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Abstract

It is a long time since bacteria are investigated as they play important roles in biotech-
nology, disease management, biodefense and chronic diseases of humans. Nevertheless
it was only feasible to analyze a small number of model organisms as Escherichia coli
or Bacillus subtilis in depth in the laboratory as this research is time consuming and
expensive. The knowledge gained in model organisms is transferred to novel organisms if
signi�cant sequence homology between the genetic elements can be detected. Therefore,
with the availability of the sequences of many prokaryotic genomes due to novel sequenc-
ing technologies, the impact of comparative genomics on the microbiological research
has grown over the last 15 years. Bioinformatics provides means to handle and compare
the data and by that generates hypotheses that can be checked in experiments in the
laboratory. As many bioinformatics analyses can only be conducted with considerable
e�ort for every novel genome sequence by bioinformaticians, the automation of bioin-
formatics analyses is as essential as the preparation of data for non-bioinformaticians
working in the laboratories.
Therefore the aims of this work were the automation and improvement of bioinformat-

ics analysis methods for prokaryotic genomes, and to make the capability of comparative
genomics easily available for non-bioinformaticians.
This work describes the results of collaborations with di�erent scientists working on

prokaryotes in the laboratory. Bioinformatics standard analyses like the search for best
BLAST hits have been applied to the genome sequences of the organisms and com-
parative genomics has been especially successful adressing various biological issues. An
example important for all prokaryotic genome projects is the improvement of the gene
prediction in prokaryotic genomes. Di�erent con�icts can occur as gene �nders can
predict di�erent possible gene starts, and gene models can overlap. The automatic
gene prediction pipeline ConsPred has been set up, that is able to resolve such con�icts
in unambiguous cases by the integration of knowledge about conserved sequences in
other organisms. This minimizes the manual e�ort necessary for the gene prediction in
prokaryotic genomes. An example for a detailed description of a prokaryotic genome
and thereby the characterization of a prokaryote is the comprehensive analysis of the
genome of the Gram-negative opportunistic foodborne pathogen Cronobacter turicensis
LMG 23827, that is known as rare but important cause of live-threatening neonatal in-
fections. Several features could be identi�ed that suggest an originally plant-associated
lifestyle of Cronobacter spp. 44 potential horizontally transferred genes closely related
to sequences in non-enterobacterial often plant-associated bacteria could be detected.
Additionally pathways typical for plant-associated organisms could be identi�ed. Sup-
plementary it is already known, that Cronobacter spp. are generally capable to utilize a
wide variety of compounds as a sole carbon source. Some of them such as L-arabinose,
D-xylose, D-cellobiose and palatinose are known to be produced and potentially exu-
dated by plants. The presence of a Type IV and a Type VI secretion system as well as
the presence of an array of putative eukaryotic protein domains give a possible expla-
nation for the potential of transferring DNA and e�ector proteins from the bacterial to
host cells as a mechanism of interaction with a eukaryotic host. An example for prokary-



otes, in which comparative genomics plays an very speci�c role, are Chlamydiae, obligate
intracellular bacteria and major pathogens of humans. The ability to speci�cally inac-
tivate and reactivate single genes is central to show gene functions, e.g. in knockout
experiments. As it is not possible to genetically manipulate Chlamydiae bioinformatics
and comparative genomics play an essential role in the research on Chlamydiae. In or-
der to allow non-bioinformaticians to work with state-of-the-art bioinformatics methods
and the available data of Chlamydiae, ChlamydiaeDB, a novel multi-genome database,
was speci�cally developed for members of the phylum Chlamydiae. It facilitates the
interactive analysis of all available chlamydial genomes by comprehensively integrating
heterogeneous information from diverse sources in one place, structuring genes in clus-
ters of orthologs, providing unique tools for comparative and functional genomics, and
manual annotation possibilities. The available data comprises automatic annotations,
as well as data from experiments, e.g. SNP and transcript data. A Chlamydiae speci�c
textmining procedure has been developed. The possibility to retrieve all information
about a group of proteins, feature enrichment in a group of proteins as well as a graphi-
cal KEGG pathway comparison make the resource a valuable tool for scientists working
with genomic data of Chlamydiae. ChlamydiaeDB is easily maintainable and extensible
(http://www.chlamydiaedb.org).

http://www.chlamydiaedb.org


Zusammenfassung

Bakterien sind seit längerem Gegenstand der Forschung, weil sie wichtige Rollen in der
Biotechnologie, im Disease Management, in der Biowa�enabwehr und bei chronischen
Erkrankungen des Menschen spielen. Dennoch war es lediglich möglich eine geringe
Anzahl von Modellorganismen wie Escherichia coli oder Bacillus subtilis eingehend im
Labor zu untersuchen, da diese Forschung zeit- und kostenintensiv ist. Das Wissen,
das in den Modellorganismen gewonnen wurde, wird auf neue Organismen übertra-
gen, wenn signi�kante Sequenzhomologie zwischen den genetischen Elementen gefunden
werden kann. Daher wuchs mit der Verfügbarkeit von prokaryotischen Genomsequen-
zen aufgrund neuer Sequenzierungstechnologien im Laufe der vergangenen 15 Jahre der
Ein�uss von vergleichender Genomik in der mikrobiellen Forschung. Die Bioinformatik
stellt die Mittel zu Umgang und Vergleich der dabei anfallenden Daten bereit und erzeugt
dadurch Hypothesen, die in Experimenten im Labor überprüft werden können. Da viele
Bioinformatikanalysen nur mit erheblichem Aufwand für jede neue Genomsequenz von
Bioinformatikern durchgeführt werden können, ist die Automation von Bioinformatik-
analysen genauso wichtig wie die Aufbereitung der Daten für Nicht-Bioinformatiker, die
in den Laboren arbeiten.
Deshalb waren die Ziele dieser Arbeit die Automation und Verbesserung von bioinfor-

matischen Analysemethoden für prokaryotische Genome, und die einfache Bereitstellung
des Potentials von vergleichender Genomik für Nicht-Bioinformatiker.
Die vorliegende Arbeit beschreibt die Ergebnisse von Kollaborationen mit verschiede-

nen Wissenschaftlern, die sich im Labor mit Prokaryoten beschäftigen. Für die Genom-
sequenzen der Organismen wurden Standard-Bioinformatikanalysen wie die Suche nach
den besten BLAST-Hits durchgeführt, wobei die vergleichende Genomik besonders bei
der Beantwortung verschiedenster komplexer biologischer Fragestellungen erfolgreich
war. Ein Beispiel für eine solche Fragestellung, die für alle prokaryotischen Genompro-
jekte wichtig ist, ist die Verbesserung der Genvorhersage in prokaryotischen Genomen.
Bei der Genvorhersage können verschiedene Kon�ikte auftreten, weil die Vorhersagepro-
gramme unterschiedliche Genstarts und überlappende Genmodelle vorhersagen können.
Die automatische Genvorhersagepipeline ConsPred wurde implementiert, welche solche
Kon�ikte in eindeutigen Fällen durch die Integration von Wissen um konservierte Se-
quenzen in anderen Organismen lösen kann. Dadurch wird der manuelle Aufwand für
die Genvorhersage in prokaryotischen Genomen reduziert. Ein Beispiel fuer die detail-
lierte Beschreibung eines prokaryotischen Genoms und dadurch des Prokaryoten selbst,
ist die umfassende Analyse des Gram-negativen opportunistischen durch Lebensmit-
tel übertragbaren Pathogens Cronobacter turicensis LMG 23827, das als seltene aber
wichtige Ursache von lebensbedrohlichen Infektionen bei Neugeborenen bekannt ist. Es
konnten mehrere Merkmale gefunden werden, die auf eine möglicherweise p�anzenas-
soziierte Lebensweise hindeuten. 44 potentiell horizontal übertragene Gene nah ver-
wandt zu Sequenzen in nicht-enterobakteriellen häu�g p�anzenassoziierten Bakterien
konnten gefunden werden. Zusätzlich wurden metabolische Pfade gefunden, die typ-
isch für p�anzenassoziierte Organismen sind. Darüber hinaus ist bereits bekannt, dass
Cronobacter Spezies im Allgemeinen dazu in der Lage sind ein breites Spektrum von



Komponenten als alleinige Kohlensto�quelle zu nutzen. Von einigen dieser Komponen-
ten wie L-Arabinose, D-Xylose, D-Cellobiose und Palatinose ist bekannt, dass sie von
P�anzen produziert und möglicherweise exsudiert werden. Das Vorhandensein eines Typ
IV und eines Typ VI Sekretionssystems als auch das Vorhandensein einer Reihe von pu-
tativen eukaryotischen Proteindomänen geben eine mögliche Erklärung für das Potential
DNA und E�ektorproteine aus den Bakterien- in die Wirtszellen übertragen zu können,
als möglicher Mechanismus zur Interaktion mit einem eukaryotischen Wirt. Ein Beispiel
für Prokaryoten, für die vergleichende Genomik eine ganz besondere Rolle spielt, sind
Chlamydien, obligat intrazelluläre Bakterien und bedeutende Pathogene des Menschen.
Die Fähigkeit spezi�sch einzelne Gene zu inaktivieren und zu reaktivieren ist zentral um
die Funktion von Genen nachzuweisen, beispielsweise in Knockout-Experimenten. Da
es nicht möglich ist Chlamydien genetisch zu manipulieren, spielen die Bioinformatik
und vergleichende Genomik eine essentielle Rolle bei der Forschung an Chlamydien.
Um Nicht-Bioinformatikern zu ermöglichen mit aktuellen Bioinformatikmethoden und
den verfügbaren Daten von Chlamydien zu arbeiten, wurde ChlamydiaeDB, eine neuar-
tige Multi-Genom-Datenbank speziell für Organismen des Phylum Chlamydiae entwick-
elt. Sie ermöglicht die interaktive Analyse aller verfügbaren Chlamydiengenome durch
die umfassende Integration heterogener Informationen aus diversen Quellen an einem
Ort, durch die Strukturierung von Genen in Cluster von Orthologen, durch die Bere-
itstellung einzigartiger Werkzeuge für vergleichende und funktionelle Genomik und die
Möglichkeit zur manuellen Annotation. Die verfügbaren Daten umfassen automatis-
che Annotationen sowie Daten aus Experimenten, z.B. SNP und Transkriptionsdaten.
Auÿerdem wurde ein chlamydienspezi�sches Textmining entwickelt. Die Möglichkeit des
Downloads aller Informationen für eine Gruppe von Proteinen, das Feature Enrichment
für eine Gruppe von Proteinen sowie ein gra�scher KEGG Pathwayvergleich machen
the Ressource zu einem wertvollen Werkzeug für Wissenschaftler, die mit genomischen
Daten von Chlamydien arbeiten. Die ChlamydiaeDB ist einfach wartbar und erweiterbar
(http://www.chlamydiaedb.org).

http://www.chlamydiaedb.org
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1
Introduction

The topics of this work are the analysis of prokaryotic genomes using bioinformatics and
the development of a resource for genomic data of members of the phylum Chlamydiae.
Therefore the necessary basics are described in this chapter.

1.1 Sequencing of bacterial genomes

In the last years the speed of conventional sequencing increased while the prices de-
creased (Figure 1.1). This made it possible even for relatively small institutions or
individual research groups to sequence whole bacterial genomes.
Additionally the companies 454 [1] and Solexa [2] introduced �Next generation se-

quencing� that simpli�es, speeds up and cheapens the DNA sequencing even more dra-
matically, however at the cost of reduction in read length. As an example using Illumina
sequencing a �nished base pair costs about 0.01 cent. This is about 100 times cheaper
compared to about 0.01$ per �nished base pair in 2005 (Figure 1.1).
The combination of next generation sequencing with the classically sequenced refer-

ence genomes in the public databases opens potential applications ranging from person-
alized genome-based medicine to microbial strain optimization and bioterrorism preven-
tion. Especially the use of genomic information for the diagnosis of diseases will help to
be able to provide tailor-made medicaments for patients, which is more e�ective for the
patient on the one hand and costs less money on the other hand which is of advantage
to the society.

1.2 Primary annotation of genome sequences

1.2.1 Motivation

The genome sequence of an organism consists of one or more chromosomes, each of them
consisting of a long stretch of deoxyribonucleic acid (DNA). Such a DNA as provided
by sequencing companies is just a text �le with the letters A, T, C, G standing for
the purines adenine (A) and guanine (G) and for the pyrimidines thymine (T) and
cytosine (C). These sequences are incomprehensible and mainly useless unless meaningful
biological facts are associated with them in the course of genome annotation.

1
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Figure 1.1: Costs per �nished base pair Costs per �nished base pair [3] and percentage of
manually annotated sequences. The latter is estimated as the ratio of the number of se-
quences in the UniProtKB/Swiss-Prot database and all known sequences available in the
UniProtKB/TrEMBL database. (adapted from [4])

Therefore one of the �rst goals of genome analysis for every newly sequenced genome is
the detection of the location of genes and signals in it. This �rst step in genome analysis
is crucial as it determines the quality of all subsequently applied methods. While false
positive predictions result in the overestimation of the genomic repertoire of a genome
by the prediction of proteins without homology to conserved protein sequences in other
organisms, false negative predictions lead to missing genes or signals, e.g. to incomplete
metabolic pathways that would wrongly suggest the existence of isoenzymes.
For the primary annotation of a genome sequence protein coding genes, genes of

untranslated RNAs and signals of regulatory function have to be considered. The goal
of the primary annotation of genome sequences is the determination of a preferably exact
and complete catalog of locations in the genome. Each of these locations is assigned to
one of the known genetic element types.

1.2.2 Prediction of coding sequences - gene prediction

1.2.2.1 Prokaryotic genes

The knowledge about protein coding genes plays an essential role for the understanding
of the functions of an organism. Therefore the accurate prediction of protein coding

2
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Figure 1.2: The start and stop signals for prokaryotic transcription The signals to start
transcription are short nucleotide sequences that bind transcription enzymes. The signal to
stop transcription is a short nucleotide sequence that forms a loop structure preventing the
transcription apparatus from continuing. (Source: [16])

genes is an important step in the genome analysis.

A prokaryotic gene consists of a region coding for a protein and regulatory regions
(Figure 1.2). The promoter region upstream of the coding region is available for al-
most all genes and is recognized by the transcription machinery when a gene is to be
transcribed. Prokaryotic genes can have various promoters that can be activated or
inactivated depending on the in�uence of regulatory factors like activators, enhancers or
even DNA packaging. In a transcript sequencing experiment in Chlamydia trachomatis
L2b several genes with two distinct transcription start sites could be identi�ed which
indicates a di�erential regulation of gene expression by variation in 5' UTR length [5].
Even though weak and strong promoters can be distinguished there exists no common
strong consensus sequence. The promoter sequences are dependent on the dissociable
subunit σ of the RNA polymerase. This subunit that plays an important role in the
promoter recognition and confers promoter speci�city [6].

But not every gene has its own promoter. Particularly with the availability of a large
number of genomes it has been observed, that genes in microbial genomes tend to form
clusters, which are conserved during evolution [7, 8, 9]. Members of gene clusters are
often cotranscribed as operons [10], or coregulated as division of a biochemical network
[11, 12, 13]. The coregulation is associated with similar or related function of the genes
of an operon and is thereby biologically meaningful [8, 14, 15]. Accordingly an operon
can be de�ned as a series of adjacent same-stranded unidirectional genes in a genome.
The genes are transcribed into a single mRNA molecule sharing a common regulation.
Operons share one common promoter and terminator for all the genes within the operon
[11] (see Figure 1.3).

3
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Figure 1.3: The trp operon and its neighboring genes in Escherichia coli K12 The trp operon
consists of the genes trpL, trpE, trpD, trpC, trpB and trpA [17]. The intergenic distances
between the genes within the trp operon are short. trpA and trpB as well as trpD and trpE
even overlap. The reason that these short distances and overlaps are possible is that the
genes of the trp operon share a common promoter in front of the operon.

1.2.2.2 Features usable for gene prediction

Generally intrinsic and extrinsic information can be used for the prediction of protein
coding genes in genomic sequences. Intrinsic information is derived solely from the
genome in that the gene prediction is performed, extrinsic information is information
gained by comparisons to other genomes.
The following features of prokaryotic genes can be used for their prediction:

• Length of open reading frames (ORFs) In prokaryotic genomes the most
important intrinsic information is the length of open reading frames (ORFs) that
are signi�cantly longer for coding sequences than in intergenic regions. As ORFs
can be contained in all six possible reading frames on the genome (Figure 1.4) there
is the possibility that long ORFs can be detected in parallel in di�erent frames
(Figure 1.5). As overlaps between genes are rare in prokaryotic genomes not all
ORFs exceeding a speci�c length are true genes. This problem is essentially critical
for short genes down to 120 nt length as typical e.g. for several ribosomal proteins.
Therefore the detection of all ORFs within a DNA sequence is not su�cient for a
reliable gene prediction.

• DNA composition statistics There are two reasons that the DNA composition
of genes can be used for their detection. The �rst reason is that it has been shown
that the frequency of single nucleotides and of oligonucleotides up to a length of six
residues is signi�cantly di�erent in coding genes and intergenic regions [19, 20].
These frequencies are speci�c for every genome (Figure 1.6) and are constantly
changing over evolutionary time. The second reason is that it is known, that
synonymous codons do not occur with equal frequency in all organisms [21]. It
is also well known that preferred codons tend to correspond to the tRNAs that
have the highest concentrations in cells [22, 23]. Nevertheless codons with no
corresponding tRNA can still be translated using wobble base pairing [24].

• Promoter signals Prokaryotic genes have three distinct recognition sequences:
the -10 and -35 regions upstream of the translation start and a translation termi-
nation sequence 3' of the stop codon (Figure 1.2). The σ subunits of the RNA
polymerase are important for transcriptional regulation: (i) They ensure the recog-
nition of core promoter elements, (ii) They position the RNA polymerase at the

4
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Figure 1.4: The three reading frames of a strand of DNA Each reading frame starts one
nucleotide further giving rise to a di�erent protein sequence. The other direction of the DNA
also contains three reading frames so that there are six reading frames in total. (adapted
from [18])

Figure 1.5: ORFs may overlap in prokaryotic genomes The picture shows all ORFs ≥ 100
nucleotides lying on the six possible reading frames within a part of the chromosome of
Cronobacter turicensis. It can be seen that some ORFs overlap. Therefore the extraction of
ORFs exceeding a speci�c length is not enough for a reliable gene prediction.
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Figure 1.6: Plot showing the frequency of occurrence of di�erent amino acid codons in
genes and intergenic DNA The amino acids are represented by their one-letter code, and
the three stop codons are combined and represented by the dot. A: shows a comparison
of the amino acid codon frequencies in genes of humans, D. melanogaster (�y), C.elegans
(worm), S. cerevisiae (yeast), and E. coli (E. coli). The amino acids have been ordered to
show most di�erence between species on the left side of the graph. B: shows the amino acid
codon frequencies for C. elegans in genes and intergenic DNA. Clearly some of the amino
acid codons show a considerable di�erence in occurrence in coding and non-coding segments.
(Adapted from [25]) (Source: [16])

target promoter, and (iii) they unwind the DNA near the transcription start site
[26]. Bacterial housekeeping σ-factors are similar to the Escherichia coli σ70 70-
kDa σ-factor [27, 28] and typically bind to the -35 and -10 DNA sequence elements.
The promoter sequences are quite conserved hexanucleotide sequences with the
consensus sequences TTGACA at position -35 and TATAAT at position -10 [29]
and can therefore be searched upstream of potential genes. (For a nice review
about control logic in prokaryotic transcriptional regulation see van Hijum et al.
[30])

• Sequence homology As there is selective pressure on protein coding regions they
show a higher conservation on the sequence level as intergenic regions. Therefore
the knowledge about similar regions to a region in the genome in comparison to
other genomes can be used for the gene prediction.

1.2.2.3 Intrinsic methods

A huge amount of gene �nders for prokaryotic genomes has been published, that solely
use intrinsic information, that is information contained within the sequence for which
genes should be predicted. This section contains the programs used within this work
representing the whole group of intrinsic gene �nders.

6
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1.2.2.3.1 General procedure of intrinsic gene �nders Intrinsic gene �nders build
models for coding regions, non-coding regions, and some of them for sites near the gene
start, e.g. ribosomal binding sites (RBS). This is done explicitly for the genome of the
organism in which the prediction should be made. The resulting models are then used
for the prediction of the coding regions within the genome.
For each position in the genome and for each of the six possible reading frames it has

to be decided whether the nucleotide is coding in one of the six possible reading frames
or if the position is in a non-coding region. The distribution of codons and dicodons
di�ers in coding and non-coding regions and varies from one organism to the other.
Therefore the statistics about the distributions of codons or dicodons in each of the
frames and in non-coding regions have to be determined by training. As training data
for coding regions often long ORFs exceeding a speci�c cuto� are used as these ORFs
are very likely genes. The length cuto� is determined depending on features like the GC
content of the genome as it in�uences the probability that an ORF is long by chance.
The higher the GC content of a genome the less probable are the AT rich stop codons.
As training data for non-coding regions either regions not containing su�ciently long
ORFs can be used or alternative reading frames of the long ORFs. After the training
for each position in the sequence a likelihood score that the given position is coding or
non-coding can be determined and if it is coding in which frame.
For the prediction of genes the genome sequence is scanned for stretches of DNA

su�ciently long and exceeding a speci�c score.
As the prediction of gene starts is di�cult information about sites near the gene starts

are often used for their determination. In many cases ribosomal binding sites (RBS)
and their distances from the gene starts are used. The model for the sites is often a two-
component statistical model consisting of a positional frequency matrix for the sequence
motif and the spacer length between predicted gene start and motif.

1.2.2.3.2 GeneMarkS GeneMarkS [31] combines models for coding regions, non-coding
regions and sites near the gene start in an iterative Hidden Markov Model based algo-
rithm.
GeneMark [32] and GeneMark.hmm [33] are the predecessors of GeneMarkS and can

be seen as intermediate steps. Therefore the summary for all three programs can be
found in this section.
For describing the models, GeneMark uses inhomogenous Markov chains and dicodon

statistics, that is the sixth base x6 in a sequence is dependent on its preceding �ve
positions x1 to x5. So the probability that x6 = a is then P (a|x1, x2, x3, x4, x5). It is
assumed that the dicodon statistic is di�erent for each of the six possible reading frames
so that it is treated for each of the reading frames separately. For the non-coding regions
it is assumed that there is only one statistic for all dicodons.
GeneMark.hmm uses a semi-Markov model, HMM with duration, or explicit state

duration hidden Markov model. GeneMark.hmm incorporates the distribution of gene
lengths into the gene prediction. The idea is that on entering a speci�c state in a
HMM the length distribution is used to determine the duration for this particular visit.

7
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Figure 1.7: Hidden Markov model of a prokaryotic nucleotide sequence used in the Gene-
Mark.hmm algorithm The hidden states of the model are represented as ovals in the �gure,
and arrows correspond to allowed transitions between the states. (Source: [33])

An example is the length of a particular gene, where the state is the "direct strand
coding state" and length i is the duration (Figure 1.7). The model uses state emission
probabilities to emit the respective number of bases, before a transition to another state
of the model is made.
As sites near gene starts show a higher variability than previously thought, Gene-

MarkS creates a two-component statistical model of a conserved in evolution site up-
stream of the predicted gene start that is not only restricted to the detection of a
ribosomal binding site (RBS). The parameters for the model are derived by applying
Gibbs sampling to the multiple alignment of DNA sequences situated upstream of an-
notated translation starts. So GeneMarkS cannot only take into account known RBS
sites but also discover possibly new sites upstream of gene starts.
GeneMarkS �rst determines heuristic initial parameters for the prediction based on

features like the GC content of a genome and runs the �rst prediction for a genome using
the GeneMark.hmm program (Figure 1.8). After this �rst run the upstream regions of
genes are used to determine the �rst gene models speci�c for the organism. Afterwards
GeneMark.hmm is run again using the newly determined models. This is done until
convergence, that is until the change in the sequence parses, obtained in two subsequent
iterations, is less than some prede�ned small value.

1.2.2.3.3 Glimmer 3.0 Glimmer 3.0 [34] uses interpolated Markov models (IMM) for
the six reading frames for coding regions, one model for non-coding regions, and a model
for sites near the gene start.

8
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Figure 1.8: Step-by-step diagram of the GeneMarkS procedure (Source: [31])

ORFs longer than a speci�ed cuto� are used for training, determined by the value
that maximizes the number of non-overlapping ORFs produced and by that maximizing
the amount of data in the training set. This works quite well for genomes with low GC
content as the probability is small that an ORF is long by chance. For genomes with
high GC content the length cuto� needs to be adjusted in order to get meaningful long
ORFs. A distribution of amino acid distributions in genes in a series of organisms is
compared against the ORFs created in the previous step. ORFs not corresponding to
the distribution are removed from the training set as these are likely not coding. A set
of non-coding ORFs is created from alternative reading frames of these long ORFs.

Using the training data IMMs from zeroth to eighth order are created. The nucleotides
do not necessarily have to be located directly upstream of the current position but are
also allowed to be further away. This window is called the context. If only less than
400 observations can be made in the genome sequence for a model of order x then it is
checked whether model x contains signi�cant information compared to the lower level
x-1. If yes then the model of order x can be used otherwise the model of order x-1 is
the model providing the longest context. Since Glimmer 3.0 the context is computed in
reverse direction, that is that the context is built beginning from the stop to the start
of a potential gene as the context is then referring to the coding region of the gene and
not to the non-coding region. The score for the ORF is then the sum of the probability
of each base conditioned on a context windows on its 3' side and the score of the ORF

9
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Figure 1.9: Scoring an open reading frame from the stop codon backwards in Glimmer
3.0. The stop codon is at position 0 on the X-axis and the cumulative log-odds score is
plotted as the solid line. Positions of possible start codons are indicated by vertical dashed
lines. This ORF contains the fructose bis-P aldolase gene in Escherichia coli EG14062 and
the current Ecogene veri�ed start site is at position 1050, near the peak score. This position
is an update for the originally annotated start at position 1122. (Adapted from [34])

being the log-likelihood sum of the bases contained in the ORF. The score is computed
incrementally as a cumulative sum at every position in the ORF. When plotting the
scores for an ORF there is often a maximal peek visible located near the true gene start
(Figure 1.9).
The resulting IMMs involve the weighted sum of terms of models from all orders. If

a higher order model could be identi�ed all lower order models are ignored. The IMM
is then used to determine coding and non-coding regions in the genome.
The RBS could be integrated in Glimmer versions before Glimmer 3.0 by the use of

the standalone program, RBS�nder, that can be run as a post-processor on the results of
Glimmer's analysis. Glimmer 3.0 contains the integration of RBS detection in form of the
ELPH software (http://cbcb.umd.edu/software/ELPH). ELPH uses Gibbs sampling
and identi�es likely shared motifs upstream of the predicted gene starts which can then
be used within Glimmer 3.0.

1.2.2.4 Intrinsic & extrinsic methods

The problem with intrinsic gene �nders is that the quality of their predictions varies
depending on the genome [35, 36, 37]. Additionally the codings sequences (CDSs) pre-
dicted by intrinsic gene �nders often need further time-consuming manual re�nement,
especially the gene starts. The major point of criticism is that intrinsic gene �nders
do not take into consideration a very valuable information: the knowledge about the
conservation of existing protein coding genes in other organisms.

10
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Therefore automatic methods have been developed that integrate intrinsic and extrin-
sic information like ORPHEUS [38], CRITICA [39] or EasyGene [40, 41]. The programs
work similar.
CRITICA searches for stretches of conserved DNA within the genome in comparison to

other genomes. If the translation of the aligned sequences has greater amino acid identity
than expected for the observed percentage nucleotide identity, this is interpreted as
evidence for coding as such excess identity provides evidence of amino acid conservation
and, hence, translation. Additionally intrinsic features like the relative frequencies of
hexanucleotides in coding frames versus other contexts (i.e., dicodon bias) are derived.
These two types of information are integrated into a score. Regions of the sequence
having higher than random scores are predicted as coding. The RBS is taken into
account for the determination of the best gene starts.
EasyGene searches for signi�cant matches of all ORFs exceeding a length threshold

within the genome against UniProtKB/Swiss-Prot and trains a hidden Markov model
(HMM) with states for coding regions as well as RBS. The HMM is then used to score all
the ORFs in the genome. For each ORF the respective score is converted to a measure
of signi�cance R which is the expected number of ORFs that would be predicted in one
megabase of random DNA. The lower R is, the higher is the probability that the ORF
is coding.
ORPHEUS will be described as a representative for this group of programs in more

detail.

1.2.2.4.1 ORPHEUS ORPHEUS [38] is a software with the goal to identify gene
candidates with an emphasis on optimal prediction of gene starts. The gene �nder is
based on the assumption that information about coding regions derived from similarity
searches is in principle more reliable than statistical data.
Therefore the �rst step is the search for regions in the genome signi�cantly related

to known proteins. These regions constitute initial homology based gene models. In
order to be able to �ll the regions of the genome where no initial homology based gene
models could be detected, the homology regions are used to compute codon and base
frequencies.
These frequencies are used for the determination of coding regions in regions of the

genome where there are no initial homology based gene models. The normalized coding
potential for the sequence segment xm...xm+3n−1, n codon starting at base xm, is then
de�ned as

R(xm...xm+3m−1) =
Q(xm...xm+3n−1)− µn

σ
√
n

�� ��1.1

Q(xm...xm+3n−1) is called the coding potential. The normalized coding potential is
computed for each ORF and its alternative reading frames. The di�erence of the highest
coding potential to the alternative coding potentials is named coding quality. If the
coding quality exceeds a speci�c threshold and if the length of the ORF producing the
highest coding potential is longer than a speci�c cuto� (e.g. 100 bp), then this ORF is

11



CHAPTER 1. INTRODUCTION

a candidate ORF. The candidate ORFs are extended to the closest of the possible starts
in frame as long as this elongation does not produce overlaps greater than 6 bp with
other ORFs and if the coding quality of the new candidate exceeds another threshold
value. In case that two candidate ORFs should overlap the one with the higher coding
quality is kept.
In order to determine 5' ends of those ORFs where alternative starts are present ORFs

with unambiguous starts are used for the de�nition of a scoring matrix for ribosomal
binding sites (RBS). ORFs with unambiguous starts are ORFs having the next upstream
ORF within 30 bases. 20 bases upstream of each of the candidates are used in an iterative
manner to locate the conserved pattern in each of the upstream sequences. This model
is then used for the determination of the gene start in the ambiguous cases.
This way homology is used as major information for the gene prediction and the gaps

between the homology genes are �lled with intrinsic predictions including a translation
start when possible.

1.2.2.5 Pipelines integrating various information

It can be observed that intrinsic gene �nders are very commonly used in many studies
and that also the predictions of gene �nders including intrinsic & extrinsic information
di�er. Therefore pipelines have been developed that mainly decide about the best of the
proposed gene models from intrinsic and intrinsic & extrinsic gene �nders and return a
consensus prediction. Examples are YACOP [42] or CONSORF [43].
YACOP integrates predictions from CRITICA [39], Glimmer 2.02 [44], Glimmer 2.10

[45], ORPHEUS [38], and ZCurve [46]. However it is neither described in the publication
nor in the supplementary material how the methods are combined exactly in order to
get a consensus prediction.
CONSORF will be described as a representative for this group of programs in more

detail.

1.2.2.5.1 CONSORF CONSORF [43] is a consensus prediction software that inte-
grates the intrinsic predictions from GeneMark [32], GeneMark.hmm [33] and GLIM-
MER [45] as well as extrinsic information by the integration of similarities produced by
FASTX [47]. Additionally to a consensus gene prediction CONSORF provides predic-
tion reliability scores, predicted frameshifts, alternative start sites and best pair-wise
match information against other prokaryotes.
CONSORF �rst detects potential genes by searching for homologies to known protein

sequences and then the remaining gaps on the genome, where no gene model has been
identi�ed this way, are �lled with intrinsic algorithm-based predictions. This approach
is similar to ORPHEUS [38]. An overview over the work�ow of CONSORF can be seen
in Figure 1.10.
First a pair-wise genome-to-proteome comparison between the DNA of the genome

to be predicted and known protein coding genes in other genomes are performed. In
case of overlapping hits not supporting the same ORF, the hit with the lower bitscore is
removed. Then for each ORF a reliability score is computed consisting of the number of

12
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hits and the sum of the bitscores of the hits from the FASTX alignments with the other
organisms. The alignment with the highest bitscore is used as so called "representative
alignment", that is used for the determination of possible gene starts. The resulting
ORFs are called "candidate homology ORFs". In the case that two candidate homology
ORFs overlap by more than 10% of their lengths the one with the lower reliability score
is removed. This results in the set of �nal "homology CDSs".
Secondly, for the case that ORFs speci�c just to a small group of organisms are dis-

carded in the previous overlap resolvement so called "alternative CDSs" are created.
They are determined by the best FASTX alignment among the comparisons with avail-
able proteome sets.
Thirdly, ab-initio algorithm based predictions are conducted for the genome. Then the

number of predictions and the sum of the nucleotide lengths of the predicted CDSs with
the same stop and start codon positions are used to compute their consensus reliability
scores. There is no overlap resolvement done in order to stay as sensitive as possible.
Each ORF gets all probable starts between the longest possible start and the most
probable start assigned. The most probable start is the start with the largest number of
occurrences over all intrinsic predictions. If two alternative starts are predicted by the
same number of methods then the start producing the shortest gene product is selected.
Fourthly, the ab-initio gene models and homology gene models are merged into a

consensus prediction. The "homology CDSs" with a sum of bitscores greater than a
given cuto� are chosen �rst. Then "ab initio CDSs" with a sum of CDS lengths greater
than another score cuto� are chosen, removing CDSs overlapping signi�cantly with the
existing "homology CDSs" or with another "ab initio CDS" with the higher consensus
reliability score.
The last step is the determination of the most likely start site for each of the previously

determined "integrated CDSs". For each of the CDSs all pairwise FASTX alignments
containing N-terminal residue matches are analyzed and the start site overlapping with
most of the alignments is assigned as new shortest start. The resulting CDS provide the
�nal "representative CDSs".

1.2.2.6 Benchmarking gene predictions

There have several programs for gene �nding in prokaryotic genomes been introduced
above. In order to be able to assess the performance of the respective methods the
predictions of each of the methods have to be compared against sets of validated genes.
Generally the existence of genes can be measured on transcript and on peptide basis.

Transcript data has previously been investigated using microarrays (e.g. [48, 49]) and
the advent of next generation sequencing technologies has recently even opened the pos-
sibility for �deep-sequencing� of prokaryotic transcriptomes (reviewed in [50]). Peptides
can be measured in proteome experiments (e.g. [51]).
All these approaches have limitations. When measuring the RNA transcripts or pro-

teins of an organism not all genes are necessarily expressed at the time point of the
analysis. Additionally too low levels of transcripts or proteins may not be measurable.
All approaches have in common that they do not contain non-genes as they can only
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Figure 1.10: CONSORF work�ow From a prokaryotic genome sequence, the CONSORF system
predicts CDSs in two complementary approaches: homologybased and algorithmbased. In
the homologybased approach, pairwise genome to proteome comparisons via the FASTX
[47] program are performed to generate both "homology CDSs" and "alternative CDSs",
while multiple ab initio predictions are conducted to provide "ab initio CDSs" in the algo-
rithmbased approach. "Homology CDSs" are determined from the representative FASTX
alignment with the highest sum of bitscores in consensus analyses regarding stop, start,
and frame change positions, while "ab initio CDSs" are determined from the consensus of
the algorithmbased CDSs with the highest sum of CDS nucleotide lengths in the consensus
analyses regarding only stop and start positions. On the contrary, "alternative CDSs" are
directly determined from the FASTX alignments with the highest individual bitscore across
all the pairwise comparisons. By integrating the complementary "homology CDSs" and "ab
initio CDSs", avoiding a signi�cant positional overlap on the genome, the "integrated CDSs"
were predicted with high accuracy. To determine the more likely start site among candidate
starts, the "integrated CDSs" aligned exactly with the Nterminal end of a library protein in
the pairwise FASTX comparisons were inspected to provide the �nal "representative CDSs".
(Adapted from supplementary material for [43])
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make statements whether a speci�c transcript or protein was measurable at the time of
the experiment, but not whether the transcript or protein does actually exist or not.
Data of validated genes is very limited at the moment. The genes published in RefSeq

[52] are not a gold set of experimentally veri�ed gene starts. To my knowledge the only
available set of experimentally veri�ed genes consists of 195 genes of E. coli [53] as used
for the evaluation of GeneMarkS by Besemer et al [31]. While these N-termini have been
proven by Edman sequencing there exist two studies that provide support for speci�c
gene starts but do not prove that these are the correct gene starts as the data originates
from proteome experiments. These studies are a set of 606 genes of Halobacterium
salinarum (strain R1, DSM 671) [54], of 328 genes of Natromonas pharaonis (strain
Gabara, DSM 2160) [54], and of 278 genes of Deinococcus deserti VCD115 [55]. The
datasets from the latter studies are not suited for benchmarking of gene predictions.
What is missing is an almost complete set of genes for the genome of an organism

or even a set of genes of taxonomically diverse organisms, as a gene �nder performing
well on the genome of one organism does not necessarily have to perform well on other
genomes.
Basically there are two levels at which the performance of gene �nders can be evalu-

ated. On the one hand it is possible to classify the prediction for each nucleotide of the
genome. This level is the nucleotide or base level (Figure 1.11). On the other hand it is
possible to evaluate the predictions on the protein level (Figure 1.12).
The following measures are known from other areas in which predictions have to be

evaluated.
The sensitivity (sens) is a measure how many of the actual genes have been predicted

as genes.

sensitivity =
TP

TP + FN

�� ��1.2

The speci�city (spec) is a measure how many of the actual non-genes have been
predicted as non-genes.

specificity =
TN

TN + FP

�� ��1.3

The positive predictive value (PPV) is a measure how many of the predicted genes
are actual genes.

PositivePredictiveV alue =
TP

TP + FP

�� ��1.4

Genes can be expressed at di�erent timepoints and at di�erent levels that may not
be measurable anymore. Therefore it is almost impossible to identify a trusted set of
true negatives, that is non-existing genes. For that reason speci�city (Formula 1.3) is
not a suited measure for the performance of gene prediction methods and the positive
predictive value (PPV) (Formula 1.4) is typically used for measuring the performance
of gene predictions [56].
In order to get a more detailed overview over the prediction results additional entities

can be introduced besides true positive (TP), false positive (FP) and false negative
(FN). The �rst measure is the number of genes agreeing in the gene stop and strand
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Figure 1.11: Comparison at the base level of actual and predicted genes Red bars are entire
actual genes. Blue bars are entire predicted genes. Regions of the sequence are assigned as
true positive (TP), true negative (TN), false positive (FP), or false negative (FN). (Adapted
from [16])

predicted TP FP FN GDSGeO

real

Figure 1.12: Comparison at the protein level of actual and predicted genes Actual genes are
shown as blue arrows on the top, the predicted genes are shown below as colored arrows.
The arrow heads are the gene stops. green: true positive (TP) dark red: false positive
(FP) white (labeled with FN): the prediction for this gene is missing, false negative (FN)
orange: gene overlapping with the published gene model but not sharing the same stop
coordinate (Genes Overlapping, GeO) lilac: gene agreeing in the gene stop and strand but
disagreeing in the gene start (Genes with Di�erent Start, GDS)

but disagreeing in the gene start (Genes with Di�erent Start, GDS) (Figure 1.12). If
GDS are observed they are counted as TP in the formulas. This makes it possible to
evaluate the gene prediction without the in�uence of the gene starts, which are di�cult
to predict. Additionally a measure for genes overlapping with the actual gene model but
not sharing the same stop coordinate (Genes Overlapping, GeO) can be de�ned (Figure
1.12).

1.2.3 Non-coding sequences

1.2.3.1 Overview

Besides the coding sequences of a prokaryotic genome that are transcribed into messenger
RNA (mRNA) which is then �nally translated into the amino acid sequence of a protein,
there exists a number of non-coding sequences.
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With the technology of next generation sequencing RNA-sequencing experiments (e.g.
[5]) become feasible and extended knowledge also about non-coding RNAs available.
The �rst type of non-coding sequences are non-coding functional RNA sequences that

are not translated into a protein. Among these sequences are ribosomal RNAs (rRNAs)
and transfer RNAs (tRNAs). rRNAs constitute the major components of the bacterial
ribosomes, which are composed of several subunits. rRNAs are very well conserved
and are present in all extant species [57]. They presumably date back to the earliest
forms of life and thus can be used to compute the evolutionary relationships between
all species on earth [58]. Therefore rRNA can be used to taxonomically classify an
organism and to estimate the rates of species divergence. Thousands of rRNAs have
been determined, also for species where no complete genome sequence is available. The
rRNA sequences are stored in specialized resources like the Ribosomal Database Project
RDP (http://rdp.cme.msu.edu/) or SILVA (http://www.arb-silva.de/). The space
between the subunits of the ribosomes is occupied by the transfer RNAs (tRNAs). Their
anticodons base pair with mRNA codons in the 30S subunit, whereas their 39-CCA
ends, which carry the growing polypeptide chain and the incoming amino acid, reach
into the 50S subunit, the location of the peptidyl transferase center, where peptide bond
formation is catalyzed [59].
The second type of non-coding sequences are Cis-regulatory elements that control

the transcription of genes. Promoters are such Cis-elements and are typically located
upstream of the protein coding region while enhancers may be located more distantly
away from the gene start and may interact with the promoter by building loops [60].
The third type of non-coding sequences are DNA sequences, related to known genes,

that have lost their protein-coding ability or are otherwise no longer expressed in the cell.
These genes are called pseudogenes and can originate by the disruption of a reading frame
or promoter regions by point mutations, frameshifts, or the integration of transposable
elements [61]. If such mutations occur in genes that are not subject to selective pressure
(anymore), that is they are no longer required, they will accumulate mutations and
can only be maintained in the genome for some time but are gradually degraded and
eliminated by deletions [62, 63, 64].
The fourth type of non-coding sequences are transposons, sequences of DNA able to

move to di�erent positions within a genome. By this process called transposition they
may cause the disruption of genes when inserted into it. There can be two kinds of
transposons distinguished, class I retrotransposons and class II DNA transposons. The
DNA transposons normally need the enzyme transposase. The transposase binds to a
target site in the genome and cuts the target site in such a way that it produces sticky
ends. Then the transposon is cut out and ligated into the target site and the gaps
resulting from the sticky ends are �lled by a DNA polymerase and the sugar-phosphate
backbone is closed by DNA ligase. The result is that the insertion site is surrounded
by short direct repeats followed by inverted repeats. This feature can be used for the
detection whether a gene duplication was caused by a transposon. The duplications are
typical events in the evolution of genomes and can lead to neo-functionalization of one
of the copies and are thus an important process in the development of new functionality
[65, 66].
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Repetetive DNA constitutes another type of non-coding sequence and is ubiquitous
in microbial genomes [67]. Various kinds of repeated DNA have been identi�ed in the
genomes of many prokaryotes, whereas the repeats can be included in genes, in intergenic
sequences, or in transposable elements [68]. DNA elements such as insertion sequences
(ISs) and transposons are major evolutionary actors in the genome since they mediate
genome rearrangements, plasmid integration, and gene transfer [69, 70]. By doing that
repeats are representative of important evolutionary mechanisms that allow bacteria
to adapt faster to environmental changes. Repeats can be a hint towards the recent
integration of transposons in a genome [71].

1.2.3.2 Determination of selected non-coding sequences used in this work

The detection of non-coding elements within a prokaryotic genome is part of the primary
annotation. Some of the analyses are integrated into automatic pipelines like PEDANT
[72], other analyses need to be done speci�cally for every novel prokaryotic genome.

1.2.3.2.1 rRNAs The fact that rRNAs are very well conserved between organisms
even on the DNA level can be used for their detection. The easiest way to detect rRNAs
within a genome sequence on the computer is to use the 5S, 16S and 23S rRNA sequences
of the most closely related species and to execute a BLASTN [73] search against the
genome sequence of the organism.

1.2.3.2.2 tRNAs As the sequence of tRNAs is not as good conserved as the sequence
of rRNAs it is not possible to detect tRNAs only by similarity to known tRNAs. Fichant
et al. therefore introduced the software tRNAscan [74] which uses two characteristic
features of tRNA to predict them within a DNA sequence: �rstly the local potential
hairpin and stem structures consistent with the cloverleaf secondary structure motif
of the typical tRNA sequence [75] and secondly the presence of several invariant or
semi-invariant bases that de�ne two conserved regions [75, 76] (Figure 1.13).

1.2.3.2.3 Repeats Due to the role of repeats in genome stability, gene transfer, and
antigenic variation [68] they are subject to investigation.
There have several tools been proposed for the repeat detection in genomes (for exam-

ple [78, 79, 80]). At the time of the implementation of the REPuter [80] software all of
these tools had a limitation of the maximal length of the allowed input sequence. In the
meanwhile REPuter is one of the standard tools for the detection of (in-)exact repeats in
genomes. REPuter distinguishes between forward repeats, palindromic repeats, reverse
repeats and complemented repeats (Figure 1.14).

1.2.3.2.4 Pseudogene detection Various properties of pseudogenes can be used for
their detection. On the one hand the systematical analysis of alignments for the detec-
tion of truncated coding sequences is possible. This approach is used by the Ψ−Φ soft-
ware [61] by Lerat et al for example. On the other hand the analysis of non-synonymous
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Figure 1.13: Cloverleaf secondary structure of a tRNA sequence The standard system of num-
bering tRNA sequences is given [77]. Circles represent nucleotides that are always present;
among them, the thick-edged circles denote invariant or semi-invariant nucleotides. Ovals
represent nucleotides that are not present in each tRNA sequence. The boxed positions
correspond to the T − Ψ − C (from 48 to 62) and D (from 8 to 15) signals as de�ned for
use in our algorithm. IVS, intervening sequence. (source: [74])

Figure 1.14: Repeats detected by REPuter A: forward (direct) match B: reverse match C:
complement match D: palindromic match
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(Ka) in relation to the synonymous (Ks) substitution rates can be analyzed, the Ka/Ks

ratio, which is a measure whether there is selective pressure on a speci�c gene.
The precondition is in both cases that there are comparison genomes related closely

enough available so that their sequences produce signi�cant long alignments in which
mutations can be counted [61].
The identi�cation of the optimal method for pseudogene prediction is di�cult as

there exists to my knowledge no genome wide gold standard for pseudogenes which
could be used to evaluate the predictions. Additionally there exist di�erent de�nitions
of pseudogenes. Existing programs like Ψ − Φ therefore produce lists of hypothetical
pseudogenes that need to be analyzed manually afterwards.
The Ψ−Φ software [61] mentioned above is one way to create pseudogene candidates.

The software has the drawback that it can only use quite similar informant genomes.
In order to use a broader range of sequences for the analysis of truncated genes the
best BLAST hits for all protein sequences of the query genome against a non-redundant
database of publicly available protein sequences can be extracted. Protein sequences
producing hits with a speci�c similarity (e.g. percent identity ≥ 30%) and a speci�c
length di�erence between query and hit sequence (e.g. ratio cuto� between 50 and 79%)
are pseudogene candidates. A third way to create pseudogene candidates is to run a
geneprediction on the genome that also accepts quite short gene models. If two neigh-
boring genes on the same strand show similarities to the same entries of the sequence
database then a frameshift within the genomic sequence is probable.

1.3 Function annotation

After the previous steps the putative genes on the genome are known. In order to deter-
mine the molecular functions (e.g. what kind of enzyme is the protein) and biological
functions (what is the function of the protein in the organism) of the encoded proteins,
a multitude of methods has to be applied in the laboratory, e.g knockout experiments.
The determination of the functions of all proteins of an organism is very laborious and
expensive. Therefore a nearly comprehensive analysis of the functions of genes is only
available for a few model organisms like Escherichia coli or Saccharomyces cerevisiae.
Therefore bioinformatics is often used for the prediction of functions. These predic-

tions can then be used for the design of speci�c experiments in the laboratory.

1.3.1 Ontologies

A comparable and consistent vocabulary of function annotations is necessary in order
to be able to compare, predict and evaluate functions of proteins. Ruepp et al. [81]
state that such a vocabulary should own the properties of human usability, computer
readability, independence on organism, breadth and depth of coverage, stability and
extendibility. Ontologies are such a vocabulary. They de�ne formal and explicit speci-
�cations of the terms used and the relationships between the terms.
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The strength of ontologies is that they o�er the possibility to automatically annotate
genes using a computer. An overview over the ontologies used in this work is given
below.

1.3.1.1 mips Functional Catalogue (FunCat)

By April 24, 1996, the completely sequenced genome of Saccharomyces cerevisiae was
available [81]. The Munich Information Center for Protein Sequences (MIPS) served as
informatics centre and annotated and stored the incidental data in databases. While
processing the data a hierarchically structured classi�cation system for the functional
description of proteins from any organism was developed. This classi�cation system
is named Functional Catalogue (FunCat) [81]. The early versions of the functional
catalogue contained only the categories required for the description of the Saccharomyces
cerevisiae biology [82, 83], later the ontology has been extended to plants, prokaryotes
and animals [84, 85, 86].
As an example, the UniProtKB/Swiss-Prot entry NADE_YEAST from Saccharomyces

cerevisiae is annotated with FunCat category "01.01.03.01.02". As the FunCat is a
hierarchical classi�cation the protein is automatically annotated with FunCat "01"
(metabolism), "01.01" (amino acid metabolism), "01.01.03" (assimilation of ammo-
nia, metabolism of the glutamate group), "01.01.03.01" (metabolism of glutamine), and
"01.01.03.01.02" (degradation of glutamine).
A protein can be member of more than one category in order to account for the

di�erent functions of a protein.
The big advantage of FunCat is, that it has only a limited set of categories that the

annotators can keep at the back of their minds.
FunCat has often been used in bioinformatics and machine learning studies [87, 88, 89].

In 2008 Tetko et al. analyzed the BFAB [90] gold set of manual FunCat annotations and
developed an approach for the reliable prediction of FunCat annotations for proteins of
unknown functions. The annotation tool is called FUNcat Annotation Tool (FUNAT)
[91].

1.3.1.2 Gene Ontology (GO)

The Gene Ontology (GO) [92] is a collaborative project across many laboratories to
provide a controlled vocabulary of genes and gene-associated information. It was in-
troduced by the Gene Ontology Consortium and mainly focuses on eukaryotes. GO is
not strictly hierarchical but organized as acyclic graphs. The Gene Ontology is divided
into three subontologies: "molecular function", "cellular component" and "biological
process". Each entry in the GO consists of a number and an associated name which is
member of one of the three subontologies.
As an example, the UniProtKB/Swiss-Prot entry GNPAT_HUMAN from Homo sapi-

ens is member of the "biological process" GO categories "GO:0006631" (fatty acid
metabolism), "GO:0009887" (organ morphogenesis) and of the "molecular function"
GO category "GO:0008415" (acyltransferase activity).
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There exist several tools that assign GO terms to novel protein sequences. Blast2GO
[93] o�ers GO assignments based on similarity searches with statistical analysis and
highlighted visualization on the directed acyclic graphs. Blast2GO was adapted to high
throughput analyses for the SIMAP database [94].

1.3.1.3 Enzyme Commission numbers (EC numbers)

The Enzyme Commission numbers (EC numbers) have been introduced in 1956 as a nu-
merical, hierarchical scheme describing the catalyzing functions of enzymes [95]. Addi-
tionally the EC nomenclature has been widened to a nomenclature scheme for membrane
transport proteins (TC system) [96].
As an example, the UniProtKB/Swiss-Prot entry KIN28_YEAST from Saccharomyces

cerevisiae is annotated with EC "2.7.11.23". As EC numbers are hierarchical the pro-
tein is automatically annotated with: "2" (transferase), "2.7" (transferring phosphorus-
containing groups), "2.7.11" (protein-serine/threonine kinase), and "2.7.11.13" ([RNA-
polymerase]-subunit kinase).

1.3.2 Transfer of annotation by sequence homology

It has been observed that the relationship of sequences implies sequence, structural and
functional similarity [97]. Such related sequences are called �homologs� as they share
a common origin. If sequences are related closely enough this property can be used to
transfer structure and function from one protein sequence to the other.
The connection between sequence similarity and conserved function and structure is

used in bioinformatics methods to transfer protein annotations.

1.3.2.1 Determining sequence similarity

There have been the Needleman-Wunsch algorithm for the detection of global [98] and
the Smith-Waterman algorithm for the detection of local [99] alignments of sequences
been published. These two dynamic programming algorithms both �nd the optimal
alignments. But they are not appropriate for fast sequence comparisons against large
sets of sequences like they exist in databases. Therefore the faster heuristic approaches
for local similarity searches BLAST [73] and FASTA [100] have been introduced and are
widely used for the determination of sequence alignments and thereby the similarity of
sequences.

1.3.2.2 Uni-directional sequence similarity

The easiest and fastest way to transfer annotations is to search for the most similar
sequence in public databases to a query sequence. The annotations of the detected
protein are then transferred to the query protein.
There are several di�culties associated to the transfer of the annotations of the best

hit. The �rst one is that only annotations of proteins with high quality annotations
should be used for the transfer of annotations. An example are proteins from the
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UniProtKB/Swiss-Prot database. Otherwise spurious annotations might be transferred
from one protein to the other. Additionally only annotations of sequences sharing enough
similarity should be used for the annotation transfer [97]. For enzymes it has been
suggested that 40 to 70% sequence identity is necessary for functional prediction with
90% accuracy [101, 102].
One of the main problems of uni-directional sequence similarity becomes apparent

when looking at the wide range of 40 to 70% necessary sequence identity mentioned
before: as the conservation of protein families di�ers from each other, there can no
global threshold be given that assures that the annotations can be reliably transferred
for each protein family.

1.3.2.3 Bi-directional sequence similarity and orthologous groups

1.3.2.3.1 Bi-directional sequence similarity - orthology In order to overcome the
threshold problem of uni-directional best hits, orthology is often used for the transfer
of annotations. Two genes are orthologous if they directly evolved from a single gene in
the last common ancestor [103]. Orthologs are most likely to share the same functions.
With the assumption that orthologous genes have evolved by divergent evolution

orthologous genes are detectable by bidirectional best hits (BBHs) [104, 105, 106] as the
similarity between the orthologous genes should be very high on the amino acid level,
assumed that the genes kept their functions. As an example, be the best hit for protein
"a" from organism A in organism B protein "b". If the best hit of protein "b" from
organism B in organism A is also the protein "a" then "a" and "b" are bidirectional
best hits between the organisms A and B. The annotations of the orthologous gene can
then be transferred to the other gene.
Two orthologous genes that are members of a protein family that is subject to fast

evolution may not show a very high degree of similarity anymore, but when comparing
the whole proteomes against each other the two genes will still show the highest similarity
to each other. Therefore the cuto� problem of uni-directional sequence similarity is
understated.
BBHs are more di�cult to use as uni-directional hits. Additionally the age of the last

common ancestor of two BBH organisms in�uences the transferability of annotations. If
the proteome of a member of the phylum Chlamydiae should be compared to a member
of the phylum Proteobacteria for example, then the probability that functions of house-
keeping genes can still be transferred is given, while the probability that the annotations
of phylum speci�c genes can be reliably transferred is quite low.

1.3.2.3.2 Orthologous groups Therefore the transfer of annotations from only one
comparison genome is extended to many comparison genomes in the concept of orthol-
ogous groups. Pairs of genes of di�erent species connected by BBHs (=orthologs) can
be grouped into orthologous groups by joining them if pairs have genes in common. It
has been observed that such groups of orthologous genes most often share the same or
similar functions [104].

23



CHAPTER 1. INTRODUCTION

Each of these orthologous groups constitutes a protein family. The determination of
the homogenity of the annotations in a orthologous group is a measure for the transfer-
ability of annotations between the members. If the annotations are very homogeneous
then it is very likely that also the unannotated proteins share the same function. If the
homogenity is not very high then the transfer of annotations is not reliably possible.
Orthologous groups provide the best possibility to transfer annotations. Nevertheless

uni-directional best hits are often used as they are easier to handle.

1.3.2.3.2.1 Existing resources Probably the �rst resource for orthologous groups were
the Clusters of Orthologous Groups of proteins (COGs) [104, 105, 107]. Orthologous
groups have been built by bidirectional best hits between at least three phylogenetic
lineages. It seems that the initial clusters have been analyzed manually. The latest
version from the year 2003 contains 66 genomes of unicellular organisms.
The evolutionary genealogy of genes: Non-supervised Orthologous Groups (eggNOG)

[108] is the follow-up approach for orthologous groups of genes. The clusters have
been constructed similar to the above methodology through identi�cation of reciprocal
best BLAST matches and triangular linkage clustering. Each group is automatically
annotated with a functional description derived from the functional annotations of its
members. The current version contains 630 complete genomes (529 bacteria, 46 archaea
and 55 eukaryotes). eggNOG also contains extended versions of the older COGs.
The KEGG Orthology (KO) System is consisting of manually de�ned orthologous

groups that correspond to KEGG pathway nodes and BRITE hierarchy nodes. The
orthologous groups are constructed using bidirectional best hits [109]. The value of the
KEGG orthologous groups lies within the fact that they are connected to the KEGG
pathways and that the annotations for selected organisms are checked manually.

1.3.2.3.2.2 ComparDB - (not only) a resource for building own orthologous groups
The existing resources do not contain all available complete genomes and especially
no private genomes, that is genomes not published yet. If one wants to work with
orthologous groups nevertheless the protein coding regions of the new genome have
either to be assigned to existing orthologous groups by similarity to cluster members or
own orthologous groups have to be built.
The creation of orthologous groups based on bidirectional best hits (BBHs) is the

most commonly used procedure [104, 105, 107]. One should always keep in mind that
BBHs can by de�nition only be computed between complete genomes. But in order
to be able to work with BBHs the similarities of all against all protein sequences need
to be computed. As this is extremely expensive in time and CPU power SIMAP [94]
contains the matrix of all precomputed all-against-all similarities between proteins with
an opt-score ≥ 80.
The extraction of BBHs between all complete organisms from SIMAP has been accel-

erated by a database containing all bidirectional and unidirectional best hits between
all complete non-eukaryotic genomes, the ComparDB. This database allows easy and
fast retrieval of BBHs and best hits for the computation of clusters of orthologs and
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inparalogs [106].

1.3.2.4 Phylogenomics

It is common for groups of genes similar in sequence to have diverse although usually
related functions [110]. Therefore the identi�cation of sequence similarity is frequently
not enough to assign a predicted function to an uncharacterized gene.
Phylogenomics assigns known functions to the evolutionary tree of the homologs of

a query protein. The functions of the uncharacterized gene are then inferred by their
phylogenetic position relative to the characterized genes (e.g. [111, 112]). This allows to
choose the genes with known functions for the annotation that are most likely to have
the same functions as the query gene.
Phylogenomics is especially precious when the amounts or rates of change vary be-

tween lineages as it allows for evolutionary branches to have di�erent lengths. Addi-
tionally the multiple sequence alignments allow for masking, that is regions of genes in
which sequence similarity is likely to be "noisy" or misleading rather than a biologically
important signal can be excluded from the analysis. Pairwise alignments as used for the
similarity searches mentioned previously cannot mask out regions [110].

1.3.3 Transfer of annotation by domain homology

If no sequences similar enough can be identi�ed on the whole sequence level it might
still be possible to detect known protein domains within the sequences. Protein domains
can give hints towards possible functions of proteins.

1.3.3.1 Protein domains

Protein domains can be de�ned di�erently. In structural biology, a domain is de�ned as
a spatially distinct, compact and stable protein structural unit that could conceivably
fold and function in isolation [113]. Sequence-based domain de�nitions often de�ne
domains as distinct regions of protein sequence that are highly conserved throughout
evolution. The sequences carrying these domains are described as sequence homologs
and are often present in di�erent molecular contexts [114].
As the conservation of these protein domains is higher than the conservation of com-

plete protein sequences, the detection of conserved protein domains in a novel protein
sequence can help to elucidate its function. The use of domains is more sensitive than
sequence similarity based on the complete protein sequence (Figure 1.15) and can even
characterize novel protein sequences with no known counterparts in other genomes but
with protein domains of known functions.
Domains on the sequence level can be described as Hidden Markov Models (HMMs),

sequence motifs or patterns. InterPro [115] is a database integrating the contents of var-
ious databases representing the domains in di�erent ways. It contains domain signatures
from PROSITE [116], PRINTS [117], Pfam [118], ProDom [119], SMART [120], TIGR-
FAMs [121], PIRSF [122], SUPERFAMILY [123], PANTHER [124], Gene3D [125], and
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Figure 1.15: Example of remote homologs retrieved by the "Domain similarity" tool of
SIMAPWhen searching the query sequence in the UniProtKB database, high E-Values result
from low bitscores. Thus, these proteins show insu�cient pair wise sequence homology to
the query and would not be found by database searches which are typically restricted to
a maximal E-Value of 10. However, the similar domain architectures suggest a common
ancestry of these proteins. (Adapted from [128])

HAMAP [126]. When signatures from di�erent member databases of InterPro match
the same set of proteins in the same region on the sequence, it is assumed that they
describe the same functional family, domain or site and are placed into a single InterPro
entry.
All InterPro domains for all sequences are available precalculated in the SIMAP [94]

database.

1.3.3.2 Domain homology

There can be cases identi�ed where protein sequences sharing almost no similarity on
the sequence level nevertheless share a common or very similar protein domain structure
(Figure 1.15). Therefore Lin et al. [127] developed a possibility to compare the domain
structures of proteins. The number of shared domains between two proteins, the domain
order and domain duplications are incorporated into a similarity score.
The use of domain homology allows to detect even remote homologs lacking su�cient

sequence similarity on the sequence level using BLAST or FASTA.

1.3.4 SIMAP

The annotation by sequence as well as domain similarity and many other methods in
computational biology rely on the analysis and comparison of protein sequences and
therefore perform similarity searches using BLAST or FASTA. But even if BLAST and
FASTA are faster than the Smith-Waterman algorithm the increasing volume of publicly
available protein sequences produces a problem for all analyses relying on a complete all-
against-all comparison between all sequences. Therefore SIMAP [94] was set up and aims
to provide the automatically incrementally computed similarities between all publicly
available protein sequences. SIMAP allows to retrieve similarities very e�ciently using
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EJBs or Web Services and allows for analyses that would not be possible without a
complete similarity matrix between all proteins. One example for such an analysis is
the large scale clustering of the protein sequences.

1.4 Horizontally transferred genes

1.4.1 De�nition and importance

Horizontally transferred genes (HTGs), sometimes referred to as laterally transferred
genes, are genes in an organism that originate not by vertical inheritance from the
ancestor of the organism but by a horizontal gene transfer (HGT) event from a possibly
not directly related organism.
HGTs are fundamental for the rapid adaptation of prokaryotic genomes to changing

environmental conditions [129]. They are quite common in pathogens and responsible
e.g. for acquiring resistance against antibiotics (e.g. [130]). Additionally the knowledge
about the origin of HTGs allows to draw conclusions about the natural habitat and the
other organisms living closely together with the organism.

1.4.2 Detection of horizontally transferred genes

1.4.2.1 Concepts

A horizontally transferred gene of an organism is characterized by a taxonomic tree
for the gene that di�ers from the taxonomic tree for the whole organism. Figure 1.16
shows an example in which a bacterial gene is transferred into metazoa. This di�erence
between the trees can be used for the detection of HTGs.
The easiest and most commonly applied detection method for HTGs is the analysis of

the taxonomic distribution of the best hits of a protein sequence against a non-redundant
database of protein sequences. If the closest hits of the protein sequence originate from
organisms that are not directly neighbored in the species tree, then this protein is a
potential HTG.
As it has been shown that the closest BLAST hits are often not the nearest neighbors

of a protein [131] due to di�erences between the pairwise alignments used for BLAST
and the multiple alignments used for the computation of trees, another possibility is the
direct comparison of the phylogenetic gene trees with the species trees.
In order to be able to automatically analyze the taxonomy an electronic taxonomy

concept is necessary. The NCBI taxonomy is such a taxonomic hierarchical tree structure
containing all organisms represented in the genetic databases of NCBI with at least one
nucleotide or protein sequence (http://www.ncbi.nlm.nih.gov/taxonomy).

1.4.2.2 Alien Index

The Alien Alien Index (AI) introduced by Gladyshev et al. [132] analyzes the taxonomic
distribution of the best hits of a protein sequence.
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Figure 1.16: Discrepancy between the species tree and the gene tree of a horizontally
transferred gene A: Species tree for Bacteria (blue) and Metazoa (red). The two groups
are clearly separated in the tree. A single gene is transferred by a horizontal gene transfer
(HGT) from the Bacteria to the Metazoa. B: The gene tree for the horizontally transferred
gene shows that the former Bacteria gene, which is now a Metazoa gene, groups with the
Bacteria genes. This is a discrepancy between the species tree and the gene tree. (Thanks
to Thomas Weinmaier for providing the �gure)

HTG candidates are detected as follows:

1. A homology search for the protein against all publicly available sequences of cel-
lular organisms is performed. Only hits ful�lling an E-value threshold are kept.

2. The homologs are grouped according to their taxonomy into ingroup and outgroup
hits. The outgroup consists of organisms that are potential donors of the HTG.

3. The AI is then calculated as:

AI = ln((best E-value ingroup) + 10−200)− ln((best E-value outgroup) + 10−200)�� ��1.5

4. An AI > 0 indicates that the protein shows higher similarity to the outgroup than
to the ingroup and an AI < 0 indicates that a protein shows higher similarity to
the ingroup than to the outgroup. The higher the AI, the bigger is the di�erence
between the best E-value of the outgroup and the ingroup.

Proteins with an AI ≥ 30 (based on experience from other projects) are considered
HTG candidates.

1.4.2.3 PhyloGenie

PhyloGenie [133] compares phylogenetic gene trees with species trees. The PhyloGe-
nie [133] pipeline is a method that automates sequence selection, alignment, and the
computation, phylogenetic inference and analysis of the trees. Starting from a set of
created trees it is possible to identify trees that match speci�c topological constraints.
PhyloGenie can therefore be used for the detection of HGTs but is not restricted to it.
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1.5 Conserved neighborhood

It has been observed that genes occurring repeatedly in each other's proximity on
genomes tend to encode functionally interacting proteins [134, 135, 8, 136, 7, 137].
Even divergently oriented gene pairs show to be indicative of functional linkage with
somewhat lower con�dence [138].
An explanation for this observation is that functionally associated proteins need to

be maintained and regulated in the genome together. Therefore they share the same
selection pressures as they need to interact with each other in order to build complexes
or to facilitate complex functions. This selective pressure leads to joint transfers of
genes between genomes [139, 140], concerted gene loss [141], gene fusion events [142],
coregulation of genes through common regulatory elements [143], and the creation and
maintenance of operons containing nonhomologous but cotranscribed genes [144, 145].
The interactions between the genes are called �protein-protein-interactions�. Likely

interacting proteins can be predicted by using the concepts of conserved neighborhood,
gene fusion events and cooccurrence of proteins (see [146]).
Scientists working with prokaryotic genomes have used conserved genomic neighbor-

hood of genes for a long time to infer functional linkage, assuming that such arrange-
ments re�ect polycistronic transcription units (operons) [147]. The ChlamydiaeDB in-
troduced in this work allows the display of the genomic neighborhood of genes as this is
the most straightforward and important of the above concepts for a comparative genome
database.

1.6 Bacterial secretion

The understanding of bacterial secretion played a special role in this work as the exis-
tence or non-existence of secretion systems gives insights into the biology of an organism.
For example, many Gram-negative bacteria live in close association with humans, ani-
mals, or plants. These pathogenic or symbiotic interactions between bacteria and host
are often mediated or even made possible by the secretion of bacterial e�ector proteins
into the host cells (e.g. in some members of the genus Rhizobium [148, 149, 150]).

1.6.1 Bacterial secretion systems

Secretion systems are specialized systems that facilitate the transport of e�ector proteins
to the bacterial supernatant or host cell cytoplasm (for a review see [151]). Gram-
negative as well as Gram-positive bacteria have evolved these systems that play an
important role in the virulence of bacterial pathogens [151, 152, 153, 154, 155, 156, 157,
158] as often secreted or surface-exposed bacterial proteins play important roles in the
interaction of the pathogens with their host cells.
In Gram-positive bacteria four di�erent kinds of pathways are mainly responsible for

the protein export from the cytoplasm. The largest number of proteins is translocated
using the general protein secretion (Sec) pathway [159]. The twin-arginine translocation
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(Tat) pathway translocates folded proteins containing a highly conserved twin-arginine
motif in their signal peptide [159]. A sec-independent pathway consisting of type IV
prepilin-like proteins transports another class of proteins in B. subtilis [159]. Addition-
ally there exist ATP-binding cassette transporters that can be regarded as "special-
purpose" pathways, through which only a few proteins are transported [159].
There are seven major secretion systems known in Gram-negative bacteria today

[160, 161, 162] (see Figure 1.17 for an overview). The Type I, III and VI secretion are
independent of the "general secretory pathway" (sec-pathway). The Type I secretion
systems predominantly secrete toxins, proteases and lipases into the extracellular milieu.
The Type III secretion systems secrete toxins, proteases, lipases and virulence proteins
into the host cell. The Type VI secretion is often involved in interaction with eukaryotic
hosts. The Type IV secretion system mediates the secretion of single proteins, protein-
protein complexes and protein-DNA complexes across the double membrane to bacterial
or eukaryotic cells, requiring direct cell-to-cell contact. It consists of 12 parts that build
a needle that can inject these molecules into the host cell. Autotransporters (Type
V secretion system) form a pore through the outer membrane. The chaperone/usher
pathway consists of an outer membrane protein, termed an usher, and a periplasmic
chaperone, guiding proper folding and preventing premature interactions. The Type II
secretion system consists of complexes of 12-16 proteins that mediate the transport of
extracellular enzymes and toxins: a pilus-like structure of four inner membrane proteins
pushes the proteins, delivered to the periplasm by the Sec or Tat system, through an
outer membrane pore.

1.6.2 Prediction of Type-III secreted e�ector proteins

The Type III secretion system (TTSS) is one of the best studied cellular machineries
for the secretion of proteins and despite of the importance of this system for bacte-
rial pathogenesis, recognition and targeting of type III secreted proteins is only poorly
understood.
Methods for the experimental identi�cation of e�ectors rely on translocation assays

using fusion proteins of a putative e�ector with a reporter gene [165, 166, 167, 168] or
detection of e�ectors in the culture supernatant [165]. As e�ector screens by fusion ex-
periments are intractable for all genes of an organism bioinformatics plays an important
role in providing candidate lists of putative e�ector proteins [165, 169, 170].
There have di�erent bioinformatics methods been applied in order to limit the amount

of candidates for experimental analyses in the past. These methods include homology
to known e�ector proteins [165], chromosomal co-localization of putative e�ectors with
TTSS related chaperons [171], common transcriptional regulation of e�ector proteins
with elements of the TTSS [167, 172], and an unusual amino acid composition in the
N-termini of e�ectors [172, 170, 173]. Nevertheless, none of these methods is either
exhaustive or generally applicable.
Therefore an approach that is exhaustively and generally applicable is desirable. The

straightforward way to detect novel e�ector proteins would be the identi�cation of a
general molecular signal which leads to speci�c recognition of e�ector proteins by the
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Figure 1.17: Major protein-secretion systems in Gram-negative bacteria Four of these protein
secretion pathways depend on the Sec system for protein transport across the inner mem-
brane. Type I, III and VI secretion are Sec-independent. Type I secretion systems predom-
inantly secrete toxins, proteases and lipases into the extracellular milieu, whereas Type III
secretion systems also translocate virulence proteins into the host cell. Type VI secretion
mediated by a novel kind of a complex multi-component secretion machine, is often involved
in interaction with eukaryotic hosts. Type IV secretion systems mediate the transport
of DNA and proteins across the double membrane to bacterial or eukaryotic cells, requiring
direct cell-to-cell contact. Examples are the Bordetella pertussis toxin (Sec-dependent, a) or
the Agrobacterium tumefaciens VirB/D4 system for transport of T-DNA-protein complexes
(Sec-independent, b). Autotransporters form a pore through the outer membrane and are
therefore classi�ed among the Type V secretion systems. The chaperone/usher pathway
(C/U) consists of an OM protein, termed an usher, and a periplasmic chaperone, guiding
proper folding and preventing premature interactions. Complexes of 12-16 proteins mediate
transport of extracellular enzymes and toxins in Type II secretion: a pilus-like structure of
four IM proteins pushes the proteins, delivered to the periplasm by the Sec or Tat system,
through an OM pore. Legend: C, bacterial cytoplasm; IM, bacterial inner membrane; P,
bacterial periplasm; OM, bacterial outer membrane; ECM, extracellular milieu. PM, host
cell plasma membrane. When appropriate, coupling of ATP hydrolysis to transport is high-
lighted. Arrows indicate the route followed by transported proteins. Adapted from [163, 164].
(Source: [151])
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TTSS. As the N-termini of known e�ectors are very diverse and show no apparent evolu-
tionary conservation between di�erent e�ectors [174] classical bioinformatics approaches
as deriving sequence motifs are not applicable to model the signal. Therefore machine
learning techniques were used for the deduction of properties that distinguish secreted
from non-secreted proteins. There is no prior knowledge about the mechanism necessary
and the derived features can be used to train a binary classi�er that predicts whether
an unknown protein sequence is likely to be predicted or not.

Three recent approaches utilize binary classi�ers to predict e�ector proteins.

Löwer et al. [175] trained a neural network with string representations of the amino
acid composition of the 30 N-terminal residues of e�ectors from various studies.

Samudrala et al. [176] combined the amino acid composition of the �rst 20 amino
acids with additional information as nucleotide composition of the gene, phylogenetic
distribution of orthologs and the overall conservation of the protein as initial features
and extracted the most discriminating features using recursive feature elimination. The
study uses a support vector machine and indicates a common signal in the two used
organisms P. syringae and Salmonella typhimurium.

Arnold et al. [177] implemented the method E�ectiveT3 taking into account a repre-
sentation of the �rst 25 residues, which includes amino acid frequencies but also frequen-
cies of certain amino acid properties and small combinations of them, as short stretches
of hydrophobic residues. The most discriminating features have been extracted using a
greedy hill-climbing search with correlated feature selection. A naïve Bayesian classi�er
is used. E�ectors with speci�c experimental evidence originating from various organ-
isms have been used and the taxonomic generality of the signal is shown. Arnold et al.
provide a standalone version of the prediction so that it is applicable also to unpublished
data on large scale.

1.6.3 Proteins carrying eukaryotic like protein domains

Some other secretion systems do also use signal peptides. An example is the Type IV
secretion system for which our group could show that the C-terminal sequences of Type
IV e�ectors are suited for the discrimination between secreted and non-secreted proteins.

Another way how to predict e�ectors, no matter by which secretion system they might
be transported, is the search for protein domains related to virulence. Proteins carrying
eukaryotic like protein domains are of special interest as they could be able to mimic and
alter functions in the host cell [178] and therefore play an important role in virulence.

Eukaryotic like protein domains are domains occurring mainly in eukaryotes but also
occurring in prokaryotes. The "interesting" domains are those that occur more fre-
quently in pathogenic than in non-pathogenic bacteria (see also the E�ective database
[179]). The fact that a protein carries such a domain allows to characterize it as likely
to play a role in the interaction with the host.
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1.7 Methods for automatic genome analysis

1.7.1 Text-Mining

The number of available databases containing biomedical data and the data therein has
been constantly growing over the last years. The largest fraction of biomedical knowledge
is unfortunately not contained in specialized databases where the information can be
easily retrieved and for example used with computers but contained in the literature. As
the biomedical literature is growing at a exponential pace [180] it is no longer possible for
a researcher to keep up-to-date with all the relevant literature manually [181]. Therefore
computer supported text mining systems are essential for speeding up the information
retrieval from the literature and the automatic extraction of useful information.
A text can be analyzed at three di�erent levels: The lexical level consists of the

words, also called "lexemes". This is the most basic level. The next higher level is the
syntax level consisting of the grammar or syntax of a language. The syntax de�nes the
positioning of words and also contains the classi�cation of words into di�erent lexical
categories like nouns, verbs, adjectives or adverbs. The highest level is the semantic
level. This level is the meaning of the sentence depending on the context (knowledge
domain). As some words will have di�erent meanings depending on the context, the
context has to be taken into account when analyzing sentences. As example �date� may
be an appointment in the business context or may be a fruit in the food context.
The most important source of biomedical texts is MEDLINE/PubMed. It consists

of approximately 20 million citations for biomedical literature from MEDLINE, life
science journals, and online books from the �elds of medicine, nursing, dentistry, veteri-
nary medicine, the health care system, and preclinical sciences (http://www.pubmed.
org. PubMed is developed and maintained by the National Center for Biotechnol-
ogy Information (NCBI), at the U.S. National Library of Medicine (NLM), located at
the National Institutes of Health (NIH). Academic users can retrieve a free license of
PubMed/MEDLINE XML �les and gain full access to all citations in PubMed with
several updates every week.

1.7.2 Genome annotation pipelines and on-line resources

Many of the standard analyses like the detection of the best hits in public sequence
databases and function annotations like the assignment of UniProtKB/Swiss-Prot key-
words [182], Gene Ontology (GO) [92] and FunCat [81] are daily business and need to be
repeated for every genome project. Therefore the automation of these tasks is desirable.
Probably the �rst genome analysis system was the predecessor of GeneQuiz [183].

Later other systems have been developed, among them MAGPIE [184], PEDANT [72],
Genotator [185] and AceDB [186]. They also introduced the �rst online genome databases
that could be accessed over the spreading internet.
Databases as WIT/PUMA [187, 188], KEGG [189] and MetaCyc [190] arose for the

purpose of metabolic reconstruction from genome data.
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With the availability of complete eukaryotic genomes the next generation of web
portals was made available that integrate all available information for the genomes.
Examples are the UCSC Genome Browser [191] and Ensemble [192].
Today there exist many di�erent annotation systems in parallel. They di�er from each

other with respect to used software technology, type of data, organism types, scienti�c
questions they are designed to answer and target group [4]. While the Swiss-Prot team
uses the annotation pipeline HAMAP [193] for entire microbial proteomes for example,
there also exist systems for small research groups like GANESH [194].
It is even possible to upload complete genome sequences to online annotation services

that provide the user with an automatic annotation of the sequence (JCVI Annotation
Service (J. Craig Venter Institute) http://www.jcvi.org/cms/research/projects/

annotation-service/, BASys server http://basys.ca/ [195]).
In order to make the annotation pipelines very easily customizable some of the major

genome analysis systems, such as PEDANT, have been equipped with work�ow-based
process management. This allows to create standard work�ows that can be executed for
every genome in the same way, but is still open to extensions or speci�c settings.

1.7.3 Data from experiments beyond the genome sequence

Bioinformatics is important when handling and processing data from experiments be-
yond the genome sequences. On the one hand hypotheses can be generated by bioinfor-
matics, on the other hand it can assist in gaining knowledge from data from experiments.
This data plays an important role for the characterization of regulation, transcription,
translation and characterization of gene products of an organism and is therefore essen-
tial for the understanding of an organism.

1.7.3.1 Single Nucleotide Polymorphisms (SNPs)

The advent of next-generation sequencing technologies allowed the unexpensive rese-
quencing of whole bacterial genomes and the detection of polymorphisms between pop-
ulations (e.g. [196]). The degree of genetic variation between the isolates or populations
can be measured and it can be searched for correlations between the variations and
speci�c traits.
A single nucleotide polymorphism (SNP) is a di�erence between two DNA sequences

in one nucleotide. SNPs can be contained within coding regions or in intergenic regions.
The SNPs in coding regions can be divided into non-synonymous SNPs if they alter the
amino acid sequence of the resulting protein or synonymous SNPs if they do not alter
the amino acid sequence of the resulting protein. Not all detectable SNPs may result in
phenotypic traits but may just be di�erent genotypes.

1.7.3.2 Transcript data

The transcriptome of an organism is the sum of all RNAs including mRNAs and other
types of RNAs. The knowledge about the expression levels of genes under certain
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conditions helps to gain knowledge about the function of gene products, e.g. genes
involved in the reaction to heat stress. The availability of transcript information is
therefore important for the precise individual biological interpretation of the functions
of genes. Additionally transcript data provides means to identify which of the predicted
genes are actually expressed.

The knowledge about the di�erential expression of genes can even be used for the
determination of biomarker candidates for a speci�c condition. These candidates need
to be checked in the laboratory.

In order to evaluate gene expression patterns transcriptome studies using microarrays
[197] and reverse transcription PCR [198] can be applied. In order to perform these
studies a priori knowledge in the form of the predicted CDSs has been used.

Small regulatory RNAs (sRNAs) have been detected by computational predictions
combined with experimental veri�cation [199, 200, 201]. Other ways to identify new sR-
NAs are by cDNA cloning of small-sized RNA species [202, 203], detection on tiling ar-
rays [204, 205, 206, 207], and the co-precipitation of sRNAs with Hfq, a conserved sRNA-
binding protein in bacteria [208], and the subsequent identi�cation of Hfq-associated
transcripts on whole genome microarrays [209] or by deep sequencing of cDNA [210].

Recently it could be shown that deep sequencing approaches of RNA are feasible and
able to provide an unbiased picture of the RNAs within a cell [211, 212, 213].

Transcription data therefore can contain information about previously missed coding
genes, gene structure, gene expression patterns, and non-coding RNAs. This is even
possible in genetically inaccessible organisms such as obligate intracellular bacteria [5].

1.7.3.3 Proteome data

The proteome is the complete set of proteins of an organism. In order to be able to
describe structure, function and control mechanisms of a biological system the knowledge
about the proteome is essential as proteins are involved in almost all biological activities.

Proteins are almost always the e�ectors of biological functions. The protein levels do
not only depend on the levels of the transcripts of the genes but also on a host of trans-
lational controls and regulated degradation [214, 215]. The data set comprehensively
characterizing a biological system is therefore the expression level of all proteins.

The knowledge of existence and expression levels of speci�c proteins can be used to
identify putative virulence factors and to gain insights into the physiology and metabolic
versatility of an organism [51]. Additionally the analysis of the proteome can contribute
to the detection of diagnostic biomarkers, construction of vaccines or the development
of novel antimicrobial therapies [216, 217, 218].

Biological mass spectrometry (MS) in combination with protocols to handle small
amounts of biological samples, the ability to rapidly identify peptides by matching their
MS fragmentation spectra to sequence databases, and the direct analysis of very complex
protein mixtures [219, 220] make it a suited solution for the analysis of proteomes.
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1.7.4 Enrichment of annotations and protein domains

In many experiments groups of genes can be identi�ed that share a speci�c property
under a speci�c condition. Examples are genes that are overexpressed under a speci�c
condition or genes containing SNPs.
The question which kinds of proteins with which functions are involved in the reaction

to the condition is addressed by looking at the available annotations of these genes. Even
if speci�c functions can be detected in this set of proteins it is not clear yet whether
this is special when compared to other conditions or to the annotations of the rest of
the proteome.
In order to analyze which properties distinguish one protein set from the other all

annotations in both sets need to be compared to each other. For each of these annota-
tions it can be counted how many proteins in the �rst group have the feature, how many
proteins in the �rst group do not have the feature, how many proteins in the second
group have the feature, and how many proteins in the second group do not have the
feature. In order to be able to distinguish between signi�cant and non-signi�cant dif-
ferences between the two sets a statistical test using these four numbers and producing
some signi�cance measure is necessary. The signi�cance of the di�erence between the
two sets can be assessed with a variety of statistical tests including Pearson's chi-square
test, the G-test, Fisher's exact test, and Barnard's test. Fisher's exact test [221, 222] is
a robust test that is also suited for small sample sizes, that is if only a small number of
proteins has a speci�c annotation in one of the sets. The test returns the signi�cance
of the deviation from the null hypothesis, that there can be no enrichment or depletion
for an annotation be found. As it is desired to test the signi�cance of enrichment and
depletion the two-tailed test needs to be applied.
In order to account for the problem of multiple testing, the p-Value obtained from

the two-tailed Fisher's exact test needs to be corrected. The Bonferroni correction is
probably the most commonly used correction for multiple testing. It is the multiplication
of the p-Value with the number of performed tests.

1.7.5 Submission of sequences to public databases

After the annotation has been done the newly gained knowledge is often published in
scienti�c journals. If the paper contains novel sequences it is necessary to submit these
sequences to either the DNA Data Bank of Japan (DDBJ) (http://www.ddbj.nig.
ac.jp), the EMBL Nucleotide Sequence Database (EMBL-Bank) (http://www.ebi.
ac.uk/embl), or the GenBank database (http://www.ncbi.nlm.nih.gov/genbank/)
prior to submission of the paper. These three institutions take part in the International
Nucleotide Sequence Database Collaboration (INSDC). If the publication contains a
novel genome it is necessary to register the genome project.
The consortium provides the infrastructure for the registration of DNA sequences and

genome projects. This can be done at each of the member databases. A locus_tag pre-
�x can also be registered at this time (http://www.ebi.ac.uk/embl/Documentation/
locus_tag_usage.html). This prevents the case that locus_tags in two genomes have
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the same name. Locus_tags should be assigned to all protein coding and non-coding
genes such as structural RNAs and consist of a pre�x of at least 3 characters length
and a tag value separated by an underscore. An example is the locus_tag Ctu_0010.
"Ctu" stands for Cronobacter turicensis and 0010 is the sequential number of the ge-
netic element on the chromosome. Locus_tags are generally in sequential order on the
genome, but it is allowed to leave gaps when initially assigning locus_tags and �ll in
new annotation with tag values that are between the gaps.

A submission consists of a �le either in GenBank or EMBL format that contains the
annotations of all protein coding and structural RNAs. If a description for the coding
elements is assigned it is also necessary to provide information what the reference for
this annotation transfer is. Therefore a typical work�ow involves the sequencing of the
genome, the registration of the genome project, registration of the locus_tag pre�x,
prediction of protein coding regions and structural RNAs, the naming of the genetic
elements with locus_tags, the transfer of descriptions by sequence homology searches
against a trusted set of proteins (e.g. UniProtKB/Swiss-Prot), the creation of the
submission �les and the upload of the created �les.

1.7.6 Main organisms occurring in this work

1.7.6.1 Cronobacter turicensis

Cronobacter spp. (Enterobacter sakazakii) are Gram-negative opportunistic, foodborne,
pathogenic bacteria of the family Enterobacteriaceae. They are known as rare but impor-
tant cause of life-threatening neonatal infections as brain abscesses, meningitis, necro-
tizing enterocolitis and systemic sepsis [223, 224] with fatal mortality rates varying from
40 to 80% [225]. Neonates and infants under 2 months, born prematurely or with low
birthweight (<2500 g) su�er from the highest infection risk [224] most commonly by
Cronobacter sp. contaminated powdered infant milk formulas. Cronobacter sp. is re-
markably resistant to desiccation, osmotic stress and is able to survive up to two years
in milk powder [226, 227, 228].

Up to now little is known about the mechanisms of pathogenicity in Cronobacter sp.
It is a common trait of microbial pathogens to express adherence factors responsible
for recognizing and binding to speci�c receptor moieties of cells, thus enabling the bac-
teria to resist host strategies that would impede colonization. Up to now, only few
studies have described aspects of the interaction of Cronobacter sp. with human cells
[229, 230, 231, 232, 233]. Several putative virulence factors involved in adhesion, inva-
sion and bio�lm formation, iron acquisition, protection against reactive oxygen species
and protein secretion and transport mechanisms were recently described in Cronobacter
turicensis using a proteomic approach [51].

The genome sequence of the strain Cronobacter turicensis LMG 23827 was used in
this work. This strain caused the death of two new-born children in a Children Hospital
in Zürich in 2005.
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1.7.6.2 Chlamydiae

The members of the phylum Chlamydiae (from the Greek, χλαµεσ meaning "cloak")
[234] are obligate intracellular bacteria that show a broad host spectrum (Table 1.18)
and are major pathogens of humans. Chlamydiae have a characteristic developmental
cycle consisting of two states, the metabolically inert elementary bodies (EBs) and
the actively dividing reticulate bodies (RBs), existing in a host-derived vacuole termed
inclusion [235].
At the moment there are 16 completely sequenced genomes available for the phylum

Chlamydiae: six members of the species Chlamydia trachomatis, one member of the
species Chlamydia muridarum Nigg, one member of the species Chlamydophila felis, one
member of the species Chlamydophila caviae, one member of the species Chlamydophila
abortus, four members of the species Chlamydophila pneumoniae, one member of the
species Waddlia chondrophila, and one member of the species Candidatus Protochlamy-
dia amoebophila.
The two most studied chlamydial species are Chlamydia trachomatis and Chlamy-

dophila pneumoniae and are responsible for several severe diseases in humans.
Chlamydia trachomatis causes trachoma, an infectious eye disease, that a�ects about

84 million people, of whom about 8 million are visually impaired as a consequence [236].
Additionally they are the most common cause of sexually transmitted diseases, with
over 90 million new cases each year [237].
Chlamydophila pneumoniae is another member of the phylum chlamydiae and is a

causative agent of pneumonia, which has also been associated with a number of chronic
diseases such as atherosclerosis, asthma, and Alzheimer's disease [238].
The ability to speci�cally inactivate and reactivate a single gene is central to show gene

functions [239], e.g. in knockout experiments. The developmental cycle of Chlamydiae
poses obstacles in generating the tools needed to perform these genetic analyses and
to de�ne the genes that are important to the biology, pathogenicity, or transmission
of Chlamydia [240]. Therefore it is not possible to genetically manipulate Chlamydiae
e.g. by transformation using circular plasmids that can be easily manipulated like in
Escherichia coli [241]. Therefore bioinformatics plays an essential role in the research
about Chlamydiae.
There is an ongoing discussion about the division of the family Chlamydiaceae into

the two genera Chlamydia and Chlamydophila as proposed by Everett et al. 1999 [242].
In this work the NCBI taxonomy is used, that is also used in GenBank. As NCBI also
distinguishes Chlamydia and Chlamydophila it is consistently also distinguished in this
work.

1.7.7 Databases speci�c for genomes of the phylum Chlamydiae

The general repositories containing the DNA sequences of Chlamydiae are Genbank,
EMBL and DDBJ.
There exist several databases that provide speci�c information for a speci�c member

of the phylum Chlamydiae:
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Figure 1.18: Host range of the phylum Chlamydiae Evidence for the presence of chlamydiae by
16S rRNA analysis in combination with microscopic analyses (immuno�uorescence, electron
microscopy, histology) or for the recovery of the respective organism is indicated by dark blue
boxes. Evidence for the presence of chlamydiae by only 16S rRNA analysis or serology without
microscopic data is indicated by light blue boxes. Due to the revision of the chlamydial
taxonomy in 1999 [242], evidence for Chlamydophila psittaci (formerly Chlamydia psittaci)
could also refer to Chlamydophila abortus, Chlamydophila felis, or Chlamydophila caviae.
(Source: [243])
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The resource for Chlamydophila pneumoniae J138 at http://kantaro2.grt.kyushu-u.
ac.jp/microb/J138/ provides the genome sequence, genes and groups with determined
function for C. pneumoniae J138.
The Proteome 2D-PAGE Database [244] provides proteomics data for C. pneumo-

niae from two studies at http://web.mpiib-berlin.mpg.de/cgi-bin/pdbs/2d-page/
extern/menu_frame.cgi.
The genome database for Protochlamydia amoebophila UWE25 at http://mips.gsf.

de/genre/proj/uwe25/ provides various information like InterPro protein domains, tax-
onomy of the closest homologs, structure predictions, cluster memberships of proteins,
manual functional annotations, and much more.
The Chlamydia Interactive Database (CIDB) [245] at http://www3.it.deakin.edu.

au:8080/CIDB/ contains �ve types of data sources:

• Quantitative RT-PCR expression data for 66 genes from two developmental time
points (24 and 48 h) under both normal growth conditions [246] and also under
gamma-interferon induced persistence conditions [247].

• Microarray gene expression pro�les for C. trachomatis serovar D [197] which con-
tains 901 gene expression patterns for six time points (1, 3, 8, 16, 24 and 40 h).
Microarray gene expression pro�les for C. trachomatis L2 [198], which contain
microarray data for 890 genes at two time points (24 and 48 h).

• Promoter data which includes a list of genes for which the promoters have been
predicted [248, 247]. These are arranged into three categories (sigma-66, sigma-54
and sigma-28).

• Proteomic data for 14 genes which are arranged into three categories (up-regulated,
down-regulated and unchanged) [248].

• Genomic data is accessed via the Berkeley Genome web site (http://chlamydia-www.
berkeley.edu:4231) and enables provision of the predicted gene function and the
gene arrangement maps.

Unfortunately it seems not to be maintained anymore and is not any longer available.
The Predicted Chlamydia Outer Membrane Proteins (pCOMP) database [249] con-

tains a collection of predicted chlamydial outer membrane proteins for Chlamydia tra-
chomatis, Chlamydia muridarum, Chlamydophila pneumoniae, Chlamydophila caviae,
and Protochlamydia amoebophila.
There exist two more comprehensive databases, allowing for comparisons between

genomes:
The Genome Information Broker [250] at http://gib.genes.nig.ac.jp provides

GC-Plots, sequence similarity searches, full text searches, exploration of functional cat-
egories and display of members as well as codon usage and download capabilities for all
Chlamydiae. There are no comparative genomics capabilities.
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The Microbial Genome Database for Comparative Analysis (MBGD) at http://

mbgd.genome.ad.jp/ [251, 252, 253] is a database for comparative analysis of com-
pletely sequenced microbial genomes. It aims to facilitate comparative genomics from
various points of view such as ortholog identi�cation, paralog clustering, motif analysis
and gene order comparison. It contains information about the pathogenic chlamydiae
Chlamydia muridarum MoPn, Chlamydia trachomatis 434/Bu, Chlamydia trachoma-
tis A/HAR-13, Chlamydia trachomatis Jali20, Chlamydia trachomatis D/UW-3/CX,
Chlamydia trachomatis UCH-1, Chlamydophila abortus S26/3, Chlamydophila caviae
GPIC, Chlamydophila felis Fe/C-56, Chlamydophila pneumoniae AR39, Chlamydophila
pneumoniae CWL029, Chlamydophila pneumoniae J138, Chlamydophila pneumoniae
TW-183 and the environmental chlamydium Protochlamydia amoebophila UWE25.

1.7.8 Technical basics for the implementation of genome databases

1.7.8.1 The three-tier architecture

The three-tier [254] (Figure 1.19) is a client-server architecture in which the user inter-
face, functional process logic ("business rules"), computer data storage and data access
are developed and maintained as independent modules, most often on separate plat-
forms. The replacement, upgrade or update of elements in one of these modules does
not a�ect the other layers so that it is possible to react to upcoming requirements with
little e�ort.
The user interface typically runs on a desktop PC, the functional process logic may

consist of one or more separate modules running on an application server (section
1.7.8.2), and a database management system on a database server (section 1.7.8.5)
contains the computer data storage logic.
The three-tier architecture has the following three tiers:

• Presentation Tier This layer is mainly responsible for the interaction with the
user and the display of results, e.g. in a web browser. The results are retrieved by
communication with the other tiers.

• Application Tier (business logic, logic tier, data access tier, middle tier)
This tier controls an application's functionality by performing detailed processing.
An example is the retrieval of information about the next neighbors of a gene, their
assignments to orthologous groups and the integration of this information into one
speci�c format that the presentation tier can use for the display of information.

• Data Tier This layer is responsible for storage and retrieval of data from databases
or �le systems. It keeps data neutral and independent from the other tiers.

1.7.8.2 Application server

An application server is a software framework that can be used for the construction of
dynamic web content and that allows to execute programs on them. Application servers
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presentation tier

interaction with users
display of results

application tier

controls an application’s functionality by 
performing processing of data

data tier

storage and retrieval of data
keeps data neutral and independent 

from other tiers

request data deliver data

request information deliver information

Figure 1.19: The three-tier architecture The three-tier [254] is a client-server architecture in
which the user interface (presentation tier), functional process logic (application tier), com-
puter data storage and data access (data tier) are developed and maintained as independent
modules. The replacement, upgrade or update of elements in one of these modules does not
a�ect the other layers so that it is possible to react to upcoming requirements with little
e�ort.

o�er advantages like encapsulation of data sources (e.g. database connection pooling),
data and code integrity, performance and transaction support. In many cases they also
implement services like clustering, fail-over and load-balancing. Application servers are
often used for the execution of the methods of the business logic (see section 1.7.8.1).
For the projects of this work the application servers Apache Tomcat (http://tomcat.

apache.org/) and JBOSS (http://jboss.org/) have been used.

1.7.8.3 Java & Jave EE

Java is among other things a programming language developed by Oracle (http://java.
oracle.com/). It is a modern object oriented language that is simple, independent on
the operating system, high performance, robust and secure.
The Java Platform, Enterprise Edition (Java EE) is a widely used platform for server

42

http://tomcat.apache.org/
http://tomcat.apache.org/
http://jboss.org/
http://java.oracle.com/
http://java.oracle.com/


1.7. METHODS FOR AUTOMATIC GENOME ANALYSIS

programming in the Java programming language. It provides the functionality of fault-
tolerant, distributed, multi-tier Java software, based largely on modular components
running on an application server (section 1.7.8.2).
Some of the application programming interfaces (APIs) of Java EE have been used for

the projects within this work: Enterprise Java Beans (EJBs), JavaServer Pages (JSPs),
and Web Services (WS).

1.7.8.4 XML

The extensible Markup Language (XML) is a simple, very �exible text format that makes
it easy to exchange and process data. XML is a set of rules for encoding documents
in machine-readable form and is widely used for the representation of arbitrary data
structures, for example in Web Services (section 1.7.8.6.2). There exist libraries for the
handling of XML in probably any programming language which makes processing XML
easy.
The example in Figure 1.20 shows a shortened MEDLINE/PubMed XML �le for the

well-known publication "Molecular structure of nucleic acids; a structure for deoxyribose
nucleic acid" of Watson & Crick [255].

1.7.8.5 Data storage in databases

Data can either be stored in �les on a �lesystem or in some kind of database system.
Files are on �rst sight the easiest way to store data but have drawbacks at second sight
in comparison to databases.
A database in the context normally used is actually a database management system

(DBMS). It consists of two parts, a software that provides storage, access, security,
backup and other facilities, and the database itself. Some of the advantages of DBMS
are that they allow parallel access to the data for several users, that modi�cations on
the data can be seen by all users, that DBMSs provide multiple user interfaces, stor-
age structures for e�cient query processing, mechanisms for controlling redundancies,
backup and recovery possibilities, powerful query mechanisms and that they allow for a
�ne granular rights management.
There can several types of DBMS be distinguished. The most prominent type is

the relational model. MySQL (http://www.mysql.org) is such a relational database
management system (RDBMS) that runs as a server providing multi-user access to a
number of databases. A relational database consists of tables containing information
connected by relations (Figure 1.21). In order to retrieve data spread over di�erent tables
of the database it is necessary to join tables, that is to merge information belonging
together from several tables using one or more columns common to several tables.
If data is stored in just one big table then there might occur redundancies. If for

example proteins with their protein names and the respective name of the organism
should be stored in such a table, then the name of the organism would have to be
stored for every single protein redundantly. If the name of an organism changes then
the organism name needs to be changed for all proteins of this organism in the table. If
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<PubmedArticle>
    <MedlineCitation Owner="NLM" Status="MEDLINE">
        <PMID>13054692</PMID>
        <DateCreated>
            <Year>1953</Year>
            <Month>12</Month>
            <Day>01</Day>
        </DateCreated>
        <Article PubModel="Print">
            <Journal>
                <ISSN IssnType="Print">0028-0836</ISSN>
                <JournalIssue CitedMedium="Print">
                    <Volume>171</Volume>
                    <Issue>4356</Issue>
                    <PubDate>
                        <Year>1953</Year>
                        <Month>Apr</Month>
                        <Day>25</Day>
                    </PubDate>
                </JournalIssue>
                <Title>Nature</Title>
                <ISOAbbreviation>Nature</ISOAbbreviation>
            </Journal>
            <ArticleTitle>Molecular structure of nucleic acids; a structure for deoxyribose nucleic acid.</ArticleTitle>
            <Pagination>
                <MedlinePgn>737-8</MedlinePgn>
            </Pagination>
            <AuthorList CompleteYN="Y">
                <Author ValidYN="Y">
                    <LastName>WATSON</LastName>
                    <ForeName>J D</ForeName>
                    <Initials>JD</Initials>
                </Author>
                <Author ValidYN="Y">
                    <LastName>CRICK</LastName>
                    <ForeName>F H</ForeName>
                    <Initials>FH</Initials>
                </Author>
            </AuthorList>
            <Language>eng</Language>
            <PublicationTypeList>
                <PublicationType>Journal Article</PublicationType>
            </PublicationTypeList>
        </Article>
    </MedlineCitation>
</PubmedArticle>

Figure 1.20: Example of a shortened XML �le of the Watson & Crick paper Various in-
formation available for the publication "Molecular structure of nucleic acids; a structure for
deoxyribose nucleic acid" of Watson & Crick [255] is contained within the XML �le.

not all a�ected entries are changed then this results in inconsistencies. Therefore tables
in relational databases are usually normalized, that is big tables are split into several
smaller tables so that every information is only stored once within the database. In the
example this can be done by moving the organism name into table 2 and by inserting
the information about where the organism name stands in table 2 into table 1. This
way the organism name can be looked up in table 2.
If big tables are normalized this might result in many tables. In order to retrieve

the full information spread over these tables the tables need to be joined. This process
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Figure 1.21: Example of two tables and their relation within the ChlamydiaeDB The �gure
shows two tables, the table "funcat" and the table "funcatdescription". "funcat" contains
information which proteins are annotated with which Functional Catalogue (FunCat) cate-
gories. name is the proteinname (e.g. GI:10957571), databaseid is an internal databaseid
referencing another table not shown here (e.g. 711 for Chlamydia muridarum Nigg) and
propertykey is a FunCat category (e.g. 11.02.03). The description for the FunCat categories
is stored in the table "funcatdescription". propertykey is a FunCat category (e.g. 11.02.03)
and propertyvalue is the associated FunCat description (e.g. mRNA synthesis). The proper-
tykey of "funcat" and the propertykey of "funcatdescription" reference each other and de�ne
a relation: using the propertykey of "funcat" the description can be retrieved using the same
propertykey in table "funcatdescription". This separate storage of FunCat categories and
FunCat descriptions makes it possible that the FunCat description has not to be stored for
each of the annotated proteins in the table "funcat". In order to retrieve the complete infor-
mation for a protein a join between the two tables has to be done using the common column
�propertykey�.

can become quite slow when many big tables are involved. If retrieval speed plays a
role, as it is the case in most applications in the praxis, then data warehouses are used.
Data warehouses store data redundantly in a general scheme in order to facilitate e�cient
reporting and analysis of the whole stored data or big parts of it. The redundant storage
of information results in increased query speed as joins are avoided at the cost of disk
space. Additionally aggregated information like for example the numbers of proteins
of an organism can be precomputed and retrieved fast. The programmer using a data
warehouse has to take care of possible inconsistencies by herself or himself.
A very specialized approach has recently been introduced. It is a system for very

large tables and is called Hbase (http://hbase.apache.org/) and is similar to Google's
Bigtable [256]. HBase is the Hadoop database and allows for random, realtime read/write
access to Big Data.

1.7.8.6 Technologies for the retrieval of information from genome databases

1.7.8.6.1 EJBs If data is available on local servers the best way to retrieve informa-
tion are Enterprise JavaBeans (EJBs) (http://www.oracle.com/technetwork/java/
index-jsp-140203.html). They are the server-side component architecture for Java
EE (section 1.7.8.3). The EJB technology enables rapid and simpli�ed development
of distributed, transactional, secure and portable applications based on Java tech-
nology. EJBs belong to the logic tier of the three-tier architecture. An EJB is a
software component which runs within an EJB container on a speci�c application
server (e.g. JBOSS (http://www.jboss.org/) or GlassFish (http://www.oracle.com/
technetwork/java/javaee/community/index.html). Simply spoken an EJB is an ap-
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plication running on an application server, that returns a result for a speci�c request
and returns the result e.g. to the presentation tier. These results can be Java objects
or XML objects.

1.7.8.6.2 Web Services If data is available on remote servers then Web Services can
be used for the retrieval of information. They are typically application programming
interfaces (API) or web APIs accessible via Hypertext Transfer Protocol (HTTP) and
are executed on remote systems hosting the requested services. Therefore Web Services
can interact with clients anywhere in the world. Web Services use XML messages for
the communication with the clients, that is requests are sent to Web Services using a
speci�c XML message and the results are sent back as another speci�c XML message.

1.7.8.7 Presentation of information to the user

1.7.8.7.1 Content management systems and web portals

1.7.8.7.1.1 OpenCms OpenCms (http://www.opencms.org) is an open source Con-
tent Management System (CMS). Content management systems allow the creation and
the management of content such as web sites, text and pictures. The systems provide
tools for authoring of entries for users with little or no knowledge of a programming or
markup language to create and manage content with relative ease. OpenCms and also
some other CMS provide WYSIWYG (What You See Is What You Get) editors, that is
the user sees at the time of editing how the page will look like �nally.
OpenCms is based on Java and XML technology and can be deployed in an open

source environment.

1.7.8.7.1.2 GenRE GenRE is the Munich Information Center for Protein Sequences
(MIPS) Genome Research Environment (http://mips.helmholtz-muenchen.de/genre/
proj/genre). It is implemented as a modular and multi-tiered architecture based on
Java EE middleware and is designed to provide the possibility to reuse components to-
gether with existing software, hence simplifying the integration of various bioinformatics
resources. GenRE is not a single piece of software but a framework allowing for mid-
range data management and processing. OpenCms is used for the presentation tier as
it provides very convenient administration possibilities and the easy usage of EJBs and
XML/XSL for the visualization of the results.

1.7.8.7.1.3 Portlets on web portals and the Liferay portal server Portlets are
pluggable user interface components that are managed and displayed in a web por-
tal. Portlets produce fragments of markup code that are aggregated into a portal page.
There exist portlet standards that enable software developers to create portlets that can
be plugged in to any portal server supporting the standards.
A web portal provides access to information from diverse sources in a uni�ed way in

the World Wide Web (WWW). Portals provide a consistent look and feel with access

46

http://www.opencms.org
http://mips.helmholtz-muenchen.de/genre/proj/genre
http://mips.helmholtz-muenchen.de/genre/proj/genre


1.7. METHODS FOR AUTOMATIC GENOME ANALYSIS

Figure 1.22: The iGoogle portal page There are di�erent programs visible. These programs
(portlets) are Weather, Date and Time, Youtube, CNN.com, Google Mail, Quotes of the
Day. The iGoogle portal provides a consistent look and integrates the di�erent programs
into a single page.

control and procedures for multiple applications (portlets), which otherwise would have
been di�erent entities altogether. Examples for web portals are iGoogle (http://www.
google.com/ig) (Figure 1.22) and Yahoo (http://www.yahoo.com).
The Liferay Portal server (http://www.liferay.com/) is an enterprise web platform

for building customized web portals and is widely used for business solutions.

1.7.8.7.2 Display of information There are several ways how information can be
displayed on a browser page. The easiest way is HTML. JavaScript makes pages dynamic
and CSS is used to de�ne the layout. JSPs are a technology creating dynamic pages
using a mixture of HTML and Java while the transformation of XML data using XSL
stylesheets provides another way how to display dynamic data. The following sections
will provide a short introduction into these terms.

1.7.8.7.2.1 HTML The HyperText Markup Language (HTML) is the most common
markup language for web pages and provides a means to create structured documents by
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denoting structural semantics for text such as headings, paragraphs, lists, links, quotes
and other items. Images, objects and scripts in languages as JavaScript can be embeded.
HTML documents contain the description of the page but not the exact look as the

display is done by the particular web browser. This is also the reason why pages may
look di�erent using di�erent web browsers.

1.7.8.7.2.2 JavaScript JavaScript is a scripting language typically used to provide
enhanced user interfaces and dynamic web sites. One example are �elds on web sites
that only appear if a checkbox is clicked, another example is information that pops up
if the mouse is over a speci�c part of a web site.

1.7.8.7.2.3 CSS Cascading Style Sheets (CSS) are a declarative style sheet language
used to de�ne the look and the formatting of a document written in a markup language
(e.g. HTML, XHTML). The HTML de�nes the content to be displayed on a page, CSS
de�nes how the content is displayed.

1.7.8.7.2.4 XSL The Extensible Stylesheet Language (XSL) is a speci�c transforma-
tion language describing how XML �les should be formatted or transformed. This makes
it easy to produce di�erent views on the same data (XML) using di�erent stylesheets
(XSL). The use of XSL for the display of information therefore allows to use the same
XML from the application tier for completely di�erent representations.

1.7.8.7.2.5 JavaServer Pages JavaServer Pages (JSPs) is a Java technology that can
serve dynamically generated web pages based on HTML, XML, or other document types.
Internally JSPs are text documents consisting of static text and dynamic elements, the
JSP elements. JSPs are converted into servlets on the application server (e.g. Apache
Tomcat).
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2
Methods & Results

2.1 Computational genome analysis of prokaryotic genomes

2.1.1 Genome projects with collaborators

The sequencing of bacterial genomes became a�ordable also for small research groups
without their own bioinformatics facilities within the last years (section 1.1). Small
analyses can be done manually by the experimental groups but as soon as analyses need
to be done on a larger scale most of the groups cannot cope with the amount of data
anymore or do not have the experience with more sophisticated methods. Additionally
ready to use software often does not exist for speci�c problems, the input format is
di�erent from the formats accepted or programs need to be implemented to be able to
interpret the results. Additionally, a risk often not taken into account is the problem of
submitting unpublished data to public webservers on which the submitter has no control
of what might happen with the data. Therefore o�ine analyses need to be performed if
it is unclear whether the webserver is trustworthy.
This is why many groups rely on bioinformaticians who are experienced in the han-

dling of large amounts of data, use stand of the art datasources and programs or even
implement programs if necessary.
During the last years the contact between our group and collaboration partners with

di�erent backgrounds and investigated organisms could be established. An overview
over these projects can be seen in Table 2.1.

2.1.2 Annotation with the PEDANT system

Many of the standard analyses as the detection of best hits in public sequence databases
and function annotations like the assignment of UniProtKB/Swiss-Prot keywords [182],
Gene Ontology (GO) [92] and FunCat [81] are daily business and need to be repeated
for every project. Therefore many applications have been proposed for the automation
of these tasks (section 1.7.2).
The PEDANT [72] system was selected as best solution for the cooperation partners,

as it automates many of the standard analyses, its web interface provides access to
all publicly available RefSeq [52] genomes and it allows convenient access to private
organisms in a password protected area. PEDANT o�ers the possibility to access all
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cooperation partners institution organism taxonomy comment publication

Cronobacter
turicensis LMG
23827

family: Enter-
obacteriaceae

(foodborne)
pathogenic bac-
terium

[257], in prepara-
tion

Angelika Lehner,
Roger Stephan

Institute for Food
Safety and Hygiene,
Vetsuisse Faculty
University of Zürich

Enterobacter hel-
veticus

family: Enter-
obacteriaceae

various BACs of
Enterobacter hel-
veticus

in preparation

Enterobacter sp.
638

family: Enter-
obacteriaceae

internal database
available before
submission of
public version

-

Escherichia coli
L1000

family: Enter-
obacteriaceae

natural strain
inhibiting both
antibiotic resis-
tant and sensitive
Salmonella iso-
lates in vitro

[258]

Astrid Horn Department of Micro-
bial Ecology, Univer-
sity of Vienna

Candidatus Pro-
tochlamydia
amoebophila
UWE25

family: Parach-
lamydiaceae

environmental
chlamydia, �rst
sequenced mem-
ber of the family
Parachlamydi-
aceae

-

Stephan Schmitz-Esser Department of Micro-
bial Ecology, Univer-
sity of Vienna

Candidatus
Amoebophilus
asiaticus 5a2

no rank: un-
classi�ed Bac-
teroidetes

obligate intra-
cellular amoeba
symbiont

[259]

Leptospirillum
sp. Group II

genus: Nitrospi-
rae

Iron-oxidizing
bacterium from
acidic-mine
drainage

-

Sebastian Lücker, Hol-
ger Daims

Department of Micro-
bial Ecology, Univer-
sity of Vienna

Leptospirillum
sp. Group III

genus: Nitrospi-
rae

Iron-oxidizing
bacterium from
acidic-mine
drainage

-

Astrid Horn, Alexan-
der Siegl, Elena Tön-
sho�, Matthias Horn

Department of Micro-
bial Ecology, Univer-
sity of Vienna

Candidatus
Clavochlamydia
salmonicola

family: Clav-
ochlamydiaceae

associated with
gills of salmonid
�sh

in preparation

Sebastian Lücker, Hol-
ger Daims

Department of Micro-
bial Ecology, Univer-
sity of Vienna

Candidatus Ni-
trospira de�uvii

genus: Nitrospi-
rae

Nitrite-oxidizing
bacterium en-
riched from
activated sludge

[260], submitted

Thomas Penz, Elena
Tönsho�, Matthias
Horn

Department of Micro-
bial Ecology, Univer-
sity of Vienna

Symbiont TTL1
of the Adelges
nordmanni-
anae/piceae
complex

family: Enter-
obacteriaceae

- in preparation

Parachlamydia
acanthamoebae
UV7

family: Parach-
lamydiaceae

environmental
chlamydia

submitted

Astrid Horn, Matthias
Horn

Department of Micro-
bial Ecology, Univer-
sity of Vienna

Simkania
negevensis Z

family: Simkani-
aceae

environmental
chlamydia

submitted

Waddlia chon-
drophila 2032/99

family: Waddli-
aceae

environmental
chlamydia

submitted

Acidianus �la-
mentous virus
AFV10

family:
Lipothrixviri-
dae

- in preparation

Anja Spang, Christa
Schleper

Department of Genet-
ics in Ecology, Univer-
sity of Vienna

Nitrosofabula vi-
ennensis

genus: Ni-
trososphaera

- -

Roland Hatzenpichler,
Anja Spang, Christa
Schleper & Michael
Wagner

Department of Genet-
ics in Ecology, Univer-
sity of Vienna & De-
partment of Microbial
Ecology, University of
Vienna

Candidatus Ni-
trososphaera
gargensis

genus: Ni-
trososphaera

- [261]

Nidal Abu Laban,
Draºenka Selesi,
Rainer Meckenstock

Institute of Groundwa-
ter Ecology, Helmholtz
Zentrum München

Benzol Ferrihy-
drite culture

meta genome - [262]

Franz Bergmann,
Draºenka Selesi,
Rainer Meckenstock

Institute of Groundwa-
ter Ecology, Helmholtz
Zentrum München

deltaproteobacterial
enrichment cul-
ture N47

meta genome - [263], [264], in
preparation

Thomas Weinmaier,
Charles David

Cell and Devel-
opmental Biology,
Ludwig-Maximillians-
Universität München

uncultured
Curvibacter sp.

family: Coma-
monadaceae

bacterium found
together with Hy-
dra

[265]

Table 2.1: Genome projects with di�erent cooperation partners The list of partners within
each project is ordered alphabetically, the last positions are reserved for the workgroup leaders
or professors.
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information available for a genetic element on the one hand and to access all elements
having a speci�c feature on the other hand. This makes PEDANT precious for the
annotation of genomes. Integrated tools like BLAST [73] searches of the sequences of
the contigs or coding sequences against di�erent databases allow the users to answer
many questions by themselves. Additionally a work�ow system allows to use standard
work�ows for the handling of new genomes and to speci�cally adapt the work�ows for
the single genome. These points make the PEDANT system ideal for the collaboration
with experimental groups.
Additionally the easy access to data from PEDANT on the database level or via Web

Service allows the implementation of more sophisticated analyses.
As stated before (section 1.7.5) genomic data needs to be submitted to the DDBJ,

EMBL-Bank or the GenBank database prior to the publication of a paper. PEDANT
o�ers the possibility to export all information for an organism into the EMBL or Gen-
Bank formats selectively. Not all information is suited to be published in the public
databases, for example easy reproducible or changing information like InterPro protein
domains or best BLAST hits. Therefore Thomas Weinmaier and myself implemented
a program that allows to remove the unnecessary parts from these �les and to add
additional information like the protein the product was inferred from.
The program has been successfully applied within various genome projects for the

submission of sequence data.

2.1.3 Gene prediction in prokaryotic genomes

2.1.3.1 Observations in genome projects

It is common to use di�erent intrinsic gene �nders like Glimmer 3.0 [34] or GeneMarkS
[31] for the gene prediction in prokaryotes. This is done to increase the sensitivity of
the gene �nding process. Usually it is decided manually about the best gene models
afterwards using information about homology to known gene products.
When I did the gene �nding for the genomes of the collaboration partners, I observed

that there can occur some di�culties. These issues will be described in the following.

2.1.3.1.1 Di�erent gene starts from di�erent intrinsic gene �nders A prokaryotic
gene is always limited by a start codon in the beginning and a stop codon in the end.
While it is not possible that a stop codon exists in the same reading frame within the
coding region, several possible gene starts may exist. Therefore the determination of
the correct gene start is one of the major problems in prokaryotic gene prediction (see
also Frishman et al [38]). The decision about the �correct� gene starts and by that the
best gene models can often be made manually by the inspection of hits to known gene
products for each of the competing gene models.

2.1.3.1.2 Overlapping gene models from di�erent intrinsic gene �nders Overlaps
between gene models can often clearly be solved if only one of the two models has
signi�cant similarities to known protein sequences as the model without similarity is

51



CHAPTER 2. METHODS & RESULTS

likely a false positive gene prediction. If both gene models show similarities to known
gene products the decision is more di�cult. In this case the model with the higher sum
of bitscores of its hits can be selected as done in CONSORF (section 1.2.2.5.1).
A �rst version of my own gene prediction pipeline implemented this decision. When

Thomas Weinmaier and I mapped the predicted genes for the Curvibacter putative
symbiont of Hydra magnipapillata onto KEGG [189] maps in order to learn about the
metabolic capabilities of this organism, we could identify several cases where the KEGG
maps for the symbiont di�ered from the KEGG maps of its closely related species. In
some of these cases the symbiont was lacking enzymes of pathways. When we did a
TBLASTN of the a�ected protein sequence of the related species against the genomic
DNA of the symbiont we could identify the proteins encoded on the DNA. The reason
for the missing genes was that they had been removed erroneously due to only slight
di�erences in the sum of bitscores for the overlapping gene models. Unfortunately the
wrong model had a slightly higher sum of bitscores produced by hits against hypothetical
proteins and therefore was kept while the correct model was deleted.
These cases showed that the comparison of the sum of bitscores of overlapping genes

alone seems not to be enough for the decision about the better gene model.

2.1.3.1.3 Problematic similarities to incomplete sequences in public databases I
conducted gene predictions for Nitrososphaera genomes using similarities against all
sequences from UniRef100 [266, 267] as extrinsic evidences. When Anja Spang from
the Department of Genetics in Ecology from the University of Vienna analyzed genes of
interest in more detail she discovered that some of them were annotated too short.
An example is the Ammonia monooxygenase amoA from an uncultured ammonia-

oxidizing beta proteobacterium (UniProtKB/Swiss-Prot accession AMOA_NITEU). An
alignment against the most homologous sequences (Figure 2.1) shows that the �rst six
hits support the full length of amoA, then there are a few shorter hits and then again hits
supporting the full length. The best hit not supporting the gene start is ABN12960, the
ammonia monooxygenase subunit A from the same protein of the uncultured ammonia-
oxidizing beta proteobacterium. The alignment starts at position twelve of the query
protein, and the two sequences have 100% sequence identity. The corresponding Gen-
bank entry leads to a publication [268] that gives the reason for this short sequence: it
was identi�ed by primers located within the coding region of the protein (Figure 2.2).
Therefore only the sequence between the primers has been ampli�ed, identi�ed and
submitted.
The usage of hits against incomplete sequences can cause problems. This is why only

hits to complete sequences should be used for the determination of gene starts.

2.1.3.1.4 Error propagation by hits to too closely related species When Elena
Tönsho� from the Department of Microbial Ecology from the University of Vienna
inspected the most similar hits of genes of the symbiont TTL1 of the Adelges nordman-
nianae/piceae complex she could see that the same genes in closely related species were
annotated with di�erent lengths. The upstream regions of the genes were still conserved
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Figure 2.1: Pairwise sequence alignments of the UniProtKB/Swiss-Prot protein
AMOA_NITEU and its homologs It can be seen that the �rst six hits support the full
length of the protein, then there are a few hits not supporting the full length and then there
are hits supporting the full length of the protein again. The hits not supporting the full
length are the same proteins missing an N-terminal part due to primers located within the
coding sequence used for their identi�cation (Figure 2.2). When these alignments are used
for the determination of gene starts this can cause problems.

Figure 2.2: Structure of the amoCAB operon The structure of the amoCAB operon (on the top)
and the positions of the primers amoC58f, 305F, amoA34f, amoA-1F, amoA-2R, amoB1179r
used in this study are shown. It can be seen that all primers lie within amoA, amoB and
amoC respectively. (Figure adapted from [268])

and it was not clear whether these similar regions existed due to the close relationship
to the symbiont or because the genes were recently shortened in some relatives.
Therefore close relatives should be excluded from the BLAST search in order to pre-

vent the propagation of possibly falsely annotated gene starts in closely related species.
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When hits to more distantly related species can be identi�ed it is more likely that
conserved regions are conserved due to conservation of coding regions.

2.1.3.1.5 Overlaps of intrinsic gene predictions and non-coding genetic elements
rRNAs and tRNAs are very well conserved genetic elements. During the annotation of
the genome of Cronobacter turicensis LMG 23827 I discovered that some of the gene
models overlapped with rRNAs and tRNAs. Therefore these obviously wrong gene
models had to be removed.
The problem with that is that it cannot be excluded that one of these removed genes

had led to the deletion of other correct genes overlapping with them.
Therefore the knowledge about the position of non-coding regions within genomes

should be integrated into the gene prediction process.

2.1.3.2 How to decide about the best intrinsic gene models manually

In the following the typical manual procedure is described how we and our cooperation
partners normally annotate genes in prokaryotic genomes, bearing in mind the previously
described observations. It is not intended to be a hands-on-tutorial but describes the
reasons for the decisions and the course of action.
Bearing in mind the previously described observations in the following the typical

manual procedure is described how we and our cooperation partners normally anno-
tate genes in prokaryotic genomes. This is not intended to be a hands-on-tutorial but
describes the reasons for the decisions and the course of action.

2.1.3.2.1 Execution of intrinsic gene �nders First the intrinsic gene �nders are ex-
ecuted. In order to cover genome speci�c features a training precedes the prediction.
Speci�c properties of sequences upstream of genes like ribosomal binding sites should
be switched on, if possible, as this often improves the gene predictions.

2.1.3.2.2 Execution of BLAST against known protein sequences Hits to known
protein sequences are searched using BLAST [73] as they serve as valuable information
for the decision about the best gene models and can help to improve the sensitivity
of the gene prediction as no genes with su�ciently good similarity to known protein
sequences are missed.

2.1.3.2.3 Determination of non-coding sequences Noncoding sequences like rRNAs
and tRNAs are searched within the genomic sequences as these elements can help to
dissolve overlaps.

2.1.3.2.4 Grouping of gene models by same strand and stop coordinate All in-
trinsic and extrinsic information is available at this time point. This is the �rst step of
the actual decision process about the best gene models:
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genomic DNA

prediction #1

prediction #2

prediction #3

hit #5

hit #4

hit #3

hit #2

hit #1

3'5'

Figure 2.3: Intrinsic and extrinsic information grouped by strand and stop coordinate The
line at the bottom is the genomic DNA of a prokaryote, above there are three gene predictions
di�ering in the gene start (squares are gene starts, arrow heads are gene stops). Dashed lines
are extrinsic information in form of BLAST hits to known protein sequences. It can be seen
by the BLAST hits that prediction #1 o�ers the most probable gene start.

In order to be able to identify gene models that represent the same genes, all gene
models from the various predictions are grouped by same strand and stop coordinate.
This is done as the gene stop is a reliable feature in contrast to the gene start and each
of these groups represents a potential gene with one gene stop and at least one potential
gene start (Figure 2.3).

2.1.3.2.5 Selection of a representative gene model for each group After the gene
models have been grouped by same strand and stop coordinate for each group represent-
ing one gene, a representative is chosen. That means basically the selection of the most
probable gene start for this gene. This is done by looking at the available evidences for
the gene models.
If no evidences are available for the gene then the gene model supported by the

highest number of intrinsic predictions is chosen. If there is no gene start supported by
the majority of the predictions then the prediction of the intrinsic prediction program
the annotator trusts most is selected. This is not always necessarily the longest gene
model.
When there are evidences it is �rst checked whether there exist evidences that support

one speci�c gene start. If this is the case, then this start is probably the correct one and
has to be chosen (see Figure 2.3). If this is not the case then the region supported by
homology to known sequences is searched. The gene start producing the shortest gene
and including all the evidences is the best start then. There should a certain overlap
between gene start and evidences be allowed due to possible gaps in the alignments. An
allowed overlap of 10 amino acids length has shown to be reasonable.
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non-coding RNA

A

B

C
Figure 2.4: Kinds of overlaps between non-coding RNA and gene predictions The line at the

top is a non-coding RNA lying on the contig of a prokaryotic genome. The gene predictions
are shown as arrows, squares are gene starts, arrow heads are gene stops. A: The gene model
lies within a non-coding sequence and has to be removed B: The N-terminus of the gene
model overlaps with a non-coding sequence. It has to be checked whether the overlap can
be resolved by shorting the gene model or whether the gene model has to be removed C:
The C-terminus of the gene model overlaps with a non-coding sequence. Therefore the gene
model has to be removed.

As described in section 2.1.3.1.4, too closely related sequences can cause problems in
the gene prediction process. For this reason only hits to not too closely related species
are used. The exclusion of hits to sequences of the same taxonomic family has shown
to give quite reasonable results.
After this step there is only one gene model left for each gene.

2.1.3.2.6 Resolving overlaps with non-coding sequences Overlaps with non-coding
sequences are the clearest cases that can be resolved within the gene prediction as
rRNAs and the structures of tRNAs are very well conserved. There can three cases be
distinguished:

1. The gene model lies within a non-coding sequence The gene model has to
be removed as it is most probably a false positive gene prediction. (Figure 2.4 A)

2. The N-terminus of the gene model overlaps with a non-coding sequence
It has to be checked whether the overlap can be resolved by shorting the gene
model or whether the gene model has to be removed. First it is searched for
alternative start codons within the sequence of the gene model. If another start
can be identi�ed that results in a gene model not overlapping more than 6 nt
with the RNA then the new start is selected. The new gene start resulting in the
longest gene and allowing a small overlap of 6 nt for alignment artifact reasons is
selected. If no other possible start can be identi�ed within the gene model then
the gene model has to be removed. (Figure 2.4 B)

3. The C-terminus of the gene model overlaps with a non-coding sequence
The gene model has to be removed as it is most probably a false positive gene
prediction. (Figure 2.4 C)
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2.1.3.2.7 Resolving overlaps between genes A certain overlap between the genes
can be observed in many bacterial genomes. This is also taken into account within
intrinsic gene �nders like GeneMark.hmm. If the length of the overlap between two
gene models is greater than 16% of the lengths of the proteins, then the overlap has
to be resolved. First all overlaps between genes overlapping with their C-termini are
dissolved as they are clear problem cases. The removal of these cases can solve other
overlaps, which can then be handled in the second round.

1. Genes overlapping with their C-termini The basic idea is to remove the
gene model having much less evidence than the other gene model. This can be
measured for each of the gene models by the number of hits, by the quality of
the alignments, and by the existing or non-existing annotations of the hits. The
gene model with the better evidence is retained, the other gene model is removed.
Figure 2.5 A shows two genes without evidence overlapping with their C-termini.
The gene model of the intrinsic method the annotator trusts most is retained,
the other one is deleted. Figure 2.5 B shows two genes with evidence overlapping
with their C-termini. The gene model having the better evidence (the left gene)
is retained, the other one is deleted.

2. Other overlaps If none of the two genes has evidence then one of the gene models
has to be selected. This is the gene model of the prediction the annotator trusts
most, the other model is removed (Figure 2.5 C).

If only one of the two genes has evidence it is tried to resolve the overlap by
shorting the gene without evidence (Figure 2.5 D). First all possible gene starts
are searched in the nucleotide sequence of the gene. If another gene start of an
intrinsic prediction method provides a gene model that does not produce an overlap
then this model is selected. Otherwise the start producing the longest gene model
without producing an overlap is selected. If no suitable start can be identi�ed
then the gene without evidence is removed.

If both genes have evidence then the evidences need to be examined more closely.
As it has been made sure that the gene model has been selected for each gene
that is supported best by evidences previously (section 2.1.3.2.5), none of the two
genes can be shortened further. Therefore the same idea is applied as in the
case for C-terminal overlaps: The gene model having much less evidence than the
other gene model is removed. This can be measured for each of the gene models
by the number of hits, by the quality of the alignments, and by the existing or
non-existing annotations of the hits. The gene model with the better evidence is
retained, the other gene model is deleted (Figure 2.5 E).

After these steps a non-overlapping set of genes is available.
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A

B

C

D

E

Figure 2.5: Resolvement of overlaps between gene models The gene predictions are shown as
arrows, squares are gene starts, arrow heads are gene stops. A: Two genes without evidence
overlap with their C-termini. The gene model of the intrinsic method the annotator trusts
most is retained, the other one is deleted. B: Two genes with evidence overlap with their
C-termini. The gene model having the better evidence or evidence at all (the left gene) is
retained, the other one is deleted. C: Two genes overlap and none of the two genes has
evidence. The gene model of the method the annotator trusts most is selected, the other
model is removed. D: Only one of the two genes has evidence. It is tried to resolve the
overlap by shorting the gene without evidence. If this is possible the gene without evidence
is shortened, if it is not possible then the gene without evidence is removed. E: Both genes
have evidence and cannot be shortened anymore as they are already shortened so that they
represent the evidence best in previous steps. The gene model having much less evidence
than the other gene model is removed, the other one is retained (the left one).
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2.1.3.3 Existing tools for gene prediction in prokaryotic genomes integrating
intrinsic and extrinsic information

The decisions about the �correct� gene starts and the best gene models can be made
manually as described above. This has been done for whole genomes (e.g. [269]). With
the increasing sequencing speed, the decreased costs for sequencing and the amounts
of sequence data produced, the manual annotation of whole genomes is not feasible
anymore.

Therefore an automated approach is desirable that supports the human annotator
with the gene prediction for bacterial genomes.

There have been some solutions proposed integrating intrinsic and extrinsic informa-
tion for the improvement of prokaryotic gene prediction.

ORPHEUS [38], CRITICA [39] and YACOP [42] are not suited for the previously
described gene prediction as they are far from representing the procedure how a human
annotator would decide.

CONSORF [43] integrates intrinsic predictions from established gene �nders and ex-
trinsic information is integrated as FASTX [47] similarity of potential gene candidates
against a database of known gene products. Even though CONSORF is closer to the
decisions described before, there are several points of criticism.

In the case that hits overlap more than 10% of the alignment length the hit with the
lower bitscore is removed. But the longer a sequence is the higher is the probability
that it gets a high bitscore by chance. This gives a higher weight to long ORFs and
potentially very well conserved shorter ORFs might not be detected anymore as all their
short hits are removed due to overlaps with a single long hit.

Each ORF gets several potential gene starts assigned. The most probable or shortest
start is the �rst possible start upstream of the hit with the highest bitscore. The problem
with this is that this might be a long hit with a high bitscore supporting the C-terminal
part of the protein but not the N-terminus anymore. The gene could therefore be
predicted too short.

When the gene start is determined, it is checked which potential start is supported by
the most evidences. There are several problems with this approach: First no intrinsic
information about coding potential or RBS is used and second several weak hits in
distantly related species can cause the decision for a wrong gene start.

The question was whether CONSORF is suited to be adapted so that it makes the
same decisions as a human annotator. CONSORF is written in Groovy, a dynamic
language for the Java Platform. As CONSORF automates all steps necessary for the
gene prediction for many genomes at once and therefore has lots of dependencies and as
the implementation of the decisions for the overlap resolvement and gene start decision
would have required a complete restructuring of the whole software it was necessary to
implement an own new gene prediction pipeline from scratch.
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2.1.3.4 ConsPred - a new gene prediction pipeline

2.1.3.4.1 Selection of intrinsic gene �nders Two of the most established intrinsic
gene �nders are GeneMarkS [31] and GLIMMER 3.0 [34]. The fact that their predictions
are well accepted and established is also re�ected by the fact that their predictions are
available for all RefSeq [52] genomes. Both programs are under constant development,
many years of experience and manpower have been put into the gene �nders.
For the new gene prediction pipeline GeneMarkS 2.6r and GLIMMER 3.0 were used.

2.1.3.4.2 Preparation of a BLAST database The gene prediction is designed for gene
�nding in bacteria, archaea and viruses. Therefore it would make no sense to include
other sequences than sequences from these taxonomic groups in a BLAST database as
other sequences might produce meaningless hits. Additionally by using only all protein
sequences of all publicly available complete prokaryotic, archaeal and virus organisms in
NCBI's Reference Sequence (RefSeq) [52] database, the database size can be reduced.
Exact duplicates of protein sequences are replaced by one representative sequence pos-
sessing the taxonomic information of all the sequences it represents. For the reason that
incomplete sequences can cause problems (see section 2.1.3.1.3) only complete genomes
from RefSeq are used for the gene prediction.
Each sequence in the database contains the NCBI taxonomy ids of the organisms it

is contained in in the description line of the fasta �le. This makes it possible to use the
same BLAST database for various gene prediction runs and to use �exible �ltering of
the BLAST hits during the runtime of the gene prediction pipeline in order to �lter out
too closely related hits.

2.1.3.4.3 Determination of non-coding RNAs as input for the gene prediction The
RNAs are determined as described in section 1.2.3.2. The coordinates of RNAs can be
supplied as a �le to the gene prediction pipeline.

2.1.3.4.4 The gene prediction pipeline ConsPred In the following the steps of the
new gene prediction pipeline ConsPred (Consensus Prediction) are outlined. Figure 2.6
shows a complete overview over the pipeline.
ConsPred has been implemented in Java.

1. Extraction of all open reading frames (ORFs) All open reading frames
(ORFs) between two stop codons with at least 150 nt length are extracted from
each of the contigs, using coding table 11, applying getorf from the EMBOSS pack-
age [270]. The sequences do not necessarily start with one of the possible start
codons at this point yet. This extraction of all possible ORFs is done in order
to cover possibly conserved genes that cannot be identi�ed by the intrinsic gene
prediction methods.

2. Retrieval of similarities to known protein sequences BLASTP [73] is ex-
ecuted for all extracted and translated ORFs from getorf against the previously
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prepared BLAST database. An E-value cuto� of 10−10 is applied in order to avoid
spurious hits. The pre-processed BLAST database allows to remove those hits
from the result lists that are too closely related to the query genome.

3. Removal of ORFs without evidence All ORFs not having any similarity to
known protein sequences are removed as these are most likely not coding for pro-
teins.

4. Shortening of ORFs using the evidence Until this step the ORFs do not
necessarily have a valid start codon. It can occur that only some regions of the
ORFs are supported by similarities to known protein sequences. Therefore the
ORFs are shortened so that they have a valid gene start and that most of the ORF
is supported by similarities to known protein sequences. First the region supported
by BLAST hits is determined. This is done by marking each position of the ORF
supported by at least one evidence as evidence region. Then potential start codons
are searched upstream of the evidence region. If a potential ORF start has been
identi�ed that lies less than 30 nt upstream of the evidence start, this ORF start
is taken as granted. If the potential ORF start is further away or no potential
ORF start can be identi�ed upstream of the evidence start, potential ORF starts
are identi�ed downstream of the evidence start. If a potential downstream ORF
start is closer to the evidence start than the upstream gene start then this is the
new gene start. If neither upstream nor downstream of the evidence a gene start
can be identi�ed then the ORF is deleted.

5. Removal of ORFs overlapping with RNAs All ORFs overlapping more than
6 nt with a RNA are removed as these ORFs most probably comprise false positive
gene predictions. The truncation of the models is not possible anymore as this has
been done in the previous step.

6. Dissolve con�icts between overlapping ORFs This process is done in two
steps. First the cases of ORFs overlapping with their C-termini are dissolved,
then other overlaps. This is done as two ORFs overlapping with their C-termini
are clear problem cases. Other cases might be dissolved automatically after these
C-terminal cases have been dissolved.

As discussed before the ORF with better evidence (see section 2.1.3.2.7) is kept.
One of the points criticized about CONSORF is that the decision about overlaps
is based only on the sum of bitscores without weighting. It happens in almost
every genome that the sums of bitscores of two overlapping ORFs di�er by just a
few bits. In these cases a manual inspection is inevitable, in other cases where the
sum of bitscores varies by a speci�c factor the cases are quite clear and the ORF
with much less evidence can be removed.

Firstly ORFs overlapping with their C-termini are dissolved, then the other over-
laps: If more than 16% of the lengths of one of the two ORFs is overlapping with
the other ORF this con�ict has to be dissolved. The dissolving of the overlaps is
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done in two rounds with two di�erent cuto�s. First a ratio of 10.0 is applied, then
of 6.0. If the sum of bitscores of one ORF is 10.0 or rather 6.0 times higher than
of the other ORF then the ORF with the lower sum of bitscores is removed, oth-
erwise a warning is printed out and the overlap cannot be dissolved automatically
but needs manual curation.

After these steps a set of non-overlapping gene models deferred by homology exists.
The cases with warnings need to be checked manually later.

7. Execution of intrinsic gene �nders GeneMarkS [31] gene predictions are cre-
ated for each of the contigs. For this a self trained prokaryotic model is created
based on the contig sequence. Then GeneMarkS is executed using RBS informa-
tion and the combined model �le, integrating heuristic information (based on the
GC content of the contig) and the previously speci�cally trained model. If the
contig is not long enough for training then only the heuristic model is used.

Glimmer 3.0 [34] gene predictions are created for each of the contigs. First the
coordinates of long ORFs of at least 500 nt length are extracted. If this is not
possible it is tried to extract ORFs shorter than 500 nt going down in 10 nt steps
until it is possible. The sequences of the long ORFs are extracted from the contig
�les using the previously determined coordinates of the long ORFs and a model for
the gene prediction is trained on them. Afterwards Glimmer 3.0 is executed using
a maximum overlap length of 50 nt (overlaps between genemodels this short or
shorter are ignored), a minimum gene length of 110 nt, and a standard threshold
score for gene calling of 30.

8. Creation of the consensus prediction Gene models deferred by homology as
well as gene models from intrinsic gene �nders are available at this point. The
best gene starts need to be determined and potential con�icts between the models
need to be dissolved. This is done in several steps:

a) Grouping of gene models Gene models from the various predictions are
grouped by strand and stop coordinate as the gene stop is a reliable feature
in contrast to the gene start. Each of these groups represents a potential gene
with one gene stop and at least one potential gene start (see Figure 2.3).

b) Determination of most probable gene starts For each of the groups the
decision has to be made which of the possible starts is chosen.

If there is no homology deferred gene model for this group available then the
gene model of the intrinsic method the annotator trusts most is selected. In
the current version GeneMarkS is chosen as more reliable as judged by the
gene prediction in Escherichia coli K12 compared to Glimmer 3.0 (Table 2.2).

If there exists a gene model deferred by homology for this group and the best
10 hits of this gene model agree in one start coordinate and all these 10 hits
have more than 50% sequence similarity with the gene model, then this start
is taken in accordance with the evidences. This rule has been introduced in
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order to reduce the in�uence of weak hits on the determination of the gene
start.

If not all the evidences agree in a start or an evidence did not ful�ll the
percent identity cuto�, then a search for the closest start of an intrinsic gene
prediction to the evidence is executed. This is done as the intrinsic methods
use features of the promoter region of genes for the prediction. Therefore
not the nearest possible start to the evidence but the nearest start predicted
by an intrinsic gene �nder is selected as gene start. If the overlap with the
evidence is smaller than 15 nt then the intrinsic start is taken, otherwise the
nearest possible start to the evidence is taken as this is the best solution in
that case. After this step there is a set of gene models grouped by strand and
stop coordinate and each of these groups has one representative gene model.

c) Dissolving of overlaps between gene models Now the eventually existing
con�icts between the gene models have to be dissolved. This is done in several
steps:

• Gene models shorter than 100 nt are removed in order to avoid false
positive predictions.

• Overlaps of gene models with RNAs are dissolved as described previously.

• ORFs overlapping with their C-termini are dissolved, then all other over-
laps are resolved: If more than 16% of the lengths of one of the two ORFs
is overlapping with the other ORF this con�ict has to be dissolved. The
dissolving of the overlaps is done in two rounds with two di�erent cuto�s.
First a ratio of 10.0 is applied, then of 6.0. If the sum of bitscores of one
ORF is 10.0 or rather 6.0 times higher than of the other ORF then the
ORF with the lower sum of bitscores is removed, otherwise a warning is
printed out and the overlap cannot be dissolved automatically but needs
manual curation.

9. Output of the predicted sequences and of the cases to be checked manu-
ally The �nal gene models have been created at this timepoint and are outputted
into a multifasta �le. The description line contains information about the way
the gene model has been built, e.g. which intrinsic prediction was used and how
evidence in�uenced the gene start decision and also the information whether this
gene is complete. The cases to be checked manually are outputted into a log �le.

10. Identi�cation of possible frame shifts As last step a scan over the whole
prediction is performed to �nd neighboring gene models with shared protein hits.
The same hits in adjacent genes can be a hint towards frame shifts that might
have split the original gene.
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Figure 2.6: Overview over the gene prediction pipeline
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prediction method number of predicted genes
with correct gene start and
stop

number of predicted genes
with wrong gene start and
correct gene stop

Glimmer 3.0 70 9
GeneMarkS 72 7
ConsPred 72 7

Table 2.2: Benchmark of gene predictions for veri�ed genes of Escherichia coli K12
MG1655 The table shows the concordance of the gene predictions of Glimmer3 [34], Gen-
eMarkS [31] and the new gene prediction pipeline ConsPred with 79 experimentally veri�ed
genes [53]. GeneMarkS and ConsPred perform equally well on the test set.

2.1.3.5 Evaluation

In order to evaluate the performance of di�erent gene prediction programs, the gene
prediction was performed for Escherichia coli K12 MG1655 using Glimmer 3.0 [34],
GeneMarkS [31] and ConsPred.
As standard of truth the experimentally veri�ed genes of E. coli were used [53]. As

the genome sequence changed since the publication of the experimentally veri�ed genes
and only gene coordinates are available, only the �rst 79 of the experimentally veri�ed
genes can be used for the benchmark.
The results for the predictions in numbers can be seen in Table 2.2. GeneMarkS and

ConsPred perform equally well and better than Glimmer 3.0 on the dataset.
As the amount of data about veri�ed gene starts is very limited and as the gene

models deposited in public databases are biased towards the gene �nders used by the
submitters, it is unfortunately currently not possible to judge the true performance of
any gene prediction method. Even if a prediction method predicts the true genes these
true genes might be falsely annotated in the public databases and a benchmark against
this data is not biologically meaningful.
This is the reason why Thomas Weinmaier from the Department for Computational

Systems Biology at the University of Vienna is continuing the ConsPred project. The
goals are to prepare a comprehensive set of validated genes throughout many organisms
and to adapt ConsPred so that it outperforms currently existing methods in the E. coli
as well as in the comprehensive dataset.
Even if a comprehensive evaluation is missing due to insu�cient data, many genes

predicted by ConsPred have been carefully manually examined in collaborations (section
2.1.3.6) and ConsPred has shown to provide reasonable results.

2.1.3.6 Application of the gene prediction pipeline

ConsPred has been applied to a number of genomic sequences ranging from BACs over
bacterial and archaeal genomes to metagenomes. Table 2.3 presents an overview over
the numbers of predicted genes in the respective genomes as well as an overview over
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the di�erences between the predictions using Glimmer 3.0, GeneMarkS and the new
prediction pipeline ConsPred.
In 11 of 18 cases the new pipeline predicts more genes than the other two methods

as it combines the sensitivity of the homology based approach with the models of the
two intrinsic gene �nders. Nevertheless there are also three cases where the number
of ConsPred predictions lies between the numbers of predicted genes of Glimmer 3.0
and GeneMarkS and in four cases ConsPred even predicts less genes than the other two
methods, probably due to the con�ict dissolving.
All three prediction methods predict di�ering gene starts, Glimmer 3.0 and Gene-

MarkS di�er in 822 cases averaged over all genomes, ConsPred and Glimmer 3.0 di�er
in 1240 and ConsPred and GeneMarkS in 926 cases. This clearly shows the need for an
improved gene start prediction.
ConsPred was precious for the annotation of the genomes of the collaborations as only

a small number of con�icts had to be inspected prior to the submission of the data to
public databases.

2.1.3.7 Discussion

ConsPred has been implemented in order to automatically resolve clear cases of di�er-
ences between the gene predictions of various gene �nders consisting of di�ering gene
starts and overlapping gene models. These con�icts between the gene models can be
dissolved in many cases by the integration of extrinsic information in the form of BLAST
hits to published protein sequences. Only cases not clearly resolvable are left for manual
annotation. Thus ConsPred minimizes the manual e�ort necessary for the gene predic-
tion in prokaryotic genomes and comes to the same decisions as a human annotator in
clear problem cases.
ConsPred supported us with gene predictions in many genome projects and performs

as good on a dataset with validated gene starts as GeneMarkS and better than Glim-
mer 3.0. A reliable examination of the performance of ConsPred in organisms besides
Escherichia coli could not be done yet, due to limited data on validated genes, espe-
cially on validated gene starts. Therefore the next steps will be the compilation of a
comprehensive set of genes with validated gene starts. But also with such a set there
remains the problem that some genes can have di�erent gene starts depending on their
regulation, so that there might be not just one correct gene start.

2.1.4 Orthologous groups of proteins

2.1.4.1 Motivation

The knowledge about the membership of a speci�c protein in an orthologous group
(section 1.3.2.3.2) can help to transfer annotations from proteins with annotations to
the other members of the same group. This can be done as proteins within such a
group often share the same functions. Therefore orthologous groups are of interest for
the annotation of the genomes of the collaboration partners. As these genomes are
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AciFil 70 72 78 45 52 53 54 16 17 18 4 8 2 6 0 0
BenFer 12158 16651 15503 3258 5543 3859 6987 3339 4795 4499 7285 6454 2792 4011 3109 5159
ClaSal 1033 1050 1059 571 759 611 770 202 369 250 85 75 68 39 49 30
CroTur 4440 4339 4454 2194 3250 2550 2697 885 1757 1520 203 146 304 237 132 122
CurHyd 4091 3947 4017 1350 2276 1733 1960 1323 2039 1699 343 241 487 358 315 288
EntHel 176 172 162 92 116 109 114 42 46 40 12 7 16 8 21 18
LepII 1127 1116 1085 372 592 447 622 341 524 374 183 114 194 89 156 120
LepIII 2927 2691 2668 586 876 1023 1431 794 1045 595 1020 599 1256 642 858 665
N47 5154 5216 5244 2354 3509 2732 3143 1114 2076 1701 586 431 524 400 341 372
NitDef 4268 4093 4229 1685 2826 1895 2263 1110 2209 1734 157 125 332 232 164 96
NitGar 3517 3451 3238 1585 1817 1846 2746 1361 1210 358 268 181 334 133 460 346
NitVie 3081 3135 3210 1184 1553 1414 2151 1297 1529 883 273 255 219 176 126 101
ParAca 2818 2795 2854 1576 2187 1733 1913 443 984 797 165 137 188 144 101 85
ProAmo 2080 2115 2159 1123 1593 1247 1417 345 764 618 177 148 142 124 69 80
SimNeg 2475 2497 2509 1376 1841 1475 1771 520 924 668 135 109 113 70 75 58
TTL1 58 62 77 30 40 37 43 9 16 15 13 24 9 19 5 4
WadCho 2026 2022 2070 919 1335 1056 1284 505 853 639 168 148 172 147 104 99
YerEnt 4890 4912 5008 3147 3264 3414 4523 1152 1175 261 448 374 426 223 256 127

Table 2.3: Overview over the gene predictions in various organisms. AciFil Acidianus �la-
mentous virus AFV10, BenFer Benzol Ferrihydrite culture, ClaSal Candidatus Clavochlamy-
dia salmonicola, CroTur Cronobacter turicensis LMG 23827, CurHyd Curvibacter putative
symbiont of Hydra magnipapillata, EntHel Enterobacter helveticus (BACs), LepII Leptospir-
illum sp. Group II, LepIII Leptospirillum sp. Group III, N47 Deltaproteobacterial enrich-
ment culture N47, NitDef Candidatus Nitrospira de�uvii, NitGar Candidatus Nitrososphaera
gargensis, NitVie Nitrosofabula viennensis, ParAca Parachlamydia acanthamoebae UV7,
ProAmo Protochlamydia amoebophila UWE25, SimNeg Simkania negevensis Z, TTL1
Symbiont TTL1 of the Adelges nordmannianae/piceae complex, WadCho Waddlia chon-
drophila 2032/99, YerEnt Yersinia enterocolitica W22703.

unpublished and therefore not contained in the publicly available clusters, there are two
possible solutions. The �rst one is to search for homologous sequences to a query protein
in the public orthologous groups and to assign the protein to the existing orthologous
group according to speci�c criteria, e.g. assignment to the cluster with the most similar
hit. Another way is the creation of own orthologous groups.
One of the reasons for the construction of own orthologous groups is that the presence

of the sequences of the unpublished organisms at the time of the creation of the clusters
can have in�uence on the initial orthologous groups. It can happen that clusters unique
for the unpublished organisms might be split when only assigning their sequences to
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existing clusters. Another reason for own orthologous groups is that orthologous groups
sometimes should not only be built between all organisms but only between a distinct
group of organisms.

2.1.4.2 Construction of own orthologous groups

Because of the already stated reasons own orthologous groups have been constructed.
As the bidirectional best hits (BBHs) and unidirectional best hits of all against all
organisms are already precomputed and available in the ComparDB (section 1.3.2.3.2.2)
no expensive computations had to be done.
We wanted to be able to make statements about the speci�city of a cluster in relation

to other groups of organisms, that is to have the information how many members of a
group of organisms that should be clustered are contained in each cluster and how many
hits to organisms not contained in this group exist. The less hits to other organisms
exist the more speci�c is a cluster for the group of organisms that should be clustered.
I developed the �rst prototype for the clustering approach in the scripting language

Perl. Marc-André Jehl and myself started with the implementation of the production
version in Java and Thomas Rattei refactored and extended the Java version so that
it was possible to work with the huge amounts of data needed for analyses in other
projects.
A short overview over the algorithm is given below. The following de�nitions are

necessary for the understanding:
Ingroup Ingroups contain organisms for which a full clustering should be applied.

Uni- and bidirectional hits of all proteins from within the ingroup against all proteins
within the ingroup are needed for these organisms.
Outgroup Outgroups contain organisms against which only bidirectional best hits

(BBHs) should be computed from an ingroup protein to an outgroup protein. BBHs
between outgroup organisms are not necessary.
The ingroup genomes and outgroup genomes can be grouped for the later taxonomic

evaluation. If one wants to know how speci�c clusters for the phyla A, B, C are and
how many members of other phyla are covered in the clusters of these three phyla for
example, then A, B, C would be the ingroups with their respective organisms and all
other phyla would be outgroups with their respective organisms.

• Input The input are ingroups and outgroups. If only ingroups are given and each
ingroup consists of one organism then this is the same as a conventional clustering
based on BBHs.

• Retrieval of BBHs BBHs with a certain E-value and length-ratio cut-o� are
retrieved from ComparDB. First all BBHs between organisms of the ingroups are
extracted, then BBHs of members of the ingroups with members of the outgroups.
BBHs between members of the outgroups are not necessary.

• Creation of the ingroup clusters BBHs between proteins from ingroup organ-
isms are merged to form one cluster if they share at least one protein.
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• Addition of outgroup proteins to the clusters Outgroup proteins forming
BBHs to ingroup proteins are added to the clusters

• Addition of in-paralogs In-paralogs (i.e. paralogs that arose after diversi�-
cation) [106] are added to the clusters if the respective protein shows a higher
similarity to the BBH protein from the same organism than to proteins from other
ingroup organisms.

• Taxonomic analysis of the clusters Each cluster is analyzed for its taxonomic
composition, that is how many and which of the ingroups are contained in each of
the clusters and how many and which of the outgroups are covered in each of the
clusters. This allows to determine how speci�c a cluster is for the ingroups.

• Output The output is a �le with clusters and their taxonomic composition.

2.1.4.3 Application of the orthologous groups

The results of this program have been used in several projects. One example is Cronobac-
ter turicensis (section 2.2), the other example are members of the phylum Chlamydiae
(section 2.1.4.3.1).

2.1.4.3.1 Prediction of outer membrane proteins in the phylum Chlamydiae using
orthologous groups Even though chlamydial outer membrane proteins (OMP) play an
important role for attachment to and entry into host cells, only few had been described.
Therefore Eva Heinz from the Department of Microbial Ecology at the University of
Vienna developed a comprehensive, multiphasic in-silico approach to predict OMPs
[249].
Eva Heinz applied her prediction pipeline (Figure 2.7) to �ve chlamydial proteomes

from two human pathogens (Chlamydia trachomatis D/UW3/CX, Chlamydophila pneu-
moniae AR39), two animal pathogens (Chlamydia muridarum Nigg, Chlamydia caviae
GPIC) and an amoeba symbiont (Protochlamydia amoebophila UWE25) [249]. As she
observed that the membrane predictions were in general more heterogeneous and less
well de�ned for chlamydial outer membrane proteins as for outer membrane proteins of
Escherichia coli, the idea arose to use the predictions for members of the same ortholo-
gous group in order to resolve uncertain predictions and by that to make the predictions
more reliable.
I built orthologous groups using bidirectional best hits (BBHs) with an E-value cut-

o� of 10−08 and a length ratio cut-o� of 0.5. The E-value cuto� has been determined
empirically by manual inspection of known protein families in the resulting clusters by
Eva Heinz and Matthias Horn from the Department of Microbial Ecology at the Univer-
sity of Vienna. All Chlamydiae including the at that time point un�nished genomes of
Parachlamydia acanthamoebae UV7, Simkania negevensis Z, and Waddlia chondrophila
2032/99 were de�ned as ingroups. Additionally clusters for a selection of Proteobacteria
including E. coli K12 as �ingroup� were created. 438 and 427 representatives of other
bacterial lineages were considered �outgroup� organisms, respectively.
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When clustering was applied using the Chlamydiae as ingroup, 1911 clusters were
obtained in total, from which 190 contained at least one protein predicted as outer
membrane protein. 81 of these clusters included two or more proteins from the �ve
analyzed Chlamydiae, but not all of these proteins were predicted to be located in the
outer membrane.
Eva conducted OMP predictions for the chlamydial proteins, evaluated the predic-

tions within the orthologous groups, and investigated the phylogentic conservation of
the identi�ed membrane proteins. In total, 312 chlamydial outer membrane proteins
and lipoproteins in 88 orthologous clusters could be identi�ed, including 238 proteins
not previously recognized to be located in the outer membrane. The analysis of the taxo-
nomic distribution of the clusters revealed an evolutionary conservation among Chlamy-
diae, Verrucomicrobia, Lentisphaerae and Planctomycetes as well as lifestyle-dependent
conservation of the chlamydial outer membrane protein composition. This is in compli-
ance with the observation that Planctomycetes, Verrucomicrobia, Chlamydiae and sister
phyla comprise a superphylum [271].

2.1.5 Pseudogene detection in prokaryotic genomes

2.1.5.1 Motivation

The knowledge about pseudogenes (section 1.2.3.1) can give a hint towards the stability
of a genome and whether the genome currently undergoes an adaption to a di�erent
environment, for example. The pseudogene prediction using the Ψ−Φ [61] software has
been important in several genome projects, among them Amoebophilus asiaticus 5a2
and Cronobacter turicensis LMG 23827.

2.1.5.2 Pseudogene detection in Amoebophilus asiaticus 5a2

Amoebophilus asiaticus 5a2 belongs to the phylum Bacteroidetes. In order to learn
about ongoing genome evolution of this organism pseudogenes should be predicted. As
the most straightforward method to detect pseudogenes is the search for truncated cod-
ing sequences, the published Ψ−Φ software [61] was applied, that uses a set of informant
genomes for the detection of these truncated coding genes. The next related genomes
have less than 85% similarity on the 16S rRNA level which is very di�erent as these next
related organisms do not belong to the same taxonomic family anymore. For the pseu-
dogene detection using Ψ−Φ all available genomes from the phylum have been used. As
of December 2007 these genomes were Bacteroides fragilis YCH46, Bacteroides thetaio-
taomicron VPI-5482, Cytophaga hutchinsonii ATCC 33406, Gramella forsetii KT0803,
Porphyromonas gingivalis W83 and Salinibacter ruber DSM13855.

Ψ − Φ evaluates two parameters for the decision whether two protein sequences are
regarded as homologous. These two parameters are the E-value threshold and the per-
centage identity of the two sequences. The original paper [61] used an E-value cuto� of
10−15 and a percentage of protein identity of > 79%. If these settings are used, only 2
genes are predicted as potential pseudogenes in A. asiaticus. The most probable reason
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Figure 2.7: The approach to identify chlamydial outer membrane proteins (Source: [249])
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organism chromosome
size

number
coding
genes

number
putative
pseudo-
genes

Amoebophilus asiaticus 5a2 1,884,364 1557 222
Sulcia muelleri GWSS 245,530 228 -
Azobacteroides pseudotrichonymphae CFP2 1,114,206 758 22
Flavobacterium psychrophilum JIP02/86 2,861,988 2432 20
Bacteroides thetaiotaomicron VPI-5482 6,260,361 4779 -

Table 2.4: Number of pseudogenes in Amoebophilus asiaticus 5a2 and other members of
the Bacteroidetes. Adapted from [259]

is that the used Bacteroidetes species are more distantly related to each other than the
used Escherichia coli strains in the paper. In the follow up Ψ−Φ paper [272] the authors
analyzed the inventory of pseudogenes in bacterial pathogens from multiple taxonomic
groups. In order to get meaningful results they set the E-value threshold to 10−10 and
the percentage of protein identity to > 49%.

As the comparison genomes for A. asiaticus are even more distantly related from
each other than the comparison organisms in the latter paper these settings resulted in
still only 15 predicted pseudogenes. We therefore tested various settings and decided
to better be more sensitive and to do a manual analysis of the pseudogene candidates
afterwards. We chose a percentage of identity of > 29% and an E-value of ≤ 10−15 for
the prediction using Ψ−Φ as we still wanted meaningful hits. This resulted in a list of
113 pseudogene candidates.

In order to review the pseudogene candidates from Ψ− Φ, the best BLAST [73] hits
for all protein sequences of A. asiaticus against a non-redundant database of publicly
available protein sequences were extracted. Hits with a percent identity > 29% and a
length ratio > 79% like for the Ψ−Φ run were considered possible pseudogene candidates.
The advantage of the BLAST approach is that the hit sequences do not necessarily have
to originate from the informant genomes used within Ψ − Φ, so that this approach
should be more sensitive. The alignments of all candidates from Ψ − Φ as well as the
best BLAST hit candidates were manually checked by Stephan Schmitz-Esser. This
resulted in the �nal list of 222 pseudogene candidates [259], that is 14.26% of all coding
sequences. This is much in comparison to the numbers in other members of the phylum
Bacteroidetes (Table 2.4).

The relatively high number of predicted pseudogenes is not astonishing as the genome
of A. asiaticus shows a massive proliferation of insertion sequence (IS) elements (24%
of all genes). The spreading of IS elements has been reported to result in proliferation
of pseudogenes, genome rearrangements, and �nally genome reduction [273, 274]. De-
spite the high percentage of IS elements the genome has not been extensively reshu�ed
recently but rather has remained stable for an extended evolutionary time period.
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2.1.5.3 Pseudogene detection in Cronobacter turicensis LMG 23827

As Cronobacter turicensis LMG 23827 is a member of the Gammaproteobacteria with
many closely related genomes available Ψ−Φ [61] was applied with standard parameters.
This resulted in 122 pseudogene candidates (Table 2.5). This number is comparable to
the number of pseudogenes in other members of the family Enterobacteriaceae.
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name description name description

Ctu_00460 2-dehydro-3-deoxy-6-phosphogalactonate aldolase Ctu_22180 Glycine betaine/carnitine/choline transport ATP-
binding protein opuCA

Ctu_00470 D-galactonate dehydratase Ctu_22220 Inner membrane transport protein ynfM
Ctu_00570 6-phospho-alpha-glucosidase Ctu_23110 Uncharacterized protein ycjR
Ctu_01420 Formate dehydrogenase-O major subunit Ctu_23530 Ribosomal large subunit pseudouridine synthase B
Ctu_01430 hypothetical protein Ctu_24010 Respiratory nitrate reductase 1 alpha chain
Ctu_02050 Uncharacterized protein yifB Ctu_24680 Bactoprenol glucosyl transferase homolog from

prophage CPS-53
Ctu_02070 Acetolactate synthase isozyme 2 large subunit Ctu_24710 hypothetical protein
Ctu_02800 Trk system potassium uptake protein trkH Ctu_24720 hypothetical protein
Ctu_03140 Bifunctional purine biosynthesis protein purH Ctu_25170 Uncharacterized protein yebT
Ctu_03170 Putative amino-acid ABC transporter permease

protein yhdX
Ctu_25340 Glucose-6-phosphate 1-dehydrogenase

Ctu_03360 UPF0190 protein ESA_03641 Ctu_25460 UPF0082 protein ESA_01378
Ctu_03390 unknown protein Ctu_25500 Isochorismatase family protein yecD
Ctu_03520 Uncharacterized protein yhcN Ctu_25710 Flagellar biosynthesis protein �hA
Ctu_03710 Monofunctional biosynthetic peptidoglycan trans-

glycosylase
Ctu_25910 Alpha,alpha-trehalose-phosphate synthase [UDP-

forming]
Ctu_04040 Dihydropteroate synthase Ctu_25950 L-arabinose-binding periplasmic protein
Ctu_04070 Protein-export membrane protein secG Ctu_26250 RNA polymerase sigma factor for �agellar operon
Ctu_04350 Galactitol-1-phosphate 5-dehydrogenase Ctu_26550 Flagellar M-ring protein
Ctu_04510 Uncharacterized protein yqjG Ctu_26740 Inner membrane protein yedI
Ctu_05350 Glycerol dehydrogenase Ctu_27450 Phosphomannomutase
Ctu_05860 DNA polymerase III subunit psi Ctu_27530 Putative colanic acid polymerase
Ctu_06000 Lipoate-protein ligase A Ctu_27560 Putative colanic acid biosynthesis glycosyl trans-

ferase wcaA
Ctu_06820 Protein apaG Ctu_27710 Multidrug resistance protein mdtB
Ctu_06940 L-arabinose isomerase Ctu_27730 Putative multidrug resistance protein mdtD
Ctu_06960 Arabinose operon regulatory protein Ctu_28190 Galactose/methyl galactoside import ATP-

binding protein mglA
Ctu_07080 Probable HTH-type transcriptional regulator leuO Ctu_29390 3-octaprenyl-4-hydroxybenzoate carboxy-lyase
Ctu_07640 Hypoxanthine phosphoribosyltransferase Ctu_29940 Inner membrane protein ypdA
Ctu_08750 unknown protein Ctu_30190 Sulfate transport system permease protein cysW
Ctu_09160 hypothetical protein Ctu_30830 Phosphoribosylglycinamide formyltransferase
Ctu_10070 Ubiquinol oxidase subunit 1 Ctu_31260 Chaperone protein hscA
Ctu_10080 Ubiquinol oxidase subunit 2 Ctu_31650 L-aspartate oxidase
Ctu_10270 Protein crcB homolog Ctu_32070 hypothetical protein
Ctu_10710 HTH-type transcriptional regulator acrR Ctu_32150 Late control gene D protein
Ctu_11000 Acyl-CoA thioesterase I Ctu_32200 Major tail sheath protein
Ctu_12440 Uncharacterized zinc-type alcohol dehydrogenase-

like protein ybdR
Ctu_32840 Multidrug resistance protein A

Ctu_12890 Protein nagD Ctu_34380 Peptide chain release factor 2
Ctu_13080 Ornithine decarboxylase, inducible Ctu_34970 Probable quinol monooxygenase ygiN
Ctu_13100 KDP operon transcriptional regulatory protein

kdpE
Ctu_35050 Malonate decarboxylase acyl carrier protein

Ctu_13110 Sensor protein kdpD Ctu_36200 hypothetical protein
Ctu_13130 Potassium-transporting ATPase B chain Ctu_36460 UPF0131 protein ytfP
Ctu_13150 Uncharacterized protein ybfA Ctu_37380 Acetyl-coenzyme A synthetase
Ctu_14590 Oxygen-insensitive NADPH nitroreductase Ctu_37510 Single-stranded DNA-binding protein
Ctu_15030 Outer-membrane lipoprotein carrier protein Ctu_37990 Uncharacterized protein yjbB
Ctu_15320 Chromosome partition protein mukB Ctu_38020 Isocitrate dehydrogenase kinase/phosphatase
Ctu_15550 ABC transporter ATP-binding protein uup Ctu_38040 Malate synthase A
Ctu_16160 Curli production assembly/transport component

csgG
Ctu_38050 Homoserine O-succinyltransferase

Ctu_16540 Flagellar basal-body rod protein �gF Ctu_38870 Putative fructoselysine transporter frlA
Ctu_16600 Flagellar hook-associated protein 3 Ctu_39300 HTH-type transcriptional regulator malT
Ctu_17140 Isocitrate dehydrogenase [NADP] Ctu_39520 Gamma-glutamyltranspeptidase
Ctu_17500 unknown protein Ctu_39550 sn-glycerol-3-phosphate import ATP-binding pro-

tein ugpC
Ctu_17690 hypothetical protein Ctu_40340 Cellulose synthase catalytic subunit [UDP-

forming]
Ctu_17900 unknown protein Ctu_40730 Xylose isomerase
Ctu_18160 Succinylornithine transaminase Ctu_40780 Xylose operon regulatory protein
Ctu_18750 Cysteine desulfurase Ctu_40830 Inner membrane symporter yicJ
Ctu_19090 hypothetical protein Ctu_40980 Uncharacterized zinc-type alcohol dehydrogenase-

like protein yahK
Ctu_19100 Formate dehydrogenase H Ctu_41760 Uncharacterized sugar isomerase yihS
Ctu_19680 Multidrug resistance protein mdtK Ctu_41930 Probable acyltransferase yihG
Ctu_20110 Uncharacterized oxidoreductase ydgJ Ctu_42030 D-ribose-binding periplasmic protein
Ctu_20560 Inner membrane ABC transporter permease pro-

tein ydcU
Ctu_42050 Ribose import ATP-binding protein rbsA

Ctu_20810 unknown protein Ctu_1p01200 unknown protein
Ctu_22020 Inner membrane transport protein yjjL Ctu_3p00350 unknown protein
Ctu_22060 Spermidine N(1)-acetyltransferase Ctu_3p00500 Probable sensor protein pcoS

Table 2.5: Pseudogene candidates as predicted by Ψ− Φ for Cronobacter turicensis LMG
23827.
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2.2 Comparative analysis of the whole genomes of Cronobac-

ter turicensis and Cronobacter sakazakii, two oppor-

tunistic pathogens

2.2.1 Motivation

A few years ago a cooperation with Angelika Lehner and Roger Stephan from the In-
stitute for Food Safety and Hygiene, Vetsuisse Faculty, University of Zurich could be
established. We already had colaborated on several projects when Roger Stephan and
Angelika Lehner o�ered us the opportunity to annotate the genome of Cronobacter turi-
censis LMG 23827. C. turicensis is a Gram-negative opportunistic foodborne pathogen
and known as rare but important cause of live-threatening neonatal infections. As
Cronobacter sp. infections can lead to severe disease manifestations and only little is
known about the mechanisms of pathogenicity and persistence in dry environments of
Cronobacter spp. the whole genome of Cronobacter turicensis LMG 23827 had been
sequenced.

2.2.2 Cronobacter turicensis

2.2.2.1 The genome of Cronobacter turicensis

In order to get an overview over the general features of the genome of C. turicensis a
variety of techniques needed to be applied.

2.2.2.1.1 Methods

2.2.2.1.1.1 Genome sequences The genome sequences of Cronobacter turicensis LMG
23827 have been sequenced using the 96-capillary 3730xl DNA Analyzer from Applied
Biosystems. The sequences are available under RefSeq [52] accessions NC_013282 -
NC_013285 and GenBank accessions FN543093 - FN543096.
As the sequencing of the rRNA operons was di�cult in C. turicensis, �rstly only one

of the rRNA operons had been sequenced and copied to the positions of the six other
rRNA operons. Some of the tRNAs in C. turicensis as well as in its next relative C.
sakazakii are encoded in the spacers between the single member rRNAs of the rRNA
operons. Therefore at �rst no tRNA for glutamic acid could be detected. As it is very
unlikely that an organism lacks a tRNA for glutamic acid and the predicted as well as
the measured proteins [51] contained glutamic acid, a resequencing of all seven rRNA
operons was done. The newly sequenced rRNA operons have been integrated into the
genome sequence. The tRNA for glutamic acid is contained within the 6th rRNA operon.

2.2.2.1.1.2 Gene prediction The gene prediction was performed using the novel gene
prediction pipeline ConsPred (see section 2.1.3.4). Hits against proteins from the family
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Enterobacteriaceae were excluded as BLAST [73] hits in the similarity search against
known protein sequences.

2.2.2.1.1.3 Automated annotation of protein sequences The PEDANT [72] system
was used for many of the automated annotations. For the UniProtKB/Swiss-Prot [182]
keyword annotation and the assignment of EC classi�cations an E-value cuto� of 10−05

against the proteins in UniProtKB/Swiss-Prot (October 2009) was used. Annotations
with the MIPS Functional Catalogue 2.1 (FunCat) [81] were done using an E-value cuto�
of 10−03 against the FunCat database of PEDANT. Signal peptides were predicted using
SIGNALP [275] for Gram-negative organisms. GO terms were assigned as described
in [276] using an E-value cuto� of 10−100 for the BLAST searches against sequences
with assigned GO and for the BLAST searches against sequences with assigned EC or
UniProtKB/Swiss-Prot keywords.

2.2.2.1.1.4 Homologies The determination of the number of proteins with homologies
has been done using the SIMAP [94] database. For each of the protein sequences of the
analyzed organisms, similar sequences belonging to bacteria (NCBI taxonomyid 2) [277]
within UniProtKB (October 2009) [182] have been searched with an E-value cuto�
of 10−10. Hits against the genus Cronobacter (NCBI taxonomyid 413496) have been
excluded in order to avoid hits to sequences from too closely related species.
The assignment of UniProtKB/Swiss-Prot hits for the proteins has been done perform-

ing a homology search against all sequences belonging to Bacteria (NCBI taxonomyid
2) within UniProtKB/Swiss-Prot (October 2009) and an E-value cuto� of 10−10. Addi-
tionally the ratio of the alignment length to sequence length of each of the proteins had
to be ≥ 0.5 and the sequences had to have ≥ 40.0 percent identity. These strict criteria
were applied in order to make sure that no spurious annotations would be transferred.

2.2.2.1.1.5 tRNAs tRNAs have been detected using tRNAscan-SE 1.23 [278] using
parameter -B for prokaryotic tRNA detection.

2.2.2.1.1.6 rRNAs The rRNA operons have been identi�ed using BLASTN [73] and
the rRNA sequences of C. sakazakii as queries. Hits with an E-value ≤ 3 · 10−57 have
been used for the 5S rRNAs and hits with an E-value ≤ 0.0 for 16S and 23S rRNAs.

2.2.2.1.1.7 Selection of representative Enterobacteriaceae In order to remove the
bias towards genera with many sequenced genomes within the family Enterobacteriaceae
one representative organism for each genus has been determined (Table 2.6) from the set
of all complete publicly available bacterial genomes within RefSeq [52] (October 2009).
This was needed for the comparison of Cronobacter spp. to other Enterobacteriaceae
(e.g. for the determination of gene losses). The representative organism ideally should
have as many proteins in common with as many other members of its genus as possible.
For that reason clusters of orthologous groups were built for each genus (section 2.1.4.2)
using an E-value cuto� of 10−04. The member of the genus with the highest sum of
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organism NCBI
taxonomy
ID

Enterobacter sp. 638 399742
Erwinia carotovora subsp. atroseptica SCRI1043 218491
Erwinia tasmaniensis Et1/99 465817
Escherichia coli 55989 585055
Escherichia fergusonii ATCC 35469 585054
Klebsiella pneumoniae subsp. pneumoniae MGH 78578 272620
Photorhabdus luminescens subsp. laumondii TTO1 243265
Proteus mirabilis HI4320 529507
Salmonella enterica subsp. enterica serovar Enteritidis str. P125109 550537
Salmonella typhimurium LT2 99287
Serratia proteamaculans 568 399741
Shigella boydii Sb227 300268
Shigella dysenteriae Sd197 300267
Shigella �exneri 2a str. 2457T 198215
Shigella sonnei Ss046 300269
Sodalis glossinidius str. morsitans 343509
Wigglesworthia glossinidia endosymbiont of Glossina brevipalpis 36870
Yersinia enterocolitica subsp. enterocolitica 8081 393305
Yersinia pestis Antiqua 360102
Yersinia pseudotuberculosis PB1/+ 502801

Table 2.6: Representative Enterobacteriaceae

the following conditions has been selected: Firstly the percentage of proteins in clusters
covering at least 50% percent of the other species and secondly the percentage of clusters
with proteins of the potential representative and at least 50% percent of the other species
contained in the cluster.

2.2.2.1.1.8 Pseudogenes Pseudogenes have been identi�ed using the software Ψ −
Φ [61] (section 2.1.5). The representative Enterobacteriaceae genomes were used as
informant genomes for BLAST [73].

2.2.2.1.1.9 Operons Operons have been predicted using the operon �nding software
(OFS) [279]. Among others OFS uses information about conserved neighborhood. For
this, informant genomes to BLAST [73] against have to be supplied. In the publication
the parameter β for the selection of informant genomes for the operon prediction in
Escherichia coli K12 was chosen so that no Gammaproteobacteria (NCBI taxonomyid
1236) were included in the set of informant genomes. As the two Cronobacter spp.
are also Gammaproteobacteria all genomes of publicly available bacteria from RefSeq
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[52] (July 2009) except Gammaproteobacteria have been used as informant genomes.
The cuto� for the operon borders was set to 0.79 as this proved to perform best when
compared with validated operons from the literature.

2.2.2.1.1.10 Enrichment and depletion of annotations The enrichment and deple-
tion of annotations was identi�ed comparing the annotations of proteins of a subset to
the annotations of the full set of all proteins annotated with this feature (see section
1.7.4). A double-sided Fisher's exact test was used to calculate the signi�cance of the
enrichment or depletion. The resulting p-value was Bonferroni corrected by multiplying
the p-value with the number of tests to account for multiple testing. Annotations with
a corrected p-value ≤ 0.01 were presumed to be signi�cantly enriched or depleted.

2.2.2.1.2 Results The genome of C. turicensis consists of a circular chromosome with
a size of 4,384,464 bp and three plasmids with sizes of 138,339 bp, 22,448 bp, 53,842 bp.
Altogether 4455 coding sequences were identi�ed of which 9.27% (n = 413) did not show
similarities to other proteins in public sequence databases and therefore remain unknown
proteins. With regard to its general features, the genome of C. turicensis is typical for
an Enterobacteriaceae genome (see Table 2.7). The genome encodes 84 tRNAs with
40 di�erent codons for 21 amino acids including selenocysteine. Seven ribosomal RNA
operons could be found in the genome, which is comparable to many other Enterobac-
teriaceae. The remarkable number of 122 coding sequences has been predicted as puta-
tive pseudogenes (see Table 2.5). Almost 95% of these probably not transcribed genes
retained detectable homology to annotated genes in other organisms, allowing to inves-
tigate which particular functions are putative targets of gene degradation. Signi�cant
enrichments of MIPS Functional Category [81] �01.05 C-compound and carbohydrate
metabolism� (Bonferroni corrected p-Value 7.8 · 10−04) and the UniProtKB/Swiss-Prot
keyword [182] �Selenocysteine� (pValue corrected Bonferroni 2.8 · 10−03) could be de-
tected in these putative pseudogenes compared to all other genes in the genome. The
genes similar to other proteins annotated with the keyword �Selenocysteine� are format
dehydrogenases H and O and two hypothetical proteins, that are extremely well con-
served in other Enterobacteriaceae genomes. The number of contigs, the GC content,
the coding density and the number of predicted operons in the C. turicensis genome are
typical for members of the family Enterobacteriaceae (Table 2.7) as well.

2.2.3 Cronobacter turicensis and Cronobacter sakazakii

2.2.3.1 Comparison of the genomes

Cronobacter turicensis LMG 23827 and its next relative Cronobacter sakazakii ATCC
BAA-894 are the only publicly available completely sequenced genome sequences of the
genus Cronobacter.
In order to assess their similarity on DNA level dotplots between the two Cronobacter

species have been created. For the creation of the dotplots the software Gepard [280]
with standard settings was used. Non-conserved regions have been identi�ed by manual
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Cronobacter turicensis LMG
23827

Cronobacter sakazakii ATCC
BAA-894

Escherichia coli K12

Contigs 4 (chromosome Ctu, plasmids
Ctu_1p, Ctu_2p, Ctu_3p)

3 (chromosome ESA, plasmids
pESA2, pESA3)

1 (chromosome)

Size [nt] 4384464 (Ctu), 138339
(Ctu_1p), 22448 (Ctu_2p),
53842 (Ctu_3p)

4368373 (ESA), 131196
(pESA3), 31208 (pESA2)

4639675 (chromosome)

GC content 57.4% (Ctu), 56.1% (Ctu_1p),
49.2% (Ctu_2p), 50.0%
(Ctu_3p)

56.8% (ESA), 56.8% (pESA3),
51.6% (pESA2)

50.8% (chromosome)

rRNAs 7 operons 7 operons 7 operons

tRNAs 84 82 89

Coding genes 4455 4420 4131

Genes with homology to
Uniprot

90.73% 90.07% 97.41%

Coding density 87,86% 89,20% 86,62%

Operons 3015 3167 2843

Table 2.7: Genome features of Cronobacter spp. and Escherichia coli K12 Features of the
genomes of Cronobacter turicensis LMG 23827, Cronobacter sakazakii ATCC BAA-894 and
Escherichia coli K12 are shown. The number of contigs, the GC content, the coding density
and the number of predicted operons in the C. turicensis genome are typical for members of
the family Enterobacteriaceae.

inspection of the DNA dotplots. Regions longer than 17kbp in the C. turicensis chromo-
some Ctu, longer than 1.7kbp in the C. turicensis plasmid Ctu_1p, longer than 1.4kbp
in the C. turicensis plasmid Ctu_2p, longer than 2.4kbp in the C.turicensis plasmid 3
Ctu_3p, longer than 15kbp in the C. sakazakii chromosome ESA, longer than 800bp
in the C. sakazakii plasmid pESA2 and longer than 1.4kbp in the C. sakazakii plasmid
pESA3 have been examined.

The two genomes show a high degree of synteny (Figure 2.8). Only 11 non-conserved
regions in C. turicensis and 17 non-conserved regions in C. sakazakii could be detected
(Figure 2.8). The fraction of these regions unique to C. turicensis span 211 genes (4.7%
of the proteome) and the regions unique to C. sakazakii span 287 genes (6.5% of the
proteome).

It is striking that the �ve consecutive genes Ctu_3p00360, Ctu_3p00370, Ctu_3p00380,
Ctu_3p00400, Ctu_3p00410 in region27 on plasmid 3 of C. turicensis are homologous
to �ve genes of an arsenical resistance operon. These �ve genes can be found in the
ars operon of the Escherichia coli conjugal plasmid R773 [281, 282, 283]. The dotplot
of the two Cronobacter genomes shows no synteny at this position, but the proteins in
this region can still be identi�ed using protein sequence alignments. All members of
the operon are available in C. turicensis, the two regulatory genes arsRD as well as the
genes responsible for arsenical resistance, arsABC. C. sakazakii on the other hand lacks
arsA. arsA and arsB encode the subunits of an ATP-driven arsenite pump [284]. arsA
encodes the catalytic subunit of the pump [285], while arsB encodes the membrane sec-
tor [286, 287]. In genomes lacking arsA it has been shown that the gene product of arsB
is su�cient for providing partial arsenical resistance [288, 289]. As the conservation on
DNA level is not detectable anymore and arsA is split in C. turicensis (Ctu_3p00380,
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Ctu_3p00390; none of their gene products has been detected in [51]) this DNA region
is probably not subject to evolutionary selection anymore.
Plasmid 3 of C. turicensis shows partial synteny to a region of the chromosome of

C. sakazakii (Figure 2.8, D), in which copper resistance genes are encoded. Other C.
sakazakii speci�c regions contain a complete Tellurium resistance operon and may play
a role in the tolerance of antimicrobials [290].

2.2.3.2 Repeats

Repeats are present in very di�erent amounts in prokaryotic genomes and can be a hint
towards the recent integration of transposons in a genome [71]. For this reason the
repeat contents of the two Cronobacter spp. were examined.
For the repeat detection the ready to use software REPuter [80] was used. All exact

maximal repeats (-f forward repeats, -p palindromes, -r reverse repeats, -c complemented
repeats) with a length of at least 150 nucleotides (-l 150) were searched. REPuter had
been successfully applied to the genome of Amoebophilus asiaticus 5a2 previously [259].
C. turicensis has a repeat content of 0.94% which is less than half of the repeat

content of C. sakazakii with 1.90%. This di�erence can be mainly explained by the
existence of a 42kb long tandem repeat in the genome of C. sakazakii, visible in the
DNA dotplot (Figure 2.9). The detailed examination of the gene contents in these
repetitive regions reveals that some of the two copies of the respective genes are already
missing or mutated, so that this region is probably subject to fast evolution. No hints
on the involvement of transposons, like inverted repeats at the ends of the duplication,
could be identi�ed that would explain the origin of these mobile elements.

2.2.3.3 Gene duplications

Gene duplications are typical events in the evolution of genomes and can lead to neo-
functionalization of one of the copies and are thus an important process in the devel-
opment of new functionality [65, 66]. The number of gene duplications is therefore an
indicator of ongoing genome enlargement and the adaptation of a genome to a changing
environment.
Gene duplications in the two Cronobacter spp. have been identi�ed as follows. First

the best match of each protein of an organism against the proteome of the organism
besides the protein itself has been searched with an E-value cuto� of 1. This cuto�
is very sensitive and ensures that no hit is missed in the �rst step. Then a single
linkage clustering was applied. A link between two proteins has been established if their
sequence similarity ful�lled the following criteria: The alignment of the two sequences
had an E-value ≤ 10−10, the ratio of the alignment length to sequence length of each of
the proteins was ≥ 0.5 and the sequences had ≥ 40.0 percent identity. This selective
E-value cuto� ensures that the two sequences are highly probable not just similar to
each other by chance, the length cuto� for the alignment is used to avoid hits between
multi domain proteins sharing only a single protein domain, and the high percentage
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Figure 2.8: Comparisons of Cronobacter spp. contigs on DNA level Non-conserved regions
are marked by red and green boxes. The following contigs correspond to each other: the
chromosome of C. turicensis and the chromosome of C. sakazakii (Figure A), the plasmid
1 of C. turicensis and plasmid pESA3 of C. sakazakii (Figure B), plasmid 2 of C. turicensis
and plasmid pESA2 of C. sakazakii (Figure C). A: DNA dotplot of C. turicensis chromosome
against C. sakazakii chromosome B: DNA dotplot of C. turicensis plasmid 1 against C.

sakazakii plasmid pESA3 C: DNA dotplot of C. turicensis plasmid 2 against C. sakazakii

plasmid pESA2 D: DNA dotplot of C. turicensis plasmid 3 against C. sakazakii chromosome

of identity makes it reasonable that the two proteins do not just originally have similar
but the same sequences.

Gene duplications could be detected in both Cronobacter genomes. C. turicensis
shows slightly less gene duplications (555 proteins in 211 groups) as C. sakazakii (573
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Figure 2.9: DNA dotplot of C. sakazakii chromosome against itself. A: The dotplot shows
the comparison of the chromosome of C. sakazakii plotted against itself. It can be seen
that there are no directly visible larger rearrangements or larger duplications. B: The dotplot
shows the comparison of the chromosome of C. sakazakii plotted against itself in the region
from (3342000-3451000 bp). The tandem repeat is directly visible as the two lines parallel
to the diagonal.

proteins in 219 groups), which can be explained by the tandem repeat in the latter
genome. The two Cronobacter spp. show a lower fraction of gene duplications than
most of the other Enterobacteriaceae except for Erwinia, Proteus and endosymbionts
(Table 2.8). The genomes of the two Cronobacter spp. can therefore be interpreted to
be evolutionarily relatively stable.

2.2.3.4 Summary

Even if the DNA dotplots show a high similarity between the genomes of the two
Cronobacter spp., there exist slight di�erences between the two genomes and the en-
coded proteins. These range from single speci�c genes to whole operons. The reason for
these di�erences might be the adaption to slightly di�erent ecological niches.

2.2.4 Cronobacter and Enterobacteriaceae

2.2.4.1 Overall similarity of the proteomes of the genus Cronobacter and other
Enterobacteriaceae.

To quantify the sizes of the predicted proteomes that are shared between the two
Cronobacter spp. and representative proteomes from other genera of the family En-
terobacteriaceae in the RefSeq [52] database a matrix of pair-wise comparisons between
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Candidatus Blochmannia �oridanus 0 583 0.000
Candidatus Blochmannia pennsylvanicus str. BPEN 2 610 0.003
Buchnera aphidicola str. APS (Acyrthosiphon pisum) 2 564 0.004
Wigglesworthia glossinidia endosymbiont of Glossina bre-
vipalpis

4 611 0.007

Erwinia tasmaniensis Et1/99 402 3622 0.111
Proteus mirabilis HI4320 410 3662 0.112
Cronobacter turicensis LMG 23827 555 4455 0.125
Enterobacter sakazakii ATCC BAA-894 573 4420 0.130
Citrobacter koseri ATCC BAA-895 717 5008 0.143
Escherichia fergusonii ATCC 35469 612 4266 0.143
Yersinia enterocolitica subsp. enterocolitica 8081 582 4051 0.144
Yersinia pseudotuberculosis PB1/+ 609 4237 0.144
Salmonella enterica subsp. enterica serovar Enteritidis str.
P125109

645 4206 0.153

Enterobacter sp. 638 659 4240 0.155
Erwinia carotovora subsp. atroseptica SCRI1043 699 4472 0.156
Sodalis glossinidius str. morsitans 414 2516 0.165
Yersinia pestis Antiqua 740 4364 0.170
Salmonella typhimurium LT2 776 4525 0.171
Serratia proteamaculans 568 940 4942 0.190
Escherichia coli 55989 955 4763 0.201
Klebsiella pneumoniae subsp. pneumoniae MGH 78578 1186 5185 0.229
Photorhabdus luminescens subsp. laumondii TTO1 1090 4683 0.233
Shigella �exneri 2a str. 2457T 971 4061 0.239
Shigella sonnei Ss046 1181 4457 0.265
Shigella boydii Sb227 1167 4282 0.273
Shigella dysenteriae Sd197 1440 4494 0.320

Table 2.8: Number and percentage of genes in duplications in representative Enterobac-

teriaceae
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the proteomes has been created (Figure 2.10). About 20% of the predicted proteome of
C. turicensis could be identi�ed in previous work by Carranza et al [51].
The matrix was created as follows. First all bidirectional best hits (BBHs) between

all pairs of proteomes have been determined. In order to be sensitive an E-value cuto�
of 10−02 has been applied. Then for each pair of organisms the fraction of proteins of the
�rst organism in BBH pairs with the other organism has been computed. The matrix
has been colored from blue (lowest coverage) to red (highest coverage) (Figure 2.10).
As expected, the two Cronobacter spp. share a larger fraction (83 - 84%) of their

proteomes with each other than with the proteomes of all other Enterobacteriaceae.
Consistent with the synteny analysis discussed above, the major part of the proteome
di�erences between the Cronobacter spp. can be explained by insertions or deletions in
the genomes. Smaller non-conserved regions and evolutionary diverged proteins, which
are not detectable by the BBH method used in the analysis, account for the remaining
di�erences.
Enterobacteriaceae from di�erent genera typically share 50% of their proteomes. The

matrix contains 4 reduced genomes of intracellular symbionts having extremely reduced
genomes (see shaded organisms in Figure 2.10). In contrast to them, the Cronobacter
proteomes share similar fractions with other proteomes as the remaining, non-minimal
genomes.
Clusters of orthologous groups have been built as described in section 2.1.4.2 using all

Enterobacteriaceae as ingroups. Orthologs and inparalogs were grouped if they ful�lled
an E-value cuto� of 10−04 and at least 50% of the lengths of both proteins of each of
the comparisons were involved in the alignments. Genes were considered as speci�c for
the two Cronobacter spp., if the clusters of orthologous groups contained only proteins
of the two Cronobacter spp. and no protein from other Enterobacteriaceae.
In comparison to all other publicly available Enterobacteriaceae, 359 genes speci�c for

the two Cronobacter spp. could be identi�ed. However it should be noted that even if
these 359 genes are not orthologous to other Enterobacteriaceae, 127 of these potentially
coding genes show similarities to published proteins so that they may be genes that were
subject to neofunctionalization.
A gene was de�ned as lost in Cronobacter spp. if a cluster of orthologous groups

contained no protein from either of the two Cronobacter spp. and at least 50% of the
genera of the family Enterobacteriaceae were covered by the cluster. There could 179
losses of genes be detected. The gene losses consist mainly of Type-III secretion related
proteins, general secretion system pathway related proteins, parts of ABC transporters
or hypothetical proteins. The fact that Type-III secretion related proteins as well as
parts of ABC transporters are missing is in accordance with the �ndings that the two
Cronobacter spp. lack a Type-III secretion system and some ABC transporters (dis-
cussed in detail in sections 2.2.5.2 and 2.2.6.1).
In order to be able to describe di�erences between the two Cronobacter proteomes,

all species speci�c protein coding genes have been identi�ed by searching for proteins
in each of the two Cronobacter proteomes with no counterpart in the other Cronobac-
ter proteome. There have 160 species speci�c genes for C. turicensis and 178 species
speci�c genes for C. sakazakii been identi�ed. Unfortunately, most of the genes exhibit
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Figure 2.10: Orthologs matrix between representative proteomes of the family Enter-

obacteriaceae The heat plot shows similarities between representative Enterobacteriaceae

proteomes as identi�ed by bidirectional best hits (BBHs). For each pair of organisms the
fraction of proteins of the �rst organism (left) in BBH pairs with the other organism (top)
is shown. Blue indicates the smallest, red the highest percentage of the shared proteome of
the organism on the left. Reduced proteomes of endosymbionts are shaded.

homologies only to uncharacterized putative proteins (true for both organisms).

2.2.4.2 Repeat contents

While the repeat content of C. sakazakii (1.90%) is comparable to the repeat contents
of other Enterobacteriaceae (Table 2.9), C. turicensis shows a very low repeat content of
0.94%. Only the genomes of the endosymbionts Buchnera aphidicola 5A (Acyrthosiphon
pisum), Candidatus Blochmannia pennsylvanicus BPEN and Candidatus Blochmannia
�ordidanus contain fewer repeats than C. turicensis. If the tandem repeat of C. sakazakii
is not considered, its repeat content is with 0.94% the same as for C. turicensis. The
small repeat contents in comparison to other Enterobacteriaceae further support the
conclusion that there occurs no massive re-organisation of the genomes at the moment
and that the genomes of the two Cronobacter spp. are evolutionary quite stable.
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Buchnera aphidicola str. APS (Acyrthosiphon pisum) 0.0000
Candidatus Blochmannia pennsylvanicus str. BPEN 0.0007
Candidatus Blochmannia �oridanus 0.0009
Cronobacter turicensis LMG 23827 0.0094
Serratia proteamaculans 568 0.0103
Enterobacter sp. 638 0.0106
Salmonella enterica subsp. enterica serovar Enteritidis str. P125109 0.0123
Escherichia fergusonii ATCC 35469 0.0129
Klebsiella pneumoniae subsp. pneumoniae MGH 78578 0.0135
Wigglesworthia glossinidia endosymbiont of Glossina brevipalpis 0.0138
Erwinia carotovora subsp. atroseptica SCRI1043 0.0140
Proteus mirabilis HI4320 0.0152
Erwinia tasmaniensis Et1/99 0.0153
Salmonella typhimurium LT2 0.0170
Cronobacter sakazakii ATCC BAA-894 0.0188
Citrobacter koseri ATCC BAA-895 0.0214
Yersinia pseudotuberculosis PB1/+ 0.0215
Yersinia enterocolitica subsp. enterocolitica 8081 0.0232
Escherichia coli 55989 0.0311
Photorhabdus luminescens subsp. laumondii TTO1 0.0530
Yersinia pestis Antiqua 0.0595
Sodalis glossinidius str. morsitans 0.0683
Shigella �exneri 2a str. 2457T 0.0793
Shigella sonnei Ss046 0.1014
Shigella boydii Sb227 0.1028
Shigella dysenteriae Sd197 0.1266

Table 2.9: Repeat contents of members of the family Enterobacteriaceae The repeat con-
tent of C. sakazakii is comparable to the repeat contents of other Enterobacteriaceae. C.

turicensis shows a very low repeat content. Only the genomes of the endosymbionts Buch-
nera aphidicola 5A (Acyrthosiphon pisum), Candidatus Blochmannia pennsylvanicus BPEN
and Candidatus Blochmannia �oridanus contain fewer repeats than C. turicensis. The small
repeat contents of the Cronobacter spp. in comparison to other Enterobacteriaceae further
support the conclusion that there occurs no massive re-organization of the genomes at the
moment and that the genomes of the two Cronobacter spp. are evolutionary quite stable.
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Figure 2.11: KEGG pathway of the bacterial chemotaxis of the two Cronobacter spp. The
�gure shows the colored KEGG pathway of bacterial chemotaxis of the two Cronobacter spp.
Red bordered boxes indicate enzymes of the two Cronobacter spp. that could be mapped to
KEGG orthologous groups. Black borders indicate enzymes of the pathway that do not exist
in the two Cronobacter spp. A blue background indicates that the enzyme is member of a
KEGG orthologous group.

2.2.4.3 Over/underrepresented protein domains in Cronobacter spp.

The comparison of the whole proteomes of the Enterobacteriaceae revealed that the two
Cronobacter spp. slightly di�er from each other and more from other Enterobacteriaceae.
In order to further functionally characterize these di�erences, the enrichment and deple-
tion of protein domains (the structural and functional building blocks of proteins [291])
have been analyzed.

All protein domains as predicted by InterProScan [292] using InterPro 23.0 have been
counted in the proteomes of the two Cronobacter spp. in comparison to all other pro-
teomes of the family Enterobacteriaceae. This information was used to perform a double-
sided Fisher's exact test with Bonferroni correction for multiple testing (section 1.7.4).
Domains with a corrected p-value ≤ 0.01 were presumed to be signi�cantly enriched or
depleted.

Both Cronobacter proteomes show a signi�cant depletion of transposition related do-
mains and a signi�cant enrichment of chemotaxis related domains. The depletion of
transposition related domains is in compliance with the fact that the two Cronobacter
spp. show low repeat contents. The fact that chemotaxis related domains are identi-
�ed as enriched is in compliance with the fact that all proteins of the KEGG pathway
�Flagellar assembly� and almost all proteins of the KEGG pathway �Bacterial chemo-
taxis� are encoded in the genomes of the two Cronobacter spp. (Figure 2.11). This is
in accordance with the observation that members of the genus Cronobacter are able to
direct their movements towards chemicals in their environment.
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2.2.4.4 Horizontal gene transfers

Horizontal gene transfers are fundamental for the rapid adaptation of prokaryotic genomes
to changing environmental conditions [129]. They are quite common in pathogens and
responsible e.g. for acquiring resistance against antibiotics (e.g. [130]). Therefore po-
tentially horizontally transferred genes have been searched in C. turicensis with the goal
to detect signs for a recent adaptation of this organism to its environment or hints on
organisms living closely together with this organism.
A screen for putative horizontally transferred genes (HTGs) having their origin outside

of the class Gammaproteobacteria was therefore performed for the complete proteome of
C. turicensis. As Thomas Weinmaier is a specialist for horizontal gene transfers [265] I
conducted the HGT analysis in collaboration with him. The methods Alien Index [132]
and PhyloGenie [133] have been applied.

2.2.4.4.1 Detection using the Alien Index The Alien Index (AI) introduced by
Gladyshev et al. [132] is a method to identify horizontally transferred genes (HTGs)
relying on pair-wise sequence alignments. The following steps have been performed:

1. A homology search for each protein of C. turicensis against all sequences of cellular
organisms (NCBI [277] taxonomyid 131567) in SIMAP [94] was performed. Only
hits with an E-value ≤ 10−03 were kept.

2. Hits to the genus Cronobacter (NCBI taxonomyid 413496) were excluded from the
hits in order to identify genus Cronobacter speci�c HTGs and not C. turicensis
speci�c HTGs.

3. The homologs were grouped intoGammaproteobacteria (=ingroup) and not-Gamma-
proteobacteria (=outgroup) according to their taxonomy.

4. The AI was calculated from the E-value of the best member of the ingroup
(Gammaproteobacteria) and the best member of the outgroup (non-Gammaproteo-
bacteria). If there was no member in ingroup or outgroup, the E-value was set to
1.

The AI was calculated as:

AI = ln((best E-value ingroup) + 10−200)− ln((best E-value outgroup) + 10−200)�� ��2.1

5. An AI > 0 indicates that the protein shows higher similarity to the outgroup than
to the ingroup and an AI < 0 indicates that a protein shows higher similarity to
the ingroup than to the outgroup. The higher the AI, the bigger is the di�erence
between the best E-value of the outgroup and the ingroup.

Proteins with an AI ≥ 30 were considered as HTG candidates based on experience
from other projects and were used for further manual analyses.
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2.2.4.4.2 Detection using PhyloGenie PhyloGenie [133] is a fully automated soft-
ware for the calculation of phylogenetic trees. The reference database for PhyloGenie
was generated from the nonredundant protein database NCBI nr [277], in which taxon
names were edited in order to remove characters that control the structure of tree �les
in Newick format. The NCBI taxonomy database name �le was adapted in a similar
manner. The PhyloGenie software was executed for each query protein using default
parameters with the following modi�cations: For BLAMMER -taxid f was used in or-
der to not use GI-numbers for the analyses as those were not available for the not yet
published C. turicensis proteins. Additionally -getdissim f was used so that the most
similar sequences were used for the creation of the hidden Markov model (HMM) as
otherwise the query sequence could sometimes not be detected with the HMM anymore.
This can happen when the query sequence is very di�erent from its nearest homologs.
For the tree selection tool PHAT -showtrees 0 was used in order to suppress the tree
output, -verbose 0 was used for less verbose output, and -checkquery true was used to
ensure that the select statement related to the query and not to another protein of C.
turicensis anywhere in the tree. NCBI BLAST version 2.2.19 was used for the similarity
searches.
The trees of potential HTGs were selected in two steps. In the �rst step all trees

containing a C. turicensis protein, as next neighbor a C. sakazakii protein and as
next neighbor not a Gammaproteobacteria protein were searched with the statement
�(((Cronobacter turicensis & Cronobacter sakazakii) & !(*Gammaproteobacteria)) &
(*cellular organisms))". In the second step all trees in which a C. turicensis protein
directly groups with a non-Gammaproteobacteria protein (these are the C. turicensis
speci�c proteins) were searched. In order to obtain the list of HTG candidates the set
union was built.

2.2.4.4.3 Manual selection of trees The AlienIndex method identi�ed 44 HTGs,
whereas PhyloGenie identi�ed 57 HTGs. The two sets overlap by 21 HTGs.
In order to evaluate the results from the automated tools a manual analysis of all 80

HTG candidates was performed. Firstly Neighbor-Joining trees were computed:

1. a homology-search of every HTG candidate against RefSeq [52] was carried out
using SIMAP [94] and an E-value cuto� of 10−10.

2. a multiple alignment was calculated using MUSCLE [293] with standard parame-
ters

3. a distance matrix for every alignment was calculated using protdist [294] with
standard parameters

4. neighbor joining trees were calculated using neighbour [294] with standard param-
eters

The trees were then examined manually using iTOL [295] in order to validate the
results from the automated tools. The potential donors of the HTGs were extracted
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and it was decided from case to case whether the trees were suited for a decision about a
horizontal gene transfer, that is whether the other proteins in the tree were close enough
to the query protein so that this conclusion could be drawn.
This resulted in a �ltered set of 44 putative HTGs (Table 2.10). These proteins show

statistically signi�cant enrichments of �C-4 compound metabolism� and EC 1.1.100 �3-
oxoacyl-[acyl-carrier-protein] reductase� in comparison to the whole proteome. However,
an unexpected high number of 15 HTGs are localized in local clusters on the chromo-
some. The most striking examples are the four genes Ctu_24550-24580 (Table 2.11).
Even though the genes do not represent an operon, as they are localized on opposite
strands, it is possible that they have been transferred in a single horizontal gene trans-
fer (HGT) event. The most probable donor for all 4 genes are Burkholderia spp. as
determined by inspecting the protein trees. Overall, the most common donors for all
potential HTGs are the orders Burkholderiales (19 HTGs) and Rhizobiales (9 HTGs).
Members of both orders are partly plant-associated bacteria.
In a recent study it has been shown that members of the genus Cronobacter can be

readily isolated from plant roots, that clinical as well as plant isolates are capable of
developing epiphytic and endophytic colonization of tomato and maize roots, and that
Cronobacter spp. can produce factors potentially bene�cial to plant growth [296]. The
fact that most of the HTGs originate from possibly plant-associated bacteria provides
further evidence for plants as the original natural habitat of these two Cronobacter spp.
The practical implication of this is that plant-related materials, such as starches, are a
potential source of contamination of infant formula production facilities.

2.2.5 Pathogenicity determinants

Many of known or potential determinants for pathogenicity are shared among the En-
terobacteriaceae and are common across a wider range of bacteria. These include �agella
and motility, lipopolysaccharides (LPS) exopolysaccharides (EPS) and O-antigens, en-
terobacterial common antigen (ECA), �mbriae, the ability to acquire iron and resistance
to antibiotics. Many of these determinants are secreted proteins and thus the various
secretion types, autotransporters and two component secretion systems also constitute
accessory pathogenicity determinants in the broadest sense [297].

2.2.5.1 Proteins with homologies to proteins with annotations related to
virulence

This analysis has been conducted in collaboration with Angelika Lehner from the Insti-
tute for Food Safety and Hygiene, Vetsuisse Faculty, University of Zürich, as Angelika
is a Cronobacter spp. expert.
Among all proteins of C. turicensis, 22 show strong homology to proteins annotated

with the UniProtKB/Swiss-Prot keyword [182] �virulence� and 41 are annotated with
the UniProtKB/Swiss-Prot keyword �antibiotic resistance�. However, not all known
virulence factors can be detected by UniProtKB/Swiss-Prot keyword annotations. As
an example, the outer membrane protein A (ompA, Ctu_15640) has no virulence related
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gene gene description AlienIndex
candidates

PhyloGenie
candidates

manual
inspection

order of potential
donor

Ctu_00950 hypothetical protein 1 0 0
Ctu_01050 hypothetical protein 1 0 0
Ctu_01060 hypothetical protein 1 0 1 Sphingobacteriales
Ctu_01080 hypothetical protein 1 1 1 Burkholderiales
Ctu_01150 hypothetical protein 1 0 0
Ctu_05110 hypothetical protein 0 1 0
Ctu_05130 hypothetical protein 1 0 1 Burkholderiales
Ctu_05190 hypothetical protein 0 1 0
Ctu_05310 unknown protein 0 1 0
Ctu_05340 unknown protein 0 1 0
Ctu_05360 unknown protein 0 1 0
Ctu_05620 Cytosine deaminase 0 1 1 Burkholderiales
Ctu_06100 hypothetical protein 0 1 1 Desulfovibrionales
Ctu_08840 hypothetical protein 0 1 0
Ctu_08850 hypothetical protein 1 0 1 Sphingobacteriales
Ctu_11930 hypothetical protein 0 1 0
Ctu_11960 Uncharacterized oxidoreductase ykvO 0 1 1 Rhizobiales
Ctu_11970 hypothetical protein 1 1 1 Burkholderiales
Ctu_12240 hypothetical protein 0 1 0
Ctu_13220 hypothetical protein 0 1 0
Ctu_16070 Protein ydeP 0 1 0
Ctu_17550 hypothetical protein 0 1 0
Ctu_17720 hypothetical protein 0 1 0
Ctu_17760 hypothetical protein 1 1 1 Rhizobiales
Ctu_18420 hypothetical protein 0 1 0
Ctu_18800 Glycosyltransferase tibC 1 0 1 Burkholderiales
Ctu_19240 hypothetical protein 1 1 1 Rhizobiales
Ctu_19360 hypothetical protein 0 1 0
Ctu_19380 hypothetical protein 0 1 0
Ctu_19400 hypothetical protein 0 1 0
Ctu_19410 unknown protein 0 1 0
Ctu_19500 hypothetical protein 0 1 0
Ctu_19640 hypothetical protein 1 1 ?
Ctu_19660 hypothetical protein 1 1 1 Burkholderiales
Ctu_1p00150 hypothetical protein 0 1 ?
Ctu_1p00700 hypothetical protein 1 1 1 Chlorobiales
Ctu_1p00710 hypothetical protein 1 1 1 Desulfuromonadales
Ctu_1p00720 hypothetical protein 0 1 1 Burkholderiales
Ctu_1p01180 hypothetical protein 0 1 ?
Ctu_20240 hypothetical protein 1 0 1 Rhizobiales
Ctu_20250 Uncharacterized oxidoreductase ykvO 1 1 1 Rhizobiales
Ctu_20620 hypothetical protein 0 1 0
Ctu_20640 hypothetical protein 0 1 1 Chroococcales
Ctu_20900 hypothetical protein 0 1 0
Ctu_20910 hypothetical protein 0 1 0
Ctu_20940 hypothetical protein 1 0 0
Ctu_21280 Uncharacterized HTH-type transcriptional

regulator yqhC
1 1 1 Methylophilales

Ctu_21890 hypothetical protein 0 1 1 Rhodocyclales
Ctu_22580 hypothetical protein 1 0 1 Caulobacterales
Ctu_22790 hypothetical protein 1 1 1 Actinomycetales
Ctu_22800 Uncharacterized oxidoreductase yhdF 1 0 1 Planctomycetales
Ctu_22820 hypothetical protein 1 1 1 Rhizobiales
Ctu_24550 Methyl-accepting chemotaxis protein II 1 0 1 Burkholderiales
Ctu_24560 hypothetical protein 1 0 1 Burkholderiales
Ctu_24570 hypothetical protein 1 1 1 Burkholderiales
Ctu_24580 Uncharacterized HTH-type transcriptional

regulator yhjC
1 0 1 Burkholderiales

Ctu_24700 hypothetical protein 0 1 0
Ctu_26530 hypothetical protein 1 0 1 Rhizobiales
Ctu_26820 Uncharacterized oxidoreductase yvaG 0 1 1 Burkholderiales
Ctu_27320 hypothetical protein 0 1 0
Ctu_27370 hypothetical protein 0 1 0
Ctu_30970 hypothetical protein 1 1 1 Bacillales
Ctu_31210 hypothetical protein 1 0 0
Ctu_32590 hypothetical protein 1 0 1 Desulfovibrionales
Ctu_32600 hypothetical protein 1 0 1 Desulfovibrionales
Ctu_32660 hypothetical protein 1 1 1 Burkholderiales
Ctu_32670 hypothetical protein 0 1 0
Ctu_33040 hypothetical protein 1 1 1 Burkholderiales
Ctu_34710 hypothetical protein 1 1 1 Neisseriales
Ctu_35370 hypothetical protein 1 1 1 Burkholderiales
Ctu_35740 hypothetical protein 1 0 1 Burkholderiales
Ctu_36050 hypothetical protein 1 0 1 Burkholderiales
Ctu_36070 Uncharacterized HTH-type transcriptional

regulator ydgC
1 1 1 Bacillales

Ctu_36150 hypothetical protein 0 1 1 Burkholderiales
Ctu_36340 Methyl-accepting chemotaxis protein II 1 0 1 Burkholderiales
Ctu_37100 unknown protein 0 1 0
Ctu_37820 hypothetical protein 1 0 1 Rhizobiales
Ctu_40080 hypothetical protein 1 0 0
Ctu_40870 hypothetical protein 1 1 1 Rhizobiales
Ctu_40950 hypothetical protein 1 1 0

Table 2.10: Potentially horizontally transferred genes of C. turicensis from outside the
Gammaproteobacteria For each gene and each method it is shown whether the gene is a
potential horizontally transferred gene (HTG) according to the method (1) or not (0). The
�?� indicates that a decision could not clearly be made. The taxonomic order of the potential
donor is given in the cases of positively manually identi�ed HTG candidates. 91
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gene description best
UniProtKB/Swiss-
Prot hit

best hit description

Ctu_24550 Methyl-accepting
chemotaxis pro-
tein II

MCP2_SALTY RecName: Full=Methyl-
accepting chemotaxis pro-
tein II; Short=MCP-II; Alt-
Name: Full=Aspartate chemo..
PriAC=P02941 [Salmonella
typhimurium] Name=tar; Syn-
onyms=cheM; OrderedLocus-
Names=STM1919;

Ctu_24560 hypothetical pro-
tein

A7MKD7_ENTS8 * SubName: Full=Putative
uncharacterized protein
PriAC=A7MKD7 [Enterobac-
ter sakazakii (strain ATCC
BAA-894)] OrderedLocus-
Names=ESA_01472;

Ctu_24570 hypothetical pro-
tein

YAJO_ECOLI RecName: Full=Uncharacterized
oxidoreductase yajO; EC=1.-
.-.- PriAC=P77735 Se-
cAC=Q2MC07 [Escherichia
coli (strain K12)] Name=yajO;
OrderedLocusNames=b0419,
JW0409;

Ctu_24580 Uncharacterized
HTH-type tran-
scriptional regu-
lator yhjC

YHJC_ECOLI RecName: Full=Uncharacterized
HTH-type transcriptional reg-
ulator yhjC PriAC=P37641
SecAC=Q2M7I3 [Escherichia
coli (strain K12)] Name=yhjC;
OrderedLocusNames=b3521,
JW3489;

Table 2.11: Example of four consecutive genes probably horizontally transferred from
Burkholderia Within the candidates of horizontally transferred genes the biggest cluster
of consecutive genes is composed of the four genes Ctu_24550-24580. Even though the
genes do not represent an operon, as they are localized on opposite strands, it is possible
that they have been transferred in a single horizontal gene transfer event. The most prob-
able donor for all 4 genes are Burkholderia spp. (* No UniProtKB/Swiss-Prot hit could be
detected so this is the best UniProtKB/TrEMBL hit)

keyword in UniProtKB/Swiss-Prot. Nevertheless it has been shown that E. sakazakii
(Cronobacter) expresses outer membrane protein A (OmpA) [51] and that it is crucial
for the invasion of brain endothelial cells [303].
The following proteins showing homology to virulence related genes have been iden-

ti�ed in C. turicensis : MviN, the two-component system PhoP-PhoQ, Hfq, IgaA, VacJ,
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Wza and Wzb, wecA.
Moreover a number of penicillin binding proteins were detected: penicillin and ce-

falosporine binding protein 1B (Ctu_07800), the penicillin binding protein 2 (MrdA,
Ctu_12680), and the AmpC (Ctu_21110), a class C beta-lactamase which hydrolyses
broad and extended-spectrum cephalosporins [298, 299, 300].
Interestingly two loci, one chromosomal (tehB, Ctu_22340) and one plasmid borne

(tehA, Ctu_1p00320) were identi�ed, both putatively involved in conferring resistance
to the oxidative reagent tellurite. In E. coli tehAB constitute an operon and were
originally thought to be plasmid encoded [301, 302].

2.2.5.2 Secretion systems

In Bacteria, 7 di�erent secretion systems have been described so far (see also section
1.6.1). They facilitate the export of DNA and/or proteins from the inside of the bacterial
cell into the host cell and therefore play an important role in the virulence of bacterial
pathogens [151, 152, 153, 154, 155, 156, 157, 158]. Proteins transported by secretion
systems are also called e�ectors and are likely to interact with molecules of the host
cell. Thus e�ector proteins are of particular interest for the analysis of the pathogenic
Cronobacter spp.
As Roland Arnold is experienced with bacterial secretion systems due to his PhD (e.g.

[177]) the analysis of secretion systems was conducted in collaboration with him.
In order to detect transport related genes, homologs of proteins of both Cronobacter

spp. to transport proteins in datasets of known transporters were searched using BLAST
with an E-value cuto� of 10−10 and 50% of both sequences needed to be involved in the
alignment to avoid single domain hits. For the ABC transporters and the Type II-VI
secretion systems, the according KEGG [189] modules as downloaded at 20th of October
2009 have been used. Bi-directional best hits (BBHs) have been determined against the
full set of orthologous groups in KEGG and the best matching KEGG ortholog has
been chosen. The coloring of the KEGG maps was done identifying the best hits in the
protein sequences in the KEGG database using BLAST with an E-value cuto� of 10−10

and at least 50% of the length of the query and hit protein involved in the alignment.
The KEGG orthologous group of the best hit was then transferred and colored in the
KEGG maps.
The genome of C. sakazakii encodes 779, the genome of C. turicensis 810 proteins

associated to transport and secretion and both species comprise a similar amount of the
di�erent transport systems. The high number of involved proteins can be explained by
the sensitive approach that was used to detect them.
The Type II secretion pathway is completely absent in both genomes, only a gspO

homolog could be detected in C. turicensis.
The Type III secretion system that plays an important role in the pathogenicity

of other members of the family Enterobacteriaceae (e.g. Yersinia or Shigella) is not
encoded in the two Cronobacter genomes (Table 2.12).
The Type IV secretion system mediates the secretion of single proteins, protein-protein

complexes and protein-DNA complexes. It consists of 12 parts that build a needle that
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can inject these molecules into the host cell. The genes encoding the proteins of this
system are completely apparent in both Cronobacter genomes, only VirB7 and VirB3
are missing. However, the role of VirB3 in Type IV mediated transport is unclear [304].
VirB7 interacts with and stabilizes VirB9 at the outer membrane component of the
pore and its absence could weaken the ability to build up the Type IV secretion system
core complex which spans both membranes. This secretion system is located on plasmid
2 of C. turicensis. In conclusion both Cronobacter spp. carry the potential to exchange
genetic material and to translocate proteins employing their Type IV secretion system.
The genes encoding proteins for the SecA dependent pathway for protein export are

completely existent in both species missing the SecDF fusion protein whereby harboring
the secD and secF as separate genes. Therefore all members of this pathway are encoded
in the two Cronobacter genomes and it is by that potentially fully functional.
The recently described Type VI transport system is also encoded in the genomes of

both species. There is only little known about architecture and function of this secretion
system. A homolog of vrG is missing as well as homologs of the stpA1 (serine/threonine
Phosphatase) and ppkA (serine/threonine Kinase). Therefore the Type VI secretion
system is partially complete with �ve existing (Hcp, Lip, IcmF, DotU, ClpV ) and four
missing components (VgRG, PpkA, Fha1, PppA) (Figures 2.12, 2.13).
The Twin-Arginin System which is able to transport proteins in their fully folded

conformation [305] is completely encoded in both Cronobacter spp.

2.2.5.3 Prediction of putative secreted proteins

There are three secretion systems able to transport DNA or proteins into the host cell:
Type-III, Type-IV and Type-VI (reviewed in [151]). As both Cronobacter genomes
encode Type IV and Type VI secretion systems that are probably functional, e�ector
proteins translocated by these machineries are likely to be encoded in the genome. In
contrast to the secretion systems these e�ectors are known to be species speci�c or
poorly conserved even in closely related organisms [306], hindering their identi�cation
by homology searches. Therefore the detection of secreted e�ectors is a non-trivial and
important task for the characterization of the virulence of the two Cronobacter spp.
We screened the complete Cronobacter proteomes for InterPro protein domains known

to be typical for secreted e�ectors [307]. C. turicensis and C. sakazakii both encode
31 potentially secreted e�ector proteins. This number is rather typical for pathogenic
bacteria than for host-associated non-pathogenic bacteria (Table 2.13).

2.2.5.4 Proteins having eukaryotic like protein domains.

Proteins with eukaryotic-like protein domains acquired by bacterial pathogens could be
able to mimic and alter functions in the host cell [178] and therefore play an important
role for the virulence of Cronobacter.
As Marc-André Jehl was currently working on the investigation of these domains the

following analysis was conducted in collaboration with him.
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Buchnera aphidicola str. APS (Acyrthosiphon pisum) 0 0 0 0 0 9 0
Candidatus Blochmannia �oridanus 0 0 0 0 0 8 0
Candidatus Blochmannia pennsylvanicus str. BPEN 0 0 0 0 0 10 0
Citrobacter koseri ATCC BAA-895 1 0 12 10 2 10 4
Cronobacter sakazakii ATCC BAA-894 1 0 1 10 6 10 4
Cronobacter turicensis 1 0 1 10 5 10 4
Enterobacter sp. 638 1 0 0 0 3 9 4
Erwinia carotovora subsp. atroseptica SCRI1043 1 11 13 10 6 10 4
Erwinia tasmaniensis 1 11 12 9 6 10 4
Escherichia coli 55989 1 3 12 0 6 10 4
Escherichia fergusonii ATCC 35469 1 0 12 0 6 10 4
Klebsiella pneumoniae subsp. pneumoniae MGH 78578 1 0 12 0 5 10 4
Photorhabdus luminescens subsp. laumondii TTO1 3 15 1 0 6 10 3
Proteus mirabilis HI4320 3 11 1 10 6 10 3
Salmonella enterica subsp. enterica serovar Enteritidis str. P125109 1 11 1 0 1 10 4
Salmonella typhimurium LT2 1 11 1 0 5 10 4
Serratia proteamaculans 568 1 0 13 0 6 10 4
Shigella boydii Sb227 1 0 9 0 0 10 4
Shigella dysenteriae Sd197 1 11 11 0 0 10 4
Shigella �exneri 2a str. 2457T 1 0 0 1 0 10 4
Shigella sonnei Ss046 1 11 0 0 6 10 4
Sodalis glossinidius str. morsitans 1 11 0 1 1 10 3
Wigglesworthia glossinidia endosymbiont of Glossina brevipalpis 0 0 0 0 0 8 0
Yersinia enterocolitica subsp. enterocolitica 8081 3 15 13 1 5 10 4
Yersinia pestis Antiqua 3 15 12 0 6 10 4
Yersinia pseudotuberculosis PB1/+ 3 15 12 0 6 10 4

Table 2.12: Overview over bacterial secretion systems in Enterobacteriaceae The table
shows how many of the parts of each secretion system as annotated in the KEGG maps for
�bacterial secretion� are existing in the respective organism for each of the representative
Enterobacteriaceae.

In order to detect eukaryotic like protein domains that could be the reason for the
pathogenicity of C. turicensis, protein domains occurring in protein sequences of C.
turicensis were searched that are more frequent in pathogenic than in non-pathogenic
bacterial organisms.

For this fully sequenced pathogenic and non-pathogenic organisms from RefSeq [52]
were identi�ed by their phenotypes listed at NCBI (August 2009) [277]. This resulted
in 388 pathogenic and 306 non-pathogenic bacterial organisms. Furthermore, 148 avail-
able completely sequenced eukaryotic genomes from RefSeq were used. For each of the
genomes, all annotated proteins were extracted and analyzed for domain signatures from
the PFAM [118] protein family database. Domains were only considered if they occurred
in at least 10 di�erent eukaryotic genomes. This prevents misannotations caused by low-
quality eukaryotic genome sequences with bacterial contaminations. The frequency of
these domains in pathogenic bacteria was compared to the frequency of the occurrence
in non-pathogenic bacteria (see [179]). The most overrepresented domains were used for
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Escherichia coli
55989

1 0 9 5 1 5 0 5 0 3 7 2 38 p

Escherichia fergu-
sonii ATCC 35469

2 0 12 3 0 4 0 6 0 2 7 2 38 p

Shigella sonnei Ss046 1 0 9 3 5 5 0 4 0 2 7 1 37 p
Shigella boydii Sb227 0 0 10 4 5 3 0 4 0 2 7 1 36 p
Shigella dysenteriae
Sd197

1 0 7 1 5 4 0 4 0 2 7 1 32 p

Cronobacter turicen-
sis

2 0 9 4 0 5 0 4 0 1 5 1 31 p

Enterobacter sakaza-
kii ATCC BAA-894

2 0 9 4 0 4 0 4 0 1 5 2 31 p

Klebsiella pneu-
moniae subsp.
pneumoniae MGH
78578

1 0 10 5 0 3 0 3 0 2 7 0 31 p

Salmonella ty-
phimurium LT2

0 0 11 2 1 5 0 4 0 2 5 0 30 p

Citrobacter koseri
ATCC BAA-895

0 0 8 5 0 5 0 3 0 2 6 0 29 p

Enterobacter sp. 638 1 0 8 5 0 4 0 3 0 2 6 0 29 h
Erwinia carotovora
subsp. atroseptica
SCRI1043

2 0 12 4 0 3 0 3 0 1 4 0 29 p

Salmonella enterica
subsp. enterica
serovar Enteritidis
str. P125109

0 0 11 2 1 4 0 4 0 2 5 0 29 p

Serratia proteamacu-
lans 568

2 0 9 4 0 3 0 3 0 2 5 1 29 p

Shigella �exneri 2a
str. 2457T

0 0 7 2 1 5 0 5 0 2 7 0 29 p

Yersinia pestis Anti-
qua

1 0 8 2 2 3 0 5 0 2 4 2 29 p

Yersinia enterocolit-
ica subsp. enteroco-
litica 8081

1 0 9 3 1 2 0 3 0 2 4 1 26 p

Yersinia pseudotu-
berculosis PB1/+

1 0 6 2 3 2 0 4 0 2 4 2 26 p

Erwinia tasmaniensis
Et1/99

2 0 6 3 0 3 0 3 0 1 5 1 24 h

Proteus mirabilis
HI4320

0 0 8 3 0 2 0 5 0 1 4 0 23 p

Photorhabdus lumi-
nescens subsp. lau-
mondii TTO1

2 0 7 1 0 3 0 3 0 1 4 0 21 p

Sodalis glossinidius
str. morsitans

1 0 5 1 0 2 0 3 0 0 3 1 16 h

Candidatus
Blochmannia �ori-
danus

0 0 2 0 0 2 0 2 0 0 1 0 7 h

Candidatus
Blochmannia penn-
sylvanicus str.
BPEN

0 0 2 0 0 2 0 2 0 0 1 0 7 h

Wigglesworthia
glossinidia endosym-
biont of Glossina
brevipalpis

0 0 2 0 0 2 0 2 0 0 1 0 7 h

Buchnera aphidi-
cola str. APS
(Acyrthosiphon
pisum)

0 0 1 0 0 1 0 2 0 0 1 0 5 h

Table 2.13: Number of potential e�ector proteins in Enterobacteriaceae The table shows
how many proteins contain protein domains known to be typical for secreted e�ectors for
each of the representative Enterobacteriaceae. The number of 31 potentially secreted e�ector
proteins of the two Cronobacter spp. is rather typical for pathogenic bacteria than for host-
associated non-pathogenic bacteria. (* p = pathogenic, h = host-associated)
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Figure 2.12: KEGG pathway of the bacterial secretion system of Cronobacter sakazakii

ATCC BAA-894 The �gure shows the colored KEGG pathway of the bacterial secretion
system of Cronobacter sakazakii ATCC BAA-894. Red bordered boxes indicate enzymes of
Cronobacter sakazakii ATCC BAA-894 that could be mapped to KEGG orthologous groups.
Black borders indicate enzymes of the pathway that do not exist in Cronobacter sakazakii

ATCC BAA-894. A blue background indicates that the enzyme is member of a KEGG
orthologous group.

further investigation.

There could 25 eukaryotic domains be identi�ed in the two Cronobacter spp. The
domains are rather typical for pathogenic than for nonpathogenic bacteria, whereas 3
domains are contained in C. turicensis but not in C. sakazakii (PF01234, PF04488,
PF10022). The domain PF01234 describes a family of methyltransferases that is only
present in C. turicensis (Ctu_31510) and in plant-pathogenic/symbiontic organisms
(Frankia alni, Agrobacterium vitis, Stackebrandtia nassauensis, Manganese-oxidizing
bacterium) and in 44 taxonomically distributed eukaryotes. This is a further hint on the
plant association of C. turicensis. No gene carrying this domain could be identi�ed in C.
sakazakii. The trehalase domain PF01204 can be found in both Cronobacter spp., which
is in accordance with the fact, that the accumulation of trehalose inside the E. sakazakii
cells plays a role in desiccation resistance [226]. 2 genes are coding for a trehalase in
each of the two Cronobacter spp. (C. turicensis : Ctu_21560, Ctu_24460, C. sakazakii :
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Figure 2.13: KEGG pathway of the bacterial secretion system of Cronobacter turicensis

LMG 23827 The �gure shows the colored KEGG pathway of the bacterial secretion system
of Cronobacter turicensis LMG 23827. Red bordered boxes indicate enzymes of Cronobacter
turicensis LMG 23827 that could be mapped to KEGG orthologous groups. Black borders
indicate enzymes of the pathway that do not exist in Cronobacter turicensis LMG 23827. A
blue background indicates that the enzyme is member of a KEGG orthologous group.

GI:156933657, GI:156934000) whereas a signal peptide can be identi�ed in Ctu_24460
and GI:156933657 using SignalP [275].

2.2.6 Survival and persistence in diverse environments

In order to elucidate the survival and persistence of Cronobacter spp. transporters and
metabolic pathways typical for plant-associated bacteria have been investigated.
A transporter is a membrane protein involved in the transportation of ions, small

molecules, or macromolecules as proteins across a biological membrane. ABC trans-
porters play important roles in multidrug resistance of pathogenic bacteria [308].
The transporters have been analyzed in collaboration with Roland Arnold from the

Department of Genome Oriented Bioinformatics, Technische Universität München, and
in collaboration with Angelika Lehner from the Institute for Food Safety and Hygiene,
Vetsuisse Faculty, University of Zurich. The metabolic pathways have been analyzed in
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collaboration with Gabi Kastenmüller from the Institute of Bioinformatics and Systems
Biology at the Helmholtz Zentrum München.

2.2.6.1 ABC transporter systems

The genomes of both Cronobacter spp. encode 68 bacterial ABC transporter systems
(counted as amount of ABC transport speci�c ATPases), a typical amount for bacterial
genomes of this size [309]. The colored KEGG maps of the ABC transporters for the
Cronobacter spp. can be seen in Figures 2.14 and 2.15. Only slight di�erences in the
completeness of the systems could be detected, which might either be explained by gene-
loss or gene-gain in one species or by miss-assignments by the bidirectional best-blast
hit criterion against the KEGG [189] data-set.
Most of the systems are encoded as single copy instances. Multi-copy ABC trans-

porters comprise the osmoprotectant transport system (two copies of the complete sys-
tem and four copies of the permease component), the maltose/maltodextrin transporter
(at least two copies due to the substrate binding component), the lipoprotein-releasing
system (two copies), the sulfonate/nitrate/taurin transport system (four copies), the
antibiotic transport system (three permeases, one ATPase), the iron complex transport
system (three copies), the peptide/nickel transporter (six copies), the D-methionine
transport system (three copies), and the branched-chain amino acid transporter (two
copies).
The ABC transporter protein YojL (Ctu_28680) represents an e�ux pump for the an-

timicrobial peptide microcin [310] and the undecaprenyl-diphosphatase (EC 3.6.1.27),
also referred to as bacitracin resistance protein (Ctu_35260) conferring resistance to
this peptidoglycan synthesis inhibitor [311]. Possible modi�cations of the phospho-
ethanolamine transferase EptA (Ctu_19850) may result in resistance to polymyxin (in-
ferred by similarity) and the bicyclomycin resistance proteins Bcr (Ctu_28490) as well
as DHPS (Ctu_04040) may confer resistance to folate biosynthesis inhibitors (sulfon-
amides) [312, 313].

2.2.6.2 Other transport systems

The analysis revealed 18 genes unique for C. turicensis and 7 for C. sakazakii related
to other transport systems. Some members of the �mbrial usher family [314] are con-
served di�erently in the two Cronobacter spp.: The Type π �mbrial usher PapC is only
detectable in C. turicensis (Ctu_36430), whereas the Type β �mbrial usher YhcD can
only be found in C. sakazakii (GI:156935650).
Interestingly, C. turicensis harbors three transport systems for galactose derivates

which are missing in C. sakazakii : a putative N-acetyl galactosamine (GalNAc or Aga)
porter Ctu_07680, a putative galactitol porter Ctu_04380, and a putative N-acetyl
galactosamine (GalNAc or Aga) porter Ctu_07680 and a putative two component mal-
onate transport operon (Ctu_35020 and Ctu_35030). C. sakazakii uniquely provides
one Alanin transporter GI:156932523.

99



CHAPTER 2. METHODS & RESULTS

Figure 2.14: KEGG pathway of the ABC transporters of C. sakazakii The �gure shows the
colored KEGG pathway of the ABC transporters of C. sakazakii. Red bordered boxes indicate
enzymes of C. sakazakii that could be mapped to KEGG orthologous groups. Black borders
indicate enzymes of the pathway that do not exist in C. sakazakii. A blue background
indicates that the enzyme is member of a KEGG orthologous group.

Active e�ux is a recognized virulence mechanism in Enterobacteriaceae, contribut-
ing to survival in the host`s gastro intestinal tract. The membrane associated pumps
involved in this mechanism extrude a range of xenobiotic compounds from the cell,
including bile salts, antibiotics, disinfectants, sanitizers and dyes [315]. Antibiotic re-
sistance proteins which cannot be found in C. sakazakii are homologs to the H+ an-
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Figure 2.15: KEGG pathway of the ABC transporters of C. turicensis The �gure shows the
colored KEGG pathway of the ABC transporters of C. turicensis. Red bordered boxes indicate
enzymes of C. turicensis that could be mapped to KEGG orthologous groups. Black borders
indicate enzymes of the pathway that do not exist in C. turicensis. A blue background
indicates that the enzyme is member of a KEGG orthologous group.

tiporter for Pristinamycin and Rifamycin Q54806 (Ctu_1p00220), and the multidrug
resistance pump P24181 (Ctu_03210) which is according to the TCDB [316] a multidrug
(acri�avin, doxorubicin, ethidium, rhodamine 6G, SDS, deoxycholate) resistance pump
(required for normal chromosomal condensation and segregation as well as cell division)
[317]. Contrarily, the genome of C. sakazakii contains GI:156936562 and GI:156936563,
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both TriABC-OpmH homologs which is a triclosan resistance e�ux pump.
Analysis of the C. turicensis genome using the UniProtKB/Swiss-Prot keyword �an-

tibiotic resistance� revealed a number of multidrug resistance/e�ux pumps including
MarRA (Ctu_21730, Ctu_21740) and AcrBAR (Ctu_10690, Ctu_10700, Ctu_10710).
The latter has been proposed to confer resistance to acri�avin but is has also been
reported that the AcrAB-TolC e�ux system may expel a broader range of antibiotic
classes, detergents, biocides, and dyes [318].
The multidrug e�ux pump encoded by the MdtK (Ctu_19680) protein is involved

in resistance to many drugs such as certain �uoroquinolones (nor�oxacin, enoxacin),
tetraphenylphosphonium ion (TPP), deoxycholate, doxorubicin, trimethoprim, chlo-
ramphenicol, fosfomycin, acri�avine, ethidium bromide and benzalkonium [319] and
the MacAB (Ctu_14880, Ctu_14890) proteins represent a macrolide type 1 excretion
system [320].
Additionally, the following proteins were annotated as multidrug resistance proteins:

MdtG (Ctu_09560) is involved in resistance to fosfomycin and deoxycholate, MdtH
(Ctu_16420) conferring resistance to nor�oxacin and enoxacin [319], and the EmrAB
proteins (Ctu_32840, Ctu_32850) are responsible for resistance to substances with high
hydrophobicity [321].
The polyspeci�city of such multidrug e�ux transporters represents a general resis-

tance phenotype that can result in the acquisition of additional antimicrobial resistance.

2.2.6.3 Metabolic pathways relevant for plant-association

The computational method [322] of Gabi Kastenmüller from the Institute of Bioin-
formatics and Systems Biology at the Helmholtz Zentrum München allows to identify
metabolic pathways distinguishing two sets of organisms (�relevant paths�).
In order to analyze whether Cronobacter spp. show pathways typical for a plant as-

sociated environment, Gabi compared the predictions made for the metabolism of the
Cronobacter spp. to the metabolic pathways predicted for species known to be plant
associated from the literature. In order to identify pathways relevant in such an en-
vironment a computer-based approach that has been successfully applied for various
microbial habitat-related traits previously [322] was applied. This analysis can be di-
vided into three major steps:

1. Analysis of the predicted metabolic pathways For assessing the metabolisms
of 14 plant associated and 38 non-plant associated species, their metabolic capabil-
ities were represented by a comprehensive set of entire metabolic pathways (290)
provided in the BioPath database [323]. A score for each pathway was computed
indicating its coverage in the species under consideration. Thereby, the score value
1 means that all enzymes needed for the pathway are present in this species ac-
cording to automatic annotations taken from the genome database PEDANT [72],
the score value 0 means that none of the enzymes is predicted to be encoded in
the species' genome. The pathway score is determined based on the ratio of the
reactions that are predicted to be catalyzed by the species and all the reactions
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forming the pathway. In order to take the importance of key enzymes into ac-
count, this ratio is additionally weighted by the number of occurrences of these
reactions in other pathways within the pathway database. (For more details on
this score-based pathway prediction method see [324]).

2. Detecting metabolic pathways relevant for plant association In order to
detect the pathways di�erentiating the two groups (excluding the two Cronobacter
spp.) the program provided in Kastenmüller et al., 2009 [322] was used. Based
on the score-based pathway predictions and the information (binary: yes/no) on
the species' plant association, this program identi�ed metabolic pathways that
are relevant in distinguishing plant associated species from non-plant associated
species. For this purpose, the program used supervised machine learning tech-
niques, namely three di�erent attribute selection methods. The application of
these methods resulted in rankings of pathways according to their relevance for
the distinction of the groups. Only pathways ranked among the ten most rele-
vant pathways in at least one of the three lists and that showed an average rank
below 30 were considered. This resulted in 13 relevant pathways for plant associa-
tion. We supplementary regarded two pathways as relevant that have been highly
ranked but did not pass the �ltering: �Biosynthesis of betaine� and �Biosynthesis
of L-ascorbate�.

3. Grouping of organisms by their pathway pro�les The metabolic pro�les
of the two Cronobacter spp. and the plant associated and non-plant associated
species used for the detection of the relevant pathways were clustered using hier-
archical clustering.

14 plant-associated and 38 non-plant-associated organisms have been compared and
15 paths distinguishing plant-associated from non-plant-associated bacteria could be
detected (paper in preparation). The two Cronobacter spp. are clustered near other
plant-associated bacteria in the cluster tree at which not all plant-associated bacteria
are clustered together (Figure 2.16).
One of the pathways identi�ed as relevant for plant association is the biosynthesis of

menaquinone (Vitamin K2), a derivative of naphthoquinone, that can be found in many
bacteria in the large intestine [325]. The main function of menaquinone is the electron
transfer in the process of anaerobic respiration [326] which creates ATP. C. turicen-
sis encodes 4.1.3.36 naphthoate synthase (Ctu_28940) as well as 5.4.4.2 isochorismate
synthase (Ctu_28970, Ctu_30470) from the pathway. The naphthoquinone derivate
phylloquinone (Vitamin K1) is naturally found in a wide variety of green plants. An
example is lawsone, a naphthoquinone derivate of the henna plant Lawsonia inermis,
which is used as red-orange dye and is also known as antimicrobial drug [327, 328].
The Cronobacter spp. are resistant against this drug, even though the reason is not
known yet. No transporter for phylloquinones could be identi�ed in the genome. It has
been shown that phylloquinone can be converted into menaquinone in mice [329] but it
has also been shown that the conversion in rats is not dependent on the availability of
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gut bacteria [330]. The question whether C. turicensis can convert phylloquinone into
menaquinone remains to be elucidated.

2.2.7 Conclusion

The sequencing of the genome of a second Cronobacter sp., Cronobacter turicenis strain
LMG 23827, enabled comparisons to the distinctly related species Cronobacter sakazakii
ATCC BAA-894 and other members of the family Enterobacteriaceae on the genome
level.
The comparison of the two Cronobacter spp. on the DNA level revealed a high degree

of synteny, although a region of the chromosome of C. sakazakii is encoded on plasmid
3 of C. turicensis.
The comparison of the hypothetical proteomes of representative Enterobacteriaceae

and the two Cronobacter spp. showed a conserved �enterobacterial backbone� as antic-
ipated. Nevertheless both Cronobacter genomes show remarkable features speci�c for
the genus Cronobacter that give insights into the genetic basis for their pathogenicity.
The capability of Cronobacter spp. to colonize eukaryotes such as plants and humans

and to cause rare but severe infections in neonates and preterm infants raise the question
which molecular factors facilitate these lifestyles. The Type IV and a Type VI secretion
system as well as an array of proteins with eukaryotic like protein domains are encoded
on the genomes and give a potential explanation for the potential of transferring DNA
and e�ector proteins from the bacterial to the host cell as a mechanism of interaction
with a eukaryotic host. Additionally both genomes encode diverse transporters that
may be responsible for the resistance of Cronobacter spp. against several antibiotics.
There is genomic support that plants are the natural habitat of Cronobacter spp. Evi-

dence of several horizontal gene transfer events that have resulted in gene acquisition can
be detected in both Cronobacter spp. Most of these potentially horizontally acquired
genes are closely related to sequences in non-enterobacterial, often plant-associated bac-
teria (e.g. Burkholderiales and Rhizobiales). Although the functions of some of these
horizontally transferred genes are unknown, others are clearly required for a lifestyle
in a plant associated environment such as the enriched sequences for C4 compound
metabolism and �agellar chemotaxis associated sequences. It is also remarkable that
the analysis of the protein domains of Enterobacteriaceae and the two Cronobacter spp.
revealed a signi�cant depletion of transposition related and a signi�cant enrichment of
chemotaxis related protein domains. Pathways typical for plant-associated organisms
could be detected, and it is already known that Cronobacter spp. are in general capa-
ble to utilize a wide variety of compounds as a sole carbon source, some of them are
known to be produced and potentially exudated by plants such as L-arabinose, D-xylose,
D-cellobiose and palatinose.
The sequences of the whole genome of C. turicensis establish a powerful platform for

further functional genomics research of this organism. This is an important prerequisite
towards future development of countermeasures against this foodborne pathogen.
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Mesoplasma florum L1
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Sinorhizobium meliloti 1021
Bradyrhizobium japonicum USDA 110
Rhizobium leguminosarum viciae 3841
Deinococcus geothermalis DSM 11300
Deinococcus radiodurans R1
Coxiella burnetii RSA 334
Agrobacterium tumefaciens C58
Pseudomonas aeruginosa PA7
Burkholderia pseudomallei 1106a
Corynebacterium glutamicum R
Mycobacterium tuberculosis H37Ra
Kineococcus radiotolerans SRS30216
Nostoc punctiforme PCC 73102
Shigella dysenteriae Sd197
Shigella flexneri 2a 2457T
Shigella boydii Sb227
Shigella sonnei Ss046
Salmonella enterica enterica serovar Enteritidis P125109
Salmonella typhimurium LT2
Listeria monocytogenes EGD−e
Yersinia enterocolitica enterocolitica 8081
Enterobacter sp. 638
Citrobacter koseri ATCC BAA−895
Cronobacter sakazakii ATCC BAA−894
Cronobacter turicensis LMG 23827
Clostridium difficile 630
Xanthomonas oryzae oryzae KACC10331
Acinetobacter baumannii AYE
Pseudomonas syringae phaseolicola 1448A
Klebsiella pneumoniae pneumoniae MGH 78578
Leifsonia xyli xyli CTCB07
Yersinia pestis Antiqua
Yersinia pseudotuberculosis PB1/+
Erwinia carotovora atroseptica SCRI1043
Photorhabdus luminescens laumondii TTO1
Serratia proteamaculans 568

high
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Color code for the
coverage of pathway
compared to all species
in this list
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not used for identification of 
relevant pathways

Figure 2.16: Heatplot for the clustering of plant-associated and non-plant associated or-
ganisms based on relevant pathways The graphic shows the heatplot for the clustering of
plant-associated organisms and organisms that are not associated with plants based on the
pathways that have been identi�ed to be most relevant for this distinction. Green bars on
the left side show organisms classi�ed as plant-associated (in literature); white color denotes
species not associated with plants and grey bars show organisms that have not been taken
into account for the detection of the relevant pathways (species for which we could not
�nd enough evidence in literature for being plant-associated or non-plant-associated). The
relative coverage (pathway score) of the species considered in this plot is represented by a
color code, a color gradient ranging from red to blue via white. Thereby, red �elds in the
heat matrix correspond to pathways with higher pathway scores (i.e. higher coverage), blue
�elds correspond to pathways with lower pathway scores in relation to the scores reached by
all species shown in this plot.
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2.3 Development of a comprehensive chlamydiae genome

database

2.3.1 Motivation

Chlamydiae are agents of several sexually transmittable diseases. They occur in a broad
range of hosts including animals and humans. Research about their biology is therefore
of interest and several of their genomes have been or are currently sequenced. In addition
to basic genomic data, data about gene expression, proteomics, metabolic capabilities,
and much more has been created and is currently created by the scienti�c community.
This data is mainly contained in the literature or partly in diverse biological databases.
The various kinds of information are available from di�erent sources and are spread

all over the internet. To �nd and to make the data systematically usable is laborious
and time consuming, since there exists no central resource that provides the mapping
between the contents of the data sources and o�ers all information about the phylum
Chlamydiae in one place.
To overcome this problem, a joint project between the University of Vienna and the

Technische Universität München has been launched, the development of the �Compre-
hensive Chlamydia Genome Database�, the �ChlamydiaeDB�.
At the conference of the Chlamydia Basic Research Society (CBRS) in Little Rock

USA in March 2009 we asked the participants about the value of a web portal for
Chlamydiae genomes. Of 34 scientists 35% said that such a portal is essential, 56% very
important, 9% slightly important, and 0% not important for their work (Figure 2.17,
A).
The development of a web portal for Chlamydiae is therefore of high importance for

the �eld.

2.3.2 Criteria for a comprehensive chlamydiae genome database

The collaboration with scientists working with genomic data of Chlamydiae and the
experience with the genome database for the environmental chlamydia Protochlamydia
amoebophila UWE25 showed the requirements that a comprehensive resource for the
genomes of the whole phylum Chlamydiae has to ful�ll:

• Content The following contents should be available in a comprehensive resource
for all publicly available genomes of the phylum Chlamydiae:

� All chlamydial genomes in one place In order to make the data about
Chlamydiae comparable it is necessary to provide data for all members of the
phylum Chlamydiae in one place.

� All available data in one place The di�erent kinds of available data for
each of the chlamydial species are spread over a range of databases over the
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Figure 2.17: Survey about chlamydial genome databases and re-annotation of chlamydial
genomes 34 scientists from the chlamydiae �eld participated in the survey. A: Value of a
web portal for Chlamydiae genomes B: Importance of re-annotation of chlamydial genomes
C: Willingness to contribute to the re-annotation of chlamydial genomes
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internet. There are several problems with that, the mapping of di�erent
gene identi�ers is only one of them. Therefore another goal is to provide all
di�erent kinds of data in one single place so that they are represented in a
consistent and comparable way.

� Access to information from literature As knowledge is mostly contained
in the literature before it is included in other databases especially up-to-date
literature should be included in the resource.

� Integration of data from experiments Data from experiments is precious
as it is more reliable than knowledge only inferred by homology, for example.
Therefore a speci�c emphasis should be put on the integration of these data
into the resource. The data can be of di�erent kinds:

∗ Single Nucleotide Polymorphism (SNP) data As more and more
genomes are being sequenced using next-generation sequencing technolo-
gies it becomes important to provide a possibility to deal with SNPs
detected in the resequenced genomes in comparison to the reference
genomes.

∗ Transcript data The information about transcripts of chlamydial genomes
provides evidence for the transcription of genes, can provide information
for the improvement of gene starts, and can provide information about
unknown genes and non-coding elements.

∗ Proteome data Proteome data can provide evidence for the existence
of a gene product.

• Functionality The following functionality should be provided by a comprehensive
resource for all publicly available genomes of the phylum Chlamydiae:

� Gene centric view All available information should be available in one place
for each genetic element contained in the database.

� Group centric view A protein is not only characterized by the annota-
tions available in the gene centric view, but especially by the protein's con-
text. Therefore instead of reporting data of a single gene the resource should
present a gene in its functional and evolutionary context. Each gene (�the
query�) is connected to di�erent �groups of interest�. These groups comprise
proteins, that are informative in respect to the query. These are orthologous
groups or neighboring genes. The information connected to a group should
be presented in a comprehensible view, enriched with annotations.

� Tools for the analysis of user de�ned data sets The resource should
provide easy to use tools for the analysis of user de�ned data sets. This con-
cept extends current resources, which are merely navigable data-repositories
extended with some comparative tools on pre-calculated data, towards a tool
which allows to work with user-speci�c data like sets of proteins identi�ed in
an experiment.

108



2.3. DEVELOPMENT OF A COMPREHENSIVE CHLAMYDIAE GENOME DATABASE

Amongst other functionality the following tools should be provided:

∗ Retrieval of all information about a list of proteins It should be
possible to retrieve all information available for a list of proteins at once
without the need to navigate to the report page for each of the proteins
separately.

∗ Feature enrichment in a list of proteins It should be possible to
retrieve the features for a user de�ned set of proteins that are enriched
or depleted in comparison to another user de�ned set of proteins.

∗ Graphical pathway comparison between organisms As we ob-
served that some of our cooperation partners wanted to have a possibility
to color the KEGG maps for their organisms automatically, the resource
should also include a possibility to compare pathways between organisms
graphically.

� Manual annotation possibilities In order to be able to gain valuable feed-
back from human annotators it should be possible to annotate every entry in
the new resource so that this information eventually even can �ow back into
the primary data resources like GenBank.

� Comprehensive search possibilities The same genetic element may have
di�erent identi�ers in di�erent public databases. As scientists work with dif-
ferent kinds of these identi�ers it should be possible to search with many
kinds of identi�ers. It should also be possible to search only in speci�c organ-
isms, e.g. search for omcB only in pathogenic chlamydia. The same should
be possible for the search of the next homologous sequences to a sequence,
e.g. search all homologs for omcB in pathogenic chlamydia.

� Structuring of search results by integration of taxonomy and or-
thologous information It should be possible to structure the search results
by their properties, e.g. by their taxonomic distribution or their membership
in orthologous groups. This makes it possible to show all eggNOG clusters
hit by a search query, for example.

• Technical The following technical conditions should be provided by a compre-
hensive resource for all publicly available genomes of the phylum Chlamydiae:

� Up-to-dateness with little manual e�ort A comprehensive resource is
only valuable if it always contains up-to-date information. As every update
costs time it should be ensured that this can be reached with as little manual
e�ort as possible.

� Easy maintainability It can be seen in many genome projects that they
cannot be continued after the initial funding period as there is no one who
would be able to maintain the databases. Therefore the maintenance should
be doable with as little manual e�ort as possible and there should be as little
dependencies as possible.
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� Easy extensibility Often new kinds of information become available that
could not be foreseen when designing the resource. Therefore the resource
should be designed in a �exible way to allow easy integration of new methods
and data types.

2.3.3 Existing resources

First it was checked whether there already existed a resource ful�lling these requirements
(section 1.7.7).
The general repositories Genbank, EMBL, DDBJ contain the DNA sequences of all

members of the phylum Chlamydiae and are primary resources. Their goal is not to be
a comprehensive resource for a speci�c group of organisms.
The resources specialized on information for a speci�c member or some members of

the phylum Chlamydiae are not su�cient for the previously stated criteria as they do
not contain information about all members of the phylum Chlamydiae and are therefore
not suited (and designed) for comparative analyses.
The Genome Information Broker [250] has no comparative genomics capabilities and

lacks information like orthologous groups or literature. The Microbial Genome Database
for Comparative Analysis (MBGD) [251, 252, 253] o�ers comparative analyses from
various points of views. But it does not contain all available data for Chlamydiae in one
place (e.g. no literature information), it does not allow users to analyze user de�ned
datasets, structuring search results by taxonomy or clusters is not possible, and it o�ers
no possibilities for manual annotations.
The representation of the complete available current knowledge about the phylum

Chlamydiae in combination with the ability to work with own uploaded data is perfectly
new. Furthermore the concept of the �groups of interest� goes beyond typical views in
other databases. Therefore a novel solution had to be implemented.

2.3.4 Concept

A three-tier client-server architecture (section 1.7.8.1) should be used for ChlamydiaeDB,
as it already ful�lls many of the important goals, among them easy maintainability and
easy extensibility. Figure 2.18 shows the three tiers of the three-tier: presentation tier,
application tier and data tier.
The concept section is structured by topics not by tiers. Therefore the three tiers are

contained within the respective section for each topic.
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presentation tier
User interface

Forward tasks for requested information
and presentation of information to the user

application tier
Processing of data retrieved from the 

data tier within specific methods 
implemented in EJBs)

data tier
Storage and retrieval of data

(Pedant, SIMAP, data warehouse,
MEDLINE/PubMed XML files)

request data deliver data

request information deliver information

Figure 2.18: Three tier concept of ChlamydiaeDB A three-tier [254] architecture is used
as concept for the implementation of the ChlamydiaeDB. The three layers �presentation
tier�, �application tier� and �data tier� are separated from each other. A change in one of
these layers does not a�ect the other layers as long as the interfaces between them do not
change. This results in a highly �exible, easy extensible and easy maintainable solution.
The presentation tier is responsible for the interaction with the user, the application tier is
responsible for the integration of various datasources and also contains the application logic.
The data tier is responsible for data storage and retrieval. All three tiers communicate with
each other using speci�ed interfaces.
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2.3.4.1 Integration of heterogenous data sources

The complete and up-to-date representation of the current knowledge needs an update
strategy supported by the database. There can be di�erent kinds of data integration
distinguished that di�er in the amount of data that has to be stored within the new
resource:

• On-the-�y integration of information Some data can be integrated from the
primary data sources using di�erent techniques. One is the retrieval of data from
EJBs running on an application server. Examples are the retrieval of similarities,
clusters, or protein domains from SIMAP [94]. Another way is the data retrieval
from external data sources using Web Services that are provided by many insti-
tutes. An example is the PEDANT [72] Web Service.

• Regularly updated data Data like XML �les containing MEDLINE/PubMed
literature can be downloaded on a regular basis, but there is no possibility to use
an online service that would allow to retrieve the information on-the-�y. Therefore
the data needs to be downloaded, pre-processed and stored locally on a regular
basis so that it can be accessed when it is required.

• Speci�cally computed information Some information is speci�c for the novel
resource and needs to be pre-computed. An example is the Type-III secretion
prediction for proteins. These predictions need to be done for every new sequence
in the database.

• Data imported once Some information only needs to be imported once. Exam-
ples are transcript and proteome data or information about SNPs.

• Interactive data As manual annotation should be possible in the new resource,
there has to be a possibility to store data until it is accepted by an authorized
annotator and then made available for the public.

2.3.4.2 Data storage in a data warehouse

Some data needs to be stored as already discussed in section 2.3.4.1. Additionally
external sources are not always reliably available or not optimized or suited for the kind
of requests needed for the new Chlamydiae resource.
Therefore a data warehouse should be set up containing own data and computations

as well as information not available or not conveniently available from external data
sources.
The disadvantage of the data warehouse, that it needs more disk space is not regarded

as problematic as the amount of information is limited for ChlamydiaeDB.

2.3.4.3 Initialization and update strategy for ChlamydiaeDB

2.3.4.3.1 Initialization The (re-)initialization of the ChlamydiaeDB should be as au-
tomatic as possible. The following steps should be performed:
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1. Delete automatically generated database content For the case, that this is
a re-initialization the previously automatically inserted content is deleted �rst.

2. Retrieval of automatically computed information Get and insert the se-
quences for all PEDANT [72] organisms belonging to the phylum Chlamydiae and
insert the information into the data warehouse.

3. Get synonymous names for genetic elements Get and insert synonymous
names for the genetic elements using information from PEDANT, RefSeq [52] and
UniProtKB [267].

4. Compute and insert sequence related information Compute and insert se-
quence related information, e.g. Type-III secretion predictions.

5. Get annotations Get annotations for all genetic elements and create indices for
better retrieval in the data warehouse.

6. Insert data from experiments Insert SNP, transcript and proteome experiment
data.

7. Parse whole literature from MEDLINE/PubMed Parse the literature from
MEDLINE/PubMed and insert matching documents into the database. Only lit-
erature related to Chlamydiae is saved in order to keep the database performant.

2.3.4.3.2 Update strategy There can four update levels be distinguished:

1. on-the-�y This information is always up-to-date and does not need regular up-
dates as it is retrieved via EJBs or Web Services.

2. daily One kind of data has to be stored in the data warehouse, e.g. aggregated
information about annotation from Pedant (how many proteins have annotation
X) or from Blast2GO [93]. On-the-�y queries would be too slow in these cases.

Another possible kind of data is data available for download and only updated
once a day, e.g. MEDLINE/PubMed literature. It is not necessary and reasonable
to download the information for every request and to process it every time.

3. monthly Once a month or if SIMAP has been updated for example, it has to be
checked:

• whether there are new chlamydial genomes available

• whether there are new sequences for the already known chlamydial genomes
available

• whether there are new RefSeq and UniProtKB releases available, that is new
names for the genetic elements

These cases are not independent of the other updates so that it might be necessary
to also execute �daily� or �if required� updates.
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4. if required These updates include computations that only need to be done if a
new version of the software is available, e.g. Type-III secretion predictions.

The execution of speci�c scripts on a regular basis ensures the up-to-dateness of
ChlamydiaeDB.

2.3.4.4 Easy maintainability and extensibility

Sometimes the primary data sources change their data formats or new kinds of infor-
mation should be added that could not be foreseen when designing the new resource.
Therefore it should be easy to maintain and extend the resource without the need to
change everything.

2.3.4.4.1 Three tier architecture As already mentioned before the three-tier archi-
tecture allows to separate data storage and retrieval from application logic and presen-
tation. This architecture is optimal for ChlamydiaeDB, that can intensely use existing
resources like SIMAP, PEDANT, FUNAT and by that avoid redundant data storage
and achieve automatic up-to-dateness. The connection to the resources can be realized
using EJBs or Web Services. Speci�c data will be hosted in the previously mentioned
data warehouse.

2.3.4.4.2 OpenCms and GenRE GenRE is based on OpenCms, implements a three-
tier and by that provides reusable elements like data from the application tier in XML
format and XSL stylesheets for the presentation tier that can be re-used for other ap-
plications.
The problem with OpenCms is that it can only handle one XML and one XSL �le

for a single page. If information from di�erent data sources has to be displayed, then
one merged XML �le has to be built within the application tier and to be processed by
OpenCms in the presentation tier. This is time consuming and violates the postulated
separation between application tier and presentation tier. Therefore OpenCms is not
�exible enough for the aimed use.

2.3.4.4.3 Portlets in a portal server Portlets in a portal server provide a clear sep-
aration of the three layers of the three tier. Portlets are reusable and �exible as the
addition or the removal of a portlet to or from a portal page can be easily done. The
separation of the three layers is given as each portlet can have its own JSP dynamically
creating the page or its own XML containing the data with the corresponding XSL for
the visualization. A portlet can be used on other pages where the same information
should be displayed.

2.3.4.5 Summary and used software

ChlamydiaeDB will be implemented using a three-tier architecture. The presentation
tier will use the data from the application tier and transform the data in XML format into

114



2.3. DEVELOPMENT OF A COMPREHENSIVE CHLAMYDIAE GENOME DATABASE

HTML using XSL stylesheets. The application tier will be an EJB retrieving information
from other EJBs, Web Services or integrating data from the speci�c data warehouse of
ChlamydiaeDB. The data tier will implement speci�c tools that pre-process the data,
e.g. daily check for new literature and �ll it into the database.
The data warehouse will run on a MySQL server version 5.1, the application tier will

be EJB3s running on a JBoss application server 4.0.4 and the presentation tier will be
a Liferay Portal 4.2.2 running on an Apache Tomcat 5.5.26.

2.3.5 SIMAP as a prototype of a web portal

In 2007 it became necessary to update the existing web site of SIMAP [94] as knowledge
from SIMAP and other sources like PEDANT [72] or Blast2GO [93] should be integrated.
As we switched to EJBs at that time in order to provide our data internally it was

convenient to implement a solution for the web site using Java. My former coworker
Richard Gregory presented his NGFN portal (http://portal.ngfn.de) based on the
portal server Liferay using portlets. After I had consulted him I discovered that this is
also be the optimal solution for SIMAP and ChlamydiaeDB.

2.3.5.1 Goals

The SIMAP web portal was built as a proof-of-concept in order to �nd out to what
extent portlets on a portal server are practicable for a Chlamydiae resource, that even
integrates more data sources as SIMAP and contains additional functionalities.
The following goals were de�ned for the SIMAP portal:

• General
� Access to all precomputed information for all publicly available
protein sequences within SIMAP All available precomputed information
within SIMAP should be aggregated in one place for all publicly available
sequences within SIMAP.

� Always up to date The sequences on the web site and within SIMAP should
be always up-to-date with the public data repositories (with a little delay for
the computation).

� On-the-�y integration of heterogenous data sources As data should
always be up-to-date the possibilities to integrate heterogeneous datasources
on the �y should be tested.

� Userfriendlieness The web site should be easy to use nevertheless be com-
prehensive and contain all information without hiding anything.
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• Functionality

� Searching capabilities

∗ Fulltext search It should be possible to perform a fulltext search using
a search term in the available names and descriptions of all entries within
SIMAP.

The output should be made available:

· As a list of hits, similar to commonly used search engines

· Sorted taxonomically so that the user can decide which hits in which
taxonomic organisms should be displayed

∗ Sequence search It should be possible to perform a search using a
protein sequence and to search for similar sequences in SIMAP.

∗ Taxonomic search Additionally to searching for a search term or search
sequence in the whole sequence space and restricting the hits to speci�c
taxonomic branches afterwards, it should be possible to perform a search
in restricted taxonomic regions, e.g. only in bacteria.

� Mapping of protein identi�ers Due to the use of multiple identi�ers for
the same protein in di�erent databases, an important but time-consuming
task in bioinformatics is the translation of the identi�ers of a set of proteins
into another domain of identi�ers. This task is necessary also for proprietary
databases that use special identi�ers, that should be mapped to recent public
databases. Therefore it should be possible to upload a set of sequences and
to get all available names for these sequences back.

� Clusters Cluster information should be integrated into SIMAP as clusters
allow to structure the sequence space and allow transfer of knowledge between
the members of orthologous clusters.

� Sequence homologs One of the most important features of a database of
protein sequence similarities is the retrieval of similar sequences to a query
sequence. In order to get a better overview over the results the most similar
sequences to a protein sequence should be made available in various views:

∗ BLAST like representation As many users are familiar with the view
of the NCBI BLAST output a similar output should be provided. That
is that there is a list of the most similar sequences sorted by descend-
ing bitscore. A graphical view should visualize the alignments and be
clickable so that the user can jump to the respective alignment.

∗ Taxonomical representation It should be possible to switch to a tax-
onomic view of the hits. This way the user gets an impression of the
taxonomic distribution of the most similar sequences and can restrict
the hits that should be displayed taxonomically.
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data source information data retrieval via

SIMAP

proteins in various public databases EJB
AA sequences EJB
clusters of protein sequences EJB
protein domains (among others InterPro) EJB
sequence similarities �all against all� EJB
domain similarities EJB

SIMAP2GO GO annotations by Blast2GO EJB

PEDANT
automatic annotations (e.g. EC, FunCat) Web Service
genes and their positions in the genomes SQL
nucleotide sequences SQL

FUNAT Automatically Assigned FunCat Annotation Web Service

Table 2.14: External datasources integrated into the SIMAP web portal

∗ Cluster representation The information about cluster memberships
should be used to show the clusters that contain sequences homologous
to the query sequence.

� Domain homologs Protein domains as contained in the InterPro database,
for example, are the building blocks of life. Even if two protein sequences
are not similar on the amino acid sequence level they still may contain con-
served shared protein domains (Figure 1.15). If two proteins contain the
same protein domains they are more likely to have a common function than
proteins not sharing protein domains. Therefore the most similar sequences
as measured by their domain similarity should be visualized.

� Protein report The protein report should be the central place containing
all the information available for a single protein no matter from which infor-
mation source. The report should be available for every protein.

2.3.5.2 Implementation

The three tier concept intended for ChlamydiaeDB was also used for the SIMAP web
portal.

2.3.5.2.1 Integrated data sources The various information available in the SIMAP
portal is retrieved from di�erent data-sources using direct connections to the databases
(SQL), EJBs and Web Services (Table 2.14). The direct connections to PEDANT are
necessary as some information is not provided by the PEDANT Web Service.

2.3.5.2.2 Liferay portal server for the presentation The open source portal server
Liferay (http://www.liferay.com) was used as interface to the users, as Richard Gre-
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gory and Karam�lka Nenova, both from the Institute of Bioinformatics and Systems
Biology at the Helmholtz Zentrum München, had experience with it. The portal server
can be used with almost any web browser and operating system. No extra software
needs to be installed on the clients to be able to use it.

2.3.5.2.3 Inter Portlet Communication The original portlet speci�cation JSR-168
(http://jcp.org/aboutJava/communityprocess/final/jsr168/) did not contain any
support for Inter Portlet Communication, that is the exchange of information between
portlets. This feature was introduced with portlet speci�cation JSR-286 (http://
jcp.org/aboutJava/communityprocess/final/jsr286/), which is supported in Lif-
eray since version 5.
When the SIMAP portal was implemented, Liferay 4.2.2 was current so that Inter

Portlet Communication was not natively available. Therefore a solution from Michelle
Osmond (available at http://mus.purplecloud.net/portlets/index.php) was used
that provides an object for each user session in the memory of the application server.
The object can be used to transfer information from one portlet to the other. Accord-
ing to Volker Stümp�en from the Institute of Bioinformatics and Systems Biology at
the Helmholtz Zentrum München the Inter Portlet Communication does still not work
smoothly in JSR-286. This is the reason why his group still uses the approach of Michelle
Osmond for portals (personal communication).
An example illustrating Inter Portlet Communication is a link within one portlet

linking to the protein report page with lots of other portlets. As soon as the link is clicked
the information about the clicked protein is stored in a user speci�c �MessageBean�
object on the server and the request is redirected to the protein report page. This page
contains all portlets responsible for the display of information about the protein. At
load time each portlet extracts the information about the protein to be displayed from
the MessageBean. This way every portlet can retrieve the information relevant for the
protein from the application tier and display it.

2.3.5.2.4 eXtensible Stylesheet Language Transformations (XSLT) The visualiza-
tion in most of the portlets is done using XSL �les that convert the information from
the XML �les from the application tier into a visible interpretation in HTML. This
technique allows for a complete separation between the application logic and the visu-
alization within the presentation tier.
I adapted several of the XSL stylesheets existing from the old OpenCms based SIMAP

web site and created new stylesheets with extended functionality together with Franz
Hamberger in his applied semester.

2.3.5.3 Results

The SIMAP web portal has been �nished in 2007 and was published in the same year
[128]. All goals have been achieved. In the following the results will be shown in detail.
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2.3.5.3.1 News and documentation pages The easiest way to put information on-
line within Liferay is to use its integrated Content Management System (CMS). This
capability is used for the news on the start page or documentation pages (Figure 2.19).

2.3.5.3.2 User forms Forms for the handling of user data, e.g. identi�er or sequence
searches (see Figure 2.20) have been implemented as JSPs. The JSPs create the forms
that are displayed on the page when the portlet is loaded.

2.3.5.3.3 Searching capabilities It is possible to search for search terms and se-
quences within SIMAP. Additionally it is possible to restrict the search to speci�ed
subsections of the taxonomic tree. An overview over the search possibilities can be seen
in Figure 2.20.
The search results can either be displayed as list of hits or sorted taxonomically (Figure

2.21). This can help to narrow the search results down in the case that it was searched
for a commonly used gene name.
If the sequence should not be known to the SIMAP system then parts of the query

sequence are searched in a su�x array of all SIMAP sequences generated by VMATCH
(http://www.vmatch.de). These results are shown as a list.
The fulltext search as well as the su�x array search have been implemented by Thomas

Rattei within the SIMAP EJBs.

2.3.5.3.4 Mapping of protein sets SIMAP allows to map up to 100 amino acid se-
quences at once based on the identity of protein sequences by comparison of their MD5
hashes. The output is downloadable as multifasta �le containing all known identi�ers
within SIMAP in the description line of each sequence. This makes mapping of protein
sets easy.

2.3.5.3.5 Clusters It is possible to display a cluster and all of the member proteins
within SIMAP. The clusters are available via the protein reports (Figure 2.24 C). Besides
COG [107], KOG [107] and eggNOG [108] clusters there is also a complete clustering
of all SIMAP sequences using Tribe-MCL [331] and a subclustering using domain archi-
tecture available (see [128]).

2.3.5.3.6 Sequence homologs Sequence homologs to a query sequence can be reached
from search results (Figure 2.21), protein reports (Figure 2.24 B), sequence homologs
(Figure 2.22) and domain homologs (Figure 2.23) visualizations. The user can choose be-
tween three di�erent visualizations: the BLAST like representation of homologs (Figure
2.22, A), the taxonomic representation of homologs (Figure 2.22, B) and the assignment
of homologs to sequence clusters (Figure 2.22, C).

2.3.5.3.7 Domain homologs Domain homologs to a query sequence can be reached
from search results (Figure 2.21), protein reports (Figure 2.24 B), sequence homologs
(Figure 2.22) and domain homologs (Figure 2.23) visualizations. An example of the
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Figure 2.19: Content Management System (CMS) portlet for news within the SIMAP
portal A: The Liferay portal provides a graphical editor for writing content displayed on the
web sites. The example shows the editor for the news on the start site of the SIMAP portal.
B: These are the resulting news on the SIMAP start site.
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Figure 2.20: Search possibilities in the SIMAP portal A: The taxonomic search can be seen
on the right side. It is possible to enter a search term or search sequence and determine in
which regions the search should be performed by the selection or deselection of nodes in the
taxonomic tree. B: This search �eld is part of the main portlet that is always available on
every page of the SIMAP portal. C: The sequence search is available using the provided link
in the main navigation.

domain homologs visualization can be seen in Figure 2.23. The colored domains indicate
di�erent protein domains within the sequences. A protein domain has the same color in
all sequences.

2.3.5.3.8 Protein report The protein report is the most feature rich part of the
SIMAP web portal. The report combines information from various sources and uses the
full potential of portlets on a portal server. Additionally links to sequence and domain
homologs (Figure 2.24 B), clusters (Figure 2.24 C), primary datasources of the proteins
(Figure 2.24 D), InterPro and its member databases (Figure 2.24 K), PEDANT (Figure
2.24 G, I), GeneOntology (Figure 2.24 H) and FunCat (Figure 2.24 I, J) are included.
Figure 2.24 shows an example of a protein report for protein CPn0081, the DNA-

directed RNA polymerase subunit beta, from Chlamydophila pneumoniae TW-183.

2.3.5.3.9 Linking to SIMAP The LinkPortlet was speci�cally implemented to allow
linking to SIMAP entries. This portlet allows to link to the protein report, sequence
homologs or domain homologs of a speci�c protein from outside of the portal.
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Figure 2.21: Search result visualizations in the SIMAP portal A: List representation of search
results B: Taxonomic representation of search results

122



2.3. DEVELOPMENT OF A COMPREHENSIVE CHLAMYDIAE GENOME DATABASE

Figure 2.22: Sequence homologs visualizations in the SIMAP portal A: NCBI BLAST like
representation of sequence homologs B: Taxonomic representation of sequence homologs C:
Assignment of sequence homologs to sequence clusters representation
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Figure 2.23: Domain homologs visualization in the SIMAP portal The various PFAM domains
are visualized by colored bars on the long gray protein sequence lines. There is a color legend
on the right side. It can be seen that the next similar sequences on domain level carry the
same protein domains in the same number and even the same order.

124



2.3. DEVELOPMENT OF A COMPREHENSIVE CHLAMYDIAE GENOME DATABASE

Figure 2.24: Protein report in the SIMAP portal A: Basic information about the sequence
B: Direct links to sequence and domain homologs of this sequence C: Link to clusters
this sequence is assigned to D: List of protein instances having the same sequence as the
selected protein. The selected protein is highlighted yellow. E: Amino acid sequence of
the protein F: Taxonomy of proteins having the same sequence G: Automatically annotated
EC numbers from PEDANT H: Automatically annotated GO annotations from Blast2GO I:
Automatically annotated FunCats from PEDANT J: Automatically annotated FunCats from
FUNAT K: InterPro protein domains of this sequence
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2.3.6 Implementation of ChlamydiaeDB

As the utilization of portlets on the portal server Liferay for the SIMAP database was
successful it was also applied for the new resource for Chlamydiae.
There are many di�erent kinds of information integrated into ChlamydiaeDB in di�er-

ent ways. The following sections will provide an overview over the integrated information
and show how data is preprocessed, stored and how it can be retrieved.
The structure of this section is geared to the structure of section 2.3.2 containing the

criteria for ChlamydiaeDB.

2.3.6.1 Content

2.3.6.1.1 Data storage in a data warehouse In contrast to SIMAP there is speci�c
information that needs to be stored for ChlamydiaeDB, for example Type-III secretion
predictions.
Some information is stored redundantly within a general data scheme that is di�erent

from the normalized data scheme. This is done as this pays retrieval speed by avoiding
expensive joins between tables. Therefore the ChlamydiaeDB database is also a data
warehouse.

2.3.6.1.2 All publicly available data for all chlamydial genomes in one place The
demand to keep all publicly available data for all chlamydial genomes in one place
requires the integration of external information sources on the one hand and speci�c
developments, so that data becomes easily accessible, on the other hand.

2.3.6.1.2.1 Retrieval of synonymous identi�ers One of the key requirements for a
comprehensive resource for all Chlamydiae is the possibility to be able to handle all kinds
of identi�ers, in order to be able to search for these names in the literature, for example.
Therefore a mapping procedure allowing to retrieve, store and use all synonymous names
for the genetic elements was developed.
First the chlamydiae relevant entries from RefSeq [52] are extracted. The entries

can be easily identi�ed by their NCBI taxonomy ids, belonging to the phylum Chlamy-
diae. The following information is extracted for each chlamydial protein: The RefSeq
version which is identical to the PEDANT identi�er, the RefSeq accession, the gene
names and the locus_tag. Gene names and locus_tag are extracted from RefSeq and
not from UniProtKB as an entry in UniProtKB does not necessarily refer to only one
protein of one chlamydial strain so that the entry may contain locus_tags from various
Chlamydiae. Then a mapping between RefSeq protein accessions and UniProtKB pro-
tein accessions provided within RefSeq is used to extract entries from UniProtKB/Swiss-
Prot and UniProtKB/TrEMBL containing information relevant for chlamydial proteins.
The following information is extracted from the entries: The UniProtKB accession, the
UniProtKB name, the UniProtKB protein full name, and the UniProtKB protein short
name. An example for the synonymous names for a genetic element can be seen in Table
2.15.
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name kind of name source

GI:166154924 PEDANT code / RefSeq version PEDANT / RefSeq
YP_001653179 RefSeq accession RefSeq
tig gene name RefSeq
CTLon_0076 locus_tag RefSeq
B0BAG2 UniProtKB/Swiss-Prot accession UniProtKB/Swiss-Prot
TIG_CHLTB UniProtKB/Swiss-Prot name UniProtKB/Swiss-Prot
Trigger factor UniProtKB/Swiss-Prot full name UniProtKB/Swiss-Prot
TF UniProtKB/Swiss-Prot short name UniProtKB/Swiss-Prot

Table 2.15: Synonymous names for UniProtKB/Swiss-Prot entry B0BAG2 Gene name and
locus_tag are taken from RefSeq as UniProtKB/Swiss-Prot entries do not necessarily refer
to a single strain and therefore may contain several locus_tags.

The information about the genetic elements is stored in the geneticelements table
in the data warehouse. Additionally to a unique elementid each entry is characterized
by the �elds allowstaxonomicclassi�cation, sourcetypeid, isswissprot, pedantelementid.
The �eld allowstaxonomicclassi�cation is true if the name is unambiguously mappable to
a speci�c gene or protein of one chlamydial strain. This feature plays an important role
for literature mining. The sourcetypeid references the table geneticelementsourcetype,
which contains information about the source and the type of the elements name. The
�eld isswissprot is true if the UniProtKB information is from UniProtKB/Swiss-Prot,
false if it is from UniProtKB/TrEMBL. The pedantelementid is important as this easily
allows to retrieve all synonymous elements as they share the same pedantelementid. An
overview over the involved tables can be seen in Figure 2.25.

2.3.6.1.2.2 Information from PEDANT Most of the information from PEDANT is
retrieved on the �y using the Web Service. Some queries are not e�ciently accessible,
for example the question how many proteins in a chlamydial species are annotated with
annotation X. This aggregated information is cached in the data warehouse.
The PEDANT information that should be mirrored in the data warehouse is easily

adjustable in the con�guration of the maintenance program. The necessary tables are
automatically created and �lled with content. At the moment FunCat annotations, EC
annotations and UniProtKB/Swiss-Prot keywords are cached in the ChlamydiaeDB.
For each kind of annotation two tables are created, one with the annotation itself, e.g.

table funcat containing as annotation FunCat �01�, and one with the description of the
annotation, e.g. table funcatdescription with description �metabolism� for FunCat 01.
Figure 2.26 shows the table structure for PEDANT information for the example FunCat.
Funcat contains the annotations for each of the proteins, funcatdescription contains the
descriptions for all FunCat categories once.
The PEDANT annotations are displayed in the protein report for each of the proteins

and are used for other analyses like the enrichment analysis (see protein report, Figures
2.36 A, C, I, J, 2.37, 2.46, 2.42, 2.43) .
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Figure 2.25: Tables involved in storing information about synonymous names within
ChlamydiaeDB The table geneticelementsourcetype stores information about the kind
of name (PEDANT code, RefSeq accession, gene name, locus_tag, UniProtKB accession,
UniProtKB name, UniProtKB full name, UniProtKB short name), the table geneticele-
ment contains the names and additional information for the genetic element. Each entry
is amongst others characterized by the �elds allowstaxonomicclassi�cation, sourcetypeid,
isswissprot, pedantelementid. The �eld allowstaxonomicclassi�cation is true if the name
is unambiguously mappable to a speci�c gene or protein of one chlamydial strain. The
sourcetypeid references the sourcetypeid of the table geneticelementsourcetype, the �eld is-
swissprot is true if the UniProtKB information is from UniProtKB/Swiss-Prot, false if it is
from UniProtKB/TrEMBL. The pedantelementid is important as it easily allows to retrieve
all synonymous elements as they share the same pedantelementid.

Figure 2.26: Tables involved in storing information mirrored from PEDANT, for the example
FunCat The table pedantproteins contains all chlamydial proteins within PEDANT. They
are uniquely characterized by their name and databaseid. Name and databaseid are referenced
from the table funcat and funcatdescription. funcat contains the annotations for each of
the proteins, funcatdescription contains the descriptions for all FunCat categories.

2.3.6.1.2.3 Information from SIMAP Some information from SIMAP is integrated
on the �y using the SIMAP EJBs, for example sequence similarities. Protein domains
from InterPro and the associated domain similarities are also integrated on the �y as
the application logic for the domain similarities is contained within the SIMAP EJBs.
The assignment of sequences to eggNOG sequence clusters has been cached within

ChlamydiaeDB as not all chlamydial genomes are integrated into the sequence clusters.
Therefore Thomas Rattei implemented a mapping procedure for the assignment of se-
quences to the best �tting cluster of a speci�c clustering approach. As this assignment
would have to be done over and over again and it is heavily used within the portal
for each sequence (e.g. for the synteny view), it was necessary to cache the informa-
tion about eggNOG cluster memberships as this makes a more e�cient aggregation of
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Figure 2.27: Tables involved in storing clusters. methods contains various clustering methods,
clusters contains information about the speci�c clusters and sequence_cluster_relations
contains the assignments of sequences to clusters

knowledge possible. The data warehouse is �lled as follows: First for all sequences of
all chlamydial organisms within eggNOG, clusters are retrieved and stored within the
data warehouse. Then additional cluster assignments for the sequences of organisms
not contained in eggNOG are added using the method implemented by Thomas Rattei.
The clusters are then stored in the same table structure as in the original simapclusters
database (see Figure 2.27).
For the GO annotations an adapted version of Blast2GO [93] for high-throughput

SIMAP calculations is used. Firstly a separate EJB was implemented that allowed to
retrieve GO annotations for sequences either by the internal SIMAP sequenceid or by
the MD5 hash of the protein sequence. As the Blast2GO calculations are connected to
the SIMAP releases, the retrieval functionality was transferred into the SIMAP EJBs
by Thomas Rattei later.
GO annotations have to be cached within ChlamydiaeDB as typical queries like the

number of proteins within an organism having GO X are too time expensive. Therefore
an index containing information about the number of occurrences of each GO annotation
for each of the chlamydial organisms is stored in the table goindex.
The information from SIMAP is used throughout the whole ChlamydiaeDB, for searches

as well as for the protein reports.

2.3.6.1.2.4 Type-III secretion predictions As the Type-III secretion system plays an
important role for the pathogenicity of Chlamydiae our Type-III secretion predictions
[177] for all sequences have been integrated into ChlamydiaeDB.
Firstly also the interactive secretion prediction for new sequences was possible, but in

the course of the preparation of the publication of the prediction software the training
set as well as the algorithm have been modi�ed and the E�ective web portal has been
implemented (http://www.effectors.org) [179]. This portal is specialized on the
prediction of bacterial Type III secreted proteins by their N-terminal sequence but will
also o�er the predictions of e�ectors based on eukaryotic domain signatures (see also
section 1.6.3). Therefore the interactive prediction was outsourced to e�ectors.org.
The Type-III secretion predictions are cached within ChlamydiaeDB. The table t3e�ec-

torpredictions contains information about whether each of the chlamydial proteins is
predicted to be secreted or not. The combined training set with selective settings for
the e�ector predictions are used.
The Type-III secretion predictions are displayed in the protein report (section 2.3.6.2.3.4)
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and are used for enrichment analyses (section 2.3.6.2.5.2).

2.3.6.1.2.5 Literature mining Reasons for an own textmining system As much
of biological knowledge is only available in the free text of publications, literature mining
is an important �eld in bioinformatics. There exist very sophisticated solutions for
literature mining that are used to analyze the available paper titles, paper abstracts
or fulltext papers. As Thorsten Barnickel from the Institute of Bioinformatics and
Systems Biology at the Helmholtz Zentrum München was working on his text mining
system EXCERBT during his PhD, we discussed whether his system or another existing
system would be suited for the aim to extract only entries relevant for Chlamydiae from
the literature. We discovered that the existing systems do not �t the requirements and
would be breaking a �y on the wheel. Therefore a very basic textmining procedure was
speci�cally developed for the ChlamydiaeDB.
Kinds of information that should be identi�ed in literature One problem of

datamining in literature is the sheer amount of data that needs to be stored. Therefore
I decided to only store the documents relevant for Chlamydiae in the database. In
order to be able to decide which literature is Chlamydiae relevant the following kinds of
information should be automatically identi�ed: various gene and protein identi�ers (see
section 2.3.6.1.2.1), names of chlamydial organisms, e.g. �Chlamydophila pneumoniae�
or �C. pneumoniae�, and whitelist names, that is words giving a hint on the relevance
for the research �eld on Chlamydiae, e.g. �chlamydiae�, �chlamydial�, �chlamydiales�.
Retrieval of genetic element names It has already been described how the syn-

onymous names are automatically identi�ed (section 2.3.6.1.2.1).
Retrieval of names of chlamydial organisms The names of chlamydial organisms

are retrieved automatically as follows. First all organisms belonging to the phylum
Chlamydiae are extracted from the NCBI taxonomy and are stored in the table db
with their �scienti�c name�. Then the following alternatives to the �scienti�c name� are
extracted and stored in the table �dbnames�: �acronym�, �anamorph�, �common name�,
�equivalent name�, �genbank acronym�, �genbank anamorph�, �genbank common name�,
�genbank synonym�, �synonym�, �teleomorph�, �misspelling�, �blast name�, �misnomer�,
�in-part�.
Retrieval of other names The whitelist has been created manually together with

Matthias Horn from the Department of Microbial Ecology at the University of Vienna
using terms associated to the phylum Chlamydiae and the respective taxonomic families
of chlamydiae in the NCBI taxonomy.
Taxonomic and non-taxonomic names There exist taxonomic and non-taxonomic

synonymous names for a genetic element. Taxonomic names are names that allow to
identify exactly one protein of one strain. Taxonomic names are locus_tags, PEDANT
codes and RefSeq accessions. Non-taxonomic names are genenames, UniProtKB ac-
cessions, UniProtKB names, UniProtKB full names, and UniProtKB short names that
alltogether do not unambiguously refer to only one gene of a speci�c chlamydial strain.
If a taxonomic name is identi�ed in a publication, then the publication is unambiguously
Chlamydiae related. If a non-taxonomic name is identi�ed in a publication then it is
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not clear yet whether this is a Chlamydiae related article.
Stepwise textmining in the literatureAs there exist taxonomic and non-taxonomic

names I developed a stepwise procedure for the literature mining.
For each title and abstract of every publication the following steps are performed

(Figure 2.28):

1. Search for organism names within title and abstract.

2. Search for taxonomic genetic element hits within title and abstract.

3. If no organism name hit and no taxonomic genetic element hits could be identi�ed
then search for whitelist hits within title and abstract.

4. If an organism name or a taxonomic genetic element name or a whitelist name has
been identi�ed within title and abstract then search for non-taxonomic genetic
element hits within title and abstract. This way non-taxonomic genetic elements
are only searched within title and abstract when it is already clear that this is a
Chlamydiae related publication.

5. If an organism name hit or a taxonomic genetic element hit or a whitelist hit has
been identi�ed then classify the literature as Chlamydiae relevant and store it in
the data warehouse of ChlamydiaeDB else reject it.

As of May 18th 2010 MEDLINE/PubMed contained 20082979 documents that needed
to be analyzed including updates of articles. In sum there are 121585 names that need
to be identi�ed within the literature (68738 non-taxonomic names, 52493 taxonomic
names, 333 organism names, 21 whitelist names).
The performance for identifying relevant documents within the literature using string

matching or the java.util.regex package with Pattern and Matcher engines was quite
slow as it needed about 1 minute for 1000 documents. Therefore HashMap objects are
used that store the search terms as keys. The titles and abstracts of each article are
broken down into words and it is then checked whether there exists a key that equals
one of these words in the HashMaps. This allows to process 1000 articles in about 2.4
seconds.
Storage of literature and hits within the literature The documents are stored

separately from the hits. The documents are stored in the table �document�. Every
document has a literature datasource. The datasources are stored in the table �docu-
mentsource�. At the moment MEDLINE/PubMed is available as datasource but more
sources would be possible.
The hits of either genetic elements or organism or whitelist entries in the literature

are stored in three tables. The table �document2chlamydiaunspeci�c� contains hits of
whitelist entries in the literature, the table �document2database� contains organism hits
in the literature, the table �document2geneticelement� contains genetic element hits in
the literature (Figure 2.29).
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Figure 2.28: Overview over the decision process whether a publication is relevant for
Chlamydiae

Display of literature information in the ChlamydiaeDB Literature is used in
di�erent contexts within the ChlamydiaeDB. It is available for all chlamydial species,
namely for speci�c genetic elements or for speci�c organism.

The ten most current Chlamydiae relevant publications within MEDLINE/PubMed
are shown on the start site of ChlamydiaeDB. This allows to stay up to date with the
newest literature or to discover new publications (Figure 2.30).

Literature for a speci�c genetic element is shown in the protein report within the
�automatic literature� portlet (section 2.3.6.2.3.2) and in the �information about proteins
in the same protein family� portlet (section 2.3.6.2.3.11). It is also used when retrieving
aggregated information for a set of proteins (section 2.3.6.2.5.1).

Literature for a speci�c chlamydial species is displayed on the information page for
an organism (Figure 2.31).
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Figure 2.29: Tables involved in storing literature. pedantproteins contains all PEDANT
proteins, geneticelement contains all PEDANT proteins and all synonyms (see section
2.3.6.1.2.1) and their types are described in geneticelementsourcetype. db contains all
chlamydial organisms and their names and dbname contains the additional names for the
organisms extracted from the NCBI taxonomy. document contains the literature entries
from a speci�c literature datasource, at the moment MEDLINE/PubMed is available. docu-
mentsource contains the literature datasources so that it would be possible to add literature
also from other sources than MEDLINE/PubMed. whitelist contains terms that make a lit-
erature document chlamydiae speci�c even if no genetic element name or organism name
should be identi�ed in the document. Examples are �chlamydial� or �chlamydiae�. The
following three tables are for the storage of hits of either genetic elements or organism or
whitelist entries in the literature. document2chlamydiaunspeci�c contains hits of whitelist
entries in the literature, document2database contains organism hits in the literature, doc-
ument2geneticelement contains genetic element hits in the literature. medline is used
internally in order to administrate already processed XMLs available for download at NCBI.

2.3.6.1.2.6 KEGG pathways In order to get a �rst overview over the metabolic ca-
pabilities of an organism or the metabolic di�erences between organisms the KEGG
pathways annotated with the enzymes available in the respective organisms can be
used. KEGG o�ers the annotations of enzymes and colors them in the pathways for
many organisms, but not for all. As the enzymes can be characterized by their EC
number the automatically assigned EC numbers from PEDANT can be used to extend
the KEGG annotations to all RefSeq genomes within PEDANT. Therefore the goals
were to automate the coloring of the KEGG maps also for genomes not already colored
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Figure 2.30: ChlamydiaeDB start site showing the newest literature relevant for Chlamy-

diae

and to even allow to color more than one organism at the same time in order to allow
a graphic comparison between various organisms in relation to a speci�c pathway.
This work was started by Christian Hainzinger during his Diploma thesis, Thomas

Weinmaier adapted it to the new version of the KEGG Web Service and Roland Arnold
took care of the KEGG data update. I adapted the methods so that they would run
within ChlamydiaeDB.
The mapping is done using the EC numbers from PEDANT and the assignments of

ECs to KEGG orthologous groups from KEGG. The orthologous groups available within
a pathway are then colored respectively.
The information necessary for the graphical pathway comparison is contained within

the tables �gene2ncbi�, which contains the mapping from the PEDANT GI identi�ers to
KEGG gene names, �genes2ko�, which contains the mapping from KEGG gene names to
KEGG orthologous groups, �kegg_mapping� which contains the mapping from KEGG
orthologous groups to EC numbers, �kegg_pathway_member�, which contains the as-
signment of KEGG orthologous groups to KEGG pathways, �kegg_pathway_name�,
which contains the names of the KEGG pathways, and �kegg_pathway_umbrella�,
which contains the umbrella terms of the KEGG pathways.
An example of a pathway comparison between three chlamydial species can be seen
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Figure 2.31: Overview and literature for an organism, as example Candidatus Protochlamy-

dia amoebophila UWE25 within the ChlamydiaeDB The table in the upper part shows
information about the number of speci�c elements and some annotations, the lower part
shows the automatically assigned literature.

in Figure 2.32. Each organism has a speci�c color assigned. If an enzyme is existing in
the organism then this enzyme is colored with the the color of the organism. There are
also color mixtures possible if an enzyme is contained in more than one organism. The
colors can be interpreted using the additive chromatic circle.
The possibility of graphical pathway comparison has also been provided for private

genomes in a password protected section within the ChlamydiaeDB.
The graphical pathway comparison can be of interest for everyone working with RefSeq

genomes as the comparison is not only restricted to Chlamydiae but is available for all
RefSeq genomes contained in PEDANT.

2.3.6.1.3 Integration of data from experiments The integration of data from ex-
periments is essential for the representation of the complete knowledge about Chlamy-
diae. Therefore di�erent kinds of information from experiments can be included in the
ChlamydiaeDB.

2.3.6.1.3.1 Single Nucleotide Polymorphisms (SNPs) The ChlamydiaeDB is able to
store and display SNPs that have been determined for example in resequencing projects.
SIFT [332] is a tool that uses sequence homology to predict whether a substitution (e.g.
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Figure 2.32: Graphical pathway comparison between the citrate cycles of three chlamydial
species in the ChlamydiaeDB Each organism has a speci�c color assigned. If an enzyme
is existing in the organism then this enzyme is colored with the the color of the organism.
There are also color mixtures possible if an enzyme should be contained in more than one
organism. The colors can be interpreted using the the additive chromatic circle on the upper
right. The pathway comparison shows that the two pathogenic Chlamydia C. trachomatis

and Cp. pneumoniae have reduced metabolic capabilities in comparison to the environmental
chlamydia P. amoebophila. Nevertheless the three organisms share a large fraction of the
pathway.
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SNP) a�ects protein function. The SIFT predictions can be used as a hint towards how
a detected SNP might a�ect the function of a coding region. Therefore the predictions
can also be included in the ChlamydiaeDB.
The information about SNPs and SIFT predictions is stored in the tables �isolate�

and �snp� within the data warehouse. The table �isolate� contains information about the
isolate including information that makes it possible to linkout, and the �le containing
the SNPs. The table �snp� contains the information contained in the SNP �les and the
SIFT predictions.
The SNP �les contain tab-separated the name of the reference genome, the position

in the reference genome, the nucleotide in the reference genome, the name of the isolate,
the nucleotide in the isolate. This format has been used as it was already used within
the Master thesis of Jonathan Hoser.
An example of the visualization of SNPs can be seen in Figure 2.33 B. The SIFT

prediction for a speci�c SNP can be seen when the mouse is moved over it.

2.3.6.1.3.2 Transcript data Transcript data provides information about the tran-
scription of genes and can give hints towards correct gene starts. Therefore transcript
data of protein coding regions has also been integrated into the ChlamydiaeDB.
Transcript data is stored in the table �transcript�. Besides the name of the respective

protein and a databaseid that needs to be existing in the table �db�, element starts and
element stops, the strand, the transcription start site (TSS), abundance, source and
linkouturl can be stored.
An example of the visualization of transcript data can be seen in Figure 2.33 C.

2.3.6.1.3.3 Proteome data Proteome data is important as it provides hints towards
the existence of a protein.
Proteome data is stored in the table �proteome�. Besides the name of the respective

protein and a databaseid that needs to be existing in the table �db�, the abundance, a
remark, the source and a linkouturl can be stored.
An example of the visualization of proteome data can be seen in Figure 2.33 A.

2.3.6.2 Functionality

In the following the functionality as de�ned in the criteria section 2.3.2 is shown.

2.3.6.2.1 Comprehensive search possibilities As in the SIMAP web portal it is pos-
sible to search for search terms and sequences. An overview over the search possibilities
can be seen in Figure 2.34.

2.3.6.2.2 Structuring of search results by the integration of taxonomy and orthol-
ogous information The search results can either be displayed as list of hits or sorted
taxonomically (see Figure 2.35). In the case that it is searched for a commonly used
gene name this can help to narrow the search results down.

137



CHAPTER 2. METHODS & RESULTS

Figure 2.33: Visualization of SNPs, transcripts and proteome data in the ChlamydiaeDB
The �gure shows extracts of two protein reports, the upper one showing the visualization
of proteome data and SNPs, the other one showing the visualization of transcript data. A:
Shows the visualization of (test) data from a proteome experiment B: Shows the visualization
of a synonymous SNP in isolates of Chlamydophila pneumoniae CWL029. The �rst sequence
is the reference genome, the line below are SNPs in isolates. The same SNPs in di�erent
isolates are merged. It is also possible to display SIFT [332] predictions for each SNP, that are
displayed on mouse-over for every SNP. C: Shows the information available from a transcript
sequencing experiment in Chlamydia trachomatis L2b/UCH-1/proctitis.
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Figure 2.34: Search possibilities in the ChlamydiaeDB A: The sequence search can be seen
on the right side. It is possible to enter a search sequence and to select in which organism
the search should be performed in the pull down menu. B: This search �eld is part of the
main portlet which is always available on every page of the ChlamydiaeDB portal. It can be
selected in which organism the search for a term, e.g. gene name, should be performed.

These views are quite similar to the search result views in SIMAP (Figure 2.21) and
are a good example for the reusability of portlets. The layout of the search result
visualization has been slightly modi�ed due to user requests.
If the sequence should not be known to the ChlamydiaeDB then parts of the query

sequence are searched in a su�x array of all ChlamydiaeDB sequences generated by
VMATCH (http://www.vmatch.de). These results are shown as a list. This is the
same procedure as for SIMAP.

2.3.6.2.3 �The protein report� - Gene centric and group centric views The protein
report combines all available information about a genetic element in one place (Figure
2.36). That way the researcher interested in the protein can get an insight into the
currently available knowledge about this speci�c entry. The parts of the protein report
are described in more detail in the following sections.

2.3.6.2.3.1 General information The general information portlet (Figure 2.37) shows
general information available for all sequences and additionally speci�c information like
data from experiments.
The following information is always available:

• protein name

• protein description

139

http://www.vmatch.de


CHAPTER 2. METHODS & RESULTS

Figure 2.35: Search result visualizations in the ChlamydiaeDB These views are quite similar
to the representations of the SIMAP web portal (Figure 2.21), only slight changes have been
made in comparison to SIMAP due to user requests. A: List representation of search results
B: Taxonomic representation of search results
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ChlamydiaeDB

A: general information

B: manual annotation for protein entry

C: genomic neighborhood

D: automatic literature

E: information about proteins in the same protein family

F: InterPro features

G: prediction of Type-III secreted effector proteins

H: GO annotations by Blast2GO

I: automatic Functional Categories (FunCat)

J: automatic EC numbers

K: KEGG pathways this sequence is member of
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Figure 2.36: Overview over information within the protein report of the ChlamydiaeDB
The protein report is the central place within the ChlamydiaeDB that combines information
from various sources in one place.

• protein length

• organism

• links to sequence and domain homologs

• information about synonymous names for this entry and about the proteins with
the same sequence in the same or in other organisms

• amino acid sequence

• nucleotide sequence

Additionally there might be information available about:

• links to clusters the protein is assigned to
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• SNPs (Figure 2.33 B)

• transcript data (Figure 2.33 C)

• proteome data (Figure 2.33 A)

2.3.6.2.3.2 Automatic literature Automatically assigned literature for a protein can
be seen if available (Figure 2.38). The publications are listed and also the terms that
were automatically identi�ed within the publication.

2.3.6.2.3.3 InterPro features InterPro protein domains are displayed as a table that
shows the assigned InterPro entries and the corresponding entries in the integrated
domain signature databases. Additionally a graphical representation of the domain
signatures on the protein sequence is available (Figure 2.39).

2.3.6.2.3.4 Prediction of Type-III secreted e�ector proteins The prediction result
for the Type-III secretion prediction is displayed (Figure 2.40).

2.3.6.2.3.5 GO annotations by Blast2GO The GO annotations as derived by Blast2GO
[93] are displayed as a table (Figure 2.41). Links to the GO graph are provided.

2.3.6.2.3.6 Automatic Functional Categories (FunCat) The hierarchical FunCat
annotations as automatically derived from PEDANT [72] are displayed in an interactive
tree (Figure 2.42). It is possible to expand and collapse nodes in the tree.

2.3.6.2.3.7 Automatic EC numbers The EC annotations as automatically derived
from PEDANT [72] are displayed as a table (Figure 2.43).

2.3.6.2.3.8 KEGG pathways this sequence is member of The assignment of the
protein to di�erent KEGG pathways is displayed (Figure 2.44). It is possible to directly
show the a�ected map in the graphical pathway comparison (section 2.3.6.1.2.6 and
Figure 2.32).

2.3.6.2.3.9 Manual annotation for protein entry Manual annotations if already ac-
cepted by an administrator can be seen (Figure 2.45). These annotations include liter-
ature, GO, FunCat, EC and comments. (see also section 2.3.6.2.4)

2.3.6.2.3.10 Genomic neighborhood The synteny or genomic neighborhood portlet
shows the neighboring genes of the currently selected gene in the same genome as well
as in the other chlamydial genomes (Figure 2.46). The genes are colored by their mem-
bership in eggNOG clusters. The protein, for which the protein report is currently
displayed, is shown in the �rst line in the middle colored in red. The other members of
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Figure 2.37: Visualization of general information about a protein within the ChlamydiaeDB
The general information portlet shows the protein name, protein description, protein length,
organism name, links to sequence and domain homologs, information about synonymous
names for this entry and about the proteins with this sequence occurring in other organisms,
amino acid sequence and nucleotide sequence. Additionally if available it shows links to
clusters the protein is assigned to, SNPs (Figure 2.33 B), transcript data (Figure 2.33 C)
and proteome data (Figure 2.33 A).
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Figure 2.38: Visualization of automatically assigned literature for protein CPn0081 of
Chlamydophila pneumoniae CWL029 within the ChlamydiaeDB The publications as
well as the identi�ed terms within the publications are shown. The list of authors is directly
linked to the respective MEDLINE/PubMed entry.

the respective orthologous group (if existing) are below it ordered by descending bitscore
in comparison to the selected protein.
The synteny portlet allows to investigate the conservation of the genomic neighbor-

hood of a gene, to detect rearrangements, insertions or deletions by the coloring of the
genes. The synteny view is one of the possibilities within the ChlamydiaeDB that easily
allows for comparative genomics.

2.3.6.2.3.11 Information about proteins in the same protein family (orthologous
group) An orthologous group contains proteins that originate from the same ancestor,
come from di�erent Chlamydiae species, and probably share the same function. The
orthologous group portlet allows to get an overview over information available for the
members of an orthologous group (Figure 2.47). The eggNOG cluster for the respective
protein is retrieved and all member proteins not belonging to the phylum Chlamydiae
are removed. Then the available information for each of the proteins is retrieved. Infor-
mation displayed is whether there exists: manual comments, manual EC annotations,
manual FunCat annotations, manual GO annotations, manually annotated literature,
transcript data, SNP data, automatically assigned literature, automatic FunCat annota-
tions, automatic GO annotations, automatic EC annotations, predicted type III secreted
proteins and whether the protein is contained in UniProtKB/Swiss-Prot. If the infor-
mation is available then the box is checked, otherwise it is empty. This allows to get
an overview over available information in other genomes and by that makes the transfer
of knowledge from one organism to the other easily possible. This greatly enhances
previously existing genomic resources.
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Figure 2.39: Visualization of InterPro protein domain annotations for protein CPn0081 of
Chlamydophila pneumoniae CWL029 within the ChlamydiaeDB The InterPro protein
domains are displayed as a table on the top and graphically on the bottom. The black lines
represent the protein sequence, the colored bars represent domains lying on the sequence.

Figure 2.40: Visualization of the Type-III secretion prediction for CPn0081 of Chlamy-

dophila pneumoniae CWL029 within the ChlamydiaeDB The portlet shows whether the
protein is predicted to be secreted by the Type-III secretion system or not.

2.3.6.2.4 Manual annotation possibilities Manual annotations of experts are the
annotations with highest quality and reliability. Therefore it is essential to provide a
possibility for every user to submit novel knowledge to the ChlamydiaeDB. This way
the knowledge gained by the usage of ChlamydiaeDB can �ow back.
Manual annotation is possible within the protein report page in the manual annotation
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Figure 2.41: Visualization of the automatic Gene Ontology (GO) annotations for CPn0081
of Chlamydophila pneumoniae CWL029 within the ChlamydiaeDB The GO annotations
are derived by Blast2GO [93].

Figure 2.42: Visualization of the automatic Functional Catalogue (FunCat) annotations
for CPn0081 of Chlamydophila pneumoniae CWL029 within the ChlamydiaeDB The
portlet shows the FunCat annotations as derived from PEDANT [72] in an interactive tree.

Figure 2.43: Visualization of the automatic EC annotations for CPn0081 of Chlamydophila

pneumoniae CWL029 within the ChlamydiaeDB The portlet shows the EC annotations
as derived from PEDANT [72] in a table.

Figure 2.44: Visualization of the KEGG pathway annotations for CPn0081 of Chlamy-

dophila pneumoniae CWL029 within the ChlamydiaeDB The assignment of the protein
to di�erent KEGG pathways is displayed. It is possible to directly show the a�ected map in
the graphical pathway comparison (2.32).
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Figure 2.45: Display of imaginary manual annotations for CTLon_0002 of Chlamydia tra-

chomatis L2b/UCH-1/proctitis within the ChlamydiaeDBManual annotations if already
accepted by an administrator can be seen. These annotations include literature, GO, FunCat,
EC and comments. Please note that these annotations are imaginary.

portlet (Figure 2.45). Besides viewing manual annotations for each kind of supported
information the possibility to suggest new manual annotations is given.
In order to avoid SPAM and nonsense annotation I implemented a multi step proce-

dure for the annotation (Figures 2.48, 2.49):

1. Starting point is the �manual annotation for protein entry� portlet (Figure 2.48 A,
example Figure 2.49 A)

2. A ChlamydiaeDB user selects the type of annotation and enters the annotation
(Figure 2.48 B , example Figure 2.49 B)

3. The user submits the annotation (Figure 2.48 C , example Figure 2.49 C)

4. An annotation administrator checks the annotation for validity and conclusiveness
and can accept or reject the annotation (Figure 2.48 D, example Figure 2.49 D)
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Figure 2.46: Visualization of the genomic neighborhood of CPn0081 of Chlamydophila

pneumoniae CWL029 within the ChlamydiaeDB Each of the lines of the genomic neigh-
borhood represents a stretch of DNA in one of the chlamydial genomes. The colored bars
on them are genes, colored by their membership in eggNOG clusters. The selected gene
CPn0081 of Chlamydophila pneumoniae CWL029 is shown in the �rst line in the middle
colored in red. The other members of the respective orthologous group are below ordered by
descending bitscore in comparison to CPn0081.

5. If the annotation administrator accepted the annotation then the annotation will
be visible in the protein report (Figure 2.48 E, example Figure 2.49 E)

The ChlamydiaeDB user is informed about the current status of the annotation by
email. That way it is also transparent when and why an annotation was accepted or
rejected.
It is part of the concept to keep it quite easy to submit annotations without the need
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Figure 2.47: Overview over information available in the orthologous group of CPn0081 of
Chlamydophila pneumoniae CWL029 within the ChlamydiaeDB The members of the
orthologous group are shown in the rows, the kinds of information available for the members
of the orthologous groups are shown in the columns. Information displayed is whether there
exists: manual comments, manual EC annotations, manual FunCat annotations, manual
GO annotations, manually annotated literature, transcript data, SNP data, automatically
assigned literature, automatic FunCat annotations, automatic GO annotations, automatic
EC annotations, predicted type III secreted proteins and whether the protein is contained in
UniProtKB/Swiss-Prot. If the information is available then the box is checked, otherwise it
is empty.

149



CHAPTER 2. METHODS & RESULTS

to register in order to keep the gateway hurdle as low as possible.

2.3.6.2.5 Tools for the analysis of user de�ned data sets One of the features dis-
tinguishing ChlamydiaeDB from many other resources is the possibility for the user to
apply speci�c tools to user de�ned data sets.

2.3.6.2.5.1 Retrieval of all information about a list of proteins It is possible to
get all information available for a set of proteins. The user can specify a list of iden-
ti�ers or sequences and retrieve a table listing all available information for this set of
proteins (Figure 2.50). The available information contains all sequence names, manual
comments, manual ECs, manual FunCats, manual GOs, manual literature, informa-
tion about UniProtKB/Swiss-Prot presence, type III e�ector prediction, automatically
annotated literature, automatically annotated literature within the orthologous group,
automatic FunCats from PEDANT, automatic FunCats from PEDANT within the or-
thologous group, automatic GO annotations from Blast2GO, automatic GO annotations
from Blast2GO within the orthologous group, automatic ECs from PEDANT, automatic
EC from PEDANT within the orthologous group.

2.3.6.2.5.2 Feature enrichment in a list of proteins A common task is that a set of
proteins has been identi�ed in an experiment and it should be determined what these
proteins have in common, that is which properties are over- or underrepresented in this
set of proteins in comparison to another set of proteins.
The ChlamydiaeDB with its very di�erent kinds of data is predestinated for these

questions. Therefore I developed the possibility to de�ne own sets of proteins for every
user and to �nd out which features are enriched or depleted in one set of proteins in
comparison to the other set of proteins.
The user can de�ne both sets in the �Find enriched/depleted features in your set of

proteins� section available in the main navigation (see e.g. Figure 2.30 on the left side).
The �rst set can be de�ned by sequence identi�ers or protein sequences. The second set
can be de�ned by sequence identi�ers, protein sequences or by the selection of one or
more chlamydial organisms. It is important to note that necessarily the �rst set has to
be a subset of the second set.
Then for each protein in each of the two sets the following annotations are retrieved:

• Automatic FunCat annotations from PEDANT

• Automatic EC numbers from PEDANT

• Automatic UniProtKB/Swiss-Prot keywords from PEDANT

• InterPro protein domains from SIMAP

• GO annotations from Blast2GO (from SIMAP)

• Type-III secretion predictions
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manual annotation for a protein portlet

forms for 
literature, GO, FunCat, EC, comment annotation

submission of annotation suggestion
notification of annotator by email

manual annotation appears in manual annotation for a protein entry portlet
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Figure 2.48: Overview over the manual annotation procedure of the ChlamydiaeDB A:
Starting point is the �manual annotation for protein entry� portlet. The user selects the kind
of annotation that should be annotated. B: The user enters annotations into the respective
form for the previously selected kind of annotation. C: The annotations are submitted and
the user gets an email con�rming the annotation. D: An annotation administrator checks
the annotation for validity and conclusiveness and accepts or rejects the annotation. The
annotator has a comment �eld so that the user knows why an annotation was accepted or
rejected. The decision is automatically sent by email to the annotator. E: After acception
of the annotation it is visible in the �manual annotation for a protein entry� portlet on the
protein report page.
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Figure 2.49: Example of manual annotation of protein CTLon_0002 of Chlamydia tra-

chomatis L2b/UCH-1/proctitis within the ChlamydiaeDB The example shows the sub-
mission of a comment, its acception by an administration administrator and how the comment
is displayed after acception. A: Starting point is the �manual annotation for protein entry�
portlet. There is no comment annotated yet. The user selects the �Comment protein� link.
B: The user enters a comment. C: The user submits the comment. A page showing the
information entered is displayed and the user gets an email con�rming the annotation.D: An
annotation administrator checks the annotation for validity and conclusiveness and accepts
the annotation. The annotator can attach a comment to his decision so that the user knows
why an annotation was accepted or rejected. The decision is automatically sent by email to
the annotator. E: After acception of the annotation it is visible in the �manual annotation
for a protein entry� portlet on the protein report
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Figure 2.50: Aggregated information for CPn0081 of Chlamydophila pneumoniae CWL029
and CT441 of Chlamydia trachomatis D/UW-3/CX within the ChlamydiaeDB

For each of these points (FunCat, EC, UniProtKB/Swiss-Prot keywords, InterPro
domains, GO, Type-III) and for each of the single annotations within these points (e.g.
Funcat 01, Funcat 01.01, ...) the following counts are created:

• number of proteins in set 1 having this annotation

• number of proteins in set 1 not having this annotation

• number of proteins in set 2 having this annotation

• number of proteins in set 2 not having this annotation

Then a two-tailed Fisher's exact test with Bonferroni correction is applied (section
1.7.4) in order to detect signi�cantly enriched or depleted annotations. Annotations
with a corrected p-Value ≤ 0.01 have been de�ned as signi�cantly enriched or depleted.
After the determination of signi�cant enrichments and depletions the user gets a view

on the web site showing the results. It is also possible to download the results as an
Excel �le for further processing (Figure 2.51).
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Figure 2.51: Enrichment analysis within the ChlamydiaeDB The enrichment and depletion of
various features in an example dataset in comparison to another dataset is shown. It is also
possible to download the results as a csv �le that can be further processed in Microsoft Excel
or OpenO�ce.org Calc.

2.3.6.2.5.3 Graphical pathway comparison between organisms The graphical path-
way comparison allows the user to easily compare the metabolic capabilities of up to
three organisms (Figure 2.32). This has been described previously (section 2.3.6.1.2.6).

2.3.6.3 Technical

2.3.6.3.1 Initialization of ChlamydiaeDB The initialization of the ChlamydiaeDB is
fully automatic and ensures that the available knowledge is integrated.
The following steps are performed:

• retrieval and insertion of all complete chlamydial genomes within RefSeq from
PEDANT

• retrieval and insertion of genetic element names from RefSeq and UniProtKB
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• computation and insertion of Type-III secretion predictions

• retrieval and insertion of the GO index

• retrieval of clusters and assignment of organisms not contained in the clusters to
the clusters

• parsing and inserting the available literature from MEDLINE/PubMed

2.3.6.3.2 Up-to-dateness with little manual e�ort It is easy to keep ChlamydiaeDB
up-to-date. There are two levels of updates, daily and manual updates.

2.3.6.3.2.1 Daily updates Daily updates contain the search for current literature
about Chlamydiae and the update of the cached information within the data warehouse.

2.3.6.3.2.2 Manual updates These updates are dependent on the update of other
systems like PEDANT or SIMAP. They can be activated if needed.
These updates comprise:

• The search and insertion of novel available chlamydial genomes

• The search and insertion of novel sequences within already contained genomes

• The search for changed entries within RefSeq and UniProtKB

• The prediction of Type-III secreted proteins when a new version of the software
is released

2.3.6.3.3 Easy extensibility Each page in the portal can easily be changed. No longer
needed portlets can be removed, new portlets can be added and portlets can be dragged
and dropped where they should be displayed.

2.3.7 Stored data in ChlamydiaeDB

2.3.7.1 Genomic sequences

The ChlamydiaeDB contains 16 publicly available complete genomes of the phylum
Chlamydiae at the moment (Table 2.16). Candidatus Protochlamydia amoebophila UWE25
is the only environmental chlamydia, the others are pathogenic.

2.3.7.2 Automatic annotations

ChlamydiaeDB o�ers the following automatic annotations:

• annotations from PEDANT (FunCat, EC, UniProtKB/Swiss-Prot keywords)

• GO annotations from Blast2GO
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organism number
proteins

Candidatus Protochlamydia amoebophila UWE25 2030
Chlamydia muridarum Nigg 911
Chlamydia trachomatis 434/Bu 874
Chlamydia trachomatis A/HAR-13 919
Chlamydia trachomatis B/TZ1A828/OT 880
Chlamydia trachomatis D/UW-3/CX 895
Chlamydia trachomatis Jali20 883
Chlamydia trachomatis L2b/UCH-1/proctitis 874
Chlamydophila abortus S26/3 932
Chlamydophila caviae GPIC 1005
Chlamydophila felis Fe/C-56 1013
Chlamydophila pneumoniae AR39 1112
Chlamydophila pneumoniae CWL029 1052
Chlamydophila pneumoniae J138 1069
Chlamydophila pneumoniae LPCoLN 1105
Chlamydophila pneumoniae TW-183 1113∑

= 16667

Table 2.16: Contained genomes within ChlamydiaeDB

• automatically determined literature relevant for Chlamydiae

• eggNOG clusters of orthologous groups

• KEGG metabolic pathways

2.3.7.3 Data from experiments

Di�erent kinds of data from experiments have already been included into the web portal.
The capability to present proteome data has been implemented but there is no data
available yet.

2.3.7.3.1 SNP data SNP positions are available for Chlamydophila pneunomiae CWL029.
14 isolates are included from Rattei et al. [196]. Another 3 isolates have been imported
from RefSeq [52], namely Chlamydophila pneumoniae AR39, Chlamydophila pneumo-
niae J138, Chlamydophila pneumoniae TW183.

2.3.7.3.2 Transcript data Transcription data for Chlamydia trachomatis L2b/UCH-
1/proctitis has been included from Albrecht et al. [333].
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2.3.8 Application

The ChlamydiaeDB is used by many researchers in the Chlamydiae �eld. On average
300 users access ChlamydiaeDB every month (Table 2.52).
Di�erent features of ChlamydiaeDB are used by researchers. Astrid Horn from the

Department of Microbial Ecology from the University of Vienna is using the possibility
to get an overview over proteins of interest and Hector Alex Saka from the Duke Uni-
versity Medical Center in Durham USA is using the possibility to retrieve aggregated
information for his current research.
In the Masterthesis of Jonathan Hoser the enrichment possibilities have been used for

the detection of properties of genes a�ected by synonymous and nonsynonymous SNPs
in Chlamydiae. In the genes containing nonsynonymous SNPs proteins with FunCats
related to ribosomal proteins and ribosomal biogenesis were signi�cantly depleted, the
GO term �GO:0044425 membrane part� was signi�cantly enriched. This is in accordance
with the observation that ribosomal proteins are conserved very well throughout all
organisms.

2.3.9 Discussion

ChlamydiaeDB is a comprehensive online genome database for members of the phylum
Chlamydiae. It is available at http://www.ChlamydiaeDB.org, provides all available
kinds of data for all chlamydial genomes in one place, provides access to information
from literature, and provides data from experiments like single nucleotide polymorphism
(SNP) data, transcript data, and data from proteome experiments. Annotations for a
protein as well as information connected to proteins in the same orthologous group
or in the neighborhood on the genome are contained and are instantly visible for the
user. The user is supported by tools for the retrieval of all information for a list of
proteins, the statistical enrichment and depletion of annotations in a list of proteins in
comparison to another list of proteins, and a graphical metabolic pathway comparison
between organisms. Every user can add manual annotations to the database, that is
always up-to-date with the primary resources, easily maintainable and extensible.
It was agreed that ChlamydiaeDB will be the database used and maintained by the

community in the future, at the conference of the Chlamydia Basic Research Society
(CBRS) in Little Rock USA in March 2009. A survey showed that 29% of the scientists
at the conference thought that the re-annotation of chlamydial genomes is essential and
65% thought that it is very important (Figure 2.17 B). On the other hand only 24%
of the scientists would be willing to continuously contribute to the re-annotation and
13% would contribute within a workshop (Figure 2.17 C). It was discussed whether
there should be a workshop during the biennial CBRS meeting, in which the proposed
annotations should be reviewed and accepted or rejected.
Since the availability of the annotation system in March 2010 not a single annotation

has been made. I can only guess the reason for that, probably that the time spent to
enter the data is not rewarded in any way.
With more and more isolates beeing sequenced it will not be reasonable anymore
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Figure 2.52: Number of users of ChlamydiaeDB per month The diagram shows the number
of users of ChlamydiaeDB in the period between 12th of July 2009 and 30st of June 2010.

to treat every genome sequence as a new species. This would result in a huge list of
genomes for example within the orthologous groups and the synteny views even though
the genomes/isolates may only di�er in a few bases. Therefore it will be necessary to
decide on one reference genome for each species and to integrate the other species as
SNPs into ChlamydiaeDB. Currently all genomes are treated equally in the initialization
phase of ChlamydiaeDB. For the future the search for all RefSeq organisms under the
NCBI taxonomyid Chlamydiae will have to be replaced by a list of taxonomyids for the
reference genomes and an additional step for the determination and insertion of SNPs
for the non-reference genomes.
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Conclusion

The availability of more and more bacterial genome sequences opened a whole new
dimension of analyses based on the comparison of genomes on nucleotide and protein
sequence level. The knowledge gained in time consuming and expensive experiments in
the laboratory is transferred to novel organisms if signi�cant sequence homology can be
detected between the genetic elements, as protein function depends on protein structure
and sequence. Bioinformatics provides means to handle and compare the sequence data
and generates hypotheses that can be checked in experiments for the novel organism in
the laboratory.
As many bioinformatics analyses have to be conducted with considerable e�ort for

every novel genome by bioinformaticians, the automation of bioinformatics analyses is as
essential as the preparation of data for non-bioinformaticians working in the laboratories.
Therefore the aims of this work were the automation and improvement of analysis

methods for speci�c prokaryotic genomes, and to make the possibilities of comparative
genomics easily available for non-bioinformaticians.
This work describes the results of several collaborations with di�erent scientists work-

ing on prokaryotes in the laboratory. Standard bioinformatics analyses like functional
annotations by sequence similarity have been applied to the genome sequences of the
organisms, and comparative genomics has been especially successful adressing various
biological issues.
An example in which comparative genomics has been extensively used, and that is

of interest for all prokaryotic genome projects, is the gene prediction, as it had to be
conducted for the genomes of almost all collaborations. For this several gene �nders
integrating di�erent kinds of intrinsic and extrinsic information were used. As gene pre-
dictions from di�erent gene �nders are not identical, there may occur overlapping gene
models or contradictory gene starts for the same gene. These con�icts can in many cases
be dissolved by the consideration of extrinsic evidence in terms of sequence similarities
of the con�icting gene models to sequences of published proteins. The gene model or
gene start with better support by extrinsic evidences is very likely the correct gene or
gene start. We had identi�ed the rules for the manual resolvement of these con�icts and
wanted to minimize the time-consuming manual e�ort for the post-processing of the
predictions. As there existed no software coming to the same decisions as we, ConsPred
was set up, a novel automatic gene prediction pipeline, that is able to resolve problem
cases by the integration of extrinsic information in the form of BLAST hits to published
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protein sequences in unambiguous cases. Only cases not clearly resolvable are left for
manual annotation. Thus ConsPred minimizes the manual e�ort necessary for the gene
prediction in prokaryotic genomes and comes to the same decisions as a human annota-
tor. Due to limited data on validated genes, especially on validated gene starts, it could
not reliably be examined yet how the gene start prediction performs in organisms be-
sides Escherichia coli. The compilation of a comprehensive set of genes with validated
gene starts is therefore the next step towards the validation and improvement of the
gene prediction. But also with a set of validated genes there remains the problem that
some genes can have di�erent gene starts depending on their regulation, so that there
might be not just one correct gene start.
PEDANT databases have been set up for the genomes of almost all collaboration or-

ganisms as it automates many annotations, allows the user to browse these annotations
and to perform analyses like the search for BLAST hits. Speci�c analyses, especially
comparative analyses, need to be done outside of PEDANT. An example is the detec-
tion of pseudogenes in the obligate intracellular bacterium Amoebophilus asiaticus 5a2,
in order to get an impression of ongoing genome evolution in this organism. As the
most straightforward method to detect pseudogenes is the search for truncated coding
sequences, the published Ψ−Φ software was applied, that uses a set of informant genomes
for the detection of these truncated coding genes. In order to review the pseudogene
candidates from Ψ − Φ, BLAST searches of the candidates against a non-redundant
database of protein sequences have been performed and the alignments controlled man-
ually. As Ψ − Φ only uses a limited set of informant genomes these BLAST searches
have been performed for all potentially coding genes of A. asiaticus to be more sensi-
tive. This resulted in the �nal list of 222 pseudogene candidates, that is 14.26% of all
coding sequences. This is much in comparison to other members of the phylum Bac-
teroidetes, that have less than 3% of their coding sequences annotated as pseudogenes.
The relatively high number of predicted pseudogenes is not astonishing as the genome
of A. asiaticus shows a massive proliferation of insertion sequence (IS) elements (24% of
all genes). The spreading of IS elements has been reported to result in proliferation of
pseudogenes, genome rearrangements, and �nally genome reduction. Despite the high
percentage of IS elements the genome has not been extensively reshu�ed recently but
rather has remained stable for an extended evolutionary time period. Therefore one can
only speculate about the reasons for the high amount of pseudogenes in Amoebophilus
asiaticus, whether these genes underwent neofunctionalization for example.
The genome project of Cronobacter turicensis LMG 23827 could bene�t most from

comparative genomics. Cronobacter spp. are Gram-negative opportunistic foodborne
pathogens. Especially neonates and infants under two months su�er from the highest
infection risk and an infection can lead to severe disease manifestations such as brain
abscesses, meningitis, necrotizing enterocolitis and systemic sepsis with fatal mortal-
ity rates varying from 40 to 80%. As there was only little known about lifestyle and
pathogenicity of Cronobacter spp., Cronobacter turicensis LMG 23827, a strain that
caused the death of two newborn children in a Children Hospital in Zürich in 2005,
was sequenced and analyzed in depth in-silico. The comparison between Cronobac-
ter turicensis, its distinctly related species Cronobacter sakazakii ATCC BAA-894, and
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other members of the Enterobacteriaceae on genome level was of central importance.
The comparison on the DNA level revealed a high degree of synteny between the two
Cronobacter spp., although a region of the chromosome of C. sakazakii is encoded on
plasmid 3 of C. turicensis. The regions di�ering contain among others homologs to an
almost complete arsenical resistance operon in C. turicensis and homologs to a region
containing a complete Tellurium resistance operon in C. sakazakii. These di�erences
might re�ect adaptations to di�erent habitats and might play a role in a di�ering toler-
ance against antimicrobials. In order to determine the conservation on proteome level a
search for bidirectional-best-hits (BBHs) between all Enterobacteriaceae, including the
two Cronobacter spp., was conducted. The Cronobacter spp. share 83-84% of their
proteomes and overall Enterobacteriaceae share about 50% of their proteomes with each
other, except for symbionts or non-opportunistic pathogens with reduced genomes. The
latter organisms share almost all of their proteome with the other Enteobacteriaceae
but do not cover much of the proteomes of other non-reduced Enterobacteriaceae. The
Cronobacter spp. therefore do not belong to the group of organisms with reduced
genomes. In order to determine whether the genomes of the Cronobacter spp. were
recently subject to genome reorganization, transposases and repeats were searched in
the genomes as transposases representing insertion sequence (IS) elements consist of a
transposase gene �anked by inverted and/or direct repeats. The facts that Cronobacter
spp. show a signi�cant depletion of transposition related protein domains in compar-
ison to other Enterobacteriaceae and that the repeat contents of C. sakazakii (1.90%)
are as high and in C. turicensis (0.94%) lower than in other Enterobacteriaceae except
symbionts or non-opportunistic pathogens with even lower repeat contents, suggest that
there occurs no massive re-organisation of the genomes at the moment, and that the
genomes of the two Cronobacter spp. are evolutionary quite stable. There is genomic
support that plants are the natural habitat of Cronobacter spp. Evidence of 44 potential
horizontally transferred genes closely related to sequences in non-enterobacterial often
plant-associated bacteria could be detected in both Cronobacter spp. Although the
functions of some of these horizontally transferred genes are unknown, others are clearly
required for a lifestyle in a plant associated environment such as the enriched sequences
for C4 compound metabolism and �agellar chemotaxis associated sequences. A plant as-
sociated environment is also supported by a signi�cant enrichment of chemotaxis related
protein domains compared to the protein domains of all other Enterobacteriaceae. 15
pathways typical for plant-associated organisms could be detected in-silico, for example
the biosynthesis of menaquinone. Furthermore it is already known that Cronobacter
spp. are in general capable to utilize a wide variety of compounds as a sole carbon
source, some of them are known to be produced and potentially exudated by plants
such as L-arabinose, D-xylose, D-cellobiose and palatinose. The capability of Cronobac-
ter spp. to colonize eukaryotes such as plants and humans and to cause rare but severe
infections in neonates and preterm infants raise the question which molecular factors
facilitate these lifestyles. The Type IV and a Type VI secretion system as well as an
array of proteins with eukaryotic like protein domains are encoded on the genomes and
give a potential explanation for the potential of transferring DNA and e�ector proteins
from the bacterial to the host cell as a mechanism of interaction with a eukaryotic host.

161



CHAPTER 3. CONCLUSION

Additionally both genomes encode diverse transporters that may be responsible for the
resistance of Cronobacter spp. against several antibiotics. The sequences of the whole
genome of C. turicensis together with the insights gained within this project estab-
lish a powerful platform for further functional genomics research of this organism. The
possibility to compare Cronobacter turicensis with Cronobacter sakazakii and other En-
terobacteriaceae on the genome level allowed to hypothesize about the characteristics of
this foodborne pathogen solely based on the genome sequence.
An example for prokaryotes, for which comparative genomics plays a very speci�c role,

are Chlamydiae, obligate intracellular bacteria and major pathogens of humans. Chlamy-
dia trachomatis is the most common cause of sexually transmitted diseases, with over
90 million new cases each year, and it can amongst others cause preventable blindness
and infertility in women. Chlamydophila pneumoniae is a causative agent of pneumonia,
which has also been associated with a number of chronic diseases such as atherosclero-
sis, asthma, and Alzheimer's disease. Generally, in order to be able to determine gene
functions of bacteria the ability to speci�cally inactivate and reactivate single genes is
central, e.g. in knockout experiments. As Chlamydiae have a characteristic developmen-
tal cycle consisting of two states, the metabolically inert elementary bodies (EBs) and
the actively dividing reticulate bodies (RBs), existing in a host-derived vacuole termed
inclusion, this poses obstacles in generating the tools needed to perform these genetic
analyses and to de�ne the genes that are important for the biology, pathogenicity, or
transmission of Chlamydiae. As it is not possible to genetically manipulate Chlamydiae,
e.g. by transformation using circular plasmids that can be easily manipulated like in
Escherichia coli, bioinformatics and comparative genomics play an essential role in the
research about Chlamydiae.
Even though chlamydial outer membrane proteins (OMP) are important for attach-

ment to and entry into host cells, only few had been described. Therefore Eva Heinz
developed a comprehensive, multiphasic in-silico approach to predict OMPs. As she
observed that membrane predictions were in general more heterogeneous and less well
de�ned for chlamydial outer membrane proteins as for outer membrane proteins of Es-
cherichia coli, the idea arose to use the predictions for members of the same orthologous
group in order to resolve uncertain predictions and by that to make the predictions
more reliable. Orthologs between the chlamydial species were detected by me using
the bidirectional-best-hit (BBH) method and orthologous groups were built using these
BBH relations. Eva conducted OMP predictions for the chlamydial proteins, evaluated
the predictions within the orthologous groups, and investigated the phylogentic conser-
vation of the identi�ed membrane proteins. This resulted in 88 outer membrane protein
orthologous groups, including 238 proteins not previously recognized to be located in the
outer membrane. Additionally it could be seen that outer membrane proteins seem to
be among the fastest evolving groups of proteins and might therefore have contributed
most to the di�erentiation of lifestyle and host spectrum of Chlamydiae.
As Chlamydiae are medically relevant organisms there are already many kinds of in-

formation available and are currently produced besides the knowledge about clusters
of predicted outer membrane proteins. Examples are literature, data from experiments
and genomic sequences. As there existed no resource containing the available informa-
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tion for all chlamydial species in a comparable manner in one place, ChlamydiaeDB,
a novel multi-genome database was speci�cally developed for members of the phylum
Chlamydiae. The goals for this resource were to have all available kinds of data for all
chlamydial genomes in one place, to provide access to information from literature, and
to provide data from experiments like single nucleotide polymorphism (SNP) data, tran-
script data, and data from proteome experiments. Annotations for a protein as well as
information connected to proteins in the same orthologous group or in the neighborhood
on the genome should be contained. The user should be supported by easy to use tools
like the retrieval of all information for a list of proteins, the statistical enrichment and
depletion of annotations in a list of proteins and a graphical metabolic pathway com-
parison between organisms. The database should be able to receive feedback from the
users in the form of manual annotations, and the resource should �nally be up-to-date
with little manual e�ort, easy maintainable and easy extensible.
As a three-tier architecture, a client-server architecture from software engineering,

supports the easy maintainability of a resource and is quite common in large web projects
it has been used for ChlamydiaeDB. The three-tier architecture logically separates pre-
sentation layer, application processing layer, and data storage and retrieval layer. A
change in one of the layers does not in�uence the other layers in principle and it is
possible to develop and maintain each of the layers independently from each other. For
the creation of the visible presentation the XML/XSLT technology has been used as
this allows to create di�erent views (XSL �les) within the presentation layer on the
same data (XML) from the application layer. A method was necessary that would allow
to display many kinds of information on one page and would still be easily extensible.
Methodologies as content management systems allow to use one XML and one XSL for a
webpage. In order to add additional information to a page, XML (application layer) and
XSL (presentation layer) need to be changed, which violates the separation of the layers
of the three-tier and is di�cult to maintain. Portlets on a web portal are the optimal
solution to these problems. Each portlet is a separat building block with its own XML
and XSL. Several portlets assemble a portal page, and the portlets can be reused on
other portal pages. Portlets can be implemented and tested independently from other
portlets on a portal page, but are not as straightforward to implement as Java Server
Pages for example, and a portal server adds an additional level of complexity. But the
bene�ts of independent development and maintenance of functionality in the form of
portlets, reusability of these building blocks, separation of the layers of the three-tier,
outweigh these drawbacks. In order to keep the information in ChlamydiaeDB always
up-to-date, data about sequence similarities, protein domains, sequence clusters, and
similarities on protein domain level was integrated on the �y from the SIMAP database
and the information about coordinates of genes and diverse automatic annotations were
integrated from the PEDANT system. The bene�ts of a direct integration of the primary
resources are the up-to-dateness without the need to mirror information, the retrieval of
information can be done without the need to implement the access and without knowl-
edge about the storage of the data, and the code for accessing the data must only be
maintained once. The retrieval of data has been accomplished using Enterprise Java
Beans (EJBs) and Web Services within the application layer.
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In order to evaluate the applicability of the three-tier architecture, the on-the-�y inte-
gration of information using EJBs and Web Services and the display of information using
XML/XSLT, a web portal for SIMAP (http://mips.gsf.de/simap) was implemented
as a protoype for ChlamydiaeDB. SIMAP is a database of publicly available protein
sequences, InterPro protein domains, sequence clusters and precomputed similarities of
all against all sequences. The separation of the three layers proved to be useful as the
e�cient retrieval of information was already provided by SIMAP and PEDANT and
did not need to be reimplemented. Therefore only the presentation of the data had to
be created. Even though information from di�erent data sources is displayed on the
portal pages, especially on the protein report page, the implementation was convenient
and extensions to the initial functionality were easily realizable. The portal allows all
users to access the sequences, protein domains, protein clusters, sequence similarities,
and protein domain similarities of SIMAP in a convenient and easy way. Therefore the
applicability of the technical methodologies could be proven.
As ChlamydiaeDB has to be able to provide data not retrievable on the �y from

somewhere else, e.g. di�erent types of names for proteins, Type-III secretion predic-
tions, Chlamydiae relevant literature, and in order to speed up some analyses like the
mapping of non-clustered proteins to clusters of orthologs or the number of proteins of
an organism with a speci�c annotation, a speci�c datasource had to be developed for the
storage of this information. As this resource should primarily provide fast access to infor-
mation, large parts of it are designed as a data warehouse, meaning that di�erent kinds
of information are stored in a general scheme, sometimes redundantly. The decision
to cache GO annotations as well as annotations from PEDANT has been made as this
allowed to create aggregated results, for example the number of proteins of an organism
having or not having a speci�c annotation. This knowledge is necessary for enrichment
analyses for example. As much information is hidden in the free text of scienti�c publi-
cations and it very laborious to detect all Chlamydiae related literature manually, it was
desirable to have means to detect relevant literature automatically. As there existed no
straightforward solution that would easily allow to detect chlamydial gene and protein
names as well as chlamydial species names automatically within the literature, a spe-
ci�c pipeline was developed for ChlamydiaeDB. The pipeline extracts di�erent kinds of
names for the chlamydial organisms as well as their proteins from the NCBI taxonomy,
RefSeq and Uni-Prot and searches for these names within the titles and abstracts of
the MEDLINE/PubMed publications available as �les downloadable at the NCBI. Rele-
vant publications are stored in the ChlamydiaeDB database and are displayed at several
locations on the web portal. As it is checked for new literature daily, ChlamydiaeDB
always provides the latest literature about Chlamydiae. SNP and transcript data has
been integrated from two studies, the possibility to display information from proteome
experiments has been prepared. Therefore also data from experiments can easily be used
within the resource. The most feature rich page of ChlamydiaeDB is the protein report.
This page provides di�erent kinds of information from very di�erent data sources for a
selected protein. This information for a protein includes protein sequence, nucleotide se-
quence, manual annotations, genomic neighborhood, automatically detected literature,
cluster membership of the sequence, overview over annotations for other members of
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the same orthologous group, Interpro protein domain annotations, type III secretion
predictions, FunCat annotations, GO annotations, EC annotations, membership of the
protein in KEGG pathways. This makes an overview over the features of a protein easily
possible. The portlet showing available information about orthologous proteins in other
chlamydial species is very powerful as the user can easily see which kinds of information
are available for the same protein in other chlamydial species, and this makes knowledge
easily transferrable over the borders of a single species. In order to make the retrieval
of all information for a list of proteins more convenient for the user, a speci�c tool was
implemented so that the available data can be retrieved at once without the need to
open the protein report for every single protein. The KEGG metabolic pathways can
be used to get a graphical overview over the metabolic capabilities of an organism, if
it is already annotated in KEGG. If the genome is not annotated yet, EC assignments
for proteins can be used to map the proteins to KEGG orthologous groups that can be
colored in the KEGG maps. As PEDANT contains the EC annotations for all RefSeq
organisms, the coloring of the KEGG maps is easily doable. When the metabolic capa-
bilities of more than one organism should be compared this is di�cult as the pictures
of several colored pathways need to be compared visually. Therefore a novel graphical
pathway comparison tool for up to three RefSeq organisms was implemented together
with students. A pathway and up to three organisms can be selected and the enzymes
in the pathway are colored respectively in a single picture, indicating in which of the
three organisms the enzyme is encoded. An extremely powerful tool is the possibility to
compare the annotations of two sets of proteins and to detect signi�cant enrichments or
depletions of annotations. This tool requires no expert statistical knowledge and allows
the detection of signi�cantly over- or underrepresented annotations in one set of proteins
in comparison to another set of proteins. All these tools make ChlamydiaeDB a very
powerful toolbox for scientists working with genomic data of Chlamydiae. In order to be
able to get feedback from the scientists, the possibility to submit manual annotations
for every protein has been implemented. The annotation consists of a multi-step pro-
cedure consisting of the submission of the initial annotation proposal, the evaluation of
the proposal by an administrator, and the rejection or approval of the annotation that
is visible after acception by the annotator. At the conference of the Chlamydia Basic
Research Society (CBRS) in Little Rock USA in March 2009 it was agreed that Chlamy-
diaeDB will be the database used and maintained by the community in the future. It
is currently accessed over 300 times per month.
This work shows the successful application of comparative genomics for the research

on prokaryotes. The manual e�ort for the gene prediction could be reduced, pseudo-
genes were predicted and clusters of orthologs were used for the detection of novel outer
membrane proteins in the Gram-negative bacteria of the phylum Chlamydiae. The com-
prehensive analysis of the genome of Cronobacter turicensis pro�ted from the capabilities
of comparative genomics. It was shown how the characterization of the genomic features
of a pathogenic prokaryote can elucidate its lifestyle and pathogenicity factors, and how
this characterization creates novel hypotheses that can be evaluated in the laboratory.
These �ndings can hopefully support the development of countermeasures against these
pathogens. Finally ChlamydiaeDB, a novel resource implemented for genomic data of all
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members of the phylum Chlamydiae, shows that state-of-the-art comparative genomics
methods can be easily made available and used without the need to be an informati-
cian. That way every scientist working with genomic data of Chlamydiae can pro�t
from ChlamydiaeDB.
By providing information to non-bioinformaticians a very important precondition for

collaboration is established. All the projects of this work show that the concerted
e�ort of scientists from various �elds is essential towards the goal to better understand
the biology of organisms. Therefore I am sure that the collaboration of scientists from
di�erent �elds bears great potential for the future of scienti�c research in natural sciences
in general.
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