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ABSTRACT

The construction of metagenomic libraries has per-
mitted the study of microorganisms resistant to iso-
lation and the analysis of 16S rDNA sequences has
been used for over two decades to examine bacte-
rial biodiversity. Here, we show that the analysis of
random sequence reads (RSRs) instead of 16S is a
suitable shortcut to estimate the biodiversity of a
bacterial community from metagenomic libraries.
We generated 10 010 RSRs from a metagenomic
library of microorganisms found in human faecal
samples. Then searched them using the program
BLASTN against a prokaryotic sequence database
to assign a taxon to each RSR. The results were
compared with those obtained by screening and
analysing the clones containing 16S rDNA
sequences in the whole library. We found that the
biodiversity observed by RSR analysis is consistent
with that obtained by 16S rDNA. We also show that
RSRs are suitable to compare the biodiversity bet-
ween different metagenomic libraries. RSRs can
thus provide a good estimate of the biodiversity of
a metagenomic library and, as an alternative to 16S,
this approach is both faster and cheaper.

INTRODUCTION

We live in a world dominated by microorganisms (1).
However, very little is known about the role they play in
our environment. One of the main questions that remains
to be answered is how these microorganisms compete
and communicate between themselves to get nutrients
and produce energy in an ecosystem. To address this
question, one has to overcome the limitations associa-
ted with the ‘uncultivability’ of at least 99% of the

microorganisms in nature (2). The development of cul-
ture-independent methods applied to environmental sam-
ples was a turning point for the field. In 1985, Pace and
colleagues (3) were the first to propose direct analysis of
5S and 16S rRNA gene sequences to describe the micro-
bial diversity in an environmental sample without cultur-
ing. The 16S rRNA gene is highly conserved among all
microorganisms, is of suitable length (about 1500 bp) for
bioinformatic analysis and is an excellent molecule for
discerning evolutionary relationships among prokaryotic
organisms (4). For all these reasons, this molecule has
given rise to a huge public database (RDPII: http://rdp.
cme.msu.edu/containing 481 650 16S rRNAs, 13 February
2008) (5). Finally, defining phylotype (or species) on the
basis of 16S rDNA sequences has been and remains the
accepted standard for studies of uncultured microorgan-
ism diversity (6–10).

These molecular tools have revealed a wider microbial
diversity than expected in several ecosystems (11,12). The
functions, however, of the different groups of microorgan-
isms are largely unknown. Pace proposed the first cloning
of genomic DNA directly from environmental samples
using a phage vector (13). Later, this approach, called
metagenomics, inspired other groups to penetrate the
microbial world from all sources including human faeces,
whale falls, soil, marine and other aquatic ecosystems
(14–18). Metagenomics, conducted on a massive scale,
has provided dramatic insights into the structure and meta-
bolic potential of microbiota (also used for microbial popu-
lation) (19,20). Functional screening of metagenomic
libraries has led to the assignment of functions to numerous
‘hypothetical proteins’, so far demonstrating the power
of functional metagenomics (21). Metagenomics is a
newly emerging technology, and has generated more than
100 projects in the GOLD Web site, Genomes OnLine
Database (February 2008, http://www.genomesonline.
org/gold.cgi), 31 of which have already been completed.
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One of the approaches allowing the classification of
metagenomic fragments is the sequence-composition-
based method. It relies on the analyses of oligonucleotide
frequencies that vary significantly among genomes, per-
mitting discrimination of different species (22,23). This
approach, which needs a training process in using genomic
sequences available in databases, has been the method of
choice for some analyses of microbial communities in
recent years (24–26) and has been used in different soft-
ware such as TETRA or PhyloPythia (27,28). However,
it encounters limitations not only in the availability of
genomic sequences in databases for their learning process,
but also in the size of the analysed metagenomic frag-
ments. As discussed by the authors themselves, the
sequence-composition-based approach needs complemen-
tary methods to analyse short metagenomic fragments
(<1 kb) such as single-read end-sequences.

Another approach to study microbial diversity is a
large-scale screening for clones or contigs containing a
phylogenetic gene marker such as 16S rRNA gene.
To that end, clones harbouring 16S can be screened by
several methods. The first consists of the extraction of
the recombinant vectors to remove the genome of the
organism in which the cloning has been performed, then
selection of the 16S rRNA gene by DNA–DNA hybridi-
zation on a macroarray (18). The second method involves
the massive sequencing of the whole-metagenome and
subsequent in silico identification of the 16S rDNA
sequences (16). PCR-based 16S rRNA gene sequence-
based analysis, an approach that has been widely used
in the literature to analyse the diversity of microbial com-
munities could have been applied directly on the environ-
mental samples. However, due to PCR bias and the fact
that different DNA extraction methods have been used in
both approaches (PCR and metagenomic libraries), we
would not recover the same diversity.

In a previous study (18), we built two metagenomic
libraries to analyse the intestinal microbiota of healthy
volunteers and patients with Crohn’s disease. We then
used the first method to analyse the diversity of our
libraries, performing a high throughput extraction of
recombinant vector to avoid the Escherichia coli genome
and DNA–DNA hybridization on nylon membrane to
target the 16S (Figure 1). This technique allowed us to
identify 1200 clones containing 16S rDNA sequences
from both libraries. The diversity analysis was based on
a multiple alignment using ClustalW and the taxonomic
assignment browser of the RDPII Release 9. This 16S
analysis approach that has been habitually used to analyse
environmental microbial diversity, is, however, very
expensive in terms of both time and money required
(in our case: 6 months, three persons and more than
$70 000 of materials and equipment without taking into
account the sequencing step that is much cheaper nowa-
days). An additional disadvantage associated with relying
on 16S for estimates of species diversity and abundance is
the varying number of copies of rRNA genes between taxa
(a difference of more than an order of magnitude among
prokaryotes) (29,30) leading to an overestimation of
microorganisms containing a high copy number and an
underestimation of those harbouring a low copy number.
The objective of this study is to demonstrate that ana-

lysis of random sequence reads can serve as a faster and
cheaper alternative to 16S rDNA sequencing. Thus, we
present metagenomic diversity analyses comparing the
use of the 16S phylogenetic marker and random sequence
reads (RSRs). To rule out the differential effects of more
sophisticated taxonomic assignment protocols on the two
set of sequences, we applied the same simple computa-
tional pipeline, TAP (Taxonomic Assignment Pipeline)
based on the search against a prokaryotic sequence data-
base using BLASTN (31) to both of them. We show,

Figure 1. 16S rDNA sequences and random sequence reads (RSRs). We have previously built two human faecal metagenomic libraries (healthy and
Crohn) containing 25 000 clones each (18). Each clone contains an insert of 40 kb of prokaryotic genomic fragment. About 1200 16S rDNA
sequences have been screened by DNA hybridization from the two libraries in the previous work (18). In the present study, about 4500 clones
have been randomly chosen to perform a one read sequencing on the two extremities of the insert (Forward and Reverse). To further simplify the
parsing, each RSR-Forward is then attached by 10 nt to the RSR-Reverse for each clone to form a RSR doublon.
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however, that when applied to the 16S sequences, this
pipeline produces assignments comparable to those
obtained when using a more sophisticated assignment
method based on the detection of conserved regions
across the 16S sequence alignments. We then used TAP
to obtain taxonomic assignments on RSRs in a metage-
nomic library from the intestinal microbiota of healthy
human volunteers, and we found no significant differences
in the resulting assignments. Furthermore, we show that
by using RSRs it is possible to identify taxonomic differ-
ences between the intestinal microbiota of healthy and
Crohn-affected individuals, which cannot be detected
using 16S rDNA sequences. Finally, we applied RSR-
TAP to Sargasso Sea samples and showed that the diver-
sity pattern was similar in broad outline to the previous
16S analysis made by Venter et al. (16).

METHODS

Random sequence reads (RSRs)

We have previously built two human faecal metagenomic
libraries (healthy and Crohn) containing 25 000 clones
each (18) (Figure 1). Each clone contains an insert of
40 kb of prokaryotic genomic fragment. In this study,
about 4500 clones have been randomly chosen to perform
a one read sequencing on the two extremities of the insert
(50 and 30). All sequences were determined by Genoscope
(Evry, France) on an ABI 3730 DNA sequencer. The
sequencing provided 10 010 high-quality sequences (4192
for healthy and 5818 for Crohn library) with an average
size of 615 bp ranging from 43 to 880 bp. To further sim-
plify the parsing, each RSR-50 was then computationally
attached with 10 nt to the RSR-30 for each clone to form a
RSR doublon. In this way, we obtained 1939 RSR dou-
blons and 314 RSR singletons (for which the counterpart
sequencing has failed) for the healthy library and 2750
RSR doublons and 318 RSR singletons for the Crohn
library. All our sequences have been deposited in
GenBank (EU057993-EU068001), except one
(LM0ACA7ZB01RM1) from the Crohn library that was
too short (<50 bp).

16S rDNA sequences

To validate our computational approach, we used the
1200 16S sequences obtained from a previous work
(Figure 1). These sequences ranged in size from 990 to
1330 bp. In Manichanh et al. (18), taxonomic analysis
was based on a multiple alignment (ClustalW). Poorly
aligned positions and divergent regions of the DNA align-
ment were removed with Gblocks (32) using parameters
optimised for rRNA (33) and so, no manual refinement of
the alignments was necessary. Distance matrices were
computed with DNADIST v3.6 (34); and trees were con-
structed with NEIGHBOR v3.6, which implements the
Neighbor-Joining method of Nei and Saitou, and the
UPGMA method of clustering (35). We defined an opera-
tional taxonomic unit (OTU) as a cluster of 16S rDNA
sequences sharing at least 98% similarity. We then taxo-
nomically assigned each OTU using the online Seqmatch
program of the RDPII webpage (http://rdp.cme.msu.edu/

seqmatch/seqmatch_intro.jsp). One reference sequence for
each OTU has been submitted to Genbank (healthy
library: AY850400 to AY850487, Crohn library:
AY850488 to AY850541). For the present analysis, we
did not apply Gblocks and used the whole length of the
16S sequences.

Shotgun sequences from the Sargasso Sea

To analyse metagenomic libraries other than those from
human gut, we downloaded 1 982 807 sequences from a
shotgun dataset (cloning of random segments of 2–6 kb)
of the Sargasso Sea (16). These sequences had an average
length of 600 bp ranging from 100 to 1177 bp. To analyse a
comparable number of RSRs than for the human gut
metagenome, we selected randomly 5000 sequences
(0.25%) from the downloaded dataset and used them as
RSR singletons.

Statistical analyses

To compare the phylotype frequencies across different
datasets and assignment procedures we computed a chi-
square of homogeneity—which essentially tests whether
the frequencies observed in the analysed samples are con-
sistent with the hypothesis of the samples being randomly
drawn from the same population. P-values smaller than
0.05 were considered enough to reject this hypothesis, and
to denote therefore significant differences between the
compared groups.

RESULTS

Metagenomic sequence datasets

Figure 1 illustrates the human gut datasets used in the
present study. In Manichanh et al. (18), we built two meta-
genomic libraries containing 50 000 genomic fragments
(inserts of 40-kb each) of human faecal microbiota col-
lected from samples of six healthy volunteers and six
patients with Crohn’s disease (CD). From these libraries,
two different sets of sequences were generated. The first set
contains 16S sequences obtained from a high throughput
screening using a DNA–DNA hybridization technique on
both libraries. The screening and sequencing revealed 1200
clones containing 16S sequences of about 1200-bp each.
These sequences permitted the phylogenetic analysis and
comparison of the two healthy and Crohn libraries based
on a computational method appropriate for 16S sequences
(see ‘Methods’ section). The results indicated a reduced
complexity of the Firmicutes bacterial phylum as a signa-
ture of the faecal microbiota in patients with CD. The
second set, which has been specifically generated for this
study, is a randomly generated collection of 5818 and 4192
high-quality sequence reads (from Crohn and healthy
libraries, respectively). The total reads consisted of
6.3Mbp. They were obtained by sequencing the two
extremities (forward and reverse sequences) of each
insert. Thus, our datasets consisted of RSR doublons
from both human gut libraries (1939 from ‘healthy’ and
2750 from ‘Crohn’) and 4192 RSR singletons from
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‘healthy’ human gut. We also added 5000 RSR singletons
from the Sargasso Sea libraries.

The taxonomy assignment pipeline (TAP)

Figure 2A shows our processing pipeline. The sequences
were compared against a database of GenBank prokary-
otic sequences (GenBank_prok) using BLASTN. We
applied this local alignment program to find the closest
relative for each of the RSRs against the prokaryotic
DNA sequence database of GenBank that contained
516 770 entries. HSPs which met specific cut-off param-
eters [expect value, HSP length and identity score (IS)],
were further considered. For each of these parameters,
we tested different values. We decided to keep these cri-
teria (expect value <e�15, HSP length >150 nt and IS
>90%) because the resulting microbial diversity was the
most similar in terms of number of phylotypes (P=0.14)
found in each phylum to that obtained from the 16S phy-
logenetic analysis (18). We then took the top blast hit,
identified the species to which the sequence belongs to,
and used this to perform the taxonomic assignment.
Finally, the phylum of each taxon was recovered from
the NCBI Taxonomy browser (http://www.ncbi.nlm.nih.
gov/entrez/batchentrez.cgi?db=Taxonomy). Bacterial
nomenclature used in this study is based on the Bergey’s
Manual of Systematic Bacteriology (Figure 2B).

Biodiversity with 16S rDNA sequences for
healthy and Crohn human gut libraries

The 1200 16S sequences, obtained from a high throughput
DNA hybridization screening from two metagenomic
libraries (healthy and Crohn), were previously analysed
phylogenetically using a computational method developed
specifically for 16S (see ‘Methods’ section). They repre-
sented 125 different phylotypes (or species), and each phy-
lotype was defined as a cluster of sequences showing at
least 98% similarity. Although a single sequence of each
phylotype was deposited in GenBank, they were tagged as
environmental sequences, and were therefore absent from
the database subsequently used in TAP.

In the present work, we applied TAP to these 16S
sequences. Of the 1200 sequences, 2% had no hits. We
obtained, as expected, the four dominant bacterial phyla
(Bacteroidetes, Firmicutes, Proteobacteria and Actinobac-
teria) found in human gut. Figure 2B shows the taxonomic
nomenclature used in this study. Figure 3 shows a compar-
ison of the TAP results and those obtained previously (18)
using an approach for phylogenetic markers (see ‘Methods’
section). Tables S1 and S2 show this comparison at the
genus and phylotype levels, respectively. The study in (18)
was performed 2–3 years ago, and since then the Gen-
Bank_prok database has been updated with many new
microbial sequences. Therefore, we re-analysed the 16S
sequences using the method applied in this study but with
an updated database. The comparison with the previous
results showed that the updated database allowed us to
recover 17 more assignments (out of 44). The taxonomic
assignment obtained from TAP using 16S for this environ-
ment gave similar results to the previous method in terms
of phyla, genera, phylotypes, number of phylotypes and

percentage of sequences detected in each phylum. In
terms of phylotypes, TAP is able to detect all those detected
previously (except one: Coprococcus catus) with few differ-
ences in the number of sequences for each phylotype. For
the comparison in terms of percentage of sequences in each
phylum, a chi-square test was used, which showed no sig-
nificant differences between the two methods (P=0.74 for
healthy and P=0.62 for Crohn library). When comparing
healthy and Crohn, using TAP on 16S, we obtained signif-
icant differences (P=0.016) as previously shown in (18).

Comparison between RSR singletons and RSR
doublons from the healthy human gut library

Since we performed one-read sequencing of the two extre-
mities (5’ and 3’) of each clone insert—and therefore the
two end sequences from the same clone could correspond
to two different genes—the RSRs could be analysed either
as singletons or as doublons (Figure 1). Figure 4A shows
theoretical outputs of TAP processing depending on
whether RSR singletons or doublons are used and on dif-
ferent possible contents of the database. In the case of RSR
singletons, we can end up with an additional far neighbour
or an overestimation of the number of a particular species.
We used TAP to analyse both sets of sequences (RSR sin-
gletons and doublons) from the healthy metagenomic
library. The results gave a higher sensitivity with singletons
(Figure 4B), with a total of 376 hits for singletons and
303 for doublons, but a lower specificity as shown by the
recovering of two genera not found when analysing
16S sequences (Supplementary Tables S3 and S4).
Also as expected, the overestimation of one phylum

Figure 2. Taxonomic assignment pipeline (TAP) to analyse the biodi-
versity using RSRs and BLASTN. (A) We applied BLASTN to find the
closest relative for each of the RSRs against GenBank_prok HSPs
which met the following cut-off parameters: expect value <1e�15,
HSP length >150 nt and IS >90%, were further considered. We then
took the top blast hit, identified the species to which the sequence
belongs to, and used this to perform the taxonomic assignment.
Finally, the phylum of each taxon was recovered from the NCBI
Taxonomy browser (http://www.ncbi.nlm.nih.gov/entrez/batchentrez.
cgi?db=Taxonomy). (B) Bacterial nomenclature used in this study is
based on the Bergey’s Manual of Systematic Bacteriology.
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Figure 4. Comparison between RSR singletons and doublons from the healthy library. (A) Theoretical comparison between RSR singletons and
doublons depending on different possible contents of the database used in TAP where species A is a closer neighbour of species A’ than of species B.
RSR singletons are represented by two queries (50 and 30 ends) whereas RSR doublons are represented by only one query (50 attached to 30 end by
10 nt). We show possible outputs from these different combinations. (B) Results of TAP processing with the RSR singletons and doublons from the
healthy metagenomic library. B, Bacteroidetes; F, Firmicutes; P, Proteobacteria; A, Actinobacteria. (C) Comparison of results with RSR singletons
and doublons with those of 16S analysis from the healthy library in terms of percentage of sequences having a hit. The arrow shows the over-
estimation of Actinobacteria phylum when using RSR doublons compared with RSR singletons.

Figure 3. Taxonomic assignment 16S rDNA sequences. Comparison between 16S analysed with a previous method using ClustalW, a multiple
alignment program to align with RDPII (Ribosomal Database Project II) referenced sequences and 16S analysed with TAP, (A) in terms of
percentage of sequences and (B) in terms of number of phylotypes. Data were analysed using the chi-square test for two independent sets of samples.
Only a P value <0.05 was considered to denote a significant difference. B, Bacteroidetes; F, Firmicutes; P, Proteobacteria; A, Actinobacteria.
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(Actinobacteria) was found in the case of singletons, when
compared with 16S assignment (Table S3). The low
number of hits recovered is mainly due to the very stringent
cut-off parameters we used in TAP. Therefore, doublons
instead of singletons seem to be more appropriate for this
taxonomic assignment based on random reads and TAP
processing.

Biodiversity with RSRs from the healthy human gut library

As shown in Figure 4C, RSR doublons from the healthy
metagenomic library processed with TAP allowed us to
detect a similar bacterial diversity to that identified by
16S sequence analysis with the same computational
method, in terms of proportion of sequences found in
the four different bacterial phyla of intestinal microbiota.
Using RSRs we detected 45% of the diversity found
by 16S at the genus level and 44% at the species level.
When considering species representing >1% of the 16S
sequences, we reached 84% at the genus level and 54%
at the species level (Tables 1 and S4). At the phylotype
level, the biodiversity is reduced with RSRs (Figure 5)
when compared with that of the 16S. The differences
observed at the phylotype level reflect the limitation in
the diversity of genes present in GenBank_prok.

We did not detect Archaea, neither with 16S nor with
RSR sequences. This observation is not concordant with
other molecular analyses of the gut microbiota (10,17),
which show that archaeal species, in particular
Methanobrevibacter smithii, are also major players in the
human distal gut ecosystem. This discrepancy may
have been caused by the biases associated with our bac-
terial DNA recovery methods, which is a well-known
problem (17).

Comparison of RSRs from two human gut metagenomic
libraries (healthy and Crohn)

As we did with 16S sequences and the RSR doublons from
the healthy metagenomic library, we applied TAP to the
RSR doublons obtained from the Crohn metageno-
mic library (Figure 5A and B). Figure 5A shows that the
microbial diversity, at the phylotype level, obtained using
RSR doublons is very similar to that of the 16S, indicating
that most of the species present in this library are known,
that is, present in the database except the case of false
positives which should be reduced using RSR doublons
instead of singletons. However, the healthy library seems
to contain more unknown microbial species especially in
both Bacteroidetes and Firmicutes phyla (Tables S4 and
S5) compared to the Crohn library. The comparison of
the TAP results of the two metagenomic libraries (healthy
and Crohn), showed a difference in the percentage
of sequences between the two libraries in two bacterial
phyla: Firmicutes (as shown with 16S) and Actinobacteria.
This difference in the Actinobacteria phylum, not sig-
nificant when using the 16S sequences, shows another
advantage of using RSRs instead of 16S. Indeed, by using
RSRs, we are less limited in the number of sequences to be
analysed. However, this observation needs to be confirmed
by experiment. Here, we show that two metagenomic
libraries, built with the same molecular methodology and

from the same kind of environment, but presenting two
different conditions, can be compared in terms of microbial
composition using RSRs.

Analyses of 16S and RSRs from the
Sargasso Sea shotgun dataset

To test our computational approach in metagenomic
libraries other than those from human gut, we selected
randomly 0.25% (5000 RSRs) of the Sargasso Sea dataset
and performed a TAP analysis. Then, we compared the
results with those reported after the analysis of 1164 dis-
tinct 16S gene (or gene fragments) identified in the same
shotgun dataset (16). Due to the available 16S data for
this library, the results were comparable only at the
phylum and class ranks. From the 5000 RSRs, 976
sequences (19.5%) passed our cut-off parameters. At the
phylum level, we obtained similar results regarding the
number of main phyla and the proportion of sequences

Table 1. Comparison at the genus level: 16S rDNA sequences versus

RSR doublons

Phylum Genus 16S RSR

Healthy Crohn Healthy Crohn

Bacteroidetes Alistipes 0.7 1.1 ND 0.3

Bacteroidales 0.7 0.3 ND ND
Bacteroides 50.3 43.2 63.7 80.9

Prevotella 6.1 11.9 0.3 1.4

Tannerella ND 8.7 ND 1.4

Firmicutes Anaerotruncus 0.6 ND ND ND
Anaerovorax 0.2 ND ND ND
Clostridium 1.5 10.4 5.6 0.8

Dialister 0.2 ND ND ND
Enterococcus ND 1.1 4.0 5.5

Eubacterium 1.8 ND ND ND
Faecalibacterium 1.7 0.5 0.7 ND
Lachnospira 0.2 ND ND ND
Lachnospiraceae 0.2 ND ND ND
Lactobacillales 0.2 0.3 ND ND
Oscillospira 0.2 ND ND ND
Papillibacter 0.6 0.2 ND ND
Phascolarctobacterium 0.2 ND ND ND
Roseburia 1.3 0.3 0.3 ND
Ruminococcus 4.2 1.4 0.7 ND
Streptococcus ND 0.5 ND 0.3
Subdoligranulum 2.0 0.5 0.3 ND
unclassified_
Clostridiaceae

3.5 ND ND ND

unclassified_
Lachnospiraceae

0.2 ND ND ND

Proteobacteria Bilophila 0.7 ND ND ND
Desulfovibrio ND 0.2 ND ND
Escherichia 3.7 2.8 0.3 3.0

Shigella 0.2 ND ND 0.3
Methylophilus
methylotrophus

0.9 ND ND ND

Actinobacteria Bifidobacterium 2.4 1.4 14.2 4.2

Brachybacterium 0.2 ND ND ND
Coriobacterium 3.1 0.2 1.7 ND
Corynebacterium 0.6 ND ND ND

Values in bold indicates that each genus represented by at least 1% of
the clones analysed by using 16S is also detected when using RSRs.
‘ND’ indicates an absence of detection.
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in each phylum (Table 2). At the class level, we observed
also a similar pattern of class representation for the main
phylum (Proteobacteria), which accounted for 85% of the
sequences, although there were differences in the propor-
tion of sequences in some classes.

DISCUSSION

Although PCR-based studies are inherently biased,
because of ‘universal’ primers that may not be as universal
as they should be, most phylogenetic surveys of microbial
ecosystems had relied on analyses of amplified rRNA
genes and subsequent comparison with more than
500 000 small subunit rRNA sequences reported in the
RDPII (5). Nowadays, metagenomic projects are quickly
becoming the default approach for the study of

environmental samples. The best results are obtained by
the complete sequencing of all genomes in an environmen-
tal sample, the approach taken by C. Venter (16).
However, most researchers do not have the resources to
undertake such an exhaustive analysis.

The goal of our study was to show that using Random
Sequence Reads is a cost-effective alternative to the typical
approach based on 16S library screening in order to char-
acterize the diversity of a metagenomic community.
Although RSRs might not give as accurate an evaluation
of the 16S library screening or the sequencing and assem-
bly of entire genomes, it does provide a reliable estimate of
the diversity found in a given metagenomic library.

We have chosen not to use more complex taxonomic
assignment approaches, which exist for both 16S
sequences and Random Sequence Reads. Since these
more complex pipelines are specifically tailored to the spe-
cific characteristics of the sequence data they are dealing
with (16S Sequences versus RSRs), differences observed
between 16S and RSRs could be attributed to the differ-
ences in the efficiency between the computational pipelines
used for taxonomic assignment, rather than intrinsic dif-
ferences in the taxonomic information in these two sources
of sequence data. We have instead used the simplest of all
assignment methods possible for both 16S and RSRs: we
have assigned a sequence (16S or RSRs) to the taxon to
which the closest known sequence belongs (given a mini-
mum degree of sequence conservation). We understand
that this is far from ideal for taxonomic assignment, but
we believe it is the most appropriate method to compare
the taxonomic information contained in 16S sequences

Table 2. Comparison between 16S and RSRs from the Sargasso Sea

shotgun dataset

Phylum Class 16S (%)a 5000 RSRs_
TAP (%)

Bacteroidetes 0.5 1
Cyanobacteria 5 10.7
Proteobacteria 85 88

Alphaproteobacteria 41 1.4
Betaproteobacteria 13 56.6
Gammaproteobacteria 29 30
Deltaproteobacteria 1 0
Epsilonproteobacteria 1 0

aData extracted from figure 6 of Venter et al. (16).

Figure 5. Biodiversity with RSRs. (A) for the healthy and Crohn libraries, we applied our computational method to the RSR doublons and
compared the results to those of 16S rDNA sequences using the same method. Data were analysed using the chi-square test for two independent
sets of samples. Only a P value <0.05 was considered to denote a significant difference. (B) Comparison of two metagenomic libraries using TAP
and RSR doublons or 16S. An odds ratio of one indicates that the condition or event under study is equally likely in both groups. B, Bacteroidetes;
F, Firmicutes; P, Proteobacteria; A, Actinobacteria.
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versus RSR sequences. In practice, a researcher using
RSR sequences should use a more sophisticated taxo-
nomic assignment method, such as MEGAN (36), or the
one proposed by Kraus et al. (37). Also, it would be very
easy to integrate MEGAN or any other similar tool into
our pipeline.

The very low number of hits (13% for the healthy and
11% for the Crohn library) obtained using RSRs is largely
due to the specificity resulting from our BLASTN cut-off
parameters. We decided to keep these criteria (expect value
<e�15, HSP length >150 nt and IS >90%) because the
resulting microbial diversity was the most similar in
terms of number of phylotypes (P=0.14) found in each
phylum to that obtained from the 16S phylogenetic anal-
ysis (18). When analysing diversity using 16S sequencing
in (18), we used the cut-off of 98% of identity. According
to our results, the analysis of 16S compared with a data-
base of 16S has shown that only 50% of the sequences
belong to known species. Therefore, it is not surprising
that the comparison of random reads with a general
database such as GenBank_prok gives such a low
number of hits.

To determine the best database to use with TAP, we
compared the potential for recovering the microbial diver-
sity of three different databases: GenBank_prok (without
environmental sequences), RefSeq and the 577 complete
NCBI microbial genomes. For that, we analysed RSR
doublons from the healthy library, using TAP with each
of the three databases. The results showed a higher sensi-
tivity with GenBank_prok with 50 more hits and 16 more
phylotypes than with RefSeq and 66 more hits and 26
more phylotypes than with ‘complete NCBI genomes’
(Tables S6–S7). We then compared the results in terms
of number of phylotypes recovered in the different phyla
with those obtained in (18) using the chi-square test. The
comparison showed that GenBank_prok did not provide
significant differences in diversity compared with the pre-
vious results obtained with 16S (P=0.25), whereas
RefSeq and the complete genome databases showed sig-
nificant differences (P=0.000007 and P=0.0001, respec-
tively). For this reason, we chose the less well-annotated
and more redundant GenBank_prok for further analyses.

There are, however, certain biases that should be taken
into account. First of all, any analysis that depends on a
specific database is limited by the contents of that data-
base. Obviously, as long as the databases are not complete
no analysis can be perfect. Another problem is the bias in
favour of certain species. Sequences from certain patholo-
gically important species and those, which have been com-
pletely sequenced are greatly overrepresented in GenBank.
This means that our results will be biased in favour of such
species. To overcome this bias we can either completely
remove these species from the database, resulting in a loss
of true positives or we can use stricter cut-offs and thereby
lose sensitivity. We believe that the balance struck by our
parameters gives a suitable sensitivity to specificity ratio
given the limitations of the database. In the coming years
as more species are sequenced these biases will gradually
decrease and, eventually, disappear altogether.

At present, and taking into account the aforementioned
limitations of existing databases, we believe the method

presented here is the fastest (a few months for the sequenc-
ing and a few weeks for the sequence analyses), easiest
(without 16S screening experiments), and cheapest (only
the sequencing step) available for the quick estimation of
phylogenetic diversity in a metagenomic library.

SUPPLEMENTARY DATA

Supplementary Data are available at NAR Online.
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