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Abstract

The multitude of bacterial genome sequences being determined has opened up a new field of research, that of comparative genomics. One
role of bioinformatics is to assist biologists in the extraction of biological knowledge from this data flood. Software designed for the analysis and
functional annotation of a single genome have, in consequence, evolved towards comparative genomics tools, bringing together the information
contained in numerous genomes simultaneously. This paper reviews advances in the development of bacterial annotation and comparative anal-
ysis tools, and progress in the design of novel database structures for the integration of heterogeneous biological information.
� 2007 Elsevier Masson SAS. All rights reserved.
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1. Introduction

Large-scale genome sequencing has revolutionized biology
over the past ten years, generating a vast amount of new infor-
mation that has completely transformed our understanding of
hundreds of species. At the time of writing, there are 570 pub-
licly listed complete bacterial and archaeal genomes (GOLD
database d http://www.genomesonline.org/). Beyond addi-
tional species, multiple strains of some bacteria are being se-
quenced, opening up the opportunity for detailed studies of
genome evolution over the smallest time scales. Due to the im-
portance of infectious diseases and the desire to maximize
human health and wealth, biases towards the sequencing of
pathogens and organisms of economic consequence are evi-
dent (ca. 80% according to the GOLD database). This bias
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pasteur.fr (I. Moszer).
0923-2508/$ - see front matter � 2007 Elsevier Masson SAS. All rights reserve

doi:10.1016/j.resmic.2007.09.009
is now being balanced by interest in isolates from the environ-
ment [71], and by projects that aim to cover the tree of life
more extensively and to discover new biological functions.

Interpretation of raw DNA sequence data involves the id-
entification and annotation of genes, proteins, and regulatory
and/or metabolic pathways. This process is typically per-
formed using sequence annotation pipelines (i.e. a variety of
software modules) and, in some cases, human expertise to han-
dle the annotations generated automatically. The reference da-
tabases, computational methods and knowledge that form the
basis of these pipelines are constantly being developed. In ad-
dition, the rapid increase in new sequence data has necessi-
tated the evolution of software resources from functional
annotation of a single genome towards simultaneous analysis
of information from multiple genomes [7]. Therefore, there
is a natural shift towards the creation of tools for viewing
and manipulating data in a comparative genomics context.
Also, genome annotations need to be reprocessed on a regular
basis to take into account the identification of newly character-
ized functions. Furthermore, large-scale functional analyses
d.
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generate additional data that contribute to the interpretation of
genomic data. These considerations are driving the community
to think about how to manage public collections of genomes in
novel ways.

In this review, we discuss progress in the development of da-
tabases and computational tools for organizing and extracting
biological meaning from the comparison of large sets of ge-
nomes. We will show that, despite all the benefits of continually
growing collections of genomes and the development of power-
ful bioinformatics approaches, full interpretation of the content
of these genomes remains challenging. We need to improve the
quality and the speed of annotation, and to combine compu-
tational analysis with results of experimental studies (both
large-scale investigations and focused assays), especially to elu-
cidate the functions of the large number of hypothetical and or-
phan genes still found in genome databases. One solution to this
challenge would be the development of integrated environments
that combine and standardize information from a variety of
sources and apply uniform (re-)annotation techniques.

2. What is genome annotation?

The process of sequencing and annotating bacterial ge-
nomes has become highly automated in these last years.
Annotation, broadly speaking, is the extraction of biological
knowledge from raw nucleotide sequences. Two main levels
of genome annotation have been identified: the first corre-
sponds to a static view of the genome whereas the second is
associated with a more dynamic view [59] (Fig. 1).

2.1. Static view of genome annotation

In the initial step of the process, several bioinformatics
methods are automatically linked up to predict the location
of genes and to describe the cellular function of gene products.
First, gene prediction programs, reviewed in [62], are executed
to find regions that are likely to encode proteins or functional
RNA products. Although very accurate for prokaryotes, gene
calling programs are still liable to miss small genes or genes
of atypical nucleotide composition. In addition, an increasing
number of genomes are being released in ‘‘draft’’ form (i.e.
before the finishing stage of a sequencing project) with high
sequencing error rates, thus leading to errors in gene predic-
tions. These initial predictions are then used for sequence sim-
ilarity searches against generalist or specialized databases
(Tables 1 and 2): information from hits above a similarity
threshold is used to assign functions to proteins. The accuracy
of this step depends not only on the software used for the
Fig. 1. General procedure used to annotate bacterial genome sequences. Automatic gene prediction and functional assignment, mainly based on sequence similarity

and domain profiles (‘‘STATIC VIEW’’ panel), provide information that can be used to identify interactions between the genomic components and to annotate

biological processes (‘‘DYNAMIC VIEW’’ panel). User-friendly interfaces are required for manual input of human expertise into these automatic predictions,

an essential step to increase the specificity of the assigned biological functions (‘‘HUMAN EXPERTISE’’ panel). These various levels of the annotation process

are based on a wide range of generalist and thematic databases (‘‘RESOURCES’’ panel; ‘‘db’’: databases).
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Table 1

Software commonly used for bacterial genome annotation and comparison

DNA level annotation

GeneMark http://exon.gatech.edu/genemark/ Protein gene prediction

Glimmer http://www.genomics.jhu.edu/Glimmer/ Protein gene prediction

SHOW http://genome.jouy.inra.fr/ssb/SHOW/ Protein gene prediction

tRNAscan-SE http://lowelab.ucsc.edu/tRNAscan-SE/ tRNA gene prediction

RNAmmer http://www.cbs.dtu.dk/services/RNAmmer/ rRNA gene prediction

RepSeek http://www.abi.snv.jussieu.fr/%98public/RepSeek/ Search for approximate repeats in complete DNA sequences

IslandPath http://www.pathogenomics.sfu.ca/islandpath/ Identification of genomic islands

Protein level annotation

BLAST http://www.ebi.ac.uk/blast/ Compare a novel sequence with those contained in nucleotide and protein databases

InterProScan http://www.ebi.ac.uk/InterProScan/ Search for domains/motifs in the InterPro database

COGNITOR http://www.ncbi.nlm.nih.gov/COG/old/xognitor.html Compare a query sequence to the COG (Cluster of Orthologous Groups of proteins)

database

PRIAM http://bioinfo.genopole-toulouse.prd.fr/priam/ Detection of enzymatic function in a fully sequenced genome, based on all sequences

available in the ENZYME database

GOAnno http://bips.u-strasbg.fr/GOAnno/ BLAST search on the Gene Ontology database

PSORTb http://www.psort.org/psortb/ Prediction of bacterial protein subcellular localization

TMHMM http://www.cbs.dtu.dk/services/TMHMM/ Prediction of transmembrane helices in protein sequences

SignalP http://www.cbs.dtu.dk/services/SignalP/ Prediction of signal peptide cleavage sites in protein sequences

Comparative genomic tools

Mauve http://gel.ahabs.wisc.edu/mauve/ Multiple genome alignments in the presence of large-scale evolutionary events

MOSAIC http://mig.jouy.inra.fr/mig/mig_eng/

presentation/project/mosaic

Define the set of backbones and loops in closely related bacterial genomes

ACT http://www.sanger.ac.uk/Software/ACT/ Comparative genome analysis and visualization tools for multiple genome alignments

CGAT http://mbgd.genome.ad.jp/CGAT/

MaGe http://www.genoscope.cns.fr/agc/mage/ Computation of gene order conservation (syntenies) between available bacterial genomes

Pathologic http://biocyc.org/ Metabolic network reconstruction and comparative pathway analysis

PUMA2 http://compbio.mcs.anl.gov/puma2/ Metabolic pathway reconstruction

The SEED http://theseed.uchicago.edu/FIG/ Comparative analysis and annotation tools using the subsystem approach

STRING http://string.embl.de/ Search Tool for the Retrieval of Interacting Proteins

PyPhy http://www.cbs.dtu.dk/staff/thomas/pyphy/ Reconstruction of phylogenetic relationships of complete microbial genomes

HoSeqI http://pbil.univ-lyon1.fr/software/HoSeqI/ Automatically assign sequences to homologous gene families from the HOGENOM

database
automatic annotation (see Section 3), but also on the quality of
the primary resources, i.e. the annotation already stored in the
databases, and on the quality of the sequence itself. To in-
crease the value of functional annotation, some automatic pro-
cedures give a priority to the similarity results obtained with
reference annotations of model organism(s) (see Sections 4
and 6).

In addition to the general prediction of gene functions, an-
notation pipelines can provide other types of information
about the encoded proteins: chemical and structural properties
(e.g. isoelectric point and molecular mass are important infor-
mation for proteomic studies), subcellular localization (which
has implications for both the function of the protein and its
interactions with other proteins) and modular organization
(Table 1). It is indeed important for the different domains of
a protein to be characterized so as to avoid a well-known an-
notation error: a function is transferred to another protein that
only shares one single module [26]. Consequently, sequence
similarity search tools for thematic databases, such as motif/
pattern or enzyme family databases (Tables 1 and 2), are
also used. Assignment of Gene Ontology terms [31] can be di-
rectly obtained from these results. This classification, although
not originally defined for bacterial genome annotation, is use-
ful for the consideration of individual proteins in the context of
the cell: what they do, i.e. the molecular function that de-
scribes the biochemical role of the protein (transporter, regula-
tor, enzyme, structural protein, etc.); where they are found in
the cell, i.e. their subcellular localization (cytoplasm, peri-
plasm, cytoplasmic membrane, etc.); and what larger processes
they participate in, i.e. the biological function that describes the
role of the protein in the cell (metabolic pathway, signalling
cascade, etc.).

2.2. Dynamic view of genome annotation

At this stage, information obtained by the first round of an-
notation is placed into a biological context to identify interac-
tions between the genomic components: these are mainly
protein-protein interactions, regulatory interactions and me-
tabolite transformations. This leads to reconstruction of net-
works and subsequently to more complex dimensions of
annotation [56]. The dynamic view of genome annotation is
also useful to correct or to increase the specificity of the as-
signed functional annotations [16] (Fig. 1).

Metabolic-network reconstruction is an active field of re-
search [22], and some annotation platforms include automatic
prediction of these kinds of network (see Section 3). The
annotated proteins that are characterized by an enzyme
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Table 2

Main resources used for bacterial genome annotation and comparison

DNA sequence and annotation databases

DDBJ http://www.ddbj.nig.ac.jp/ Generalist International Nucleotide Sequence Databases

EMBL http://www.ebi.ac.uk/embl/ Generalist International Nucleotide Sequence Databases

GenBank (Entrez) http://www.ncbi.nlm.nih.gov/Genbank/ Generalist International Nucleotide Sequence Databases

GenomeReviews (Integr8) http://www.ebi.ac.uk/GenomeReviews/ Integrated views of complete genomes and proteomes

RefSeq http://www.ncbi.nlm.nih.gov/RefSeq/ Curated non-redundant sequence database of genomes, transcripts and

proteins

RNA sequence and annotation databases

RDP-II http://rdp.cme.msu.edu/ Sequences and tools for high-throughput rRNA analysis

Rfam http://www.sanger.ac.uk/Software/Rfam/ Non-coding RNAs in complete genomes

NONCODE http://noncode.bioinfo.org.cn/ Integrated knowledge database of non-coding RNAs

NcRNAdb http://biobases.ibch.poznan.pl/ncRNA/ Non-coding RNAs database

FRNAdb http://www.ncrna.org/ Platform for mining functional RNA candidates from non-coding RNAs

Protein sequence and annotation databases

UniProt http://www.expasy.uniprot.org/ Comprehensive catalogue of information on proteins (Swiss-

Prot þ TrEMBL þ PIR)

HAMAP http://expasy.org/sprot/hamap/ Identification and semi-automatic annotation of proteins that are part of

well-conserved families in prokaryotes

Protein domain and motif databases

Pfam http://www.sanger.ac.uk/Software/Pfam/ Database of protein domain families based on seed alignments

Prosite http://www.expasy.ch/prosite/ Documentation entries describing protein domains, families and functional

sites as well as associated patterns and profiles

SMART http://smart.embl-heidelberg.de/ Domain-based sequence annotation resource

ProDom http://prodom.prabi.fr/ Database of protein domain families automatically generated from Swiss-

Prot and TrEMBL

PRINTS http://www.bioinf.manchester.ac.uk/dbbrowser/

PRINTS/

Database of protein fingerprints (group of conserved motifs used to

characterise a protein family)

InterPro http://www.ebi.ac.uk/interpro/ Integrative database of protein families, domains and functional sites

(gathers databases listed above and others)

Protein family and classification databases

COG http://www.ncbi.nlm.nih.gov/COG/ Clusters of Orthologous Groups of proteins

TIGRFAMs http://www.tigr.org/TIGRFAMs/ Database of protein families based on Hidden Markov Models

HOGENOM http://pbil.univ-lyon1.fr/databases/hogenom.html Database of homologous genes from fully sequenced organisms

GeneTrees http://genetrees.vbi.vt.edu/ Database of pre-compiled alignments and gene phylogenies

Gene Ontology http://www.geneontology.org/ Controlled vocabulary to describe gene and gene product attributes

KEGG BRITE http://www.genome.ad.jp/kegg/brite.html Functional hierarchies and binary relationships of biological entities

PANTHER http://www.pantherdb.org/ Protein families subdivided into functionally related subfamilies

Protein and RNA structure databases
WwPDB http://www.wwpdb.org/ Deposition, data processing and distribution of protein structure data

MSD http://www.ebi.ac.uk/msd/ Macromolecular structure database

RNABase http://www.rnabase.org/ Annotated database of RNA structures

Protein interaction databases

STRING http://string.embl.de/ Database of known and predicted protein-protein interactions d direct

(physical) and indirect (functional) associations

IntAct http://www.ebi.ac.uk/intact/site/ Database system and analysis tools for protein interaction data

DIP http://dip.doe-mbi.ucla.edu/ Database of experimentally determined interactions between proteins

Subcellular localization databases

PSORTdb http://db.psort.org/ Protein subcellular localization database for bacteria

TransportDB http://www.membranetransport.org/ Predicted cytoplasmic membrane transport protein systems

Enzyme, metabolism and regulatory network databases

ENZYME http://www.expasy.ch/enzyme/ Repository of information relative to the nomenclature of enzymes

BRENDA http://www.brenda.uni-koeln.de/ Enzyme functional data information system

MetaCyc http://metacyc.org/ Multiorganism database of non-redundant, experimentally elucidated

metabolic pathways

KEGG (PATHWAY) http://www.genome.jp/kegg/ Collection of manually drawn pathway maps

PUMA2 http://compbio.mcs.anl.gov/puma2/ Grid-based high-throughput comparative and evolutionary analysis of

genomes and metabolic pathways

PRODORIC http://prodoric.tu-bs.de/ Prokaryotic database of gene regulation networks

(continued on next page)
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728 C. Médigue, I. Moszer / Research in Microbiology 158 (2007) 724e736
Table 2 (continued)

Microbial genome databases and browsers
IMG http://img.jgi.doe.gov/ Integrated data management and analysis platform for Microbial Genomes

CMR http://cmr.tigr.org/tigr-scripts/CMR/

CmrHomePage.cgi

Comprehensive Microbial Resource displaying information on complete

prokaryotic genomes

MBGD http://mbgd.genome.ad.jp/ Microbial genome database for comparative analysis based on the

automated construction of orthologous groups

MicrobesOnLine http://www.microbesonline.org/ Browsing and comparing prokaryotic genomes

PEDANT http://pedant.gsf.de/ Exhaustive automatic analysis of genomic sequences

GenoList http://genolist.pasteur.fr/ Integrated environment for the analysis of microbial genomes

BacMap http://wishart.biology.ualberta.ca/BacMap/ Interactive picture atlas of annotated bacterial genomes

XBASE http://xbase.bham.ac.uk/ Collection of online databases for bacterial comparative genomics

Pathema http://pathema.tigr.org/ Curatorial analysis of target organisms from the list of NIAID category

AeC pathogens

PATRIC http://patric.vbi.vt.edu/ The VBI PathoSystems Resource Integration Center

NMPDR http://www.nmpdr.org/ National Microbial Pathogen Data Resource based on subsystem

annotation

Phydbac http://www.igs.cnrs-mrs.fr/phydbac/ Phylogenomic profiles of bacterial protein sequences

Generalist functional genomics databases

ArrayExpress http://www.ebi.ac.uk/arrayexpress/ Public database of microarray experiments and gene expression profiles

CIBEX http://cibex.nig.ac.jp/ Gene expression database system

GEO http://www.ncbi.nlm.nih.gov/geo/ Gene expression/molecular abundance data repository

SMD http://genome-www5.stanford.edu/ Database of raw and normalized data from microarray experiments

SWISS-2DPAGE http://expasy.org/ch2d/ Data on proteins identified on various 2-D PAGE and SDS-PAGE reference

maps

A large number of biological databases are described in the annual database issue of the journal Nucleic Acids Research, and in the accompanying Molecular

Biology Database Collection (http://www.oxfordjournals.org/nar/database/c/) d see also the CMS Molecular Biology Resource (http://restools.sdsc.edu/) and

the newly established MetaBase (http://biodatabase.org/).
commission number (EC number) and/or an enzyme name are
used to predict the set of metabolic pathways present in the
organism, by searching in a pathway and reaction reference
database (Table 2). The value of this similarity-based recon-
struction is highly dependent on the quality of annotation,
the completeness of the metabolic database and the criteria
used for assessing the presence of a pathway. Although these
automated reconstructions provide an overview of the meta-
bolic capabilities of the studied microorganisms, detailed eval-
uation of these networks remains essential. Indeed, issues
potentially leading to error include incorrect substrate specific-
ity, multifunctional enzymes, reaction reversibility, cofactor
usage and missing reactions that have no assigned gene [8].

Chromosomal context methodologies are also being em-
ployed to improve the accuracy of genome annotation (co-
occurrence, gene order, gene fusion: see Section 5). They
provide information for functional characterization of genes
from their genome environment, e.g. by allowing a more confi-
dent identification of orthologues when sequence similarities
are low. In addition, the analysis of co-localized genes provides
clues about the functional interactions between the correspond-
ing proteins, which is a first step towards the description of pro-
tein interaction networks.

3. Annotation platforms for bacterial genomes

The genome annotation process is complex and requires
strong bioinformatics support including at least three main el-
ements: (i) a pipeline for fully automated sequence annotation,
which includes a large spectrum of bioinformatics tools; (ii)
a coherent data management system (i.e. advanced biological
data models and integrated databases); and (iii) several inter-
active graphical interfaces to organize and present the results
in a helpful manner. These required features are not necessar-
ily all available in the most common annotation platforms
(Table 3).

The degree to which sequence annotation pipelines are au-
tomated varies. The first systems developed more than ten
years ago, MAGPIE [25] and GeneQuiz [32], were strictly au-
tomatic, with original ‘‘reasoning’’ capabilities enabling the
analysis of results produced by the different tools and the as-
signment of a specific biological function. They also provided
an assessment of the annotation accuracy. Automatic tools
with new functionalities continue to be developed, e.g. Auto-
FACT [38] which classifies sequences into various functional
protein classes, and BASys [70], a web server that performs
completely automated annotation of bacterial chromosomes.
Indeed, online services are clearly the most convenient tools
for research groups who lack the computing resources and ex-
pertise required to install or implement the software necessary
for bacterial genome annotation. In most of these systems,
user-friendly interfaces, which are essential for the manual in-
put of expertise concerning automatic predictions to ensure
high-quality annotation, are not available. This observation
led to the development of annotation browsers and editors
such as Artemis [6]. This system is a useful tool for reviewing
and editing annotation, although the annotations themselves
are necessarily provided by other programs.

Most of the existing systems offer two complementary
functionalities: they generate automatic annotations and they
provide graphical facilities for subsequent manual review of
the predictions (Table 3). Examples of comprehensive
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Table 3

Systems and platforms commonly used for bacterial genome annotation

Mainly automatic annotation systems

MAGPIE http://magpie.ucalgary.ca/ Software package for the automated annotation and presentation of DNA

and protein sequences

GenQuiz http://jura.ebi.ac.uk:8765/ext-genequiz/ Automatic annotation of protein sequences

AutoFACT http://megasun.bch.umontreal.ca/Software/AutoFACT.htm Automatic Functional Annotation and Classification Tool

BASys http://wishart.biology.ualberta.ca/basys Web accessible annotation system that is fully automatic

Annotation browsers/editors

Artemis http://www.sanger.ac.uk/Software/Artemis/ DNA sequence viewer and annotation tool

GENQUIRE http://bioinformatics.org/Genquire/ Genome browser and annotation tool

Bluejay http://bluejay.ucalgary.ca Software for viewing sequence annotations

ASAP http://asap.ahabs.wisc.edu/asap/home.php Annotation system used to store, update and distribute genome sequence

and gene expression data collected from enterobacteria primarily

Automatic and manual annotation systems
ERGO http://ergo.integratedgenomics.com/ERGO_supplement/ Provides automatic annotations and tools to analyse the conservation of

gene context (commercial)

Pedant-Pro http://www.biomax.de/products/pedantpro.php Genome analysis package for comprehensive annotation and curation of

DNA and protein sequences (commercial)

CAAT-Box http://genopole.pasteur.fr/PF4/logiciels.html Software package containing methods for the follow-up of the assembly

phases and for initiating annotation during the finishing stage

IOGMA http://www.genostar.com/fr/products.html Integrated, interactive bioinformatics tool dedicated to systems biology

(commercial)

GenDB http://www.cebitec.uni-bielefeld.de/groups/brf/software/gendb_info/ Automatic annotation of genes and proteins using a large collection of

software tools and user interfaces for expert annotation

SABIA http://www.sabia.lncc.br/ System for Automated Bacterial Integrated Annotation

Manatee http://manatee.sourceforge.net/ Web-based gene evaluation and genome annotation tool (automatic

annotation provided by TIGR’s annotation engine)

AGMIAL http://genome.jouy.inra.fr/agmial/ Integrated system for bacterial genome annotation

MaGe http://www.genoscope.cns.fr/agc/mage/ Annotation system that uses conservation of gene order to support

predictions
annotation platforms include commercial systems such as
ERGO [50] or Pedant-Pro (successor of PEDANT [24]), and
open-source systems, such as GenDB [42], Manatee (TIGR,
unpublished), SABIA [1] and AGMIAL [9]. However, the in-
stallation of these systems is not straightforward because they
make use of various bioinformatics tools that must be installed
independently. Finally, the availability of a large collection of
genomes led, more recently, to the development of compara-
tive annotation and analysis environments, such as MaGe,
which enables the annotation of microbial genomes using ge-
nomic context and synteny results obtained using known bac-
terial genome sequences [69]. Indeed, the predictive power of
chromosomal clustering has proven to be very effective for as-
signing putative functions (see Section 5).

4. Resources for genome annotation

Genome annotation relies on numerous data collections to
infer knowledge by means of similarity analysis (Table 2). In-
ternational nucleotide sequence databanks (DDBJ/EMBL/
GenBank, joined in the International Nucleotide Sequence
Database Collaboration d http://www.insdc.org/) are refer-
ence archives that play a key role in the construction of de-
rived repositories containing a subset of sequences or for
computational analysis based upon DNA information. How-
ever, these data collections, established almost 30 years ago,
have faced new challenges since the onset of the genomic
era. Many of these challenges have not been satisfactorily
resolved: the maximum DNA sequence length that can be han-
dled is not adapted to genome sequences, the huge number of
associated features cannot be efficiently queried, updating an-
notation is not straightforward, etc. Parallel resources have
therefore been developed with the aim of providing solutions
to these issues. Genome Reviews at the EBI presents an up-
to-date, standardized and comprehensively annotated version
of complete genomes [37]. RefSeq at the NCBI provides an in-
tegrated and non-redundant set of nucleotide and protein se-
quences for organisms widely used in research [53]. These
significant efforts remain, however, very generalist and are
mostly driven by automatic procedures; as a result, they
cannot replace specialized and expertly curated microbial
resources (see below and Section 6).

A large collection of databases are available for proteins. The
most widely accepted reference is UniProt [68], which origi-
nated from a merger between the Swiss-Prot and PIR protein da-
tabanks. The quality targets of this knowledge base are many:
expertly curated annotations, inclusion of the relevant literature,
numerous cross-references, etc. However, the exponential in-
crease in sequence data has made the curation of all information
an impossible task. Therefore, two separate sections have been
defined: UniProtKB/Swiss-Prot contains manually validated
protein entries, and UniProtKB/TrEMBL provides access to
computationally annotated records. Also, the Swiss Institute
of Bioinformatics leads a project d HAMAP (High-quality Au-
tomated and Manual Annotation of microbial Proteomes) d to
define rules which aim to semi-automatically annotate proteins

http://www.insdc.org/
http://magpie.ucalgary.ca/
http://jura.ebi.ac.uk%3A8765/ext-genequiz/
http://megasun.bch.umontreal.ca/Software/AutoFACT.htm
http://wishart.biology.ualberta.ca/basys
http://www.sanger.ac.uk/Software/Artemis/
http://bioinformatics.org/Genquire/
http://bluejay.ucalgary.ca
http://asap.ahabs.wisc.edu/asap/home.php
http://ergo.integratedgenomics.com/ERGO_supplement/
http://www.biomax.de/products/pedantpro.php
http://genopole.pasteur.fr/PF4/logiciels.html
http://www.genostar.com/fr/products.html
http://www.cebitec.uni-bielefeld.de/groups/brf/software/gendb_info/
http://www.sabia.lncc.br/
http://manatee.sourceforge.net/
http://genome.jouy.inra.fr/agmial/
http://www.genoscope.cns.fr/agc/mage/
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in the Swiss-Prot database that are part of well-conserved fam-
ilies in prokaryotic organisms [27].

Proteins are key players in cellular processes, hence the
presence of a huge number of resources derived from the pri-
mary sequence databanks. Protein motifs and domains identi-
fied by various methods are made accessible in a variety of
data collections (listed in Table 2). The InterPro site brings
together many of these databases, thus providing a unified
resource to search for protein signatures [45]. Most of these
databases organize proteins into families according to their
motifs and domains. Other levels of classification are defined
using clustering procedures that lead to groups of proteins: for
instance, the COG (Clusters of Orthologous Groups of pro-
teins) database is built upon systematic BLASTP comparison
of all proteins against all (from selected genomes), and subse-
quent construction of clusters containing at least three proteins
from distantly-related species [66].

Many proteins exhibit catalytic activities; therefore the def-
inition of enzymatic information provided by databases like
BRENDA [4] can be particularly useful. Similarly, the formal
description of metabolic pathways d either computationally
predicted or experimentally described d can also be valuable,
as exemplified by the KEGG [36] and BioCyc/MetaCyc [11]
databases. In addition, the STRING online resource [73] gives
an access to protein interaction data, by integrating known and
predicted interactions from a large variety of organisms. Fi-
nally, recent large-scale endeavours in structural genomics
are enhancing data collections such as PDB [5], used to store
protein three-dimensional structures.

Functional RNAs that do not code for proteins are now
known to be more frequent in genomes than originally thought
and play important roles in various cellular processes. Initially
termed small RNAs (sRNAs) in bacteria [61], and more gen-
erally non-coding RNAs (ncRNAs, including microRNAs,
siRNAs, etc.) in higher organisms, these molecules have led
to the creation of several dedicated databases (see Table 2).

Finally, organism-specific databases are an important data
resource for the annotation of new bacterial genomes and
the re-annotation of ‘‘old’’ genomes (see Section 6). Indeed
these databases are usually carefully curated, with an emphasis
on what makes the species of particular interest, and include
support from manual investigation of the relevant literature.
Obviously, model organisms are prominent references for re-
lated species: this is especially true for Escherichia coli [57]
and Bacillus subtilis [44], the most extensively studied
Gram-negative and Gram-positive bacteria, respectively.

5. Analysis and comparison of many bacterial genomes

Comparative genomics require the development of novel
methods, databases and graphical interfaces for organizing
and extracting biological information from the comparison
of a large collection of complete and unfinished genome se-
quences [21]. Progress towards the development of such com-
putational tools includes: (i) the development of online
resources widely accessible to the scientific community; (ii)
the improvement of comparative annotation methods, which
have a significant impact on the accuracy of the functional an-
notation of genes; and (iii) the analysis of multiple isolates to
describe and characterize species diversity.

5.1. Databases and servers for multiple genomes

It is of paramount importance that the data sets described in
this article (primarily genomes and annotations) be made ac-
cessible to biologist users appropriately, to allow hypotheses
about specific genomes or sets of genes to be tested. Several
online resources provide the ability to view and manipulate
pre-computed analyses and to access a large range of tools
for genome analysis and comparative studies (Table 2).

Two main requirements trigger the development of special-
ized databases and associated integrated environments. First,
the data should be logically and consistently organized in
a non-redundant way: this can be achieved by the definition
of ad hoc data models and the use of efficient database man-
agement systems. Secondly, specialized graphical user inter-
faces must be implemented in a community-driven way.
Data access, querying, browsing and analysis have to be
user-friendly and intuitive, and this is possible only if the in-
terfaces are designed according to the reasoning of biologist
users, not excluding innovative features thought of by database
developers. Moreover, such tools should be coupled with rig-
orous procedures allowing curators to correctly update infor-
mation and users to extract accurate data.

From a functional perspective, these environments may
propose various levels of basic and advanced features. Several
microbial genome sites provide consistent and comprehensive
sets of annotations, together with a series of tools for genome
querying, analysis and comparative studies [20]. Features
range from simple selections of organisms and genes to com-
plex multigenome queries, e.g. allowing the user to identify
specific or shared proteins among a set of selected genomes.
Examples of such specialized software environments include
the Integrated Microbial Genomes (IMG) [41] and the Compre-
hensive Microbial Resource (CMR) [51] databases (Table 2).
Recently, the GenoList genome browser (http://genolist.pasteur.
fr/GenoList) was upgraded to provide an intuitive yet powerful
multi-genome user interface, primarily designed to address biolo-
gists’ requirements, and including original functionalities such as
subtractive proteome analysis [13].

5.2. Genome annotation in a comparative
genomics background

Techniques based on genomic context use the co-localiza-
tion of genes in several genomes at various levels of proximity
(chromosomal, metabolic, co-citation, etc.) and do not require
sequence similarity for the genes to be annotated. In particular,
genes co-localized on the chromosome tend to be functional
neighbors, either in terms of expression patterns or network
neighborhood [49]. Combined with similarity-based predic-
tions, such information can be used to elucidate protein func-
tion [19]. This technique has been exploited recently and
proved valuable for the accurate identification of candidates

http://genolist.pasteur.fr/GenoList
http://genolist.pasteur.fr/GenoList
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for the missing genes of the lysine fermentation pathway in
anaerobic organisms [39].

Novel methods are emerging for the annotation of a set of
functionally related genes across a set of genomes, rather than
the usual ‘‘gene-by-gene’’ annotation of one genome at a time
[48]. Indeed, exploration of biological processes is more eff-
ective when realized at the scale of the global system, and
gathering biological knowledge about several organisms si-
multaneously allows biologists to detect discrepancies and
identify exceptions (i.e., the lack of a key enzymatic reaction
in a pathway in several organisms may suggest the existence
of an alternative route). Systems such as SEED [48] and Ge-
nome Properties [30] define a set of biological processes
(e.g. metabolic pathways, secretion systems) and a set of func-
tional roles that are necessary to complete a process. For each
process, a two-dimensional matrix is obtained in which col-
umns describe roles and rows describe organisms. A cell de-
fines (or not) which gene(s) encode(s) a particular role in
a particular organism. This matrix can be used as a starting
point to identify variants concerning a process by gathering or-
ganisms sharing the same profile (i.e. the same functional
roles). In addition, Genome Properties proposes rules, mainly
based on role essentiality, to determine automatically whether
or not a process exists in a given organism [30]. The integra-
tion of these approaches into annotation platforms should im-
prove annotations such that automatic analysis of functional
variants is possible, including mapping missing genes and
locating gene candidates for experimental validation [75].

5.3. Analysis of closely related species and
multiple strains

Analysis of genomes from closely related species can help
in the identification of novel genes and other features such as
gene fusion/fission and pseudogenes, which only become ap-
parent in a comparative genomics context. These phenomena
also include lineage-specific genes, which can be character-
ized efficiently if many related sequences are exploited. Iden-
tification of genetic differences between entire genomes
allows correlation of the differences with biological function,
providing insight into selective evolutionary pressures and pat-
terns of gene transfer or loss. This has proven to be particu-
larly pertinent for virulence analysis of pathogenic strains
[55]. For example, a comparative analysis of several extrain-
testinal pathogenic E. coli (ExPEC) strains has shown that
the ability to accumulate and express a variety of virulence-
associated genes distinguishes ExPEC from many commensals
and that different pathogenic strategies exist in ExPEC [10].

One important discovery of the genomic era is that the gene
pool of several strains of a microbial species, called the ‘‘pan-
genome’’, is far larger than the number of genes present in any
single genome [67]. This observation, which was shown to be
particularly noticeable for E. coli [12], could be linked to bac-
terial niche adaptations. Indeed, bacterial genomes consist of
a backbone called ‘‘core genome’’ (which contains the genetic
information for basic cellular functions) supplemented with
adaptive or selfish genome modules (which are not necessarily
all present in a given strain of the species) [23]. This ‘‘flexible
gene pool’’ is often localized in mobile genetic elements (plas-
mids, transposons, bacteriophages, etc.); the integration of
these elements into bacterial chromosomes can lead to perma-
nent genomic elements called Genomic Islands (GIs) [7].

A number of methods to detect GIs have been developed,
and rely mostly on atypical sequence composition (including
GC content and codon usage) and associated annotation fea-
tures (for example tRNA and integrase genes) [33]. More re-
cently, a new method based on compositional biases using
variable order motif distributions has been published [72]. A
comparative genomics approach can also be used: two or
more sequences are aligned to identify unique genomic re-
gions that are putative GIs [14]. Once identified, the nature
of the GIs (pathogenicity, symbiosis, metabolic islands, or
other [76]) and the nature of the donor genome, must be char-
acterized. One strategy is to calculate the local signature of
identified GIs and look for similar signatures in a database
of genomic signatures [18]; another makes use of phylogenetic
tools to date the transfer event during evolution and to identify
the origin of the suspected alien DNA fragments [29]. How-
ever, the identification of Gis’ origin remains a difficult task
and there are few validated examples.

A multistrain project might also involve Single Nucleotide
Polymorphism (SNP) analyses to address evolutionary issues.
SNPs are very short sequence differences between highly sim-
ilar sequences; they may affect either coding or non-coding se-
quences. SNPs are important features of a genomic sequence:
for example, they may reveal genes that contribute to the ad-
aptation of the bacteria to different environmental stimuli, al-
lowing them to shift from commensalism to pathogenicity. For
example, SNP analysis in Staphylococcus epidermidis showed
that virulence factors and surface proteins evolved quickly, in
parallel with the pathogenicity environment, whereas transla-
tion, ribosomal structure and biogenesis-related proteins,
which were submitted to considerable structural and func-
tional constraints, evolved slowly [74].

In the near future, innovative sequencing technologies [40]
will deliver a huge number of new sequences, both finished
and draft genomes. Analysis of SNPs of thousands of genome
sequences from the same species will raise new questions
about the organization and interpretation of these data. Simi-
larly, the availability of numerous draft genome sequences
will complement standard multi-locus sequence typing
(MLST) techniques for population analysis (‘‘population
genomics’’).

6. Automatic versus expert annotation: does it still
make sense?

Genomes were generally subjected to careful curation and
review in the early days of sequencing, but this is no longer
true. High-throughput and low-cost sequencing methods have
resulted in ever-increasing sequencing capabilities, and most of-
ten the resulting genomes receive only automatic annotation,
with very little input from human expertise. Consequently,
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although bioinformatics tools are continually improving, some
genomes remain poorly annotated even today, especially in
terms of functional annotation. Against the background of the
avalanche of bacterial genome sequences now being published,
the question arises as to the value of thorough manual review of
genome annotations. Expert input is most likely still required,
although the amount of work greatly depends on the nature of
the sequencing project: either a genome for which close rela-
tives are already known or a new representative of a taxonomic
group.

In the case of projects involving the annotation of one or
several genomes for which a closely related species, consid-
ered as a reference genome, is already available in public data-
banks or in thematic databases, an ideal strategy would involve
two steps: first, an update of the reference genome annotation,
i.e. a re-annotation process, and second, the annotation of the
new genome based on the re-annotated one.

The re-annotation step is very important: even when a num-
ber of annotation sources are very accurate, continual updating
of genome annotations for a large number of species is not
straightforward [58]. Indeed, databases and computational
methods are constantly evolving and the re-processing of auto-
matic functional annotations should be performed on a regular
basis. In addition, new experimentally derived functional infor-
mation is being continually generated, and can prove useful, for
example, for modifying the annotation of genes of ‘‘putative’’
or unknown function. This requires systematic exploration of
bibliographic references (http://www.pubmed.gov/), an ele-
ment of paramount importance for collecting sound fundamen-
tal knowledge about model organisms.

The second step involves the transfer of the reliable up-to-
date reference annotation to ‘‘strong’’ orthologues in the
newly sequenced genomes. Incidentally, annotation platforms
will soon include procedures that rely on the ability to cluster
proteins from related genomes into orthologous groups and
new interfaces allowing annotators to view evidence associ-
ated with each protein in the cluster and make annotation
decisions about the group as a whole (see Section 5.2 and
Table 3). Then, the manual annotation process only needs to
be performed for the specific genes or regions, which gener-
ally do not represent more than 20% of the gene products
when the new and reference genome sequences belong to
the same species.

There is also the interesting issue of handling projects re-
lated to the annotation of bacterial genomes that are evolution-
arily distant, and very different, from the minuscule fraction of
microbial species we know today [34]. Examples are studies
of prokaryotic species belonging to novel bacterial genus
(e.g. Herminiomonas arsenoxidans, which is able to metabo-
lize arsenic and to efficiently colonize toxic environments
[46]), and some metagenome projects enabling the reconstruc-
tion of complete genomes. The case of an anaerobic ammo-
nium oxidation (anammox) community dominated by
Kuenenia stuttgartiensis is interesting and illustrative: genome
annotation has led to novel candidate genes for hydrazine and
ladderane metabolism [64]. Obviously, it is impossible to im-
plement, in a computer, the rules that a manual annotator
would follow because the biology of such organisms presents
numerous exceptions or novel features. The meticulous work
of expert annotation is thus very often the only way to discover
novelties.

Contributing to the dispute about automatic vs. expert an-
notation, Raes and collaborators recently published a surpris-
ing result [54]: they estimated that, in completely sequenced
genomes, the fraction of proteins to which at least some func-
tional features can be automatically assigned is close to 75%
using similarity searches alone, and 85% if genomic context
methods are also used. However, for non-housekeeping genes,
these automatic annotations might often be erroneous and of
limited use for biologists (e.g. unknown enzyme/transporter
substrate, very short domain, etc.): manual curation undoubt-
edly remains necessary.

7. Integrated databases and analysis: the key
for new discoveries

Integration of annotation data and functional genomics in-
formation is a major issue in tackling a systems-level under-
standing of biology [47] (Fig. 2). High-throughput genomics
technologies are briefly reviewed in reference [35] and can be
summarized as follows: (i) transcriptomics: using high-density
DNA chips or sequence-based technologies such as SAGE
(Serial Analysis of Gene Expression), gene expression profiling
generates descriptions of overall transcriptional changes ac-
cording to various conditions; (ii) proteomics: two-dimensional
gel electrophoresis or liquid chromatography techniques, cou-
pled with mass spectrometry, are used to unravel the comple-
ment of proteins present in the cell; (iii) interactomics:
techniques such as yeast two-hybrid (protein-protein interac-
tions) and ChIP-chip (protein-DNA interactions) screenings
reveal relationships between cellular components; (iv) localiso-
mics: this term defines the subcellular localization of individual
biological objects or complexes, in particular secreted proteins
in bacteria (the secretome); (v) metabolomics: this describes the
analysis of the concentration and dynamics (the fluxome) of the
full set of metabolites (e.g. by NMR spectrometry) to advance
towards a complete description of the cell physiology; (vi) phe-
nomics: this is the comprehensive study of phenotypes, made
possible by improvements in techniques for generating mutant
strains and determining cell fitness or viability.

These technologies share common features: they operate on
a large-scale with high-throughput performances, and they rely
primarily on information concerning the genome. These
approaches, commonly designed ‘‘omics’’ studies, generate
a flood of data sets which require both dedicated management
systems and ad hoc strategies for integrating and mining het-
erogeneous information (Fig. 2). Although a few general
repositories have been set up for storing this type of informa-
tion, such as Gene Expression Omnibus (GEO) [3] for micro-
array experiments (Table 2), they provide views that are less
integrated and comprehensive than organism-focused re-
sources. Moreover, functional genomics experiments are prone
to yielding findings whose validity and interpretation are open
to question: they may give false-positive and/or false-negative

http://www.pubmed.gov/
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Fig. 2. Integration of genome and functional information. A full interpretation and modelling of cellular processes requires the integration of heterogeneous data

sets: genome sequence, annotations (components and pathways) and elements from the associated literature, and also high-throughput ‘‘omics’’ data (e.g. tran-

scriptome, proteome, interactome, metabolome, etc.). The ultimate goal of data integration is to use computational methods to model biological processes, and

thereby combine the different networks to construct a comprehensive description of nearly all components and interactions within the cell.
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results and their reproducibility is not always extremely high
(although this also depends on the level of confidence used
in the analysis of the results) [2]. Therefore, as many correla-
tions as possible should be performed to better elucidate the
meanings of the outcomes of ‘‘omics’’ experiments. Further-
more, genome annotation and databases provide information
for their interpretation and validation. Symmetrically, results
from functional genomics experiments may contribute to the
refinement and investigation of genome annotation, hence
the need for data integration.

The concept of integration is threefold. First, data standard-
ization is a key requirement for overall interpretation of exper-
imental results obtained at different sites and times by
independent researchers [65]. One emblematic example is in
the field of transcriptomics, where the organization MGED
(Microarray Gene Expression Data) has worked to define
standards and ontologies for microarray data (see a review
in Ref. [63]).

Second, data have to be interconnected in such a way that
simultaneous and coordinated access is made possible for es-
tablishing complex correlations between heterogeneous pieces
of information. Data federation allows distributed manage-
ment and curation in specialized structures, whereas data
warehousing provides unified information through a central-
ized entry point [60]. The weakness of these two approaches
include hindered communications and regular updates be-
tween distant data resources, respectively. A few integrative
systems are emerging for bacteria, in particular the SYSTO-
MONAS platform dedicated to Pseudomonas species, which
combines both data warehouse and database interoperability
concepts [15]. Other examples include the EchoBASE system
for post-genomics data on E. coli [43] and the Insieme soft-
ware package for Staphylococcus aureus [52].

Finally, data integration also means coordinated data min-
ing. This involves the design and the implementation of
adequate modelling procedures, and the development of com-
putational methods by which genes or proteins that behave
similarly under various conditions can be grouped [28]. Ap-
proaches developed in this field usually address three specific
tasks: identifying the connections between cellular compo-
nents, decomposing this network scaffold into modules, and
developing models to simulate and predict network behaviour
that gives rise to cellular phenotypes [17,35].

8. Conclusion

The amount of genomic data available on prokaryotic or-
ganisms will continue to increase in an exponential manner
in the short and medium term, both in quantity and in com-
plexity. Facing this deluge of data, specialized tools for anno-
tating, integrating and mining the information are absolutely
essential if new biological knowledge and understanding is
to be extracted from the primary data.

The interpretation of the raw sequence and of the genomic
components identified remains the first and necessary step in
deciphering cell functioning, and this is based on automatic
pipelines and/or expertly curated knowledge. Novel
approaches and new tools to tackle these issues are emerging,
based upon innovative concepts which take multiple dimen-
sions of genome annotation into account (comparative geno-
mics, functional modules, etc.). Genomic databases also act
as information hubs that connect logically organized high-
quality data and relevant search and analysis tools, accessible
through graphical user interfaces designed to respond to the
needs of biologists. An added value is generated by the syn-
ergy between the individual components of an integrated soft-
ware environment, and this contributes to knowledge
discovery through fine data exploration, guided by suitable hu-
man-computer interactions and visual representations.
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Leize, E., Lieutaud, A., Lièvremont, D., Makita, Y., Mangenot, S.,

Nitschke, W., Ortet, P., Perdrial, N., Schoepp, B., Siguier, P.,

Simeonova, D.D., Rouy, Z., Segurens, B., Turlin, E., Vallenet, D., Van

Dorsselaer, A., Weiss, S., Weissenbach, J., Lett, M.-C., Danchin, A.,

Bertin, P.N. (2007) A tale of two oxidation states: bacterial colonization

of arsenic-rich environments. PLoS Genet. 3, e53.

[47] Ng, A., Bursteinas, B., Gao, Q., Mollison, E., Zvelebil, M. (2006) Re-

sources for integrative systems biology: from data through databases to

networks and dynamic system models. Brief. Bioinform 7, 318e330.

[48] Overbeek, R., Begley, T., Butler, R.M., Choudhuri, J.V., Chuang, H.Y.,
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