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The human intestinal tract harbors a complex microbial ecosystem which plays a key role in nutrition and
health. Although this microbiota has been studied in great detail by culture techniques, microscopic counts on
human feces suggest that 60 to 80% of the observable bacteria cannot be cultivated. Using comparative analysis
of cloned 16S rRNA gene (rDNA) sequences, we have investigated the bacterial diversity (both cultivated and
noncultivated bacteria) within an adult-male fecal sample. The 284 clones obtained from 10-cycle PCR were
classified into 82 molecular species (at least 98% similarity). Three phylogenetic groups contained 95% of the
clones: the Bacteroides group, the Clostridium coccoides group, and the Clostridium leptum subgroup. The
remaining clones were distributed among a variety of phylogenetic clusters. Only 24% of the molecular species
recovered corresponded to described organisms (those whose sequences were available in public databases),
and all of these were established members of the dominant human fecal flora (e.g., Bacteroides thetaiotaomicron,
Fusobacterium prausnitzii, and Eubacterium rectale). However, the majority of generated rDNA sequences (76%)
did not correspond to known organisms and clearly derived from hitherto unknown species within this human
gut microflora.

There are up to 1014 total bacteria in the human intestinal
tract, which is 10 to 20 times the total number of tissue cells in
the entire body. The composition and activity of this flora have
a profound influence on health and disease through their involvement in the nutrition, pathogenesis, and immune function
of the host (10, 13). The gut microflora is an intricate ecosystem which has been investigated in great detail by anaerobic
culture techniques (11, 27). The predominant genera in the
large bowel are reported to be Bacteroides, Eubacterium,
Clostridium, Ruminococcus, Peptococcus, Peptostreptococcus,
Bifidobacterium, and Fusobacterium. Despite these intensive
investigations, however, there is much concern that culturebased methods provide an incomplete picture of the diversity
of the predominant organisms of the gut flora. Indeed, molecular genetic tools have indicated that 60 to 80% of the organisms in the total human microflora have not been cultivated
(24). The phylogenetic analysis of bacterial 16S rRNA genes
(rDNAs), amplified directly from complex communities, provides an efficient strategy for exploring the biodiversity of a
particular biota. This PCR cloning strategy has been successfully applied to various ecosystems such as marine sediments
(8, 17), marine picoplankton habitats (29), hot springs (33),
soils (4), anaerobic digestor habitats (15), termite guts (28), the
rumen (34), and the human colon (35). In order to derive a
detailed phylogenetic inventory of the human gut flora, we
have analyzed 284 cloned bacterial 16S rDNAs extracted from
a fecal sample of a healthy 40-year-old male. This method has

facilitated access to both cultivated and noncultivated microorganisms. Comparative sequence analysis revealed that only
24% of molecular species corresponded to known organisms,
indicating that the vast majority of the dominant organisms of
the human gut flora have so far eluded scientific description.
MATERIALS AND METHODS
Anaerobic culture. A 1-g aliquot of a fecal sample (from a healthy 40-year-old
man) was put immediately after collection into an anaerobic chamber (85% N2,
10% CO2, and 5% H2 gas phase) at 37°C and then serially 10-fold diluted in
liquid casein yeast extract, which consists of Trypticase (2 g liter⫺1), NaCl (5 g
liter⫺1), KH2PO4 (1 g liter⫺1), and yeast extract (2 g liter⫺1) (pH 7). Five 200-l
aliquots of a 10⫺8 dilution and three 100-l aliquots of a 10⫺7 dilution were
plated on brain heart infusion agar (Difco Laboratories, Detroit, Mich.) supplemented with hemin (5 mg liter⫺1) and yeast extract (5 g liter⫺1) and incubated
anaerobically for 5 days at 37°C. The volunteer had not been prescribed antibiotics for at least 3 months prior to the study commencement and had no history
of gastrointestinal disorder.
Microscopic counts. An aliquot from the same fecal sample was serially diluted under anaerobic conditions. A 100-l aliquot of a 10⫺6 dilution and 800 l
of 1⫻ phosphate-buffered saline (PBS; 2.7 mM KCl, 138 mM NaCl, 1.5 mM
KH2PO4, 20.4 mM NaH2PO4 [pH 7.2]) were adsorbed onto a 0.6-m-pore-size
polycarbonate filter (well diameter, 8 mm) with a membrane filter tower (Biocom, Les Ullis, France) under a pressure of 2 ⫻ 105 Pa, washed with 1 ml of PBS,
and fixed for 1 h at 4°C with 4% (wt/vol) paraformaldehyde. The membrane was
then washed with 1 ml of PBS and then with 300 l of lysozyme buffer (50 mM
EDTA, 100 mM Tris Cl [pH 8], 1% lysozyme). Four hundred microliters of
lysozyme buffer was then added, and the mixture was incubated for 20 min at
42°C. The cells were washed with PBS and dehydrated by successive 3-min
incubations in 50, 80, and 100% (vol/vol) ethanol. The membrane was incubated
for 2 h at 46°C with 36 l of hybridization buffer (0.9 M NaCl, 20 mM Tris Cl [pH
8], 15% [wt/vol] formamide, 0.01% [wt/vol] sodium dodecyl sulfate [SDS]) and
1.5 l (138 ng) of a fluorescein-5-isothiocyanate (FITC)-labeled oligonucleotide
probe which targets the domain Bacteria, S-D-Bact-0338-a-A-18 (5⬘ GCT GCC
TCC CGT AGG AGT 3⬘ [2]), according to the nomenclature of the Oligonucleotide Probe Database (1). Cells were washed at 48°C with 0.2 M NaCl–20 mM
Tris Cl (pH 8)–5 mM EDTA–0.01% (wt/vol) SDS. After the cells were dried, 40
l of 0.001% (wt/vol) DAPI (4⬘,6-diamidino-2-phenylindole; Sigma, St. Louis,
Mo.) was added and the mixture was incubated for 5 min in the dark. Glycerol-
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sequences (fecal clones and reference strains) with less than 2% divergence from
400 to 450 aligned homologous nucleotides. This threshold was based on the
conclusion of Godon and colleagues (15) that “the sequence divergence of clones
belonging to the same OTU [is] generally low (between 2 and 0%)” and was also
generally consistent with the results of the comparison of 16S rRNA homology
and DNA-DNA reassociation values (30). Coverage was calculated by Good’s
method (16), according to which the percentage of coverage was calculated with
the formula [1 ⫺ (n/N)] ⫻ 100, where n is the number of molecular species
represented by one clone (single-clone OTUs) and N is the total number of
sequences.
Reference strains and cloned sequences used in phylogenetic analysis. Reference bacteria used for phylogenetic analysis are listed below with their GenBank accession numbers or Deutsche Sammlung von Mikroorganismen numbers
(for sequences present only in the RDP database): Acholeplasma palmae
(L33734), Bacteroides caccae (X83951), Bacteroides distasonis (M86695,
M25249), Bacteroides eggerthii (L16485), Bacteroides forsythus (X73962), Bacteroides fragilis (X83943), Bacteroides merdae (X83954), Bacteroides ovatus
(X83952), Bacteroides putredinis (L16497), Bacteroides splanchnicus (L16496),
Bacteroides stercoris (X83953), Bacteroides thetaiotaomicron (M58763), Bacteroides uniformis (L16486), Bacteroides vulgatus (M58762), Butyrivibrio crossotus
(X89981), Butyrivibrio fibrisolvens (U41167), Chlamydia pneumoniae (Z49873),
Chlamydia psittaci (AB001778), Clostridium aminophilum (L04165), Clostridium
aminovalericum (X73436), Clostridium celerecrescens (X71848), Clostridium clostridiiforme (M59089), Clostridium coccoides (M59090), Clostridium herbivorans
(L34418), Clostridium leptum (M59095), Clostridium neopropionicum (X76746),
Clostridium nexile (X73443), Clostridium oroticum (M59109), Clostridium polysaccharolyticum (X77839), Clostridium populeti (X71853), Clostridium sporosphaeroides (X66002), Clostridium symbiosum (M59112), Clostridium viride
(X81125), Clostridium xylanolyticum (X76739), Coprococcus eutactus (D14148),
Cytophaga fermentans (M58766), Escherichia coli (Z83205), Eubacterium brachy
(U13038, Z36272), Eubacterium contortum (L34615), Eubacterium desmolans
(L34618), Eubacterium eligens (L34420), Eubacterium formicigenerans (L34619),
Eubacterium fossor (L34620), Eubacterium hadrum (DSM 3319), Eubacterium
halii (L34621), Eubacterium lentum (DSM 2243), Eubacterium plautii (DSM
4000), Eubacterium ramulus (L34623), Eubacterium rectale (L34627), Eubacterium siraeum (L34625), Eubacterium sp. strain OS (Octopus Spring) type K
(L04711), Eubacterium ventriosum (L34421), Eubacterium xylanophilum
(L34628), Fusobacterium prausnitzii (X85022), Gemmata obscuriglobus (X56305),
Geothrix fermentans (U41563), Holophaga foetida (X77215), Isosphaera pallida
(X64372), Lachnospira pectinoschiza (L14675), Nitrospira gracilis (L35503), Oscillatoria williamsii (U83259), Phascolarctobacterium faecium (X72867), Pirellula
marina (X62912), Planctomyces limnophilus (X62911), Porphyromonas cangingivalis (X76259), Porphyromonas catoniae (X82823), Porphyromonas endodontalis
(L16491), Porphyromonas gingivalis (L16492), Porphyromonas salivosa (L26103),
Prevotella denticola (L16467), Prevotella heparinolytica (L16487), Prevotella oralis
(L16480), Prevotella oris (L16474), Prevotella oulora (L16472), Prevotella pallens
(Y13106), Prevotella ruminicola (L16482), Prevotella veroralis (L16473), Prosthecobacter fusiformis (U60015), PVB_OTU_9A (U15118), Rikenella microfusus
(L16498), Roseburia cecicola (L14676), Ruminococcus bromii (L76600), Ruminococcus flavefaciens ATCC 49949 (Af030449), Ruminococcus flavefaciens NJ
(Af030446), Ruminococcus gnavus (L76597), Ruminococcus hansenii (M59114),
Ruminococcus obeum (L76601), Ruminococcus productus (L76595), Ruminococcus torques (L76604), soil DNA clone EA25 (U51864), soil DNA clone MC17
(X64381), soil DNA clone MC18 (X64374), soil DNA clone MC31 (X64380),
Spiroplasma apis (M23937), Streptococcus parasanguinis (Af003933), Streptococcus salivarius (M58839), Termitobacter aceticus (Z49863), unidentified bacterium
(UB) A03 (Af052408), UB A07 (Af052409), UB A09 (Af052410), UB A10
(Af052411), UB A11 (Af052412), UB A12 (Af052413), UB A13 (Af052414), UB
A14 (Af052415), UB A19 (Af052416), UB A20 (Af052417), UB A21 (Af052418),
UB A22 (Af052419), UB A27 (Af052420), UB A54 (Af052421), UB A57
(Af052422), UB A71 (Af052423), unidentified rumen bacterium (URB) 30-05
(Af018503), URB JW7 (Af018440), URB JW21 (Af018551), URB RC23
(Af001713), URB RFN7 (AB009217), and Verrucomicrobium spinosum
(X90515).
Nucleotide sequences accession numbers. One representative of each OTU
(except some OTUs with a single representative) was almost fully sequenced and
deposited in GenBank with the acronym adhufec for adult human feces (accession no. AF132232 to AF132286).

RESULTS
Microscopic counts. The fecal specimen moisture content
was 26%. According to DAPI staining, there were 2.72 ⫻
1011 ⫾ 0.10 ⫻ 1011 cells per g (wet weight) of feces in the
sample (means ⫾ standard deviations for the same sample
from randomly chosen microscopic fields) or 10.6 ⫻ 1011 ⫾
0.4 ⫻ 1011 cells per g (dry weight) of feces in the sample.
According to oligonucleotide probe hybridization (with a
probe which targets the domain Bacteria), there were 7.1 ⫻
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phosphate-buffered saline mounting fluid (Citifluor Ltd., Canterbury, United
Kingdom) was added, and the membrane was analyzed. DAPI-positive and
FITC-positive cells were visualized with an Optiphot2 epifluorescence microscope (Nikon, Champigny sur Marne, France) equipped with a diameter 25
series and Nikon EX 465-495 filter set (for FITC) or a Nikon EX 38/10 filter set
(for DAPI). Positive cells were counted with the image analysis system Visiolab
1000 (Biocom) as previously detailed (3).
Extraction and purification of total DNA. Immediately after collection, total
DNA was extracted from a 125-mg fecal sample aliquot and purified as described
by Godon et al. (15). The DNA concentration (225 ng l⫺1) and its integrity
(size, ⬎21 kb) were estimated by agarose gel electrophoresis (with 1.5% [wt/vol]
agarose–1⫻ Tris-borate-EDTA–1 ng of ethidium bromide ml⫺1).
Amplification, cloning, and screening. The forward primer S-D-Bact-0008-aS-20 (5⬘ AGA GTT TGA TCC TGG CTC AG 3⬘ [18]), which targets the domain
Bacteria, and the reverse primer S-*-Univ-1492-b-A-21 (5⬘ ACG GCT ACC TTG
TTA CGA CTT 3⬘ [21]), which targets all living organisms, were used to amplify
bacterial 16S rDNAs by PCR (9). Reaction tubes contained 225 ng (1 l) of fecal
DNA, 1.25 U of Taq DNA polymerase (AmpliTaq Gold; Perkin-Elmer Corporation, Foster City, Calif.), 1⫻ AmpliTaq Gold reaction buffer, 2.5 mM MgCl2,
200 M each deoxyribonucleotide triphosphate, and 0.44 M each primer in a
final volume of 50 l. Initial DNA denaturation and enzyme activation steps
were performed at 94°C for 10 min in a PTC 150 thermocycler (MJ Research,
Inc., Watertown, Mass.), followed by 10 cycles of denaturation at 92°C for 1 min,
annealing at 48°C for 1 min, and elongation at 72°C for 1 min 30 s, which was
followed by a final elongation at 72°C for 15 min. PCR products were purified
and concentrated with a QIAquick spin PCR purification kit (Qiagen, S.A.,
Courtaboeuf, France). Six reaction mixtures were pooled in order to increase the
DNA yield, and amplicons were eluted with 30 l of 10 mM Tris Cl (pH 8). Their
concentration (22 ng l⫺1) and size (1.5 kb) were estimated by electrophoresis as
previously described. The purified products were ligated into the pUAg vector
(R&D Systems Europe Ltd., Abingdon, United Kingdom) as specified by the
manufacturer. Competent Escherichia coli DHI cells were transformed with
ligation products by heat shock (40 s at 42°C). Recombinant cells were selected
on Luria-Bertani medium with kanamycin (50 g ml⫺1) and also with IPTG
(isopropyl-␤-D-thiogalactopyranoside) and X-Gal (5-bromo-4-chloro-3-indolyl␤-D-galactopyranoside). Colonies which contained a plasmid with an insert could
not produce ␤-galactosidase and degrade X-Gal; consequently, they were white.
Possible redundancy among 80 clones was estimated by restriction fragment
length polymorphism analysis. Two plasmid-targeted primers, the pUAg SEQ 5⬘
primer (5⬘ GCT ATG ACC ATG ATT ACG CCA AG 3⬘) and the pUAg SEQ
3⬘ primer (5⬘ TGT AAA ACG ACG GCC AGT GAA 3⬘) were used to amplify
each insert by 35-cycle colony PCR. Products were digested with the restriction
endonucleases HaeIII, KpnI, and Sau3A. Because of the multiplicity of patterns
obtained, indicating less than 10% redundancy, all the clones were subjected to
detailed sequence analysis.
Plasmid extraction and sequencing. DNA preparations for sequencing were
made with a QIAprep spin plasmid kit (Qiagen, S.A.) as specified by the manufacturer. Plasmids were eluted with 50 l of water, and the products were stored
at ⫺80°C. Sizes and concentrations of plasmids were checked by 0.8% (wt/vol)
agarose gel electrophoresis. Plasmidic inserts were sequenced with an automated
ABI Prism 377 DNA sequencer (Applied Biosystems, Perkin-Elmer Corporation). Sequencing reactions were performed with a dRhodamine Terminator
Cycle Sequencing Ready Reaction kit with AmpliTaq DNA polymerase FS
(fluorescent sequencing) (Perkin-Elmer Corporation) in a GeneAmp PCR system 9600 thermocycler (Perkin-Elmer Cetus Corporation). Two primers were
used: S-D-Bact-0008-a-S-20 (5⬘ AGA GTT TGA TCC TGG CTC AG 3⬘), which
targets the domain Bacteria, and S-*-Univ-0536-a-A-18 (5⬘ GWA TTA CCG
CGG CKG CTG 3⬘ [14]), which is universal. The average length of fragments
was 500 bases. For almost complete sequence determination, two other universal
primers were used: S-*-Univ-0915-a-A-16 (5⬘ GCC CCC GYC AAT TCC T 3⬘
[36]) and S-*-Univ-1390-a-A-18 (5⬘ GAC GGG CGG TGT GTA CAA 3⬘ [36]).
Sequence analysis. Sequences were edited to exclude the PCR primer binding
sites. Newly determined sequences were compared to those available in public
databases (Ribosomal Database Project [RDP] [25] and GenBank) in order to
ascertain their closest relatives. A Genetics Computer Group software package
(EGCG version 8.00; Peter Rice, The Sanger Centre, Cambridge, United Kingdom) was used for sequence analysis. Sequences from both the fecal sample and
public databases were aligned with the PILEUP program. These alignments were
checked and manually adjusted to reduce errors before the sequences were
further used. Phylogenetic analysis was performed with the PHYLIP phylogeny
inference package (version 3.572c; J. Felsenstein, University of Washington,
Seattle). Distances were calculated with both the SIMILARITY and DNADIST
(Kimura’s method option) programs. Trees based on the neighbor-joining algorithm were constructed with the NEIGHBOR program. Unrooted trees were
drawn with the DRAWGRAM program. The stability of branches was assessed
by the bootstrap method with the SEQBOOT (500 replicates), DNADIST,
NEIGHBOR, and CONSENSE programs. Chimeric sequences were detected
with the RDP CHECK_CHIMERA program (25) and by comparison of trees
derived from the 5⬘ and 3⬘ ends of the generated sequences. The retrieval of the
same sequence from two independent PCRs (this study and unpublished data)
was also considered evidence of a nonchimeric sequence. An Operational Taxonomic Unit (OTU) or molecular species, as employed here, consisted of all
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OTU was represented by 3 clones, the Bacteroides merdae
OTU was represented by 2 clones, and the Bacteroides ovatus
and the Bacteroides splanchnicus OTUs were represented by a
single clone each. Thirteen OTUs (62%) had no closely related
sequence (at least 98% similarity) in public databases and were
derived from potentially new species. The 38 Prevotella-like
clones (13% of total clone population and 43% of Bacteroides
group clones) fell into four distinct groups. Sequence divergence ranged from 1.2 to 3.2% (GAP program with complete
sequences), indicating that the four OTUs almost certainly
derived from separate species. Interestingly, the four unknown
OTUs were included in a robust cluster (global bootstrap value
of 100%), which demonstrated that all these clones had a
common ancestor within the Prevotella subgroup. From sequence divergence and tree topology considerations it was
evident that the aforementioned unknown OTUs did not possess a specific affinity with any currently defined Prevotella
species (sequence divergence values of ⬎7.9% with recognized
species). There were only seven one-clone OTUs within the
Bacteroides group; the percentage of coverage in this group was
hence high (91%). In other words, if we were to continue
sequencing, 9 of 10 clones in this group would fall within an
already delimited OTU.
Clostridium coccoides group. Figure 2 shows phylogenetic
inferences among clones of the Clostridium coccoides group
(RDP registration no. 2.16.4.1). This group corresponds to
Clostridium rRNA subcluster XIVa (5). Aligned bases corresponding to E. coli positions 60 to 440 were used to construct
this tree with the SIMILARITY and NEIGHBOR programs.
There were 125 clones in this group, which were distributed
within 31 OTUs, of which 24 (77%) were new. Only seven
OTUs were previously known. The members of the Eubacterium eligens OTU were the most numerous, with 25 representatives. The Eubacterium rectale OTU was represented by 16
clones, the Eubacterium hadrum OTU was represented by 10
clones, the Butyrivibrio crossotus OTU was represented by 6
clones, and the Eubacterium ventriosum OTU was represented
by 2 clones. The Eubacterium halii and the Eubacterium ramulus OTUs contained a single representative each. Although
there were 14 OTUs with just a single clone, the coverage was
high (89%) because 10 OTUs were composed of at least three
clones. Four OTUs contained a high number of clones (at least
10) from the aforementioned Eubacterium eligens, Eubacterium
rectale, and Eubacterium hadrum OTUs and OTU 304 (23
clones related to Coprococcus eutactus). Two distinct groups of
clones were actually related to Eubacterium eligens. The first
embraced eight clones and displayed approximately 0.4% sequence divergence from Eubacterium eligens. The second
group, composed of 17 clones, exhibited 0.8% divergence from
Eubacterium eligens. In addition, there was a 1.9% divergence
between these two groups. Bootstrap values were high for each
group, and the value was maximal (100%) for the whole cluster. In conclusion, these two clonal groups represented two
distinct populations (sub-OTUs) within the Eubacterium eligens OTU.
Clostridium leptum subgroup. Figure 3 depicts the phylogenetic interrelationships of clones which belong to the Clostridium leptum subgroup (RDP registration no. 2.16.10.1.2). Termitobacter aceticus, URB RFN7, and URB RC23 were added
to this group, which equates to Clostridium rRNA cluster IV
(5). Aligned bases corresponding to E. coli positions 45 to 449
were used to construct the tree with the SIMILARITY and
NEIGHBOR programs. The 57 clones related to this monophyletic group were classified in 20 OTUs. Only three OTUs
were already known. Eight clones belonged to the Ruminococcus bromii OTU. A second OTU included Eubacterium siraeum

Downloaded from http://aem.asm.org/ on April 22, 2021 by guest

1011 ⫾ 0.2 ⫻ 1011 bacterial cells per g (dry weight) of feces.
The number of cultivated bacteria in the anaerobic chamber,
with brain heart infusion medium, was 0.56 ⫻ 1011 ⫾ 0.05 ⫻
1011 CFU per g (wet weight) of feces or 2.2 ⫻ 1011 ⫾ 0.2 ⫻
1011 CFU per g (dry weight). These results indicated that
organisms which grew anaerobically on a nonselective medium
corresponded to 21% of bacteria counted through DAPI staining and 32% of those counted by oligonucleotide probe hybridization.
Overall phylogenetic analysis. The average determined
length of the rDNA sequences was 500 bases, and phylogenetic
analysis was based on 400 to 450 aligned homologous nucleotides (E. coli positions 50 to 450 to 500). Phylogenetic trees
based on partial sequences have the same topologies as those
based on complete sequences: the established groups are identical, but some deep branches may slightly differ (23, 29). In
this study, global phylogenetic inferences of the clones were
aimed and partial sequences were well adapted (almost complete sequences were obtained and submitted to GenBank so
that they could be used for further comparative analyses).
Trees obtained with the SIMILARITY and NEIGHBOR programs were compared to those based on Kimura’s method and
the NEIGHBOR program, and results were generally highly
consistent. All clones were obtained by the same 10-cycle PCR
with a bacterial primer (S-D-Bact-0008-a-S-20) and a universal
primer (S-*-Univ-1492-b-A-21) by using the same ligation
product but two transformations. The first transformation provided 120 clones, and the second transformation provided 400.
Among the 284 clones analyzed, there were 82 distinct OTUs
and the vast majority (95%) were distributed among three
major monophyletic groups: the Bacteroides group, the Clostridium coccoides group, and the Clostridium leptum subgroup.
In the three phylogenetic trees (Fig. 1 to 3) depicting these
major phylogenetic lineages, each OTU has been represented
by a single fecal clone. This clone was used as the reference
sequence for calculating the phylogenetic distances with other
sequences. The coverage (16) calculated for the 284 clones was
85%. In other words, the probability of the next cloned sequence falling in a novel OTU (not yet observed) was 15%.
This value gives an estimation of how well the clones analyzed
account for the biodiversity within the original sample, by the
present methodology (i.e., with our PCR conditions and
primer set). Another estimation (15) was obtained by plotting
the cumulative number of OTUs as a function of the number
of clones sequenced (Fig. 4). This second evaluation confirmed
that this study nearly embraced the whole dominant biodiversity.
Bacteroides group. Phylogenetic distribution of the clones
within the four subgroups of the Bacteroides group (RDP registration no. 2.7.1.1) are shown in Fig. 1. Aligned bases corresponding to E. coli positions 42 to 483 were used to construct
this tree with the SIMILARITY and NEIGHBOR programs.
Eighty-eight clones (20 OTUs) fell into the four subgroups.
Seven clones were included in the Anaeroflexus assemblage
(RDP registration no. 2.7.1.1.1), 2 clones were included in the
Bacteroides distasonis subgroup (2.7.1.1.2, including Bacteroides
merdae), 38 clones were included in the Bacteroides fragilis
subgroup (2.7.1.1.3, including Bacteroides caccae and Bacteroides stercoris), and 41 clones were included in the Prevotella
subgroup (2.7.1.1.4). The eight previously known OTUs were
recovered within three of the four subgroups (the Prevotella
subgroup being the exception). Among recognized organisms,
the Bacteroides uniformis OTU was represented by 14 clones,
the Bacteroides vulgatus OTU was represented by 6 clones, the
Bacteroides putredinis and Bacteroides thetaiotaomicron OTUs
were represented by 4 clones each, the Bacteroides caccae
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and four fecal clones, whereas the remaining known OTU
included Fusobacterium prausnitzii and four clones. The OTU
exemplified by clone 218 showed 1.2% sequence divergence
from Fusobacterium prausnitzii. In addition to the established
Fusobacterium prausnitzii OTU, there were four other groups
of clones closely related to this species. There were two distinct
clusters: the first group included Fusobacterium prausnitzii and
OTUs 218, 353, and 365 (intragroup sequence similarity,
ⱖ95.7%), and the second group consisted of OTUs 007 and
237 (intragroup sequence similarity, 96.2%). The latter group
displayed between 9 and 10% sequence divergence from Fusobacterium prausnitzii and related OTUs. Fusobacterium
prausnitzii and those 28 clones (9.9% of total clone population)
were confidently clustered, with a bootstrap value of 100%.

Noticeably, OTU 237 with 12 clones represented 4.2% of the
whole clone population of the sample. Seventeen cloned sequences (85%) from the Clostridium leptum subgroup corresponded to new molecular species; 11 OTUs were represented
by only one clone, and the coverage was 81%.
Disparate clusters. Several clones branched rather deeply in
other phylogenetic groups. Two clones belonged to known
OTUs: Streptococcus salivarius and Streptococcus parasanguinis
(less than 1% sequence divergence). The 11 other sequences
potentially represented new molecular species. Three clones
(202, 262, and 279) had the URB RF39 rDNA clone as their
closest relative, but phylogenetic distances ranged from 12 to
14%. They formed deep branches among Mycoplasma spp. and
relatives (RDP registration no. 2.16.9). Of these three clones,
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FIG. 1. Phylogenetic tree derived from partial 16S rDNA sequence data for members of the Bacteroides group. Bar represents 2% sequence divergence.
Designations of clones and key organisms used to name the subgroups are in boldface type. The tree was constructed with the SIMILARITY and NEIGHBOR
programs. Bootstrap values are based on 500 replications. Vertical bars correspond to the Anaeroflexus assemblage (a) Bacteroides fragilis subgroup (b), Prevotella
subgroup (c), and Bacteroides distasonis subgroup (d).
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FIG. 2. Phylogenetic tree derived from partial 16S rDNA sequence data for members of the Clostridium coccoides group. Bar represents 2% sequence divergence.
Designations of clones and the key organism used to name the group are in boldface type. The tree was constructed with the SIMILARITY and NEIGHBOR programs.
Bootstrap values are based on 500 replications.
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clones 262 and 279 formed a single OTU whereas clone 202
represented a separate molecular species (divergence, 17%).
Clone 173 also branched very deeply within Mycoplasma and
relatives but was not associated with clones 202, 262, and 279.
Two clones (035 and 395 in the same OTU) belonged to the
Phascolarctobacterium faecium subgroup (RDP registration
no., 2.16.3.1.4), within the Sporomusa group, and branched
with Phascolarctobacterium faecium (originally isolated from a
koala fecal sample [7]). A sequence divergence value of 10%
between OTU 035 or 395 and Phascolarctobacterium faecium,
however, showed that the relatedness between these organisms
was not particularly high and that they represent genomically
separate species. Clone 358 belonged to the Clostridium ther-

FIG. 4. Estimation of the biodiversity which was obtained by direct community analysis of a fecal sample. The cumulative number of OTUs is given as a
function of the number of clones sequenced. Clones were randomly used.

mocellum subgroup (RDP registration no., 2.16.10.1.1), its
closest neighbor (17% sequence divergence) being URB
JW21, which itself currently has no close relative (34). Clone
376 branched with the Clostridium propionicum subgroup
(RDP registration no., 2.16.4.2.1), and its closest relative was
Clostridium neopropionicum (8.6% sequence divergence).
Clone 323 belonged to the Atopobium group (RDP registration
no., 2.16.1.3). Its closest relatives were Eubacterium fossor and
Eubacterium lentum (⬍12% sequence divergence). Recently,
the 16S rRNA of Collinsella aerofaciens (previously Eubacterium aerofaciens) was sequenced (20). It also belongs to this
group, but our clone was not very close (⬎12% sequence
divergence). Clone 429 belonged to the Eubacterium group
(RDP registration no., 2.16.4.4). The phylogenetic distance
between this clone and Eubacterium brachy was 15%. The
remaining clone, 077, was linked to the prosthecate bacterium
Verrucomicrobium spinosum (17% divergence). Phylogenetic
inference of this clone within the Verrucomicrobium subdivision (35) is shown in Fig. 5.
Chimeras. Of 295 sequences analyzed, 11 chimeric 16S
rDNA sequences were detected. The chimeric sequences
branched differently in trees based on 200 aligned bases at the
5⬘ and at the 3⬘ ends; the CHECK_CHIMERA program
(RDP) confirmed this, and no identical sequences were found
from an independent PCR (unpublished data). One chimera
occurred between clone 333 and clone 263, two rDNA sequences which were very close and belonged to the Prevotella
cluster. The first OTU had 18 representatives, and the second
OTU had 8 representatives; the chimeric sequence was represented by 10 clones. This is consistent with the observation of
Godon and colleagues that chimeric events have a higher tendency to occur between highly represented sequences than
between poorly represented sequences (15). The second chimeric sequence also belonged to the Prevotella cluster. This
sequence was longer than the others, which provided further
evidence of its chimeric nature.
DISCUSSION
Total bacterial counts similar to that reported here (2.71 ⫻
1011 ⫾ 0.26 ⫻ 1011 bacterial cells per g [wet weight] of feces)
were obtained by Langendijk et al. (24) from 10 fecal samples
by DAPI staining. Moore and Holdeman (27) by direct microscopic clump counting found a greater range of values (5 ⫻
1011 ⫾ 4 ⫻ 1011 bacterial cells per g [dry weight] of feces) and
an average moisture content of 21.5%. Our values were generally consistent with these results. Moore and Holdeman (27)
counted 4.8 ⫻ 1011 ⫾ 2.5 ⫻ 1011 CFU per g (dry weight).
Finegold et al. (11) found between 5 ⫻ 1010 and 2.5 ⫻ 1014
CFU per g (dry weight) of feces and an average value of 1.6 ⫻
1012. Mitsuoka et al. (26) estimated that the cultivated flora
was 1.3 ⫻ 1011 CFU per g (dry weight), and Langendijk et al.
recently reported a value of 3.87 ⫻ 1010 ⫾ 0.47 ⫻ 1010 CFU
per g (wet weight) of feces (24). Our value (0.56 ⫻ 1011 ⫾
0.05 ⫻ 1011 CFU per g [wet weight] of feces) was in general
agreement with these results.
Percentages of cultivated flora according to Moore and
Holdeman (27) ranged between 37 and 467%, with a mean of
94%. Wilson and Blitchington (35) cultivated 58% of fecal
bacteria, while Langendijk et al. (24) cultivated 14% of fecal
bacteria based on results of DAPI staining and 37% based on
results of probe hybridization. This considerable variation may
be explicable in terms of different culture methods (roll tubes
and anaerobic chamber), media, and also counting methods
(direct microscopic clump counting with Gram staining and
Petroff-Hausser chamber counting with DAPI staining) used.
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FIG. 3. Phylogenetic tree derived from partial 16S rDNA sequence data for
members of the Clostridium leptum subgroup. Bar represents 2% sequence divergence. Designations of clones and the key organism used to name the group
are in boldface type. The tree was constructed with the SIMILARITY and
NEIGHBOR programs. Bootstrap values are based on 500 replications.
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The method used by Langendijk and colleagues (24) and that
used in our study were comparable, and the results were in
close agreement. An estimation of 68 to 79% of noncultured
organisms reinforced the relevance of the present study, i.e.,
the development of a culture-independent strategy for assessing human gut microflora diversity.
It has been documented (27) that 400 to 500 species inhabit
the human intestinal tract, but this value originated from statistical analyses: only 113 species were isolated (27) from 20
different samples. Moore and Holdeman (27) isolated between
13 and 30 different species from each fecal sample analyzed.
Among our 82 molecular species, 20 corresponded to known
cultivated bacteria. Of the OTUs recovered in this study, which
were attributable to recognized flora, all corresponded to species known to reside in the human gut and were in good
agreement with the results of the study of Moore and Holdeman (27). We also retrieved 62 new sequences which clearly
derive from unknown species. Consequently, the species diversity revealed in our study was far greater than that anticipated
based on culture data, particularly for gram-positive bacteria
(i.e., Clostridium coccoides and Clostridium leptum groups). As
indicated earlier, all known OTUs recovered in our study corresponded to established members of the indigenous human
gut flora (11), e.g., Bacteroides thetaiotaomicron, Bacteroides
vulgatus, Fusobacterium prausnitzii, Eubacterium eligens, Eubacterium siraeum, Eubacterium rectale, and Streptococcus salivarius. Some dominant species were, however, not detected in
the analysis: Bifidobacterium spp., Collinsella aerofaciens, Ruminococcus productus, and Eubacterium biforme. Since the fecal sample analyzed contained genetic material of bifidobacteria (based on RNA dot blot hybridizations [data not shown]),
the lack of bifidobacterial sequences in our study may be attributable to mismatches between the sequence of the 5⬘ PCR
primer (S-D-Bact-0008-a-S-20) and bifidobacterial sequences.
However, newly designed primers (data not shown) have failed
to generate 16S rDNA clones of these organisms. It is pertinent to note that Wilson and Blitchington (35) also failed to
find any bifidobacteria even though the PCR amplification
primers used perfectly matched their reported sequences. It is
possible, however, that denaturation during PCR was not effective for DNAs with the highest G⫹C contents to allow
amplification of bifidobacterial sequences. This problem is being further investigated. We did not retrieve sequences attributable either to Collinsella aerofaciens or to Ruminococcus
productus. By culture methods, these species have, however,
been recovered only from 42 and 18% of fecal samples of

Western subjects (11). Another organism not retrieved in the
present inventory was Eubacterium biforme. This species belongs with Mycoplasma spp. and walled relatives and is isolated
even less frequently than Collinsella aerofaciens or Ruminococcus productus (11). Interestingly, its 16S rDNA was not amplified by specific PCR with DNA from adult human feces (32).
On the other hand, some of our known OTUs appeared to be
more numerous than those obtained by culture techniques,
even if we consider that the exact proportions were not necessarily conserved by the PCR step. The Coprococcus eutactus
OTU represented 8% of the total clone population, whereas
the proportion of this species in the study of Moore and Holdeman (27) was negligible and it was not reported in the study of
Finegold et al. (11). Similarly, the Bacteroides uniformis OTU
represented 5% of the total clone population in our investigation but was not reported in the Moore and Holdeman (27) or
Finegold et al. (11) study. Bacteroides uniformis has, however,
been retrieved from some fecal samples (22). Since phenotypic
discrimination between Bacteroides uniformis and Bacteroides
ovatus can be ambiguous (19), some isolates were conceivably
previously misidentified.
Among 50 bacterial 16S rDNA clones from a human fecal
sample (35), 34% were related to the Bacteroides group, 10%
were related to the Clostridium coccoides group, and 50% were
related to the Clostridium leptum subgroup. The percentages of
clones belonging to the Bacteroides group were similar in our
study, but we found four times more clones in the Clostridium
coccoides group and 2.5 times fewer clones in the Clostridium
leptum subgroup. We recovered 16 clones in the Eubacterium
rectale OTU. While Wilson and Blitchington (35) did not retrieve any sequence close to Eubacterium rectale, they cultivated this species from the fecal sample studied. One clone,
designated low G⫹C #2, represented 24% of the total population in the study of Wilson and Blitchington (35) and was
very close to Fusobacterium prausnitzii. Those authors also
obtained one clone close to E. coli, one related to the Planctomyces group, and one designated ␤-proteobacterium 1, none
of which were retrieved in our study. This difference may be
due to interindividual differences, to the DNA extraction
method, or to the PCR amplification procedure (i.e., we did
not use the same primers).
More recently, 78 bacterial clones were obtained from a
human fecal sample (37), but only those which corresponded
to dominant bands in the reverse transcription-PCR-derived
temperature gradient gel electrophoresis profiles were analyzed. In the Bacteroides group, only clones in the Prevotella
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FIG. 5. Phylogenetic tree derived from partial 16S rDNA sequence data for members of the Verrucomicrobium subdivision. The bar represents 2% sequence
divergence. Designations of a clone and the key organism used to name the cluster are in boldface type. The tree was constructed with the SIMILARITY and
NEIGHBOR programs. Bootstrap values are given for 500 replications.
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the Bacteroides, Clostridium coccoides, and Clostridium leptum
groups). Significantly, an in-depth phylogenetic analysis revealed that the great majority of the observed rDNA diversity
was attributable to hitherto unknown dominant microorganisms within the human gut. The detailed molecular diversity
inventory derived from our direct fecal analysis will form a
baseline and comparative framework for other age-related,
diet, gut disorder, and geography-based studies. Such extended
studies (of another adult, one elderly person, and several babies) are already planned. In addition, the generated sequences should facilitate the isolation of corresponding extant
organisms (i.e., molecular species related to Fusobacterium
prausnitzii and the new cluster within the Prevotella subgroup)
and also aid in the design of new species- and group-specific
gene probes, offering powerful tools with which to study gut
microbial ecology. The novel molecular species, retrieved from
a single adult, will be quantified by dot blotting and in situ
hybridizations of several fecal samples to assess their contribution to the total flora without the bias resulting from PCR
amplification.
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subgroup were represented (37). These clones were very close
in sequence to URB 30-05 (34) but branched from our Prevotella clones rather deeply (11% sequence divergence). Since
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328, with 0.5 to 1.5% sequence divergence and high bootstrap
values. Two OTUs (UB A03 and UB A10) belonged to the
Clostridium leptum subgroup. They were clearly related to the
two clusters related to the Fusobacterium prausnitzii OTU but
represented separate OTUs. Fusobacterium prausnitzii was the
second most frequently recovered organism in the study of
Moore and Holdeman (23). It is now evident from two independent molecularly based analyses (35) that several genomically distinct OTUs proximal to Fusobacterium prausnitzii exist
as dominant members of the human gut flora. The end products of metabolism of Fusobacterium prausnitzii (production of
acetate, butyrate, and formate) may be shared by the whole
cluster of Fusobacterium prausnitzii and related OTUs, thereby
representing an important contributor to intestinal fermentations.
In an rDNA study of the rumen ecosystem of dairy cows
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Of these, 49 were related to Prevotella ruminicola. The Prevotella clones obtained in our study belong to a quite different
subcluster. It is clear, however, that in that study (34), an
important proportion of clones belonged to the Prevotella subgroup and represented potentially new species. A possible bias
should be investigated by probe hybridization methodologies.
Whitford et al. (34) also reported seven clones within the
Bacteroides group (Prevotella subgroup excluded), and three
clones also related to this group fell outside of the Bacteroides
group. The majority of the remaining clones belonged to Clostridium subcluster XIVa (Clostridium coccoides group) and
cluster IV (Clostridium leptum subgroup) (5). However, as was
also found in our study, some of the clones did not cluster
within the main phylogenetic groups. Interestingly, these
clones fell into the same disparate clusters as ours but
branched rather deeply from these groups: Clostridium cluster
III (including the Clostridium thermocellum subgroup), cluster
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responses to pathogenic bacteria. Similarly, to implement effective dietary strategies (e.g., use of probiotics and prebiotics)
aimed at modulating the normal flora for improved health (13,
31), accurate methods for monitoring bacterial changes are
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of rDNA amplicons generated directly from a single human
fecal sample. The results have shown that 95% of this flora
could be assigned to three major phylogenetic lineages (viz.,
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