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The"—-ics" sciencesand their
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Within the last decade modern
biology and medicine underwent a
paradigmshift. Thelargescalegenome
data available now complements long
established research routes that apply
epidemiologicad and molecular studies
on individua genes. The chalenge to
analyze causes and consequences of
human-pathogen interactions and the
molecular basisof human diseasesand
plagues on a genomic scale bears so
far unknown opportunities for the
understanding of molecular mecha
nismsandthedevel opment of effective
therapy and drugs. However, thesheer
amount of data is overwhelming.
Therefore the successful usage of
genome information depends on the
comprehensive anaysis of genome
data, the storage of genome and
genomeassoci ated data, tool sfor inter-
genome comparisons and knowledge
transfer, and the iterative enrichment
of information resourceswiththemost
current research results.

Withinthischapter wegiveanover-
view of the broad variety of genome
and genome associated (“-ics”)
resourcesthat areimportant for clinical
research. An emphasis is put on the
discussion of regtrictions, chalenges
and opportunities of the various
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andyses and on the chalenges and
necessitiesin structuring and organizing
the enormous amount of intringically
heterogeneousdata. Clearly itisman-
datory to further develop database
standards. We need them not only for
the handling and organization of the
data, but as essentia tools and pre-
requisites in order to carry out any
genome based research. Structuring
and provision of large scale genomic
dataisademandingtask. Nevertheless,
only with the fulfillment of this task,
thewiderangeof opportunitiesoffered
by the data and their comparative as
well as combinatoria potential can
successfully be used and exploited for
medical applications.

Genomes: of Miceand Men
and More

History of Genomics

The genome projects of the past 10
years considerably increased the a
mount of data available for biomedica
research (seeFig. landFig. 2a). Dueto
the immense development and repid
acceptance of the internet, molecular
dataspread quickly through web acces-
sibledatabases. Genomesequencespro-
videinformation on the composition and
organization of particular chromosomes
and genomes, on compl ete setsof genes

andtheir location onthechromosomes.
Moreindepth anaysescandso address
complex questions about rdationships
within one genome or among different
gpecies through compardtive genomic
means. Asaconseguence of therapid
increase of large scale sequence data,
the number of databasesincreased dra-
matically. These databases exhibit both
numerous interface varieties and an
enormous heterogeneity with respect to
data content, object description and the
format of the data (see Table 1).

The generation of expressed se-
guence tags (ESTs) is a halmark for
the beginning of the genomic age (see
Fig. 1). ESTsaretranscribed sequences
which are being sequenced partialy
and are of comparably low quality [1].
ESTs give ingghts into large portions
of the transcribed genome and alow
for first gpproximationsof theparticular
genomes. Today, enormous amounts
of ESTs from a wide variety of
organisms exist. To eiminate redun-
dancy and givecomprehensiveinsights
into the particular transcriptomes,
computational dtrategies to collapse
ESTsintoclustersand assemblieshave
been developed [2-4].

The advent of a new type of mass
sequence data, whole genome se-
quences, dates back to the mid-1990s
(seeFig. 1). The start was made with
thebacterium Haemophilusinfluenza
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Fig. 1. Timelineof several essential devel opmentsinmolecular biology, genomicsand bioinformatics
from 1982till 2002, charted against the accumul ation of increasing DNA sequencesin GenBank.
Cumulative sequences (in million basepairs) are shown in blue. (Information on the growth of
Genbank isavailableat: http://www.ncbi.nlm.nih.gov/GenBank/genbankstats.html).

[5], soon followed by the yeast
Saccharomyces cerevisiae [6]. Only
two years later the genome sequence
of amore-complexmulticellular organ-
ism, the roundworm Caenorhabditis
elegans, has been reported [7]. In
2000, thegenome sequence of another
importantinvertebratemodel, thefruit
fly Drosophila melanogaster, was
published[8], and asaculminationthe
draft sequences of man [9, 10] and
mouse [11] werereported. Today, the
complete genomes of more than 100
organismsfromall kingdomsof lifeare
available(seeFig. 2aand Fig. 2b), and
huge efforts are made to constantly
update and improvethe sequence data
of the human genome [12].

Strategies for Genome
Sequencing

Themost common approachfor the
generation of sequences of large,
complex genomesinvolvesthe estab-
lishment of an ordered subset of large-
insert genomic clones from which a
physical map of therespectivegenome
is generated. Each genomic clone is
sequenced with high accuracy and
finally the sequences of individual
clones are re-assembled into a total

genomesequence. Thisclassical strate-
gy is named clone-by-clone shotgun
(CBCS) sequencing [13] and is best
exemplified by theeffortsto sequence
yeast [14], roundworm [ 7] and human
[9] genomes.

An dternative strategy for genome
sequencingistoapply awhole-genome
shotgun (WGS) sequencing strategy
[13]. Hereunordered, highly redundant
shotgunsequencelibrariesof theentire
genome are generated. Subsequent
massive application of bioinformatic
and computer assisted analysisaimto
assemblethemillionsof short nucleo-
tide sequence reads into a complete
genome sequence. In principle, this
shortcut bypassestheneedfor aclone-
based physical map.

Advantages and disadvantages of
theWGSstrategy havebeendiscussed
controversially [15,16]. Neverthel ess,
the two strategies are not mutually
exclusive. Therehasbeenaremarkable
convergence in the use of these
sequencing approaches, resulting in
the advent of hybrid strategies that
incorporate elements of both. Promi-
nent exampl esfor thismixed approach
arethe sequencing projects of mouse,
rat and zebrafish [13].

Status of the Human Genome
The sequences of human and other
organisms represent fundamental
information for biology and bio-
medicine. It became clear that the
structure of the human genome is
extraordinarily complex and the
elucidation of the function of the
genomeinitswhole complexity isfar
from being understood. Only 1-2% of
itsbases encode proteins[9] and up to
now the full set of protein-coding
sequences has not been determined
with high reliability. Initially, an
approximate number of about 25.000-
35.000 human genes have been
reported. Inaddition, alargenumber of
thus far uncharacterized, non-coding
sequencesisunder selective pressure,
suggesting functional importance of
theseregions[11,17]. Onesignificant
class of genes, often missing from
contemporary genome annotations, is
thegroup of non-protein-coding RNAS
(ncRNAS). ncRNAsconstituteamajor
functiona output of the genome and
play amajor rolein protein synthesis,
genomicimprinting[18], andthecontrol
of genetic networks[19]. Evenlessis
knownabout theroleof roughly half of
the genome which consists of highly
repetitivesequences. Furthermore, the
relatively small number of new genes
detected in the human genome hasled
to arenewed focus on the role of the
preciseregul ationof genetranscription
as well as alternative splicing in
mediatingthecomplexity of mammals.

Models as a Means to Study
Human Genes
Withtheavailability of a“finished”
sequence of the human genome, the
primary focusistoidentify thecomplete
set of both protein-coding and non-
protein-coding mammalian genes.
Although certainly being a primary
goal, a comprehensive data resource
that containsthe complete description
of a mammalian transcriptome, thus
far has only been partially realized.
Withtheshortcomingsincomputational
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Fig. 2a. Genomes of living organisms (Archea, Eubacteria, and Eukaryota) sequenced between 1995 and 2003 (data taken from: Complete Genome
Tracking Database: http://maine.ebi.ac.uk:8000/services/cogent).

detection and definition of genes,
large scale experimental identifica
tion of transcribed units is a highly
useful resourcefor defining genetic
features on the genomic backbone.
One approach is the systematic
isolationand characterization of full-
length cDNA sequences [20-23].
The generation of a set of cONAS
that contains the complete and
uninterrupted protein coding regions
of al human and/or mouse genes
provides a vauable means for the
accurate identification of genes,
products of aternative splicing and
the systematic and comprehensive
analysis of protein [24].
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Major challenges inherent in
further programs for the discovery
of genes are the experimental
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Fig. 2b. Thegrowth of finished genomesper year, from 1995 until 2003. Stacked columnsindicate
the cumulative number of finished organisms. Eukaryota shown in purple, archeain blue, and
eubacteria in yellow (data taken from: Complete Genome Tracking Database: http://
maine.ebi.ac.uk:8000/services/cogent).

Y earbook of Medical Informatics 2004

123



Review Paper

way. However, additional information
of protein-protein interaction, cONA
microarray expressionprofiling, protein
localization and structural genomics
experimentshavetobeintegratedwith
existing data.

Quality of Sequences and
M odels

While unraveling large genomes,
technica complicationsandlimitationsin
dataquality andrel ated annotation have
been reported. A number of reports
discussed sequence errors and chromo-
somal mis-assignments for gene
sequences and entire contigs of thefirst
humangenomedraft[25,26]. However,
for cases where the sequence of a
closdly rel ated genomehasal ready been
finished (e.g. human vs. chimpanzee),
theimplementationof theWGSstrategy
has the potential to provide a consid-
erable acceleration of the assembly
procedure. In such cases conserved
syntenicregionscanbeusedasadditiona
information for the assembly [27].

In simpler eukaryotic organisms
such as yeast, the majority of the
genome encodes for proteins, and
individual genesgenerally haveawell-
defined start and stop and a single
MRNA transcript. The mammalian
genome organization is considerably
more complex and so isthe challenge
to detect individual elements. Only a
small portion of the genome encodes
MRNAs and the detection and
modelling of genesis very complex
[28,29]. In the fruit fly Drosophila
melanogaster, ab initio gene predic-
tionmethodscorrectly predicted about
79%of individual exons[30],incontrast
to about 70% in human [31]. In part,
thisis caused by small exons which
can be separated by long introns, or
the usage of rare and unusual splice
sites and alternative genes products.
Thus, further experimental evidence,
e.g.fromcDNAsand ESTs,isahighly
valuable resource for the detection
andaccuratemodelling of geneswithin
complex genomes [32].

Why Genome Sequences of
Related Mammals?

Theincreasing number of finalized
and draft metazoan genomesequences
provides new opportunities for bio-
medicine and genetics. Comparative
genomics approaches prabably repre-
sent themost powerful strategies[33].

Withtheavailability of theassembled
mouse and human genome the aign-
ment and comparison of two large
vertebrate genomes has now become
feasible [11]. The completion of the
sequencing of the mouse genome
enabl esto delineate human geneswith
greater accuracy. While current ab
initio gene prediction programs are
remarkably sensitive(i.e., they predict
at least a fragment of most genes),
their specificity is often low and they
predict alarge number of (probably)
false-positive genes in the human
genome. Human-mouse sequence
conservation at the protein level helps
to eliminate some of those.

For the study of diversification, the
comparisonof closely related genomes
isahighly valuableinstrument. Forthis
purpose, the alignment of the human
genomewiththoseof apesandmonkeys
are of importance. The comparison of
cDNA sequences of the cynomolgus
monkey (Macaca fascicularis) with
human genome sequences already
proved theusefulness of thisapproach
[34] and genome sequencing of the
chimpanzee (Pan troglodytes) is
underway. As a complementary
approach, theanalysisof highthrough-
put cDNA from orang utan (Pongo
pygmaeus) has already been initiated
(S. Wiemann, personal communica
tion). Without doubt, comparative
genomic analysisbetween human and
apegenomeswill leadto unprecedented
insightsinto humanevolution[27].

Dataminingof al availablegenomic
databasesfrom completely or partially
sequenced organisms enables the
detection of orthologous genes. Inter-
species genomic comparison is a
powerful tool to infer the function of

genesasitallowstoproject knowledge
gainedwithinoneparticular organism
to arelated organism [33]. Compar-
ativegenomicsdatabasesfacilitatethe
identification of evolutionarily con-
served genomic sequences, genesand
gene families, and thus to enrich the
annotation of the human genome.
These analyses have the potential to
identify new exons and highly
conserved non-coding regulatory
elements by the comparison of the
upstream regions from orthologous
genes. However, with the apparent
high sequence redundancy within
mammaliangenomes, orthol ogy assign-
ment based on pure sequence homol-
ogy often leads to ambiguous data.
Thus beside homology based assign-
ment, orthology assignment by syn-
tenious localization of the respective
gene pairsisof importance [33,35].

Presentation and Visualization

A first and immediate outcome of
any genome analysis project is the
depositionof unorderedandfragmented
genomic sequencesin publicsequence
databases. Whilethisinformationisa
valuable resource for researchers
interested in particular genes, many
biomedical scientists need to gain
knowledge on additional contextual
information. For example,inpositional
cloningprojectsitispreferabletoknow
the order and relative orientation of
genes, markers and repeats within a
given interval. This information can
only be derived from assembled con-
sensus sequences. Therefore efforts
are made to assemble overlapping
genomic fragments into contigs and
anchor them to individual regions of
therespectivegenomes. Althoughthis
is carried out for avariety of species
andtheir respectivegenomes, aspecial
emphasisisof courseput onthehuman
genome. Among others the “ Golden
Path” assemblies at the University of
Cdlifornia, SantaCruz (UCSC, http://
genome.ucsc.edu) and the contig
assemblies from the National Center
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of Biotechnology Information (NCBI,
http://www.nchi.nim.nih.gov) have
been representative major resources.
Various websites now offer the
opportunity to browse annotations of
the human genome as well as draft
sequencesfrom other species. Among
the most prominent and exhaustive
datacollectionsarethe UCSC Human
GenomeBrowser [36], theNCBI Map
Viewer[37] andtheEnsembl database
[38] (see also Tablel).

Comparative analysis and visual-
izationtool shave been devel oped that
allow the exploitation of genome
sequencesof rel ated organismsinorder
to search for orthologous genes.
Among the most commonly used
comparativegenomictoolsareVISTA
(VisualizationTool for Alignment) and
PipMaker (Percent ldentity Plot
maker) [35,39,40] (see Tablel).

Phar macogenetics. from
SNPsto Therapy

Pharmacogenetics is the combina-
tion of pharmaceutical knowledgeand
genetic information. The most fre-
guently discussed pharmacogenetic
applicationistheanalysi sof thegenetic
influenceonanindividual sresponseto
drugs. Thegoal isthe development of
personalized medication based on the
knowledge of an individual’s genetic
profile and of the genetic background
of the disease, which could reduce
side effects and increase the effec-
tivenessof thetreatment. Animportant
strategy is the analysis of genetic
variations, such as single nucleotide
polymorphisms (SNPs) and micro-
satellitesin order to detect important
genotypes of potential drug target
genes and regulatory elements, e.g.
drug-metabolizing enzymes and
receptors [41-43].

The functional classification of
genes, the association of functional
categories with pathway information,
and the association of data on drug

metabolismwiththefunctionof known
andunknowngenesisessential inorder
to be able to select genomic regions
that are of potential interest for further
experimental analyses. This is of
outstandingimportanceasquantitative
trait loci (QTLS) - genetic loci that
influencequantitativetraitslikeweight
or immunological parameters, in
contrasttomendelianloci, whichshow
dichotomousphenotypes- might affect
phenotypes in less obvious ways.
Complex diseases(e.g. asthma), which
show phenotypes determined by
multiple factors, are most likely
influenced by multiple loci [44] and
requirethe analysisof multiple candi-
date genes/regions. These analyses
canonly beperformedwiththehel p of
integrated databases. Such databases
are hence invaluable for pharmaco-
geneticstudies, asonly thecombination
of genome based sequence data,
experimental evidence, annotationand
clinical resultscan lead to theidentifi-
cation and characterization of the
complex geneticbackground of agiven
phenotype.

Currently, most databases that
providespecial informationon pharma-
cogeneticsarecommercia. However,
publicly available databases are
increasing in number (Table 1). An
example is PharmGKB. It contains
the annotation of genes, including
pharmacogenetically rel evant publica-
tions, associated diseases and genetic
variations.

SNP Based Studies

The use of SNPs is increasing in
research and diagnostics world wide.
It became very popular to analyzethe
genetic makeup of populations and
individuals[45].

Most studies dedicated to the char-
acterization of pharmacogenetically
interesting genotypes are based on
linkage and association studies [46].
While conducting such studies, the
genetic association of markers with
the attribute of interest is analyzed.

Besides microsatellite markers, SNP
based markersarewidely applied. SNP
based markers offer additional oppor-
tunities to other marker types. They
are available at comparably high
densitiesandinideal casesaparticular
SNP aready tags the particular gene
and genome position (e.g. the amino
acid codon) that causes the observed
effect. With the development of new
techniques the costs for genotyping
will be further reduced, which will
make large-scale whole genome SNP
screens economically feasible in the
near future [47].

Oneapproachtoreducethenumbers
of SNP markers used for studies and
thereforethecostsinvolvedinawhole
genome analysis, is the development
of haplotype maps [48]. These maps
represent sets of SNPs that aways
co-occur due to a high linkage dise-
quilibrium in the respective genomic
areas. Hence, itispossibletorepresent
acompletehaplotypeblock by typinga
single SNPonly. Theamount of SNPs
that havetobeanalyzed canbereduced
20 to 40 fold from 10.000.000-
20.000.000 to 500.000. This in turn
drastically reduces the costs of SNP
based genotypingrequiredfor standard
analysis[49].

Many SNPspublishedinpublicSNP
collectionslack validationand manual
curation. Especially the increase in
accuracy of SNP detection from EST
assemblies[50] and also the efforts of
publicly funded revalidation projects
will lead to animproved quality of the
data. In addition, the availability of
information on population specific
SNPs alows to focus on epidemi-
ological geneticfeatures. Thishasbeen
demonstrated by the company
deCODE genetics, which is using
comprehensive genetic, disease and
genealogical information of Iceland’'s
founder population to detect disease
linked genes[51].

Candidate-gene approaches, e.g.
atempts to isolate particular genes
closely associated to or causativefor a
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specific phenotype, are the most
frequently used analyzes carried out.
Often these kinds of analyzes are
supported by genome wide linkage
studies. For a successful and time
efficient completion of such projects
detailed knowledgeandinformation of
the genetic background isanecessity,
becauseit allowsfor therapiddetection
of appropriate markers within the
region of interest. In addition, the
screening for candidate genes in the
respective region has the potential to
speed up the analysis process dramat-
ically. Screensfor candidate genesare
merely based on the molecular char-
acteristics of the geneslocated within
the regions. Thus, to understand the
impact of potential candidate genes
located inside the regions of interest,
knowledgeof their functionandposition
in functional networks (metabolism,
signaling, etc.) isessential. Hence the
availability of high quality, manually
curated information on metabolites,
associated pathways, diseases and
effects on drugs is a prerequisite for
the characterization of genetic influ-
encesondiseasesand providesthelink
for associating epidemiology to
molecular biology (Tablel).

Alternative Transcripts

It has been estimated that between
35% - 59% [52] of al human genes
encode for more than one transcripts.
Theimpact of thesedternativeproducts
onfunctionandregulationhasbecomea
magjor focus in recent years [53]. In
addition the identification of splicing-
regulatory elements like exonic splice
enhancers [54] and the search for
conserved splice variants between
speciesledtotheestablishment of various
databases harboring information on
aternatively spliced transcripts. Asthe
causeandeffect of alternativesplicingin
agenome, transcriptome and proteome
contextseemtovarywidely, most public
databases of dternative splicing focus
on the alignment of sequences of
aternative productsin the context of a

genomic referenceor full length cONA
sequence. Differentia expression, gain/
loss of function, and the influence of
point mutations on the occurrence of
splice patternsare only rarely included.
Therefore the current focus is mainly
directed towards the development of
high-throughput methods to structure
and analyze the enormous amount of
ESTs from public repositories rather
than onthe manual curation of detected
splice patterns.

An important and complementary
focus of research conducted on alter-
native splicing istheidentification of
transcript specificexpression patterns
[55]. The relevance of aternative
splice products in diseases seems to
be high [56,57]. Therefore the
development of strategies that allow
to distinguish between the expression
of alternatively splicedtranscriptswill
leadtonew insightsandwill also have
asignificantimplicationinthefield of
expression analysis.

Infection: Viruses, Bacteria
and Other Pests

One of the biggest burdens for
humanity isinfectiousdisease. Bacte-
ria, viruses and protozoan parasites
are still major causes of death despite
the steadily increasing understanding
of the mechanisms of pathogenicity
and the constant effort to develop
novel drugs. AccordingtotheNational
Institute of Allergy and Infectious
Diseases (http://www.niaid.nih.gov/)
about 13 million people die annually
due to infectious diseases which
accounts for one quarter of deaths
around the world. Approximately 1.7
million people die every year from
tuberculosis, 1.1 millionfrommalaria
and 2.9 million from human
immunodeficiency virus (HIV) infec-
tions. However, the biggest threat
comes from infections of the lower
respiratory tractwith 3.9milliondeaths
per year.

Conventional drugsthat used to be
quite effective, such ascommon anti-
biotics or chloroquine, against Plas-
modium falciparum, the malaria
parasite, arelosingtheir efficiency due
to rapidly spreading resistance. The
most recent alarming case was the
emergence of avancomycin resistant
strainof Staphylococcusaureus[58].
Diseasesthat werethought to beunder
control are returning. For example
tuberculosis has reemerged due to
decreasing standards of hygiene and
as a consequence of the spread of
HIV. Thereisanurgent needtoimprove
existing drugs and vaccines and to
develop new ones against known
microorganisms and newly emerging
ones, e.g. the SARS-coronavirus
(SARS-CoV). The development of
diagnostic toolsthat allow arapid test
is also mandatory in order to fight
infectious diseasesefficiently.

Withtheadvent of thegenomicage,
it became evident that information on
the genomes of pathogens and their
relatives could be of tremendous help
to fight infectious diseases. The first
genomeof afreeliving organismever
sequenced was that of Haemophilus
influenzae [5]. Since then, over one
hundred bacterial genomes and more
than 1000 viral genomes have been
completed, the SARS-CoV being the
latest one as of the writing of this
article. Theseguencing of major proto-
Zoan parasites is also under way and
finished for some genomes like
Plasmodium falciparum, the causal
agent of malaria. Major centers for
sequencing of bacterial genomes are
the Sanger Center in the UK (http://
www.sanger.ac.uk/Projects/
Microbes') andthel nstituteof Genomic
Research(TIGR, http://www.tigr.org/
tdb/) intheUS, but thereareal so other
institutions like ACGT (Univ. Okla-
homa, http://www.genome.ou.edu/) or
Univ. Wisconsin-Madison GenomeSe-
guencing (UWisc, http://www.
genome.wisc.edu/) tonameafew (see
also Tablel).
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Mechanisms of Pathogenicity

Thefight against pathogensfocuses
on mechanisms of pathogenicity and
theimmuneresponseof thehost. Main
virulence factors of bacteria are cap-
sules, cell wall components, toxinsand
adhesins. Thefirst and crucia stepin
infection is the invasion of the host.
Thereare extracellular pathogenslike
Saphylococcus aureus that break
downhost barrierswithout theinvasion
of cells. Intracellular pathogens pene-
trate the cell membrane and persist
inside the cells either in the cytosol
(e.g. Lysteria monocytogenes) or in
vacuoles(e.g. Mycobacteriumtuber-
culosis).

Thehumanhost hasseveral defenses
againstinvadersincritical placessuch
as epithelial cells of the skin and the
respiratory tract, lysozymeintearsand
low pHinthestomach. After successful
invasion, the immune system of the
host reacts to more general pathogen
associated molecular patterns or
specific antigens.

Variability isknownfor thehuman
immunoglobulingenes, themgjor histo-
compatibility complex and virulence
genes, asin the case of the cag island
in Helicabacter [59]. Reciprocal poly-
morphismsin genesinvolved in host-
pathogen interaction are interesting
candidatesfor co-evolution, theadap-
tive genetic changes between inter-
acting species[60]. It isknown that a
great deal of bacterial evolution is
mediated through genome rearrange-
ments (collectively referred to as
horizontal transfer) and plays an
important role in the molecular
evolution of novel pathogens. In the
processof horizontal transfer, genomic
islands from a donor organism are
incorporated in the genome of the
recipient organism. Theseislands can
containlargeblocksof virulencegenes
(pathogenicity idands). Plasmidsoften
carry genes that confer antibiotic
resistance and bacteriophages also
contributetothehorizontal transfer of
virulence genes.

Pathogen Functional Genomics

The wealth of genome sequences
availablefor pathogens and also their
non-pathogenic relatives has opened
up possibilities to understand patho-
genesis and find candidates for viru-
lence genes. The understanding of
pathogenesisand theidentification of
virulence factors provides a basis for
thedevel opment of anti-microbia drugs,
vaccines and diagnostic tools. One
key methodology is the in silico
comparison of complete genomes,
thoughtheanalysisof singlegenomes
alsoalowstofind potential virulence
factors. With more and more
genomes being finished, a plethora
of meaningful and promising compar-
isonsis possible. Once genomesare
available that alow for meaningful
comparisons, several aspects can be
studied that in combination help to
reach the goa of an effective fight
against pathogens.

The intent of genome studies and
comparisonsvaries. Dependingonthe
hypothesis, either closely related or
distantly related genomes, whole
genomes, openreadingframes(ORFS)
only or regul aory regionsareof interest.
As described above, many virulence
factors are already known. Some of
them combine features that can be
searched for in silico even when only
the sequence of a single genome is
available. Cdl-wall or secreted proteins
are of particular interest. Pizza et al.
couldidentify 570 putativecell-wall or
secreted proteins in Neisseria
meningitidis [61]. Further immuni-
zation screens in mice led to the
extraction of two conserved vaccine
candidates. Another promising ap-
proach isthe comparison of strainsor
species that are related but have
differing virulence (e.g. Neisseria
meningitidisserotypeA and B), infect
different tissues in the human host
(e.g. Bacillus anthracis and Bacillus
cereus), or infect hosts other than
human (e.g. Mycobacterium tuber-
culosis and Mycobacterium bovis).

Horizontal Gene Transfer

Not too long ago only a limited
amount of information from fairly
distantly related genomes was avail-
able. Thus, comparisonswere mainly
focused on phylogenetic studies that
alowed for some insight into the
relatedness among bacterial groups
and horizontal transfer amongbacteria
which can substantially blur phylo-
genetic signals. The understanding of
theevolutionof bacteria,i. e. thehistory
and mechanism of the exchange of
geneticmaterial, will helpto elucidate
thevirulencemechanismsof emerging
andreemerginginfectiousdiseasesand
changes in virulence associated with
theseinfections.

Horizontal ly transferred DNA plays
an important role in the exchange of
virulence genes and the acquirement of
resistance. Recently, theanaysis of the
compl ete sequences of thevancomycin
resistant Enterococcus faecalis (an
opportunisticpathogenthatisthemajor
cause of urinary tract infections,
bacteremiaandinfectiveendocarditis)
showed that more than one quarter of
thegenome consistsof probablemobile
orforeign DNA [62]. Theauthorsargue
thatthepropensity for theincorporation
of mobile elements probably
contributedtotherapidacquisitionand
dissemination of drug resistance.

Buchrieser et al. showed that hori-
zontal transfer accountsfor differences
in Lysteria monocytogenes (a food-
bornepathogen) and Lysteriainnocua
(non-pathogenic) [63]. Perna et al.
compared Eschericha coli K12 with
Eschericha coli 0157:H7, an entero-
haemorrhagicreative[64]. They found
that lateral gene transfer is extensive
and offered a wealth of candidate
genesthat may beinvolvedinvirulence.

Pathogenicity in Different
Tissues and Hosts

Recently, attention has focused on
Bacillusanthracis, becauseit became
notorious as a bioweapon. It is an
endospore-forming bacterium that
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causes inhalational anthrax. The
comparisonof thegenomesof Bacillus
anthracis and Bacillus cereus, an
opportunistic pathogen causing food
poisoning [65,66] facilitatesthe iden-
tification of candidategenesresponsible
for pathogenesis. The comparative
genome sequencing of Bacillus
anthracis by Read et al. reveaed
markers in the highly monomorphic
speciesthat dividetheanthrax isolates
intodistinct families[67]. Membersof
the Mycobacteriumgroup arerespon-
sible for many millions of deaths
worldwide. Starting with the genome
sequence of the laboratory strain of
Mycobacterium tuberculosis H37Rv,
the causal agent of tuberculosis, in
1998 [68], by and by the genome
sequences of severa relatives have
been published: the one of the leprosy
bacillus Mycobacterium leprae [69],
of Mycobacterium tuberculosis
CDC155, aclinical isolate[70] and of
Mycobacterium bovis[71] whichisa
pathogen primarily incattlebut alsoin
humans. The comparison of these
speciesand strainswith differing host
preferences and pathogenicity will
provideinsightintotheevolutionof this
species complex and the virulence
factorsinvolvedin pathology.

Once potential virulence genes are
found they can be used in vaccine
screens. Virulence genes can be quite
polymorphic. Thereforeitisof interest
to compare different strains of the
same pathogeni c species. For vaccine
development, it isfavorableto choose
factors that are conserved within a
species. This applies even more
broadly for the development of
antibiotic drugs. The pharmaceutical
industry is mainly interested in the
devel opment of broad-spectrum anti-
biotics that act on many different
species. The comparison of genomes
of several strains and/or species can
pinpoint the highly conserved genes
thatarepotentialyinvolvedinvirulence
and excludethosethat aretoovariable.
There are exceptions asin the case of

Helicobacter pylori which has an
devatedintrastrainvariation[72,73].1n
the treatment of the chronic diseases
caused by Helicobacter pylori (an
organism that can cause ulcer and
cancer) it can be advantageous to
devel op speciesspecificantibioticsfor
long term treatment in order to avoid
stress for the host.

Thecomparison of different strains
is crucial in the study of the HIV. It
elucidatestherapid evol ution of some
genes, e.g. env[74] and gag [75], that
can render many therapy and
vaccination approaches useless.

The causal agent of malaria is the
protozoan parasite Plasmodium
falciparum. It is transmitted to the
human host by themosquito Anopheles
gambiae. The parasite needs these
twohoststocompleteitslife-cycle. By
the end of 2002, awealth of genomic
information was published that could
considerably accelerate malaria re-
search. In addition to the human se-
quence, genome sequences of Ano-
pheles gambiae [76], Plasmodium
falciparum [77] as well as Plasmo-
dium yodlii yodlii, the causal agent of
rodentmalaria 78], werepublished. The
comparative genomic analyzesof these
genomes, including the well studied
genome of Drosophila melanogaster
will provideinsightintohostandparasite
specific virulence and defense mech-
anisms, respectively [79-81].

In order to find novel drugs and
vaccines, the study of the human host
genome of courseisequaly important.
Drugsandvaccineswill fail if they inhibit
essential functionsinthehost. They will
aso fail if they are sdlf-antigens and
hence poor immunogens or cause the
production of auto-antibodies.

Prerequisites for Further
Experimental Studies

With the help of software tools and
high quality databases, clinica bio-
informati cscanfindpotential candidates
for drug targets and vaccines and
generate important clues about which

genestopursuefor functiond anaysis.
Hence bioinformatics approaches
narrow down the number of potential
targetsand make" wet-1ab” work more
directed and efficient. The complete
and correct prediction of ORFs and
their functional annotation are also
fundamental for thedesignand produc-
tion of gene chipsfor geneexpression
studies. Gene expression studies that
compareeither theexpressionprofiles
of pathogens or hosts in different
stages of infection can giveimportant
cluesto finding new drug targets.

TranscriptomeAnalysisand
Microarray Databases

Theextractionof functional informa:
tionfrom“one-dimensiona” genome
data is a mgjor challenge of current
biological and biomedical research.
Functional information obtained by
genome wide approaches needsto be
related to genomic sequence data and
the attached information. A widely
applied and exceptionaly powerful
technique is the high-throughput ex-
pression analysis. The technology is
well established andfrequently employ-
edin clinical research that is directed
towardstheel ucidation of themol ecu-
lar dynamics that underlie infection,
inflammation and cancer, aswell asin
pharmacogenomically directed re-
search and for diagnostic purposes.

Whole-genome and high-density
setups have been implemented by
means of dual-color cDNA micro-
arrays, printedoligoarrays, and insitu
synthesized oligo arrays (i.e. Affy-
metrix GeneChips®). In addition,
several speciadized low-density sy-
stems, mainly onthebasisof cDNA or
antibody arrays, gained influence for
specific research topicsand, especidly,
diagnosis. However, the underlying
technologiesarerapidly developingand
new approachesliketriple-color arrays,
capillary 3D arraysor combined cDNA-
antibody arrays are dready emerging.
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Applications in Medicine

The technology of expression
analysisisapplied in abroad range of
medical research fields. Research
topicsasdiverseashost-responseafter
infectionandimmunology, cancer clas-
sification, chemotherapy administra-
tion, or embryogenesis and tissue
differentiationareanalyzed employing
high-throughput expression analysis
techniques [82-84]. However, micro-
array studies on cancer related issues
areby farthemost frequent andlargest
ones, followed by studies in inflam-
mationandimmunol ogy.

Inflammation and | mmunology

In the fight against infectious
diseases, the genetic response of the
humanhost tovariousmicroorganisms
is of particular interest. Microarray
studieshave considerably contributed
totheincreasingknowledgeabout gene
regulation in the host's defense
mechanismsagainst pathogens|[85,86]
andtheallergicreaction[87] aswell as
inmacrophage activation [88]. Thisis
mainly due to the fact that the high
throughput of microarray technology
allowsto cluster series (e.g. with self-
organizing maps) of measurements
(e.g.timeseries, doseresponseseries).
Hence, genes with similar induction
patterns can be identified and gene
interaction networks can be proposed
[89]. However, Ehrt et al. showed
that tests for differential expression
canbesufficienttounravel knowledge
onsignaling cascadesif theexperiment
iswell designed and replicated [90].

Cancer Research

Cancer type classification by
expression profilingisby far the most
comprehensively studied topic in the
area of expression analysis [91].
Methods like LDA/QDA (linear and
guadratic discriminant analysis), PLS
(partia least squares), SVM (support
vector machines), and ANN (artificial
neural networks) have proven their
capabilitiesin outperforming conven-

tional histol ogical analysis(e.g. tumor
grading) [92]. Computational results
have even been employed to refine
histol ogi cal gradingtechniques. How-
ever, thereare still many cancer types
(e.g. bronchioalveolar carcinomas)
whichremain hardto distinguish even
whenemployingthesetechniques. The
understanding of the molecular steps
andtheunderlying molecular networks
that play arolein the development of
tumorsand thedistinction of different
cancer types still remains achallenge
in genomic based cancer research.
Another major topic in cancer
expression analysisisthe response to
chemotherapy. Thisincludes, anongst
others, the question if a patient’s
expression signature can be used to
predicttheresponsetoachemotherapy.
For bioinformatics, this represents a
typical classificationproblem. Aswith
the cancer type classification, many
algorithms have been trained to
distinguish responders and non-
responders at high accuracy levels.
Besides, the increase of knowledge
about genefunction and regul atory net-
worksinoncogenes sand chemotherapy
responseisremainingademandingtask
in bioinformatics. Many studies try to
discover new oncogenesand oncogenic
pathways involved in specific tumori-
geneticprocesses. Frequently usedtech-
niquesarehierarchical clustering, princi-
pal componentanalysis(PCA), and sdlf-
organizingmaps(SOM). However, with
data on more tumor states and types
becomingavailable, thedissection of the
mechanisms of maignancy and metas-
tasiswill bechallenging aswell.

Transcriptomics Databases and
Repositories

Database systems and repositories
play a crucial role in transcriptomics
[93] (see Table 1). Not only do they
handle the vast amounts of data with
ease; they also allow for user-
transparency with respect to the
heterogeneous vendor and hardware
specific data and file formats.

Currentweb-based datamanagement
systems can be grouped into “ database
systems’ and “repositories’. Database
systemsmerely support the upload and/
or retrieval of expression values and
annotation in a limited number of
(predefined) formats (e.g. complete
experiments or all data from one
microarray/GeneChip). Many of them
arepurely public,i.e. userscannot specify
privatepermissionsfor unpublished data.

Repositories, ontheother hand, are
web-based softwaresuitescomprising
datastorage, cross-linkingwithvarious
other data sources (e.g. genomic,
proteomic and functional databases),
mining-tools(i.e.complex, user-driven
dataset creation), statistics tools, and
graphical interfaces. A typical reposi-
tory supports data privacy via user
accounts, user-defined groups and
permission control. Especially collab-
orating laboratories frequently ac-
knowledgetheseadvantagescompared
to databases or LIMS (Laboratory
Information Management Systems).

Databases and repositories are, in
the long run, the only reasonable way
to ensure comparability betweentran-
scriptomi c dataand motivatecompari-
sons between laboratories and tech-
nologies. Thiswill notonly ensurecon-
fidentiality but also can save consid-
erabletimeand money. Similar studies
and sometimesevencompletely distinct
studies can, for example, improve the
classification accuracy due to an
increaseinthetraining data set's size.

A surplus of repositories is their
mining capability. Thisgivesresearch-
ers fast access to data in support or
contradiction to special hypotheses.
Forinstance, itbecomesstraightforward
to extract all measurements of onco-
genes from human gastrointestinal
samplesandtocheckfortheirdifferentia
expression between “normal” tissue
and carcinogenic tissue (e.g. tumors).

Limitations of Array Data
However, beside the enormous
advantages of high-density expression
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analysis, thetranscriptomicsresearch-
ers are confronted with some
drawbacks.

Hardly any commercial and only
very few customer-based array
productionsincludeathorough quality
assessment step before shipping/
hybridization. Sometechnol ogiestend
to have alow reliablity of the spotted
DNA sequences leading to wrong
expression intensity assignments for
some of the covered genes. Addition-
aly, many experimental parameters,
such as RNA quality, labeling
reactions, hybridization, and scanner
configuration influence the quality of
theresults. Since control experiments
are frequently missing, algorithmic
quality measures, commonly available
in repositories, are essential for
asserting quality standards.

The other main drawback is the
heterogeneous, often very limited,
amount of information about the
experimental procedures and the
biological samples (“biomaterial™)
supplied. This does not only hinder
inter-laboratory comparability but also
restricts the number of analytical
procedures applicable (e.g. missing
survival times in cancer research).
Curated database systems and repos-
itories are very useful in enforcing a
minimum annotation level. Further-
more, they can engage researchers to
includeadditiona informationandguide
themto do soin astructured way. For
example, the MIPS Expression
repository requires that the user
annotates the experiments and
biomedica samplesataminimumleve,
engages MIAME (Minimum Infor-
mation About Microarray Experi-
ments) [94] compliantlevelsandguides
further annotation by an intelligent
combinationof controlledandfreetext.
Therefore, curated databases and
repositories are the best means to
enforce upcoming annotation stand-
ardslike MIAME and assert acertain
minimumquality level (i.e.implement
acontrol for quality standards).

Requirementsof | nformation
Resour ces

As illustrated above genome
information and the organization of
data within databases became an
essential component for modern
biological and biomedical research.
Expression analysis, linkage analysis
and the study of pathogensall heavily
rely on the availability of large scale
data. It isfundamental for the accom-
plishment and interpretation of such
studies that the data generated are
availableinreliablequality andcompre-
hensiveannotation. Thesequencedata
need to be stored in databases, haveto
be kept up to date and annotated as
well aspossible. Thereisaplethoraof
genome resources available on the
internet, but the quality of annotation
and curation are multifaceted. One
maj or problemareinconsistencieswhen
genome data are stored in several
independent databases that are
maintained at different levels of
accuracy. Entries can be redundant
and functional annotations vary. As
illustrated above genomeinformation
and the organization of data within
databases became an essential com-
ponent for modern biological and
biomedical research. So far the main
focus has been directed towards the
analysisof individual genomesandthe
comprehensive detection and study of
theindividual genetic elements.

Database Maintenance: How to
Stay Up to Date

Inherent to genome data is that it
solely representsasnapshot of what is
known at a particular point in time.
Although the causes are multifaceted,
itisapparent that staticdatarepositories
are rapidly becoming obsolete. For
example, assigned homologies can
become outdated over night due to a
newly characterized gene, or gene
structureassignmentsneed toundergo
revision due to novel cDNA or EST
data. In order to keep data resources

up to date al kinds of information
constantly need to be integrated.
However, theamount of informationis
immense and the data are very
heterogeneous(sequencedata, expres-
siondata, massspectometry (MS) data,
printed publications, etc.). A widely
followed route for the integration of
annotations from different sourcesis
the use of ontologies and controlled
vocabulary like in the Functional
Catalogue (FunCat, [95]) and Gene
Ontology (GO, [96]). By using
controlled vocabulary, genes can be
assigned to and retrieved from path-
waysandfunctions. Withtheexponen-
tial increase in genomic data it has
become more and more evident that
traditional ways of curation and
functional assignment, e.g. manual
curation by expert groups, reach their
limits. M oreover consistency problems,
typically caused by differingbiological
interpretations, became increasingly
evident. Oneway totacklethisproblem,
are concerted, ontology approaches
that arebased onmodel organismsand
expert curated assignments [96]. An
aternativeor complementary approach
to transfer biological knowledge
derived from model organismsto new
molecular data are automatic pro-
cesses. These approaches use se-
guenceand domain characteristicsand
their associationwithfunctional annota:
tion from reference organisms to
project the information on novel gen-
omes. Although there are evident
problems caused by difficulties in
orthology assignment, pseudogenes,
paralogs and tissue and devel opment
dependant function, these approaches
have the potential to reach a high
degree of selectivity and thus are a
cost-effective way for first passfunc-
tional annotation. However, ashiolog-
ical knowledge on particular genesis
not static but rapidly evolving, the
problem arises of how to stay up to
date with this knowledge and new
publications. Asever repeating cycles
of manual updatesareunrealistic, auto-
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mated approachesincluding automated
literature mining are promising strate-
gies. Thus, for the maintenance and
further development of genome data
basesand their content, automeatictools
gain more and more importance.

Database Access

One of the mgjor endeavors is the
cong stent integration of heterogeneous
information into resources that enable
easy and intuitive access. Concepts
and standards to achieve this are the
focusof current researchand develop-
ment, and retrieval systems such as
the Sequence Retrieval System (SRS)
[97] dready enable to browse numer-
ouspre-sel ected databaseswithhetero-
geneous content and formats.

Scattered distribution, heterogene-
ous design and object models are char-
acteridic to genomeand functiona gen-
omic databases. Hence linkage and
integrationof different sourcesisdifficult
toredize. Whereasfor DNA andprotein

seguencesunambiguouslinking (usudly)
iseasy to achieve, the vocabulary used,
geneand locusidentification numbers,
references to regulatory regions, etc.
need to be tightly controlled to enable
automatic and dynamic integration. In
thepublicdomain, distributed annotation
systems and BioMOBY [98] object
definition standardsarecurrently being
devel oped and will find broad application
in the near future. This will help to
overcomecurrent limitationsand incon-
veniences, such asrepeated navigation
between different web sitesand data-
basesand the collection of information
fragments at each individua site that
later need to be assembled in order to
get an overal picture.

Combinatorial Genomics:
Linking All Information

Only for asmall percentageof genes
encoded in the genomes detailed
experimental data on the biochemical
and functiond role exist. Thus the

Table 1. Selected Coallection of curated and regularly updated Molecular Biological Databases.

Major DNA and Protein sequencerespositories:

challenge of postgenomic analyzesis
to elucidatethefunctiond role of huge
amounts of the respective genomes.
Besides the administration and
structuring of already existing data, a
role of bioinformatics is to analyze
unknown genes by sensitive tools and
thereby generate hypothesesfor their
function and role. Additionally,
postgenomic functiona genomics is
building on genome scae assays and
analyses (transcriptomics, meta-
bolomics, proteomics...) and aims to
enrich knowledge on functiona and
systemic properties of the respective
organisms. Clearly thefuturechalenge
istoenabletheconnectivity of multiple
datatypesto explorevariouscombina-
toria relationships and dependencies
among different data types and
experiments and thus to fully exploit
combinatoria genomic opportunities.
This demanding task can only be
fulfilled with the help of excellent,
curated databases.

Database URL Knowledge Refs.

DNA Data Bank of Japan | http:/mww.ddbj.nig.ac.jp All known nucleotide and protein [99]
seguences

EMBL Nucleotide . . All known nucleotide and protein

Sequence Database http://www.ebi.ac.uk/embl.html N [97]

GeneBank htp:/fwww.ncbi.nim.nih.gov/ All known nucleotide and protein [100]
seguences

InterPro http://www.ebi.ac.uk/interpro Protein families and domains [101]

Pfam http://www.sanger.ac.uk/Software/Pfam Multiple sequence gnments/H M M [102]
models of common protein domains

. . Biologically-significant protein

PROSITE http://www.expasy.org/prosite patterns and profiles [101]

Protein Information o Comprehensive, annotated, non-

Resour ce http:/pir.georgetown.edu redundant protein sequence database (103]

SWISS-PROT/TrEMBL http://www.expasy.ch/sprot Curated protein sequences [104]

Unigene http://www.nchi.nlm.nih.gov/Uni Gene/ Non-redundant, gene orientated [37]
clusters

Major Eukaryotic Genome Databases:

MIPS http://mips.gsf.de Protein and genomic sequences [106]

M ouse Genome Database http://www.informatics,jax.org Mouse genomics, dlleles and [107]
phenotypes

PEDANT Genome Database | http://pedant.gsf.de Automated analysis of genomic [95]
seguences

Rat Genome Database http://www.rgd.mcw.edu Rat genomic database [108]

WormBase http://www.wormbase.org Genomic data on nematodes [109]
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Ressour cesfor_ Pathogenic Genome, Protein and Annotation | nfor mation:

Advanced Center for

Microbia genome and annotation

Genome Technoloay http://www.genome.ou.edu/ information n.a
. ) Genome and information of
AnoBase http://www.anobase.org/AnoBase/index.html Amopheles gambiae n.a
The Comprehensive http://www.tigr.org/tdb/ Microbia sequence and annotation [110]
Microbial Resour ces http://www.sanger.ac.uk/Projects/Microbes database
HIV Sequence Database | http://hiv-web.|anl.gov/content/hiv-db/mai npage.html Information about HIV biology n.a
HOBACGEN http://pbil univ-lyon1 fr/databases/hobacgen. htm Database of dll protein sequences of [111]
bacteria organized into families
. Genome and information of
PlasmoDB http://plasmodb.org/ Pl dium falciparum [112]
Tuberculist http://genolist.pasteur.fr/TubercuList/ Genome anc_:l information O.f n.a
Mycobacterium tuberculosis
E.coli Genome Project http://www.genome.wisc.edu/ .M'Cmb"".‘l genome and annotation na
information
Essential Compar ative Genomic Ressour ces and Visualisation Toadls:
Clusters of Orthologous http:/Avww.ncbi.nlm.nih.gov/COG Phqugenetlc classification of [113]
Groups protein
CORG http://corg.molgen.mpg.de g:lzllske;ved non-coding sequence [114]
PioM aker http://bio.cse.psu.edu/pi pmaker Alignment and visualisation of [40]
P http://bio.cse.psu.edu/genome/hummus/ similar regionsin DNA sequences
VISTA Genome Browser http://pipeline.lbl.gov/ Comparison and visualisation of [39]
human and mouse genomes
Phar macogenetics, Alter native Splicing and SNP Ressour ces:
ASAP http://www.bioinformatics.ucla.edu/ASAP/ Alternative spliced isoforms [115]
ASD http://www.ebi .ac.uk/asd/ Three databases concerning na
alternative splicing mechanisms
ASDB http://hazelton.Ibl.gov/~teplitski/alt! Eg;base of altenatively spliced [116]
. . Search, batch and information on
dbSNP http://www.nchi.nih.gov/SNP/ SNPS of several organisms [37]
EASED http:/Awww.bioiinf.mdc-berlin.de/spli ce/db/ Database for dternative splice forms [117]
of nine organisms
HASDB http://www.bioinformatics.ucla.edu/~splice’HASDB/ | Human alternative splicing database [118]
HapM . Datawarehouse for haplotypes, SNPs
apMap http://hapmap.cshl.org/ and alldle frequencies n.a
HGVbase http://hgvbase.cgb.i.se/ Collection of al human genome [119]
) Rtk sequence variations
JSNP http://snp.ims.u-tokyo.ac.jp/ Database of Japanese SNPs [120]
PALSdb http://pal sdb.ym.edu.tw/ Putative alternative splicing database na
PharmGK P http:/Awww.pharmgkb.org Relationship of variationsin human na
’ ' ) genes and response to drugs )
ProSplicer http://bioinfo.csie.ncu.edu.tw/ProSplicer/ Alternative splicing database [121]
. ) . Canonica and non-canonical
SpliceDB http://www.softberry.com/spl db/SpliceDB.html mammalian splice Sites [122]
; enli Visualizing splicing of genes from
SpliceNest http://splicenest. molgen.mpg.de EST data sats [123]
SNP Consortium Database | http://www.snp.cshl.org SNP Consortium data [124]
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Selected Gene Expression and Profiling Databases:

ArrayExpress http://www.ebi.ac.uk/arrayexpress gg:cg:eé:;gn of microarray gene [125]
GEO http://www.nchi.nlm.nih.gov/geo/ Sr?gi ggt[;rocl);?g(rjyhybndlzatl on [126]
maxdSQL http://www.bi oinf.man.ac.uk/microarray/maxd/ En%ia;cv)\:lar:]?nctﬂ?)? ?x?)rvglr:?altt%n na
MI PS. Expression http://mips.gsf.de/proj/mouseExpress/M E.html Reposto_r y with focgs on n.a
repository mammalian expression data
READ http://read.qsc.riken.go.jp/ RIKEN expression array database [127]
Stanford Microarray http://genome-www4.stanford.edu/MicroArray/SMD R’?W and normallged datafrom [128]
Database microarray experiments
Major Biochemical/M etabalic Pathways Databases:
E. cali K-12 genome, metabolic
EcoCyc http://ecocyc.org pathways ano?qene requlation [129]
Kyoto Encyclopedia of . . .
Genes and Genomes http://www.genome.ad.jp/kegg Metabolic and regulatory pathways [130]
Database for genes and biochemical
MetaCyc http://www.metacyc.org/ pathways of over 150 different [129]
organisms
e . . . Database devoted to microbial
RegulonDB mtéé/kln|ch.C|fn.unam.mx.8850/db/regulondb_| ntro.fra regulation entities, operons and [131]
regulons
Varied Biomedical Content (Literature, Genome Browser, Controlled Vocabulary):
Ensembl http://www.ensemil.org/ Annotated information on eukaryotic [38]
genomes
GeneCards http://bioinfo.weizmann.ac.il/cards/ m;g%?gtgﬁgbgfe of human genes, [132]
. Established dynamic controlled
. http://geneontol ogy.org/ - X
Gene Ontology Consortium http:/Awww.ebi..ac.Uk/GOA/ vocabulary fc_)r annotation applied to [96]
aset of proteins
. Hierarchical functional catalogue to
MIPS FunCat http://mips.gsf.de address biological functi on(s)g [95]
. . . . . Genomic information by
NCBI Map Viewer http://www.nchi.nlm.nih.gov/mapview/ chromosomal location [37]
PubMed http://www.ncbi.nlm.nih.gov/entrez/ ﬁf?;?e:?cg S&h;:\f citetions and [37]
Reference sequence standards for
LocusLink/RefSeq http://www.ncbi.nlm.nih.gov/LocusLink/refseg.html | genomes, genes, transcripts and [133]
proteins
UCSC Genome Browser http://genome.ucsc.edu/ Genome assemblies and annotation [36]
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