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Summary

Since the early days of microbiology, more than a
century ago, representatives of over 400 different
microbial species have been isolated and fully char-
acterized from human gastrointestinal samples.
However, during the past decade molecular ecologi-
cal studies based on ribosomal RNA (rRNA)
sequences have revealed that cultivation has been
able only to access a small fraction of the microbial
diversity within the gastrointestinal tract. The increas-
ing number of deposited rRNA sequences calls for
the setting up a curated database that allows handling
of the excessive degree of redundancy that threatens
the usability of public databases. The integration of
data from cultivation-based studies and molecular
inventories of small subunit (SSU) rRNA diversity,
presented here for the first time, provides a system-
atic framework of the microbial diversity in the human
gastrointestinal tract of more than 1000 different
species-level phylogenetic types (phylotypes). Such
knowledge is essential for the design of high-
throughput approaches such as phylogenetic DNA
microarrays for the comprehensive analysis of
gastrointestinal tract microbiota at multiple levels
of taxonomic resolution. Development of such
approaches is likely to be pivotal to generating novel
insights in microbiota functionality in health and
disease.

Introduction

The human gastrointestinal microbiota represents a
complex ecosystem that consists of bacteria, archaea,

yeasts and filamentous fungi (Finegold et al., 1974; Miller
and Wolin, 1986). While Archaea and Eukarya are repre-
sented by members of a single phylum each, bacterial
community within the human gastrointestinal tract is
exceptionally diverse. Members of nine bacterial phyla
were found to inhabit the human gastrointestinal tract of
which Firmicutes, Bacteroidetes and Actinobacteria are
dominant (Bäckhed et al., 2005). Members of Proteobac-
teria are also common and diverse, but they are usually
secondary to the above. Recent reports indicated that
viruses represent another important constituent, as more
then 1200 viral genotypes were identified in human
faeces with a density of up to 109 virions per g of dry
material (Breitbart et al., 2003; Zhang et al., 2006).

Many studies have attempted to describe the normal
gastrointestinal microbiota in terms of microbial species
that inhabit healthy humans. However, individual differ-
ences in the microbiota composition make the definition of
this concept very challenging. Because only a limited
number of individuals has been subjected to the analysis
of intestinal microbial diversity, the description of the
normal composition remains incomplete. Both molecular,
small subunit (SSU) (16S and 18S) ribosomal RNA
(rRNA)-based, and traditional cultivation studies show
that the mere selection of some different subjects is suf-
ficient for the discovery of novel intestinal inhabitants
(Holmstrom et al., 2004; Eckburg et al., 2005; Kitahara
et al., 2005; Wang et al., 2005).

Even though it is clear that the present view of the
microbial diversity within the human gastrointestinal tract
is incomplete, it is difficult to estimate to what degree.
Most work has been performed in an uncoordinated way
over more than a century, by many different groups, and
by using a wide variety of approaches. As a coherent
meta-analysis of the findings of those numerous studies is
still lacking, there is no general agreement even concern-
ing the number of different bacterial species that can
inhabit the healthy human intestine. Still, the vast majority
of authors refer to an expected diversity of about 400–500
species, but in some of the recent reports the number of
1000 gastrointestinal species appears (Noverr and
Huffnagle, 2004; Nicholson et al., 2005; Phillips, 2006).
Recently, Bäckhed and coauthors determined that 800
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distinct 16S rRNA gene sequences present in the
GenBank were derived from the human gastrointestinal
samples (Bäckhed et al., 2005). However, a comprehen-
sive picture of the diversity of the microbiota in the gas-
trointestinal tract is still lacking. This is because the results
from cultivation-based studies have never been curated,
analysed and integrated with molecular data. Hence, we
provide a systematic overview of the gastrointestinal
microbiota diversity, with specific attention on the commu-
nity structure, based on a large body of the critical and
phylogenetic analysis of the literature and public data-
bases entries.

The present standpoint of the diversity of the
human gastrointestinal microbiota

The first identified bacterial species recovered from a
human gastrointestinal sample was Escherichia coli
isolated in 1885 from children’s diarrhoeal faeces
(Anonymous, 1981). The description of the human gas-
trointestinal inhabitants continued throughout the previ-
ous century and resulted in the full characterization of
over 400 cultivated species (Rajilić-Stojanović, 2007).
However, it was the application of molecular techniques
that has revolutionized the view of this ecosystem (Furrie,
2006). Application of molecular techniques revealed that
the microbiota was significantly more complex than pre-
viously anticipated, as only a fraction of the bacteria living
in the human intestine can currently be cultured (Suau
et al., 1999). The proportion of reported cultivable bacteria
varies between studies from 20% for the mucosal
samples of three healthy individuals (Eckburg et al., 2005)
to 46% for the three elderly Japanese subjects (Hayashi
et al., 2003). The other major outcome of the molecular
ecology revolution was that the composition of the micro-
biota is subject-specific, and dominated by yet uncharac-

terized phylotypes (Barcenilla et al., 2000; Hayashi et al.,
2002a,b; 2003; Hold et al., 2002; Mangin et al., 2004;
Eckburg et al., 2005). This observation is in contrast to the
often cited (e.g. Kleessen, 2000; Wang et al., 2002), but
likely incorrect, statement that the human gastrointestinal
microbiota is diverse but dominated by a very limited
number of bacterial species (Drasar and Barrow, 1985).

The first comprehensive study aiming at the character-
ization of the microbial community of the human intestine
based on the SSU rRNA gene sequence analysis, was
published in 1999 (Suau et al., 1999). However, prior to
that date a preliminary insight into the diversity of the
intestinal ecosystem based on SSU rRNA gene
sequences was reported in a study that provided a rapid
method for profiling the intestinal microbiota (Zoetendal
et al., 1998). Since then and until the beginning of 2006,
the total gastrointestinal microbiota of 34 subjects and
specific groups of 28 subjects have been studied based
on the SSU rRNA sequencing approach (Table 1).

Although relatively new, molecular studies have been
very productive, and until the beginning of 2006 about
15 000 SSU rRNA gene sequences, which were obtained
from human gastrointestinal samples, could be retrieved
from public databases. However, most of those
sequences originate from a single study, in which each
cloned 16S rRNA gene insert was sequenced and depos-
ited, resulting in a public catalogue of 13 335 sequences
(Eckburg et al., 2005). This study of Eckburg and col-
leagues represents the first application of high throughput
sequencing applied on the samples of the human gas-
trointestinal origin, which have enabled better insight into
the diversity and abundance of 395 detected phylotypes
along the gastrointestinal tract of three individuals.
Several subsequent studies confirmed that high through-
put sequencing is a powerful approach of analysing a
complex microbial ecosystem, such as the human gas-

Table 1. Number of subjects whose gastrointestinal microbiota composition was described by SSU rRNA gene sequencing.

Subject Fraction of microbiota
Number of
subjects Reference

Healthy adult Total 11 Zoetendal et al., 1998; Suau et al., 1999; Bonnet, 2002;
Bonnet et al., 2002; Hayashi et al., 2002a,b;
Eckburg et al., 2005; Wang et al., 2005

Healthy infant 4 Favier et al., 2002; Wang et al., 2004
Healthy elderly 13 Hold et al., 2002; Hayashi et al., 2003; Wang et al., 2003
Crohn’s disease patient 4 Mangin et al., 2004
Ulcerative colits patient 2 R. A. Hutson (unpublished)
Healthy adult Lactobacilli 12 Heilig et al. (2002)
Healthy infant 1
Healthy adult Bifidobacteria 5 Satokari et al. (2001)
Healthy adult Bacteria enriched on

mucin-based medium
6 Derrien et al. (2004)

Healthy adult Butyrate producing 3 Barcenilla et al., 2000; Duncan et al., 2004
Healthy infant bacteria 1

Inventory period from 1998 until the beginning of 2006.
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trointestinal microbiota (Bik et al., 2006; Ley et al., 2006).
An undesired consequence of such massive sequencing
approach is the deposition of large number of identical
sequences that has caused extensive redundancy in
public databases. This jeopardizes the usefulness of
public databases, as it limits, for instance, the recognition
of the closest cultivated relative during the BLAST search
(Altschul et al., 1990). Such extensive redundancy can be
omitted by the deposition of only one representative
sequence per identified phylotype. Several strategies can
be used for this purpose and they include analysing the
uniqueness of the SSU rRNA gene sequence, for instance
by restriction analysis of the amplicons (Suau et al., 1999;
Heilig et al., 2002), phylogenetic analysis of partial SSU
rRNA (Hayashi et al., 2002a,b; Wang et al., 2005), or by
simple selection of distinct sequences based on in silico
identification of unique phylotypes. For the purpose of the
analysis of the human gastrointestinal diversity presented
in this article all redundant sequences have been
excluded.

Phylogenetic analysis of the gastrointestinal
microbiota diversity

To assess the diversity of the human gastrointestinal
microbiota, we integrated the results obtained in the
reported molecular studies of the human gastrointestinal
diversity by a careful phylogenetic analysis of the SSU
rRNA gene sequences. This step was indispensable
because each clone of the SSU rRNA gene is given a
distinct name, even when it contains only another copy of
the very same gene. Although most studies include phy-
logenetic analysis of the obtained sequences, the results
are not preserved in a publicly available format. Conse-
quently, integration of the results from different studies is
impossible without performing extensive phylogenetic
analysis. Repetition of this effort leads to an unreasonable
loss of energy and time. Therefore, there is an urgent
need for establishing a framework for the curation of fast-
growing databases of SSU rRNA gene sequences as it is
attempted here for those obtained from human gas-
trointestinal samples.

In addition to the high level of redundancy within public
databases, phylogenetic analysis of the SSU rRNA gene
sequences obtained in different studies is hampered by
the fact that sequences might differ in size and the region
of the SSU rRNA gene that was sequenced. A perfectly
appropriate tool for the analysis of such data set is not
available, but the ARB software seems to be the most
suitable (Ludwig et al., 2004). For the purpose of this
review, the ARB database release from 2002 was updated
with SSU rRNA gene sequences obtained from human
gastrointestinal tract samples that were not present in this
release but could be recovered in other SSU rRNA gene

databases, such as RDP (Cole et al., 2003), or GeneBank
(http://www.ncbi.nlm.nih.gov/Genbank). For the selected
sequences a distance matrix was calculated and a thresh-
old of 2% sequence divergence was used to define dis-
tinct phylotypes. Calculation of similarity (distance)
matrices as implemented in ARB has a major advantage
compared with the routinely performed BLAST search
(Altschul et al., 1990), as an alignment with an ambiguous
nucleotide is not considered as a mismatch. As a result,
sequences of low quality can have high similarity scores.
This is particularly relevant, as for some cultivated organ-
isms SSU rRNA gene sequences are of low quality, and
contain a relevant number of ambiguous sequences.
However, the quality of the ARB similarity matrix is highly
dependent on the quality of the alignment, which is edited
by the operator and thus more error-prone than the auto-
matically generated alignment in BLAST.

A similar approach, based on the ARB sequence simi-
larity matrix, was previously used by Bäckhed and col-
leagues (2005). However, in that study only the number of
different phylotypes was determined. In this review, we
have identified the distinct phylotypes, and for each
monophyletic group with � 98% sequence identity, a
representative type sequence was assigned. Because
sequences of gastrointestinal isolates were combined
with those retrieved in cultivation-independent studies,
the representative phylotype sequence was chosen as
high quality and the most complete SSU rRNA sequence
of the monophyletic group, if possible from the cultured
representative. Based on the sequence information and
using Parsimony procedures, as implemented in ARB,
a phylogenetic tree was constructed (Fig. S1). The
sequences which were not present in the ARB database
release 2002 were added to the tree with the use of
appropriate filters fitting the sequence phylogeny and
length.

The analysis of the human gastrointestinal SSU rRNA
gene sequences showed that, until the beginning of 2006,
898 distinct bacterial phylotypes were reported in
cultivation-independent studies alone. The vast majority
of the recovered phylotypes (622; representing 69%)
appeared to be subject-specific, which is due to the high
level of interindividual variation of the microbiota compo-
sition, but also influenced by the fact that the microbiota of
only a limited number of individuals was studied. The
majority of the phylotypes represents organisms that have
not yet been cultured. Among 898 phylotypes, only 158,
representing 18% of the total number of phylotypes, cor-
respond to fully characterized isolates. Integration of data
from different studies revealed that the contribution of the
cultivated organisms in the total diversity assessed by
sequencing of the SSU rRNA gene is lower than within
individual studies. This is mainly due to the fact that each
attempt to describe the gastrointestinal microbiota by
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SSU rRNA gene sequencing renders a proportion of novel
phylotypes that may be as high as 62% (Eckburg et al.,
2005). This has been leading to an ever increasing
number of novel phylotypes that are only represented by
sequences, rather than by cultured isolates. Moreover, a
large proportion of the SSU rRNA sequences correspond-
ing to cultivated species is repeatedly detected (59%; 93
out of 158) when compared with uncultivated repeatedly
detected uncultured phylotypes (25%; 183 out of 740).

Cultured versus uncultured

Our current knowledge of the human gastrointestinal
microbiota diversity originates from cultivation-based and
molecular studies. Thus, generating the most complete
view of the known gastrointestinal diversity is possible
only through the integration of the results from both types
of studies. As SSU rRNA gene sequences are in most
cases the only available information for the phylotypes
reported in molecular analyses, the integration is possible
only on the basis of these sequences.

However, for 46 bacterial and eight eukaryotic human
gastrointestinal isolates the SSU rRNA gene has not
yet been sequenced (Rajilić-Stojanović, 2007). Conse-
quently, these organisms could not be included in the SSU
rRNA based phylogenetic analysis. They were considered
as distinct species, which were not recovered in the
cultivation-independent studies, although it has to be
noted that it can not be excluded that isolates with lacking
SSU rRNA sequence match with molecular phylotypes.

The integration of data sets from cultivation-dependent
and -independent studies showed that 1183 unique bac-
terial, three archaeal, and 17 eukaryotic phylotypes are
reported as inhabitants of the human gastrointestinal
tract. The fully opened phylogenetic tree of the hitherto
known diversity of the human gastrointestinal tract is
available as a supplementary material (Fig. S1). The com-
pressed version of this phylogenetic tree is depicted in
Fig. 1 and summarized distribution of the phylotypes is
given in Table 2.

Only 138 species, 12% of the total species richness,
were recovered by application of both molecular and
cultivation-based approaches (Fig. 2). Remarkably,
another 20 phylotypes detected by the cultivation-
independent studies matched cultivated and fully
described bacterial species, which were not previously
isolated from the human gastrointestinal tract (Table 3).
Examples of such species include Allisonella histaminifor-
mans and Phascolarctobacterium faecium, which are
intestinal isolates from other mammals (Del Dot et al.,
1996; Garner et al., 2002). There are, however, also iso-
lates such as Aquabacterium commune, which are typical
for non-intestinal ecosystems, in this particular case drink-
ing water (Kalmbach et al., 1999). Thirteen phylotypes

corresponded to organisms recovered from the human
oral cavity, and were mainly recovered in studies of micro-
biota in the upper gastrointestinal tract, rather than faecal
samples.

Cultivation-independent studies of gastrointestinal
microbiota have revealed the presence of not-yet
described phylotypes, of which some are, based on
the SSU rRNA gene sequence, only distantly related to
any cultured microbe with known SSU rRNA gene
sequence. Those phylotypes form novel clusters that are
well separated from cultivated species. In the phyloge-
netic tree of the human gastrointestinal microbiota those
clusters are marked as Uncultured Clostridiales I and II
(Fig. 1). Both clusters together comprise 63 distinct phy-
lotypes, which will be, once they are cultured, organized in
a number of families and genera, as indicated by their
SSU rRNA gene similarity. Another cluster of 14 phylo-
types within the Firmicutes phylum could not be classified
even at the level of order (Table 2). Finally, 19 uncultured
phylotypes within the phylum Bacteroidetes form another
distinct cluster of exclusively uncultured organisms
(Table 2).

Cultivation-based and molecular studies provide a
somewhat different description of the diversity of the
human gastrointestinal tract microbiota, as indicated by
the degree of the overlapping findings (Fig. 2). Remark-
ably, both approaches show unequivocally that Firmicutes
are by far the most diverse group, although the commu-
nity structure of this group is highly underestimated in the
reports of cultivation-dependent studies. Similarly, the
Bacteroidetes community in human gastrointestinal
samples is more diverse than assessed with cultivation-
based approaches. However, about two-thirds of
Bacteroidetes isolates, for which the SSU rRNA gene
sequence is available, have also been detected by
molecular approaches. This indicates that some of the
widely distributed and abundant members of this phylum
have already been isolated. Representatives of the Pro-
teobacteria, and particularly subdivisions e and g, have so
far been detected relatively poorly by molecular
approaches. However, as sequencing of the SSU rRNA
gene amplicons from an intestinal sample generally
describes only the dominant fractions of the microbiota
(Zoetendal et al., 2006), and it is known that Proteobac-
teria have low abundance in the human gastrointestinal
tract (Hopkins et al., 2001), such low recovery of this
phylum had to be expected.

Molecular studies showed that members of the phylum
Cyanobacteria (one phylotype) can be found in the human
gastrointestinal samples (Eckburg et al., 2005), even
though isolates from this group have not been reported.
Furthermore, six phylotypes of the subphylum of
a-Proteobacteria were detected by SSU rRNA gene
sequencing, while there is only one known
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a-proteobacterial gastrointestinal isolate – Gemmiger for-
micilis (Holdeman et al., 1976; Benno et al., 1986; Moore
and Moore, 1995; Macfarlane et al., 2004). Unfortunately,
no 16S rRNA gene sequence is available for this species.
Phylogenetic analysis revealed that five of the six
a-proteobacterial phylotypes did not cluster within the
order Rhizobiales to which Gemmiger belongs. Strikingly,
all seven cyano- and a-proteobacterial phylotypes were
detected in studies where mucosa samples from the
upper gastrointestinal tract were analysed (Eckburg et al.,
2005; Wang et al., 2005). It was previously shown that the
microbiota associated with rectal mucosa may differ from
that present in faeces (Zoetendal et al., 2002), and
recently, two studies indicated that mucosa at upper gas-
trointestinal parts contains specific phylotypes that are
distantly related to any known gastrointestinal isolate
(Eckburg et al., 2005; Wang et al., 2005). These data
reinforce the notion that faecal samples do not compre-

hensively represent the microbiota that can be found in
the lumen or attached to mucosal surfaces along the
gastrointestinal tract, and that sampling along the gas-
trointestinal tract, both for cultivation-based analysis and
molecular profiling, would enable better description of the
microbial diversity of this ecosystem.

As previously mentioned, the diverse community of
bacteria in the human gastrointestinal tract is accompa-
nied by representatives of archaea and eukarya. Accord-
ing to our current knowledge, the archaeal community of
the human intestine is very simple and consists of only
three isolates, of which Methanosphaera stadtmanae is
rare (Miller and Wolin, 1985), and Methanobrevibacter
ruminantium was reported in a single study dating from
1968 (Nottingham and Hungate, 1968). The presence of
only one archaeon – the abundant Methanobrevibacter
smithii – was confirmed by molecular studies (Miller and
Wolin, 1986; Eckburg et al., 2005).

Fig. 1. SSU rRNA-based phylogenetic tree of
the distinct phylotypes that have been found
in the human gastrointestinal tract. The
relative proportion of phylotypes that
correspond to cultured representatives is
indicated by different darkness of the filling.
Black fills indicate phylotypes detected in
cultivation-independent studies, while white
indicates species detected in cultivation-based
studies. The reference bar indicates 10%
sequence divergence. Numbers of distinct
phylotypes are given for each phylogenetic
group.
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Table 2. SSU rRNA gene sequence based phylogenetic distribution of the human gastrointestinal prokaryotic phylotypes given for taxonomic
levels of phylum, class, order and family or cluster as proposed by Collins and colleagues (1994).

Phylum Class Order Family/Cluster

Actinobacteria 57 Actinobacteria 57 Actinomycetales 22 Actinomycetaceae 6
Corynebacteriaceae 6
Micrococcaceae 4
Propionibacteriaceae 6

Bifidobacteriales 20 Bifidobacterium 20
Coriobacteriales 15 Coriobacteriaceae 15

Bacteroidetes 136 Bacteroidetes 136 Bacteroidales 136 Rikenellaceae 15
Bacteroidaceae 45
Prevotellaceae 36
Porphyromonadaceae 21
Unclassified 19

Cyanobacteria 1 Cyanobacteria 1 Chroococcales 1 Unclassified 1

Firmicutes 818 Asteroleplasma 1 Anaeroplasmatales 1 Anaeroplasmataceae 1
Bacilli 92 Bacillales 18 Bacillaceae 14

Staphylococcaceae 4
Lactobacillales 74 Aerococcaceae 1

Carnobacteriaceae 1
Lactobacillaceae 36
Leuconostocaceae 2
Lactococcaceae 2
Streptococcaceae 32

Clostridia 669 Clostridiales 669 Cl. cluster I 27
Cl. cluster III 7
Cl. cluster IV 212
Cl. cluster IX 40
Cl. cluster XI 31
Cl. cluster XIII 8
Cl. cluster XIVa 276
Cl. cluster XV 5
Unclassified 63

Mollicutes 42 Unclassified 42 Cl. cluster XVI 14
Cl. cluster XVII 5
Cl. cluster XVIII 9

Unclassified 14 Unclassified 14 Unclassified 14

Fusobacteria 12 Fusobacteria 12 Fusobacteriales 12 Fusobacteriaceae 11
Incertae sedis 11 1

Proteobacteria 124 Alphaproteobacteria 6 Rhizobiales 1 Unclassified 1
Sphingomonadales 1 Unclassified 1
Unclassified 4 Unclassified 4

Betaproteobacteria 19 Burkholderiales 18 Alcaligenaceae 8
Oxalobacteriaceae 3
Burkholderiaceae 1
Incertae sedis 5 1
Unclassified 5

Neisseriales 1 Neisseriaceae 1
Gammaproteobacteria 74 Aeromonadales 4 Aeromonadaceae 2

Succinivibrionaceae 2
Enterobacterales 51 Enterobacteraceae 51
Pasteurellales 2 Pasteurellaceae 2
Pseudomonadales 11 Moraxellaceae 6

Pseudomonadaceae 5
Vibrionales 4 Vibrionaceae 4
Xanthomonadales 2 Xanthomonadaceae 2

Deltaproteobacteria 7 Desulfovibrionales 7 Desulfovibrionaceae 7
Epsilonproteobacteria 18 Campylobacterales 18 Campylobacteraceae 12

Helicobacteraceae 6

Verrucomicrobia 3 Verrucomicrobia 3 Verrucomicrobiales 3 Verrucomicrobiaceae 3

Euryarchaeota 3 Methanobacteria 3 Methanobacteriales 3 Methanobacteriaceae 3

Inventory period from 1998 until the beginning of 2006.
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The diversity of eukarya in the human intestine was
assessed exclusively by cultivation-dependent
approaches. Seventeen Candida, Aspergillus and Penicil-
lium species were isolated from human intestinal samples
(Anderson, 1917; Finegold et al., 1974; 1977; Taylor et al.,
1985; Biasoli et al., 2002). However, except for Candida
albicans and C. rugosa, eukarya are neither widely distri-

buted nor abundant in the human intestine, according to
the results of the cultivation-based approaches.

Species richness estimation

The recent studies of the human gastrointestinal micro-
biota diversity by sequencing have provided an exploding

Fig. 2. Distribution of gastrointestinal
prokaryotic phylotypes over type of the study,
given overall and for eight bacterial, one
archaeal and one eukaryal phylum. The
diversity of the gastrointestinal isolates that
have been fully characterized but lack the
SSU rRNA gene sequence were taken into
account for construction of this figure.

Table 3. Bacterial species typically isolated from other ecosystems but the human gastrointestinal tract that were detected in the human
gastrointestinal samples, based on SSU rRNA gene sequence analysis.

Species Known ecological niche (Reference)
Reference of study in which SSU rRNA sequence
was detected

Acinetobacter lwoffi Oropharynx (Rathinavelu et al., 2003) (Wang et al., 2005)
Actinomyces graevenitzii Saliva, bronchia (Ramos et al., 1997) (Eckburg et al., 2005)
Actinomyces odontolyticus Tooth root canal (Peters et al., 2002) (Eckburg et al., 2005)
Allisonella histaminiformans Cecum of horse (Garner et al., 2002) (Hayashi et al., 2002a; Eckburg et al., 2005)
Anaerococcus vaginalis Vaginal discharges (Ezaki et al., 2001) (Mangin et al., 2004; Eckburg et al., 2005)
Aquabacterium commune Drinking water (Kalmbach et al., 1999) (Wang et al., 2003)
Bifidobacterium ruminantium Bovine rumen (Biavati and Mattarelli, 1991) (Bonnet, 2002)
Burkholderia cepacia Saliva (Sajjan et al., 1992) (Wang et al., 2003)
Corynebacterium durum Subgingival plaque (Barrett et al., 2001) (Eckburg et al., 2005)
Corynebacterium sundsvallense Sinus (Collins et al., 1999) (Eckburg et al., 2005)
Dialister invisus Oral cavity (Downes et al., 2003) (Bonnet, 2002; Mangin et al., 2004;

Eckburg et al., 2005; Wang et al., 2005)
Fusobacterium peridonticum Gingival crevice (Gmur et al., 2006) (Wang et al., 2005)
Granulicatella adiacens Throat flora (Collins and Lawson, 2000) (K. Saunier, unpublished)
Leuconostoc argentinum Raw milk (Dicks et al., 1993) (Heilig et al., 2002)
Mogibacterium vescum Peridontal pocket (Nakazawa et al., 2000) (Wang et al., 2005)
Neisseria mucosa Subgingival plaque (Haffajee et al., 2005) (Wang et al., 2005)
Phascolarctobacterium faecium Koala faeces (Del Dot et al., 1996) (Hayashi et al., 2002b, 2003)
Prevotella shahii Saliva (Sakamoto et al., 2004) (Wang et al., 2005)
Rothia mucilaginosa Oral cavity (Ruoff, 2002) (Wang et al., 2005)
Stenotrophomonas maltophilia Oral cavity (Tada et al., 2004) (Wang et al., 2003)
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amount of SSU rRNA gene sequence information.
However, due to the fact that only a limited number of
individuals has been subjected to the analysis of the
human gastrointestinal microbiota and because each
subject harbours a unique microbial community, a good
representation of the ecosystem has not yet been
achieved. Consequently, the rank–abundance curve,
which can visualize how well an ecosystem has been
sampled (Hughes et al., 2001), has a very different shape
when compared with the one obtained with data from
cultivation-based studies (Fig. 3). The curve is character-
ized by very strong tailing, as the majority of the phylo-
types were found in intestinal samples of only one
individual. Still, it is remarkable that molecular studies
performed to date revealed almost 900 distinct phylotypes
based on the microbiota of only 50 individuals, while cul-
tivation studies, which were employed for characterization
of the microbiota of hundreds of subjects have recovered
less than half of this species richness. Based on Good’s
coverage estimates (Moore and Holdeman, 1974), our
current knowledge of the normal human gastrointestinal
microbiota diversity overall is about 30%, which contrasts
with the good coverage of the microbiota diversity that
was achieved in individual studies (Suau et al., 1999;
Eckburg et al., 2005).

Because a good representation of the intestinal diver-
sity has not yet been achieved, it is not possible to come
to reliable number of the total species richness on the
basis of the present data set (Hughes et al., 2001). Ne-
vertheless, for the purpose of this review, the Chao1 index
was calculated to provide its estimate. Because the
archaeal and eukaryal community in the human intestine
are rather simple, only the frequency of bacterial phylo-
types was taken into account for the calculation. Three
values are needed for estimating the species richness
based on the Chao1 index: the total number of phylo-
types, and the number of the rare phylotypes – these
which were detected in only one or two individuals. Based
on data from molecular studies that yielded a total of 898
bacterial phylotypes, of which 622 were found in only one
individual while 121 in two, the expected diversity of the
human gastrointestinal microbiota amounts to about 2500
phylotypes. This estimate exceeds the estimate based on
cultivation-based techniques by one order of magnitude

but the true diversity of the human gastrointestinal tract
might be even greater, because the Chao1 estimator
tends to underestimate the true richness at low sample
sizes (Hughes et al., 2001).

Furthermore, the Chao1 estimate, calculated on the
basis of frequency of bacterial phylotypes reported in both
types of approaches, where out of 1183 phylotypes, 686
were found in one and 128 in two individuals, showed that
expected diversity of the gastrointestinal tract exceeds
3000 phylotypes. However, this estimate, similar to the
one calculated on the basis of molecular studies alone,
probably underestimates the true diversity. Moreover,
there are several limitations of the applied approach that
originate from the data set that describes the diversity of
the human gastrointestinal microbiota, which are dis-
cussed below.

Limitations of the approach

The diversity of the gastrointestinal microbiota was analy-
sed on the bases of the SSU rRNA sequence. Unique
phylotypes were defined as groups of sequences that
have sequence similarity of 98% or less with any other
SSU rRNA sequence derived from the human gastrointes-
tinal tract. There is no general agreement about the most
appropriate cut-off similarity for a phylotype, and different
cut-off values have been applied even in the most recent
studies (Eckburg et al., 2005; Gill et al., 2006). This has a
major effect on the obtained measure of diversity. As
previously reported, within the same clone library, the
number of distinct phylotypes ranges from 148 to 643
when the cut-off value is changed from 97% to 99%
(Venter et al., 2004). The sequence similarity of different
SSU rRNA gene copies in the same genome is rarely
below 99% (Acinas et al., 2004), although it can vary
substantially (Wang et al., 1997). This variation increases
between different strains of the same species but rarely
reaches values of 97% (Sacchi et al., 2005). Hence, in
this review a cut-off value of 98% was chosen, which has
been widely applied by others (Suau et al., 1999; Hayashi
et al., 2002a) and represents a compromise between
three commonly used values. However, it is well known
that many species, especially among Enterobacteriaceae,
have more than 98% SSU rRNA gene sequence similarity

Fig. 3. Rank–abundance curve for the
phylotypes of the human gastrointestinal tract
found in cultivation-based and molecular
studies. The abundance of the phylotype is
defined as number of individuals that have
been reported to harbour the particular
phylotype.
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with other related species. In fact, from 382 distinct gas-
trointestinal species for which the SSU rRNA gene is
available, only 305 would be recognized as unique phy-
lotypes based on their SSU rRNA gene sequence, when
using the 98% similarity criterion. Thus, it is likely that
some of the identified distinct phylotypes are, in fact,
groups of different phenotypes. Until cultured representa-
tives of these phylotypes are obtained, and while SSU
rRNA gene sequence remains the only available informa-
tion, absolute accuracy will not be achieved.

Another factor affecting the accuracy of our analyses
originates from the fact that many of the available SSU
rRNA gene sequences are partial, and unless they cor-
respond to the same region within the gene, they do not
allow proper direct comparison. Only if two sequences
match a common, fully sequenced ‘type phylotype’, ARB
software allow grouping of partial sequences into a
single distinct phylotype. Otherwise the sequences are
recognized as distinct phylotypes even if they corre-
spond to a different region of the very same SSU rRNA
gene. Hence, an overestimation of the true diversity
might occur. It would be convenient if there were a
general agreement that, if partial sequences are pro-
vided, they are always obtained from the same variable
region of the SSU rRNA gene. As Ludwig and Klenk
(2001) indicated, the sequence of the V1 region appears
to be the most variable and consequently the most infor-
mative. Therefore, selection of this region seems the
most appropriate. However, it has to be acknowledged
that sequences generated for analysis by fingerprinting
approaches, such as denaturing gradient gel electro-
phoresis (DGGE) or amplicons obtained by group-
specific polymerase chain reaction (PCR) amplification
are often confined to different specific regions of the
SSU rRNA gene, due to restricted options for primer
design.

Each of the techniques used for the assessment of the
diversity of the human gastrointestinal microbiota has its
limitations and induces biases in the obtained portray of
the microbial diversity. The limitations of the cultivation-
based approaches to adequately resemble the diversity
of the gastrointestinal microbiota are nowadays well
acknowledged (Tannock, 1999; Vaughan et al., 2000).
Moreover, the SSU rRNA gene sequencing-based analy-
ses of the microbial diversity are also giving biased
picture, and among many factors that influence the
obtained information, effectiveness of cell lyses, and PCR
biases are highly relevant. Although it is generally consid-
ered that SSU rRNA gene sequence assessed diversity of
an ecosystem is representing the most dominant part of
the microbial community, this is necessarily accurate as
the sequence of the used PCR primers also induces
biases. The reason for this effect is that, even when the
total bacterial microbiota is targeted, different PCR

primers are used, and primer sets can have preferences
for different phylogenetic groups (Suau et al., 1999;
Eckburg et al., 2005). This is because none of the univer-
sal primer sets has the claimed specificity or universality
(Horz et al., 2005). This effect, together with the problems
related to the cell lyses, have led to the underestimation of
the members of Actinobacterium phylum within the human
gastrointestinal microbiota, which appear to be quantita-
tively relevant members of this ecosystem, based on the
results of enumerative techniques such as florescent in
situ hybridization (Lay et al., 2005). Finally, cloning and
sequencing procedures are in most cases performed only
once. Remarkably, the analysis of microbiota of a single
individual by the use of different numbers of PCR cycles
showed some differences in the recovered clone libraries
(Suau et al., 1999; Bonnet et al., 2002). This might be an
exclusive effect of the number of PCR cycles, as sug-
gested by authors, but it might also indicate limitations of
the cloning and sequencing technique itself. If so, the
microbiota of each individual might be even more complex
than revealed in a single cloning and sequencing
experiment.

Concluding remarks

The human gastrointestinal microbiota is an important
element of the human body, which is receiving increasing
attention. Based only on the data which was generated
until the beginning of the 2006, the human gastrointestinal
tract harbours over 1200 distinct microorganisms. The
complete coverage of the diversity has not yet been
achieved, but the total number of already reported distinct
phylotypes exceeds the most ambitious estimates previ-
ously given for this ecosystem. However, so far the major-
ity of the phylotypes have been detected only in a single
individual, indicating that many more gastrointestinal
inhabitants are to be discovered, and the total diversity
will probably be measured in thousands of species.
Therefore, the human gastrointestinal microbiota, often
referred to as forgotten organ of the human body (O’Hara
and Shanahan, 2006), is still insufficiently described even
at the composition level. Because reliable insight into the
gastrointestinal diversity is essential for providing a refer-
ence framework to study its dynamics in time and space,
analyse its functions and characterize host–microbe inter-
actions, more attention should be given to the simple
description of this ecosystem. To this end, the availability
of curated databases of rRNA sequences, allowing for
adequate organization of redundant data without loosing
useful information from all previously deposited and future
sequence entries such as source of isolation, is an abso-
lute requirement. The inventory of currently available data
described here is the first important step towards this
goal.
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The following supplementary material is available for this
article online:
Fig. S1. SSU rRNA-based phylogenetic tree of the distinct
phylotypes that have been found in the human gastrointesti-
nal tract. Type phylotype representatives of monophyletic
groups (> 98% sequence similarity) are presented in the phy-
logenetic tree while accession numbers for other members of
monophyletic groups are listed between parentheses. The
reference bar indicates 10% sequence divergence.
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