater disease
extent (pancolitis versus proctitis) in adult UC
patients.9

The significance of prior studies, however, may
be limited by other confounding factors. The
majority of prior work in UC included patients on
treatment,4,5,11 which can independently influence
microbiome composition.20 Additionally, age may
independently alter the gut microbiome in patients
with IBD, so studies of adult populations may not
generalize to children.21 Finally, microbial commu-
nities differ between stool and mucosa,7,15,22,23 and
studies of mucosal samples may provide a more
accurate model of microbe-host interaction. There-
fore, the aim of our study was to characterize the
mucosal microbiome of pediatric UC patients prior
to beginning therapies and identify bacteria associ-
ated with specific clinical outcomes.

Results

Patient and sample data

We analyzed colonic biopsy samples from 10 patients
with UC and 13 non-IBD controls. Baseline demo-
graphics are shown in Table 1. The groups were simi-
lar in terms of age, sex and race. The mean age of
patients with UC was 12.9 (range 5–17) and for con-
trols was 13.9 (range 11-16). More males were
included in the UC group (40%) compared with con-
trols (31%). The majority of subjects were Caucasian
in both groups (60%, patients with UC; 77%,
controls).

Initially, a total of 2,468,305 16S rRNA gene
sequences were produced. After quality filtering,
2,030,690 sequences remained. An average of 21,048
(SD 17,583) sequences per sample were retained fol-
lowing open-reference operational taxonomic unit
(OTU)-picking (568,309 reads in total), and, through
this process, 4 samples were removed from further
analysis due to a low number of quality sequences.
The remaining samples were rarified to 2350 sequen-
ces per sample before further analysis.

Richness and diversity were similar between patients
with UC and controls

The average richness for patients with UC was lower
than controls (186 [standard deviation; SD 30] vs. 207
[SD 24] OTUs per sample), but this difference was not
significantly different (p D 0.11). Similarly, Shannon
diversity was comparable (p D 0.64) between patients
with UC (4.76 SD 0.72) and controls (4.89 SD 0.40).
The OTU level b diversity was visualized in a principal
coordinates analysis (PCoA) plot using unweighted
and weighted UniFrac distances (Fig. 1). Nonparamet-
ric testing was used to compare the distance metrics of
cases and controls. Comparison of unweighted distan-
ces revealed a significant difference (p D 0.01)
between the groups, but comparison of weighted dis-
tances failed to reach statistical significance (pD 0.08).

Patients with UC had taxonomically distinct mucosal
microbiomes

We tested for significant differences with respect to
bacterial relative abundances between patients with
UC and controls from the phylum to the genus levels.
At the phylum level, the groups were similar, with the
exception of Verrucomicrobia being reduced in
patients with UC (Table 2). When we examined the
genus level differences, the relative abundance of the
short chain fatty acid (SCFA) producing organism
Roseburia was significantly reduced in patients with
UC while the relative abundance of the genus Haemo-
philus was increased in patients with UC.

Multiple OTUs were differentially abundant
between the groups. Specifically, OTUs for the muco-
lytic bacteria Akkermansia and Roseburia were
decreased in UC patients. Multiple OTUs identified as
F. prausnitzii and a single OTU for Haemophilus were
present at increased relative abundances in patients
with UC compared to controls (Figs. 2 and S1).

Table 1. Baseline characteristics. There were no significant differ-
ences in terms of age, sex or race.

UC (n D 10) Control (n D 13)

Age, mean (SD) 12.9 (3.7) 13.9 (1.8)
Sex, n (%)
Male 4 (40) 4 (30.8)

Race, n (%)
Caucasian 6 (60) 10 (76.9)
Black 1 (10) 0
Hispanic 2 (20) 3 (23.1)
Other 1 (10) 0
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Consistent with this observation, a trend toward an
increased abundance of F. prausnitzii in patients
with UC (12% versus 10%) was observed (corrected
p D 0.85).

Inferred metagenomic analysis revealed no
significant functional differences between groups

The 16S rRNA gene data was used to generate inferred
functional metagenomic profiles of patients with UC
and non-IBD controls (see methods for details). The
average nearest sequenced taxon index (NSTI), a met-
ric to account for divergence of closed reference taxo-
nomic reads and their corresponding inferred
metagenomes, was 0.06 (range 0.03-0.08). This indi-
cates greater than 90% of our closed reference reads
matched to fully sequenced genomes, which allowed
for accurate metagenomic assignment. When KEGG

Figure 1. No significant differences were seen between richness (A) and diversity (B) between patients with UC and controls. Solids bars
represent the mean and the error bars the standard deviation. Principal coordinate analysis of unweighted (C) Unifrac distances showing
a significant separation (p D 0.01) and weighted (D) UniFrac distances without a significant separation (p D 0.08) for patients with UC
and controls. Red dots represent patients with UC and green dots represent controls. Values in the parenthesis describe the amount of
community variation explained along each respective axes.

Table 2. Bacterial clades differentially present in patients with UC
and controls. Bacterial clades were compared using the White’s
non-parametric t test with Benjamini Hochberg FDR correction.
Clades with a corrected p value <0.05 were considered statisti-
cally significant. Data is presented at mean with a standard
deviation.

Mean Abundance, % (SD)

Ulcerative
Colitis (n D 10)

Controls
(n D 13)

Corrected
p value

Phylum
Verrucomicrobia 0.01 (0.02) 0.84 (1.79) 0.02
Class
Verrucomicrobiae 0.01 (0.02) 0.84 (1.79) 0.05
Order
Pasteurellales 0.54 (0.70) 0.01 (0.02) 0.03
RF32 0.23 (0.49) 0 0.02
Verrucomicrobiales 0.01 (0.02) 0.02 (1.79) 0.04
Family
Pasteurellaceae 0.54 (0.70) 0.01 (0.02) 0.02
Genus
Phenylobacterium 0.11 (0.34) 0 0.05
Haemophilus 0.47 (0.60) 0.01 (0.02) 0.02
Roseburia 0.04 (0.04) 0.34 (0.33) 0.03
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(Kyoto Encyclopedia of Genes and Genomes) ortho-
logs and their associated KEGG pathways were com-
pared between the groups, no significant differences
were found in their relative abundances. Specifically,

no differences were detected among pathways
involved in carbohydrate, lipid or amino acid metabo-
lism, in contrast to prior reports in pediatric patients
with CD.22

Figure 2. Histogram of LDA effect sizes differentially present between patients with UC and controls with a threshold LDA score of 2.
Green bars indicate taxa enriched in controls relative to patients with UC and red bars indicate taxa enriched in patients with UC relative
to controls. Numerical identifiers indicate individual OTUs with taxonomic characterization performed against the Greengenes database
to the furthest extent.
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UC patients with clinical improvement have a
discrete mucosal microbiome

Among the patients with UC, we examined composi-
tional and functional features to identify determinants
of clinical response. There were no significant differ-
ences in baseline demographics for the UC patients
with and without response to initial therapy (Table 3).
Richness, Shannon diversity and the distribution of
communities across PCoA plots were similar between
the groups (Fig. 3). Comparisons of the response
groups from the phylum to genus levels failed to iden-
tify differentially abundant taxa, but OTU level analy-
sis from LEfSe identified multiple differences between
those who responded to initial therapy and those who
did not (Fig. 4). OTUs from F. prausnitzii were differ-
entially abundant between responders and non-
responders, while OTUs from the genera Clostridium
and Bacteroides were specific to patients without a
clinical response. PICRUSt analysis did not identify
discrete differences between the groups.

Discussion

Our results replicate the lack of community level dif-
ferences (richness and diversity) in the mucosal
microbiome of pediatric patients with UC relative to
non-IBD controls.8,10 Despite those similarities, we
found significant compositional variation at several
taxonomic (phylum to genus) levels. In contrast, we
were not able to detect differences among inferred
metagenomic profiles. Multiple OTUs associated

differentially with patients depending on clinical
improvement, but these associations did not remain
when examined at higher taxonomic levels.

Reductions in richness and diversity were previ-
ously linked to an increased risk of adverse outcomes
in IBD.9,11,13 Since age,22 IBD phenotype,6 sample
type,22 geographic location,24 and medications20 can
independently alter microbiome composition, a lim-
ited number of studies have included similar patients
to facilitate comparisons.8,10,21 These studies, from
adult and pediatric populations, also used mucosal
samples taken prior to treatment and consistently
showed no differences in a diversity.8,10 These prior
studies, and our findings herein reinforce the concept
of similar overall gut mucosal microbiome community
structures between UC patients and non-IBD controls.

Compositionally, the only phylum level difference
to demonstrate statistical significance was a decrease
in Verrucomicrobia (p D 0.02) for patients with UC.
This decrease was characterized by a loss of the muco-
lytic bacteria Akkermansia, which was demonstrated
at the OTU level. Akkermansia is an anaerobic muco-
lytic bacterium25,26 that can be detected early in life27

and is found at its highest concentrations in the
cecum.28 The loss of Akkermansia is consistent with
prior observations in UC patients regardless of treat-
ment or disease status.29-32 Since mucin is the primary
energy source for Akkermansia, the low abundance of
Akkermansia may be related to the relative lack of
mucins (MUC2, MUC3, MUC4) in patients with
UC.33 Investigators have suspected that this bacterium
may provide intestinal epithelial access to other patho-
genic organisms by degrading mucus. This concept
was demonstrated by experiments co-colonizing
Akkermansia and Salmonella in gnotobiotic mice.34

Mice co-colonized had significantly more inflamma-
tion compared to mice colonized with either organism
separately. In contrast, other groups showed that
Akkermansia derived vesicles reduced DSS induced
colitis, which suggested an anti-inflammatory pheno-
type for this bacterial genus.35

We found a significant decrease in the relative
abundance of the genus Roseburia in the UC patients,
which is consistent with previously reported stud-
ies.15,20,36 The genus Roseburia includes known buty-
rate producing organisms and butyrate can interact
with the intestinal epithelium to produce an anti-
inflammatory environment37 and modulate intestinal
barrier function.38 In patients with UC, a decrease in

Table 3. Baseline characteristics for the patients with UC. The
groups were not significantly different and were initiated on sim-
ilar therapies. The responders consisted of patients with less
extensive disease, but similar numbers of patients with pancolitis
as the non-responder group.

Responders
(n D 6)

Non-responders
(n D 4)

Age, mean 14.3 10.8
Sex
Male, n (%) 3 (50) 1 (25)

Race, n (%)
Caucasian 3 (50) 3 (75)
Black 1 (16.7) –
Hispanic 1 (16.7) 1 (25)
Other 1 (16.7) –

Montreal classification, n (%)
E1 1 (16.7) –
E2 1 (16.7) –
E3 4 (66.7) 4 (100)

Initial therapy, n (%)
5-aminosalicylates 4 (66.7) 2 (50)
Steroids 2 (33.3) 2 (50)
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SCFA production is correlated with reductions in
Roseburia abundance.17,39 Therefore, the loss of Rose-
buriamay be a contributor to the uncontrolled colonic
inflammation of UC. Consistent with this hypothesis,
we previously reported a decreased abundance of
Roseburia to be associated with increased susceptibil-
ity to acute colitis, in murine models, indicating a role
for this genus in the pathology of mammalian large
bowel inflammation.40

The only genus in patients with UC that had a sta-
tistically significant increase in relative abundance was
Haemophilus. It is a gram negative bacterium belong-
ing to the family Pasteurellaceae. Our observed
increase in mucosal relative abundance is consistent
with previous studies examining stool samples from
treatment-naive UC patients.21 Contrary to these fecal

findings, sequencing of the oral microbiota from
patients with IBD showed a reduction in the relative
abundance of Haemophilus, which correlated with a
loss of the innate immunity molecule, lysozyme.41

Additionally, serologic studies from patients with IBD
revealed a trend toward higher concentrations of anti-
bodies directed at Haemophilus influenzae.42 Together
these findings illustrate the complex relationship
between the host immune system and gut microbes, as
well as the topographic distribution of intestinal
microbes. Targeted studies of immunologic responses
against individual microbes may provide new insight
into the pathogenesis of IBD.

Prior studies are conflicting regarding the abun-
dance of F. prausnitzii in patients with UC.10,17,19

Although we did not detect differences at the genus

Figure 3. Richness (A) and diversity (B) were similar between patients with and without a clinical response. Solids bars represent the
mean and the error bars the standard deviation. No distinct separation of the groups was appreciated with visualization of either
unweighted (C) or weighted (D) UniFrac distances (p D 0.87 and p D 0.92, respectively). Yellow dots represent patients with clinical
improvement and blue dots those without clinical improvement. Values in the parenthesis describe the amount of community variation
explained along each respective axes.
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level, the relative abundances of multiple F. prausnitzii
OTUs were increased in patients with UC. A case
report from a young patient with UC demonstrated
similar increases in F. prausnitzii from mucosal biop-
sies,19 but this finding was not replicated in larger
cohorts.10 Additionally, when we compared patients
who clinically improved to those who did not, differ-
ent F. prausnitzii OTUs associated with each outcome.
Prior work with surgical specimens from patients with
CD showed that reductions in F. prausnitzii were
associated with increased risk of disease recurrence14

and similar findings were later shown in UC with fecal
samples.9 Though no conclusions can be drawn, our
results, in conjunction with prior observations, sup-
port pursuing studies into defining the physiologic dif-
ferences between F. prausnitzii strains and their
relevance in respect to IBD pathogenesis and disease
modulation.

This study is the first to examine the predicted
metagenome of the mucosal microbiome in treat-
ment-na€ıve pediatric UC patients. We found no sig-
nificant differences compared to controls. Previously,
when subgroups (UC or CD) stratified by the presence
of inflammation within biopsies were compared, dif-
ferences were detected in gene content related to car-
bohydrate, amino acid and lipid metabolism.43

Similarly from stool samples, patients with IBD had
alterations in inferred gene content related to
carbohydrate and amino acid metabolism, which was

confirmed with whole genome sequencing.20 These
results suggest that microbiome functional differences
are present in IBD, but become more apparent in stool
and inflamed mucosa. Overall, the inferred metage-
nome approach has shown up to 80% agreement with
shotgun metagenomic approaches (i.e., whole genome
sequencing, WGS),44 but this approach may miss sig-
nificant differences depending on the bacterial species
and strains under consideration. Inferred metagenome
methodology is limited by the extent of reliable refer-
ence genome databases. Therefore, our negative
results may partially be explained by inherent limita-
tions of our methodology. Future studies incorporat-
ing WGS techniques and methods are needed to
clarify UC specific mucosal metagenome alterations.

Specific bacteria have been associated with IBD
related clinical outcomes,9,14,45 which we observed at
the OTU level. Previous studies have linked clinical
response in patients with UC to the composition of
the microbiome. Adults, in particular, experienced
declines in richness and diversity prior to disease
relapse, but no OTU level features were associated
with relapse.13 Similarly, in pediatric patients with
severe UC, reductions in richness were associated with
a non-response to steroids.11 Although richness and
diversity were similar between responders and non-
responders, we identified multiple OTU level differen-
ces. OTUs from F. prausnitzii were differentially
abundant between the groups, but OTUs from

Figure 4. LDA scores demonstrated OTUs for F. prausnitzii associated with both responders and non-responders. OTUs for the genera
Clostridium and Bacteroides were increased in patients with UC compared to controls. Green bars indicate taxa enriched in controls rela-
tive to patients with UC and red bars indicate taxa enriched in patients with UC relative to controls. Numerical identifiers represent
unique OTUs and taxonomic characterization was performed against the Greengenes database to the furthest extent.
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Clostridium and Bacteroides were more abundant in
patients without a clinical response. The differential
abundance of F. prausnitzii OTUs emphasizes the
importance of studying strain level physiology, espe-
cially since studies have demonstrated bacterial strains
within the same species can initiate different physio-
logic responses.46 Although we identified OTU level
differences between responders and non-responders,
these differences must by confirmed using larger
patient populations, since our study was limited by
the small number of patients with UC. Future opti-
mally powered cohort studies incorporating longitudi-
nal sampling will be needed to identify potential
microbes or microbial products associated with clini-
cal outcomes in UC.

As with most translational work with respect to the
human microbiome, our study also carries significant
limitations. We examined a small number of patients,
which limited our ability to detect potential significant
differences. As with most studies using mucosal sam-
ples, our control subjects had symptoms prompting a
colonoscopy, so comparisons to completely health
subjects may identify other alterations. With the use
of mucosal samples, we observed a relatively increased
proportion of human DNA content, which may have
further limited our ability to detect meaningful differ-
ences. Regarding generalizability, our study was con-
ducted in a pediatric population and the results may
not apply to adults. Despite removing the confound-
ing effects of medications, diet and host genetics were
not accounted for, which could independently alter
the microbiome.3,47 In spite of these limitations, our
findings of a similar overall microbiome structure (i.e.
a diversity) and alterations in select genera (e.g. Rose-
buria, Akkermansia) are consistent with prior reports.
Our observations and the associations with differential
clinical outcomes in pediatric patients with UC
advance the concept that intestinal microbiota may
contribute to disease onset, and the intestinal micro-
biome may be a potential target to alter the course of
inflammatory bowel disease.

Materials and methods

Population and design

All patients were initially seen at the Texas Children’s
Hospital Gastroenterology Clinic and then referred for
colonoscopy to evaluate symptoms consistent with IBD
(e.g., abdominal pain, rectal bleeding, weight loss or

diarrhea). They had a standard colonic preparation
prior to colonoscopy and mucosal biopsies were taken
throughout the colon. For this study, only colonic sam-
ples taken from the descending or sigmoid colon were
included for analysis. Mucosal biopsy tissue samples
were flash frozen in liquid nitrogen or dry ice prior to
transfer to the Baylor College of Medicine Digestive
Diseases Center Tissue Bank. The Bank is IRB
approved (H-17654, P30 DK56338) and maintains a
secure database of tissues with associated identifiers.

The initial cohort consisted of 12 patients with UC
and 15 non-IBD controls. Patients with UC had to
have a clinical history, endoscopic appearance and his-
tologic findings consistent with UC. Controls were
defined by the lack of endoscopic or histologic evi-
dence of IBD. All controls had a complete chart review
following their colonoscopy to confirm no subsequent
diagnosis of IBD or other colonic diseases. We col-
lected basic demographic information including age at
diagnosis, sex (male or female) and race (Caucasian,
Black, Hispanic, other). Clinical information included
clinical status defined by the Physicians Global Assess-
ment (PGA) scale and disease extent categorized by
the Montreal classification system (E1 proctitis, E2 left
sided colitis, E3 pancolitis). Initial UC therapies were
categorized into 5-aminosalicylates, anti-tumor necro-
sis factors (anti-TNFs) or steroids.

Clinical outcomes were defined using the change in
PGA scale over time. The PGA scale categorized
patients as inactive (no pain, diarrhea or bleeding),
mild (mild pain, diarrhea without bleeding or noctur-
nal symptoms), moderate (moderate pain, diarrhea
with nocturnal symptoms or bleeding, but non-toxic)
or severe (severe pain, diarrhea with nocturnal symp-
toms and bleeding, toxic appearance). Clinical status
was compared between each patient’s first visit, which
occurred before their colonoscopy, and their first visit
at least 1 month after, but within 12 months of the ini-
tial colonoscopy. Improvement (i.e., responder) was
considered as a binary variable (i.e., yes or no) with
yes occurring if the PGA classification improved
between these time periods. If the PGA remained the
same or worsened, then improvement was classified as
no (i.e. non-responder).

DNA extraction

Tissue samples were thawed to room temperature.
ATL buffer (540 ul, Qiagen, Valencia, CA) was added
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to the sample tissue (10 mg) in an Eppendorf tube
(1.5 ml) and homogenized completely using an IKA
Ultra-Turrax T8 (IKA Works, USA). Proteinase K
(60 ml, Qiagen, Valencia, CA) was added and the
samples were vortexed before an overnight incuba-
tion on a shaking platform at 50�C. Each tissue sam-
ple digest was then placed into a primed heavy
phase-lock gel separation tube and 600 ml phenol/
chloroform/isoamyl alcohol (25:24:1; PCI) was added
to each. Sample tubes were shaken vigorously for 15
seconds and then centrifuged at 14000 rcf for 1 min-
ute at 4�C. The top phase of each was transferred to
a new primed Phase-Lock tube and PCI extraction
was repeated followed by a chloroform only extrac-
tion. The top phase was then used for sodium acetate
ethanol precipitation. Precipitated DNA was dis-
solved into TE buffer (EMD Millipore, Darmstadt,
Germany) and its concentration measured by Nano-
drop 1000 Spectrophotometer (Thermo Scientific,
Wilmington, DE). Samples were diluted to 20 ng/ml
concentration and stored at 4�C before transport to
the sequencing provider.

16S rRNA V4-V6 amplicon library preparation

Targeted locus 16S rRNA gene sequencing of the V4-V6
variable regions was performed by the MR DNA labo-
ratory (Shallowater, TX, USA) with an Illumina MiSeq
instrument. Genomic DNA preparations were ampli-
fied with 530F 50- GTGCCAGCMGCNGCGG ¡30 and
926R 50- CCGTCAATTYYTTTRAGTTT ¡30 primers
with each sample barcoded on both the forward and
reverse ends (Supplemental Table 1) using HotStarTaq
Plus Master Mix Kit (Qiagen, Valencia CA). The fol-
lowing PCR amplification conditions were used: 1 cycle
94�C for 3 minutes; 28 cycles 94�C for 30 seconds,
53�C for 40 seconds, and 72�C for 1 minute; finally, 1
cycle 72�C for 5 minutes. Amplification products were
checked and relative intensity was examined by UV
illumination in 2% agarose gel after electrophoresis.
PCR samples were then pooled in equal proportions
and purified using calibrated Ampure XP beads (Beck-
man Coulter, Brea CA). The pooled and purified prod-
uct was used in a TruSeq DNA sample prep kit
(Illumina, San Diego CA) following the supplied proto-
col. Then sequencing was performed following the
manufacturer’s guidelines. These sequence data have
been submitted to the NCBI SRA database under Bio-
Project ID number PRJNA276700.

Sequence data analysis

QIIME (version 1.8) was used for post sequence proc-
essing and analysis.48 After sequencing, the forward
read was converted from the fastq format to the corre-
sponding fasta and quality files. Due to poor joining
of the corresponding reads and previous literature
showing the forward read is acceptable for taxonomic
assignment49 we preceded with the forward reads.
Sequence data were separated by barcode and quality
filtered in QIIME using the default parameters (mini-
mum sequence length 200, maximum sequence length
1000, minimum average quality score 25, maximum
ambiguous bases 6, maximum homopolymers in
sequence 6, and maximum primer mismatch 0). Oper-
ational taxonomic units (OTUs) were picked using an
open reference strategy against the Greengenes data-
base (Version 13_8), at 97% identity.50,51 ChimeraS-
layer52 was used to identify chimeric sequences and
the resulting chimera filtered OTU Table was rarefied
to 2350 sequences per sample, which was chosen to
retain the majority of samples and remove samples
with very low quality sequence levels (2 patients with
UC and 2 controls; range 327-1610 sequences). Alpha
diversity was evaluated by the Shannon metric. Beta
diversity was compared using non-parametric meth-
ods (PERMANOVA) and was visualized using
EMPeror with unweighted and weighted UniFrac dis-
tances.53-55

To perform inferred metagenome analysis, de novo
picked OTUs were removed from the previously cre-
ated OTU table. The resulting closed reference OTU
Table was then analyzed using the Phylogenetic Inves-
tigation of Communities by Reconstruction of Unob-
served States (PICRUSt)44 pipeline available through
the Huttenhower lab Galaxy56-58 online module. First,
the OTU Table was normalized for 16S rRNA gene
copy number followed by metagenome predications
against the KEGG59,60 reference (v3.5 of IMG). The
resulting KEGG orthologs were then compiled into
pathways for downstream analysis. Features with a
low abundance (< 1%) in all samples were filtered
from further analysis.

Statistical analysis

Both community compositional and functional path-
way data were analyzed using Statistical analysis of
taxonomic and functional profiles (STAMP)61 and lin-
ear discriminant analysis (LDA) and effect size
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(LEfSe).62 Data analysis was performed in STAMP to
identify differences between patients with UC and
controls from the phylum to genus levels. Differences
were compared using White’s non-parametric t-test63

with Benjamini Hochberg FDR correction for multiple
comparisons. Features with a corrected p value less
than 0.05 were considered statistically significant. To
analyze differences in OTUs between groups, the Gal-
axy web-based implementation of LEfSe was utilized
for statistical analysis and plotting of effect size. Clini-
cal and microbiome characteristics with a normal dis-
tribution are presented as a mean with a standard
deviation.
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