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An abnormal composition of the gut microbiota is believed
to be associated with the pathogenesis of inflammatory
bowel disease (IBD). We utilized terminal restriction frag-
ment length polymorphism (T-RFLP) analysis to quantify
faecal bacterial communities from rats with experimental
colitis. Male Sprague Dawley rats (n=10/group) ingested
2% dextran sulfate sodium (DSS) or water for up to 7 days.
Rats were killed and colonic tissues collected for histological
analysis. Damage severity score in the distal colon was sig-
nificantly greater (P<0.001) following DSS consumption
compared to controls. T-RFLP faecal bacterial profiles gen-
erated with either Mspl or Cfol revealed a significant differ-
ence (P<0.001) in community composition between healthy
and colitic rats, with bacterial composition in healthy rats
more variable than in rats with colitis. Operational taxo-
nomic units (OTU: taxonomically related groups of bac-
teria) associated with either the healthy or colitic state were
identified. OTU (116, 226, 360, and 948; Cfol) and (118 and
188; Mspl) were strongly associated with untreated healthy
rats, while OTU (94, 98, 174, and 384; Cfol) and (94 and
914; Mspl) were predominantly associated with DSS-treated
colitic rats. Phylogenetic OTU assignment suggested that
Bacteroidales and Lactobacillus sp. were predominantly as-
sociated with the colitic and healthy rats, respectively. These
results show that faecal bacterial profiling is a rapid, sensitive
and non-invasive tool for detecting and identifying changes
in gut microbiota associated with colitis. Restoring micro-
bial homeostasis by targeting colitis-associated OTU through
specific microbiological interventions could form the basis
of novel therapeutic strategies for IBD.
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Introduction

Inflammatory bowel disease (IBD) is the collective term for
a group of idiopathic gut disorders of unknown etiology.
Although the precise etiology of IBD remains undefined,
immunological abnormalities triggered by genetic and en-
vironmental factors are thought to be contributing factors
to disease pathogenesis (Fiocchi, 1998). Symptoms include
malaise, weight loss, abdominal pain, diarrhea, anorexia
and the presence of blood in the stools (Munkholm et al.,
1995). Importantly, gut microbes are believed to be intrinsi-
cally involved in IBD pathogenesis (Takaishi et al., 2008;
Xenoulis et al., 2008). Moreover, breakdown of gut homeo-
stasis as a result of defective host-microbe interplay may also
contribute to the pathogenesis of IBD (Strober et al., 2007).
An impediment in studying the gut microbiota has been that
the growth requirements of many gut inhabiting microbes
are as yet unknown (Bjerketorp et al., 2008), with only 20%
of bacterial species successfully cultivated to date (Eckburg
et al., 2005). However, molecular techniques targeting the
16S rRNA have enabled investigation of the uncultivable
bacterial communities, contributing to our understanding
of the gastrointestinal microbiota in gut health. Use of such
molecular techniques may ultimately give further insight into
the basic biology and pathophysiology of IBD (Bousvaros
et al., 2008). The microbial community changes associated
with IBD are poorly understood, and it remains a subject
of intense investigation to determine whether these changes
are responsible for disease etiology, or alternatively, an in-
direct consequence of IBD (Steed et al., 2008; Xenoulis et
al., 2008).

The faecal microbiota of IBD patients has been a focus of
attention during the last decade (Steed et al., 2008) and has
been demonstrated to differ between healthy individuals
and IBD patients (Tannock, 2007). Investigations using
molecular techniques have demonstrated decreased microbial
diversity in intestinal tissues from subjects with active Crohn’s
disease, with a numerical increase of Enterobacteriaceae
and a decrease in members of the phyla Bacteroidetes and
Firmicutes (Manichanh et al., 2006; Frank et al, 2007;
Xenoulis et al., 2008).

Animal models have contributed greatly to our under-
standing of IBD pathogenesis (Tamboli et al., 2004), reveal-
ing that gut inflammation occurs only in the presence of
the gut microbiota (Taurog et al., 1994). Moreover, animals
raised under germ free conditions do not develop colitis



(Sellon et al., 1998). Knowledge of the community compo-
sition of the gut microbiota in IBD is therefore of utmost
importance to our understanding of the condition and the
subsequent development of new treatment strategies. Both
human and animal model studies have indicated changes
of faecal bacterial composition with the onset of colonic in-
flammation or infection (Scanlan et al., 2006; Xenoulis et
al., 2008). However, despite significant advances in the field
of gut microbiology, our knowledge of the gastrointestinal
microbiota is far from complete (Dethlefsen et al., 2007).

In order to better define the composition of the intestinal
microbiota, small subunit ribosomal RNA (16S rRNA) based
terminal restriction fragment length polymorphism (T-RFLP)
techniques have been applied to studies in humans (Andoh
et al., 2007; Dicksved et al., 2007; Sepehri et al., 2007),
poultry (Torok et al., 2008, 2009) and termites (Egert et al.,
2004) as the technique is rapid and highly reproducible.
This technique enables a “snap shot” view of the complex
bacterial population of the gut at any particular time; en-
abling comparative analysis (Torok et al., 2008). However,
to date, few attempts have been made to unravel the micro-
bial community under colitic conditions through T-RFLP
analysis (Andoh et al., 2007; Sepehri et al., 2007). Accordingly,
the principal aim of the current study was to define the faecal
bacterial community changes in rats with experimentally-
induced colitis by application of T-RFLP analysis.

Materials and Methods

Animal trial protocol

Male Sprague Dawley rats (n=20) 4-5 weeks of age were
obtained from Laboratory Animal Services, University of
Adelaide, Adelaide. Faecal samples were obtained from two
sets of experimental rat trials. In set I, four rats were un-
treated healthy controls and four rats ingested 2% dextran
sulfate sodium (DSS, ICN Biomedicals, USA) for 7 days to
induce colitis. The DSS-colitis model in rodents is utilized
widely as a model of the ulcerative colitis variant of in-
flammatory bowel disease, typified by superficial mucosal
erosion, crypt loss and polymorphonuclear cell infiltration
of the mucosa (Geier et al., 2007). Set II comprised six
healthy control rats and six DSS-treated rats (6 days DSS
ingestion). The experiments were conducted with the ap-
proval of the Animal Ethics Committee of the Children,
Youth and Women’s Health Service and the University of
Adelaide. Rats were housed in individual metabolism cages
(Tecniplast, USA) at a room temperature of 22+1°C with
12 h light dark cycle (Geier et al., 2007). During the trial
period, rats were maintained on a standard 18% casein based
diet (Tomas et al., 1991) with ad libitum access to food and
water. Rats with DSS colitis had 2% DSS substituted for
water for 6 days (set II) or 7 days (set I) to simulate pro-
gression of colonic inflammation, after which rats were killed
by carbon dioxide overdose and cervical dislocation. The
two studies were conducted eleven months apart. The se-
verity of colitis was assessed daily, in a blinded fashion, uti-
lizing a disease activity index (DAI). The DAI scored body
weight loss, rectal bleeding and stool consistency increasing
in severity on a scale of 0-3 for each parameter (Murthy et
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al., 1993). This was combined with a score (0-3) for the
general condition of the animal, considering grooming, ap-
pearance and mobility; summed to achieve an overall DAI
(maximum score 12). Faecal samples were collected on day
5 (set II) and day 6 (set I), one day before animals were kil-
led and stored at -20°C for later analysis.

Histological analyses

Proximal and distal colon samples were routinely proc-
essed and embedded in paraffin wax (Yazbeck et al., 2008).
Sections (4 um) were then stained with haematoxylin and
eosin. Damage severity of intestinal sections was assessed
using a semi-quantitative analysis based on parameters in-
cluding: crypt area; enterocyte disruption; crypt disruption;
crypt cell disruption; reduction in goblet cell numbers;
lymphocytic and polymorphonuclear infiltration; thicken-
ing/oedema of the submucosa; and thickening/oedema of
muscularis externa (Yazbeck et al., 2008). A score from 0
(unaffected) to 3 (severe) was recorded for each of the eight
parameters to provide a maximum damage severity score
of 24.

Nucleic acid extraction

Total nucleic acid was extracted from frozen faecal material
(approximately 200 mg) obtained from individual healthy
and colitic rats (n=10/treatment group) using a modifica-
tion (Torok et al., 2008) of a proprietary extraction method
developed by the South Australian Research and Development
Institute (Stirling et al., 2004). Total nucleic acid from sam-
ples was analyzed for total faecal bacterial community
composition by T-RFLP.

T-RFLP

T-RFLP analysis was done following the technique described
by Torok et al. (2008). Bacterial 16S rRNA gene was ampli-
fied with universal bacterial primers 27F (Lane, 1991) and
907R (Muyzer et al., 1995). The forward primer (27F) was
5'-labeled with 6-carboxyfluorescein (FAM) to enable sub-
sequent detection of terminal restriction fragments (T-RFs).
The PCR reactions were done in duplicate in 50 pl volumes
according to Torok et al. (2008). Approximately 200 ng
PCR product was digested with 2 U Cfol (Roche Applied
Science, Australia) or Mspl (New England Biolabs, Australia)
in duplicate following manufacturer’s instructions. DNA
fragments were separated by capillary electrophoresis on
an ABI 3730 automated DNA analyzer (Applied Biosystems,
Australia) at the Australian Genomics Research Facilities,
Adelaide Node. The lengths of fluorescently labeled T-RFs
were determined by comparison with an internal standard
(GeneScan 1200 LIZ®; Applied Biosystems) and data ana-
lyzed using GeneMapper software (Applied Biosystems).
Data points generated by the GeneMapper software were
further analyzed using a custom built database containing
queries to validate data points and generate outputs for
statistical analysis (Torok et al., 2008). T-RF were defined
as peaks with a size of x+2 bp within pseudo replicates of
samples and rounded to the nearest even number between
samples to produce operational taxonomic units (OTU).
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Statistical analysis

Statistical comparisons for histological damage severity
were performed using SPSS version 16.0 for Windows
(SPSS Inc., USA). Damage severity and DAI were expressed
as median score (range) and compared by a Kruskal Wallis
test with Dunn’s post hoc test.

The OTU obtained from the faecal material of 10 healthy
control and 10 DSS-induced colitic rats were analyzed using
multivariate statistical techniques (PRIMER 6, PRIMER-E
Ltd., UK). These analyses were used to examine similarities
in rat faecal bacterial communities. Bray-Curtis measures
of similarity (Bray and Curtis, 1957) were calculated to ex-
amine similarities among faecal bacterial communities of
rats from the T-RFLP generated (OTU) data matrices, after
standardization and fourth root transformation. One-way
analysis of similarity (ANOSIM; Clarke, 1993) was used to
test if faecal bacterial communities were significantly dif-
ferent between healthy and colitic states, as well as, between
the two sets of experimental trials. The R-statistic value de-
scribes the extent of similarity between each pair in the
ANOSIM analyses, with values close to unity indicating
that the two groups are entirely separate and a zero value
indicating no difference between the groups.

Similarity percentages (SIMPER; Clarke, 1993) analyses
were calculated to determine the overall average similarity
in faecal bacterial community composition among either
the healthy or colitic rats, as well as to determine which
OTU contributed greatest to the dissimilarity between the
healthy and colitic groups. The overall average dissim-
ilarity (8) between faecal bacterial communities of healthy
and colitic rats was calculated and the average contribution
of the ith OTU (i) to the overall dissimilarity determined.
The average abundance of important OTU in each of the
groups was determined and OTU contributing significantly
to the dissimilarity between groups identified [6i/SD(8i)>1].
The percent contributions of individual OTU and the cu-
mulative percent contribution to the top 50% of the average
dissimilarities were also calculated.

Unconstrained ordinations using non-metric multidimen-
sional scaling (nMDS) were done to illustrate the relation-
ships graphically between control and DSS-induced rats, as
well as between sets of experimental animals (Shepard, 1962;
Kruskal, 1964). The nMDS ordinations show the relation-
ship among samples using the ranks of similarities.

Table 1. DAI and damage severity score for water control and DSS treated rats

T-RFLP phylogenetic assignment tool (PAT)

T-RFLP PAT enables phylogenetic assignments based on
data from a series of restriction enzyme digests. A custom
database for analysing our T-RFLP data was generated us-
ing the Microbial Community Analysis III Virtual Digest
(http://mica.ibest.uidaho.edu/digest.php) interface (Shyu et
al., 2007). The in-silico database was constructed with the
27F and 907R primer pair, Mspl and Cfol restriction en-
zymes and RDP (R10, Ul2) 776,206 bacterial SSU 16S
rRNA sequences. The resulting custom database output file
contained 81,365 sequences. This database was uploaded
along with our T-RFLP data onto the T-RFLP PAT inter-
face (https://secure.limnology.wisc.edu/trflp/index.jsp). Data
were analyzed using default settings as outlined by Kent et
al. (2003). Identified 16S rRNA sequences were assigned a
classification using the Ribosomal Database Project (RDP)
Release 10 Classifier (http://rdp.cme.msu.edu/misc/about.jsp)
with a threshold of 80%. Closest related bacterial species were
also identified using the National Centre for Biotechnology
Information (NCBI) BLASTn interface (http://blast.ncbi.
nlm.nih.gov/Blast.cgi) with nucleotide collection (nr/nt)
databases and Megablast algorithm.

Results

In the current study, clinical disease activity (DAI) was sig-
nificantly greater (P=0.04) in DSS-treated animals [1 (0-4);
median (range)] compared to controls [0 (0-1)] with a total
DALI of 10 in the DSS-treated group compared to 1 in the
water treated controls (Table 1). Four rats with DSS-in-
duced colitis exhibited a DAI of zero. Three of these rats
were from experimental set II (rat 15, 17, and 19) whilst
one was from experimental set I (rat 7). Furthermore, one
rat from the control group (rat 12) had a DAI score of one.
Histological examination of these rats revealed that rats with
DSS-induced colitis had significantly greater damage severity
scores for the distal colon (ranging from 7 to 17) than the
control rats (ranging from 0 to 2) (Table 1). Moreover,
damage severity score in the distal colon was significantly
greater (12-fold) following DSS consumption, compared to
healthy controls (P<0.001; Fig. 1).

T-RFLP with two different restriction enzymes (MspI and
Cfol) was used to investigate faecal bacterial community

Treatment

Water control group

Rat ID* 1 2 3 9 10 11 12 13 14
DAI 0 0 0 0 0 0 1 0
Damage severity score 1 0 = 1.5 2 1 15 15

DSS treated group
Rat ID o 6 15 16 17 18 19 20
DAI 1 2 0 1 0 4 0 1
Damage severity score 7 7 17 13.5 12 15 13 13.5 9.5 16

* Rats 1-8 are from experimental set I and rats 9-20 are from experimental set II.
® Sample could not be scored due to mechanical damage.
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Fig. 1. Histological damage severity of distal colon in control (Water
+Water n=9) and DSS-induced colitis (DSS+Water n=10) rats. Data are
expressed as median damage severity score (range). *** indicates P<0.001
compared to control (Water+Water).

composition in healthy and colitic rats. Multivariate stat-
istical analysis of OTU generated with either restriction en-
zyme showed that the composition of the faecal bacterial
community was significantly different between healthy and
colitic rats (Global R=0.702, P<0.001; MspI and Global R=
0.598, P<0.001; Cfol). Furthermore, faecal bacterial com-
munities were significantly different between rats from the
two sets of experiments, regardless of restriction enzyme
used (Global R=0.307, P=0.002; MspI and Global R=0.629,
P<0.001; Cfol). The differences between disease states and
between experimental sets are illustrated in the nMDS or-
dination for both the MspI (Fig. 2A) and Cfol (Fig. 2B)
generated bacterial profiling data. When rats were identified
by disease state, the overriding influence of DSS treatment
on faecal bacterial community composition was apparent.
Faecal microbial profiles of DSS-treated rats (7, 15, 17, and
19) with a DAI of zero (Table 1) grouped closer to the mi-
crobial profiles of other DSS-treated rats than the healthy
control rats (Fig. 2). The faecal microbial profile of the
control rat (12) with a DAI=1 (Table 1) grouped closer to
the other control rats when analyzed with Mspl (Fig. 2A),
but closer to the DSS-treated rats when analyzed with Cfol
(Fig. 2B).

Similarities in faecal bacterial community composition
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Fig. 2. nMDS ordination of faecal bacterial communities identified by
experimental set and disease state. Faecal bacterial communities are
identified by healthy (open symbol) and DSS-induced colitic states (filled
symbol), as well as, by experimental set I (open and filled square) and set II
(open and filled triangle). Numbers indicate rat identification. (A) Faecal
bacterial communities generated with Mspl. (B) Faecal bacterial com-
munities generated with Cfol. The ordination is based on Bray-Curtis
similarities calculated from fourth-root transformed OTU abundances
(29 OTU for Mspl and 50 OTU for Cfol). nMDS ordinations attempt to
place all samples in an arbitrary two-dimensional space such that their
relative distances apart match the corresponding pairwise similarities.
Hence, the closer two samples are in the ordination, the greater the sim-
ilarity of their overall faecal bacterial communities.

among the healthy and colitic rats were calculated with
SIMPER for both the Mspl and Cfol bacterial profiling
analysis. Amongst the healthy rats, the average similarities
in faecal bacterial communities were 33.0% and 35.2% for
Mspl and Cfol, respectively. SIMPER analysis of the faecal
microbiota in colitic rats showed a higher similarity of
41.9% with Cfol, but not MspI (33.8%). The average dis-
similarity of OTU between healthy and colitic rats was
90.5% and 71.8% with Mspl and Cfol, respectively. The
OTU identified as contributing significantly to the dissim-
ilarity in faecal bacterial composition between healthy and
DSS-induced colitic rats with Mspl were 94, 118, 188, and

Table 2. OTU contribution to the dissimilarity in faecal bacterial communities between healthy and DSS-induced colitic rats (MspI analysis)

Average abundance =

OTU = Si 8i/SD (8i) Individual contribution (%) Cumulative contribution (%)
Healthy Colitic
188* 1.75 0.00 9.45 1.59 10.44 10.44
94* 0.24 1.86 9.15 1.55 10.11 20.55
914* 0.00 1.48 7.94 1.11 8.77 29.32
118* 1.58 0.58 7.75 1.21 8.57 37.89
120 1.03 0.21 5.38 0.89 5.95 43.83
898 0.49 0.63 4.67 0.77 5.16 48.99

Average abundances of OTU in faecal bacterial communities of healthy control rats and rats with DSS-induced colitis are presented. OTU are listed in order of their con-
tribution (8i) to the average dissimilarity (6=90.5%) between the healthy and colitic state. The percentage contribution of the individual OTU and the cumulative percentage
contribution to the top 50% of average dissimilarities are depicted. OTU identified as good discriminators between healthy and colitic states are marked with an asterisk.
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Table 3. OTU contribution to the dissimilarity in faecal bacterial communities between healthy and DSS-induced colitic rats (Cfol analysis)

Average abundance

OTU = Si 8i/SD (8i) Individual contribution (%) Cumulative contribution (%)
Healthy Colitic
360 1.54 0.73 3.46 1.23 4.82 4.82
94* 0.58 1.39 3.20 1.34 4.46 9.28
116* 1.10 0.15 3.15 1.25 4.39 13.67
98* 1.38 2.37 3.04 1.15 4.24 17.91
362 1.04 0.30 3.03 0.98 4.22 22.13
174% 0.70 1.49 3.03 1.31 4.22 26.35
948* 1.00 0.00 2.83 1.01 3.94 30.30
226* 1.40 0.81 2.67 1.18 3.72 34.01
384* 0.47 1.04 2.57 1.25 3.58 37.59
192 0.65 0.64 2.53 0.98 3.53 41.12
188 0.35 0.68 2.27 0.91 3.16 44.28
206 0.75 0.16 2.15 0.90 2.99 47.28

Average abundances of OTU in faecal bacterial communities of healthy control rats and rats with DSS-induced colitis are presented. OTU are listed in order of their con-
tribution (8i) to the average dissimilarity (6=71.8%) between the healthy and colitic state. The percentage contribution of the individual OTU and the cumulative percentage

contribution to the top 50% of average dissimilarities are depicted. OTU identified as good discriminators between healthy and colitic states are marked with an asterisk.

914 (Table 2). OTU 118 and 188 were mainly associated
with faecal specimens from healthy rats; whereas 94 and
914 were more closely associated with faecal samples from
rats with induced colitis. The OTU identified as contributing
significantly to the dissimilarity in faecal bacterial compo-
sition between healthy and DSS-induced colitic rats with
Cfol were 94, 98, 116, 174, 226, 360, 384, and 948 (Table 3).
OTU 116, 226, 360, and 948 were mainly associated with
faeces from healthy rats; whereas 94, 98, 174, and 384 were
more closely associated with faecal samples from rats with
induced colitis.

Individual faecal bacterial profiles of rats varied within a
treatment, but the differences between disease states were
greater for both restriction enzymes analyzed. The con-
tribution that OTU made to the overall bacterial profiles of
individual animals is shown for Mspl (Supplementary data
Fig. S1) and Cfol (Supplementary data Fig. S2). The closer
association of OTU 118 and 188 with healthy animals and
OTU 94 and 914 with colitic animals for the MspI analysis
was evident in both sets of experiments (Supplementary
data Fig. S1). Similarly, the close association of OTU 116,

226, 360, and 948 with healthy rats and OTU 94, 98, 174,
and 384 with colitic rats in both experimental sets is appa-
rent with Cfol (Supplementary data Fig. S2). The number
of OTU characterized by Mspl (n=29) were lower than
those characterized by Cfol (n=50).

PAT was used to assign potential species matches to our
T-RFLP data. Total potential matches identified were to
5,875 bacterial sequences, of which 5,165 were uncultured
bacteria. Table 4 summarizes the possible identity of OTU
determined by SIMPER analysis as being significantly dif-
ferent between the healthy control and DSS-induced colitic
rat groups. Only bacteria identified by both the MspI and Cfol
SIMPER analysis, as differing between treatment groups,
and of faecal or gut origin, are listed. OTU 98 (CfoI) and 94
(MspI) were mainly associated with the DSS-induced colitic
rats. PAT assignment of this OTU combination identified
potential Allistipes, Bacteroides, Butyricimonas, Odoribacter,
and Parabacteroides species, all belonging to the order
Bacteroidales. OTU 360 (Cfol) and 188 (Mspl) were asso-
ciated with healthy control rats and potentially represented
an uncultured rumen bacterium belonging to the order

Table 4. T-RFLP PAT output for faecal samples collected from healthy control and DSS-induced colitic rats®

T-RFLP RAT OTU Detected in rat" RDP . Closest culturabl(? bact'eria

match and accession number Cfol ~ Mspl classification (NCBI BLASTn identity)
Alistipes sp. (EU728719) 98 94  2,5-8,16,18-20  Alistipes Alistipes finegoldii DSM 17242 (99%)
Bacteroides intestinalis (AB214328) 98 94 2,5-8,16,18-20  Bacteroides Bacteroides intestinalis DSM 17393 (100%)
Butyricimonas synergistica (AB443948) 98 94  2,5-8,16,18-20  Butyricimonas Butyricimonas synergistica JCM 15148 (100%)
Butyricimonas virosa (AB443949) 98 94 2,5-8,16,18-20  Butyricimonas Butyricimonas virosa JCM 15149 (100%)
Bacteroides splanchnicus (EU728709) 98 94 2,5-8,16,18-20  Odoribacter Odoribacter splanchnicus DSM 20712 (99%)
Porphyromonadaceae bacterium (EU728718) 98 94 2,5-8,16,18-20  Parabacteroides Parabacteroides distasonis JCM 13400 (93%)
uncultured rumen bacterium (DQ394701) 360 188  2,4,10,13-14 Clostridiales Syntrophococcus sucromutans DSM 3224 (89%)
uncultured bacterium (EU452462) 948 188  2,4,9-10,12-14  Lactobacillus Lactobacillus johnsonii F19785 (99%)
uncultured bacterium (EU458027) 948 188  2,4,9-10,12-14  Lactobacillus Lactobacillus johnsonii F19785 (99%)
uncultured bacterium (EU504607) 948 188  2,4,9-10,12-14  Lactobacillus Lactobacillus johnsonii F19785 (99%)
uncultured bacterium (EF096341) 948 188  2,4,9-10,12-14  Lactobacillus Lactobacillus johnsonii F19785 (99%)

* The phylogenetic assignments are sorted by Cfol OTU size. The output indicates which two OTU generated with Mspl and Cfol were used to determine phylogenetic
assignment. Only OTU identified with both MspI and Cfol SIMPER analysis as being significantly associated with a particular treatment are listed.

T Rats containing significant OTU are listed. Rats 1-8 are from experimental set I and rats 9-20 are from experimental set II. Rats 1-4 and 9-14 are healthy control rats and 5-8
and 15-20 are from the DSS-induced colitic group.



Clostridiales. OTU 948 (Cfol) and 188 (Mspl), associated
with healthy rats, potentially represented uncultured bac-
teria belonging to the genus Lactobacillus and showed 99%
sequence identity with Lactobacillus johnsonii.

Discussion

Colitis was induced in rats to determine whether changes
in the gut microbiota associated with the colitic state could
be detected in faeces. We used T-RFLP analysis to inves-
tigate changes in overall faecal bacterial community com-
position between healthy control and DSS-induced colitic
rats. From the histological assessment of damage severity
in the colon it was apparent that all rats from the healthy
control group showed no overt features of colitis, whilst all
DSS-induced colitic rats exhibited pathological features
consistent with colitis. T-RFLP profiling of the faecal bac-
terial communities of healthy control and DSS-induced rats
showed significant differences between these two groups.
Interestingly, faecal bacterial profiles from four DSS-in-
duced rats with a DAI score of zero were more similar to
the faecal bacterial profiles of the other DSS-treated rats
which exhibited physical symptoms consistent with colitis.
These four DSS-treated rats were confirmed to have histo-
logical features consistent with colitis. This indicates that
faecal T-RFLP profiling may be a more sensitive non-in-
vasive tool than DAI scoring for investigating changes as-
sociated with colitis.

In addition to the differences observed in faecal bacterial
community composition between healthy controls and col-
itic rats, there were also significant differences between the
experimental sets from which faecal samples were sourced.
This suggests other factors were also at play in influencing
the gut microbiota composition. These could have included
genetics (litter differences between the two experimental
sets), as well as variations in environmental rearing conditions
and the microbiological status of feed and water. Despite
these differences, the same core OTU could be identified as
being associated with the healthy and colitic state among
both experimental sets of rats.

In the present investigation there was significant inter-in-
dividual variation in faecal bacterial composition among
both healthy and colitic rats. Others have also noted that
gut microbial T-RFLP profiles vary substantially between
individuals, as each sample exhibits a unique community pro-
file, consisting of a different assemblage of OTU (Nagashima
et al., 2003; Dicksved et al., 2007; Li et al., 2007). This inter-
individual variation has been proposed to be responsible
for the inability to clearly cluster samples based on treat-
ment (Zoetendal et al., 2002). Indeed, studies using cluster
analysis of T-RFLP data have been unable to discriminate
differences in faecal microbiota between healthy patients
and those with Crohn’s disease or ulcerative colitis (Sepehri
et al., 2007) or to identify differences in faecal microbiota
associated with lifestyle or environmental changes (Dicksved
et al., 2007). However, using nMDS we have been able to
successfully show differences in faecal microbial commun-
ities using T-RFLP data, despite the high inter-individual
variability. Unlike clustering analysis, nMDS does not group
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samples into discrete clusters, but instead, displays their in-
terrelations on a continual scale (Clarke and Warwick, 2001).

Interestingly, in the current study, the similarity in faecal
microbiota composition amongst the colitic animals was
higher (41.9%) than for healthy rats (35.2%) with Cfol but
not with Mspl. This may have been a consequence of the
superior resolving power of T-RFLP with Cfol, as it gen-
erated greater numbers of OTU compared with MspI (50 as
compared with 29). Decreased richness or diversity of bac-
terial species has been reported widely in human patients
with ulcerative colitis and Crohn’s disease, as well as in
dogs with IBD (Manichanh et al., 2006; Andoh et al., 2007;
Frank et al., 2007; Xenoulis et al., 2008) which would be
consistent with our observation of a higher faecal microbial
similarity in the colitic rats. However, in the current study
it should be noted that the faecal bacterial profile generated
with Cfol digestion from one healthy control rat was aligned
more closely with the colitic group, which would have con-
tributed to the lower similarity in microbiota composition
among the healthy rats. Closer examination of this rat to
eliminate a subclinical colitis, later confirmed its healthy
status based on histological parameters. It could therefore
be hypothesized that, from its faecal microbial community
composition, this healthy rat may have been more suscep-
tible to the development of colitis under appropriate envi-
ronmental and physiological conditions. If confirmed, this
could have important implications for the potential identi-
fication of individuals at risk of developing IBD.

Our report that the faecal microbiota varied significantly
between DSS-treated colitic and healthy control rats is con-
sistent with observations made by others when comparing
faecal microbial communities from healthy individuals
with patients suffering from either IBD or colitis (Andoh et
al., 2007; Takaishi et al., 2008). Although many reports
have suggested individual bacterial species are linked to the
clinical manifestation of IBD or colitis; there is little con-
sistent evidence for the involvement of specific microbial
groups (Marteau et al., 2003; Steed et al., 2008). Gamma-
proteobacteria have been reported to be increased in the
microbiota of both experimentally induced colitic animals
and IBD patients, as a result of more favorable conditions
for these bacteria during inflammation (Mai et al., 2006;
Heimesaat et al., 2007; Lupp et al., 2007; Xenoulis et al.,
2008), while increased numbers of Bacteroides spp. and E.
coli have been reported in IBD, ulcerative colitis and Crohn’s
disease patients (Gorbach et al., 1968; Hartley et al., 1992;
Swidsinski et al., 2005; Takaishi et al., 2008). Our in-silico
results for phylogentic assignment of significant OTU
identified between healthy and colitic rats indicated that
OTU combination 98 (Cfol) and 94 (Mspl), predominantly
associated with the DSS-induced colitic rats, may have rep-
resented Bacteroides spp. This is consistent with previous
reports in IBD (Hartley et al., 1992; Swidsinski et al., 2005;
Takaishi et al., 2008). However, this OTU combination
may also represent other bacterial species (Allistipes, Buty-
ricimonas, Odoribacter, and Parabacteroides spp.) within
the order Bacteroidales, or as yet unidentified bacteria.
OTU combination 948 (Cfol) and 188 (MspI) were predom-
inantly associated with healthy rats and could represent an
uncultured Lactobacillus sp. Indeed, the probiotic formu-
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lation, VSL#3, which has demonstrated therapeutic utility
in IBD, includes four different lactobacilli: L. acidophilus,
L. plantarum, L. casei, and L. bulgaricus. These lactobacilli
presumably contribute to the restoration of homeostasis to
the dysbiosis characteristic of IBD (Bibiloni et al., 2005).

We propose that OTU combinations, and not the single
OTU, are the major determinants of the healthy or colitic
state. OTU (94, 98, 116, 174, 226, 360, 384, and 948; Cfol)
and (94 and 118; MspI) were identified in both healthy and
colitic rats but with different relative abundance while OTU
948 (Cfol) and 188 (Mspl) were specific to healthy rats and
OTU 914 (MsplI) was solely detected in DSS-induced colitic
rats. Thus, changes in the proportion of common OTU are
most likely to be associated with the development of IBD.
Future research should expand studies of these typical OTU
in an attempt to unravel the underlying mechanism of
colitis. Using T-RFLP and multivariate statistical analyses we
have identified potential OTU driving differences in bacte-
rial community composition. OTU (116, 226, 360, and 948;
Cfol) and (118 and 188; Mspl) were predominantly asso-
ciated with the healthy state while OTU (94, 98, 174, and
384; Cfol) and (94 and 914; Mspl) were predominantly as-
sociated with the colitic state. The current study did not
seek to definitively identify the faecal bacterial genera or
species; instead detecting OTU associated with the healthy
or colitic states. Future studies could address definitive iden-
tification of OTU identified in this study using novel strat-
egies for the extraction of specific phylogenetic sequence
information from community T-RFLP data based on targeted
isolation, cloning and sequencing of terminal restriction
fragments (Widmer et al., 2006; Lee et al., 2008).

In conclusion, T-RFLP analysis has proven to be a highly
sensitive and non-invasive tool for detecting microbial
changes in faeces of rats with experimentally induced colitis.
More specifically, the dissimilarity in faecal bacterial com-
munity composition was greater in healthy rats, compared
to those with colitis, in which the faecal bacterial composi-
tion was more homogenous. Potential OTU were identified
as being more closely associated with either a healthy or
diseased state. These OTU could be species or taxonomically
related groups of bacteria, which could form the basis of
future investigations. Targeting the colitis associated OTU by
specific antibiotic and/or probiotic intervention could form
the basis of a novel therapeutic strategy for IBD. Combining
determinations of faecal microbial community composition
through T-RFLP, with other morphological, biochemical
or molecular analyses, provides a powerful approach to
better understand the etiology and pathogenesis of IBD.
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