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Introduction

The human gastrointestinal (GI) tract is colonized by complex 
and diverse communities of commensal microorganisms.1 The 
number of bacterial cells in the adult human GI tract is an order 
of magnitude greater than number of human cells.2 About 1011 
to 1014 microbial cells reside in the human GI tract with most 
of the species being uncharacterized because 60–80% of them 
cannot be cultivated.3 Evidence from animal and human stud-
ies suggests that intestinal commensal bacteria are not inno-
cent bystanders but rather active participants in health. These 
commensal bacteria play important roles in nutrient absorp-
tion, fermentation of dietary fiber, metabolism of xenobiotics, 
 development of the mucosal immune system and protection 
against foreign microbes.3,4 They also contribute to regulation 
of cell  proliferation, differentiation and gene expression in host 
epithelial cells.5 Abnormalities or changes in the composition of 

The human large bowel is colonized by complex and diverse bacterial communities. However, the relationship between 
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commensal bacterial communities are associated with the patho-
genesis of a range of diseases including inflammatory bowel dis-
ease (IBD),6,7 colon cancer,8,9 obesity10 and multi-system organ 
failure.11,12 However, the bacteria in the GI tract are largely 
understudied in relation to adenomas (intermediate precursors) 
and colorectal cancer (CRC).

Commensal bacteria reside in two compartments within the 
large bowel, namely the luminal compartment, which consists 
mostly of transients, and the mucosa-adherent compartment, 
which consists of entrenched residents.2,13 It is important to dis-
tinguish between these two compartments because the transient 
and mucosa-adherent microbial communities may relate differ-
ently to the etiology of adenomas. The fecal compartment is 
influenced by diet,14 while the more stable adherent compartment 
consists of dense cohesive microbial communities that adhere to 
surface-associated polysaccharide matrices, resist hydrodynamic 
shear forces, interact with the mucosal immune system, and 
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consumption was lower in cases than controls while total fat (g) 
intake was higher in cases than controls. However, these results 
did not reach statistical significance. T-RFLP is a community 
fingerprinting approach that provides reliable preliminary analy-
sis of bacteria community profiles rapidly and at low cost, but 
does not reveal identity of specific community members. T-RFLP 
analysis of adherent bacterial communities in normal colonic 
mucosa of adenoma and non-adenoma controls revealed 110 ter-
minal restriction fragments (T-RFs) that ranged from 60–500 
base pairs (bp), of which 23 T-RFs were predominant. T-RFs 60, 
65, 97 and 252 bp were the most frequently observed (Fig. 1). 
The relative abundance of several T-RFs was significantly dif-
ferent in cases compared to controls. The abundance of T-RF 65 
was 40% in cases compared to 28.1% in controls (p < 0.01) while 
the distribution of T-RF 97 was 4.9% for cases and 8.9% for con-
trols, (p < 0.05). T-RFs 95, 104, 105, 266 and 401 were absent in 
cases but present in controls while T-RF 64 was absent in controls 
but present in cases. To identify patterns in T-RF bacteria com-
munity profile, we subjected the T-RF peak data to cluster analy-
sis using T-RFLP Stats.15 We observed two main clusters (A and 
B) of bacterial TR-F profiles in which 73.7% of cases and 26.3% 
of controls were represented in one cluster and 72% of controls 
and 28% of cases in the second cluster (Fig. 2). This TRFLP data 
suggests that adenomas are associated with consistent differences 
in colonic adherent bacterial community profiles.

16S rRNA sequencing reveals that adherent bacteria com-
munity members differ between adenoma cases and non-ade-
noma controls. Our TRFLP analysis predicts that the adherent 
microbial communities in cases and controls will be relatively 
enriched for specific bacterial types. To test this prediction, we 
randomly selected eight patients (four cases and four controls) 
from the initial cohort of 44 patients for 16S rRNA sequence-
based phylogenetic analysis. The phylogenetic distribution of 
the bacteria phylotypes identified among 142 clones from four 
controls and 200 clones from four cases are shown in Figure 3A 
and B. Consistent with previous reports, the adherent mucosal 
microbiota was dominated by few bacterial phyla (deep phy-
logenetic lineages, also called divisions): Firmicutes (62%), 
Bacteroidetes (26%) and Proteobacteria (11%) predominated, 
while Fusobacteria, Cyanobacteria and Verrucomicrobia com-
prised about 1% of all clones pooled across cases and controls.

Comparison of the phylogenetic composition of clone librar-
ies using UNIFRAC analysis16,17 showed significant differences 
between cases and controls (p < 0.001). Significant differences 
were observed for bacteria communities among individuals, 
and between the cases and controls (p < 0.001 in both p-test 
and UNIFRAC significance test, corrected for multiple testing 
using the Bonferoni correction). Analysis of similarity matrix 
(ANOSIM) also suggested that bacterial composition varied by 
case control status (R = 0.427, p = 0.02). The UNIFRAC tree 
also suggests that adenoma cases have reduced inter-individual 
variability (Suppl. Fig. 1).

Species richness and diversity. Phylotype was based on 
 classification at the genus level. We assessed diversity based on 
measures of richness and evenness for cases and controls using 16S 
rRNA gene sequences from clone libraries. The mean diversity 

persist despite the rapid turnover of cells and propulsion of debris 
and water through the gut.13

We hypothesized that mucosal adherent bacterial community 
profiles would differ between adenoma patients and non-adenoma 
controls and that specific bacterial species might contribute to the 
etiology of adenomas. Given that 60–80% of the gut bacteria 
are uncharacterized because they cannot be cultivated ex vivo, 
we relied on culture-free molecular techniques to analyze these 
bacterial communities. Specifically, we used terminal restriction 
fragment length polymorphism (T-RFLP), clone sequence analy-
sis and fluorescence in-situ hybridization (FISH) that are based 
on the phylogenetically conserved 16S rRNA gene to detect 
and identify adherent bacteria from normal colonic biopsies. By 
characterizing the adherent bacterial communities in the colon, 
we sought to understand how the presence of adenomas affects 
the colonic microbial ecosystem, and elucidate the relationship 
between these commensal bacteria and etiology of colorectal ade-
nomas. This new knowledge might provide targets for prevention 
or intervention strategies that lead to reduction of CRC risk.

Results

T-RFLP analysis reveals differences in bacterial community 
profiles associated with adenoma cases and non-adenoma con-
trols. We evaluated adherent bacterial communities in normal 
mucosal biopsies from 44 patients (21 cases and 23 controls). The 
descriptive characteristics of the subjects are described in Table 1. 
The mean age for cases was 55.9 ± 5.8 years for cases and 53.8 ± 
3.0 years for controls. We assessed several dietary factors that are 
relevant to colorectal cancer, however there were no statistically 
significant differences between cases and controls for dairy intake 
alcohol (g) total calcium (mg) and caloric intake (kcal). Vegetable 

Table 1. Descriptive characteristics of study participants

Characteristic Case (n = 21) Control (n = 23) p*

Age (mean, se) 55.9 ± 5.8 53.8 ± 3.0 0.23

Male (%) 50 61.1 0.53

BMI (kg/m2) (%)

<25 40 27.9 0.33

25–29.9 20 44.4

≥30 40 27.8
**Constipation (%) 0 13.3 0.21

Caloric intake (kcal) 
(mean, se)

2058.39 ± 178 1994.20 ± 177.8 0.80

Alcohol (g) (mean, se) 10.76 ± 2.7 13.76 ± 5.9 0.65

Total calcium (mg)  
(mean, se)

894.7 ± 108.9 1994.20 ± 177.8 0.91

Total fat (g) (mean, se) 82.06 ± 5.1 71.29 ± 8.2 0.27

Vegetable intake  
(mean servings, se)

4.31 ± 0.43 5.21 ± 0.86 0.36

Dairy intake (mean, se) 1.68 ± 0.29 1.57 ± 0.23 0.78
*p values are based on t-test for continuous variables and chi-square 
statistics for categorical variables. **Constipation, defined as three 
bowel movements or less/week.
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(Clostr 482), Ruminococcus (Rbro 730), Lactobacillus (Lacto 645) 
and Faecalibacterium (Fecali 645), to detect these mucosal adher-
ent bacteria. The specificity of these probes was validated with 
corresponding cultured bacteria (data not shown). FISH analysis 
on colonic tissue sections from cases and controls confirmed that 
these respective bacterial types were present within the adher-
ent community, and predominantly localized to the mucus layer 
overlying the epithelium in normal colonic tissue (Fig. 4).

Discussion

The microbiota plays an important role in the gut but little is 
known about the composition of the bacteria in the mucosal 
compartment, especially in relation to colorectal cancer. In this 
study, we defined adherent bacteria in normal colonic mucosa of 
patients with and without adenomas and assessed whether differ-
ences in bacterial profiles or specific bacterial species were associ-
ated with adenoma status. Three predominant phyla, Firmicutes, 
Bacteroidetes and Proteobacteria, were identified in normal 
colonic mucosa. Case subjects had lower relative abundance of 
Bacteroidetes and higher abundance of Proteobacteria than con-
trols. Analysis at shallower phylogenetic resolution revealed a 
distinct bacterial genus profile that consisted of decreased abun-
dance of Bacteroides and Coprococcus, and increased abundance 
of Dorea, Faecalibacterium and Shigella was characteristic of ade-
noma subjects. We observed borderline statistically significant 

results for cases and controls are shown in Table 2. 
Cases tended to have higher diversity and richness 
compared to controls but the differences were only 
borderline significant. We observed that the total 
number of individuals was also different between 
cases and controls (p = 0.08). Overall, the Good’s 
coverage for the different samples ranged from 
63.6 to 86.1%. This level of coverage indicated 
that the 16S rDNA sequences identified represent 
the majority of bacterial sequences present in the 
human colonic mucosa from the samples under 
study, though the sample size was small.

Comparison of the proportions of 16S rRNA 
sequences derived from adenoma cases and con-
trols (similarity percentage analysis SIMPER, 
PRIMER-E,18) at the phylum and genus levels 
revealed the contribution of specific phylotypes to 
the differences between cases and controls. At the 
phylum level, Proteobacteria members were more 
abundant in cases (12.9%) compared to controls 
(4.85%, p < 0.05), while Bacteroidetes members 
were less abundant in cases (29.14%) compared 
to controls (37.24%, p < 0.05). Abundance of 
Firmicutes phylum members was similar among 
cases and controls, however the specific groups 
within the Firmicutes such as Faecalibacterium 
spp., unclassified Clostridiales and unclassified 
Lachnospiraceae differed by case-control status 
(data not shown). The phylotype distribution at 
the phylum level for individual patients is shown 
in Supplemental Figure 2S. The distribution of the proportions 
of bacterial phylotypes identified at the genus level is presented in 
Figure 3A and B. Compared to controls, cases were characterized 
by lower proportions of Bacteroides spp. (case 28.3% vs. control 
53.3%, p < 0.03) Coprococcus spp., (case 1.7% vs. control 9.7%, 
p = 0.05) higher levels of, Dorea spp. (Case 15.9% vs. control 
3.3%, p < 0.005), Faecalibacterium spp. (Case 21.7% vs. control 
10.3%, p < 0.05), Shigella spp. (case 5.9% vs. control 0.89%, p 
= 0.16) and Ruminococcus spp. (case 19.1% vs. control 3.4%, p = 
0.24). Although the following genera were not highly abundant, 
Oscillospira spp., Clostridium spp., Finegoldia spp., Eubacterium 
spp., Akkermansia spp. and Phascolarctobacterium spp. were 
observed only in cases but not in controls, while Fusobacterium 
spp. was present only in controls (Fig. 3A). The phylotype distri-
bution at the genus level for individual patients in this study is 
shown in Figure 3B.

Identification of mucosa adherent bacteria by fluorescence 
in-situ hybridization (FISH). Although 16S rRNA TRFLP and 
clone sequencing can reveal the overall composition of a bacte-
rial community, these methods do not provide information about 
the physical structure of the bacterial community or localiza-
tion of specific community members. We therefore performed 
fluorescence in-situ hybridization to localize specific adherent 
bacterial types on colonic tissue sections. We employed 16S 
rRNA FISH probes Eubacteriaceae (EU 388) universal bacte-
ria probe, Gammaproteobacteria (Gpro 384), Lachnospiraceae  

Figure 1. Distribution of T-RFs in adenoma cases and non-adenoma controls. The contri-
bution of each TRF was calculated as a percent of the total TRFs in an individual’s sample. 
Each bar represents the average abundance (y-axis) of each TRF grouped by adenoma 
case or non-adenoma control status. Error bars represent standard error of the mean. 
Asterisks-represent TRFs that are significantly different between cases and controls. T-RF, 
terminal restriction fragment; size in base pairs (bp).
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associated with colorectal adenomas may reflect the presence of 
adenomas elsewhere in the colon, and may have preceded the 
onset of adenoma formation.

Recent human and animal studies also indicate that bacterial 
dysbiosis may contribute to obesity10,31 and inflammatory bowel 
diseases.32-35 Although, it is not clear how mucosal adherent bac-
teria might influence the development of adenomas, factors such 
as antibiotics use,29 host factors1 and diet10,30 that change the envi-
ronment in the large bowel could contribute to bacterial dysbiosis 
by altering the normal homeostasis between the gut bacteria and 
the host. While antibiotic use has been shown to contribute to 
immediate shifts in the microbiota, most of the bacterial commu-
nities are fairly resilient and return to pretreatment stages within 
four weeks.21 A recent study observed that knock out of Myd88, 
the universal adaptor used by the host pattern-recognition Toll-
like receptors (TLR) resulted in lower Firmicutes to Bacteroidetes 
ratio.36 Although it is not clear how loss of Myd88 contributes 
to the shift in microbial composition, nevertheless, these find-
ings illustrate the importance of host factors in gut bacterial 
dysbiosis.

A potential mechanism by which bacterial dysbiosis might 
influence the development of adenomas and colorectal cancer is 
through inflammation and diet. Metabolites from diet could cre-
ate an environment that alters the gut pH, which in turn could 

differences in bacterial diversity with cases having higher diver-
sity than controls. We did not detect the phylum Actinobacteria 
and its important genus, Bifidobacterium, in the adherent colonic 
mucosa of our subjects. This phylum is commonly observed in 
infants19,20 but is less dominant in adults.21,22 Our inability to 
detect Bifidobacterium spp. in our subjects may relate to cover-
age and the number of clones evaluated in this study. Deeper 
sequencing using high throughput methods should clarify the 
detection of Actinobacteria in the adherent ecosystem.

Identifying the bacterial composition of the gastrointestinal 
tract and understanding the role of bacteria in health and dis-
ease is currently a focus of ecological studies.1,21,23,24 Our observa-
tion that Firmicutes, Proteobacteria and Bacteroidetes were the 
 dominant phyla in normal colonic mucosa are also concordant 
with previous studies of the gut microflora.10,21,25-27 Our findings 
suggest that alterations in the composition and structure of adher-
ent bacterial communities may contribute to the  development of 
adenomas.

The mucosal biopsies used in this study were from the rectum, 
not from adenoma tissue or from mucosa in the surrounding area 
of adenomas. Previous studies have indicated that the bacterial 
community in an individual host is relatively stable along the dis-
tal digestive tract21,28 and over time.29,30 Therefore, the observed 
compositional changes in rectal mucosal bacterial communities 

Figure 2. Cluster analysis of T-RF profiles from adenoma cases and non-adenoma controls. Analysis of similarity matrix (ANOSIM) suggests modest 
differences between the two groups (R = 0.137, p < 0.019). Samples were standardized by calculating each TRF as a percent of the total TRFs in an 
individual’s sample. This was followed by square root transformation and Bray-Curtis similarity matrix was used to generate a dendrogram based on 
group average. Sample number is presented as H##. Samples from cases and controls are indicated by color code (blue-case; red-control) and those 
selected for clone library analysis are marked with an asterisk.
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Recent advances in molecular methods that are based on the 
highly conserved bacterial 16S ribosomal RNA (rRNA) gene 
have enhanced our ability to study and characterize adherent 
bacteria communities in the gut. In this study, we used clone 
sequencing and terminal restriction fragment length polymor-
phism (T-RFLP), a high throughput fingerprinting technique 
that is widely used for bacterial community fingerprinting.49,50 
Sequencing of 16S rRNA gene is the gold standard for validating 
T-RFLP analysis. Cluster analysis of the T-RFs obtained from 
mucosal samples identified subjects that shared similar profiles 
and eight subjects were randomly selected for generation of clone 
libraries. By combining T-RFLP and clone sequence analysis, 
we observed that cases and controls had both unique and shared 
phylotypes, thus this method proved to be useful in demonstrat-
ing differences in adherent bacterial community structure. A 
major advantage of this approach is the efficient use of resources, 
cost effectiveness and ability to correlate T-RFs with bacteria spe-
cies identified from clone library to determine their phylogenetic 
affiliation.

The gut epithelium is protected by a mucus layer, which serves 
several functions such as keeping epithelial cells from direct con-
tact with microorganisms as well as sustaining the physical and 

promote bacterial dysbiosis, inflammation and cellular transfor-
mation.37 A recent study by Vannucci et al.37 compared tumors in 
conventional and germ-free rats treated with azoxymethane and 
found that germ-free animals had fewer tumors and smaller sized 
tumors compared to conventional animals. In general, studies in 
germ-free animals as well as human studies on Crohn and ulcer-
ative colitis support a link between the gut bacteria, inflamma-
tion and cancer.38-41

The gut bacteria may also promote adenomas through direct 
effects of metabolites on the colonic epithelium. Bacteria may 
convert procarcinogenic metabolites from diet into DNA dam-
aging agents. For example, oxygen radicals produced by E. fecalis 
have been linked to DNA damage in colonic epithelial cells.42,43 
Similarly, H

2
S, produced by sulfur reducing bacteria has been 

shown to modulate pathways involved in colorectal cancer.44,45 In 
our study, we observed Clostridium spp. in cases and not controls. 
Another mechanism by which bacteria may promote colorectal 
cancer is through production of toxic polycyclic aromatic com-
pounds by bile acid metabolizing bacteria such as Clostridium 
paraputrificum.46-48 Future studies will evaluate the associa-
tion between diet, inflammation, gut bacteria and colorectal 
 adenomas in humans.

Figure 3A. Distribution of genus level adherent bacterial phylotypes obtained from clone libraries. Each bar represents the percent contribution of 
genus-level profiles grouped by case-control status (A) or for each individual (B). The colors representing the different genera are shown on the side of 
the figures.
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Identifying the composition of adherent bacterial communities in 
the colon is an important step in our understanding of their role 
in large bowel cancer and development of effective  prognostic, 
preventative or therapeutic strategies.

Materials and Methods

Biopsy sample collection. Colorectal biopsies were collected 
from consenting subjects enrolled in an ongoing study, the Diet 
and Health Study V (DHS) who presented for routine screening 
colonoscopy. No patient had received antibiotic therapy within 
eight weeks prior to his or her colonoscopy. All the patients 
received polyethylene glycol for bowel cleansing. Eligible par-
ticipants provided written informed consent, agreed to a tele-
phone interview, donated rectal biopsies during the procedure. 
Reasons for exclusion in the study were incomplete examination 
(cecum not reached), age < 30 years, inability to give informed 
consent, polyposis (>100 polyps), previous colon resection or 
cancer, colitis (such as ulcerative colitis and Crohn disease) and 
previous colon adenoma. Normal mucosal biopsies were obtained 
10–12 cm from the anal verge from consented participants and 
the mucosal biopsies were rinsed in sterile PBS and snap-frozen 
in liquid nitrogen on site and later transferred to -80°C. A pathol-
ogist reviewed all polyps according to standard pathologic crite-
ria and classified subjects with adenomatous polyps as cases and 

nutritional activities of various components of the commensal 
microbiota. Using bacteria specific probes and FISH analysis, we 
found that Clostridium, Faecalibacterium, Gammaproteobacteria, 
Ruminococcus and Lactobacillus were localized to the thick mucus 
layer above the colonic epithelium. These observations are com-
patible with some studies24,51,52 and but not all studies.53 The 
inconsistencies in detecting bacteria within the mucus layer may 
relate to potential differences in biopsy location, sample prepara-
tion and method of detection.

In summary, we used molecular methods to characterize 
adherent bacteria in the normal colon of patients with and with-
out adenomas. Our findings suggest that adherent bacteria may 
be significant players in the development of adenomas and col-
orectal cancer. We identified a bacterial profile that characterized 
adenoma subjects, namely increased Proteobacteria and decreased 
Bacteroidetes. This finding suggests that changes in the adherent 
bacterial composition and structure may contribute to develop-
ment of adenomas. To extend our understanding of how adherent 
composition changes as a function of adenoma, it will be help-
ful in future studies to include a larger number of subjects with 
longitudinal time points and utilize second-generation sequenc-
ing technology to provide deeper coverage of bacterial com-
munities. Future studies will also utilize conventionally raised 
and g notobiotic animal models to elucidate the mechanisms by 
which altered colonic bacterial profiles contribute to adenomas. 

Figure 3B. Distribution of genus level adherent bacterial phylotypes obtained from clone libraries. Each bar represents the percent contribution of 
genus-level profiles grouped by case-control status (A) or for each individual (B). The colors representing the different genera are shown on the side of 
the figures.
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extracted using Qiagen Plasmid DNA Purification Kit following 
 manufacturer’s protocol.

DNA sequencing, consensus alignment and taxonomic 
classification. A minimum of 30 randomly selected clones 
were sequenced per patient using M13-F and M13-R primers 
(MWG-BIOTECH AG, High Point, NC). Vector sequences and 
ambiguous terminal sequences were trimmed and the 16S rRNA 
gene sequences were edited, assembled and aligned into consen-
sus sequences using Sequencher (version 4.8, Genecode). The 
sequences were checked for possible chimeras using Bellerophon 
v.3.55 The operational taxonomic units (OTUs) were deter-
mined using >97% similarity with SeqMatch in the Ribosomal 
Database-II (RDP-II, http://rdp.cme.msu.edu/cgis/). The taxo-
nomic classification were confirmed by naïve Bayesian rRNA 
classifier56 and the BLAST program.57 The classified genus level 
phylotypes were used for analysis.

Nucleotide sequence accession numbers. All 353 gene 
sequences reported in this paper are available in the GenBank 
database under the accession numbers (EU530161-EU530519). 
Sixteen sequences were not registered because the similarity was 
<60% and they could not be matched to known bacteria.

Estimation of richness and biodiversity. Phylotypes were 
estimated based on the genus level classification (≥97% sequence 
identity). Each OTU was considered a separate phylotype. 
Microbial diversity was estimated with the Shannon-Weiner 
diversity index (H’), which accounts for both the number of 
phylotypes present (richness) and the proportion of the total 
accounted for by each phylotype (evenness) (PRIMER E).18 
We calculated Good’s coverage58 to estimate if the clone library 
reflected the actual bacterial diversity in the samples using the 
following equation, G = 1 - (n

1
/N), where G is the coverage index, 

n
1
 is the number of phylotypes appearing only once, and N is the 

number of all sequences in the library.
Fluorescent in situ hybridization (FISH). We used FISH 

analysis to localize and identify bacteria in the colonic mucosa. 

those without adenomas as controls. The study was approved by 
the Institutional Review Board (IRB) at the University of North 
Carolina School of Medicine (Protocol #05-3138).

DNA extraction. Bacterial genomic DNA was extracted from 
biopsy specimens. Mucosal biopsies (10–20 mg) were placed in 
lysozyme (30 mg/ml; Sigma, St. Louis MO) for 30 minutes. The 
biopsy-lysozyme mixture was homogenized on a bead beater 
(Biospec Products Inc., Bartlesville, OK) at 4,800 rpm for 3 min-
utes at room temperature followed by DNA extraction using the 
Qiagen DNA isolation kit (cat # 14123) per the manufacturer’s 
recommended protocol.

T-RFLP analysis. The DNA extracted from mucosal 
biopsies served as a template for amplification of an approxi-
mately 1,500 bp region of the 16S rRNA gene. The reaction 
mixture contained, 100 mM Tris (pH 8.5), 2 mM MgCl

2
, 20 

mM (NH
4
)

2
SO

4
, 10 µM dNTPs, 0.2 µM each fluorescently 

labeled universal primers 8F (5'-AGA GTT TGA TCC TGG 
CTC AG-3') and 1492R (5'-GYT ACC TTG TTA CGA CTT-
3'),54 and 1 unit of Taq polymerase (Apex). Cycling condi-
tions were 94°C for 5 min, followed by 30 cycles of 94°C for 
30 min, 55°C for 45 sec and 72°C for 1.5 min, with a final 
extension period of 10 min at 72°C. Amplified PCR products 
were verified by electrophoresis in 1.5% agarose gel followed 
by purification (Qiaquick PCR purification kit, Qiagen) and 
restriction enzyme (RE) digestion with Hha 1 and Msp1 in 
separate reaction mixtures that consisted of 1X restriction buf-
fer, 20 µg bovine serum albumin and 10 units of restriction 
enzyme in a final volume of 20 µl at 37°C for 3 hours. The 
digested DNA fragments were purified and mixed with 0.5 µl 
internal size standards (ROX 500 Applied Biosystems), deion-
ized formamide and denatured for 3 minutes at 95°C followed 
by capillary electrophoresis (ABI 3100 genetic analyzer, Applied 
Biosystems). The PCR conditions and RE digests were opti-
mized to ensure maximum reproducibility. Individual reference 
bacteria strains assessed by T-RFLP analysis showed a single 
T-RF peak for a single strain and multiple peaks for a mix-
ture of reference strains (data not shown). The fragment peak 
size, area and height were determined by GeneMapper (Applied 
Biosystems Inc.). Peak area and fluorescence data were normal-
ized and processed as described by Abdo et al.15 followed by 
cluster analysis. To account for differences in biopsy sizes, we 
used a standard amount of DNA for PCR, restriction digests 
and TRFLP  analysis. The contribution of individual T-RFs was 
calculated as a proportion of the total T-RF peak area for each 
sample. For our analysis, we used these proportions rather than 
absolute numbers. Samples from eight subjects were randomly 
selected for cloning and sequencing.

Construction of 16S ribosomal RNA clone libraries. Clone 
libraries were constructed from four adenoma cases and four 
controls. The 16S rRNA gene was amplified using unlabeled 
8F and 1492R primers. The reaction mixture and cycling con-
ditions were as described above. The resulting PCR products 
were gel purified with the Qiagen extraction kit according to 
the manufacturer’s recommendations followed by sub cloning 
into TOPO TA pCR2.1, and transformation into Escherichia 
coli TOP10 competent cells (Invitrogen). Plasmid DNAs were 

Table 2. Comparison of bacterial diversity measures between cases 
and controls

Measure Case Control p

Number of clones (mean) 54 36
1Number of Phylotypes*  

(mean, se)
9.25 (1.25) 6.75 (0.85) 0.14

2Total number of individuals 
(mean, se)

27.64 (1.8) 22.13 (2.25) 0.08

3Richness (mean, se) 2.46 (0.33) 1.84 (0.21) 0.25
4Evenness (mean, se) 0.96 (0.009) 0.9 (0.03) 0.08

5Shannon-Weiner index  
(mean, se)

2.11 (0.14) 1.71 (0.16) 0.08

6Good’s coverage 84.26 75.00 -
*Phylotype number was determined on the genus level (≥97% 
 sequence identity). 1# of phylotypes in each sample with non zero 
counts. 2Total # individuals in each sample. 3Species Richness, 
 Margaleaf’s species richness, measure of the number of phylotypes 
present. 4Evenness- measure of how evenly the individuals are 
 distributed among different species. 5Shannon Index, measure of 
 diversity. 6Good’s coverage-estimate of clone library coverage.
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(Molecular Probes Inc., Eugene, OR). Sections were examined 
on a BX71 (Olympus America, Melville, NY) epifluorescence 
microscope and Zeiss LSM5 Pascal Confocal Laser Scanning 
Microscope (Olympus America, Melville, NY), and images 
were captured with Olympus DP-7 camera or Zeiss Axiocam 
respectively.

Statistical analysis. Terminal restriction fragments (T-RFs) 
analysis: Processing of T-RFs was conducted as described in the 
methods and the resulting matrix consisted of columns repre-
senting normalized peak areas of individual TRF-s and rows rep-
resenting individual subjects, cases and controls. The T-RF data 
was subjected to cluster analysis using the unweighted mean pair 
group method with arithmetic mean (UPGMA) to establish the 
dendrogram type.15

Bacterial communities and structural analysis: We used com-
plementary phylogenetic and taxon based methods to compare 
16S rRNA sequences among cases and controls. Structure based 
alignments of the 16S rRNA gene sequences59 based on multiple-
aligned gap containing sequence data from GreenGenes55 were 
performed in the ARB database. The tree data were subjected 

Carnoy’s fixed paraffin-embedded colonic tissue sections (6 µm) 
on Probe-On Plus slides (Fisher Scientific, Pittsburgh, Pa.) were 
deparaffinized in xylene (three washes), and graded series of alco-
hol (100%, 95%, 70%) followed by lysozyme treatment (15 U/µl 
in 1% PBS) at 37°C for 20 min, two rinses with PBS and water. 
Slides were hybridized with FISH probes 5' labeled with Cy3 or 
6-FAM at a concentration of 5 ng/µl in hybridization buffer (20 
mM Tris-HCl, 0.1% sodium dodecyl sulfate (SDS), 0.9% NaCl 
[pH 7.2]) and incubated at 56°C overnight. The following probes 
were used to detect general bacteria (EUB 338, GCT GCC TCC 
CGT AGG AGT) and specific bacteria (Gamma-Proteobacteria, 
Gpro, GAA GCC ACG CCT CAA GGG CAC AA; Clostridia 
Cluster Clostr482, GCT TCT TAG TCA GGTACC G; 
Faecalibacterium, Fecali645, CCT CTG CAC TAC TCA AGA 
AAA AC; Lactobacillus, Lactob645, GGT ATT AGC A(C/T)
CT GTT TCC A and Ruminococcus, Rbro730, TAA AGC CCA 
G(C/T)AG GCC GC) in mucosal biopsies. Slides were washed 
in hybridization buffer without SDS at 58°C for 20 min fol-
lowed by rinse in 1% PBS and distilled water. Slides were dried 
at 46°C for 10 min and mounted with ProLong antifade Dapi kit  

Figure 4. Fluorescence in-situ hybridization (FISH) using bacterial 16S rRNA probes showing bacteria localized to the mucus layer. (A) H&E stained 
section of normal colonic mucosa showing crypts and mucosal layer. Tissue sections from colonic mucosa were hybridized with general bacteria (EUB 
388) probe: (B and C) show that general bacteria (include most of Eubacteria species) were distributed in the mucosal layer; (B) shows bacteria (red) at 
magnification, 400X while (C) shows confocal laser scanning image of bacteria (red) in mucosa at a higher magnification. Colon tissue sections were 
also hybridized with specific bacteria probes namely Faecalibacterium, Proteobacteria, Clostridia, Ruminococcus and Lactobacillus (D–H). (D and E) were 
stained with bacteria specific probe and general bacteria probe. (F–H) were stained with single bacteria specific probe. Mammalian cell nuclei are 
stained blue by DAPI staining (D and F). Orange arrows show different shaped bacteria localized to the mucus layer. White arrow points to the mucus 
layer above the colonic epithelium.
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