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 INTRODUCTION 
 Numerous microbial populations, mostly bacterial, that inter-

act to form a community of considerable biomass, biodiver-

sity, and stability, inhabit the large bowels of humans. This 

community, often referred to as the microflora or microbiota, 

digests complex polymers derived from the host ’ s food (such 

as dietary fiber) and from the host ’ s secretions (such as mucins 

in mucus). Fermentation of the molecules resulting from the 

hydrolysis of polysaccharides and proteins produces short chain 

fatty acids, gases, phenols, indoles, and amines as major prod-

ucts. 1  As the sustenance of the bacteria is dependent on the 

host, the bowel can be likened to a banqueting table that the 

human host shares with its bacterial guests. Thus the resident 

bacteria are also referred to as  “ commensals ” . The fermentation 

products, plus the incalculable antigenic load associated with 

the bacterial cells, affect the development and maintenance of 

physiological processes. 2 – 5  The bowel community, whole or in 

part, may act as a surrogate pathogen in inflammatory bowel 

diseases (IBD). Continuous challenge of the mucosal immune 

system by bacterial antigens as a result of abnormal epithelial 

permeability may drive the chronic immune inflammation 

observed in IBD. 6    

 RESULTS 
 Examples of the outcome of PCR / DGGE and fluorescence  

in situ  hybridization (FISH) analyses of bowel samples are shown 

in  Figure 1 . Evidence of the utility of these methods for analysis 

of the composition of the microbiota is provided by the follow-

ing examples.  

 The bacteriology of biopsies differs between newly 
diagnosed, untreated Crohn ’ s disease and ulcerative colitis 
patients 
 Biopsies were collected from inflamed and noninflamed sites in 

the intestines of newly diagnosed, untreated patients. Biopsies 

were also collected from several intestinal sites of healthy sub-

jects. The bacterial collections associated with the biopsies were 

analyzed by generating PCR / DGGE profiles, the preparation 

of 16S rRNA gene clone libraries, and qualitative PCR to detect 

specific groups of bacteria. The total numbers of bacteria associ-

ated with the biopsies were determined by real-time quantitative 

PCR. Ulcerative colitis patients had more bacteria associated 

with biopsies than the Crohn ’ s disease patients and healthy sub-

jects. The composition of the bacterial collections in ulcerative 

colitis and Crohn ’ s disease patients differed. Unclassified mem-

bers of the phyla Bacteroidetes and Verrucomicrobia were more 

prevalent in Crohn ’ s disease than in ulcerative colitis patients. 

The profiles did not differ between inflamed and noninflamed 

tissues. 7    

 Differential clustering of bowel biopsy-associated bacterial 
profiles of specimens collected in Mexico and Canada 
 Bacterial collections associated with bowel biopsies, aspirates of 

residual fluid after bowel cleansing, and feces from IBD patients 

and healthy subjects in Edmonton, Canada and Mexico City, 

Mexico were investigated. PCR / TTGE analysis of 16S rRNA 

gene sequences produced profiles of the bacterial collections 

whose similarities were compared. Similarity analysis showed 

that the profiles did not cluster according to disease status, but 
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that Canadian and Mexican profiles could be differentiated by 

this method. Comparison of biopsy, aspirate, and fecal samples 

obtained from the same subject showed that, on average, the 

profiles were highly similar. Therefore biopsy-associated bacte-

ria are likely to represent, at least in part, contaminants from the 

fluid, which resembles a fecal solution, that pools in the bowel 

after cleansing before endoscopy. 8    

 Bacteriological content of pelvic pouches of pouchitis 
and familial adenomatous polyposis patients, and impact 
of antibiotic therapy 
 Chronic or recurrent pouchitis is the most important long-

term complication leading to poor function following ileal 

pouch-anal anastomosis for ulcerative colitis. Antibiotic 

administration reduces symptoms of pouchitis indicating that 

bacteria have a role in pathogenesis. The stool microbiota of 

patients with pouchitis and of familial adenomatous polypo-

sis patients were analyzed by PCR / TTGE and FISH combined 

with flow cytometry. The composition of the stool of pouchi-

tis and familial adenomatous polyposis patients was markedly 

different. Electrophoretic profiles of the stool microbiota of 

familial adenomatous patients clustered at the 80 %  level of 

similarity, whereas those of pouchitis patients were disparate. 

The results of FISH analysis showed that bacteria not commonly 

present in human feces, nor in the stool of familial adenomatous 

polyposis patients, comprised about 50 %  of the stool microbiota 

of untreated pouchitis patients. Antibiotic treatment reduced 

the proportion of these unknown bacteria in the stool of 

pouchitis patients. Therefore chronic or recurrent pouchi-

tis is associated with a microbiota that contains bacteria not 

commonly associated with human feces or FAP pouches. 

These bacteria have a reduced prevalence when antibiotics 

are administered and therefore are likely to be the 

pathogenic agents of pouchitis (Tannock G.W.  et al ., 

unpublished data).   

 Analysis of the large bowel microbiota of colitic mice 
using PCR / DGGE 
 The colonic microbiota of formerly germfree interleukin 10 

(IL-10)-deficient mice that had been exposed to the fecal micro-

biota of specific-pathogen-free animals was screened using 

PCR / DGGE. The composition of the large bowel microbiota of 

IL-10-deficient mice changed as colitis progressed. DNA frag-

ments originating from four bacterial populations ( “  Bacteroides  

sp. ” ,  Bifidobacterium animalis ,  Clostridium cocleatum , entero-

cocci) were more apparent in PCR / DGGE profiles of colitic 

mice relative to noncolitic animals, whereas two populations 

were less apparent ( Eubacterium ventriosum , Acidophilus group 

lactobacilli). Specific DNA / RNA dot blot analysis showed that 

bifidobacterial rRNA abundance increased as colitis developed. 

PCR / DGGE was therefore shown to be an effective method to 

demonstrate changes in the composition of the large bowel 

microbiota of mice in relation to progression of inflamma-

tory disease. 9  Monoassociation of IL-10-deficient mice with  

B. animalis  subspecies  animalis  resulted in bowel inflammation, 

completing Koch ’ s postulates. 10     
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  Figure 1        Examples of results of analytical methods. ( a  and  b ) Microbiota 
profiles generated by PCR / DGGE. Numbers indicate different patients 
from whom biopsies of inflamed (In) and noninflamed (N) bowel tissues 
were obtained. ( c  –  h ) Fluorescence  in situ  hybridization (FISH) / flow 
cytometry analysis of human stool. ( c ) R1 / M1 region of histogram, 
bacterial cells reacted with universal bacterial probe. ( d ) M2, absence 
of fluorescent bacterial cells when exposed to negative control probe. 
( e ) Absence of fluorescent bacterial cells in scatter plot in R2 region 
(negative control). ( g ) M4 region of histogram contains bacterial cells 
reacted with universal probe and group-specific probe. Counts of 
double-labeled cells can be expressed as percentage of those obtained 
with universal probe alone ( f ). ( h ) Scatter plot showing bacterial cells in 
region R4 double-labeled with universal and group-specific probes.  
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 DISCUSSION 
 The results of nucleic acid-based analyses provide targets for 

further investigations in which functional links need to be 

established between the candidate proinflammatory bacteria 

and disease. Culture of the not-yet-cultivable bacteria resident in 

the human bowel must therefore have priority, otherwise altera-

tions in microbiota composition will remain merely statistical 

correlations and cause-and-effect will never be established.   

 METHODS 
 Nucleic acid-based (molecular) analytical methods have been used to 
assess the composition of the bacterial community because most of its 
members have not yet been cultivated in the laboratory using traditional 
bacteriological methods. Although the molecular methods have assisted 
in defining and comparing bacterial communities in general terms, the 
phylogenetic information is often shallow (broad phylogenetic groups) 
and outcomes of investigations are confounded by interindividual and 
international differences in the composition of bowel communities, a 
polluted database in which about 5 %  of entries are reported to be invalid, 
and biases inherent in sampling (subjects and specimens) as well as in 
analytical procedures. 11 – 14  

 Nevertheless, three analytical methods show utility in investigations of 
the bowel microbiota in relation to IBD: phylogenetic catalogs of small 
ribosomal subunit RNA (16S rRNA in bacteria) gene sequences that deline-
ate molecular species, detection and enumeration of bacterial groups using 
fluorescent oligonucleotide probes that target ribosomal RNA sequences, 
and the preparation of microbiota  “ snapshots ”  by means of a combination 
of PCR and denaturing polyacrylamide gel electrophoresis. 

 The starting point for nucleic acid-based methods is the extraction of 
bacterial DNA or RNA directly from the fecal or other sample of inter-
est, avoiding the need to cultivate any members of the bacterial com-
munity. 16S rRNA or the gene that encodes it has become a cornerstone 
of bacterial classification because it contains regions of nucleotide base 
sequence that are highly conserved across the bacterial world and that are 
interspersed with variable regions (V regions). These V regions contain 
the  “ signatures ”  of phylogenetic groups and even species. 15  For this rea-
son, V regions of 16S rRNA (or 16S rRNA gene sequences) are the basis 
of the molecular analytical methods. Bacterial DNA or RNA extracted 
from the samples (in theory, nucleic acid from all of the bacterial types 
in the sample will be represented in the extracts) and PCR amplification 
(reverse transcription – PCR in the case of RNA extracts) of the 16S rRNA 
gene, in part or complete, is carried out. Clone libraries of the 16S rRNA 
genes can be made and sequenced, or emulsion-based high-throughput 
PCR sequencing can be carried out, producing a catalog of the bacterial 
constituents of the ecosystem. 16,17  

 From the information in databases, DNA (oligonucleotide) probes can 
be designed and synthesized. They specifically target V regions of the 16S 
or 23S rRNA molecules within ribosomes. 18 – 20  The probes are 5 �  labeled 
with a fluorescent dye which permits both detection and quantification 
of specific bacterial populations. Bacterial cells within which hybridi-
zation with a probe has occurred fluoresce and hence can be detected 
and counted by epifluorescence microscopy (preferably automated) or 
fluorescence-activated flow cytometry. Permeabilization of the bacterial 
cells is required to standardize intracellular access of DNA probes to their 
targets. 21  Important technical considerations include (1) the physiological 
state of the bacterial cells because the number of ribosomes per bacterial 
cell is greater the higher the metabolic activity. Therefore, bacterial cells 
in a quiescent state have weak fluorescence and may not be detected. 
(2) Another technical consideration is the degree of hybridization 
stringency, which depends on three factors: temperature, salt concentra-
tion, and formamide concentration of the hybridization solution. The 
manipulation of these factors influences the specificity of hybridization 
and hence detection and quantification. (3) A third technical considera-
tion is a 16S rRNA gene database that is rapidly increasing is size. More 
than 600,000 16S rRNA sequences are available from the Ribosomal 

Database ( http://rdp.cme.msu.edu ), permitting the  in silico  development 
and validation of a large panel of probes targeting different phylotypes 
resident in the human bowel. Several of the currently used probes were 
designed and tested using older versions of the Ribosomal Database, 
so continual reassessment of specificity and coverage of these probes is 
essential to update and confirm their continuing reliability. (4) The last 
technical consideration is detection and enumeration. Epifluorescence 
microscopic detection and quantification of bacterial populations was 
used originally but, because of the laborious and time consuming nature 
of this work, automated systems have been developed, culminating in the 
use of flow cytometry to count the fluorescent cells. Rapid and easy to 
set up, flow cytometry combines quantitative and multiparametrics 
analysis (size, internal granularity, fluorescence signal). A lower thresh-
old of detection of 0.4 %  relative to the total number of bacteria deter-
mined with a universal bacterial probe, EUB338, has been reported. This 
analytical approach is referred to as FISH. 

 Deriving a catalog of bowel inhabitants, or enumerating groups of bac-
teria using DNA probes for every sample that needs to be investigated, is 
a daunting task. A relatively simple, semiquantitative screening method 
to compare the bacterial composition of multiple samples is provided 
by PCR combined with denaturing gradient gel electrophoresis. This 
approach, which provides comparative  “ snapshots ”  of microbiota com-
positions, has been demonstrated to have enormous utility in a number of 
bowel microbiota studies. 7,22 – 26  DNA or RNA is extracted directly from 
intestinal or fecal samples. Then a variable 16S rRNA gene sequence is 
amplified using PCR primers that anneal with conserved sequences that 
span the selected V region. One of the PCR primers has a GC-rich 5 �  end 
(GC clamp) to prevent complete denaturation of the DNA fragments 
during gradient gel electrophoresis. To separate the 16S fragments ampli-
fied from different types of bacteria and present in the PCR product, a 
polyacrylamide gel is used. The double-stranded 16S fragments migrate 
through a polyacrylamide gel containing a chemical (DGGE) or ther-
mal (TTGE) gradient until they are partially denatured by the chemical 
or temperature conditions. The fragments do not completely denature 
because of the GC clamp, and migration is radically slowed when partial 
denaturation occurs. Because of the variation in the 16S sequences of 
different bacterial species, their chemical and thermal stability is also 
different; therefore different 16S  “ species ”  can be differentiated on the 
basis of gel migration distances of DNA fragments by this electrophoretic 
method. Profiles of the numerically predominant members of the micro-
biota are generated. 11,27  Individual fragments of DNA can be cut from 
electrophoretic gels, further amplified and cloned, then sequenced. The 
sequence can be compared to those in gene databanks to obtain identi-
fication of the bacterium from which the 16S sequence originated. In a 
further development of this methodology, PCR primers specific for bac-
terial groups can be derived. These primers generate an electrophoretic 
profile of the species comprising a specific bacterial genus, for example 
bifidobacterial species, within the bacterial community. 28 – 30      
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