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Abstract

Background Clinical observations and experimental
colitis models have indicated the importance of intestinal
bacteria in the etiology of ulcerative colitis (UC), but a
causative bacterial agent has not been identified.

Aim To determine how intestinal bacteria are associated
with UC, fecal microbiota and other components were
compared for UC patients and healthy adults.

Methods Fresh feces were collected from 48 UC patients.
Fecal microbiota were analyzed by use of terminal-
restriction fragment length polymorphism (T-RFLP), real-
time PCR, and culture. The concentrations of organic acids,
indole, and ammonia, and pH and moisture, which are
indicators of the intestinal environment, were measured
and compared with healthy control data.
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Results T-RFLP data divided the UC patients into four
clusters; one cluster was obtained for healthy subjects. The
diversity of fecal microbiota was significantly lower in UC
patients. There were significantly fewer Bacteroides and
Clostridium subcluster XIVab, and the amount of Entero-
coccus was higher in UC patients than in healthy subjects.
The fecal concentration of organic acids was significantly
lower in UC patients who were in remission.

Conclusion UC patients have imbalances in the intestinal
environment—Iless diversity of fecal microbiota, lower
levels of major anaerobic bacteria (Bacteroides and Clos-
tridium subcluster XIVab), and a lower concentration of
organic acids.
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Introduction

Ulcerative colitis (UC) is an inflammatory bowel disease
that has been increasing in Japan [1]. It often occurs in the
prime of life (early 30 s) and is an intractable lifelong dis-
ease. Controlling the symptoms with drugs is a heavy burden
for patients physically, mentally, and socially [1]. An
understanding of the pathogenic mechanism of UC is needed
to lengthen remission periods and improve quality of life.
Although the exact etiology is unknown, multiple causes, for
example immune system disorders [2, 3], intestinal bacteria
[4-6], genetics [7, 8], and environmental factors, for
example lifestyle and stress, have been implicated [9].

Because inflammation is limited to the large intestine in
UC, intestinal microbiota and its metabolites might be
important in the etiology for UC. Interleukin (IL)-10 knock-
out (KO) mice and IL-2 KO mice spontaneously develop
UC-like inflammation in a conventional environment, but
not under germ-free conditions [2, 3, 10, 11], indicating the
importance of intestinal bacteria in addition to dysfunc-
tion of the immune system. However, the involvement of
intestinal bacteria in the development of UC has not been
clarified. Some intestinal bacteria have been suggested as
candidate agents. Bacteroides vulgatus has been found in
biopsy samples of UC patients, and antibodies against this
bacterium have been detected in the serum of UC patients
[12]. More sulfate-reducing bacteria (SRB) reside in UC
patients, producing cytotoxic hydrogen sulfide, which has
been implicated in UC [13, 14]. Ohkusa et al. [15] detected
Fusobacterium varium in the colonic mucosa of UC
patients and reported that antibiotics against F. varium
ameliorated disease symptoms. These bacteria also reside in
healthy adults, however, and no bacterial species has been
identified as UC-specific.

Most human microbiota belongs to four bacterial divisions:
Firmicutes, Bacteroidetes, Proteobacteria, and Actinobacte-
ria [16-18]. Bacteroides, Eubacterium, and Ruminococcus are
the dominant genera in the adult intestine [18]. The effects of
these dominant bacteria and their metabolites on the intestinal
mucosa are not negligible. Intestinal microbiota metabolizes
undigested carbohydrates into organic acids, for example
acetic and butyric acids, in the lower intestinal tract. These
acids reduce intestinal pH and suppress over-growth of path-
ogenic bacteria and the production of putrefactive compo-
nents, for example indole and ammonia. Butyrate is an energy
source for the intestinal mucosa and promotes growth and
differentiation of colonocytes [19-23]. Intestinal organic
acids, especially butyric acid, have immunomodulatory
effects on colonic inflammation and a reinforcing effect on the
intestinal defense barrier [19, 20, 24].

Microbiota colonization affects the development of the
intestinal immune system, and proper immune function is
regulated by the interaction between host and symbiotic
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bacteria [25, 26]. Normal intestinal microbiota is associ-
ated with both pro and anti-inflammation responses [25].
Fecal microbiota, innate and adaptive immune responses in
the host, and the intestinal environment, including bacterial
metabolites, are closely linked to gut health, and an
imbalance in these factors has been implicated in intestinal
disorders. Here, we investigated differences in fecal mic-
robiota and organic acids between UC patients and healthy
adults to clarify how intestinal microbiota is involved in the
development of ulcerative colitis.

Materials and Methods
Reagents and Bacterial Strains

Blood liver agar (BL), Rogosa SL agar, Trypticase soy agar
(TS), and desoxycholate hydrogen sulfide lactose agar
(DHL) were obtained from Nissui Pharmaceuticals (Tokyo,
Japan). Bacteroides fragilis JCM11019, Bifidobacterium
longum JCM1217, Blautia coccoides JCM1395, Clostrid-
ium perfringens JCM1290, Desulfovibrio alkalitolerans
JCM12612, Enterococcus faecalis JICMS5803, Fusobacte-
rium varium JCM3722, and Methanobrevibactor arbor-
iphilus JCM 13429 were obtained from the Japan Collection
of Microorganisms, Riken Bioresource Center (Tsukuba,
Japan). Clostridium difficile ATCC9689 was obtained from
the American Type Culture Collection (ATCC) (Manassas,
VA, USA). Chemicals, unless otherwise stated, were
reagent-grade or higher and obtained from Sigma Chemical
(St Louis, MO, USA) or Wako Pure Chemical Industries
(Osaka, Japan).

Subjects and Study Design

Forty-eight UC outpatients at the Kenporen Osaka Central
Hospital, Osaka, Japan, gave written consent to take part in
this study. Eligible patients were aged 22—69 and had been
diagnosed with UC by colonoscopy and histology
(Table 1). Patients were categorized on the basis of their
clinical activity index scores (CAI): remission, 0—4; mildly
active, 5-7; moderately active, 8—11 [27]. Patients with
fulminant UC, unable to take food orally, or treated with
steroids or immunosuppressants were excluded from this
study. None of the subjects was treated with antibiotics
(e.g., metronidazole and ciprofloxacin) during this study.
Most patients received oral or intrarectal treatment with
5-ASA compounds, for example Salazopyrin or Pentasa
(Table S1). Nineteen patients were taking MiyaBM (viable
Clostridium butyricum strain miyairi, 300 mg/6 tablets),
and four patients were taking, daily, fermented milk sup-
plemented with Bifidobacterium breve or a supplement
containing Bifidobacterium (Table S1). All patients were
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Table 1 Profile of subjects

UC patients Healthy adults

Number of subjects 48 36
Male/Female 26/22* 14/22
Age 22-69 22-67
Disease activity
Remission (CAI 0-4) 35
Active 13
Mild (CAI 5-7) 5
Moderate (CAI 8-11) 8*
Medication
Corticosteroids 1%
5-ASA 40
Probiotic (MiyaBM®) 19

CAl clinical activity index; 5-ASA, 5-aminosalicylic acid

* One female patient with moderately active UC (UC68) was
receiving diet-related folk remedies

** Only external application for hemorrhoids

omnivorous and were not on a restricted diet with one
exception—one female patient (UC68) was excluded from
the comparison of amount of bacteria and fecal concen-
trations of metabolites because she had received diet-
related folk remedies (Table 1). The patients self-reported
their bowel habits by using the Inflammatory Bowel Dis-
ease Questionnaire (IBDQ) with a visual analog scale
(VAS). The average frequency of evacuation and time and
date of the occurrence of diarrhea/loose stool was indi-
vidually entered as the distance on the VAS (Table S2).

The data from 36 healthy volunteers used as controls were
obtained from Nemoto et al. [28]. Healthy volunteers were
recruited at Tokushima University, Tokushima, Japan. All
of the control subjects were omnivorous and were not
taking antibiotics. All subjects were asked to provide a
fresh stool sample. Patients and healthy volunteers col-
lected samples at home and immediately placed them in an
AnaeroPouch-Anaero (Mitsubishi Gas Chemical Company,
Tokyo, Japan), where they were kept anaerobic and cold
with refrigerants until received by the laboratory. The
protocol was approved by the Ethics Committee of Kyoto
Prefectural University and Osaka Chuo Hospital and the
Ethics Committee of Tokushima University Hospital.

Fecal Microbiota Analysis: Culture

Bacteriological analysis was performed by use of the pro-
cedure of Mitsuoka et al. [29] with slight modification as
described by Nemoto et al. [28]. Results were calculated as
log of colony forming units (CFU) per gram (wet weight)
of the initial material. Total numbers of fecal bacteria were
counted after Gram staining.

Fecal Microbiota Analysis: Terminal-Restriction
Fragment Length Polymorphism (T-RFLP)

Fecal and bacterial DNA was extracted for T-RFLP analysis
of fecal microbiota [28, 30, 31]. Briefly, 16S ribosomal
DNA was amplified by use of universal PCR primers
(Table 2) and digested with Hhal or Mspl (Takara). The

Table 2 Primers used in this

study Assay Primer name Sequence Ref.
T-RFLP 27F-FAM 6FAM-AGAGTTTGATCCTGGCTCAG [31]
1492R GGTTACCTTGTTACGACTT
Bifidobacteria Bif164F CATCCGGCATTACCACCC [32]
Bif662R CCACCGTTACACCGGGAA
Sulfate-reducing Des-f CCGTAGATATCTGGAGGAACATCAG [33]
bacteria Des-r ACATCTAGCATCCATCGTTTACAGC
Enterococci Enc-F CCCTTATTGTTAGTTGCCATCATT [34]
Enc-R ACTCGTTGTACTTCCCATTGT
Clostridium CI-F1 TACCHRAGGAGGAAGCCAC [35]
subcluster CI-R2 GTTCTTCCTAATCTCTACGCAT
Clostridium CXI-F1 ACGCTACTTGAGGAGGA
subcluster XI CXI-R2 GAGCCGTAGCCTTTCACT
Clostridium CXIV-F1 GAWGAAGTATYTCGGTATGT
subcluster XIVab  cx1v-R2 CTACGCWCCCTTTACAC
Clostridium Clostridium 6FAM-GTGCCAGCAGCCGCGGTAATACG-
common probe probe TAMRA
Bacteroides AllBac296F GAGAGGAAGGTCCCCAC [36]
AllBac412R CGCTACTTGGCTGGTTCAG
AllBac375Probe  6FAM-CCATTGACCAATATTCCTCACTGCTGCCT-
TAMRA
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length of the terminal-restriction fragments (T-RFs) was
determined by use of Genetic analyzer and GeneScan
Analysis Software. T-RF patterns were analyzed by use of
BioNumerics ver.5.01 software (Applied Maths, Sint-Mar-
tens-Latem, Belgium) to construct dendrograms. Distances
between samples were represented graphically by con-
structing a dendrogram based on Dice coefficients of the
T-RFLP profiles. The Ward method was used to establish
dendrogram type. Microbiota Profiler software (Infocom,
Tokyo, Japan) was used to estimate the intestinal bacteria
corresponding to T-RFs in UC patients and healthy subjects.

Diversity of Intestinal Microbiota

Diversity of intestinal microbiota was evaluated as the
number of operational taxonomic units (OTUs) derived
from T-RFLP analysis. Because 16S rDNA is highly and
phylogenetically conserved, digested rDNA would yield
genus and/or species-specific sizes of T-RFs because of
different 16S ribosomal DNA sequences. OTUs that rep-
resent each length of T-RF might reflect single and/or
phylogenetically-related bacteria. Therefore, each OTU can
indicate one or more organisms, including uncultured, un-
named bacteria. Peaks over 5 % of maximum peak height of
the sample were used as OTUs. Diversity was represented
as the sum of OTUs derived from Hhal and Mspl digests.

Quantitative Analysis of Fecal Microbiota

As T-RFLP analysis is a semi-quantitative method, real
time PCR was used to quantify fecal bacteria [28]. The
primers and probes are shown in Table 2. SYBR Premix Ex
Taq II (Takara) and Premix Ex Taq (Takara) were used with
the ABI Prism 7000 and ABI Prism 7500 according to the
manufacturer’s instructions. The amplification program was
obtained from the references in Table 2 [32-36]. The 16S
ribosomal RNA gene of each bacterial strain listed in the
section “Reagents and bacterial strains” was cloned into
the pCR2-TOPO vector (Invitrogen, Tokyo, Japan) or the
pGEM T-Easy vector (Promega, Tokyo, Japan) according
to the manufacturer’s procedure for use as a copy number
standard. The results of real-time PCR for each sample were
expressed as the copy number of bacterial 16S ribosomal
DNA per gram feces (wet weight). The detection limits
were: Clostridium 1/XI/XIVab, 10* copies/10 ng; all other
genera, 100 copies/10 ng fecal DNA. Gene recombination
experiments for the preparation of copy number standards
were approved by the University of Tokushima.

Fecal pH and Water Content

Stools (0.1-0.2 g) were homogenized with 1 ml water.
Fecal pH was measured with a pH meter (Sartorius
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Fig. 1 Cluster analysis of fecal microbiota in healthy adults andp
patients with UC. T-RFLP patterns derived from Hhal and Mspl
digests were analyzed by use of the Dice coefficient and the Ward
algorithm. The dendrogram comprised four clusters for UC patients
and one cluster for healthy adults. The clusters of UC were generated
independently by disease types and state. left left-sided colitis, RS
right-sided or segmental colitis

B021610 007). Water content was calculated as the weight
difference before and after freeze-drying a portion of the
fecal material (EYELA FDU-1000).

Measurement of Fecal Concentrations of Organic
Acids, Indole, and Ammonia

Bacterial metabolites in the feces of UC patients were
quantified as described elsewhere [28]. Portions (approxi-
mately 0.2 g) of homogenized stool were suspended in
1 ml water, centrifuged at 4 °C at 10 krpm for 10 min, and
stored at —80 °C. Organic acids in the fecal extracts were
extracted and measured by gas chromatography (C-7AG;
Shimadzu, Kyoto, Japan) with external standards.

Fecal levels of indole were measured as described by
Shioiri et al. [37]. Briefly, stools (approximately 0.1 g) were
homogenized with nine volumes of 0.1 mM phosphate
buffer (PB) and centrifuged. The supernatant was appro-
priately diluted with PB, and 0.2 ml diluted sample was
mixed with 1 ml coloring solution (P-dimethylamino-
benzaldehyde in a sulfuric acid—alcohol mixture) and kept
at room temperature for 20 min. The absorbance at 570 nm
was measured by use of a UV-visible spectrophotometer
(Shimadzu UV-1200). As a control, 0-0.3 mM indole
solution was prepared just before use. Ammonia concen-
tration was measured by use of the Wako ammonia test.

Statistical Analysis

The Mann—Whitney U test and the Spearman correlation
coefficient by rank test were performed by using Microsoft
Excel 2007 and Statcel2 add-in software (OMS publishing,
Tokorozawa, Japan). A probability of less than 0.05 indi-
cated statistical significance.

Results
T-RFLP Analysis and the Diversity of Fecal Microbiota

After T-RFLP analysis of 16S rDNA (using Hhal or Mspl
digestion), a dendrogram was constructed by Dice corre-
lation and use of the Ward algorithm. Four clusters of
patients with UC and one of healthy subjects were roughly
and weakly generated (Fig. 1). Clusters were not tied to
inflammatory activity or location of UC. The number of
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OTUs from both the Hhal and Mspl digestions, which
denote the diversity of the microbiota, was compared
between the UC and healthy subjects. The diversity of fecal
microbiota was lower in UC patients in remission (mean
OTU = 41.0, interquartile range (IQR): 35.5-49.0, P <
0.001) and with active UC (mean OTU = 44.5, IQR:
38.0-46.5, P = 0.029) than in healthy subjects (mean
OTU = 50.5, IQR: 44.3-60.5).

Analysis of Fecal Microbiota by Real-Time PCR

The copy number of 16S rDNA in sulfate-reducing bacte-
ria (SRB, represented by Desulfovibrio), bifidobacteria,
enterococci, Bacteroides, and clostridia in feces was inves-
tigated by use of real-time PCR (Table 3). The fecal moisture
level did not differ significantly between UC and healthy
subjects (Table 4). Therefore, wet feces were used as starting
materials in subsequent experiments. The copy number of
Bacteroides was lower in UC patients and was less than 10 %
of that in healthy subjects. Clostridium subcluster I (repre-
sented by C. perfringens) and XI (C. difficile) were not sig-
nificantly different between UC and healthy subjects.
However, the Clostridium subcluster XIVab (represented by
B. coccoides) was significantly smaller in UC patients, as was
Bacteroides. The enterococci population was significantly
larger in UC patients in remission than in healthy subjects.

Table 3 Analysis of fecal bacteria

Fewer SRB were found in patients in remission than in
controls, although some samples in both groups were below
the detection limit. We also investigated methane-producing
archea (methanogens) and Fusobacterium, but they were
rarely detected in any of the subjects (data not shown).

Culture-Based Analysis of Fecal Microbiota

Total and viable cell numbers of fecal bacteria are shown
in Table 3. The total number of fecal bacteria, which was
counted after Gram-staining, was significantly smaller in
patients with active UC than in healthy controls. The
number in those in remission was also small, but not sig-
nificant. Viable cell numbers of bifidobacteria, anaerobic
G(—)R, anaerobic G(+4)R, anaerobic cocci, and Entero-
bacteriaceae in feces were no different between UC and
healthy subjects. Although the number of viable aerobic
G(+)C was not significantly different between UC patients
in remission and healthy subjects, it was significantly larger
in active UC patients than in healthy controls.

Comparison of Fecal Organic Acids, Ammonia, Indole,
Moisture, and pH

The concentration of organic acids in feces is shown in
Table 4. The concentrations of acetic, propionic, butyric,

Healthy subjects (n = 36)

Remission of UC (n = 35)

Active UC (n = 12)

Median IQR Median  IQR P value Median IQR P value
Total bacteria 11.3 11.2-11.6 11.3 11.2-11.4 0.064 11.2 11.1-11.3 0.018
Culture methods
Bifidobacteria 9.7 9.4-10.0 9.8 9.5-10.0 0.808 9.9 9.6-10.0 0.885
Anaerobic G(—)R 10.2 9.8-104 9.9 9.6-10.2 0.078 9.8 9.6-10.1 0.135
Anaerobic G(+)R 9.8 9.5-10.0 9.8 9.3-10.1 0.836 9.8 9.3-10.1 0.900
Anaerobic cocci 9.2 8.6-9.3 9.2 8.8-9.7 0.613 8.8 8.6-8.8 0.613
Enterobacteriaceae 7.4 6.3-7.7 74 6.6-7.9 0.529 6.9 6.1-7.6 0.459
Aerobic G(+)C 6.9 6.6-7.5 7.5 6.5-8.5 0.191 7.8 7.6-8.1 0.039
Real time PCR
Bacteroides 12.58 12.33-12.74 11.48 11.11-11.68  <0.001 11.26 11.12-11.35  <0.001
Bifidobacteria 12.29 12.04-12.62 12.46 12.00-12.65 0.737 12.00 11.42-12.67 0.210
Enterococci 7.96 7.44-9.09 9.17 8.26-9.94 0.008 8.46 7.44-9.64 0.351
Clostridium subcluster T 11.20 9.80-11.85 10.24 9.84-11.00 0.126 10.93 10.37-11.84 0.941
Clostridium subcluster XI 8.97 7.90-9.73 8.62 7.93-9.54 0.629 9.36 9.10-9.70 0.367
Clostridium subcluster XIVab  12.93 12.75-13.18 12.80 12.55-13.03 0.033 12.47 12.25-13.03 0.021
Sulfate-reducing bacteria 9.27 8.84-9.89 8.85 8.24-9.49 0.042 8.53 8.09-9.73 0.188

Total bacteria were counted under a microscope after Gram-staining. Values are median of log,(CFU/g feces in culture method and median of
log( copies of 16S ribosomal gene/g feces in real time PCR. Values below the detection limit are not included. The Mann—Whitney U test was

used

IQR, interquartile range; G(+)R, Gram-positive rod; G(—)R, Gram negative rod; G(+)C, Gram positive cocci

Values in italics have been changed because one UC patient had been excluded (UC68, diet-related folk remedies)
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Table 4 Analysis of fecal components
Healthy subjects (n = 36) Remission of UC (n = 35) Active UC (n = 12)
Median IQR Median  IQR P value Median IQR P value
Organic acids
Total organic acid (umol/g feces) 91.8 73.1-107.5 73.4 63.4-83.2 0.002 81.2 67.6-97.6 0.284
Acetic (umol/g feces) 43.7 34.0-52.2 344 29.7-41.7 0.027 37.2 33.4-46.3 0.453
Propionic (pmol/g feces) 13.1 9.2-18.5 9.6 6.6-14.9 0.021 10.8 8.6-13.6 0.227
Butyric (umol/g feces) 8.8 5.2-11.5 4.7 23-73 0.001 6.6 3.6-12.7 0.446
Lactic (umol/g feces) 19.7 17.5-21.0 17.8 15.2-19.4 0.024 18.8 16.6-19.8 0.329
Others
Ammonia (ug/g feces) 418.4 280.1-510.5 454.3 248.9-551.3  0.621 588.3 502.9-701.3  0.009
Indole (umol/g feces) 0.78 0.58-1.22 0.63 0.48-1.24 0.476 0.39 0.29-0.45 0.007
Fecal pH 6.95 6.49-7.26 7.28 6.77-7.65 0.034 6.92 6.56-7.24 0.990
Moisture (%) 76.4 67.8-81.8 79.5 74.4-84.3 0.178 81.6 75.5-86.0 0.078

Total organic acid concentration was the sum of each measured concentration and includes isobutyric, isovaleric valeric, isocapuronic, capuronic,
and succinic acids. Values are medians of pmol/g feces (wet weight) for organic acids and indole, pg/g feces (wet weight) for ammonia. IQR,

interquartile range. Values below the detection limit are not included. The Mann—Whitney U test was used

Values in italics have been changed because one UC patient had been excluded (UC68, diet-related folk remedies)

and lactic acids were significantly lower in the fecal
material of patients in remission than in healthy subjects,
but were the same for active UC and healthy subjects. The
total concentration of organic acids was also significantly
lower in patients in remission than in healthy controls, but
was not significantly different in samples from active UC
patients. Other fecal components measured in this study are
shown in Table 4. The moisture level was not significantly
different between UC and healthy subjects. Fecal pH was
significantly higher only in those in remission. The amount
of ammonia was significantly larger, and that of indole was
smaller, in those with active UC than in healthy subjects,
but there was no significant difference between those in
remission and the controls.

Effect of Medication, Probiotics, and Bowel Habits
on Intestinal Bacteria Levels

Because S5-aminosalicylic acid (5-ASA) has antimicrobial
activity [38] and the sulfapyridine moiety of Salazopyrin
(a conjugate of 5-ASA and sulfapyridine) is an acknowl-
edged antibiotic because of anti-folate activity, the amount
of intestinal bacteria was plotted against different doses of
5-ASA compounds (Table S1). No significant correlation
was found between the amount of intestinal bacteria and the
dosing of 5-ASA compounds (Fig. S1). Intake of probiotics
has been known to affect intestinal microbiota. Nineteen
patients in this study took MiyaBM and four ingested Bifi-
dobacterium-containing fermented milk or supplement, as
described in Table S1. However, there was no correlation
between MiyaBM intake and levels of the dominant
anaerobic bacteria, and viable cell number of Enterobac-
teriaceae was negatively correlated with intake (Fig. S2).

UC patients reported their bowel habits in a question-
naire (IBDQ) (Table S2). Statistical analysis showed that
the amount of Clostridium subcluster XIVab was nega-
tively correlated with increased evacuation frequency and
the number of times a day that the patient experienced
diarrhea/loose stool. In addition, the amount of Bacteroides
was significantly lower than that in healthy controls, irre-
spective of bowel habits (Fig.S3a,b).

Discussion

The healthy gut environment is complicated and controlled
by the balance of the intestinal immune system, intestinal
microbiota, and microbial metabolites produced by intes-
tinal bacteria [23, 39]. Inflammatory bowel disease could
be promoted by an imbalance of these elements in genet-
ically susceptible persons. However, the bacteria respon-
sible for UC have not been identified, and how the
intestinal microbiota affects intestinal disorders is still
unclear. Therefore, fecal microbiota and microbial metab-
olites, as indicators of the large intestinal environment,
were compared between patients with UC and healthy
adults to find a clue to the roles of intestinal bacteria in UC.

Dendrogram analysis of T-RFLP profiles divided fecal
microbiota into one healthy cluster and four UC clusters
(Fig. 1). The UC clusters were not dependent on disease
activity and location of inflammation, indicating that fecal
microbiota is basically different in UC patients. Most of the
same species of bacteria appeared as T-RFs in both UC
patients and healthy subjects, but the amounts of the
dominant genera, Bacteroides and Clostridium subcluster
XIVab, tended to be less in UC patients (data not shown).
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Ando et al. [40] also analyzed fecal microbiota by T-RFLP
and indicated that the diversity of fecal microbiota is
altered in UC patients, and that unclassified bacteria, and
known bacteria, contribute to the alterations. But, in our
study, comparison of T-RFLP profiles revealed no increase
of UC-specific bacteria, and the number of T-RFs was
significantly less in UC patients. Less diversity has been
reported in mucosa-associated microbiota in patients with
Crohn’s disease and in fecal microbiota in patients with UC
[41, 42]. Reduced diversity of fecal microbiota might be a
characteristic of inflammatory bowel disease (IBD). Mar-
tinetz et al. [43] reported a time-dependent decrease of
diversity (i.e., unstable microbiota) in UC patients. In this
study we analyzed fresh feces at one time point. We should
analyze microbiota at different times or in different places
to confirm the decrease in diversity.

Consistent with the results of T-RFLP analysis, real-
time PCR revealed significantly fewer Bacteroides and
Clostridium subcluster XIVab in UC patients than in
healthy adults. Colitis therapy with immunosuppressants
and anti-inflammatory drugs, for example the 5-ASA
compounds [38, 44], intake of probiotics, dietary habits,
and bowel habits can affect intestinal microbiota. We
investigated whether decreases of dominant anaerobes, for
example Bacteroides and Clostridium subcluster XIV, in
UC patients depends on these factors. Significantly lower
levels of Bacteroides and Clostridium XIVab were not
correlated with the 5-ASA compounds administered in this
study (Fig. S1). Finegold et al. [45] showed that a mixture
of typical antifolate sulfa drugs, was very poorly active
against anaerobic intestinal bacteria. Therefore, a decrease
of Bacteroides and Clostridium XIVab in UC patients is
not because of the colitis medications, although an effect
cannot be completely excluded. The intake of probiotics
containing Clostridium butyricum also did not affect levels
of these dominant anaerobes in UC patients (Fig. S2).
However, increasing frequency of evacuation and diarrhea/
loose stool were negatively correlated with the amount of
Clostridium subcluster XIVab, and Bacteroides was sig-
nificantly lower than in the healthy controls, irrespective of
bowel habits and other factors under analysis. Among
minor aerobic bacteria, both culture and real-time PCR
showed an increase in enterococci in UC patients.
Although enterococci are normal residents of the human
intestine, monoassociation of Enterococcus faecalis
reportedly enhances gene expression of proinflammatory
chemokines in intestinal epithelial cells [46], and leads to
the development of colorectal inflammation in IL-10 KO
mice to the same extent as in conventionalized IL-10 KO
mice [47]. These reports suggest that an increase of
enterococci has a promoting effect on UC.

Because probiotic bifidobacteria reportedly ameliorate
UC [48-50], we expected lower levels of bifidobacteria
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might correlate with the occurrence or relapse of colitis.
Instead, the level of bifidobacteria in UC was the same as
that in healthy adults. Although sulfate-reducing bacteria
(SRB) has been correlated with the occurrence of UC [6],
amount of SRB was smaller in UC patients than in healthy
adults. Although 5-ASA can inhibit sulfate-reducing bac-
teria-mediated production of hydrogen sulfide in vitro, the
counts and carriage rates of SRB were not significantly
different from those in controls [51]. In this study, neither
treatment with 5-ASA compounds nor bowel habits alone
significantly affected SRB, but they may possibly exert an
effect in combination.

Fecal concentration of organic acids in UC patients in
remission was significantly lower than those in healthy
subjects. It was slightly higher in patients with active UC
than in remission patients and significantly correlated with
an increase in evacuation frequency (Fig. S5). These
effects on organic acid levels occur:

1. because of inflamed mucosa that cannot efficiently
utilize organic acids produced by intestinal bacteria;
and

2. because of the rapid movement of intestinal contents,
for example during diarrhea.

A lower concentration of organic acids was consistent
with the decrease of Bacteroides, one of the most dominant
species in the human gut, which produces abundant organic
acids by acidic fermentation [18, 52]. Bacteroides spp.
efficiently ferment carbohydrates to acetate, propionate,
and succinate. A bowel habit-dependent decrease of
Clostridium subcluster XIVab, which includes butyrate-
producing bacteria, might also be implicated in the lower
concentration of organic acids in UC patients, but this
might be hidden by the effect of increasing evacuation/
diarrhea. Besides butyric acid, these organic acids also
contribute to intestinal homeostasis by supplying anti-
inflammatory effects and energy for colonocytes [52, 53].
As acetate and lactate are intermediates in carbohydrate
fermentation by intestinal microbiota [52, 54], lower con-
centrations of these in UC patients indicate depressed
metabolic activity of microbiota. Reduced levels of organic
acids in IBD patients have also been reported by Takaishi
et al. [55] and Marchei et al. [56]. Although we did not
quantify Fecalibacterium prausnitzii or Clostridium sub-
cluster IV, these bacteria have been repeatedly detected in
healthy subjects and their reduction has been characterized
in Crohn’s disease patients [41, 57]. Therefore, it is pos-
sible that a decrease of these commensal bacteria contrib-
utes to the lower concentration of organic acids in the feces
of UC patients.

The concentration of putrefactive metabolites is signif-
icantly different between active UC and healthy controls
(Table 4). Although a higher intake of protein increases the
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intestinal concentration of ammonia [58], dietary habits did
not differ between the two groups in this study (data not
shown). Considering that fecal ammonia is mainly pro-
duced by bacteria in the large intestine and has a disorga-
nizing effect on the intestinal epithelium [59], increased
ammonia might be made from proteinaceous components
leaked from the inflamed mucosa of the large intestine, in
turn facilitating more inflammation in active UC patients.

In summary, 16S rDNA-targeted analysis of fecal mic-
robiota indicated less diversity, a decrease of dominant
anaerobes, and reduced concentration of organic acids in UC
patients. In addition, increased levels of enterococci were
found as a feature of UC in this study. When and how
dominant bacteria decrease during pathogenesis of UC was
not clarified in this study; however, the imbalanced micro-
biota followed by impaired production of organic acids
might make intestinal homeostasis fragile and facilitate the
induction of inflammation. A deficiency of Firmicutes and
Bacteroidetes has been observed in patients with antibiotic-
induced Clostridium difficile-associated colitis. However,
bacteriotherapy with fecal suspension prepared from a nor-
mal donor altered the microbioa of the patient to resemble
that of the donor, with resolution of the symptoms [60].
Also, colonic infusion of selected UC patients with intestinal
flora from a healthy donor can reverse UC [61]. These
reports support our results and suggest the importance of
dominant anaerobes, for example Bacteroides and com-
mensal Clostridium, in maintaining intestinal homeostasis.
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