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The diversity of the predominant bacteria in the human gastrointestinal tract was studied by using 16S
rRNA-based approaches. PCR amplicons of the V6 to V8 regions of fecal 16S rRNA and ribosomal DNA
(rDNA) were analyzed by temperature gradient gel electrophoresis (TGGE). TGGE of fecal 16S rDNA ampli-
cons from 16 individuals showed different profiles, with some bands in common. Fecal samples from two
individuals were monitored over time and showed remarkably stable profiles over a period of at least 6 months.
TGGE profiles derived from 16S rRNA and rDNA amplicons showed similar banding patterns. However, the
intensities of bands with similar mobilities differed in some cases, indicating a different contribution to the
total active fraction of the prominent fecal bacteria. Most 16S rRNA amplicons in the TGGE pattern of one
subject were identified by cloning and sequence analysis. Forty-five of the 78 clones matched 15 bands, and 33
clones did not match any visible band in the TGGE pattern. Nested PCR of amplified 16S rDNA indicated
preferential amplification of a sequence corresponding to 12 of the 33 nonmatching clones with similar
mobilities in TGGE. The sequences matching 15 bands in the TGGE pattern showed 91.5 to 98.7% homology
to sequences derived from different Clostridium clusters. Most of these were related to strains derived from the
human intestine. The results indicate that the combination of cloning and TGGE analysis of 16S rDNA
amplicons is a reliable approach to monitoring different microbial communities in feces.

The human gastrointestinal tract harbors a diverse commu-
nity of microorganisms which include a large number of mainly
anaerobic bacteria. These have largely been studied by plate
count analysis of fecal samples, which usually contain 1010 to
1011 CFU per g (9, 13, 29). One of the limitations in using
conventional microbiological methods is that only easily culti-
vable organisms are counted. Bacteria which have obligate
interactions with the host or other microorganisms, or which
require unknown growth conditions, will not be selected this
way. Estimates of culturability of bacteria in the gastrointesti-
nal tract vary from 10 to 50% (16, 20, 37). Other limitations of
cultivation include the selectivity of the medium used, the
stress imposed by cultivation procedures, and the necessity of
strictly anoxic conditions. As a consequence, insight into the
interaction between the host and the microbial community,
and into the influence of environmental factors on microbial
composition, is still lacking.

This decade has shown an explosive development in the
application of molecular techniques based on 16S and 23S
rRNA to the study of microbial diversity in ecosystems (re-
viewed in references 1 and 32). So far, the rRNA approach has
been used only incidentally to study human intestinal microbial
ecology, and only specific groups of bacteria, such as Bifidobac-
terium and Lactobacillus, have been studied (16, 19). In addi-
tion, PCR has been used to quantify specific groups of bacteria
in human feces (35), and random cloning approaches have
been used to analyze the microbial diversity of feces from one
individual (37). Although these studies report significant infor-
mation on specific bacteria and specific individuals, the ap-

proaches are time-consuming, expensive, and unsuitable for
characterizing complex microbial communities. Methods such
as denaturing gradient gel electrophoresis (10) or temperature
gradient gel electrophoresis (TGGE) (28) have been devel-
oped to analyze microbial communities rapidly, based on se-
quence-specific separation of 16S rDNA amplicons (8, 22).
The aim of the present study was to use molecular approaches
to describe the bacterial diversity in human fecal samples and
to investigate to what extent this diversity is affected by the
host. We analyzed PCR-amplified V6 to V8 regions of 16S
rRNA (23) by TGGE to describe the diversity of the predom-
inant bacteria in fecal samples. Since the ratio of 16S ribosomal
DNA (rDNA) and rRNA is dependent on cellular activity (33),
we compared TGGE patterns derived from 16S rRNA and
rDNA amplicons. Finally, to gain insight into the phylogenetic
positions of the most prominent bacteria, we prepared a 16S
rDNA clone library and sequenced clones corresponding to
dominant bands in the TGGE pattern of a single individual.

MATERIALS AND METHODS

Experimental approach. To describe the bacterial diversity in the human
gastrointestinal tract, we used a molecular approach based on the sequence
variability of the 16S rRNA gene (Fig. 1). RNA and DNA were simultaneously
isolated from fecal samples and were used as templates for amplification by
reverse transcriptase PCR (RT-PCR) and regular PCR, respectively, of frag-
ments of the 16S rRNA gene. Amplicons of the V6 to V8 regions were analyzed
by TGGE. Migration distances from different gels were compared by using a
marker which consisted of amplified V6 to V8 regions from nine clones with
different mobilities. Additionally, a clone library of 16S rDNA amplicons (Esch-
erichia coli positions 8 to 1510) from a fecal sample of one individual was
prepared. The mobilities of cloned amplicons were screened by TGGE, and
those corresponding to specific bands in the RNA-derived profile were se-
quenced.

Recovery, preparation, and storage of fecal samples. Fresh fecal samples were
collected from 16 unrelated individuals (A to P) from different geographical
locations within The Netherlands and Finland, differing in dietary preferences,
age (25 to 78 years), and sex (7 men and 9 women). Four fecal samples from
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individual A (male; 25 years old) were taken within a 6-month period at 2-month
intervals, and two samples from individual B (female; 43 years old) were taken
within a 7-month period. Three grams (wet weight) of fecal samples was homog-
enized in 50 ml of ice-cold 0.05 M potassium phosphate buffer (pH 7.0), and
aliquots of 1 ml were stored at 220°C.

Parallel RNA and DNA isolation. Fecal samples (1 ml) were centrifuged at
9,000 3 g for 5 min. The pellets were resuspended in 1 ml of a buffer containing
10 mM Tris-HCl (pH 8.0) and 150 mM NaCl (6). After the addition of 150 ml of
acid phenol, consisting of phenol buffered in a solution containing 10 mM
sodium acetate (pH 5.0) and 140 mM NaCl (6), 0.3 g of zirconium beads
(diameter, 0.1 mm) was added. The samples were treated at 5,000 rpm for 3 min
in a mini-bead beater (Biospec Products, Bartlesville, Okla.). After the addition
of 150 ml of CI solution, consisting of chloroform and isoamyl alcohol in a 24:1
(vol/vol) ratio, the tubes were vortexed briefly and centrifuged for 5 min at
15,000 3 g. The aqueous phase was split in two aliquots of 0.5 ml, one for RNA
isolation and one for DNA isolation.

For RNA isolation, phenol-chloroform extractions were performed with 150
ml of acid phenol and 150 ml of CI solution. These steps were repeated until a
clear interface between the aqueous and phenol-chloroform layers was obtained
after centrifugation. Subsequently, an extraction with 300 ml of CI solution was
performed. Finally, nucleic acids were precipitated with 2 volumes of ethanol and
1/10 volume of 3 M sodium acetate (pH 5.2) at 220°C for 30 min. After
centrifugation at 15,000 3 g for 20 min, the pellet was washed with 500 ml of 70%
ethanol, air dried, and resuspended in 500 ml of a buffer containing 20 mM
Tris-HCl (pH 7.5), 10 mM NaCl, 6 mM MgCl2, and 10 mM CaCl2 (6). Five units
of RNase-free DNase (Promega, Madison, Wisc.) was added, followed by incu-
bation at 37°C for 30 min. After phenol-chloroform extractions, RNA was pre-
cipitated as previously described and resuspended in 100 ml of 10 mM Tris-HCl
(pH 8.0). The RNA solutions were checked for the presence of residual amounts
of DNA by performing PCR as described in the section “RT-PCR and PCR
amplification.” When necessary, the DNase treatment was repeated to eliminate
all DNA.

For the parallel DNA isolation, 50 ml of 3 M sodium acetate (pH 5.2) was
added to the residual aliquots. Subsequently, phenol-chloroform extractions
were performed with 150 ml of phenol buffered in TE, which consisted of 10 mM
Tris-HCl (pH 8.0) and 1 mM EDTA (18), and 150 ml of CI solution. After an
additional chloroform extraction, DNA was precipitated with 2 volumes of eth-
anol at 220°C for 30 min. After centrifugation and washing with 70% ethanol,
the pellet was resuspended in 500 ml of TE. Five units of DNase-free RNase
(Promega) was added, and the sample was incubated at 37°C for 15 min. After
phenol-chloroform extractions and an extraction with chloroform only, DNA was
precipitated as before and resuspended in 100 ml of TE.

The amount and integrity of the nucleic acids was determined visually after
electrophoresis on a 1.2% agarose gel containing ethidium bromide.

RT-PCR and PCR amplification. Primers U968-GC (59 CGC CCG GGG
CGC GCC CCG GGC GGG GCG GGG GCA CGG GGG GAA CGC GAA
GAA CCT TAC) and L1401 (59 GCG TGT GTA CAA GAC CC) (24) were used
to amplify the V6 to V8 regions of the bacterial 16S rRNA. The GC clamp in
primer U968-GC creates RT-PCR products suitable for separation by TGGE
(22).

RT-PCR was performed with the Geneamp Thermostable rTth Reverse Tran-
scriptase RNA PCR kit (Perkin-Elmer, Norwalk, Conn.). Reverse transcriptase
reaction mixtures of 10 ml contained 10 mM Tris-HCl (pH 8.3), 90 mM KCl, 1
mM MnCl2, 200 mM each deoxynucleoside triphosphate (dNTP), 2.5 U of rTth
DNA polymerase, 7.5 pmol of primer L1401, and 1 ml of 10-times-diluted RNA
(approximately 5 ng). The mixtures were incubated at 68°C for 15 min. After this
incubation, 40 ml of the PCR additive was added. The additive consisted of 5%
glycerol, 10 mM Tris-HCl (pH 8.3), 100 mM KCl, 0.05% Tween 20, 0.75 mM
EGTA, 3.75 mM MgCl2, 50 mM each dNTP, and 7.5 pmol of primer U968-GC.
The samples were amplified in a Geneamp PCR system 2400 (Perkin-Elmer) by
using the following program: 94°C for 1 min; 30 cycles of 94°C for 30 s, 56°C for

30 s, and 68°C for 1 min; and finally, 68°C for 7 min. Aliquots of 5 ml were
analyzed by electrophoresis on a 1.2% (wt/vol) agarose gel containing ethidium
bromide to check the sizes and amounts of the amplicons.

PCR was performed with the Taq DNA polymerase kit from Life Technologies
(Gaithersburg, Md.). PCR mixtures of 50 ml contained 20 mM Tris-HCl (pH
8.4), 50 mM KCl, 3 mM MgCl2, 50 mM each dNTP, 1.25 U of Taq polymerase,
5 pmol of the primers L1401 and U968-GC, and 1 ml of 10-times-diluted DNA
(approximately 1 ng). Amplification and analysis by agarose gel electrophoresis
were performed as described above for the RT-PCR, with the exception that the
first incubation at 94°C was performed for 3 min instead of 1 min.

Cloning of the PCR-amplified products. PCR was performed with primers 8f
[59 CAC GGA TCC AGA GTT TGA T(C/T)(A/C) TGG CTC AG] and 1510r
[59 GTG AAG CTT ACG G(C/T)T ACC TTG TTA CGA CTT] (15) by using
the Taq DNA polymerase kit from Life Technologies to amplify the bacterial 16S
rDNA. PCR was performed under the following conditions: 94°C for 3 min; 30
cycles of 94°C for 30 s, 52°C for 30 s, and 68°C for 1.5 min; and finally 68°C for
7 min. The PCR products were purified with the Qiaquick PCR purification kit
(Qiagen, Hilden, Germany) according to the manufacturer’s instructions. Puri-
fied PCR products were quantified by electrophoresis on a 1.2% (wt/vol) agarose
gel with a DNA solution of known concentration as the concentration standard
and were cloned in E. coli JM109 by using the Promega pGEM-T vector system.
Colonies of ampicillin-resistant transformants were transferred with a sterile
toothpick to 50 ml of TE and were boiled for 15 min to lyse the cells. Subse-
quently, PCR was performed with pGEM-T-specific primers T7 (59 AAT ACG
ACT CAC TAT AGG) and SP6 (59 ATT TAG GTG ACA CTA TAG) to check
the size of the inserts by using the cell lysates as the template. The plasmids
containing inserts of approximately 1.6 kb in the cell lysates were used to amplify
the V6 to V8 regions. The amplified V6 to V8 regions were compared to the
rRNA-derived TGGE profile from the same fecal sample. Plasmids containing
an insert of a clone corresponding to a dominant band were purified by the
Wizard Plus miniprep DNA purification system (Promega) and were used for
sequence analysis.

TGGE analysis of PCR amplicons. The Diagen (Düsseldorf, Germany) TGGE
system was used for sequence-specific separation of RT-PCR products. Electro-
phoresis was performed in a 0.8-mm polyacrylamide gel (6% [wt/vol] acrylamide,
0.1% bisacrylamide, 8 M urea, 20% [vol/vol] formamide, 2% [vol/vol] glycerol)
with 40 mM Tris-acetate (pH 8.0) as the electrophoresis buffer at a fixed voltage
of 120 V (69 mA) for 18 h. A gradient from 36 to 45°C was applied parallel to
the electrophoresis running direction. After the completion of electrophoresis,
the gel was stained with AgNO3 and developed (3).

Sequence analysis. Purified plasmid DNA (1 ml) was used for sequence anal-
ysis of the cloned 16S rDNA by using the Sequenase (T7) sequencing kit (Am-
ersham, Slough, United Kingdom) according to the manufacturer’s instructions
with Infrared Dye 41 (MWG-Biotech, Ebersberg, Germany)-labeled primers
515r (59 ACC GCG GCT GCT GGC AC) (15), 338f (59 ACT CCT ACG GGA
GGC AGC), and 968f (59 AAC GCG AAG AAC CTT AC) (24) as sequencing
primers. The sequences were automatically analyzed on a LI-COR (Lincoln,
Nebr.) DNA sequencer 4000L and corrected manually. The fraction of uniden-
tified bases was 1% or less. The sequences were checked for reading errors with
the alignment programs of the ARB package, which are based on secondary
structures of rRNA (31). Homology searches of the ARB, EMBL, and GenBank
DNA databases for these partial sequences were performed with FASTA (25),
and the homologies were checked with the ARB programs. The complete 16S
rDNA sequences were checked for chimerical constructs by using the CHECK-
CHIMERA program of the Ribosomal Database Project (17) and the ARB
software package.

Nucleotide sequence accession numbers. The sequences of the fecal rDNA
clones were deposited in the GenBank database. The new sequences from sub-
ject A (with their accession numbers in parentheses) are A03 (AF052408), A07
(AF052409), A09 (AF052410), A10 (AF052411), A11 (AF052412), A12
(AF052413), A13 (AF052414), A14 (AF052415), A19 (AF052416), A20
(AF052417), A21 (AF052418), A22 (AF052419), A27 (AF052420), A54
(AF052421), A57 (AF052422), and A71 (AF052423).

RESULTS

Nucleic acid extraction and reproducibility of TGGE pat-
terns. Nucleic acids were extracted from the fecal samples by a
mechanical procedure which has been shown to be effective in
disrupting bacterial cells from a variety of ecosystems (6, 11,
26, 37). To optimize the efficiency of the nucleic acid extrac-
tion, the effect of increased bead-beating time on the concen-
tration of the nucleic acids, as well as on their integrity and
competence to generate a reproducible TGGE pattern, was
determined. With 1 to 5 min of bead beating, no effect on the
amount of nucleic acids extracted or on their integrity, as
analyzed by agarose gel electrophoresis (data not shown), was
observed. No nucleic acids were detected in the samples that

FIG. 1. Outline of the molecular approaches used to analyze the fecal bac-
terial communities. PCR 968-1401 represents the RT-PCR with primers U968-
GC and L1401, which amplify the V6 to V8 regions. PCR 8-1510 represents the
PCR with primers 8f and 1510r, which amplify the complete 16S rDNA.
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had not been subjected to the bead-beating procedure or in the
supernatant of the potassium phosphate buffer used to homog-
enize the fecal samples, indicating that lysis was limited. The
TGGE patterns of the rRNA-based amplicons of fecal samples
tested remained constant after increased bead-beating time
(data not shown). However, in the rDNA-derived pattern of
subject A, a new amplicon appeared only after 3 min of bead
beating, suggesting the presence of a bacterium which was
difficult to lyse (Fig. 2). Since further treatment did not affect
the TGGE profiles, 3 min of bead beating was used in further
experiments.

The effect of template concentration on the TGGE profile
was studied by amplifying fecal rRNA and rDNA at different
concentrations. Dilution to approximately 10 pg of DNA/ml or
1 pg of RNA/ml did not affect the TGGE profiles. However,
further dilutions resulted in the disappearance of faint bands
(data not shown). This indicated that the TGGE profiles were
derived from 16S rRNA and 16S rDNA that were present in
abundance, suggesting that they reflect the most prominent bac-
teria.

To determine the detection limits of the methods used, the
amplified V6 to V8 regions of a cloned 16S rRNA gene were
added at different concentrations to fecal V6 to V8 amplicons
before TGGE analysis. Band intensities of the diluted ampli-
cons from the clone and the fecal amplicons were compared
(data not shown). This competitive-PCR approach indicated
that the difference between concentrations of amplicons result-
ing in a dominant or a faint band was maximally 1 order of
magnitude, indicating that only 90 to 99% of the amplicons can
be visualized by TGGE.

The possibility of preferential amplification (27) was checked
by analyzing TGGE profiles of PCR products generated after
different numbers of cycles of amplification. Amplicons ob-
tained after 25 cycles or fewer had to be concentrated. No
difference was observed in the TGGE patterns of amplicons
obtained after 20, 25, 30, and 35 cycles of amplification. The
dominant bands of these patterns were also present in the TGGE
profiles of amplicons obtained after 10 cycles, which contained
large amounts of single-stranded DNA, preventing further de-
tailed comparison (data not shown). Since the extent of the am-

plification had no apparent effect on the TGGE pattern of the
amplicons, we used 30 cycles of amplification in further exper-
iments. The TGGE pattern obtained in this way shows a mix-
ture of dominant and faint bands that were separated when the
applied temperature gradient was used (Fig. 2). Careful analysis
of this TGGE pattern and others revealed the presence of more
than 30 prominent amplicons of different mobilities (Fig. 2).

Comparison between RNA- and DNA-derived TGGE pro-
files. TGGE profiles derived from fecal RNA and DNA am-
plicons were compared in order to determine the expression
levels of the 16S rRNA genes of the most prominent bacteria,
which may reflect their contributions to total activity (Fig. 3).
The TGGE patterns derived from RNA and DNA from the
same fecal sample were highly similar. However, some bands
were more prominent in the RNA-derived profile than in the
DNA-derived profile in both subjects, indicating that these
bacteria could be very active metabolically. In contrast, few
bands in the rRNA-derived pattern were faint, while bands at this
position in the DNA-derived pattern were more prominent in
both subjects. Such bands probably represent predominant bac-
teria in the feces that became inactive at the end of the large
intestine.

Host-dependent TGGE patterns. TGGE analysis of PCR
products of fecal samples from 14 individuals (Fig. 4) was
performed, and their TGGE profiles were compared to those
of PCR products from individuals A and B (Fig. 3). Remark-
able differences in individual banding patterns were observed.
Differences were found in both the positions of specific bands
and the number of bands (up to 38 in the profile of subject
profile C). While most prominent bands were found at differ-
ent positions, some distinct bands were observed in all fecal
samples (indicated in Fig. 3 and 4). This indicates that each
individual harbors a specific bacterial community in the intes-
tine but that a few dominant bacterial species may be present
in many individuals.

Stability of TGGE patterns over time. Since the observed
differences in banding patterns could also be influenced by

FIG. 2. Optimization of nucleic acid extraction. Lanes 1 to 5 show the TGGE
patterns of amplified V6 to V8 regions of DNA extracted after 1, 2, 3, 4, and 5
min of bead beating, respectively. The arrowhead points to the dominant band in
the pattern, which appeared after at least 3 min of bead beating.

FIG. 3. Comparison between TGGE patterns of PCR and RT-PCR products
of the V6 to V8 regions from simultaneous rRNA and DNA isolations of fecal
samples from individuals A and B (two replicates each). Solid arrowheads indi-
cate bands with higher intensities in DNA- than in RNA-derived patterns. Open
arrowheads indicate bands of higher intensities in RNA- than in DNA-derived
patterns. Numbers 1 to 3 represent dominant bands found in all TGGE profiles.
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temporal variation, the fecal samples of two healthy individu-
als, A and B, were monitored over time (Fig. 5). Four samples
from individual A were taken within a period of 6 months. The
two fecal samples from individual B were taken within a period
of 7 months. In both individuals, the RNA-derived banding
patterns were highly constant over a period of approximately
half a year. Only some slight differences in the intensities of the
bands were observed in both individuals. Similar results were
found in the DNA-derived patterns (data not shown). This
indicates that the dominant microbial composition remains
quite constant over time for these healthy individuals.

Phylogenetic analysis of dominant bands in a TGGE pat-
tern. To gain insight into the phylogenetic positions of the
predominant bacteria, 16S rDNA from fecal samples of indi-
vidual A was amplified and cloned into E. coli JM109 by using
pGEM-T. The V6 to V8 regions of the 16S rDNA of the cell
lysates of 78 transformants were amplified, and their mobilities
after TGGE were compared to the rRNA-derived pattern of
individual A (Fig. 1). In this way, 45 clones were each assigned
to 1 of the 15 prominent bands in the TGGE pattern, while 33
did not match any of the detectable bands (Fig. 6). Twelve of
the 33 clones which did not match any band in the pattern
showed similar mobilities during TGGE. The sequence showed
the highest homology (98.9%) to an unidentified rumen bac-
terium (GenBank accession no. AF018503) (36a). The next
closest relative was Prevotella veroralis (89.9%). Nested ampli-
fication of the V6 to V8 regions of the 16S rDNA amplicons
showed the appearance of this band in the pattern (data not
shown), indicating a preferential amplification of this sequence
in the first PCR amplification.

For identification of the prominent bands in the rRNA-
derived TGGE pattern, the plasmid DNA from the corre-
sponding clone was purified and the nucleotide sequence of
the 16S rDNA insert was determined and compared to the 16S
rRNA databases. Among the sequences of the 15 prominent
amplicons, only 2 showed more than 97% similarity (Fig. 6).
This indicates that the majority of the sequences were derived
from new, as yet undescribed bacterial species. The phyloge-
netic positions of these 15 sequences were located in different
Clostridium clusters of the low-G1C gram-positive species (4).

Since their partial sequences showed low similarities to the
sequences of the closest relatives in the databases, seven clones
were completely sequenced, analyzed, and checked for chimer-

ical constructs. The percentages of identity to the closest rel-
atives were similar to those of the partial sequences.

In order to estimate whether bands in the TGGE profiles
originated from one or more sequences, pairs of 16S rDNA
clones which gave identical TGGE band positions in the V6 to
V8 regions were further sequenced. Three pairs of clones were
analyzed in this way. Two pairs corresponded to two bands in
the TGGE profile of subject A (Fig. 6), and one pair corre-
sponded to the band which originated from the preferentially
amplified sequence. Each pair of clones showed more than
99.5% identity in the V1 to V3 regions, indicating that each
band harbors only one type of sequence.

DISCUSSION

In this study we have shown that TGGE analysis of the V6
to V8 amplicons of fecal 16S rRNA and rDNA is a powerful
tool for analysis of complex microbial communities in fecal
samples. TGGE patterns were unique for each individual.
Since no major changes in banding patterns were found during
amplification or dilution of the template, the differences in the
patterns must reflect the differences in fecal composition
among individuals. The results indicate that each individual
has his or her own personal and unique microbial community,
extending previous work based on the composition of Lacto-
bacillus spp. and Bifidobacterium spp. (19) in selective plate
counts (9, 13, 19, 29).

RT-PCR products and PCR products from the same fecal
sample were very similar. Because eubacterial primers which
show very limited efficiency in the amplification of Archaea and
Eucarya have been used, the TGGE pattern reflects the pre-
dominant bacteria in fecal samples. The differences between
intensities of specific bands in the 16S rDNA- and 16S rRNA-
derived patterns are most probably due to differences in the
activities of different groups of bacteria. The amount of rRNA
per cell is dependent on the type of species and the physiolog-
ical condition of the cell. In addition, differences in the copy

FIG. 4. TGGE of PCR products of the V6 to V8 regions of fecal samples
from individuals C to Q (from Finland). Numbers 1 to 3 represent dominant
bands found in all TGGE profiles.

FIG. 5. (A) TGGE of RT-PCR products of the V6 to V8 regions of four fecal
samples from individual A taken at different times during a period of 6 months.
(B) TGGE of RT-PCR products of the V6 to V8 regions of two fecal samples
from individual B taken after 0 and 7 months.
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number of the rRNA operon per species (2) also play a role in
differences in intensity. Some bacteria which have reached high
numbers in the intestine could have been inactivated by losing
contact with the mucosa or by exposure to oxygen during the
collection of the fecal samples.

In comparisons of the TGGE profiles of fecal samples with
those of clones, it appeared that 42% of the clones did not
match any band in the TGGE profile. Twelve clones with
similar mobilities during TGGE did not correspond to any
dominant band in the rRNA- and rDNA-derived profiles of
individual A. The partial sequence showed the highest homol-
ogy with an unidentified rumen bacterium and was grouped in
the Prevotella cluster. However, this amplicon was found in the
DNA-derived pattern after nested amplification of the V6 to
V8 regions of amplified 16S rDNA. This result supports the
existence of PCR and cloning biases as reported previously (27,
32, 34, 37). Another reason for the difference between the
results of cloning and TGGE analysis was described by Felske
et al. (7). Analysis of a PCR amplicon by TGGE visualizes only
the dominant fraction of the population, while a cloning ap-
proach randomly selects 16S rDNA amplicons. As a conse-
quence, hundreds of bacteria which represent a numerically
important part of the total community do not form visible
bands in the TGGE profiles, although some of them will be
selected by cloning.

The 15 clones corresponding to dominant bands in the
TGGE patterns of individual A showed the highest homology
with sequences derived from different Clostridium clusters (4).
Only two partial 16S rDNA sequences showed more than 97%
identity to a sequence in the databases. The other complete
and partial 16S rDNA sequences did not match any of the
sequences found in the ARB, GenBank, and EMBL databases.
Furthermore, their similarities were below the 97% threshold
for being considered the same species (30), and they could
therefore be considered to be derived from new bacterial spe-
cies. The identity values of clones corresponding to Coprococ-
cus eutactus could be underestimated, since the sequence of
this species in the databases contains a large number of un-
identified nucleotides.

Two complete sequences corresponding to two bands in the

TGGE pattern showed the highest homology with Clostridium
celerecrescens. These sequences showed 97.5% identity and
differed by at least 9 bases in the V6 to V8 regions. This ex-
plains the different locations of these clones in the TGGE pro-
files. Ruminococcus obeum-like and Fusobacterium prausnitzii-
like amplicons were also found several times among the most
prominent bacteria. Previously, similar observations have
been reported for closely related Bacillus benzoevorans-like
sequences in Drentse A grassland soils (8). These observations
could be due to 16S rDNA sequence heterogeneity of bac-
terial strains (24). However, one of the three R. obeum-like
sequences derived from a species which was difficult to
lyse, indicating the presence of at least two different types of
R. obeum-like species.

Sequences derived from R. obeum showed high-intensity bands
in both rRNA- and rDNA-derived patterns in individual A,
and they could therefore be considered numerically important
in composition and in the total activity. The genera Rumino-
coccus and Coprococcus are anaerobic cocci, and members of
this group, especially Ruminococcus and Peptostreptococcus, have
been found numerically important in fecal samples (9, 21).

Clones corresponding to two dominant bands showed the
highest homology with an F. prausnitzii sequence described
previously (36). It was reported that this sequence was not
clustering in the Fusobacterium group and that this strain was
one of the most common species in human feces, based on
PCR quantitation (35, 36). F. prausnitzii, and also Roseburia
cecicola and Butyrivibrio fibrisolvens, are known to be gram-
negative species but are phylogenetically related to low-G1C
gram-positive species in the Clostridium group described by
Collins et al. (4).

The other clones traced in the TGGE profiles showed the
highest homology to Eubacterium spp. and Ruminococcus pro-
ductus (also known as Peptostreptococcus productus) (5). Eu-
bacterium plautii was found as an endosymbiont of Entamoeba
histolytica (12). The other eubacteria have been found previ-
ously in human fecal samples (9, 21).

All individual-specific patterns had some bands in common.
Sequences corresponding to these bands were found in the
clone library and showed the highest homologies to R. obeum,

FIG. 6. Identification of dominant bands in the RT-PCR pattern of the V6 to V8 regions of fecal samples from individual A. Listed are the closest relatives of the
clones corresponding to the bands, their percent identity, the number of corresponding clones, and the sequence analysis. #, the V1 to V3 regions of two clones with
identical mobility have been sequenced. P, partial 16S rDNA sequence; C, complete sequence. Amplicons encoded with 1, 2, and 3 were found in the TGGE patterns
of all subjects.
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Eubacterium hallii, and F. prausnitzii. This indicates that these
bacteria have an important function at the end of the gastro-
intestinal tract in all individuals. Eubacteria and ruminococci
are known to have a fermentative metabolism, while fusobac-
teria in general have a weakly fermentative metabolism (14).

Surprisingly, Bacteroides spp. were not found in the TGGE
profile of subject A. Since we used bacterial primers, we did
not select to the benefit of Bacteroides spp. The TGGE profile
represents only 90 to 99% of the total bacterial community.
This means that bacteria which reach levels of 109 cells or
fewer (this number is not unusual for Bacteroides spp.) per g of
feces will not be visualized on TGGE, assuming that 1 g of
feces contains 1011 cells.

Overall, it can be concluded that the results support the
hypothesis that each healthy person has his or her own unique
fecal flora and that the dominant active flora is stable over
time. Since the individuals were unrelated, were of different
ages, and had different dietary preferences, the reasons for this
uniqueness are likely to be found in host factors. The conclu-
sions are based on an approach which could be biased by ir-
regular cell lysis and primer specificity, which are general draw-
backs of molecular microbial ecology. Even though the quality
and reproducibility of the extraction of nucleic acids and their
amplification have been investigated, the possibility that some
important, hitherto unknown bacteria were missed cannot be
excluded. The approach reported here can be useful in study-
ing the effects of certain diets, food components, probiotics,
prebiotics, and antibiotics, as well as the genetic background of
the host, on the stability and composition of the dominant
microbial community.
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