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ABSTRACT

Ulcerative colitis (UC), a subtype of inflammatory bowel disease, is characterized by repetitive
remission and relapse. Gut microbiome is critically involved in pathogenesis of UC. The shifts in
microbiome profile during disease remission remain under-investigated. Recent studies revealed
that UC pathogenesis is likely to originate in the mucosal barrier. Therefore, we investigated the
effectiveness of mucosal tissue microbiomes to differentiate patients with subclinical UC from
healthy individuals. The microbiomes of cecal and rectal biopsies and feces were characterized
from 13 healthy individuals and 45 patients with subclinical UC. Total genomic DNA was extracted
from the samples, and their microbial communities determined using next-generation sequencing.
We found that changes in relative abundance of subclinical UC were marked by a decrease in
Proteobacteria and an increase in Bacteroidetes phyla in microbiome derived from rectal tissues but
not cecal tissue nor feces. Only in the microbiome of rectal tissue had significantly higher commu-
nity richness and evenness in subclinical UC patients than controls. Twenty-seven operational
taxonomic units were enriched in subclinical UC cohort with majority of the taxa from the
Firmicutes phylum. Inference of putative microbial functional pathways from rectal biopsy micro-
biome suggested a differential increase in interleukin-17 signaling and T-helper cell differentiation
pathways. Rectal biopsy tissue was suggested to be more suitable than fecal samples for micro-
biome assays to distinguish patients with subclinical UC from healthy adults. Assessment of the
rectal biopsy microbiome may offer clinical insight into UC disease progression and predict relapse
of the diseases.
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Introduction L . .
for early treatment is important for positive clinical

Ulcerative colitis (UC), a subtype of inflammatory
bowel disease (IBD), is a debilitating illness that can
cause morbidity and mortality if left unmanaged. The
disease is commonly associated with a westernized
lifestyle, and the majority of IBD cases are reported
in Northern Europe and North America." However,
UC incidence has risen in the Asia-Pacific region over
the past two decades, and this has been associated
with rapid urbanization.” Southeast Asian countries
are already densely populated and continue to
expand, giving UC the potential to impact
a substantial demographic of their people.”

The impact of UC extends beyond the initial onset.
It has been reported that remission patients have
a relapse rate of 38%-76%." Early diagnosis of relapse

outcomes. However, early prediction of disease relapse
remains a challenge even by using the conventional
approaches, which include endoscopic and histologi-
cal examinations, radiology, and serological profiling.
The emergence of high-throughput amplicon sequen-
cing opened a new field of research, with potential
implications for diagnosing UC. Characterization of
the fecal microbiome has been the focal point for most
UC microbiome studies, as fecal samples are non-
invasive and easy to collect. However, the fecal micro-
biome is not sensitive enough to detect gut dysbiosis in
the early stages of the disease.® A comprehensive study
by Schirmer et al. have documented temporal changes
of gut microbiome in children,” but little is known
about how microbiomes shift in the early or remission
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stages of UC for adults. Mucosal biopsy was first
documented to effectively diagnose UC in the early
1960s.® An increasing body of evidence suggests that
UC pathogenesis starts in the colonic mucus
barrier.>'® Accordingly, we hypothesized that the
mucosal microbiome is a good candidate for establish-
ing a baseline microbial profile for dysbiosis compar-
ison with subclinical UC patients. We thus set forth to
determine whether mucosal tissue microbiomes can
effectively diagnose subclinical UC.

Results

Characterization of fecal- and mucosa-associated
microbiomes in subclinical UC patients

Cecal and rectal biopsies and fecal samples were col-
lected from 58 volunteers —45 UC remission patients
with subclinical symptoms (Mayo Score < 5) and 13
healthy individuals scheduled for routine health
examination (hereinafter “control”). Clinical para-
meters of the patients are outlined in Table 1. In
total, microbiomes of 174 samples were characterized
by sequencing the V3-V4 region of 16S rRNA. A total
of 8,964,585 sequence reads from all samples were
assigned to 768 different operational taxonomic units
(OTUs). On average, each sample had 27,083 reads,
which were clustered into 92 OTUs, with 96.2% suc-
cessfully assigned at the genus level. Rarefaction ana-
lysis of samples suggested that the majority of the
microbial diversity was captured around 15,000
reads (Figure S1). Samples with fewer than 15,000
reads were omitted, resulting in a total of 134 samples
used in the final analysis (n = 40, 36, and 58 for cecal
biopsy, rectal biopsy, and fecal, respectively). The
three major gut bacterial phyla — Proteobacteria,
Bacteroidetes, and Firmicutes — contributed on aver-
age 16.7%-35.0%, 42.5%-55.4%, and 25.0%-29.0% of
relative abundance across all 134 samples, respectively.
Large inter-individual variations were observed
(Figure 1(a)). Compared to control, mucosa-
associated microbiome (MAM) in subclinical UC
patients exhibited lower relative abundance in
Proteobacteria and higher in Bacteroidetes and
Firmicutes. In contrast, the relative abundances of
Proteobacteria and Bacteroidetes in the fecal-
associated microbiome (FAM) shifted in the opposite
direction to that of MAM (Figure 1(b)). However,
only major phyla of rectal MAM were found

Table 1. Patient clinical parameters.

Subclinical UC (n = Healthy (n =
45) 13)

Age (yr, mean + SD) 469 + 10.8 46.5 + 13.3
Gender

Male 31 6

Female 14 7
Mayo Score

0-2 30 NA

Cecal endoscopic grade (2/1/ 1/3/26 NA

0)

Rectal endoscopic grade (2/ 3/20/7 NA

1/0)

3-5 15 NA

Cecal endoscopic grade (2/1/ 1/1/13 NA

0)

Rectal endoscopic grade (2/ 13/2 NA

1)
Therapy (with/without)

ASA Rx 38/7 NA

Sulfasalazine 2/43 NA

Steroid 6/37 NA
Diet control (with/without) 30/15 0/13
Clinical complications®

Mayo Score > 2 19 NA

Severe relapse/Admission 0 NA

Mortality 0 NA
Samples with sufficient

reads®

Cecum biopsy 32 8

Rectal biopsy 27 9

Feces 45 13

n: case numbers; UC: ulcerative colitis; ASA Rx: aminosalicylic acid
prescriptions.

Monitoring period of 4 years; “Samples containing a minimum of 15,000
reads

significantly different between subclinical UC and
control groups (ANOVA; p = 0.000, 0.000, 0.030 for
Proteobacteria, Bacteroidetes, and Firmicutes,
respectively).

Patients with subclinical UC exhibit significant
different MAM and FAM

Relationships between sample types and cohorts were
examined by identifying shared OTU using samples
originated from the same patients (n = 6 and 23
triplets in control and subclinical UC, respectively).
The majority of microbiomes were represented by 139
OTUs (Figure 2(a)) shared across all samples regard-
less of site and cohort (87%-97.5% relative abundance;
Figure 2(b)). Of these OTUs, significant difference in
major phyla relative abundance between mucosal
samples of control and subclinical UC cohort (Figure
2(b), ANOVA; Bacteroidetes p = 0.005; Firmicutes p =
0.047, Proteobacteria p = 0.000 for rectal samples). We
observed some OTUs in subclinical UC cohort exhib-
ited a different dynamic (relative abundance of cecal -
rectal — fecal) to controls (OTU1, OTU7, OTUS, and
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Figure 1. The relative abundances of the three major phyla in
tissue and fecal microbiomes. (a) Percentage relative abundance
of the three major phyla of biopsy and fecal samples between
the control and subclinical UC cohorts. Boxplots show the inter-
quartile ranges and medium relative abundances. Dots represent
sample outliers. Significant differences between cohorts are
labeled with asterisks (* p < 0.05; **** p < 0.0001). (b)
Percentage change in mean relative abundance in the subclinical
UC cohort relative to the control.
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Figure 2. (a) Shared OTUs in different cohorts for patient with
triplet samples. Total number of OTUs for each cohort are shown
by bar plot on the right. Top panel bar plot represents the
number of OTUs found among the cohorts, which is indicated
by the connected dots. (b) Relative abundance of the 139 shared
OTU in the 29 patients. Number on the top of bar chart indicate
the total percentage abundance represented by the shared
OTUs. Box plot within the bar chart showed the relative abun-
dance of major phyla represented by these OTUs.

OTU13; Figure S2). In other cases where the abun-
dance change dynamics were similar between the two
cohorts, the variation in abundance level among each
sample type in subclinical UC was greater compared
to the control cohort (OTU10, OTU11, and OTU15;
Figure S2). Additionally, we identified one and 73
specific OTUs found only in all control and subclinical
cohort, respectively (Figure 2(a)). These OTUs exhib-
ited 0.0018%-0.016% and 0.9%-3.2% relative abun-
dance in their respective cohort.
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Rectal mucosa-associated microbiome differentiates
subclinical UC patients from controls

The community richness (Chaol) and evenness
(Shannon) analyses indicated that subclinical UC
showed a significantly higher richness in rectal
MAM than the controls (p value = 0.009, Figure 3),
which were observed in neither cecal MAM nor fecal
microbiome. Shannon indices also showed higher
diversity in rectal MAM, albeit without statistical sig-
nificance (p value = 0.13). Unexpectedly, the commu-
nity richness of FAM was similar in both cohorts.
Notably, previous studies on gut inflammation have
suggested that UC is usually associated with a decrease
in gut microbial diversity, which were based on fecal
microbiota only."' ™'

Data in the beta diversity ordination separated along
Axisl and explained 47.7% of the variation among all
samples. The microbial community profiles were not
clustered based on sample type, as MAM overlapped
with FAM (Figure 4(a)). However, PERMANOVA ana-
lysis suggested significant differences between sample
type and disease status (p value = 0.03, FAM vs.
MAM; p value = 0.001, control vs. subclinical UC).
Ordination analysis for each sample type revealed sig-
nificant differences in community profile of subclinical
UCand control in rectal MAM (adjusted p value = 0.015,
Figure 4(b)), whereas the diversity was indistinguishable
for FAM and cecal MAM in our study (adjusted
p value = 1.0). Inter-individual variation was minimized
by comparing sequencing results from patients with all
three sample types (n = 29, Figure 4(c)). The clustering
pattern in Figure 4(c) was similar to that of Figure 4(b).
The cecal MAM had better, but not significant, separa-
tion between the control and subclinical UC
(p value = 0.405, Figure 4(c)). In conclusion, our findings

200

oooooo

Figure 3. Shannon and Chao1 diversity indices of all sequenced
samples. Alpha diversity variation of different disease statuses
within sample type. Dots represent sample outliers. p values
were determined using ANOVA and post-hoc test Tukey’s HSD.
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Figure 4. Ordination of samples using principal coordinate ana-
lysis with weighted UniFrac distance matrix. (a) The plot contains
all sample points; the color and size of data points indicate
different sample types and patient cohorts, respectively. (b)
Sample plot as (a), but separated by sample types. (c)
Ordination plot containing data points where all three sample
types were collected from the same patients.

indicated that rectal MAM was the best indicator of
changes in microbial community between control and
subclinical UC patients.

OTUs associated with UC dysbiosis in rectal biopsy

We searched for the microbial biomarkers that
were potentially able to diagnose and predict sub-
clinical UC dysbiosis. A total of 27 OTUs were
found to be differentially abundant in the rectal
MAM of subclinical UC patients (n = 27) compared
to control (n = 9) (Table 2). Otul-Bacteroides and
Otu7-Prevotella showed significant increases in
mean relative abundance (Figure 5; Otul: 7.1% vs.

18.4% adjusted p value = 0.031, Otu7: 2.0% vs.
15.2%, adjusted p value = 0.031; control vs. subcli-
nical UC) and contributed to the huge rise in
Bacteroidetes observed in Figure 1. Significant
changes in abundance were not found for fecal
nor cecal samples in the same patients (Figure 5).
Clostridium XIVa had been suggested to act as
a beneficial microbe to protect the intestinal
lumen."* In our study, the Otul49-Clostridium
XIVa is one of the 27 differentially abundant
OTUs in Table 2. However, high abundance of
Otul49 is correlated with rectal MAM of subclini-
cal UC cohort instead of the control (Figure S3).

The subclinical UC patient were continuously
monitored for four years. During the monitoring
period, none of them had an overt recurrence
(Mayo score >5), but twelve had at least one episode
with Mayo score > 2. These patients with mild
clinical recurrence were categorized as the sub-
group of high risk (n = 15) of recurrence compared
to those without recurrence (low risk, n = 12). We
identified only one differentially abundant OTU of
Megasphera genus (OTU22) between high and low
risk of recurrence for UC (low-risk cohort
0.024 £ 0.082%; high-risk cohort 0.274 + 0.724%;
adjusted p = 0.001).

Functional prediction of KEGG pathway associated
with UC

Gut microbial functional pathways were predicted
by inferring KEGG orthologues from OTUs present
in each sample. The results were filtered for ortho-
logues with at least a two-fold difference in relative
abundance and p value < 0.05. A total of 38 differ-
entially-abundant KEGG terms were identified
(Figure 6). Homeostasis luminal short-chain fatty
acid level was shown to be critical for healthy gut
epithelial barrier function."” In the control cohort,
the number of pathways related to the degradation
of bile acid precursor and sterol compounds were
founded to be more (ko00984-steroid, ko00623-
toluene, and ko00930-caprolactam degradation).
This indirectly suggests a below-normal bile acid
biosynthesis in the subclinical UC cohort. The
absorption of dietary lipids, much aided by bile
acid, allows short-chain fatty acid biosynthesis to
occur. On the other hand, the type of pathways
increased in subclinical UC cohort suggested signs
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Figure 5. Relative abundances of OTU1 and OTU7 in each sample
type between subclinical UC patients and healthy controls.
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Figure 6. Comparison of the KEGG terms between the rectal
MAM in control and subclinical UC cohorts. KEGG orthologues
were inferred from OTU abundance. The fold changes are
referred to the subclinical UC cohort.

of inflammation. Proinflammatory cytokines and
interleukins can be regulated by lysosome
(ko04142), which showed a two-fold increase. The
increase in the number of pathways related to anti-
gen processing and presentation (ko04612), Th17
cell differentiation (ko04659), and IL-17 signaling
(ko04657) further demonstrate signs of dysbiosis in
subclinical UC. These pathways promote the upre-
gulation of innate immune responses, which
usually result in host inflammation.

Discussion

In this study, we characterized and compared the micro-
biome profiles of cecal and rectal mucosal biopsies and
fecal samples between subclinical UC patients and
healthy adults. Notably, rectal mucosal biopsy, but not
cecal mucosal biopsy or stool samples, demonstrated

significant inter-cohort differences in microbiome
throughout our analysis, with an apparent shift in phy-
lum abundances and community profiles. Our findings
strongly suggest that rectal MAM predicts subclinical
UC status better than conventional fecal microbiota.
Studies on UC remission after fecal transplant treatment
emphasized tracking changes in patients’ newly intro-
duced microbiome.'®"” We believe that providing
a detailed profile of the rectal mucosal microbiomes of
UC patients in subclinical state allows for a more accu-
rate diagnosis and recurrence prediction than that of
fecal microbiome.

A recent study revealed that the strength of the
gut mucus barrier is vital in early UC pathogenesis.’
This coincides with our observation that the relative
abundance of subclinical UC mucosal tissue differed
significantly but not in the fecal microbiome.
However, our results differed to previous studies
that mucosal samples in IBD were associated with
increased Proteobacteria abundance.'"'* "> Previous
studies have demonstrated that the gut microbiomes
are inherently different among patients with differ-
ent ethnicities, residencies, and ages,”' suggesting
that microbiome shift studies of active UC**** or
IBD should establish a baseline variation for their
participants to yield biological meaning from the
analysis. We speculate that the phenotype of our
subclinical UC cohort added to this complexity,
and acknowledge a larger pool of control would
warrant a more robust abundance baseline to vali-
date our findings.

A striking result of our study was that the micro-
biomes of the rectal mucosa were more diverse in the
subclinical UC cohort than the control. The Chaol
index of rectal MAM in the subclinical UC cohort
was higher compared to the control (Figure 3; left
panel). This suggests that, in a healthy individual,
MAM and FAM are highly differentiated, which
might be attributed to their environments support-
ing a localized niche group of microbes. Mild inflam-
mation altered the epithelial gut environment, thus
further supporting microbes with different growth
niches. However, the perturbed niche does not elim-
inate the resident population, as the majority of
OTUs were shared and still dominant in the same
sample types (Figure 2(b)). Shift in microbial profiles
in subclinical cohort were attributed to the increased
relative abundance of the rare species. This finding
may also explain the increase in the alpha diversity



indices of MAM in the UC cohort (Figure 3; right
panel).

A large portion of the variation in the micro-
biome was reported to originate from inter-
individual variation.'” When determining disease
status, we minimized patient-patient variation by
analyzing both fecal and mucosal biopsies from the
same patient. Beta diversity analysis indicated that
the microbial profiles of cecal MAM and FAM
cannot separate the control and subclinical UC
patients. Statistical differences were detected only
in the rectal MAM.

The  relative  abundance  of  Blautia,
Ruminoccocaceae  and  Lachnospiraceae ~ were
increased in our subclinical UC cohort (Table 2).
Such observations were opposite to Schirmer et al.
for their decreased relative abundance in mild and
moderate UC pediatric patients.” One of the possible
explanation in the discrepancies may be the age
group differences of patients, as microbiome of chil-
dren have been shown to be different from adults.**~
% Further analysis of differentially abundant taxa at
the genus level revealed two OTUs (Bacteroides spp,
Prevotella spp.) were associated with dysbiosis of
subclinical UC, consistent with previous report"
and attributed to inflammatory responses.’”*®
Similarly, the multi-omics study by Lloyd-Price
et al. indicated that the presence of many
Bacteroides and Prevotella species were highly corre-
lated with UC dysbiosis."® An increase in proinflam-
matory Prevotella spp. was correlated with the
differential increase in Th17 cell differentiation and
IL-17 signaling pathways, suggesting that these two
OTUs play a role in UC pathogenesis. Accordingly,
we propose that rectal MAM is a more suitable
indicator for UC disease state, even at the preclinical
or subclinical state.

No OTUs were found to correlate with both
subclinical UC dysbiosis and recurrence. OTU22-
Megasphaera is the only OTU showed to have dif-
ferential increase in high risk for UC relapse.
Relatively low abundance of Megasphaera has
been previous reported in fecal samples,”>° but
not necessarily correspond to a differential increase
in UC dysbiosis. Clinical significance of this taxa in
UC dysbiosis warrants further investigation.

The differential analysis of putative KEGG ortho-
logues in sequenced samples revealed immune system
pathways associated with the subclinical UC. Th17 cell

GUT MICROBES (&) e1832856-7

differentiation (ko04659) and IL-17 signaling path-
ways (ko04657) have been implicated in Prevotella-
mediated chronic inflammation of the gut mucosa.””
The increase in the IL-17 pathway has been shown to
promote angiogenin and phospholipase A2 expres-
sion in innate immune defense. This promotes the
growth of Prevotella spp. in the colon and suppresses
growth of the beneficial Clostridium XIVa.'**' While
the increase in Prevotella found in subclinical UC
patients coincides with previous findings, the asso-
ciated decrease in C. XIVa was not detected. Our
data indicated a differential increase for Otul49-
C. XIVa in the rectal MAM of subclinical UC
(Figure S3). A possible explanation is that inflamma-
tion, even at subclinical status, creates a niche that
differentiates the colonization of microbiome, which
cannot be detected in feces. Secondary bile acid bio-
synthesis pathways (ko00121) were also shown to
increase in the subclinical UC cohort. Heinken et al.
showed that metabolism and the biosynthesis of sec-
ondary bile acid require cooperation among multiple
microbial communities.’ Bile acids are known regu-
lators for gut microbiome,” these findings suggest
a feedback regulatory mechanism involved in
response to the changes in gut environment and war-
rant further investigations.

In summary, UC usually runs a complex but unpre-
dictable clinical course. Our findings provided insights
into FAM and MAM profiles at the subclinical stage of
UC. Rectal MAM was demonstrated to be a better
indicator than FAM to distinguish subclinical UC
from those at sustained remission and healthy indivi-
duals. Putative OTUs implicated in subclinical UC
dysbiosis and UC recurrence were also identified.
We propose that these findings are a foothold for
further developing a method to monitor and early
detect the relapse of UC in patients at remission.
Further studies to delineate the multifaceted relation-
ship between the changes in rectal MAM and host
immune responses are warranted.

Material and methods
Study population and sample collection

Fifty-eight patients (45 subclinical UC patients and 13
healthy subjects) were recruited from the outpatient
clinics of Chang-Gung Memorial Hospital (Linkou,
Taiwan) from 2014 to 2015. The subclinical UC cohort
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consisted of patients that sustained remission with sub-
clinical symptoms. The study was approved by the
Institutional Review Board (IRB), and written consent
to participate in the study was obtained from patients.
The control group consisted of healthy adults scheduled
for routine health check and have opted for
a colonoscopy examination. UC was diagnosed based
on standard clinical, endoscopic, radiological, and histo-
logical criteria.** None of the 45 patients with UC were
at an active disease stage, nor had any had infectious
diarrhea relapses or used antibiotics within three months
of the sample collection. Cecal and rectal endoscopic
examination revealed low inflammation grade for all
subclinical UC patients. UC activity was evaluated
using the Mayo score.”® Fresh fecal samples were col-
lected and stored at —80°C less than 1 hour before DNA
extraction. For mucosa biopsy sampling, tissue samples
were taken from the cecum and rectum during the
colonoscopy. Colonic cleansing was performed before
the colonoscopy. Biopsy samples were immediately sus-
pended in an 1.5 ml tube with RNAlater™, solution
(Cat#: R0901, Merck, Darmstadt, Germany) and flash-
frozen with liquid nitrogen. Biopsy samples were stored
at —80°C until use.

DNA extraction

The experimental protocol was adapted from the
Human Microbiome Project.’® Total genomic DNA
was extracted using DNeasy PowerSoil kit (Cat #:
12888, QIAGEN, Hilden, Germany) with slight modifi-
cations. During sample pre-processing, the bead solution
was added to the frozen stool sample in a 15 ml Falcon
tube (2.0 ml/g frozen stool; 1.8 ml/biopsy). The mixture
was vortexed vigorously for 30 s, then incubated at 65°C
for 10 min and 95°C for 10 min using a water bath.
Large particles were pelleted by centrifugation at 1,500 g
x for 5 min, and 900 pl of supernatant was transferred to
the PowerSoil bead tube. The rest of the protocol is as
detailed by the manufacturer, with the following excep-
tions in reference to the user manual: (1) In Step 3,
sample homogenization was performed using
PowerLyzer*24 Homogenizer (Cat #: 13155, QIAGEN,
Hilden, Germany) set to 4,200 rpm for 45 s. (2) In Step
13, 1040 pl of Solution C4 was added. (3) In Step 16, the
spin column was washed twice with 500 pl of solution
C5 before elution.

Amplicon library construction for sequencing

Amplicon sequencing libraries were prepared as pre-
viously described.”” Amplicons were visualized by run-
ning 2 W of the product on 2.0% (w/v) agarose gel to
confirm that a product was generated. Sample normal-
ization was performed using SequalPrep Normalization
Plate Kit, 96-well (Cat #: A1051001, ThermoFisher,
Waltham, Massachusetts, U.S.). Normalized amplicon
products were pooled at equal volumes. The pooled
DNA library was concentrated using an equal volume
of Agencourt AMPure XP beads (Cat # A63880,
Beckman Coulter, Pasadena, California, U.S.).
Sequencing was performed by the NGS High
Throughput Genomics Core in Biodiversity Research
Center, Academia Sinica, Taiwan. Sequencing of the
16S amplicon was carried out using Illumina MiSeq
with paired-end 2 x 250 bp chemistry.

Sequencing data processing pipeline and statistical
analysis

Fastq files were pre-processed with the UParse v10.0.240
pipeline.*® Paired reads were merged into single sequences
and quality filtered; unique sequences were determined
and clustered into OTUs at 97% sequence similarity.
SINTAX algorithm was wused for taxonomic
assignment.” Processed data were imported into
R environment (v3.5.0) in the form of an OTU table.
Amplicon sequencing data were analyzed using Phyloseq
(v1.26.0) and DESeq2 (v1.22.1). The microbial commu-
nity distance between samples was calculated using
weighted UniFrac distances, and samples ordinated
using principal coordinate analysis (PCoA). Statistical
tests for categorical data against alpha diversity indices
were performed using ANOVA; post-hoc analysis was
performed using Tukey's HSD test. Variables with
a skewed sample size were not assessed (e.g., 2/43; with/
without sulfasalazine treatment). Statistical significance of
beta diversity between samples was tested using the adonis
function in R. Dispersion of the data points was analyzed
using the betadisper function in R. Differentially abundant
OTUs or functional pathways between the two parameters
were determined at a 95% confidence level using the Wald
test from the DESeq2 package. Functional pathways in the
samples were predicted using Piphillin,” with the Kyoto
Encyclopedia of Genes and Genomes (KEGG) as the
reference database (version Oct 2018).



Abbreviations

FAM Fecal-associated microbiome

IBD Inflammatory bowel disease

IL Interleukin

KEGG Kyoto Encyclopedia of Genes and Genomes
MAM Mucosal-associated microbiome

OTU Operational taxonomic unit

ucC Ulcerative colitis

Acknowledgments

We thank the National Health Research Institute (NHRI-EX108
-10619SC) and Chang Gung Medical Foundation
(CORPG3G0121, and CORPG3J0211) for the funding, and the
NGS High Throughput Genomics Core in Biodiversity Research
Centre, Academia Sinica for their assistance in sequencing. We
thank to National Center for High-performance Computing
(NCHC) for providing computational and storage resources.

Disclosure of potential conflicts of interest

The authors of this manuscript declared that they have no
conflict of interests.

Funding

This work was supported by the Chang Gung Medical
Foundation [CORPG3GO0121]; Chang Gung Medical
Foundation [CORPG3J0211]; National Health Research
Institute(TW) [NHRI-EX108-10619SC].

ORCID

Yu-Fei Lin () http://orcid.org/0000-0003-1031-3484
Chang Mu Sung (2 http://orcid.org/0000-0003-4575-2698
Huei-Mien Ke (%) http://orcid.org/0000-0001-5527-0815

Wei-an Liu () http://orcid.org/0000-0001-6435-2222
Wen-Sy Tsai (2) http://orcid.org/0000-0001-6873-2863
Meiyeh J Lu ([ http://orcid.org/0000-0002-4053-4889

Sen-Yung Hsieh () http://orcid.org/0000-0002-1723-7261

References

1. Dahlhamer JM, Zammitti EP, Ward BW, Wheaton AG,
Croft JB. Prevalence of inflammatory bowel disease
among adults aged >18 years — United States, 2015.
MMWR Morb Mortal Wkly Rep. 2016;65:1166-1169.
doi:10.15585/mmwr.mmé6542a3.

2. Ahuja V, Tandon RK. Inflammatory bowel disease in the
Asia-Pacific area: a comparison with developed countries and
regional differences. ] Dig Dis. 2010;11:134-147. doi:10.1111/
j.1751-2980.2010.00429.x.

10.

11.

12.

13.

14.

15.

16.

GUT MICROBES (&) e1832856-9

Kaplan GG. The global burden of IBD: from 2015 to
2025. Nat Rev Gastroenterol Hepatol. 2015;12:720-727.
doi:10.1038/nrgastro.2015.150.

Lichtenstein GR. Medical therapy of ulcerative colitis.
New York: Springer New York; 2014.

Rubin DT, Ananthakrishnan AN, Siegel CA, Sauer BG,
Long MD. ACG clinical guideline: ulcerative colitis in
adults. Am J Gastroenterol. 2019;114:384-413.
doi:10.14309/ajg.0000000000000152.

Moustafa A, Li W, Anderson EL, Wong EHM, Dulai PS,
Sandborn WJ, Biggs W, Yooseph S, Jones MB,
Venter JC, et al. Genetic risk, dysbiosis, and treatment
stratification using host genome and gut microbiome in
inflammatory bowel disease. Clin Transl Gastroenterol.
2018;9:e132-8. doi:10.1038/ctg.2017.58.

Schirmer M, Denson L, Vlamakis H, Franzosa EA,
Thomas S, Gotman NM, Rufo P, Baker SS, Sauer C,
Markowitz ], et al. Compositional and temporal changes
in the gut microbiome of pediatric ulcerative colitis
patients are linked to disease course. Cell Host Microbe.
2018;24:600-610.e4. doi:10.1016/j.chom.2018.09.009.
Flavell Matts SG. The value of rectal biopsy in the
diagnosis of ulcerative colitis. Qjm. 1961;30:393-407.
Van Der Post S, Jabbar KS, Birchenough G, Arike L,
Akhtar N, Sjovall H, Johansson MEV, Hansson GC.
Structural weakening of the colonic mucus barrier is
an early event in ulcerative colitis pathogenesis. Gut.
2019;68:2142-2151. doi:10.1136/gutjnl-2018-317571.
Lloyd-Price J, Arze C, Ananthakrishnan AN, Schirmer M,
Avila-Pacheco J, Poon TW, Andrews E, Ajami NJ,
Bonham KS, Brislawn CJ, et al. Multi-omics of the gut
microbial ecosystem in inflammatory bowel diseases.
Nature. 2019;569:655-662. doi:10.1038/s41586-019-1237-9.
MaH-Q, Yu -T-T, Zhao X-J, Zhang Y, Zhang H-]. Fecal
microbial dysbiosis in Chinese patients with inflamma-
tory bowel disease. World ] Gastroenterol.
2018;24:1464-1477. doi:10.3748/wjg.v24.113.1464.
Michail S, Durbin M, Turner D, Griffiths AM,
Mack DR, Hyams J, Leleiko N, Kenche H, Stolfi A,
Wine E. Alterations in the gut microbiome of children
with severe ulcerative colitis. Inflamm Bowel Dis.
2012;18:1799-1808. doi:10.1002/ibd.22860.

Ott §J. Reduction in diversity of the colonic mucosa associated
bacterial microflora in patients with active inflammatory bowel
disease. Gut. 2004;53:685-693. doi:10.1136/gut.2003.025403.
Hall AO, Towne JE, Plevy SE. Get the IL-17F outta here! Nat
Immunol. 2018;19:648-650. doi:10.1038/s41590-018-0141-z.
Kelly CJ, Zheng L, Campbell EL, Saeedi B, Scholz CC,
Bayless AJ, Wilson KE, Glover LE, Kominsky DJ,
Magnuson A, et al. Crosstalk between microbiota-derived
short-chain fatty acids and intestinal epithelial HIF augments
tissue barrier function. Cell Host Microbe. 2015;17:662-671.
doi:10.1016/j.chom.2015.03.005.

Fuentes S, Rossen NG, Van Der Spek M],
Hartman JHA, Huuskonen L, Korpela K, Salojarvi J,
Aalvink S, De Vos WM, D’Haens GR, et al. Microbial
shifts and signatures of long-term remission in


https://doi.org/10.15585/mmwr.mm6542a3
https://doi.org/10.1111/j.1751-2980.2010.00429.x
https://doi.org/10.1111/j.1751-2980.2010.00429.x
https://doi.org/10.1038/nrgastro.2015.150
https://doi.org/10.14309/ajg.0000000000000152
https://doi.org/10.1038/ctg.2017.58
https://doi.org/10.1016/j.chom.2018.09.009
https://doi.org/10.1136/gutjnl-2018-317571
https://doi.org/10.1038/s41586-019-1237-9
https://doi.org/10.3748/wjg.v24.i13.1464
https://doi.org/10.1002/ibd.22860
https://doi.org/10.1136/gut.2003.025403
https://doi.org/10.1038/s41590-018-0141-z
https://doi.org/10.1016/j.chom.2015.03.005

€1832856-10 Y.-F. LIN ET AL.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

ulcerative colitis after faecal microbiota transplantation.
Isme J. 2017;11:1877-1889. d0i:10.1038/isme;j.2017.44.
Shen Z-H, Zhu C-X, Quan Y-S, Yang Z-Y, Wu §, Luo -
W-W, Tan B, Wang X-Y. Relationship between intest-
inal microbiota and ulcerative colitis: mechanisms and
clinical application of probiotics and fecal microbiota
transplantation. World ] Gastroenterol. 2018;24:5-14.
doi:10.3748/wjg.v24.il1.5.

Ahmed I, Roy B, Khan S, Septer S, Umar S. Microbiome,
metabolome and INFLAMMATORY BOWEL
DISEASE. Microorganisms. 2016;4:20. doi:10.3390/
microorganisms4020020.

Lucke K, Miehlke S, Jacobs E, Schuppler M. Prevalence of
Bacteroides and Prevotella spp. in ulcerative colitis. ] Med
Microbiol. 2006;55:617-624. doi:10.1099/jmm.0.46198-0.
Chen L, Wang W, Zhou R, Ng SC, Li ], Huang M,
Zhou F, Wang X, Shen B, Kamm MA, et al
Characteristics of fecal and mucosa-associated micro-
biota in chinese patients with inflammatory bowel
disease. Medicine (United States). 2014;93:1-9.
Permpoon V, Pongpirul K, Anuras S. Ethnic variations
in ulcerative colitis: experience of an international hos-
pital in Thailand. World J Gastrointest Pharmacol Ther.
2016;7:428-433. doi:10.4292/wjgpt.v7.i3.428.

Chassaing B, Darfeuillemichaud A. The commensal
microbiota and enteropathogens in the pathogenesis of
inflammatory  bowel diseases.  Gastroenterology.
2011;140:1720-1728.e3. doi:10.1053/j.gastro.2011.01.054.
Zuo T, Ng SC. The gut microbiota in the pathogenesis
and therapeutics of inflammatory bowel disease. Front
Microbiol. 2018;9:2247.

Yatsunenko T, Rey FE, Manary M]J, Trehan I,
Dominguez-Bello MG, Contreras M, Magris M,
Hidalgo G, Baldassano RN, Anokhin AP, et al. Human
gut microbiome viewed across age and geography.
Nature. 2012;486:222-227. doi:10.1038/nature11053.
Huang S, Haiminen N, Carrieri A-P, Hu R, Jiang L,
Parida L, Russell B, Allaband C, Zarrinpar A, Vazquez-
Baeza Y, et al. Human skin, oral, and gut microbiomes
predict chronological age. mSystems. 2020;5:1-6.
doi:10.1128/mSystems.00630-19.

Radjabzadeh D, Boer CG, Beth SA, van der Wal P,
Kiefte-De Jong JC, Jansen MAE, Konstantinov SR,
Peppelenbosch MP, Hays JP, Jaddoe VWYV, et al
Diversity, compositional and functional differences
between gut microbiota of children and adults. Sci
Rep. 2020;10:1-13. doi:10.1038/s41598-020-57734-z.
Larsen JM. The immune response to Prevotella bacteria
in chronic inflammatory disease. Immunology.
2017;151:363-374. d0i:10.1111/imm.12760.

Conte MP, Schippa S, Zamboni I, Penta M, Chiarini F,
Seganti L, Osborn ], P, Borrelli O,
Cucchiara S. Gut-associated bacterial microbiota in pae-
diatric patients with inflammatory bowel disease. Gut.
2006;55:1760-1767. doi:10.1136/gut.2005.078824.

Falconieri

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Chen GL, Zhang Y, Wang WY, Ji XL, Meng F, Xu PS,
Yang NM, Ye FQ, Bo XC. Partners of patients with ulcerative
colitis exhibit a biologically relevant dysbiosis in fecal micro-
bial metacommunities. = World ]  Gastroenterol.
2017;23:4624-4631. doi:10.3748/wjg.v23.i25.4624.

Sun M, Du B, Shi Y, Lu Y, Zhou Y, Liu B. Combined
signature of the fecal microbiome and plasma metabo-
lome in patients with ulcerative colitis. Med Sci Monit.
2019;25:3303-3315. d0i:10.12659/MSM.916009.

Tang C, Kakuta S, Shimizu K, Kadoki M, Kamiya T,
Shimazu T, Kubo S, Saijo S, Ishigame H, Nakae S, et al.
Suppression of IL-17F, but not of IL-17A, provides pro-
tection against colitis by inducing T reg cells through
modification of the intestinal microbiota. Nat Immunol.
2018;19:755-765. doi:10.1038/541590-018-0134-y.
Heinken A, Ravcheev DA, Baldini F, Heirendt L,
Fleming RMT, Thiele I. Systematic assessment of secondary
bile acid metabolism in gut microbes reveals distinct meta-
bolic capabilities in inflammatory bowel disease.
Microbiome. 2019;7:75. doi:10.1186/s40168-019-0689-3.
Ridlon JM, Kang DJ, Hylemon PB, Bajaj JS. Bile acids and
the gut microbiome. Curr Opin Gastroenterol.
2014;30:332-338. doi:10.1097/MOG.0000000000000057.
Kornbluth A, Sachar DB. Ulcerative colitis practice guide-
lines in adults: American college of gastroenterology, prac-
tice parameters committee. Am ] Gastroenterol.
2010;105:501-523. doi:10.1038/ajg.2009.727.

Ikeya K, Hanai H, Sugimoto K, Osawa S, Kawasaki S,
Ilida T, Maruyama Y, Watanabe F. The ulcerative colitis
endoscopic index of severity more accurately reflects
clinical outcomes and long-term prognosis than the
mayo endoscopic score. ] Crohn’s  Colitis.
2016;10:286-295. doi:10.1093/ecco-jcc/jjv210.
Huttenhower C, Gevers D, Knight R, Abubucker S,
Badger JH, Chinwalla AT, Creasy HH, Earl AM,
Fitzgerald MG, Fulton RS, et al. Structure, function
and diversity of the healthy human microbiome.
Nature. 2012;486:207-214.

Kozich JJ, Westcott SL, Baxter NT, Highlander SK,
Schloss PD. Development of a dual-index sequencing
strategy and curation pipeline for analyzing amplicon
sequence data on the miseq illumina sequencing
platform. Appl Environ Microbiol. 2013;79:5112-5120.
doi:10.1128/AEM.01043-13.

Edgar RC. UPARSE: highly accurate OTU sequences
from microbial amplicon reads. Nat Methods.
2013;10:996-998. doi:10.1038/nmeth.2604.

Edgar R. SINTAX: a simple non-Bayesian taxonomy
classifier for 16S and ITS bioRxiv.
2016;074161.

Iwai S, Weinmaier T, Schmidt BL, Albertson DG,
Poloso NJ, Dabbagh K, DeSantis TZ. Piphillin:
improved prediction of metagenomic content by direct
inference from human microbiomes. PLoS One.
2016;11:1-18. doi:10.1371/journal.pone.0166104.

sequences.


https://doi.org/10.1038/ismej.2017.44
https://doi.org/10.3748/wjg.v24.i1.5
https://doi.org/10.3390/microorganisms4020020
https://doi.org/10.3390/microorganisms4020020
https://doi.org/10.1099/jmm.0.46198-0
https://doi.org/10.4292/wjgpt.v7.i3.428
https://doi.org/10.1053/j.gastro.2011.01.054
https://doi.org/10.1038/nature11053
https://doi.org/10.1128/mSystems.00630-19
https://doi.org/10.1038/s41598-020-57734-z
https://doi.org/10.1111/imm.12760
https://doi.org/10.1136/gut.2005.078824
https://doi.org/10.3748/wjg.v23.i25.4624
https://doi.org/10.12659/MSM.916009
https://doi.org/10.1038/s41590-018-0134-y
https://doi.org/10.1186/s40168-019-0689-3
https://doi.org/10.1097/MOG.0000000000000057
https://doi.org/10.1038/ajg.2009.727
https://doi.org/10.1093/ecco-jcc/jjv210
https://doi.org/10.1128/AEM.01043-13
https://doi.org/10.1038/nmeth.2604
https://doi.org/10.1371/journal.pone.0166104

	Abstract
	Introduction
	Results
	Characterization of fecal- and mucosa-associated microbiomes in subclinical UC patients
	Patients with subclinical UC exhibit significant different MAM and FAM
	Rectal mucosa-associated microbiome differentiates subclinical UC patients from controls
	OTUs associated with UC dysbiosis in rectal biopsy
	Functional prediction of KEGG pathway associated with UC

	Discussion
	Material and methods
	Study population and sample collection
	DNA extraction
	Amplicon library construction for sequencing
	Sequencing data processing pipeline and statistical analysis

	Abbreviations
	Acknowledgments
	Disclosure of potential conflicts of interest
	Funding
	ORCID
	References

